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Laboratory study of CO, migration in water-saturated

anisotropic sandstone, based on P-wave velocity imaging
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ABSTRACT

We measured the changes in P-wave velocity that occur when
injecting CO, in gaseous, liquid, and supercritical phases into
water-saturated anisotropic sandstones. P-wave velocities were
measured in two cylindrical samples of Tako Sandstone, drilled
along directions normal and parallel to the bedding plane, using
a piezo-electric transducer array system. The velocity changes
caused by CO, injection are typically -6% on average, with
maximum values about -16% for the case of supercritical CO,
injection. P-wave velocity tomograms obtained by the differential
arrival-time method clearly show that CO, migration behaviour
is more complex when CO, flows normal to the bedding plane
than when it flows parallel to bedding. We also found that the
differences in P-wave velocity images were associated both with
the CO, phases and with heterogeneity of pore distribution in the
rocks. Seismic images showed that the highest velocity reduction
occurred for supercritical CO, injection, compared with gaseous or
liquid CO, injection. This result may justify the use of the seismic
method for CO, monitoring in geological sequestration.

INTRODUCTION

Sequestration of Carbon Dioxide (CO,) into saline aquifers
has been proposed as one of the most practical options of all
geological sequestration possibilities. When saline aquifers are to
be used to sequester CO, for long periods, it will be necessary to
monitor the migration and diffusion of CO, in those reservoirs.
Monitoring of geological sequestration has been identified as
one of the highest priority needs in several recent international
conferences on greenhouse gas control technologies. Monitoring
is necessary to confirm the containment of CO,, to assess leakage
paths, and to gain understanding of interactions between CO,,
the rock-forming minerals, and formation fluids (Benson, 2005).
Monitoring is also necessary to quantify the net quantity of CO,
that has been sequestered within the reservoirs (Chadwick et al.,
2004). Seismic surveys provide the most attractive approach for
obtaining the spatial coverage required for mapping the location
and movement of CO, in the subsurface (Arts et al., 2004; Li,
2003; Saito et al., 2005). However, the effectiveness of these
techniques depends upon many factors, including the contrast
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between the physical properties of CO, and resident formation
fluids, the lithology and structure of the reservoir, formation fluid
pressure and temperature variations, source and receiver locations,
well spacing, and injection patterns (Hoversten and Myer, 2000).

When CO, is injected into an aquifer, the existing formation
water in pore spaces of the reservoir rock will be partially
displaced by the CO,. This process will result in local reduction
of the velocity of seismic waves propagating through the reservoir
(Wang et al., 1998; Arts et al., 2004). Crosswell seismic surveying
has been one of the earliest applications of time-lapse geophysics
to map the movements of injected CO, in enhanced-oil-recovery
processes (e.g., Harris et al., 1995). Because seismic data with
frequencies up to a few kilohertz can potentially offer imaging
resolution of the order of metres, such as is often necessary for
time-lapse investigation, seismic methods are useful in building
reservoir models and for accurately describing fluid flow in
heterogeneous reservoirs. For these reasons, a time-lapse crosswell
seismic survey has been conducted to monitor CO, at a pilot-scale
injection site in Nagaoka, Japan (Saito et al., 2005).

The process of injection of CO, into saline aquifers can be
described as immiscible displacement of an aqueous phase by a
less dense and less viscous gas phase. The density and viscosity
of the CO, are the two key factors dominating the displacement
process (Van der Meer, 1992). Both of them are functions of
temperature and pressure in reservoirs. The phase diagram of
CO, shows a critical temperature of 31°C and a critical pressure
of 7.38 MPa. Under usual geological conditions, the temperature
and pressure in a reservoir deeper than 800 m are expected to
be above the critical values, and CO, will be in a supercritical
state. Supercritical CO, is characterised by a gas type of kinetic
behaviour with a liquid type of density. The general view is that
whatever the reservoir conditions is, the ratios of both density and
viscosity between formation water and CO, are larger than unity.
Therefore, on the large scale, the density difference will result
in gravity segregation, and the viscosity difference will result in
hydrodynamically unstable displacement between formation water
and the CO, (Gar¢ia and Pruess, 2003).

