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Abstract

Time domain electromagnetic (TDEM) response is usually associated with eddy currents in conductive bodies, since this
is the dominant effect. However, other effects, such as displacement currents from dielectric processes and magnetic fields
associated with rock magnetization, can contribute to TDEM response. In this paper we analyze the effect of magnetization
on TDEM data. We use a 3-D code based on finite-difference method, developed by Wang and Hohmann [Geophysics 58
(1993) 797]. to study transient electromagnetic field propagation through a medium containing bodies with both anomalous
conductivity and anomalous magnetic permeability. The remarkable result is that the combination of anomalous conductivity
and permeability within the same body could increase significantly the anomalous TDEM response in comparison with
purely conductive or purely magnetic anomalies. This effect has to be taken into account in interpretation of TDEM data
over electrical inhomogeneous structures with potentially anomalous magnetic permeability. © 2001 Elsevier Science B.V.
All rights reserved.

Keywords: Conductivity; Permeability; Modeling; Time-domain electromagnetic method

conductive bodies, since this is the dominant effect.
However, other effects, such as displacement cur-
rents from dielectric processes and magnetic fields
associated with rock magnetization, can contribute to

1. Introduction

Time domain electromagnetic (TDEM) method is
one of the most widely used techniques in electro-

magnetic geophysical exploration. It is based on
studying the response of the transient electromag-
netic field in a geological cross-section. This re-
sponse is usually associated with eddy currents in
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TDEM response. Note that dielectric effect may be
of importance only at high frequencies, or at a very
early time. This effect is usually neglected for the
frequency and time ranges considered in traditional
electromagnetic exploration methods.

The effect of magnetization can be significant
over a wide range of frequencies and time. The
effect in frequency domain has been studied in sev-
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Fig. 1. Geoelectrical models for numerical modeling.

eral publications (Ward, 1959; Olhoeft and Strang-
way, 1974; Ward and Hohmann, 1988). Fraser
(1981), discussed a method of using magnetic polar-
ization response for mapping magnetite with a multi-
coil, multifrequency airborne electromagnetic sys-
tem. Most of these results have been obtained based
on a simple model of a conductive permeable sphere
or conductive permeable cylinder in uniform space.
In the recent paper by Zhang and Oldenburg (1999),
more complex geoelectrical and geomagnetic models
have been studied as well. The effect of magnetic
permeability on the well logging measurements
through metal casing has also been studied by sev-
eral authors (see, for example, Strack et al., 1996;
Kaufman et al., 1996).

The effect of magnetization on TDEM data as
applied to mineral exploration problems, however,
has not been discussed in the literature. At the same
time this phenomenon could affect practical TDEM
data.

In this paper, we use a powerful tool of numerical
modeling based on finite-difference method (Wang
and Hohmann, 1993), to study transient electromag-
netic field propagation through a medium containing

bodies with both anomalous conductivity and anoma-
lous magnetic permeability.
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Fig. 2. Top panel: observed field 3H,(¢) /9t versus time above the
center of the anomaly for Model 1 with purely conductive or
magnetic anomaly. The solid line corresponds to the homogeneous
half-space with a resistivity of 100 Q m. The line formed by
crosses shows the response for a purely conductive plate with a
resistivity of 1 {0 m. The line formed by the stars is the magnetic
response for a purely conductive plate with a resistivity of 10 {2
m. The dotted line represents the response for the case of a purely
magnetic plate with w.=10. Bottom panel: observed field
dH,(r)/dr versus time above the center of the anomaly for Model
1 with a combined conductive and magnetic anomaly with differ-
ent magnetic permeabilities. The solid line corresponds to a
homogeneous half-space with a resistivity of 100 @ m. The line
formed by crosses shows the response for a purely conductive
plate with a resistivity of 1  m. The dashed line represents the
response from the combined anomaly with a resistivity of 1 Q m
and with a permeability of u, = 5. The dotted line corresponds to
the response from the combined anomaly with a resistivity of 1 {}
m and with a permeability of u, = 10.
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The remarkable result is that the combination of
anomalous conductivity and permeability within the
same body could increase significantly the anoma-
lous TDEM response, in comparison with purely
conductive or purely magnetic anomalies. This effect
has to be taken into account in interpretation of the
TDEM data over electrical inhomogeneous structures
with potentially anomalous magnetic permeability. In
a complimentary paper (Zhdanov and Pavlov, 2001),
we develop a method of joint inversion of TDEM
data with respect to conductive and magnetic anoma-
lies.

