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Gassmann fluid substitution and shear modulus variability in carbonates
at laboratory seismic and ultrasonic frequencies

Ludmila Adam1, Michael Batzle1, and Ivar Brevik2

ABSTRACT

Carbonates have become important targets for rock prop-
erty research in recent years because they represent many of
the major oil and gas reservoirs in the world. Some are under-
going enhanced oil recovery. Most laboratory studies to un-
derstand fluid and pressure effects on reservoir rocks have
been performed on sandstones, but applying relations devel-
oped for sandstones to carbonates is problematic, at best. We
measured in the laboratory nine carbonate samples from the
same reservoir at seismic �3 to 3000 Hz� and ultrasonic
�0.8 MHz� frequencies. Samples were measured dry �humid-
ified�, and saturated with liquid butane and brine. Our car-
bonate samples showed typical changes in moduli as a func-
tion of porosity and fluid saturation. However, we explored
the applicability of Gassmann’s theory on limestone and do-
lomite rocks in the context of shear and bulk modulus disper-
sion, and Gassmann’s theory assumptions. For our carbonate
set, at high differential pressures and seismic frequencies, the
bulk modulus of rocks with high aspect ratio pores and dolo-
mite mineralogy is predicted by Gassmann’s relation. We
also explored in detail some of the assumptions of Gas-
smann’s relation, especially rock-frame sensitivity to fluid
saturation. Our carbonate samples showed rock shear-modu-
lus change from dry to brine saturation conditions, and we in-
vestigated several rock-fluid mechanisms responsible for this
change. To our knowledge, these are the first controlled labo-
ratory experiments on carbonates in the seismic frequency
range.

INTRODUCTION

An important area of research for carbonate rocks is the fluid sub-
stitution effect on elastic moduli and velocities. One of the widely

used relations to estimate the effect of fluids on bulk modulus is
Gassmann’s fluid substitution theory �Gassmann, 1951�, which we
will examine in the following section. Laboratory measurements on
carbonates have been performed at ultrasonic frequencies ��0.8
MHz� to estimate the validity of Gassmann’s equations for lime-
stones and dolomites �Wang et al., 1991; Marion and Jizba, 1997;
Wang, 2000; Baechle et al., 2005; Røgen et al., 2005�. In most
cases Gassmann’s predictions underestimate the observed ultra-
sonic velocities for either oil- or brine-saturated samples, al-
though for some samples Gassmann theory overestimates the
measured velocities �Wang, 2000; Baechle et al., 2005; Røgen et
al., 2005�.

Presently, the applicability of Gassmann’s equation to carbonate
rocks is unresolved. With our work, we hope to make inferences
about the uncertainties and interpretation on the applicability of
Gassmann’s equation. Our work focuses on understanding the appli-
cability of Gassmann’s fluid substitution theory at seismic and ultra-
sonic frequencies. We also analyze the validity of some of the as-
sumptions for Gassmann’s theory, especially rock-frame sensitivity
to fluids. Our carbonate samples consist of different fabrics, mineral-
ogies, porosities, and permeabilities; still we must be careful in gen-
eralizing our results to all carbonate reservoirs.

First, we present Gassmann’s theory and its assumptions. Second,
we describe the laboratory acquisition, processing, and data uncer-
tainty analysis at seismic and ultrasonic frequencies. Then, we intro-
duce shear modulus variability with fluid substitution and the possi-
ble mechanisms that could explain these changes. Finally we com-
pare our measured bulk modulus to Gassmann’s predictions for
these carbonate rocks.

GASSMANN’S EQUATION

Gassmann’s fluid substitution relation is commonly applied to
predict the bulk modulus for rocks saturated with different fluids:
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Gassmann’s equation 1 estimates the saturated bulk modulus �Ksat�
through the bulk modulus of the forming minerals �Kmin�, the bulk
modulus of the frame or dry rock �Kdry�, the bulk modulus of the fluid
�Kfl�, and the rock porosity ��� �Gassmann, 1951�. Note that in Gas-
smann’s relation, the considered property of the fluid in the rock is
only the fluid bulk modulus.

Gassmann’s derivation is based on the following assumptions for
a porous system: �1� Pore pressure is in equilibrium between pores.
This can be achieved at very low frequencies, usually at seismic fre-
quencies or lower, where the fluid has enough time to reach relax-
ation or equilibrium. However, the relaxation time depends also on
fluid viscosity and density, and rock permeability. �2� The porous
frame consists of a single solid material �monomineralic�. �3� Pores
are in flow communication and are homogeneously, fully filled with
a nonviscous fluid. �4� The system is closed �undrained�. �5� The
pore fluid does not chemically influence the solid frame. Although
implied, a constant rock shear modulus from dry to any fluid-type
saturation is not an assumption but an outcome of Gassmann’s theo-
ry �Berryman, 1999�.

