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ABSTRACT
Accurate estimation of CO2 saturation in a saline aquifer is essential for the monitoring of supercritical CO2 injected for geological sequestration. Because of strong
contrasts in density and elastic properties between brine and CO2 at reservoir conditions, seismic methods are among the most commonly employed techniques for
this purpose. However, the relationship between seismic (P-wave) velocity and CO2
saturation is not unique, because the velocity depends on both wave frequency and the
CO2 distribution in rock. In the laboratory, we conducted measurements of seismic
properties of sandstones during supercritical CO2 injection. Seismic responses of small
sandstone cores were measured at frequencies near 1 kHz, using a modified resonant
bar technique (Split Hopkinson Resonant Bar method). Concurrently, saturation and
distribution of supercritical CO2 in the rock cores were determined via x-ray CT
scans. Changes in the determined velocities generally agreed with the Gassmann
model. However, both the velocity and attenuation of the extension wave (Young’s
modulus or ‘bar’ wave) for the same CO2 saturation exhibited differences between
the CO2 injection test and the subsequent brine re-injection test, which was consistent
with the differences in the CO distribution within the cores. Also, a comparison to
ultrasonic velocity measurements on a bedded reservoir rock sample revealed that both
compressional and shear velocities (and moduli) were strongly dispersive when the
rock was saturated with brine. Further, large decreases in the velocities of saturated
samples indicated strong sensitivity of the rock’s frame stiffness to pore fluid.
Key words: Rock physics, Monitoring, Attenuation, Anisotropy.

1. INTRODUCTION
Monitoring of CO2 migration within a saline aquifer is critical for secure injection of supercritical (sc-) CO2 into reservoirs. Because sc-CO2 and brine are immiscible (an interface
is present—Bachu and Bennion 2008) under typical reservoir
conditions, the rock’s pore space is occupied heterogeneously
∗ E-mail:

SNakagawa@lbl.gov

by sc-CO2. The high compliance of sc-CO2 compared to brine at
typical reservoir temperatures and pore pressures results in
greatly reduced P-wave velocity and increased attenuation in
rock even when the sc-CO2 saturation is very small. Our ultimate goal is to relate the measured seismic signatures to the
local CO2 saturation in the reservoir, thereby allowing quantitative monitoring of geologic carbon sequestration. Laboratory-scale measurements are a key calibration tool for this
goal.
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The sc-CO2 induced reduction of the velocity and
the change in attenuation are not simply dependent on
saturation but also depend on the distribution of CO2 – specifically the characteristic ‘patch’ size with respect to the diffusion length of the seismic wave-induced pressure wave for a
given frequency (e.g., White 1975; Dutta and Seriff 1979).
This distribution is a function of the underlying heterogeneity
of rock such as bedding and fractures, as well as reservoir temperature and pressure and the rate of injection – all specific
to individual injection sites. For this reason, laboratory measurements are necessary for correlating a variety of reservoir
conditions to seismic signatures as a function of sc-CO2 saturation. Wang and Nur (1989) conducted laboratory ultrasonic
measurements during CO2 injection into sandstone and sand
cores filled with oil (n-hexadecane). Xue, Ohsumi and Koide
(2005) conducted similar tests on a sandstone core initially
filled with water. Shi, Xue and Durucan (2007) also conducted
the measurement tomographically in a water-filled core so
that the distribution of the CO2 was imaged. In all cases,
large decreases in P-wave velocity were observed immediately
after the injection started. The observed relationship between
the CO2 saturation and the velocity was, however, significantly different from the relationship predicted by Gassman’s
theory (1951) for low-frequency poroelastic response of
rock, which is typically used for estimating field-scale
effects.
When laboratory experiments are used to help interpret
field data, it is desirable to conduct laboratory seismic measurements at frequencies close to the field tests. We conducted
laboratory sonic-frequency (1–2 kHz) seismic measurements
on initially brine-filled sandstone cores during supercritical
CO2 flooding and subsequent removal by brine re-injection.
The measurements were made using a modified resonant bar
method (Split Hopkinson Resonant Bar (Nakagawa 2011)),
which allows us to use small rock cores (typically 3.8 cm in
diameter, 2.5–10 cm in length) for determining seismic velocities and attenuations. The resonant bar test can be conducted concurrently with x-ray CT imaging within an x-ray
transparent pressure vessel, as previously done by Cadoret,
Marion and Zinszner (1995), providing the knowledge of scCO2 distribution within a core. Although our measurement
frequencies are still higher than typical field seismic surveys,
they are close to the frequencies used by recent cross-hole
seismic tomography measurements conducted at Frio (Texas,
USA) (Daley, Ajo-Franklin and Doughty 2011) and Cranfield (Mississippi, USA) (Ajo-Franklin et al., in preparation)
CO2 injection sites. Such time-lapse cross-hole tomographic
measurements are currently the best field-scale estimates of
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sc-CO2 induced seismic velocity change that could potentially
be converted to CO2 saturation with laboratory calibration
measurements.
In this paper, we will briefly explain our experimental
method and procedures, including the Split Hopkinson Resonant Bar method. Next, the results of the experiments will be
presented showing changes in both the seismic properties and
sc-CO2 distribution in the rock cores. The results of the seismic tests are compared to available simple fluid-substitution
models developed by Gassmann (1951) and White (1975).
Finally, we will summarize our observations and make recommendations for future measurements in the conclusions.

