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SUMMARY

The frequency-dependent elastic properties of fully saturated rocks are notably influenced
by fluid pressure diffusion at the microscopic scale. Our experimental evaluation, utiliz-
ing forced oscillation and ultrasonic transmission methods under varying effective pressures
(Pesr = [1 — 20] MPa) and temperatures (7" = [3°C, 10°C, 23°C]), provides critical insights
into how rock microheterogeneity and pore fluid viscosity affect elastic dispersion and atten-
uation at frequencies of f = [1 — 300, 10°] Hz. We employed a sandstone rock sample with
8.2 per cent porosity and conducted measurements using three different fluids: N;, brine and
glycerine. In its dry state, our chosen rock exhibits frequency independent elastic moduli at
measured effective pressures due to the absence of fluid flow, resulting in negligible devia-
tions in local measurements at different locations. However, this uniform response changes
markedly when the rock is saturated with fluids. Gassmann’s predictions agree with the
measured undrained elastic moduli. Under fluid-saturated conditions, rock’s elastic moduli
increase with frequency, revealing significant differences depending on measurement posi-
tions. This variation suggests that differentiation in elastic properties is amplified during wet
measurements, particularly at seismic frequencies. Our modelling indicates that the dominant
mechanism is squirt flow, arising from microscopic compressibility heterogeneities within
the rock frame and saturating fluid. As the viscosity of the saturating fluid decreases with
rising temperature, the magnitude of attenuation peaks diminishes, while their frequency
spread widens. This behaviour aligns with predictions from the squirt flow model, which
considers the microstructure and varied pore types within the rock. Consequently, the ob-
served frequency dependence in elastic moduli is primarily attributed to fluid flow processes
driven by microheterogeneity, which are highly sensitive to small variations in the rock’s
microstructures. In microstructurally complex regions, it is evident that assuming isotropic
and homogeneous conditions for forced axial oscillation measurements can introduce errors.
The inherent heterogeneity of the rock must be taken into account to accurately interpret the
frequency dependence of elastic moduli. This is especially relevant for applications in geo-
physical hydrocarbon exploration and seismic monitoring of reservoir geomechanical integrity
during CO, geo-sequestration.

Key words: Elasticity and anelasticity; Microstructure; Acoustic properties; Seismic atten-
uation.
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1 INTRODUCTION

The accuracy of reservoir and geomechanical simulation strongly
relies on the rock elastic stiffness utilized in the model. Owing to a
scarcity of core samples, the dynamic elastic properties of crustal
rocks are typically derived from seismic methods (1 — 100 Hz)
or sonic logging measurements (~kHz) measurements. Generally,
fluid-saturated sedimentary rocks exhibit higher and frequency-
dependent elastic properties compared to dry samples (e.g. see
Spencer 1981; Cooper 2002; Batzle et al. 2006; Adelinet et al. 2010;
Pimienta et al. 2015; He et al. 2024a). Ideally, seismic elastic dis-
persion and attenuation (Q~') estimated from field measurements
could provide critical parameters such as porosity, permeability,
fluid content and saturation in fluid-rock systems. These systems
include unconventional hydrocarbon reservoirs, subsurface saline
aquifers for CO, geosequestration, nuclear waste deposits, or even
partially fluid—solid or solid—solid coexisted subsurface regions (e.g.
see Tisato & Quintal 2013; Zhao et al. 2017). However, the relation-
ship between seismic elastic moduli and these reservoir parameters
is complex and not yet fully understood. Therefore, it is crucial to
capture all the underlying physical processes that dominate seismic
elastic properties and their related attenuation in microstructurally
complex and variable rocks saturated with viscous fluids under nat-
ural subsurface conditions (e.g. Spencer 2013; Borgomano et al.
2019; He et al. 2022 and references therein).

Rock properties obtained from field and laboratory measure-
ments are highly dependent on environmental conditions such as
temperature, pressure and frequency, leading to ambiguous com-
parisons due to various known and unknown factors that contribute
to the upscaling problem. It is important to consider the causality-
bound dispersion and attenuation behaviours of rock properties,
which arise from viscous-driven fluid flows at different scales in
the rock’s pore system and are frequency- and distance-dependent.
These factors are crucial for developing field-relevant applications
like improving the inversion of the rock and fluid properties us-
ing seismic data (e.g. Miiller e al. 2010; Tisato & Quintal 2013).
Controlled experimental investigations offer promise for achieving
a deeper understanding of these interplay between fluid flow and
microstructure and the underlying mechanisms. Additionally, due
to intrinsic rock heterogeneities, dynamic elastic measurements at
a certain scale and location (or representative elementary volume,
REV) may not represent the same rock properties as those obtained
using different techniques at varying frequencies (e.g. David et al.
2013; Yin et al. 2017; Sun et al. 2020). For instance, attenuation in
hydrocarbon deposits measured from sonic logging is often higher
than that observed from seismic measurements, which can be at-
tributed to frequency dependence or microstratification effects.

The effects of frequency on the attenuation and dispersion of elas-
tic moduli in fully fluid-saturated rocks, from seismic to ultrasonic
(10° — 10° Hz) frequencies, have been extensively documented for
sandstones (e.g. David et al. 2013; Mikhaltsevitch et al. 2014; Ti-
sato et al. 2015; Spencer & Shine 2016; Pimienta et al. 2017; Han
et al. 2018; Chapman et al. 2019; Sahoo et al. 2019), carbonate
rocks (e.g. see Batzle et al. 2006; Adam et al. 2009; Adelinet ef al.
2010; Mikhaltsevitch ef al. 2016a; Borgomano et al. 2019; He et al.
2023) and shales (e.g. Piane et al. 2014; Mikhaltsevitch ez al. 2021;
Rorheim et al. 2022). Despite these observations, the impacts of
rock microheterogeneity at the REV scale and the influence of fluid
viscosity variations with temperature on elastic dispersion and atten-
uation of tight rocks have been barely explored (e.g. Subramaniyan
et al. 2015; Borgomano et al. 2017). Most sedimentary rocks are
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inherently heterogeneous, with complex microstructures and a va-
riety of pore types, yet few studies have specifically addressed how
these factors contribute to the observed frequency-dependent phe-
nomena. As pointed out by Szewczyk et al. (2018) and discussed
in more detail elsewhere, the frequency-dependent phenomenon of
stress sensitivity in elastic waves may be attributed to stress-related
micromechanical processes. An increase in effective pressure leads
to several changes: the closure of microcracks with small aspect
ratio, the stiffening of grain contacts and a decline in effective
porosity, resulting in increased rock stiffness and elastic moduli
(e.g. Shapiro 2003; de Paula ef al. 2012; Glubokovskikh et al.
2016; Duan et al. 2018; Sun & Gurevich 2020). Understanding the
interplay between rock microheterogeneity, fluid viscosity and fre-
quency is crucial for improving our ability to interpret seismic data
and better predict the mechanical behaviour of rocks in subsurface
environments.

Regarding the wave-induced fluid flow (WIFF) effect, it has been
demonstrated that the induced fluid pressure diffusion occurring
across various spatial regions can be broadly categorized into micro-
scopic, mesoscopic and macroscopic scales, as addressed in analyt-
ical studies presented by Mavko & Jizba (1991), Chapman (2003),
Pride et al. (2004), Gurevich e al. (2010), Miiller et al. (2010), Deng
& Morozov (2016), Gurevich & Carcione (2022), Alkhimenkov
(2024), Alkhimenkov & Quintal (2024) and literatures therein. Sev-
eral literatures have reported that frequency-dependent phenomena
are important in rocks saturated with two fluid phases (e.g. Tisato &
Quintal 2013; Chapman et al. 2016; Li et al. 2019; Wei et al. 2021),
and attempted to verify the applicability of the Biot—-Gassmann’s
relations (e.g. Borgomano ef al. 2017; Sun et al. 2022), the wave-
induced gas exsolution dissolution mechanism (e.g. Chapman et al.
2017), the dual-scale fluid flows (e.g. Borgomano et al. 2017; Sun
et al. 2020; Zhao et al. 2021), the gas bubble resonance model (e.g.
Sahoo et al. 2019) or the Zener rheological model (e.g. Pimienta
et al. 2017; Borgomano et al. 2019). Accurate numerical solutions
were introduced recently to help understand attenuation and veloc-
ity dispersion of seismic waves in poroelastic rocks (e.g. Carcione &
Gurevich 2011; Quintal ez al. 2016; Lissa et al. 2020; Alkhimenkov
& Quintal 2022; Zhang et al. 2023 and literatures therein), as well as
delineating the accuracy and the range of validity of the analytical
model. Recent laboratory measurements have also highlighted that
local fluid flow, or squirt flow, is the primary mechanism for disper-
sion and attenuation in porous rocks (e.g. Subramaniyan et al. 2015;
Yin et al. 2017; Borgomano et al. 2019). This mechanism arises due
to the presence of grain-scale damage zones, broken grain contacts,
or microcracks of various shapes and orientations. Foundational
works by O’Connell & Budiansky (1977) and Mavko & Jizba (1991)
describe this squirt-flow attenuation mechanism, which has tradi-
tionally been considered significant only at ultrasonic frequencies.
However, recent studies suggest that squirt flow may also substan-
tially impact seismic exploration and sonic frequencies. As pointed
out in de Paula ez al. (2012) and Rubino & Holliger (2013), among
several other laboratory experiments, several key factors contribute
to squirt flow dispersion near seismic frequencies, including vis-
cous fluids, declined permeability, complex microstructures and
heterogeneous pore types of rocks. Microscopic complexity, such
as mineralogy, the heterogeneous distribution of compliant pore as-
pect ratios, crack density and variety of pore types, can significantly
influence mesoscopic and even macroscopic elastic properties like
Young’s modulus and bulk and shear moduli. Despite their impor-
tance, these microscopic parameters or rock intrinsic heterogene-
ity are often challenging to access in field observations, making it

520z Atenuer | uo 1senb Aq L 5Z526./80€ L/2/0vZ/o10e/B/ W0 dno-olwepeoe)/:sdyy Wwoly papeojumoq



1310 Y-X He et al.

difficult to assess the impact of local dispersive phenomena on wave
propagation at the REV scale.

