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INTRODUCTION

Being located in the zone of transition from the
mainland to the Pacific, Kamchatka has a complex
geological structure. The deep distribution of the elec�
tric conductivity in this region is studied using the
magnetotelluric and magnetovariational sounding
methods (MTS and MVS, respectively). The interpre�
tation of the sounding data is fraught with the difficul�
ties associated with the effects of geoelectric inhomo�
geneities, primarily, with the sharp contrast in the
electric conductivity at the interface between the
inland surface layer and the sea water in the Sea of
Okhotsk and the Pacific. This contrast, usually mea�
suring three to four orders of magnitude, manifests
itself in the coast effect. The situation is complicated
by the fact that the east coast of Kamchatka on the
Pacific side has a very indented coastline divided into
numerous capes and bays. Various effects arising here
hamper the interpretation of MTS–MVS curves.

Earlier, we made an attempt to apply the tech�
niques of physical and numerical thin�sheet modeling
to study the influence of the upper inhomogeneous
layer on the pattern of the magnetotelluric fields
[Moroz and Kobzova, 1994]. However, due to the lim�
itations inherent in the physical and thin�sheet mod�
eling, only simplified models were used in these works,
and the results obtained did not provide a comprehen�
sive idea of the behavior of MT and MV curves. There�
fore, we invoked 3D numerical modeling of the mag�

netotelluric field for the study of the coast effect. The
present paper addresses the results of this research.

1. THE 3D MODEL OF KAMCHATKA 
AND THE STRATEGY OF NUMERICAL 

MODELING

Modeling of the MT field in Kamchatka was based
on the bathymetry map presented in Fig. 1. In the
region of the west coast of Kamchatka (in the water
area of the Sea of Okhotsk) the sea depths attain 7 km.
In this region, the deep Kuril–Kamchatka trench runs
along the Pacific coast of Kamchatka and extends by
almost 700 km. In its northwestern part, the Kam�
chatka trench adjoins the Aleutian trench. In the con�
text of geoelectrics, Kamchatka is a northwest elon�
gated 3D inhomogeneous structure with a maximum
width of 430 km. In the northeast it narrows to 100 km,
forming the so called Kamchatka isthmus; in the
south, it ends by an acute tip. The western coastline of
Kamchatka is smooth, and only the small Utkholok
peninsula is prominent here. The eastern coastline is
very indented; it is divided into the Govena, Il’pinskii,
Ozernoi, Kamchatskii, Kronotskii and Shipunskii
capes separated by bays.

The 3D geoelectric model of Kamchatka has the
following parameters. In order to ensure estimation of
the coast effect separately from the influence of the
geoelectric inhomogeneities contained in the sedi�
mentary–volcanic cover of Kamchatka, the thickness
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Fig. 1. Bathymetric map of the Kamchatka water area: 1 the isobaths, 2 the axis of the deep Kuril–Kamchatka trench.
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and the electric resistivity of the upper inland layer are
assumed to be constant. The inland surface layer has a
thickness of 3 km and a resistivity of 30 Ω m, which are
the approximately average values yielded by the elec�
tromagnetic studies of Kamchatka [Moroz, 1991].
The electric resistivity of the sea water is 0.25 Ω m. The
deep geoelectric cross section is standard [Rokityan�
skii, 1975; Moroz, 1994]. Vertical thicknesses of the
model layers (from top to bottom) are 0.1, 0.2, 0.2, 1.5,
1, 1, 1, 1, 80, 120, 100, 100 and 300 km.

The model calculations were carried out using the
known Mackie program [Mackie et al., 1994]. The X
and Y grid axes were oriented along and across Kam�
chatka, respectively. The entire grid is composed of
150 elements on the Y and 60 elements on the Х axes.
The size of the grid cell was 10 × 10 km; in the region
with very indented coastline the grid was densified,
and the size of the cell was 5 × 5 km. Such a grid density
was selected in view of the further use of the grid in the
calculations of the test models with an inhomoge�
neous upper inland layer. The sizes of the marginal grid
cells were tens, hundreds, and thousands of times
larger to ensure the two�dimensionality and one�
dimensionality of the boundary conditions, which
allowed us to considerably speed up the convergence
of the iterative process. Computations were conducted
for 25 periods ranging from 1 s to 2500 s. For each seg�
ment of the model, we calculated the frequency curves
of the magnetic tipper, the real and imaginary parts of
the induction matrix (tipper), the real and imaginary
induction arrows, apparent resistivity curves, and
phase curves of the impedance along the Y and X axes.
These results were compared with the data of earlier
3D modeling of north Kamchatka [Moroz and Nur�
mukhamedov, 2004]. The discrepancy in the electric
parameters was found to be at most 5%, which indi�
cates fairly high accuracy of the model calculations.