The beauty of equation 1 is its simplicity as well as the fact that the
variables have physical significance and are usually well con-
strained or can be directly measured. Other fluid substitution theo-
ries require the knowledge of such factors as the symmetry of the
rock, the geometry of the inclusions, and the crack density among
others. For example, in the low-frequency limit, where no pore-pres-
sure gradients exist, Brown and Korringa �1975� relate the aniso-
tropic rock effective elastic compliance tensor to the same rock filled
with fluid, and for an isotropic and monomineralic rock, their rela-
tions reduce to Gassmann’s equation. For this fluid-substitution the-
ory, knowledge of the anisotropic symmetry and pore-space com-
pressibility are required. Other fluid substitution theories mostly
assume isolated inclusions and their geometries in the derivation of
the equations. Isolated cavities should then also be isolated with re-
spect to fluid flow �presence of pore-pressure gradients�. Therefore,
theories that assume isolated inclusions �Kuster and Toksoz, 1974;

O’Connell and Budiansky, 1974; Hudson, 1981� may be more appli-
cable to the high-frequency range and require knowledge of parame-
ters related to pore space.

CARBONATE SAMPLES

Our carbonates are from two wells in a single reservoir with
depths between 2915 and 3180 m below sea level. The reservoir has
lagoon, ramp and shoal depositional environments. These different
depositional systems create different textures, porosities and perme-
abilities �Figure 1�. Some reservoir regions have been dolomitized.
Dolomitization is evident from high porosity and high permeability
because dissolved grains or fossils become pore space, increasing
the connectivity between pores, thus increasing permeability. The
reservoir is not fractured and has few clay minerals, but does have
minor anhydrite. The available samples comprise nine carbonates
with varying porosity �5%–35%�, permeability �0.001–800 mD�,
mineralogy �dolomite and limestone�, and texture. The samples are
either almost pure calcite or dolomite �95% total volume� with less
than 3% clays and 5% anhydrite of total volume. Samples with large
anisotropy or vuggy pores are avoided. Table 1 summarizes the pet-
rological data for our samples. Porosity and permeability are mea-
sured using standard helium porosimetry and air permeability equip-
ment at atmospheric pressure. Permeability values are corrected for
Klinkenberg gas slippage. The samples are cylindrical, 3.75 cm in
diameter and 3.75 to 5 cm in length.

Velocity and elastic modulus data are acquired at nine pressure
points. Confining pressure varies from 3.5 to 34.5 MPa while pore
pressure is held constant at 3.5 MPa, thus reaching a maximum dif-
ferential pressure of 31 MPa. The low-frequency system in the labo-
ratory is pressurized with nitrogen gas, but for safety reasons the sys-
tem is not able to reach the reservoir differential pressure
�34.5 MPa�. Samples are measured dry, under butane �C4H10�, and
brine �200,000 ppm NaCl� saturations. Butane, at 3.5 MPa, is in
liquid state. Samples are measured with some amount of moisture
because even less than 1% of water can reduce the bulk and shear
moduli significantly �Clark et al., 1984�. Because samples show sen-
sitivity to water, several are kept in a high-humidity chamber to pro-
vide an initial brine saturation �less than 1%�. Samples A, C, E, F and
G are humidified previous to measurements, thus dry for these sam-
ples means humidified. Samples B, D, H and I are measured at room
conditions �30% humidity�. Samples are coated with a thin, imper-
meable polyimide film �Kapton�, over which strain gauges are glued
to measure rock deformations at seismic frequencies. This film
keeps the moisture inside the rock and prevents nitrogen diffusion.

DATA EXAMPLE: ACQUISITION
AND PROCESSING

Samples are measured at low �seismic: 3–3000 Hz� and ultrason-
ic frequencies ��0.8 MHz�, although sample G is measured at ul-
trasonic frequencies only. Seismic frequency moduli and velocities
are derived from the strain-stress method �Spencer, 1981; Batzle et
al., 2006�. Measured strains on the rock and a calibrating material
�aluminum� are converted intoYoung’s modulus and Poisson’s ratio,
and from these we get bulk and shear moduli. Batzle et al. �2006�
give a detailed description of the apparatus and the estimation of
elastic moduli from measured strains. In the stress-strain experi-
ment, we directly estimate the bulk and shear moduli. Thus, our
moduli estimates are independent of the rock density.As we will see,

Figure 1. Thin sections for some of our carbonate samples. Pink rep-
resents calcite, gray dolomite, white anhydrite and blue pore space.
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for ultrasonic data the rock density is needed to estimate the bulk and
shear moduli.

For ultrasonic data, we measure the time a wave takes to propa-
gate from the top of the sample to the bottom �Birch, 1960�. The ve-
locity, either P- or S-wave, is estimated by: V = �L − �L�/�Tm − T0�,
where L is the sample length measured at atmospheric pressure, �L is
the change in sample length due to pressurization, Tm is the measured
travel time, and T0 is a time correction. �L is ignored because the
change in length, which we can estimate from the low-frequency ex-
periment, is very small. T0, the travel time through the aluminum
material between the ultrasonic transducer and the sample, is known
and constant for all measured samples. Therefore, we can rewrite the
velocity as simply: V = L/T, where T is the corrected travel time.As-
suming isotropy, the measured velocities and densities are then used
to derive the shear and bulk moduli.