2. LABORATORY EXPERIMENT
In this section, the experimental set-up and procedures used
in this study are explained, including a non-conventional resonant bar testing technique.

2.1 Experimental set-up
2.1.1 Split Hopkinson Resonant Bar test
The conventional resonant bar method allows us to measure seismic properties of rock at frequencies much lower
than commonly used ultrasonic pulse transmission tests (e.g.,
Lucet, Rasolofosaon and Zinszner 1991). Typically, extension
mode and shear (torsion) mode vibrations of a slender barshaped sample are used to determine the Young’s modulus and
shear modulus of the sample. The lowest frequency of the measurement is determined by the frequency of the fundamental
mode vibration, which results in a wavelength twice the length
of the sample. Unfortunately, because rock samples recovered
from a deep subsurface reservoir are usually small (typically
several centimetres in length), the resulting frequency of the
measurement is rather high (tens of kilohertz).
The Split Hopkinson Resonant Bar (SHRB) method overcomes this problem by artificially increasing the length and the
mass of the sample using metal extensions, which reduces the
measured resonance frequencies. Details of this technique, including numerical inversion for seismic properties from measured resonance frequencies and attenuations, have been discussed by Nakagawa (2011). Disadvantages of this technique,
compared to the conventional resonant bar test, include the
need for numerical inversion for extracting the sample properties from resonances of the whole system and difficulties using
higher-order resonances (non-fundamental modes) for examining frequency-dependent properties. Also, because resonant
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Figure 1 Split Hopkinson Resonant Bar test set-up.

bar tests, including the SHRB method, essentially measure
normal and shear compliances (inverse of Young’s modulus
and shear modulus) along the axis of a sample, determination
of P-wave velocity and attenuation requires combining these
measurements, which can result in large errors if the rock has a
large Poisson’s ratio and significant anisotropy (e.g., Cadoret
et al. 1995).
Our experimental set-up for conducting SHRB measurements is shown in Fig. 1. A jacketed small cylindrical rock
sample (3.81 cm in diameter, a few centimetres up to about
15 cm in length) is placed between a pair of long, slender
stainless steel rods, which also serve as end plugs for injecting and extracting pore fluid in the sample. To ensure good
mechanical coupling, the surfaces of the steel bars and the
sample are polished flat, then a thin lead foil is placed on the
interfaces. These foils are cut with a cross-shaped pattern at
the centre to allow distribution of the pore fluid along the
interface. With these preparations, typically 3−4 MPa of effective confining stress is sufficient to reduce the additional
compliance introduced by the interface to a negligible level.
The jacket is made of heat-shrinkable PVC, with a thickness
ranging from 150–500 μm. With an appropriately machined
smooth sample surface and with the application of sufficient
effective confining stress (>1. MPa), this results in a good seal
at the jacket-sample interface.
Both extension and torsion vibration sources are attached
to the far end of one of the steel rods. The extension source
is a piezoelectric ceramic disk and the torsion source a group
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of four pie-shaped laterally polarized shear piezoelectric slabs
(both made of Type 5600 Navy V piezoceramics, Channel
Industries). These sources are driven selectively to introduce
the desired mode of vibration in the sample. To the opposite end of the other steel rod, miniature accelerometers (PCB
Piezotronics, 352A24) are attached to measure the resulting
vibrations. The longitudinal motion is measured by an axial
accelerometer and the torsion motion by a pair of accelerometers oriented in tangential directions, at diametrically opposing locations. Torsion vibrations are measured by subtracting
the output from one of the torsion sensors from the output
of the other, resulting in cancellation of electrical noise and
unwanted flexural motions contaminating the measurements.
During experiments, the source amplitude was adjusted so
that the strains induced in the samples at resonance were in
the 10−6 to 10−7 range to reduce possible non-linear effects.

2.1.2 Interpretation of measured data and determination of
material properties
In determining the material properties of a sample from measured resonance frequencies and attenuations, we use numerical inversion. This method uses a simple, one-dimensional
wave propagation model to compute resonance frequencies and attenuation as a function of specified elastic moduli and related attenuations of a sample (Nakagawa 2011).
These properties were adjusted until experimentally measured
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Figure 2 Comparison of Young modulus (E) and shear modulus (G) of polycarbonate (blue) and acrylic (red) samples determined by the Split
Hopkinson Resonant Bar method (open circles and triangles) and by the conventional resonant bar method (closed circles and triangles). (a)
Elastic moduli; (b) Attenuation.

