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ABSTRACT

This work presents a methodology for the advanced characterization of ultra-low perme-
ability, organic-rich mudrock reservoirs. The quiescent depositional environments of these
formations promote the development of a stratified microstructure, characterized by the
preferential alignment of clay platelets and organic matter parallel or sub-parallel to bed-
ding. This finely layered, multimineral architecture results in pronounced vertical transverse
isotropy (VTI), reflecting a strong mechanical anisotropy inherent to the rock fabric. Using
a theoretical rock physics model that integrates mechanical, mineralogical, and petrophysi-
cal data, we estimate the stiffness tensor of a core sample extracted from the lower section
of the Vaca Muerta Formation, located within the oil generation window at a depth of
3100 meters in the Neuquén Basin, Argentina. Frequency-dependent stiffness coefficients of
the equivalent VTI medium are derived from numerical harmonic compressibility and shear
experiments conducted on a representative 2D synthetic sample, modeled as a periodic se-
quence of two materials, each with 6 percent porosity. Material 1 is a complex multimineral
assemblage consisting of seven solid phases— including 23 percent kerogen treated as a
mineral constituent—whereas Material 2 consists of pure kerogen. The dry-rock stiffness
tensor is initially computed and validated against laboratory phase velocity measurements
at 1 MHz, showing discrepancies below 10 percent. The synthetic sample is subsequently
saturated with hydrocarbon fluids to evaluate attenuation and dispersion effects associated
with wave-induced fluid flow (WIFF) and the resulting mode conversions. Fluid-saturated
simulations reveal that phase velocities decrease markedly with increasing gas content, with
frequency variations depending on the fluid mixture, particularly above 100 Hz. Patchy
gas-oil saturation yields higher velocities than uniformly mixed fluids, while exhibiting

significantly greater attenuation due to enhanced WIFF. The frequency-dependent peak



attenuation shifts toward lower frequencies in patchy cases, in agreement with mesoscopic
pressure diffusion theory. These results emphasize the critical role of fluid composition and
spatial distribution in seismic velocity and attenuation, supporting the need for explicit

modeling of patch-scale heterogeneity in unconventional reservoir characterization.



INTRODUCTION

Organic-rich mudrock reservoirs are anisotropic formations typically characterized by ele-
vated pore pressures, primarily due to the thermal cracking of organic matter into hydrocar-
bons (Pinna et al., 2011; Al Duhailan, 2014) These formations exhibit vertical transverse
isotropy (VTI), defined by a vertical axis of symmetry and described by five independent
stiffness coefficients —(p11, p13, P33, P55 and pgg)— which govern the stress—strain relation-
ships of the equivalent VTT medium (Vernik and Liu, 1997). This equivalent medium
captures the effective elastic behavior of the reservoir at seismic wavelengths significantly

larger than the average lamination thickness (Vernik and Nur, 1992).

The petrophysical complexity of these rocks—characterized by micro- to nano-scale pore
systems, ultra-low permeability, and pronounced permeability anisotropy (Nelson, 2009;
Loucks et al., 2012; Mokhtari and Tutuncu, 2015; Zoback and Kohli, 2019) —is fur-
ther amplified by the effects of thermal maturity. As organic matter evolves across the
hydrocarbon generation window, significant transformations occur in pore structure, fluid
composition and rheology, and in the mechanical properties of the solid rock frame (Vernik
and Milovac, 2011; Yang, 2019; Allan et al., 2016). These coupled processes collectively

exert a strong influence on the mechanical and seismic response of organic-rich mudrocks.

The objective of this study is to apply the two-dimensional numerical model developed
in Santos and Carcione (2015) —a physically grounded, non-phenomenological formulation
based on Biot’s theory of poroelasticity Biot (1962) to investigate the anisotropic poroelastic
response of the Vaca Muerta Formation (VMF), an organic-rich marlstone situated in the
Neuquén Basin, Argentina, under variable fluid saturation conditions and seismic range of

frequencies.



