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Abstract—Adit-based linear strain measurements made with strainmeters 1 to 100 m long allow oscillation
processes to be studied in a wide range: from a few tens of hertz to several years. Both seismic waves from
earthquakes and long-period oscillatory signals are recorded, related to tectonic processes. The paper
describes measurements made with rod and laser strain metering systems in an adit of the Talaya seismic sta-
tion (coordinates 51.68° N, 103.65° E, Lake Baikal Region). The elastic moduli of rocks were evaluated using
strainmeter, microbarograph data, and petrophysical core analysis. The Earth’s integral rheological parame-
ters, through the Earth’s free and tidal oscillations, are calculated. Our findings are in good agreement with
modern models of the Earth’s internal structure. The paper describes coseismic and long-term volumetric

strain variations induced by large regional earthquakes.
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INTRODUCTION

Strainmeters have been used in studying crustal
deformations since the 1900s. Rod (quartz/invar)
strainmeters with a baseline of up to 50 m, allow the
detection of deformations on the order of 10~7—10-1°
(Benioff, 1935; Latynina and Karmaleeva, 1978;
Melchior, 1966). Open- and closed-type strainmeters
have been created, with the advent of lasers; in the lat-
ter case, the laser beam travels toward a reflector in a
vacuum pipe. Closed-type systems up to 800 m long,
can detect signals from earthquakes and nuclear
explosions as well as tidal variations provided that the
land topography is flat (Beaumont and Berger, 1974).

Strain measurement techniques are used to solve
different problems of geology and geophysics at vari-
ous spatial and temporal scales: the investigation of
seismic wave propagation (Chupin, 2019), the noise of
various origins, free oscillations of the Earth (Jahr et
al., 2006), the structure of our planet, the free oscilla-
tions of the solid and liquid cores of the Earth, and
tidal effects; the research into modern tectonic defor-
mations and seismicity; and the assessment of anthro-
pogenic impacts on the geological environment. In
seismically active regions, strainmeters are widely
used, with a prospect of earthquake prediction
(Guseva, 1986; Agnew, 1986; Timofeev et al., 2020).

Under certain conditions, deformation on the order of
10~°—10~", can be detected. The places where strain-
meters are installed must satisfy the following require-
ments. First, the influence of surface temperature
should be eliminated; that is why strain measurements
should be carried out at a depth of 50 m or more. The
effects of temperature are minimal when the land
topography is flat (Boyarsky et al., 2003) and the most
significant in the rugged mountainous areas. Anoma-
lies arise due to the ruggedness and color of the Earth’s
surface and differences in the thermal diffusivity of
rocks (Popov, 1961). Second, having a stable tempera-
ture in an adit is the key to ensuring high-precision
measurements. We carried out our measurements in a
90-m long adit of the Talaya seismic station located in
a mountainous area, at a distance of 7 km from the
southwestern end of Lake Baikal (Fig. 1 a).

The average annual temperature is +1 & 1°C in the
Talaya adit (Fig. 2); the daily variation at strainmeter
sites is 0.001°. Temperature perturbation due to adit
attendance takes two weeks to decay, so to keep the
temperature conditions in the adit stable, strict restric-
tive measures must be observed.

Our objective was to study ground motions at dif-

ferent frequencies to determine the parameters of the
free and tidal oscillations of the Earth and assess the
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Fig. 1. Location of Talaya seismic station (TLY) and the town of Slyudyanka (SLYU) on the lakeside of Baikal (a) and the building
of the station (b).
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Fig. 2. The layout of Adit (No. 9) used for geophysical measurements at the Talaya seismic station. The arrows indicate drifts
where strainmeters are installed. Rocks are represented by sedimentary deposits (moraine) along the Talaya valley and underlying

Archean marbles with inclusions of granite-gneiss intrusions.

SEISMIC INSTRUMENTS Vol.56 No.4 2020



382

effects of regional earthquakes in the Baikal rift sys-
tem.

