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B Abstract In this paper, we present a review of seismic-wave propagation in fluid-
saturated and partially saturated porous media. Seismic-wave velocity and attenuation
are affected by the degree of saturation and the spatial distribution of fluids within
the medium. Attenuation mechanisms include local and global flow as well as energy
loss caused by scattering. We also present results from acoustic tomography of un-
consolidated porous media with residual paraffin saturation. The acoustic attenuation
was found to be sensitive to the grain- and subgrain-scale (microscale) distribution of
residual saturation; in other words, the residual saturation behaves like soft cement
that locally stiffens grain contacts and creates heterogeneity that results in scattering.
The effect of microscale phenomena on multigrain scale (macroscale) measurements
of seismic-wave attenuation and velocity cannot be ignored.

INTRODUCTION

A goal of seismic exploration and monitoring is to delineate the structure of subsur-
face reservoirs and to delineate the distribution of phases within these reservoirs.
Subsurface oil reservoirs often contain multiple fluid phases, such as gas, oil, and
water. Because of these multiple phases and the complex nature of porous rock,
residual amounts of each fluid phase remain in the pore space of the rock after oil
production. In primary oil recovery, water is commonly injected into oil reser-
voirs to displace the oil from the pores within the rock. Because the capillary
forces are large compared to the viscous forces, between 20% and 60% of the oil
remains trapped within the rock as residual saturation. This can lead to significant
economic loss. Maximum mobilization of the trapped oil is the goal of enhanced
oil recovery.

Similarly, cleanup of a contaminant in subsurface aquifers is not successful if
residual amounts of the contaminant are left in the pore space of the aquifer. Non-
aqueous-phase liquids (NAPLs) are common contaminants in soil and aquifers.
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NAPL spills or leaks generally migrate downward through the vadose (unsaturated)
zone under gravitational forces, eventually reaching the water table. If the NAPL is
less dense than water (LNAPL), it floats on the water table. If the NAPL is denser
than water (DNAPL), it displaces water and penetrates the aquifer. During the
migration process, NAPL gets trapped as blobs in soil or aquifer rock, resulting in
residual saturation. Residual NAPL in soil and aquifers usually serves as a lasting
source of groundwater contamination. Remediation of residual NAPL is therefore
an important issue in environmental restoration.

Thus, a goal of geophysical monitoring in oil and gas production and con-
taminant cleanup is to determine the amount and spatial distribution of residual
saturation of oil in an oil reservoir or contaminants in an aquifer. A consider-
able volume of work has been conducted on seismic-wave propagation through
sediments and sedimentary rocks. Both laboratory measurements and theoretical
calculations show that seismic-wave velocities and attenuation are strongly influ-
enced by stress-induced changes to the grain microstructure and by the presence
of pore fluids. These two factors also interact with each other during seismic-wave
propagation, resulting in a local or global flow of fluids. To determine if seismic
methods can be used to delineate the spatial distribution of residual fluid satura-
tion, it is important to understand the mechanisms and material properties that can
produce residual saturation in a porous medium and how these material properties
also affect seismic-wave propagation.

Residual saturation in a porous medium occurs during the flow of two or more
immiscible fluids. Immiscible fluids are fluids that do not mix and do maintain
a well-defined interface between the two fluid phases. Multiphase flow of immis-
cible fluids in porous media is often encountered in relatively shallow subsurface
layers, when soil or aquifers are contaminated by organic liquids and when the
organic liquids are removed during environmental remediation. Multiphase flow
is also commonly seen in oil reservoirs during petroleum recovery operations, in
which water and gas are simultaneously produced along with oil. In discussing
two immiscible fluids in a porous medium, one phase is often referred to as the
wetting phase and the second fluid is referred to as the nonwetting phase. The sci-
entific definition of a wetting phase is the fluid that makes a contact angle of <90”
when in contact with a solid and another fluid (Scheidegger 1974); conversely, the
definition of the nonwetting phase is the fluid that makes a contact angle of greater
than 90° when in contact with a solid and another fluid.

Scheidegger (1974), from experimental measurements, described three general
regimes of fluid saturation in a porous medium with two immiscible liquid phases
in multiphase flow processes: a pendular regime, a funicular regime, and a com-
plete saturation regime. The pendular regime refers to discrete rings of liquid at
interparticle contact points (Figure 1a). Because the pendular bodies of liquid do
not touch each other, there is no possibility of flow for that phase. The degree of
saturation of that phase is usually very low. With reference to aquifers, liquids
are retained in the pendular configuration in regions of unsaturated soil at heights
weli above the water table. In oil reservoirs, water or oil may form pendular rings
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(a)

Figure 1 Drawing of pendular (a) and funicular (b) saturation regimes for an idealized
porous medium consisting of packed spheres. (Based on Scheidegger 1974.)

depending on the surface properties of the reservoir rock, (i.e. oil-wet or water-
wet rock). The funicular regime of saturation (Figure 15) occurs when the porous
medium has an intermediate saturation with both phases. Funicular liquid bodies
touch each other and merge, forming a continuous network of both phases in the
porous medium. The complete saturation regime refers to a porous medium that
is completely saturated with one phase.

For a fluid phase in the pendular regime, the fluid is immobilized by capillary
trapping. Whether a fluid phase will be trapped during immiscible-fluid flow de-
pends on the pore geometry (size and spatial distribution) of the porous medium,
the fluid and solid properties (viscosity, surface tension, and contact angle), the
rate of fluid flow (or phase displacement), and the sequence of flow of a wetting
and nonwetting phase (drainage vs imbibition). The simplest model of a porous
medium is a bundle of capillary tubes in which each tube has a uniform diameter,
but the diameter of the tubes may differ, giving a size distribution. Which fiuid
phase occupies which pore (or tube) diameter depends on the surface tension be-
tween the two fluid phases and the capillary pressure between the two fluid phases.
The simplest relationship is given by Laplace’s equation for a cylindrical tube,

r = —2o(cost)/F,
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where r is the radius of the tube, o is the surface tension of the nonwetting phase, ¢
is the contact angle between the nonwetting fluid phase and the solid in the presence
of the wetting phase, and P, is the capillary pressure (the difference in pressure
between wetting and nonwetting phases). The size of the pore diameter accessible
to the nonwetting phase is inversely proportional to the capillary pressure.

For tubes with uniform diameters, trapping of the nonwetting phase does not
occur (Chatzis et al 1983). However, when the cross-section of a single tube varies
along its length so that the tube possesses pore bodies and pore throats, trapping
of the nonwetting phase may or may not occur during displacement, depending
on the aspect ratio of the variation in pore size (i.e. the ratio of the pore body size
to the pore throat size) (Chatzis et al 1983). At relatively low aspect ratios, no
trapping of a nonwetting phase occurs in the pores (Figure 2a). When the aspect
ratio is high, trapping occurs in the pore bodies (Figure 2b).

The amount of trapped immobilized phase is generally quantified using residual
saturation (Sn,). S, is defined as the ratio of the volume of the trapped phase (Vi)
to the volume of voids,

S?’![- = Vtmp/{ v\;uidh‘-

According to the definition of residual saturation, funicular and complete saturation
liquids are not included in Sn,.

The trapping of a fluid phase around grain contacts such as occurs in the pen-
dular regime can affect the mechanical properties of a porous medium such as
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Figure2 Effect of low (@) and high (b) aspect ratios on trapping in nonuniform capillaries
{Chatzis et al 1983).
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the Young’s modulus. The stiffness of the grain contact will be greater with the
presence of a pendular ring of liquid surrounding the grain contacts than in the
presence of just air. The change in Young’s modulus produced by pendular satura-
tion will affect the velocity of seismic waves propagated through a porous medium.
Seismic-wave attenuation can also be altered by the presence of pendular satura-
tion if the stresses from a propagating seismic wave are sufficient to move the
fluid-fluid interface. A change in the meniscus of the trapped fluid phase will alter
the stiffness of the grain contact, which may explain frequency-dependent seis-
mic attenuation (Moerig 1996). The literature review presented in the succeeding
sections of this paper indicates that fluid around grain contacts greatly affects
seismic-wave attenuation and velocity through either stiffening of grain contacts
or local flow-attenuation mechanisms.

