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ARTICLE INFO ABSTRACT
Keywords: Water in roof sandstone constitutes a significant concealed geological hazard, threatening the safe and efficient
Seismic dispersion mining of coal resources. Geophysical prospecting is a key technical means for advanced detection of such
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Water Hazard Prevention

hazards. Conventional electrical methods, while advantageous in detecting low-resistivity anomalies, are limited
by their inability to identify complex structures, as well as by constrained investigation depth and spatial res-
olution. Meanwhile, traditional seismic approaches often overlook complex fluid-related dissipation mechanisms
within strata. To address these limitations, this study proposes an integrated quantitative evaluation framework
based on frequency-dependent rock physics modeling and seismic dispersion attribute inversion. First, a seismic
rock physics model applicable to roof sandstone aquifers in Permian coal-bearing strata was established by
integrating effective medium theory with Chapman's multiscale fracture model. Second, Sobol global sensitivity
analysis was employed to quantify the contributions of key physical parameters to P-wave velocity (Vp) and
inverse quality factor (1/Q). Subsequently, a forward model with four horizontal layers was constructed to
comprehensively simulate reflection and interference effects in viscoelastic media, thereby establishing a theo-
retical relationship between water saturation (Sw) and the dispersion attribute (Dp). The forward modeling
employed the propagator matrix method, using a 45 Hz Ricker wavelet as the source. In practical applications,
high-resolution seismic spectra were obtained through the smoothed pseudo-Wigner-Ville distribution (SPWVD)
combined with spectral balancing, and the dispersion attributes in the roof sandstone of the No. 4 coal seam were
extracted using a frequency-scanning strategy. Sensitivity analysis indicates that, within the seismic frequency
band, variations in Vp are primarily controlled by porosity, whereas 1/Q exhibits pronounced sensitivity to water
saturation and fracture density. Seismic forward modeling further reveals a positive correlation between
dispersion attributes and water saturation. Field results demonstrate that the spatial distribution of D, attribute
exhibits strong lateral heterogeneity, and D, values show a significant positive correlation with hourly water
yield measured at hydrogeological boreholes. These results confirm that the proposed approach enables the
effective evaluation of sandstone aquifer water abundance using stacked seismic data, providing robust support
for roof water hazard prevention. Moreover, for CO; geological storage (CCS) applications, the developed
frequency-dependent rock-physics framework offers valuable constraints for reservoir characterization, site
evaluation, and dynamic monitoring.

1. Introduction (Dong et al., 2021; Wang et al., 2022). To address this challenge, elec-
tromagnetic exploration techniques, such as the transient electromag-

As one of the primary geological disasters restricting the safe and netic method, high-density resistivity method, and controlled-source
efficient extraction of coal resources, mine water hazards have caused audio-frequency magnetotellurics, have been widely applied in mine
significant economic losses and social impacts, garnering intense hydrogeological investigations(Kouadio et al., 2022; Ritchie et al., 2024;
attention from both the international academic community and industry Su et al., 2024; Ran et al., 2025). Although electromagnetic methods
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possess unique advantages in identifying low-resistivity anomalous
bodies, their inherent bottlenecks, including limited detection depth,
insufficient coverage, and low spatial resolution in deep mining envi-
ronments, have made the development of large-scale, quantitative, or
semi-quantitative water hazard prediction techniques a critical scientific
direction in current geophysical research(Strack, 2014; Xue et al., 2019;
Metwally et al., 2022; El Hameedy et al., 2023; Hameedy et al., 2023;
Allam et al., 2025).

Seismic exploration, owing to its high resolution and extensive
coverage, has become the primary method for obtaining information on
deep formations. Traditional fluid identification research primarily fo-
cuses on analyzing seismic attributes related to elastic characteristics.
For instance, Fattahi and Karimpouli (2016) utilized artificial intelli-
gence algorithms to optimize the prediction of water saturation in car-
bonate rocks using pre-stack seismic attributes; Fawad et al. (2020)
compared multiple fluid identification schemes and quantitatively
evaluated their sensitivities; Wang and Wang (2023) improved the
prediction accuracy of gas hydrate reservoirs based on the Brekhovskikh
equation; and Guo et al. (2022a) combined PP-wave azimuthal ampli-
tude differences with hybrid optimization algorithms to achieve refined
characterization of volcanic gas reservoirs. Furthermore; the new rock
physics template proposed by Makarian et al. (2023); the novel fluid
factor expression proposed by Farfour and Castagna (2024); and the
classification scheme combining AVO with wave impedance attributes
by Al-Ashqgar et al. (2025) have achieved significant results in oil and gas
field exploration. With the advent of 4D seismic technology; Huang et al.
(2021) achieved the dynamic characterization of reservoir parameters
by utilizing time-lapse pre-stack seismic attributes. With the rapid
advancement of machine learning techniques; the integration of seismic
attributes and well-logging data has further enabled robust and data-
driven prediction of reservoir parameters; thereby expanding the
methodological framework for quantitative reservoir characterization
(Saleh et al., 2025a, 2025b, 2025c¢).

However, most of these methods are based on elastic media theory,
making it difficult to accurately characterize complex fluid dissipation
mechanisms within formations. When facing sandstone aquifers with
strong heterogeneity and complex fluid occurrence conditions, identi-
fication methods that rely solely on elastic characteristics exhibit
inherent limitations. Due to the mobility and viscosity of fluids, seismic
waves exhibit significant frequency-dependent dispersion and attenua-
tion characteristics when propagating through saturated sandstone,
which establishes the rock-physics foundation for the quantitative
evaluation of aquifers (Pang et al., 2019; Ba et al., 2023, 2025; Wei et al.,
2024).

Models describing the dispersion and attenuation of porous media
can be categorized into three major classes: macroscopic, mesoscopic,
and microscopic. Macroscopic models, centered on Biot's theory(Biot,
1956); successfully simulate the wave characteristics of saturated rocks
under high confining pressure; however; they suffer from significant
prediction deviations at low effective pressure due to the neglect of
microscopic pore structures. Microscopic models enhance applicability
by introducing the squirt flow mechanism and combining rock anisot-
ropy with viscoelastic features(Mavko and Nur, 1975; Yang and Zhang,
2002; Sun et al., 2020). Mesoscopic flow models provide a critical
explanation for energy dissipation: when seismic waves excite pore
pressure gradients at the mesoscopic scale, they induce the wave-
induced fluid flow (WIFF) phenomenon(White, 1975; Ba et al., 2017;
Yan et al.,, 2024). With advancing research, interlayer flow models,
double-porosity models, and Chapman's multiscale fracture models have
been proposed, broadening the application boundaries of the WIFF
theory(Chapman et al., 2003; Chapman, 2003; Hu et al., 2022; Wei
et al., 2023; Ba et al., 2025).

