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Abstract This paper comprises a brief review of some aspects of rock
and fluid properties and their effects on acoustic measurements. We il-
lustrate the effect of pore geometry, saturation, fluid type and shaliness
on velocity measurements on cores and we present some field applications
of these laboratory measurements including qualitative and quantitative
interpretation of seismic, repetitive seismic and sonic data.

INTRODUCTION

Traditionally, seismic measurements have been widely used in oil and
gas exploration to image structural features of the earth’s interior and to de-
tect potential hydrocarbon reservoirs. Recently, new geophysical techniques
such as 3D seismic, repetitive seismic, well-to-well tomography, vertical seis-
mic profiling, amplitude versus offset, and full waveform sonic have been
developed to increase our capability to image more complicated and finer
scale geological stuctures. In addition, these techniques provide a consid-
erable amount of potential information on rock properties and their lateral
variability within reservoirs. However, to convert the information contained
in wave propagation characteristics into rock properties, there is a first or-
der need to evaluate in a quantitative manner how physical properties of
reservoir rocks, such as porosity, saturation and lithology, influence wave
propagation. This problem can be approached using core measurements un-
der controlled conditions of pressure, temperature, fluid saturation and fluid
type, provided we understand how measurement scale and frequency affect

17



18 D. MARION AND B. ZINSZNER

wave propagation phenomena.

The first part of this paper comprises a short review on the effect of
porosity, pore geometry, lithology, saturation and fluid type on velocity mea-
surements. In the second part, we illustrate, through examples of seismic,
sonic, well-to-well seismic and repetitive seismic data, how core analysis may
serve as a guide for quantitative and qualitative interpretation. In the final
discussion, we point out some of the limitations of acoustic measurements
on cores.

SOME ASPECTS OF ROCK AND FLUID PROPERTIES AND
THEIR EFFECTS ON VELOCITY MEASUREMENTS

The effect of porosity, fluid type and mineralogy on velocity measure-
ments has been recognized for a long time in log and core analysis. Wyllie
et al. (1956) first proposed to relate compressional velocity V, to porosity ¢
using the time-average equation:

l —= i + l__¢ (1)
Ve Vi Vin

where Vy; and V,, are the compressional velocities of the fluid and the mineral
phase, respectively.

However, the time-average equation has encountered limited success in
well logging interpretation of sonic data for three primary reasons:

- the effect of gas or low velocity fluid cannot be accommodated.

- time-average relation does not hold for shear velocity.

- shaly sands are not satisfactorily modeled.

Furthermore, the time-average relation implies that among all pore pa-
rameters (volume, shape and size), only pore volume has an effect on velocity.

In the following, we illustrate some of the shortcomings of the time-
average equation looking at the effect of pore geometry , fluid saturation
and fluid type, and shaliness on velocity-porosity relationships.

Porosity and pore geometry

Porosity is one of the factors that has the greatest effect on velocity mea-
surements. However, because of the various degrees of compaction, cemen-
tation, and diagenesis, pore volume is not a sufficient parameter to describe
the influence of pores on velocity measurements. We show in this section
how pore volume and pore geometry may influence acoustic measurements
in sediments and rocks.
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Figure la illustrates the range of variability of velocity and porosity
in clastic sediments and rocks including suspensions (data from Hamilton
,1956), unconsolidated sands (data from Domenico, 1976) and consolidated
clay-free sandstones (data from Han et al., 1986). Note the presence of two
distinct trends in the velocity-porosity relationship that are attributed to
two stages of consolidation:

- For suspensions and soft marine sediments, where mechanical inter-
actions between particles are negligible, dependence of velocity on porosity
follows the lower bound also called Wood’s relation (Wood,1941).

- For unconsolidated and consolidated sediments, contacts between parti-
cles and pores shape govern rigidity and stiffness of the material and velocity
departs abruptly from the lower bound. The general trend is a decrease of
velocity with increasing porosity and this is related to compaction and the
degree of cementation.

We also show in Figure 1b, values of velocity and porosity measured
at various effective total stresses (from 0.1 to 40 MPa) for a subset of the
data shown in Figure la (consolidated clay free sandstones). Note that the
velocity-porosity trend due to stress is rather different from the general one
due to cementation and compaction. Stress affects mostly velocity measure-
ments and has a smaller impact on porosity reduction. Such behavior is
primarily due to crack closure or elastic deformation at grain contacts that
tend to increase the rock stiffness without greatly affecting its porosity.

