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Keywords Abstract

Shale gas, Unconventional Shale gas, an unconventional natural gas resource abundant in organic

reservoir, Resistivity, matter, has gained significant attention in global natural gas exploration as a

é‘TEI\IA’t'I nversion, crucial supplement and alternative to conventional natural gas sources. Due
Imulation

to higher electrical resistivity of oil traps in conductive sedimentary
backgrounds, shale gas reservoirs are ideal targets for geophysical studies to be explored, whereby the Z-
axis tipper electromagnetic method (ZTEM) can be employed to simulate and model their geoelectrical
responses. The study conducted involved the utilization of an airborne method, a tool that relies on natural
source transmitter, to simulate shale gas reservoirs. Initially, geoelectrical models of shallow shale gas
reservoirs were constructed for three different simple geological scenarios, followed by the generation of
responses through an airborne geophysical survey. The assumed electrical resistivity models were
effectively reconstructed by applying an inversion algorithm to the data. This process proved to be
successful in accurately representing the physical characteristics of shale gas reservoirs. As a result, this
innovative tool offers the capability to rapidly explore vast areas with high potential for shale gas reserves,
enabling the identification of valuable targets efficiently. The combination of advanced technology,
numerical modeling and geological expertise allows for the expedited discovery of significant resources in
the field of shale gas exploration.

1. Introduction However, advancements in technology have made
Petroleum hydrocarbons play a crucial role as a the production of unconventional petroleum
primary energy source on a global scale [1]. These resources more feasible, contrary to their previous
hydrocarbons can be broadly categorized into perception as unviable assets [4]. In recent years,
conventional and unconventional types, based on there has been a notable increase in the
their characteristics, geological formations, and significance  of exploring and extracting
extraction  techniques.  As  conventional unconventional hydrocarbon resources.

hydrocarbons are gradually depleting, the focus The geologic nature of the hydrocarbon
has shifted towards the exploitation of reservoir plays a crucial role. As mentioned by
unconventional hydrocarbons for present and Song et al. (2015) [3], unconventional resources
future energy production [2]. The abundance of are characterized by reservoirs with distinct
unconventional hydrocarbon reserves has led to a geological properties. The complex petrophysical
significant shift in the exploration and utilization system  associated  with  unconventional
of these resources to meet the growing energy hydrocarbons, as highlighted by Hamada (2016)
demands [3]. Additionally, conventional [4], further sets them apart. This complexity
resources are being depleted at an alarming rate, requires advanced technology and expertise for
and asignificant amount of oil and gas has a|ready successful extraction. The extraction methods
been extracted through conventional means. used for hydrocarbons vary between conventional
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and unconventional resources, as explained by
Heikal (2008) [5]. Unconventional hydrocarbons
require extra technology, energy, and capital
investment for extraction since they lack the
natural  geological processes found in
conventional reservoirs. These resources have
lower porosity and permeability, necessitating
stimulation and other techniques such as enhanced
oil recovery (EOR) for effective production, as
highlighted by Muther et al. (2022) [2].
Consequently, the economic cost of extracting
unconventional hydrocarbons is significantly
higher compared to conventional methods.
However, due to their substantial global reserves,
they remain promising prospects for future oil and
gas production worldwide.

Unlike conventional gas reservoirs, which are
relatively easy to extract, unconventional deposits
present a more challenging environment for
locating  natural gas  reserves.  These
unconventional deposits include coal beds, shales,
low-quality reservoirs, and gas hydrates.
However, extracting gas from these resources is
not economically viable without certain
techniques. For instance, hydraulic fractures or
multilateral wellbores are used to stimulate the
well and increase the flow rate. Generally, finding
these resources is simpler because they are
distributed horizontally, making them more
accessible. Shale gas is a prime example of
unconventional gas, where the natural gas remains
trapped within the source rock instead of
migrating to a porous reservoir. Shale, a
sedimentary rock composed of fine-grained
particles like clay, can be a valuable source of oil
and natural gas. Unconventional gas, unlike
traditional hydrocarbons, does not have its own
natural  pressure, therefore  necessitating
stimulation methods akin to those used in
secondary  recovery techniques in  the
conventional oil and gas sector.

