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ABSTRACT

Dong, H.J., Ba, J., Zhang, M.B., Carcione, J.M., Pang, M.Q. and Tan, W.H., 2024. 3D
rock-physics templates for estimating the reservoir properties of interbedded sandstone
and shale thin layers. Joutnal of Seismic Exploration, 32: 509-532.

Shale oil has been considered an important resource for the global oil and gas
industry in recent years. The Yanchang formations in the Ordos Basin, China, are
characterized by rich oil reserves, complex structural features, low porosity, and low
permeability, with developed microcracks and indistinct oil-water contacts. A
rock-physics model (RPM) developed to interpret these features considers ten rock
samples from the Chang-7 member to measure ultrasonic velocity, density, porosity, and
permeability, and X-ray diffraction to obtain mineral composition and micropore
structures. The Chang-7 member consists of interbedded thin layers of two lithologies
(sandstone and shale). The proposed model is based on the Voigt-Reuss-Hill average
(VRH), self-consistent approximation (SCA), differential effective medium (DEM)
theory, and the squirt-flow and Gassmann equations, and analyzes the acoustic response in
terms of various pore structures and mineral components. The model is tested with the
measured P-wave (Vp) and S-wave (Vs) velocities, and multiscale 3D rock-physics
templates of the sandstone and shale layers are built, and calibrated with ultrasonic, sonic
(log) and seismic data. The spectral-ratio, centroid frequency-shift and its improved
version are used to estimate the attenuation. Then, the templates are used to predict the
properties of the two lithologies, showing good agreement with the log data and the
production report.

KEY WORDS: shale-oil formations, tight-oil reservoir, rock-physics model,
pore structure, attenuation.

0963-0651/23/%$5.00 © 2023 Geophysical Press Ltd.



510

INTRODUCTION

With the increasing global demand for hydrocarbons and the scarcity of
conventional oil/gas resources, unconventional hydrocarbon exploration has
attracted increasing attention from the petroleum industry (Pang et al., 2015;
Tan et al., 2020). Shale oil is considered as a complement to conventional
oil/gas resources. The Chang-7 part of the Yanchang Formation in the Ordos
Basin developed during the period of greatest lake inundation and consists of
organic-rich shale and fine-grained sandstone deposits; it is the main target of
unconventional oil exploration in the basin (Liang et al., 2020). The tight
rocks in the formations have complex features, with thin interbeds of
sandstone, shale, and mudstone, low porosity, low permeability, and strong
heterogeneity (Feng et al., 2013; Fan et al., 2022).

Previous research has shown that microstructure heterogeneity can lead
to diversity and complexity in rock-physical responses (Chapman et al.,
2016; Ba et al., 2017; Dutilleul et al., 2020; Zhang et al., 2021). Sun et al.
(2019) applied computed tomography (CT) to construct 3D digital cores and
build a pore network model to analyze the effects of microfracture size, dip
angle, and length on seepage properties. Ma and Ba (2020) calculated the
scattering and intrinsic attenuation of tight rocks using the isotropic single
scattering model and spectral-ratio method to analyze the effects of fluid
saturation, pore structure, and mineral content. Experimental and theoretical
studies have considered local fluid flow induced by seismic waves as the
main cause of velocity dispersion and attenuation in rocks (Carcione et al.,
2003; White, 1975; Spencer and Shine, 2016; Winker, 1985). Seismic
attenuation has been used as an oil/gas indicator. Dasgupta and Clark (1998)
analyzed field data and showed that seismic Q can be used to discriminate
rock lithology. Brittleness is a key parameter for characterizing the fracability
of tight reservoirs (Tan et al. 2018, Guo et al. 2013, Chen et al. 2014). Rocks
with higher brittleness tend to form a complex network of fractures during
fracturing, which favors fracturing practices and pore fluid extraction.

