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Abstract—The manner in which the dynamics of geoelectric earth inhomogeneities can be studied using
receiving lines oriented in different directions at a single site is considered. It is shown that the presence of a
local geoelectric inhomogeneity allows monitoring the state of electric conductivity in the earth by observation
of the telluric tensor. We quote results from long-continued monitoring of the electrotelluric tensor in Kam-
chatka. The tensor’s behavior showed an appreciable anomaly, which may have been related to great (magni-
tude 8.2 and 8.3) earthquakes in the Kuril-Kamchatka region.
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INTRODUCTION

The time variation of electric conductivity in geo-
logical media is studied by various electromagnetic
methods based on the use of manmade and natural elec-
tromagnetic fields. Among the latter, attention is drawn
to the magnetotelluric methods. The magnetotelluric
field is known to contain information on the geoelectric
inhomogeneity of the earth. This information can be
used to study the time behavior of this inhomogeneity
[6, 9]. Experience shows that the electrotelluric field
possesses an increased sensitivity to local geoelectric
inhomogeneities. This peculiarity of the field underlies
the electrotelluric monitoring in Kamchatka conducted
in the search for earthquake precursors [8]. The moni-
toring of the electrotelluric field is carried out simulta-
neously at sites 50-100 km apart. The behavior of the
transfer function (the telluric tensor) between the hori-
zontal components of the electrotelluric field was found
to show anomalous effects, which are possibly related
to large earthquakes [8]. These effects are due to
changes in the earth conductivity at the observation
sites. The present paper considers the possible monitor-
ing of the earth conductivity from observations of the
electrotelluric field at a single site using sets of orthog-
onal measuring lines oriented in different directions.

A BRIEF GEOELECTRIC CHARACTERISTIC
OF THE AREA OF STUDY

The electrotelluric field is being observed at the
Tundrovyi station situated on the coast of the Avacha
Bay (part of the Pacific Ocean, Fig. 1). The area has a
complex geologic structure [2]. Unlike the rest of Kam-
chatka, which is dominated by the linear zonality of
northeast striking tectonic features, the area has trans-
verse structures striking northwest. In this area, south-
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west of the Tundrovyi station, there are exposures of the
oldest (Cenozoic and Proterozoic) metamorphic rocks,
which are believed to compose the consolidated base-
ment underlying a Cenozoic sedimentary—volcano-
genic cover.

The geoelectric section of the area is as follows [7].
The upper part of the section is composed of Quater-
nary volcanogenic and sedimentary formations having
resistivities of a few hundreds to a few thousands of
ohm-—meters or greater and thicknesses of a few hun-
dreds of meters. Below this is a Cenozoic rock
sequence having an average longitudinal resistivity of a
few to a few tens of ohm-meters and a thickness of 0 to
4 km. This is underlain by a complex of Upper Creta-
ceous sedimentary volcanogenic formations having an
average longitudinal resistivity of a few tens to a few
hundreds of ohm-meters. The consolidated basement
has a resistivity of a few thousand ohm-meters. The
deeper part of the section contains a crustal and an
asthenospheric conductive layer.

The behavior of the magnetotelluric field depends
on the conductivity distribution in the earth. An idea of
the conductivity in the sedimentary volcanogenic cover
can be gathered from Fig. 2. One can see from this fig-
ure that the conductivity in question at the observation
site is 20 S/m. There is a northeast transverse zone of
increased conductivity. This is confined to a graben that
is mostly filled with terrigenous deposits. The conduc-
tivity of this zone is as great as 600 S/m in the Avacha—
Koryakskii group of volcanoes, which may be due to
the presence of a liquid phase (solutions and magma
melts). The conductivity in the Gulf of Avacha is about
100 S/m due to sea water. The conductivity of the upper
layer (which contains the sea water) in the Avacha Bay
is as great as 7000 S/m, increasing to reach 20 000 S m
in the deep-sea trench area. The sharp conductivity con-
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Fig. 1. A map showing the position of the Tundrovyi station where the electrotelluric field was measured: (/) Tundrovyi station.

trast at the land—ocean boundary is seen in the magne-
totelluric field in the form of the coast effect. This effect
strongly affects the behavior of the electrotelluric field
at the Tundrovyi station, as will be shown below. It is
important to note that the intensity and polarization of
the electrotelluric field also depends on the distribution
of local near-surface geoelectric inhomogeneities.
Since the geological medium is a hierarchy of rock
blocks of varying dimensions, we are entitled to the
assumption that the observation site area may contain
geoelectric inhomogeneities with lengths comparable
with those of the receiving lines. This is borne out by geo-
logical observations revealing geologic bodies and tec-
tonic disturbances in the area, which vary in size between
a few tens to a few hundred meters or greater [2]. There-
fore, it is highly likely that the localities with the receiving
lines contain geoelectric inhomogeneities, which may
produce effects in the electrotelluric field.

