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ABSTRACT

In recent years, borehole Stoneley wave amplitude and reflectivity have been used for
estimating formation permeability based on the strong correlation between Stoneley
wave attenuation, reflectivity and formation fluid conductivity. There are other factors,
however, that may cause substantial Stoneley attenuation and reflection in a borehole
environment. To make better use of Stoneley measurements for formation permeability
estimation, it is desirable to identify and quantify those causes of Stoneley attenuation
and reflection that do not directly result from formation permeability. In this study,
a simplified Biot-Rosenbaum model developed by Tang et al. (1991) is adopted to sys-
tematically model Stoneley attenuation and reflection in various borehole environments
and formation configurations. By changing pore fluid, formation porosity, lithology,
bed boundaries and thickness in the modeling, the sensitivity of Stoneley wave propa-
gation to these conditions are quantitatively assessed. It is found that the presence of a
light hydrocarbon in the formation, especially a natural gas residual in the immediate
vicinity of the borehole wall, even with only 5% contained in pore fluid, may also cause
substantial Stoneley attenuation and reflection. This phenomenon, on the other hand,
can be used to evaluate a nonfractured, low permeability gas reservoir when combined
with shear wave velocity data. For the full gas-saturated zone, Stoneley wave reflection
may be observed even when the permeability is as low as a few milliDarcies. Com-
pared to the effects of pore fluid, the effects due to lithology contrasts at the boundaries
and the changes of nonfracture porosity are insignificant in the cases studied here. For
a residual gas-bearing zone of moderate permeability, Stoneley wave attenuation and
reflection may be observed if the zone is thicker than 0.5 meter.
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INTRODUCTION

Borehole Stoneley wave amplitude has been known to be very sensitive to formation per-
meability (Paillet, 1980; Williams et al., 1990). Theoretical models based on Biot {1962)
theory have been developed (Rosenbaum, 1974; Schmitt et al., 1988) and have been val-
idated by laboratory measurements (Winkler et al., 1989). These models have also been
used to formulate inversion procedures for estimating permeability from Stoneley wave
data (Burns, 1990; Cheng and Cheng, 1991). Recently, Tang et al. {1991) developed a
simplified Biot model for borehole Stoneley wave propagation. This model yields results
that are consistent with full Biot theory, but the formulation and computation are sim-
plified. More recently, this model has been expanded to include tool effects (Tang and
Cheng, 1993) and the influence of borehole enlargement (Tezuka et al., 1994; Tang et
al., 1995). Tang and Cheng (1994) further developed a fast inversion procedure for es-
timating permeability from Stoneley wave data based on the model. Zhao et al. (1994)
used this method to investigate the effects of formation permeability heterogeneities on
Stoneley wave propagation and developed a technique, in conjunction with a variable
permeability model, to successfully model the nonsymmetric patterns of Stoneley wave
attenuation and reflection at the top and bottom of the fracture zone; it was not possible
to explain the phenomena with a homogeneous permeable zone model.

Although these researchers have studied and modeled Stoneley wave attenunation and
reflection due to fractured and permeable zones with homogeneous or heterogeneous
permeability, to avoid misinterpretation of Stoneley energy propagation in a borehole
surrounded by gas-bearing formation, it is degirable to identify and quantify those causes
of Stoneley attenuation and reflection that do not directly result from formation perme-
ability. Norris (1989) analyzed Stoneley wave attenuation and dispersion for the fully
dynamic behavior and corroborated the findings of Rosenbaum (1974) and Schmitt et al.
{1988) on the effects of permeability. He also concluded that Stoneley wave attenuation
increases with permeability but depends critically on the pore saturant.

- A crucial aspect of our study will be the construction of synthetic borehole seismo-
grams as an aid in identifying various effects the borehole environment and the target
zone have on Stoneley wave propagation. A numerical model for acoustic propagation
in a borehole has been specifically chosen to allow the decomposition of waveforms into
individual modes of propagation, i.e., the Stoneley or “tube” wave. Such a careful recon-
struction of a waveform for various borehole environments and formation configurations
should provide valuable insight into the physical effects associated with Stoneley wave
energy propagation in a borehole.

