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ABSTRACT

Effective geologic carbon sequestration depends on a
thorough understanding of the thermomechanical behavior
of CO2 and water in subsurface environments. This study
introduces a two-temperature thermoporoelastic model that
effectively captures the temperature gradient between the
solid matrix and pore fluid, which is critical for addressing
key challenges in CO2 storage monitoring. By combining
previous experimental measurements with numerical simula-
tions, we investigate how temperature-dependent fluid prop-
erties, fluid type, and saturation influence seismic wave
propagation in sandstone. The results reveal pronounced var-
iations in seismic velocity and attenuation between water- and
CO2-saturated conditions, highlighting the significant role of
fluid properties in reservoir behavior and seismic response.
Importantly, model predictions agree well with available ex-
perimental data, demonstrating its potential for enhancing the
accuracy of real-time CO2 storage monitoring.

INTRODUCTION

Growing concern about climate change has led to a global need to
reduce greenhouse gas emissions (Dowell et al., 2010). Carbon cap-
ture and storage (CCS) is a key technology to reduce atmospheric
CO2 concentrations, with CO2 geologic sequestration (CGS) being
a crucial solution to achieve carbon neutrality (Aminu et al., 2017;
Lin et al., 2024). CGS, especially in deep underground formations
such as saline aquifers, depleted oil and gas fields, and unmineable
coal seams, has proven to be one of the most feasible methods for

large-scale CO2 sequestration (Shi and Durucan, 2005; Kalam et al.,
2021; Fentaw et al., 2024; Lin et al., 2024). Among the various rock
types, sandstone reservoirs are particularly suitable due to their
high porosity and permeability, which enable efficient fluid flow
and provide significant storage capacity (Shi et al., 2007; Otu
et al., 2023).
The successful implementation of CCS relies on a thorough

understanding of CO2 behavior within geologic formations. The
thermodynamics of CO2 and reservoir fluids, before and after in-
jection, are crucial for the effectiveness of storage efforts. This is
especially true for the effects of temperature on the pore architecture
and elastic properties of reservoir rocks (Xue and Lei, 2006;
Lebedev et al., 2014; Zhang et al., 2024). Temperature plays a sig-
nificant role in determining the physical state and thermal properties
of CO2 and reservoir fluids, influencing migration, trapping effi-
ciency, and long-term stability in the subsurface (Awad and
Espinoza, 2024; Creasy et al., 2024; Zhang et al., 2024). When
CO2 is injected into sandstone reservoirs in its supercritical state
(scCO2), it exhibits distinct thermodynamic properties (such as
viscosity, density, and thermal conductivity) that are highly temper-
ature dependent (Liao et al., 2023). Therefore, understanding the
impact of temperature on CO2 behavior and reservoir fluids is es-
sential for optimizing CO2 sequestration strategies and ensuring the
safety and effectiveness of CGS.
The poroelasticity theory of Biot (1956) serves as the basis

for studying wave propagation in fluid-saturated porous media.
However, its application to CGS mechanisms and monitoring has
been limited, primarily due to the neglect of temperature effects.
To address this, the theory of thermoelasticity, which couples displace-
ment and temperature fields (Biot, 1962), has been further developed
with models such as the Lord-Shulman (LS) model (Lord
and Shulman, 1967), which incorporates a single relaxation time,
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and the Green-Lindsay (GL) model (Green and Lindsay, 1972), which
accounts for two relaxation times. Thesemodels have provided a theo-
retical framework for seismic wave propagation in high-temperature
reservoirs (Carcione et al., 2018; Hou et al., 2021, 2023).
More recently, heat conduction equations have been integrated

with Biot’s poroelasticity to better capture the complexity of real
rock, leading to the development of the theory of thermoporoelastic-
ity (Noda, 1990; Carcione et al., 2019). Zimmerman (2000) notes that
although temperature fields can influence stresses and strains, the re-
verse effect is minimal. However, thermal effects significantly impact
P-wave characteristics in inhomogeneous media, particularly causing
increased attenuation and velocity dispersion. Xi et al. (2007) find
that the attenuation peaks in saturated rocks exhibit typical thermally
activated relaxation behavior, indicating that thermal effects signifi-
cantly influence P-wave attenuation and dispersion. Xi et al. (2011)
further develop a model based on thermal activation mechanisms,
revealing the impact of thermal effects on P-wave propagation char-
acteristics in the frequency and temperature domains, particularly in
heterogeneous media. Wei et al. (2020, 2022, 2023) also demonstrate
that thermal effects significantly influence P-wave scattering attenu-
ation and velocity dispersion in nonuniform media, such as those
with fractures and nonisothermal inclusions. The study by Wang
et al. (2022) emphasizes the complexity of thermoelastic attenuation
in randomly distributed layered media, further confirming the signifi-
cant impact of thermal effects on P-wave characteristics in hetero-
geneous media.
Li et al. (2023, 2024) extend the LS thermoporoelasticity model