Regarding quantitative prediction, scholars worldwide have con-
ducted extensive evaluations based on rock physics models and disper-
sion attribute inversion. Jin et al. (2018) utilized Bayesian inversion to
obtain dispersion attributes and predict reservoir gas-bearing properties;

Journal of Applied Geophysics 251 (2026) 106325

whereas Ajaz (2021) inverted fracture-induced azimuthal anisotropic
dispersion attributes through pre-stack data. Guo et al. (2022b) and Luo
et al. (2023) significantly improved the identification accuracy of high
gas-bearing zones by refining AVO inversion techniques and time-
frequency analysis algorithms; respectively. Zhao et al. (2023) inver-
ted interlayer dispersion attributes through frequency-dependent elastic
impedance for precise fluid identification in tight sandstones. Guo et al.
(2023) proposed a frequency-dependent seismic inversion method based
on the effective fluid bulk modulus dispersion attribute; which leverages
shale inelasticity to achieve the precise identification and character-
ization of hydrocarbon enrichment. Miao et al. (2025) proposed a
dispersion-attribute estimation method that integrates pre-stack AVO
inversion with a linear Bayesian framework; achieving accurate pre-
diction of fluid distribution in thin sandstone reservoirs. Based on the
characteristics of dispersive media; Zhu et al. (2025) constructed a fluid
indicator derived from squirt-flow effects; enabling the discrimination of
three oil-bearing reservoirs. Zhang et al. (2025) inverted azimuthal
frequency-dependent dispersion attributes for vertical fracture charac-
terization in orthorhombic shales via an amplitude-difference inversion
scheme that incorporates fracture-induced anisotropy. In the field of
hydrogeology; She et al. (2024) achieved high-precision prediction of
the water-bearing properties of coal seam roof sandstone by considering
temperature and pressure constraints.

Although extensive frequency-dependent rock physics research has
been conducted worldwide, seismic rock physics has been only rarely
been applied in China to predict sandstone water abundance, and the
assessment of coal-seam sandstone water-bearing potential continues to
face two major technical challenges: first, the transferability of existing
petroleum reservoir models to the mine scale has not been fully verified;
second, current frequency-dependent response analyses are mostly
confined to single interfaces, ignoring the impact of water-bearing
sandstone layer thickness and interlayer interference effects on the ac-
curacy of synthetic records.

To address these issues, this study focuses on the roof sandstone
aquifer of the No. 4 coal in the Hengyuan Coal Mine, constructs a
Chapman multiscale rock physics model based on geological informa-
tion, and quantitatively evaluates the contributions of key physical pa-
rameters to the P-wave velocity (V},) and the inverse quality factor (1/Q)
using Sobol global sensitivity analysis. To enhance the reliability of
seismic response simulation, this study constructs a four-layer horizon-
tal layered model and comprehensively characterizes reflection and
interference effects in viscoelastic media using the propagator matrix
method, thereby establishing a theoretical relationship between water
saturation and the dispersion attribute. In the case study, the smoothed
pseudo Wigner-Ville distribution (SPWVD) is employed to extract high-
resolution seismic spectra, and spectral balancing is utilized to eliminate
wavelet interference, followed by the extraction of the dispersion
attribute of the roof sandstone aquifer using the frequency scanning
method. Validation data from logging and hydrogeological boreholes
demonstrated a robust positive correlation between dispersion attri-
butes and sandstone water abundance, thus verifying the accuracy and
practical feasibility of the proposed methodology. This study proposes a
novel quantitative evaluation framework for detecting water hazard
sources in roof sandstone prior to coal mining, thereby supporting safe
and efficient mine production.

2. Geological settings

The study area is located in the Hengyuan Coal Mine of the central
Huaibei Coalfield, which exhibits geological characteristics typical of
the North China Coal-accumulating area (Fig. 1a). The region is char-
acterized by a flat topography, with surface elevations ranging from
+28.98 to +36.45 m. Structurally, the area is characterized by a mon-
oclinal fold structure trending NNW direction and dipping NNE direc-
tion. Faults are predominantly developed in the NE, NNE, and NEE
directions, and the formation dip angles generally range from 8° to 12°.
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Fig. 1. (a)Location and geological structures of the study area, (b)Stratigraphic column of the coal-bearing strata, (c)Contour map of the floor of the No. 4 coal seam

roof sandstone.

The stratigraphic succession in the study area, in ascending chronolog-
ical order, comprises the Ordovician, Carboniferous, Permian, Neogene,
and Quaternary systems. The primary coal-bearing strata reside within
the Lower Shihezi Formation. This formation is lithologically dominated
by mudstone and siltstone, featuring intercalations of medium to fine-
grained sandstone. It contains 1 to 3 coal seams in total, with the No.
4 seam being the primary recoverable target. The stratigraphic column
detailing the coal-bearing strata is presented in Fig. 1b. (See Fig. 2.)
The complex hydrogeological environment represents one of the
core challenges confronting the safe extraction of the No. 4 coal seam in
the Hengyuan Coal Mine. The No. 4 coal seam is buried at a relatively
great depth, ranging from 662.6 to 842.7 m. Comprehensive hydro-
geological investigations, including transient electromagnetic surveys
and hydrogeological boreholes, have been conducted. The results indi-
cate that fracture water within the No. 4 coal roof sandstone, located
approximately 10 m above the seam, is relatively abundant and con-
stitutes a potential direct source of water inrush. While the structural

framework of the No. 4 coal roof in the study area is relatively simple
and primarily characterized by small-scale secondary faults with throws
of less than 5 m (Fig. 1c), core identification results reveal the extensive
development of numerous high-angle to vertical tectonic fractures
within the sandstone layers. Under the intense perturbation of deep-
seated high in-situ and mining-induced stresses, these fracture systems
are highly susceptible to forming interconnected water-conducting
conduits, which subsequently evolve into roof dripping or catastrophic
water inrush disasters.

3. Methods and workflow
3.1. Research concept and workflow
The roof sandstone of the No. 4 coal seam in the Hengyuan Coal Mine

is characterized by deep burial and the prevalence of high-angle frac-
tures. The abundance of fracture water and its tendency to form
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Fig. 2. Integrated workflow for water abundance prediction in sandstone aquifers based on seismic frequency-dependent response analysis.

interconnected flow conduits increases the risk of water inrush. Under
such complex hydrogeological conditions, conventional seismic data
(narrow azimuthal distribution) and its interpretation methods struggle
to quantitatively evaluate aquifer water abundance, particularly
because frequency-dependent seismic responses associated with frac-
ture—fluid interactions are not fully utilized. Accordingly, a compre-
hensive workflow integrating rock physics modeling, seismic forward
simulation, time-frequency analysis, and dispersion attribute inversion
is developed. A broadband rock physics model capable of representing
complex reservoir features is first constructed by considering the rock
matrix, fluid mixtures, and the development of pores, fractures, and
microcracks. Subsequently, seismic forward modeling is performed for
sandstone formations under varying water saturation conditions using
the propagator matrix method, and dispersion attributes are then
inverted from the synthetic records to establish a theoretical relation-
ship between water saturation and dispersion attributes. In the case
study, the SPWVD time-frequency analysis method was introduced to
obtain high-resolution seismic spectra while utilizing spectral balancing
techniques to eliminate the adverse effects of wavelet overprinting.
Ultimately, the model-driven theoretical relationships between water
saturation and seismic dispersion attributes were integrated with the
seismic data-driven dispersion attributes to predict the water abundance
of the roof sandstone and validated against in-situ hydrogeological data
from boreholes. This integration achieved a precise prediction of water
abundance in the roof sandstone of the No. 4 coal seam.