resonance frequencies and attenuations agree with the numerically computed values.
During the inversion, a small dispersion of extension waves,
resulting from a non-zero Poisson’s ratio, lateral inertia of the
metal rods and the sample is taken into account by applying
the Rayleigh correction (e.g., Graff 1975) to the phase velocity. Also, when very high-confining stress is used, acoustic
coupling between the densified gas, the sample and metal bars
may affect the resonance frequencies and attenuation. However, for the confining pressures used in our experiment (Pc
< 35 MPa) and for the typically observed attenuation in rock
samples containing a small amount of fluid (seismic quality
factor Q < 200), this effect is small and neglected in the experiments presented in this paper. A short analysis on the effect
of acoustic coupling is provided in Appendix.
Examples of the elastic moduli (Young’s modulus and
shear modulus) and related attenuations of polycarbonate and
acrylic samples with a range of lengths (0.95, 1.9, 3.8, 7.6
and 11.4 cm), determined by the SHRB method, are shown
in Fig. 2. For comparison, results obtained by the conventional resonant bar method are shown for long, slender samples (3.75 cm in diameter, 92 cm in length) that were produced
from the same material. The SHRB tests were conducted with
8 MPa of confining stress and the conventional resonant bar
test with ambient (atmospheric) pressure. The results generally show good agreement.

2.1.3 X-ray Computed Tomography imaging
For determining the sc-CO2 saturation and distribution in the
sample pore space, we used a modified medical CT scanner
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(Siemens, Somatom HiQ). An x-ray transparent, carbon-fibre
wrapped aluminium tubular pressure vessel (Temco, FCH
core holder, customized) was used, within which confining
pressure was applied to the sample via high-pressure nitrogen gas. A snapshot of an on-going experiment is shown in
Fig. 3. Within a cylindrical aluminium frame, an assembly
consisting of a jacketed sample and metal rods was suspended
by miniature springs. Once the pore fluid ports and electrical
cables were connected to feedthroughs in an end plug of the
pressure vessel, the entire assembly was inserted into the confining vessel. Using our scanner, CT scans were conducted at
2 mm intervals, with 200 μm × 200 μm image (pixel) resolution. Because SHRB tests use only a short core sample (5–
10 cm), the scans were required only for a small segment of
the experimental set-up.

2.1.4 Temperature and pressure control
The confining pressure was controlled manually and monitored with a high-precision Heise dial gage. The pore pressure and fluid injection/extraction rate were controlled by a
pair of high-pressure syringe pumps (ISCO/Teledyne model
500D) connected to the inlet and outlet of the vessel’s end
plug. Temperature within the vessel was increased using film
heaters lining the inner wall of the aluminium frame and the
temperatures within the vessel and on the sample surface were
monitored by a thermistor and an RTD sensor, respectively.
The output from the thermistor was used in a feedback loop
to control the sample temperature.
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Figure 4 Rock samples used in the experiments: Berea sandstone (left)
and Tuscaloosa sandstone (right).

2.2 Experimental procedure and measurements

Figure 3 SHRB experiment during sc-CO2 flooding with concurrent
x-ray CT imaging.

2.1.5 Rock samples and pore fluid
In our experiment, we used a visually homogeneous and
isotropic Berea sandstone core (length 6.22 cm, diameter
3.80 cm, porosity 21.2%, along-core-axis permeability
680 mD) and a reservoir core obtained from the Tuscaloosa
formation (depth at 3186 m) of the CO2 sequestration test
reservoir at Cranfield, Mississippi (length 7.56 cm, diameter 3.78 cm, porosity 20.2%, along-core-axis permeability
15.5 mD). The reservoir core was visually heterogeneous and
contained bedding planes (including cross-bedding planes) at
80–85 ◦ to the core axis (Fig. 4). The low permeability in
spite of the high porosity was attributed to a large amount of
chlorite clays contained within the pore space.
During the experiment, brine was used as the pore fluid.
For the Berea core, a 0.5 M KCl aqueous solution was used,
while for the reservoir core, we used synthetic brine from an
analysis of actual reservoir fluid (an aqueous solution with
1.83 M NaCl, 0.24 M CaCl2 and 0.082 M MgCl2 ).
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Before the experiment, the rock cores were flushed with tap
water and then dried in an oven for 24 hours at 80◦ C. Once the
sample was installed in the pressure vessel, the confining stress
was applied cyclically up to 6.9 MPa at room temperature.
Subsequently, the sample was saturated with liquid CO2 and
scanned using CT. The scans were repeated again after the
CO2 was released from the sample. These images were later
used to calibrate the relationship between the x-ray absorption
in CT images and the density of the sample.
Each experiment was conducted in four sequential stages:
(1) initial brine flooding, (2) sc-CO2 injection, (3) brine reinjection and (4) brine drainage. For the reservoir core, seismic
responses were measured via the SHRB method throughout
the experiments. However, for the Berea core, seismic measurements were not made for stages (1) and (4). Instead, an
additional experiment without sc-CO2 was conducted separately for seismic data. At the beginning of each experiment,
a vacuum was first applied to the core and then brine was
injected in steps under a confining stress of 3.5 MPa (for
Berea) and 4.9 MPa (for Tuscaloosa) at 25◦ C. At nearly 100%
saturation, to ensure that the cores were fully saturated, the
pore pressure was gradually increased up to 10.4 MPa and
19.3 MPa, respectively, while maintaining differential pressure (difference between the confining pressure and the pore
pressure). Once the target pressures were achieved, the temperature of the sample was increased up to 40◦ C and 65◦ C,
respectively. These temperatures were maintained within
±0.5◦ C of the targets during the sc-CO2 injection and removal
test.
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Table 1 Comparison of estimated in situ and laboratory conditions
and CO2 properties.
Reservoir
(estimated)