to account for double porosity and incorporate local heat flow and
local fluid flow. These factors are crucial for evaluating the seismic
properties of geothermal reservoirs and understanding the effects of
temperature, pore structure, and pore fluid on thermoelastic proper-
ties during cyclic recovery processes. In addition, Deng et al. (2024)
refine a double porosity model by introducing nonlinear viscosity,
which improves the understanding of the macroscopic mechanical
behavior of fluid-saturated sandstone at different temperatures. Liu
et al. (2023) use finite-difference algorithms to study wave propa-
gation within the dual-phase lag (DPL) heat conduction model of
Tzou (1995). However, the preceding models are based on the
assumption of a single temperature (ST-LS, ST-GL and ST-
DPL), which ignores the temperature gradient between the solid
skeleton and the pore fluid. To address this limitation, Youssef
(2007) proposes a two-temperature generalized (TTG) equation
to account for this difference, a concept that was subsequently ex-
plored by Singh (2011). Based on the TTG-LS and TTG-GL the-
ories, Hou et al. (2024) develop a fluid-saturated thermoporoelastic
amplitude-variation-with-offset model that provides new insights
into the behavior of CO2 in geologic reservoirs. This model repre-
sents a significant advance in the understanding and simulation of
thermoelastic effects in CGS.
This study examines the thermal-mechanical behavior of CO2

and water in underground environments, a critical factor for ensur-
ing the effectiveness and safety of CGS. The research begins by
examining the temperature dependence of fluid thermoelastic
parameters (density, specific heat, viscosity, coefficient of thermal
expansion, thermal conductivity, and bulk modulus) using data
from the reference fluid thermodynamic and transport properties
(REFPROP) database (Lemmon et al., 2013). Subsequently, the
propagation and attenuation characteristics of seismic waves in
water- and scCO2-saturated sandstone are analyzed based on the

two-temperature model. The predicted seismic wave velocities
show agreement with experimental data, demonstrating the model
efficacy in monitoring CO2 storage. By combining experimental
measurements with numerical simulations, this study investigates
how fluid type, saturation, and temperature affect seismic wave
propagation, highlighting the critical role of fluid properties in seis-
mic response and reservoir behavior.

TTG THERMOPOROELASTIC THEORY

According to Youssef (2007), the generalized thermoporoelastic
medium takes into account the temperature difference between the
fluid and the solid skeleton, assuming that the fluid can exert a
velocity-dependent frictional force on the solid, whereas the viscous
stresses in the fluid are neglected. The two phases have different
temperatures, so that an energy exchange occurs during wave
propagation. The model is homogeneous and isotropic, with a com-
pressible and ideal fluid filling where both phases are continuous
and interact with each other, leading to thermomechanical coupling.
The fundamental governing equation for the TTG model couples

mechanical deformation, fluid flow, and heat conduction, consider-
ing the temperature difference between the solid skeleton and pore
fluid. Specifically, the displacement vectors of the frame and fluid
relative to the frame are denoted by u ¼ ðux; uy; uzÞ and
w ¼ ðwx; wy; wzÞ, respectively, with Ts and Tf being the tempera-
ture of the solid and the fluid relative to respective reference temper-
atures Ts

0 and Tf
0 . The governing equation is expressed as

μ̄∇2Ūþ K̄ ∇̄ ϵ̄þΞ ¼ ρ̄ W̄; (1)

where matrices K̄, ρ̄, and μ̄ represent the thermal and elastic con-
stants and vectors Ū, ϵ̄, Ξ, and W̄ represent the displacement fields,
strain components, and temperature fields of solid and fluid phases,
respectively. Here, ∇2 is the Laplacian operator and

Ū ¼ ½ u w Ts Tf �⊤;
ϵ̄ ¼ ½ ϵm ϵf Ts Tf �⊤;
W̄ ¼ ½ ü ẅ ẇ �⊤;
Ξ ¼ ½ 0 0 γ̄sfðTs − TfÞ −γ̄sfðTs − TfÞ �⊤; (2)

and

μ̄ ¼

2
664
μ 0 0 0

0 0 0 0

0 0 −γ̄s 0

0 0 0 −γ̄f

3
775; ∇̄ıj ¼

8<
:

∇; ı ¼ 1 or 2

∧2
2s; ı ¼ 3

∧2
2f; ı ¼ 4

;

(3)

where γ̄ is the thermal conductivity (subscripts “s” and “f” denote
the solid and fluid, respectively), μ is a Lamé constant,

K̄¼

2
6664

EG ᾱM −R11∧1s −R12∧1f

ᾱM M −R21∧1s −R22∧1f

Ts
0R11 Tf

0R21 F11 F12

Ts
0R12 Tf

0R22 F21 F22

3
7775; ρ̄¼

2
64
ρ ρf 0

ρf m b
0 0 0

0 0 0

3
75;

(4)
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and ρ ¼ ð1 − ϕ̄Þρs þ ϕ̄ρf is the bulk density depending on the
porosity ϕ̄ and the solid and fluid densities ρs and ρf. Moreover,

m ¼ T ρf=ϕ̄; b ¼ η=κ̄; (5)

where T is the tortuosity, η is the fluid viscosity, and κ̄ is the
frame permeability. For improving clarity, detailed definitions
and physical interpretations of parameters used in these equations
are provided in Appendix A.