The role of pore geometry on velocity has been adressed by many authors
who proposed theories or models to account for the effect of pore shape and
stiffness on rocks elastic properties ( Walsh, 1965; Kuster and Toksoz , 1974;
Mavko and Nur, 1978). These studies have shown that rock compressibil-
ity, and hence velocity, is dependent on pore aspect ratio and that round
pores are much stiffer than elongated pores or cracks. Similarly, for granu-
lar materials, elastic theory has been used to relate the stress dependence
of velocity to elastic deformation at grain contacts (Mindlin, 1949; Digby,
1981; Walton, 1987).

More generally, it is possible to estimate the range of variability of veloc-
ity for a given porosity using bounding methods for elastic moduli (Voigt,
1928; Reuss, 1929; Hashin and Shtrikman, 1963). Although these bounds
are too far apart for any predictive purpose, they convey qualitative infor-
mation regarding the stiffness of the pore space. An actual velocity value
close to the upper bound will correspond to stiff, rounded, or vuggy pores
whereas proximity to the lower bound will indicate porosity which consists
also of cracks and/or uncemented loose grain contacts.

The effect of vuggy porosity on velocity measurements is shown in Fig-
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ure 2 for a set of dry dolomite samples. From thin section analysis and
macroscopic observations two types of pores were identified:

- vugs of diameter ranging from .5 to 5 mm.

- very small and thin pores at the interface between minerals.

Small pores were a common feature for all the samples whereas vugs were
only observed on a subset of the samples.

The data of Figure 2 confirm that for a given porosity, velocity is signif-
icantly higher in samples that contain vugs due to the low compressibility
of spherical pores. These observations show that to a first order, velocity
is strongly related to porosity but that second order parameters such as
pore geometry or pore stiffness can cause scatter in the velocity-porosity
relationship.
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FIGURE 2 Effect of vuggy porosity on compressional wave ve-
locity and porosity.

Clay content

In addition to pore geometry, clay content and clay distribution within
the pore space can have a marked imprint on the velocity-porosity relation-
ship in shaly sands. In Figure 3, we show a plot of core velocity vs. porosity
measured on shaly sandstones (Han et al., 1986) and unconsolidated sand-
clay mixtures (Yin et al., 1988). This data set outlines the scattering effect
of clay on the velocity-porosity relationship which cannot be represented
accurately using the time-average equation. Han et al. found that data
measured on shaly sandstones could be fitted using least square regressions
with the following simple relationships for P and S velocities:

Vio(km/s) = 559 — 6.93¢ — 2.18C (2)
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Vi(km/s) = 3.52 — 4.91¢ — 1.89C (3)

where C is clay content expressed as a fractional volume. These empirical
relationships were found to be consistent with a model for shaly sands pro-
posed by Marion et al. (1989) to account for the effect of dispersed clay on
velocity and porosity.

The results of these studies imply that any model or empirical expression
that describes the relationship between velocity and porosity in shaly sands
must include information regarding the degree of shaliness.
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Saturation

We have shown in a previous section that pore volume and pore shape
have a strong influence on velocity. We show here that the influence of pore
parameters on velocity may be sensitive to the level of fluid saturation.

Theories were first proposed by Gassmann (1951) and Biot (1956) to
account for the effect of fluid on velocities in rocks. Theoretical predictions
have been confirmed at least qualitatively by many experimental studies
(King, 1966; Nur and Simmons, 1969; Domenico, 1976; Gregory, 1976).
Experimental results presented in Figure 4 show a typical dependence of
velocity on saturation. Going from a dry to a fully saturated rock, com-
pressional velocity increases upon saturation due to a decrease of the fluid
compressibility. The magnitude of the increase in velocity with saturation
varies with stress and is proportional to porosity and the compressibility of
the rock skeletal frame. In contrast, shear velocity shows very little variation
with saturation.

