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Carbon capture and its storage is widely recognized as one of the primary
approaches for reducing anthropogenic carbon emissions. The role of
geophysical investigation is then for the selection of a suitable site for the
geological storage of CO2 and the monitoring of the injection and storage
process. The monitoring of the dynamic process can both detect leakage and
minimize leakage potentials. To achieve this goal, this paper suggested the use of
transient electromagnetic 3D finite-difference method to help realize the
geospatial quantification of in-situ CO2. First, the horizontal model and the
deep saline aquifer inclined were developed to analyze the low resistivity
response which is the characteristic of typical aquifers. Second, the
geoelectrical modeling which demonstrates the changes at the time of the
CO2 injection, can be used to examine the temporal variations in subsurface
resistivity. Thus, the impact to the volumetric changes due to the CO2 injection
can be quantified. The significance of the results of this study confirmed the
potential of the development of efficient dynamic monitoring and boundary
delineation strategies for CO2 geological storage. Finally, a geoelectrical model
for leakage has been established to investigate the likely changes in the resistivity
of the subsurface strata because of CO2 leakage, which is reflected in the
transient electromagnetic response patterns along with the leakage paths.
This contributes to the monitoring of CO2 leakage in real time as well as
detecting the location of leakage. This paper provided the theorical support of
the transient electromagnetic method which has the potential to capture the
dynamic diffusion process of CO2 storage in a deep saline aquifer. Furthermore, it
could be used to an efficient monitor of CO2 leakage and identify the leakage
paths.
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1 Introduction

Recently, the global warming management has widely become a priority. Countries
worldwide have adopted the concept of carbon neutrality, world green and low-carbon
development as a common action. The development of a green economic and carbon
emission reduction have become crucial issue in contemporary times, with a potential to a
significant influent the way and direction of a global economic and social development in
the future. China faces several challenges in fully eliminating the use of fossil fuels such as
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coal, oil, and natural gas due to its energy shortage and coal-rich
characteristics. Consequently, Carbon Capture, Using, and Storage
(CCUS) or Carbon dioxide Capture and Storage (CCS) play an
important role in China’s transition towards a low-carbon future.
Accordingly, China is actively exploring and demonstrating CCUS
technology (Li G. J. et al., 2012; Annual Report, 2023; Zhang
et al., 2021).

Geological carbon storage is the process of injecting, captured
carbon dioxide (CO₂) into underground spaces for permanent
storage, so reducing CO₂ emission into the atmosphere.
Underground cavities, depleted oil and gas pools, and saline
aquifers are suitable subsurface spaces for geological CO₂ storage.
As long as there are waterproof rock layers that prevent CO₂ from
escaping, any sufficient deep formation with a sufficient pore space
and permeability would be a potential storage space, Deep coal
seams and saline aquifers deeper than 800 m are excellent spaces for
CO2 sequestration (Yao et al., 2023; Sang et al., 2018). A process of
purification, dehydration, multistage compression, and heat
transforms the captured CO₂ from gas into a liquid. Tanker
trucks, ships, pipelines, and other conveyance items are used to
transport the liquid CO₂ the storage site, where it is injected into the
target formation through injection as well as to achieve carbon
storage (Li G. J. et al., 2012; Li et al., 2013; Ran et al., 2013; Li and
Wei, 2013; Liu et al., 2015; Zhang, 2011).

The site selection of CO₂ storage is often based on the presence of
stable regional geology, active fractures, and minimal geological
movement, with the objective of reducing the likeliness of CO₂
leakage (Xu and Jiang, 2018; Li and Wang, 2022). Consequently,
the preliminary geological investigation of the intended storage site is
of paramount importance. On the other hand, after the CO₂ storage
operations conclude, it is crucial to continue monitoring and
investigating the reservoir where CO₂ is stored. This is intended to
determine the trajectory of the CO₂ plume and its penetration into the
underlying rock layers (Sun et al., 2023; Lu et al., 2021; Hu et al., 2019).