To the authors’ knowledge, few published studies report inves-
tigations on the induced differences between the total rock elastic
properties derived from the mean values of all local measurements
and the locally measured results at approximately the REV scale
at different positions. This gap in research is critical, as it can lead
to a better understanding of how intrinsic rock heterogeneity influ-
ences elastic properties and wave propagation. Notable exceptions
include the works of Sun et al. (2020) and He et al. (2022), which
have begun to explore these differences under the assumption of
homogeneity and isotropy at the REV scale. Given the complexi-
ties and limitations in current research, more attention should be
paid to the microscopic complexity of rock local measurements
and their implications for mesoscopic and macroscopic elastic
properties.

Understanding the complexity of microstructures inherent in tight
sandstones and their impact on wave-induced fluid flow, which
results in the attenuation and dispersion of dynamic moduli, re-
mains a significant challenge. Distinguishing these effects from
experimental measurements (both ultrasonic and low frequencies)
or field observations (such as seismic and sonic logging) is par-
ticularly challenging due to the intricate nature of the rock fab-
ric and fluid interactions. To investigate the influences of diverse
rock microstructures and fluid viscosity (1) on dispersive and at-
tenuative elastic properties, we conducted a series of laboratory
experiments using the forced oscillation and ultrasonic pulse trans-
mission (UPT) methods. These experiments spanned a frequency
band of /= [1 — 10, 10°] Hz, were conducted under various ef-
fective pressures, and utilized different pore fluids in a particular
tight sandstone known for its pronounced microheterogeneity. For
the experiments, relatively large core plugs (~ 38 mm in diame-
ter and ~ 70 mm in length) were used. This size allowed us to
examine the influences of heterogeneities at the millimeter- and
centimeter-scales. The sandstone sample was sequentially saturated
with different fluids—nitrogen gas (N), glycerine, and brine—each
maintained at a constant pore pressure Pp = 1.2 MPa. Following a
concise description of the tested sandstone, the experimental appa-
ratus, and the measurement protocol, we present the experimental
results, emphasizing the sensitivity of Young’s modulus (£), exten-
sional attenuation (Q5 "), bulk modulus (K), and shear modulus (1)
to changes in frequency and fluid viscosity (7).

The collective results of the experiments indicate that elastic
dispersion and attenuation in tight sandstone are significantly influ-
enced by both the viscosity of the saturating fluid and the frequency
of the applied stress. According to existing fluid-flow theories, lo-
cal fluid movement within the microstructure, particularly around
grain contacts and microcracks, plays a crucial role in governing
the elastic properties of tight sandstones. These findings highlight
the necessity of considering the microstructural complexity of rocks
and the associated local fluid-flow mechanisms when interpreting
seismic and sonic logging data.

2 SPECIMEN STUDIED AND
EXPERIMENTAL METHODS

2.1 Specimen characterization and preparation

The sandstone sample TS4 examined in this study is originated
from a deep well in Shahejie formation, situated at a depth of ap-
proximately 3850-3875m in the Bohai Bay basin, China, and is

Table 1. Mineralogical composition and physical properties of the tight
sandstone specimen determined by XRD analysis.

Sample diameter, d (mm) 38
Sample length, L (mm) 70
Sample’s porosity, ¢ (per cent) 8.2
Sample’s helium permeability, « (x 10715 m?) 0.052
Bulk modulus of solid grains, K, (GPa) 38
Density of solid grains, p (kgm™) 2640
Quartz (per cent) 76.3
Feldspar (per cent) 7.6
Calcite (per cent) 5.5
Clay (per cent) 34
Error on measured low-frequency K and u (per cent) +2.6

regarded as a typical tight hydrocarbon reservoir rock. The core
plug, extracted nearly parallel to the bedding using a precision core
drill, was cut into cylindrical specimen around 70 mm in length
and 19 mm in radius for testing at China University of Petroleum
(Beijing). The surface and both ends of the specimen were meticu-
lously trimmed with a surface grinder to eliminate weakly cemented
grains, thereby mitigating the impact of surface roughness on ex-
perimental measurements. X-ray diffraction (XRD) analysis reveals
that the framework grains and cement of the core plug are primar-
ily consist of quartz (~ 76.3 per cent), feldspar (~ 7.6 per cent),
calcite (~ 5.5 per cent) and clay (~ 3.4 per cent), as detailed in
Table 1. The rock specimen was selected for its visual homo-
geneity, and elastic properties of the solid materials, K, and 1,
were derived from the volumetric contribution of each mineral
alongside their respective elastic properties, employing the Voigt—
Reuss—Hill average. Scanning electron microscopy (SEM) photomi-
crographs, along with two thin-section microscopic images of the
selected plug under reflected light microscope, are presented in
Fig. 1, showcasing the rock’s properties, fabric and microstruc-
tures related to cracks, as well as grain size distribution, pore
types and connectivity. The sample contains some clasts and sig-
nificant microporosity of approximately 1.5 um, a characteristic
frequently observed in tight sandstones. This tested sample ap-
pears to have experienced through substantial compaction, result-
ing in a homogenous and fine-grained texture. The uniform rock
matrix contains grains smaller than 100 um that are moderately
well sorted (Figs le and f). Rock’s microstructure reveals a rea-
sonably cemented composition, with some intergranular porosity
present.

Measurements conducted on a dry sample extracted from the
same batch of material as the one tested here indicate a porosity
range of 7.8per cent — 8.2per cent using helium as the reference
fluid under effective pressures between 1 and 30 MPa (Fig. 2b).
To evaluate potential microstructural alterations and framework
damage during the oscillation and pressure cycle experiments,
porosity was determined by weighing the dry and fully water-
saturated core plug post-experimentation, resulting in a value of
7.4per cent £ 2.3per cent. The core permeability x spans five orders
of magnitude, from approximately 7 x 107*m? in the glycerine-
saturated measurement to 5 x 10~! m? with helium as the reference
fluid, exhibiting varying dependences on effective pressure Peg. Fur-
thermore, to reduce the impact of open-pore boundary effects and
contact friction between the epoxy and strain gauges, the core spec-
imen surface with an impermeable fluorinated ethylene—propylene
film coated with a thin epoxy layer, as opposed a single thick epoxy
layer (see He et al. 2024b).
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Figure 1. (a) Photograph of tested specimen TS4, (b) 3-D pore volume of the 3 mm diameter core, (c) and (d) field emission SEM images and (e) and (f)
microscopic images of two thin sections of the tight sandstone at the same scale (1 mm).

2.2 Experimental system

In this study, the forced-oscillation based stress—strain (FOSS) tech-
nique was employed to characterize the dispersion (i.e. frequency-
dependence) and attenuation of the elastic moduli of a saturated core
sample (e.g. Spencer 1981; Batzle et al. 2006). Fig. 3 illustrates a
schematic diagram of the experimental setup and sample stack with

attached strain gauges. The versatile experimental system facili-
tates measurements of both high-frequency (HF) ultrasonic P- and
S-wave velocities along the sample axis using the ultrasonic pulse
transmission technique, and low-frequency (LF) dynamic elastic
parameters (Young’s modulus £ and its associated dissipation O ',
along with Poisson’s ratio v) over the 1 — 2000 Hz range for tested
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Figure 2. Measurements and error bars of the pressure dependence of (a) intrinsic permeabilities « in the sandstone sample under dry, glycerine-, and
brine-saturated conditions at 77 = 23°C, and (b) porosity ¢ of the dry sample. Note the in situ viscosities of glycerine and brine are approximately 74y = 1.22

Pa-s and 7y = 1.05 x 1073 Pa-s, respectively.

specimens within a single experiment at different confining pres-
sures (Pc = [0 —40] MPa), pore pressures (Pp = [0 — 15] MPa)
and temperatures (7 = [0° — 60°]). Two pairs of semiconductor
strain gauges measure strains in the axial direction, and two pairs
measure strains in the radial direction. Two gauges in the axial defor-
mation direction are bonded to the non-dispersive aluminum end-
plate. An electromechanical oscillator exerts a sinusoidal axial force
amplified by a source signal amplifier. Two pairs of in-house built
compressional and shear wave piezoelectric transducers (~ 1 MHz)
embedded in the top and bottom aluminum endplates are crucial to
HF and LF measurements, respectively. For more detailed descrip-
tions of our novel laboratory facility, please see Yin et al. (2017)
and He et al. (2024b).