Shale gas rocks possess a wide range of
properties that can vary significantly, mainly due
to the presence of clay minerals, high pressure
from trapped fluids, and the inclusion of organic
materials. These rocks have low porosity and
extremely low permeability. However, it is
important to note that the characteristics of shales,
such as seismic anisotropy, mineral composition,
total organic carbon (TOC) content, and
porosity/permeability, can differ across different
basins and even within the same basin, as
highlighted by Sondergeld and Rai (2011) [6] and
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Roth (2010) [7]. The differentiation of shale
lithology can be accomplished by analyzing the
Vp/Vs ratio (compressive and shear seismic wave
velocity) and P-Impedance. Reservoir shale can
be distinguished from non-reservoir shale by
considering both parameters  together.
Additionally, the estimation of gas saturation in
shale reservoirs can be achieved by combining
electrical resistivity with P-Impedance. Huang et
al. highlighted in 2015 that the Vp/Vs ratio is the
most effective parameter for identifying and
evaluating shale gas reservoirs based on the
results of logging [8]. Models for P-impedance
and Vp/Vs ratio can be developed through
amplitude versus angle (AVA) inversion of
seismic data. Furthermore, electrical resistivity
values can be obtained by inverting
electromagnetic data, such as magnetotelluric
(MT) and controlled-sourced electromagnetic
(CSEM) data, as demonstrated by Kumar and
Hoversten in 2012 [9]. In the context of shale gas,
it is common for the resistivity to be higher than
the background [10, 11], which provides valuable
insights for reservoir characterization and
evaluation. The seismic exploration methods for
oil and gas in complex geologic environments
have been complemented or provided with an
alternative by the EM methods. Over the past two
decades, the application of EM in hydrocarbon
exploration has experienced significant growth.
The journey began with the study of MT and has
since transformed into the integration of CSEM as
a significant asset in offshore exploration.
Additionally, the onshore (land) EM technique
known as the long offset transient electromagnetic
(LOTEM) method has been developed, along with
the multitransient electromagnetic (MTEM)
method for both land and marine studies. These
advancements have greatly expanded the
capabilities and options available for exploring
and discovering oil and gas resources [12-14].
Over the past decade, there have been
significant advancements in electromagnetic
exploration for unconventional oil and gas
resources globally. These advancements include
understanding the EM response mechanism of
unconventional reservoir rocks, developing new
methods for CSEM exploration on land and
marine environments, and creating techniques for
identifying and evaluating oil and gas using EM
parameters. These cutting-edge technologies have
been successfully utilized in the exploration and
development of unconventional oil and gas
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resources, gaining recognition from the petroleum
geology and development communities. Notably,
He and Wang (2007) have found that oil and gas
reservoirs have high resistivity and polarization
characteristics, while water-bearing reservoirs
typically have low resistivity and high
polarization [15]. By leveraging the spatial
differences in resistivity and polarization, it
becomes feasible to easily and accurately identify
oil, gas, and water. Furthermore, numerous
petrophysical experiments have demonstrated that
shale gas reservoirs, particularly in southern
China, typically exhibit low density, low seismic
velocity, high electrical resistivity, and low
magnetization properties [16].

Conducting airborne geophysical surveys is
essential for the exploration of vast areas to
identify potential shale gas reserves. These
surveys are particularly useful because shale gases
have a higher electrical resistivity compared to the
surrounding sedimentary layers, making airborne
electromagnetic surveys a key focus in this type
of exploration. An emerging technique involves
utilizing electromagnetic surveys with a natural
source, which shows promise in enhancing the
accuracy and efficiency of identifying shale gas
deposits. Labson et al. (1985) developed a method
to measure the horizontal magnetic field using MT
processing techniques, known as the Z-axis tipper
EM (ZTEM) technique [17,18]. This technique
involves connecting vertical magnetic field data
H_zmeasured by a horizontal coil towed behind a
helicopter or aircraft to horizontal magnetic field
data (i.e. two vertical coils measuring H_x and
H_y) from a ground-based reference station (Fig.
1). The ZTEM technique allows for the rapid
collection of vertical magnetic field data over a
large area with a mobile horizontal coil, and then
tipper data are obtained through MT data
processing techniques based on two fixed vertical
coils measuring horizontal magnetic fields. The
frequency range typically used in ZTEM surveys
is 30-720 Hz, determined by flight speed and
sampling rate limitations. Since its introduction,
the ZTEM technique has been widely utilized in
environmental engineering, mineral exploration,
and hydrocarbon exploration due to its
effectiveness and versatility [19-21].

The current research aims to examine the
potential for exploring shale gas targets through
the utilization of the ZTEM survey. This study
will involve conducting simulations based on
three distinct geological scenarios across 2D
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shallow shale models to assess the effectiveness
of the electrical model in accurately predicting the
recovery capacity of this unconventional
reservoir. By employing numerical techniques,
the geophysical model will be able to gather
valuable data that can provide insights into the
feasibility and viability of extracting shale gas
resources. The inversion of the collected data will
allow for a comprehensive evaluation of the
electrical properties of the shale formations,
shedding light on the potential challenges and
opportunities associated with this reservoir.