219
2. Physical background

Incident electromagnetic fields generate several
processes in geological target: eddy currents are
induced in conductive bodies, and magnetic polariza-
tion is induced in magnetic bodies. According to
Lenz’s law, eddy currents tend to cancel the changes
in the incident magnetic field B'. The effect of the
induced eddy current is strong enough in the early
stage of the time domain electromagnetic process
and becomes negligible in the later stages. The sec-
ondary magnetic field associated with magnetic
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Fig. 3. Model 1. Snap-shots of the horizontal components of electrical field E, (7, x, z) in the case of a horizontal plate for the time
moment of 100 ws. The top panel corresponds to the case of a purely magnetic énomaly (p>=p, =100 Q m) with the relative magnetic
permeability of the plate p, = 5. The bottom panel presents the results for the case of a purely conductive anomaly (p, =1 Q m, u, = 1),
and the middle panel demonstrates the combined effect of magnetic and conductive anomalies (p, =1  m, u, = 5).
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Model 1. Ey(t). t=1000 microsec
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Fig. 4. Model 1. Plots of E, (¢, x, z) similar to Fig. 3 for the time moment of 1000 p.s.

polarization phenomena can be significant over a
much longer time period, because it is connected
with the magnetic field itself, and not with its time
derivative, as it follows from the physical properties
of the magnetized body discussed below.

The magnetization vector M for linear and
isotropic material is proportional to applied magnetic
field H:

M=x,H, (1)

where x,, is the magnetic susceptibility. Note that
the magnetic susceptibility of purely diamagnetic
materials is negative, and in paramagnetic materials
X, 18 positive. In diamagnetic materials the induced

magnetic field tends to reduce the applied field,
while in paramagnetic materials the induced field
tends to increase the applied field. The susceptibility
of ferromagnetic substances can be as large as 10°,
and therefore the applied field can increase dramati-
cally.

The magnetic field B is equal to the superposition
of vectors M and H:

B=pu,(H+M)=p(1+x,)H=pypH=pH,
(2)
where

=1 A X

(3)
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is relative permeability and

= o b (4)

is the magnetic permeability of the material.

Values of relative permeability, for example, for a
massive magnetite body are approximately w, =5 in
extreme cases, while that of pyrrhotite may be w, =
1.25 (Ward, 1959). Therefore, the incident magnetic
field is typically increased significantly in magnetite
rock formations.

Note that for the relatively small field generated
in the TDEM method, we can assume that relative
permeability is independent of the field strength.

Ward and Hohmann (Ward, 1959; Ward and
Hohmann, 1988) have studied the frequency re-

sponse of a conductive magnetic sphere in a uniform
and plane wave magnetic field. They demonstrated
that the response depends both on the conductivity
and on the relative magnetic permeability of the
sphere. Electromagnetic induction effects due to eddy
currents are strong within a certain frequency range
and usually decrease at low frequency. The magneti-
zation effect is significant over a lower range of
frequencies. These results were used in some subse-
quent publications for studying magnetite ore de-
posits.

In this paper, we analyze the combined effect of
anomalous conductivity and anomalous permeability
on an electromagnetic field in time domain. One can
conduct a simple qualitative analysis of the basic

Model 1. Ey(t). t=10000 microsec
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Fig. 5. Model 1. Plots of E, (z, x, z) similar to Fig. 3 for the time moment of 10000 p.s.
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equations of an electromagnetic field to examine this
phenomenon. The underlying induction equation for
an electric field, for example, is:

oE
b= ,
H95¢ o

3j¢

1
uV X ;VXE —p—— (5)

where j¢ is the density of extraneous electric cur-
rents in the source. Taking into account formula 4),
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the last equation can be cast in the form