We will show in the following section one principal application of these
experimental results: the detection of gas pockets in seismic exploration
using both compressional and shear wave measurements.
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Fluid type and temperature

Various studies have dealt with the effect of fluid type on velocities, but
few of them have been concerned with real reservoir fluids such as live oils or
tar (Tosaya et al., 1987; Wang, 1988). It appears from these studies that ve-
locity in oil saturated rocks depends (1) on the type of oil (specifically on its
API gravity) and (2) on temperature. The variations of compressional wave
velocity with temperature are mostly related to changes of oil compressibil-
ity with temperature as shown in Figure 5 and to changes of oil viscosity
that mostly affect shear velocity. For tar sand, compressional velocity can
decrease as much as 30% with increasing temperature whereas velocity in
water saturated sand decreases by only 3-5 %. We will see in a following
section the potential impact of these measurements on the monitoring of
thermal fronts in EOR using seismic measurements.
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APPLICATION TO SEISMIC AND SONIC INTERPRETATION
Qualitative interpretation of seismic sections: bright spots

Domenico (1974} first showed how results of laboratory experiments on
the effect of saturation on velocity could apply to seismic data. His study
revealed that reflectivity associated with an interface between shale and oil-
saturated sand is quite different from the reflection generated by a shale-
gas sand interface and that reflection amplitude is increased significantly
when gas is present in the reservoir. On seismic sections, this appears as
an amplitude anomaly called a ”bright spot” that had been recognized for a
long time by exploration geophysicists as a possible marker for gas (Figure
6). Unfortunately, amplitude anomalies may also be attributed to lateral
variations of lithology or aromalously high pore pressure zones. However,
results from laboratory experiments (Domenico, 1974, 1984, Castagna et al.,
1985; Han et al, 1986) showed that both compressional and shear velocity
should be sensitive to lithological variations or overpressured zones whereas
the presence of gas could only be detected from the compressional waves.
These experimental results were confirmed by field seismic measurements
in which combined acquisition of compressional and shear wave data was
performed to discriminate between gas, on the one hand, and lithology or
overpressured zones, on the other (McCormack et al., 1984; Ensley, 1985).

Porosity map using well-to-well seismic

One of the problems faced by reservoir engineers is the need to estimate
as accurately as possible the spatial distribution of petrophysical properties
or geological features within a reservoir. Because of its improved resolution
over standard seismic measurements, well-to-well seismic is potentially a
good candidate for reservoir description. Lucet and Mavko (1990) have very
recently presented results of a study in which a velocity tomogram from
Harris et al. (1990) is converted into a porosity map of the reservoir. In
the approach proposed by Lucet and Mavko, core measurements are used
to establish the relationship between velocity, porosity and lithology. In the
example shown in this study, tomographic data were acquired in shaly sands
in the Gulf of Mexico and the relationships of Han et al. (1986) was used. A
shaliness map was first generated using the velocity tomogram and cokriging
techniques. The porosity map was then obtained by combining the velocity
tomogram, the shaliness map and the relationship between porosity, velocity
and shaliness obtained from core measurements.
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Seismic monitoring of thermal fronts in EOR processes

The use of seismic waves to detect thermal fronts in EOR processes is
based on the sensitivity to temperature of velocity in hydrocarbon-saturated
rocks. Seismically, changes in velocity due to thermal heating of the reservoir
can be detected either from a pull-down of the base of the reservoir on the
seismic section, due to a decrease in velocity in the heated zone, or from a
change in the reflection amplitude at the top of the reservoir (Britton et al.,
1983; Greaves and Fulp, 1987; Macrides et al., 1988). Furthermore, results
from laboratory experiments shown in Figure 5 seem to agree quantitatively
with recent 3-D seismic monitoring of steam flooding in a tar sand reservoir
(den Boer and Matthews, 1988) where the estimated decrease of velocity in
the heated zone is of the order of 30 %.
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FIGURE 6 Bright spot at the gas-liquid interface (After Kjar-
tansson, 1979).
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Calibration of sonic logs

From a surface feophysical perspective, conventional sonic logs are mostly
used to generate synthetic seismograms to calibrate seismic measurements
and are seldom used as a quantitative interpretation tool in their own right
as, for example, in petrophysics. The new generation of full-waveform sonic
tools that provide measurements of compressional, shear and Stoneley waves,
opens new perspectives for quantitative interpretation in terms of mechani-
cal, lithological and petrophysical properties. The role of core measurements
is to provide an estimate of velocity in a few discrete locations in order to cal-
ibrate sonic waveform measurements and establish the relationships between
acoustic, petrophysical, lithological and mechanical properties of rocks.