This paper reports an experimental study of seismic monitoring
of CO, in water-saturated porous sandstones (Xue and Ohsumi,
2004a, 2005). Measurements of P-wave velocity were made on two
samples of Tako Sandstone, one sample cut with the axis normal
and one with the axis parallel to the bedding plane. The goal of
this paper is to improve understanding of the P-wave velocity
decrease caused by CO, injection, by comparing the differences
in seismic images reconstructed from P-wave velocity changes
during injection of gaseous CO,, liquid CO,, and supercritical CO,
into the same sample. Tako Sandstone, used in this study, is less
affected by changes of confining pressure and pore pressure, and
thus the displacement process would be expected to take place
within almost the same pore spaces of each sample (Xue and
Ohsumi, 2004b). Change of seismic velocity reflects the difference
in bulk moduli between CO, and water, and the fraction of CO,
present. In this study, the P-wave velocity changes in partially
saturated conditions for each sample were reconstructed precisely
using differential arrival-time tomography.
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SAMPLES AND EXPERIMENTAL PROCEDURE

Two cylindrical samples of Tako Sandstone (50 mm in diameter
and 105 mm in length, 24% porosity) were used in this study. In
order to examine roles of the bedding plane in CO, injection, the
samples, referred to as TS-4 and TS-5, were drilled normal and
parallel to the bedding plane, respectively. Sixteen piezo-electric
transducers (PZTs) with a characteristic frequency of 1 MHz were
cemented onto the surface of each sample, in two parallel lines
along the axial direction (Figure 1a). In sample TS-5 the PZT array
was located along the bedding plane. Figure 1b shows the diagram
of ray paths for P-wave velocity measurement, and cell geometry
for P-wave velocity tomography. Two-dimensional models of
relative P-wave velocity change during CO, injection into the
water-saturated rock were reconstructed using the difference
tomography method. P-wave velocities were measured at a time
interval of 3 to 5 minutes during CO, injections into the water-
saturated samples.

Stainless-steel end pieces were attached to both sample ends, and
a grooved plate was placed between the end piece and the sample
at each end. Concentric grooves connected by radial grooves were
carved on the plate surface to ensure uniform injection over the
entire surface of the sample end. The sample assembly was sealed
with silicone sealant to prevent infiltration of oil, which was used
as the hydrostatic pressure medium. Initially, each sample was
saturated by injection of fresh distilled water from the top end.
Then, CO, was introduced at the bottom end of each sample, at
different pressure and temperature conditions corresponding to
gas, liquid, and supercritical phases. These conditions are referred
to as cases I, II, and III, respectively (Table 1). Before the case II
and III experiments, the sample was flooded with fresh distilled
water to remove the residual CO, from the previous CO, injection.
See Xue and Ohsumi (2004a) for more details of the measurement
system and experimental procedure, including CO, injection and
pressure variation.

DATA PROCESSING

Picking of P-wave arrival times

The accuracy of relative arrival times is very important in this
study, because our major purpose is to investigate the changes
in the P-wave velocity field resulted from the fluid displacement
processes. To determine P-wave travel times precisely, a graphical
user interface (GUI) software tool TSpro (Lei, <http://staff.aist.
go.jp/xinglin-lei/Lei00.htm>) was used in this study. Initially, the
P-wave arrival times of the first measurement during each injection
run were automatically determined, using an algorithm based on
an AR time-series model. Then every arrival time was checked
and corrected manually. For the second and later measurements,
the arrival time for each path was determined manually by
interactive waveform comparison using the GUI tool. The two
waveforms for two consecutive measurements on each path were
displayed together, and the arrival time of the later measurement
was determined by comparing the waveform of the first one or
two oscillations after the first P-wave arrival. This process was
repeated several times on the two waveforms to ensure the arrival
time was determined properly. This procedure improved greatly
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Fig. 1. a) Strain gauges and PZT transducers mounted on a test sample.
b) A schematic diagram of two-dimensional P-wave tomography. Ray
paths (blue) for P-wave velocity measurements and cell geometry
(black) for tomography are shown. The source and receiver positions
are indicated by S1-S8 and R1-R8, respectively.