As an example of the estimated bulk modulus over the entire fre-
quency range, we show results for sample H in Figure 2. The compu-
tation of the error bars and the linear fit are discussed later in this sec-
tion. Observe that the rock bulk modulus increases with saturating
fluid. However, the change in rock bulk modulus from dry to butane
saturated is small compared to when the rock is saturated with brine.
This is because butane has a lower fluid bulk modulus than brine.
Figure 2 also shows bulk modulus dispersion �higher frequencies
have a larger modulus�. Several theories exist to explain the nature of
this dispersion. A primary cause for dispersion can be pore-pressure
disequilibrium caused by nonzero pore-pressure gradients. This un-
relaxed pressure is described by several mechanisms: grain-fluid in-
ertial and viscous coupling �Biot, 1956�, patchy saturation �White,
1975; Dutta and Ode, 1979� and squirt or local fluid flow �Mavko
and Jizba, 1991�, among others. Our goal here is not to decide which
of frequency dependent modulus or velocity theories are causing the
dispersion. We do want to point out differences in modulus estimates
as a result of the dispersion from seismic to ultrasonic frequencies.
As previously mentioned, Gassmann’s theory is the low-frequency
limit, meaning that this theory may not be suitable to predict ultra-
sonic data because of possible dispersion in the elastic moduli and
velocities. Wang �1997�, Marion and Jizba �1997�, Baechle et al.
�2005� and Røgen et al., 2005 have shown how, in most cases, Gas-
smann’s theory underpredicts ultrasonic frequency measurements.

Pore pressure can equilibrate if there is enough time for the fluids to
relax. This means there is a characteristic frequency, fc of the rock
perturbation. For measurements acquired at a frequency less than fc,
the pore pressure has reached equilibrium, while for higher frequen-
cies than the fc, pore fluids are not equilibrated, producing higher
values for modulus and velocity.

Differential pressure also controls the modulus dispersion of a
rock. At low-differential pressures where compliant pores or cracks
are open, pore-pressure disequilibrium is more likely to occur. Wang
�2000� shows, in a compilation of ultrasonic laboratory data of car-
bonate samples, that Gassmann’s theory substantially �up to 30%�
underpredicts the measured velocities at low-differential pressures.
At high-differential pressures, compliant pores close, and Gas-
smann’s theory predicts the measured data within 10%.

Carbonates are heterogeneous and vugs or moldic structures can
have comparable length to the ultrasonic wavelength �0.5 cm for a
wave at 0.8 MHz and with a velocity of 4500 m/s�. Some of our
samples showed inclusions of different densities or voids with di-
mensions on the order of ultrasonic wavelengths. Therefore, scatter-
ing of ultrasonic waves is possible in carbonate samples, especially
in dry rocks where the density contrast between voids and the matrix
is large. When scattered, the wave loses energy to multiple reflec-
tions from grains, mostly resulting in lower moduli and velocities at
higher frequencies. The larger modulus contrast will be for air-grain
and butane-grain interfaces.

Poisson’s ratio: a correction

Samples B, F and I show higher values of Poisson’s ratio at low
frequency than expected in carbonates. Rock heterogeneity is proba-
bly not the cause, since placing the strain gauges on large heteroge-
neities �visible to the eye� on measured core plugs are avoided. The
observed larger deformations of the sample in the horizontal direc-
tion probably result from end effects in our stress-strain system. This
large deformation or bulging can result from the combination of in-
trinsically large Poisson’s ratios in carbonates ��0.25� and short
samples �our sample length is close to its diameter�. This bulging has
been confirmed with preliminary finite-element modeling at our lab-
oratory. Poisson’s ratio depends on the VP/VS, but because the dis-

Table 1. Petrological data for the carbonate set. Mineralogy was obtained from XRD analysis and are reported in percent per
volume (samples E, G and H had no XRD analysis). Mineral bulk modulus is computed using Voigt-Reuss-Hill average. Texture
follows modified Dunham’s carbonate classification (Moore, 2001): mud�mudstone, wacke�wackestone, pack�packstone,
grain�grainstone, and bound�boundstone.

SAMPLES A B C D E F G H I

Porosity 1.6 4.6 21.0 24.9 28.5 34 23.6 29.6 34.7

Permeability �mD� 0.03 0.03 5.50 1.20 0.43 0.31 25.00 103.00 432.00

Grain density �gm/cm3� 2.73 2.84 2.70 2.71 2.70 2.69 2.84 2.80 2.86

Calcite �%� 83.0 0.7 76.0 99.6 – 97.0 – – 0.4

Dolomite �%� 11.0 97.0 21.0 0.0 – 0.0 – – 93.0

Anhydrite �%� 0.5 0.5 0.0 0.0 – 0.7 – – 4.9

Phyllosilicates �%� 3.4 0.8 2.4 0.0 – 2.3 – – 1.1

Quartz �%� 0.6 0.6 1.2 0.4 – 0.2 – – 0.8

K-feldspar �%� 2.0 0.0 0.0 0.0 – 0.0 – – 0.0

Mineral bulk modulus �GPa� 70.70 78.96 71.59 71.26 71.59 70.35 85.00 78.96 77.67

Texture Wacke Mud Grain Grain Grain Bound Pack Wacke Mud
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persion in VP and VS are similar for our samples, the resulting disper-
sion in Poisson’s ratio is negligible, making it possible to correct the
low-frequency data with the estimates we obtain from ultrasonic
data. Domenico �1984�, Anselmetti and Eberli �1993�, Mavko et al.
�1998�, Assefa et al. �2003�, and Han �2004, Fluids and DHI Consor-
tia Meeting Report� measured carbonate samples ultrasonically and
derived empirical relations for VP and VS. We use their relations to
compute Poisson’s ratio for water/brine saturated carbonates and
compare their values to our samples’Poisson’s ratios measured at ul-
trasonic frequencies �Figure 3�. Agreement between modeled Pois-
son’s ratio and our measurements lets us use the ultrasonic values to
correct the Poisson’s low-frequency data. The correction consists of
multiplying the seismic frequency Poisson’s ratio by a factor less
than one. This factor is obtained from the ratio of the ultrasonic and
the biased seismic frequency Poisson’s ratios.