Flow conditions in porous media have a significant influence on immiscible-
phase displacement and the resulting distribution of multiple fluid phases. For
example, flow rate, direction of flow, and the sequence of flow of wetting and non-
wetting phases make a direct contribution to phase displacement and entrapment.
In two-phase flow, phase displacement is often referred to as either imbibition or
drainage. For imbibition, the porous medium is initially saturated with a nonwetting
fluid. The wetting fluid is imbibed into the sample by capillary forces, which results
in the displacement of the nonwetting fluid from the pore space. For drainage, the
porous medium is initially saturated with a wetting fluid. As the wetting fluid is
drained from the porous medium, nonwetting fluid flows into the pores.

Cadoret et al (1995) used X-ray computerized tomography to visualize the fluid
distribution within a rock during drainage and imbibition. They confirmed that the
fluid distribution strongly depends on the saturation technique used. The imbibi-
tion process tends to create a homogeneous distribution of the two fluid phases,
resulting in a saturation that is approximately constant at all locations. In contrast,
the drainage process creates a more-heterogeneous saturation distribution, with
fully saturated pores adjacent to partially saturated elements. Fluid-phase distribu-
tion plays a key role in the attenuation of seismic waves. The spatial distribution
of multiple fluid phases can produce seismic-wave attenuation, which is attributed
either to scattering from regions of nonuniform or varying saturation or to local or
global flow between regions with partial saturation or regions that are unsaturated.

The spatial distribution of multiple phases in a porous medium is related to
dynamic and static stresses. The capillary number, N,,, is a measure of the ratio
between the controlling dynamic stress, which tends to move the nonwetting phase,
and static capillary stress, which manages to hold the nonwetting phase in place.
The equation for the capillary number is

Nea = v /o cosb,
where v is the fluid velocity, p is the dynamic viscosity, o is the surface tension
between the wetting and nonwetting phases, and # is the contact angle of the
liquid-solid system. Much research, mainly involving experimental investigation
of the relationship between residual nonwetting-phase saturation and N, has been



424

LI = ZHONG = PYRAK-NOLTE

published (e.g. Ng et al 1978, Larson et al 1981, Morrow et al 1988, Pennell et al
1996, Zhong et al 2000). Among the different works, some general conclusions
have been reached: Residual oil saturation, Sn,, is independent of N, up to an
N., of ~2 x 1075, Sn, decreases with N,, over the range of roughly 2 x 107> <
N., <2 x 1077, and all residual saturation is virtually mobilized with an N, of
5% W0,

The average length of a trapped blob (residual saturation) in the direction of
flow is also a function of capillary number (Lenormand & Zarcone 1988, Mayer &
Miller 1992, Zhong 1999). The blob length and size decrease with increasing N,
Chatzis et al (1984) reported that during initial stages of mobilization of residual
oil, as the N, exceeds a critical value, oil blobs break up into smaller and shorter
blobs, with a significant fraction being only temporarily mobilized. Related to the
length and size reduction caused by increasing N..,, the shape complexity (Figure 3)
of trapped oil blobs also decreases with increasing N, (Zhong 1999). The geometry
and spatial distribution of residual saturation within a porous medium will affect
seismic-wave attenuation and velocity because the pore space is filled with multiple
fluids that can respond differently to the passage of seismic waves. As we will
see in the succeeding literature review, fluid viscosity plays an important role in
seismic-wave velocity dispersion and attenuation.

The distribution of multiple fluid phases within a porous medium is also af-
fected by the difference in density among the fluids during flow. When there is a
difference in density between immiscible fluids, buoyancy plays a role in mobiliz-
ing and trapping fluid. Bond number, N,, is usually used to include the influence
of buoyancy in the analysis of fluid displacement and entrapment. The equation
for the bond number is

Ny = g(pn — pw)r/o cosé,

where g is the acceleration due to gravity; p, and p,, are the density of nonwetting
and wetting phases, respectively; o is the surface tension between the wetting and
nonwetting phases; and @ is the contact angle of the liquid-solid system. Morrow
& Songkran (1981) showed that for vertical displacement of a light nonwetting
phase (oil) by a denser wetting phase, trapped oil saturation is inversely correlated
with N,,. However, it was reported that when DNAPL was displaced by a less-dense
aqueous phase, the DNAPL saturation increased with N, for upward displacement
(Dawson & Roberts 1997). It should be noted that if the downward mobilization
of DNAPL is considered, residual saturation decreases with increasing buoyancy
force. The role of buoyancy forces in seismic-wave attenuation mechanisms has
been mostly ignored in theoretical models that study induced fluid flow caused by
a propagating seismic wave. If the passage of a seismic wave induces fluid flow in
a porous medium containing both hydrocarbons and water, buoyancy forces may
mobilize the trapped less-dense phase, which will lead to frequency-dependent
seismic-wave attenuation and velocity, as well as fluid saturation.

Modeling of wave propagation in porous media usually follows two paths by att-
empting to explain (a) how rock microstructure influences the seismic properties of
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Figure 3 Images of NAPL blobs following mobilization as a function of capillary number and
flood type. All images show the same region (3.8 cm by 6.1 cm) of the micromodel. NAPL and
aqueous phase are represented by the white and black regions, respectively, Direction of flow is
from left to right in images (Zhong 1999).

granular rocks at all frequency ranges and (») how viscous fluid-flow and mineral-
fluid interactions that take place on grain surfaces and at grain contacts influence
the seismic properties.

On the grain scale, a porous medium (e.g. soil, sediment, or rock) can be char-
acterized in terms of grains, cementing materials, clay minerals, and pore-filling
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fluids. Grains are in contact over a finite area and cemented or partially cemented
together, resulting in a contact stiffness that depends on the external stress and
the properties of cementing materials. Pores are connected or isolated and can
be filled with multiple fluid phases (air, gas, oil, organics, or water). Usually
only interconnected pores are considered when working with fluid flow through
a porous medium. However, for seismic-wave propagation through rock, both the
connected pores and unconnected pores affect the elastic moduli of the rock. The
permeability of the rock depends on its grain size distribution, grain shape, micro-
cracks, clay minerals, and the pore-filling fluid properties. The displacement and
entrapment of fluid phases in a porous medium are significantly affected by the
properties of the fluids present in the system and the material properties of the
porous medium (mineral composition, grain size, pore geometry, pore connecti-
vity, etc). Residual saturation and blob size (trapped-phase dimensions) are
functions of pore geometry, viscosity difference, interfacial tension, and density
variations in the multiphase liquid system.,

In this paper, we are mainly interested in the latter case: how the presence of
pore fluids influences seismic-wave propagation. It is our objective to demonstrate
that seismic delineation of partially saturated or unsaturated patches in rock or
sediment can be performed using seismic waves. We present a brief review of
wave propagation in saturated and partially saturated media followed by some
recent experimental results of studies usin g acoustic tomography to delineate the
spatial distribution of residual saturation in an unconsolidated porous medium.,

MODELING OF WAVE PROPAGATION IN POROUS
MEDIA AND THE EFFECT OF PORE FLUID

The permeability of a porous medium will affect the ability of multiple fluid-solid
matrix interactions in the porous medium to occur at the same time. In laboratory
and field experiments, it is observed that seismic-wave transmission is affected by
the physical and chemical characteristics of the pore-filling fluid and its interactions
with the solid phase (Biot 1956a,b, 1962; Clark et al 1980; Tutuncu & Sharma
1992). The exact mechanisms are stil| debated, and several mechanisms have been
proposed to describe the change in seismic-wave attenuation and velocity with the
type and extent of saturation of the pore. The proposed energy loss mechanisms for
fluid-saturated porous media can be classified into three categories: (a) viscoelastic
loss, (b) fluid-solid surface physicochemical interaction loss, and (c) scattering
loss. Seismic-wave attenuation in saturated and partially saturated porous media
is most likely caused by a combination of all three mechanisms, although in many
instances one mechanism may dominate.,

Viscoelastic Loss

Viscous and inertial coupling between the frame of a porous rock and its pore fluid
can cause seismic-wave energy to be dissipated as heat within the liquid phase (Biot
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1956a,b; Jones 1986) and hence cause attenuation of seismic waves. Viscous-loss
models proposed to date include the global-flow theory of Biot (1956a,b) and the
local-flow theories of Biot (1962), O’Connell & Budiansky (1977), Mavko & Nur
(1979), Murphy et al (1986), and Akbar et al (1994).