Rock-physics models (RPMs) simulate real rocks based on assumptions
and establish the mutual relationships between wave behaviors and physical
properties (Ba et al., 2017; Pang et al., 2019, 2022; Luo et al., 2023). Vernik
and Nur (1992) established the RPM based on the Backus average and
analyzed the effects of organic matter volume fraction, maturity, and other
factors on shale anisotropy. Sayer (2005) analyzed the effects of clay mineral
distribution on the elastic parameters of shale by proposing an RPM. Deng et
al. (2015) studied the microstructural characterization of the Longmaxi
Formation shale and established the corresponding seismic RPM, which
provides a basis for predicting the sweet spot of the shale reservoir. Yang et
al. (2017) analyzed the relationships between seismic responses and
lithologies and included the effect of pore aspect ratio in the generation of
RPM. Picotti et al. (2018) developed a rock-physics model of patchy
saturation and used Q to quantitatively correlate seismic properties with
porosity, permeability, and fluid saturation. Tan et al. (2020) and Ba et al.
(2021) predicted reservoir brittleness based on seismic data and modeling.
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Rock physical templates (RPTs) based on theoretical models can relate
reservoir properties to elastic properties (Dvorkin and Mavko, 2006; Picotti et
al., 2018; Carcione and Avseth, 2015; Li et al., 2019; Tan et al., 2020). A
classical 2D RPT is based on phase velocity ratio (Ve /Vsratio) and acoustic
Impedance to establish a quantitative relationship between wave response and
saturation, lithology, and porosity (Odegaard and Avseth, 2004; Ba et al.,
2013a, 2013Db). Gupta et al. (2012) created an RPT using the Kuster-Toksoz
model to detect thin sandstone reservoirs in the Cambay Basin and obtained
an isobath map of the oil layer. Ba et al. (2013a, 2013b) create multiscale
RPTs based on the equations of Biot-Rayleigh theory for detecting
hydrocarbons in limestone reservoirs. Pang et al. (2020) considered
microcrack porosity predicted by a 3D RPT to identify deep carbonate
reservoirs.

The complex features of the lithology and pore structure of shale oil
formations differ significantly from those of conventional reservoirs, and the
pore spaces include intergranular pores and microcracks. In addition, the
mineral composition in the target formations varies by depth and region.
Therefore, the corresponding process of RPM also varies depending on depth
or region. Pang et al. (2022) have shown that after analysing the
characteristics of sandstone-shale strata, different models for different
lithologies enables a reasonable prediction.

We collect ten samples of the shale-oil formations. Based on density,
porosity and permeability measurements, ultrasonic tests, X-ray diffraction
tests (XRD) and thin section analysis (CTS), the effects of mineral
composition and microstructure on the elastic properties of the rocks are
analyzed. The RPMs of sandstone and shale sublayers are proposed based on
the Voigt-Reuss-Hill average (VRH), differential effective medium model
(DEM), and self-consistent approximation (SCA), as well as squirt-flow
model (Gurevich et al., 2010) and Gassmann equation (Gassmann, 1951).
The changes in P-wave velocity and attenuation as a function of porosity,
microcrack porosity, and clay content are analyzed. The multiscale 3D RPT
of porosity, mineral composition and microcrack aspect ratio is established.
The spectral-ratio method, centroid frequency-shift method and its improved
version are used to estimate the ultrasonic, sonic (log) and seismic
attenuation. In conjunction with the elastic properties, the RPTs are
calibrated. Finally, the RPTs of two lithologies in the seismic frequency band
are used to estimate the reservoir properties.

RESERVOIR CHARACTERISTICS AND MULTISCALE WAVE DATA

Geological characteristics of the work area
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The Ordos Basin is one of the areas with rich hydrocarbon resources in
China, located in the northern part of the North China Platform. The basin can
be divided into six tectonic units: the Yimeng Uplift, the Jinxi Fault Belt, the
Weibei Uplift, the Tianhuan Depression, the Western Thrust Belt and the
Yishan Slope. The working area is located in the northwestern part of the
basin, and the target layer is the tight shale-oil deposit in the Chang-7 part of
the Yanchang Formation. The formation rocks consist of interbedded
sandstone and shale. The diagenetic grains have good sorting and medium
roundness (subangular).

