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In a sedimentary environment, the conventional one-dimensional (1D) inversion
based on the horizontal layered model has difficulty restoring the resistivity
distribution of the inclined strata when a coal seam has some dip angle or a
small interval between layers. In such cases, the inversion resistivity exhibits
horizontal discontinuities, which cannot accurately represent actual geological
conditions. Therefore, in view of the good horizontal continuity of the
underground electrical structure of sedimentary strata, we propose a high-
resolution inversion method based on weighted horizontal and vertical
constraints. As a quasi-two-dimensional (2D) inversion, this not only ensures
the horizontal continuity of resistivity and recovers the inclined strata, but also
improves the vertical resolution. Because the constrained factor has a significant
influence on the inversion result, different constrained factors are applied in the
horizontal and vertical directions to adjust the constraint strength on the model
parameters of each layer and the continuity of the layer interface. In the numerical
experiments, we design synthetic models with different tilt angles and layer
spacings to test the inversion method and optimize the constrained factors
used for coal seam detection. Finally, the transient electromagnetic (TEM) field
data processing results in Inner Mongolia show that the resistivity distributions of
sedimentary strata can be accurately restored by the new method, and the
inversion results are consistent with known geological information.
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1 Introduction

The transient electromagnetic (TEM) method is a geophysical exploration tool based on
electromagnetic induction theory (Stacey, 1976). The electromagnetic pulse signals from a
loop source diffuse into the earth to underground anomalies and eventually induce a
secondary electromagnetic field that can be observed by a receiver. Secondary field signal
processing is employed for the discovery of subsurface minerals or to address geological
problems (Fitterman and Stewart, 1986; Fountain et al., 2005; Jiang et al., 2019). This method
has been widely used in coal mine water damage detection (Si et al., 2020), hydrogeological
surveys (Danielsen et al., 2003), engineering investigations (Hui et al., 2021), and mineral
exploration (Yang and Oldenburg, 2012) owing to its flexible working device, high efficiency,
and high resolution.

The TEM data must be interpreted to obtain the underground electrical structure. Early
TEM data interpretation methods were approximations based on the smoke-ring theory
(Nabighian, 1979; Yang et al., 2016). By defining the apparent resistivity and calculating the
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diffusion depth (apparent depth) of the smoke ring, a relatively
approximate pseudosection map of the apparent resistivity is
obtained. These results are inaccurate and are suitable only for
preliminary interpretation. Different definitions of the apparent
resistivity will lead to large differences in the inversion results.
To obtain a more accurate geoelectric model, it is necessary to
carry out inversion calculations for TEM data. At present, the
mainstream inversion methods are the damped least-squares
method (Huang and Palacky, 2010) and the Occam inversion
method (Constable et al., 1987), which introduces the
regularization of model constraints. By adding a penalty function
term to the objective function, different optimizers are used to
minimize the difference between the observation data and the model
response, and a stable and unique solution can be obtained.
Regularization increases the constraint information or prior
information of the inversion parameter model, reduces the
multiplicity of inversion solutions, and enhances the stability of
the inversion. The least squares inversion method requires a good
initial guess, and the inversion results easily fall into local minima.
The Occam inversion method adds model smoothing constraints to
the objective function, which make the stratigraphic interface
unclear in the inversion results. These 1D inversion methods are
all based on the single-point horizontal layered model, and the
inversion resistivity is prone to lateral discontinuity (Farquharson
and Oldenburg, 1993; Christensen et al., 2009). In the past decades,
the demand of accurate three-dimensional (3D) interpretation of
TEM data and the rapid development of computation devices
promotes researches on the development of 3D forward
modeling and inversion (Liu et al., 2019; Ren et al., 2018; Zhang
et al., 2021). Due to the time-consuming inversion of 3D TEM data,
their practical applications are limited. Considering the relatively
continuous distribution of underground electrical properties in
sedimentary strata, it is natural to adopt the laterally constrained
inversion method (LCI). The LCI method is a quasi-2D inversion
method, which integrates the data of a single profile and multiple
measuring points and applies lateral constraints to achieve a
relatively continuous resistivity profile.