MEASUREMENT TECHNIQUES
AND INSTRUMENTATION

High-precision strain measurement is a challeng-
ing problem as far as an earthquake-prone region is
concerned. There are certain requirements in that
case:

(1) High sensitivity and high stability of instru-
ments,

(2) Low level of noise,

(3) Representativeness of measurement data,

(4) Instruments should be made as simple as possi-
ble, their installation and maintenance costs should be
reasonable (Mogi, 1985).

Let us analyze the strain measurements made at the
Talaya seismic station from 1989 to 2015.

Quartz and invar rod strainmeters (from 1.3 m to
8.3 m long) were installed horizontally and vertically
(Fig. 3) in a 20 m long lateral gallery at a distance of
90 m from the adit portal (Timofeev et al., 1994).
Welded quartz pipes 1.3 to 2.0 m long, 32 mm in diam-
eter, and 4 mm in wall thickness, were rigidly
anchored at one end, the other end with an inductive
sensor was placed on a pedestal unfixed. An 8.3 m-
long invar rod strainmeter (25 mm in diameter) con-
sists of rigidly connected 1.5-m sections with joints
supported by quartz rollers placed on additional ped-
estals (see Fig. 3). A system was used with a sine wave
generator (a two-cycle relaxation oscillator, frequency
20 kHz) and an inductive sensor as load for recording
displacements. The inductive sensor is composed of
two coils mounted on a micrometer table, with a mov-
able core fixed on the strainmeter rod. Provided that
the displacement Ax << /;, the sensitivity .S can be writ-
ten as follows (Asch et al., 1991):

S = ALJAx = (4N s/IAx [ 1+ (2Ax/5Y +...]. (1)

The sensitivity of the sensor depends on the initial
position /, of the coating (distance between the coils of
the sensor): the smaller /;, the greater the sensitivity. If
the displacement Ax is much smaller than /,, only then
the sensitivity can be considered to be a constant
parameter. Therefore, these sensors can only be used
to record displacements of about a millimeter. This
system retains its linearity within a narrow range of
displacements. Typically, the gap between the coils is
from 1 to 2 mm. A strainmeter with a baseline of 1 to
10 m detects displacements between 5 X 10~° and 5 X
10~* mm if tidal deformations are of up to 5 x 1073,
The condition that the displacement should be much
smaller than the gap between coils is perfectly satis-
fied. Moreover, this condition also works if the annual
strain rate is no higher than 10-¢; displacements vary
from 1073 to 1072 mm at that. The measurement range
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of the rod strainmeter was determined using a
micrometer mounted on a unique two-coordinate
micrometer table, displacements being from 0.01 and
0.02 mm. According to Talaya adit-based measure-
ment data, the range error was usually about 5%.
Strain measurements, at the seismic station located at
a distance of 30 meters from the adit, were recorded by
an analog recording system (see Fig. 1b). Such systems
were used between 1989 and 1995.

The adit of the Talaya seismic station used both rod
and laser strain measuring systems. Laser digital sys-
tems have operated in a continuous recording mode
since 1995. Let us briefly describe the laser strainmeter
installed in the adit of the Talaya seismic station
(Bagaev et al., 1992). This instrument is a heterodyne
phase-sensitive laser displacement meter for measur-
ing small displacements using long baselines. It has a
similar design to a two-frequency interferometric sys-
tem with two phase-locked lasers (Bagaev et al., 1992).
The system was developed at the Institute of Laser
Physics, Siberian Branch, Russian Academy of Sci-
ences (ILP SB RAS). It continuously records wave
phase changes caused by the Doppler effect when a
laser beam is reflected off a moving object so that the
displacement is as follows:

Al = (AQ(1) /2m) h/2 = (X/4n)}£2(t)dt, )

0

where Al is the recorded displacement, A@(?) is the
phase difference, €(¢) is the Doppler frequency shift
that depends on time, and 7'is the measurement time.
The laser displacement sensor also has a forming and
receiving optical unit and a recording computer com-
plex.

