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The acoustical-electrical (AE) properties of reservoir rocks are affected by their microstructure (pores, micro-
fractures, cracks and their geometry) and saturating fluids. To aid the interpretation, digital rock physics (DRP) is
a useful technique to characterize this microstructure, as well as equivalent petrophysical models (EPM) to
obtain joint AE properties. We perform thin-section analysis on rocks from tight-oil reservoirs, along with X-ray
diffraction (XRD) and computed tomography (CT) to study rock lithology and minerals. We also perform
porosity, permeability, ultrasound, and electrical conductivity experiments as a function of confining pressure to
analyze pore structure. First, the 3D digital multicomponent cores are created based on a geology-driven
multiphase segmentation workflow and images of the samples, and verified based on the porosity and min-
erals. Then, the AE properties and permeability are calculated by using numerical simulations (finite difference
and finite volume methods). Next, the rigid and microcracked (soft) porosities are determined by using the
Shapiro model to create the rock skeleton. We develop a joint EPM based on the effective medium AE and the
Biot-Rayleigh equations with double porosity to describe the rock properties. The ultrasonic, sonic and seismic
multiple data are used to compare and analyze the two approaches. The results show that the DRP techniques
based on real cores are effective in characterizing the microstructure and the proposed EPM can describe the AE
properties of real rocks, indicating a potential for quantitative characterization of reservoirs.

1. Introduction DRP has become a complementary approach for imaging reservoir

rocks. By using X-ray computed tomography (CT), minerals, and geo-

The pore structure of reservoir rocks involves the geometry, size,
distribution, and connectivity of pores and throats, which compose the
main space for hydrocarbon storage and transport. Theoretical and
experimental studies have shown that pore and throat systems signifi-
cantly affect the physical properties (Miiller et al., 2010; Amalokwu
etal., 2014; Chapman et al., 2016; Zhang et al., 2021, 2022; Wang et al.,
2021, 2022a; Luo et al., 2023), such as permeability, acoustic velocities
and electrical properties and the related wave attenuation (Solazzi et al.,
2019; Ba et al., 2017; Sun et al., 2019; Pang et al., 2021a, 2021b; Guo
et al., 2022a, 2022b). Thus, an in-depth analysis of how the pore
structure affects the AE properties is significant for reservoir
characterization.
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metric and volumetric properties, are imaged on a location-dependent
volume (Wildenschild et al., 2002; Andra et al., 2013a; Blunt et al.,
2013; Madonna et al., 2013; Zhou et al., 2016, 2017; Kadyrov et al.,
2022). The imaged phase differences, which appear as gray-scale in-
tensities, are processed by considering X-ray artifacts and segmented
into binary files (Schliiter et al., 2014; Karimpouli et al., 2020; Algahtani
et al., 2021; Balcewicz et al., 2021). Then, physical properties are
computed, such as, effective elastic and hydraulic properties, and ther-
mal conductivity (Saenger et al., 2000, 2005, 2016; Andra et al., 2013b;
Saxena et al., 2019; Siegert et al., 2022; Wang et al., 2022b). This
method has found wide application, particularly in the study of poros-
ities and permeabilities associated with multiphase flows (Spurin et al.,
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Fig. 1. The flowchart of this work.

Table 1

Properties of the rock samples.
Samples A B C D
Depth (m) 1949.4 2011.8 1994 2121.26
Porosity (%) 5.787 7.220 9.0002 8.998
Permeability (mD) 0.020 0.020 0.036 0.078
Dry-rock density (g/cm®) 2.514 2.492 2.417 2.415