2. THE ANALYSIS OF THE MAGNETOVARIA�
TIONAL SOUNDING DATA

Let us recall the important features of the magne�
totelluric parameters [Berdichevsky and Zhdanov,
1981; Vozoff, 1972; Schmucker, 1970; Wiese, 1965;
Parkinson, 1959]. The basic magnetovariational rela�
tion is

Hz = HzxHx + WzyHy, 

where W = |Wzx, Wzy| | is the magnetic tipper; Hz, Hx,
and Hy are the components of the geomagnetic field;
Wzx, Wzy are the matrix components that depend on
frequency, on the distribution of electric conductivity
in the Earth, and on the orientation of the coordinate
axes.

The components of the induction matrix deter�
mine the induction arrows:

ReW = ReWzx 1x+ ReWzy 1y,

ImW = ImWzx 1x+ ImWzy1y.

The frequency curves for tipper, induction arrows,
and their azimuths describe the pattern of the coast
effect over the territory of Kamchatka. Consider the
frequency curves ReW. According to their shapes,
these curves are classified into 4 groups corresponding
to zones with different intensities of the coast effect.
The revealed zones and typical tipper curves for each
zone are shown in Figs. 2 and 3.

Zone I is located offshore in the Sea of Okhotsk.
Here the real and imaginary arrows at short periods (at
most 200 s) point seawards to the Sea of Okhotsk. At
periods of 400–500 s the real induction arrow has a
well�expressed maximum attaining 0.45. The maxi�
mum in the magnitude of the real induction arrow
corresponds to the minimum in the imaginary induc�
tion arrow, and the latter changes its azimuth by 180°.
These peculiarities in the behavior of the arrows are
quite typical in 2D inhomogeneous models. The max�
imum in |ReW| is associated with the saturation by the
electric current of the sea water at the shelf of the Sea
of Okhotsk. At low periods the real and imaginary
arrows become noncollinear due to the influence of
the large 3D geoelectric inhomogeneity, to which the
southern tip of Kamchatka can probably be related.

I II III IV

N

1

50 m

Fig. 2. The zones characterized by different intensity of the
coast effect in the frequency curves of magnetic tipper in
Kamchatka: @1 the boundaries of the zones.



140

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 47  No. 2  2011

YU. F. MOROZ, T. A. MOROZ

Zone II lies to the east of zone I. Here the curve of
the real arrow magnitude has a maximum at the peri�
ods of 400–500 s, although in absolute value this max�
imum is one�third the maximum in zone I. The max�
imum in |ReW| in zone II corresponds to the minimum
in the |ImW| curve, as in zone I. At high frequencies
(periods below 100 s), the real and imaginary induc�
tion arrows are collinear and point towards the Sea of
Okhotsk. It is worth noting that in the low�frequency
band the magnitude of the real arrow increase and its
orientation changes by 180° so that the arrow points
towards the Pacific. These features indicate that the
coast effect on the side of the Sea of Okhotsk becomes
weaker, while the sea electric currents induced in the
Pacific Ocean begin coming into effect.

Zone III is located to the east of Zone II. Here, the
|ReW| curve, represented by an ascending asymptotic
branch, lacks a maximum caused by an influence of
the sea current in the Sea of Okhotsk. The |ImW| curve
has a maximum and a descending branch. The lacking
maximum in the |ReW| frequency curve at periods of
400–500 s and the presence of the ascending branch at
low frequencies are indicative of the overall attenua�
tion of the coast effect on the side of the Sea of

Okhotsk and its considerable strength on the side of
the Pacific.