Laboratory

Lithostatic (confining) pressure
Pore pressure
Temperature
CO2 bulk modulus
CO2 density
CO2 viscosity

72.8 MPa
31.7 MPa
125◦ C
98.4 MPa
591 kg/m3
0.066 cP

24.1 MPa
19.3 MPa
65◦ C
97.3 MPa
679 kg/m3
0.074 cP

Note:
properties
were
computed
(http://webbook.nist.gov/chemistry/fluid/).

using

the

NIST

webbook

For the reservoir core, the pressures and temperature used
in our experiment were different from estimated in situ pressures and temperature. This is primarily because the in situ
lithostatic pressure (over 70 MPa) greatly exceeded the rated
safe operating pressure of our pressure vessel (35 MPa). As
an alternative, we selected a combination of temperature and
pore pressure that yields the same bulk modulus of sc-CO2 as
the reservoir. Although this results in density and viscosity of
sc-CO2 slightly different from the reservoir (Table 1), these
differences are expected to have much less impact on the seismic properties of sandstone. The effect of higher sandstone
frame moduli in the reservoir because of the larger differential
pressure (burial pressure / pore pressure) was neglected in this
experiment.
From the 100% brine saturated state, sc-CO2 was injected
at an estimated pore-space flow rate (volume flow rate normalized by the porosity and cross-sectional area of the rock
core) of 0.8 mm/min and 0.22 mm/min for the Berea and
Tuscaloosa cores respectively. During x-ray CT scanning,
which was conducted at approximately 1 hour intervals, the
injection was paused. The injection was continued until the
CO2 broke through the core and when both the CT image
and seismic responses showed no significant changes. Subsequently, fresh brine was introduced from the side of the sample
where sc-CO2 was injected and the CO2 in the pore space was
removed by both displacement and dissolution into the brine
(with a flow rate of 2.0 mm/min and 0.87 mm/min, respectively). CT scans were also conducted as the CO2 was removed
from the core. After 1–2 days of continuous brine injection,
100% brine saturation in the cores was re-established, which
was confirmed by both CT scans and seismic measurements.
In the final stage of the experiments, the brine was removed
from the cores by reducing both the confining and pore pressures while maintaining the differential pressure. This resulted
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Figure 5 Seismic anisotropy characterization using ultrasonic waves.

in de-gassing of CO2 gas in the pore space, driving the brine
out of the sample. Note that for the additional experiment
conducted on the Berea core, the core was initially filled with
CO2 instead of being evacuated so that a larger amount of
brine could be expelled out of the core via de-gassing.

2.3 Anisotropy characterization of the reservoir rock
In principle, when a rock sample is isotropic, velocities and
attenuations determined from extension and torsion mode resonances can be used to compute P- and S-wave velocities and
attenuations, assuming that the changes in the seismic properties are small between the two resonance frequencies (e.g.,
Cadoret et al. 1995). Unfortunately, in many cases, sedimentary rocks are anisotropic. This requires determination of an
anisotropic stiffness matrix so that the velocities and attenuation obtained from resonant bar measurements can be related
to anisotropic P-wave properties.
Because we did not have additional oriented cores from
the reservoir for conducting SHRB measurements, we made
ultrasonic measurements of seismic velocities on small cubes
(2.54 cm tall) (Fig. 5). These cubes were cut from an additional
core immediately adjacent to the core used in the SHRB tests.
One of the cubes was cut parallel to the two end surfaces of
the core, while the other at 45◦ . Note that the core axis was off
the bedding-normal orientation by 5–10◦ . Therefore the following measurements and interpretation, conducted assuming
transversely isotropic rock properties, include errors from this
misalignment. Ultrasonic P- and polarized S-wave velocities
of the cubes were measured using a pair of contact piezoelectric transducers under hydrostatically applied confining stress
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ranging from 0–6.9 MPa. The measurements were conducted
under both oven dried (80◦ C, 24 hours) and brine-saturated
conditions with atmospheric pore pressure.

3. EXPERIMENTAL RESULTS
In this section, the results of the experiments described in
the previous section are presented for the x-ray CT imaging,
resonant bar tests and ultrasonic velocity measurements.

3.1 sc-CO2 saturation and distribution from x-ray CT scans
Saturation of the sc-CO2 in the pore space was determined and
the distribution visualized using CT images, similarly to the
method used by Seol and Kneafsey (2011). We compute saturation by first CT scanning the sample under the experimental
conditions (inside the pressure vessel) at dry, brine saturated,
and liquid (l-) CO2 saturated states. After the experiments,
using these calibration data, we compute a voxel (rectangular
parallelepiped over which the density is computed)-by-voxel
value for the sc-CO2 saturated case based on rock and fluid
properties under the experimental conditions. sc-CO2 saturation is then computed for each voxel by taking the difference
between the CT values from the brine saturated and experimental condition and dividing this by the difference between
the CT values from the brine saturated and sc-CO2 saturated
case (computed from the l-CO2 saturated case) as shown in
equation (1):
SCO2 =