LCI was first proposed by Auken, Thomsen, and Sorenson
(2000) and applied to direct current (DC) data inversion. The
main idea is to use a transversely constrained sparse matrix to
transform a single-point inversion into a collective inversion of
multiple measuring points, to ensure the transverse continuity of the
inversion profile. Santos (2004) used this method to obtain the high-
quality EM34 inversion profile; Auken and Christiansen (2004)
optimized the 2D LCI inversion and segmented the inversion of
resistivity data by calculating the Jacobi matrix through the Broyden
approximation; Siemon et al. (2009) used the LCI inversion method
to process helicopter survey data, which effectively improved the
transverse continuity of the profile. Auken et al. (2008) processed
TEM data in a paleochannel survey using the LCI technique; Cai
et al. (2014) proposed the weighted laterally constrained inversion
(WLCI), which was used for inversion calculation of frequency-
domain airborne EM data. The effectiveness of the WLCI was
verified through inversion processing of theoretical and measured
data and comparison with conventional 1D inversion results. Yin
et al. (2016) used the WLCI method to invert airborne TEM data.
Zhang et al. (2022) used WLCI on time-domain electromagnetic
data. To increase the speed of the inversion computation, Lu et al.

(2022) developed an analytical technique based on the chain rule to
calculate the Jacobi matrix. They then used the WLCI approach to
invert four induced polarization parameters from airborne
TEM data.

In view of the relatively continuous underground electrical
structure of adjacent measuring points in sedimentary strata, we
adopt different lateral resistivity constraints and layer interface
depth constraints based on the idea of horizontal constraints.
Compared with conventional inversion methods, this method
effectively improves the vertical resolution of the inversion layer
interface. Finally, field data from Inner Mongolia are inverted to test
the practicality of the method.

2 Methodology

2.1 Forward modeling theory

To generate 1D TEM forward responses, we first must calculate
the frequency domain responses and then translate them to the time
domain via Fourier transform (Johansen and Sorensen, 1979).
Suppose there are n levels in the strata, and each layer has a
conductivity (σ) and thickness (h), as
σ1, h1; σ2, h2;/; σn, hn; hn → ∞. When calculating the TEM
responses in the frequency domain, we simulate a transmitting
loop by dividing the loop into a series of current segments, with
each segment being treated as an electric dipole. Using the Dirac
function integration, the analytical expression in the frequency
domain for the vertical component Bz of the electromagnetic
field at any point on the surface is

Bz x, y,ω( ) � ∑L
j�1

PEj

2π
μ0 sinφj∫∞

0

λ2

λ + u1/R1
J1 λrj( )dλ (1)

where L is the number of electric dipoles, PEj is the magnetic
moment of the jth electric dipole, μ0 is the magnetic conductivity
of vacuum, φj is the angle between the jth electric dipole and the
measuring point, J1(λrj) is the first-order Bessel function, and rj
is the distance between the jth electric dipole and the measuring
point, where R1 � cth[u1h1 + arcth(u1/u2)cth(u2h2 +/ +
artchun−1/un)] and uj �

						
λ2 + k2j

√
, k2j � −iωμ0σj, ω is angular

frequency. Finally, the time-domain response of any
measurement point on the surface of the loop source can be
obtained by cosine transformation (Guptasarma, 1982)
of Eq. (1).

2.2 1D inversion theory

We use regularization to address the ill-posed nature of the TEM
inversion by minimizing the l2-norm-based objective function, i.e.,

Um � R + μ−1 Wdobs −WF m[ ]‖ ‖2 − X2
∞{ } (2)

where μ is the trade-off parameter, dobs is the observed data, F is the
1D forward operator, and m represents the inversion parameters of
the model. X2

∞ is the expected misfit. Here, we adopt the covariance
matrix to obtain the misfit between the forward response and
observed data, which is represented as
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W � diag
1
ε1
,
1
ε2
,/,

1
εj
,
1
εM

{ } (3)

where εj is the standard deviation of the jth observed data, andM is
the number of observed data. The roughness function represents the
roughness of the inverse model, for which the matrix expression is