the relative accuracy of P-wave arrival times, especially for longer
ray paths. Figure 2 shows an example of typical waveforms and
their arrival times determined by these procedures, for several
paths during injection of gaseous CO, into the water-saturated
sample TS-4. In Figure 2, along path S1-R4, the signal-to-noise
ratio is very low around the first motion of P-wave. In such a case,
waveform comparison is very efficient.

Velocity Tomography

In order to improve the accuracy of measurement of relative
changes of P-wave velocity caused by CO, injection, the following
difference tomography method was applied in this study. The body-
wave travel time 7}, along the ray path from the i-th source to the
J-th receiver is expressed as a path integral

T,=[ pds , (1)

where p is the slowness (the inverse of velocity), I is the ray path
between the source and receiver corresponding to the assumed P-
wave velocity model, and ds is an element of distance along the
path. The travel time difference AT}, due to P-wave velocity change
Ap is given by

AT, =T,=T,= |, pds=[ (p+ap)ds . @

For small Ap and as a first order approximation, the change
of ray path caused by velocity change is ignored, so that AT, is
expressed approximately by

AT, = |, ap s . )

Hydrostatic pressure Pore pressure

CO, injection pressure Temperature of injected CO,

Case (MPa) (MPa) (MPa) ©C)
I 10 3 5 23
1l 10 6 8 23
it 15 10 12 34

Table 1. Pressure and temperature conditions for the three CO, injection experiments.
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Using equation (3) Ap can be determined directly from AT with
a simultaneous iterative reconstruction technique (SIRT), similar
to the classic travel-time tomography method based on equation
(1). It is clear that the effects of error in the slowness p are partly
cancelled.

It is important to use an optimum initial model in order to obtain
a plausible reconstructed model. The initial model for each case of
CO, injection was constructed using the travel times obtained
from the water-saturated samples before CO, injection, using the
SIRT method based on equation (1). Since both samples TS-4
and TS-5 have a strong anisotropy of P-wave velocity resulted
from the bedding structure, the SIRT method was modified to
take anisotropy into consideration. In anisotropic (transversely
isotropic) rocks, P-wave velocity depends only on the angle from
the symmetry axis. We used a simple assumption described by

v (8)=,,(1+&sin’ 9) . )

£=(V

max Vmin ) / Vmin ’ (5)
where @ is the angle between the ray path and the normal to the
bedding plane, € expresses the degree of anisotropy, and V__and
V. .. correspond to the P-wave velocities along the bedding plane
and along the direction normal to the bedding plane, respectively.
As mentioned above, sample TS-4 was drilled with its axis normal

to the bedding plane, while sample TS-5 was drilled with its axis
parallel to the bedding plane. It is important for further discussion
to note that V__in TS-4 is in the diameter direction, while V___in
TS-5 is in the axial direction. For a given ¢, V. 18 a linear function
of V..

anx = (1 + S)Vmin ‘ (6)

As mentioned in the introduction, the physical properties of
Tako Sandstone are less affected by changes of confining pressure
and pore pressure, and thus the pore structures would not change
during the experiment (Xue and Ohsumi, 2004b). Consequently,
it is reasonable to assume that the direction of V _or V. did
not change with time during the CO, injection. In general, it is
necessary to determine both V__ and V. .- However, in such cases,
the number of unknown parameters would be twice as many as in
the isotropic case. In the P-wave velocity measurement here, there
are only 64 ray paths and no vertical paths. In order to reconstruct
a reliable velocity field with such limited observation data, the
inversion problem is simplified by assuming that the degree of
anisotropy (€) does not change during fluid injection. This issue
will be discussed further in the sections following. For constant &
velocity changesin V. _and V__ are related by