Rather than aiming for an exact match with laboratory-measured velocities, the primary
goal is to evaluate whether the computed stiffness matrix provides a reliable approxima-
tion of the formation’s effective mechanical behavior. Discrepancies between modeled and
experimental results are expected, largely due to the idealization of the medium as per-
fectly laminated—a valid assumption for clay-rich shales, but less representative of marly
facies, where compositional heterogeneities such as dispersed carbonate grains and silt-
sized particles reduce the intrinsic anisotropy. Additionally, the two-dimensional nature of
the numerical model imposes further simplifications by not fully capturing the formation’s

three-dimensional microstructure.

As a basis for the numerical modeling, we employ the rock physics theory developed by
Carcione et al (2005), which integrates mineralogical and petrophysical data from a core
sample extracted from the VMF. This approach enables the estimation of the dry bulk
modulus K, and shear modulus g, of the multi-mineral porous matrix. Then, the VMF
is assumed to consist of a sequence of very thin horizontal layers composed of kerogen (as
the primary organic constituent) and mineral aggregates, within which Biot’s theory in the

diffusive frequency range is applicable.

To determine the pij stiffness coefficients of the equivalent VTI medium, a set of five
boundary value problems (BVPs) based on Biot’s diffusive equations are formulated in the
space—frequency domain. Each BVP defines a compressibility or shear test, which is solved
numerically using the Finite Element (FE) method across a range of relevant frequencies
(see Santos and Carcione (2015) for details). These tests are first applied to a dry synthetic
sample to compute the stiffness tensor and derive the corresponding dry-rock phase veloci-
ties. The simulated phase velocities exhibit good agreement with laboratory measurements,

with discrepancies remaining below 10 percent. These results indicate that the stiffness ma-



trix obtained through the numerical model provides a representative characterization of the

elastic behavior of the lower section of the VMF formation at the studied well location.

Following the dry-rock analysis, the synthetic sample is saturated with gas, oil, and
water to investigate attenuation and dispersion effects associated with mode conversions
caused by wave-induced fluid flow (WIFF) (White et al., 1975; Krzikalla and Miiller, 2011).
Additionally, the case of patchy gas—oil saturation is examined and compared against sce-
narios of uniform saturation, in order to evaluate the effects of fluid distribution on seismic

velocity and attenuation.

THE BIOT MODEL FOR A FLUID SATURATED POROELASTIC

SOLID

Let us denote by u(x) = (uy(x), us(x)) the time Fourier transforms of the solid and relative
fluid displacements. With w = 27 f denoting the angular frequency, it is assumed that on

each thin horizontal layer the diffusive Biot’s equations hold:

n 0l 0l
(V-o(u),iw-—uy — Vps(u)) =C, with C = , (1)
K
0n, 1,
K
where I5 is the 2 x 2 identity matrix, 7 is the fluid viscosity and k is the frame permeability.

In (1) o and py are the bulk stress and fluid pressure, respectively, satisfying the constitutive

relations

o () = 2pep(us) + 0k (A V- us + aMV - uy), (2)

pr(u) = —aMV - u; — MV - uy. (3)



The coefficient 4 is the shear modulus of the dry frame. Let ¢ denote the porosity and
Ky, K, Ky, K, denote the bulk modulus of the solid grain, the dry matrix, the (single-
phase) fluid, and K, the undrained bulk modulus, respectively. Then the other coefficients

in (2)-(3) are given by the relations

-1

Ky=Kp+a®M, a=1-S2 3, —K,— 25 M= <Q_¢+¢> SN
K, Ky

DETERMINATION OF THE DRY BULK AND SHEAR MODULI FOR

MULTIMINERAL SOLIDS

A core sample retrieved from a well at a depth of 3094.68 m within the VMF was dried
under laboratory conditions, and ultrasonic phase velocity measurements were conducted
at a frequency of 1 MHz. The results exhibit a clear VTT behavior in the formation. Figure
1 illustrates the mineralogical composition along the well-bore, as well as with the specific

depth interval from which the core was extracted.