PLANE-WAVE ANALYSIS FOR THE TTG MODEL

To analyze wave propagation characteristics under the TTG
model, we apply the Helmholtz decomposition (Wang et al., 2021).
The governing equation (equation 1) can thus be reformulated in
terms of compressional and shear potentials:

μ̄�∇2Ūþ K̄�∇̄�Φ̄ ¼ ρ̄Φ̄�; μ∇2Ψ̄ ¼ ρ̄�Ψ̄�; (6)

which separates the compressional and shear components and
clarifies the structure of the wave equations used for numerical sim-
ulation. Here, the matrices μ̄�, K̄�, and ∇̄� retain the same structure
as μ̄, K̄, and ∇̄ introduced previously (equations 3 and 4), except

μ̄�ð1;1Þ¼ 0;

K̄�ð1;1Þ¼ K̄ð1;1Þþμ;

∇̄�ði;jÞ¼∇2; i¼ 1 or 2 (7)

and

Φ̄ ¼ ½ϕs ϕf Ts Tf �⊤; Φ̄� ¼ ½ ϕ̈s ϕ̈f ϕ̇f �⊤;
Ψ̄ ¼ ½ψ s ψf �⊤; Ψ̄� ¼ ½ ψ̈ s ψ̈f ψ̇f �⊤;

μ ¼ ½ μ 0 �; ρ̄ ¼
�
ρ ρf 0

ρf m b

�
: (8)

We use the general forms of potential functions and the corre-
sponding wave amplitudes for numerical simulations of seismic
wave propagation:

Φ̄¼AP exp½iðkP ·x−ωtÞ�; Ψ̄¼AS exp½iðkS ·x−ωtÞ�; (9)

whereω is the frequency, k is the wavenumber, x is the spatial vector,

AP ¼ ½AP
s AP

f AP
Ts AP

Tf �⊤; AS ¼ ½AS
s AS

f �⊤; (10)

whereAP andAS are the amplitudes of the P and S waves, respectively.
By substituting the potential functions (equation 9) into the TTG

system of P waves (equation 6), we obtain the dispersion relation to
investigate the frequency-dependent behavior of seismic velocities:

B8 · k8P þ B6 · k6P þ B4 · k4P þ B2 · k2P þ B0 ¼ 0; (11)

where coefficients B are given in Appendix B. The analytical
solution yields four longitudinal wave modes, listed by decreasing
phase velocity: P1, P2, T1, and T2 waves, which reflect the multi-

physics nature of wave propagation in thermo-hydro-mechanically
coupled porous media.
In contrast, a similar wavenumber relation of the S wave is

(Hou et al., 2024)

k2S ¼ ω2

�
ρ

μ
−

ωρ2f
μðωmþ ibÞ

�
: (12)

The phase velocity Vph and attenuation coefficient L are (Hou et al.,
2024)

Vph ¼
ω

κ
κ̂; L ¼ 4π

A · Vph

ω
; (13)

where the dispersion equations are directly applied to demonstrate
the relationship between frequencies and velocities (or attenuation
coefficients) and

k ¼ κþ iα ¼ κκ̂þ iαα̂; (14)

where α is the attenuation vector and the overhat defines a unit
vector.
Here, Vph and L calculated from the complex wavenumber k

(equations 11 and 12) provide critical parameters for interpreting
seismic wave data in CO2 sequestration monitoring. Specifically,
these parameters enable the quantitative evaluation of seismic
responses under varying reservoir conditions.

THERMOPOROELASTIC PROPERTIES OF CO2

AND WATER

Understanding the thermomechanical behavior of water and CO2

under different temperature and pressure conditions is essential for
CGS. The thermoporoelastic properties of fluids play a key role in
determining their behavior within the subsurface environment and
in influencing the overall performance of CO2 storage sites. These
properties also are critical for predicting the behavior of injected
CO2, including the injectivity, migration, and longterm containment
of CO2 within geologic formations. This section provides a com-
prehensive characterization of the temperature- and pressure-depen-
dent properties of CO2 and water, based on the REFPROP database
(Lemmon et al., 2013).
The effects of temperature and pressure on the density, specific

heat, viscosity, thermal expansion coefficient, thermal conductivity,
and bulk modulus of CO2 are shown in Figure 1a–1f, respectively.
As CO2 transitions into the supercritical state, its density is
significantly influenced by temperature and pressure, as shown
in Figure 1a. At constant pressure, an increase in temperature results
in a decrease in density due to the thermal expansion of CO2