CTBrineSaturated − CTExperiment
.
CTBrineSaturated − CTsc−CO2 Saturated

(1)

Small increases in the brine density because of the dissolved
CO2 were neglected. Figures 6 and 7 show the resulting distribution of sc-CO2 in a vertical plane along the core axis, during
sc-CO2 flooding in an initially brine saturated core and during
subsequent brine re-injection. The breakthrough of sc-CO2
through the core occurred at 29% and 38% total sc-CO2 saturations for the Berea and reservoir cores, respectively. At this
point, a sudden drop in the pressure difference between the
pore flow inlet and outlet was observed and changes in both
the CT images and seismic measurements over time became
negligibly small.
For the homogeneous, isotropic, high-permeability Berea
core, the distribution of sc-CO2 during flooding is rather diffuse, lacking a clearly defined boundary against the brine. In
contrast, for the heterogeneous, anisotropic, low-permeability
reservoir core, the boundary is better defined and the process
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of invasion in each higher-porosity layer is clearly visible. During brine-reinjection tests, both samples exhibit local intrusion
(fingering) of brine and capillary trapping of sc-CO2 blobs behind the leading edge. The Berea core exhibits more trapping
of CO2 near the top of the sample, possibly assisted by the
lower density of CO2 compared to brine.
Because quantitative interpretation of the CT images in Figs
6 and 7 is somewhat difficult, to reduce errors in the interpretation of pore space sc-CO2 saturation, we also computed
one-dimensional distribution of CO2 along the core axis by averaging the determined saturations in each cross-section across
the cores (Figs 8 and 9). The estimation errors are ∼5% for
the Berea core and ∼10% for the reservoir core. The higher
errors in the reservoir core are attributed to the stronger heterogeneity including bedding planes and high-density inclusions, some of which are still visible in Fig. 7 as bright specks.
Although the distribution of the fluids in the reservoir core
was strongly affected by the heterogeneous distribution of the
porosity and permeability, qualitatively, sc-CO2 invaded the
brine as a one-dimensional plug, while the average CO2 saturation reduced more uniformly throughout the cores during
brine re-injection.

3.2 Resonance test results
Examples of measured frequency response curves are shown in
Fig. 10. In each curve, the single, lowest-frequency peak (resonance) was used to measure the resonance frequency and the
attenuation (from peak width). For both the Berea and reservoir sandstone cores, once these measurements were made,
velocities and attenuations of the extension mode (Young’s
modulus, E) and torsion mode (shear modulus, G) waves were
determined via inversion (Nakagawa 2011).
Velocities and attenuations determined for both the brine
injection and CO2 de-gassing tests and sc-CO2 injection and
brine re-injection tests are shown in Fig. 11 (reservoir sandstone) and Fig. 12 (Berea sandstone). For high brine saturation, because of the large compliance of sc-CO2 compared
to brine, the overall behaviour of the seismic waves during
sc-CO2 injection and brine re-injection (Figs. 11 and 12, right
panels) was similar to the results for the brine injection and
drainage tests in evacuated and gas CO2 filled cores (left panels). Both rock cores exhibited faster extension mode velocities
and smaller attenuation increases during the sc-CO2 injection
test than the brine-reinjection test, although this hysteresis
was less for the reservoir core. In contrast, the shear mode
exhibited little changes during the experiment.
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Figure 6 Evolution of sc-CO2 distribution in a Berea core. The images are shown in sequence with time from top left to bottom right and from
left to right in each row. (a) sc-CO2 injection; (b) Brine re-injection.

3.3 Ultrasonic test results (anisotropy characterization)
From the traveltimes of ultrasonic P-, Sh- and Sv-waves propagating in the directions approximately normal (90◦ ), 45◦
and parallel (0◦ ) to the bedding of the cube-shaped sam-
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ples, anisotropic velocities and the elastic stiffness matrix
were computed assuming a transversely isotropic material.
The velocities as a function of confining stress and the saturation state are shown in Fig. 13. Note that only the 45◦
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Figure 7 Evolution of sc-CO2 distribution in a reservoir core. (a) sc-CO2 injection; (b) Brine re-injection.

measurements were made on the cube cut obliquely to the bedding plane. The dominant frequency of the measured waves
was approximately 500 kHz. For dry samples, the Thomsen
parameters were ε = 0.2–0.4, γ = 0.1–0.2 and δ = 0.3–0.7,
with ε and γ decreasing with the stress. For saturated samples,
ε∼0.08, γ = 0.08–0.16 and δ = 0.08–0.17. δ is expected to
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have large errors because of possible differences in the sample
properties between the two cubes (note that only δ depends
on the velocity measured for the cube cut obliquely to the
core axis). As expected, the saturated samples showed higher
P-wave velocities because of the stiffening effect of the pore
fluid. In contrast, S-wave velocities decreased, which could not
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Figure 8 Evolution of the averaged, along-core distribution of sc-CO2 for the Berea core. The numbers indicate estimated sc-CO2 saturation in
the pore space for the entire core. (a) sc-CO2 injection; (b) Brine re-injection.