2023; Bultreys et al., 2022), capillary pressure (Paustian et al., 2021),
and in areas such as hydrogen storage (Jangda et al., 2023) and the
general problem of upscaling (Menke et al., 2021). Advances in
computational power have also facilitated the use of convolutional
neural networks (CNN) in automatic grayscale assignment (Sax-
enaDay-Stirrat et al., 2021). However, the resolution of the scanned
microstructure remains a challenge. For example, CNN can be used to
scale low-resolution XRCT volumes to high resolution in DRP (Kar-
impouli and Kadyrov, 2022). Recent 3D observations demonstrate the
impact that advances in general scan time can have on poorly
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understood processes. Accordingly, contemporaneous in situ X-ray im-
aging can provide new insights into shear failure of porous rocks
(Cartwright-Taylor et al., 2022). Li et al. (2020) analyzed the effect of
fluid saturation and pore structure on electrical properties based on 3D
digital cores with multiple mineral fractions by using the finite element
method (FEM) and laboratory tests. Tan et al. (2021) constructed the
digital samples of carbonates to study the effects of openness, lengths,
aspect ratios, and densities of microfractures on the elastic attributes by
using CT scan and FEM.

Many theories are widely used to evaluate pore structure, mineral
components and pore fluids from AE properties (Carcione and Avseth,
2015; Picotti et al., 2018; Pang et al., 2019, 2022), in particular
equivalent medium theories, based on the simplified assumptions
(Golikov et al., 2012; Ba et al., 2013a, 2013b; Deng et al., 2015). For
example, Gupta et al. (2012) obtained an isobath map of sandstone
reservoirs in the Cambay Basin by establishing an equivalent petro-
physical model (EPM) based on the Kuster-Toksoz theory. Jensen et al.
(2013) used the differential equivalent medium (DEM) theory and
calibrated the model with core and logging data.

It has become a standard technique to use joint AE properties for
evaluating pore structure, fluid saturation, and fracture content (Car-
cione et al., 2007, 2012; Gabas et al., 2016; Cilli and Chapman, 2021;

Sample B
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Fig. 3. Stained thin sections with blue epoxy of samples A and B at different scales indicating the mineral grains and small pore voids in blue.
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Fig. 4. Computed Tomography (CT) images of samples A-D. The diameter and length are 5 mm.
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Fig. 6. Cross-property relations. Permeability (a) and soft porosity (b) versus total porosity. P- (c) and S-wave (d) velocities versus conductivity. Color represents
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Han et al., 2011, 2018, 2020). Cilli and Chapman (2020) analyzed re-
sistivity and elastic moduli based on a power-law relationship between
porosity and grain or pore aspect ratio, which was validated by labo-
ratory measurements on carbonate samples. Pang et al. (2021a, 2022)
constructed 3D AE models for tight-oil reservoirs to characterize the
microstructure of subsurface formations by using experimental and
well-log data.

Tight oil refers to oil that accumulates in source rocks in a free or
adsorbed state or in dense sandstones and carbonates interbedded with
or adjacent to source rocks (Jia et al., 2012). In general, this oil accu-
mulation has not yet experienced large-scale and long-range migration
(Ma et al., 2019). Compared to conventional reservoir rocks, tight-oil
rocks have complex characteristics of lithology and structure, with
small pore throats and sizes, multiple pore types, and large specific
surface area (Wang et al., 2015; Pang et al., 2021b). Given the complex
characteristics of lithology and microstructure, we develop DRP and
EPM approaches using multiple rock physics experiments based on
conventional modeling techniques.

The flow diagram for this work is shown in Fig. 1. In the study, cores
are collected from a tight-oil reservoir in the Ordos Basin, western
China, and CT scans, XRD, thin sections, porosity, permeability, ultra-
sonic waveforms, and electrical conductivity of the samples are deter-
mined. Based on CT images and thin sections, multi-component 3D
digital samples are created, calibrated and constrained by porosity and
mineral analysis. Then numerical simulations are performed to compute
the effective AE properties and permeability. Stiff and soft pores and
mineral compositions are determined by pressure-dependent porosity
and XRD experiments, respectively. Then, we develop a joint EPM to

obtain the AE properties based on effective medium theory and the Biot-
Rayleigh acoustic wave equations with double porosity (Ba et al., 2011).
Finally, the simulated results of the two methods are compared with
laboratory and field data.

