-RESEARCH PAPER

International Journal of Mining and Geo-Engineering

IJMGE 59-4 (2025) 399-407

IJIMGE

DOI: 10.22059/1JMGE.2025.400112.595287

Monitoring CO;, injection in a shale gas reservoir through cross-well
seismic and electromagnetic tomography

Seyed Masoud Ghiasi * and Maysam Abedi > "

# Institute of Geophysics, University of Tehran, Tehran, Iran.

b School of Mining Engineering, College of Engineering, University of Tehran, Tehran, Iran.

ABSTRACT

Article History:

Received: 05 August 2025.
Revised: 21 September 2025.
Accepted: 01 November 2025.

Carbon dioxide (CO;) injection, also known as geological carbon sequestration or carbon capture and storage, is a critical strategy for
mitigating anthropogenic CO; emissions and their subsequent impact on the physical and petrophysical properties of subsurface formations.
Shale gas reservoirs are receiving increased attention, with CO; injection emerging as a leading technology for enhancing gas recovery and
achieving carbon storage. This study employs cross-well tomography, incorporating both seismic and electromagnetic (EM) methods, to
monitor the CO; injection process within a synthetic shale gas reservoir model. The methodology utilizes time-lapse cross-well tomography
data acquired before and after CO injection. Seismic P-wave velocity (Vp) and electrical resistivity (p) serve as key physical parameters in
detecting CO;, distribution. A mixed-norm inversion technique is applied to improve the resolution and accuracy of recovered models. The
results demonstrate that seismic tomography is effective in delineating changes in P-wave velocity associated with CO, saturation, while
electromagnetic tomography captures resistivity variations indicative of CO, migration. Integrated seismic-EM tomography provides a
comprehensive framework for monitoring CO; injection, enhancing the reliability of long-term carbon storage assessments.
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1. Introduction

Hydrocarbons serve as a vital cornerstone of global energy supply,
underpinning economies and powering industries across the world.
These essential compounds can be classified into two main categories:
conventional and unconventional hydrocarbons, each distinguished by
their unique characteristics, geological formations, and methods of
extraction [1,2]. As the reserves of conventional hydrocarbons continue
to depletion, there has been a marked shift in focus towards harnessing
unconventional hydrocarbons. Unconventional resources are defined by
their unique reservoir characteristics, which often present significant
challenges in extraction due to their complex petrophysical systems.
This inherent complexity necessitates the deployment of novel
technology and specialized expertise, highlighting the differences in
extraction methodologies required for conventional versus
unconventional resources [3-5].

Unconventional hydrocarbons typically exhibit lower porosity and
permeability, which necessitates the implementation of advanced
stimulation techniques, including enhanced oil recovery (EOR), to
achieve efficient production [2]. Shale formations, in particular, have
garnered significant attention as they entrap natural gas within the
source rock, preventing it from migrating to more porous reservoirs. The
lack of inherent pressure within shale makes the extraction of gas and
oil economically unfeasible without the application of specialized
methods. Techniques such as hydraulic fracturing and fluid injection are
employed to augment the flow rates from these deposits. Among the
various EOR strategies, CO2 injection has emerged as a favored
approach for enhancing recovery in shale reservoirs. To effectively
locate these unconventional resources and monitor fluid injection
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processes, geophysical tools such as seismic and electromagnetic
investigations have become increasingly popular [6-10].

Seismic velocity tomography is a technique used to generate high-
resolution images of the Earth's subsurface by analyzing the travel times
of seismic waves. Cross-well imaging is a specialized application of
seismic velocity tomography that operates on a smaller scale and utilizes
boreholes as both the source and receiver locations for seismic waves.
This method is primarily employed to image localized areas, typically at
the reservoir scale, covering distances ranging from a few hundred
meters to a few kilometers. Cross-well tomography predominantly
focuses on P-waves (compressional waves), as they are generally the first
arrivals and can be identified with higher accuracy [11]. For several
decades, cross-well seismic tomography has been widely used to
produce high-resolution images of subsurface structures across various
applications [12-17]. Furthermore, electromagnetic exploration is a well-
established geophysical method aimed at analyzing various physical
properties of subsurface structures [18-21]. Cross-well electromagnetic
tomography is a specialized geophysical exploration technique that
applies the principles of electromagnetism to investigate subsurface
characteristics. This method involves the transmission and reception of
electromagnetic waves to map underground features, particularly
variations in electrical conductivity between two wells [22-27].