Global-Flow Mechanism Traditionally, the Biot mechanism (Biot 1956a,b) is
referred to as a “global” flow because it can be expressed in terms of the macro-
scopic parameters of the fluid-filled porous medium, such as permeability, fluid
viscosity, and elastic constants of the rock. In the Biot theory there are two distinct
interpenetrating effective media that affect seismic velocity and attenuation: the
fluid phase and the solid phase. The average motions of both the solid and fluid
phases are treated separately by the theory. Biot considered the effects of viscous
losses caused by the relative motion of the pore fluid and the solid framework.
At low frequencies, the viscous-skin depth is much greater than the pore size, and
the solid and fluid phases move together. Because the pore fluid moves with the
solid framework, only a small amount of seismic-wave dissipation occurs. In the
low-frequency limit, the Biot theory gives expressions identical to those derived
by Gassmann (1951). The elastic properties of the fluid-saturated frame can be
calculated from the properties of the fluid and the dry frame. At high frequencies,
the viscous-skin depth is very small and laminar-fluid flow breaks down. The in-
ertia of the pore fluid causes the fluid and the solid frame to move out of phase
and results in a small amount of seismic-wave dissipation per cycle. The net effect
is that higher velocities occur at high frequencies. Biot showed that dissipation
reaches a maximum at an intermediate frequency (the critical frequency) when the
viscous-skin depth is comparable to the pore size: @, = ne/k pr, where o, is the
critical frequency, 7 is the viscosity, ¢ is the porosity, « is the permeability, and p;
is the fluid density.

Stoll & Bryan (1970) and Stoll (1974, 1977) applied the Biot theory to the at-
tenuation of seismic waves as a function of frequency in marine sediments. They
included loss terms for the complex elastic parameters of the solid frame to take into
account energy loss at grain-to-grain contacts as well as energy loss caused by the
relative motion between the fluid and the solid frame of the sediment. In addition
to porosity, permeability, density, and the elastic moduli for the fluid, frame, and
matrix, the numerical model of Stoll & Bryan (1970) also requires two other free
constants derived from the Biot theory, a pore size parameter and a structure con-
stant that must be chosen or obtained from experiments. The structure constant is
a function of the pore geometry (size and shape) as well as the interconnectivity or
tortuosity of the pores. McCann & McCann ( 1985) incorporated the distribution of
pore sizes into the Biot theory and presented a multi-pore-size model that provided
physically reasonable values of shear and frame bulk moduli. Using a distribution
of pore sizes in the Biot theory results in a linear increase in attenuation with in-
creasing frequency for intermediate frequencies. Hamilton (1972) concluded that
the majority of sediments exhibited seismic-wave attenuation that was a linear
function of frequency for frequencies between 0.01 and 1.0 MHz. Yomamoto &
Turgut (1988) presented mathematical expressions for the permeability and a
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viscous correction factor to be used in the Biot theory for an arbitrary distribution
of pore sizes. They found that the attenuation and velocity dispersion character-
istics of these elastic waves through porous media become strongly dependent on
the pore size distribution.

Local-Flow Mechanism Experimental investigations have demonstrated that in
certain cases the Biot theory fails to adequately predict velocity dispersion and
attenuation (O’Connell & Budiansky 1977, Mavko & Jizba 1991). The Biot
theory predicts that increasing fluid viscosity shifts relaxation toward higher fre-
quencies. This contradicts the observed experimental data, as noted by Jones &
Nur (1983), Bulau et al (1984), and Winkler (1985). Winkler (1985) showed that
increasing fluid viscosity in Berea sandstone shifts the relaxation toward lower
frequencies. Akbar et al (1993) theoretically observed that the relaxation shifts
toward lower frequencies as permeability decreases in Fontainebleau sandstones.
Both experiments and models suggest that the cause is related to a “local” fluid
mechanism; that is, when a porous medium is excited by a passing seismic wave,
grain-scale heterogeneities (such as pore shape, orientation, and saturation) will
produce a local pressure gradient that causes pore fluid to be squeezed from more-
compliant to less-compliant regions. For example, a flat crack is mechanically
weaker (or more compliant) than a round pore, so pore fluid will be squeezed
from the crack into the pore. In a partially saturated porous medium, fluid will
flow into empty regions of the pore space. The local-flow model is often referred
to as the squirt-flow mechanism and has been investigated by examining fluid
flow in individual cracks (Mavko & Nur 1979, Miksis 1988) as well as at grain
contacts (Palmer & Traviolia 1980, Mavko & Jizba 1991). Attenuation and ve-
locities have been calculated by considering viscous-energy losses or through a
complex modulus (Murphy et al 1986). It is concluded that at low frequencies
there will be sufficient time for the flow to occur. The fluid pressure will equili-
brate, and the rock will be in a relaxed state. At high frequencies there will not
be enough time for the flow to occur, and the rock will be in an unrelaxed state;
in other words, the fluid does not move out of the contact regions between grains
or stiffer regions of the porous medium. The porous medium is therefore stiffer
at higher frequencies than at lower frequencies, and this results in higher wave
velocities at high frequencies. At intermediate frequencies, the viscous interac-
tion between fluid and solid will be a maximum and maximum attenuation will
oceur.

Within the past 10 years, attempts have been made to relate the squirt-flow
mechanism to measurable properties of a porous medium for a range of frequen-
cies. Dvorkin & Nur (1993) linked the frequency dependence of squirt-induced
pressure in the soft cracks with the porosity and permeability of the soft-pore space
and the characteristic squirt-flow length. They modeled seismic-velocity dispersion
and attenuation in fully saturated rocks by employing the squirt-flow mechanism.
The theoretical predictions were matched with the experimental measurements
of attenuation or velocity. Akbar et al (1993) related the squirt mechanism to
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permeability by using a solution based on simplified pore geometry (needlelike
pores). In another paper, Akbar et al (1994) used the squirt-flow mechanism to re-
late the effective dynamic-bulk modulus of a rock to macroscale parameters such as
permeability, porosity, dry-bulk modulus, and fluid and gas properties. They inves-
tigated the influence of the fluid distribution on the viscoelastic behavior of a porous
material on both local and global scales and proposed a macroscopic (global) squirt-
flow mechanism that refers to flow between fully saturated “patches” that are
much larger than the grain size and unsaturated patches when the saturation is
partial or not uniform. In their model, the macroscopic squirt mechanism domi-
nates at low frequencies (0.001-1 Hz), whereas at higher frequencies the fluid is
macroscopically unrelaxed (trapped in stiff portions of the rock) and the system
behaves as if it is uniformly saturated on a macroscale. The microscopic squirt
mechanisms dominate at high frequencies (10 Hz—-10 kHz) and result in another
peak in the attenuation curve as a function of frequency (Figure 4). The character-
istic frequencies of the local squirt flow and global squirt flow depend on the scale
of the fluid distribution, frequency, and saturation as well as the fluid and gas pro-
perties and the macroscopic properties of the rock, such as porosity, permeability,
and dry-bulk modulus. Dvorkin & Nur (1993) combined the Biot flow and local
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(squirt)-flow mechanism for partially saturated rocks. They hypothesized that be-
cause both mechanisms may operate in a porous rock simultaneously, these two
modes of solid-fluid interaction will affect each other via fluid mass balance. The
integrated model (the Biot and squirt-flow model) gives more-realistic estimations
of seismic-wave attenuation and velocity dispersion as functions of measurable pa-
rameters such as frequency, porosity, permeability, and fluid viscosity (Figure 5).

Physicochemical Interaction between Fluid and Solid

Murphy et al (1984) developed a model predicting the frame bulk modulus reduc-
tion in sedimentary rock as a function of fluid chemistry and effective pressure
based on contact theory (contacts between grains) and surface chemistry. They
showed that at low pressure the stiffness of contact decreases with decreasing sur-
face energy. The adsorption of different chemicals (n-hexane, benzene, methanol,
and water) onto quartz surfaces lowered the surface energy, which weakened the
contact stiffness and thus reduced the frame bulk moduli. The reduced frame
bulk moduli increased seismic-wave attenuation. Their model showed qualitative
agreement (Figure 6) with the experimental data of Clark et al (1980).
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Figure 5 Attenuation coefficient vs permeability from the Biot and squirt-flow theory
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Scattering Loss

For dry rocks, attenuation mechanisms primarily result from scattering (Winkler
1983, 1985). In rocks fully or partially saturated with pore fluids, seismic waves
scatter from pores and immiscible-fluid interfaces (Geller & Myer 1995, Seifert
et al 1998). The next sections present a review of attenuation caused by scattering
from inclusions and thin layers.

Inclusion Model TFor wavelengths that are long relative to pore sizes, a porous
medium can be approximated by an equivalent homogeneous medium with ef-
fective elastic coefficients. Theoretical formulations for the elastic moduli of a
homogeneous or multiphase medium with inclusions have been studied by a num-
ber of investigators (Hashin 1962; Walsh 1965, 1969; Wu 1966; Kuster & Toksoz
1974a,b; Berryman 1980).