The experimental apparatus used in our study is capable of per-
forming measurements at strain magnitudes maintained approxi-
mately between 10~% and 107® m m— 1, ensuring the measurements
are within the linear elastic regime of the rock specimen. This range
is relevant for both LF applications in the field and HF theoretical
analyses (see Rorheim ef al. 2022). Small strains in both axial and
radial directions are measured locally on the sample using bonded
resistive displacement sensors, specifically strain gauges with a size
of 1 x 5mm?. These sensors are capable of accurately capturing the
expansion and contraction of the tested specimen (see Fig. 3¢), help-
ing in characterizing the elastic response of the specimen to stress.
Specifically, the measuring region covered by the strain gauges is
larger than the REV considered for the rock specimen. The REV is
large enough to be approximately homogeneous but much smaller
than the overall scale of the sample. By ensuring that the REV is
appropriately sized, experimental measurements can be considered
representative of the rock’s bulk properties while still capturing the
effects of microstructural heterogeneity. The phase angles between
the applied axial stress and the resulting strain, as well as between
the radial and axial strains, are recorded. This allows for the determi-
nation of the complex Young’s modulus £* and Poisson’s ratio v*.

In addition, due to the small radial signal amplitudes relative to
axial displacements, the measured Poisson’s ratio v and its associ-
ated attenuation Q' exhibit more scattered features. Nevertheless,
the Young’s modulus E and its attenuation Q' measurements tend
to follow steady trends. Correspondingly, for an elastic, isotropic,
and homogeneous specimen, the Young’s modulus and Poisson’s
ratio from axial stress oscillations can be calculated using the fol-
lowing relationships

E = Falu - Eguand v = grad, (1)

ax Eax

here e,), and E,, represent the mean axial strain and Young’s modu-
lus of the aluminum endcaps, respectively, and &4 and &, represent
the mean magnitudes of radial and axial strains, respectively. Then,
we can obtain other elastic properties, such as the axial bulk modu-
lus K and shear modulus ¢, using the known complex moduli £ and
v (e.g. see Spencer & Shine 2016; Chapman et al. 2019; Lozovyi
& Bauer 2019)

E E
K=——andpu=—"—.
3(1-2v) 2(1+v)

Note that uncertainties in the measurements of £ and v, related
to the average of the strains (Ag), propagate through the formu-
lations of other elastic properties. Nevertheless, the errors in the
mean values decrease with an increasing number of strain gauges
used, regardless of direction. For a completely isotropic and homo-
geneous material, there should be no significant deviation between
different displacement sensors. In the case of poroelastic rocks,
however, slight deviations between displacement sensors can oc-
cur due to the inherent heterogeneity of the rock microstructure.
The resultant uncertainty can be evaluated by averaging the strain
amplitudes (e.g. see Borgomano et al. 2019; He et al. 2024b). Fur-
thermore, the associated attenuation of a complex elastic modulus
H (which can be bulk modulus, shear modulus or Young’s modu-
lus), usually quantified by the inverse quality factor Qp', measures
the dissipated elastic energy during an oscillation cycle in viscoelas-
ticity. This can be inferred from the phase shift between the applied
stress (with phase ¢,) and the resulting strain (with phase ¢.) as
follows

- Im (A) _ Im(6/23)
" Re(H) Re(6/2)

w 2

Ou =tan (g, — ¢.). 3)

Similarly, the calculation of attenuation Q' for Poisson’s ratio
v is given by

O =tan (¢ — 92 » )

where (s, — ¢s,,) represents the phase shift between the radial
and axial strains. Note that the error in the phase measurements
for our forced-oscillated apparatus is consistently around +0.002
rad.

2.3 Measurement protocol

Once specimen preparations are completed, the column assemblage
can be placed inside a large pressure vessel, where independent
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Figure 3. Schematic diagrams of (a) the experimental apparatus for the measurements of frequency-dependent elastic dispersion and attenuation, (b) a
photograph of the sample stack and (c) the column assemblage, the key component of the low-frequency axial oscillation system, consisting of the test sample,
two pairs of piezoelectric transducers, two aluminum endcaps, and a Wheatstone bridge for the weak strain signal output. The test sample is a cylinder with a
length of L ~ 7 cm and a diameter of d &~ 38 mm, sealed from the nitrogen gas confining pressure with an epoxy coating. A vessel was designed for loading
pressure and temperature. The mechanical unit (b) can be put into the vessel for mimicking in situ high-pressure, high-temperature measurements. A multislice
piezoceramic actuator is applied as the stress load to induce dynamic axial-stress oscillations.
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Table 2. Characteristics of pore fluids used in the experiments (see Sheng & Jian 1998).

Properties of pore Nitrogen gas Glycerine Glycerine Glycerine Brine

fluids at ~ 1 MPa (at 23°C) (at 23°C) (at 10°C) (at 3°C) (at 23°C)
Bulk modulus (GPa) KnGg = 0.00142 Kg =4.61 K =4.84 Kg =4.96 Kp =2.25
Density (kg m~3) pnG = 11.62 pG = 1260 pG = 1275 pG = 1286 ps = 1015
Viscosity (x 1073 Pa-s) NG = 0.017 ng = 1220 ng = 4000 nG = 7600 ng = 1.05

Table 3. Summary of performed experiments.

Pore fluid Effective pressure (MPa) Temperature (°C) Experimental procedure
LF HF
Nitrogen gas 1 to 20 1 to 50 23°C First test
23°C Second test 1
Glycerine 1 to 20 1 to 50 10°C Second test 2
3°C Second test 3
Brine 1to0 20 1to 50 23°C Third test
controls exert confining pressure Pc (using compressed nitrogen Dispersive characteristics of the lu-
gas as the medium) and pore pressure Pp on the test sample. Labo- cite are demonstrated through Young’s

ratory experiments conducted at seismic and ultrasonic frequencies
using the FOSS and UPT techniques, respectively, can be divided
into three cycles under N,-, brine- and glycerine-saturated condi-
tions for sample TS4 (refer to Tables 2 and 3). Measurements were
initially conducted in the dry state, followed by glycerine-saturated
conditions, and finally under brine-saturated conditions. Glycerine
fully dissolves in water, losing its viscosity. Full brine saturation was
achieved via flushing the core specimen four to five times its pore
volume. Despite the significant temperature dependence of glycer-
ine’s intrinsic viscosity, its other properties, such as bulk density
and bulk modulus, exhibit minimal variation, thus negligibly affect-
ing elastic property measurements. Therefore, rather than simulat-
ing in situ subsurface conditions, which was impractical given the
core specimen’s depth, experiments were conducted at temperatures
T = [3°C, 10°C, 23°C] to concentrate on fluid viscosity-driven
mechanisms influencing the test specimen’s mechanical properties.
The reduction in temperature 7 increased fluid viscosity n, which
was the sole variable aside from the effective pressure increment
from 1 to 20 MPa. This approach facilitated the direct comparisons
of mechanical response variations due to changes in fluid viscosity
and rock microstructure deformations. The physical properties of
the pore fluids are detailed in Table 2. During laboratory experi-
ments, a pore pressure of Pp = 1.2 MPa was chosen, and a con-
stant axial stress of 0,,, ~ 0.4 MPa was exerted to the test specimen
to prevent stress-related non-parallelism of the column assembly
and maintain improved signal quality for both LF and HF mea-
surements, at effective pressures Py of [1, 5, 10, 15, 20] MPa
and [1, 3, 5, 8, 10, 15, 20, 25, 30, 35, 40, 45, 50] MPa, re-
spectively. Each experimental measurement lasted an aver-
age 3 to 4d, with nearly 24hr allocated for tempera-
ture adjustments and another 24-36hr for achieving suffi-
cient fluid and stress equilibrium within rock open pore
systems.

Three perfectly homogeneous and isotropic specimens were
used to assess the measurement accuracy of our versatile laboratory
apparatus. Dynamic elastic measurements of Young’s modulus
E and Poisson’s ratio v for non-porous titanium and aluminium
materials are depicted in Figs 4(a) and (b), as functions of confining
pressure Pc at specific frequencies f =[1, 5, 20, 200] Hz.

modulus E and attenuation Qp' measurements in Figs 4(c)
and (d). The experimental results show reasonably good agreement
with those reported in existing literature (e.g. Batzle et al. 2006;
Huang et al. 2015; Pimienta et al. 2015), suggesting that observable
discrepancies may be attributed to difference in specimen material
and the varying conditions of each laboratory experiment. Addi-
tionally, the frequency-dependent Young’s modulus measurements
E were well-fitted with the Cole—Cole relation (Cole & Cole
1941), and the associated extensional attenuation curve, described
by the typical Kramers—Kronig relationship (e.g. Landau &
Lifshitz 1969; O’Donnel et al. 1981; Christensen 1982; Lienert &
Manghnai 1990; Mavko et al. 2009; Mikhaltsevitch et al. 2016b),
aligns well with the measured Qp' across a wide frequency
range. In fact, our laboratory measurements of the selected
sample are casual, indicating that the dispersion and attenuation
in elastic moduli may reflect the intrinsic nature of the tested
material.

3 EXPERIMENTAL DISPERSION AND
ATTENUATION RESULTS

3.1 Pressure dependence of the ultrasonic measurements

The pressure P and pore fluid dependences for high-frequency
P- and S-wave ultrasonic velocity (V/p and Vs) measurements, as
well as the derived bulk modulus Kyr and shear modulus pyr, are
illustrated in Fig. 5 for the tight specimen TS4, including their re-
spective error bars. Measured Vp and Kyr from low-compressibility
fluids of brine- and glycerine-saturated sandstones (at 7 = 23° C),
which are substantially higher than those for nitrogen gas filled (or
dry) rock at any given pressure, exhibit similar behaviours. Notably,
Vp and Kyr are higher in the specimen saturated with more viscous
fluid. The ultrasonic velocity measurement system is highly accu-
rate in recording arrival times, and the relative uncertainties on Vp,
Vs, Kur and pyr measurements, which could arise from potential
misalignment of the ultrasonic transducers with the end surface,
were estimated to be approximately AVp/Vp = 1.5percent,
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Figure 4. Measured pressure and frequency dependence of the elastic properties for the three reference samples of titanium, aluminium, and lucite from axial-
stress oscillations with the apparatus. The Young’s modulus £ (a) and Poisson’s ratio v (b) of two standard samples at four different oscillation frequencies of
/=11, 5, 20, 200] Hz are directly measured at confining pressures up to 20 MPa. The calibration results of Young’s modulus £ (c) and the corresponding
extensional attenuation 1/ Qg (d) for the lucite sample as a function of frequency at a confining pressure of 2 MPa are illustrated, along with literature data
from Batzle et al. (2006), Huang et al.(2015), and Pimienta et al. (2015). Parametric fits are applied to the experimental measurements and subsequently used
to calculate £ and 1/QF according to the Cole-Cole and Kramers—Kronig theories, respectively.