OBSERVATIONAL TECHNIQUES

The arrangement for recording the potential differ-
ence of the electrotelluric field is shown in Fig. 3. It
includes measuring lines 1 and 2 in the directions N-S
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and E-W, as well as lines 3 and 4 oriented at azimuths
of 40° and 310°; these are along the axes of the earth
geoelectric inhomogeneity as found from areal electric
prospecting investigations the magnetotelluric sound-
ing method. The lines have the following lengths:
(1) 97,(2) 105, (3) 65, and (4) 90 m. We used earth lead
electrodes sunk to depths of about 2-2.5 m. Automatic
digital instruments are used to measure the potential
difference of the electrotelluric field. Data are transmit-
ted to a processing center in Petropavlovsk-Kam-
chatskii via radio channels. Each measuring line is
sampled once a minute. The automatic observation sta-
tions are operated by the Kamchatka Branch of the
Russ. Acad. Sci. Geophysical Service, with preliminary
data processing carried out at the Service as well.

THE ANALYSIS OF ELECTROTELLURIC
OBSERVATIONS

Figure 4 shows an example, a time series of electro-
telluric field intensity measured on lines 1, 2, 3, and 4.
The short period variations are seen as “noise.” This is
greater on line 3. The increased intensity of short-
period variations is related to a transverse feature
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Fig. 2. A map of total conductivity in the volcanogenic sedimentary cover in the area of study: (/) lines of equal conductivity, (2)

volcanoes, (3) Tundrovyi station.

(horst—anticlinorium) where the Tundrovyi station is
situated. Daily variations with intensities up to 40—
50 mV/km were observed on lines 1, 2, and 4. The daily
variations are smaller on line 3, with their intensity
being below 10 mV/km.

The time series 1 and 2 were converted to the direc-
tions of the azimuths of 40 and 320 degrees. This was
done by rotating axes 1 and 2 by 40° counterclockwise,
i.e., until coincidence with lines 4 and 3 was achieved.
The conversion was based on the formulas [1]

X' = xcosd + ysino

y' = —xsin0 + ycosaQ.,

where x, y and x', y' are the old and the new coordinates
of the electrotelluric field intensity, and o is the angle
of rotation.

It is supposed that, if the geoelectric medium at the
observation site does not involve local geoelectric inho-
mogeneities, then on conversion 1' and 2' would coin-
cide with the time series of 4 and 3. However, this did
not happen. Figure 5 compares the time series 1' and 4,
2' and 3 oriented in the same direction. It is seen that
time series 1' differs from 4 and 2' from 3. These differ-
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ences in the respective time series can be explained by
the effect of local geoelectric inhomogeneities, which
may be situated near the electrodes or be comparable
with the length of the measuring lines.

ANALYSIS OF MAGNETOTELLURIC DATA

Magnetotelluric sounding curves give an idea of
earth conductivity based on data measured on lines 1
and 2, 1'and 2', 4 and 3 (Fig. 6). The curves of apparent
resistivity differ by more than an order of magnitude in
resistivity level. Curves 1 and 2, which are oriented N—
S and E-W, differ by nearly twice at shorter periods.
The discrepancy increases toward lower frequencies.
This behavior provides evidence of geoelectric inho-
mogeneities. It is important to note that curves 1' and 4,
which are oriented in the same direction, are signifi-
cantly different. The same applies to curves 2' and 3.
For example, curves 1' and 4, which have similar
shapes, differ in resistivity level by nearly an order of
magnitude. Curves 2' and 3 differ between themselves
both in shape and resistivity level. In the region of lower
frequencies, curve 3 has a descending branch at an
angle of nearly 65°. At the same time curve 2' is
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expressed by a nearly horizontal branch. We thus arrive
at the conclusion that the MTS curves at the site are
strongly affected by the earth geoelectric inhomogene-
ities.

Geoelectrical inhomogeneities may be regional or
local. One regional inhomogeneity is the conductivity
contrast on the coast of Kamchatka, at the boundary of
the land and ocean. The specific electrical resistivity of
rocks on land is a few to a few thousand ohm-meters,
while that of sea water is a few tenths of an ohm-meter.
This resistivity contrast by whole orders of magnitude
is seen as a sharp anomaly in the Earth’s electromag-
netic field, termed the coast effect. The effect strongly
distorts the magnetotelluric sounding curves [5].