3.2. Rock physics modeling for sandstone aquifer

Broadband rock physics modeling serves as a critical bridge linking
intrinsic rock physical properties with seismic frequency-dependent
response characteristics, representing the principal methodology for
analyzing seismic rock physics signatures. The Chapman model
comprehensively incorporates microscopic pores, microcracks, and
mesoscopic fractures to characterize the fluid-induced dispersion and
attenuation mechanisms within multiscale fracture systems, and has
thus been widely adopted for the rock physics modeling of fractured,
fluid-saturated rocks(Chapman et al., 2003). According to the Chapman
model, the stiffness matrix of a sandstone aquifer can be calculated using
the following equation:

Cy(w) = Cf*) —e.C) (0) — $,C () — &CY (w) @

where CSSO) denotes the elastic stiffness matrix of the rock matrix; ngl)

denotes the elastic correction term induced by microcracks; Clg.z) is the

elastic correction term attributed to pores; Ci(js) is the elastic correction
term resulting from mesoscopic fractures; ¢, is the microcrack density;
¢, is the porosity; & is the fracture density; and o is the angular fre-
quency. The formulas for calculating the stiffness constants are given in
Appendix A.

Given that the Chapman model assumes a vertical transverse isot-
ropy (VTI) medium, whereas the sandstone aquifer investigated in this
study features high-angle to vertical fractures and microcracks, the
formation conforms to the horizontal transverse isotropy (HTI) sym-
metry. Consequently, a Bond transformation must be applied to the
elastic stiffness matrix to account for this change in symmetry(Yu and
Chen, 2025).

Finally, the frequency-dependent P-wave velocity V,(w), S-wave
velocity Vi(w), and quality factor Q(w) are determined according to the
following expressions:

C. C
Vi) =2 () = [l @
_ Re(633(w) )
Qo) = e e ®
pS = (1 - ¢p)pm + ¢p(1 - SW)pg +¢psw,/)w (4)

where V is the complex velocity; Cs3(w) denotes the frequency-
dependent stiffness coefficients; the imaginary and real parts of the
complex modulus are denoted by Im and Re, respectively. p,, is the
density of the rock matrix; p, is the density of air; p,, is the density of
pore water; s, is the water saturation.

3.3. Seismic forward modeling

Conventional methods for calculating seismic reflection responses
typically rely on the Zoeppritz equations to determine reflection co-
efficients at a single interface; however, by neglecting reservoir thick-
ness, viscoelastic properties, and multi-layer wavefield interference,
these approaches fail to meet the requirements for high-fidelity forward
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modeling in dispersive media. The seismic forward modeling approach
proposed by Carcione(Carcione, 1997, 2001, 2022); based on the
propagator matrix method; ensures numerical stability while accurately
characterizing P- and S-wave reflection and transmission; inter-layer
interference; and thin-bed tuning effects within multi-layered aniso-
tropic viscoelastic media; making it a widely adopted tool for simulating
seismic responses in viscoelastic layers(Guo et al., 2022¢; Miao et al.,
2025).

Based on the seismic modeling method proposed by Carcione, the
reflection and transmission coefficient matrix r for incident P-waves is
calculated using the propagator matrix method, as follows:

r=—[A —BAy)| iy 5

where r = [Ryp, Ros, Tpp, Tps| ', whose first element Ry, (f) denotes the P-
wave reflectivity coefficient. Aj, Ay, and B represent the propagator
matrices of the upper, lower, and intermediate media, respectively. ip is
the incident P-wave vector. Detailed calculation procedures for these
propagator matrices are provided in Appendix B.

For a given incidence wavelet, its frequency spectrum W(f) is
computed via the Fourier transform; the governing equation is as
follows:

Wif) / o(t)e 2 dt ®)

where o(t) is the incident wavelet in the time domain, i denotes the
imaginary unit, and f is the frequency.

The frequency-domain reflection amplitude spectrum U(f) is deter-
mined by calculating the product of the frequency-dependent reflection
coefficient and the incident wavelet spectrum:

U(f) = W(f) x Ry (f) @)

The inverse Fourier transform is applied to the reflection amplitude
spectrum to reconstruct the seismic reflection record u(t):

u(t) = / " (et (8)

3.4. Frequency-dependent amplitude versus frequency inversion

For near-normal incidence of seismic waves, the approximate
expression for the frequency-dependent reflection coefficient is given
by:

Rpp(a,f)s1<m’ﬂ:(f)+‘2)+<1“VP:W_“LW_1‘E)sm29 ©

2\n() 7 2w() wif) 27

where Rpp(6) denotes the reflection coefficient at an incidence angle 6; v,
represents the average P-wave velocity in the vertical direction across
the interface; v, signifies the average S-wave velocity in the vertical
direction; p is the average density of the media on both sides of the
interface; A represents the difference in physical parameters across the
interface.

Given that post-stack data primarily characterizes the reflection
response at near-normal incidence, where the incidence angle remains
minimal, the aforementioned equation can be further reduced to:

1 (Av,(f) Ap
R ~ = P — 10
=3 (5 a0
By designating the dominant seismic frequency as the reference
frequency fr, a first-order Taylor series expansion of the aforemen-
tioned expression about f.s yields:
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Subtracting the expression for the frequency-dependent reflection
coefficient at the reference frequency frs from the corresponding
expression at frequency f yields:

Reolf) ~Roe(fs)  d (Avp> a2)

f_fref NFf E

af \ v

quently, Eq. (14) can be recast into the following matrix representation:

The dispersion attribute, Dy, is defined as D, = -4 (Avp>. Subse-

Rpp(t,f1) — RPPEEfo; fi—fo

RPP(t7f2) — Rpp t7f0 :1 f2 _fO Dp (13)
: 2 :

Rpp(t, fm) — Rep(t,fo) fm —fo

By employing the ridge regression algorithm(Hoerl and Kennard,
1970) to solve the linear system in Eq. (15), the dispersion attribute is
effectively estimated as follows:

D, =2(G"G + 1) G"d 4
Rpp(t,f1) — RPPEIJC();
Rep(t,f2) B Rep(t.fo , G denotes the trans-

Rpp(t.fm) — Rep(t.f0)
pose of matrix G, A represents the damping parameter, d is the obser-

where G is defined as

¥
2 Tf /1, and f, signifies the m-th

(fm _fO)
target frequency.