R � P ·m‖ ‖2 (4)
where P is the unit matrix consisting of 1 and −1, which can be
expressed as

P �

0 0
−1 1

−1 1
/ /

0 −1 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (5)

TominimizeUm, we can set ∇Um equal to zero; then we have the
iterative equation,

WG( )TWG + μPTP[ ]Δmq � WG( )TWΔdq (6)

where G is the Jacobian matrix of sensitivities. Its elements can be
expressed as

Gij � zFi m[ ]
zmj

(7)

By solving Eq. 6 and minimizing the misfit between the predicted
data and the observed data Δdq, we obtain the inversion model
update Δmq of the qth iteration; then we can update the model via
mq � mq−1 + sδm. The value of s is set initially to one. We adopt a
cooling approach (Haber and Schwarzbach, 2014) for selecting μ in
our inversions.

2.3 WLCI inversion theory

2.3.1 Resistivity lateral constraint
To improve the lateral continuity of the resistivity inversion of

adjacent measurement points, we begin with the LCI inversion
proposed by Auken and Christiansen (2004) and include the
differences between geoelectric parameters of adjacent
measurement points as constraint terms to the objective function.
Assuming that

Rpm − erp � 0 (8)

Where erp represents the different model parameters of adjacent
points, and Rp is the horizontal constraint matrix, which is a sparse
matrix with the values 1 and −1, i.e.,

Rp �
1 0 / 0 −1 0 / 0 0 0
0 1 0 / 0 −1 0 / 0 0
..
. ..

. ..
.

0 0 0 / 0 1 0 / 0 −1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
S×T

(9)

where S � (M − 1) × (2N − 1),T � M × (2N − 1), M is the
number of the data receiver, and N is the number of layers.
Subtracting Rpm0 from both sides of Eq. (8), we have

RpΔm � Δrp + erp (10)

where Δrp � −Rpm0,Δm0 � m −m0.
We adopt the horizontal constrained factor to accomplishWLCI

and adjust the horizontal smoothness of each layer. Thus, Eq. (8) can
be written as

R′
pΔm � Δr′p + erp

′ (11)

Where R′
p � WpRp,Δr′p � −R′

pm0, erp′ � Wperp. Wp is the
horizontal constraint weighting matrix, which equals to the
horizontal constrained factor multiplied by the matrix Rp. The
inversion’s smoothness is determined by the constrained factor’s
value, which is dependent on the smoothness of the parameters and
the actual requirements.

2.3.2 Depth and layer interface constraints
The depth of the layer interfaces must be constrained to ensure

the smoothness and continuity between the layer interfaces of the
multilayer model (Auken and Christiansen, 2004). We have

Rtm − ert � 0 (12)
Where ert is the depth difference between each layer of adjacent

points, and Rt is the depth constraint matrix, written as

Rt �

/ 0 / 0 1 0 0 / 0 /

/ 0 / 0 hk,1
tk,2

hk,2
tk,2

0 / 0 /

..

. ..
. ..

. ..
.

/ 0 / 0 hk,1
tk,N−1

hk,2
tk,N−1

hk,3
tk,N−1

/ hk,N−1
tk,N−1

/

/ 0 / 0 −1 0 0 / 0 / /

/ 0 / 0 −hk+1,1
tk+1,2

−hk+1,2
tk+1,2

0 / 0 /

..

. ..
. ..

. ..
.

/ 0 / 0 − hk+1,1
tk+1,N−1

− hk+1,2
tk+1,N−1

− hk+1,3
tk+1,N−1

/ −hk+1,N−1
tk+1,N−1

/

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
S×T

(13)
This is a sparse matrix composed of depth t and thickness h,

where hi,j and ti,j are the thickness and the depth, respectively, of the
lower interface of the ith point at the jth layer, and S �
(M − 1) × (N − 1), T � M × (2N − 1).

As mentioned in Section 2.3.1, we use a vertically constrained
factor to adjust the continuity between the interfaces of each layer.
Thus, Eq. (12) can be written as

R′
tΔm � Δr′t + ert

′ (14)
Correspondingly, R′

t � WtRt,Δr′t � −R′
tm0, ert′ � Wtert, where

Wt is the vertically constrained weighting matrix.