Uncertainty analysis

Our data set consists of Poisson’s ratio and Young’s modulus as a
function of frequency and differential pressure �seismic frequency�,
and travel time as a function of differential pressure �ultrasonic fre-
quency�. We assume that the Poisson’s ratio and Young’s modulus
relation to the logarithm base 10 of frequency is linear, while the
travel time with differential pressure follows a second order polyno-
mial �true models�. We also assume that the error between our data
and these true models is random, Gaussianly distributed and with
zero mean. Our core analysis is performed under the assumption that
all requirements for Gassmann’s theory applicability are satisfied. If
our samples and experimental setup violate one �or more� of the as-
sumptions of Gassmann’s theory, we introduce a bias �systematic er-
ror� in our estimates, and we will give an interpretation to why some
results on the samples do not obey Gassmann’s assumptions.

Stress-strain methodology

In Figure 4 we plot data for the stress-strain experiment �E and ��
showing a linear trend with log10 of frequency. We fit a straight line to
our data and estimate the variance of our random error. We use the
variance of the random error to compute the error of estimates of
Young’s modulus and Poisson’s ratio, and later propagate this error
into the estimates of bulk and shear moduli. Young’s modulus of alu-
minum equals 70 GPa �needed to compute the rock Young’s modu-
lus�, and we assume this value is error-free for the uncertainty analy-
sis. On average, our estimates of the standard deviation of the esti-
mated bulk modulus is 1.2 GPa, and that of the shear modulus is
0.3 GPa for seismic frequencies.

Ultrasonic pulse propagation

In addition to low frequency measurements, we have travel times
at 0.8 MHz versus differential pressure. Travel time decreases with
increasing differential pressure �higher velocity�. Figure 5 shows
this dependence, resulting from open cracks and compliant pores at
low-differential pressures.Asecond order polynomial is fit to the ul-
trasonic travel time data as a function of pressure �dashed and solid
lines in Figure 5�, and we obtain the variance of the random error. We
then compute the error of our estimated travel times.

Figure 2. Seismic and ultrasonic frequency bulk modulus least-
squares estimates �solid lines� and measured data for sample H at
31 MPa. Observe the modulus dispersion for different fluids. Error
bars are two standard deviations of the estimated bulk modulus.

Figure 3. Modeled Poisson’s ratio from empirical relations from ul-
trasonic data for carbonate rocks saturated with water/brine. Squares
and circles are the Poisson’s ratio obtained from our measurements
at ultrasonic frequencies. This plot shows that our values of Pois-
son’s ratio are in agreement with the empirical equations. Therefore,
we use the ultrasonic Poisson’s value to correct the low-frequency
data for three of our samples �B, F and I� represented by circles.

Figure 4. Error analysis on sample C at a differential pressure of
17.5 MPa and butane saturation. From the least-squares fit we esti-
mate the variance in our estimate of E and �.
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The ends of our samples are machine flattened and when the
length is measured repeatedly, no significant variability is observed,
so we consider that the length is error-free. We also assume there is
no error in the differential pressure measurements. Therefore, we
propagate only the estimated travel-time error into the P- and
S-wave velocity. Now, to estimate the bulk and shear moduli, we
need the rock density which depends on porosity, grain density, and
fluid density. We will assume that the variance of the rock density is
0.5% �which is in the lower end of errors reported in core measure-
ments�. In this way we propagate the error in S-wave velocity and
rock density into the shear modulus; then we propagate the P-wave
velocity, rock density and shear-modulus variance into the bulk
modulus. On average, one standard deviation of the estimated P- and
S-wave travel times is small ��̂t = 0.06 �s�. Still, a small error in the
rock density �0.5%� significantly affects the error of the bulk and
shear moduli estimates ��̂K = 2.4 GPa and �̂� = 0.8 GPa� com-
pared to the errors for data from the stress-strain experiment.

Frequency averaging

Because we acquired data for many frequencies, for the purposes
of comparison we limit our analysis to 100 Hz which is representa-
tive of seismic frequency. This distinct frequency value, together
with the ultrasonic data, gives us estimates of dispersion for the bulk
and shear moduli. To estimate the rock moduli at 100 Hz, we apply a
least-squares fit to the logarithm �base 10� of frequency versus Pois-
son’s ratio and Young’s modulus for each sample and saturation and
pick data at 100 Hz. Figure 2 is an example relating the estimated
�solid line� and measured �symbols� bulk moduli for sample H. This
procedure is only for smoothing purposes. We do not claim that this
linearity fully describes the dispersion relation.

VARIATIONS IN SHEAR MODULUS

Fluids have a shear modulus of zero, so we expect the dry-or fluid-
saturated rock shear modulus to be constant �true for many rocks that
are isotropic and homogeneous�. Together with the assumption in
Gassmann’s theory that pore fluids do not chemically alter the me-
chanical properties of a rock, Gassmann’s theory predicts that the
shear modulus will remain constant under different saturations.
Thus, a measure of the shear modulus is one way to validate Gas-
smann’s theory.

