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Abstract

In this paper, we present and discuss the results of modeling of the transient induction processes observed at different distances from the
center of a transmitter loop in studies of a two-layer earth in which the magnetic susceptibility of the top layer or the base depends on
frequency. Profiling graphs (the offset is plotted on the abscissa, and the EMF induced in the receiver coil at a fixed time is plotted on the
ordinate) show that the polarity of the EMF changes as the offset increases. For the model with a magnetic layer of any thickness, the polarity
of the EMF reverses immediately after the receiver crosses the loop wire. For the model with a magnetic base, the offset at which the EMF
polarity reversal occurs is the larger the greater the thickness of the layer. For both models, the EMF at a fixed time depends on the thickness
of the layer and the offset. Particularly strong dependence of the EMF on layer thickness or offset is observed near the loop side. Therefore,
measurements near the wire make it possible to determine the thickness of the layer in the case where it is much less than the length of the
loop side. The overall effect of magnetic relaxation and transient eddy currents leads to the fact that small changes in the layer thickness or

offset can lead to a dramatic change in the transient response.
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Introduction

Magnetic viscosity is one of the fundamental properties of
ferromagnetic materials. This effect involves a delay in
changes in the magnetic characteristics of ferromagnets with
respect to changes in the strength of the external magnetic
field. In rocks, magnetic viscosity effects are mainly associated
with the magnetization and magnetic relaxation of ultrafine
particles of ferrimagnetic minerals—the superparamagnetism
phenomenon.

The magnetic relaxation times of superparamagnetic (SPM)
particles of ferrimagnetic minerals are 10~ to 107 s or more.
This time interval includes the range of recording times of
EMF measured in transient electromagnetic method (TEM),
so that the magnetic relaxation of superparamagnetic particles
affects inductive transient responses.

It is known (Kozhevnikov and Antonov, 2008, 2009) that
the resulting signal in the receiver coil can be represented as
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the sum of the EMFs e; and ep induced by magnetic
relaxation and eddy currents, respectively. The EMF e
decreases in inverse proportion to the first power of time #:

ey (H=bt", (1)

where b is a time-independent coefficient determined by the
array geometry. The EMF e, decreases much faster. In
particular, for a homogeneous conducting half-space, e;(?) o<
72, Therefore, the relative contribution of e;(#) to the total
response is steadily increasing over time. At a certain moment,
the magnetic relaxation effect becomes predominant. This
moment depends on the spatial distribution of the electrical
conductivity and the content of SPM particles, as well as on
the geometry and dimensions of the transmitter-receiver array.

Accounting for the effect of the magnetic viscosity of
geological media on TEM responses is an essential problem
in TEM surveys. Mathematical modeling plays an important
role in the solution of this problem. Previously, magnetic
viscosity effects have been studied mainly for the coaxial loop
and one-loop configurations (Kozhevnikov and Antonov,
2008, 2009, 2011). For offset arrays, modeling has been
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performed in a limited scope for the case where the source
and receiver are located on the surface of a homogeneous
magnetically viscous half-space (Kozhevnikov and Antonov,
2008).

In this paper, using the two-layer earth model as an
example, it is shown how magnetic viscosity effects manifest
themselves depending on the model parameters and the array
offset defined as the distance r between the centers of the
transmitter loop and the receiver coil. As in our previous
works, the adjectives “magnetically viscous” and “magnetic”
are used as synonyms, as well as the adjectives “nonmagneti-
cally viscous” and “nonmagnetic,” to avoid repetition.

Calculation of TEM responses taking into account
magnetic viscosity

There are two methods for calculating the TEM responses
with magnetic viscosity taken into account (Kozhevnikov and
Antonov, 2008, 2009, 2011). The first method is based on the
relationship between viscous magnetization and associated
magnetic field penetrating the receiver coil. In this case, the
calculation is carried out in the time domain using the
time-dependent magnetic susceptibility:

k()= (B +1ny),

In(t,/7;)
where ¢ is the time after switching on or off the primary
magnetic field (time delay); Ax is the difference between the
static (f — o) and dynamic (r — 0) susceptibilities; T and T,
are the lower and upper limits of the range of magnetic
relaxation times; B is a constant.