AVs/Vs = 1.8 per cent,
Apyr/pur = 2.6 per cent.

The strong pressure sensitivities observed in elastic measure-
ments confirm that the numerous naturally occurring microcracks
in core plug TS4 progressively close during the pressurization cy-
cle. This behaviour has been well-documented in previously pub-
lished literatures on tight sandstone specimens and other kinds of
rocks with similar microstructures (e.g. see David et al. 2013;
Pimienta et al. 2015; Yin et al. 2017, and references therein).
As observed, the P-wave ultrasonic velocity exhibits larger am-
plitudes and less pressure sensitivity with increasing bulk modulus
of the pore fluid. Conversely, the S-wave velocity shows higher
magnitudes at low pressures only. Beyond an effective pressure of
P ~ 40 MPa, under brine and glycerine saturation conditions, the
Vp and Kyr results appear to stabilize and become constant with
further increases in effective pressure. At an intermediate pres-
sure of Py &~ 12 MPa for this specific core sample, there is an
intersection point where the S-wave velocities from the dry and
fluid-saturated specimens converge. Beyond this pressure, the S-
wave velocities in brine and glycerine saturation are lower than
those in the dry condition. This intersection point corresponds
to the pressure at which the rock’s acoustic signatures are sig-
nificantly influenced by the presence of non-closable pores and
cracks.

AKHF/KHF =1.82 per cent and

3.2 Frequency and pressure dependent measurements
under dry condition

In this section, the frequency dependence of Young’s modulus E| ¢
and Poisson’s ratio vrr, along with their related attenuation (QELIF,
Q;LIF), as well as the inferred bulk modulus K|y and shear mod-
ulus p;r assuming isotropy, have been investigated for five ef-
fective pressures Py ranging from 1 to 20 MPa on the nitrogen
gas-saturated specimen (see Fig. 6). During the experiments, the
pore pressure was maintained at Pp = 1.2 MPa, and the confin-
ing pressure Pc was gradually increased between oscillation se-
quences. Dry ultrasonic measurements are also provided for com-
parison. System uncertainties in Eyg, v, Kip and upp of the
dry rock, as indicated by the error bars, may be related to po-
tential sources such as non-parallel alignment of strain gauges
with respect to the specimen axis, slight misalignment of the de-
vice causing non-uniform distribution of stress and strain, and
the high sensitivity of strain sensors to temperature and pres-
sure variations. The low-frequency measurements from three suc-
cessive experiments showed the following absolute uncertainties:
AELF = +0.45 GPa, AVLF = :I:OOO}S, AKLF = =+0.5 GPa, and
Apurr = £0.4 GPa. The corresponding relative uncertainties were
approximately AE r/E r = 2.5 percent, Av /v r = 3.0 percent,
AK /Ky =4.5percent and App/urr = 4.2 per cent.
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Figure 5. Experimental measurements for the porous specimen TS4 under nitrogen gas (dry), brine and glycerine saturation conditions at effective pressure
Peir up to 50 MPa with a maintained pore pressure at Pp = 1.2 MPa, under temperature 7 = 23° C. Graphs (a) and (b) show P- and S-wave veloci-
ties at an ultrasonic frequency of 1 MHz, and (c) and (d) display high-frequency bulk and shear moduli derived from elastic wave ultrasonic velocity

measurements.

The specimen TS4 shows no measurable variation in elastic prop-
erties with frequency, correlated with attenuation; nevertheless, a
significant effect of pressure is observed. It is also noteworthy that
the measured low-frequency elastic properties (Eg, vrr, K1 ¢ and
i) and the corresponding ultrasonic measurements exhibit simi-
lar values and follow the same pressure dependence. This indicates
the absence of scattering effects from wave propagation or inertial
effects in Biot’s theory, which operate at frequencies much higher
than those examined here (e.g. Sarout 2012). This variation feature
is expected for assumed homogeneous isotropic materials when mi-
crocracks are gradually closed with increasing pressure Peg. Fur-
thermore, the dry specimen shows negligible LF attenuation, Q7'
and Q!, across the entire frequency range for the measuring pres-
sures. The pressure dependence of dry ultrasonic elastic properties
(moduli and velocities, in Fig. 5), which are non-dispersive, enables
us to obtain heterogeneous distributions of the aspect ratio o of
compliant pores and the cumulative crack density I" of the stressed
specimen TS4. This can be achieved using methods described in de
Paula et al. (2012) and Duan et al. (2018).

At pressures of Py =[5, 15] MPa, the dry moduli dispersion
and attenuation measurements, as well as the inferred bulk and
shear moduli, resulting from two pairs of strain gauges (gauges 1 &
2, and gauges 3 & 4 in Fig. 3c) for the tight core TS4 are presented
in Fig. 7. While the differences in experimental results between

both pairs were found to be negligible over the frequency range
studied, the elastic moduli of Err, vrp, Kir and upr from Pair 1#
(circle symbols o) are slightly larger than those from Pair 2# (cross
symbols x), with the magnitudes of relative difference less than
Spercent. The aforementioned possible sources of experimental
uncertainty can be greatly minimized through painstaking sample
preparations. The higher the number of strain gauges, the lower the
uncertainty becomes. Nevertheless, the locally measured dynamic
strains on a cracked-porous specimen, which shows heterogeneous
variations (e.g. internal variations of lamination) on a scale larger
or comparable to the size of strain gauge used, are potentially the
most obvious source of experimental inaccuracies. This is because
all crustal rocks are inhomogeneous and/or anisotropic to a certain
extent. This effect, highly depends on the quality of the local strain
measurements, can be quantified by measurements with standard
materials for which their elastic properties are known.

For the homogeneous isotropic materials, aluminium and lucite,
the elastic properties measured and inferred (£, ULr, K r and py5)
are reported as a function of frequency f = [1 — 1000] Hz under
low-Terzaghi effective pressure of P = 5 MPa at room tempera-
ture (see Fig. 8). Similar to the porous specimen TS4, the results
from both uncracked specimens exhibit negligible dependence on
local strain measurements. The elastic properties from Pair 1# (cir-
cle marks o) are consistent with those from Pair 2# (cross marks x)

Gz0z Atenuer | uo ysenb Aq | GZ¥26./80€ L/2/0tZ/o101e/B/woo dno-olwepese//:sdiyy woly pepeojumod


art/ggae442_f5.eps

@ 4
—_ Effective pressure
ﬂﬂ—: O | MPa O 15MPa
Qo5 © 5MPa O 20MPa| |
w 10 MPa .
3 | @
3 | gupsgaaeanogianss £
= s 5553 30D2RROUNT g
w
e 5505300350800
%15 g%%%iﬁ@ﬁ@@@@gﬁﬁiﬁ
>~
10 b : .
10 10" 102 10° 10t 10° 10°
Frequency (Hz)
() 02
©
2042} E
E @QQQQEQGQmQQQQQQQ :
< 008 $3803888383835883 «
0.04 ;
10° 10" 102 10° 10t 10° 10°
Frequency (Hz)
(e) 16,
14l
& |
912r § |
X " gassageaasagaitnd :
S10153583883838530929 |
i, g
x !§§§§§§§§¢§§§§§§§m §
3 6 5585880588085083 |
" ;
10° 10° 10? 10° 104 10° 108

Frequency (Hz)

Microstructure and viscosity effect on moduli 1317

®) 506
0.04 |
%W
o
0.02 §7 ‘
; I 7 I ‘
g
’ 16” 161 10° 163 10 10° 108
Frequency (Hz)
@) 406
oos] |
£p
0.02} :
38888 ngé
Oggﬁgﬁgﬁ;ﬁ—ﬁ; |
10° 10" 102 108 104 10° 108
Frequency (Hz)
(f) 18
T 14
Q
2 12 1
$ o gaaRitsEsIEiNG: f :
b 1
(4]
= 6
) 160 10 10° 163 16‘ 10®°  10®
Frequency (Hz)

Figure 6. Laboratory measurements for the frequency dependence of Young’s modulus £ (a) and Poisson’s ratio v (c), as well as the corresponding attenuation
1/Qg (b)and 1/Q, (d), and the derived bulk modulus K (e) and shear ;« modulus (f) for the tight sandstone saturated with nitrogen gas as functions of effective

pressure Pegr with a maintained pore pressure at Pp =

1.2 MPa, under temperature 7 = 23° C. The core sample was investigated at room temperature under

isotropic loading with atmospheric pore pressure. Each open circle symbol represents the mean measurement of three experiments, with their corresponding
error bars illustrated. Dry elastic moduli show errors of around +0.45 GPa for (a), 0.0035 for (c), £0.5 GPa for (e) and 0.4 GPa for (f). (b) and (d) have an

error of +0.004 and £0.003, respectively.

across the tested frequency range. These sensitivity results confirm
that the experimental apparatus allows for reliable measurement of
the frequency dependence of elastic moduli using the forced oscil-
lation method at the measured pressure.