2. Core samples and laboratory experiments

Rich hydrocarbon resources have been developed in the Yanchang
Formations of the Q area of Ordos basin, characterized by complex
tectonic activities and high-quality source rocks (Liu et al., 2021). The
tight-oil reservoir of the 7th member of the Yanchang Formation is
mainly deposited in lacustrine facies (Shi et al., 2022; Ji et al., 2022),
and the burial depth is between 1200 and 2350 m, which is the layer in
this study. We extract four cores (samples A-D) from the layer, at depths
between 1950 and 2150 m, where the formation pore and effective
pressures are approximately 15 MPa. Subsamples are obtained with
diameters ranging from 25.08 to 25.13 mm and lengths ranging from
49.05 to 49.77 mm. The physical properties of the samples are given in
Table 1.

2.1. Thin section, XRD and CT tests

We perform XRD measurements to analyze the mineral fractions of
the samples (Fig. 2). The sandstone samples are composed mainly of
quartz, feldspar, and small amounts of carbonates, clay, and siderite.
Plagioclase or potassium feldspars are observed, where the former is a
major constituent. The carbonate minerals are mainly calcite and
dolomite. Fig. 3 shows thin sections of samples A and B at different
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Fig. 8. Connected pore space of sample A represented as a lattice of wide pores (shown as spheres) connected by pore throats (shown as cylinders). The color of the
pore or throat indicates the volume and channel length, respectively.
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Table 2
Simulated permeability and AE properties.
Samples B C D
Simulated results Direction 4 x mD 14 x mD 14 x mD c
S/m S/m S/m S/m
X 0.001616 0.16 0.000813 1.39 0.00302 2.67 0.00466
Y 0.004708 0.48 0.00184 7.90 0.01184 1.46 0.00345
Z 0.01375 0.23 0.00093 0.10 0.001 1.47 0.00302
Z Vp m/s Vs m/s Vpm/s Vs m/s Vp m/s Vs m/s Vp m/s Vs m/s
2844 5071 3014 4809 2948 5008 3089
Equivalent mineral

Table 3
Material properties.
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Fig. 10. Diagram of the rock microstructure and equivalent model.
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scales, indicating a tight rock with small pore voids. Here, intergranular
and dissolved pores and microfractures are mainly considered. The
small-sized samples (diameter and length of 5 mm) are processed for CT
scans, and the images are given in Fig. 4, with a voxel resolution of 2.8 x
2.8 x 2.8 pm. The CT datasets provided are in an 8-bit format, resulting
in gray-scale intensities from 0 to 255.

2.2. Porosity, permeability and AE tests

Porosity and permeability pressure-dependent (PPPD) tests are per-
formed at confining pressures of 20, 30, 40, 50 and 60 MPa and a pore
pressure of 15 MPa. Then, ultrasonic P- and S-wave velocities are
determined by the ultrasonic pulse method. The specimens are oven-
dried and then saturated with water under pressure. The measure-
ments are performed at the above pressures and at 0.55 MHz and 25 °C.
Electrical experiments are then performed by using the two-electrode
method (stainless steel) and alternating current at a frequency of 120
Hz and a measurement voltage of 1 V, saturating the samples with brine
(salinity of 56.5 g/L) and determining the conductivity ¢ (reciprocal of
the resistivity Rt) by measuring the electric current. The electrode po-
larization effect associated with this two-electrode configuration is
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negligible at the low frequency and high salinity of brine that we used
(Han et al., 2020; Pang et al., 2022).

