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Abstract
The pseudo-seismic waves obtained by the transient electromagnetic method (TEM) can be
used to explain geological conformations of underground objects. However, the directly
transformed pseudo-wave always has a dispersive and broader waveform so that it cannot
clearly indicate the geological–electrical boundary of the explored underground objects. This
study shows that the reason for the waveform dispersion is because the variance of the kernel
function with the Gauss distribution is the real time; the wave distribution range will increase
with increasing time. Therefore, this study presents a technique for enhancing the resolving
power of pseudo-seismic data processed by a de-convolution method, and detailed theory and
algorithms are reported. The pseudo-seismic signals of two geological–electrical models are
taken as the examples to verify the present algorithm. Results show that the pseudo-seismic
waves after de-convolution processes have sharper waveforms and narrower distribution zones,
and this can effectively control the waveform broadening phenomenon and is able to enhance
the resolving power using the TEM pseudo-seismic waves to survey the boundary of
underground objects.
Keywords:
transient electromagnetic field, pseudo-seismic wave, waveform dispersion,
de-convolution, geological–electrical interfaces

1. Introduction
A transient electromagnetic method (TEM) has been widely
used in complex geological exploration, and also the inverse
algorithms of the TEM have been developed (Auken et al
2003, Ranieri et al 2005). With the increasing demand of
fine exploration in many engineering industries, the existing
inversion algorithms of the TEM cannot meet the practical
4
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requirements in a large number of geological surveys, so
the method of pseudo-seismic imaging has been put forward
and it has become a hot topic in the TEM application. The
main process of the pseudo-seismic imaging technique is to
transform the TEM data into plane wave data; then based on
the idea of pseudo-seismic data analogous to magnetotelluric
(MT) data, a pseudo-seismic image is obtained using a series of
reflection coefficients, but the resolving power of the technique
directly using TEM data is not sufficient for meeting the needs
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of identifying underground objects in a geological survey. In
order to solve this problem, according to the comparability
between the wave equation in non-dissipative media and the
diffusion equation in highly conductive media, Lee et al (1989)
first presented the transform formula of both, i.e. the wave
field transformation form of the electromagnetic wave fields
between the above two media. Subsequently, this analogous
method of explaining seism using the TEM was applied to the
geological survey (Gershenson 1997, Lee et al 2002).
In the seismology field, there have been many research
experiments on the resolution of seismic waves. Denham
and Sheriff (1980) gave a comprehensive review of the
constraint factors of the resolution for the central and offset
seismic section planes. Safar (1985) discussed the factors
of influencing transverse resolution through the offset of the
integral method based on point scatters. Wu and Toksoz
(1987) used the seismic tomography imagery and multi-source
information geology display to study the relationships between
the resolution of space imaging and the coverage region of
spatial frequency. In most cases, the seismic wavelet can be
compressed into narrow pulses through de-convolution so that
the resolution of seismic waves can be improved. Although
the electromagnetic response field can be transformed into
pseudo-seismic waves (Xue et al 2007), the research on the
resolution of the electromagnetic survey was scarcely reported
because of the complicated nature of the electromagnetic
response field. The propagating speed of such pseudo-seismic
waves depends not only on the conductivity of the detected
media, but also on the conductivity of adjacent media, so
this is very different from the real seismic wave field. A
harmful problem caused by this essential difference is the
wave dispersion effect, which will decrease the resolution of
the obtained imaginary wave field data. This will be a great
drawback in the interpretation of the pseudo-TEM method.
Obviously, the wave dispersion effect will greatly
influence the space imaging quality of the TEM and limit
the TEM application in geological surveys. Therefore, it is
necessary to explore the origin of the wave dispersion effect
and control this wave dispersion.
This study first discusses the dispersion origin of the
imaginary waveform, and confirms that the wave dispersion
is not produced by the energy loss while propagating through
the media, but is caused by the increase of the distribution
range in the kernel function of the Gauss distribution with the
imaginary time range in the wave transformation. Then, the
control method for the wave dispersion effect is constructed
through computing the de-convolution of the sampled data of
pseudo-TEM. Finally, based on the calculation validation of a
theoretical model, the results show that the present method can
control the wave dispersion. Thus, the improved method can
enhance the ability of the pseudo-seismic imaging method to
distinguish underground electrical boundaries so that the 3D
interpretation of TEM can be realized.