3.3 Frequency and pressure dependence of elastic
properties in fluid-saturated specimen

To explore the viscosity effects of the saturating fluid on rock elas-
tic moduli measurements, two fluids with different intrinsic vis-
cosities are chosen to saturate a homogeneous rock sample. The
characteristic frequency at which dispersion and attenuation are

maximum varies as «/n. The sample was maintained in an ex-
perimentally undrained boundary condition by closing the fluid
pipelines during the axial stress oscillations and keeping fluid mass
in the system (i.e. sample + dead volume). This setup allowed for
the direct measurement of the dispersion and attenuation effects
of the fluid-saturated specimen, particularly related to the squirt
flow phenomenon. The elastic properties of low-permeability sand-
stone were investigated under full saturation with glycerine (high
viscosity) and brine (low viscosity), respectively. The frequency
dependence of Young’s modulus E|r, attenuation Qg ', and the in-
ferred bulk modulus Ky and shear modulus pr from two pairs
of strain measurements at two effective pressures (P.;y = 5 and
15 MPa are reported in Fig. 9 for the brine-saturated specimen, and
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Figure 7. The measured frequency dependence of Young’s modulus £ is shown in graph (a) and Poisson’s ratio v in graph (c), with the corresponding
attenuation 1/Qpg and 1/0Q, displayed in graphs (b) and (d), respectively, for a nitrogen gas-saturated sandstone sample at two effective pressures of 5 and
15 MPa at a pore pressure Pp = 1.2 MPa at 7' = 23°C. Graphs (e) and (f) present the bulk modulus K and shear modulus p, derived from the data in graphs
(a) and (c). Additionally, circle marks (o) represent measurements from Pair 1#, while cross marks (x) are from Pair 2#.

in Fig. 10 for the glycerine-saturated specimen at temperatures of
T =[23°C, 10°C, 3°C].

For all fluid-saturated situations, Young’s modulus, bulk mod-
ulus and shear modulus exhibit an increasing tendency with the
increase of frequency. However, different dispersion characteris-
tics are observed for brine and glycerine saturation. In the case of
brine saturation, Young’s modulus Epr at an effective pressure of
P.x = 5 MPa increases slightly but remains in the range of approx-
imately 19.5-22.5 GPa for frequencies below 600 Hz (Fig. 9a). Ul-
trasonic measurements of Young’s modulus are significantly larger
compared to the axial oscillation results. This suggests that the
fluid pressure does not have sufficient time to be evenly distributed
by the propagating ultrasonic waves. For the glycerine-saturated
specimen, Young’s modulus Ep at 7 = 23°C exhibits a gradual

increase from 22.5 GPa up to 31.5 GPa over the frequency band of
experimentation (i.e. f = [ — 300; 10°]Hz), and Young’s mod-
ulus at 7 = 3°C shows the largest magnitude, increasing from
27 GPa up to 35 GPa. For this low-permeability sandstone, the ex-
perimental results of E1p, v r and K| r under glycerine saturation,
which are clearly larger compared to the brine-saturated case, are
slightly shifted to lower frequencies. These findings underscore the
complex interplay between fluid viscosity, frequency, and tempera-
ture in influencing the elastic properties of rocks.

For all performed experiments, the effective pressure P.gs strongly
affects the frequency dependence of Young’s attenuation Qg', and
a peak in frequency-dependent Young’s attenuation is observed for
two different P.gr values (see Figs 9b, 10b, fand j). As the frequency
increases, Qp' for Py =[5, 15]MPa increases and shows large
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Figure 8. The measured Young’s modulus £ is shown in graph (a) and Poisson’s ratio v in graph (b). The inferred bulk modulus K is displayed in graph
(c) and shear moduli x in graph (d), all derived from low-frequency axial oscillations for the reference samples of aluminium and Plexiglas at Pesr = 5 MPa.
Additionally, circle marks (o) represent measurements from Pair 1#, while cross marks (x) from Pair 2#.

bell-shaped variations. It is worth noting that the £ measurements
seem to show only one strong dispersion, which correlates with
high-attenuation peaks. Although the peaks in Q' reduce substan-
tially as effective pressure increases from Py = 5 to 15 MPa (pres-
sure dependence), it seems that the Q' peak of the brine-saturated
sample is smaller compared to the glycerine case. Similar to the
elastic property results, the critical frequency corresponding to the
05! peak of the brine-saturated specimen shifts towards higher
frequencies, compared to that of the glycerine-saturated specimen.
For brine full saturation at Py = 5 MPa, Of ! exhibits a maximum
peak of approximately 0.07 at a frequency around f,_s = 150 Hz.
For glycerine saturation, maximum peaks in Q' are approxi-
mately 0.085, 0.1 and 0.105 at 7 = 23, 10, and 3° C, respectively,
at critical frequencies around fo,_s = 20Hz, f.;—s = 15Hz, and
Jfeg—s = 12 Hz. As effective pressure increases, the amount of fluid
flow is consistently reduced due to the gradual closure of microc-
racks. To verify the consistency of measured results for the specimen
under brine and glycerine saturation, the Kramers—Kronig (K-K)
relations were used to examine the causality between E and Oy
measurements. The good agreement between the obtained Young’s
modulus curves and the results of the K—K relations (Figs 9a, 10a, e
and f) suggests that the experimental measurements are causal and
possess a common physical mechanism involving the frequency
dependence of Epp. This agreement confirms the reliability and
physical consistency of the measurements in the investigated wet
specimen.

At two effective pressures, the obtained Err, O5', Kip and g
from the brine- or glycerine-filled sample exhibit more pronounced
discrepancies between two pairs of strain measurements compared
to those in the dry (nitrogen gas) condition. This observation

underscores the importance of pore fluid in influencing the overall
elastic stiffness of the specimen. In other words, the filled fluid, ac-
cessing the macropores through micropores or cracks, significantly
affects the microheterogeneity of the rock. This interaction leads to
local strain alterations on a scale larger than the size of strain sen-
sors used, resulting in amplified differences in experimental mea-
surements from two pairs of strain gauges in the fluid-saturated
rock. At low frequencies (f = [1 — 300] Hz), discrepancies in £y
estimated at Py = 15 MPa are clearly smaller than those at Py =
5 MPa. This is consistent with the closure of microcrack as effective
pressure increases. However, for the glycerine-saturated specimen
at T = 3°C, the associated magnitude of discrepancies shows a
very different variation (Fig. 10f). It exhibits an increasing trend
at P = 5MPa as frequency increases but a decreasing trend at
Py = 15MPa.

The selected sandstone sample exhibits observable local differ-
ences in microscopic pore structure, allowing for potential corre-
lations between microstructure and squirt flow-induced dispersion
and attenuation under fluid-saturated conditions. These correlations
provide valuable insights into the mechanical behaviour of fluid-
saturated rocks. In the case of fully brine saturation, discrepancies
in Epr between pairs of strain measurements decrease with in-
creasing frequency for P = [5, 15] MPa. This decrease appears
to correspond to the characteristic fluid diffusion length occurring
in heterogeneous pore types. At higher frequencies, fluid move-
ment within the pore structure becomes more homogeneous, and
fluid pressure appears to have a more uniform distribution, reduc-
ing local strain variations. The magnitudes of bulk modulus K
and attenuation Q' at Pair 1# are lower compared to those at Pair
2#. Conversely, the Young’s modulus £} and shear modulus ¢ at
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Figure 9. Measurements at Pegr = [5, 15] MPa under a maintained pore pressure Pp = 1.2 MPa, showing the frequency dependence of Young’s modulus
E (a) and Young’s attenuation Qp ' (b) in the fully brine saturated sandstone sample at 77 = 23° C. Graphs (c) and (d) show the derived bulk and shear
modulus, respectively. Brine-saturated elastic moduli show errors of around 0.5 GPa for (a), +0.45 GPa for (c), and +0.54 GPa for (d). Measured Young’s
attenuation Qg ! (b) has an error of £0.003. Solid curves in graph (a) represent a parametric fit to the experimental measurements based on the Kramers—Kronig
relationship. Note that each symbol of open circle (o) from Pair 1# and cross (x) from Pair 2# represents the mean measurement of three experiments, with

corresponding error bars illustrated.

Pair 1# exhibit larger values than those at Pair 2#. For Q' measured
from both pairs, the characteristic frequencies correlated with rock
permeability « seem to be the same, although these frequencies are
shifted to much lower values due to the increase in fluid diffusion
length. This shift is consistent with the expected microcrack closure
as effective pressure Py increases from 5 MPa to 15 MPa (Fig. 9b).
The variations in characteristic frequencies do not directly corre-
late with rock porosity or mineral properties, suggesting that other
factors, such as pore structure and fluid distribution, play a more
significant role.

Similar to the brine-saturated case, the characteristic frequen-
cies for the two pairs of Young’s attenuation (Qg ') measurements
were roughly identical under full glycerine saturation. This indi-
cates that the characteristic frequencies are primarily governed by
the rock’s intrinsic properties, such as permeability and pore struc-
ture, rather than the type of saturating fluid. At two effective pres-
sures, discrepancies between the two pairs of Q' measurements
decrease as the temperature (7)) drops from 23 to 3° C, which re-
sults in an increase in glycerine viscosity. With the increase in glyc-
erine viscosity at lower temperatures, WIFF associated with the
mobility of the high-viscosity fluid is suppressed, and the viscous
friction-induced, frequency-dependent energy dissipation becomes
more uniform within the pore spaces and microcracks. This equal-
ization of energy dissipation results in more uniform attenuation
across different regions of the specimen, reducing the discrepancies
between the two pairs of O 'measurements.