However, our carbonate samples show rock shear modulus
changes, from dry to brine saturation, of up to 20%. Several labora-
tory studies have also reported shear modulus changes between 5%
and 20% from dry to water or brine saturation in carbonates �Vo-
Thanh, 1995; Assefa et al., 2003; Baechle et al., 2005; Røgen et al.,
2005; Sharma et al., 2006�. The shear modulus of the rock is also sen-
sitive to small amounts of moisture or partial saturation of water
�Clark et al., 1984�.

Rock weakening resulting from fluids has also been observed in
field data. Water, weakening the rock frame in carbonates, is invoked
as a primary factor controlling subsidence of the Ekofisk field. Sylte
et al. �1999� show that compaction of Ekofisk chalks occurs only in
chalks that are being water flooded. High porosity chalks that have
original water content �prewater flooding� are not compacting and
behave elastically throughout the lifetime of the field. They con-
clude that the injected water weakens invaded chalks resulting in
compaction and porosity loss. In their study, they compare observa-
tion to geomechanical models, but do not give the physical-chemical
mechanisms that could be producing this weakening.

Khazanehdari and Sothcott �2003� compiled rock-fluid interac-
tions that explain the rock shear modulus ��� variability with fluids.
They define rock weakening when �saturated ��dry, and strengthening
for �saturated ��dry. Cardona et al. �2001�, based on work from Brown
and Korringa �1975� show that for an anisotropic rock, the vertically
propagating shear waves are sensitive to the compressibility of the
saturating fluid. However, our rocks are largely isotropic at the core
scale, although they might be anisotropic at field scale. Therefore, in
our work, we will focus on the rock-fluid interactions that are re-
sponsible for rock shear modulus changes.

Data examples of shear modulus sensitivity to fluids
and possible explanations

Figure 6 shows the rock shear modulus for sample C at seismic
and ultrasonic frequencies when dry and brine saturated. Error bars
represent one standard deviation of the shear modulus. Two main ob-
servations are to be drawn from Figure 6. First, the rock shear modu-
lus can either weaken or strengthen upon brine fluid saturation com-
pared to the dry rock.At 100 Hz we observe shear modulus weaken-
ing from dry to wet, while for 0.8 MHz data the shear modulus
strengthens when brine fills the pore space. This implies that more
than one rock-fluid mechanism is active.

Second, for the 100 Hz frequency measurements, the shear modu-
lus weakens more for low- than for high-differential pressures. Our
measurements are performed going from high- to low-differential
pressures �unloading cycle�. After the experiment with brine satura-
tion reached 3.5 MPa, we increased the differential pressure again
for three pressure stages �circles in Figure 6�. Observe that the rock
shear modulus sensitivity to brine saturation for both 100 Hz and
0.8 MHz is repeatable; thus, the shear modulus weakening is not af-
fected by hysteresis. This reversible weakening or strengthening of
the frame is likely associated with the opening and closing of com-
pliant pores or cracks. Some of these cracks are intrinsic to the rock,
while others might have been induced while drilling or coring. Other
samples with significant shear modulus weakening show similar
pressure dependence to sample C.

Figure 7 compares the dry- and brine-saturated rock shear modu-
lus for all samples for 100 Hz at 3.5 and at 31 MPa differential pres-
sure. The solid line indicates equal dry- and brine-saturated shear

Figure 5. Second-order polynomial fit to ultrasonic travel times as a
function of differential pressure for sample D under butane satura-
tion.
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modulus. Most samples have a rock shear modulus around 10 MPa.
This cluster of data corresponds to samples with high porosity
�24–35%�, while the low-porosity samples have a shear modulus
larger than 15 MPa. The error bars of the shear modulus �one stan-
dard deviation� are within the size of the marker. Observe that at low-
differential pressures �3.5 MPa� all samples show shear modulus
weakening, while at higher pressures �31 MPa�, shear modulus
weakening is still present but less significantly than for low pressure
�see also Figure 6�.

Most samples at ultrasonic frequency and at both 3.5 and 31 MPa
differential pressure show neither weakening nor strengthening of
the rock shear modulus within the data uncertainty �Figure 8�. Weak-
ening is observed in samples B and D, but less than for seismic fre-
quency �Figure 7�.

When we compare Figures 7 and 8, the shear modulus for brine-
saturated rock at ultrasonic frequency is greater than for seismic fre-
quency. This comparative strengthening could describe modulus
dispersion as a result, for example, of global- and squirt-fluid flow in
the pore space. However, for samples B and D, the chemical soften-
ing of the rock could be dominating over the modulus dispersion.Al-
ternatively, our ultrasonic-wave velocity represents the fastest path
�stiffest area in the rock�. If the chemical weakening is occurring in
an isolated area of the sample, the stress-strain experiment measures
the effective rock deformation �frame softening�, while the ultrason-
ic wave will avoid this area and propagate in the unperturbed rock.

We also saturated the carbonate rocks with butane, a highly com-
pressible, light hydrocarbon �in liquid phase at our elevated pore
pressures�. The sensitivity of the rock shear modulus to this fluid is
much less than for brine �Figure 9�.

We can now examine what are the possible weakening and
strengthening mechanisms acting on our carbonate rocks based on
the work of Khazanehdari and Sothcott �2003�. They compiled sev-
eral mechanisms that can cause the shear modulus to either weaken
or strengthen when a fluid contacts the solid matrix.

