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Abstract—Results of magnetic-variation sounding on the opposite shores of the Tatar Strait are presented. The resulting frequency
dependences of tippers serve as a basis for 3D inversion carried out using the ModEM software. The inversion yields horizontal and verti-
cal sections of the Tatar Strait in a 400x400%400 km area along the x, y, and z axes, respectively. A conductive zone is revealed near the
continental shore, and its central part has an electric resistivity of 0.5 Ohm'm at a depth of 5-7 km. The zone reaches 20-40 km across
and vanishes in the lower crust. Along the shore, an anomaly begins north of the Datta Village and extends to the area south of the town
of Sovetskaya Gavan. There is a similar anomaly that is isometric in the horizontal plane and less contrasting, which exists near Sakhalin
Island at depths of 8—12 km, where the crust resistivity is 15 Ohm'm. The position of the anomaly matches the nearby zone of local M =4-6
earthquakes in the upper crust. At depths greater than 10 km beneath the strait, these anomalies merge and the electrical resistivity increases.
In the lower crust and in the upper mantle beneath the strait, the section is characterized by a resistivity of 30-60 Ohm'm. At depths greater
than 100 km, there is a conductive layer submerging beneath the Tatar Strait from the Sea of Okhotsk, with conductive branches running
from it beneath the Tatar Strait south and north of the Datta Village. The possible causes of near-shore conductive anomalies are discussed.
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INTRODUCTION

Oil and gas fields have been long searched for in the Ta-
tar Strait. For the purpose of studying its geological struc-
ture, a large amount of geophysical research has been car-
ried out in the water area of the strait by shipboard seismic,
gravimetry, and magnetometry complexes. This results in
detailed maps of anomalous gravitational and magnetic
fields and seismic sections, illuminating the structure of the
Earth’s crust. Seismic studies make it possible to dissect the
sedimentary strata and determine its configuration, thick-
ness, and foundation relief. On the transverse profiles in the
strait, the North Tatar and South Tatar sedimentary troughs
are identified. The thickness of the Earth’s crust under the
Tatar Strait is also estimated (Tronov et al., 1987).

The performed studies made it possible to mainly inves-
tigate the structure of the upper part of the Earth’s crust of
the strait, but, due to their exploration orientation, they did
not affect the subcrustal depths. This means that the geo-
logical structure of the Tatar Strait should be investigated
further, especially its deep section in the lower crust and in
the upper mantle in order to determine the position of deep
geoelectric inhomogeneities in this area.
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The most suitable geophysical research methods for this
purpose are seismic tomography along with magnetotelluric
(MT) and magnetic-variation (MV) methods. Using MT and
MYV methods, one can dissect a section by resistivity. De-
pending on the period of the recorded natural electromag-
netic variations, covering the range from 10 to 10* s, it is
possible to investigate the section, starting from the near-
surface layers and down to depths of hundreds of kilome-
ters. The rock resistance determined as a result of this inves-
tigation depends on the type of rock, its porosity, the nature
of the fluid filling the pores, the degree of graphitization of
the rock, temperature, etc. With geological interpretation of
the results, all this makes it possible to estimate the material
composition of anomalous electrically conductive regions in
the section and, in some cases, the thermal regime.

When MT and MV methods are used in the water area of
the strait, it is necessary to place the recording equipment
either on the ice or on the bottom, which is quite possible,
but technically difficult to implement at present, although it
is the most informative way. Therefore, a decision has been
made to record variations on the shores of the Tatar Strait,
assuming that it will be possible to study the section under
the bottom of the strait in more detail in the future by con-
tinuing research on the profiles deeper into the island and
the continent and performing data interpretation. This option
is also interesting from a different point of view. It is noted
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in (Varnavskii, 1994) that the previously performed geo-
physical studies do not cover significant areas of near-conti-
nental and shallow waters of the strait, to which gravitation-
al and magnetic anomalies gravitate. In this formulation of
measurements, the study of the geoelectric section under the
bottom of the strait is possible due to the fact that the MV
method allows one to estimate the resistivity both under the
measurement point and at a distance from it due to the ac-
tion of the horizontal skin effect in the magnetotelluric field
(Berdichevsky and Dmitriev, 2009). This possibility is or-
ganically implemented in the method of 3D inversion of MT
and MV data, which has been recently developed. Its analy-
sis performed on control digital models is described in
(Campanya et al., 2016), confirming its effectiveness. The
visualization of the inversion results, carried out with the
help of horizontal sections and vertical sections in the color
gradation of the resistivity, allows one to outline the abnor-
mal electrical conductivity zones.

Thus, the purpose of this study is to obtain primary infor-
mation about the geoelectric section and the localization of
deep geoelectric inhomogeneities in the Earth’s crust and
the upper mantle of the Tatar Strait using MV sounding in
the applied configuration and using the 3D inversion of ex-
perimental data. Moreover, the goal is to consider possible
options for the geological interpretation of abnormally con-
ducting zones, taking into account all available geological
and geophysical data.

