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The possibility of remote detection of the direction
to the geomagnetic pole in past epochs is considered on
the basis of using the Faraday effect in the process of
radar sounding and recording of the magnetic compo-
nent of reflected signals.

The results of paleomagnetic investigations made it
possible to distinguish the drift of continents and trajec-
tories of their motion in past epochs. These results facil-
itated significantly the development and formation of
the modern paradigm of geology: tectonics of litho-
spheric plates. The elements of the paleomagnetic field,
in particular, magnetic declination, are determined tra-
ditionally from the laboratory analysis of residual mag-
netization of rock samples taken with indication of their
spatial orientation. Sampling of oriented samples is a
labor-consuming and sometimes impossible operation
without borehole drilling. New possibilities in this and
other fields of geophysics appeared after our suggestion
of the method of radar sounding with recording of the
magnetic component of reflected signals using high-
sensitivity magnetometers based on the Josefson effect
[1]. Previously, we demonstrated the possibility to use
this effect for remote detection and location of the
boundaries formed by geomagnetic field inversions in
ice [2, 3] and rock sequences [4, 5]. Reliable identifica-
tion of these boundaries is possible by comparing the
results of radar sounding of electric and magnetic fields
in ice. Direct or indirect reference data are required for
their identification in the rock sequences.

A polarized electromagnetic wave! changes the

location of the polarization plane by angle ¢ = WLB;

S gnal” or “pulse” designates a signal whose characteristics and
propagation succession are studied by radar sounding and which can
be presented as a superposition of plane monochromatic waves.
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over its trajectory to and from L (during the reflection
from the interface boundary) along the component of
magnetic induction B;, where W is the Verde constant.
In order to determine the Verde constant, we can change
the length of the pathway and change in stepwise man-
ner the intensity and direction of the magnetizing field,
where the trajectory of the signal motion is located. Let
us consider two versions (the simplest and the general
one) of the problem conditions, which are sufficient to
understand the sense of the suggested solution.

Suppose that the studied layer is homogeneously
magnetized, lacks other interfaces, and represents the
first layer from the top. Let us preliminarily determine
the thickness of layer 2 and magnetic induction By in
the direction of the resultant of the horizontal compo-
nents of the inductive and residual magnetization using
radar sounding with closely located emitting and
receiving dipoles. With this end in view, we shall sepa-
rate the emitting and receiving dipoles, conserving their
coaxial alignment so that the direct signal (in the air)
and lateral signal (in the earth medium) are resolved.
Next, we move the receiving dipole along the circle
with the center at the location of the emitting dipole and
simultaneously measure the rotation angle of the polar-
ization plane of the signal with respect to the direct sig-
nal. It would be maximal when the radius of the emit-
ting dipole location coincides with the direction of By,.
Measuring the rotation angle of the polarization plane
of the signal at two different distances between the
emitting and receiving dipoles located along the found
azimuth, we get

¢, = WyL By, ¢, = WyL,By.

From here, we calculate the Verde constant in the hori-
zontal direction Wy in situ and the absolute value of By,
along the resultant of the horizontal components of the
inductive and residual magnetization. Determination of
the true direction to the geomagnetic pole in the past
epoch (either north or south) requires a correction
related to the inductive component of magnetic induc-
tion WH, where H is the horizontal component of the
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intensity of the present geomagnetic field. With account
for the residual magnetization J,, magnetic induction
(its horizontal component, for definiteness) in the SI
system of units is equal to

J
By = U H = H+(x+ I’;H)H = UWH+J .

Here, L. is the effective value of magnetic permeabil-
ity, J,; is the horizontal component of residual magne-
tization, which is one to two orders of magnitude
greater than inductive magnetization yH. If we do not
consider magnetic rocks (magnetite ores, ferruginous
quartzites, and others), magnetic permeability can be
specified equal to unity. The relative error due to
neglecting magnetic susceptibility would be equal to
0.0n%, on average. Thus, if necessary, we can operate
with the values of the present-day magnetic field inten-
sity H; = B;. Then, By = H + J,;. The sign of By usually
coincides with the sign of H.

Thus, the vector of the horizontal component of
residual magnetization is determined as the difference
between vectors By and H, and one of the main prob-
lems of paleomagnetism is solved in this simplest case.

We note that, if we determine the direction to the
pole in the past and use the independently determined
trajectory of the pole’s motion, we can indicate whether
the pole is north or south and estimate the age of the
rocks or at least determine the respective epoch of the
rock layer formation. In order to find possible aniso-
tropy of the Verde constant and estimate the Verde con-
stant, one has to measure the rotation angle of the polar-
ization plane of the reflected signal with respect to the
direct signal at a close location between the emitting
and receiving dipoles, which makes it possible to deter-
mine the direct signal in the air:

It was assumed here that the distance between the
dipoles is small and that the signal propagates in one
direction and back (after reflection), practically vertical
directions, i.e., along the Z axis. Next, we magnetize the
region containing the trajectory of the signal motion by
the mean value along the trajectory AB, by means of a
circular loop with current / and radius R. It would be
equal to

1
}—lJ‘dABZ,
where

2nIR*dh

5 32

(R*+ 1)

Integrating this value over the distance from O to &
and neglecting R?, which is reasonably taken to be

dABZ =

small, we get that the mean value AB, is equal to ZTM .
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(E; and R;) Positions of emitting and receiving dipoles at
different distances between them; (%) thickness of overly-
ing rocks; (h,) depth of the lower boundary of the studied
layer; A{B = L, A,B = L,; magnetic dipole is located at
point O symmetric with respect to E; and R;.