In this study, we apply the numerical techniques developed by Tang et al. (1991,
1993) to model the effects of lithology, pore fluid, borehole size, formation porosity,
thickness and bed boundaries on Stoneley attenuation and reflection. The effects of
pore fluid, especially natural gas, in a permeable zone are of particular interest.
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PRINCIPLES OF NUMERICAL MODELING

When the Stoneley wave propagates in a borehole across a permeable formation, the
borehole wave excites three types of waves in the formation: compressional and shear
waves (“fast” waves by Biot’s definition} and the slow wave. The slow wave is primar-
ily associated with the motion of pore fluid. In full Biot theory, the three waves are
intimately coupled in their interaction with the borehole Stoneley wave (Rosenbaum,
1974). Therefore, the calculation is quite involved. In the simplified theory (Tang et al.,
1991), the interaction is decomposed into two parts. The first is the interaction of the
Stoneley wave with the fast waves. (i.e., an equivalent elastic formation whose acoustic
properties are those of the fluid-saturated rocks). The second is the interaction of the
Stoneley wave with the slow wave. Because the frequency dependency of the dynamic
fluid flow must be accounted for in the second interaction, the theory of dynamic per-
meability (Johnson et al, 1987) has been employed to measure the amount of Stoneley
wave energy that is carried away into the formation by the slow wave. In this way,
the simplified model captures the frequency-dependent behavior of the slow wave and
greatly simplifies the formulation and numerical computation involved.

During propagation across the permeable zone, the Stoneley wave attenuates its
amplitude and also generates a reflected wave (Paillet and White, 1982; Hornby et al.,
1989). The reflection patterns, which we can easily see on the iso-offset waveform display,
give good information about the fractures. However, Stoneley wave reflections occur not
only because of the fractures and the permeable zone, but also because of lithology and
borehole diameter changes (Paillet, 1980; Hardin et al., 1987). In the cases of fractures
and the permeable zone, pore saturating fluids have a significant effect on compressional
wave velocity and attenuation (Toksdz et al., 1976; Tao et al., 1995} and Stoneley wave
velocities and attenuation, (Schmitt, 1988; Norris, 1989) but an insignificant effect on
shear wave velocities and attenuation.

To evaluate the fractures and permeability by using Stoneley wave reflection, it is
important to know the effects of pore fluids. To examine the effects of pore fluids, we
consider a fluid-filled borehole surrounded by a permeable zone sandwiched between two
elastic formations that extend to the surface and the lower infinite half-space, respec-
tively, as shown in Figure 1. Each layer is described by its parameters: compressional
velocity (vp), shear velocity (v;) and density (p). The logging tool is simulated as a
rigid cylinder of radius r; at the borehole center. The logging signals are assumed to
be at frequencies below the cut-off frequency of any mode other than the fundamental,
so that only the Stoneley wave is excited in the borehole. As the Stoneley wave is a
guided wave, most of the energy is trapped inside the borehole. There is almost no
geometrical spreading, and at such a low frequency, borehole fluid may be considered as
approximately uniform across the fluid annulus between the tool and the borehole wall
(Tang and Cheng, 1993). Under these conditions it is sufficient to solve the problem as
a case of one-dimensional wave propagation.
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The wave equation for the Stoneley wave is given in terms of displacement potentials,

8¢;
822

+k*¢: =0 (1)

where ¢; is the Stoneley wave displacement potential and %; is the axial Stoneley
wavenumber in each layer. The fluid pressure P and the axial displacement u of the
Stoneley wave are given by

P = puts (2)
7,
w = 2 (3)

where py is fluid density and w is angular frequency.
The solution to Eq. (1) is given by

$; = D;eti® 4 Uiz (4)

where D; and U; are unknown coefficients at each layer. The first term of Eq. (4)
represents the down-going wave and the second term represents the up-going wave. Let
us consider each of the boundaries in turn. At boundary I, a down-going Stoneley wave
D1e¥1% (2 < z;) is incident at the boundary. In the upper layer, there are both incident
and reflected waves, since some part of the energy of the incident wave will be reflected
back from the boundary. Therefore, the potential in the upper layer is given by

_ ikiz —iky 2
¢1 = Die + Ue

where Dy and Uj are the amplitude coeflicients for the incident and the reflected waves,
respectively.

