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[22] The ultrasonic bulk moduli are plotted as solid sym-
bols in Figures 6 and 7. The estimated bulk modulus of the
rock saturated with liquid CO2 is close to the measurements
at dry conditions, resulting from the high compressibility of
CO2. However, the bulk modulus of the basalts increases, on
average, by 75% from CO2 saturated to fully water satu-
rated. The shear modulus (open symbols in Figures 6 and
7) is independent of fluid saturation because the shear mod-
ulus of a fluid is zero. Next, we compare estimates of the
bulk and shear modulus at ultrasonic and seismic frequen-
cies (2–300 Hz).
[23] Figure 8 shows the saturated rock moduli for sample

B2 at the highest differential pressure of 17.2 MPa. The
shear modulus is nearly constant with frequency for both
water and CO2 saturation. Although the rock bulk modulus
is constant for CO2 saturation, it is frequency dependent
when the sample is fully water saturated. The same behavior
is observed for sample B1. In the next section, we test three
elastic rock models: Gassmann, the Mavko–Jizba approxi-
mation for SF, and KT. Their prediction of the rock effective
elasticity is compared with the laboratory measured elastic
moduli and velocities in basalts.

5. Elastic Rock Models

[24] In the previous section, we confirmed that velocity
and elastic moduli increase as cracks or compliant pores
close and that overall fluids increase the elastic bulk modu-
lus. However, the inclusion of fluids in the pore space might
result in frequency-dependent moduli. We therefore apply
three models for fluid substitution that typically are used in
different frequency domains.
[25] A propagating wave disturbs the pore-fluid pressures

in a rock. Fluids in equidimensional pores (e.g., vesicles)
are not greatly disturbed due to the symmetry of the pore,
but cracks or compliant pores build pore pressure as a result
of wave induced stress [Mavko and Jizba, 1991; Walsh,
1969; Budiansky and O’Connell, 1976; Lu and Jackson,
2006]. If there is enough time within a wave period for the
fluid to equilibrate, the pore pressures are said to be “relaxed”.
If the period is short (high frequency), the pore-fluid pressures
may not have enough time to equilibrate and the rock’s elastic
parameters are termed “unrelaxed”. At this state, the rock is
stiffer, with greater elastic moduli compared with the relaxed
state. The dependence of elastic properties on frequency is
called dispersion, and the frequency range at which moduli
dispersion dominates depends on the selected model for a re-
view, see Müller et al. [2010] and Mavko et al. [2003].
[26] Gassmann’s relation [Gassmann, 1951] is the most

widely used fluid substitution model to predict the bulk
Figure 6. Measured ultrasonic bulk (solid symbols) and
shear (open symbols) moduli for sample B1. The moduli
for the CO2-saturated sample (top) and water-saturated sam-
ple (bottom) are compared with the measurements on the dry
sample. Error bars are one standard deviation of the moduli
estimates. The saturated rock moduli modeled by Mavko–
Jizba SF and Gassmann are plotted as lines.

Figure 7. Measured ultrasonic bulk (solid symbols) and
shear (open symbols) moduli for sample B2. The moduli
for the CO2-saturated sample (top) and water-saturated
samples (bottom) are compared with the dry measurements.
Error bars are one standard deviation of the moduli estimates.
The saturated rock moduli modeled by Mavko–Jizba SF and
Gassmann are plotted as lines.

ADAM AND OTHEIM: ELASTIC PROPERTIES OF SATURATED BASALT

845



modulus of saturated rocks. An important assumption in this
model is that the fluid pressures in the pores are relaxed, and
for many rocks, this means zero or low (seismic) frequen-
cies. Nevertheless, we test the applicability of Gassmann to
ultrasonic and seismic frequencies for the measured core
samples. We then study two unrelaxed effective elasticity
models: SF Mavko and Jizba [1991] and Kuster and Toksöz
[1974]. Both of these models are developed for high fre-
quencies (e.g., ultrasonics). Gassmann’s and squirt models
are developed to estimate the saturated rock moduli from
physical parameters. The KT model is based on inclusions,
where pores are deterministically defined with mathematical
shapes (e.g., spheres, needles, and penny shapes). Next we
briefly introduce the models and compare their predicted
moduli with our experimental data on basalts.