Figure 9 Evolution of the averaged, along-core distribution of sc-CO2 for the reservoir core. The numbers indicate estimated sc-CO2 saturation
in the pore space for the entire core. (a) sc-CO2 injection; (b) Brine re-injection.

be explained by the density increase effect alone. The velocity
decreases varied for different propagation directions and polarizations, Sh-waves showing more changes than Sv- waves.
It is suspected that the reductions in the velocities were caused
by the fluid-induced softening of the solid frame, including
the effect of swelling clay at the grain contacts (e.g., Murphy,
Winkler and Kleinberg 1984).

4. DISCUSSION
In this section, the results of the experiments are analysed with
an emphasis on frequency-dependent velocity dispersion and
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attenuation. Comparison of the results to simple poroelastic
models is also made.

4.1 Velocity dispersions
To compare the results of the ultrasonic measurements
(∼500 kHz) to the Split Hopkinson Resonant Bar measurements conducted in the 1–2 kHz range, we computed
extension (Young’s modulus) wave velocities from the elastic stiffness matrices determined for the anisotropic velocities (Fig. 14). Note that the torsion wave velocities from the
SHRB tests can be directly compared to the Sv-wave velocities
from the ultrasonic measurements. For the dry state, both the
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Figure 10 Measured frequency response curves for the reservoir core.
The resonance frequency of the extension mode vibration shifts and
the peak broadens when sc-CO2 is injected in the rock. In contrast,
the torsion mode vibrations show little changes. (a) Extension mode;
(b) Torsion mode.

extension and torsion wave velocities from the ultrasonic and
SHRB tests are in good agreement. However, for the saturated
state, ultrasonic results exceeded SHRB by 300–700 m/s, with
the differences diminishing for larger confining stresses. The
large differences in the shear (Sv) wave velocities between the
two frequencies, which are as large as the differences in the
extension wave velocities, indicate that this large dispersion
may not be attributed only to the poroelastic effect of fluid
patch size (e.g., White 1975) compared to the wavelength of
diffusing slow pressure waves in the system.

4.2 Comparison to predictions by the Gassmann model
The large velocity differences between the ultrasonic and resonance measurements for the saturated reservoir samples indicate that the anisotropy from the ultrasonic tests may not
be the same for the lower-frequency measurements. However,
in this section, we assume that the anisotropy for the SHRB
test is the same as the ultrasonic test, where the velocities in
the lower-frequency experiment are proportionally reduced
according to the velocity ratios between the extension wave
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Figure 11 Extension (Young’s modulus, ‘E’) and shear (‘G’) velocities and attenuations of a reservoir core sample determined from
SHRB tests. The results for the initial brine injection test and the degassing experiments are shown on the left and the results for the
sc-CO2 injection/brine re-injection tests on the right. The broken
curves bounding the shaded zones in the velocity plots are the predictions of the Gassmann model. (a) Velocities; (b) Attenuations.

velocities or shear-wave velocities from the two tests at the
same testing differential pressure (4.9 MPa).
In Fig. 11(a), the broken lines are the predictions using an
anisotropic Gassmann model. The elastic moduli of quartz
were used for the elastic properties of mineral grains required
by the model. For both VE and VG , the three parallel curves
are for the upper, average and lower estimates of the model.
The different estimates resulted from slightly different degrees
of velocity dispersion between the extension and shear-wave
velocities from the ultrasonic and SHRB measurements.
In contrast to the reservoir sample, anisotropy of the Berea
sample was not well characterized and isotropic elastic moduli were assumed. Gassmann models for this sample were
obtained by fitting the model curves to the experimental
data at about 50% brine saturation during the initial brine
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Figure 13 Anisotropic P- and S-wave velocity measurements. The
frequency of the measurements was approximately 500 kHz. (a) Dry
test; (b) Brine saturated test.

Figure 12 Extension (Young’s modulus, ‘E’) and shear (‘G’) velocities
and attenuations of a Berea sample determined from SHRB tests. The
results for the initial brine injection test and the degassing experiments
are shown on the left and the results for the sc-CO2 injection/brine
re-injection tests on the right. The broken curves in the velocity plots
are the predictions of the Gassmann model. (a) Velocities; (b) Attenuations.

injection test and by adjusting the drained frame moduli
(Fig. 12a). Again, mineral grain properties of quartz were
assumed.
For both the Berea and reservoir sandstones, the observed
velocities are significantly larger than the Gassmann models during the initial brine injection, which is attributed to
the softening of the mineral grains and grain contacts. The
measured compressional wave velocities generally agree better with the predictions during brine drainage (via de-gassing)
and the brine re-injection tests (after CO2 injection) than the
initial brine injection and the sc-CO2 injection tests. Also, for
all the tests, the Gassmann model underestimates the velocity
for very high brine saturation. Finally, the material properties
of the reservoir core may have changed during the experiment
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Figure 14 Comparison of the Young’s modulus velocity and shearwave (Sv-wave) velocity from SHRB tests and ultrasonic measurements. The results from the ultrasonic measurements were obtained
for the results in Fig. 13 and by assuming transversely isotropic elastic
properties for the rock. (a) Dry test; (b) Brine saturated test.

conducted over one week. This is indicated by nearly 7% decreases in the shear-wave velocity and ∼25% increases in the
attenuation before and after the sc-CO2 injection and brine
re-injection tests.