av, =(+g)dv,, o)
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Fig. 2. Examples of waveforms measured along three paths S1-R1, S4-R4, and S1-R4 in the samples TS-4 and TS-5 during injection of gaseous CO,.
The short vertical bar in each waveform indicates the first arrival time, which was determined manually by interactive waveform comparison of two
consecutive measurements. A schematic diagram that shows the basic features of the samples is also plotted beside the waveforms. In sample TS-4,
there are several horizontal zones of greater porosity, which enhanced the bulk anisotropy of the seismic velocity.
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Equation (7) contradicts theoretical and experimental results
where most velocity changes in anisotropic media show large
velocity changes in the V. direction. However, in our experiments,
we treat only change in relative velocity, and the assumption of
equation (7) does not affect the major results. In order to determine
the optimum value of & for each injection experiment, the SIRT
method was applied to the travel-time data for: 1) dry sample,
2) water-saturated sample, and 3) the final stage of each CO,
injection experiment. Values of & from 0 (isotropic model) to 0.3
were examined for each data set. Figure 3 shows the mean square
error of the residual times of the reconstructed velocity models,
as a function of g, for sample TS-5. The optimum value of £ was
that associated with the minimum mean square error. For the dry
(Dry) and water-saturated (W) conditions, the estimated £ were
0.15 and 0.075, respectively. After the gaseous CO, injection (G),
the optimum value of £ was estimated to be 0.1. Since our major
interest is the velocity change when injecting CO,, into the water-
saturated sample, the value £=0.075 obtained from the water-
saturated sample was used in difference tomography for sample
TS-5. For sample TS-4, £ was determined to be 0.2 in the same
manner. It is noticeably larger than € for TS-5, although both TS-

4 and TS-5 were drilled from the same Tako Sandstone. In fact,
there are several horizontal zones with comparative high porosity
in sample TS-4 (Figure 2). Such microscopic heterogeneity
greatly enhanced the bulk anisotropy of the sample. Therefore, the
reconstructed velocity model in Figure 4, using the optimum & of
0.2 is better than the isotropic model, and it also shows fewer false
images than other values.

EXPERIMENTAL RESULTS

P-wave velocity reduction caused by CO, injection

The CO, was injected into the water-saturated samples at
different pressure and temperature conditions referred to as cases
I, IT and III in Table 1. The P-wave velocity decreased clearly
during CO, injection in all cases. For TS-4, where all paths are
parallel to the bedding plane of the sample, the results correspond
to the decrease of V. On the other hand, for TS-5, the results
correspond to the decrease of V. Figure 5 shows the P-wave
velocity reduction obtained along the eight shortest paths (S1-R1,
S2-R2, S3-R3, S4-R4, S5-R5, S6-R6, S7-R7, and S8-R8) during
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=
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5
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= 1 ]
S 0.04 e/ | Dry ;r Fig. 3. Example of variation of
= R ‘ the mean square error in travel-
0.03 B = O-G. | time residuals in tomography,
a1 L with respect to the anisotropy
0.02 B e P e e : parameter ¢. The value of ¢
i —¥—S. g associated with the minimum
0.01 I mean square error was used
i ) ——W. as a measure of the anisotropy
0 - parameter in each case. “Dry” and
0 0.05 0.10 0.15 0.25 0.30 “W” refer to the dry and water-
) ’ ) ’ saturated conditions, respectively.
. G, L, and S refer to gaseous, liquid
anisotropy parameter, € and supercritical CO, injection
experiments, respectively.
TS-4

Fig. 4. A photo image of the cut
surface along the PZT array

of the TS-4 sample (a) and the
reconstructed velocity (V)
model, using data measured on
the water-saturated TS-4 sample.
Panels b—e indicate results using
different values of ¢

(b: 0.0, c: 0.1, d: 0.2, e: 0.3).
Note that & = 0.2 resulted in the
minimum residual and the most