Seismic velocity and electrical conductivity are highly effective
indicators of key reservoir properties such as porosity, saturation,
temperature, and anisotropy. As a result, these methods are the primary
choice for characterizing subsurface reservoirs. Integrating both seismic
and electromagnetic (EM) tomography techniques enables the
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acquisition of more precise results and interpretations related to the
physical properties of subsurface structures [22]. While seismic
methods are relatively well-established and provide valuable
information on reservoir geometry and geological distributions,
electrical conductivity exhibits a more direct correlation with reservoir
fluid complexities. This is because factors such as porosity, pore fluid
conductivity, saturation, and temperature significantly influence
conductivity [22]. Consequently, despite the increased cost of
surveying, the combined use of EM tomography alongside seismic
tomography has become indispensable for comprehensive reservoir
characterization [28-31].

One of the well-known applications of cross-well seismic-EM data
acquisition is monitoring the impact of CO, injection on the variation
of physical properties within geological structures. Capturing and
injecting CO, produced by industrial facilities, power plants, and other
sources offers significant benefits, ranging from addressing
environmental concerns—such as mitigating global warming and
reducing atmospheric contamination—to enhancing reservoir
engineering processes. In particular, CO, injection can improve oil
recovery by increasing reservoir pressure through CO, pumping [32-
371.

In this study, we utilized seismic and electromagnetic (EM)
tomographic data to characterize the physical properties of subsurface
structures confined between two wells (assuming open hole or non-
metallic casing). One well contains transmitters (sources), while the
other houses receivers. The distance between the two wells is 1 km, and
their depths extend to 2 km. A layered geological model was considered
between the two wells, consisting of four distinct layers with a gas shale
reservoir positioned approximately in the middle of the model. Figure 1
presents a schematic representation of the geological structures and the
CO; injection process. As illustrated in the schematic, the CO; injection
process is conducted using four boreholes (in cases involving
production).
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Fig.1 A schematic map of CO2 injection in shale gas reservoir.

Since CO; injection alters the physical properties of the targeted
structure—for instance, the presence of gas significantly reduces the
velocity of compressional (P) waves, even at relatively low gas
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concentrations—it is crucial to monitor these changes. Additionally,
CO; injection increases the electrical resistivity of the structure. To
analyze these effects, we designed a controlled scenario before and after
CO;, injection using a realistic synthetic model. This approach allowed
us to accurately recover variations in P-wave velocity and electrical
resistivity resulting from changes in the physical properties of the
subsurface structure.

2. Methodology

2.1 Forward modeling of seismic and electromagnetic tomography

Seismic tomography is an inversion-based technique used to develop
Earth velocity models that illustrate the influence of rock physical
properties on seismic wave propagation. Generally, seismic tomography
is applied in two modes: reflection and transmission. Transmission
tomography involves the propagation of seismic waves through the
Earth without reflection. This approach typically employs two
boreholes—one containing the source or transmitter equipment and the
other housing the receiver equipment.

The process of cross-well seismic tomography consists of three key
steps. First, the actual travel time at the receiver positions is determined
for a given source-receiver geometry. Second, ray-tracing modeling is
conducted to simulate energy travel paths. Third, the travel time
equations are solved to reconstruct the velocity model. Forward
modeling in seismic tomography numerically calculates seismic travel
times between a source and a receiver for a predefined velocity model,
mapping the actual ray travel path within the given model.

According to [38], travel-time tomography corresponds to the first
arrival recorded at each receiver point. Ray theory assumes that seismic
waves propagate along discrete paths (rays) that adhere to Snell’s law at
velocity boundaries. Consequently, for a given ray path (assuming a
linear trajectory), the total travel time T is obtained as follows:

X7 dx

T= 2% @ M

In this approach, the model space is discretized into a grid, where x1
and x» represent the source and receiver locations, respectively. The
algorithm seeks to determine the velocity model that adheres to
Fermat’s principle, ensuring that the ray path follows the trajectory with
the minimum travel time.