2. Methodology

In the conventional 2D ZTEM problem, the earth
is treated as a half-space conductor (z > 0) with an
insulated air layer on top, while the
electromagnetic field source is located above the
surface. The electromagnetic fields are considered
to be plane waves because of the considerable
distances between the survey area and the
transmitted fields in the ZTEM method. The
Maxwell equation in its differential form
assuming a quasi-static approximation is used to

express this scenario as,

V X E = —iwpH 1)
V X H = oE 2)

The resistivity distributions remain constant
along the strike direction for the 2D structures. In
Fig. 2, the y-axis represents the geo-electrical
strike direction, while the z direction is positive
downwards. This results in two distinct
polarizations, transverse electric (TE) and
transverse magnetic (TM), during MT survey. The
2D Helmbholtz equations are defined separately for

TE and TM polarizations as,

0%Ey | 0%Ey . (3)

66137 2 —IOJGH.OEY TE mode

a—Zy:iwuoHX (4)
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Here, the angular frequency is denoted by w,
while E, and E, represent the electrical fields
(V/m) in the x- and y- directions. On the other
hand, Hy, Hy, H, stand for the magnetic fields
(A/m) in the Cartesian directions. The uniform
magnetic permeability of free space is p, =
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4t x 1077 H/m, o is the conductivity
(Siemens/m), and p is the resistivity (Qm) of the
medium.

In the coordinate system, let h denote the
height of the helicopter, where the positive z-axis
points downwards towards the earth. The
description of the tipper T is as follows [22-25]:

H, = T,Hy + T, Hy @)

Because the H, is only in the TE mode in 2D
geo-electrical structures, Eq. (7) is simplified as
[26, 27]:

HZ = TZXHX (8)

The 2D ZTEM forward model problem is
commonly solved using the finite element, finite
differential, and Green's function integral
equation (GIE) method. The primary task in the
forward problem is to solve the partial differential
equation. To achieve this, the global matrix
equation needs to be calculated for TE

polarization across all frequencies as,
Kv=s 9)

K is the coefficient matrix. v is composed of
the unknown E, field and s is the right vector of
the equation as boundary values. After solving the
equation and obtaining the auxiliary fields H, , H,
from E; (Egs. 4 and 5), finally, the tipper can be
obtained [22-27].

The inverse modeling of geophysical data
involves the optimization of a well-posed
function, as outlined by Abedi et al., 2014 [28],

@(m) = @q + Ay, (10)

The misfit norm ¢4 is characterized by the
following form:

@a = ||Wq(a*> — Fm)”i (11)

The parameter A represents Tikhonov
regularization for balancing the model (¢,,) and
misfit norms. A linear operator or a Jacobian
matrix (F) can forward the physical property (m)
to the tipper data. The observed data (d°PS) are
scaled by a diagonal matrix of Wy in the form of

Wy =diag(l/ol,...,l/oi....,1/0N), where o,
denoting the level of noise affecting the ith
observation [29].

In the field of inverse problem, various
stabilizer functions are commonly employed (e.g.,
[30, 31]). One of these is the minimum support
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(MS) stabilizer [32], which effectively preserves
the boundaries of the source by mitigating the
fuzzy impact of the physical property distribution
[33]. In this study, we utilize this model norm
stabilizer to produce an electrical resistivity
solution [34],

Om = [[Weoe(m —mo)|l3 (12)

Where the prior electrical resistivity solution
of the model is denoted as m, and the focusing
matrix Wg,. contains diagonal weights [35],

Weoe = ((m —my)* + al)_l/z (13)

The focusing parameter « is typically set to a
small value through trial-and-error to sharpen the
physical property being constructed, while t
represents an exponent parameter. The matrix L
acts as a simple second-difference operator, Lm
approximating the Laplacian of logp when the
model block grid is uniform. By combining the
focusing and smoothing matrices, W, = Wg,L,
the L2-norm objective function is introduced as
stated in references [36, 37].

@(m) = [|Wq(d°> — Fm)]||?
+ AW, (m — my) |3
(14)

Setting 6¢(m)/6m = 0, the Equations 15 and
16 are inferred at an iteration number | as,

[FTWEF + A (W3) W, 16m (15)
— FTWé(dODS _ le—l)

- AWL)'WL(m! " —my)

m! =m!~' + 6m (16)

The nonlinear conjugate gradient algorithm
(NLCG) was used to solve Eq. 15 iteratively for
updating m' [24].

