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1. INTRODUCTION

Long-term geologic CO2 sequestration (GCS) in deep saline
aquifers is one of the most promising options for decreasing CO2

concentration in the atmosphere.1 During and after CO2 injec-
tion, CO2�brine�rock interactions might promote significant
geochemical reactions, which could alter the brine compositions
and cause porosity, permeability, reactivity, and wettability changes
of the caprock and formation rock.2 These changes will influence
the seal integrity and CO2 injectivity, which are essential for safe
and efficient GCS.

To prevent CO2 leakage, it is important to maintain the seal
integrity of the caprock. Clay minerals are a major component of
caprock at GCS sites.3 However, little research has been done on
CO2�brine�clay interactions under GCS conditions.4�6 In this
study, biotite was used as a model for clay minerals found at GCS
sites.7 Previous studies on biotite alteration (i.e., biotite dissolution
and secondary mineral formations) are summarized in Table S1
in Supporting Information. Different dissolution stoichiometries
and a variety of alteration products have been observed under
diverse environmental conditions.8�14 Although these previous
studies provide good background information, none of them
have attempted to simulate GCS conditions. For CO2 storage in
deep saline aquifers, the relevant conditions are high temperature
(31 �C e T e 110 �C), high pressure (72.8 < P e 592 atm),15

high salt concentrations (0.01 e NaCl e 2 M),16 and relatively
acidic pH which ranges from 3�5 near injection sites.17

Thus, the objective of this research was to understand the
effect of brine�biotite interactions under relevant GCS condi-
tions on the aqueous chemistry, interfacial topography changes,
and secondary mineral formation. To mimic GCS conditions,
experiments were conducted under 95 �C and 102 atm CO2.
One molar NaCl solution was used to mimic brine in deep saline
aquifers because Na+ and Cl� have the highest concentrations
among cations and anions in deep saline aquifer.16

2. EXPERIMENTAL SECTION

2.1. Minerals. Biotite single crystals were obtained from
Ontario, Canada (Ward’s Natural Scientific). X-ray diffraction
data confirmed the sample as pure biotite. On the basis of
electron microprobe (EMP) and X-ray fluorescence (XRF)
measurements, the elemental composition of the biotite sample
was K0.91Na0.08(Mg0.52Mn0.02Fe0.37Ti0.04)3(Al1.00Si3.00)O10(F0.43-
(OH)0.57)2. A Fe(II)/Fe(III) ratio of 5:1 was determined using
the hydroxylamine and ferrozine method.18

2.2. High Pressure and Temperature Reaction. A benchtop
reactor (Parr Company, IL) was connected to a syringe pump
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(Teledyne ISCO, Lincoln, NE) to conduct high pressure and
temperature batch experiments (102 atm, 95 �C). Thin flakes of
biotite (101( 21 μm thick) were prepared by cleaving along the
{001} planes (basal planes) and cutting them into 2.5 � 0.8 cm
rectangles. The mass of a single flake was 0.015( 0.003 g. Batch
experiments were conducted with one biotite flake and 4 mL of 1
M NaCl solution. After reaction (elapsed times were 3, 5, 8, 17,
22, 44, 70, 96, and 144 h), the dissolved ion concentrations in
solution were measured by inductively coupled plasma-mass
spectrometry (ICP-MS, 7500ce, Agilent Technologies, CA).
The reacted biotite basal surfaces were studied with optical
microscopy, scanning electron microscopy (SEM), and atomic
force microscopy (AFM). The in situ pHs were measured with
pH probes (Corr Instrument, TX) operating at 102 atm and
95 �C with the same water/rock ratio (20 pieces of biotite flakes
in 80 mL solution) of these batch experiments.4 The experi-
mental setups of batch reactions and in situ pH measurements
are shown in Figures S1 and S2 (Supporting Information).
To facilitate the observation of secondary minerals that

formed on biotite edge surfaces, additional batch experiments
were conducted with thick biotite crystals (thickness: 5 mm) for
7 days. To observe the effects of NaCl, control experiments were
conducted in deionized water with biotite. Before reaction, clean

basal planes (Figures 1A and 2A) and edge surfaces of biotite
(Figure 2B) were observed.
2.3. Identification of Secondary Mineral Phases. SEM-