2.3. Experimental results

Fig. 5a-f shows the porosity, microfracture-crack (soft) porosity,
permeability, conductivity, and P- and S-wave velocities as a function of
effective pressure (Pefr). The microfracture porosity is obtained as Sha-
piro (2003) (see Appendix A). Porosity and permeability vary expo-
nentially at low pressures and become nearly linear as pressure increases
(Fig. 5a and c). The soft porosity decreases exponentially with an
increasing pressure (Fig. 5b). Sample B has a low porosity but a high
conductivity, which can be explained by its high soft porosity (Fig. 5d).
In comparison, sample D exhibits a lower soft porosity, lower conduc-
tivity and higher velocity. The wet-rock P-wave velocity is higher than
that at dry conditions, while the dry-rock S-wave higher than the wet
one due to the density effect (Fig. Se—f).

Fig. 6 shows cross-property relations, where the colors represent the
effective pressure. High porosity is associated with high permeability,
while not appreciably with soft porosity. The properties change signif-
icantly at low pressures. Higher conductivity is associated with lower
velocities and effective pressures. These experimental results show the
acoustic, electrical and transport properties are related to the pore
structure, which is correlated with pressure.

3. Digital rock physics
3.1. Multiphase segmentation approach

After removing the unclear areas at the edge of the samples, the

10

dimensions of each CT scan are 1600 x 1600 x 1600 pixels and a res-
olution of 2.8 pm. A subvolume of 800> pixels is selected from the in-
dividual 3D datasets in the segmentation process. The purpose of the
representative elemental volume (REV) is to select an appropriate size
that can accurately characterize the rock microstructure while meeting
storage and computational requirements. It is considered that REV can
be adopted in the analyses on AE characteristics of rock (Saxena et al.,
2019; Balcewicz et al., 2021; Khodaei et al., 2022; Siegert et al., 2022;
Karimpouli et al., 2020, 2023). In addition to meeting these two con-
ditions, the results of porosity and mineral experiments are also used as
constraint conditions (Fig. 1) to obtain the appropriate REV.

Segmentation is performed. First, a non-local mean filter is applied
for denoising with the following properties: spatial standard deviation:
3; intensity standard deviation: 0.05; search window: 10 pixels; local
neighborhood: 5 pixels. Due to differences in image quality, these
properties may vary for each sample. Then, a geologically oriented
multistep segmentation workflow is applied, based on threshold seg-
mentation of gray-scale intensities in the first step (Balcewicz et al.,
2021). The workflow is based on individual and repeated application of
the gray level threshold for each stage. In this way, the critical boundary
regions in the grayscale histogram near two peaks, ideally reflecting the
phase attenuation coefficients, are minimized. Segmentation takes into
account geological diagenesis, mineral composition, sample micro-
structures, and porosity. Due to quality limitations, the final segmented
volume must be limited to (1) pore, (2) quartz, (3) plagioclase, (4)
K-feldspar, (5) dolomite, and (6) clay (Fig. 7).

After segmentation, the total and connected pore spaces are deter-
mined. A pore network model of Sample A indicates small pore voids
connected by short pore throats (Fig. 8). This structure feature of a tight-
oil sandstone is observed in all samples. The distributions of pore and
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throat radii of the samples are shown in Fig. 9, and indicate that the
throat radius is mainly distributed in the range of 0-10 pm, which is
smaller than the pore radius. Finally, each binary model is com-
plemented by physical mineral properties (moduli and density) ac-
cording to Mavko et al. (2009), resulting in a digital twin.

3.2. Numerical simulation

Numerical simulations based on the segmented digital twins are
performed to compute the properties at the pore-scale. P- and S-wave
velocities are obtained by using the rotated staggered finite difference
grid method (Saenger and Bohlen, 2004; Saenger et al., 2004). Here, the
velocities of elastic waves transmitting through a heterogeneous mate-
rial at the long wavelength limit (pore size <« wavelength) are consid-
ered. Due to computational limitations, effective elastic properties are
determined for 400° subvolumes (see Fig. 7a’).

To simulate the permeabilities, the stationary Stokes equations are
solved numerically by the finite volume method (Siegert et al., 2022).
The numerical setup considers the full 800° resolution of each sample,

Geoenergy Science and Engineering 235 (2024) 212634

but only the connected pore space is considered. Computations are
performed for the x-, y-, and z-directions, with the equations given in
Appendix B.