In early classical averaging schemes (Voigt 1910, Reuss 1929, Gassmann 1951,
Hill 1952), the pore geometry is not taken into account directly; only the physical
properties and concentrations of components are used to predict effective elastic
properties of the complete porous medium. Later models make a simplified as-
sumption of the microstructure of granular porous media. The porous medium is
idealized as a homogeneous background hosting isolated inclusions with simple
geometric shapes (spherical, elliptical, and crack shaped), or the host medium is
also considered to be a composite. Single- or multiple-scattering-wave theories
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(Kuster & Toksoz 1974a,b; Devaney 1980; Hudson 1981, 1990; Varadan etal 1989)
have been used to compute the phase velocity and attenuation in porous media.
Kuster & Toksoz (1974a,b) used a statistical distribution of pores (pore
shape) and considered the pores as a set of inclusions in a rock matrix. Under the
assumption that the inclusions did not overlap, a wave unitary scattering method
was applied to describe the generated elastic field. In the laboratory, they measured
the velocity and attenuation of ultrasonic waves propagated through solid spherical
beads suspended in different liquids (pure water, oil, acetylene, and tetrabromide).
The predicted velocities from the scattering model (scattered by the “effective
composite medium”) fit the measured data well (Figure 7). The attenuation was
also computed by considering the inelasticity of the particles (inclusions), the
scattering by the inclusions, and the matrix viscosity. Berryman & Berge (1996)
suggested that the scheme of Kuster & Toksoz (1974a,b) should be used for di-
lute inclusion concentrations, whereas self-consistent approaches (Berryman 1980)
or differential effective medium approximations (Walsh 1965, Clealy et al 1980,
Berge et al 1993) are reasonably accurate in predicting the elastic properties for
high inclusion concentrations. Different sediments or rocks should be modeled by
different models to obtain the best result (Berge et al 1993, 1995). For example,
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Figure7 Normalized effective velocity vs volume concentration of inclusions for a water-
polystyrene suspension. Normalized velocity is the ratio of the observed velocity to the
velocity of pure matrix material (water in this case). Experimental data are shown by solid
circles. The numbers next to the theoretical curve indicate the model numbers: 1, the model
of Mal & Knopoff (1967); 2, the model of Kuster & Toksoz (1974); 3, the Reuss (1929)
average; 4, the Hill (1952) average; 5, the Voiget (1910) average; and 6, the time average
model (Kuster & Toksoz 1974).



SEISMIC WAVES IN POROUS MEDIA 433

well-consolidated rocks with a granular microstructure would be best modeled
by using the self-consistent approach, whereas rocks having more-isolated cracks
and pores, such as basalt, would be best modeled by using a differential effec-
tive medium. However, none of these theories can provide control over the de-
tailed microstructure of the modeled composites (e.g. intergranular cements). It is
suggested that such theories require substantial modifications in order to account
for the special properties of grain contacts (Dvorkin et al 1999),

Thin-Layer Model Shapiro et al (1993, 1994) gave a complete theory for one-
dimensional scattering for a one-dimensional correlated layered medium that spans
the entire range of frequencies from effective-medium to ray theory and therefore
includes all the scattering regimes. Their theory shows that attenuation depends on
kd cos 6 where k is the wave number, 4 is the correlation length of the medium, and
¢ is the angle of incidence. They predicted that maximum attenuation will occur
at kd = 0.5. Marion (1994) suggested that for uncorrelated layers, the seismic
velocity depends on the ratio of the wavelength to the layer thickness. Seifert et al
(1998) conducted laboratory and numerical studies using the theory of Shapiro et al
(1994) to study the mechanisms of P-wave transmission through NAPL-water-sand
systems. In one dimension, the three-phase system is approximated by interleaved
thin layers of different thickness, each composed of a single phase. The results
show that P-wave scattering can explain the main features of the P-wave velocity
and attenuation in unconsolidated porous media partially or fully saturated with
two immiscible fluids (Figure 8a,b). This represents an alternative explanation to
the theories that describe local fluid flow as the dominant mechanism for seismic-
wave attenuation and velocity dispersion.

EFFECT OF PORE FLUID ON
SEISMIC-WAVE PROPAGATION

Viscosity

The effect of fluid viscosity on seismic-wave attenuation and velocity is compli-
cated because the seismic response is frequency dependent. Experiments (Wyllie
et al 1962, Nur & Simmons 1969, Batzle et al 1999) have been performed on
rock saturated with glycerol, whose viscosity depends on the temperature. Thus,
by varying the temperature of the saturated sample, the effect of viscosity on
seismic-wave velocity and relative attenuation can be measured. Nur & Simmons
(1969) have shown that viscosity produces frequency-dependent seismic behavior.
Gordon (1974) made a similar observation for water-saturated crystalline rocks.
Dvorkin & Nur (1993) theoretically calculated the seismic velocity for arock as a
function of fluid viscosity by using the unified Biot and squirt-flow model. They ob-
served that velocity dispersion increased with increasing fluid viscosity (Figure 9).
Batzle et al (1999) measured S- and P-wave velocity of Upper Fox Hill sandstone
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for both dry and glycerin-saturated conditions at 22 and 63°C (Figure 10a.b). The
results showed that both shear and compressional wave velocities exhibited little
frequency or temperature dependence in dry conditions. However, when the sam-
ple was saturated with glycerol, the sample exhibited strong velocity dispersion.

Surface Chemistry

Several investigations have been performed to examine how fluid properties af-
fect fluid-grain interactions, thereby affecting acoustic-wave attenuation. Exper-
imental studies have shown that a small amount of water can dramatically affect
seismic-wave attenuation (Clark et al 1980, Tittman et al 1980, Cadoret et al
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1998). Clark et al measured the attenuation and velocity of several sandstones and
limestones as a function of adsorbed-water mass. The results showed that shear-
wave attenuation increased very sharply during the initial adsorption of water. They
hypothesized that the initial monolayer or two of adsorbed water vapors will be
closely bonded to the mineral surface and will contribute to the dissipation of
seismic energy. Tests were also performed by Tittmann et al (1980) to study the
relationship between type of volatile fluid and seismic-wave attenuation. The
conclusion was that the dipole moment per unit molecular volume is the most im-
portant parameter affecting wave attenuation in rocks that contain a small amount
of adsorbed volatile fluid. The polar nature and small molecular sizes of water and
alcohol lead to greater volatile-fluid adsorption; stronger bonds, which decrease
surface energy: and more attenuation. Benzene and hexane are not polar molecules
and thus have no effect on wave attenuation (Figure 11).

Moerig (1996) studied an artificial sample consisting of wedge-shaped cracks
made from glass. They found that adsorbed water vapor had no effect on wave
attenuation or the stiffness of the artificial sample. Instead, they suggested that
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surface wettability is an important factor that affects the stiffness of grain-to-grain
contacts and the attenuation of seismic waves in the sample. After exposure to a
detergent (or methanol, propanol, or acetone), the glass surface was contaminated
with carbon-based molecules. This caused the surface to change from hydrophilic
to hydrophobic, which altered the pattern of flow and changed the frequency
dependence of the attenuation (Figure 12a,b). They also observed that a meniscus
of a high-surface-tension fluid acts like a membrane that can stiffen the sample
by adhering to the solid surfaces. The addition of a detergent to water reduces
the surface tension. The reduction in surface tension reduced the stiffness and
increased the attenuation.

Understanding the effect of surface tension and the resulting meniscus on
seismic-wave attenuation and velocity is important for seismic monitoring of ter-
tiary oil recovery or contaminant remediation. Light NAPL spilled in a vadose zone
can form lenses in the capillary fringe above the water table. Schroth et al (1995)
found that the LNAPL-water interfacial tension was a function of NAPL-water
contact time (10% change in 1.5-6 h). On the basis of the work of Moerig (1996),
this suggests that seismic measurements could be used to monitor changes in the
fluid-solid-fluid interaction in the vadose zone.
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Figure 12 Attenuation (1/Qr) and stiffness ratio (Ky,,,/Kep) of a dry and partially water-
and water/detergent-saturated sample. (From Moerig 1996.)