Reservoirs are more suitable for CO₂ storage and are usually
basins or first level tectonic units characterized by wide dispersion
and exceptional continuity, with depths ranging from 800 to
3,500 m. Such depths present a challenge for storage geological
investigation, as well as post-storage tracking and monitoring (Gan
et al., 2024; Zhang et al., 2019; Liu et al., 2023;Wang et al., 2022). The
traditional drilling method can directly obtain a geological
information about the tank. However, this method is also
featured with its limited coverage, length labor time, and high
cost. Consequently, it is highly challenging to gain an overall
representation of the tank situation within a brief timeframe. In
this case, the noncontact indirect geophysical method, featured with
large detection depth, minimal interference, and extensive coverage,
has become the preferred method for addressing the
aforementioned issues.

Time Domain Electromagnetic Method (TEM) has shown the
great potential as an efficient geophysical monitoring technology in
the application of CCUS. This method allows for real-time
monitoring of CO₂ distribution in the underground storage
layers, thus providing information on its dynamic changes, which
helps detect potential leakage. Additionally, TEM can assess the
geological characteristics of the storage formation, such as porosity
and permeability, which directly influence the storage capacity and
effectiveness of CO₂. Through long-term monitoring, TEM not only

contributes to ensuring the safety of storage sites but also evaluates
the potential environmental impacts of CCUS projects. In recent
years, China United Coalbed Methane Corporation has conducted
CO₂ injection experiments in the Qinshui Basin to enhance coalbed
methane recovery, which have yielded positive results. Meanwhile,
in a CCUS project in North Dakota, United States, a combination of
Long Offset Transient Electromagnetic Method (LOTEM) and
Magneto telluric (MT) method was used for time-lapse surveys
to observe changes in resistivity resulting from CO₂ injection and
subsequent movement. In summary, TEM provides strong technical
support for the implementation of CCUS, facilitating its application
in affect the climate change (Cui et al., 2020).

These geologic anomalies existing around the tank would
change its physical properties, such as density, electrical
conductivity and dielectric. With geophysical methods such as
the ground (in-well or inter-well) electromagnetic method,
seismic, gravity, the suitability of a tank can be evaluated by
minding and interpreting different parameters such as electrical
conductivity, wave velocity, density, and the surrounding rock
medium. Therefore, this study employed numerical simulation to
establish the typical geological characteristics of the CO2 storage
environment and explored its transient electromagnetic response
law. By simulating the CO2 diffusion process, this study reveals its
electromagnetic field response law and provides the theoretical basis
for real time monitoring.

2 Theoretical foundation and numerical
simulation of transient
electromagnetic method

2.1 Rationale

The vertical magnetic dipole source under uniform full space
conditions is expanded in the right angle coordinate system by
Equation 1 (Yu et al., 2017):

HX x, y, z( ) � Mzx
4πr5

3ϕ u( ) − ���
2/π

√[ ]u 3 + u2( )e− u2/2( )

Hy x, y, z( ) � Mzy
4πr5

3ϕ u( ) − ���
2/π

√[ ]u 3 + u2( )e− u2/2( )

Hz x, y, z( ) � M
4πr5

2z2 −
������
x2 + y2

√( )ϕ u( )
− 2z2 −

������
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√
1 + u2( )[ ] ���

2/π
√

e− u2/2( )
⎧⎪⎪⎨⎪⎪⎩

⎫⎪⎪⎬⎪⎪⎭
Ex x, y, z( ) � ���

2/π
√ Mρyu5
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2/π

√ Mρxu5
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Ez x, y, z( ) � 0

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(1)

where H denotes the magnetic field strength component, in A/m; E
is the electric field strength in m; (x, y, z) represents the spatial
position and r is the in and out distance, r = x2 + y2 + z2, in m;
ϕ(u) � ���

2/π
√ ∫u

0
e−(u2/2)dt is the probability integral;

u � 2πr/
���������
2πρt × 107

√
, and ρ is the uniform full space dielectric

resistivity, in Ω-m. M denotes the emitted magnetic moment,
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M = IS, where I is the current emitted, in A; and S refers to the
emitted area, in m2.