2013 European Association of Geoscientists & Engineers, Geophysical Prospecting, 61, 254–269

266 S. Nakagawa et al.

Figure 15 Velocity and attenuation of P-waves for the Berea sandstone core (isotropic material properties are assumed) during sc-CO2 injection
and brine re-injection tests. The results are compared to predictions by the White (1975) model with a frequency 1.7 kHz and a range of CO2
patch (sphere) radius ‘a’.

4.3 Comparison to predictions by the White model
Assuming isotropic material properties, we can compute
P- and S-wave velocities and attenuations for the Berea sandstone core from the extension and shear-wave velocities during the sc-CO2 injection and brine re-injection tests. These
are compared to the predictions by the White model (White
1975; Dutta and Serriff 1979), which can predict seismic properties as a function of frequency and characteristic ‘patch’
size of the intruding fluid phase (Fig. 15). The assumed material properties of the rock and the fluids are the same as
the Gassmann model presented in the previous section. Possibly because of the neglected anisotropy of the rock and of
large errors resulting from computing P-wave properties from
extension and shear-wave velocities (e.g., Cadoret et al. 1995),
there is a rather large disagreement between the experiment
and the model near 100% brine saturation. From comparison
between the velocities, the characteristic patch size (radius) of
the sc-CO2 is determined to be ∼10 mm during sc-CO2 injection and <5 mm during brine re-injection. Estimation using
the attenuation is more difficult because the measured and
predicted results are very different. However, saturation values for the peak attenuation seem to show reasonable agreement. These dimensions, however, are difficult to compare to
the x-ray CT images of sc-CO2 shown in Fig. 6(a,b) and the
distribution profiles in Fig. 8(a,b), except for qualitative comparison. Further, the estimated patch size of 10 mm is close
to the core radius (19 mm). This indicates that the presence
of the impermeable core boundaries may have some impact


C

on the velocity and attenuation, making the applicability of
the model questionable. For large patch sizes near and exceeding the core diameter, different, one-dimensional models
for patchy saturation (e.g., Norris 1993; Pride, Tromeur and
Berryman 2002) may be more appropriate, if the length of the
core is sufficiently longer than the patch size.

4.4 Some consequences from assuming isotropy for
anisotropic rock
For convenience or for lack of available samples and/or measurement capability, isotropic velocities are often assumed
in the laboratory and in the field. In the laboratory, this is
often the case for low-frequency velocity measurements, including resonant bar methods and quasi-static measurements
(e.g., Spencer 1981; Batzle, Han and Hofmann 2006), because multiple, oriented core samples need to be prepared for
anisotropic tests, which are often not available. For resonant
bar tests, as mentioned earlier, the results of the measurements usually provide only a few components of the compliance matrix of the rock (with an exception of the resonance
spectroscopy method e.g., Ohno 1976). Because computing
anisotropic P- and S-wave velocities requires inverting a sufficiently populated compliance matrix to obtain the stiffness
matrix, assumption of isotropy is attractive when availability of measurements is limited. Here, we will briefly examine
the impact of assuming isotropy for a transversely anisotropic
rock on sc-CO2 /brine fluid substitution.
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and VS,normal are the assumed ‘isotropic’ P- and S-wave velocities computed from the results of resonant bar measurements
using a core perpendicular to the bedding plane and VP,parallel
and VS,parallel the velocities for a core parallel to the bedding
plane. Using Voigt notation and assigning the bedding plane
normal to the 3 axis,

VP,nomral =


VS,nomral =

G12 4G12 − E3
,
ρ 3G12 − E3

(2)

G12
,
ρ

(3)

where 1/E3 ( = S33 ) and 1/G12 ( = S44 ) are the compression and
torsion compliances along the core axis. For a core parallel to
the bedding, the velocities are

VP, parallel =

G 4G − E1
,
ρ 3G − E1

(4)

G
,
ρ

(5)


VS, parallel =

Figure 16 Impact of assuming isotropy for transversely isotropic rock
during sc-CO2 injection. The velocities shown in solid lines are taken
from the average Gassmann model in Fig. 11(a). Broken lines are
isotropic P- and S-wave velocities computed from the Young’s modulus and shear modulus determined via resonant bar tests, assuming
core samples are taken in the bedding-normal and parallel directions.

Figure 16 shows velocities predicted by the anisotropic
Gassmann model for a brine-saturated reservoir core during
sc-CO2 injection. Because we can compute a compliance matrix for each saturation value, by extracting the compression
and torsion compliances along the axis of a hypothetical cylindrical core, we can compute extension and shear-wave velocities that would be available from laboratory measurements.
Now, if we assume the sample is isotropic, from these velocities we can compute P-wave velocities. In the figure, VP,normal


C

where 1/E1 is the compression compliance. The torsion compliance for this case is approximated by 1/G ≡ 0.5×(S44 +
S66 ) = 0.5 × (1/G12 +1/G13 ), neglecting the sample end effect
(an infinitely long sample).
For the anisotropy of this particular reservoir rock, VP,parallel
is close to VP (0◦ ), the fastest P-wave velocity for the entire
range of sc-CO2 (or brine) saturation. In contrast, although
VP,normal is close to VP (90◦ ) (the slowest P-wave velocity)
for large sc-CO2 (and small brine) saturation, it significantly
underestimates the actual P-wave velocities for small saturation. As for shear waves, VS,normal is equal to VSv (0◦ ) without
any approximation or assumptions, while VS,parallel takes intermediate values between VSh (0◦ ) and VSv (0◦ ) for the entire
saturation range.