oFE
VX(VXE)—=VInu X(VXE) +,u,0,u,r0'a—t
0j¢

Eq. (6) contains two terms that can be affected by
the anomalous permeability. The first term contains
the gradient of the relative permeability, Vinu, , and
the second term includes the product of the relative
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Fig. 6. Model 1. Snap-shots of the vertical components of magnetic field H, (¢, x, z)/dt in the case of a horizontal plate for the time
moment of 100 ws. The top panel corresponds to the case of a purely magnetic anomaly ( p, = p; = 100 Q m) with the relative magnetic
permeability of the plate w, = 5. The bottom panel presents the results for the case of a purely conductive anomaly (p, =1 Q m, u = 1),
and the middle panel demonstrates the combined effect of magnetic and conductive anomalies (p, =1 Q m, u, = 5).
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permeability and conductivity, w o. The first term
reflects the effect of magnetic charges caused by
magnetic inhomogeneities. In the case of the piece-
wise constant distribution of u., these charges are
concentrated on the boundaries of the anomalous
body. The second term reflects the combined effects
of both relative permeability and conductivity. The
increased permeability or increased conductivity
within same volume results in the same effect of
increasing the volume density of eddy currents within
an inhomogeneous domain. Therefore, we can distin-
guish between the anomalous permeability and
anomalous conductivity effects only because of the
boundary effect of the magnetic anomaly.

In order to conduct the quantitative comparative
analysis of the anomalous conductivity and anoma-
lous permeability effects on TDEM response, we
apply numerical modeling technique.

3. Numerical modeling of time domain responses
for 3-D bodies with anomalous conductivity and
permeability

We consider the two typical models presented in
Fig. 1. Model 1 (Fig. 1, top panel) consists of a
horizontal rectangular plate with lateral dimensions

Model 1. dHz(t)/dt. t=1000 microsec
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Fig. 7. Model 1. Plots of the vertical components of magnetic field H, (z, x, z)/dt similar to Fig. 6 for the time moment of 1000 ps.
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200 X 200 m, and a thickness of 40 m, located at a
depth of 100 m within a homogeneous, conductive
half-space with a resistivity of p, =100 ) m, and
magnetic permeability of free space, u,. Model 2
(Fig. 1, bottom panel) consists of a vertical rectangu-
lar plate with lateral dimensions 40 X 200 m, and the
vertical size 200 m, located at a depth of 100 m
within the homogeneous, conductive half-space with
resistivity of p, =100 ) m, and magnetic perme-
ability of free space, wm,. We conducted a set of
numerical experiments in which the relative perme-
ability u, of the plate was equal subsequently to 1, 5
and 10, and the resistivity of the plate was set to be
equal to the background resistivity p, = 100 €} m,
or the plate was a good conductor: p, =1 {1 m, or

p>, =10 Q m. The transient electromagnetic field in
the model was generated by a step pulse of electric
current in a rectangular loop of size 50 X 50 m,
located on the ground above the center of the plate.
Numerical modeling was conducted using time do-
main finite-difference code developed by Wang and
Hohmann (1993).
The following three cases are studied:

1. the plate is characterized by anomalous mag-
netic permeability only (purely magnetic
anomaly);

2. the plate is characterized by anomalous conduc-
tivity only (purely conductive anomaly); and

Model 1. dHz(t)/dt. t=10000 microsec
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Fig. 8. Model 1. Plots of the vertical components of magnetic field H, (z. x, z)/dr similar to Fig. 6 for the time moment of 10000 s.
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3. the plate has both anomalous magnetic perme-
ability and anomalous conductivity (combined
magnetic and conductive anomaly).

Fig. 2 (top panel) presents the plots of (0H.)/(d1)
component measured in the center of the loop versus
time for Model 1. The solid line corresponds to
magnetic field decay for the homogeneous half-space
with a resistivity of 100  m (background model).
The line formed by crosses is the magnetic response
for a purely conductive plate with a resistivity of 1
Q m (conductive anomaly). An increase in the re-
sponse occurs within the time interval from 2 X 10~*
to 1 X 107% s. The line formed by the stars is the
magnetic response for a conductive plate with a
resistivity of 10 0 m (conductive anomaly only).
One can see that the anomalous effect is very small
in this case. The dotted line is the magnetic response
for the case of a purely magnetic plate with p. = 10
(magnetic anomaly). This line practically coincides
with the solid curve, showing that the anomalous
effect is very small in this case as well. Note that the
product w, o is the same for the case of the purely
conductive anomaly with a resistivity of 10  m
(the curve formed by stars), and for the purely
magnetic anomaly with a relative magnetic perme-
ability w. = 10, and a background resistivity of 100
Q) m (the dotted line in Fig. 2, top panel). The only
difference between these two cases is in the presence
of the excess magnetic charges at the boundary of
the plate. We can conclude that the contribution of
these charges is negligibly small, because the corre-
sponding curves practically coincide.