As field seismic exploration yields non-stationary time-domain re-
cords, high-precision spectral decomposition is essential for resolving
the frequency-dependent characteristics of reflection coefficients. In this
study, the Smoothed Pseudo Wigner-Ville Distribution (SPWVD) was
adopted due to its ability to provide superior joint time-frequency res-
olution while effectively mitigating the cross-term interference inherent
in the standard Wigner-Ville Distribution. This high resolution is
particularly critical for accurately extracting the dispersion attribute, as
the inversion process relies on the subtle energy gradients across
different frequency components. Compared with traditional methods
such as the Short-Time Fourier Transform (STFT), which is limited by a
fixed window length, SPWVD more precisely represents instantaneous
frequency variations without the smearing effect. Methods with lower
resolution, like STFT, tend to smooth out key frequency features, which
can lead to reduced accuracy in the D, inversion results. While Wavelet
Transforms are effective for multi-scale analysis, they often lack the
instantaneous frequency precision required for high-fidelity D, estima-
tion(Chakraborty and Okaya, 1995; Wu and Liu, 2009; Ajaz, 2021; Guo
et al., 2022c). Therefore, SPWVD offers a balanced and robust approach
for characterizing fluid-induced frequency-dependent seismic re-
sponses. The formulation of SPWVD is given by:

vation vector, formulated as

S(t.f) = /;w /;w g(u)h(r)x<t +% — u)x* (t - % - u) e qude (15)

where g(u) denotes the smoothing window function in the time direc-
tion; h(7) signifies the smoothing window function in the lag direction; x
(t) represents the seismic record to be analyzed; and x*( t) corresponds to
the complex conjugate of the seismic record.

A field seismic record is conventionally regarded as an approxima-
tion of the convolution between the reflectivity series and the seismic
wavelet. Consequently, the recorded seismic spectrum inherently en-
codes the spectral characteristics of both the reflectivity and the source
wavelet. Spectral balancing facilitates the extraction of intrinsic reflec-
tivity information from the seismic spectrum by mitigating the influence
of wavelet overprinting, thereby ensuring the fidelity of the dispersion
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attribute inversion. Accordingly, the time-frequency spectrum S(t,f) at
each frequency must be normalized based on the peak amplitude
observed near the elastic interface at the reference frequency, as
formulated below:

S(t.f) = S(t.HHW(S) (16)

where S(t,f) signifies the balanced spectrum following the elimination
of wavelet overprinting and W(f) denotes the spectral balancing coef-
ficient. Notably, to achieve complete removal of wavelet overprinting
effects, the spectral balancing coefficients must be calculated using
amplitudes from an elastic interface; this is because such interfaces are
characterized by a lack of dispersion, and their spectra should theoret-
ically remain invariant across frequencies. Consequently, W(f) is
computed using the following formulation:

MAX[S()|

W(f) = W 17)

where T, represents the time interval corresponding to an elastic
interface.
By substituting the

S(t.f1) — S(t.fo)
S(t.f2) - S(t.fo)
S(t.fn) — S(t.fo)
Rpp(t,f1) — RPPEEfO;

Rep(t.f2) _,RP e (t:fo , the dispersion attributes of the field

balanced spectral difference vector

with the corresponding reflectivity difference

vector

Rpp(t,fm) — Rep(t,fo)
seismic data can be derived based on Eq. (16).

4. Results
4.1. Rock physics modeling

Based on core interpretation results, the target sandstone aquifer is
characterized by a dense lithology and the development of high-angle to
vertical closed fractures and microcracks, which is consistent with the
fundamental assumptions of a horizontally transverse isotropic (HTI)
medium and Chapman multiscale fracture theory. Therefore, a rock
physics model for the roof sandstone was constructed by integrating
effective medium theory with the Chapman model.

Specifically, the primary mineral components of the sandstone were
identified based on X-ray Diffraction (XRD) measurement results, as
presented in Table 1. Based on these compositions, the effective bulk and
shear moduli of the matrix were estimated using the Voigt-Reuss-Hill
(VRH) average model. The application of the VRH model is particu-
larly suitable for the Carboniferous-Permian strata in the study area. Due
to intensive diagenetic compaction and cementation, the elastic moduli
of the clay minerals have been significantly enhanced, becoming com-
parable to those of quartz and feldspar. This reduced contrast between
mineral moduli leads to a narrowing of the gap between the Voigt
(upper) and Reuss (lower) bounds. Consequently, the VRH average
serves as a robust and high-precision approximation for the effective
elastic properties of the sandstone matrix in this geological setting
(Mondol et al., 2007). Subsequently; the moduli and viscosities of the

Table 1
Physical property parameters of sandstone components(Mavko et al., 2020).
Properties Content Bulk modulus Shear modulus Density(g/
(%) (GPa) (GPa) cm®)
Quartz 60.1 37.0 44 2.65
Feldspar 20.8 37.5 15 2.62
Clay 19.1 21.0 7 2.60
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fluid mixtures were determined using the Batzle-Wang and Wood for-
mulations(Wood and Lindsay, 1956; Batzle and Wang, 1992). Finally,
the Chapman model was utilized to incorporate pores, fractures,
microcracks, and fluids into the rock matrix. Experimental and logging
data indicated that the total porosity of the roof sandstone ranged from
0.04 to 0.09 with a mean value of 0.07. Therefore, the total porosity was
set to 0.07 for the modeling. Given that fracture parameters are chal-
lenging to measure directly, theoretical values were adopted in this
study. Following the findings of She et al. (2024) on the relaxation time
in the sandstone aquifers, the z,, for fully water-saturated and fully gas-
saturated sandstones were assigned as 2 x 107> s and 4 x 1077 s,
respectively. For a fixed rock skeleton, the relaxation time parameter
depends solely on the viscosity of the fluid mixture and is given by Eq.
(2). The input parameters for the Chapman model were finalized, as
summarized in Table 2, where the matrix bulk modulus was determined
via the Voigt-Reuss-Hill (VRH) average of the mineral components listed
in Table 1.