5.1. Gassmann’s Model

[27] Gassmann’s relation is used to predict the bulk
modulus of a fully saturated rock (Ksat), from the bulk
modulus of the dry rock (Kdry), the fluid (Kfl), the mineral
(Km), and the rock porosity (j) [Gassmann, 1951]:

Ksat ¼ Kdry þ
1� Kdry

Km

� �2
’
Kfl

þ 1�’ð Þ
Km

� Kdry

K2
0

: (2)

[28] Equation (2) is based on the following assumptions: (1)
pore pressure is in equilibrium between pores, (2) the porous
frame consists of a single solid material (monomineralic rock),
(3) pores are in flow communication and are homogeneously
fully filled with a nonviscous fluid, (4) the system is closed, and
(5) the pore fluid does not chemically influence the solid frame.
Because the bulk moduli of the minerals composing the studied
basalt rocks are known and not highly variable, the effective min-
eral bulk modulus can be assumed as monomineralic. For our ba-
salt samples, Km is estimated using the Voigt-Reuss-Hill average
based on the volumetric fraction of minerals from XRD data
(Table 1) and tabulated Km for each mineral [Mavko et al.,
2003]. Km is 80.1 and 84.1 GPa for samples B1 and B2,

respectively. The bulk modulus of the saturating fluids is
estimated using the NIST Thermophysical Properties of
Fluid Systems program [Lemmon et al., 2012]. At the fluid
pressure and temperature of these experiments, Kfl is 0.159
and 2.237 GPa for CO2 and water, respectively. We use
helium porosity (Table 2) and the measured bulk modulus
of the rock dry at seismic and ultrasonic frequencies as
input parameters for Gassmann’s modeling.
[29] Figures 6 and 7 compare the ultrasonic measured rock

bulk modulus with the predicted saturated rock modulus (dashed
lines), for both CO2 and water, estimated with Gassmann’s equa-
tion (Equation (2)). Gassmann’s relation closely predicts the CO2-
saturated rock modulus for both samples but underpredicts the
water-saturated rock bulk modulus by up to 40%.
[30] The measured seismic and ultrasonic moduli for sam-

ple B2 at the highest differential pressure of 17.2 MPa are
plotted in Figure 8. The CO2-saturated rock bulk modulus
does not depend on frequency. However, when the sample
is water saturated, the bulk modulus increases with
frequency. When we model the water-saturated bulk
modulus from the dry measurements at seismic frequencies,
we observe that Gassmann’s relation predicts the water bulk
modulus for frequencies lower than 20 Hz (Figure 8). To
quantify the velocity dispersion at ultrasonic frequencies,
we use the high-frequency models of Mavko–Jizba SF and
KT for saturated rocks.

5.2. Mavko–Jizba SF Model

[31] As a wave propagates through a rock, local flow at
grain scales (microflow) between compliant and stiff pores
changes pore-fluid stresses. The Mavko–Jizba SF model
[Mavko and Jizba, 1991] describes the low-frequency
(Gassmann–Biot) and high-frequency limits for elastic moduli
dispersion. The model is used to predict the saturated moduli
of a rock without parameterizing the geometry of the pores.
Pore compressibility (a generalization of the pore shape) is in-
cluded in the general definition of the rock’s porosity by sepa-
rating soft (jsoft) and stiff porosity. Stiff porosity corresponds
to pores that deform similarly in all directions, thus not creat-
ing fluid flow. jsoft comes from compliant pores, cracks, and
grain boundaries, which compress relatively easy with the pas-
sage of a wave and are responsible for SF. In basalt rocks, such
flow will result from compliant pores or cracks, because grain
boundaries are mostly welded. jsoft is highly dependent on
pressure (s); thus, the pressure dependence of the dry rock
moduli is one of the mainmodel parameters for SF. The model
assumes that the rock’s cracks are all closed at the highest hy-
drostatic confining stress (s); thus, the contribution from soft
porosity to the moduli dispersion is negligible at that pressure,
because local flow does not exist. Three other assumptions are
included in the derivation: (1) the rocks are fully saturated;
(2) the rock is monomineralic, elastic, and isotropic; and
(3) the fluid bulk modulus is much smaller than the min-
eral bulk modulus. The effective high-frequency (ultra-
sonic) unrelaxed wet frame modulus (Kuf) is approximated
by [Mavko and Jizba, 1991] as