(@ (b) (c) (d)

reliable model, coinciding with
(e) the macroscopic structures in the
sample.
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injection of supercritical CO, into both samples. Those P-wave
velocities were measured directly from waveforms by picking the
arrival times. Figure 5 shows that, when the front of migrating CO,
reached a ray path, a significant decrease appeared in the P-wave
velocity along that path. The difference in time lags between the
commencement of velocity reduction in the two samples indicates
that the CO, front moved faster in TS-5 than in TS-4. The P-wave
velocity reductions are summarised in Tables 2 and 3. In sample
TS-4 the final P-wave velocity decrease ranged from 4.3 to 6.5%
for the gaseous CO, injection, 4.9 to 9.5% for the liquid CO,
injection and 6.1 to 10.6% for the supercritical CO, injection,
except for the path §7-R7 where only small velocity reductions
were observed. P-wave velocities decreased much more in TS-5
than in TS-4 for all cases, although both samples were subjected to
the same pressure and temperature conditions. The larger velocity
reduction in TS-5 results from anisotropy in the Tako Sandstone,
because P-wave velocity reduction is larger in the direction normal
to the bedding plane. Most narrow pores are aligned with their
planes parallel to the bedding plane (Hudson, 1981; Nishizawa,
1982).

P-wave velocity imaging of CO, migration in the water-
saturated sample

Figures 6-8 show the distribution of velocity change at
selected time intervals during gaseous, liquid, and supercritical
CO, injections in TS-4 (upper) and TS-5 (lower), respectively. In
all cases, the upward CO, migration in each sample was clearly
imaged. All injection experiments in each sample show similar
distributions of velocity change along the profile. The common
outcomes are summarised as follows: :

1) Most parts of the profiles showed negative velocity changes,
ranging from O to -0.4 kmy/s.

2) Especially in TS-5, there was a comparatively larger velocity
decrease around the ends of the sample.

3) After breakthrough of CO, at the top end, P-wave velocity
continued to decrease slowly and finally reached a stable level
after 30 and 100 minutes for TS-5 and TS-4, respectively.

4) Movement of CO, in TS-5 was about twice as fast as in TS-4.

During the injection of gaseous CO, into sample TS-5, a
velocity decrease appeared around the bottom end 15 minutes
after starting injection (Figure 6b). The area of negative velocity
change expanded with increasing elapsed time, and reached the top
end after 27 minutes. This point agrees well with observation by a
monitoring video camera of the first CO, bubble at the outlet tube.
Similar behaviour of P-wave velocity changes was observed for the
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Fig. 5. Lateral P-wave velocity changes with respected to elapsed time
during injection of supercritical CO, in samples TS-4 (a) and TS-5 (b).
Note that the velocity changes correspond to V. in TS-4 but V_, in
TS-5.

Case S1-R1 S2-R2 S3-R3 S4-R4 S5-RS S6-R6 S7-R7 S8-R8
I -5.8 -6.5 -6.4 -4.8 -4.4 -0.8 -4.3
II -7.6 -9.5 -8.2 -5.6 -5.8 -0.5 -4.7
III 9.4 -10.6 -10.2 -8.1 -6.8 -1-3 -6.1

Table 2. Percentage of P-wave velocity reduction during injection of gaseous CO,, liquid CO,, and supercritical CO, into the water-saturated sample

TS-4 (from Xue and Ohsumi, 2004a).

Case S1-R1 S2-R2 S3-R3 S4-R4 SS-R5 S6-R6 S7-R7 S8-R8
1 -10.7 -113 -7.6 -1.2 -8.1 -10.0 9.6
II -11.1 -15.6 -10.7 -9.6 -10.2 -12.0 -11.9
I -16.4 -16.2 -11.8 -10.9 -13.1 -14.8 -14.3

Table 3. Percentage of P-wave velocity reduction during injection of gaseous CO,, liquid CO,, and supercritical CO, into the water-saturated sample

TS-5 (from Xue and Ohsumi, 2005).
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20min || 35min || 52min 68 min 100 min
15 min 21 min 24 min 27 min 30 min
11 min 26 min 51 min 101 min 211 min
km/sec
TS-4
(lig.)
13 min 19 min 25 min 32 min 45 min

V-Vo0
km/sec

TS-5
(lig.)