The marine shoreline at the Tundrovyi site has a
complicated outline because of the marine Gulf of
Avacha and the Avacha Bay. For this reason the coast
effect at this location has been studied using 3D numer-
ical modeling of the MT field. The model involves the
upper layer, which is a homogeneous sedimentary vol-
canogenic layer on land and an inhomogeneous sea
mass of the seas and the ocean around Kamchatka. The
upper layer conforms to the standard deep geoelectric
section. Calculations yielded MTS curves along the
directions corresponding to the trend along and across
Kamchatka, as well as the locally normal MTS curve.
The resulting curves are shown in Fig. 7. The transverse
curve is represented by an ascending asymptotic branch
that flattens in the range of periods 1600—10 000 s. This
behavior is related to the coast effect. The MTS longi-
tudinal curve in the region of lower frequencies is
below (by resistivity level) the locally normal curve.
The maximum of the longitudinal curve occurs at
shorter periods. The curve gives the false idea that the
deep section has higher conductivity. This distortion in
the longitudinal curve is caused by the induction effect
of electrical currents concentrated in the ocean. Com-
parative analysis of the modeled and experimental
MTS curves shows that both longitudinal and trans-
verse curves are similar among themselves (Figs. 6, 7).
At the same time these curves are appreciably different
among themselves both in resistivity level and in shape.
This difference is related to the effects of local geoelec-
tric inhomogeneities.

One gets a fuller idea of the geoelectric inhomoge-
neities on lines 1, 2, and 4, 3 from polar impedance dia-
grams. Figure 8 shows an example of the diagrams of
the principal and diagonal impedance values at a period
of 1000 s. The polar diagrams for lines 1 and 2 (Fig. 8a)
are similar to those for the same lines when rotated by
40°, i.e., made coincident with the directions of lines 4
and 3 (Fig. 8b). The different orientations of the imped-
ance diagrams are due to the different orientations of
the coordinate axes. Diagrams of the principal and the
diagonal impedance both image a 2D inhomogeneous
geoelectric section. However, the diagrams for lines 1',
2'and 4, 3 oriented along the same directions are differ-
ent in shape, compression, and orientation (Fig. 8b, 8c).
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100 m

Fig. 3. A map showing the positions of measuring lines at
the Tundrovyi site. 1, 2, 3, 4 are identification numbers of
receiving lines. Azimuths of lines: 1 — 0°%; 2 — 90°; 3 — 40°;
4 —310°. The scale is shown for the measuring lines.

The diagrams of principal and diagonal impedance for
lines 4 and 3 (Fig. 8c) thus image a 3D-varying section.
The diagram of diagonal impedance for lines 4 and 3
has an oval shape. It has no directions along which the
diagonal impedances would be close to zero values. It
can thus be inferred that the geoelectric inhomogene-
ities manifest themselves differently on lines 1, 2 and 4,
3. This can be explained by the fact that the geoelectric
inhomogeneities are local and may be comparable with
the lengths of the measuring lines.

RESULTS OF ELECTROTELLURIC
MONITORING

The monitoring of the electrotelluric field provides
an opportunity to investigate the variation of a local
geoelectric inhomogeneity over time. This goal is best
served by the use of the telluric tensor [8]. The tensor
can be found using Larsen’s computer program [10].
The algorithm of that program is based on the well-
known robust technique. Its advantage consists in its
capability to effectively suppress noise, in addition to
finding transfer functions.

In the case we are considering, the connection
between the electrotelluric fields on lines 1, 2 and 4, 3
can be written in the form

E1,2 = ?E4,37
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Fig. 4. Plots of electrotelluric field intensity. Numerals denote line numbers (see Fig. 3).

where E| , and E, 5 are horizontal vectors for channels
1, 2 and 4, 3, respectively, and 7 is the telluric tensor.

The relation connecting the vectors, when written
out in explicit form, is

E, =tyyEy+ tyyEs, Ey = tyyEy+ tyyEs, where E| E,, E,,
and E; are components of the electrotelluric field and
Ixxs txy> tyx> tyy are complex-valued components of the
telluric tensor, which are functions of the frequency,
orientation of the coordinate axes, and the distribution
of specific electrical resistivities.
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Let us now examine the observations of the electro-
telluric field made at the Tundrovyi station. With the
goal of studying the time-dependent behavior of the tel-
luric tensor we developed a special computer program
that can handle a data bank of long-continued observa-
tions to automatically retrieve data arrays for calculat-
ing components of the tensor. The important step is
selecting the length of time intervals for sampling the
electrotelluric field. The length of the interval chosen
determines the range of periods where the tensor com-
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Fig. 5. Comparing the plots of electrotelluric field intensity. Numerals 1' and 2' denote the plots obtained by rotating the axes 1 and
2 by an angle of 40° in the counterclockwise direction, i.e., until they coincide with lines 3 and 4 (see Fig. 3).

ponents are calculated and the accuracy of the determi-
nations. The components of the telluric tensor were cal-
culated for time intervals equal to 1, 3, 5, 10, and 20
days. Analysis showed that the components are more
stable for time intervals longer than 5 days.