Zone IV relates to the east coast of Kamchatka,
which includes numerous capes and bays. The curve of
the magnitude of the real induction arrow has a well�
pronounced maximum at periods of 1000–2000 s.
This maximum is associated with the saturation by the
electric current of the deep trench extending along the
Pacific coast of Kamchatka. The magnitudes of the
real induction arrow attain 1.8 at the maximum, which
indicates a strong coast effect. The maximum in the
magnitude of the real arrow corresponds to the mini�
mum in the imaginary arrow, accompanied by the
change in its azimuth by almost 130° At low frequen�
cies the angle between the real and the imaginary
arrows increases to 120°. These features revealed in the
behavior of the frequency curves of the magnetic tip�
per show that in Zone IV 2D effects prevail in the geo�
magnetic field up to periods of 1000–2000 s. With an
increasing period of variations, 3D effects, which are
likely due to the limited southern extension of Kam�
chatka, start to develop.

A better visualization of the coast effect is provided
by the sketches showing the behavior of the induction
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arrows at periods of 100, 400, 1600, and 10000 s
(Fig. 4). At a period of 100 s, the coastal effect appears
in the zones near the shore of the Sea of Okhotsk and
the Pacific. In the middle segment of Kamchatka the
coast effect is barely manifested at all. On the west
coast, the induction arrows exhibit a regular pattern of
orientation towards the Sea of Okhotsk. On the east
coast, the orientations of the real and the imaginary
arrows change due to the very indented coastline. In
most cases the angle between the arrows differs from 0
and 180°, and the lengths of the imaginary arrows are
commensurable to the lengths of the real arrows, indi�
cating the presence of 3D effects.

At a period of 400 s, the area influenced by the
coast effect expands. Only in the central part of Kam�
chatka there is an intact narrow zone where the coast
effect has no impact. On the west coast, the behavior
of the induction arrows remains practically similar to
that observed at a period of 100 s. In the zone near the
shore on the east coast of Kamchatka, the real arrows
are noticeably longer than the imaginary arrows,
showing the induction effect of the active electric cur�
rent in the Pacific.

At a period of 1600 s, the coast effect spreads over
almost the entire territory of Kamchatka. The real and
the imaginary induction arrows associated with the
coast effect increase in the middle part of the penin�
sula. The west coast remains under the influence of the
electric currents flowing in the Sea of Okhotsk. On the
east coast, the real arrows increase their magnitudes,
becoming many times larger than the imaginary
arrows. This shows that the coast effect strengthens
due to the concentration of the electric currents in the
deep trench.

At a period of 10000 s, the coast effects becomes
stronger. It spans over the major part of Kamchatka. In

the southwestern part of the peninsula the induction
arrows point towards the deep trench in the Sea of
Okhotsk. On the east coast the influence of the
indented coastline dies out.

Towards the inland Kamchatka the coast effect
becomes weaker. What is the nature of this attenua�
tion? According to [Rokityanskii, 1975], the weaken�
ing of the coast effect is the sum of the geometric
attenuation and the absorption in the conductive
medium. The geometric attenuation is proportional to
the distance to the source that is a certain elongated
stripe of anomalous currents concentrated in the sea
water. The geometric attenuation results in the reduc�
tion of the magnitude of the real induction arrow,
although it does not affect the shape of the frequency
response. This is clearly seen in the example of curves
in zones I and II up to a period of 2000 s, since at larger
periods the coast effect in zone II starts influencing on
the side of the Pacific. The absorption manifests itself
in the high�frequency range, which results in the shift�
ing of the maximum of the frequency curve towards
the longer periods. Thus, in zone IV the maximum in
the frequency response of the magnitude of the real
arrow appears at 2000 s, whereas towards the inland
Kamchatka (zone III) the maximum is not as distinct
because it falls beyond the considered interval of peri�
ods.

Let us see how the coast effect is influenced by the
increase in the electric conductivity of the lithosphere
of Kamchatka. To study this issue, we introduced a
layer with reduced electric resistivity at a depth of 15
km into the initial model characterized by the stan�
dard distribution of the deep electric conductivity. The
thickness of the conductive layer is 20 km, and the
electric resistivity is 10 Ω m. Computations showed
that introduction of the layer with a conductivity of

50km

0.21ReŴ, ImŴ

1 2 3

Fig. 4. The behavior of the induction arrows at the periods (a) 100 s, (b) 400 s, (c) 1600 s, and (d) 10000 s: 1 and 2 the real and the
imaginary induction arrows, respectively; 3 the sites where the vectors are close to zero.
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2000 S into the lithosphere of Kamchatka results in the
severalfold reduction in |ReW| and |ImW|. This is an
important indication of large conductive zones
beneath Kamchatka.