The finite difference method is used to approximate the continuous
variables by a system of different discrete equations containing a finite
number of uncertainties. Therefore, it is necessary to establish a
different format that preserves the essence of the main problem
while remaining accurate. The basic for establishing the different
equation is to discretize the variables and then approximate the
differential quotient in the different equation and quotient. Thus, the
different format is obtained for the different components of the
magnetic and electric fields, as shown in Equations 2–7:

en+1x i + 1/2, j, k( ) � 2γ − Δtnσ i + 1/2, j, k( )
2γ + Δtnσ i + 1/2, j, k( )enx i + 1/2, j, k( )

+ 2Δtn
2γ + Δtnσ i + 1/2, j, k( )

×[hn+1/2z i + 1/2, j + 1/2, k( ) − hn+1/2
z i + 1/2, j − 1/2, k( )

Δyj

− hn+1/2y i + 1/2, j, k + 1/2( ) − hn+1/2
y i + 1/2, j, k − 1/2( )

Δzk
] (2)

en+1y i, j + 1/2, k( ) � 2γ − Δtnσ i, j + 1/2, k( )
2γ + Δtnσ i, j + 1/2, k( )eny i, j + 1/2, k( )

+ 2Δtn
2γ + Δtnσ i, j + 1/2, k( )

×[hn+1/2x i, j + 1/2, k + 1/2( ) − hn+1/2
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] (3)
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+ 2Δtn
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y i − 1/2, j, k + 1/2( )

Δxi

− hn+1/2x i, j + 1/2, k + 1/2( ) − hn+1/2
z i, j − 1/2, k + 1/2( )

Δyj
] (4)
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2
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− Δtn−1 + Δtn+1

2

× ⎡⎣enx i + 1/2, j, k + 1( ) − enx i + 1/2, j, k( )
Δzk

−e
n
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Δxi
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bn+1/2z i + 1/2, j + 1/2, k + 1( ) � bn+1/2z i + 1/2, j + 1/2, k( ) + Δzk

× −b
n+1/2
x i + 1, j + 1/2, k + 1/2( ) − bn+1/2x i, j + 1/2, k + 1/2( )

Δxi
[

× −b
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⎤⎦
(7)

The initial moments are selected with reference to the empirical
equations proposed by Wang and Hohmann (1993), as shown in
Equation 8:

t0 � 1.13μ0σ1Δ2
1 (8)

where μ0 is the vacuum permeability; σ1 denotes the air
conductivity; and Δ1 is the grid step at the return line. With a
non-uniform grid, a smaller spatial grid step is used near the return
line source, anomalies, and measurement points to ensure
computational accuracy and facilitate the extraction of
observations. The grid step is gradually increased outward by a
certain ratio. The air-ground boundary is treated by setting the air
layer, while the Dirichlet boundary conditions are adopted as the
other boundaries.

The grid subdivision of the model is shown in Figure 1.
Generally, in TEM, the ratio of adjacent grid step sizes is
required to be less than 1.2, and that between the largest and
smallest grid sizes is limited to 20. However, the method
proposed in this study can still achieve stable and reliable
results when the ratio of adjacent grid step sizes exceeds 2,
and no limitations have been observed on the ratio between the
largest and smallest grid step sizes. Due to the allowance for
larger ratios between adjacent grid step sizes and no restrictions
on the maximum-to-minimum grid step ratio, a large model can
be constructed with fewer grids. This makes the method highly
suitable for applying Dirichlet boundary conditions (Li
et al., 2022).

FIGURE 1
Model mesh in 3D TEM forward modeling.
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2.2 Validation of numerical simulations

For the based large ground fixed source device form, the
emission source is located at the surface, and an analytical
solution as shown in Equations 9, 10 exists when the
stratigraphic medium is a homogen geologic model for:

∂Bz

∂T
� Iρ
a3

3 erf θa( ) − 2��
π

√ θa 3 + 2θ2a2( )e− θa( )2[ ] (9)

Bz � Iμ
2a

3��
π

√
θa

e− θa( )2 + 1 − 3

2θ2a2
( )erf θa( )[ ] (10)

where I is the emission current, representing the apparent
resistivity of the half space; a is the radius of the emission
frame, denoting the permeability of the homogeneous half
space; and T is the time, counting from the time when the
current is switched off, where θ �

���
μ

4ρT

√
, erf(θa) � 2�

π
√ ∫θa

0
e−t2dt

are error functions.
In order to verify the accuracy of the algorithm, a simple model

was built with the underground half space as a homogeneous
medium with a resistivity of 100 Ω−m, the transmitting

Transforming coil a 100 × 100 rectangular wireframes, and the
supply current being 1A, as shown in Figure 2.