2. Waveform dispersion effect and its origin
Based on the transform relationship between the pseudoseismic wave field and the electric-field intensity, which
196

satisfies the diffusion equation in the time domain, the
relationship between the pseudo-seismic wave field and the
time domain transient response of the large-loop source
according to the Maxwell equation can be expressed as
 ∞
1
τ2
τ e− 4t U (τ ) dτ
(1)
Hm (t) = √
3
2 πt 0
where the variable τ is the square root of the time variable t,
U(τ ) is the pseudo-seismic wave field function with the wave
√
speed 1/ μσ , and Hm (t) is the diffusion field of transient
response in a time domain.
Traditionally, equation (1) is called the positive problem.
In contrast, it is called the inverse problem if one wants to
calculate the pseudo-seismic wave field U(τ ) based on the
known time domain response Hm (t). We successfully solved
this inverse transform through the combined bi-optimization
and regularization algorithm (Xue et al 2006).
In the course in which the transient electromagnetic field is
transformed into the pseudo-seismic wave field, the waveform
of the obtained pseudo-seismic wave field will broaden with
increasing time, which will execrably influence the imaging
resolution. In fact, this phenomenon can be explained through
the characteristics of the kernel function a(t, τ ) used in the
wave field transform. This kernel function a(t, τ ) follows as
1
τ2
a(t, τ ) = √
τ e− 4t .
3
2 πt

(2)

Obviously, the variance of the kernel function with the
Gauss distribution is the real time, and the ending time of its
time domain increases with increasing time, so the wave field
form becomes more dispersive.
Although the waveform dispersion is caused by the
mathematical transform, this is similar to the action of the
earth filter (low-pass) in a seismic survey. From the filtering
wave point of view, if one wants to enhance the resolving
power of a seismic survey, it can be actualized through the
de-convolution algorithm, which can eliminate the action of
the earth filter by searching for an anti-filtering factor. It has
been theoretically and practically proved that the energy of the
dispersion waves can be concentrated so that finer resolution
is attainable (Snieder et al 2006).
In order to explain the increase in the extent of wave
distribution in the kernel function with increasing time, the
distribution configuration variations of the kernel function
value with imaginary time τ at different time points are shown
in figure 1. It can be seen from figure 1 that the distribution
range of the kernel function a(t, τ ) obviously becomes broader
with imaginary time τ , and this will result in a wave dispersion
of the pseudo-seismic wave field with time extending after the
inverse transform. Besides, the electromagnetic wave speed is
√
c0 = 1/ μ0 ε0 in free space, while the imaginary wave speed
√
is v = 1/ μ0 σ in non-dissipative media. Quantitatively,
v is smaller than c0 , and this indicates that, if propagating
distance in the imaginary non-dissipative media, the pseudoseismic wave needs more time; therefore, this will result in
more remarkable waveform dispersion.
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Figure 1. Distribution natures of the kernel function.

In the seismic geology survey, the sharp pulse series indicating
the stratigraphic sequence are often blurred because of the
filtering action of the earth and noise disturbance; thus, the
resolving power of stratigraphic structures is badly weakened.
At present, the technique for enhancing the resolving power of
processing seismic data by the de-convolution method is being
widely used (Parolai et al 2009). Similarly, this can also be
applied to process the pseudo-seismic wave in the TEM.
Assuming that y(t) is a transformed pseudo-seismic wave,
y(t) = {y0 , y1 , y2 , . . . , yn }, we can use a filter h(t) =
{h0 , h1 , h2 , . . . , hm , } to filter y(t) to obtain
ŷ(t) = y(t) ∗ h(t) =

m


h(τ )y(t − τ )

Amplitude

3. Control and compression of waveform dispersion
based on de-convolution
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Figure 2. Geological model and comparison of its pseudo-seismic
waves before and after de-convolution processing. (a) Geological
structural model with three layers. (b) Waveform before and after
de-convolution processing.

Let
m+n


(3)

y(t − τ )y(t − k) = ryy (τ − k)

(7)

t=0

τ =0

where ŷ(t) is the pseudo-seismic wave after filtering.
If the expected filter output is ỹ(t)
=
{ỹ0 , ỹ1 , ỹ2 , . . . , ỹm+n }, then the error square sum Q of
the practical output ŷ(t) and the expected filter output ỹ(t)
can be expressed as
2
 m
m+n
m+n 


Q=
[ŷ(t) − ỹ(t)]2 =
h(τ )y(t − τ )−ỹ(t) .
t=0

t=0

τ =0

(4)

m+n


ỹ(t)y(t − k) = rỹy (k).