EDX (energy-dispersive X-ray spectroscopy) was used to ob-
serve the shape and elemental compositions of the precipitates.
For EDX measurements of the precipitates on biotite surfaces, a
low accelerating voltage of 3 kV was selected to reach a lower
penetration depth. Thus, we could collect more quantitative
elemental compositions of the precipitates on the sample surface
rather than from the bulk. For fibrous illite on basal planes,
additional steps have been taken because even at 3 kV, the
penetration depth of the X-ray was still higher than the thickness
of the fibrous illite (around 20�200 nm, measured by AFM).
Thus, to obtain better elemental compositions of the illite
without the influence of the biotite substrate, the fibrous illite
was detached from the reacted biotite substrate by sonication,
and a droplet of the supernatant was prepared on a Formvar/
carbon coated-Cu grid for EDX measurement at 10 kV.
To measure the atomic d-spacings for mineral phase identifi-

cation of these precipitates on the reacted surface, reacted biotite
samples were measured with high resolution-transmission elec-
tron microscopy (HR-TEM, JEOL JEM-2100F field emission).
Samples were sonicated for 30 min to detach the precipitates

Figure 1. Observations of biotite basal planes with contact mode AFMbefore and after reaction of single biotite flakes in 1MNaCl at 95 �C and 102 atm
CO2 for different times. The height profiles below the AFM images are cut along the white dashed lines in the AFM images. The cartoon as an inset in
Figure C shows the swelling caused by Na+�K+ ion exchange. The dots represent interlayer K+ in biotite, and the triangles represent the hydrated Na+

that entered the biotite interlayer through ion-exchange.

Figure 2. SEM observations of the basal planes (parts A, C, and E) of thin biotite flakes, and the edge surfaces (parts B, D, and F) of thick biotite crystals
before and after reaction in 1MNaCl solution at 95 �C and 102 atmCO2. EDX patterns (I, II, III, IV) were collected at the spots indicated by the arrows.
An SEM image of the fibrous illite on the Formvar/carbon coated-Cu grid after sonication is shown in the inset of Figure E. The Cu and high C peaks
shown in the EDX pattern (II) come from the grid.
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from the surface, and a drop of this suspension was placed on a
Formvar/carbon coated-Cu grid. To identify the mineral phases
in the reacted solution, the sample suspension reacted with a
biotite flake for 144 h was also analyzed by HR-TEM.

3. RESULTS AND DISCUSSION

After pressurized CO2 (102 atm) was introduced for 1 h, the
in situ pH of the CO2�1 M NaCl�biotite flake system at 95 �C
was 3.1 ( 0.1. During the following 144 h, the pH increased
gradually to 3.6( 0.1 due to biotite dissolution. After reaction for
each elapsed time, the ion concentrations measured by ICP-MS
were used as input values to Geochemist’s Workbench (GWB,
Release 8.0, RockWare, Inc.) for calculations of the pH values
and the saturation indices (SI) of potential secondary minerals.
The calculated pH values were 3.26 right after CO2 injection, and
3.77 after 144 h reaction, which are generally consistent with the
in situ pH measurements.

After reaction with biotite flakes, optical microscopy was used
to observe the basal surfaces of all the biotite flakes (cm scale,
Figure S3 in the SI), while AFM provided the 3D topographical
information (μm and nm scale). Throughout the reaction
(3�144 h), three types of surfaces were observed. After reaction
for 3�17 h, a flat biotite basal surface with numerous fibrous
precipitates was observed (type 1, Figure 1B). After 22�70 h
reaction, the biotite surface layer cracked into micro segments,
and only a few fibrous precipitates were observed (type 2,
Figure 1C,D). After 96 h reaction, some microsegments of the
cracked biotite surface layer detached, and the remaining seg-
ments of the cracked surface layer were resting on a flat inner
layer (type 3, Figure 1E).

Later on (120 h), a flat biotite basal surface bearing abundant
fibrous precipitates was observed again as type 1, which indicates
that the cracked biotite surface layer totally detached and
released into solution, completely exposing the inner flat layer
as a renewed basal surface. Thus, a new cycle of morphological
evolutions began. After reaction for 144 h, a cracked biotite
surface layer was observed again as type 2. The images collected
after reaction for 120 and 144 h were similar to Figures 1B,C,
and they are shown in Figure S4 in the SI). A more detailed
description of these three types of surface morphologies follows
in Sections 3.1 and 3.2.
3.1. Fibrous Precipitate Formation on Flat Biotite Basal