The sensitivity of the open-type laser system is lim-
ited by atmospheric pressure variations, under the
conditions in the adit at a stable temperature (daily
variations of 0.001°C). The capabilities of the system,
to estimate the differential deformation, were first
demonstrated using two orthogonal arms (baseline
25 m). Later, a laser interferometric system with a sup-
porting compensation arm was developed and experi-
mentally tested (Fig. 4). It was possible to exclude the
influence of slow diurnal meteorological variations
without special shielding of the two measuring arms
and increase the relative sensitivity to displacements in
a wide frequency range by more than three orders of
magnitude, reaching value from 10~ to 10~!. The
laser strain metering system makes it possible to record
earthquakes, the free and tidal oscillations of the
Earth, seiches in Lake Baikal, deterministic diurnal
variations of microdeformation noise, and crustal
deformation processes related to seismic activity
(Fig. 5).
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Fig. 3. Rod strainmeters in the adit of the Talaya station. The free end is on a two-coordinate micrometer table where the
inductive sensor is placed: (a) vertical quartz strainmeter (1.6 m); (b) horizontal quartz N-S strainmeter (1.3 m); (c) horizontal
quartz E-W strainmeter (2.0 m); (d) horizontal 8.3m-long invar-rod strainmeter (azimuth —22.5° N) with rollers, additional ped-

estals placed under the joints.

MEASUREMENT RESULTS
AND EVALUATION OF ELASTIC MODULI
OF ROCKS

Based on measurements of short-period variations
caused by atmospheric pressure jumps, the effective
elastic modulus of rocks (marble) was estimated. A
quartz pressure transducer (Gridnev, 1975) and rod
strainmeter allow the in-situ determination of rock
mass characteristics. During the fast propagation of
atmospheric front variations at periods of a few min-
utes to an hour were recorded (Gridnev and Timofeev,
1990, 1991). So the effective elastic modulus was eval-
uated as follows: L =4.73 X 10° + 0.21 x 10° Pa. Based
on the petrophysical analysis and ultrasonic measure-
ments on core samples taken from a well located at a
distance of 150 m from the adit portal, P and S wave
velocities were estimated: V= 4.16 x 10° m/s; V=
2.62 x 10° m/s. The velocities and marble density p =
2.87 x 10 kg/m? give the shear elastic modulus | =

SEISMIC INSTRUMENTS  Vol. 56

No.4 2020

19.7 x 10° Pa. The difference in the values of elastic
moduli indicates the cavity effect (Fig. 6) (Harrison,
1976; Blair, 1977; and Takemotoa et al., 2006). Thus,
for example, an adit with a cross-sectional height-to-
width ratio of about 1 will exhibit a strain anomaly

e, = 3e_. In our case, this is almost fourfold, which
can be due to an additional contribution of rock mass

fracturing.

The adit is on the northern side of a mountain val-
ley and cannot be affected by spring flood because
the depth of frost penetration is up to 1.5 m there.
Soils thaw out in July and August; during heavy rains,
there is water dripping in the adit, which increases
humidity.

COSEISMIC DEFORMATIONS

The most rapid and significant changes in
the deformation behavior were recorded after Novem-
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Fig. 5. Laser strainmeter records 1 month long: (/) in azimuth of —24° N, (2) in azimuth of 66° N, (3) differential deformation,

and (4) atmospheric pressure variation.

ber 27, 2008, Kultuk earthquake, with a magnitude of
6.3 on Richter scale, its epicenter is at a distance of
25 km from the Talaya seismic station. Figure 7 shows
the deformation behavior before the event. The earth-
quake caused the brick chimneys and stoves in the

one-story wooden building of the seismic station to
collapse. The earthquake caused power outage, hence
the coseismic jump in volumetric deformation was
evaluated using strainmeter data, tilt, and water-level
measurement data. The coseismic strain was equal to

SEISMIC INSTRUMENTS  Vol. 56 No.4 2020
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— 0 —

Fig. 6. Cavity effects in the adit due to the use of an instru-
ment with a small baseline

1 x 10-°. It allows the epicenter to be located more
accurately and an earthquake model to be developed,
with data on coseismic 3D displacements (Fig. 8).