STRUCTURE OF THE TATAR STRAIT
ACCORDING TO GEOPHYSICAL DATA

The Tatar Strait separating Sakhalin Island from the
mainland stretches in the meridional direction, narrowing to
the north and slowly expanding to the south. The depths of
the strait slowly increases to the south and from the conti-
nent to Sakhalin Island. In the region under study, which
covers the southern part of the North Tatar sedimentary
trough, they do not exceed 200-300 m with a strait width of
about 130 km (https://maps.ngdc.noaa.gov/viewers/bathym-
etry/). The thickness of the sediments in the Tatar Strait in-
creases eastward and reaches 69 km near the shores of
Sakhalin Island. The thickness of the Earth’s crust under the
strait increases in the same direction and reaches maximum
values over 30 km under the island. The block of the Earth’s
crust of the Tatar Strait is separated from the mainland by
the Eastern Sikhote-Alin deep fault of subvertical dip. In the
coastal part of the continent, there is a mantle ledge near
which the thickness of the Earth’s crust decreases to 20 km
and which extends from Syurkum Cape to the latitude of the
city of Sovetskaya Gavan (Esin et al., 1990; Khanchuk,
2004). The Eastern Sikhote-Alin volcanic belt with exten-
sive fissure eruptions of basaltic plateaus in the region under
study (the Sovgavan Plateau) stretches along the western
side of the strait (Martynov and Khanchuk, 2013). In gen-
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eral terms, the Tatar Strait is a riftogenic asymmetric graben
with a thick layer of sediments in the eastern dislocated part
and their gentle pinching-out near the western coast of the
strait. The asymmetry of the graben is expressed in the
greater subsidence of the eastern base of the rift, which ap-
peared during its formation. The seismically active West
Sakhalin fault extends along the western coast of Sakhalin
Island (Lomtev et al., 2007), separating the island and the
Tatar Strait.

The gravitational field of the strait is characterized by
low values with extensive local minima of less than
—30 mQGal, caused by significant thicknesses of sediments
within their ranges (Volgin and Senachin, 2006). According
to satellite altimetry data, the near-mainland area of the Ta-
tar Strait is distinguished by intense positive isostatic and
Bouguer anomalies along its entire length. Similar anoma-
lies are observed near the eastern coast of the strait, except
they are less intense there. In the adjacent Sikhote-Alin fold-
ed region, there are extensive negative anomalies of the
gravitational field, suggesting decompaction in the Earth’s
crust to depths of 45-60 km (Esin et al., 1992).

In the magnetic field, the Eastern Sikhote-Alin volcanic
belt is characterized by intense positive anomalies associat-
ed with magma bodies, manifested by basalt-andesite volca-
nic rocks and intrusions. A detailed examination reveals lo-
cal bodies with an upper edge at a depth of about 0.5-2.0 km
(Volgin and Kochergin, 2006). At a distance from the main-
land, the volcanic rocks are replaced by volcanogenic-sedi-
mentary rocks. A similar pattern is observed in the northern
part of the strait. Here, the depth to the upper edges of mag-
netoactive bodies is estimated at 0.5-5.0 km. In the southern
part of the strait, weak isometric magnetic anomalies are
presented.

The heat flux in the northern and central parts of the Tatar
Strait is close to normal values, while the southern part is
characterized by anomalous values of about 100 mW/m?
(Lyubimova et al., 1976; Veselov, 2006).

DATA

In the summer of 2017, magnetic variations were record-
ed on the continent in the vicinity of Datta Village (DTA,
49.2818° E, 140.3614° N) and on the Sakhalin Island near
the Lesogorskoe Village (LSG, 49.4230° E, 142.1190° N)
on the coast of the Tatar Strait (Fig. 1). The three compo-
nents H,, H,, and H, of geomagnetic variations were record-
ed using a LEMI-025 fluxgate magnetometer (http://www.
isr.lviv.ua/lemi025.htm) at point DTA and a similar magne-
tometer of the LEMI-417M long-period magnetotelluric de-
vice (http://www.isr.lviv.ua/lemi417.htm) at point LSG.
Variations were recorded in a right-handed coordinate sys-
tem, with the z axis directed downward and the x axis of the
magnetic sensors orientated along the magnetic meridian. At
DTA, the recording lasted for 25 days (August 24—Septem-
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Fig. 1. Location of the central modeling region, the coordinate system,
and the real induction arrows on a period of 20 s on the site. /, iso-
baths, m; 2, observation points: DTA, the Datta Village, LSG, the Le-
sogorskoe Village.

ber 18, 2017) with a sampling frequency of 1 and 10 Hz.
The duration of the observation was determined by the need
to record the widest possible range of variation periods and
their amplitudes in the short-period region, significantly
exceeding the noise. This was especially true considering
that the studies were carried out with the minimum solar
activity, and it was necessary to record an intense magnetic
disturbance.