Fig. 3 illustrates the frequency-dependent characteristics of P-wave
velocity (V) and the inverse quality factor (1/Q) under varying water
saturation conditions, where S,, ranges from O to 1. As shown in Fig. 3a,
V) exhibited significant dispersion across the frequency range from 10°
to 10° Hz for all saturation levels. At a constant frequency, V, increased
with increasing water saturation, such that the maximum velocity
occurred at full saturation, while the minimum was observed in the air
saturated state. This phenomenon indicates that the presence of fluids
significantly enhances the equivalent bulk modulus of the medium.
Notably, as S, increased, the characteristic frequency at which V,
dispersion initiated shifted globally toward the low-frequency range,
suggesting that seismic dispersion and attenuation can be triggered
within seismic frequency bands under high-saturation conditions.
Fig. 3b shows that, under different water saturation conditions, 1/Q
exhibits two pronounced attenuation peaks, indicating energy dissipa-
tion induced by dual-scale fluid flow associated with the fracture system.
The peak amplitudes of 1/Q are highly sensitive to variations in water
saturation. At low frequencies, attenuation remains weak owing to fully
equilibrated fluid pressure, whereas with increasing frequency, fracture-
related fluid flow is progressively activated, leading to a rapid increase
in 1/Q and the development of attenuation peaks in the intermediate-to-
high frequency range.

Given that the Chapman model is governed by multiple parameters, a
Sobol global sensitivity analysis was conducted to identify the dominant
controls on the P-wave velocity and inverse quality factor(Sobol", 2001;
Saltelli, 2002; Ba et al., 2025). Five key parameters, including water
saturation, microcrack density, fracture density, fracture length, and
porosity, were considered, and their respective contributions to the
model uncertainty were quantified. The parameter ranges are listed in
Table 3.

The Sobol global sensitivity analysis is based on the variance

Table 2
Input parameters for the Chapman model.
Parameters Value Unit
Matrix bulk modulus(Ky) 33.2 GPa
Matrix shear modulus(u,) 24.6 GPa
Matrix density(p,) 2.63 g/cm®
Total porosity(¢,) 0.07 /
Microcrack density(e.) 0.05 /
Fracture density(es) 0.05 /
Fracture length(e,) 0.10 m
Microcrack aspect ratio(r.) 2x10°% /
Fracture aspect ratio(ry) 2x107* /
Grain size(¢) 5x 107* m
Brine salinity(S) 10 g/L
Brine viscosity(1,,) 6.6 x 107* Pas
Brine bulk modulus(K,,) 2.20 GPa
Gas(Air) viscosity(y,) 2x107° Pa-s

Gas(Air) bulk modulus(Kg) 0.03 GPa
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Fig. 3. Frequency-dependent P-wave velocities and inverse quality factor for various water saturation levels (a) P-wave velocity. (b) Inverse quality factor.

Table 3
Ranges in the sensitivity analysis.
Parameters Range Unit
Water saturation(S,,) 0-1 /
Microcrack density(e.) 0-0.1 /
Fracture density(es) 0-0.1 /
Fracture length(ay) 0.1-1 m
Total porosity(¢;,) 0.05-0.15 /

decomposition of the model output, in which the total variance is
expressed as the sum of the partial variances associated with the indi-
vidual input parameters and their interactions. This framework enables
a quantitative evaluation of the contribution of each input parameter to
the model output uncertainty. Accordingly, the first-order (S;) and total-

0.8 T T T T T
First-order indices (a)

0.7 Total-order indices ]

0.6F 1

i
&)
T
.

Sensitivity Indices
o
N

0.3F g
0.2+ g
0.1+ i
00 1 L 1 L L -
Sw Crack Fracture Fracture Porosity
Density Density Length
0.8 T T T T T
First-order indices (c)
0.7y Total-order indices 1
06} 1

g
o
T
.

=
w
T
.

Sensitivity Indices
o
n

o
N
T
.

©
¢
T
.

0.0 L
Sw

Crack Fracture Fracture Porosity
Density Density Length

order (St;) Sobol sensitivity indices were computed for all input pa-
rameters in this study.

S; measures the fraction of the Chapman model output variance that
is attributable solely to individual parameters. Higher S; values indicate
greater dominance of the parameter on the model response. S; is
computed as follows:

i Var(Y) as)

The total-order sensitivity index (Sr;) encompasses both the main
effect of a parameter and all higher-order interaction effects with other
parameters, reflecting its overall influence on the model output. St; is
calculated as follows:

Sr. =1 19
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Fig. 4. The effect of water saturation, microcrack density, fracture density, fracture length, and porosity on the Chapman model results. The P-wave velocity(a) and
inverse quality factor (b) of 45 Hz, respectively, and P-wave velocity(c) and inverse quality factor (d) of 0.1 MHz, respectively.
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where X; denotes the i-th input parameter, X_; represents the set of all
input parameters except X;, [Ex[-|Xi] represents the mean model
response obtained by averaging over all parameters except X;, while Ex, |-
|X..i] denotes the conditional expectation with respect to X;. Vary,(-) and
Vary ,(-) indicate the variance taken with respect to X; and X_;
respectively.

Notably, given the pronounced nonlinearity of the Chapman model,
sensitivity indices were computed by a Monte Carlo simulation using the
Saltelli sampling strategy. A total of 2 x 10° simulations were performed
to ensure statistically robust and reliable results.

Fig. 4 illustrates the Sobol sensitivity indices of V}, and 1/Q relative to
various parameters in the Chapman model at seismic (45 Hz) and ul-
trasonic (0.1 MHz) frequencies. The results reveal significant differences
in parameter sensitivity between Vp and 1/Q, exhibiting pronounced
frequency dependence.

For Vp, both the first- and total-order sensitivity indices of porosity
are high under 45 Hz and 0.1 MHz conditions, indicating that the P-
wave velocity is primarily controlled by the elastic properties of the rock
matrix. Its variations are dominated by the first-order effect of porosity,
with relatively weak parameter interactions. At low frequencies, the
Chapman model follows Gassmann theory, and the extremely low
stiffness of microcracks induces substantial perturbations to the rock's
elastic properties, making Vp highly sensitive to microcrack density. At
high frequencies, fluids in microcracks behave nearly incompressibly,
effectively stiffening the cracks and reducing their contribution to bulk
deformation, resulting in a marked decrease in V) sensitivity to micro-
crack density. In contrast, water saturation exhibits a relatively minor
influence on Vp, suggesting that fluid parameters play a subordinate role
in P-wave response. Conversely, 1/Q shows pronounced sensitivity to
fracture density, microcrack density, and water saturation. At low fre-
quencies, the sensitivities of fracture density and water saturation
dominate, indicating that fracture-induced patchy saturation effects
govern attenuation. Within the ultrasonic frequency regime, the local
pressure gradients between microcracks and pores are significantly
intensified, thereby enhancing the sensitivity of 1/Q to water saturation
and microcrack density. This phenomenon underscores the pivotal role
of microcrack-induced squirt-flow mechanisms in governing energy
dissipation at these high frequencies(Tisato and Madonna, 2012; Tisato
and Quintal, 2013; Tisato et al., 2021).