Taking an example, we consider the monitoring
results for 7, during the period from January 1, 2001 to
October 31, 2007 at a period of 4500 s (a time interval
of 10 days). Figure 9 shows plots of the modulus of this
telluric tensor component and its argument. The behav-
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ior of the absolute value of 7,, exhibited an anomaly of
40-50% during 2006. At the same time the anomaly is
not seen in the behavior of the argument of this compo-
nent. This provides evidence that the anomaly is related
to the galvanic effect in the electrotelluric field [8]. This
anomaly in the absolute value of the ¢,, component pre-
ceded great earthquakes occurring in the Kuril-Kam-
chatka region: M = 8.3 (November 15, 2006, $°—46. 62,
A°=153.22) and M = 8.2 (January 13, 2007, ¢°—46.29,
A° = 154.45). These events occurred in the Kuril Is.
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Fig. 6. MTS curves. Numerals 1, 2, 3, 4 denote the curves
along the directions of the lines (Fig. 3). Numerals 1' and 2'
denote the curves obtained by rotating the axes of lines 1
and 2 until they coincided with lines 4 and 3.

area. It cannot be ruled out that the anomaly was related
to the variation of a local geoelectric inhomogeneity,
due to the geodynamic processes that preceded and
accompanied these earthquakes.

What is the origin of this anomaly? To answer this
question we consider the telluric tensor together with
the magnetotelluric impedance, which is the transfer
function between the electrical and the magnetic field.
The relation between the intensity of the electrotelluric
field and that of the magnetic field has the form [3]

Ehor = ZHhor’

where Z is the magnetotelluric impedance.

In the general case, at a single observation site, we
have E|, = ZH,, E ;= 7 H,. and, because the right-
hand sides of these equations are equal, we have

E,,=E,; hence 7 = 1, which means that we possess
the same information in the systems of channels 1, 2
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Fig. 7. Modeled MTS curves. p", pJ‘, and py are the MTS
longitudinal, transverse, and locally normal curves.

and 4, 3. Our experience of many years shows that the
magnetotelluric impedance is mostly affected by the
influence of local near-surface geoelectric inhomoge-
neities. Magnetotelluric impedances observed at dis-
tances of a few hundred meters are frequently different
by an order of magnitude [4]. Such changes in imped-
ance are due to the increased sensitivity of the electric
field, compared with the magnetic field, to local geo-
electric inhomogeneities in the earth. It thus follows
that, when monitoring the telluric tensor at a single site,
we can expect changes in the tensor components due to
the appearance or variations of local geoelectric inho-
mogeneities in the area of measuring lines 1, 2 or 4, 3.
This situation may be due to geodynamic processes,
e.g., earthquakes.

We now turn to consideration of the magnetotelluric
sounding curves. These were obtained by recording the
electrotelluric field for three months at the Tundrovyi
station and variations of the geomagnetic field at the
Paratunka Observatory. Figure 10 shows MTS curves
observed before the appearance of the anomaly and
during the period of the anomalous disturbance; it can
also be seen that the apparent resistivity on receiving
lines 1, 2 changed by a factor of nearly 10 during the
anomaly and practically did not change at the same
time on lines 4, 3. Analysis shows that the change is
unrelated to weather conditions. This anomaly of the
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numbers of receiving lines in Fig. 3: / - 1;2-2;3-1;4-2;5—

3;6 —4; 7 —3; 8 — 4. The filled symbols show values of apparent

electrical resistivity before the anomalous change of the electrical field, the open ones are for the period of anomalous variation.

telluric tensor was most likely due to a change in the
local geoelectric inhomogeneity in the area of receiving
channels 1, 2 in connection with a change in salinity or
the level of ground water, or with other causes due to
geodynamic processes.

CONCLUSIONS

(1). Components of the electrotelluric field, when
converted to other directions by rotating their axes, do
not invariably coincide with the components of the
electrotelluric field obtained along the same directions
in the field. The discrepancy may be due to the effects
of local geoelectric inhomogeneities comparable with
the length of the receiving lines.
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(2) The presence of a local geoelectric inhomogene-
ity at an observation site provides an opportunity, by
observing the telluric tensor, to monitor the geody-
namic processes that produce the variation in the earth
conductivity.

(3) A bay-shaped anomaly in the behavior of the tel-
luric tensor component has been identified at the Tun-
drovyi station based on the results of long-continued
monitoring of the electrotelluric field along different
directions, with the anomaly preceding great earth-
quakes (M = 8.3 and 8.2) in the Kuril Is. area. The con-
ductivity anomaly may have been related to a change in
salinity or the level of the ground water or to other
causes due to the geodynamic processes preceding
great earthquakes.
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