Fig. 6. Reconstructed distributions
of velocity change during injection
of gaseous CO, in the sample TS-
4 (upper) and the sample TS-5
(lower). In the left photo, pore
space is filled with dyed epoxy,
shown by blue colour. In TS-4,
areas of larger velocity reduction
correspond to areas of higher
porosity. In TS-5, distributions of
the P-wave velocity changes show
good coincidence with the pre-
existing macroscopic structure as
shown in the right photo.

Fig. 7. Reconstructed velocity
images during injection of liquid
CO, in the sample TS-4 (upper)
and the sample TS-5 (lower). In
the left photo, pore space is filled
with dyed epoxy, shown by blue
colour. In TS-4, areas of greater
velocity reduction correspond to
areas of higher porosity. In TS-5
distributions of the P-wave velocity
changes show good coincidence
with the pre-existing macroscopic
structure as shown in the right
photo.
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injections of liquid and supercritical CO, in this sample (Figures
b, 8b). However, compared with the injection of gaseous CO,,
the final velocity reductions were about twice as large. In TS-4,
similar distributions of P-wave velocity change were obtained for
all three cases (Figures 6a, 7a, 8a). In TS-5, areas of larger velocity
reduction correspond to areas of higher porosity (Figures 6b, 7b,
8b). Velocity reduction in the lower middle and upper left parts
was higher than in other part of the profile. There is a preferential
flow path at the left side in the middie part of the sample. Such
results indicate that the heterogeneity of pore distribution plays an
important role on governing CO, migration.

DISCUSSIONS AND CONCLUSIONS

P-wave velocity reduction of partially saturated rocks

In partially saturated rocks, seismic wave velocity depends
not only on the degree of saturation of CO, or water, but also on
the microscopic characteristics of saturation. Uniform saturation
and patchy saturation have been considered as two extremes
(Mavko and Mukerji, 1998). In the strict sense, uniform saturation
corresponds to the case that all pores have the same fraction of
CO, in partially saturated conditions. In contrast, patchy saturation
describes the case where some pores are saturated by CO, while
other pores contain water only. The seismic velocity for such
extreme cases can be modelled with Gassmann’s Equation (1951).
Figure 9 shows the theoretical estimation of P-wave velocity
changes as a function of (average) CO, saturation, for the Tako
~ Sandstone used in this study. Parameters used in the calculation are
from Xue and Ohsumi (2004a). In general, the patchy saturation
model and the uniform model correspond to the upper and lower
limits of velocity, respectively. In the uniform saturation model,
P-wave velocities drastically decrease with the introduction of a
small CO, fraction, but when the CO, fraction is larger than 20%

velocities show less change. In the patchy saturation model, P-wave
velocities decrease almost linearly with increasing CO, fraction.

In addition, the seismic response to partial saturation is also
frequency-dependent. If the wavelength of the seismic wave is
much longer than the typical patch size, the solid-fluid system can
be treated as uniformly saturated. The critical length of patchy

saturation is JKKW/ fu (Mavko and Mukerji, 1998). In the

expression, f is the seismic frequency and « is the permeability;
M and K are the dynamic viscosity and bulk modulus of
water, respectively. In this study, the dominant frequency of the
elastic waves is about 300 kHz, corresponding to a dominant
wavelength of ~10 mm. The critical size is therefore about
3mm for k=108 m? K =29x10° mtkg.s? u=8.87x10“kg.
mlst, and f=300000s'. Hence, the wavelength is slightly
larger than the critical length for patchy saturation, indicating
that saturation in these experiments should not be modelled as
patchy saturation. Furthermore, the measured P-wave velocity
and the tomographic results show that P-wave velocity is very
sensitive to the proportion of CO, to water in partially saturated
conditions. Our experimental results showed an intermediate
condition between uniform saturation and patchy saturation in
which, for the same CO, fraction, liquid and supercritical CO,
cause larger velocity reduction than gaseous CO,. Variations of
P-wave velocity reduction along the eight shortest paths (Tables
2 and 3) and the reconstructed velocity models (Figures 6-8) also
demonstrated a spatially heterogeneous distribution of P-wave
velocity in the partially saturation condition. By comparing the
pore space distribution in sample TS-5, we found that a larger
velocity reduction appeared in a higher porosity area.