3. Shale Gas Reservoir Simulation

The utilization of airborne ZTEM data has been
proposed as a valuable tool in the identification of
various potential reservoir areas. This method
involves the measurement of airborne
electromagnetic data, which offers insights into
the conductivity structure of the shallow
subsurface. By capturing tipper data derived from
the vertical component of the magnetic field, the
ZTEM approach proves to be a cost-effective
means of data collection, covering a wide area
with a dense sampling distribution. However, it is
important to note that this method is not sensitive
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to 1D layers, as highlighted by Holtham and
Oldenburg (2010) [38]. Furthermore, there are
limitations associated with the frequencies
measured, which can lead to reduced resolution in
the models generated and shallow penetration
depths, as discussed by Spratt et al. (2012) [39].
Despite these limitations, the acquisition of
ZTEM data remains a promising technique for
identifying areas with various reservoir potential.
The ZTEM method allows for the measurement of
data ranging from 30 Hz to 720 Hz, enabling the
detection of subsurface features up to depths of 1
km or more, depending on the conductivity of the
terrain. Compared to ground surveys, ZTEM
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surveys can cover large areas at a lower cost,
making it a practical and cost-effective technique
for mapping extensive geological structures. The
ZTEM instrumentation involves a helicopter
towing a coil, which measures the vertical
component of the magnetic field at an altitude of
approximately 80 m. Additionally, two vertical
coils located in the reference station measure the
horizontal components of the magnetic field [40,
41]. A visual representation of the system's
essential components can be found in Figure 1.
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Fig. 1. Geophysical configuration of ZTEM survey with a ground-based reference station to measure horizontal
magnetic fields with two vertical coils and a helicopter-borne flying horizontal coil to measure the vertical magnetic
field (reproduced from Geotech Ltd.).
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Fig. 2. A schematic representation of 2D resistivity structure with two electrical and magnetic modes.
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The study involved the simulation of three
distinct scenarios to assess the effectiveness of the
airborne electromagnetic method in shallow shale
gas exploration. The geological formations were
considered to be electrically two-dimensional for
the simulations.  Schlumberger  WingLink
software was utilized to simulate the necessary
data for the study. The first scenario created a
synthetic model where a gas-saturated shale layer,
characterized by an electrical resistivity of 100
Qm, was embedded within a limestone
sedimentary sequence with a resistivity of 50 Qm,
as illustrated in Fig. 3a. This model aimed to test
the capability of the method in detecting shale
gases under specific geological conditions. To
streamline the modeling process and focus solely
on the electromagnetic response of the
formations, certain complexities were
intentionally excluded from the simulations.
Factors such as the composition of shale, porosity
percentage, saturation degrees, clay content, and
petrophysical relationships governing these
properties were deliberately left out to maintain
the simplicity of the study and isolate the impact
of the shale gas presence on the electrical
resistivity measurements. The desired layer's
length is set at 1000 meters, with an assumed
thickness of 200 meters. This shale block is
positioned at a depth of 200 meters beneath the
earth's surface. For the modeling process, it was
assumed that the topography was smooth, and
data collection was conducted at a height of 80
meters above the ground surface. The tipper data
values were calculated within a frequency range
spanning from 1 to 1000 Hz, with measurements
taken at 9 different frequencies. To ensure a
comprehensive analysis, three frequencies were
selected at each decade in the logarithmic scale,
ranging from 100 to 103. Along the 3-km profile,
stations were placed at a distance of 50 meters
from each other. To account for environmental
and ambient noise effects, 3% random Gaussian
noise was added to each set of data, ensuring a
more accurate and reliable analysis. Figure 4
displays the real and imaginary tipper vector
values that have been observed. These values have
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a range of less than 3% along the assumed profile.
To analyze the ZTEM data, the aforementioned
inversion algorithm was utilized through the
WinGLink software. After approximately 30
iterations, the results achieved the desired level of
misfit. The inversion model, as depicted in Fig.
3b, successfully recovered the assumed shale gas
trap model. Furthermore, the predicted data
closely aligns with the observed data values
shown in Fig. 4. To obtain these results, the
Lagrange coefficient (Tikhonov regularization
parameter) was assumed to be one after
conducting several trial and error tests.
Additionally, the focusing parameter and
exponent parameter values were set to 0.1 and 0.5
respectively, throughout this study.