To characterize the frequency-dependent elastic response of the equivalent VT1 medium,
numerical harmonic simulations—both compressional and shear—were performed on a rep-
resentative synthetic rock model. This model consists of a periodic alternation of two porous
materials, each with a porosity of 6 percent. Material 1 is a complex, multimineral assem-
blage composed of seven solid phases, including 23 percent of kerogen, which is treated as

a solid mineral constituent. Material 2, in contrast, is composed entirely of pure kerogen.

The fluid properties used in the simulations are listed in Table 1. Table 2 provides the
physical properties of the minerals at the effective pressure where the laboratory data were

obtained, together with the mineralogical composition and corresponding volume fractions



for the numerical model. Based on these data, porosity is 6 percent, and the average density

of Material 1 is calculated to be 2486.69 kg/m3.

The procedure described in Carcione et al (2005) is employed to estimate the dry bulk
modulus K,,, and shear modulus g, of the multimineral solid phases constituting Material
1 within the VMF. For this purpose, generalized version of Krief’s model (Krief et al.,
1990; Mavko et al, 2020) is applied to estimate the dry bulk and shear moduli of the seven
dry mineral constituents. These individual moduli are then combined, accounting for their

volumetric fractions, to obtain the effective dry bulk and shear moduli of Material 1:

K, = 29.195GPa, pm = 17.782GPa (5)

It is worth noting that the computed values of K,;, and p, lie within the Hashin—Shtrikman
(HS) bounds (Hashin and Shtrikman, 1963; Mavko et al, 2020), i.e., between the theoretical

upper and lower limits, K™ K—, pu* pu~:

Kt =33.367GPa, K~ =19.52GPa,  u' =1953GPa, pu~ = 7.88GPa. (6)

Further analysis of the core sample, allowed us to estimate that the value of the Biot’s
coefficient in (2) is @ = 0.48 which in turn yields the value Ky = 56.14 GPa. for the solid

grain bulk modulus of the composite solid.

Material 2, composed entirely of kerogen, is characterized by a porosity of 6 percent, a
grain modulus of 7 GPa, a density of 1400 kg/m?, and dry matrix bulk modulus and shear

moduli of K, = 1.29 GPa and 0.36 GPa, respectively.

For both materials in the periodic sequence the permeability, denoted x takes the value

2.75 10718 m2.



After having determined the dry bulk and shear moduli, porosity, and permeability of
both constituent materials, we applied time-harmonic compressibility and shear numerical
harmonic experiments Santos and Carcione (2015) to a representative two- dimensional
model of the core. These numerical experiments were designed to assess the anisotropic

(VTI) elastic behavior of the VMF.

COMPUTED VTI PHASE VELOCITIES USING THE DRY-CORE

DATA.

The harmonic simulations were performed on a dry, square sample with a side length of 2
mm, consisting of four repetitions of a periodic sequence composed of 49 layers of Material
1 and one layer of Material 2 per period. Each layer has a uniform thickness of 1. 107> m.

The computational domain was discretized using a 200x200 mesh.

Table 3 summarizes the results of the VTI analysis, showing a good agreement between
the simulated and laboratory-measured phase velocities, with relative errors remaining be-
low 10 percent. These discrepancies are primarily attributed to the assumption of a perfectly
laminated, finely stratified medium, which—while appropriate for clay-rich shales—becomes
less accurate in the presence of more compositionally heterogeneous mudrocks such as marly
facies. As noted by Sone and Zoback (2013), marls such as VMF often contain a significant
proportion of silt-sized grains and carbonate minerals dispersed in a less aligned matrix,
leading to a reduction in intrinsic anisotropy relative to well-laminated shales. Conse-
quently, part of the mismatch between measured and modeled velocities can be ascribed to
the microstructural variability inherent in such mixed-facies systems. Table 4 presents the

corresponding numerically derived stiffness coefficients for the equivalent VTT medium.