In the lower layer, there are only transmitted waves but no up-going waves hecause
the lower layer is an infinite half space and there is no source.

. "‘:J’sz —'ikzz
¢2 = Dze + Uge
Dzeikgz

where Do is the amplitude coefficient of the transmitted wave. The two unknown
coefficients Uy and Dy are determined from the boundary conditions.

Following the model of Tezuka et al. (1994), the coupling inside the borehole is
caused by the differences among the k; propagation constants and the change in the
borehole radius as well. Then, we have to consider the boundary condition of mass
balance. The mass balance means that the volume of the fluid squeezed from the upper
layer should be equal to the volume of the incoming fluid in the lower layer. That is,

ayu1(z1) = agua(21) (5)
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where a; and as are section areas of each layers; u;(21) and ua(z;) are vertical displace-
ments at z = 2; given by Eq. (3). The mass balance condition provides the following
simultaneous equations through Eqs. (5), (2), and (3):

-Dl etklzl + Ul e—'iklzl — Dzeikgzl
alkl(Dle“klzl - Ule_zk!zl) = a’.znggeikzzl.

These equations can be solved for unknown coefficients Uy and D».

arky — aoks o .
U, = AT sinap
i alkl +a2k26 1
2a1k1 i(hky —k
D — = gihi—k)ap,
2 aik: +a2k26 ! (6)

At z = 0 the reflection (R) and transmission (7') coefficients are given by

a1k1 — agkg

R= D —_—t
Ul/ ! a1k + aske
2&1.’61
T=Dy/D] = ——m——
2/ ! a1k1 + asks (7)

The wavenumber k of the Stoneley wave in the fluid-filled borehole, surrounded by
an elastic formation and containing a rigid tool at the borehole center, is determined
by the following borehole period equation {Schmitt, 1988; Tang and Cheng, 1991).

Lifr) | L) Ko(fr) . [, L(fr) Kui(fr)
L(fn Il((ff)ffl((frt)+{1 Il((fr)Kl((fm)} ®
p f| 202 2 Ko(lr)  20%m [ 1 | 202 Ko(mr) || _ 0
ol (= - Ki((lr) K2 |mr & K((mr)[|

where I, and K, are the first and second kind modified Bessel functions of order n
(n = 0,1), p is formation density, py is fluid density, ¢ = w/k is the Stoneley wave
phase velocity and » and r; are the borehole and tool radii, respectively. The radial
wavenumbers, {, m and f are given by

L= /ke — wy/v}

Given the elastic properties of the respective layers, the Stoneley wavenumber % can be
determined as a function of frequency.

To calculate the synthetic waveforms, we need the Stoneley incident amplitude A(w)
which is related to the source and the excitation function. At the source position, it is
given by

A(w) = S(w)E(w) (9)

4-5



Tao and Cheng

where S(w) is the source spectrum and F{w) is the Stoneley wave excitation function
that is given by Tang and Cheng (1993). The excitation function of the Stoneley wave is
a function that depends on the formation and fluid properties, and on the borehole radius
and the tool radius. This function is usually calculated by a discrete wavenumber sum-
mation technique; however we are interested in only the Stoneley but not other modes,
so that the excitation function can be calculated by the Residue Theorem (Kurkjian,
1985). Putting D;(w) = A(w}, using the solved amplitude coefficients (U;(w), D;i(w)),
the fluid pressure {from Eqs. (2} and (3)] at specific receiver positions is calculated as a
function of the frequency. The results are then transformed into the time domain using
an inverse Fourier transform.