molecules. This behavior is attributed to the increased average
kinetic energy of the molecules at higher temperatures, which
causes the molecules to move further apart. In contrast, at constant
temperature, an increase in pressure leads to an increase in density,
reflecting the compressibility of scCO2. For example, at 12 MPa,
the density of scCO2 starts at approximately 1200 kg=m3 at 230 K
and decreases to approximately 300 kg=m3 at 370 K, representing
a 75% reduction, where Tð°CÞ ¼ TðKÞ − 273.15. This decrease
is less pronounced at higher pressures, such as 42 MPa, where
the density change over the same temperature range is only
approximately 33%. Beyond the critical point (304.1 K,
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7.38 MPa) (Parisio and Vilarrasa, 2020), the sensitivity of scCO2

density to temperature diminishes, which is characteristic of super-
critical fluids. In the supercritical region, the specific heat remains
relatively constant but shows a slight increase with increasing tem-
perature, as shown in Figure 1b. This behavior is typical of super-
critical fluids, which exhibit reduced sensitivity to temperature
changes. At 230 K and 32 MPa, the specific heat is approximately
1.8 kJ=ðkg · KÞ, and it increases to approximately 2 kJ=ðkg · KÞ at
370 K, representing an 11% increase.
The specific heat of CO2 in the supercritical state is higher than in

the subcritical state, a difference attributed to increased molecular
interactions and the coexistence of liquid- and gas-like properties.
The scCO2 exhibits liquid-like density and gas-like viscosity, result-
ing in unique thermal properties that distinguish it from liquid and
gas. As shown in Figure 1c, the viscosity decreases with increasing
temperature due to the higher kinetic energy of the molecules at
elevated temperatures, which reduces intermolecular forces and
consequently the viscosity. At higher pressures, the viscosity in-
creases due to increased density and enhanced molecular inter-
actions. For instance, at 220 K and 32 MPa, the viscosity of
CO2 is approximately 2.7 × 10−4 Pa · s, and it decreases to approx-
imately 0.7 × 10−4 Pa · s at 380 K, which is a 74% reduction. The
thermal expansion coefficient, shown in Figure 1d, quantifies the
fractional change in volume per unit temperature change. This co-
efficient increases with temperature, indicating that scCO2 becomes
more sensitive to temperature variations. Specifically, at 230 K, the
coefficient is approximately 0.0025K−1, rising to approximately
0.006 K−1 at 370 K, a significant increase. Figure 1e shows the
thermal conductivity of scCO2, which behaves differently from typ-
ical gases. It decreases with increasing temperature because the re-

duced effectiveness of energy transfer occurs when molecules move
further apart. At 230 K, the thermal conductivity is approximately
0.19 W=ðm · KÞ, decreasing to approximately 0.09 W=ðm · KÞ at
370 K. Although pressure has a less pronounced effect on thermal
conductivity than temperature, an increase in pressure results in a
higher density, which leads to more frequent molecular collisions
and, consequently, higher thermal conductivity. Figure 1f shows the
bulk modulus, a critical parameter for assessing the mechanical
behavior of CO2, particularly in geologic carbon sequestration.
The bulk modulus increases with pressure, indicating that CO2 be-
comes more incompressible under higher pressures. It also is more
sensitive to temperature, with an 87% increase at 230 K compared
with 370 K under 32 MPa.
The properties of water, as depicted in Figure 2, show distinct

differences from those of scCO2 as functions of temperature and
pressure. The density of water increases with pressure but de-
creases with temperature, exhibiting a 0.02% reduction from
280 to 350 K, which is less sensitive compared with the behavior
of scCO2, as shown in Figures 1a and 2a. In Figure 2b, the specific
heat of water remains relatively constant at approximately
4.1 kJ=ðkg · KÞ, which is higher than that of scCO2 under similar
conditions, emphasizing water’s superior heat retention capacity.
Water’s viscosity and thermal expansion coefficient, as shown in
Figure 2c and 2d, are more significantly influenced by temperature
than by pressure. In contrast to the negative correlation observed
between temperature and thermal conductivity in scCO2, water
exhibits a positive correlation. This difference can be attributed
to the increased molecular collisions and energy transfer in water
as temperature rises, whereas in scCO2, molecules move further
apart and intermolecular interactions weaken due to the unique
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Figure 1. Temperature-dependent (a) density, (b) specific heat, (c) viscosity, (d) thermal expansion coefficient, (e) thermal conductivity, and
(f) bulk modulus of CO2 calculated by REFPROP at various pressures.
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properties of the supercritical state. As shown in Figure 2e, the
thermal conductivity of water is approximately 0.6–0.7 W/(m·K),
more than three times that of scCO2, highlighting the enhanced
heat transfer facilitated by water’s stronger intermolecular inter-
actions. The bulk modulus of water exhibits a complex relation-
ship with temperature, as shown in Figure 2f. It initially increases,
then decreases with further temperature rise within the range of
280–350 K. Between 280 and 320 K, the bulk modulus increases
as water molecules gain kinetic energy with rising temperature,
making it more resistant to compression. However, beyond
320 K, the modulus decreases due to the weakening of hydrogen
bonds and the increased disorder of water molecules as the temper-
ature rises. A comparative analysis of water and CO2 reveals sig-
nificant disparities in their thermophysical properties, which
impact injectivity, migration, and storage stability in CGS. The
higher thermal conductivity and greater bulk modulus of water
demonstrate superior heat transfer and sealing properties. In con-
trast, the lower thermal conductivity and compressibility of scCO2

encounter distinct challenges in CGS.