Ion Concentration

Tn an aqueous system, the fine particles of sediment carry charge on the surface
and create a “diffuse double layer” around the particle. The first layer of cations
is attached to the surface of the particle, and the second layer consists of a dis-
tributed charge around the particles. This arrangement produces a net charge that
is strongest at the bond layer and decreases exponentially with distance from the
particle. When the electrolyte in the fluid moves relative to a solid during seismic-
wave propagation, an electric field is generated and energy is dissipated. The
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potential associated with this electric field is called the streaming potential, and it
causes ion migration. Ivanov (1939) observed the “electroseismic effect,” which
is the anomalous electric potential generated in the near-surface layers of the earth
by a passing seismic wave. Pride & Morgan (1991) analyzed the electrokinetic
dissipation induced by seismic waves as a function of ion concentration and pore
size by testing a planar quartz duct filled with a symmetric electrolyte subjected
to a time-harmonic pressure gradient. They concluded that when the saturating
fluid is of low molality and the pore size is small, the electric double layer 18
thick relative to the pore size and the electrokinetic effects become important in
retarding relative flow in a porous medium. The retardation of flow affects the
dissipation of energy caused by relative motion between the solid and fluid. They
suggested that laboratory experiments should maintain the same order of concen-
tration in the pore water as in the in situ rock to avoid the different electrokinetic
effects. They also pointed out that when a rock is saturated with crude oil, ow-
ing to the extremely low electrical conductivity of crude oils, high electrokinetic
dissipation should be included. Elektorowicz & Konyukhov (1995) studied the
influence of contaminant concentration on the acoustic properties of soft sediment.
The electrical force can change acoustic properties of the sediments because the
contaminant concentration in a medium strongly influences the interaction forces
between particles and thus the acoustoelasticity of the medium. They combined
previous work (Galvez 1989, Pride & Morgan 1991) on the streaming potential vs
the heavy-metal concentration in the sediments and the potential’s effects on sound
attenuation to propose a new tool for using surface wave modulation to study the
dynamic properties of the uppermost layer of soft sediments.

Li & Pyrak-Nolte (1998) reported that compressional-wave amplitudes increase
and then decrease as a function of the ion exchanges between grains and pore water.
They calculated both van der Waals potential and electrostatic repulsive potential
between sediment grains and suggested that when the total ion concentration in the
pore water reached a minimum, the electric double-layer repulsive force exhibited
a maximum value, which produced a maximum reduction in the contact stiffness
(Figure 13a.,b).

Saturation Conditions

Theoretical and experimental studies of various gas, water, and oil saturations
(Bacri & Salin 1986, Knight & Nolen-Hoeksema 1990, Cadoret et al 1995, Geller
& Myer 1995, Knight et al 1998) have shown that the relationship between fluid sat-
uration and both seismic-wave velocity and attenuation is complicated because the
spatial distribution of fluid in the rock affects the viscoelastic response of a porous
material (Biot 1956a,b; O’ Connell & Budiansky 1977; Akbar et al 1994). In addi-
tion, the size (relative to wavelength) of heterogeneity in the rock induced by im-
miscible fluids plays an important role in seismic wave propagation (Geller & Myer
1995, Cadoret et al 1995). Many factors (i.e. pore structure and distribution, fluid
properties, flow rate, and saturation history) have an impact on fluid distribution.
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For example, reservoirs with heterogeneous permeability distributions most often
develop large gas- or liquid-saturated pockets (Akbar et al 1994).

Mechanisms for velocity dispersion and seismic-wave attenuation are usu-
ally based on a combined effect of scattering and intrinsic attenuation. Geller
& Myer (1995) measured compressional-wave velocity and normalized amplitude
as a function of NAPL saturation in initially water-saturated synthetic sediment
composed of glass beads. They used n-dodecane, iso-octane, and freon for the
NAPL. The results showed that both velocity and amplitude decrease with in-
creasing NAPL saturation. However, the magnitude of the decrease in amplitude
differed for each NAPL. Seifert et al (1998) related these results to the flow insta-
bility and viscous-fingering phenomena produced by the displacement of a more-
viscous fluid by a less-viscous fluid in a homogeneous porous medium. They
photographed the displacement of water by NAPL in a thin, glass-walled sandbox.
The results showed that n-dodecane (which is more viscous than water) had a sta-
ble fluid front that migrated downward, whereas iso-octane (which is less viscous
than water) exhibited fingering with large residual pockets of water. The viscous
fingers caused stronger wave scattering, which may explain the measured data of
Geller & Myer (1995).

Several experiments have been conducted on the saturation processes and
the seismic responses of different rocks (Bacri & Salin 1986, Knight & Nolen-
Hoeksema 1990, Cadoret et al 1995). In general, it was found that during drainage
[i.e. injection of nonwetting fluid (gas or oil) in rock fully saturated with wetting
fluid (water)] a linear decrease in compressional-wave velocity with increasing
fluid saturation occurred over a wide range of saturation. This behavior differed
dramatically from the change in compressional-wave velocity that occurred during
imbibition, where only at saturations very close to 100% does velocity show a very
steep increase (Figure 14).

Bacri & Salin (1986) reported measurements of the velocity variations in French
Vosgian sandstone saturated with both oil and water, at different concentrations,
from imbibition and drainage processes. They used an extension of the Biot-
Gassmann theory for porous media saturated with two immiscible fluids. During
the drainage process, the wetting fluid is linked to the grain contacts. Asaresult, the
elastic moduli of the frame are assumed to be the moduli associated with the wet-
ting fluid in contact with the frame, and the fluid is considered an effective mixture
of oil and brine (wetting and nonwetting fluids). Using this Biot-Gassmann the-
ory, they computed the velocity of sound at different levels of brine saturation
that quantitatively matched the measured data. However, during imbibition,
when wetting fluid is injected into the rock, only a portion of the wetting fluid
is in contact with the grain contacts; the other portions of the wetting fluid are
dispersed as pockets in the nonwetting fluid. In order to apply the Gassmann the-
ory, more knowledge of the topology of oil and water (or nonwetting and wetting
phases) around grain contacts is required.

The topology of residual phase distribution around a grain contact depends on
the pore structure, pore size and distribution, surface property of pores, etc, all
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of which affect nonwetting-phase displacement and entrapment. The influence of
particle size, which is expected to be related to pore size, on residual saturation
was analyzed experimentally by Wilson & Conrad (1984). It was found that, in un-
saturated media (three fluid phases), residual saturation increased with decreasing
patticle diameter. However, experiments conducted with saturated media (two
fluid phases) show no influence on residual saturation by particle size. Wilson &
Conrad (1984) found a higher Sn, in sandstones than in glass beads. The higher
Sn, in sandstone was attributed to the smaller pore throats and lower degree of
connectivity associated with the lower porosity (¢) (¢ = 20% for sandstone and
38% for glass beads). Hoag & Marley (1986) also studied the impact of particle
size on Sn,. They reported that when porous media went from being dry to be-
ing partially saturated, a more significant reduction of the Sr, occurred in coarse
sands than in finer sands. The Sx, ranged from 14-55% in initially dry, coarse, and
fine sands, respectively. They concluded that particle grain and pore size were of
primary importance in controlling the Sn,.

For unconsolidated uniform porous media, particle size (grain size) is directly
related to permeability and determines how easily fluid can pass through the
medium. Particle/pore size and spatial distribution also affect the trapped blob
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(residual saturation) size distribution. The effect of pore geometry ( aspect ratios)
on seismic-wave propagation through partially saturated porous media has been
studied by several investigators to determine the effect of partial saturation on the
local-flow attenuation mechanism. Aspect ratio has an important influence on oil
retention (Chatzis et al 1983); for example, the fraction of oil trapped in single
pore bodies increases when the aspect ratio increases. Endres & Knight (1991)
explored the effect of pore aspect ratio on seismic-wave velocity of different
distributions of fluids in the pore space—a mixture of gas and liquid in all of
the pores. They assumed ellipsoidal pores with a range of aspect ratios with thin
cracks being compliant and round pores being stiff. Their results show that at
high frequencies the rock is stiffer in both bulk and shear modes when liquid
occupies the compliant cracks and that the rock is more compliant when there
is gas in the compliant cracks. Mavko & Nolen-Hoeksema (1994) modeled the
effects of different fluid distributions in a pore space with a distribution of compli-
ances. They extracted information about the compliance of cracks at low confin-
ing pressures from high-pressure velocity data and used dry-rock data to predict
the range of behaviors when pore fluids are introduced by using squirt theory.
Their results suggest that two scales of saturation are important: the pore scale
and the scale of saturated and unsaturated patches or regions of the porous
medium (Figure 15). Akbar et al (1994) investigated the influence of the
fluid distribution on the viscoelastic behavior of a porous material on both
local and global scales by employing the squirt-flow mechanism. They found
that when fluid distribution is nonuniform, two mechanisms contribute to
attenuation. The macroscopic squirt dominates at low frequencies, and the micro-
scopic squirt dominates at higher frequencies. Their model showed a quantita-
tively good fit to the measured data of both drainage and imbibition processes
(Figure 16).