4.2. Numerical test

To evaluate the feasibility of predicting water abundance in sand-
stone aquifers using dispersion attributes, a horizontally layered for-
ward model was constructed based on the actual wireline log interpreted
geological conditions, as illustrated in Fig. 5. Layers 1, 3, and 4 are
elastic media, with their respective parameters provided in Table 4.

L 1 Incident Reflected
ayer
Isotropic elastic (0:,Vor,Ver)
medium
z1
Layer 2
” Viscoelastic medium h (P2,V,o(0),Ver(1))
Layer 3
Isotropic elastic
medium (p1:VP7st1)
z3
Layer 4
,4lIsotropic elastic medium (03,V5,V.s)

Fig. 5. Schematic diagram of the four-layer geological model used for seismic
forward simulation.
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Table 4
Physical parameters of the four-layer geological model for seismic forward
simulation.

Layers Density(g/1 cm®) Vp(m/s) Vs(m/s) Thickness
Layer 1 2.25 3000 1750 100
Layer 3 2.25 3000 1750 100
Layer 4 2.5 4000 2150 50

Layer 2, however, is a viscoelastic layer described by the Chapman
model, with parameters taken directly from Table 2. The thickness of
Layer 2 was fixed at 25 m, and the water saturation was systematically
varied from O to 1.

Using the seismic forward modeling approach described in section
3.2, the intermediate layer was assigned a water saturation of 1. The
variation of reflection coefficients at the medium's top interface with
incidence angle and frequency is shown in Fig. 6. Across the full fre-
quency band, the reflection coefficients exhibit periodic variations. In
terms of incidence angle, the reflection coefficients vary relatively
smoothly and decrease with increasing angle, consistent with the defi-
nition of Class I AVO and in agreement with the model setup.

To analyze the frequency-dependent response characteristics of
realistic seismic records, a Ricker wavelet with a dominant frequency of
45 Hz was selected to synthesize seismic traces, consistent with wavelet
characteristics of observed field seismic data in the study area. Under
normal incidence, synthetic seismic records corresponding to sandstone
layers with water saturation levels of 0, 0.4, and 0.8 are shown in Fig. 7a.
As illustrated, variations in water saturation do not lead to pronounced
changes in reflection waveforms or amplitudes, indicating that it is
difficult to identify sandstone water abundance using conventional
seismic records alone. Fig. 7b—d present the SPWVD spectral decompo-
sition results for sandstone layers with water saturation values of 0, 0.4,
and 0.8, respectively. In contrast, the time—frequency spectra reveal
substantial differences across varying water saturation conditions.

To examine the influence of the seismic wavelet on the reflection
spectra, the original spectral curves at 30, 40, 50, and 60 Hz were
extracted for the fully water-saturated viscoelastic layer, as shown in
Fig. 8a. It is evident that the elastic layers exhibit pronounced spectral
discrepancies, which arise from the combined effects of reflection co-
efficients and wavelet energy, leading to distortion in the seismic fre-
quency spectra. To mitigate the wavelet influence, spectral balancing
was applied to the synthetic seismic records using 45 Hz as the reference
frequency, following the formulation in Egs. (18) and (19). As illustrated
in Fig. 8b, after spectral balancing, the spectral amplitudes of the elastic
layers become consistent across different frequency components,
whereas distinct spectral differences persist within the viscoelastic layer.
This indicates that dispersion-related anomalies are effectively sepa-
rated from wavelet interference, and spectral balancing substantially
enhances the reliability of dispersion attribute inversion.
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Fig. 6. Variation of reflection coefficients of the fully water-saturated visco-
elastic layer with frequency and incidence angle.
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Conventional dispersion-attribute inversion methods violate the
fundamental assumptions underlying the Taylor series expansion.
Therefore, the frequency-scanning approach proposed by Li et al. (2024)
was adopted to invert the dispersion attribute D,,. Specifically, frequency
bands within the range of 30-70 Hz were selected as reference fre-
quencies. For each reference frequency, D, was inverted within a narrow
frequency window of 10 Hz centered on the reference frequency, and the
maximum D, value was ultimately taken as the final result. Fig. 7e shows
the dispersion attributes obtained using the above inversion strategy. At
the elastic layer 3 bottom (indicated by the purple dashed line), D, is
zero, whereas pronounced differences in D, are observed near the
viscoelastic layer 2 (indicated by the red dashed line) for seismic records
corresponding to different water saturations. These results demonstrate
the feasibility of using dispersion-attribute inversion to estimate water
saturation.

To further clarify the relationship between S, and D,, dispersion
attributes at the viscoelastic interface were inverted for different water
saturations. Fig. 9 illustrates the variation of D, with S, at the visco-
elastic layer's top interface under normal incidence. Overall, D, exhibits
a pronounced positive correlation with increasing water saturation. As
Sy increases from 0 to 0.9, D, is monotonically increasing over its
domain. In contrast, at high saturations (S,, = 0.9-1.0), D, shows a slight
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471 o ’
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Sw

Fig. 9. Relationship between water saturation and dispersion attribute (Dp).

decrease. This behavior can be explained by the physics of wave-induced
fluid flow since as the fracture and pore space become nearly fully
saturated, the fluid distribution becomes more homogeneous, and the
compressibility contrast diminishes, reducing the driving force for
pressure relaxation and thereby weakening dispersion effects (Miiller
et al., 2010; Pang et al., 2019).
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4.3. Case study

The No. 4 coal seam is the primary mining coal in the Hengyuan Coal
Mine of the Huaibei Coalfield. The water-bearing sandstone layer in the
roof poses a serious threat to its safe mining operations. Therefore, this
sandstone aquifer was selected as a representative example for the case
study in this work. Fig. 10 shows the wireline logs of Borehole B1 in the
study area. A pronounced negative anomaly is observed in the sponta-
neous potential (SP) log within the yellow-highlighted interval,
accompanied by a distinctly low gamma-ray response, jointly indicating
the presence of a water-bearing sandstone aquifer.

The dispersion-attribute inversion in this study was performed using
post-stack seismic data, which satisfy the assumptions of Eq. (11).
Fig. 11a shows the post-stack seismic section crossing boreholes B1, B2,
B3, and B4. Based on well-logging data and seismic traces adjacent to the
boreholes, synthetic seismograms were constructed to identify the ho-
rizons of the water-bearing sandstone aquifer and the No. 4 coal seam,
with the interpreted results indicated by arrows. Fig. 11b presents the
amplitude spectra of the post-stack seismic data in the study area. The
seismic energy is primarily concentrated in the 20-90 Hz frequency
range (the light-blue region in the figure), with a dominant frequency of
approximately 45 Hz. SPWVD was adopted in this case study to perform
time-frequency analysis of the seismic signals, yielding spectral infor-
mation over the frequency range of 20-90 Hz. The No. 4 coal seam in the
region is dry and lacks fluid-related dispersion. Since coal seams are
generally considered effective aquicludes with minimal dispersion ef-
fects, it was therefore selected as the elastic reference layer for spectral
balancing. Fig. 12 illustrates the spectral decomposed seismic sections at
30, 40, 50, and 60 Hz before and after spectral balancing. The results
indicate that, in the vicinity of the target layer, the seismic energy in
different frequency bands is effectively equalized to the same order of
magnitude, preventing the dispersion attribute inversion from being
biased by the wavelet energy distribution and thereby providing a
reliable basis for the subsequent inversion.