Fig. 2 (bottom panel) shows the results for a
combined conductive and magnetic anomaly with
different magnetic permeabilities for a plate with a
resistivity of 1 € m. The solid line corresponds
again to magnetic field decay for a homogeneous
half-space. The line formed by crosses describes the
effect due to eddy currents in a purely conductive
anomaly. The dashed line presents the combined
effect of anomalous magnetic permeability and
anomalous conductivity for . = 5. We can observe
an anomaly in the magnetic field decay behavior for
a wider time interval than in the case of a purely
conductive anomaly. Additional increase in relative
magnetic permeability up to 10, leads to further
increase of the anomalous effect on (3H,) /(1) de-

cay (shown by the dotted line in Fig. 2, bottom
panel) and to shifting this anomaly toward the later
time.

We have used numerical modeling to study the
electromagnetic field propagation pattern within the
model. Figs. 3-8 show the snap-shots of the horizon-
tal component of electric field E, (x, z, ¢) and of
the time derivative of the vertical component of
magnetic field (0H, (x, z, 1))/(3¢) in the vertical
plane XZ crossing the horizontal plate in the middle
along the axis X. The snap-shots were generated
using a finite-difference code for the time moments
100, 1000, and 10000 s.
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Fig. 9. Top panel: observed field dH,(¢)/dt versus time for

Model 2 above the center of the anomaly. Bottom panel: observed
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One can see three panels in each of Figs. 3-8.
The top panel corresponds to the case of a purely
magnetic anomaly ( p, =p, =100 Q m) with the
relative magnetic permeability of the body u, =5.
The bottom panel presents the results for the case of
a purely conductive anomaly (p, =1 Q m, p, = 1),
and the middle panel demonstrates the combined
effect of magnetic and conductive anomalies ( p, = 1
Q m, u,=5). In the early time (up to 100 ps), the
behavior of the electromagnetic field is more or less
similar for all three cases. It propagates downward
and reaches the plate with the anomalous electro-

magnetic parameters (Figs. 3 and 6). At 1000 ws, we
already see significant differences in field behavior,
especially between the models without (top panel)
and with (middle and bottom panels) conductive
anomalies. In the case of a purely magnetic anomaly,
we observe increase of the magnetic field and corre-
sponding increase of the electric field in the anoma-
lous part of the cross-section. However, this increase
is smaller than in the presence of the conductive
anomaly and is practically confined within the
boundaries of the body, as one can see in Figs. 4 and
7.
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Fig. 10. Model 2. Snap-shots of the horizontal components of electrical field E, (¢, x, z) in the case of a vertical dike for the time moment
of 100 ws. The top panel corresponds to the case of a purely magnetic ahomaly (p,=p, =100 Q@ m) with the relative magnetic
permeability of the dike u, = 5. The bottom panel presents the results for the case of a purely conductive anomaly (p, =1 Q m, u, = 1),
and the middle panel demonstrates the combined effect of magnetic and conductive anomalies (p, =1 Q m, p, = 5).
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Anomalous magnetic fields and electric fields are
much stronger in the presence of a conductive
anomaly. They form magnetic and electric dipole
structures that go beyond the boundaries of the body.
That is why the corresponding TDEM field response
on the ground is much more significant for conduc-
tive and combined magnetic and conductive anoma-
lies than for a purely magnetic anomaly. As one can
expect, the contribution of the eddy currents be-
comes more essential than the effect of purely mag-
netic polarization. If we go up to 10000 ps (Figs. 5
and 8), the situation changes. The purely magnetic
anomaly is still very small and TDEM response for
this case is insignificant. However, the behavior of

the electromagnetic field for purely conductive and
combined magnetic and conductive anomalies be-
comes different: for the purely conductive anomaly,
eddy currents decay fast and correspondingly, in-
duced electric and magnetic fields practically vanish
at the very late time of 10000 ws. The behavior of
the field in the case of the combined magnetic and
conductive anomaly is completely different! We still
observe a strong magnetic anomaly and strong elec-
tric field within the anomalous body (Figs. 5 and 8,
middle panels).