1

Kuf
� 1

Kdry highs
þ 1

Kfl
þ 1

Km

� �
’soft sð Þ:

���� (3)

[32] The second term in Equation (3) adds the crack poros-
ity contribution (soft porosity) to the rock compressibility of
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Figure 8. Measured bulk (solid symbols) and shear (open
symbols) moduli for sample B2 at 17.2 MPa differential
pressure. The shear modulus of the rock and the liquid
CO2-saturated basalt bulk modulus are not frequency depen-
dent, whereas the bulk modulus of the basalt when fully
saturated with water is frequency dependent. Measurements
are compared with the water-saturated bulk modulus
modeled using Gassmann’s relation (x symbols).

ADAM AND OTHEIM: ELASTIC PROPERTIES OF SATURATED BASALT

846



the rock wet frame. However, because this term is small, it is
often ignored. We thus estimate Kuf only from the first term
in Equation (3), which means that Kuf is constant with
varying differential pressure. The effective high-frequency
unrelaxed shear modulus is

1

muf sð Þ ¼
1

mdry sð Þ þ
4

15

1

Kuf
� 1

Kdry sð Þ
� �

; (4)

where the contribution of soft porosity to the unrelaxed
effective shear modulus is implicit in the mdry and Kdry de-
pendence on differential pressure (s). Equations (3) and
(4) are not the saturated bulk and shear moduli at high
frequencies but correspond to the moduli of the unrelaxed
wet frame of the rock. The rock saturated bulk modulus at
high frequency can be obtained by replacing Kdry with Kuf

in Equation (2). Again, because Kuf is constant with pres-
sure, so would be the saturated bulk modulus estimated with
the squirt model (Ksquirt). The shear modulus does not
change with fluids; thus, msquirt (e.g., muf) is constant with
fluid substitution but is pressure dependent.
[33] Figures 6 and 7 compare the SF fluid-saturated

unrelaxed rock bulk and shear moduli to the experimentally
measured modulus for the basalt samples. The high-
frequency saturated rock bulk modulus is constant with
pressure (Ksquirt), because we approximate Kuf by a single
value Kdry,high s. To be able to incorporate the pressure
dependence in msquirt, we analyze velocities. Figure 9 is the
measured dry and water-saturated P-wave velocities
compared with the predicted velocities by Gassmann and
SF. The underprediction of the SF model, compared with
the measured saturated bulk modulus, is probably due to
open cracks at the highest differential pressure (17.2 MPa).
Based on this observation, we assume that cracks are open
in our rocks for the measured pressure range 3.4–17.2
MPa. We therefore model the saturated basalt bulk moduli
following the KT approach, where geometry and volumetric
distribution of pores are explicitly defined.