Pores and microfractures create surface area in a rock. Surface-

energy reduction �Murphy et al., 1986; Tutuncu and Sharma, 1992�
and subcritical crack-growth �Atkinson, 1984� mechanisms relate to
the amount of surface area in a porous rock. Compliant pores and mi-
crofractures are observed in our samples from thin sections. We also
know, from the modulus as a function of differential pressure, that
compliant pores and microfractures open, increasing the surface
area, as the differential pressure decreases �Figure 6�. For our sam-
ples, open low aspect ratio pores might exhibit growth as well as
breakage of solid bounds due to interaction with brine. These two
mechanisms, acting on our carbonate samples, are consistent with
the fact that a nonpolar fluid, such as butane, saturating the rock,
does not show significant shear modulus variation �Figure 9�.Anoth-
er rock-fluid mechanism such as viscous-coupling �Bourbié et al.,
1987�, is probably not the cause of shear modulus variability in car-
bonates because the sensitivity to brine is large while it is not signifi-
cant for liquid butane, with both fluids having similar and low vis-
cosities �0.2 cP for liquid butane and 1 cP for brine�. Dissolution of
carbonate minerals could also be occurring. Dissolution of calcite
and dolomite minerals depends on the pH of the fluid, temperature,
and the reaction order of the cations �Ca, Mg, Ba� which control the
dissolution rate of carbonate minerals �Chou et al., 1989�.

Figure 6. Sample C, showing shear modulus weakening and
strengthening at seismic and ultrasonic frequencies respectively.
Measurements are performed from high- to low-differential pres-
sures. Circles represent repeated differential pressures going from
low- to high-differential pressures after the initial unloading cycle
was finalized. Note that as we decrease the differential pressure,
more compliant pores and cracks open. Error bars are one standard
deviation �one � for seismic frequency data is contained in the size
of the symbol�.

Figure 7. Shear modulus weakening in carbonate samples resulting
from dry to brine saturation at seismic frequency �100 Hz� for dif-
ferential pressures of 3.5 and 31 MPa. Error bars, representing
one standard deviation, are within the size of the marker for most
samples.
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By acquiring data at seismic and ultrasonic frequencies, we ob-
serve evidence of at least three mechanisms for which the shear
modulus weakens �surface-energy reduction and crack growth� or
strengthens �modulus dispersion�. Changes in shear modulus could
be observed from seismic time-lapse data, especially in the presence
of compliant pores and polar fluids such as water. When injecting
water into an oil reservoir, the nature of this polar fluid, its viscosity,
pressure, temperature, etc. will likely interact with the rock solid
phases creating weakening or strengthening of the shear modulus
�and maybe in some cases the bulk modulus� compared to the origi-
nal fluid saturation.

Also, when logging data is available in a field, the analysis has to
consider that modulus dispersion can be significant and should be
taken with care if compared to seismic data. Log data will fall in be-
tween our measured frequency ranges ��10 KHz�. Having knowl-
edge of the characteristic frequency � fc� might help the interpreta-
tion of log data. The fc separates the behavior for relaxed and unre-
laxed fluids. If f log � fc and we have compliant pores, we could ob-
serve weakening of the shear modulus upon water saturation. On the
other hand, if the f log � fc, strengthening of the shear modulus might
be observed. Sharma et al. �2006� compiled results for the shear
modulus change from dry to water saturation from several authors.

In this study, the shear modulus strengthens at ultrasonic frequencies
and weakens for sonic frequencies ��10 KHz� for data by Lucet
�1989�. This observation is in agreement with our observations on
shear modulus change from seismic to ultrasonic frequencies.

GASSMANN’S FLUID SUBSTITUTION

We introduced Gassmann’s theory with its assumptions, and in
this section we compare and analyze the computed saturated bulk
modulus, using Gassmann’s theory, to the measured rock bulk mod-
ulus. Our experimental setting for seismic-frequency data acquisi-
tion lets us acquire data when the fluid is at equilibrium. The pore
pressure is held constant, thus the fluid modulus is 0.5 GPa for bu-
tane, and 3.4 GPa for brine.

Figure 10 compares the bulk modulus, calculated using the Gas-
smann theory, to the measured modulus for butane-saturated carbon-
ates at frequencies of 100 Hz and 0.8 MHz, and at a differential
pressure of 31 MPa. The solid line represents the case where the bu-
tane-substituted modulus, predicted by Gassmann’s theory, and the
measured bulk modulus are equal. Error bars represent one standard
deviation for the bulk modulus. Gassmann’s theory is correctly pre-

Figure 8. Carbonate samples showing that the shear modulus re-
mains almost constant from dry to brine saturation at ultrasonic fre-
quency for differential pressures of 3.5 and 31 MPa. Error bars, rep-
resenting one standard deviation, are within the size of the marker
for most samples.

Figure 9. Carbonate samples showing little shear modulus weaken-
ing and strengthening resulting from dry to butane saturation com-
pared to the dry-brine saturation case. Both plots are at a differential
pressure of 3.5 MPa for seismic and ultrasonic frequencies. Error
bars, representing one standard deviation, are within the marker size
for most samples.
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dicting the observed butane-saturated modulus for our carbonate
samples, partly because the influence of butane on the rock bulk
modulus is not large. Butane is a highly compressible fluid, thus the
fluid influence on rock compressibility is not significantly different
from the dry rock �see Figure 2�.