Mineral components and observed correlations

Ten sandstone samples are taken from the target layer. They are
processed and formed into cylinders with a diameter of 25.2 mm and a length
of less than 50 mm. Then XRD and CTS tests are performed to analyze the
mineralogy and pore structure. Table 1 shows the mineral composition, with
samples consisting of quartz, feldspar, carbonates, clay minerals and a small
amount of iron ore. The feldspars are mainly plagioclase and K-feldspar, with
a higher percentage of plagioclase, and the iron ores are mainly siderite. Fig.
1 shows the thin sections of samples C and I. The pore space consists mainly
of intergranular and microfractures, exhibiting poor connectivity and low
permeability.

Table 1. Mineral composition.

Samples Density Porosity  Quartz Feldspar Carbonate  Clay Iron ore

(g/em?) (%) (%) (%) (%) (%) (7o)
A 2.48 7.259 57.11 2559 8.88 6.6 1.82
B 2.54 5625 4897 2313 21.89 5.1 0.91
C 2.49 7.22 4859  26.56 17.93 5.87 1.05
D 2.47 7.674 4946  34.56 9.9 5.19 0.89
E 2.46 7.547  60.78  28.68 4.23 4.34 1.97
F 2.48 7.327 554 26.07 10.96 5.85 1.72
G 2.41 8.847  56.77  28.49 6.21 5.55 2.98
H 2.53 6.156 4246  20.57 31.44 4.62 0.91
I 2.44 7787 51.06  30.05 11.96 5.29 1.64
] 2.43 8.791 55.69 254 11.96 6.09 0.86




513

e B el o~ el Y ——] [ & . ¥ a

- ot

Fig. 1. Thin sections of samples C (a and b) and I (c and d) at different scales.

The minerals considered here are mainly classified into the three categories of
quartz/feldspar, carbonate, and clay minerals. As are shown in Fig. 2, the samples contain
high content of brittle minerals. The quartz content is 42.46%-60.78% with an average of
52.629%, feldspar 20.57%-34.56%, carbonate (calcite, dolomite) 4.23%-31.44% and
clay minerals 4.34%-6.6%.

0 25 50 75 100
Clay(%)

Fig. 2. Ternary plot of mineral composition of the samples of Member 7, Yanchang
Formation, Ordos Basin.



514

Fig. 3 shows the relation between porosity and mineral content. The
content of quartz+feldspar increases with porosity. There is no clear relation

between clay content and porosity.
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Fig. 3. Relation between porosity and mineral composition. (a) porosity/quartz+feldspar
content, (b) porosity/carbonate content, (c) porosity/clay content.

Ultrasonic measurement

Ultrasonic velocities are measured by the ultrasonic pulse transmission
method. The center frequency of the pulses is 0.55 MHz. The samples are
dried in an oven and then saturated with oil. Then they are sealed with a
rubber jacket and placed in the container. The test temperature is 20 °C and
the pore pressure is 15 MPa. The P-wave quality factors of the samples are
estimated by the spectral-ratio method, with a standard from an aluminum
rod as a reference (Toksoz, 1979; Guo et al., 2006).

In{M}z—E—XHIn{m]
A(f) Qv G,(f)

where T is frequency, A(f) and A(f) are the amplitude spectra of
the sample and reference, respectively, Q is the quality factor, x is the

wave propagation distance, v 1is the wave velocity, and G/(f) and G,(f)
are the geometry factors of the sample and reference, respectively.

1)
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Fig. 4 shows that the measured Vp and Vs (obtained by picking the first
arrivals) decrease with increasing porosity, and the P-wave attenuation
(1000/Q) increases with increasing porosity.
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Fig. 4. (a) Vp (red) and Vs (black) as a function of porosity, measured in the ultrasonic
tests. (b) 1000/Q as a function of porosity.

Well-log data

Log curves for the target layer of well B are shown in Figure 5,
including porosity (¢), P-wave (V) and S-wave velocities (Vs), Poisson's
ratio (o), and natural gamma (GR), where the sandstone layer is indicated.
Sonic-log attenuation is obtained with the centroid frequency-shift method
of Quan and Harris (1997), by assuming that the amplitude spectrum of the
wavelet is consistent with the Gaussian shape. The quality factor Q can be
determined as

Q= rto}

 feo— fer (2)

where fco and fci are the signal centroid frequencies before and after
attenuation, respectively, o/ denotes the variance of the signal before
attenuation, and t is the travel time.