The stationary current continuity equation is numerically solved to
obtain the conductivity (Karimpouli et al., 2023), and Ohm’s law (Sas-
low, 2002) is applied. Numerical models with a resolution of 800° voxels
are used, and the conductivity is simulated at the three principal di-
rections (Appendix B). The local conductivities of the pore fluid and
minerals are assigned to the corresponding voxels. We have for the fluid
(water conductivity ow) and minerals (except for clay): 8.7 S/m and
107% S/m (Carcione and Seriani, 2000; Pang et al., 2022), respectively,
and the conductivity of the clay minerals is 6¢jay = 0.2 S/m (Lee, 2011;
Pan et al., 2019).

The results are given in Table 2, showing the permeability and
conductivity at the three principal directions and the P- and S-wave
velocities at the z-direction.

4. Equivalent petrophysical models

We use an equivalent medium theory to describe the microstructure
of tight-oil reservoir rocks, as shown in Fig. 10. The rock minerals (ob-
tained by XRD) are considered as an equal mineral mixture, and the
pores and microfractures-cracks are assumed ellipsoidal with different
aspect ratios. The elastic-electrical Hashin-Shtrikman (HS), DEM and
wave propagation equations are used to compute the AE properties.

4.1. AE equivalent models

First, an acoustic EPM is established. The mineral composition is
analyzed with an XRD test, and average HS bounds (Mavko et al., 2009)
are used to estimate the elastic moduli of the mineral mixture. We
consider a dual porosity model, assuming that the rock skeleton consists
of a host medium and an inclusion phase containing stiff and soft pores,
respectively, with different aspect ratios. The elastic DEM (Berryman,
1992) is employed to add pores and microfractures to the host and in-
clusion, respectively, and then add the inclusions to the host phase to
obtain equivalent dry-rock moduli. Then, the Biot-Rayleigh equations
(Ba et al., 2011) give the wet-rock moduli and velocities (see Appendix
Q).

On the other hand, the conductivity of the mineral mixture is given
with average electrical HS bounds (Mavko et al., 2009). The electrical
DEM (Cilli and Chapman, 2021) is applied to add pores and micro-
fractures containing fluids into the minerals, and the same pore structure
(aspect ratios) as the acoustic model is assumed to estimate the con-
ductivity (see Appendix D). The polarization effect is neglected (Pang
et al., 2022), and the effect of frequency on the electrical properties is
not considered.

4.2. AE responses

The model properties are given in Table 3. Fig. 11 shows the P-wave
velocity and attenuation as a function of frequency, where we observe
that with the increasing total and soft porosities, the P-wave velocity
decreases and dispersion and attenuation (anelasticity) increase. The
major anelasticity bands shift to the high frequencies with increasing
total porosity. In the case of gas, the anelasticity is much weaker.

Table 4

Input properties to the acoustic and electrical EPMs.
Samples @ (%) oc (%) Ro (um) Ks (GPa) Gs (GPa) os (S/m) ag ac
A 4.92 0.31004 10 43.4 30.1 0.0128 0.5 0.0006
B 6.71 0.45001 10 47.3 325 0.0182 0.5 0.0006
C 8.22 0.21756 10 45.9 30.7 0.0261 0.5 0.0006
D 8.44 0.1532 10 45.3 32.8 0.0216 0.5 0.0006
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Fig. 13. Comparison among EPM and DRP simulations and log (Well A) and experimental (laboratory) data for sample A. (a) P-wave velocity, (b) S-wave velocity,
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Fig. 14. Comparison between EPM and DRP simulations and log (Well B) and experimental (laboratory) data for sample B. (a) P-wave velocity, (b) S-wave velocity,
(c) electrical conductivity and (d) permeability.
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Fig. 15. Comparison between EPM and DRP simulations and log (Well C) and experimental (laboratory) data for sample C. (a) P-wave velocity, (b) S-wave velocity,
(c) electrical conductivity and (d) permeability.
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Fig. 16. Comparison between EPM and DRP simulations and log (Well D) and experimental (laboratory) data for sample D. (a) P-wave velocity, (b) S-wave velocity,

(c) electrical conductivity and (d) permeability.