Numerical and analytical solutions were computed separately
according to the model.

Figure 3 (left) displays a good agreement between the
relationship curves of the numerical solution and the analytical
solution, while Figure 3 (right) shows that the deviations between
the computed results and the analytical solution are all within 0.01,
and the error decreases as the time increases. The results indicate
that the numerical solution is in excellent agreement with the
analytical solution, demonstrating a high computational accuracy.

3 Numerical simulation study of
transient electromagnetic response
characteristics in deep saline reservoirs
of carbon dioxide

Currently, the more advanced treatment technology in use
stores CO2 below 800 m from the surface, where CO2 is in a
supercritical state, thus raising no special requirement upon
pressure conditions. The main formations suitable for CO2

storage are: abandoned or commercially unproductive oil and
natural gas fields, brackish aquifers in sedimentary basins, oil and
gas fields under exploitation, and deep coal seams with no
commercial exploitation value (Xu et al., 2005). Hydrodynamic
capture is the main mechanism for storing CO2 in brackish
aquifers within sedimentary basins; it is not a pure physical or
chemical process but a combination of the four mechanisms
mentioned above. During the process of CO2 injection, buoyancy
propels a portion of CO2 to the aquifer’s surface, which is then
blocked by the water barrier at the top, causing it to flow under
pressure from the top to the sides. At this point, the gas-liquid
interfacial tension retains a portion of CO2 in the pores of rock
particles for an extended period of time. Large amounts of CO2

typically isolate themselves in the middle of the rock pores as
spherical droplets, a phenomenon known as residual gas storage.

FIGURE 2
Geoelectric model of uniform half space.

FIGURE 3
Curves (left) and relative errors (right) of numerical and analytical solutions.
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As the porosity increases, the pores become more developed,
allowing more CO2 to pass through and become bound in the
rock pores. If there is a small geologic trap in the aquifer, CO2 would
converge there to form tectonic stratigraphic storage. Formation
water gradually dissolves CO2 as they come into contact with each
other, a process akin to dissolution storage. The extent of this
dissolution primarily hinges on the presence of a large, thick
reservoir with high permeability, and fluctuates based on the
ambient temperature, pressure, and mineralization of the
reservoir. At the same time, CO2 would be moved around under
the action of diffusion, transformation, and dispersion. This reacts
chemically with the minerals around it to start mineral storage. The
above process classifies tectonic stratigraphy and residual gas storage
as physical storage mechanisms, and dissolution andmineral storage
as chemical storage mechanisms.

3.1 Numerical simulation of the
characteristics response and the deep
brackish water layer

The geoelectric numerical simulation model was developed
based on the aforementioned theory and the real geological
conditions. The model includes a deep saline water layer, as
depicted in Figure 4. The depth range of the deep saline water
layer is between 950 m and 1150 m below the ground. As the depth
increases, the resistivity of the ground also increases gradually. The
cap layer above the deep saline water layer can be classified as a high
resistance ground layer. Using this geoelectric model, a measuring
line was established on the ground consisting of 11 measurement
points, with each point spaced 50 m apart. A numerical simulation
was conducted for this model, and the response characteristics were
derived as depicted in Figure 4.

As can be seen in Figure 5 (left), that the multi-channel curve is
horizontally dispersed without any irregularity undulation. The
decay curve of inductive potential in Figure 5 (right) indicates
that the inductive potentials of all the measurement points
decrease progressively over time. At the later stage of decay, a
small bulging section of the curve is clearly visible, indicated by
the red box. Additionally, the decay rate of the inductive potential
curve is diminished, which is a prominent feature of the low-resistive
body’s response. The analysis of the apparent resistivity profile in
Figure 6 reveals that the apparent resistivity is evenly distributed
throughout the layer, with a progressive increase from the top to the
bottom. According to the established model of the deep brackish
water layer, the interface of the first layer of apparent resistivity is
located at 350 m below the ground surface; that of the second layer is
at 750 m below the ground surface; and the location of the low-

FIGURE 4
Horizontal deep brackish water layer model.