Knight et al (1998) showed that, under conditions of capillary equilibrium,
different lithologies within a reservoir can have different saturations (patchy sat-
uration), depending on the porosities and permeability (Figure 15). The hetero-
geneity in fluid distribution at the pore scale and the macroscale introduces a
frequency-dependent stiffening of compliant regions. At the microscale, the pore
fluid accumulated in thin compliant pores can flow freely into the dry pore space
(the squirt-flow effect) at low frequencies. However, at high frequencies, the pres-
sure equilibration does not take place. Pore fluid located in the thin compliant
pores is therefore “locked.” The fluid reinforces the compliant pores and thus acts
to increase acoustic velocity. At the macroscale, at low frequencies, pore fluid can
flow easily between a saturated patch and the neighboring undersaturated patch.
Thus, the saturated patch is drained (or partially drained) in response to the passing
wave. At sufficiently high frequencies, pore fluid is trapped in the saturated patch
and the apparent stiffness of the patch becomes that of a fully saturated infinite
rock region. Therefore, if pore fluid is arranged in patches, the apparent stiffening
of partially saturated rock in response to a sound wave may take place even at low
frequencies because of macroscale variation in the saturation.
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Figure 15 Concept of “patchy” saturation. The thinnest, compliant parts of the pore space
can be wetted throughout the rock, but on much larger scales some patches of the rock are
undersaturated while other patches are fully saturated. (From Mavko & Nolen-Hoeksema
1994.)

TOMOGRAPHIC IMAGING OF RESIDUAL
HYDROCARBON IN WATER-SATURATED SEDIMENTS
Introduction

The detection of migration of an immiscible phase through a porous medium is
an important task in oil and gas production, as well as in monitoring subsurface
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Figure 16 Bulk modulus calculated from measured V), and Vy vs total water saturation
for drainage and imbibition in tight gas sandstone using local and global squirt-flow theory
(dashed line). The experimental data points are from Knight & Nolen-Hoeksema 1990.

(From Akbar et al 1994.)

contamination. Laboratory studies have shown that as an immiscible fluid phase
migrates through a saturated porous medium, it leaves residue in the pore space
or at grain contacts. In shallow sediment aquifers, the sediment structure may be
disturbed by the motion of the fluid during flow (e.g. grain compaction or sep-
aration). On the macroscale, the flow of immiscible fluids in a porous medium
results in uneven saturation that is caused by the heterogeneity of the sediment
structure (i.e. the spatial and size distribution of grain size and shape, porosity, and
permeability) and by the difference in the flow rates, viscosities, and densities of
the fluid phases. All of these effects result in an alteration of the elastic properties
of the porous medium. Changes in the elastic properties of a porous medium will
affect the properties of acoustic waves. As shown in the previous sections of this
paper, the acoustic properties of a porous medium depend on the elastic moduli
of the porous medium (Dvorkin et al 1994b, Ecker et al 1998), the bulk modulus
of the pore fluid (Knight & Nolten-Hoeksema 1990), and the interaction between
the solid and fluid (Biot 1956a.b, 1962; O’ Connell & Budiansky 1977; Clark et al
1980). Thus, in principle, seismic data should indicate the passage of an immis-
cible fluid through a porous medium. However, the location of the immiscible
fluid phase within the pore (at grain contact or in the center of the pore) and the
distribution of the immiscible fluid phase in the sample (homogeneous saturation
or patchy saturation) also impact the seismic-wave response (Akbar et al 1994,
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Mavko & Nolen-Hoeksemal994). Many laboratory studies have been conducted
on seismic-wave propagation on different sediments and sedimentary rocks satu-
rated with various fluids, but on the basis of the available literature it appears that
all the laboratory measurements are restricted to one-dimensional measurements
of seismic velocity and attenuation. Although the results give certain insights into
and explanations of the mechanisms of seismic-wave velocity dispersion and at-
tenuation in partially saturated or unsaturated porous media, they do not yield
information on the spatial distribution of either the sediment grains or the pore
fluids. In this section, we present results from an acoustic-tomography approach
to detect the passage of an immiscible fluid through unconsolidated sediment and
to study the effect of the saturation and spatial distribution of a residual phase on
the acoustic response.

Samples

In this study, water-saturated unconsolidated synthetic sediments were created
from glass beads saturated with deionized water. Two sizes of glass beads were
used: (a) average diameter of 300 um (fine grain) and (b) average size of 640 pm
(coarse grain). Two synthetic sediment structures (Figure 17) were packed in
plastic cylindrical containers measuring 220 mm in diameter and 200 mm in
height. The samples included (a) a homogeneous sample composed of coarse
grain beads and (b) a sample composed of vertical coarse-grain columns embed-
ded in a fine-grain matrix. The immiscible fluid used in these experiments was
molten paraffin. The physical properties of soda-lime glass beads, paraffin, and
water are listed in Table 1. A block with a mixture of solidified paraffin and glass
beads was placed at the bottom of the sediment.

640 p m

(@) (b)

Figure 17 Two idealized sediment structures were created from soda-lime glass beads;
two sizes of glass bead were used: 300 pm (fine grain) and 640 pm (coarse grain). Ho-
mogeneous coarse grain (a) and vertical coarse-grain (b) columns were embedded in a
fine-grain matrix.
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TABLE 1 Physical properties of the synthetic sediments and fluid"

Melting Shear Bulk
Density  Viscosity Point Modulus Modulus
Substance (kg{m3) (mPa s) (“C) Vo (m/s) Vg(m/s) (MPa) (MPa)
Water 9970 0.890" 1497 0 0 2.250°
Paraffin 3,7¢ 12014 0
(100°C)
Paraffin 900° 53-57¢  2097¢ 842d 0.6384 3.107¢
(solidified)
Soda-lime 2405° 6789° 3263¢ 25.6° 76.71¢
glass
"W, p-wave velocity: Vi, seismic-wave velocity,

"Data are from Geller & Myer 1995,

“Data are from manulacturer Aldrich.

IMeasured by the authors.
“Data are from Press 1966,

Samples were heated for 3 days at a constant temperature of 85°C to allow
the paraffin to melt and to flow through the sample. A nominal load was place on
the top of each sediment samples to prevent the heaving of the sediment during the
density-driven flow. After the sample cooled down to room temperature and the
residual paraffin solidified, acoustic tomography was used to image a cross-section
of the sample.

Experimental Setup and Procedure

Acoustic measurements were made with an acoustic tomographic imaging sys-
tem. The system (Figure 18) is composed of a high-voltage pulse generator (IRCO
model M1K-20), an oscilloscope (Lecroy Co. model 94136), two computer-
controlled rotary stages (Newport Co. model URM100PP and Motion Master
2000), two to four water-coupled broadband plane-wave piezoelectric transducers
(Panametrics Co.) with a central frequency of 1 MHz, and a barrel to hold the
sample and water (the fluid coupling the transducers and the sample). The pulse
generator generates a square pulse with an output of ~100-400 V with a width
of 400 ns and a repetition rate of 100 Hz. The oscilloscope can record up to four
channels concurrently. Immersion transducers were used to ensure uniform coup-
ling of the transducer and sample at different sampling locations. One transducer
was used as a source to send out the acoustic signals; the other transducers were
used to receive the acoustic signals after the signal had passed through the sample.
The transmitted signal was recorded every 5° for 46 receiver positions, resulting
in a scan fan with 230° coverage per source position. Sixty-eight source positions
were used for a total of 3128 waveforms.
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Central Frequency 1 MHz

Figure 18 Experimental apparatus and data collection. Water-coupled piezoelectric trans-
ducers (1 MHz) were used to send and receive acoustic si gnals. Two computer-controlled
rotary stages were used to move the source and the three receivers, independently, in 5
increments. Time-of-flight tomography was used to reconstruct several cross-sections of
the sample.

To investigate the effect of paraffin migration on the acoustic response of a sam-
ple, experiments to measure the acoustic characteristics of the sediments pre- and
postheating were performed at 25°C. A two-dimensional time-of-flight technique
(Brzostowski & McMechan 1992) was used to reconstruct a cross-section of both
sediment samples. The reconstruction quantity was the differential apparent at-
tenuation; in other words, for each postheating experiment; the first peak-to-peak
amplitude of the signal was normalized by the preheating peak-to-postheating peak
amplitude at the same source-receiver location. The inverse of this ratio was used
to solve for differential attenuation.