2.4 WLCI inversion equation and least-
squares solution

Combined with the 1D inversion theory described in Section 2.2,
we obtain the WLCI inversion equation,

G
R′
p

R′
t

⎡⎢⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎥⎦Δm �
Δdobs

Δr′p
Δr′t

⎡⎢⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎥⎦ + eobs
erp
′

ert
′

⎡⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎦ (15)
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Simplifying Eq. (15), we have

W′Δmq � Δdq + e (16)
whereW′ is the coefficient matrix. Based on the 1D inversion theory,
we obtain the following inversion equation:

W′TW′ + μP( )Δmq � W′TΔdq (17)

To solve Eq. (17), in this study, we use singular value
decomposition (SVD) for the coefficient matrix W′, such that we
have

W′ � DΛVT (18)
Where D and V are the data matrix and parameters matrix,

respectively, andΛ is the singular value matrix. Substituting Eq. (18)
into Eq. (17), we have

Δmq � V Λ2 + μP( )−1ΛDTΔdq (19)

The initial resistivitymodel for inversion is providedfirst in the actual
inversion calculation, and then Eq. (19) is used to perform iterative
calculations until the objective function satisfies the specifications.

3 Synthetic examples

We first established a tilted layered stratum model to verify the
effectiveness of the inversion strategy. As shown in Figure 1, we

designed two groups of typical three-layer models with low-
resistivity (H-model) and high-resistivity (K-model) layers in the
middle with different dip angles. The background resistivity is
100Ω·m, of which the resistivity of the low-resistivity layer in
the H-type model is 10Ω·m, and the resistivity of the high-
resistivity layer in the K-type model is 1,000Ω·m. A rectangular
loop is used for transmission, and the receiving points are located
inside the loop with 20 m point spacing. The transmission current is
1 A, and the maximum sampling time is 10 ms. The dB/dt response
data of each measuring point is obtained by forward modeling of the
1D model (Figure 2). In the inversion, we add 3% Gaussian white
noise to the dB/dt of each time channel.

Figure 2 shows the TEM decay curves at different measuring
points of the H and K models with different dip angles. When X =
260 m, the target layer is shallow, while when X = 860 m, the target
layer is deep. In Figure 2A, the large amplitude of the low-resistivity
layer at middle and late times indicates low-resistivity
characteristics. With the increase in burial depth, the early
amplitude tends to be consistent with the uniform half space,
and the low-resistivity response is significantly delayed.
Compared with the uniform half space in Figure 2B, when the
high-resistivity layer is buried shallowly, the early time amplitude is
small, reflecting the high resistivity. The late time amplitude tends to
be consistent, exhibiting the characteristics of the background strata.
With the increase in burial depth, the larger amplitude in the early
time is the response of the background strata, the smaller amplitude
in the middle stage is the response of the high-resistivity stratum,

FIGURE 1
Synthetic model of inclined strata (A): Receiving and transmitting schematic. (B): H-type model. (C): K-type model.
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FIGURE 2
Single point decay curves of inclined strata models. (A): H-type model and corresponding uniform half space. (B): K-type model and corresponding
uniform half space.

FIGURE 3
Single-point inversion results for different points. (A): Single-point inversion results at X = 260 m of H-type model. (B): The Root Mean Square (RMS)
at X = 260 m of H-type model. (C): Single-point inversion results at X = 600 m of H-type model. (D): The RMS at X = 600 m of H-type model. (E): Single-
point inversion results at X = 900 m of H-type model. (F): The RMS at X = 900 m of H-type model. (G): Single-point inversion results at X = 260 m of
K-type model. (H): The RMS at X = 260 m of K-type model. (I): Single-point inversion results at X = 600 m of K-type model. (J): The RMS at X =
600 m of K-type model. (K): Single-point inversion results at X = 900 m of K-type model. (L): The RMS at X=900 m of K-type model.
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and the gradual increase in the late stage is close to the response of
the background stratum, whereas the amplitude change is not
evident.