5.3. KT Model

[34] Kuster and Toksöz [1974] model the effective elastic
parameters for dry and fluid-saturated rocks based on ideal-
ized pore shapes. The equations are developed based on sin-
gle-scattering theory, where the inclusions are smaller than

the wavelength. The model is applicable for inclusions that
are randomly distributed, isolated, and in small volumes.
Different from SF, there is no fluid flow between the pores
or cracks (inclusions). Therefore, this model may be applica-
ble to high-frequency measurements (e.g., ultrasonics). Be-
cause of the significant difference in the experimentally
measured bulk modulus at low and ultrasonic frequencies
(Figure 8), we can assume that the pore pressures are unre-
laxed in our samples at this high frequency. The model also
assumes dilute concentrations of the inclusions, which to-
gether with the matrix form an elastic, isotropic, and linear
media.
[35] The KT formulation for effective rock moduli can be

modeled for one inclusion type or as a sum of volumetric
contributions of different inclusion shapes. The various
inclusions can be mixed and summed to represent a combi-
nation of pore shapes to predict the effective bulk (KKT)
and shear (mKT) moduli [Kuster and Toksöz, 1974]:

KKT � Kmð Þ Km þ 4
3mm

KKT þ mm
¼

XN
i¼1

xi Ki � Kmð ÞPmi (5)

mKT � mmð Þ mm þ zm
mKT þ zm

¼
XN
i¼1

xi mi � mmð ÞQmi; (6)

where zm ¼ mm
6

9Kmþ8mm
Kmþ2mm

� �
:

[36] The bulk and shear moduli of the inclusions are
represented by the subscript i in Equations (5) and (6).
Because our inclusions are fluid-filled, Ki = Kfl. The shear
modulus of gases or low-viscosity liquids is equal to zero.
Therefore, the shear modulus (mi) of the inclusion is set to
zero for air (dry), liquid CO2, and water. xi is the volume
fraction of each inclusion type multiplied by the porosity

(
XN

i
xi ¼ ’). The coefficients Pmi and Qmi give the contribu-

tion of the shape of the inclusion to the rock’s effective mod-
ulus. We model the inclusions in two ways: (1) assuming all
the porosity comes from penny-shaped cracks (i.e., disks)
and (2) a mixture of spheres and penny-shaped cracks. The
equations for the coefficients P and Q for spheres and pennies
are [Kuster and Toksöz, 1974;Walsh, 1969; Berryman, 1995]

Pmi
spheres ¼

Km þ 4
3mm

Ki þ 4
3mm

Qmi
spheres ¼

mm þ zm
mi þ zm

Pmi
penny ¼

Km þ 4
3mi

Ki þ 4
3mi þ pabm

Qmi
penny ¼

1

5
1þ 8mm

4mi þ pa mm þ 2bmð Þ þ 2
Ki þ 2

3 mi þ mmð Þ
Ki þ 4

3mi þ pabm

� �

bm ¼ mm
3Km þ mmð Þ
3Km þ 4mm

; (7)

where a is the aspect ratio of the inclusions. It represents the
ratio of the short-to-long axis of an ellipse (a = a/b) as
sketched in Figure 11. For sample B2, the modeled KT dry
and water-saturated rock moduli for penny shapes alone
are plotted with the data in Figure 10. Note that although
the bulk modulus of the basalt dry and water-saturated can
be modeled with an a between 0.11 and 0.17 to fit the exper-
imental data, the shear modulus is fit by an a of half these
values. Similar observations apply to sample B1. From the
thin sections and CT scans for samples B1 and B2, it is clear
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Figure 9. Estimated ultrasonic dry and water-saturated
ultrasonic P-wave velocity for samples B1 and B2 (symbols).
The wave velocity of water saturated basalt modeled by
Mavko–Jizba SF and Gassmann are plotted as lines.
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that penny-shaped cracks alone do not represent the pore
structure of the rock, because spherical vesicles dominate
the basalt porosity. On the contrary, if only spheres are mod-
eled as the rock inclusions, the modeled KT water-saturated
rock bulk modulus overestimates the measurements by 40%.
[37] We therefore model the contribution of spheres