Figures 2 and 3 present polar plots of the phase and energy velocities, respectively,
for the qP, qSV, and SH waves in the dry sample, computed using the FE method at a
frequency of 1 MHz. A clear and strong VTI behavior is observed, as evidenced by the
pronounced directional dependence of wave velocities. In Figure 2, the qP wave reaches
significantly higher velocities along the horizontal (x) direction compared to the vertical (z)
axis, which is consistent with the expected behavior of VTI media. The SH wave pattern is
governed by the stiffness coeflicient pgg, capturing the medium’s horizontal shear response.
Figure 3 reveals a notable triplication in the qSV-wave energy velocity pattern, which is a
hallmark of strong elastic anisotropy. This phenomenon highlights the anisotropic coupling
between the qP and qSV modes, further evidencing the complexity of wave propagation in

the medium.

ANALYSIS OF FLUID SATURATED VMF

A fluid-saturated porous rock exhibits poroelastic behavior, wherein the effective stiffness
of the rock depends strongly on the frequency range. At low frequencies—typical of surface
seismic surveys—pore fluids have sufficient time to redistribute in response to wave-induced
deformation. Under these conditions, the rock behaves in a relaxed regime, where pore pres-
sure equilibrates as seismic waves propagate through the medium and contributes minimally

to the effective stiffness.

Conversely, at higher frequencies—such as those encountered in sonic well logs or ultra-
sonic laboratory measurements—the deformation occurs too rapidly for pore fluid pressure
to equilibrate. This corresponds to an unrelaxed regime, in which the fluid is effectively
trapped, resulting in localized pore pressure build-up that supports part of the applied

stress. Consequently, the rock exhibits higher stiffness and elevated elastic moduli.
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In organic-rich mudrock reservoirs—characterized by extremely low permeability and
complex pore-fluid distributions—the transition between relaxed and unrelaxed regimes
becomes both frequency-dependent and anisotropic. The corresponding transition frequency
is governed by the interplay between rock permeability and fluid viscosity (Santos et al.,

2019).

In this section, we investigate the effects of attenuation and dispersion induced by the
presence of gas, oil, and water in the pore space, including the case of patchy gas—oil
saturation. The effective pressure employed in the numerical simulations—17.23 MPa—is
close to the in-situ value reported by Sanchez Camus et al. (2024) for the well from which

the core sample analyzed in this study was extracted.

Figures 4 and 5 present the phase velocity and attenuation behavior of qP wave waves
traveling normal to the bedding, denoted as ’33’ waves’ ( ps3 mode) under four fluid satu-
ration scenarios: 100 percent oil, 100 percent gas, 10 percent gas plus 90 percent oil, and
a ternary fluid mixture consisting of 40 percent gas, 52 percent oil, and 8 percent water,

obtained from the well’s fluid saturation log at the depth corresponding to the core sample.

Figure 4 shows that for ’33’ waves, the fully oil-saturated medium exhibits the highest
phase velocities, while the fully gas-saturated case yields the lowest. Partially saturated sce-
narios result in intermediate velocities, with values decreasing progressively as gas content
increases. Notably, even small amounts of gas (e.g., 10 percent) significantly reduce wave
velocity, underscoring the strong sensitivity of the effective stiffness to the compressibility
of the saturating fluid. A key observation from the plot is that, although the velocities
of the partially saturated cases—10 percent gas with 90 percent oil and the ternary mix-

ture appear similar at lower frequencies, their trajectories begin to diverge markedly above

11



approximately 100 Hz. This frequency-dependent separation suggests that the dynamic
response of the medium becomes increasingly sensitive to fluid composition at higher fre-
quencies, revealing differences in fluid mobility and interaction with the solid matrix under

wave-induced pore pressure gradients.