Figure 3 shows the single-point inversion results of different
inversion methods. The initial inversion models are all uniform half
space models, and the initial resistivity of the model is 100 Ω·m. In
the Occam inversion, the golden section method is used to select the
damping factor. For the H-type tilt model, when the local stratum
dip is small, the methods shown in Figure 3 better reflect the strata
resistivity. When the strata dip is large, there is a significant
difference between the resistivity of the shallow part and that of
the real model. However, the head end and tail end of the WLCI
single-point inversion curve are close to the real resistivity of the first
and last layers, which is highly consistent with the actual low-
resistivity layer. For the K-type tilt model, the conventional 1D
inversion results are poor, the inversion depth of the high-resistivity
layer has a large deviation from the given model, and the shallow

resistivity is not consistent with the model resistivity. The amplitude
characteristics of the high-resistivity layer in the single-point decay
curve of the K-type model are not evident, and the horizontal
continuity of the data is not considered in the conventional
single-point 1D inversion, which is the main reason behind poor
inversion results. As a quasi-2D inversion, the WLCI inversion
better restores the resistivity distribution of inclined formations by
considering the horizontal and vertical continuity of the data.

Comparing the inversion results of different inversion methods
in Figure 4, the conventional 1D and WLCI inversions reflect the
electrical structure of the three underground layers. When the dip
angle of the local layer is small, the conventional 1D inversion results
efficiently reflect the low-resistivity layer in the H-type model
relatively; however, the layer interface is rough, and the
horizontal continuity is poor. In comparison to the least-squares
inversion (Figure 4A), the resistivity continuity of the Occam
inversion (Figure 4C) is slightly improved. The conventional 1D

FIGURE 4
Inversion results of H-type and K-type models. (A): least-squares inversion result of H-type model. (B): least-squares inversion result of K-type
model. (C): OCCAM inversion result of H-type model. (D): OCCAM inversion result of K-type model. (E): WLCI inversion result of H-type model while
vertical constrained factor is 0 and horizontal constrained factor is 0. (F): WLCI inversion result of K-type model while vertical constrained factor is 0 and
horizontal constrained factor is 0. (G): WLCI inversion result of H-type model while vertical constrained factor is 1 and horizontal constrained factor
is 0. (H): WLCI inversion result of K-type model while vertical constrained factor is 1 and horizontal constrained factor is 0. (I): WLCI inversion result of
H-type model while vertical constrained factor is 1 and horizontal constrained factor is 1. (J): WLCI inversion result of K-type model while vertical
constrained factor is 1 and horizontal constrained factor is 1.
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inversion has been unable to obtain a continuous high-resistivity
layer for the K-type model. The inversion high-resistivity layer
becomes thinner, and the resistivity decreases where the burial
depth is large. When the dip angle of the local layer is large, the
conventional 1D inversion results deviate significantly from the
actual model. False anomalies appear in the shallow part of the
H-type model (Figure 4A; Figure 4C), the resistivity of the inversion
increases, and the layer becomes thicker where the low-resistivity
layer is buried deeply. The high-resistivity layer is discontinuous and
inconspicuous for the K-type model, and the inversion results can
no longer represent the electrical characteristics of the actual
formation. The resistivity obtained by the WLCI method is
uniformly distributed laterally, and the layer interface is evident
and continuous, which better reflects the electrical distribution
characteristics of inclined strata. The inversion of the target layer
is only slightly thicker than that of the actual model. For the strata
with a small dip angle, the size of the constrained factor has little
influence on the inversion result. When the size of the constrained
factor is increased, the stratum is laterally more continuous. For the
strata with a large dip angle, when the size of the constrained factor is
increased, there is a certain deviation between the inversion high-
resistivity layer and the actual model, although the inversion
resistivity is continuous and laterally smooth (Figure 4H; Figure 4J).