Fluxgate magnetic field sensors (like those of LEMI
magnetic-variation devices) have insufficient sensitivity
(high noise level) for recording short-period magnetic varia-
tions in a range from 1 to 15 s. This range of variations is
recorded by observing the autumnal variation maximum at
DTA. The recording time was increased in order to be able
to record an intense magnetic storm (September 7-8, 2017,
with a daily average index k, = 49) when the variation am-
plitude sharply increases, making the signal-to-noise ratio
larger. Thus, tippers in this period range are calculated up to
a period of 1 s using variations recorded with a sampling
rate of 10 Hz.

At LSG, long-term observations were not possible, so the
recording lasted from July 3 to July 5, 2017 with a sampling
rate of 1 s. At both points, the data were recorded in binary
format daily on a flash drive with subsequent conversion
into text format by a program included in the equipment set.
As the observation results were processes, the data were re-
calculated into a geographic coordinate system.
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PROCESSING OF EXPERIMENTAL DATA

In a frequency domain, between the geomagnetic varia-
tion components H,, H,, and H,, the following relationship
is fulfilled:

Hz :W\'Hx-’rVVyHy’ (1)

Here W, and W, are complex values. The complex vector
W, comprised of W and Wy, is written as

where j and k are real directing vectors along the x and y,
respectively, and is called a Wiese-Parkinson vector or A
tipper. If Eq. (1) is considered as a scalar product of two
complex vectors, namely vector W and the vector

H,=H j+Hk, 3)
then Eq. (1) can be written as
H.=WH,. “)

Considering the fact that the vector modulus H, is ex-
pressed as | H, ['= H,H, and multiplying both parts of Eq.
(4) by (WH,))’, in which " denotes a complex conjugation,
we obtain
|H, P=IWFPIH,[. ©)

Using Eq. (5), we may express the tipper modulus [W/| as
2)% 3 |Hz

[H,|

.

2+|W

v
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Thus, the tipper modulus denotes the ratio of the vertical
variation component modulus to the horizontal component
modulus. It is an invariant, i.e., it does not depend on the
orientation of the coordinate system. In this case, the tipper
phase is determined as

Im(W,” +W,?)

d =0.5arctg———— .
’ ERen 41,

(7
Here Re and Im denote real and imaginary parts of the com-
plex number. For representing the results of MV studies, we
introduce a real induction vector ReW and an imaginary in-
duction vector ImW (induction arrows), determined as

ReW =W, j-W,k @®)
ImW =W, j-W,K. ©)

In expressions (8) and (9), in contrast to Wiese’s defini-
tion, the signs are inverted. In this case, the real induction
arrow points to regions of high electrical conductivity. The
behavior of an imaginary induction arrow is much more
complex and more difficult to simple interpretation. Usual-
ly, when the results of MV studies are presented, the values
and directions of the arrows are drawn on the maps for a
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selected variation period. In this work, the relationship
charts of the orientation angles of the real and imaginary ar-
rows on the period (a, and a;, respectively). The angles are
determined as

a, = arctg—=" (10)
and

_VI/yi
a, = arctg—=— (11)

xi

on an interval of 0 — 27t. Positive angles are counted clock-
wise from north (from the x axis). The initial qualitative in-
terpretation is carried out using the tipper modulus and the
orientation angles of the induction arrows. The presence of
a minimum on the curves showing the dependence of the
tipper modulus on the period indicates the presence of a
conducting layer in the geoelectric section (Berdichevsky
and Dmitriev, 2009), and the orientation of the induction
arrows determines the position of a conducting heterogene-
ity in the horizontal plane relative to a measurement point.
We determine which type of geoelectric sections (1D, 2D,
or 3D) the section under study belongs to by calculating the
tipper skew
W W. —W.W
S, = Tl (12)
W

In Eq. (12), subscripts » and i denote the real and imagi-
nary parts of the complex number. The 3D inversion of the
interpretation parameters of MV studies is carried out using
the values of W, and IV, at various specified variation periods.

The interpretation parameters defined above are estimat-
ed using a specially developed program that includes the
following operations: removing a linear trend from the data,
correcting the frequency response of channels in the high-
frequency domain, performing band-pass filtering in the fre-
quency domain by multiplying the components spectra by
the frequency response of a bandpass Gaussian filter, and
estimating the functions of multiple, private, and ordinary
coherence. Following the inverse Fourier transform of the
filtering result in the frequency domain, the envelopes and
phases of the narrow-band analytical signal in the time do-
main are calculated, and coefficients W, and W, are calcu-
lated at a given time interval sliding over the implementa-
tion. The process is finished by robust selection of the
calculated coefficients using median estimates and selection
for six values of the calculated coherence functions. The
maximum length of the input sequences of the program is
six days, with a sampling interval df = 1 sec.