At room temperature (7" = 23° C), the fluid viscosities of glyc-
erine and brine used in the experiments are 1y, = 1.22 Pa-s and
Nei = 1.05 x 1073 Pa-s, respectively. To account for both fluid vis-
cosity and frequency effects within the framework of fluid flow
theories associated with diffusion processes at different scales, a
so-called ‘apparent frequency’ parameter f“ is introduced. This
parameter normalizes the effects of fluid viscosity and frequency,
allowing for a unified interpretation of the experimental results
across different fluids and frequencies, as illustrated in Fig. 11. The
concept of apparent frequency has been discussed in various studies
and can be expressed as (e.g. see Pimienta ef al. 2015; Spencer &
Shine 2016; Borgomano et al. 2017)

fr=rx )
o
where f represents the testing frequency of'the applied stress, 7y de-
notes the considered fluid viscosity, and 7, signifies the viscosity of
brine. This approach scales the experimental frequencies according
to the viscosity of the filling fluid, with brine as the reference. The
in situ liquid viscosity of glycerine, which is used to determine the
apparent frequency f?, is derived from the measured intrinsic per-
meability of specimens filled with various fluids (Fig. 2). For testing
frequencies f* < fgio, the varying viscosity of the saturating fluid
significantly extends the apparent frequency band of experimental
measurements related to viscous fluid diffusion mechanisms by ap-
proximately three orders of magnitude, thereby characterizing the
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Figure 10. Measurements at P.ge = [5, 15] MPa under a pore pressure Pp = 1.2 MPa, showing the frequency dependence of Young’s modulus £, Young’s
attenuation Qg !, and inferred elastic moduli in the fully glycerine-saturated sandstone sample at temperatures of (a)—(d) 23° C, (e)~(h) 10° C and (i)~(1) 3° C.
Solid curves in graphs (a), (e), and (i) represent a parametric fit to the experimental measurements based on the Kramers—Kronig relationship. Note that each
symbol of open circle (0) from Pair 1# and cross (x) from Pair 2# represents the mean measurement of three experiments, with corresponding error bars
illustrated.
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Figure 11. Results of (a) Young’s modulus £, (b) the related attenuation Qg ! and the inferred (c) bulk modulus K and (d) shear modulus s in the fluid-saturated
sample at 23° C at effective pressure Pesr = [5, 15] MPa under a pore pressure Pp = 1.2 MPa. Apparent frequency f“ is scaled by the viscosity of the fluid,
with brine as the reference fluid. For both pairs of measured results, two sets of measurements for brine (left) and glycerine (right) saturation conditions are

plotted.

dispersion and attenuation effects of the saturated specimen over a
wider frequency range. Biot’s frequency, fBiOF%, where Dy is
the fluid density, allows us to investigate the rock’s elastic signatures
under full brine-saturated conditions corresponding to well log fre-
quencies (~ 10 kHz) in laboratory settings. Given the experimental
apparatus’s frequency band of /' = [1 — 600] Hz, the apparent fre-
quency band under brine saturation is f;; = [1 — 600] Hz, and un-
der glycerine saturation, it is f3 = [1.162 x 10° — 2.9 x 10°]Hz
at 7 =23°C.

The experimental results of Err, Op l, K and pupr illustrated
in Fig. 11 provide comprehensive insights into the elastic proper-
ties and attenuation behaviour of the sandstone samples under full
brine and glycerine saturation at room temperature (23° C) for two
different effective pressures (5 and 15 MPa), expressed in terms of
apparent frequency f* (e.g. Pimienta et al. 2017; Borgomano et al.
2019). The measured Young’s modulus (Fig. 11a) and the inferred
elastic moduli (Figs 11c and d) exhibit two notable dispersive tran-
sitions, evident under both saturation conditions at approximately
150 and 2 x 10* Hz, respectively. These transitions align with the
peak values in Young’s attenuation Q' (Fig. 11b). The results
obtained around f* ~ 800 Hz show a good agreement under both
water and glycerine saturation for different pressures Pes. Further-
more, the general evolutionary patterns of Young’s modulus £y r and
attenuation Qp', as well as the elastic moduli Ky and sr,
are consistent under both brine- and glycerine-saturated con-
ditions. However, local strain measurements reveal two sets
of elastic results that differ significantly with respect to f*
and P.y. These variations can be primarily attributed to the
intrinsic microheterogeneity and anisotropy of the specimens.

Additional potential sources of errors include the intrinsic bulk
modulus of the fluids and the dynamic strain measurements by
gauges (5 mm in length), which is larger compared to a REV aver-
age region. In the undrained regime of higher frequencies, the fluid
mass remains constant, and pore pressure is isobaric within the
REV.

4 INTERPRETATION OF
EXPERIMENTAL RESULTS

4.1 Theoretical model for squirt flow dispersion and
attenuation in fluid saturated rocks

In this study, different effects were observed for two pairs of lo-
cal strain measurements in a low-permeability sandstone saturated
with fluids of varying viscosities, such as nitrogen gas, brine and
glycerine. As shown in Fig. 6, the sandstone specimen under dry
conditions reveals no frequency dependence. Therefore, the mea-
sured dispersion and attenuation in the fluid-saturated sandstone
are induced by the presence of pore fluids (Figs 9 and 10). Crustal
rock generally contains pores and microcracks of various shapes,
allowing saturating fluids to flow at different scales, from a com-
pliant crack to a neighboring less compliant pores (e.g. Dvorkin
et al. 1995; de Paula er al. 2012). In the undrained regime, the
isobaric pressure status is maintained for pores within the REV
but not for different REVs. The characteristic frequency corre-
sponding to the drained/undrained transition can be expressed
as follows (e.g. Mavko et al. 2009; Pimienta et al. 2017,
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4Kd K

Jfor= s (6)
where K, represents the drained bulk modulus and L is the sam-
ple’s vertical length. Eq. 6 is valid for a laterally sealed core plug,
accompanied by drained boundary conditions at the top and bot-
tom. According to studies from O’Connell & Budiansky (1977),
Mavko & Jizba (1991) or Gurevich et al. (2010), for example, the
large dispersion and attenuation phenomenon, or squirt flow disper-
sion, relates to a transition separating the undrained and unrelaxed
regimes. The corresponding characteristic frequency, which relies
on core’s macroscopic parameters of bulk modulus and fluid vis-
cosity 7, can be written as (e.g. Alkhimenkov & Quintal 2022;
Alkhimenkov 2024; He et al. 2024a)

K,
Jor & 7 (O‘Sq)3’ (7

where K, is the skeleton bulk modulus and oy is the so-called
squirt flow aspect ratio controlling the characteristic frequency.
This approach leverages the understanding that as effective pres-
sure increases, compliant pores and microcracks close, leading to
higher velocities and changes in the elastic properties of the rock.
The sensitivity of pressure varies among different rock types due
to variations in mineral composition, grain size, porosity and the
distribution and connectivity of microcracks and pores. Also note
that at higher frequencies, an additional attenuation peak may arise
corresponding to the viscous shear relaxation mechanism. When
the soft pores are contained with a Newtonian fluid of viscosity 7,
the characteristic frequency can be written as (e.g. Mavko 2013;
Gurevich & Carcione 2022; Alkhimenkov 2024)

2—v c(Gmin
8(1—v) n

here, G ,;, and v represent the mineral shear modulus and Poisson’s
ratio. However, the viscous shear relaxation in the fluid is negligible
and beyond the scope in the current study. At Py = 5MPa, Kg =
8.3GPa, L = 0.07mand k = 0.052 x 10~'> m? are used for the dry
sample. This results in a characteristic frequency f, ~ 0.3 Hz for
the brine-saturated condition using eq. (6). The bulk skeleton bulk
modulus estimated is K, = 38 GPa. The squirt flow aspect ratio
can be approximately by agq = hyq/(2l5q) = 1.6 X 10~*, where hgq
and /g, are thickness and length of squirt flow, respectively. Thus,
the undrained/unrelaxed transition for squirt flow is expected to
take place at f%, ~ 150Hz from eq. (7). The sample’s mineral
shear modulus is G, = 42 GPa, and Poisson’s ratio is v = 0.1.
For the pore fluid of Newtonian, the characteristic frequency of
shear relaxation in cracks may occur at f*_, .~ 1.7 GHz from eq.
(8), which is much higher than the squirt characteristic frequency
/&, and hence we only consider the squirt flow dispersion and
ignore the viscous shear relaxation mechanism.