RESULTS FOR SANDSTONE RESERVOIR

Under typical conditions for CO2 storage, which are mostly
above the critical point (Span and Wagner, 1996), the temperature
ranges from 303 to 393 K, and the pressure varies between 10 and
50 MPa, corresponding to depths of 1–5 km (Awad and Espinoza,
2024). For this study, we use a sandstone reservoir at 32 MPa with
a porosity of 0.2 as an example, in which phase velocity and at-
tenuation are computed as functions of frequency and temperature,
as shown in equation 13. It should be noted that the results are

calculated under the condition of a constant solid skeleton temper-
ature of 340 K, and the parameters are provided in Table 1. The
temperature variations focus on the temperature-dependent prop-
erties of the pore fluid, consistent with the two-temperature
assumption of the thermoporoelastic model. The relaxation time
(τf) of water increases from 20.04 to 20.89 ns in the range of
310–340 K, whereas for CO2, it decreases from 26.11 to 25.72 ns,
where the relaxation times are calculated from the DPL heat con-
duction theory (Tzou, 1995; Liu et al., 2023). The thermoelastic
coupling expansion coefficient ( ¯̄αfs) varies from −0.0085 to
−0.0175 K−1 for water and from −0.003 to −0.0033 K−1 for CO2

(Singh, 2011; Lemmon et al., 2013). The coefficient of interphase
heat transfer γ̄sf is 1261m · kg=ðs3 · KÞ (Pecker and Deresiewicz,
1973).
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Figure 2. (a–f) The same as Figure 1a–1f, respectively, but for water.

Table 1. Sandstone properties.

Ks (GPa) 35

Km (GPa) 7

μ (GPa) 5.5

ρs (g=cm3) 2.65

T 2

cs (×103) (kg=ðm · s2 · KÞ) 0.9

γ̄�s (m · kg=ðs3 · KÞ) 12
¯̄αsð×10−6Þ (K−1) 7.2

κ̄ (Darcy) 1

τ2s (ns) 0.08
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Figures 3 and 4 show the frequency- and tem-
perature-dependent phase velocities and attenua-
tion (calculated in equations 11 and 13) for
scCO2-saturated media, respectively, with the rel-
evant fluid properties derived from Figure 1. The
phase velocity of the P1 wave decreases with in-
creasing temperature because the density of
scCO2 and the bulk modulus decrease due to ther-
mal expansion. A notable inflection point is
observed at approximately 1 kHz (Figure 3a),
which corresponds to the Biot attenuation peak
(Figure 4a) and represents the frictional energy
loss caused by the filtration of pore fluids during
wave excitation. As the temperature increases
from 310 to 340 K, the phase velocity of the P2
wave increases by approximately 10 m/s, due
to the temperature-dependent thermomechanical
properties of scCO2, as shown in Figure 3b. As
expected, thermal effects related to the fluid have
a more significant impact on the propagation of
the P2 wave. Figure 4b reveals two distinct peaks
and an inflection point, which correspond to in-
flection points in the velocity and are indicated
with arrows in the figure. The first peak is asso-
ciated with the Biot flow mechanism, where the
fluid has sufficient time to respond to stress
changes at low frequencies. As the frequency in-
creases and approaches the thermal relaxation fre-
quency of the solid and fluid, the second peak (at
approximately 320 K) and the inflection point
emerge, corresponding to thermal dispersion in
the phase velocities. The T1 and P1 waves exhibit
similar temperature and frequency dependencies,
but they differ in their frequency dispersion prop-
erties. Specifically, the T1 wave displays disper-
sion and attenuation peaks at higher frequencies,
as shown in Figures 3c and 4c, which are associ-
ated with thermal effects. Opposite to the P2
wave, the phase velocity of the T2 wave decreases
with temperature (from 310 to 340 K), as shown
in Figure 3d, likely due to the reduced thermal
conductivity and increased thermal expansion
coefficient of scCO2 with rising temperature,
which diminish the efficiency of thermal energy
transfer and enhance thermally induced softening
effects in the porous medium, as shown in Fig-
ure 1. The single attenuation peak observed in
Figure 4d as a function of frequency is linked
to the thermal effects of scCO2. The sensitivities
of specific heat and the thermal expansion coeffi-
cient increase with temperature (Figure 1b and 1d)
at 32 MPa, which influences the effective stress
within the porous medium and the propagation
velocities. In contrast, the thermal conductivity
of scCO2 decreases with increasing temperature
(Figure 1e), which is counterintuitive compared
with typical gases, and influences the temperature
distribution and the wave propagation character-
istics.