For brine saturation, Gassmann-calculated and measured bulk
moduli m at 100 Hz and 0.8 MHz, and at differential pressures of 3.5
and 31 MPa m are compared in Figures 11 and 12 respectively. The
solid line represents the case where the fluid-substituted and mea-
sured moduli are equal. Error bars represent one standard deviation
for the bulk modulus. Observe that some samples match the predic-
tions well, while others do not.

In Figure 11, at a frequency of 100 Hz, none of the predictions fit
the observed bulk modulus within the associate uncertainty, while at
0.8 MHz, for the same differential pressure of 3.5 MPa, the fit to the
predicted bulk modulus is better. At low-differential pressure and at
100 Hz, the bulk moduli for all of the samples but F are overpredict-
ed by Gassmann’s theory. We observe shear modulus weakening for
all samples �and the least for sample F, Figure 7�, therefore if the
rock frame has weakened in the presence of brine, so could the bulk
modulus, m a factor not accounted for in Gassmann’s theory. There-

fore, the overprediction of the bulk modulus by Gassmann’s theory
at low-differential pressure is probably because the rock frame has
been altered �softened�.

The bulk modulus is underpredicted for 100 Hz, yet it is well pre-
dicted at 0.8 MHz �Figure 11�. This is largely a result of modulus
dispersion. Remember that Gassmann’s theory estimates the saturat-
ed modulus for low frequencies. Gassmann’s theory uses the bulk
modulus of the dry rock, which is not dispersive, to predict the satu-
rated rock modulus. However, modulus dispersion exists in most of
our brine-saturated carbonates �see Figure 2�. This bulk modulus
dispersion is evidenced in the shifting of data points in Figure 11 as
the frequency increases from 100 Hz to 0.8 MHz. The bulk modulus
shift occurs parallel to the x-axis �measured saturated bulk modu-
lus�. This bulk modulus dispersion at ultrasonic frequency can lead
to errors when comparing ultrasonic to seismic data. Thus, a better fit
at ultrasonic frequency might be somewhat of a paradox on Gas-
smann’s-theory applicability for carbonates.

At a differential pressure of 31 MPa �Figure 12�, the 100 Hz data
shows that the bulk modulus of four brine-saturated carbonates �B,
E, I, and H� is predicted well by Gassmann’s theory. The bulk moduli
for samples A and C are largely overpredicted by Gassmann’s theo-

Figure 10. Butane-saturated bulk moduli measured and estimated
with Gassmann’s theory for 100 Hz and 0.8 MHz at 31 MPa differ-
ential pressure. Solid line represents equal measured and estimat-
ed bulk moduli. Error bars are one standard deviation of the bulk
modulus.

Figure 11. Brine-saturated bulk moduli measured and estimated
with Gassmann’s theory for 100 Hz and 0.8 MHz at 3.5 MPa differ-
ential pressure. Solid line represents equal measured and estimat-
ed bulk moduli. Error bars are one standard deviation of the bulk
modulus.
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ry. Samples A and C have the highest content of non-calcareous min-
erals, especially clay. We ignore that softening of clays is a possible
mechanism for elastic moduli weakening for most of our samples.
However, that KMeasured is significantly less than KGassmann for samples
A and C is possibly related to frame �clay� weakening in the presence
of brine.

We focus now on data at 100 Hz, where frequencies are low
enough that we expect the fluid-pressure gradients are zero, as Gas-
smann’s theory requires. Still, at high differential pressure, we ob-
serve that some samples are well predicted by Gassmann’s theory,
while others are not. So where can this difference come from? On
one hand, we have observed rock shear modulus sensitivity to brine
saturation. On the other hand, for low-differential pressures, we ex-
pect to have open compliant pores or cracks. Gassmann’s equations
are derived without assuming any specific pore geometry, and can be
applied to any pore type as long as the assumptions for Gassmann’s
theory are satisfied, i.e. pore pressure is in equilibrium. The mis-
match between observed and Gassmann-predicted bulk modulus
could relate to differences in pore type creating pressure gradients or
chemical reactions which violate Gassmann’s assumptions. There-
fore, samples yielding better predictions by Gassmann’s theory

might be explained through the dependence of bulk modulus with
differential pressure. Figure 13 plots the bulk modulus of brine-satu-
rated carbonates as a function of differential pressure. The anoma-
lous behavior of sample D at 20.7 MPa is due to a small gas leak into
the rock when the sample was saturated with brine. This dramatical-
ly lowered the bulk modulus of sample D at low frequencies for pres-
sures lower than 20.7 MPa. In Figure 13, we observe a consistent
linear behavior of the bulk modulus with differential pressure from
the Hertz-Mindlin model: K = mP1/3 �Mavko et al., 1998�, where the
slopes �m� of the linear trends are different for different rocks. High-
er slopes mean larger dependence on differential pressure, indicat-
ing the existence of compliant pores or microcracks. Table 2 com-
pares Gassmann’s predictability, shear modulus weakening, miner-
alogy, and pressure effect on all samples at 100 Hz. Gassmann’s pre-
dictability and shear modulus weakening are reported for the highest
differential pressure reached at 31 MPa. The pressure effect is mea-
sured by the slope of the linear dependence �m� of the bulk modulus
�Figure 13�.