The study by de Paula et al. (2012) on dispersion and attenua-
tion due to squirt flow between relatively compliant and relatively
stiff pores demonstrated that it is reasonable to represent the to-
tal porosity ¢ can be represented as the sum of compliant (or soft)
porosity ¢., equant porosity ¢., and moderately stiff or intermediate
porosity ¢ns. Typically, ¢, is often 0.001 or less, ¢. has a charac-
teristics aspect ratio close to 1, and ¢, has aspect ratios between
1073 and 2 x 107!, Therefore, the total porosity can be expressed as
¢ = P + Pe + Pms. Key parameters of the rock’s pore microstruc-
ture can be derived based on the ultrasonic velocity measurements
as a function of effective pressure, under the assumption that dry

féfshear =

®)
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elastic properties are independent of frequency (non-dispersive).
The aspect ratio @ of microcracks, while difficult to measure di-
rectly with accuracy, can indeed be inferred from the exponential
pressure dependence of dry elastic moduli (e.g. David & Zimmer-
man 2012; Duan et al. 2018). For a detailed description of the
calculations used to determine the inhomogeneous distributions of
aspect ratios o (P) and o (P) for the compliant porosity ¢.(P) and
intermediate porosity ¢ms(P), please refer to He et al. (2022). The
pressure-dependent dry compressibility (open symbols), estimated
from ultrasonic dry moduli measurements and the fitting (dashed
curves), is shown in Fig. 12(a). Based on the pressure dependence
of dry elastic properties (Kry, Gary), broad distributions for crack
aspect ratios o/ ata given pressure P can be directly extracted using
methods described by David & Zimmerman (2012)

TS P i Gk M )
o =dy—[————""—dP,

¢ <0 0 3Ksp(1 - 2UB)
where o is aspect ratio of the ith un-stressed compliant pore, vp is
Poisson’s ratio of the solid skeleton, and Ky, is the bulk modulus of
an isotropic background containing evenly distributed stiff pores.
Accordingly, the compliant porosity distribution versus the aspect
ratio o, can be obtained using the following relationship

, 4
¢ (@) = gmae (P)T (o), (10)

where I'(c) represents the cumulative crack density against aspect
ratio o (see Fig. 12c¢) that can be directly obtained from elastic
velocity measurements by applying a least-squares fitting method to
match the experimental data with theoretical models. The pressure-
dependent compliant porosity ¢.(P) is shown in Fig. 12(b), and the
compliant porosity against aspect ratio «, at five effective pressures
is displayed in Fig. 12(d), where the main aspect ratio corresponds
to the peak in the curves ¢! at each pressure.

Through the least-fitting of the stress-dependent dry rock elastic
properties, key parameters for the intermediate pores (Pus(P), Cms)
can be derived by

ch (P) = Kep [1 — OnsPums (P)] s (11)

ch (P)= Mep [1 — OnsPms (P)] . (12)

The calculated rock intermediate porosity ¢ms(P) as a function
of P is shown in Fig. 12(b). Similar to compliant pores, aspect
ratio oy, of the intermediate pores can be obtained by

Koy (3Kep +4Gep)
T s Gep 3Kep + Gep)

Oms = (13)
Moreover, the dependence of bulk and shear moduli (K, Gep)

of the dry rock skeleton on porosity can be described using (see

Krief et al. 1990)

K sp Gsp

= = 1— 3/(1_¢'), 14
=Gl =-9) (14)

here K, and G, represent dry frame elastic moduli of a hypothetical
rock without open compliant pores.

Once the dry rock elastic properties, intermediate and compli-
ant porosities, and their aspect ratios are extracted, the pressure-
and frequency-dependent bulk and shear moduli of the fully satu-
rated rock sample can be obtained using the modified Gassmann’s
equations

_[r ¢ (1/Ke — 1/Kg) -
Kea (P, @) = [KG T 6 (/Kr — 1/Ka) /(1 Kt (Pr o) — 1/KG)}

(15)
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P =[1, 5, 10, 15, 20] MPa.

Gsat (Pv (1)) = Gt (P, a)) ’ (16)

where K¢ and K, denote bulk modulus of the pore fluid and the solid
mineral, respectively, and unrelaxed elastic moduli, K,¢(P, w) and
G (P, w), for the modified rock matrix can be written as (de Paula
etal 2012; He et al. 2022)

1 1
Kmf (P, w) = | 7= —1
K. ( L 1) 4 dion
Kp(P) — Kep 8ms (Pt
—1
1
1 : (17
1 1 4 3iwn
(Kdn,w) ch<P)) 8o (P)ad
Gt (P, ®) [ : 4 [ : 1 Hl
m ,CU = - - L)
f Gay (P) 15 | Kary(P)  Kue (P, )
(18)

where K, (P) represents the pressure-dependent unrelaxed dry bulk
modulus of a hypothetical rock with all compliant porosity closed
at relatively high pressures, and K, represents the bulk modulus of
a rock with the presence of only the equant pore, which is com-
puted with self-consistent approximation effective medium model
for spherical pores.

4.2 Sensitivity of elastic moduli to rock
microheterogeneity and pore fluids

Comparisons between the experimental data and predicted re-
sults for Young’s modulus F, attenuation QOp ' bulk modulus
K, and shear modulus p for fully fluid-saturated sandstone at
23°C, based on two pairs of strain measurements at pressures
Py =[5, 15]MPa, are displayed as a function of apparent fre-
quency f“ (see Fig. 13). The frequency-dependent elastic proper-
ties obtained using the squirt flow model in Gurevich et al. (2010),
which incorporates a characteristic compliant pore aspect ratio (de-
noted as SF), generally align well with the experimental results
under glycerine-saturated conditions. The squirt flow model that
considers a triple pore structure and the effects of inhomogeneous
aspect ratio distribution of compliant pores (denoted as SFTPS)
also shows satisfactory agreement with the measured data. This
model accounts for the variability in microscopic parameters such
as aspect ratios and porosities of compliant and intermediate pores,
reflecting the high sensitivity of microscopic squirt flow to changes
in characteristic crack aspect ratios. At frequencies low enough
(below Biot’s frequency), both theoretical models converge to their
undrained limits in Biot-Gassmann relations (Gassmann 1951; Biot
1962):

—1
K7 (Py = 1, ¢ (1/Ke — 1/Kg)
Ko 14+¢(1/Kr —1/Kg)/ (1/Kary (P) — 1/Kg)

and G (P) = Gary (P). (19)
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Figure 13. Comparisons between laboratory measurements and predictions of Young’s modulus £, Young’s attenuation Qg ! bulk modulus K and shear
modulus u as functions of apparent frequency [ at effective pressures P = [5, 15] MPa. The measured results are shown for Pair 1# (graphs a-d, empty
circle) and Pair 2# (e-h, cross) for samples saturated with brine and glycerine at 7 = 23° C. In all cases, pink (5 MPa) and green (15 MPa) curves represent
predictions from the Biot—Gassmann theory (horizontal dashed lines) and the SF model by Gurevich et al. (2010) with a characteristic aspect ratio of compliant
pores (solid lines) under glycerine-saturated conditions. The solid blue (5 MPa) and red (15 MPa) curves are predictions from the SFTPS model of triple pore

35 P - 1 T oy
— air +
& Brine
@ 30
w
825
=
8
E = PWW Predictions
'g: =F SFTPS model SF model
- 15 foee e P =5 MPa P _=5MPa

D eff eff

> Y — P =15MPa — P =15MPa

10 ’ = 4

102 10° 102 10* 108
Apparent frequency (Hz)
a5
Pair 1
30

N
(&)

Bulk modulus K (GPa)
nN
o

| |

15
Brine
10 feeeeeo008086800000 E
o-eeaasn008000000
5t Dry j ;
102 10° 10° 10° 108
Apparent frequency (Hz)
35 : -
s Pair 2
a
30 -
™" |Gassmann (gy) 15 MPa_
8257 ™
5 |Gassmann (gly) 5 MPa
2 .
220k Glycerine
K W
§= Brine
T 15 ettty
Q
= Dry
10 ; i i
102 10° 10? 10* 108
Apparent frequency (Hz)
35 T T
Pair 2
~30r
@
o
< 25 (Gassmann (qly) 15 MPa :
S20F -
= SR S ety
B
£ 15 [Gassmann (gly) 5 MPa Glycerine 1
= Brine
D 10 [ s sttt ]
O e Y
] el o amat i 2
102 10° 102 10* 108

Apparent frequency (Hz)

structure with an inhomogeneous aspect ratio distribution (see Fig. 12).

Microstructure and viscosity effect on moduli 1325
®) o4 : . —
Pair 1 Glycerine
0.08 |
Brine
0.06 |
v W
004  Dry
0.02
0 L i
10 10° 102 10* 108
Apparent frequency (Hz)
(d)
©
o
Q
L
g
=3
B
E
]
2
(2 | Gassmann (gly) 5 MPa |
Dry
102 10° 10° 10° 108
Apparent frequency (Hz)
()
0.1 : : ' . -
Pair 2 Glygerine
0.08 |
Brine
0.06 |
Tw
0.04 | Dry
0.02 |- 1
0 i i . i ; |
102 10" 10° 10" 102 10° 10* 105 108
Apparent frequency (Hz)
) 13 : T :
= Paes Glycerine
o
e 1 -G
= assmann (gly) 15 MPa Brine _.
3 \[\f“*\/ 2
3 e 4 e B J
8 o = -
E W
=SS I 1 A e oA
= -
o 7 rGassmann (gly) 5 MPa 1
Dry ‘
102 10° 10? 10* 108

Apparent frequency (Hz)

G20z Asenuer | uo 1senb Aq L5Z¥26./80€ L/2/0vz/e10nIe/B/woo dno-ojwspeoe//:sdiy woly pspeojumoq


art/ggae442_f13.eps

1326 Y-X He et al.

(a)

B
o
=

©
o
S 451 |
w
g
=230
o
o
w
i=]
5
3 20|
).
15 : :
10° 10 102 10° 10*
Frequency (Hz)
() 0.12 = w
Pair 1#
017}
0.08 Measurements |
o006} “E-T3C
—H—r=10°C
0.04 —e—7=23°C
- ——P =5 MPa |
P =15 MPa
eff
10° 10’ 102 10° 10

Frequency (Hz)

Pair 24 -

10° 10’ 10° 10° 10%
Frequency (Hz)
Pair 2#
Measurements
—&—1=3°C
——T1=10C
o —e—7=23°C
t - -
— s : —P =5MPa
iy P15 MPa
0 Ll - il e — i ——a il L
10° 10° 102 10° 10*
Frequency (Hz)

Figure 14. The measured frequency dependence of Young’s modulus £ and Young’s attenuation Qg ! of a sandstone sample fully saturated with glycerine
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that the measured results from Pair 1# (a and c) and Pair 2# (b and d) represent the mean values of three experiments, with corresponding error bars

reported.