1 * fwt
D(t,z) = gf_ Pw, z)e"™ dw

= p_f/oo wWrP(w, z)e™ dw
27T J

A similar treatment can be made for the boundary II by just swapping the two forma-
tions at the boundary. The technique adopted here can be applied to the borehole with
various radii in a the multi-layered medium, using the propagator matrix (Tezuka, et
al., 1994). For the purpose of this study, however, the formation configuration is fixed
to the case of one target zone sandwiched between the upper and lower formations of
different properties, as shown in Figure 1.

NUMERICAL MODELING PROCEDURE AND RESULTS
Effects of Pore Fluids

The pore fluid properties involved in the modeling are density, viscosity and acoustic
velocity. Five groups of parameters are selected, corresponding to saline water, light
crude oil, rich hydrocarbon gas, lean hydrocarbon gas, and drilling fiuid (water base
mud filtrate} with 5% of gas. These data and the references are listed in Table 1.
Figure 2 shows the Stoneley wave attenuation versus frequency for different pore fluids,
calculated with the formulas of Tang et al. (1991). A permeable sandstone formation
is assumed to be the target zone. The parameters for this formation are as follows:
P-wave velocity V,=3.5 km/s, S-wave velocity V;=2.2 km/s, porosity Por = 0.25, pore
structure constant o« = 3.0, absolute permeability kg = 0.5 Darcy and the formation
thickness L=1.52 m. It can be seen that Stoneley attenuation increases rapidly as
pore fluid viscosity and velocity decrease. Of particular interest is the case for pore
fluid containing 5% (in volume) of natural gas, which is probably the most common
case during the logging measurements in a gas field, since the Stoneley wave generally
interacts with the invaded zone when it is across a permeable gas-bearing formation.
The bulk modulus and the P-wave velocity of the pore fluid are calculated using Kuster-
Toksozs theory (Toksdz et al., 1976) for a two-phase media; the viscosity is from Archer
and Wall (1986). Toksdz et al. (1976) studied the bulk modulus and density of one fluid
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spread into the other as immiscible inclusions. They found that when a few percent gas
inclusions are introduced into the brine, the bulk modulus of the composite fluid drops
rapidly to a value close to that of gas because the high compressibility component of
the mixture controls the effective compressibility of the composite fluid. If we consider
the pore structure of the permeable formation, it is possible that the P-wave velocity
of the permeable zone with 1% gas bubbles in saline water phase is lower than the
velocity of a pure gas-saturated formation. The viscosity of brine in a reservoir depends
on three main factors: pressure, temperature and the concentration of NaCl. The
percentage of gas dissolved in water is a function of pressure. The viscosity of pore fluid
is also reduced by a small amount of gas inclusions at the reservoir condition (Burcik,
1979; Serra, 1984). The decrease in velocity and viscosity of pore fluid together causes
significant Stoneley wave attenuation in a zone with permeability less than 1 Darcy,
which is a common value encountered in reservoirs. A few percent gas inclusions have
only a small effect on the S-wave and has almost no effect on other types of logs (Serra,
1984). This character may be employed to distinguish a nonfractured permeable zone
from a fractured permeable zone with full wave sonic logs.

Figure 3 shows Stoneley velocities versus frequency for five types of pore fluids. These
are typical dispersion curves. It also shows that when a few percent gas inclusions are
introduced into the pore fluid, Stoneley velocity decreases nearly 20% at a frequency of
1 kHz, while in a 100% natural gas saturated zone, Stoneley velocity decreases only an
additional 5%.