Strain measurements along two orthogonal lines
on the Earth’s surface allow the estimation of surface,
volumetric, and vertical strains. For an isotropic
medium we have:

E':volumetric = (Sxx + 8yy)(l - 2V)/(1 - V): (3)

where €,,ymeuic 1S the volumetric strain; €,, and g, are
the horizontal strains along two orthogonal axes, and
v is Poisson’s ratio.

Two orthogonal axes (north-west and east-west; —
24° N and 66° N) were monitored from 1989 to 2015

for volumetric strain changes. Rod strainmeter data
are graphically represented, for the period 1989—1995
and laser strainmeter data for the period 1995—2015.

The average strain rate (averaged over 25 years of
measurement) is approximately the same as the strain
rate derived from space geodesy data (Sankov et al.,
1999; Lukhnev et al., 2010) at baseline lengths of 10—
50 km (Fig. 9). Note that the Kultuk earthquake
(coordinates 51.62° N, 104.06° E, M = 6.3, depth 13
km, 25 km from the Talaya station) had the greatest
influence on the deformation behavior, as opposed to
more distant earthquakes that produced much smaller
effects (Table 1).

TIDAL ANALYSIS

Let us analyze tidal variations. The response of the
Earth to tidal forces produces important information
about the internal structure of the Earth (Melchior,
1966). One of the methods for tidal studies involves
using ground-based stations to monitor linear tidal
deformations. Analysis of the results produces Love
and Shida numbers (# and /) related to deformations
and elastic parameters of the medium. Theoretical
load Love and Shida numbers are derived from the
Earth’s tidal deformation, calculated through the
instrumentality of complex differential equations and
are connected with the distribution of density and
rigidity modulus (Table 2). Theoretical models of
Earth’s deformation are based on the magnitude of the

Www
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Fig. 7. Strainmeter (25 m) measurements made in Talaya seismic station adit a month before the Kultuk earthquake (August 27,
2008): deformation behavior (7) in azimuth of —24° N and (2) in azimuth of 66° N, and (3) differential deformation.
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tribution of coseismal volumetric strain. According to experimental data, coseismal jump at the Talaya station is AN = -2 *+
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Fig. 9. Volumetric strain variations based on strainmeter measurements in Talaya adit. The arrows indicate strong regional earth-
quakes (M > 5) that occurred in the vicinity of the Talaya seismic station (Table 1). The December 27, 1999, Busingol earthquake
(M = 6.7-7.0) occurred 200 km to the west of the Talaya station.

tidal force, which is evaluated with an accuracy of 10~7 cuted using internationally recognized programs
based on astronomical observations, and different (Wenzel, 1996). Input data were thoroughly selected.

models of the Earth’s structure (Melchior, 1966; Tables 3 to 7 show the results of the tidal analysis
Molodenskii, 1984, 2001). The tidal analysis was exe-  for different strain components. Note that the semidi-

SEISMIC INSTRUMENTS  Vol. 56 No.4 2020
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Table 1. Strong earthquakes (M > 5.5) recorded in the vicinity of the Talaya station (1994—2015)

Distance to the epicenter (km) and range
. . . of magnitudes
Earthquake time and coordinates Magnitude
0<L<50 50< L <100

June 29, 1995; 51.71° N, 102.70° E 5.5-5.7 67 km to the west
February 25, 1999; 51.63° N, 104.89° E; 51.65° N, 104.80° E; 5.5-5.8 86 km to the east
51.58° N, 104.78° E
August 27, 2008; 51.61° N, 104.07° E 6.3—6.5 25 km to the east

urnal lunar wave M2 (E-W) has a small theoretical
amplitude in nanostrains (10~°) at the latitude of the
Talaya stations: O1 = 6.82, K1 =9.59, M2 =0.37, and
S2 = 0.17; the result reflects noise analysis.