We establish multilayered models to verify the effectiveness of
the inversion strategy. The models are shown in Figure 5. Two five-
layer models with different layer spacings were designed. The

background resistivity of the model is 100 Ω·m, the thickness of
the high-resistivity layers is 20 m, the resistivity of the upper high-
resistivity layer is 300 Ω·m, and the resistivity of the lower high-
resistivity layer is 200 Ω·m. The resistivity in the upper high-
resistivity layer from 70 to 130 m and 310–390 m along X is
50Ω·m, and the resistivity in the lower high resistivity layer from
90 to 150 m along X is 30Ω·m. The burial depth of the upper high-
resistivity layer of model 1 is 40 m, the burial depth of the lower
interface is 60 m, the burial depth of the upper interface of the lower
high-resistivity layer is 120 m, and the burial depth of the lower
interface is 140 m. The burial depth of the upper high-resistivity
layer of model 2 is 40 m, the burial depth of the lower interface is
60 m, the burial depth of the upper interface of the lower high-
resistivity layer is 100 m, and the burial depth of the lower interface
is 120 m. The receiving points are located inside the rectangular
transmission loop; the distance between the points is 20 m, the
transmission current is 1 A, and the maximum sampling time is
10 ms. The dB/dt response data of each measuring point is obtained
by forward modeling of the 1D model. In the inversion calculation,
3% Gaussian white noise is added to the dB/dt response at each time.

Figure 6 shows the TEM decay curves at different points. A
comparison of Figures 6A–C shows that at X = 40 m, the early and
late time amplitudes of Model 1 and 2 are basically consistent with
the uniform half space, showing the characteristics of the
background strata. The middle time amplitude is small, reflecting
the high resistivity. The difference between Model 1 and 2 is not

FIGURE 5
Synthetic multilayer models (various colors mean different resistivity in parts B and C). (A): Receiving and transmitting schematic. (B): Model 1 with
large layer interval. (C): Model 2 with small layer interval.

Frontiers in Earth Science frontiersin.org07

Su et al. 10.3389/feart.2023.1139523

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1139523


FIGURE 6
Single-point decay curves of synthetic multilayer models and corresponding uniform half space. (A): X = 40 m. (B): X = 100 m. (C): X = 360 m.

FIGURE 7
Single-point inversion results for different points. (A): Single-point inversion results at X = 40 m of model 1. (B): The Root Mean Square (RMS) at X =
40 mofModel 1. (C): Single-point inversion results at X= 100 mofmodel 1. (D): The RMS at X= 100 mofmodel 1. (E): Single-point inversion results at X=
360 m of model 1. (F): The RMS at X = 360 m of model 1. (G): Single-point inversion results at X = 40 m of model 2. (H): The RMS at X = 40 m of model 2.
(I): Single-point inversion results at X = 100 m of model 2. (J): The RMS at X = 100 m of model 2. (K): Single-point inversion results at X = 360 m of
model 2. (L): The RMS at X = 360 m of model 2.
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evident; at X = 100 m, the early time amplitudes of Model 1 and 2 is
basically consistent with that of the uniform half space, showing the
characteristics of the background strata. The middle time amplitude
is relatively strong, reflecting the low resistivity. Because the lower
low-resistivity layer is shallower in Model 2, the low-resistivity
response is more evident than that of Model 1 and appears at an
earlier time. The late time response gradually increases, approaching
the response of the background strata. At X = 360 m, the early and
late time amplitudes of Model 1 and 2 are basically consistent with
the uniform half space, showing the characteristics of the
background strata. The middle time amplitude is strong,
reflecting the low resistivity. There is little difference between
Model 1 and 2. The single-point least-squares method, Occam
method, and different horizontal and vertical constraints are used
for inversion calculation. The single-point inversion results of

different models and different measuring points are shown in
Figure 7.