(8)

t=0

Obviously, ryy (τ − k) is the autocorrelation function of
the pseudo-seismic wave y(t) at the time delay τ − k, and the
rỹy (k) is the cross correlation function of y(t) and the expected
filter output ỹ(t) at the time delay k. Thus, equation (6) can
be written as
m

ryy (τ − k)h(τ ) = rỹy (k),
k = 0, 1, 2, . . . , m. (9)
τ =0

If we hope that Q should be minimum through selecting
an appropriate filter h(t), one can obtain

 m
m+n 

∂Q
h(τ )y(t − τ ) − ỹ(t) y(t − k) = 0.
=2
∂h(k)
t=0
τ =0
(5)
Equation (5) is also written as
m

τ =0

h(τ )

m+n


y(t − τ )y(t − k) =

t=0

k = 1, 2, . . . , m.

m+n


ỹ(t)y(t − k),

t=0

(6)

Equation (9) can also be expressed as the following matrix
equation:
⎫
⎡
⎤⎧
h(0) ⎪
ryy (0)
ryy (1)
···
ryy (m)
⎪
⎪
⎪
⎪
⎨ h(1) ⎪
⎢ ryy (1)
⎬
ryy (0)
· · · ryy (m − 1) ⎥
⎢ •
⎥
•
•
•
⎢ ·
⎥
·
·
· ⎪
⎣ •
⎦⎪
⎪
⎪
•
•
⎪
⎩ • ⎪
⎭
ryy (m) ryy (m − 1) · · ·
ryy (0)
h(m)
⎧
⎫
rỹy (0) ⎪
⎪
⎪
⎪
⎪
⎪
⎨
rỹy (1) ⎬
•
=
.
(10)
⎪
⎪ •· ⎪
⎪
⎪
⎪
⎩
⎭
rỹy (m)
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the length of the filtering factor must be converted into the
number of samples, so the length should be selected according
to the total number of data after interpolation. Only when the
length is appropriate, does the de-convolution effect become
stable. In this study, the length of the de-convolution filter is
selected to be 400–600 ms.

4. Experiments and simulation validations on
geological models

Figure 3. Image of the geological model based on the compressed
pseudo-seismic wave.

30m

Earth surface deep direction

50m

70m

To solve equation (10), one should obtain the required
filter factor h(t). Then, the filtered pseudo-seismic wave ŷ(t)
can be calculated using equation (3).
Theoretically, the length of the filtering factor can be
discretionarily selected. Usually, its length is selected to be
80, 120, 160, 200 or 240 ms in seismic exploration. However,

A geological model with three layers being used for the TEM
survey is shown in figure 2(a), and the thicknesses of its first
and second layers are h1 = h2 = 100 m. The resistivities
of the first, second and third layers are ρ1 = 100  m,
ρ2 = 5  m and ρ3 = 100  m, respectively. The upper
wave in figure 2(b) is the pseudo-seismic wave obtained using
the transient electromagnetic method for the upper side of the
object layer 2. Through the peak, the wave signal can indicate
the boundary of an underground object; this kind of indication
in the upper wave in figure 2(b) is inexplicable because the
waveform of the pseudo-seismic wave is dispersive and has
lower resolution. This shows that the identification of the
underground object directly using the pseudo-seismic wave
obtained by the TEM is often inaccurate if the wave signal
is not correctly processed. Using the de-convolution method

30m

(c)

Amplitude

(a)

Amplitude

Time (s)

(b)
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Figure 4. Three-dimensional geological model and its pseudo-seismic wave before and after de-convolution processing. (a) The geological
model of three dimensions. (b) Waveform before and after de-convolution processing. (c) Geological imaging section of the compressed
pseudo-seismic wave. (d) Edge effect of the transformed wave.
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Figure 5. The geological–electrical model of a mined-out area and the edge effect of the transformed wave field. (a) Geological–electrical
model of a mined-out area. (b) Result of the transformed wave field without wave compression. (c) Result of the transformed wave field
with wave compression.