3. THE ANALYSIS OF THE 
MAGNETOTELLURIC SOUNDING CURVES

The numerical modeling provided for each grid
node a locally normal MTS curve and MTS curves
along and across the strike of Kamchatka, which will
further be called the longitudinal and the transverse
curves. According to their shapes, the longitudinal and
the transverse MTS curves were classified into four
groups characterizing different intensities of the coast
effect (Fig. 5). These groups correspond to the differ�
ent regions of Kamchatka (Fig. 6).

The first region includes the northern part of Kam�
chatka where the peninsula narrows, forming an isth�
mus. The width of the isthmus is 120 km and the
length is 200 km. The transverse amplitude curve con�
tains a minimum and an ascending branch coming to
a maximum. The asymptotic branch is dragged into
the high�resistivity area, which is due to the S– effect
caused by the sharp contrast between the onshore and
the offshore conductivity. The influence of the S–
effect appears already at short periods, which is clearly

seen in the phase curves. The transverse curve departs
from the locally normal curves at periods of 4–5 s. At
low periods this curve does not reflect variations in the
deep geoelectric structure, and at a period of 10000 s it
differs from the locally normal curve (in terms of resis�
tivity) by almost an order of magnitude.

The longitudinal amplitude curve has a descending
branch in the low�frequency domain. This curve qual�
itatively reflects the depth distribution of the electric
conductivity. At low frequencies it lies at a lower level
of resistivity than the locally normal MTS curve. Such
a deviation, amounting a few dozen percent in the
region considered, is related to the influence of induc�
tion of the sea’s electric currents. A noticeable dis�
agreement between the longitudinal and the locally
normal amplitude curves starts already at periods of
60–100 s; and the phase curves begin diverging at peri�
ods as short as 16–20 s. The longitudinal and the
locally normal phase curves merge together at 64000–
10000 s; this indicates that the influence of the induc�
tion effect on the longitudinal impedance dies out.

Region II is located in the middle of Kamchatka.
The transverse amplitude curve has a minimum, an
ascending asymptotic branch, and a maximum. At low
frequencies the asymptotic branch is “hauled up” in
terms of the resistivity level. This is caused by the S–
effect, which starts at periods of approximately 200–
300 s. At these periods the transverse curve noticeably
deviates from the locally normal curve. The difference
between the curves reaches almost half an order of
magnitude at a period of 10000 s. The influence of the
S effect on the phase curves is apparent at shorter peri�
ods of 30–40 s. The deviation of the transverse phase
curve is about 15° at 10000 s.

The longitudinal amplitude curve practically coin�
cides with the locally normal one. The difference
between the curves is a few percent, which falls within
the accuracy of the numerical modeling of the magne�
totelluric field. The same also relates to the longitudi�
nal phase curve. Its deviation from the locally normal
curve attains 5° only in the low�frequency domain
where the accuracy of the phase determination is likely
reduced due to the boundary conditions of the model.

Region III includes the southern tip of Kamchatka
and has an eastern extension. The transverse ampli�
tude curve has a minimum and an ascending asymp�
totic branch that flattens out at low frequencies. The
distortion of the transverse curve here is again associ�
ated with the S–effect caused by the contrast in the
conductivity at the land–sea water interface. A notice�
able influence of the S–effect starts from the periods
60–100 s. The deviation of the transverse curve from
the locally–normal curve at 10000 s exceeds an order
of magnitude. The impact of the S–effect on the phase
curves is apparent at as short a period as 4 s and grows
with an increasing period. The difference between the
transverse and the locally normal phase curves at a
period of 1000 s amounts up to 20°.

IV
III

II

I

100 km

N

Fig. 5. The regions of Kamchatka with different intensity
of the coast effect in the MTS curves.
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In the low�frequency domain, a minimum appears
in the longitudinal amplitude curve. This minimum is
caused by the induction effect of the electric currents
concentrated in the Pacific. The influence of the
induction effect becomes apparent at a period of 150–
200 s, which is reflected in the deviation of the longi�
tudinal curve from the locally normal one. The maxi�
mal difference between the curves reaches approxi�
mately 300% at 1600 s. The induction effect starts
appearing in the phase curve at a period of 50 s and
reaches its maximum at 1000 s. At periods exceeding
1000 s, the longitudinal phase curve has an ascending
branch that intersects the locally normal curve. Such
behavior of the longitudinal phase curve is likely asso�
ciated with the southern closing of Kamchatka.