FIGURE 5
Multi-channel curves (left) and induced potential decay curves (right).
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resistive body is between 950 m and 1150 m below the ground
surface. Due to the inherent low resistance of the deep brackish
water layer, the apparent resistivity steadily declines from 750 m,
resulting in a low resistance response in the overburden layer above
the deep brackish water layer on the map.

Considering the complexity and diversity of the geological
underground situation, where the strata is not possibly
distributed completely horizontally, a geoelectric numerical
simulation model was developed for the inclined deep saline
layer. As shown in Figure 7, the model covers a depth range of
750 to,350 m. By using this geoelectric model, a reference line was
established on the ground consisting of 11 points with a spacing of
50 m. Subsequently, numerical simulations were conducted by using
this model. The response properties are depicted in Figure 8.

The multi-channel curves in Figure 8 (left) display a progressive
shift from horizontal to inclined distribution as time progresses. This
change is consistent with the inclined direction of the deep saline layer.
On the other hand, the decay curves of the induced potentials in
Figure 8 (right) demonstrate a gradual decay of the induced potentials at

allmeasurement points. In the later stage of the decay period, amarginal
bulge is observed in the decay curves, which differs from the horizontal
model decay curve. Specifically, the bulge position of 11 measurement
points is gradually backward, leading to a gradual increase in response
time for the low resistance anomaly on the decay curve. This is
illustrated in the red box. As opposed to the horizontal model decay
curve, the 11 measurement points exhibit a progressive backward shift
in their bulge positions. Consequently, the depth of the anomalies
increases from left to right, leading to a gradual increase in the onset
response time of the low-resistance anomalies on the decay curve, as
depicted in the red box. The apparent resistivity profile in Figure 9,
which aligns with the horizontal saline layer model, reveals an even
distribution of apparent resistivity throughout the layer, rising gradually
from the top to the bottom. Affected by the low resistance of the
inclined saline layer, the interface of the first layer of apparent resistivity
is located 350mbelow the ground surface, while that of the second layer
is situated 750m below the ground surface. In contrast to the horizontal
deep saline layer profile, the apparent resistivity contour does not move
horizontally from a depth of 750 m onwards. Instead, it exhibits a
downward tilt from left to right. Similarly, the apparent resistivity
contour tilts downwards from left to right at depths of 1,100–1,400 m.

3.2 Numerical modeling study of CO2
geologic sequestration monitoring

The greenhouse effect caused by the large quantity of CO₂
emission has attracted worldwide attention. Geological storage of
CO₂ is an effective method to mitigate its impact. The process of
CO2 geological storage involves the compression of CO2 into a
supercritical fluid (35°C, 11 MPa) and its subsequent storage in
media such as oil wells, coal beds, and deep saline aquifers at a depth
of 800 m. In this study, the primary objective is to characterize the
transient electromagnetic response of CO2 injected into deep
saline aquifers.

FIGURE 6
Apparent resistivity profile.

FIGURE 7
Inclined deep brackish water layer model.

Frontiers in Energy Research frontiersin.org06

Yang et al. 10.3389/fenrg.2024.1494735

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1494735


Physically, the resistivity of the deep saline layer is small. But
as fluid CO2 is injected into the deep saline layer, the water in the
rock pores is replaced by fluid CO2, which leads to a decrease in
the electrical conductivity and an increase in the resistivity of the
deep saline layer. There is a significant electrical difference with
the deep saline layer where CO2 has not been injected, and the
sequestration process is changing with time. Therefore, it is
possible to differentiate them by transient electromagnetic

methods and to monitor the degree of CO2 sequestration
simultaneously.