In uniform mediums, the physics of first arrivals of p-wave or EM

Zz(f = yA@p + S. Where v can be 1

and 2 for diffusion and waves, respectively. For EM scenario, the
equation can be written as [39]:

waves is formulated by the equation

‘;—*t’ = DAH + My8(£)8(X) )

Where H is a magnetic field, Mo is the source strength and & is Dirac’s
function. The diffusivity is D = 1/uc where p is the magnetic
permeability and o the electrical conductivity. According to the solution
of eq. 2 (Green’s function) [28, 29, 39-41], the travel time tomography
in 2D space would be as follows:

—1xdx
‘/t_p T 2% VD (3)
2.2. Mixed-norm inversion

The Tikhonov L, inversion provides an optimization method which
recovers models that are regularized to avoid overfitting. Accordingly,
the objective function encompasses two terms, data misfit ¢, and
regularization term ¢,,. These terms can be weighted by factor A as a
trade-off parameter as follows [42]:

¢ =¢a+ Ldm. (4)

The data misfit term corresponds to measuring how well the
predicted and observed data are fitted and formulated as ¢, =
[[W4(dPred — d°P$)||2 where W4 is the data weighting matrix. The
regularization term which controls smallness and smoothness of the
model can be expressed as ¢, = a;||[Wml|3 + iy, - ;|| W;m||5 where
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as and a; are multiplier weights for smallness and smoothness terms
(the relative amplitudes of the terms inside ¢,,). Those controls how
much penalization is applied to amplitude versus gradients [43,44].

In this study we utilized mixed L, norm inversion techniques
introduced by [45] to provide a balanced choice between sparsity and
smoothness in the recovered model. The mentioned algorithm defines
the regularization term in the inversion as follows:

17:[‘1 = aS”VVSm”p + Zi:x,y,z [44] ”M/zm”q (5)

where p € [0,2] which is used for the smallness term and q € [0,2] is
used for smoothness of the model. Other optimization parameters are
maximum outer iterations (Newton/GN iterations), bound constraints
on model parameters (physical bounds, eg. positive velocity or
slowness), maximum line search iterations, maximum inner conjugate
gradient iterations, and CG tolerance (stopping tolerance for inner
solves). According to the expression, in mixed L, norm inversion, the
regularization term applies distinct L, norms to the smallness and
smoothness components of the model structure, informed by our prior

knowledge.

3. Shale gas reservoir simulation

As discussed, CO, injection offers various benefits, including
reducing greenhouse gas emissions into the atmosphere and enhancing
oil recovery at production sites. To analyze these effects, we
synthetically generated a model with predefined physical properties,
specifically P-wave velocity and electrical resistivity, under two distinct
scenarios: the first representing conditions before CO; injection and the
second reflecting changes after the injection process.

For this study, we assumed that the area between the boreholes
consists of a layered geological structure. The first layer, with a thickness
of 0.3 km, represents a sedimentary formation (such as shale or marl)
with a P-wave velocity of 2,100 m/s and an electrical resistivity of 5 Qm.
The second layer, measuring 1 km in thickness, is modeled as a
carbonate formation (e.g., limestone or dolomite) with a P-wave velocity
of 3,100 m/s and an electrical resistivity of 100 Qm. The third layer, a
shale formation, has a thickness of 0.2 km, a resistivity of 10 Qm, and a
P-wave velocity of 2,200 m/s. The final layer, a 0.5 km-thick limestone
formation, is characterized by an electrical resistivity of 150 Om and a P-
wave velocity of 3,500 m/s.

According to our scenario, none of these primary layers are directly
affected by the CO; injection process. However, within the second layer,
we incorporated a synthetic shale gas reservoir with a thickness of 0.25
km and a width of 0.5 km, which is subject to CO, injection and
experiences alterations in its physical properties. Before injection, the
reservoir was assumed to have a P-wave velocity of 2,000 m/s and an
electrical resistivity of 20 Qm. Given that the presence of CO, leads to a
reduction in P-wave velocity and an increase in electrical resistivity, we
adjusted these values to 1,700 m/s and 40 Qm, respectively, after
injection. In our model design, the left borehole serves as the location
for transmitter points, while the right borehole is designated for receiver
points. The total number of sources and receivers is set to 45 each,
evenly spaced at constant intervals. Based on this defined experimental
setup, we aim to capture and monitor the variations in physical
properties throughout the CO, injection process.

Figures 2a and 2b illustrate the tomography grid, where the models
are discretized into X*Z squared cells, each with 20 m sides, for both the
P-wave and electrical resistivity true models. In these figures, the red
dots represent the source points, while the black dots indicate the
receiver points. As shown, the sources and receivers are spaced
uniformly at intervals of 0.1 km. Figures 2c and 2d display the results of
the tomographic inversion of the true models before CO, injection,
showing the P-wave velocity and resistivity distributions, respectively.
Since we are working with a layered model, the regularization
parameters are set as L,—q; and Lgy,,-01 to achieve relatively sharp
inverse models. As demonstrated, the inversion results for both the
seismic and electromagnetic (EM) cases have successfully recovered
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accurate models, accurately capturing the layering, the position of the
reservoir, and the associated values.