Region IV covers the east capes of Kamchatka,
where the coastline is very indented. The electric cur�
rents induced in the sea flow around the east capes and
give rise to 3D effects that manifest themselves in the
longitudinal and the transverse curves. The intensity of
these effects depends on where the observations of the
MT fields are conducted. Here it is hardly possible to
identify a typical longitudinal and transverse MTS
curve since the shapes of the curves are very diverse.
The induction effect and the S effect appear in either
the longitudinal or transverse curve, depending on the
configuration of the coastline.

The transverse curve, in contrast to the locally nor�
mal one, has a distinct minimum at periods 400–
2500 s; the minimum in the phase transverse curve
appears at periods 64–600 s. The minimum is associ�

ated with the induction effect of the electric currents
flowing along the boundary of the peninsula, which at
this segment is oriented across the strike of Kam�
chatka. At lower frequencies corresponding to periods
of 6400–10000 s, the transverse amplitude curve inter�
sects the locally normal curve, which is also linked
with the 3D effects. These peculiarities are better
expressed in the phase curves where the maximum in
the transverse curve corresponds to the descending
branch of a locally normal curve.

The longitudinal amplitude curve coincides with
the locally normal curve up to a period of 1600 s. With
increasing period the amplitude curve deviates from
the locally normal curve and becomes a nearly hori�
zontal asymptotic branch. This disagreement between
the curves is more distinct in the behavior of the phase
curves. The longitudinal phase curve starts deviating
from the locally normal curve at a period of 900 s. At
1000–1500 s, the minimum appears in this curve,
which is inconsistent with the descending branch of
the locally normal curve. Thus, we arrive at a conclu�
sion that the longitudinal and the transverse MTS
curves do not reflect the deep distribution of the elec�
tric conductivity. MTS curves in region IV cannot be
used for formal interpretation. In order to estimate the
parameters of the deep electric conductivity in this
region we should invoke 3D numerical modeling.

Consider the model of Kamchatka containing a
crustal conductive layer at a depth of 15 km. The
thickness of the layer is 20 km and its resistivity is
10 Ω m. The longitudinal and the transverse ampli�
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tude and phase curves for this model are presented in
Fig. 7. Practically all curves show some indications of
the crustal layer. Let us consider the patterns of MTS
curves in the distinguished regions of Kamchatka. In
region I, the crustal layer is less evident in the trans�
verse curve than in the longitudinal one, which is due
to the influence of the coast effect. The longitudinal
amplitude curve almost coincides with the locally nor�
mal one. The induction effect caused by the action of
the electric currents in the Sea of Okhotsk, in fact,
vanishes against the stronger influence of the electric
currents flowing in the crustal conductive layer. Note
that the phase longitudinal curve noticeably deviates
from the locally normal one at periods 400–800 s,
which indicates its higher sensitivity to the induction
effect in the region considered.

In region II, where the influence of the coast effect
attenuates, the divergence between the transverse and
the locally normal curve markedly decreases com�
pared to region I. There are noticeable indications of
the coast effect apparent in the transverse amplitude
and phase curves only at low frequencies. The longitu�
dinal amplitude and phase curves faintly differ from
the corresponding locally normal curves, which is due
to the weak induction effect of the electric currents
flowing in the Okhotsk Sea and the Pacific.

The coast effect observed in region III is related to
the influence of the electric currents in the Pacific. In
this region the transverse amplitude curve is similar to
its counterpart in region I. The longitudinal amplitude
curve at periods ranging from 1 s to 400 s is close to the
locally normal curve. At lower frequencies the longitu�
dinal curve differs from the locally normal one due to
the induction effect.

In region IV the crustal layer is reflected in both the lon�
gitudinal and transverse curves. Indications of this layer are
less distinct in the longitudinal curve (for Kamchatka) due
to the S–effect related to the contrast in conductivity at the
interface between the onshore cape Kamchatskii and the
sea water. The transverse curve practically coincides with
the locally normal one. This shows that the influence of the
crustal layer, in fact, suppresses the induction effect of the
electric currents.