Subsequently, reference frequencies were scanned within the 30-70
Hz range. For each reference frequency, dispersion attributes were
inverted within a narrow 10 Hz frequency window centered on the
reference frequency, and the maximum inverted dispersion value was
selected as the final result. The resulting dispersion-attribute section is
shown in Fig. 13. Within the target sandstone layer, the intensity of D,
exhibits pronounced lateral heterogeneity and shows a clear positive
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Fig. 10. The logging curves of Borehole B1.
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correlation with the mean water saturation values at the borehole lo-
cations. Specifically, strong dispersion responses are observed in the
vicinity of Boreholes B4 (S,, = 0.82) and B1 (S,, = 0.76), which are
characterized by relatively high water saturation. Moderate dispersion
intensity corresponds to the area around Borehole B3 (S, = 0.68),
whereas the region near Borehole B2 (S,, = 0.53) is associated with weak
dispersion responses. The positive correlation between borehole-derived
Sy and the intensity of D, is consistent with the theoretical results of
forward modeling, thereby providing field validation that confirms the
effectiveness of dispersion attributes in identifying reservoir fluid
properties.

Dispersion attributes were extracted for the target sandstone layer
across the study area, and the mean dispersion value within the target
interval was calculated. Fig. 14 illustrates the planar distributions of the
dispersion attribute and the Root Mean Square (RMS) amplitude attri-
bute for the target sandstone layer, with the locations of hydrogeological
boreholes H1-H3 marked. Overall, D, exhibits pronounced lateral het-
erogeneity throughout the study area and shows a clear positive corre-
lation with the measured water inflow rates. Specifically, borehole H1,
with a water inflow rate of 50.8 m>/h, corresponds to a high D, anomaly.
Borehole H3, with a water inflow rate of 15.4 m3/h, is located near a
transitional zone of moderate D, values, whereas borehole H2, which
yields only 6.7 m®/h, coincides with a distinct low D, region. Compared
with the RMS amplitude, which is primarily governed by lithology,
porosity, bed-thickness tuning, and reflection interface strength and
thus reflects mixed geometric and elastic effects rather than fluid-related
variations, the dispersion attribute effectively captures fluid-induced
frequency-dependent seismic responses, with high-value anomalies
directly reflecting high water abundance predictions, thereby providing
a more robust indicator of sandstone water abundance.

5. Discussion
5.1. Validation and applicability analysis

To further validate the relationship between dispersion attributes
and the water inflow rates measured at hydrogeological boreholes,
dispersion attribute values at hydrogeological boreholes H1, H2, and H3
were extracted, as shown in Fig. 15. Overall, a strong positive correlation is
observed between the dispersion attribute and the water inflow rate, indi-
cating that dispersion attributes provide a robust indicator for assessing water
abundance in sandstone aquifers. The technical workflow proposed in this
study effectively characterizes the frequency-dependent seismic response of
viscoelastic layers, thereby enabling reliable evaluation of water abundance
in sandstone aquifers.

At the same time, this study also highlights that characterizing water
abundance in sandstone aquifers using frequency-dependent seismic
responses remains highly challenging. As observed in the numerical
tests, the Sobol sensitivity analysis of the Chapman model indicates that,
within the seismic frequency band, fracture density exerts considerable
control over seismic dispersion in addition to water saturation. In the
present study area, faults are relatively small in scale (Fig. 1c), and no
major geological structures or anomalous bodies are developed.
Consequently, the spatial variations in fracture density and fracture
scale are limited, and the influence of fracture-related parameters on
dispersion attributes can be reasonably neglected. However, in areas
characterized by intense structural deformation and heterogeneous
fracture development, the capability of dispersion attributes to indicate
water yield may be significantly weakened. Therefore, when applying
this method in structurally complex mines, it is necessary to introduce
decoupling strategies between water saturation and fracture parameters,
or to establish a multi-parameter joint inversion framework, so as to
effectively suppress fracture-induced effects and extract dispersion in-
formation that is more directly related to fluid properties.

Furthermore, the frequency-dependent seismic response of visco-
elastic layers is influenced by multiple factors. Ouyang et al. (2023)
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indicates that, in areas where the target layer exhibits significant
thickness variations, tuning effects can substantially affect the frequency
response of seismic data, which may lead to distortion in the derived
dispersion attributes. In addition, seismic signal diffraction or interfer-
ence near fault structures and other geological anomalies may reduce
the reliability of dispersion inversion results. Moreover, the selection of
the No. 4 coal seam as the elastic reference for spectral balancing is
specifically optimized for this local geological setting, owing to its stable
aquiclude properties and lack of fluid-induced frequency dispersion.
Therefore, we strongly recommend conducting targeted regional
geological analyses and forward-modeling simulations when applying
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this method to other study areas.

5.2. Impact of seismic SNR on dispersion attribute inversion

The quality of seismic data directly determines the reliability of
dispersion-attribute inversion. To quantitatively assess the impact of
seismic signal-to-noise ratio (SNR) on inversion accuracy, different
levels of Gaussian random noise were added to the original synthetic
seismic records, generating records with SNRs of 25 dB, 20 dB, 15 dB,
and 10 dB (Fig. 16). As illustrated, with increasing noise levels, the
continuity of seismic events along the in-phase axis gradually
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deteriorates, and the effective signal is increasingly obscured by ambient
noise, resulting in a significant decline in seismic data quality.