(vesicles) and penny-shaped cracks observed in CT scans
in Figures 2 and 11. Also, based on mercury injection
porosimetry (Figure 3), thin sections and CT scans, the pore
size distribution can be divided into two groups: vesicles and
cracks, with the volumetric distribution split at a pore throat
size of 1 mm. The volume fraction contribution of each pore
geometry is estimated from the porosity measurements,
where spheres and cracks contribute 73% and 27% for
sample B1 and 83% and 17% for sample B2, respectively.
However, we use the helium porosity estimate in this
modeling, weighted by this volume of cracks-to-spheres, as
explained in Section 2.
[38] Figures 12 and 13 display the predicted KT moduli

for a mixture of spheres and penny cracks as a function of
a. For both basalts, the estimate of a that simultaneously fits
the bulk and shear modulus for dry and saturated conditions
is similar. The rock bulk modulus dry and saturated is best fit
for an a equal to 0.039 (B1) and 0.023 (B2), and the shear
modulus is predicted for an a between 0.025 and 0.033
(B1) and 0.012 and 0.018 (B2). Although the shear modulus
is not best matched with these exact values as for the bulk
modulus, the difference is small, considering a represents a

a

b

a
b

a

Figure 11. Slices of a CT scan are used to illustrate the
inclusion shapes interpreted for the KT model. Blue is porosity,
and red and yellow represent higher density minerals, with red
being the highest. Cracks and compliant pores are modeled as
ellipsoidal penny shapes. The crack aspect ratio is estimated
by dividing the ellipse minor axis (a) by the major axis
(b). As an example, a low aspect ratio pore is represented by
a penny-shaped inclusion with a = 0.03, and other values for
a are plotted for reference. Vesicles (the void to the left of
the image) are modeled as spheres rather than a circular penny.
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Figure 12. Measured ultrasonic bulk and shear modulus
for dry (squared symbols) and water-saturated (circle
symbols) sample B1. Dotted-dashed and dashed lines are the
modeled dry and water-saturated KT moduli, respectively,
for a rock with spheres and penny-shaped cracks. Several
values of the crack aspect ratio a are considered.
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Figure 10. Measured ultrasonic bulk and shear modulus
for dry (square symbols) and water-saturated (circle sym-
bols) sample B2. Dotted-dashed and dashed lines are the
modeled dry and water-saturated KT moduli, respectively,
for a rock with penny-shaped cracks alone. Several crack
aspect ratios a are considered.
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percent measure of length difference (short vs. long axis) of
an ellipse. Thus, a difference in a of 0.005, or a 0.5% in the
length of a versus b, is small (Figure 11).
[39] Finally, for a mixture of penny cracks and spheres,

we fix a to the best dry estimates (aB1 = 0.039 and aB2 =
0.023) and vary Kfl for the different fluids. Because poros-
ity varies by 4% and 3% with pressure in the samples
(Table 2), this information is used to modify the contributions
of spheres-to-penny shape ratio of 72–28% at 3.4 MPa and

75–25% at 17.2 MPa for sample B1 and 83–17% at 3.4 MPa
and 88–12% at 17.2 MPa for sample B2. Modeling
results are shown in Figures 14 and 15 and predict the
estimates of the moduli for the three saturation states at
ultrasonic frequencies.

6. Discussion

[40] For our samples, Gassmann’s model predicts the bulk
modulus of CO2-saturated basalts for all frequencies largely
due to the high compressibility of liquid CO2. When this fluid
is added to the dry rock, the bulk stiffness of the basalts
increases at most by 5%. The fact that the bulk and shear moduli
of our basalts saturated with CO2 are not frequency dependent
suggests that although CO2 is in liquid state pore pressures are
in equilibrium for frequencies between 2 and 106 Hz. However,
we observe that the bulk modulus of the water-saturated basalts
does increase with frequency and the change inK from water to
CO2 saturation is, on average, 50%. This results in a change in
velocity of 10% when CO2 substitutes water, which could
potentially be monitored in the field with seismic coda waves
as modeled by Khatiwada et al. [2012]. The frequency
dependence of the bulk modulus when basalts are saturated
with water can be the result of a difference in fluid viscosity
between water and CO2 (1 and 0.077 cP, respectively). The
crossover frequency between where fluid pressures are relaxed
or unrelaxed depends on viscosity. However, elasticity models
contradict the role of viscosity on the frequency dependence
of the rock moduli. For example, viscosity contributes to
the denominator in Budiansky and O’Connell [1976] but in
the numerator in Biot’s model [Biot, 1956]. This means that
the crossover frequency can decrease or increase as the viscos-
ity of the fluid increases. Therefore, although viscosity is prob-
ably playing a role in the basalt modulus frequency dependence,
modeling its contribution depends on the choice of the
elasticity model.
[41] Figure 8 shows the applicability of Gassmann’s