CONCLUSIONS

1. The coast effect in Kamchatka is associated with
the influence of the electric currents concentrated in
the Sea of Okhotsk and in the Pacific. The simulta�
neous induction impact of these currents in the terri�
tory of Kamchatka forms a complicated pattern in the
behavior of the magnetotelluric parameters. Accord�
ing to the tipper frequency curves, four zones with dif�
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ferent intensity of the coast effect are distinguished.
On the west coast, the strongest coast effect appears at
periods of 400–500 s. Further eastwards, the coast
effect on the side of the Sea of Okhotsk vanishes, giv�
ing place to the coast effect on the side of Pacific,
which strongly increases on the east coast of Kam�
chatka. The maximum coast effect occurring at the
periods of about half an hour is almost four times as
intense as the effect on the west coast. The maximum
in the coast effect on the west coast of Kamchatka is
associated with the saturation of the deep trench by the
electric current inducing the vertical component of the
magnetic field that strikes through east Kamchatka.

2. The configuration of the domain captured by the
coast effect on the side of the Sea of Okhotsk and the
Pacific depends on the period of geomagnetic varia�
tions. At long periods (Т > 5000 s) the coast effect on
the side of Sea of Okhotsk and the Pacific spreads over
the entire territory of Kamchatka. Thus, at a period of
100 s only the middle segment of the peninsula, and at
a period of 1600 s, only a narrow (50 km wide) zone in
its middle part are free of coast effects.

3. The 3D effects in the variations of the geomag�
netic field in Kamchatka have different intensities in
different frequency bands. At short periods (below 400
s), the effects are due to the flow–around of the
indented coastline by the electric current. These
effects decay with increasing period of geomagnetic
variations and die out at a period of 10000 s. At the
same time, effects related to the flow of an electric cur�
rent around Kamchatka, which is a 3D extended geo�
electric inhomogeneity in the highly conductive sea
water, develop over long periods.

4. According to the longitudinal and the transverse
(relative to the strike of Kamchatka) MTS curves, four
regions with diverse manifestations of the coast effect
are distinguished. Over most of the territory of Kam�
chatka (regions I, II, and III), the transverse MTS
curves experience the S–effect, which shifts the curves
up to a higher level of resistivity. Therefore, the trans�
verse curves are not informative of the depth variations
of the electric conductivity. The longitudinal curves in
the Kamchatka isthmus (region I) and in region III
adjacent to the east capes are distorted by the induc�
tion effect caused by the electric currents in the Sea of
Okhotsk and in the Pacific. Only in the middle part of
the West and Central Kamchatka (region II) the longi�
tudinal curve is free of the induction effect and reflects
the depth distribution of conductivity. The east coast
of Kamchatka (region IV) is characterized by the com�
plex behavior of the longitudinal and the transverse
MTS curves, which is due to the 3D effects associated
with the very indented coastline. The induced electric
currents flow around the capes and are concentrated
in bays. Due to the flow�around and current�gathering
effects as well as to the S and the induction effects in
regions with an elongated coastline of local capes and
bays, the MTS curves have diverse shapes depending
on the specific location of MT observations. Neither

the longitudinal nor transverse MTS curves reflect the
deep geoelectric structure of the model. Therefore, the
interpretation of MTS curves in this situation should
necessarily involve 3D numerical modeling.

5. The presence of a deep conductive layer (with a
conductivity of 2000 S) in the geoelectric model of
Kamchatka results in a severalfold decrease in the
magnetic tipper and noticeable attenuation of the
induction effect in the MTS curves. These features are
important indications of the deep conductive struc�
tures revealed beneath Kamchatka.

6. The main distinctive features in the behavior of
the MTS and MVS curves, which are due to the coast
effect, are revealed for the model with a uniform
inland layer and a uniform deep conductor. The
obtained results are important at the first stage of the
3D numerical modeling of the MT field in Kam�
chatka. Supposedly, further research will address the
study of the MT field in the 3D models of Kamchatka,
containing an inhomogeneous layer inland and an
inhomogeneous deep conductive body in the Earth’s
crust and mantle. We hope that this work will result in
the construction of a 3D model of the electric conduc�
tivity distribution deep in the Earth.
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