DATA PROCESSING RESULTS

Figure 2 shows the interpretation parameters calculated.
Due to the short observation interval, they are determined at
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a narrower period interval for point LSG than for point
DTA. The maximum differences in tipper moduli, shown in
the upper part of the figure, are observed in the short- and
long-period region, and they have similar values in the inter-
mediate periods. This indicates differences between the up-
per and lower parts of the geoelectric sections at these
points. The real induction vector at point DTA is oriented to
the east in latitude, i.c., perpendicular to the coastline. This
is indicated by the value of its orientation angle a,, equal to
90° over the entire range of recorded periods. Given the
shallow depths in the Tatar Strait in this region, it can be
assumed that, if there are any deep conducting structures,
they should be extended parallel to the coast. At point LSG,
the orientation of the real induction vector is not so strictly
fixed. Here, the orientation angle a, increases smoothly, re-
flecting a change in vector directions from west-south-west
to west-north-west. In a period range 7'> 1000 s, there is a
sharp change in the direction of the vector; at long periods,
this vector is oriented toward the Gulf of Patience in the
southeast direction and to the deep-water basin of the Sea of
Okhotsk, located at a distance of about 300 km from point
LSG. In view of the fact that the depth of the Gulf of Pa-
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Fig. 2. Charts showing the dependence on the variation period of the
calculated tipper modules |W|, azimuths of real a, and imaginary a,
induction arrows and tipper skew S, for points DTA (solid circles) and
LSG (diamonds).
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tience does not exceed 100 m, this orientation of the real
vector is determined by the kilometer strata of conductive
seawater in the deep-water basin and sedimentary layers of
the Gulf of Patience.

The orientation of the imaginary induction vector, char-
acterized by angle a,, behaves the same way at both points:
the imaginary vector is oriented in the direction opposite to
the real vector at this point at short periods, and the vectors
look in the same direction as the period increases. It is
known that, in MV studies, asymmetry S, characterizes the
type of geoelectric section. The section under study is one-
dimensional (1D) for S, = 0, it can be considered a two-di-
mensional (2D) section or close to it for S, < 0.2-0.3, and
this section is three-dimensional (3D) for large S,. As can be
seen from the bottom graph in Fig. 2, the geoelectric section
in the vicinity of both points is close to two-dimensional at
intermediate periods. Deviations to a three-dimensional sec-
tion are observed only in the long-period region and at the
shortest periods at point DTA.

3D INVERSION

The values of the tipper skew at points DTA and LSG,
calculated according to Eq. (12), characterize the section as
2D/3D, and the 3D inversion of tippers may be applied to it.
This operation is carried out using a ModEM three-dimen-
sional modeling program with the help of the finite differ-
ence method, developed at the University of Oregon, USA
(Egbert and Kelbert, 2012; Kelbert et al., 2014). It is suc-
cessfully applied for the inversion of profile and areal MT
and MV experiments (Patro and Egbert, 2008, 2011; Tietze
and Ritter, 2013; Kuhn et al., 2014; Samrock et al., 2015;
Tietze et al., 2015). ModEM solves a regularized inverse
problem by the nonlinear conjugate gradient method, mini-
mizing functional ¥

¥(m,d) =d-f(m))" C;l (d—f(m))+

AMm-m,)" C,'(m-m,), (13)
by minimizing discrepancies in both data and models to ob-
tain an optimal solution to the problem. Here m is the matrix
of the section model, which optimally satisfies the data ma-
trix d and, in this case, the experimental dependences
W.(f)W,(f), C, =diag(l/ e’), and it is a diagonal matrix
containing values inverse to the square of the data errors;
f(m) is the solution matrix of the forward problem for mod-
el m; m, determines the a priori starting model of the sec-
tion; A is a regularizing parameter; C,, is a 3D smoothing
and scaling operator. The proximity of the model tippers,
obtained at each iteration, to the section tippers obtained ex-
perimentally, we calculate the standard deviation (SD) nor-
malized to the error in the data and determined as

1N (d‘vbs _d.pred )2
SD= |— ~+t o 7 ,
\/N Z‘ e’

i

(14)
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where d*”*, d”* are the observed and calculated (predicted)
tippers for the section model, respectively, and e is the error
in the observed tippers. Here the summation is carried out
for all measurement points and all periods for which the tip-
pers are calculated. The program is implemented on high-
speed multiprocessor systems, which allows calculating
complex models of geoelectric sections. The input data of
the program can be all components of an impedance matrix
or its main elements, tippers, horizontal MV responses, and
the main elements of the apparent resistance matrix and its
phase, determined on the used period interval. The imped-
ance and tipper values can be fed together to the program
input. The role of the starting model of the section can be
played by a three-dimensional matrix of resistivity, usually
a homogeneous half-space into which a sea or other regions
can be included with fixed initial resistivities that change or
retain their values during inversion, which is determined by
the input data. Smoothing parameters, the initial value of the
regularization parameter, the nature of its change in itera-
tions, the maximum number of iterations, and other param-
eters are also set.