Apparent differences in responses are observed in the sandstone and
shale sections. The range of variation in natural gamma values and P-wave
attenuation (1000/Q) in the shale section is relatively large. In Fig. 6, Ve and
Vs decrease with clay content. However, the brittleness index (determined
according to Appendix B) and Poisson's ratio do not show a clear relationship
with clay content. The target layer is divided into sandstone and shale
sections, and the modeling and reservoir identification are performed
according to the lithology.
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Fig. 5. Log data of the shale-oil formations corresponding to well B. The columns from left to right
represent@, Vp, Vs, U, GR, and 1000/Q.
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S-wave velocities (d) for the log data. Black circles represent sandstone and red circles shale.
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Seismic-attenuation estimation

Traditional methods for estimating attenuation in the frequency domain
include the centroid frequency-shift method and the peak frequency-shift
method. The difficulty lies in the accuracy of the estimation and the
insufficient time-frequency resolution in the seismic data of tight reservoirs.
An improved frequency shift method proposed by Tu et al. (2009), Hu et al.
(2013), and Li etal. (2015) is used, which combines the advantages of the two
methods and provides higher accuracy of Q estimation with better stability
and applicability, such as

— \/;thl fC20

2 16(T% - 18 ©

Fig. 7(a) shows the seismic-amplitude profile of the target formations
of the survey line crossing wells A, B and C, and Fig. 7(b) shows the
attenuation (1000/Q). The upper section is the sandstone section and the
lower one the shale section. The results indicate that the rocks at wells A and
B exhibit significant attenuation.
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Fig. 7. 2D profiles of seismic amplitude (a) and attenuation (b).

Rock-physics model

The rocks of the sandstone section are composed of quartz, feldspar,
clay, carbonate, and iron ore. The shale rocks are composed mainly of clay,
quartz, feldspar, and carbonate minerals. We assume that the pores are mainly
contained in the host phase of the quartz. RPMs are determined by using the
Voigt-Reuss-Hill (VRH) average, the self-consistent approximation (SCA)
and differential effective medium (DEM) theories, the squirt-flow model
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(Gurevich et al., 2010), and the Gassmann equation (Gassmann, 1951), which
are listed in Appendix A. According to the thin sections of sandstones and the
analytical results, clay minerals are mainly distributed around the grains.
Clay minerals in shales are the main supporting minerals that form the matrix
and skeleton (Shi et al., 2021; Pang et al., 2022). Figs. 8 and 9 show the
workflows. The mineral parameters are listed in Table 2.

RPM of the sandstone

Pores with a given aspect ratio are added in quartz minerals with the
DEM theory to calculate the elastic moduli of the dry skeleton. The elastic
moduli of the mixed feldspar, carbonate, and iron ore minerals are obtained
with the VRH average. The elastic moduli of rock skeleton are determined
according to SCA theory. Next, DEM is used by adding microcracks into the
rock skeleton as inclusions with different aspect ratios. Then we add clay
minerals with fixed aspect ratio into the skeleton with DEM. The elastic
properties of the rocks are obtained by using the squirt-flow model and the
Gassmann equation.

Feldspar, Carbonate, Iron

Stiff - tz
iff pores : Quar e
Elasticity modulus of Elasticity modulus of mixed
mineral dry skeleton mineral
Elasticity modulus of rock
Soft pores =~ skeleton
Clay Dry rock elasticity modulus,

P- and S- wave velocities

Saturated rock elasticity modulus,

Fluid — P- and S- wave velocities

Fig. 8. Rock-physics modeling flowchart of the sandstone.
RPM of the shale
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Similarly, in DEM theory, stiff pores are embedded in quartz minerals.
The elastic moduli of the mixture of clay, feldspar and carbonate minerals are
determined by VRH, while the elastic moduli of the rock skeleton are
determined by SCA. Microcracks are added into the skeleton as inclusions
with different aspect ratios, and then we obtain the elastic parameters.

Stiff pores Quartz Clay, Feldspar, Carbonate
Elasticity modulus of Elasticity modulus of mixed
mineral dry skeleton mineral

Elasticity modulus of rock
Soft pores skeleton

Fluid Saturated rock elasticity modulus,
P- and S- wave velocities

Fig. 9. Rock-physics modeling flowchart of the shale.