In this study, CO2 was disposed of in a liquid landfill by storing
CO2 in the form of a supercritical fluid under a low-permeability
rock cap layer (e.g., mudstone, shale, etc.) and CO2 in a “sealed
canister”. It is required that the storage geological body, i.e., deep
water-bearing saline aquifer, should be buried at a depth of more
than 800 m (at which depth CO2 is in the liquid state), the thickness

FIGURE 8
Multi-channel curve (left) and induced potential decay curve (right).

FIGURE 9
Apparent resistivity profile.
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of the underground saline aquifer should be more than 50 m, and
that of the cap layer more than 100 m (Zhang et al., 2009). These key
parameters guided the construction of the model, as shown in Table 1:
800–1,000 m below the ground is the saline aquifer, with a resistivity
of 10Ω ·m. Three overlaying layers cover the saline aquifer. The first
layer, located at 0–100 m, has a resistivity of 200 m. The second
layer, located at 100–500 m, has a resistivity of 150 m. The third
layer, located at 500–800 m, has a resistivity of 100 m. The uniform
half-space below the brackish water layer is bedrock, with a
resistivity of 300 m.

Injecting CO2 into the underground brackish water layer inevitably
results in changes in resistivity due to the flow of supercritical CO2. In
order to simplify the analysis, the complex change of the resistivity of the
brackish water aquifer is not considered for the time being. It is assumed

that after the injection of CO2, the resistivity changes to 80 Ω ·m due to
the reduction of water saturation of the formation. Along with the
injection of CO2, the area with a resistivity of 80Ωmgradually extends in
all directions, as shown in Figure 10. In total, four CO2 injection areas
were set up to simulate the change of CO2 volume with the rise of the
injection time of CO2 into the deep saline aquifer. The specific size of the
four injection areas is as follows: 300 m × 300 m × 200m, 500 m ×
500 m × 200m, 700 m × 700 m × 200m, and 900 m × 900 m × 200 m.
Three measurement lines were set up, respectively, in the CO2 injection
body center directly above the center, 300m to the right side of the center,
and 500 m to the right side of the center. Each measurement line
consisted of 11 measurement points with a point spacing of 200 m.
Through numerical simulation, the transient electromagnetic response
characteristics of the different volumes of the CO2 injection body were

TABLE 1 Pre-CO2 geological storage model.

Store Layer thickness/m Resistivity/Ω·m
first layer 100 200

second layer 400 150

third floor 300 100

Layer IV (deep water-bearing brackish layer) 200 10

Fifth layer (bedrock) — 300

FIGURE 10
Model diagram and its YZ cross-section (bottom left) and XZ cross-section (bottom right).
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explored, which in turn facilitated to monitor the geological
storage of CO2.

From Figures 11–15, it can be seen that the forward calculation of
the initial model (i.e., the model without CO2 injection) yields the
apparent resistivity, which demonstrates good stratification and
consistent data across the three measurement lines without any
irregularity changes. As the quantity of CO2 in the deep saline layer
gradually rises, the contour lines of Measurement line 1 change. The
contour lines between 800 and 1,000 m become concave, and the
contour lines below 1000m are affected by the high resistance, taking on
an upward-convex shape with dense contour lines. The apparent
resistivity in the middle position is higher than that at the two ends,
which is a clear sign of a high resistance response. Measurement lines
2 and 3 are not situated on top of the anomaly or far away from it,
resulting in a laminar response that is not immediately apparent.

When the volume reaches 500 m × 500 m, the contour of
Measurement line 1 changes, displaying the same high-resistance
response, but the up-convex and down-concave morphology is more
powerful. The contour is dense, and the apparent resistivity in the
middle position is higher than that at the two sides, which indicates
an obvious high-resistance response characteristic. Due to the
increased volume of the anomalies, the anomalous response
begins to appear in Measurement lines 2 and 3. When the
injection of CO2 reaches 700 and 900 m in length and width, the
anomalous response of Measurement line 1 intensifies, leading to
further concavity in the apparent resistivity contours. Conversely,
the high resistance more strongly affects the part of the apparent
resistivity profile below 1,000 m. The value of the apparent resistivity
gradually rises, which is shown by the profile’s color gradually
becoming bluer and deeper. Simultaneously, the responses of

FIGURE 11
Apparent resistivity profile without CO2 injection.