Only tippers are used in the calculations. In this case,
there are observations at two points separated by a distance
of about 130 km. Therefore, we apply the 3D inversion of
the tippers determined at points DTA and LSG. All calcula-
tions are performed using the equipment of the Computation
Center of the Far Eastern Scientific Center at the Institute of
Automation and Control Processes of the Far Eastern Branch
of the Russian Academy of Sciences on an IRUS17 multi-
processor computing cluster (https://www.cc.dvo.ru). The
grid used is comprised of 86x86x53 cells along the x, y, and
z axes, respectively, with no account for the cells in the up-
per half-space. The x axis of the model grid is directed along
the meridian northward, the y axis eastward, and the z axis
vertically downward. The origin of the model coordinate
system is located in the Tatar Strait at the latitude of point
DTA at a node equidistant from both points. Considering the
fact that the strait in the region under study is 130-km wide,
the y coordinates of points DTA and LSG are —65 and
65 km, respectively. Point LSG turns out to be displaced
from the y axis northward by 15 km along the x axis. In the
horizontal plane, the central part of a 60x60 grid has a 5x5-
km cell, but the cell size increases exponentially toward the
edges of the grid with a denominator of 1.24, which deter-
mines a modeling area of ~1095%1095 km. Down the z axis,
the size of the first cell is set at 50 m and increases with
depth in a geometric sequence with a denominator of 1.18.
The starting model of the section is set as a half-space with
a resistivity p = 100 Ohm-m, including the water column of
the strait. The resistivity of the water column is set as equal
to 0.3 Ohm-m, with it not changing during the counting pro-
cess. The water column of the strait is approximated by six
layers whose horizontal dimensions of which are determined
from the bathymetry of the strait, taken from the following
website:  https://maps.ngdc.noaa.gov/viewers/bathymetry/.
Parameters for smoothing the model along the axes are set at
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Fig. 3. Real and imaginary parts of experimental tippers (curves) and tippers of the resulting geoelectric section model (solid circles) for DTA (4)

and LSG (B) points.

0.3. The experimental values of the tippers are set for 13
periods, common for both points at an interval of 20—
22,000 s. Their error is set to be 0.03 at both points. The
proximity of the experimental values of tippers to the pre-
dicted values according to the resulting model is estimated
according to Eq. (14). Figure 3 shows graphs demonstrating
the proximity of experimental and model tippers depending
on the variation period for both points with SD = 1.75 after
the last iteration.

It should be noted that the above-described inversion is
accompanied by 3D inversions based on the data (tippers) of
one point of both DTA and LSG to estimate the stability of
the inversion results. The models of geoelectric sections in
their vicinity are calculated for the following purpose. Some
inversions are carried out with a horizontal cell size of
10x10 km in the central part of the modeling region. In ad-
dition, some of the starting models have no water layer of
the strait, which means that they are set by a homogeneous
half-space with p = 100 Ohm'm to estimate the effect of
conducting seawater on the inversion results. At point DTA,
the experimental values of tippers are recalculated into a co-
ordinate system rotated at an angle of 45° to the northwest

relative to the original system. In this coordinate system, in
which the x axis is not parallel to the strike of the strait and
the y axis is not directed across it, the inversion is carried
out. The results of all these inversions indicate that the main
features of the section model, obtained in the above-de-
scribed inversion, are retained in each of them. Differences
are observed only in the regions remote from the point when
it is inverted according to its data. As the water layer is tak-
en into account, the resistivity of the conductive anomalous
zones near the points slightly increases as compared to mod-
els that do not take into account the water column.

DATA INVERSION RESULTS

The horizontal slices obtained via inversion and the verti-
cal sections of the resulting model on chosen depths and
profiles are illustrated in Figs. 4-6. It should be noted that
geoelectric inhomogeneities in the sections are character-
ized by a wide range of resistivity from 0.5 to 3000 Ohm-m.
Of all resulting horizontal slices, Fig. 4 shows the most typ-
ical contrasting resistivity distributions in a square area with
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Fig. 4. Resistivity distribution in the resulting model in the XY horizontal planes in the modeling regions in layers 3.0-3.6 km (4), 6.2-7.3 km (B),
10.3-12.2 km (C), and 23.9-28.3 km (D). Observation points are marked with triangles. On pannel B, the circles show perpendicular projections
of earthquake epicenters near point LSG with hypocenters in a depth range from 10 to 12 km, taken from the website http://ds.iris.edu/ieb/index.
html, onto the surface of the horizontal section of the model at a depth of 10.3 km. The color scale of the resistivity in a logarithmic scale is shown

to the right of the figures. The strait isobaths are given in meters.