This convergence indicates that at low frequencies, the fluid in the
pores has enough time to equilibrate pressure, resulting in undrained
conditions. In glycerine-saturated condition, there is significant dis-
persion around the characteristic frequency 2.5 x 10* Hz, particu-
larly at the low pressure Py = 5 MPa. This dispersion is more pro-
nounced compared to the brine-saturated condition, which shows
dispersion around 150 Hz that agrees with the predicted char-
acteristic frequency f,. These observations are consistent with
the drained/undrained transition frequencies, where the fluid can-
not equilibrate pressure quickly enough at higher frequencies.
As the apparent frequency f“ increases, the elastic moduli in
glycerine-saturated condition increase towards values higher than
the undrained predictions. This stiffening effect at higher frequen-
cies is indicative of the squirt flow mechanism, where the restricted
movement of fluid in compliant pores leads to an apparent in-
crease in stiffness. This effect is more pronounced in glycerine-
saturated sandstone due to glycerine’s higher viscosity compared to
brine.

The SFTPS model predicts bell-shaped attenuation curves that
show a reasonably good fit with the measured results for brine- and
glycerine-saturated conditions. These attenuation curves indicate
the presence of two distinct squirt flow mechanisms: (1) between
stiff and compliant pores, and (2) between intermediate and equant
pores. The SFTPS model successfully predicts the amplitude of the
attenuation peaks observed in the experimental data, however, it

does not accurately predict the frequency range of the second atten-
uation peak, particularly at higher pressure (P.g = 15 MPa). This
discrepancy suggests that the pore microstructural parameters used
in squirt flow calculations may not be accurately estimated from
the rock’s microscopic data obtained via SEM using the present pa-
rameter fitting method. The pressure effects on the dry moduli are
complex, influenced by the rock’s heterogeneous microstructures
and varied pore types. These effects are not solely governed by the
closure of microcracks but also by the interaction between different
pore types and the overall structural heterogeneity (see Figs 1b to
f). Additionally, the frequency bands of the measured attenuation
05! are significantly influenced by the position of local strain mea-
surements. These measurements are averaged over paired results
and may capture different fluid-flow regions at various scales. This
variability can obscure the true attenuation characteristics, espe-
cially when ruling out other effects such as scattering, inertial influ-
ences, or patchy saturation (e.g. Borgomano et al. 2019). While it
is impractical to completely preclude fluid flow due to mesoscopic
heterogeneities at the sample scale, the contrasting compressibil-
ity of fluid-saturated regions does not seem to create significant
attenuation amplitudes compared to those due to squirt flow as-
sociated with microscopic compressibility heterogeneities. Thus,
at a given effective pressure, it is possible to identify distinct fre-
quency ranges corresponding to drained, undrained and unrelaxed
regimes. Furthermore, the presence of a second attenuation peak in
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Figure 15. Laboratory measurements were conducted at frequencies of /= [1, 25] Hz to observe the variations in Young’s modulus £, Young’s attenuation
O ! bulk modulus K and shear modulus ;. with effective pressure Pegy for the tight sandstone saturated with nitrogen gas, brine and glycerine at 7 = 23° C.
At these frequencies, the elastic measurements are significantly affected by the pore infills.

glycerine-saturated results is consistent with the estimated charac-
teristic frequency f,, supporting the presupposition that the squirt
flow effects are related to the microheterogeneity of the rock’s solid
frame and pore fluids.

4.3 Fluid viscosity effects on pressure sensitivity of seismic
attenuation and dispersion

The role of fluid viscosity on the frequency-dependent variations of
Young’s modulus £ and attenuation Q' in microstructurally com-
plex sandstone TS4 is intricately tied to temperature changes, which
affect the viscosity of the saturating fluid. This relationship is specif-
ically examined in the context of glycerine saturation at different
temperatures and varying effective pressures (P = [5, 15] MPa),
as illustrated in Fig. 14. The characteristic frequency of the squirt
flow mechanism is inversely proportional to the viscosity of the sat-
urating fluid. As temperature increases from 3 to 23°C, the viscosity
of glycerine decreases, leading to a reduction in the visible attenu-
ation peaks for both pairs of strain measurements (Figs 14c and d).
The attenuation peaks correspond to a broader frequency band at
higher temperatures because the reduced viscosity allows the fluid
to flow more easily between pores. Moreover, this broadening of the
frequency band and the drop in attenuation peak amplitude are likely
due to the heterogeneous distributions of aspect ratios of the compli-
ant and intermediate porosity, which strongly amplify the impact of
fluid viscosity variations on the squirt flow mechanism. At seismic
frequencies, the measured Young’s modulus £ from the two pairs
of strain measurements (Pair 1# and Pair 2#) shows significant dif-
ferences. This variation is likely related to the potential squirt flow

process, which is highly sensitive to minor variations in the rock’s
microstructures.

The experimental measurements of low-frequency elastic moduli
and attenuation for sandstone TS4 under different saturating con-
ditions (N;-, brine- and glycerine-saturated) at 23°C, as depicted
in Fig. 15, offer valuable insights into the frequency-dependent
behaviour of the rock sample. The elastic moduli and attenuation
vary significantly with effective pressure, highlighting the influ-
ence of the type of saturating fluid and the spatial distribution and
scale of the heterogeneities within the rock matrix. At low fre-
quencies, fluid pressure diffusion equilibrates throughout all the
pores. This equilibration leads to a more homogeneous response
at the representative elementary volume scale, resulting in elastic
properties that are more consistent and isotropic across the rock
sample. At higher frequencies, microscale wave-induced pressure
gradients arise from fluid flow between pore types with contrast-
ing compressibility. These gradients lead to deviations from the
isobaric state, causing significant variations in elastic moduli and
attenuation. The measured results indicate strong squirt flow dis-
persion affecting seismic frequencies, suggesting that squirt flow
effects are significant and must be considered when interpreting
seismic data. Squirt flow effects are not expected to be poten-
tially independent of the measured location, provided that each
saturated REV of the sample is considered the same. However, lo-
cal strain measurement regions larger than an REV average area
show variations, highlighting the importance of considering the
local measurement area and inherent heterogeneities when inter-
preting elastic properties for accurate geophysical and reservoir
applications.
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5 CONCLUSIONS

Laboratory experiments on a microstructurally complex sandstone
were conducted to delve into the effects of rock microheterogeneity
on the dispersion and attenuation of elastic moduli. These exper-
iments utilized a low-frequency forced axial oscillation method
combined with the ultrasonic transmission method to monitor the
evolution of dynamic elastic properties across different frequen-
cies and effective pressures. The experiments were performed on
a low-permeability sandstone specimen under three conditions:
dry, brine-saturated, and glycerine-saturated. The elastic moduli
exhibited no significant frequency dependence in the dry state,
indicating a uniform response throughout the sample. Deviations
from different measurement localizations of paired strain gauges
were negligible, suggesting a consistent and homogeneous re-
sponse in the absence of fluid. In contrast, under both brine- and
glycerine-saturated conditions, noticeable dispersion and attenu-
ation of elastic moduli were recorded, highlighting the role of
fluid-induced heterogeneity-related dispersion mechanisms. Sig-
nificant variations were observed across different local measure-
ment areas, indicating that the presence of fluid amplifies the ef-
fects of rock microheterogeneities. At seismic frequencies, mea-
surement differentiation tends to amplify, likely due to the squirt
flow process influenced by microscopic compressibility hetero-
geneities within the rock matrix and saturating fluid. Despite com-
mon assumptions that the squirt flow effects on elastic properties
are significant at higher frequencies and relatively independent of
pore geometry intricacies, the experimental measurements show
pronounced squirt flow dispersion within the seismic frequency
band.

Under brine- and glycerine-saturated conditions, the measured
elastic moduli of the sandstone significantly increased with both
frequency and effective pressure across the testing frequency range.
The strong dispersion of elastic moduli coincided with a peak
in attenuation. Additionally, for measurements using saturating
fluids of varying viscosities, the effects of dispersion and atten-
uation due to viscous fluid flows shifted across different temper-
ature ranges. This emphasizes the importance of considering the
impact of fluid viscosity on rock elastic properties, as changes
in temperature can significantly alter fluid behaviour and, con-
sequently, the rock’s elastic response. Predicted results from the
SFTPS model, which considers the rock’s microstructure and pore
types, closely align with laboratory measurements. This congru-
ence suggests that the observed frequency-dependent attenuation
and modulus dispersion in the seismic frequency range are re-
lated to the squirt flow process driven by microscopic compress-
ibility heterogeneities at the measurement sites. Therefore, re-
lying solely on low-frequency axial oscillation experiments and
position-dependent strain measurements in microstructurally com-
plex zones may lead to inaccuracies due to local variations in rock
properties and fluid behaviour. These local variations can compli-
cate interpretations in field applications, necessitating detailed mi-
crostructural models in geophysical studies, particularly in seismic
hydrocarbon exploration and CO, geo-sequestration monitoring
efforts.
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