Planes.After reaction for 3�17 h, numerous fibrous precipitates
were observed on the flat biotite basal plane (type 1, Figure 1B).
Some of the fibrous precipitates intersected at a 120� angle. On
the basis of AFM image analysis of 50 fibrous precipitates, the
length, width, and thickness of these fibrous precipitates varied
over a broad range, and were approximately on the order of 30, 1,
and 0.05 μm, respectively. D-spacings of these fibrous precipitates

measured by HR-TEM (10.03, 3.86, 3.14, 2.39, 2.09, and 1.43 Å)
showed a good match with illite (Figure 3A).19 Chlorite, ver-
miculite, smectite, kaolinite, and corrensite—the most com-
monly reported products of biotite alteration under acidic
conditions8�10,14—do not have the 10.03 Å d-spacing.19 Hence,
these minerals were ruled out as possible candidates for the
precipitates observed here. In addition, the thin and long fibrous
precipitates observed in this work was similar to previous reports
on fibrous illite’s morphology.20 The 120� angle intersection of
the fibrous precipitates observed in this work was also consistent
with a previous observation of fibrous illite grown onmica core in
Rhourde el Baguel Sandstone.21 Thus, the fibrous shape, the
120� angle, and the d-spacings of these precipitates confirmed
that they are illite.
Interestingly, however, GWB calculations showed that the

solution was undersaturated with illite throughout the experi-
mental period. Two processes could have contributed to the
unexpected illite precipitation. First, in our unstirred batch
system, compared with the bulk solution, the local dissolved
ion concentrations near the biotite surface could be higher and be
supersaturated with respect to illite. Second, fibrous illite has the
same monoclinic crystal structure as biotite. There are less than
3.1% lattice mismatches between biotite and illite.19 There will be
only a small lattice mismatch for the heteroepitaxial nucleation of
fibrous illite on biotite.22 Therefore, compared with homoge-
neous nucleation calculated by GWB, lower dissolved ion con-
centrations could be required for heterogeneous nucleation of
fibrous illite on biotite to occur.23

For control experiments conducted in deionized water, optical
microscopy was employed to observe all reacted biotite basal
surfaces. No macroscopic fibrous illite was observed throughout
the reaction (3�144 h). The lack of macroscopic fibrous illite
formation in water can be related to the slower biotite dissolution
occurring in water. In 1 MNaCl, higher dissolved ion concentra-
tions, especially K+, was observed (Figure 4) than in water. The
dissolved K+ concentrations in 1 M NaCl solution were around
30�40 times higher than those in water, because the H+�K+ ion
exchange in water is much slower than the Na+�K+ ion exchange
in 1 M NaCl solution. Measured EDX data (Figure 2II) con-
firmed that the fibrous illite contains K, Mg, Fe, Al, and Si
(Figure 2E). Thus, the fast release of these ions in 1 M NaCl
solution could cause the local solution near the biotite surface
to be supersaturated with respect to illite, promoting illite
precipitation.
Most previous laboratory experiments of biotite alteration

were conducted in solutions with low salt concentrations
(Table S1 of the SI ).9,10,14 Some investigations were done under
high salt concentrations and high pH conditions, to mimic
nuclear waste disposal conditions (Table S1 of theSI).12,13 Those
experimental conditions are different from GCS conditions and

Figure 3. Precipitate phase identification by HR-TEM. Fibrous illite (A), Al-substituted goethite (B), and kaolinite (C) are identified.
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no fibrous illite formation was reported. In our experiments of
biotite alteration under relevant GCS conditions (95 �C and 102
atm CO2, in 1 M NaCl solution, and pH≈ 3.1�3.6), significant
amounts of macroscopic fibrous illite precipitates were observed
after reaction for only 3 h. To the best of our knowledge, this is
the first time that fast fibrous illite precipitation on biotite basal
planes was directly observed in laboratory biotite alteration
experiments. This finding indicates that a better understanding
of brine�clay interactions at GCS sites requires conducting
experiments under relevant conditions. Furthermore, more
research on the mechanisms of fibrous illite formation and the
influence of different environmental conditions is needed.
3.2. Cracking and Detachment of Biotite Basal Surface