a side of 400 km at depths up to 30 km and gradually decay-
ing with increasing depth. As seen from the figure, the in-
version results can be used to determine the Earth’s crust
under the Tatar Strait with the help of lowered resistivity
values (30—60 Ohm-m). This suggests that the influence of
only the conductive water layer specified in the starting
model is insufficient to approximate the experimental fre-
quency dependences of the tippers. Near point DTA, on the
side of the strait, one may observe low-resistivity zone par-
allel to the coastline, which increases in size with depth and
reaches a maximum of 2040 km in diameter and of about
5-7 km at depths horizontally. With further deepening at a
depth of 10-12 km, it splits into two branches whose resis-
tivity increases, approaching background values in the upper

mantle. In this case, the lower arm is shifted southward to
the area of Sovetskaya Gavan. Thus, this conducting hetero-
geneity is located from the area in the north of the Datta
Village along the coast to the area in the south of Sovets-
kaya Gavan. The high-resistivity area separating the arms
and being visible in Fig. 4d, expands with increasing depth
and spreads to the east toward the island. It should be noted
that conducting inhomogeneities here are also manifested in
the uppermost layers at depths of 0-200 m, reflecting sur-
face local conducting formations, mainly represented by the
complex configuration of shallow water and sediments with-
in them. Then they are absent down to a depth of 2 km. With
further deepening, a conductive heterogeneity stands out in
contrast to the bottom of the Earth’s crust. High resistivity
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Fig. 5. Sections of the resistivity of the resulting model in the vicinity
of the DTA point in the XZ planes in vertical layers 5 km thick at the
distances of their boundaries from the observation point along the Y
axis by —90 ... -85 km (4), —80... =75 km (B), —70... =65 km (C),
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the east). The triangle at the origin indicates the location of the DTA
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scale of the resistivity in a logarithmic scale is shown to the right of
the figures.
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scale of the resistivity in a logarithmic scale is shown to the right of
the figures.
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values exceeding 1000 Ohm-m can be seen from the side of
the continent, at this point in the section model, and they are
the reason for the large values of the tippers.

A similar situation is observed in the vicinity of point
LSG with an exception for the fact that the contrast of resis-
tivity anomalies here is much lower and they are not parallel
to the coastline in the strait as at point DTA. Here the local
conducting inhomogeneity is located in the coastal part of
the strait to the northwest of the point, partly spreading into
the island territory. As the depth increases, the resistivity of
its central part decreases, reaching a minimum of 15 Ohm-m
at a depth of 8—12 km, and approaches the resistivity of the
starting model in the lower crust.

The meridional longitudinal sections near point DTA are
shown in Fig. 5. Here, in the figures, the distances of the
profiles from the point along the y axis is expressed in the
coordinate system shown in Fig. 1. Their displacement rela-
tive to point DTA is estimated by recalculating their values
to the system associated with this point, while the y,;, coor-
dinate is determined as follows: yp, =¥ —», where y, is the
point coordinate in the original system (y, =—65 km ) and y
denotes the coordinates indicated the figure caption (with
account for the sign). Now negative values set directions
from a point near the coastline inland and positive values to
the Sakhalin Island. Looking at the sections shown in Fig.
Sa and 5b represent 5-km thick vertical layers, starting from
distances of —25 ... =20 km from the coastline in sections
down to depths of 100—150 km, one can see high-resistivity
values in the vicinity of the point and low-resistivity values
on the right and left (north and south, respectively) from it.
These areas are underlain by a layer with a resistivity of
100 Ohm-m, specified in the starting model. When crossing
the coastline in the coastal region of the strait (see Fig. 5D, E),
the left and right low-resistance regions merge, and a pro-
nounced conducting inhomogeneity appears. It is located
vertically in the depth range of 2-22 km, and horizontally
extends along the coast in the central part for about 100 km,
manifesting itself at a distance of more than 30 km from the
coast.

Latitudinal sections across the Tatar Strait from north to
south through the latitude of point DTA point at selected
distances from it are shown in Fig. 6a—d. On all sections,
with resistivity values exceeding 100 Ohm-m, a conducting
region is distinguished under the bottom of the Tatar Strait.
In the central part of the strait, it begins at a depth of =10 km,
continues to =50 km and, narrows down, and merges with
the background at a depth of about 90 km. It is peculiar how
this area is joined with the mainland and the island. Near the
mainland, in the coastal part, it sinks sharply to depths of
20-25 km, which may be caused by a fault, but, closer to the
island, the conducting strata slowly rises and enters its lim-
its. This behavior of the conducting strata is typical for the
sections north of point DTA (see Fig. 6a, ). Starting from
the latitude of point DTA and further to the south, there is
spatial differentiation of the resistivity of the stratum in the
section under the Tatar Strait. At the most distant profile, it

S.S. Starzhinskii and V.M. Nikiforov / Russian Geology and Geophysics 61 (2020) 1448—1459

is smoothly joined with the continent with a branch, which
gradually rises upward in the lower part with distance from
the strait. In the lower right part of all sections, starting from
a depth of about 90 km, there is a conductive region plung-
ing at an angle of =30° in a direction toward the continent.