After the acoustic measurement was performed, the sediment with residual
paraffin was excavated and analyzed by subvolumes to determine the concentration
of residual paraffin. At each depth, the sample was sectioned into ~100 voxels by
using a rectangular grid with a depth of 8 mm. A gravimetric technique was used to
determine the residual-paraffin concentration of sample. Each subvolume of sedi-
ment was bathed in hexane to dissolve the residual paraffin. The volume fraction of
the residual wax is obtained from the equation fo = Wp/(Wp.$), where f, is the
volume fraction of residual paraffin, W, is the weight of the residual paraffin, W, is
the weight of the dried sediments, p, is the density of the sediments, and ¢, is the
porosity of the sediments. The residual-paraffin concentration maps are compared
with the acoustic tomograms at each sample depth to examine the effect of satu-
ration and the effect of the spatial distribution of the residual paraffin on acoustic-
wave propagation. The microscopic spatial distribution of paraffin within the pores
and at grain contacts was examined by scanning electronic microscopy (SEM).
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. 9B
Results and Analysis

Paraffin Flow in Homogeneous Sediments Acoustic tomography was per-
formed at several depths of the homogeneous coarse-grain sediment sample
(sample a) before and after paraffin flow through. The acoustic signals changed
significantly after paraffin migrated though the sediment. Figure 194 (see color
insert) shows the relative effective attenuation tomogram of a cross-section of
sample a. The term “relative” means that the tomogram was reconstructed on
the basis of the ratio of the pre- and post-paraffin-flow signal amplitudes. At the
same depth as the acoustic measurements, a residual-paraffin concentration map

paraffin concentration values are volume percentages of paraffin residue in the
pore space. For this sample, the overall residual-paraffin concentration is low
(<1%). Most of the paraffin was observed to migrate to the top of the sample; only
a small amount of residual paraffin was left in the pores. Figure 195 (sce color
insert) shows that, within the sampled Cross-section, the outer regions of the sample
have a relatively higher residual-paraffin concentration (~0.5%) than the central
regions ( <0.01%). In the central region, the amount of paraffin residue was rela-
tively low but corresponded to a region with a hi gh relative acoustic attenuation;
in other words, the am plitude of the signal decreased relative to the pre-paraffin-

paraffin within the pore space. The samples were taken from a depth not analyzed
for paraffin concentration, Two residual-paraffin distribution patterns, correspond-
ing to different acoustic signature of the sediments, were observed: thin paraffin
bridges and small patches of paraffin,

Thin bridges of paraffin between sediment grains (Figure 20a) occurred mainly
in the outer regions of the sample, where the paraffin residual content was relatively
high (~0.5%). The paraffin partially coated the surface of the grains and formed
a bridge between the two beads. Behind the brid £¢, no paraffin was observed. It
was hypothesized that the paraffin bridge behaved like a soft cement and stiffened
the contact of the grain, which can result in an increase in the bulk modulus of the
sediment (Dvorkin et al 1991, 1994b) and increase seismic-wave amplitude.

Unevenly distributed small patches of paraffin on the surface of the grain
(Figure 205) were found in the central regions of the sample, where the residual
paraffin concentration is low (<0.01%). The paraffin was observed to be unevenly
distributed on the surface of the grain, forming tiny spots as surface contamination
(Figure 20). It is known that chan ging the surface properties of grains affects the
physicochemical interaction between the grain surface and pore water (Moerig
1996), which results in changes in the grain surface energy. This may be a mecha-
nism that contributes to the high-level seismic attenuation observed in the regions
with small-patch paraffin distribution.
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Figure 20 SEM micrographs of the distribution of the residual wax on the surface of the glass
beads. (a) In the regions with low attenuation and high wax concentration, the residual wax formed
thin bridges between two beads. The bridge behaved like soft cement, which can strengthen the
contact stiffness and increase the bulk modulus. (b) In the regions with high attenuation and low
wax concentration, the residual wax was unevenly distributed on the bead surface, which indicates
variable wettability,

Sediment Structure Control of Paraffin Flow Insample b, two sizes of sediment
were used in packing the sample. The cross-sections of the samples were imaged
before and after the flow of paraffin with the goals of (a) delineating the sediment
structure, (b) determining the paraffin flow path, and (c) detecting the residual-
paraffin saturation.

In the acoustic tomogram obtained before the flow of paraffin, only the boun-
daries between the regions with different grain sizes can be (barely) discerned as the
yellow regions (Figure 215, see color insert) of the relative attenuation tomogram
for sample b. After the paraffin flow was applied, regions with different grain sizes
had different acoustic responses (Figure 21¢). The acoustic energy is highly at-
tenuated (red regions in Figure 21¢) and the acoustic velocity is increased in the
coarse-grain region compared with the pre-paraffin-flow tomogram. In the fine-
grain regions of the sample, there are no major changes in acoustic responses
pre- and post-paraffin flow. Comparing the acoustic tomogram with the residual-
paraffin concentration map (Figure 21d, see color insert), it is observed that
regions with high-level effective seismic attenuation correspond to regions with
high paraffin residue concentrations; in other words, a 0.8-cm ™' increase in effec-
tive attenuation corresponded to a 15% volume of residual paraffin. Regions with
low-level seismic attenuation were observed to correspond to regions with low
residual-paraffin concentrations. These observations suggest that molten paraf-
fin flowed predominantly in the highly permeable coarse-grain portions of the
sediments.
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The spatial distribution of paraffin within the pores was examined by optical
microscopy and SEM. “Fine fingers” of paraffin (i.e. the residual paraffin filled only
the center of pore space and left the grain contact region unfilled) were observed in
coarse-grain regions of the sample (Figure 22). In the fine-grain size regions, no
paraffin, or only a tiny amount of paraffin, was found on the surface of the grain.

Paraffin Saturation versus Seismic Response To study and verify the acoustic
behavior observed in the acoustic tomograms, control experiments were performed
on smaller samples to study the effect of residual-paraffin saturation on wave prop-
agation. Acoustic mapping was performed on samples with a diameter of 31 mm
(Figure 23a). In acoustic mapping, the source and receiver are diametrically op-
posed and are moved concurrently to sample the change in acoustic-wave velocity
and amplitude as a function of position. The paraffin was assumed to be distributed
uniformly at a given depth and within a particular cross-section. The acoustic
velocity of sediments without paraffin is ~1730 m/s. Figure 23b shows the dif-
ferential seismic velocity as a function of the residual-paraffin concentration. The
acoustic-wave velocity increased monotonically with increasing residual paraffin
in the pore space.

Dvorkin’s contact cementation model (Dvorkin et al 1991, 1994b), a modified
Voigt-Reuss-Hill model (Dvorkin & Nur 1996), and Kuster’s inclusion model

Figure 22 SEM micrographs of the residual paraffin in the pore. The paraffin formed
“fine fingers™; that is, it filled only the center of pore space, leaving the grain contact region
unfilled.
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Figure 23 (a) Control experiments were performed on samples with a diameter of 31 mm.
(£) The results show that the differential seismic velocity monotonically increased with an increase
in residual wax concentration in the pore space. (c) However, the wave amplitude exhibited a more
complicated behavior. At ~1-3% pore filling, the wax residue formed bridges (see Figure 20a)
between two beads and the acoustic-wave amplitude increased relative to the pre-wax-flow ampli-
tude. At ~5-40% pore filling with paraffin, the residual wax formed thin fingers (see Figure 22)
in the center of the pores and the acoustic-wave amplitude decreased relative to the pre-wax-flow
amplitude. When the pore space was 100% filled with wax, the wave amplitude increased.

(Kuster & Toksoz 1974a) were used to calculate the acoustic-wave response
for different residual-paraffin saturation levels (Figure 24). Dvorkin’s contact
cementation model was used to estimate the effective bulk and shear modulus
of the dry rock assuming that the residual paraffin is concentrated at grain contacts
(upper bound) or envelopes the grains (lower bound). Residual paraffin is treated
as part of the solid phase. The averaged bulk modulus of solid phase, K., is also
calculated by using the Voigt-Reuss-Hill average (Ecker et al 1998) for comparison:

il f 11—\
Ks—i{fl(g—l-(l—f)!{p—#{[(g—l—( X, H }
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Figure 24 Normalized velocity as a function of residual saturation. Circles represent the
experimental data; lines are theoretical calculations from (1) Kuster’s inclusion model,
(2) a modified Hashin-Shtrikman model, and (3) Dvorkin’s contact cementation model
(upper and lower bounds).

where K, and K|, are the bulk moduli of the glass beads and paraffin, respectively.
and f'is the volume fraction of the glass beads in the solid phase.