The second method is based on the solving the boundary-
value problem of the Helmholtz equation for a source located
on the surface of a horizontally-layered conducting magneti-
cally viscous ground. The solution is obtained in the frequency
domain and then converted into the time domain. The
magnetic viscosity effect is taken into account by using the
complex frequency-dependent magnetic susceptibility (Lee,
1984):

1 1 +jort,

K@) =ax) = ) M e, |
where o is the circular frequency, j = V-1, Ax is the difference
between the magnetic susceptibilities at low (® <« 1/1,) and
high (0> 1/1) frequencies (the magnetic susceptibility dec-
rement).

For the calculations presented and discussed in this paper,
the second method was used.

Characteristics of models

Just as a homogeneous half-space plays a fundamental role
among the set of geoelectric models, two-layer models occupy
a special place among horizontally-layered models (Fig. 1). In
this paper, two two-layer models are considered.

Model 1 is represented by a magnetically viscous layer
lying on a nonmagnetic base. It describes various geological
objects. Often, the surface layer contains a large amount of
superparamagnetic particles of ferrimagnetic minerals, whose
magnetic relaxation manifests itself as a magnetic viscosity
effect. Superparamagnetic particles can initially be present in
rocks, e.g., in traps, tuffs, and basalts (Kozhevnikov et al.,
2016; Worm and Jackson, 1999; Zakharkin et al., 1988) or
can be products of exogenous processes, e.g., weathering
(Buselli, 1982; Heller and Evans, 2003) as well as by-products
of human or bacterial activity (Colani and Aitken, 1966;
Linford, 2005). The thickness of magnetically viscous layers
varies from a few or a few tens of centimeters (soil) to
hundreds of meters, e.g., in Western Yakutia, where weakly
magnetic carbonate rocks are overlain by traps and tuffs.

Model 2 is formed by a nonmagnetic layer overlying a
magnetically viscous base. It corresponds to the cases where
nonmagnetic rocks overlie layers of basalts, traps, tuffs, and
other magnetically-viscous rocks. This model is used in
archeogeophysics to study natural and man-made objects of
relatively small size, e.g., accumulations of ancient metallur-
gical slags under modern sediments. For p; — oo, the model
can be of interest in interpreting airborne TEM data obtained
in areas where magnetic viscosity effects are observed (Mac-
nae, 2016).

As previously (Kozhevnikov and Antonov, 2008, 2009,
2011), we assumed in the calculations that T| = 10 s and
T = 100s (Kozhevnikov and Antonov, 2008, 2009, 2011). The
value of Ax was 1072 SI units, which agrees in order of
magnitude with the estimates obtained by inversion of TEM
responses for tuffs and traps in the Malobotuobinskii region
in Western Yakutia (Stognii et al., 2010) and basalts of the
Vitim plateau in Transbaikalia (Kozhevnikov and Antonov,
2012).

Array

The calculations presented in this paper were performed for
an array with a 25 x 25 m transmitter loop. This choice is due
to the fact that the magnetic viscosity effect on TEM responses
is more often observed when using small-size arrays. In this
case, even at early times, the TEM signal drops to the noise
level, whereas the EMF induced by magnetic relaxation
exceeds this level. On the other hand, arrays with a transmitter
loop of this or similar size are commonly used in near-surface
TEM surveys.

As regards measurements at late (=0.5 s) times, only
recently has the quality of such measurements reached a level
where ‘“nuances” of transient responses can be reliably
identified as magnetic viscosity effects (Kozhevnikov et al.,
2016). At the same time, in areas where traps and tuffs are
common, magnetic viscosity effects at late times during
operation of transmitter loops of large size at offsets above
1 km were observed as early as 30 years ago (Zakharkin et
al., 1988).



692 N.O. Kozhevnikov and E.Yu. Antonov / Russian Geology and Geophysics 59 (2018) 690-696

a
e
/ r
Ax; P <
Ak, P2

Fig. 1. Transmitter loop on the surface of a two-layer half-space: p1 and p2 are
the resistivities and Ax| and Ak are the magnetic susceptibility decrements of
the top layer and the base, respectively, A1 is the layer thickness, a is the length
of the transmitter loop, and r is the transmitter—receiver offset.

Calculation results

The modeling of magnetic viscosity effects was carried out
in stages. Initially, for both models, the resistivity of the
layer (p1) and the base (pz) was assumed to be 10 Q'm.
For this high resistivity, eddy currents decay very rapidly,
which allowed magnetic viscosity effects to be studied taken
alone.