The analysis shows that the amplitude factor is
about 1, i.e., it is equal to the theoretical value. Devia-
tions can be explained by the inaccurate installation of
the instrument, the complexity of instrument calibra-
tion during many years, and power supply instability.
In the case of analog recording systems, diurnal tem-
perature variations could affect a 30-meter signal cable
from the adit portal to the station building. Laser-
based systems can be affected by seasonal humidity
variations in the adit. Therefore, the results concern-
ing diurnal waves O1 and K1 may be inaccurate, espe-
cially for phase shifts. Note a positive value (+9°) of
the phase shift for the most reliably detected semidiur-
nal wave M2 (see Tables 3 and 6). The same effect
observed in tilt measurement data (Timofeev et al.,
2020) is evidence of the influence of the Main Sayan
fault, which separates the Siberian platform and the
Baikal rift zone, on the tidal deformations observed at
the Talaya station.

Table 2. Models of the Earth’s structure and load Love and
Shida numbers derived from calculated tidal deformation of the
Earth (Melchior, 1966; Molodenskii, 1984; and Dehant et al.,
1999)

Model of the Earth Love number /| Shida number /
Gutenberg 0.6055 0.0829
Hilbert—Dziewonsky 0.6130 0.0853
(PREM)

Dehant—Defraigne—Wahr 0.6206 0.0904
DDW99
SEISMIC INSTRUMENTS Vol.56 No.4 2020

With respect to directions beyond the main axes
(north-south and east-west), the tidal analysis pro-
duces the ratio of Love and Shida numbers (//#) inde-
pendent of the calibration error (Tables 8 and 9).

The tables show the results of the analysis of the
measurements made with our strainmeters and an
OZAWA strainmeter installed in a kilometers-long
adit at Walferdange (a suburb of Luxembourg), at the
International Center for Geodynamics and Seismol-

ogy.

Altogether, within the limits of observation error,
the observed values are in good agreement with the
theoretical mechanical parameters of the modern
Wahr—Dehant model (Dehant et al., 1999) and the
PREM model of the Earth (Dziewonski and Ander-
son, 1981), the inelasticity of the Earth’s mantle taken
into account (Table 10).

Long-term data analysis showed that differential
deformation data are the most reliable for the estima-
tion of Shida number. A complete set of Love and
Shida numbers for intracontinental regions of Eurasia
in middle latitudes is derived from gravimetric data
(Timofeev et al., 2008; Ducarme et al., 2008) and
experimental data: 2= 0.6077 £ 0.0008, £k = 0.3014 =
0.000, and /= 0.0839 % 0.0001. Slight differences from
the theoretical values are due to the disregard for the
effects of the oceans. The empirical tidal parameters
make it possible to calculate tidal deformations for the
Baikal region using any components of deformation,
tilt, and gravity. The quality of differential deforma-
tion data allows analyzing changes in tidal parameters
(amplitude and phase) over time. We used average
annuals for the period from 1995 to 2015 to exclude the
influence of seasonal factors. Presented below are the
analysis results (Figs. 10 and 11), showing periods of
strong earthquakes; irreversible phase changes after
the Kultuk earthquake reached 2 degrees, which can
be attributed to changes in the properties of the Earth’s
crust in the region (Beaumont and Berger, 1974).
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Table 3. Tidal analysis data and their comparison with the theoretical amplitude, amplitude factor, and phase shift for the
north-south component of quartz rod strainmeter (baseline length 1.3 m), 33456 hours of observations from July 1988 to
December 1995