The effective bulk and shear moduli of the water-saturated rock were also cal-
culated for comparison, using Gassmann’s (1951) formulas (from Ecker et al
1998):

(1 + PV KKy

dKary — —x, . T KAr

KquuruLcd — K KrKh\ 5

(1 - )K; + oK, — %

and
Gsatu rate — Gdr}-‘ B

where K pae 81d G yare are the bulk and shear moduli of the saturated rock,
respectively; Ky, and G, are the bulk and shear moduli of the dry rock, respec-
tively; Ky and Gy are the bulk and shear moduli of the fluid phase, respectively; K.
and G, are the bulk and shear moduli of the solid phase, respectively; and ¢ is thc
porosity of the rock.
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The velocity of a P wave is given by the equation

4
K.\'utura[e ar i(lsulumle
V= : :
Psaturate

where P 18 the density of the saturated rock.

The calculated velocity (Figure 24) is normalized by the value for the sediment
with no residual paraffin and compared with the normalized measured data. Large
deviations from both the upper bound and lower bound of Dvorkin’s model were
found. No rapid increase in the acoustic-wave velocity for low levels of residual
paraffin saturation was observed in the data. The poor fit to the cementation model
is hypothesized to result from the thin paraffin bridges between the grains, which
left no paraffin at the contact zones between grains (Figure 20a). This is very
different from the assumption made in Dvorkin’s model for the distribution of
wetting cementing materials that fill in the grain contact regions. In the case of
paraffin, the contact stiffness may not increase as quickly as occurs when the whole
contact zone is completely filled with a cement.

A modified Hashin-Shtrikman model (Dvorkin & Nur 1996) and Gassmann’s
formulas were also used to calculate P-wave velocity of the water-beads-
paraffin residue system by assuming that the paraffin residue is located in the center
of the pore and does not affect the elastic moduli of the dry rock frame (Figure 24).
The contacts of the grain are calculated from the Hertz-Mindlin contact theory. The
paraffin is treated as part of the fluid phase, and the fluid-phase bulk modulus (K ;)
is calculated by using the Reuss average (from Ecker et al 1998),

s 1-8\""
Knia= [ — + .
flud (Kp Kw)

where K., is the bulk modulus of water and S is the residual saturation. The calcu-
lated result shows that the residual saturation causes only a small increase in velo-
city owing to the increase of the average bulk modulus of the fluid phase. This
model underestimated the velocity increase rate, which might suggest that part of
the residual paraffin does affect the grain contact stiffness, but not to the extent of
a soft cement.

In Kuster’s inclusion model, the fluid phase is the matrix and the solid phase is
the inclusion. The residual paraffin is treated as the fluid phase, and the average
bulk moduli and density of the matrix are calculated from the equations

Karix = SKp + (1 — S)Kw
and
Pmatrix = Spp + (1 — S)pw,

where K iy, Kp» and K, are the bulk moduli of the fluid, paraffin, and water, res-
pectively, and p,,4ix» Op> and p,, are the density of the fluid, paraffin, and water,
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respectively. The velocity normalized to a zero inclusion concentration is given by
the equation (Kuster & Toksoz 1974)

o B[1 + 2r — 2¢(1 — r)]
P~V b+A=b)ll +2r —c(1 = 1))’

where b is the ratio of the bulk modulus of the inclusion to that of the matrix,
r is the ratio of the density of the inclusion to that of the matrix, and c is the
volume concentration of the inclusions. Kuster’s model predicts a slight decrease
in velocity as the residual saturation increases, which is opposite the measured data.
This suggests that the residual paraffin affects the rock frame, thereby affecting
the elastic moduli of the water-saturated rock.

From the comparison of the measured data with all three theoretical models, it
is observed that none of the theories reasonably predicts the experimental results.
This suggests that for heavy hydrocarbon-bridging cements, the amounts and local
spatial distribution of a cement around grain contacts are important factors in
determining the seismic-wave velocity and attenuation in a porous medium with
residual phase saturation.

The acoustic-wave amplitude exhibits complicated behavior as a function of
wax saturation (Figure 23). At ~1-3% pore filling, the residual paraffin formed
bridges between beads and strengthened the contact stiffness of the sediment
grains. The acoustic-wave amplitude for these low concentrations increased com-
pared to that of sediments without paraffin. For a paraffin saturation of ~5-25%,
the residual paraffin formed thin fingers in the center of the pores. The acoustic-
wave amplitude decreased compared to that of the sediment sample without paraf-
fin. The fingers became fatter with increasing paraffin concentration. Figure 25
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Figure 25 A transmitted wave signal from a control sample with ~3% residual saturation. The
oscillations after the first cycle are evidence of scattering.
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shows a transmitted wave signal obtained when the residual saturation was ~3%.
Generally, the oscillation in amplitude of the later arrival is evidence of scattering.
Seismic energy can be scattered from inclusions as well as at interfaces of a resid-
ual paraffin-water-grain system. The wavelength in the experiment is ~5 mm.
If the size of the inclusion is larger than 500 pm in diameter, the propagating
wave will be strongly scattered (Geller & Myer 1995). However, if the presence
of residual paraffin in the pore increased the apparent number of contact planes,
according to the displacement-discontinuity theory (Pyrak-Nolte et al 1990, Nihei
1992) more seismic energy will be scattered. As a result, the size of the paraffin
finger may cause more wave scattering and result in a reduction of acoustic-wave
amplitude. When the pore space is nearly 100% filled with paraffin, the sediments
were cemented together and behaved like a solid, which resulted in an increase in
acoustic-wave amplitude.

The velocity and amplitude results show that two competing factors act on the
propagating wave at the same time: an increase in grain contact stiffness caused
by residual paraffin acting as a weak cement and a decrease in the transmitted
energy caused by scattering. The velocity data suggest that the heavy hydrocarbon
cements may produce attenuation and velocity behaviors different from those of
common wetting-cementing materials, such as ice or epoxy, used in other experi-
mental work. Further investigation is needed in terms of modeling the contact
stiffness of grains with a cement that forms bridges. The amplitude data indicate
that scattering is an important attenuation mechanism at ultrasonic frequencies.
They also demonstrate that the local distribution of the residual paraffin in the pore
and at grain contacts appears to have a greater effect on seismic-wave propagation
than global saturation.

SUMMARY

The distribution of residual saturation in a porous medium is a complicated func-
tion of solid and material properties as well as the dynamics of multiphase flow. A
priori, the spatial distribution and percent residual saturation in a porous medium
cannot be predicted on the basis of pore geometry and material properties alone.
Thus, for contaminant remediation or tertiary oil recovery, remote methods of mon-
itoring changes in residual saturation are needed. The ability to delineate variations
in saturation or residual saturation in a porous medium by using seismic techniques
is complicated because of often-competing attenuation mechanisms. Attenuation
can occur on a macro- or microscale and exhibits different dependencies on the
frequency of the seismic signal used to probe the porous medium. However, on the
basis of research by numerous investigators, the ability to delineate regions that
vary in saturation is an attainable goal. From our acoustic tomographic measure-
ments on unconsolidated porous media, we observed that seismic-wave attenuation
is sensitive to alteration of the grain contact stiffness even for only a few percent
residual phase saturation and to spatial features (bridging between grains) that are
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~1/100 of a wavelength. Thus, the effect of microscale phenomena on macroscale
measurements of seismic-wave attenuation and velocity cannot be ignored.
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Figure 21 (@) Schematic diagram of the sample with vertical cylindrical sediment
columns composed of coarse grains imbedded inside a sediment composed of fine grains:
(b) the relative attenuation of a cross section of the fine grain column sample before parat-
fin flow. From the tomogram, only the boundaries between regions with different grain
size can be barely discerned. (¢) The relative attenuation of a cross section of the fine grain
column sample after paraffin flow. Regions with high attenuation were found to corre-
spond to the coarse grain portions of the sample. (¢) The residual wax concentration map
was obtained by excavation of the sample from the same depth at which the acoustic mea-
surements were made. Regions with high seismic attenuation were found to correspond to
regions with high wax concentration, which suggests that the wax predominantly flowed
through the high permeability coarse regions.