Then, calculations were performed which provided an
understanding of how magnetic viscosity manifests itself
against the background of the effects produced by eddy
currents. In this case, the electrical resistivity of the layer and
the base was 100 Q-m.

Stage 1, model 1. The array was located on the surface of
a magnetically viscous layer (Ax; =0.01 SI units) underlain
by a nonmagnetic base (Akp = 0). The layer thickness /1 varied
from 0.1 to 100 m. In the calculations, it was assumed that
the size of the receiver coil was 0.1x 0.1 m and the number
of turns was 100 (effective area of 1 mz). The small size of
the loop made it possible to study magnetic viscosity effects
near (at a distance of 1 m and less) the wire.

Figure 2 shows graphs of the EMF (normalized to the
transmitter current) induced in the receiver coil at time t=
1 ms along the profile which starts at the center of the loop
(r =0), crosses it (r=12.5 m), and ends outside (r =25 m).

As can be seen, when the receiver coil is inside the
transmitter loop, the EMF first remains almost unchanged with
increasing offset, but then, closer to the wire, it increases more
and more rapidly. Regardless of the thickness of the layer, the
polarity reversal of the EMF occurs beyond the loop (r=
12.5 m). As for the receiver located inside the loop, for its
location outside the loop, maximum EMF magnitudes are also
observed near the wire. As the receiver coil is moved away
from the wire, the EMF decreases in magnitude; furthermore,
the rate of change in the EMF as a function of r is the higher
the smaller the distance from the loop wire to the receiver
coil.

Increasing /1 leads to a change in the level and shape of
the profiling graphs. A particularly strong effect of the layer
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Fig. 2. Graphs of the EMF normalized to the transmitter current versus offset. /11
is the thickness of the top layer (m). Here and in Figs. 3, 4, and 5, the point at a
distance r = 12.5 m indicates the place where the profile crosses the loop wires.
The model parameters are p; = p2 = 106 Q-m, Ak1 =0.01 ST units, Az =0, and
h1=0.1-100 m.
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Fig. 3. Graphs of the EMF normalized to the transmitter current (at a time of 1
ms) versus offset on a logarithmic scale. For symbols see Fig. 2.

thickness on the shape of the graphs is observed near the wire.
The sensitivity of the EMF to a change in layer thickness is
the higher the thinner the layer. For ;> 10 m, the profiling
graphs do not react to further increase in hy; i.e., the effect of
the layer becomes indistinguishable from that observed on the
surface of a magnetic half-space.

When the receiver coil is outside the loop, the EMF
decreases monotonically and approaches zero as r increases.
However, when the loop is moved from the wire to the center
of the loop, the EMF approaches a certain positive value,
which is the higher the thicker the layer. In the central part
of the loop, the EMF and hence the secondary magnetic field
do not depend on r.



N.O. Kozhevnikov and E.Yu. Antonov / Russian Geology and Geophysics 59 (2018) 690-696 693

a
6E-008
0.1
0.2
< 3E-008+
3 | 0.5
2 0
i _
T
-3E-008—
—-6E-008 T T T T T T T T 1
0 20 40 60 80 100
rLm
c
1.6E-009 10
<
>
Z 8E-010
m 15
€
i _
T 25
0 —_
| — — T T T T T 1
0 20 40 60 80 100
rLm

b
1.2E-008 ]
L2

<
< 6E-009
N
£ —\
in K5
T 0

—-6E-009 T T 1 T T T T T ]

0 20 40 60 80 100
rLm
1.6E-010 d
25
<
>
Z 8E-011-
m
1S
i i
T
0
— T T T T T 1
0 20 40 60 80 100
rLm

Fig. 4. Graphs of the EMF normalized to the transmitter current (at a time of 1 ms) versus offset. The model parameters are p; = p2 = 106 Q-m, Ax1 =0, Ax2 =0.01
SI units, and &1 = 0.1-25 m (thickness of the top layer). a—d, For a description, see the text.

Profiling graphs on a logarithmic scale (Fig. 3) display
magnetic viscosity effects for the entire range of the layer
thickness.