Table 5

Multiscale parameters of the acoustic model.
Scale Frequency Ry Ko wc (%) ag ac
Ultrasonic 0.55 MHz 10 pm 25 mD 0.3 0.5 0.0006
Sonic 10 kHz 1 mm 25D 0.3 0.5 0.0006
Seismic 35 Hz 10 mm 50D 0.3 0.5 0.0006

Similarly, Fig. 12 shows the electrical response as a function of the
stiff and soft porosity and saturation. The conductivity increases when
these quantities increase, indicating that a strong relation to the pore

structure and fluid content.

5. Comparison between theory and experimental data

To verify the performance of the EPM and DRP approaches, results at
in-situ conditions (effective and pore pressures of 15 MPa) and well-log
data are compared. The total and soft porosities in the AE models and

other properties are given in Table 4.
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Fig. 17. P-wave velocities as a function of frequency and porosity compared
with laboratory (ultrasonic), log, and seismic data.
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Figs. 13-16 compare the DRP and EPM simulations with experi-
mental (laboratory, circles) and well-log data (black lines). There is a
dispersion effect at different scales, i.e., ultrasonic velocity is higher
than sonic velocity (logs), as are conductivity values, while permeability
is lower than well data. Similarly, we use EPM to simulate the P-wave
velocity in the two frequency bands and analyze the dispersion, showing
the same behavior as the data. The wave velocity generally agrees with
those of the samples, while the conductivity and permeability show
deviations from the measurements, which may be due to an incorrect
estimation of the pore network.

Finally, we compare ultrasonic measurements, sonic log and seismic
data, with the acoustic EPM. The simulation can be performed by
adjusting the frequency and inclusion size of the acoustic model, as
shown in Table 5. Fig. 17 shows the results. There is frequency disper-
sion and higher velocity at higher frequencies, and a good agreement
between data and theory.

6. Conclusions

We have obtained thin sections of tight-oil reservoir cores to perform
DRP images (XRD and CT scans) and ultrasonic and conductivity ex-
periments as a function of differential pressure, saturation and fluid
type, with the aim of investigating how mineralogy and pore structure
affect the AE properties on the basis of EPMs. Experimental data show
that tight-oil rocks have complex lithology characteristics (mineral
components and pore structure) and their AE physical properties depend
strongly on pressure and microstructure. Furthermore, we conclude.

e Given the complex lithology features of tight rocks, digital samples
based on geologically oriented multiphase segmentation and multi-
ple rock physics experiments can effectively characterize rock mi-
crostructures. In addition, DRP can be effectively used to simulate

Appendix A. Microfracture porosity estimation

Geoenergy Science and Engineering 235 (2024) 212634

elastic and anelastic properties, but the simulation of conductivity
and permeability depends significantly on the quality of the images.
The joint EPMs are created by combining multiple tests and AE
effective medium and wave propagation equations, which can
effectively simulate the AE properties and link multiscale data, but
the modeling must be able to describe the effects of soft porosity
(microfractures and cracks) on the anelastic effects.

This study successfully compares the AE properties obtained with
DRP and EPM by using the multiscale data and opens ideas for
combining the two approaches. In a future research, digital cores can
be used to obtain accurate pore structure for EPM. In addition, DRP
can be extended to characterize reservoir properties by referring to
rock physics modeling.
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As the effective pressure increases, microfractures and cracks gradually tend to close, leaving only the stiff pores. The total porosity is

@ =5+ @c

(A-1)

(Shapiro, 2003), where ¢s and ¢¢ are the stiff and microfracture/crack (soft) porosities, respectively. Figure Al shows the total porosity as a
function of the effective pressure, with exponential and linear fits at high pressures to obtain the stiff and soft porosities at different pressures.
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Fig. Al. Total porosity and simulated stiff porosity of the samples at different effective pressures.