Except for the fully oil-saturated case, the results indicate that within the seismic fre-
quency range (10-100 Hz), there are no significant differences in P-wave phase velocity
associated with fluid saturation variations across the volatile oil to dry gas window. How-
ever, in the sonic log frequency range (approximately 1-20 kHz), velocity differences begin
to emerge—particularly between partially saturated scenarios—suggesting that the dynamic
response becomes progressively sensitive to fluid composition as frequency increases. It is
worth mentioning that the P-wave velocity observed for the ternary fluid mixture at well-log
frequencies is in close agreement (about 13 percent discrepancy) with the velocity measured

in the well’s sonic log, further supporting the validity of the numerical model.

Figure 5 presents the corresponding attenuation factor curves (1000/Q) for ’33’ waves
as a function of frequency, where Q denotes the quality factor. The fully oil-saturated
case yields the highest attenuation, with a prominent peak around 1 kHz, attributed to
enhanced WIFF resulting from higher viscosity and lower compressibility contrast. The 10
percent gas plus 90 percent oil scenario also exhibits strong attenuation, exceeding that of
the ternary fluid mixture. In contrast, the 100 percent gas case shows the lowest attenua-
tion overall, with a peak shifted toward higher frequencies (100-200 kHz), consistent with

minimal fluid—solid interaction and reduced energy dissipation.

Figure 6 examines the phase velocities of qP waves travelling parallel to the bedding,

denoted as ’11’ waves (p;; mode). As in Figure 4, the fully oil-saturated case exhibits the

12



highest velocities, while the ternary fluid mixture yields the lowest across all frequencies.
The 10 percent gas + 90 percent oil case follows a similar trend to the oil- saturated scenario

but displays consistently lower velocities throughout the entire frequency range.

The fully gas-saturated scenario remains nearly constant, with only a slight increase
observed between 10 kHz and 100 kHz. This limited sensitivity of the 11’ phase velocity to
full gas saturation can be attributed to the direction of wave propagation along the bedding
plane, where the effect of WIFF is not significant. Consequently, the effective stiffness in

this direction is practically independent of frequency.

Figure 7 shows the attenuation curves for 11’ waves across the same four saturation
cases. The overall behavior resembles that observed for '33’ waves in Figure 5, with oil-
saturated and 10 percent gas plus 90 percent oil scenarios exhibiting the highest attenuation,
peaking in the low- to mid-frequency range (approximately 1-2 kHz). In contrast, the 100
percent gas case displays the lowest attenuation overall, with a broad, subdued peak shifted
toward higher frequencies ( 100-200 kHz). These results further confirm that WIFF-driven
dissipation is enhanced by fluid viscosity and heterogeneity in compressibility, and is most
pronounced when the fluid phases interact dynamically under pressure gradients induced

by seismic waves.

Comparing Figures 5 and 7 highlights a clear anisotropic attenuation behavior. For
'33’ waves (vertical propagation), attenuation magnitudes are substantially higher, and the
effects of fluid saturation are more pronounced—particularly in the presence of gas. This
behavior reflects the strong coupling between the solid frame and pore fluids in the direction
normal to the bedding, where WIFF mechanisms are activated by pressure gradients across

layers. These gradients arise when waves propagate through alternating materials or satu-

13



ration zones, leading to local fluid motion, viscous losses, and strong frequency-dependent

attenuation.

In contrast, 11" waves (horizontal propagation) exhibit significantly lower attenuation,
and the influence of fluid composition is much less evident. This is consistent with a sce-
nario where the wave travels parallel to the layers, encountering minimal heterogeneity and
inducing negligible pressure gradients between pores. As a result, WIFF is greatly reduced,
and the rock behaves more elastically, with attenuation controlled mainly by intrinsic frame

properties rather than fluid interaction.