model for basalt B2. Gassmann’s model predicts the water-
saturated rock bulk modulus for frequencies below 20 Hz
but underpredicts measurements at ultrasonic frequencies
for water-saturated basalt (Figures 6 and 7). This is because
the modulus is frequency dependent, when the basalts are
fully water-saturated. At ultrasonic frequency, the pore-fluid
pressures are not in a relaxed state and the rock acts stiffer to

Figure 14. The KT model (lines) with spheres and penny-
shaped cracks with an a = 0.04 agrees well with the experi-
mentally estimated ultrasonic bulk modulus (solid symbols)
for all pressure and fluids in rock B1.

Figure 15. The KT model (lines) with spheres and penny-
shaped cracks with an a = 0.02 agrees well with the experi-
mentally estimated ultrasonic bulk modulus (solid symbols)
for all pressure and fluids in rock B2.
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Figure 13. Measured ultrasonic bulk and shear modulus
for dry (squared symbols) and water-saturated (circle sym-
bols) sample B2. Dotted-dashed and dashed lines are the
modeled dry and water-saturated KT moduli, respectively,
for a rock with spheres and penny-shaped cracks. Several
values of the crack aspect ratio a are considered.
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deformation. These results agree with water-saturated basalt
measurements by Adelinet et al. [2010] performed at low
(10-2 Hz) and ultrasonic frequency. They observe an
increase in the basalt bulk modulus from low to ultrasonic
frequencies, interpreted as controlled by the cracks aspect ratio
and density. Our crack definition can be from microcracks as
those observed in Figure 1 to larger compliant pores that have
the same aspect ratio but are larger in size as the one shown in
Figure 11. Adelinet et al. [2011] proposes a new model to
predict the saturated bulk and shear moduli for spherical and
spheroidal pore shapes with frequency, but the model is
limited to porosities less than 10%. KT model is commonly
used to predict laboratory ultrasonic measurements [Berryman,
1995; Tsuji and Iturrino 2008; Cerney and Carlson, 1999].
Because our basalt samples have a porosity greater than
10%, we select KT as the inclusion model to predict the
elasticity of our rocks.
[42] At ultrasonic frequencies, SF can dominate and create

unrelaxed pore pressures in a rock. The model assumes that
at the highest confining pressure all cracks are closed, so the
squirt mechanism does not contribute to the high-frequency
bulk modulus of the unrelaxed wet frame. At this high pres-
sure, Gassmann’s model should predict the experimentally
measured bulk modulus of the saturated rock, because local
flow would not exist. As pressure decreases, cracks open and
SF becomes significant. Thus, for the Mavko–Jizba’s SF
model to be applicable to laboratory-measured ultrasonic data,
the model has to predict the measured bulk modulus at the
highest experimental differential pressure. Figures 6 and 7
show that, in our samples, the SFmodel predicts greater veloc-
ities than Gassmann’s model but underpredicts the velocity at
the highest experimental differential pressure (shigh = 17.2
MPa). This underprediction to the measured data at shigh sug-
gests that cracks and compliant pores are still open at these
conditions for our samples. Because cracks are probably
dominant at all pressures in our basalts, we estimate the rock’s
effective elastic parameters by using an inclusion model that
can account for them.
[43] Researchers have used KT to model rock properties