Layers and Detachment of Fibrous Illite. During 22�70 h
reaction, cracking of the biotite surface layer occurred (type 2,
Figures 1C, D). On the basis of AFM analysis of 20 cracks, the
crack depths were around 13.4 ( 5.0 nm after reaction for 22 h
(Figure 1C), which increased to 31.2( 5.7 nm after reaction for
44 h (Figure 1D), and increased further to 57.5 ( 7.6 nm after
reaction for 70 h. Later, the cracked surface layers gradually
detached from the biotite crystals. Cracking and the resulting
detachment of the biotite basal surface have been documented,
and are thought to be related to K+-release from the interlayer,
and a release of internal stresses.24 Previous work by our group
showed that ion-exchange of aqueous Na+ with interlayer K+ in
phlogopite—Mg-end member mica which has the same crystal
structure as biotite—caused a swelling of phlogopite, and
the layer thicknesses of phlogopite increased from 1 nm to
1.20�1.60 nm (A cartoon is shown as the inset in Figure 1C.).5

In our system, Na+�K+ ion-exchange also occurred as described
in Section 3.1. A schematic diagram of the cracking and detach-
ment of the biotite surface layer caused byNa+�K+ ion-exchange
is shown in Figure 4. Defects, where ion exchange and swelling
were reported to occur faster,25 could exist on the biotite basal
plane (Figure 4A). Thus, the enhanced swelling around these
defects resulted in a bent surface. Internal stress could build up in
the bent surface, resulting in the cracking (Figures 1C,D and 4B,C)
and detachment of the surface layer (Figures 1E and 4D,E). Also,
swelling is reported to be more pronounced for surface layers
than inner layers.5 Thus, only the biotite surface layer cracked,
and the inner layer remained flat in our study (Figure 4E).
Another interesting and consistent observation throughout

the reaction (3�144 h) was that numerous fibrous illite always
grew on the flat biotite basal surface (e.g., after reaction for 3, 5, 8,
17, and 120 h), while a diminished amount of fibrous illite was
always associated with a cracked surface (e.g., after reaction for
22, 44, 70, 96, 144 h). One explanation for this phenomenon is
that when the surface cracked, stress could build up between the

fibrous illite and the cracked biotite substrate, resulting in the
detachment of some fibrous illite. To identify the minerals in
reacted solution, the solution after 144 h reaction was analyzed
byHR-TEM.Numerous small biotite flakes (from nanometers to
micrometers), as well as some fibrous illite, were observed in
solution (Figure S7 of the SI). This observation confirmed that
fibrous illite and biotite segments had detached from the cracked
surface and released into solution.
For the control experiments conducted in deionized water, no

cracks were observed by optical microscopy throughout the
reaction (3 to 144 h). In water, H+�K+ ion-exchange could
occur; however, the swelling effect is reported to be much less
significant compared with 1 M NaCl cases.5 In our previous
study, the phlogopite layer depth was in the range of 1.0�1.2 nm
after reaction in water, only slightly greater than unreacted
phlogopite (1 nm).5 Thus, the internal stress could be much
weaker, which explains why no cracking occurred in the control
experiments throughout the reaction duration. These observa-
tions of the control experiments in water support our explanation
that the crack formation in NaCl solution is caused by swelling
from Na+�K+ ion exchange. Also, the direct comparison experi-
ments showed the important role of NaCl solution on biotite
surface morphological evolution.
3.3. Preferential Al-Substituted Goethite and Kaolinite

Precipitation on Biotite Edge Surfaces. On the basal plane
(Figure 2C) of the reacted biotite flakes, more precipitates,
enriched in Fe and Al, are found at step sites than at the terrace.
Two processes could explain this phenomenon. First, at the step
sites, the edge planes of biotite are exposed to solution. Accord-
ing to a previous study, the dissolution rate at the edge planes of
biotite is around 250 times higher than at the basal plane.26 Thus,
local dissolved ion concentrations are likely higher at step sites,
enabling precipitation. Second, less free energy is required to
form heterogeneous precipitates at step sites.27

To further identify these precipitates, thick biotite crystals with
more edge surfaces were reacted under the same conditions for 7
days. Abundant microscale needle-shaped crystal aggregates
(Figure 2D), containing almost only Fe and Al (Figure 2III),
were observed on the edge surfaces of all these samples. The
needle-shaped morphology, the EDX pattern, and the d-spacing
measurements by HR-TEM (Figure 3B) confirmed that these
precipitates were Al-substituted goethite. Also, on the edge
surface, flat precipitates (Figure 2F) with an EDX pattern
containing almost only Al and Si (Figure 2IV) were observed.
The morphology, EDX pattern, and d-spacing analysis by HR-
TEM (Figure 3C) confirmed that the flat precipitates were
kaolinite. No fibrous illite was observed on the reacted edge
surfaces. Compared with the basal plane, structurally different