Stage 1, model 2. The array was located on the surface of
a nonmagnetic (Axj=0) layer underlain by a magnetically
viscous base (Axy =0.01 SI units). As in the case considered
above, the calculations were performed for /1 in the range of
0.1 to 100 m. The evaluations preceding the main calculations
showed that for 41 =2 1 m, the profiling graphs became smooth
and magnetic viscosity effects occurred even at a considerable
distance from the source. Therefore, in the main calculations,
the length of the profile was 100 m and the observation step
was equal to 1 m. EMF was assumed to be measured with a
1 x 1 m single-turn receiver coil. The results of the calculations
are shown in Fig. 4.

When the magnetically viscous base is at a shallow depth,
i.e., when hy < a (Fig. 4a), the EMF increases more and more
rapidly when at approaching the wire. Polarity reversal of the
EMF occurs when the receiver coil falls outside the loop. With
further increase in the offset, the EMF decreases in magnitude
while remaining negative. The rate of decrease in the EMF is
maximal near the wire and decreases away from it. As i

increases (Fig. 4b, c), the graphs become smoother, the
maximum inside the loop moves to its center, and the polarity
reversal of the EMF occurs at increasingly larger r. In Fig. 4d,
the profiling graph for ) =25 m is shown on a large scale,
so that it is seen that in this case the EMF polarity reverses
at r=70 m.

Stage 2. Recall that due to the high (106 Q-m) resistivity,
the above results correspond to the case where the contribution
of the magnetic field of eddy currents to the total transient
response is negligible compared to the magnetic viscosity
effect. For resistivities typical of most rocks, the effect of eddy
currents should be taken into account. Below this influence is
considered for model 2 as an example.

Figure 5a illustrates how the profiling graphs (=1 ms)
change as the resistivity of the layer and the base decreases
from 10° to 10> Q-m. The profiling graph for the conductive
ground is higher than that for the high-resistivity one and its
shape also changed. Although the EMF is still a nonmonotonic
function of r, its polarity within the entire profile remains
positive. Figure 5b shows profiling graphs for three values of
hy for the conductive (p1=p2= 102 Q-m) model.

When the effect of eddy currents can be neglected, there
is always a change in the EMF polarity outside the loop
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Fig. 5. Effects exerted on profiling graphs by the resistivity of the layer and of the base with unchanged layer thickness (%1 = 5 m) (a) and by the layer thickness (2,
5, 10 m) with unchanged resistivity (p1 =p2 = 10 Q-m) of the layer and the base (b).

(Fig. 4). If the contribution of eddy currents to the total
transient response is significant (Fig. 5b), polarity reversal is
observed only when the layer thickness is small. As #hj
increases, the EMF becomes positive within the entire profile.
For h1 25 m, the shape of the graphs flattens out and their
total level decreases.

In the above consideration of magnetic viscosity effects,
the calculation results are presented in the form of profiling
graphs at a time delay of 1 ms. In accordance with expression
(1), the profiling graphs in Figs. 2-5 are easily recalculated
for any time. For example, to construct graphs for = 0.1 ms,
the EMF values on the profiling graphs should be multiplied
by 10, and for =10 ms, they should be divided by 10.

The profiling graphs visually illustrate how magnetic
viscosity effects vary in space. Obviously, the time depend-
ence of the EMF is of no less interest. Let us consider how
the magnetic viscosity effect depends on time using model 2
as an example.

As is known, at late times, the polarity of the EMF e;
induced in the receiver by eddy currents is positive and does
not depend on the offset (McNeill, 1980). Unlike ey, the EMF
e1 generated by magnetic relaxation becomes negative at a
certain distance from the loop wire (Fig. 4). Therefore, if the
receiver is located outside the loop at a short distance from
the wire, the total EMF is positive and monotonically
decreasing in time. As the receiver is moved away from the
loop, e1 becomes negative and the total EMF changes polarity
with time (Fig. 6). Furthermore, small changes in the loop
position or layer thickness lead to drastic changes in the total
transient response.

Discussion of the results

The above results show that for both models, magnetic
viscosity effects depend on the thickness of the top layer and

the offset. A characteristic feature of the profiling graphs is
the sign reversal of the EMF outside the loop. We denote by
rsg the offset at which polarity reversal occurs.

For model 1, regardless of the thicknesses of the magnetic
layer, polarity reversal occurs immediately after the receiver
crosses the wire: rsg = a/2. For model 2, the increase in the
layer thickness is accompanied by an increase in rsg (Fig. 4).

In both cases, the EMF in the central part of the loop reacts
to changes of /1, but practically does not depend on the offset.
The closer the receiver is to the wire, whether outside or inside
the loop, the faster the EMF changes with the receiver
position.