Figure 3 shows the first arrival times of cross-well tomography,
obtained through forward modeling of P-wave velocity (3a) and
electromagnetic (EM) wave velocity (3c). Each colored line corresponds
to one of the source points, while the horizontal axis represents the
position of each receiver. To better simulate a realistic scenario, we
introduced 2% noise to the data. As a result, fluctuations in the first
arrival times are evident, reflecting the impact of this added noise.

Figure 4 illustrates the scenario following CO; injection. In the center
of the reservoir, variations in physical properties are present, which are
intended to be captured (Figures 4a and 4b). Based on the inversion
results post-injection, it is clear that the inversion algorithm has
successfully recovered the discrepancies in both P-wave velocity and
electrical resistivity, accurately reflecting the changes caused by the CO,
injection.

Figure 5 presents the first arrival times for both seismic and
electromagnetic (EM) data after CO, injection. As shown, the first
arrival diagrams have undergone slight changes, corresponding to the
variations in physical properties observed in both synthetic models due
to the CO;, injection. Experience from field-scale CO, storage projects
supports the viability of our workflow. At the Sleipner site (North Sea,
Norway), time-lapse seismic surveys effectively imaged the CO, plume
migration within the Utsira Formation, demonstrating robust seismic
monitoring under real-world conditions [36]. Similarly, at the Nagaoka
pilot site in Japan, cross-well seismic tomography and repeated well-
logging provided high-resolution tracking of CO, distribution and post-
injection behavior [37]. These observations suggest that applying our
integrated seismic—EM workflow in such settings could yield enhanced
spatial resolution and confidence in monitoring real field deployments.

4. Discussion

Typically, the prediction of changes in seismic and electromagnetic
(EM) responses of a structure is based on the physical properties of the
injected zone, such as the acoustic and electrical properties of the
surrounding reservoir. For instance, CO; is a highly compressible gas,
and in zones with a weak rock matrix, the compressional velocity is
particularly sensitive to the compressibility of the fluid. As a result, the
presence of gas can lead to a reduction in P-wave velocity. In contrast,
CO., is generally less conductive than water. When CO;, is injected into
a reservoir, it can displace saline water, which typically has higher
conductivity due to the dissolved ions. Consequently, this displacement
may result in an increase in the resistivity at the injection site.

In our study, we specifically modeled the changes induced by CO,
injection within the target zone, which is situated in the second layer of
our four-layered geological structure. The primary effect of the injection
process was a reduction in P-wave velocity by 300 m/s and an increase
in electrical resistivity by 20 Q-m. These alterations were incorporated
into our true models to assess the detectability of CO,-induced changes.

Our assumed ~300 m/s Vp reduction and ~20 (:m resistivity increase
are consistent with controlled laboratory core-flood experiments, which
report several-percent to >10% decreases in P-wave velocity during
supercritical CO, substitution [47,48,52,53]. Similarly, laboratory rock-
physics measurements show monotonic increases in resistivity with
CO;, saturation [54], while field-scale monitoring at the Ketzin site
documented order-unity (=200%) resistivity growth in the injection
zone [46,49,50,51]. These findings confirm that the magnitude of
physical property changes assumed in our synthetic scenario lies within
the range observed in both laboratory and field studies. Higher noise
increases model uncertainty and weakens data sensitivity so that larger
datum standard deviations down-weight the misfit so the regularizer
dominates, reducing spatial resolution and making small or low-contrast
anomalies harder to detect. Sparse norms (small p, small q) can sharpen
boundaries and improve localization when signal-to-noise is adequate,
but they are more fragile under high noise—aggressive sparsity can
amplify noise into spurious isolated features while very strong
regularization (large B) will instead smear true anomalies.
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Fig.2 Geophysical simulation of a synthetic multi-layered shale gas reservoir prior to CO2 injection, focusing on two physical properties
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: (a) the P-wave velocity model,

and (b) the electrical resistivity model. The mixed-norm inversion technique was applied to cross-well tomography data, resulting in (c) the P-wave velocity model and

(d) the electrical resistivity model.
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Fig3 First arrival times of cross-well tomography data for a synthetic multi-layered shale gas reservoir prior to CO2 injection, (a) seismic observed data, (b) seismic
predicted data (c) electromagnetic observed data, and (d) electromagnetic predicted data.
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Fig4 Geophysical simulation of a synthetic multi-layered shale gas reservoir after CO2 injection, focusing on two physical properties: (a) the P-wave velocity model, and
(b) the electrical resistivity model. The mixed-norm inversion technique was applied to cross-well tomography data, resulting in (c) the P-wave velocity model and (d) the

electrical resistivity model.