Wave fnl;;i?lﬁi Model Experiment Difference Error Obz;l;te’d d};fglase Phazeezrror,
0)} 4.56 1.000 1.071 +0.071 0.045 +1.81 2.41
K1 3.37 1.000 1.059 +0.059 0.031 —3.49 1.71
M2 10.81 1.000 1.007 +0.007 0.006 +9.37 0.48
S2 5.39 1.000 1.080 +0.080 0.012 +4.97 0.92

Table 4. Tidal analysis data and their comparison with the theoretical amplitude, amplitude factor, and phase shift for the
east-west component of quartz rod strainmeter (baseline length 1.3 m), 720 hours of observations from July 1988 to June

1991
Wave z?nll);iﬁiic:: Model Experiment | Difference Error Obz;:lrgzd digase Phas;ezrror,
(0)| 6.42 1.000 0.947 —0.0529 0.045 —24.44 2.76
M2 6.43 1.000 16.348 +15.3481 0.626 —3.98 2.19

EARTH’S FREE OSCILLATIONS

The study of the Earth’s free oscillations is one of
the important areas of geophysics. The Earth’s free
oscillations, during catastrophic earthquakes with a
magnitude greater than 8, can be detected with laser
strainmeters. (Fig. 12). From an experimental point of
view, the free oscillations unite seismology and gravi-
metry. Strainmeter records (Jahr et al., 2006) after the
Sumatran earthquake (December 26, 2004, M = 9)
show the Earth’s free oscillations at periods of 57 min,
35.5 min, 25.8 min, 20 min, 13.5 min, 11.8 min,
8.4 min and shorter. Let us consider the measure-
ments made at the Talaya station during the cata-
strophic March 11, 2011 earthquake (M = 9) in Japan.

Figure 13 shows the deformation spectra. The
spectra detected the frequencies of torsional and sphe-
roidal oscillations (Zharkov, 1983). The Earth’s core is

liquid; torsional oscillations are transverse oscillations
(similar to transverse waves), so they affect only solid
regions of the Earth and are determined by the distri-
bution of density and rigidity modulus in the mantle
and crust.

The Earth’s free oscillations certainly “prefer” (a)
the Gutenberg model with a layer of low seismic wave
velocities at depths of 50—250 km, rather than (b) the
Jeffries model with no such layer. Different frequency
intervals are accounted for by different regions of the
Earth’s interior. Therefore, we can use the free oscilla-
tions to study not only the integral properties of the
globe, such as solid Earth tides but also differential
properties. A laser strainmeter is highly instrumental
in studying the Earth’s free oscillations. Also, records
of the strainmeter feature free oscillations of the sur-
face of Lake Baikal, so-called seiches that periodically

Table 5. Tidal analysis data and their comparison with theoretical amplitude, amplitude factor, and phase shift for —22.5° N com-
ponent of quartz rod strainmeter (baseline length 1.3 m), 20784 hours of observations from February 1990 to February 1995

Wave ﬁ;ﬁiﬁi Model Experiment | Difference Error Obssirizzdd];;lase Phasc;ee&;rror,
Ol 5.06 1.000 1.104 +0.104 0.070 +6.46 2.93
K1 6.53 1.000 1.014 +0.014 0.051 —1.59 2.84
M2 9.86 1.000 1.000 +0.000 0.034 —0.02 1.55
S2 5.14 1.000 1.120 +0.120 0.072 —7.76 2.99
SEISMIC INSTRUMENTS  Vol. 56 No.4 2020
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Table 6. Tidal analysis data and their comparison with the theoretical amplitude, amplitude factor, and phase shift for laser
strainmeter’s component with an azimuth of —24° N, 8496 hours of observations from January 1995 to December 1996

Wave Obse.rved Model Experiment | Difference Error ObSGI:VCd phase | Phase error,
amplitude shift, deg deg
o1 4.89 1.000 1.010 +0.010 0.058 —10.1 33
M2 10.290 1.000 1.073 +0.073 0.022 +9.0 1.2