There seems to be no correlation between the shear modulus
weakening and the observed match between measured and comput-
ed bulk moduli for brine-saturated carbonates at high differential
pressure �Table 2�. For example, both samples B and D show signifi-
cant shear modulus weakening at 31 MPa differential pressure; still
sample B is well predicted by Gassmann’s theory while sample D is
not. It might seem confusing that although Gassmann’s assumption
that the rock frame stays unaltered by the fluid is violated for some
samples, the measured brine-saturated bulk modulus is well predict-
ed by Gassmann’s theory for these samples.Alikely reason for this is
because the increase in bulk modulus, in absolute percent from dry to
brine saturation �35% in average�, is more significant than the shear
modulus weakening, in absolute percent �6% in average�.

Examining the pressure dependence, the saturated bulk modulus
for samples with lower slopes �B, E, H and I� is well predicted by
Gassmann’s theory. Low slopes mean the sample has less compliant
pores or cracks. Samples A, C and D have high slopes, and Gas-
smann’s theory is not predicting the observed saturated bulk modu-
lus. Sample F has an intermediate slope, but the saturated bulk mod-
ulus is not well predicted by Gassmann’s theory. For sample F, the
bulk modulus as a function of pressure is less smooth than for other
samples, leading to a higher variance in the slope calculation.As pre-

Figure 12. Brine-saturated bulk moduli measured and estimated
with Gassmann’s theory for 100 Hz and 0.8 MHz at 31 MPa differ-
ential pressure. Solid line represents equal measured and estimated
bulk moduli. Error bars are one standard deviation of the bulk modu-
lus.

Figure 13. Bulk modulus for carbonates with brine saturation as a
function of differential pressure �P1/3� for 100 Hz.
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viously mentioned, our experimental setup could not quite reach the
differential pressure of the reservoir at 34.5 MPa. This could result
in some compliant pores still being open at these pressures. From
this we conclude that open compliant pores are a possible factor af-
fecting the mismatch between observed and predicted bulk modulus.
Samples B, H and I are dolomites, but we do not have enough statisti-
cal data to make correlations with rock grain density. Nevertheless,
these dolomite samples have high porosity and permeability m prob-
ably satisfying Gassmann’s assumption on pore connectivity and
fluid distribution in the porous space.

From our observations, carbonates with round pores, vugs or mi-
critic textures are well predicted by Gassmann’s theory for low fre-
quencies. Even at reservoir pressures, open compliant pores or
cracks might be present at reservoir in-situ conditions. In this case,
an anisotropic fluid-substitution theory, such as that of Brown and
Korringa �1975�, is perhaps more appropriate. However, knowledge
of the anisotropic symmetry, with all of the stiffness coefficients of
the rock and the pore-space compressibility, are required for this the-
ory. Using additional parameters might allow one to fit the data bet-
ter, but the estimated parameter could not be realistic or representa-
tive of the rock.

CONCLUSIONS

We present data over a large range of frequencies and under vary-
ing saturation and pressure conditions to investigate the applicabili-
ty of Gassmann’s theory for our carbonate data set. We observe that
the rock shear modulus is sensitive to brine saturation, especially at
seismic frequencies. Weakening of the solid matrix occurs possibly
due to surface energy loss and/or subcritical crack growth in compli-
ant pores, mostly at low-differential pressures. These mechanisms
violate an assumption of Gassmann’s theory that the fluid does not
influence the solid matrix of the rock. However, we find no positive
correlation between the rock shear modulus weakening and the fail-
ure of Gassmann’s theory to predict the saturated bulk modulus at
seismic frequencies. We do find that the brine-saturated bulk modu-
lus, for carbonates with small differential pressure dependence
�round pores or vugs�, is well predicted by Gassmann at seismic fre-
quencies, while for carbonates strongly influenced by pressure
�compliant pores or microcracks�, Gassmann’s theory does not
match the observations. Therefore, knowledge of the reservoir pore-

space geometry can aid in the understanding and applicability of
Gassmann’s theory.

Predicting the saturated bulk modulus at ultrasonic frequencies
violates Gassmann’s low-frequency assumption. Nevertheless, we
test our carbonate samples at ultrasonic frequencies to show the role
of modulus dispersion. For some of our samples, the measured and
Gassmann-calculated bulk moduli at ultrasonic frequencies show
better agreement compared to seismic frequencies. This match is ap-
parent, resulting from bulk modulus dispersion which we observe in
our carbonates when saturated with brine. We also observe shear
modulus dispersion. Little change from dry to brine saturation is
present in the rock shear modulus at ultrasonic frequencies, but this
modulus is always higher than the shear modulus obtained at seismic
frequencies. This increase could be a result of dispersion or a prefer-
ential propagation path, which avoids altered �weakened� sections in
the saturated rocks. Although our conclusions are based on samples
with different texture and mineralogy, we must be careful to general-
ize these results to all carbonate rocks.

Our observations are applicable particularly to the analysis of
time-lapse data. Ultrasonic laboratory data is used in some cases to
calibrate time-lapse seismic reflection data. We should be aware that
bulk modulus in carbonate rocks can have significant dispersion af-
fecting the applicability of Gassmann’s fluid-substitution theory at
ultrasonic frequencies �and maybe at log frequencies�. Also, when
water or brine replaces a nonpolar fluid such as oil, shear modulus
weakening can be observed in the field. Brine of different salinity
and temperature injected in an aquifer to enhance production might
change the solid frame, causing variation in the moduli of the rocks.
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