For this reason, it is essential to set misfit targets relative to the noise
(e.g. reduced x2 =1), monitor model change per IRLS step, and use IRLS
stopping controls (misfit tolerance, fimin _change) to avoid over- or under-
fitting. Detectability also depends strongly on the inversion
hyperparameters. The smallness/gradient norms control the character of
the solution: p = 2 yields smooth, robust but blurred models; p =~ 1
produces sharper, more compact anomalies; p = 0 gives very sparse,
high-contrast blocks but at the cost of non-convexity and sensitivity to
initialization and noise. Practical choices are therefore a trade-off (e.g.
moderate p, smaller g for sharper edges when SNR allows). Numerical
controls matter too: the IRLS threshold € stabilizes weight updates (too
small leads to ill-conditioning; too large leads to suppressed sparsity),
cooling must be gradual to avoid local minima, 8 balances fit versus
regularity (large B reduces detectability, small B risks overfitting), and
regularization multipliers, bounds, and solver tolerances all influence
amplitude recovery, depth bias and convergence.

Our base model accurately captured the P-wave velocity and electrical
resistivity distributions across the different layers. The first layer
maintained its predefined characteristics, with an estimated P-wave
velocity of approximately 2,100 m/s and an electrical resistivity of 5 Q-m.
Similarly, the second layer was successfully reconstructed with a P-wave
velocity of about 3,100 m/s and a resistivity close to 100 Q-m. The third
layer’s physical properties were recovered as a P-wave velocity of 2,200
m/s and a resistivity of 10 Q-m, while the final limestone layer exhibited
a P-wave velocity of 3,500 m/s and an electrical resistivity of 150 Q-m.
Crucially, the inversion process effectively identified the target reservoir
within the second layer, revealing its P-wave velocity and resistivity
before injection as approximately 2,000 m/s and 20 (m, respectively.
This result aligns well with our synthetic model. Furthermore, the
inversion successfully delineated the target block's position with high

accuracy. The reliability of these results was confirmed by the root mean
square (RMS) values of 1.27 for the P-wave velocity model and 1.36 for
the electrical resistivity model, indicating a high-quality inversion.

The inversion process utilized a discretized squared mesh of 100 x 50
cells, each with a 20 x 20 m dimension, identical to the forward
modeling mesh. This mesh was sufficiently dense for the analysis. Figure
3 presents the first arrival diagrams of P-wave velocity and the square
root of diffusivity before CO, injection. Figure 3a shows the P-wave
travel-time between each source and receiver for both observed and
predicted data, while Figure 3b depicts the travel-time of the diffusivity
factor for both observed and predicted data.

Figure 4 illustrates the scenario following the injection of CO; into our
target block. As shown, we introduced a block into the target zone, with
a width of 400 meters, a height of 100 meters, a P-wave velocity of 1,700
m/s, and an electrical resistivity of 40 Q-m. These parameters represent
the physical variations induced by the injection of CO, gas into the zone.
The primary objective is to capture the variations in the target block
using the mixed-norm inversion of travel-time data between the source
and receiver points.

Upon examining Figures 4c and 4d, it is evident that we successfully
traced the changes in P-wave velocity and electrical resistivity using the
mixed-norm inversion algorithm, with root mean square (RMS) values
of 132 and 139, respectively. A comparison between Figures 3c and 4c
reveals a reduction of nearly 300 m/s in the P-wave velocity within the
middle section of the target block. Similarly, comparing Figures 3d and
4d shows a clear increase of 20 Qm in the electrical resistivity of the
middle zone of the block. These results demonstrate that we have
accurately captured both the variation and location of the physical
properties, confirming that our monitoring system is effective in
tracking changes within the structure.
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Figure 5 presents the travel-time graphs for the observed and predicted
models. To further investigate the time-lapse variation of P-wave
velocity and electrical resistivity, Figure 6 illustrates the differences
between the inverse models of the seismic and EM data before and after
CO; injection.