Table 7. Tidal analysis data and their comparison with theoretical amplitude, amplitude factor, and phase shift: laser strain-
meter component with an azimuth of 66° N, 8496 hours of observations from January 1995 to December 1996

Wave Obse.rved Model Experiment | Difference Error Observed phase shift, | Phase error,
amplitude deg deg
M2 4.60 1.000 1.099 +0.099 0.035 —0.08 2.05
S2 2.04 1.000 1.028 +0.028 0.080 +31.11 4.60

load the bottom of Lake Baikal, causing deformations
of the Earth’s crust (Atlas Baikala, 1993). Among
other causes, standing waves (seiches) in Lake Baikal
result from strong earthquakes, abrupt changes in
atmospheric pressure, and two weeks long tidal mod-
ulations.

Spectral analysis of the lake’s water level recorded
at the Listvyanka (the source of the Angara River)
shows the following periods: 4 h 33 min, 2 h 33 min,
1 h 28 min, and 1 h 06 min. From the southern part of
the lake (the village of Kultuk), nodal lines of seiches
are located at distances of 280, 130, 360, and 540 km,

Table 8. Observed and theoretical ratios of Love and Shida
numbers //h

Wave Observed [/h Theoretical I/h
Azimuth of —22.5°
Ol 0.1098 + 0.0205 0.1466
M2 0.1455 £ 0.0110 0.1457
Azimuth of 66°
Ol 0.1550 £ 0.0745 0.1466
M2 0.1217 £ 0.0047 0.1457
SEISMIC INSTRUMENTS  Vol.56 No.4 2020

respectively. Theoretically, the periods of seiches are
as follows:

T, =2/mgH, (4)

where /is the length of the lake; H is its average depth,
normal gravity g = 9.8 m/s?, and n is the mode (1, 2, 3,
etc.). The amplitude of the seiches has seasonal varia-
tions. Laser strainmeter records made at the Talaya
station at a distance of 7 km from the lakeside revealed
the periodic load of a water layer up to 15 cm thick on
the lake bottom (Fig. 14).

Table 9. The ratio of Love and Shida numbers, //A, based
on the results of the tidal analysis of measurements made in
Walferdange adit (Luxembourg) with OZAWA12 horizontal
strainmeter with a baseline of 50 m, azimuth —37.80°,
115824-hour series

Wave Observed I/h Model
Diurnal
Ol 0.1615 £ 0.0007 0.1466
K1 0.1803 £ 0.0005 0.1756
Semidiurnal
M2 0.1488 £+ 0.0004 0.1457
S2 0.1580 £ 0.0008 0.1457
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Table 10. Model-based and observed parameters of strong tidal waves, measurements made with different instruments dif-
ferently oriented in the Talaya adit Corrections (+ 9°) are applied to laser observation data presented in the two last lines of

TIMOFEEV et al.

the table
Instrument Baseline length, m Azimuth Wave Model Experiment Error

Quartz strainmeter 1.3 N-S M2 1.0000 1.007 0.006
Quartz strainmeter 2.0 E-W 01 1.0000 0.947 0.045
Invar strainmeter 8.3 —22.5° M2 1.0000 1.000 0.034
Laser strainmeter 25.0 —24.0° M2 1.0000 1.073 0.022
Laser strainmeter 25.0 +66° M2 1.0000 1.099 0.035
Laser strainmeter 25.0 —33.0° M2 1.0000 0.9292 0.007
Laser strainmeter 25.0 +57° M2 1.0000 0.9195 0.011

In addition to the oscillations observed at List-
vyanka (periods of 4.55, 2.55, 1.47, and 1.1 h), spectral
analysis of winter and summer observations reveals
oscillations with a period of 3.4 h (205.5 min). The
summer frequency spectrum is more elaborate, which
is probably due to the filtration properties of the ice
layer on Lake Baikal in winter. In the future, to
develop a dynamic model of the water level of Lake
Baikal, oscillations at the periods of seiches can be
used. These periods should be taken into consider-
ation during further analysis and interpretation.