Figure 3. Phase velocities of (a) fast P (P1) wave, (b) slow P wave (P2), (c) fast T (T1)
wave, and (d) slow T (T2) wave in scCO2-saturated sandstone as a function of frequency
and temperature.

Figure 4. Attenuation coefficients of (a) fast P (P1) wave, (b) slow P wave (P2), (c) fast
T (T1) wave, and (d) slow T (T2) wave in scCO2-saturated sandstone as a function of
frequency and temperature.
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The phase velocity of the P1 wave in water-sa-
turated rock exhibits a distinctive temperature-
dependent trend, initially increasing and then
decreasing at approximately 320 K, as shown
in Figure 5a. This behavior contrasts with the
monotonic decrease observed for the scCO2-
saturated rock. The increasing velocities are
attributed to the reduced viscosity of water,
which enhances energy transmission. However,
as hydrogen bonds weaken and water molecules
become more disordered, the bulk modulus of
water decreases (Figure 2f), leading to a reduc-
tion in velocities. Compared with the scCO2-sa-
turated rock, the Biot attenuation peak frequency
for the water-saturated rock is higher (approxi-
mately 10 kHz in Figure 6a) due to its higher vis-
cosity and lower compressibility. In Figures 5b
and 6b, the frequency-dependent velocity and at-
tenuation of P2 waves show a single distinct Biot
peak, which differs from the behavior observed
in the scCO2-saturated medium. The less pro-
nounced thermal attenuation peaks may be due
to enhanced intermolecular interactions and en-
ergy transfer in water. T1 and T2 waves exhibit
dispersion properties similar to those in the
scCO2-saturated medium, but the fluid thermal
attenuation of the T1 wave is more significant. To
better compare the effects of temperature on
CO2- and water-saturated sandstones, we select
two different temperatures of TTG theory and
the Biot case, as shown in Figure 7. In the
water-saturated case of TTG, velocities reach
up to 2920 m/s, compared with approximately
2570 m/s for the CO2-saturated sandstone at
410.15 K. This discrepancy is due to the higher
bulk modulus and density of water, which en-
hance the stiffness and energy propagation effi-
ciency. In contrast, the Biot attenuation peak
for the CO2-saturated medium is significantly
higher, reaching approximately 0.1. Compared
with the Biot poroelastic model, the velocities
of the TTG theory are more sensitive to temper-
ature due to the comprehensive consideration of
thermal effects.
To validate the proposed model, we compare

numerical predictions with laboratory data from
previous studies. Figures 8 and 9 show the model
results and experimental data as a function of
CO2 saturation. Figure 8 compares model predic-
tions with measurements by Shi et al. (2007), in
which CO2 was injected into a pure water-satu-
rated sandstone sample at 10 MPa pore pressure
and 307.15 K. Figure 9 uses data from Zhang
et al. (2015), which is based on the sandstone
core saturated with CO2 and brine under 12 MPa
pressure and 323.15 K. The P1-wave velocity
ratio is a critical parameter in reservoir charac-
terization, as it reflects the impact of fluid sub-
stitution on the elastic properties of the rock,

Figure 5. Phase velocities of (a) fast P (P1) wave, (b) slow P wave (P2), (c) fast T (T1)
wave, and (d) slow T (T2) wave in water-saturated sandstone as a function of frequency
and temperature.

Figure 6. Attenuation coefficients of (a) fast P (P1) wave, (b) slow P wave (P2), (c) fast
T (T1) wave, and (d) slow T (T2) wave in water-saturated sandstone as a function of
frequency and temperature.
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where Vpre represents the velocity of water-saturated sandstone. At
low scCO2 saturation, the ratio is close to one, indicating that the
presence of scCO2 has a negligible effect. As the saturation in-
creases, a noticeable decrease in the P1-wave velocity is observed,
which is attributed to the lower density and bulk modulus of scCO2

compared with water. To further evaluate the performance of the
TTG model, we also compare the predictions from Biot’s poroelas-
tic isothermal theory. Although Biot’s model can describe the low-
saturation asymptotic behavior, it does not incorporate fluid-solid
thermal interaction and thus significantly fails to reproduce the
wave velocity variations observed in experiments with increasing
saturation, as shown in Figures 8 and 9. Compared with the Biot
theory, the experimental data show a closer agreement with the
trend predicted by the TTG model proposed in this study. It should
be noted that the numerical simulations assume immiscible fluid
phases, consisting of pure water and scCO2, which may introduce
discrepancies when compared with experimental systems involving
brine or partial miscibility. Additional deviation may include the
rock’s microstructural complexity and nonuniform pore-scale dis-
tribution of CO2.