5. CONCLUSIONS
In this paper, we presented results of sonic-frequency (near
1 kHz) seismic measurements on sandstone cores (Berea sandstone and reservoir (Tuscaloosa) sandstone from Cranfield,
MS) during brine/supercritical CO2 substitution experiments.
The measurements used a modified resonant bar test (Split
Hopkinson Resonant Bar test) concurrently with x-ray CT
imaging. A particular advantage of our set-up was that a
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small sample (several centimetres long) obtained from an
actual CO2 sequestration reservoir could be used. For the
reservoir sandstone, comparison of the measured extension
(‘bar’) and torsional (shear) wave velocities to independently
measured and computed ultrasonic velocities indicated very
strong velocity dispersion for both waves, indicating the importance of using an appropriate frequency for laboratory
measurements. This is an important observation for the potential estimation of sc-CO2 saturation from field measurements
of seismic velocity changes, via calibration from laboratory
studies.
Extension wave velocity during injection of supercritical CO2
exhibited Gassmann-type behaviour, dropping rapidly at the
onset of injection. The range of sc-CO2 saturation, where
large changes in velocity were both observed and predicted,
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was broader for the reservoir sandstone (0–20∼30%) compared to Berea sandstone (0–10%). This is possibly attributed
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Lastly, relating laboratory low-frequency seismic measurements to sc-CO2 saturation of rock can be difficult when the
rock is anisotropic and sample availability is limited. As we
indicated in this paper, wrongly assuming isotropy can lead to
a large error in estimating CO2 saturation from field seismic
measurements using laboratory calibration. However, for the
anisotropy of the reservoir rock used in our experiment, a part
of the results (e.g., S-wave velocity for a core perpendicular
to the bedding and P-wave velocity for a core parallel to the
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methodologies for directly estimating sc-CO2 saturation from
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geologic carbon sequestration.
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APPENDIX: EVALUATION OF ACOUSTIC
COUPLING BETWEEN CONFINING GAS
AND METAL BARS SAMPLE ASSEMBLY
We will assess the impact of high-pressure confining gas on
the measured resonance frequency (and phase velocity) and
attenuation in resonant bar tests.
The impact on resonance frequencies (or wave velocities)
can be assessed by examining the dispersion of waves propagating along a circular rod surrounded by fluid (gas). Hassan and Nagy (1997) derived an asymptotic expression for
the phase velocity shift as a function of density and velocity contrast between a gas and solid rod. For the attenuation
of waves, Browne and Pattison (1957)’s results for vibration
energy loss into surrounding gas can be used. We approximate the properties of the resonating body by a stainless
steel rod with length L = 0.8 m and radius a = 0.0191 m,
which constitute most of the resonating body and assume


C

a resonance frequency f = 1 kHz. For a gas pressure of
35 MPa (maximum rated pressure of our pressure vessel)
and a temperature of 25◦ C (higher temperature will result in smaller gas density with a slight increase in velocity), nitrogen has a density of ρ gas = 331 kg/m3 and
an acoustic velocity of cgas = 513 m/s (determined using
NIST webbook, http://webbook.nist.gov/chemistry/fluid/).
From measured material properties of the stainless steel, the
Young’s modulus velocity of the bar is cbar = 4936 m/s,
density ρ bar = 7942 kg/m3 and the Poisson ratioν = 0.265.
Using Hassan and Nagy (1997)’s asymptotic expression,
the relative change of phase velocity is






1
ρgas 2π f aν 2
1 

ln 2π f a 2 − 2 
velocity =

ρbar
cbar
cgas
c 
= −2.51 × 10−6 ,
where we approximated the phase velocity c = cbar .
Using Browne and Pattison (1957)’s two expressions for
radiation loss from a cylindrical side and from two ends, the
absolute increases in the attenuation (1/2Q) are


1 ρgas 2πaν 2
= 1.02 × 10−5 ,
δattenuation,side =
2π ρbar
L
δattenuation,ends =

1 ρgas
2π ρbar



2cgas
Lf


1−

J 1 (2κa)
κa



= 2.269 × 10−4 ,
where κ = 2π f/cgas .
The above results indicate that the expected decrease
in the velocity and therefore resonance frequency are
negligible. In contrast, increases in the total attenuation
δ attenuation,side +δ attenuation,ends are ≈0.024%, which may affect
the measurements if the tested sample has very small attenuation. However, in most of our experiments, the rock samples
have attenuation larger than ≈0.25% (for Q≈200) even when
the rock is nominally dry. Therefore, in the experiments presented in this paper, the effect of the high-pressure confining
gas on the measured velocity and attenuation of the samples
is not considered.
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