The initial inversion models are all uniform half space models,
and the initial resistivity of the models is 100 Ω·m while using
different methods to inverse the synthetic multilayer models in
Figure 7. We also use the golden section method to select the
damping factor with the Occam inversion. When the layer
spacing is large, all the inversion methods labeled in Figure 7
can better reflect the low-resistivity layer in the model, and the
layer interface is relatively clear. When there are two high-
resistivity layers (Figure 7A), the conventional 1D inversion
effect is poor, and the interface of the high-resistivity layer is
unclear. By reducing the layer spacing, each method can still
restore the low-resistivity layer, whereas the layered interface is
difficult to distinguish. The Occam method can only inverse the

FIGURE 8
Inversion results of Model 1 and Model 2. (A): least-squares inversion result of model 1. (B): least-squares inversion result of model 2. (C): OCCAM
inversion result of model 1. (D): Occam inversion result of model 2. (E): WLCI inversion result of model 1 while vertical constrained factor is 0 and
horizontal constrained factor is 0. (F): WLCI inversion result of model 2 while vertical constrained factor is 0 and horizontal constrained factor is 0. (G):
WLCI inversion result of model 1 while vertical constrained factor is 1 and horizontal constrained factor is 0. (H): WLCI inversion result of model
2 while vertical constrained factor is 1 and horizontal constrained factor is 0. (I): WLCI inversion result of model 1 while vertical constrained factor is 1 and
horizontal constrained factor is 1. (J): WLCI inversion result of model 2 while vertical constrained factor is 1 and horizontal constrained factor is 1.
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upper high-resistivity layer when there are two high-resistivity
layers (Figure 7G). With the WLCI inversion strategy, the
inversion effect of the five-layer model is good, and the low-
resistivity layer interface is clear. However, after the horizontal
and vertical constrained factors are applied, the inversion effect
of the two high-resistivity layers is poor, and it is difficult to
distinguish the lower high-resistivity layer.

A comparison of the results of different inversion methods
(Figures 8A–J) shows that when the layer spacing is large, all
methods better restore the low-resistivity segments in each
high-resistivity layer; however, the lower high-resistivity
layer inverted by the least-squares and Occam methods is
transversely discontinuous. The resistivity inverted by the
Occam method is smooth, but it cannot restore the lower
high-resistivity layer. When the layer spacing is reduced, the
continuity of the lower high-resistivity layer is poor (Occam
cannot inverse the lower high-resistivity layer), and two layers
of low resistivity cannot be distinguished vertically. Using the
WLCI strategy, when the applied horizontal and vertical
constrained factors are zero, the multilayer model can be
better restored. The resistivity is more continuous in the
horizontal direction, and the layer interface is clear.
Increasing the constraint factor makes the resistivity more
continuous in the horizontal and vertical directions.
Reducing the layer spacing while increasing the constraint
factors makes the inversion resistivity more continuous, but
the vertical resolution decreases and cannot clearly restore the
lower high-resistivity layer.

According to the synthetic model inversion results in this
work, the WLCI strategy with different horizontal and vertical
constrained factors is verified as effective for inversion,
producing results that are laterally continuous with high
vertical resolution. For sedimentary strata inversion, we must
select smaller constrained factors.

4 Field data inversion

To further verify the effectiveness of the inversion strategy and
the selection of weighting factors for field data inversion processing,
we selected measured data collected in a region of Inner Mongolia.
The data of 101 measuring points from 720 to 2,720 m of Line
35 were used for inversion calculation (Figure 9A); the distance
between measuring points is 20 m. The tunnels of the #2 coal seam
on the east side of the survey line have been closed and filled with
mine water and soil. This is a known low-resistivity area (the range
delineated by the red dotted line in Figure 9A).

The electrical distributions of the strata in this area are clearly
shown in Figure 9B. With the exception of the shallow part above
30 m, the electrical distribution of the remaining strata from shallow
to deep alternates from high-to low-resistivity in two cycles, as the
L2 to L5 formations show in Figure 9B. According to the relevant
geological information, the shallow part of the strata (L1) is
approximately 30 m, including the Quaternary, Neogene and
Upper Cretaceous Zhidan Group. The rocks of L1 include
grayish-yellow and brownish-yellow alluvial and proluvial sand
and gravel with low resistivity, dark red mudstone, and sandy
mudstone mixed with fine sandstone, such that the L1 formation
has low resistivity. According to logging and geological data, the
resistivity characteristics of formations L2 to L5 are as follows. L2:
Composed of the bottom part of the Cretaceous Zhidan Group, the
formations are grayish-green and light-red conglomerates
characterized by high resistivity; L3: Zhiluo Formation of the
Upper Jurassic strata is grayish-white and grayish-green,
medium-to coarse-grained sandstone and pebbly coarse-grained
sandstone mixed with siltstone and sandy mudstone presenting
low resistivity; L4: The top of the Jurassic Yan’an Formation with
coal seams (the #2 coal seam is located in its upper part) and nearby
rock that are characterized with high resistivity; L5: The bottom of
the Jurassic Yan’an Formation, with coarse sandstone and sandy