The dispersion-attribute inversion results (Fig. 17) indicate that
noise exerts a significant influence on the inversion process. When SNR
> 20 dB, the inversion exhibits good robustness: the D, response is clear,
and the curve shapes are well-preserved. However, as SNR decreases
further (SNR < 15 dB), the inversion results become markedly unstable.
Specifically, at the elastic interface (purple dashed line), the inverted
dispersion attribute remains zero, reflecting the method's stability in
elastic layers. In contrast, at the dispersive interface (red dashed line),
the inversion results are highly sensitive to noise: the fluctuations in D,
values become increasingly severe, and the peak shapes of the inversion
curves are distorted. Under extreme conditions (SNR = 10 dB), the
positive correlation between dispersion attribute and water saturation is
significantly disrupted. These results indicate that, for real datasets, low-
SNR seismic data can only provide qualitative identification of water-
bearing layers and are insufficient for quantitative assessment of water
abundance. To ensure reliable predictions of water abundance, seismic
data with the highest possible SNR should be selected.
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5.3. Implications for CO- sequestration

In the site selection of geological CO, storage (CCS) projects, deep
saline aquifers are considered ideal carbon storage targets due to their
wide distribution and large storage potential. The quantitative evalua-
tion method for sandstone water abundance established in this study,
based on dispersion attributes, is not only applicable to hydrogeological
investigations but also provides a valuable reference for detailed char-
acterization of potential CO: storage sites. This approach can effectively
identify fluid-rich zones with high porosity and connectivity necessary
for supercritical CO; injection, offering a scientific basis for early-stage
site evaluation. Furthermore, the injection of CO3 into saline aquifers
establishes a sophisticated CO-brine-rock system that develops within
the saline aquifer, inevitably giving rise to intricate dispersion and
dissipation mechanisms. The analysis of frequency-dependent seismic
responses of sandstone under varying fluid saturation conditions, as
presented in this study, facilitates the construction of more reliable rock
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Fig. 17. Dispersion attribute inversion results from synthetic seismic records with signal-to-noise ratios of 25 dB (a), 20 dB (b), 15 dB(c), and 10 dB (d).

physics models for deep saline formations. Moreover, following COy
injection, the reservoir fluid saturation evolves from pure brine to a
CO,-brine mixture, which substantially alters the intensity of dispersion
attributes. By monitoring the spatiotemporal evolution of dispersion
attributes, the migration of CO5 plumes can be quantitatively assessed.
In conclusion, this study contributes not only to static site evaluation but
also provides a critical rock physics reference for assessing reservoir
integrity during the long-term monitoring of CCS projects. These find-
ings are instrumental in identifying carbon storage spaces and ensuring
the long-term feasibility as well as operational safety of carbon
sequestration initiatives.

6. Conclusion

A quantitative workflow integrating frequency-dependent rock
physics modeling, seismic forward simulation, and dispersion-attribute
inversion is established for evaluating the water abundance of roof
sandstone aquifers. A frequency-dependent rock-physics model for
water-bearing sandstone is constructed by coupling effective medium
theory with Chapman's multiscale fracture model, providing a physical
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basis for describing fluid-induced dispersion and attenuation in frac-
tured sandstone. Sobol global sensitivity analysis of the rock-physics
model indicates that, within the seismic frequency band, P-wave ve-
locity is primarily controlled by porosity, whereas the inverse quality
factor is mainly sensi tive to water saturation and fracture density.
Based on the established rock-physics model, seismic forward modeling
is performed using the propagator matrix method to simulate reflection
responses of viscoelastic layered media under different water saturation
conditions. A positive relationship between dispersion attributes and
water saturation is revealed, clarifying the theoretical link between
seismic dispersion and aquifer water saturation. In the field application,
post-stack seismic data were analyzed using the smoothed pseudo
Wigner-Ville distribution combined with spectral balancing to obtain
high-resolution time—frequency spectra. Dispersion attributes extracted
through a frequency-scanning strategy exhibit pronounced lateral het-
erogeneity in the roof sandstone and show a significant positive corre-
lation with hourly water inflow rates measured at hydrogeological
boreholes. These results confirm that seismic dispersion attributes
derived from stacked seismic data can be used for quantitative evalua-
tion of sandstone aquifer water abundance. The proposed frequency-
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dependent rock physics framework not only provides direct geophysical
support for roof water-hazard prevention but also offers important rock
physics references for site selection and performance monitoring in COy
geological storage, where the higher compressibility of supercritical CO5
enhances the fluid-matrix modulus contrast compared to water, result-
ing in more pronounced and detectable dispersion signatures.
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Appendix A. Chapman provided the expressions for the individual stiffness constants, as given in Egs. (A-1)-(A-5)
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where 1 and y are the Lamé constants of the rock matrix, v is Poisson's ratio of the rock matrix, ¢, denotes the microcrack density, ¢, is the porosity, and
gr represents the mesoscopic fracture density. Parameters Dy, Dy, G1, Go, G3, F1, Fo, Lo, and L4 are calculated using Egs. (A-6)-(A-14).
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where Vj is the shear-wave velocity of the rock matrix, p; is the density of the pore fluid, V; is the P-wave velocity of the pore fluid, K is the bulk
modulus of the pore fluid, r denotes the fracture aspect ratio, and o is the angular frequency.
For sufficiently small aspect ratios, we takes K, = 0. We introduce the further notation:
_ A4ne/3
4re, / 3+ (ﬁp
- 47[€f / 3
B Ares / 3+ ¢p

(A-16)

The Chapman model accounts for fluid dynamics at both microscopic and mesoscopic scales. Within this framework, the microscopic relaxation
time, denoted as 7y, typically resides within the ultrasonic frequency range. Conversely, the mesoscopic relaxation time, 7¢, generally manifests within
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the seismic frequency band. These two parameters govern the specific frequency bands in which fluid dissipation occurs at different scales, and their
calculation formulas are as follows:

— (%
Tf = <g)Tm
_on+Ko)
" Gck§C1

(A-17)

Where as is the radius of the fractures, ¢ is the rock grain size, c, is the volume of an individual microcrack, 7 is the viscosity of the pore fluid, o is
the critical stress, c; is the number of interconnected pores and fractures, and k is the permeability.

Appendix B. In Eq. (5), ip is the incident vector of the P wave, expressed as

ip = 0By, 75, —~Zp, s —Wa,] (B-1)
The propagator matrix of the upper media A; is given by:
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The propagator matrix of the lower media Aj is given by:
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The propagator matrix of the intermediate media B is a matrix related to the thickness h of the intermediate layer and is expressed as:
B=T(0)T'(h) (B-4)
Inside the layer at depth z, T(z) can be written as:
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Where i denotes the imaginary unit, ® is the angular frequency of the incident wave, and the subscripts P and S of the variables g, y, W and Z
correspond to the gP- and qS- waves, respectively. Subscripts 1 and 2 denote the upper and lower media, respectively. For simplicity, the subscripts
may be omitted, and the variables can be written in abbreviated form as:
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where p.v. denotes the principal value of the complex quantity. For y, the + and - signs correspond to the gP- and ¢S- waves, respectively. C11, C13, Css,
and Css are the stiffness constants of the medium, and p is the density of the medium.
s denotes the horizontal slowness and is expressed as:

sinf
s =

> (B-10)
Vp
@ is the incident angle. For anisotropic media, v, is given by:
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s; denotes the vertical slowness and is expressed as:
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1 1/2
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where Kj, Kz and K3 are given by:
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In Eq. (B-13), (+,—) denotes the downward-propagating qP- wave, (+,+) denotes the downward-propagating gS- wave, (—,—) denotes the upward-
propagating qP- wave, and (—,+) denotes the upward-propagating gS- wave.
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