Table 2. Mineral properties.

Mineral Density (g/cm?q) Bulk modulus (Gpa) Shear modulus (Gpa)
Quartz 2.65 37 44
Feldspar 2.62 37.5 15
Clay 2.6 21 7
Calcite 2.71 76.8 32
Dolomite 2.87 94.9 45
Siderite 3.96 123.7 51

Wave velocities and attenuation

Modeling is performed to estimate the P-wave velocity and attenuation
of sandstone (Fig. 10) and shale (Fig. 11) as a function of frequency for
different total/microcrack porosities and clay contents. The P-wave velocity
decreases with increasing porosity, microcrack porosity and clay content.
Dispersion and attenuation increase with porosity and microcrack porosity,
but the effect of clay is smaller.
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Fig. 12 shows the comparison between the P- and S-wave velocities
predicted by RPM and those from ultrasonic measurements for the
sandstones. The model results and measured data agree well. The
discrepancies are related to the idealized and fixed geometries in the
modeling, and there are different pore structures in different rocks.
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Fig. 12. Comparison between the measured V'» and the modeled V» (a), and the same for
Vs (b).

3D rock-physics template

The rock-physics template provides the relationships between mineral
composition, porosity and elastic properties. 3D RPT is created based on the
modeling to predict the reservoir properties by using ultrasonic, log and
seismic data. In the sandstone section, the template is given when the quartz
content increases from 20% to 60% and the feldspar content decreases from
60% to 20%. The clay content and carbonate minerals at 10%. In the shale
section, the template is given when the quartz content increases from 10% to
50% and the clay content decreases from 70% to 30%, The feldspar content
and carbonate minerals are set to 10%. The 3D RPTs of sandstone and shale
at different frequencies are plotted in terms of attenuation, P-wave impedance
(|p) and Vp/Vs.

3D RPTs at the ultrasonic frequency band

As is shown in Figs. 13 and 14, porosity is 1%-10% and microcrack
aspect ratio 103-102. At constant quartz content and microcrack aspect ratio,
attenuation increases with increasing porosity, while Ip and Vp /Vs decrease
with porosity. For the constant quartz content and porosity, attenuation, Ip
and Vp /Vs increase with increasing microcrack aspect ratio. At constant
porosity and microcrack aspect ratio, attenuation and Vp /Vs decrease with
increasing of quartz content, while Ip increases with quartz content. The
ultrasonic template is calibrated based on the measurements of the ten
sandstone samples. The porosity and quartz content of the samples agree
well with the template.
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Fig. 13. 3D RPTs at 0.55 MHz of the sandstone showing the effects of quartz content,
porosity and aspect ratio on Ir, Vp /Vs and 1000/Q. The colorbar indicates porosity (a)
and quartz content (b).
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Fig. 14. 3D RPT at 0.55 MHz of the shale showing the effects of quartz content, porosity
and aspect ratio on Ip, V'p /Vs and 1000/Q.

3D RPTs with well-log data

With a porosity of 1%-10% and a microcrack aspect ratio of 10-1073,
Figs. 15 and 16 show the application of RPTs based on log data. The
brittleness index B is estimated according to Appendix B. The trend is
generally consistent with that in the ultrasonic frequency range. Most data
are distributed within the templates. As the quartz content increases, the
brittleness index B increases, indicating higher brittleness.
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Fig. 15. 3D RPTs of the sandstone based on well-log data. The colorbar indicates
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Fig. 16. 3D RPTs of shale based on well-log data. The colorbar indicates clay content (a)

and B (b).

3D RPTs at the seismic frequency range

Figs. 17 and 18 show the RPTs of the seismic frequency band, with
porosity of 1%-10% and microcrack aspect ratio of 10>-10*. The seismic
data are used to estimate attenuation with eq. (3), and /r and Ve /Vs are
obtained from pre-stack inversion. The attenuation, /p and Vp /Vs of the
seismic traces around the well, and the porosity of the log data (resampled
according to the seismic data) are considered. It is shown that the data sets
are essentially consistent with the template, and the attenuation gradually

increases with porosity.
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Fig. 18. 3D RPT at 35 Hz of the shale and seismic data (scatters).