CONCLUSION

This study investigates the two-temperature thermoporoelastic
model to explore how temperature and saturation affect seismic
velocity and attenuation in sandstone reservoirs. The results dem-
onstrate that the thermoelastic properties of CO2 and water are sig-
nificantly sensitive to pressure and temperature, leading to distinct
seismic responses. In water-saturated sandstone, the P1-wave veloc-
ity exhibits an initial increase followed by a decrease, whereas, in
scCO2-saturated conditions, the velocity continuously declines. In
addition, the Biot attenuation peak in water-saturated rocks occurs
at higher frequencies compared with the scCO2 case. The results
emphasize the critical role of fluid properties in affecting seismic
behavior and highlight the model’s capability to capture the com-
plex interactions between temperature variations and fluid substitu-
tion. Notably, the predicted P1-wave velocities show agreement
with experimental data despite the inherent microstructural
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Figure 7. Phase velocities (blue and black lines) and attenuation
coefficients (red and magenta lines) of the fast P wave in (a) CO2-
saturated and (b) water-saturated sandstone as a function of fre-
quency for different temperatures, where blue lines correspond to
Biot poroelastic theory.
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complexities of the rock. In addition, the pronounced thermal at-
tenuation observed in T waves suggests their potential as sensitive
indicators for thermal variations within subsurface environments.
Overall, the two-temperature thermoporoelastic model not only
advances theoretical understanding of thermo-mechanical inter-
actions in fluid-saturated sandstones but also provides a significant
potential for CO2 sequestration monitoring. This enhanced predic-
tive capability has substantial potential for improving real-time seis-
mic monitoring techniques, contributing to safer and more efficient
geologic carbon storage.
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APPENDIX A

EXPRESSIONS OF PARAMETERS IN
THERMOPOROELASTIC EQUATIONS

This appendix provides explicit definitions of parameters used in
the thermoporoelastic equations (equations 1–4), which are essen-
tial for accurately describing the thermal-mechanical coupling ef-
fects between solid and fluid phases. These parameters include
Lamé constants (μ and λ), the bulk modulus (K), the bulk specific
heat (c), thermal relaxation times (τ), thermoelasticity coefficient
(β), the thermal expansion coefficients ( ¯̄α), and the thermal conduc-
tivity (γ̄�) (Pecker and Deresiewicz, 1973; Youssef, 2007; Carcione
et al., 2019). In a linear isotropic medium, the strain (ϵ) and
displacement relations are given by

ϵm ¼ ux;xþuy;yþuz;z; ϵf ¼wx;xþwy;yþwz;z; (A-1)

and the expressions of ∧ıȷ and ∧2
ıȷ in equations 3 and 4 are

∧ıȷ¼ 1þ τıȷ∂t;

∧2
ıȷ ¼ ∂tþ τıȷ∂tt; ı¼ 1;2;3; ȷ¼ s;f; (A-2)

where τ1ȷ ¼ 0 and τ2ȷ ¼ τ3ȷ (Carcione et al., 2019) represent TTG
thermoporoelastic LS theories (for the generalized case with
τ2ȷ ≠ τ3ȷ), in the case of the TTG-GL equation with τ3ȷ ¼ 0, whereas
both models coincide if τLS2ȷ ¼ τGL1ȷ (Wang et al., 2021).

For the matrix K̄, each element appears as

EG ¼ λþ μþ ᾱ2M; ᾱ ¼ 1 −
Km

Ks
;

M ¼
�
ᾱ − ϕ̄

Ks
þ ϕ̄

Kf

�
−1
; Km ¼ λþ 2

3
μ;

β ¼ βs þ βfᾱ; βf ¼ 3ϕ̄M½ðᾱ − ϕ̄Þ ¯̄αs þ ϕ̄ ¯̄αf�;
βs ¼ 3½ðKm þ ðᾱ − ϕ̄Þ2MÞ ¯̄αs þ ϕ̄ðᾱ − ϕ̄ÞM ¯̄αf�;
R11 ¼ ð1 − ϕ̄Þβs; R22 ¼ 3Mϕ̄ ¯̄αf; R12 ¼ ᾱβf;

R21 ¼ 3Mðᾱ − ϕ̄Þð1 − ϕ̄Þ ¯̄αs; F11 ¼ ð1 − ϕ̄Þcsρs;
F22 ¼ ϕ̄cfρf; F12 ¼ −3 ¯̄αsR12Ts

0 þ ¯̄αfsR22T
f
0 ;

F21 ¼ −3 ¯̄αsfR11Ts
0 þ ¯̄αfR21T

f
0 ;

γ̄s ¼ ð1 − ϕ̄Þγ̄�s ; γ̄f ¼ ϕ̄γ̄�f; (A-3)

where coefficients such as R and F represent the coupling effects
between mechanical deformation and temperature fields based on
TTG theory (Youssef, 2007).