Appendix B. Simulation of the permeability and electrical conductivity

For each direction, we simulate the original Darcy experiment (Darcy, 1856) by considering a model of length L and area A, where a volume flux Q

16


https://doi.org/10.5281/zenodo.7903718
https://doi.org/10.5281/zenodo.7903718

M. Pang et al. Geoenergy Science and Engineering 235 (2024) 212634

circulates between two opposite sides, defined as inlet and outlet, having a pressure difference Ap. The remaining faces of the model have no flow. The
induced flow is obtained with the stationary Stokes equations,

V-V=0 (B-1)

V- (qVV) = Vp (B-2)

where V is the velocity field and p is the associated pressure field. The volumetric flow rate is

0= / VdA = — / VdA (B-3)
Aoutter Aintet
The permeability is given by Darcy law (Darcy, 1856),
onlL
=== B-4
AAp (B-4)

where 7 is the dynamic fluid viscosity.

A similar procedure is used to calculate the electrical conductivity. At the beginning of each simulation, a potential difference Ag is specified as a
boundary condition between two opposite sides (i.e., inlet and outlet) and the local conductivity field of each phase is set according to the respective
sample mineral structure. By solving the current continuity equation,

V- (6Vg) =0 (B-5)
The electric current I is

I= - / oVgdA = / oVgdA (B-6)
A A

outlet inlet

and Ohm’s law (Saslow, 2002) gives the conductivity
I-L

- s B-
T Ahg (B-7)

Appendix C. Acoustic EPM

Berryman (1992) proposed the following DEM equations to compute the dry-rock bulk and shear moduli of the host (Kpz, up1), inclusion (Kpy, fip2)
and rock skeleton (Kp, pp),

(s — k)P

()=(1=3) K 0) €D

(*2)(

(=)0 (=01 *y)%hf(y)] ©2

with initial conditions K" (0) =K, and u*(0) = p;, where K; and y; are the bulk and shear moduli of the host material, respectively, y is the content of
phase 2, and K and y5 are the corresponding moduli. P* and Q* are geometrical factors of the ith component (see Berryman, 1980; Mavko et al.,
2009).

The wet-rock moduli and velocities are obtained from Ba et al. (2011), i.e., the double-porosity Biot-Rayleigh equations,

NVZU+(A+N)V8+Q1 (§ +(P1§)+Q2 ( 7¢lg)

= pooti+ 00, U + 9o U7 + b, (u-— U )+b2(u ) ©3
0, Ve+R V(Y +¢y6) =porii + p U — by (u ) (C-4)
02Ve+ R,V (2 — ,¢) = pogii + pr, U — by <u i ) (C-5)
@ (Qie+ R (EY +05)) — 01 (e + R ((P = 1¢)) 6

1 0102050 | 1 197020y,
— ) 2201 P2 P20 | L NP P2Po0 g2
3”(: 0 P10 +3 Ko 0

where, u, UY and U® are the displacement vectors of the frame, host fluid and inclusion fluid, respectively, and ¢, M and (@ are the corresponding
divergences. The scalar ¢ represents the fluid variation in the local fluid flow, v; and v, are the volume ratios of the host medium and inclusions (v; +
vy = 1), respectively, ¢ and ¢ are the corresponding absolute porosities (¢1 + @2 = @), 1 = V1p10, and @2 = Va@2, Where @19 and @90 are the local
porosities of the host and inclusions, respectively, py is the fluid density, # is the viscosity, «; is the host permeability, A, N, Ry, Rz, Q1, and Q; are
stiffnesses coefficients, R is the inclusion radius, poo, po1, Po2, P11 and pso are density coefficients, and b; and by represent Biot’s dissipation
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coefficients.
The complex wave number k is obtained by substituting a plane P-wave kernel into equations (C3-6) and solving the dispersion equation