RESULTS AND DISCUSSION

First of all, it is important to note that conducting geo-
electric inhomogeneities in model sections are given within
the framework of the Earth’s crust and partly in the upper
lithospheric mantle. They are located in the Tatar Strait be-
tween observation points, partly penetrating under the island
and into the mainland. They are located near the points and
can be observed starting at depths of nearly 2 km, and, as the
depth increases, they expand and merge together at a depth
of about 10—12 km. At the same time, their resistivity reach-
es minimum values (maximum electric conductivity range)
in the central parts at a depth of 5—7 km near point DTA and
at 8—12 km at LSG, at which their resistivity (=15 Ohm-m)
is larger as compared to the first point (=0.5 Ohm-m) as seen
from Fig. 4.

The cause for resistivity anomalies at point LSG is deter-
mined using seismological data. On the website http://www.
ds.iris.edu/seismon/, we use the IRIS earthquake browser
and obtain a sample of earthquake hypocenters with a value
M = 4-6 near this point from 1973 to 2014. It turns out that,
of the 52 crustal earthquakes obtained, 45 have a hypocenter
depth of 10 km. The perpendicular projections of the epicen-
ters of these earthquakes onto the surface of the horizontal
section of the model at a depth of 10.3 km are shown in
Fig. 4b. The figure shows that earthquakes are located in an
electrical conductivity anomaly region in this depth interval.
It should be noted that there is a wider region of crustal
earthquakes to the south, within the western edge of the is-
land and the eastern side of the strait (Lomtev et al., 2007),
localized along the West Sakhalin Fault. The hypocenters of
these crustal earthquakes are also located at depths of about
10 km. Taking this into account, here it is necessary to as-
sume significant fracturing. If it is saturated with fluids re-
leased during metamorphism or rising from the lower hori-
zons of the Earth’s crust and the upper mantle, conditions
for the existence of conductive zones are created.

Usually, electrical conductivity anomalies in the Earth’s
crust and upper mantle are explained using several mecha-
nisms of its increase. Among them are the presence of water
and its solutions in the pores of the rock (Nesbitt, 1993), the
graphitization of intergranular and pore space of rocks (Jod-
icke, 1992; Zhamaletdinov, 1996; Jodicke et al., 2004), their
partial melting (Ni et al., 2011), and rock decompaction by
local earthquakes with the formation of flooded fracturing
(Unsworth et al., 1999; Kissin, 2004). On the other hand, if
mantle diapir penetrates into the Earth’s crust and its com-
ponents crystallize, liquid and gaseous fluids begins to
evolve during cooling, which, penetrating into the upper ho-
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rizons, ensures the unloading of elastic tectonic stresses
present therein, i.e., cause earthquakes (Miller, 2013). Rock
decompaction near point LSG is also indicated by a chain of
gravitational minima. It stretches here in the strait parallel to
the coast and at a distance of about 15-20 km from it as can
be seen on a WGM map (International Bureau of Gravity) of
Bouguer gravity anomalies (WGM2012).

The presence of coal deposits of the Uglegorsk coal-bear-
ing region in the region under study (Zhizhin, 1974) sug-
gests the accumulation of biogenic material here in past ep-
ochs, from which graphite can form if it happens to be in a
high-temperature zone during metamorphism (Jodicke,
1992). In order for the increased conductivity to be associ-
ated with graphitization, it is necessary to assume that the
graphite fibers are interconnected, representing a single con-
ductor of electric current at large distances. The existence of
such a conductor in this case is hindered by the seismicity of
the region, which, during fracturing, disrupts the connectiv-
ity of graphite fibers if they are present in the rock. Howev-
er, the introduction of conducting fluids in this case restores
electrical connection between graphite fibers. The possibili-
ty of abiogenic formation of graphite in microcracks in the
bottom of the Earth’s crust by ascending flows of gaseous
fluids discharging in the fault zone cannot be ruled out. Tak-
ing into account that the heat flux near this point is 60 mW/m?
(Veselov, 2000), it can be estimated from thermometry that,
in regions of recent activation at depths of 10-12 km, the
temperature is about 400-500 °C (Cermak and Lastovicko-
va, 1987), which is not enough for the melting of rocks, in
which case their electrical conductivity increases. This tem-
perature range allows for the existence of graphite conduc-
tivity along grain boundaries, which vanishes at tempera-
tures of about 1000 °C (Yoshino and Noritake, 2011).
Therefore, the source of the conductive anomaly should ap-
parently considered to be fluidization and decompaction of
the section in this region.