This phenomenon can be explained by the fact
that the secondary magnetic field associated with the
magnetic polarization phenomena is significant over
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Fig. 11. Model 2. Plots of the horizontal components of electrical field E, (#, x, z) similar to Fig. 10 for the time moment of 1000 p.s.
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a much longer time period than eddy currents, be-
cause it is connected with the magnetic field itself
and not with its time derivative. Eddy currents,
strong in the early stages, generate a strong anoma-
lous magnetic field, which is magnified in the mag-
netized body due to magnetization phenomena. This
effect can be understood based on the induction Eq.
(6). The term (w,p,0 (IE/3t)) in this equation,
describing the eddy currents, amplifies significantly
in the case of the combined magnetic and conductive
anomaly, because both the relative permeability and
conductivity increase in this case. With passing time,
the eddy currents themselves attenuate quickly, but
the generated induced magnetic field stays much

longer. This effect results in the shifting of the
TDEM anomalous response to the later times, and in
its general increase in the case of the combined
magnetic and conductive anomalies.

Consider now the results of numerical modeling
for Model 2 (Fig. 1, bottom panel). We conducted a
set of numerical experiments in which the relative
permeability u, of the vertical dike was subse-
quently equal to 1, 5 and 10, and the resistivity of
the dike was set to be equal to the background
resistivity p, =100  m, or the dike was a good
conductor with p, =1  m.

Note that the relative permeability value of 10 is
extremely high and can be rarely observed in actual
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rock formations. Nevertheless, we include this value
in our analysis to demonstrate that even in this
extreme case, the purely magnetic anomaly will still
produce a little effect on TDEM data.

Fig. 9 (top panel) presents the plots of the
(dH,) /(31) component measured in the center of the
loop versus time for Model 2. The solid line corre-
sponds to magnetic field decay for a homogeneous
half-space with a resistivity of 100 © m (back-
ground model). The dotted line is the magnetic
response for a case with the purely magnetic perme-

229

ability anomaly u, = 10. This line shows very little
anomalous effect in the TDEM response. The line
formed by crosses describes the effect due to the
eddy current in the purely conductive dike. In this
case, it is almost as small as the effect of the purely
magnetic anomaly.

Fig. 9 (bottom panel) shows the response for the
purely conductive anomaly and for the combined
conductive and magnetic anomalies. The resistivity
of the dike is equal the p, =1 ) m. The solid line
corresponds again to magnetic field decay for a
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Fig. 13. Model 2. Snap-shots of the vertical components of magnetic field H, (. x, z)/dt in the case of a vertical dike for the time moment
of 100 ws. The top panel corresponds to the case of a purely magnetic anomaly ( p, =p, =100  m) with the relative magnetic
permeability of the dike u, = 5. The bottom panel presents the results for the case of a purely conductive anomaly (p, =1 Q m, p = 1),
and the middle panel demonstrates the combined effect of magnetic and conductive anomalies (p, =1 Q m, p, = 5).
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homogeneous conductive half-space (background
model). The line formed by crosses shows again the
effect of the purely conductive anomaly. The dashed
line presents the combined effect of anomalous mag-
netic permeability and anomalous conductivity for
u, = 5. We can observe an anomaly in the magnetic
field decay behavior for a rather wide time interval.
If we increase the relative permeability of the plate
up to 10, the anomalous effect grows significantly
and extends till the later times (shown by the dotted
line in Fig. 9, bottom panel).

Similar to Model 1, we have studied numerically
the electromagnetic field propagation pattern within
Model 2. The snap-shots of the horizontal compo-
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nent of electric field E, (x, z, t), and of the time
derivative of the vertical component of magnetic
field (0H, (x, z, 1))/(3t) in the vertical plane XZ
crossing the vertical dike plate in the middle along
the axis X, are shown in Figs. 10—15. We have
selected the same time moments as for Model 1: 100,
1000, and 10000 ps.