ank® +by apk* +by  apk® +bis
ank® + by anpk* + by  apk® +by|=0
ayk® + by ank’ + by apk® + by

where,

ay =A+2N +i(0:0, — 019,)x1, b1 = —ppo@” + iw(by + by)
an = 01 +i(020, — Q10,)%2, b2 = —pg,@0* — iwb,

a3 = 02 +1(020) — 010,)x3,b13 = —p0* — iwb,

ay = Q1 — iR @,x1, by = b1y

ay =R, — iR p,x2, by = —p,,0* + iwb,

ayy= — 1R p,x3,by3 =0

az = Oy + iRy x1, b3 = by3

az =Ry x2,b3 = 0

ay =Ry + iRy, x3, b33 = —ppp0” + iwb,

and,

x =1i(p,01 — ,02)/Z
X, =1ip,R,/Z

X3 = 71(ﬂ1R2/Z

_iongte,0n0RS PRI
3Ky 3¢

z (¢2R) + ¢?R,)

The Biot dissipation coefficients (Biot, 1962; Ba et al., 2011) and the permeabilities of the two phases (Mavko et al., 2009) are

n, 1,
b :(ﬂ|¢1o_f7 by = ‘Pz‘/’zo*f
K K2
Ko Kog3
K= o 7, K= =2 2
(1-9)) (1-9,)

where kg = 25 mdarcy (mD). The stiffness and density coefficients are

2 K,
A:(1*¢)K:*§N*E(Q1+Q2), N=uyu,
g
K, K,
0= 2K g,
Bty I+y
K,
R =K Rz:l“i_]f
ﬁ/y+1 /J’
y:E 9.h+ ¢

Kf (1 —(,0) _Kb/KS

1
Poo=1—@)p, — E(fﬂ - I)Pf
1 1
Poi :E(‘ﬂl V)P P = 5(% —m)ps
1 1
P :§(<ﬂ1 +Vl)/’fv P = i((/)z + Vz)/)f

where, K; and Ky are the bulk moduli of the mineral mixture (obtained with the HS average) and fluid, respectively, K; and y; are the elastic mo

(C7)

[(e2))

(C9

(C-10)

(C-11)

(C-12)

(C-13)

(C-14)

(C-15)

(C-16)

(C-17)

(C-18)

(C-19)

duli of

the skeleton (obtained with the DEM equations), and ps and py are the densities corresponding to the mineral mixture and fluid, respectivley.
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- Q1R2 Rz 1- (l - (pIO) K\'/Kbl
=0k o 1—(1— gy K (C-20)
10 P20) s/,
where Kp; and Kp are the skeleton bulk moduli of the host and microfracture inclusions, respectively, which are computed by adding stiff and soft
pores with the DEM equations, respectively.
The P-wave velocity and quality factor can be expressed (Carcione, 2022) as,

Ve=[Re(v')] " (C-21)
_ Re(V?)
0= Im(v?) (C-22)

where v = w/k is the complex velocity and w is the angular frequency.

Appendix D. Electrical EPM

Electrical DEM is proposed by Cilli and Chapman (2021) to obtained the rock conductivity,

(0= =1 =) L O] o

with initial conditions 6" (0) = o7, where o1 is the conductivity of the host phase. o is the conductivity of phase 2, that is the conductivity of the pores
and microcracks, corresponding to Ry when water saturation is 1 (Aguilera and Aguilera, 2003), and

=5 fle @)

where Lp (P = 1, 2, 3) is the depolarizing factor of phase 2 (Osborn, 1945; Asami, 2002). We consider ellipsoid inclusions of aspect ratio a < 1,

1 a i
b= g™ ®2)

Li=L=(1-13)/2 (D-4)
According to Archie’s equation (1942), the conductivity of pores and microfractures as a function of water saturation is,

() :yilS\ZNO'W (D-S)

where oy is the brine conductivity, n is a saturation exponent and y is a lithology coefficient.
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