PATCHY SATURATION

To consider fractal variations of gas and oil saturations we use the von Karman self-similar

correlation function for which the spectral density is (Frankel and Clayton, 1986),

Sa(re, 1) = No(1 + R2a?)~HHE/2) (7)

where R = \/W is the radial wavenumber, a the correlation length, H is a self-similarity
Hurst coefficient (0 < H < 1), Ny is a normalization constant and E is the Euclidean
dimension. The von Karman correlation (7) describes a self-affine, fractal processes of
fractal dimension D = E + 1 — H. In the experiments we chose E=2, D= 2.4 and a to be

much smaller than the domain size (2 mm).

Figure 8 illustrates the binary patchy saturation map used to model patchy fluid dis-
tributions, where white and black regions correspond to fully gas- and oil-saturated zones,
respectively. This spatial heterogeneity introduces local contrasts in fluid properties, partic-

ularly in compressibility and viscosity, which significantly affect wave propagation through

14



mesoscopic-scale WIFF mechanisms.

Figure 9 displays the phase velocities of P waves (p33 mode) under two fluid distribu-
tion scenarios —uniform and patchy saturation—with identical bulk fluid composition (10
percent gas, 90 percent oil). The uniform case assumes perfect mixing at the pore scale,
producing a single-phase effective fluid with increased compressibility, resulting in lower
velocities. In contrast, the patchy case consists of spatially segregated gas- and oil-filled
regions. In this configuration, wave propagation is preferentially governed by the stiffer
oil-saturated zones, leading to systematically higher velocities across the frequency spec-
trum. The divergence between the two models becomes particularly evident above 100 Hz,

consistent with mesoscopic WIFF activation.

Figure 10 displays the attenuation factor for ’33” waves under both uniform and patchy
saturation conditions. Patchy saturation results in markedly higher attenuation due to
enhanced WIFF at gas— oil interfaces. These effects promote localized pressure gradients
and viscous fluid movement, leading to increased energy dissipation. Additionally, the
attenuation peak is shifted to lower frequencies under patchy saturation, reflecting the
longer diffusion times associated with larger- scale heterogeneities and limited pressure

communication between fluid patches.

Figure 11 compares the induced fluid pressure fields for the uniform (Figure 11 (a)) and
patchy (Figure 11 (b)) saturation scenarios. In the uniform case, the pressure distribution
is symmetric and layered, with periodic horizontal bands corresponding to the propagation
of compressional waves through a homogeneous fluid mixture. The absence of spatial het-
erogeneity results in smooth pressure gradients and relatively low pressure peak values (up

to 0.25 Pa), indicating limited WIFF.

15



In contrast, the patchy saturation case exhibits a markedly irregular pressure field, with
high- pressure concentrations developing at the interfaces between gas- and oil-filled regions.
The complex geometry of the fluid domains leads to heterogeneous pressure diffusion, higher
amplitude variations (up to 0.45 Pa), and stronger WIFF effects. These results underscore
the essential role of fluid distribution geometry in modulating pore pressure responses and

energy dissipation mechanisms during wave propagation.
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CONCLUSIONS

This study presented a physically grounded, non-phenomenological methodology for esti-
mating the effective anisotropic behavior of organic-rich mudrock reservoirs. The simula-
tions were performed on a two-dimensional, finely layered synthetic medium representative
of a core sample from the Vaca Muerta Formation. The procedure yielded frequency-
dependent stiffness tensors that showed good agreement with laboratory-measured phase

velocities, capturing the strong VTT anisotropy of the formation.

Importantly, the model does not rely on empirical calibration but is derived from first
principles, integrating mineralogical, petrophysical, and mechanical properties in a physi-
cally consistent manner. The inclusion of both patchy and uniformly mixed fluid saturation
scenarios further emphasized the critical influence of mesoscale fluid heterogeneities on seis-
mic wave dispersion and attenuation. The results obtained show excellent agreement with

well-log data, further validating the model’s applicability under in-situ reservoir conditions.

By explicitly integrating the detailed multimineral composition of the solid matrix with
realistic fluid distributions, this work highlights the value of high-fidelity, physics-based
numerical models for investigating and understanding the poroelastic seismic behavior of
unconventional reservoirs— particularly in the Vaca Muerta Formation, where lithological
heterogeneity, spatial variations in the stress field, and pore pressure fluctuations play a key

role in the rock’s mechanical response.