The top panels in Figs. 10-15 correspond to the
case of a purely magnetic anomaly ( p, = p, = 100
Q) m) with the relative magnetic permeability of the
body wu,=5. The bottom panels present the results
for the case of a purely conductive anomaly ( p, = 1
Q m, u, = 1), and the middle panels demonstrate the
combined effect of magnetic and conductive anoma-

Model 2. dHz(t)/dt. t=1000 microsec
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Fig. 14. Model 2. Plots of the vertical components of magnetic field H, (¢, x, z)/dt similar to Fig. 13 for the time moment of 1000 s.
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Model 2. dHz(t)/dt. t=10000 microsec
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lies (p, =1 Q m, u,=5). We can see again that in
the early time (up to 100 ws) the behavior of the
electromagnetic field is similar for all three cases. It
propagates downward and reaches the top of the dike
with the anomalous electromagnetic parameters (Figs.
10 and 13). At 1000 ps, the differences between
these three models of different electromagnetic
anomalies become significant, especially for the
magnetic field components. In the case of a purely
magnetic anomaly, we observe two induced mag-
netic dipoles in the top and in the bottom of the dike
with the positive anomaly directed outward of the
dike (top panel in Fig. 14). In the case of a purely
conductive anomaly, the maximum of the secondary

Conductive anomaly

50 100 150 200 250

50 100 150 200 250 A/s'm)
Coordinate (m)

Fig. 15. Model 2. Plots of the vertical components of magnetic field H, (z. x, z)/dt similar to Fig. 13 for the time moment of 10000 ps.

magnetic field is concentrated inside the dike (bot-
tom panel in Fig. 14). This difference is related to
the fact that eddy currents tend to reduce the changes
in the incident magnetic field B, while the magnetic
permeability anomaly caused by paramagnetic mate-
rial in the dike tends to increase the incident field.
We see the combination of these two effects in the
middle panel, which corresponds to the combined
effect of the conductivity and magnetic permeability
anomalies.

The important difference between the modeling
results for the horizontal plate and for the vertical
dike is that in the last case, the effect of the eddy
currents is small and comparable with the effect of
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the purely magnetic anomaly. It can be explained by
the fact that the horizontal transmitter loop generates
the horizontal “smoke rings” of the current in the
background media, which cannot induce significant
eddy currents in the relatively thin vertical dike.
Therefore, in the case of the dike, and considering
the special geometry of the TDEM survey, the TDEM
responses in the ground observations for both the
purely magnetic and purely conductive anomalies are
relatively small. We observe the same picture for the
later time of up to 10000 ws (Figs. 12 and 15). For
purely magnetic anomalies, we still have a small
effect which slowly attenuates with time, for purely
conductive anomaly eddy currents decay fast and
correspondingly induced electric and magnetic fields
also disappear at the very late time of 10000 ws.
However, the behavior of the field in the case of
combined magnetic and conductive anomalies hap-
pens to be very different. We continue to observe
significant electric and magnetic anomalies even for
a very late time (Figs. 12 and 15, middle panels),
because the secondary magnetic field induced by the
eddy currents in the earlier time and magnified by
the magnetic polarization phenomena continues to be
present even for late time observations. This effect is
observed on the TDEM decay curves in shifting the
anomalous response to the later times.

4. Conclusion

The results of the numerical study have demon-
strated that anomalous magnetic permeability of an
ore body could result in a significant anomalous
effect on the TDEM data. This effect is magnified in
the presence of combined conductive and magnetic
anomalies. Anomalous magnetic permeability pro-
longs the anomalous TDEM response to the later
times, and increases it overall in comparison with the
purely anomalous conductivity effect.

Formal interpretation of TDEM data over simulta-
neously conductive and magnetized geological struc-
tures could produce erroneous results. Therefore, the
magnetization effects should be taken into account in
developing the methods of TDEM data interpretation
in mineral exploration.

We will present a new method for simultaneous
inversion of TDEM data for anomalous conductivity
and magnetic permeability in the accompanying pa-
per (Zhdanov and Pavlov, 2001).
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