At point DTA, the central area of the local contrast
anomaly is located even closer to the surface. The conduct-
ing anomaly itself stretches along the coast, plunging to the
north and south. In contrast to the opposite shore of the Ta-
tar Strait, there is no noticeable seismic activity, but, in the
strait near the continent, there is a positive anomaly region
in the gravity field (WGM2012), which matches the anoma-
lous electrical conductivity zone. According to seismic data,
a mantle ledge is distinguished here, near which the thick-
ness of the Earth’s crust is reduced to 20 km (Khanchuk,
2004). Perhaps, the anomaly is related to its existence. It
should be noted that similar near-surface anomalies with
high electrical conductivity are identified according to MT
and MV methods in rifting regions and in modern volcanism
regions (Matsushima et al., 2001; Hill et al., 2009; Bertrand
et al., 2012; McGary et al., 2014; Comeau at al., 2015). In
these regions, the existence of magma chambers in the upper
part of the Earth’s crust, containing a large percentage of
melts, is assumed. The results are interpreted using the data
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of laboratory studies pertaining to the electrical conductivity
of igneous rocks during melting under various P-7 condi-
tions typical for the depth intervals studied. In this case, a
decrease in the melting point of the rock in the presence of
water is observed. Thus, in (Laumonier et al., 2015), by
varying the percentage of water in dacite melts, at pressures
attained at the depths under study, melting points of about
800 °C are obtained. In this case, the resistivity of melts of
about 1 Ohm-m are close to the values determined from the
MT sounding data at depths of 5-20 km in these regions.
Low resistivity values of 0.1-1.0 Ohm-m, close to the val-
ues of the local anomaly at point DTA, are also obtained in
experiments on measuring the electrical conductivity of
tholeiitic basalt and andesite melts from the Hawaiian Is-
lands (Tyburczy and Waff, 1983) at temperatures of 1200—
1400 °C and pressures of 0—1 GPa existing within the
Earth’s crust.

These results are acceptable for areas of recent volcanic
activity, which is not typical for the region under study.
There are no heat flux measurements here, which could
somewhat clarify the situation. The existence of a thermal
spring approximately 30 km from the coast (Poturay et al.,
2018) with a water temperature of 50 °C indicates possible
temperature activation of the subsoil. It remains to assume
that the upper part of the Earth’s crust is processed by liquid
and gaseous fluids rising along the East Sikhote-Alin deep
fault from the mantle ledge. The reality of the existence of
the latter in the geological setting of the region is also con-
firmed by geophysical studies in other similar regions. Thus,
on the Atlantic coast of northwestern Namibia in the region
of the Cretaceous basalt plateaus in the area of interaction of
the plume with the continent, a mantle bulge is recorded in
seismic studies (a region of high seismic velocities v, =
8 km/s in the middle and lower crust) within the same depth
interval (Ryberg et al., 2015). From the ledge, a slowly as-
cending supply channel is traced, and it is assumed that that
basaltic magma is poured onto the surface of the continent
through it. Figure 6d, e represents the cross section of the
Tatar Strait to the left of the coastline and shows low-resis-
tivity region slowly ascending to the continent, extending at
a distance of about 60—70 km from the coast, and starting
from the upper mantle depths under the strait. It is not ex-
cluded that this region could have been a supply channel for
basaltic eruptions on the continent.

It can be seen on the cross sections in Fig. 6 that the low-
er crust and the upper mantle to a depth of 100 km under
the strait have a resistivity of 30—60 Ohm-m. Below, there is
a layer with a resistance of 100 Ohm-m, with a conducting
wedge with a lower resistance being plunged under it on the
right. The resistivities of these conductive layers correspond
to those of basaltic melts for P—T conditions at these depths
(Dai et al., 2015). To the north and south of point DTA, the
upper conductive zone connects to a plunging wedge region,
denoting a branch from the deep conductor into the Tatar
Strait region.
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CONCLUSION

The performed MV sounding of the Tatar Strait and the
3D inversion of their results make it possible to construct a
geoelectric model of the deep structure of the strait to the
upper mantle depths. The model shows two local highly
conductive anomalies near the continent and the island at
depths of 5-7 and 8-12 km, respectively. Their location at
the top of the Earth’s crust in the region of development of
faults and mantle ledges near the continent suggests that
they are caused by these features of the geological structure
of the region. The studies carried out have established that,
near the continent, the anomaly is elongated along the coast
of the strait, and, near the island, it has an isometric shape in
the horizontal plane. The interesting fact that the island
anomaly matches the zones of local crustal earthquakes re-
quires further research.

Throughout the entire length of the Tatar Strait in the
modeling area, from depths of the first kilometers to the up-
per mantle depths, its geoelectric section has a higher elec-
trical conductivity than adjacent areas. The model shows a
conductive block descending under the Tatar Strait from the
Sea of Okhotsk. At depths of more than 100 km, it can be
related to a plunging slab (Martynov and Khanchuk, 2013).

In conclusion, it should be noted that the use of 3D inver-
sion of MV data at the two points makes it possible to esti-
mate the main features and localization of geoelectric inho-
mogeneities in the Tatar Strait section. The use of profile
and areal observations in the region for 3D inversion un-
doubtedly increases the detail of its deep structure, consider-
ing that the program allows inverting 100 or more observa-
tion points (Egbert et al., 2017). Undoubtedly, point, profile,
and areal recording of electrical and magnetic variations on
ice or at the bottom of the Tatar Strait radically improve the
illumination of the geoelectric section of its underwater part.
Efforts are directed at their implementation up to the devel-
opment or acquisition of sea bottom stations.
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