FIGURE 12
Apparent resistivity profile of CO2 injection in the 300 m × 300 m × 200 m area.
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Measurement lines 2 and 3 also gradually intensify, which can play a
role in determining the boundary of the CO2 injector.

3.3 Numerical simulation study of CO2
leakage from geological storage

As CO2 is sequestered into the subsurface, the changes in time,
stratamovement, and the effects of anthropogenic activities lead to the
emergence of fissures in the overlying layers of the deep brackishwater
layer. These fissures result in the escape of CO2 outward, causing
leakage. The escaped CO2 may leak upward along the crack channels;
and due to the pressure reduction in the overlying strata, its form
would also transform from fluid to gas. At this point, CO2 fills the pore
water of the overlying formation, increases the resistivity of the rock

layer, and creates a clear electrical difference with the original rock
layer, thus allowing to detect CO2 leakage with TEM.

Based on the information given above about CO2 leakage, a
numerical model was established. The saline aquifer that is
800–1,000 m below the ground has a resistivity of 80 Ω ·m. The
overlay contains three layers of saline water: the surface layer,
located between 0 and 100 m, has a resistivity of 200 Ω ·m; the
second layer, located between 100 and 500 m, has a resistivity of
150 Ω ·m; and the third layer, located between 500 and 800 m, has a
resistivity of 100 Ω ·m. This layer, along with the uniform half space
below the bedrock, has a resistivity of 300Ω ·m. The resistivity of the
CO2 leakage area is set to 1,000 Ω ·m. At a distance of 800m, the
resistivity is set to 100 Ω ·m. The same layer of brackish water and
the uniform half-space below, known as bedrock, have a resistivity
of 300 Ω ·m.

FIGURE 13
Apparent resistivity profile of CO2 injection in the 500 m × 500 m × 200 m area.

FIGURE 14
Apparent resistivity profile of CO2 injection in the 700 m × 700 m × 200 m area.
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Figure 16 displays the CO2 leakage model which was
established based on the relevant parameters mentioned above.
Three measurement lines were set up at three different positions:
directly above the center of the CO2 injection body, 300 m to the
right side of the center, and 500 m to the right side of the center.

Each line consisted of 11 measurement points spaced 200 m apart.
The transient electromagnetic response characteristic of CO2

leakage were investigated through numerical simulation.
It can be seen from Figures 17, 18 that when there is no CO2

leakage, the apparent resistivity profile displays a very good laminar

FIGURE 15
Apparent resistivity profile of CO2 injection in the 900 m × 900 m × 200 m area.

FIGURE 16
Model diagram and its YZ cross-section (bottom left) and XZ cross-section (bottom right).
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distribution. As CO2 leaks out, a clear high-resistance region
appears, with the strongest high-resistance response right above
the leakage location. The high-resistance irregularity response
gradually decreases as it moves away from the leakage location.
In this case, the location of the CO2 leakage channel can be
determined clearly.

4 Conclusion

(1) Horizontal and inclined models of the deep underground
saline water layer were established to investigate the
geological siting problem of CO2. These models exhibit
good low-resistance response characteristics, and the
results of the apparent resistivity profiles demonstrate an
improved layering effect, making it possible to accurately

observe the morphology distribution of the deep
underground saline water layer.

(2) To investigate the monitoring of CO2 geological storage, a
geoelectric model that varies with the CO2 injection time was
established. This model can be used to approximate the change
in underground resistivity while monitoring the dynamic
storage of CO2. Similarly, it can also be employed to
simulate the change in underground resistivity as the amount
of CO2 injection changes. This model is useful for both dynamic
monitoring and boundary delineation in CO2 geological storage.

(3) To study CO2 leakage, a geoelectric model was established
after geological storage. The model investigates the resistivity
change trend of underground rock layers during CO2 leakage
and the transient electromagnetic response law of the leakage
channel. This allows for real-time monitoring and localization
analysis of the leakage channel.

FIGURE 17
Apparent resistivity profile without CO2 leakage.

FIGURE 18
Apparent resistivity profile with CO2 leakage.
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