After increasing the magnetic induction by this value,
we get

(p2 = 2th(Bz+%I) = ZWZhBZ+WZ . 41[1

After solving the last two equations, we calculate W,
and B,

Let us consider a more general case. Let us assume
that the layer studied is not located at the surface. We
also assume that this layer is homogeneous and does
not contain any interface boundaries. Let us locate the
emitting and receiving dipoles close to each other and
carry out preliminary determination of the depths of the
upper and lower boundaries of the layer formed by two
sequential inversions of the geomagnetic field. Next,
we separate the emitting and receiving dipoles at a suf-
ficiently large distance, at which the possibility of
recording the reflected signals from the needed inter-
face boundaries is still possible. For simplicity, we
assume that the velocities of the signal in the layer and
in the overlying and underlying rocks are the same, as
was observed in homogeneous rock sequences, e.g., in
ice columns. Let us determine the Verde constant using
the lateral signal by measuring the rotation of the angle of
the polarization plane with respect to the direct signal in
the air. By measuring the angle of the rotation of the polar-
ization plane at two values of the distance 2X,, between the
emitting and receiving devices (figure), we get

¢, = W-2L,B;;, ¢, =W 2L,B),.

Here, the length of trajectories of the signal in the stud-
ied layers L, and L, is known, which allows us to calcu-
late the Verde constant W assuming that it does depend
on the direction of the signal. The horizontal compo-
nent of magnetic induction and residual magnetization

B, X
“L] % and

in the studied layer would be equal to By, =

_ BpXp,
H =

. They should be different due to different
2

contributions of the vertical and horizontal components
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of magnetic induction over trajectories L; and L,. The
account for this difference would allow us to calculate
W more precisely.

The Verde constant and elements of the paleomag-
netic field can also be determined by measuring the
rotation angle of the polarization plane of the signal at
different (discrete and, better, multiply changing) val-
ues of the magnetic field. Then, at one distance between
the emitting and receiving dipoles, we get

(p = WLBZ,
¢, = WL(B,+AB)),

From this, we find AB; = If (x;), where I is the current in
the magnetic loop, which is known; x; values determine
geometric parameters of the loop and its location rela-
tive to the emitting and receiving dipoles. Next, we find
the Verde constant and the value of the horizontal com-
ponent of the resultant magnetic induction B and resid-
ual magnetization J,. Introducing a correction for the
inductive component of magnetic induction using the
method described above, we find the horizontal compo-
nent of residual magnetization. Changing the sign of
AB, by increasing or decreasing the angle of rotation of
the polarization plane of the signal, we determine its
sign, and thus, determine the direction to the geomag-
netic pole.

Remote determination of the direction to the mag-
netic pole in the epoch between two specific sequential
inversions of the geomagnetic field in time by means of
radar sounding and recording of the magnetic compo-
nent of the reflected signal already solves the main
problem of paleomagnetism. The general problem of
the study of the geomagnetic field using both the
method of samples and the method of remote sensing in
situ is accounting for the further variations of initial
magnetization. In our case, magnetic cleaning is possi-
ble, because there are no principal difficulties in the for-
mation of a magnetic field with different intensities,
directions, and required time variations in a given vol-
ume of rocks. We note that comparison of the Verde
constant obtained from variations in the length of the
signal trajectory and from magnetic induction variation
along the trajectory allows us to find the existence of
other mechanisms governing the rotation of the polar-
ization plane of the signal and determine their joint con-
tribution.

We recall that remote detection and determination of
the depth of the interface in ice and rock sequences
caused by inversions of the geomagnetic field is also
possible even from the air [2, 4]. According to the data
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in [6], the rotation of the radio pulse polarization plane
in the Antarctic ice column can be as large as tens of
degrees. Among the possible mechanisms of the rota-
tion of the signal polarization plane without estimates
of their possible contribution, ice crystal orientation
with the C axis in one predominant direction is prefer-
able. Thus, owing to high homogeneity of ice columns,
low signal absorption, and greater reliability of distin-
guishing inversion boundaries formed by inversions of
the geomagnetic field, glaciers are the most favorable
object for investigating the rotation of the signal polar-
ization plane due to the Faraday effect with simulta-
neous identification of other mechanisms involved in
this process and for finding their total contribution in
the angle of the rotation of the signal polarization plane.

Simultaneous magnetization of rocks over the signal
trajectory occurs during radar sounding with unipolar
magnetic field pulses. This signal generally attenuates,
because it is absorbed. This can be taken into account
and excluded. A simpler method of avoiding additional
magnetization of rocks during radar sounding with uni-
polar magnetic field pulses is the application of pulses
of different polarities and equal amplitude.

Thus, radar sounding with recording of the magnetic
component of reflected signals allows us to locate the
interfaces formed by inversions of the geomagnetic
field. Variations in the relative position of the emitting
and receiving dipoles make it possible to determine the
direction to the geomagnetic field in past epochs on the
basis of the Faraday effect by means of stepwise varia-
tion of the magnetic field and its direction with simul-
taneous variation in the angle of rotation of the polar-
ization plane of reflected signals and other signals. This
can be done in any layer available for radar sounding
with the boundaries formed by inversions of the geo-
magnetic field and other processes.
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