As shown, the differences in the inversion results for the target block, in

terms of P-wave velocity and electrical resistivity, are presented in
Figures 6c and 6d, respectively. The significant variations in these
physical properties at the center of the target block are clearly evident,
with the P-wave velocity decreasing by nearly 300 m/s and the electrical
resistivity increasing by 20 Q-m. Another time-lapse representation of
the shale gas reservoir is provided in Figure 7.
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Fig5 First arrival times of cross well tomography data for a synthetic multi-layered shale gas reservoir after CO2 injection, (a) seismic observed data, (b) seismic predicted

data (c) electromagnetic observed data, and (d) electromagnetic predicted data.
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Fig.7 Time lapse variation of physical characteristics along a well at the center of synthetic multi-layered shale gas reservoir, (a) P-wave velocity model, and (b) electrical

resistivity model. Assumed and predicted physical variation curves have been plotted.

As demonstrated, this diagram illustrates the time-lapse variation of
both P-wave velocity and electrical resistivity at the center of the
synthetic multilayer model along the boreholes (depth). As shown, the
time-lapse variation of P-wave velocity at a specific depth level (the
middle of the target block) is a decrease of 300 m/s, as expected.
Additionally, the time-lapse variation in resistivity of the synthetic
model is 20 Qm. These time-lapse variations clearly highlight the
physical changes in the target zone, both before and after the CO,
injection process, making the discrepancies in physical properties
traceable.

Extending our workflow from 2D to 3D cross-hole seismic—EM
tomography would provide more realistic plume imaging by capturing
the full spatial complexity of CO, migration, including lateral
heterogeneities and out-of-plane flow pathways that cannot be fully
resolved in 2D sections. The primary benefit of 3D monitoring lies in
improved accuracy of plume delineation and leakage detection, which
has been demonstrated in both field studies and synthetic tests of CO,
storage monitoring [36,46,51]. However, 3D inversion significantly
increases computational demands due to the larger model parameter
space and denser acquisition geometries, requiring high-performance
computing resources and efficient regularization strategies. Despite
these challenges, advances in 3D time-lapse seismic and resistivity
imaging show that such extensions are feasible and yield higher-fidelity
reservoir characterizations, thereby enhancing the reliability of long-
term CO, monitoring.

5. Conclusions

Time-lapse monitoring of CO, reservoirs is crucial for detecting the
presence and variation of CO, within geological structures. The 4D
time-lapse monitoring approach relies on the discrepancies in the
measured physical properties of the target zone, using various
geophysical methods before and after the CO; injection process. Cross-
well tomography is a powerful technique that ensures the success of
obtaining high-resolution 2D models. In this study, we employed P-
wave velocity tomography through cross-well measurements, which is
essential for tracking the movement of injected CO, in subsurface
reservoirs, as well as for assessing reservoir integrity, caprock sealing
efficiency, and potential leakage pathways. Since P-wave velocity is
sensitive to fluid saturation and rock stiffness, it can reveal changes in
pore fluid composition caused by CO; injection. P-wave velocities tend
to decrease in CO,-saturated zones because CO; has a lower density and
bulk modulus compared to brine. Therefore, we utilized this
characteristic to design a synthetic model with decreased P-wave
velocity in the target zone, aiming to capture this physical variation
through appropriate modeling.

To enhance the accuracy of monitoring CO, injections, we
incorporated the EM cross-well tomography technique, which enables
us to trace changes in electrical resistivity during CO, injection.

Typically, CO; is a poor conductor of electricity compared to brine, so
its presence leads to an increase in electrical resistivity within the
reservoir. This property was applied to the synthetic geological model.
We leveraged the high sensitivity of the EM method to fluid changes,
which is more pronounced than seismic approaches, to integrate the
results from both seismic and EM tomography. This combination
allowed us to obtain reliable results regarding the effect of CO, injection
on various physical properties.

The integration of suitable geophysical methods with capable
inversion algorithms is vital for precise time-lapse monitoring. The
effectiveness of the inversion technique is essential for detecting CO,-
saturated zones, even when the physical variations are subtle. Based on
the results, the synthetic variations of P-wave velocity (a decrease of 300
m/s) and electrical resistivity (an increase of 20 Q-m) were successfully
captured using the mixed-norm inversion algorithm, which showed
expected differences in the measured physical properties. Consequently,
cross-well seismic and EM tomography effectively monitored the
impact of CO, injection into gas shale reservoirs through various
geophysical measurements.
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