Reservoir property prediction with seismic data

Based on the seismic-scale RPT, the sandstone section has relatively
high P-wave impedances and low Ve /Vs ratios, compared to the shale
section. The seismic inversion data are compared with the 2D RPT of /p and
Vp /Vs for sandstone and shale sections, as are shown in Fig. 19. The seismic
data for the two lithologies can be well distinguished with a fitting line,
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combined with the templates. Then, the seismic inversion data and reservoir
parameters for the two lithologies are obtained, with the upper section
corresponding to the sandstone section of Chang 7-1 and Chang 7-2 layers,
and the lower section corresponding to Chang 7-3 shale.

2.2

I p (km/s* g/cm3 )

Fig. 19. Seismic data for the sandstone and shale layers (scatters).

Fig. 20 shows the 2D seismic inversion of P-wave impedance and V» /Vs
crossing wells A, B, and C. The upper layer of Chang 7-1 and Chang 7-2 is
mainly sandstone, while the lower layer contains shale. First, the data are
divided into sandstone and shale sections. Then, within the area of each
template, the grid points on the 3D template closest to the data scatters (Ip, Vp
/Vs ratio and attenuation) are considered, and the quartz content, porosity and
microcrack aspect ratio are determined. Quantitative prediction of these
survey line parameters can be helpful in reservoir interpretation. The
predictions are shown in Fig. 21.
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Fig. 20. Inversion of a 2D seismic line crossing wells A, B and C. (a) P-wave impedance.
(b) V»/Vs.

Fig. 21 shows the 2D profiles of quartz content, porosity, and
microcrack aspect ratio. The target formation is quite tight, which is
consistent with the regional geological studies. The results show that the
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upper layer (mainly tight sandstone) has higher porosity and quartz content,
while the lower layer (shale) has lower quartz content and higher clay
content. Fig. 21 (d) shows the spatial distribution of the brittleness index for
boreholes A, B, and C obtained with using Appendix B. It can be observed
that the quartz content and porosity predictions are related to the brittleness
index. However, there is no clear correlation between the predicted
microcrack aspect ratio and the brittleness index. Well B is located in the high
porosity and high quartz zone. From the oil production report of well B, the
cumulative production was 528.7 tons, while wells A and C showed low
production. The prediction results are consistent with actual production
conditions.
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Fig. 21. The predictions of wells A, B and C. (a) quartz content from the RPM; (b)
porosity from the RPM (the log curves give porosities); (c) microcrack aspect ratio from
the RPM; (d) brittleness index.

CONCLUSIONS

The rock-physics properties and pore structures for the shale-oil
formations of the Chang-7 member of the Ordos Basin are analyzed based on
XRD, CTS and ultrasonic investigations. By using the VRH, SCA, and DEM
equations, squirt-flow model and Gassmann equation, the RPMs of the target
sandstone and shale sections are built. We consider quartz as the host phase.
Based on the modeling, the effects of porosity, mineral composition, and
microcrack aspect ratio on the wave responses and attenuation are analyzed.
The 3D RPTs of the two lithologies are built to estimate the reservoir
properties and interpret ultrasonic, log and seismic data. The study shows that
the shale layer has lower quartz content and porosity, which is consistent with
the actual geological properties. Brittleness is related to mineral composition
and porosity. Higher brittleness is associated with higher quartz content. Vp
Vs ratio, P-wave impedance and attenuation are the indicators of porosity,
guartz content and microcrack aspect ratio in the target formations.
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With using the RPTSs, the seismic data for the sandstone and shale
sections of the Chang 7 deposits are differentiated and the estimation of the
properties for the two lithologies are presented. The results show that these
estimated attributes are consistent with the actual oil production reports. The
proposed RPMs can provide technical support for shale attribute estimation
and guidance for further reservoir engineering applications.
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Appendix A: Theoretical models

We use the Voigt-Reuss-Hill average, the self-consistent approximation
gSCA),. the differential effective medium (DEM), the squirt flow model
Gurevich et al.,, 2010) and the model of Gassmann (1951) to build the
rock-physics models.