Figures 3-7 show the iso-offset waveforms calculated with the five sets of parame-
ters. Substantial attenuation and clear reflection are observed when a few percent gas
inclusions are introduced into the pore fluid. The length of the opening on these iso-
offset records is about 3.6 m, roughly equal to the thickness of the zone (1.52 m) plus
the source-receiver spacing (2.14 m}, which is in good agreement with the theoretical
prediction of Tang et al. (1991). To quantitatively assess the attenuation, the Stoneley
wave transmission and reflection coefficients for a residual gas-bearing zone and the am-
plitude deficit profiles are calculated and shown in Figures 8 and 9. It can be seen that
the Stoneley wave amplitude reduces about 80% in the case of pore fluids containing
5% gas and reduces more than 90% in the case of full gas saturation.

Effects of Lithology and The Boundary of a Permeable Zone

Given pore fluid as brine containing 5% gas in volume concentration, we now change the
lithology to model the effects of rock matrix and formation boundary on Stoneley wave
attenuation and reflection. Two sets of parameters for the permeable zone are selected
for these numerical experiments. One data set is for “hard formation,” which has almost
identical matrix properties to the surrounding formation. This extreme arrangement
is made to effectively eliminate the lithology boundaries of the permeable zone under
study, and therefore somehow isolates the pore fluid related effects. The second set is
chosen for “soft formation”, because the S-wave velocity of this formation is well below
the P-wave velocity of bore fluid. The lithology contrasts at the boundaries are made to

4-7



Tao and Cheng

simulate the other extreme. These parameters are listed in Table 2. Figure 10 shows the
total transmission and reflection coefficients calculated for the two cases. Comparing
the two sets of numerical results, only about a 5% differences can be observed between
coefficients. Both the total transmission and reflection coefficients are higher for the
“soft formation” than for the “hard formation.” The characteristics of the two sets of
curves are very similar. The correspondent iso-offset waveforms are shown in Figures
11 and 12; it is hard tc tell the difference between the two waveforms. The effects of
permeability and pore fluids on Stoneley wave attenuation are so dominant that the
large lithology differences between the two zones (mainly velocity differences between
the two formation matrices) have little effect on Stoneley wave propagation.

Effects of Porosity and Permeability

Porosity and pore structure (tortuosity) are correlated to formation permeability in a
complex fashion. Tortuosity usually equals 3 for porous media and 1 for fractures. A
3% connected fracture porosity may result in quite high permeability, while a porosity
of 20% for a nonfractured sandstone formation usually gives a permeability less than 1
Darcy. Tang et al. (1991) examined the effects of tortuosity on Stoneley wave attenua-
tion. Their results demonstrated that at low frequencies (say, less than 2 kHz), changes
in tortuosity value have little effect on Stoneley attenuation. Given tortuosity equal to
3 and pore fluids and other formation properties the same as those used in the previous
section, we now change the porosity and permeability of the target zone to see what the
critical values are where Stoneley attenuation and reflection become evident. In other
words, what is the resolution for determining permeability under these conditions? Fig-
ure 13 gives the total transmission and reflection coefficients calculated for five sets
of evaluated porosity and permeability pairs, keeping the other parameters constant.
These values are typical for moderate to low permeability sandstone formations. The
central frequency chosen for Stoneley excitation is I kHz. At this frequency, the trans-
mission and reflection coeflicients are equal when the porosity is 0.2 and permeability is
0.4 Darcy. As porosity and permeability increase further, the transmission coefficients
become smaller than the reflection coefficients and the difference between them increase
synchronously. Figure 14 shows the amplitude deficit profiles calculated for these cases.
It shows that the largest relative increase in deficit occurred when porosity was increased
from 0.1 to 0.2 and permeability from 0.2 Darcy to 0.4 Darcy. Figures 15 and 16 show
the results from similar calculations for fully gas-saturated formations of permeabilities
from 100 milliDarcy to 1 milliDarcy. It is seen from these figures that substantial Stone-
ley wave attenuation and reflection are observed in a zone with a permeability of only
5 milliDarcies. Stoneley wave reflection is still noticeable when the permeability of the
zone is only 1 milliDarcy. The deficit value of Stoneley amplitude is also controlled by
the thickness of the permeable zone. This is explained below.
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Effects of the Thickness of a Permeable Zone