given in section 3 to control and compress the waveform in the
upper wave in figure 2(b), one can obtain the finer wave with
the obvious mutation and the narrow pulse waves shown as the
lower wave in figure 2(b). It can be seen that the waveform
after the de-convolution process is compressed and sharpened
so that the boundaries of the geological–electrical layers are
clearer. This indicates that the de-convolution process on the

pseudo-seismic wave can greatly enhance the resolving power
of the reflecting signals.
In order to check the real effect of exploring the geological
structure shown in figure 2(a) using the de-convolution
technique, the geological images of the model constructed
using the pseudo-seismic wave after the de-convolution
process are shown in figure 3. It is seen that the wave
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energy produced by the upper geological–electrical interface
concentrates at approximately 100 m, and the wave energy
produced by the deeper interface centralizes between 190 and
200 m. This is accordant with the real positions 100 and
200 m of the practical geological interfaces of the model.
On the other hand, a more complex geological–electrical
model with 3D (shown in figure 4(a)) is presented for
validating the control effect of the pseudo-seismic wave using
the de-convolution algorithm. The resistivity of the half
space model is ρ1 = 10  m, and its dimensions are
100 m × 100 m × 170 m. The explored object is buried
under 70 m depth, its dimensions are 30 m × 30 m × 50 m,
and its resistivity is ρ2 = 300  m.
The upper wave in figure 4(b) is the pseudo-seismic
wave obtained using the transient electromagnetic method
for the explored object, and the lower wave in figure 4(b)
is the wave signal after the de-convolution processing. One
can find that the pseudo waveform directly obtained by the
TEM is relatively wide near the reflected boundary and hence
the resolution is lower, and the controlled and compressed
waveform after de-convolution has a great and narrow wave
peak. Obviously, the waveform near the geological–electrical
boundary can be sharpened or energy centralized, and the
more controlled data also indicate that the wave energy of the
up-boundary focuses at the depth of 70 m, and that of the
down-boundary mainly focuses at the depth of 120 m.
In fact, the wave dispersion effect is more severe for the
lower interface of the explored object because the reflection
from high resistance to low resistance is a weak reflecting
interface. However, the waveform after the de-convolution
processing will be able to indicate this geological–electrical
boundary as shown in figure 4(c). In order to display the
resolution of the transformed wave, its sections every 15 m
are shown in figure 4(d). For the middle sections, the edges
of the transformed wave are clear and in accordance with
the positions of the detected object. However, section edges
near the two side boundaries of the surveyed object gradually
become unclear. This indicates that there is indeed a transverse
edge effect.
In order to indicate that the method proposed in this
study can improve the edge effect, a more complicated
geological–electrical model, which includes a mined-out water
body shown in figure 5(a), is used to demonstrate resolution
improvement. The model is composed of three layers: the
first layer with the thickness of 100 m is terrane with the
resistivity of 100  m, the second layer with the thickness
10 m is composed of coal with the resistivity of 200  m and
water with the resistivity of 30  m, and the third layer is also
terrane with the resistivity of 100  m.
The results of the transformed wave fields without and
with wave compression are given in figures 5(b) and (c),
respectively. In figure 5(b), one can find that, although the
leaps of upper and lower two waves can be identified, the
leaps are not clear enough. Simultaneously, the boundary
between mined-out water and coal in the interlayer is very
fuzzy. However, when the transformed wave field is processed
by the proposed method, the image obtained in figure 5(c) can
clearly indicate the leaps of upper and lower two waves because
200

the width of sub-waves is narrow and the layered interface is
also very clear. In addition, the edges of the water structure
are clearer, and this shows that the resolutions in transverse
and lengthway directions have been greatly improved after the
data were processed by the proposed method. Especially, one
can identify the coal and mined-out layers from the image
shown in figure 5(c), and this indicates that the boundaries of
coal and mined-out area can also be differentiated through the
proposed method.

5. Conclusions
The transform relationship between the diffusion equation
of the electromagnetic field of a conductive media and the
non-damped wave equation of a non-dissipative medium can
be used to implement the pseudo-seismic data analysis of
the TEM. Its principle is to extract the characteristics of
transient electromagnetic response related to wave propagation
for the explored underground objects. However, the directly
transformed pseudo-wave always has a dispersive and broad
waveform so that it cannot clearly indicate the geological–
electrical boundary of the explored underground objects. This
study shows that the reason for the waveform broadening is
not energy loss in the wave propagation, but is the kernel
function of wave field transformation. Because the variance
of the kernel function with the Gauss distribution is in real
time, its distribution range will increase with increasing time.
The longer the time, the broader the waveform will be.
Therefore, this study presents a technique for enhancing the
resolving power of processing pseudo-seismic data by the deconvolution method, and detailed theory and algorithm are
reported.
Three geological–electrical models to be explored are
given, and their pseudo-seismic signals are experimentally
obtained based on the TEM. Results show that the pseudoseismic waves after de-convolution processes have sharper
waveform and narrower distribution zone. This testifies
that the de-convolution method can effectively control the
waveform broadening phenomenon and is able to enhance
the resolving power using the TEM pseudo-seismic waves to
survey the boundary of an underground object.
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