in basalt. Tsuji and Iturrino [2008] studied velocity-porosity
relationships in oceanic basalt. They showed that wave
velocity is dependent on pressure and porosity and can be
described through a spectrum of crack aspect ratios. However,
for water-saturated samples, there is no agreement on the value
of the estimated a that would satisfy both their P- and S-wave
measurements. Cerney and Carlson [1999] apply KT to model
the P- and S-wave velocities in basalt assuming cracks as the
only contributors to porosity. This study fits the wave velocities
well by fitting three free parameters: a,Km, and mm. Differently,
to model KT, we estimate from XRD and thin-section data the
Km and mm for our basalt samples and only fit for a. For
the measured basalt samples, KT predicts the measured
velocities with pressure for all saturation conditions if we
model vesicles—modeled as spheres—together with penny-
shaped cracks (Figures 14 and 15). The values of a obtained
are qualitatively in agreement with the information in CT
scans and thin sections. For the analyzed samples, modeling
cracks alone did not simultaneously predict the measured
ultrasonic bulk and shear moduli for a common value of a.
[44] Of the three elastic models presented, the KT’s model

predicts the measured ultrasonic bulk modulus for all pressures
and fluids. Although the inclusions are idealized geometric

shapes, the pore geometry of basalts might be suited for this
effective media model for ultrasonic frequency measurements
and can be constrained by incorporating rock petrographical
information. However, it is important to keep in mind that the
KT equations, with infinite possible combinations of inclusion
shapes, could make the presented model parameters one of
many possible models that fit the data equally well.

7. Conclusions

[45] Most top-flow sections of basalt formations are
dominated by vesicles and cracks formed during degassing
and lava cooling. The elastic properties at ultrasonic fre-
quencies of our basalt samples can be modeled with the
KT model with a combination of spheres (vesicles) and
penny-shaped cracks (fractures). The crack-to-vesicle ratio
is estimated by combining petrographical data from helium
and mercury porosity, CT scans, XRD, and thin sections.
On average, the crack contribution to the total porosity is
20%, whereas the remaining porosity is attributed to spheri-
cal vesicles. If cracks (penny shapes) are modeled alone, the
experimental ultrasonic bulk and shear moduli for all
saturating conditions are not predicted by the KT modeling.
The KT model correctly predicts the observed decrease in
wave velocity when rock saturation changes from 100%
water to 100% liquid CO2. The observed decrease in velocity
due to fluid substitution in the samples measured is, on average,
10%. This change is significant, because it may be large enough
to monitor in the field with seismic waves.
[46] Gassmann’s model, which assumes relaxed fluid pore

pressures, is not applicable to the measured basalts at ultrasonic
frequency. At these high frequencies, the water-saturated basalt
rock bulk modulus estimated with Gassmann’s model
underpredicts the experimentally measured data. However, for
frequencies lower than 20 Hz, Gassmann’s relation does predict
the water-saturated rock bulk modulus. This behavior results
from the frequency dependence of the water-saturated basalt
bulk modulus, with relaxed pore pressures for frequencies
below 20 Hz and unrelaxed pressures at ultrasonic frequencies.
When samples are CO2 saturated, Gassmann’s model predicts
the bulk modulus for all frequencies, because the modulus is
not frequency dependent in that case. Based on our samples,
basalts fully saturated with liquid CO2 suggest that pore
pressures are in equilibrium for all measured frequencies. This
lack of frequency dependence on the rock moduli means that
measurements at ultrasonic or logging (~kHz) frequencies
could be extrapolated to seismic frequencies for 100% liquid
CO2-saturated basalts. However, more data are required to test
the generality of our results.
[47] Although the Mavko–Jizba SF model predicts a higher

saturated bulk modulus than Gassmann’s model, open cracks
at the highest differential pressure of 17.2 MPa mean that the
model is not applicable for the data collected here. At pressures
higher than we measured, the high-frequency SF mechanism
may be applicable.
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