Tang et al. (1991) have shown that Stoneley transmission loss at high frequencies is
an increasing function of the product of zone thickness with porosity. We examine
this effect at lower frequencies under the conditions defined previously. We want to
find out the resolution in terms of the thickness that can be achieved by Stoneley
amplitude data under the permeable zone and pore fluid conditions described here.
Figure 17 gives Stoneley amplitude deficit profiles for four values of zone thickness, with
all other parameters remaining the same. It can be seen that Stoneley wave amplitude
is attenuated by over 50% when the zone thickness is larger than 0.5 meters. The
reflection coefficients calculated for these cases are shown in Figure 18. The average
reflection coefficient at frequencies around 1 kHgz is about 0.1 for thickness L = 0.5
m. With this reflection coefficient value, the reflection energy of the zone should be
evident in the iso-offset waveform record. These numerical experiments demonstrate
that, under the conditions considered here (essentially, typical sandstone parameters),
Stoneley wave attenuation and reflection can be observed for a permeable zone that is
thicker than 0.5 meters.

SUMMARY AND CONCLUSIONS

We have examined the sensitivities of the modeling method developed by Tang et al
(1991) for determining the permeability of a permeable zone with Stoneley wave atten-
uation and reflection data. There is no doubt about the usefulness of Stoneley wave
attenuation and reflection data in detecting fractures and fractured permeable zones.
We examine the relative effects due to these formation properties, other than fracture
permeability, to make better use of numerical technology in processing field measure-
ments, especially for data from natural gas fields. This study may be used as part
of extensive testing for applying new numerical technology to logging practices. The
effects of pore fluid, porosity, lithologies of surrounding formation, and the thickness of
a target zone on Stoneley wave amplitude are systematically modeled in this study for
permeable sandstone zones. The sensitivity of Stoneley wave propagation to these con-
ditions is assessed quantitatively. It is found that the presence of light hydrocarbon in
the formation, especially natural gas residuals in the immediate vicinity of the borehole
wall, even with only 5% contained in pore fluid, may also cause substantial Stoneley
attenuation and reflection. For the full gas-saturated zone, Stoneley wave reflection may
be observed even when permeability is as low as a few milliDarcies. Compared to the
effects of pore fluid, the effects due to lithology contrasts at the boundaries and the
change of nonfracture porosity are insignificant in the cases studied here. For a residual
gas-bearing zone of moderate permeability, such as those encountered in typical sand-
stone reservoirs, Stoneley wave attenuation and reflection may be observed if the zone
is thicker than 0.5 meter.
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Table 1. Pore Fluids and their properties used in this study.

Pore fluids Density giee | Velosity ks Viscosity cp
Saline water 1.05 1.55 1.1
Light crude oil 0.65 1.34 0.4
Brine with 5% gas 0.97 0.685 0.2
Rich hydrocarbon gas 0.16 0.455 0.025
Ilean hydrocarbon gas 0.07 0.405 0.02
References:

1. Archer and Wall (1984 ).
2. Serra (1984).

3. Toksoz et al. (1976).

Table 2 Velocities used for "Hard' and 'Soft' formations

formations Vp (kmfs) Vs (km/fs)
Hard 4.5 2.5
Soft 2.5 1.5
Surrounding 45 2.5

4-12



Effect of Borehole Environment on Stoneley Wave Amplitude and Reflectivity

Borehole fluid

Logging tool

Surrounding formation

wave number K| Target permeable zone

wave number K,

Figure 1: Diagram showing acoustic logging across a permeable zone sandwiched in
elastic formations. The interaction of the Stoneley wave and the zone is modeled as
due to the different wavenumbers K7 and K of the zone and the formations.
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Stoneley Velocities as Functions of Frequency & Pore Fluid Viscosity
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Figure 2a: Stoneley wave velocities as a function of frequency and pore fluids.
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Stoneley Attenuation as Functions of Frequency & Pore Fluid Viscosity
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Figure 2b: Stoneley wave attenuation as a function of frequency and pore fluids.