The EMF in the center of the loop and rgg react differently
to a change in A1 For a small (less than 2-3 m) layer thickness,
rsg weakly depends on hy (Fig. 7a). With further increase in
the thickness of the layer, rgg increases in direct proportion
to /1. In contrast to rsg, the highest sensitivity of the EMF is
observed in the range of A1 from 2 to 10 m (Fig. 7b). For h
> 10 m, the increase in the layer thickness affects the EMF
more and more weakly.

Obviously, both parameters can be used to determine the
depth of a magnetically viscous base. As shown earlier, in
studies of the magnetic viscosity effect on the transient
responses of coaxial loop arrays (Kozhevnikov and Antonov
2009), the EMF in the center of the loop depends not only on
h1 but also on Axp Therefore, if k1 is determined using the
EMF at the center of the loop, measurements should be
performed with several transmitter loops of different sizes
which should be commensurable with /1 (Kozhevnikov and
Antonov, 2009, Figs. 5 and 6). This implies that for near-sur-
face surveys, it is necessary to use small (a = 1) transmitter
loops. However, as seen in Fig. 4, when the layer is thin, a
change in its thickness has a significant influence on the shape
and level of profiling graphs, especially near the loop wire.
Therefore, to determine /s; and Axp, we recommend an
approach based on the measurements of EMF at several
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Fig. 6. Small changes in the depth to the top of the magnetic base (a) and in the offset (b) have a significant effect on the total transient response. The model parameters

arepr=p2=10 2 Q-m, Ax; =0, and Ak = 0.01 SI units.

positions of the receiver near the side of a large (a > h1) loop
with the subsequent search for optimal parameters A; and Akj.
Unlike the EMF in the center of the loop, rsg does not depend
on Ay If rgg is determined by profiling, 4 can be immedi-
ately obtained using Fig. 7b. The discussion on the solution
of the inverse problem by selecting model plots of the EMF
remains valid for model 1 (Figs. 2 and 3). The proposed
approach assumes that the effect of eddy currents can be
neglected. Therefore, for its implementation, measurements
should be performed at rather late times.

As shown above, the high sensitivity of the EMF to changes
in r and hj is a favorable factor for determining the thickness
of the layer. On the other hand, for a small layer thickness,
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the transient response reacts to small changes in 7, so that
minor errors in determining the position of the receiver will
lead to large errors in model parameters.

At first glance, the magnetic viscosity effects may seem
insignificant. Away from the wire and at a transmitter loop
current of 1 A, the EMF induced in a receiver coil with an
area of 1 m% is 10719-1071> V (Figs. 2-5). However, in
practical TEM surveys, the transmitter loop current is 10—
100 A and the EMF is measured using inductive sensors with
an effective area of 10°-10° m?2 (Zakharkin, 1998). Therefore,
the above estimate of the minimum EMF should be multiplied
by 10°-109, so that the range of EMF measured in the field
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Fig. 7. Effect of the depth to the top of the magnetic base on rsg (@) and EMF (¢ = 1 ms) in the center of the loop (b). The model parameters are p; = p2 = 10°Q-m,

Ax1 =0, and A2 = 0.01 SI units.
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is 1077-107* V. Such EMF are typically measured in surveys
using modern TEM systems.

Conclusions

1. Profiling graphs (the offset r is plotted on the abscissa,
and the EMF induced in the receiver coil at a fixed time is
plotted on the ordinate) show that the EMF polarity reverses
as the offset increases. For the model with a magnetic layer,
regardless of the layer thickness, polarity reversal occurs at
small distance outside the loop. For the model with a magnetic
base, the offset at which the EMF polarity reverses is the
larger, the greater the thickness of the layer.

2. For both models, the EMF at a fixed time depends on
the thickness of the layer and the offset. Particularly strong
dependence of the EMF on layer thickness or offset is
observed near the loop wire. Measurements in this area
provide an opportunity to determine the thickness of the layer
in the case where it is much smaller than the length of the
loop side.

3. The overall effect of magnetic relaxation and transient
eddy currents leads to the fact that for small changes in &
and r, the transient response changes dramatically.

4. Due to the fact that for a small layer thickness, the
transient response reacts to small changes in r, a small error
in the determination of the receiver position can lead to large
errors in the estimated model parameters.
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