CONCLUSIONS

Adit-based rod and laser strain metering systems
are capable of recording geophysical processes in dif-

0.088 I I I T T T T T T

ferent frequency ranges: from seconds to several years.
Analysis of the Earth’s free oscillations observed in the
adit of the Talaya seismic station (Baikal) shows that
they agree with the PREM model of the Earth. The
results concerning the tidal frequencies are in agree-
ment with the DDW99 tidal model of the Earth (the
viscosity of the mantle taken into account). From inte-
grated data for intracontinental regions of Eurasia, a
complete set of Love and Shida numbers were deter-
mined, at mid-latitudes: A = 0.6077 £ 0.0008, &k =
0.3014 £ 0.000, /= 0.0839 £ 0.0001. Theoretical fields
of tidal deformations to be imaged for the Baikal
region are allowed by the resulting tidal parameters
using different strain and tilt components and tidal
variations in gravity. Atmospheric pressure variations
and changes in strain determined the static elastic
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Fig. 10. Time-dependent variation of the Shida number derived from the amplitude factor of M2 wave based on annual laser
strainmeter data. The error level is shown. Arrows indicate the period of 1999—2000 and 2008 earthquakes (see Table 1).
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Fig. 11. Time-dependent phase-shift variation of M2 wave in degrees: The period after the earthquake of 2008 is discernible as
well as transition to a new level, which indicates a change in physical properties of rocks during near earthquakes (see Table 1).
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Fig. 12. Unfiltered differential signal record (strainmeters in azimuths of —24° N and 66° N, the Talaya seismic station, Lake Bai-
kal): the effect of the March 11, 2011 earthquake, arrival of body waves, the Earth’s free oscillations, and tidal variations. The y-

axis represents strain, the x-axis is time (March 2011).

moduli of the rock mass. It is found that the static elas-
tic moduli derived from the strainmeter measurement
data are 4 times smaller than those obtained by
ultrasonic examination of core samples, which is
due to the cavity effects (adit configuration) and
rock fracturing. The spectrum of laser strainmeter
measurement data revealed free oscillations of the
surface of Lake Baikal (seiches). Long-term volu-
metric strain variations feature periods of strong

SEISMIC INSTRUMENTS  Vol. 56

No.4 2020

earthquakes (M > 5.5). Coseismic changes in volu-
metric strain and the annual strain rate are esti-
mated for the Kultuk earthquake that occurred at a
distance of 25 km from the seismic station. Changes
in the amplitude and phase of strain, based on the
results of the tidal analysis, are plotted for twenty
years. Periods of strong approaching earthquakes
are seen in the plots; the Kultuk earthquake
changed the phase shift by irreversible 2°.
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Fig. 13. Spectra of differential signals: (4) immediately after the earthquake of March 11, 2011; (4,) shifted by 3 hours; (/) shifted
by 24 hours; (2) shifted by 48 h, (3) shifted by 72 h; (4) shifted by 96 h. Clearly visible are peaks at the frequencies from 0.h to

0.0060 Hz (57 min—0.00029 Hz; 35.5 min—0.00047 Hz; 25.8 min—0.00065 Hz; 20 min—0.00083 Hz; 13.5 min—

0.00123 Hz;

11.8 min—0.00141 Hz) and then peaks 9.0 min (7), 6.1 min (2), 4.9 min (3), 4.2 min (4), 3.8 min (5), and 3.6 min (6). The y-axis

represents deformation; the x-axis is frequency, Hz.
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Fig. 14. Spectra of laser strainmeter measurement data obtained in the adit of the Talaya seismic station in summer and winter.

The x-axis represents frequency, Hz. The periods of spectral lines are given in minutes.
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