This study reinforces the importance of explicitly accounting for anisotropic, frequency-
dependent poroelastic effects in organic-rich formations, demonstrating that rock physics
models grounded in first-principles can achieve remarkable agreement with field and labo-

ratory data—without relying on empirical corrections.

17



Future research will extend this framework to three-dimensional geometries and incorpo-
rate viscoelastic and thermo-poroelastic couplings, which are critical for modeling reservoir

evolution during production.
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TABLES

Table 1. Fluid properties.

Fluid Bulk modulus (Pa) Density (kg/m3) Viscosity (Pa . s)

Air 1.01325 10° 1.225 1.805 1075
Water 2.25 107 1000 0.001
Oil 0.57 107 700 0.01

Table 2. Mineralogical properties obtained from X-ray diffraction (XRD)
analysis of core sample, used for Material 1 at an effective pressure of 17.23

MPa

Mineral Bulk modulus (GPa) Shear modulus (GPa) Density (kg/m3) Proportions (%)

Kerogen 7.0 2. 1400 23

Clay 25 9 2700 0.3727
Quartz 45 55 2700 0.1461
Calcite 80 40 2800 0.1068
Plagioclase 80 40 2800 0.0257
Dolomite 100 50 2900 0.0237
Pyrite 170 110 5000 0.035

22



Table 3. Phase velocities computed, measured and error percentage.

Phase velocity vp (m/s) Computed Measured Percentage error

vll 4644.378 4331 72 %
v33 3804.510 4217.47 9.8 %
V) 1974.760 2193.61 9.9 %
v66 2742.641 2581 6.2 %

Table 4. Numerical pij values (Pa) from the VTI experiments. Frequency is 1

MHz,

pll = (49981147009.91, 1315.04)

p33 = (33538888987.67, 11716.97)

p55 = (9036079273.1829395, 0.)

p66 = (17429665052.36, 504048.90)

pl3 = (11164071155.78, 3909.98)
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Figure 1. Minerals and its proportions in the well from where the core sample was obtained.
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Fractal dimension is 2.4, correlation length is 0.09 mm.

Figure 9. Phase velocity of '33” waves as function of frequency for 10 % gas, 90 % oil and
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saturation.
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Figure 1: Minerals and its proportions in the well from where the core sample was obtained.
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Figure 2: Polar representation of phase velocities of qP, qSV and SH waves computed using

the FE method. Frequency is 1 MHz.
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Figure 3: Polar representation of energy velocities of qP, qSV and SH waves computed using

the FE method. Frequency is 1 MHz.
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Figure 4: ’33” waves phase velocity as function of frequency.
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Figure 5: ’33” waves attenuation factor as function of frequency.
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Figure 6: 11" waves phase velocity as function of frequency.
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Figure 7: ’11’ waves attenuation factor as function of frequency.
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Figure 8: Fractal patchy gas-oil spatial distribution. White zones correspond to full gas

saturation and black regions to full oil saturation, with overall gas saturation 10 percent.

Fractal dimension is 2.4, correlation length is 0.09 mm.
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Figure 9: Phase velocity of '33” waves as function of frequency for 10 % gas, 90 % oil and

uniform and patchy saturation.

33



60 T |||||||| T |||||||| T TTTTTT T T 11T T T TTTTT

B 10 % gas, 90 % oil
LI 4
50 — LY
— uniform saturation .
B = = patchy saturation .
40 — .'
30 .

’33” waves attenuation factor

Figure 10: Attenuation factor of 33’ waves as function of frequency for 10 % gas, 90 % oil

0,1 1 10 100 1000

log[Frequency (Hz)]

and uniform and patchy saturation.

mm

(a)

Figure 11: Fluid pressure for the case of 10 % gas, 90 % oil and uniform (a) and patchy (b)

saturation.
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