FIGURE 9
Priori information. (A): Extraction engineering diagram. (B): Borehole Dual Lateral Logging (DLL) data of resistivity.
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mudstone and good conductivity. In summary, the strata in this area
are characterized by five layers.

We use the least-squares, Occam, and WLCI methods to perform
inversion calculations on the measured data. The calculation results are
shown in Figure 10. The solid red lines in the figure represent the #2 coal
seam. The initial model for the inversion calculation is 31 layers. The
resistivity of the initial model for least-squares and Occam inversion is
30Ω·m, and the resistivity of the initial model for WLCI inversion is
100Ω·m. Figure 10A shows the single-point least squares inversion
results, Figure 10B shows the Occam one-dimensional inversion
results, and Figures 10C–E show the inversion results using different
horizontal and vertical constrained factors. Figure 10 shows that the
single-point least squares inversion, Occam 1D inversion, and WLCI
inversion all reflect the resistivity structure of the five underground layers
(L1 to L5) with good stratification that reflects the characteristics of the

sedimentary strata, and the inversion of the electrical distribution
characteristics is consistent with the borehole resistivity logging results.
The inversion results in Figures 10A,B are basically consistent. The
resistivity distribution of the Occam 1D inversion is more continuous
than the least-squares inversion result, but the lower high-resistivity layer
(L3) of the Occam inversion is discontinuous, and the layer interface is
not clear. Figures 10C–E adopt the WLCI method, and the inversion
results are basically consistent. The lateral continuity of the inversion
results has been significantly improved. The lower high-resistivity layer is
continuous, and the interface is clear. After increasing the constrained
factor, the inversion resistivity is more continuous and smoother, but the
difference between theWLCI inversion results for each layer is small. The
red dotted line (2,600–2,720m) on the east side of Figure 9B shows the
characteristics of low resistivity, which is consistent with the known low-
resistivity area.

FIGURE 10
Field data inversion results. (A): least-squares inversion result. (B): Occam inversion result. (C): WLCI inversion result while vertical constrained factor
is 0 and horizontal constrained factor is 0. (D): WLCI inversion result while vertical constrained factor is 1 and horizontal constrained factor is 0. (E): WLCI
inversion result while vertical constrained factor is 1 and horizontal constrained factor is 1.
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Therefore, for sedimentary strata, we conclude that the laterally
constrained inversion strategy with different constrained factors in
the horizontal and vertical directions can improve the continuity of
the inversion profile and improve the vertical resolution
simultaneously, making it possible to identify the layer interface.
In the actual inversion, smaller constrained factors must be selected.

5 Conclusion

We successfully implemented the WLCI inversion, optimized
the constrained factors, and tested it with synthetic and field data
sets. Numerical experiments show that compared with the
conventional 1D inversion, this new method can improve the
vertical resolution by ensuring the continuity of the lateral
resistivity distribution, and the inversion layer interface becomes
more clear. The underground electrical structure of adjacent
measuring points in the sedimentary strata is relatively
continuous. Notably, the constrained factors have evident
impacts on the inversion results. Small constrained factors will
make the constraint less effective. On the contrary, large
constrained factors may lead to serious horizontal resistivity
averaging, which may eliminate real anomalies. For quasi-
horizontally layered sedimentary strata, the selection of
constrained factors must not be excessively large. In actual
inversion, appropriate constrained factors can be determined by
referring to borehole or other relevant geological data. These
numerical results prove that as a quasi-2D inversion method,
WLCI is effective in imaging a thin and continuous coal seam
and provides a more reasonable initial model for 3D inversion.
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