In sample TS-4, it is worthwhile to note that P-wave velocity
along the path S7-R7 showed significantly smaller change than

21 min 37 min; 53 min 69 min

101 min.

13 min 16 min 19 min 29 min

42 min

Fig. 8. Reconstructed velocity
images during injection of
supercritical CO, in the sample
TS-4 (upper) and the sample TS-
5 (lower). In the left photo, pore
space is filled with dyed epoxy,
shown by blue colour. In TS-4,
areas of greater velocity reduction
correspond to areas of higher
porosity. In TS-5 distributions of
the P-wave velocity changes show
good coincidence with the pre-
existing macroscopic structure as
shown in the right photo.
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Fig. 9. Theoretical estimation of P-wave velocity reduction due to
presence of CO, for two extreme cases: uniform saturation and patch
saturation. See text for details.

other paths during injection of CO,, for all three cases. This result
suggests that the injected CO, migrated through an area that has
a limited number of narrow channels, as indicated by a slightly
deeper red colour in the P-wave velocity images in Figures 6a,
7a, and 8a. If the pores around this path are much finer ones,
CO, will have difficulty in penetrating such narrow-pore zones,
especially because capillary forces may prevent penetration. In
other words, displacement will be inefficient in finer pore spaces
because of capillary effects caused by the relatively high interfacial
tension between CO, and water. Water is usually more wetting than
CO,, and CO, displacement will prefer larger pore spaces. This
process usually causes greater velocity reduction in unconsolidated
sandstones than in consolidated sandstones (Wang and Nur, 1989;
Xue et al, 2005). Capillary pressure amplifies the effects of
heterogeneity, with CO, bypassing larger volumes of water. This
fingering behaviour allows only a small fraction of the pore volume
of the reservoir to be available for sequestration, resulting in an
increase in the cost of CO, sequestration in saline aquifers.

Applications of seismic tomography in CO, monitoring

For CO, monitoring, we are more interested in the relative
change of seismic velocity caused by CO, injection than the
absolute velocity distribution. The effect of CO, injection on
the velocities measured in the laboratory has been examined for
different phases of CO,. By directly using differential arrival times,
determined manually by comparison of two consecutive waveforms
along the same path, the difference tomography method is able
to image the velocity change during injection of CO,. Temporal-
spatial distributions of relative velocity change were well imaged.
Such distributions of velocity change reflect CO, (either gaseous,
liquid, or supercritical) migration in the water-saturated samples.

The ability to use the cross-hole seismic tomography method
to monitor CO, depends strongly on the velocity changes caused
by CO, injection. Seismic tomographic results obtained from
injection of supercritical CO, showed the highest velocity decrease
among the three injection cases. Therefore, seismic methods,
especially high-frequency, high-resolution seismic methods, are
expected to be useful in monitoring CO, flooding processes or
in detecting CO, zones in the subsurface. In field experiments,
observed velocity changes due to the presence of CO, have been
confirmed at seismic and sonic frequencies (Saito et al., 2005;
Xue et al., 2005). When the frequency of the applied seismic

wave is high enough that the wavelength is less than the size of
inhomogeneities, the patchy saturation model can be used and the
seismic velocity decreases almost linearly with CO, fraction. In
such conditions, CO, fraction can be estimated from velocity data.
Here we will meet another difficulty if the size of inhomogeneous
patches is also unknown. As a suggestion, a valuable approach
may be to investigate seismic responses at multiple frequencies
over as wide a range as possible.
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