In the second geological scenario, two distinct
gas-bearing shale structures were modeled, as
shown in Fig. 5a. The electrical resistivity of the
shale structures was consistent with the first
scenario at 100 Qm, while the background
limestone sediments were maintained at 50 ohm
meters. The target on the right side was positioned
at a depth of 100 meters, with dimensions of 500
meters in length and 100 meters in thickness. On
the left side, the target was located at a depth of
200 meters, with dimensions of 600 meters in
length and 200 meters in thickness. The necessary
parameters for inverse modeling were similar to
previous scenario, just the regularization
parameter was set at 0.1. Real and imaginary data
of the tipper vector were computed along the
profile for 9 frequencies, assuming a 3% random
Gaussian noise. Notably, the amplitude of the real
and imaginary components remained below 3%
across all frequencies (Fig. 6). The result of the
inverse modeling was highly successful in
accurately representing the locations of the two-
shale gas-bearing structures, as depicted in Fig.
5b. Furthermore, the predicted data closely
aligned with the actual data observed in Fig. 6,
underscoring the reliability and precision of the
modeling approach employed in this geological
scenario.
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Fig. 3. First synthetic electrical resistivity scenario, (a) a thick shale gas layer, and (b) imaged resistivity model.
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In the third simulated case, two distinct
geological structures for analysis were assumed.
The structure on the right side is a gas-saturated
shale formation with an electrical resistivity of
100 Qm, situated at a depth of 150 meters. It has
a length of 500 meters and a thickness of 100
meters. In addition, the structure on the left side is
a gas-free shale formation with an electrical
resistivity of 10 Qm. This shale structure is
located at a depth of 200 meters, with a length of
500 meters and a thickness of 100 meters, as
illustrated in Fig. 7a. The data collected for these
structures includes 3% random Gaussian noise, as
depicted in Fig. 8. It is important to note that the
range of real and imaginary components across all
frequencies is less than 7%. Following the same
approach as in the previous scenarios, inverse
modeling was conducted, resulting in the outcome
shown in Fig. 7b. Notably, the two structures are
distinctly separated from each other, approving
the accuracy of the analysis. The regularization
parameter utilized in this case is set at 0.1, while
the other parameters remain consistent with those
of the initial scenario. The predictive data
displayed in Fig. 8 demonstrates a close
estimation of the observed data, indicating the
effectiveness of the modeling approach employed.
This detailed analysis provides valuable insights
into the characteristics and behavior of the gas-
saturated and gas-free shale  structures,
contributing to a deeper understanding of their
electrical properties and distribution at varying
depths.

Three shale gas scenarios discussed above, all
make the assumption of a straightforward
geological  environment, overlooking the
petrophysical connections within the
unconventional shale gas trap. As assumed, the
models generated have shown significant
variations from the typical sedimentary
background, ultimately enhancing the likelihood
of identifying these structures. To pinpoint the
location of such targets accurately within intricate
geological settings, it is imperative for the inverse
modeling process to establish geological
constraints and other mathematical parameters
[42-50]. This will enable a more precise
identification of potential shale structures, paving
the way for more effective exploration strategies
in the future. Moving forward, it is crucial for
upcoming studies to focus on simulating shale
structures with a 3D geometry and within more
complex  geological environments. By
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incorporating  three-dimensional inversion
algorithms  that enforce geological and
mathematical constraints, the potential of the
airborne electromagnetic tool can be maximized,
offering a more comprehensive understanding of
the subsurface landscape.

4. Conclusion

The research presented in this study focused on
simulating unconventional shale gas reservoirs by
analyzing the electrical resistivity of the
underlying geological formations. Three different
scenarios  were  considered, and  the
electromagnetic responses of each scenario were
generated. To investigate these structures, a
ZTEM survey was utilized. The responses
obtained within the assumed frequency range
exhibited noticeable changes in the tipper vector
when compared to the background sedimentary
sequence. Then, an inversion algorithm was
employed to model the airborne data and
accurately determine the location of the gas traps.
The restored models successfully depicted the
positions of these traps. However, to enhance the
simulation results, it is crucial to utilize more
advanced inversion tools that can provide a
sharper reconstruction of the electrical models.
Furthermore, to evaluate the effectiveness of
natural source airborne electromagnetics survey
in modeling unconventional and shallow traps, it
is necessary to develop numerical simulations that
consider more complex geological environments
closer to reality. This will enable a comprehensive
assessment of the applicability of this survey
method in both two- and three-dimensional
modeling of such traps.
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