Figure 4. Schematic diagram of the process of biotite surface layer cracking and detachment. The dots represent the biotite interlayer K+, and the
triangles represent the hydrated Na+.
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atomic arrangements and dangling bonds are present on the edge
surfaces. In addition, the edge surfaces of the prepared thick
biotite samples are quite rough (millimeter scale roughness),
with higher physicochemical discontinuity and irregularity.
Therefore, although illite may form at nanoscale, it would not
likely grow to μm or mm-scale fibrous illite due to a lack of
continuous physical or chemical support. For control experi-
ments conducted in deionized water with thick biotite crystals,
needle-shaped Al-substituted goethite and flat kaolinite crystals
were also observed on the edge surfaces.
3.4. Aqueous Chemistry Evolution and Linkages with

Solid Alterations. In addition to understand the surface mor-
phological changes and secondary mineral formation, it is also
important to link these changes with aqueous chemistry evolu-
tion. As discussed before, three types of morphologies were
observed on the basal planes of biotite flakes. Likewise, the
leaching rates of the framework ions (Mg, Fe, Al, and Si) from
biotite flakes showed three steps (indicated as step I, II, and III by
the dashed lines in Figure 5). During reaction for 3�17 h (step I), a
linear relationship between dissolved ion concentrations with
time was observed, indicating a constant dissolution rate. During
reaction for 22�70 h (step II), higher leaching rates than in step I
were observed for all framework ions. This is consistent with the
cracking of the biotite surface after reaction for 22 h (Section 3.2)
and the resulting increase in surface area. During reaction for
96�144 h (step III), further increases in the leaching rates for all
framework ions were observed compared with step II. This is
because the detachment of biotite fragments after reaction for 96
h (Section 3.2) further increased the surface area in contact with
solution. Compared with control experiments in water where no
cracking was observed, the dissolved interlayer K+ concentration
was around 30 times higher after reaction in 1 MNaCl for 144 h,
and the concentrations of dissolved framework ions were around
10 times higher.
Regarding the effects of secondary mineral precipitation on

aqueous chemistry evolution, fibrous illite having a similar
elemental composition (Figure 2II) with biotite (Figure 2I)
was the main precipitate on the basal surface. Al-substituted
goethite containing only Al and Fe was the main precipitate on
the edge surfaces. This is consistent with the observation that the

dissolved Fe and Al concentrations were lower than Mg and Si
according to their stoichiometry in biotite (Figure 5).
In this work, batch experiments of biotite alteration in 1 M

NaCl solution at 95 �C and 102 atm CO2 were conducted. Fast
macroscopic fibrous illite precipitation on the flat biotite basal
plane and its later detachment from the cracked surface were
observed while Al-substituted goethite and kaolinite formed
at edge surfaces. The fibrous shape makes the specific surface
area (area per solid volume) of fibrous illite at least 2 orders
of magnitude higher than bulk crystals.28 Thus, the fibrous illite
could significantly increase flow-path tortuosity, extend deep
into pores, and could cause a large permeability reduction for a
given bulk volume. Fibrous illite growth in sandstone reservoirs
has been reported to severely decrease the porosity and
permeability of the reservoir, resulting in serious problems for
hydrocarbon production.21

Significant differences were observed for biotite alteration in 1
M NaCl and water, regarding macroscopic fibrous illite forma-
tion, basal surface cracking, and dissolution rates. These observa-
tions showed the importance of conducting experiments under
conditions relevant to GCS conditions with high NaCl concen-
trations. Although this work focused onGCSconditions, the current
findings about coupled biotite dissolution, morphological change,
and secondary mineral precipitation could also aid studies of
biotite behavior under other conditions, such as nuclear waste
disposal, seawater encroachment, and aquifer recharge.
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Figure 5. Dissolved ion concentrations in 1 MNaCl solution after reaction of single biotite flakes at 95 �C and 102 atm CO2. To check the congruency
of biotite dissolution, concentrations are normalized according to the stoichiometry of the different ions in biotite (K0.91Na0.08(Mg0.52Mn0.02-
Fe0.37Ti0.04)3(Al1.00Si3.00)O10(F0.43(OH)0.57)2). For example, for K, the concentrations shown are the dissolved K concentrations in solutions divided
by 0.91.

aK concentrations are much higher than the others, and are read on the right y-axis.
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