APPENDIX B

THE EXPRESSIONS OF COEFFICIENTS B

This appendix summarizes the detailed coefficients B used in the
dispersion relation of P waves (equation 11):

B8 ¼ EMγ̄sγ̄f;

B6 ¼ ωf−a61γ̄sγ̄f − EMa62 þ i½EGa64T
f
0 þMða65 þ a66Þ�g

þ EMγ̄sfðγ̄s þ γ̄fÞ;
B4 ¼ iωγ̄sfðTf

0a41 − Ts
0Ma42Þ − ω2Ts

0T
f
0a44

þ iω2ða45 þ a46 þ a47 þ a48Þ − ωa49;

B2 ¼ iω3ða26 þ a27Þ − iω2a28 þ a29;

B0 ¼ ω4a43ðωτ̄f2τ̄s2a63 þ γ̄sfa25Þ; (B-1)

where

E ¼ λþ 2μ; τ̄ıj ¼ iþ ωτıj; (B-2)

where ı ¼ 1; 2; 3 and j ¼ s; f. The coefficients a are

a61 ¼ −ωMð2ᾱρf − ρÞ þ EGðibþmωÞ;
a62 ¼ F11τ̄s2γ̄f þ F22γ̄sτ̄f2;

a63 ¼ F12F21 − F11F22;

a64 ¼ R2
21γ̄f τ̄s1τ̄s3 þ R2

22γ̄sτ̄f1τ̄f3;

a65 ¼ R11γ̄f τ̄s1τ̄s3½R11Ts
0 − ᾱR21ðTs

0 þ Tf
0Þ�;

a66 ¼ R12γ̄sτ̄f1τ̄f3½R12Ts
0 − ᾱR22ðTs

0 þ Tf
0Þ�; (B-3)
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a41 ¼ðR21τ̄s3þR22τ̄f3Þ½EGðR21τ̄s1þR22τ̄f1Þ
−MᾱðR11τ̄s1þR12τ̄f1Þ�;
a42 ¼ðR11τ̄s3þR12τ̄f3Þ½τ̄f1ðᾱR22−R12Þþ τ̄s1ðᾱR21−R11Þ�;
a43 ¼ωρ2f − ðmωþ ibÞρ;
a44 ¼ τ̄f1τ̄f3τ̄s1τ̄s3ðR11R22−R12R21Þ2;
a45 ¼ τ̄f1τ̄f3fTf

0R
2
22ð−EGτ̄s2F11−ωργ̄sÞ

þR22R12ðTs
0þTf

0ÞðMᾱF11τs2þωγ̄sρfÞ
−R2

12T
s
0½MF11τ̄s2þ γ̄sðmωþ ibÞ�g;

a46 ¼ τ̄s1τ̄s3fTf
0R

2
21ð−EGτ̄f2F22−ωργ̄fÞ

þR21R11ðTs
0þTf

0ÞðMᾱF22τf2þωγ̄fρfÞ
−R2

11T
s
0½MF22τ̄f2þ γ̄fðmωþ ibÞ�g;

a47 ¼ τ̄s3τ̄f1τ̄f2F21½R11Ts
0MðR12− ᾱR22Þ

þR21T
f
0ðR22EG− ᾱMR12Þ�;

a48 ¼ τ̄f3τ̄s1τ̄s2F12½R12Ts
0MðR11− ᾱR21Þ

þR22T
f
0ðR21EG− ᾱMR11Þ�;

a49 ¼ω2a43γ̄sγ̄fþωðEMa63τ̄s2τ̄f2−a61a62Þ
þ γ̄sfða61ðγ̄sþ γ̄fÞþEMa25Þ; (B-4)

a21¼ωTf
0ðR21ρ−R11ρfÞ; a22¼Ts

0½R11ðmωþibÞ−ωρfR21�;
a23¼ωTf

0ðR12ρf−R22ρÞ; a24¼Ts
0½−R12ðmωþibÞþωρfR22�;

a25¼ τ̄s2ðF11þF12Þþ τ̄f2ðF21þF22Þ;
a26¼ τ̄f2τ̄s3½F22τ̄s1ða21R21þa22R11Þ
þF21τ̄f1ða23R21þa24R11Þ�;
a27¼−τ̄f3τ̄s2½F12τ̄s1ða21R22þa22R12Þ
þF11τ̄f1ða23R22þa24R12Þ�;
a28¼ γ̄sf½ðR21τ̄s3þR22τ̄f3Þða21τ̄s1−a23τ̄f1Þ
þðR11τ̄s3þR12τ̄f3Þða22τ̄s1−a24τ̄f1Þ�;
a29¼ω2½a43a62ω2þa25a61γ̄sf

þωða61a63τ̄s2τ̄f2−a43γ̄sfðγ̄sþ γ̄fÞÞ�: (B-5)
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