4-15



=
o)
=
=
£
=

n

AV R .
() L=

AN ERRE AR

i

Tao and Cheng

E

===

<<<<I<<

T]ﬁ

.

la

. # * !
Cd

s

00 45 o 20 25

Figure 3: Iso-offset records of a Stoneley wave across a permeable water zone.
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" Icflset Stoncley Wave scross A Light Oilbearing Zone
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Figure 4: Iso-offset records of a Stoneley wave across a light oil-bearing zone.
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Figure 5: Iso-offset records of a Stoneley wave across a residual gas-bearing zone.
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" soffst Stoneley Wave acrass a Rich Hyrocarbon Gas-hearing Zone.
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Figure 6: Iso-offset records of a Stoneley wave across a rich hydrocarbon gas-bearing

zone.
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Figure 7: Iso-offset records of a Stoneley wave across a lean hydrocarbon gas-bearing
zone.
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Figure 8: Stoneley wave transmission and reflection coefficients for a residual gas-bearing
zone.
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~ Stoncley Amplitude Deficit Profile across A Permeable Zone
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Figure 9: Stoneley wave amplitude deficit profile across a permeable zone containing
_different pore fluids.
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Figure 10: Stoneley wave transmission and reflection coefficients for a residual gas-
bearing zone. a. Hard formation.
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Figure 10b: Stoneley wave transmission and reflection coefficients for a residual gas-
bearing zone. b. Soft formation.
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Iso-offset Stoneley Wave across A Residual Gas-Bearing Zone without Lithology Boundary

0 -
V‘x
WL
\..IA
\/A
A
A
VA
e
.
N
vy A
10p-ALK . -
v A
o
g
E -
=
=
o
.
VA
‘\/A
V‘
A ]
WA
V‘
VA
r .
e
‘\?A
V‘
.
1 1 | . ]
10 15 20 25 30
Time (ms)

Figure 11: Iso-offset records of a Stoneley wave across a residual gas-bearing zone with
a “hard” formation matrix.
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Iso-offset Stoneley Wave across A Permeable Residual Gas-Bearing Zone with Lithology Boundary
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Figure 12: Iso-offset records of a Stoneley wave across a residual gas-bearing zone with

a “soft” formation matrix.
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Stoneley Reflection Coefficients for A Residual Gas-bearing Zone
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Figure 13a: Stoneley wave transmission and reflection coefficients for a residual gas-
bearing zone. a. Reflection coefficients.
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Stoneley Transmissionion Coefficients for A Residual Gas-bearing Zone
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Figure 13b: Stoneley wave transmission and reflection coefficients for a residual gas-
bearing zone. b. Transmission coeflicients.
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Stoneley Amplitude Deficit Profile across A Residual Gas-bearing Zone
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Figure 14: Stoneley wave amplitude deficit profiles across a residual gas-bearing zone
with different porosities.
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Stoneley Reflection Coefficients for A Gas-saturated Zone
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Figure 15: Stoneley wave reflection coefficients for a fully gas-saturated zone. 1. Per-
meability is 0.1 Darcy. 2. Permeability is 50 milliDarcy. 3. Permeability is 20
milliDarcy. 4. Permeability is 5 milliDarcy. 5. Permeability is 1 milliDarcy.
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Stoneley Amplitude Deficit Profile across A Gas Saturated Zone
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Figure 16: Stoneley wave amplitude deficit profiles across a fully gas-saturated zone
with different permeabilities.
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Stoneley Amplitude Deficit Profile across A Permeable Zone
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Figure 17: Stoneley wave amplitude deficit profiles across a residual gas-bearing zone
of different thickness.
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Stoneley Reflection Coefficients for A Residual Gas-bearing Zone
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Figure 18: Stoneley wave reflection coefficients for a residual gas-bearing zone of different
thickness.
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