An example of the calibration of a sonic log using core measurements is
shown in Figure 7. Velocity and its reciprocal, transit time, was measured
under confining pressure on dry and brine saturated samples. No systematic
difference can be observed between laboratory data (squares in Figure 7)
at simulated in-situ conditions and sonic data (bold line). Note, however,
that there are local sharp variations of transit time observed on cores that
are not represented within the sonic log. Using simple upscaling techniques
{travel time averaging justified by layer thicknesses) applied to our core mea-
surements we simulate a velocity profile (thin line) for which core vertical
resolution is comparable to the sonic tool resolution. We find a very good
agreement between the reconstructed and the actual sonic. For depth inter-
vals that feature rapid variations of velocity (1885-1889 m.)}, the agreement
is within 3 %.

Once calibration is completed, quantitative interpretation of the sonic
log is performed using relationships derived from core measurements. We
show in Figure 7, a porosity profile obtained from the sonic log using a re-
lationship derived from velocity and porosity measurements on cores. Good
agreement between predicted (bold line) and measured porosity is observed.
Porosity predicted using time-average equation is also shown for comparison
(thin line). Note that time-average matches fairly well core porosity for low
porosity rocks but underestimates porosity in the reservoir zone.
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FROM CORES TO SEISMIC AND SONIC MEASUREMENTS:
EFFECT OF FREQUENCY AND SCALE

We have shown in the previous section how results from core analysis
could be used towards qualitative and quantitative interpretation of seismic
and sonic data. However, it should be remembered that because of the
difference in wavelength and frequency between laboratory and seismic and
sonic measurements, direct use of laboratory results to seismic and sonic
interpretation should be done with caution.

Because velocity in fluid-saturated rocks varies with frequency, it is of
great concern to quantify velocity dispersion when extrapolating laboratory
results to seismic or sonic frequencies. Few laboratory studies have been
conducted on velocity dispersion due to sample size limitations (Spencer,
1981; Winkler, 1983, Murphy, 1985; Lucet, 1990). These studies identified
fluid motion as the predominant influence upon velocity dispersion in satu-
rated rocks. These observations are consistent with Biot theory that predicts
velocity dispersion due to relative motion between fluid and solid. At high
frequencies, fluid motion is decoupled from the solid frame motion whereas
at low frequencies fluid and solid are "locked”. However, velocity dispersion
predicted by Biot theory generally underestimates experimental velocity dis-
persion (Winkler, 1985) and other mechanisms such as ”local flow” or ”squirt
flow” at the scale of the pore have been suggested (O’Connel and Budian-
sky, 1977; Mavko and Nur, 1979) as possible mechanisms for dispersion.
Recently, Mavko and Jizba (1990) proposed a method to estimate the effect
on local flow of local distributions of compressibilities in the pore space to
account for velocity dispersion in saturated rocks.

Hence, it appears from these studies that the effect of frequency on ve-
locity can be represented qualitatively and quantitatively for homogeneous
rocks. However, because of the wavelength differences between seismic, sonic
and laboratory measurements, the volume investigated by these various tech-
niques are markedly different and laboratory results may not be representa-
tive at the seismic or sonic scales. This is especially true when the medium
is composed of thinly layered beds that may be homogeneous at the scale of
a core but induce dispersion and anisotropy at the seismic scale.

The averaging process performed by seismic waves when layer thicknesses
are small relative to the wavelength was described analytically by Postma
(1955), Backus (1962), and Heilbig (1984) and was confirmed experimentally
by laboratory experiments (Melia and Carlson, 1984) and by recent numer-
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measurements.

Note that upscaling problems are common to many other measurements
such as permeability, capillary pressure and saturation, where the results
obtained on cores must be extrapolated to a much larger scale in simulation
processes of reservoir performance. However, because of the wide spectrum
and frequency overlap of the various measurement techniques (10-100 Hz
for seismic, 100-1000 Hz for well-to-well seismic, 1-10 KHz for sonic, 10-
1000 KHz for laboratory) seismic wave propagation appears to be one of the
most favourable areas for applying scaling-up concepts with the ob ject of
validating measurements at progressively larger scales.

CONCLUSION

We have shown in this paper how porosity, pore geometry, fluid satura-
tion, fluid type and shaliness can affect velocity measurements on rocks and
how core analysis can be used as a guide for qualitative and quantitative
interpretation of seismic and sonic data. We have also described briefly how
differences between core, well-log and seismic properties can be attributed
to the effects of frequency and of the scale of heterogeneity on velocity mea-
surements.
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