Voigt-Reuss-Hill average

The Voigt (1928) bound is sometimes referred to as the average value
for equal strains because it gives the ratio between the average stress and the
average strain when the components are assumed to have equal strains. The
Reuss bound (1929) is called the average value for equal stresses because it
gives the ratio between average stress and average strain when the
components are assumed to have equal stresses. Hill (1952) suggested taking
the average of the results of the two models:

N

M, =D M, (A1)
=
1 & f
M—R—iﬂm, (A-2)
M, +M
MVRH = VZ . ) (A'3)

where M,, M; and M, are Voigt, Reuss and Voigt-Reuss Hill averages,
respectively, with i indicating mineral phase, f; volume fraction and M,
the corresponding elastic modulus of the N phases.

Self-consistent model

Based on the elastic wave scattering theory, Berryman (1980, 1992 and
1998) proposed a general form of the self-consistent approximation for

n-phase mixtures, _
ZZi(Ki _K*SC)P*I =0, (A'4)
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ZZi (1 — 1™ )Q" =0, (A-5)

wherei indicates the mineral phase or pore space with a corresponding
volume fraction y,, bulk modulus K; and shear modulus 4. The factors
P and Q" describe the geometrical shape of an inclusion corresponding
to phase i.

Differential effective medium

The differential effective medium (DEM) theory was established for
biphasic mixtures by gradually adding inclusions into solid mineral phases
(Norris et al.,1985; Zimmerman. 1991). The coupled differential equations
for the effective bulk and shear moduli (Berryman, 1992) are

(1- y)j—y[K*(y)] — (K, —K)P(y). (A-6)
(1- y)diy[u*(y)] — (s, 1)Q(y), (A7)

with K'(0)=K, and # (0)=y, where K, and g are the bulk and shear
moduli of the initial host phase material (phase 1), respectively, K, and
4, are the bulk and shear moduli of the gradually added inclusions (phase
2), respectively, and y represents the content of phase 2.

Squirt-flow model

Gurevich et al. (2010) proposed a squirt-flow model that describes the
squirt-flow effects, where compliant (soft) pores connected to stiff pores act
as fluid channels. The dry-rock bulk and shear moduli (Kyx and g )
including squirt flow effects, are calculated as

-1

1 1 1 3win

— = + : (A-8)
Ko Kn | 1 1 8pa
Kay Khn
1 1 4( 1 1
PR TR o
Hot Hary 15\ Kay Ko

where 7 is the fluid viscosity, « is the angular frequency, and o is the
microcrack aspect ratio. Moreover, Kk, is the bulk modulus of the frame
containing only stiff pores, and K4, and g, represent the bulk and shear
moduli obtained with the DEM equations, respectively.

Gassmann equation
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Gassmann (1951) established an equation defining the relationship
between the stiffnesses of the different components of a porous medium at
the low frequency limit. This relation is

K _ Kdry Kfl

sat

K_Ksat_K_Kdry (K_Kfl)¢’
Hsar = zudry ’ (A'll)

(A-10)

where K, and K, are the wet-rock and dry-rock bulk moduli,
respectlyefy, K and K, are the bulk moduli of thé mineral mixture and
pore fluid, respectively, u, and u,, are the wet-rock and dry-rock shear
moduli, respectively, and §" is the porosity.

Wave velocities and quality factors of the saturated rock

Vs=, /ﬂ , (A12)
psat

4
Voe (—vé+ K] (AL3)

3 Psat
_ Re(Ksat+4,ubf/3)
- Im(Ksat+4/ubf /3) ’

(Al4)

where p., Isdensity of saturated rock.

Appendix B: Brittleness index

Rickman (2008? considered that high brittleness corresponds to high
Young modulus and low Poisson ratio. The brittleness index B is

B, -2 (B-1)
DUy

Ve T Unin ™ Ymax ’ (B-Z)
— E- Emin

o Emax - Emin ’ (B_S)

where E is Young's modulus, v is Poisson's ratio, E_ (v,,) and E_
(v, ) are the maximum and minimum values, respectively, and E_ and oy,
are the corresponding normalized quantities.
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