S.E.Kazimova /| ANAS Transactions, Earth Sciences 2 /2020, 40-48; DOI: 10.33677/ggianas20200200045

ANAS Transactions

Earth Sciences 2/2020
Geology and geophysics

http://www journalesgia.com

SINGLE-STATION POLARIZATION ANALYSIS ACCORDING
TO THE ZAGATALA EARTHQUAKE ON MAY 7, 2012

Kazimova S.E.

Republican Seismological Survey Center of National Academy of Sciences of Azerbaijan

123, H.Javid pr., Baku, Az 1143: sabina.k@mail.ru

Keywords: polarization of
shear SH and SV waves,
Lissajous figures, incident
angle and azimuth of the
seismic waves

Summary. The article presents an analysis of the parameters of split shear waves from a sur-
face (h = 8 km) earthquake that occurred within the Great Caucasus in Zagatala region on May 7,
2012 with ml = 5.6. Spatial analysis of waveforms is carried out using 3-component digital signal
recordings. For selected sections of the 3-component recording in the DIMAS program, a three-
dimensional graph of the particle motion path and the projection of the motion path on the NE,
NZ, EZ planes is constructed. The birefringence effect, i.e. the shear wave is split into two (S1 and
S2), each of which has its own polarization and speed for broadband three-component records
(HHE, HHN, HHZ) of one seismic station ZKT. This made it possible to study small-scale strains
for a better understanding of the dynamic processes and properties chances of the medium with
depth. At the same time, the dependence of the parameters of split S waves on the direction of
propagation and spatial heterogeneity of the physical properties of the medium requires a more de-
tailed analysis of the data in space and time. It was established that the fast and slow S-waves are
well distinguished in the wave field, their polarization vectors are mutually orthogonal. Subsequent
waves have much smaller amplitudes, and their azimuths are close to the azimuth of the slow wave
Sa. The delay time between the first and second phases of the shear wave for the ZKT station is 3

seconds with the orientation of the polarization vectors along the azimuths 140° and 70°.

© 2020 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

Introduction

The polarization properties of seismic wave-
fields recorded by triaxial (three-component) sta-
tions can be exploited for event detection, seismic
direction finding, and wavefield filtering. Develop-
ment of the method of shear and converted waves,
creation of the basics of multi-wave seismic explora-
tion make it possible to obtain more complete in-
formation about the medium, including anisotro-
py.As is known, according to the registration of lon-
gitudinal waves, it is not always possible to distin-
guish easily effects associated with heterogeneity
and anisotropy of elastic properties, and a very de-
tailed observation system is required for reliable de-
tection of anisotropy. From the data of multicompo-
nent observations, one can obtain both kinematic
and dynamic characteristics of all types of waves
associated with the anisotropy of the medium. Of the
dynamic characteristics, the polarization parameters
of transverse and converted waves are most im-
portant for determining anisotropy. In an anisotropic
medium, two shear waves with different polarization
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and different velocities can propagate along an arbi-
trary direction. One of them is called fast (S1), and
the other — slow (S2). When an anisotropic S-wave
layer with arbitrary polarization is incident on the
boundary, S-waves split, which is a sign of the pres-
ence of anisotropy, i.e., birefringence. Polarization
analysis of shear and converted waves makes it pos-
sible to separate the waves S1 and S2 in the case of
their interference and to determine their polarization
parameters associated with the characteristics of the
anisotropic medium (T"ansniepun, 1977).

For the first time the idea of the widespread use
of wave polarization to increase the effectiveness of
seismic and seismological studies was put forward in
the 1950s by G.A. Gamburtsov. He proposed and
developed a new type of wave correlation — azi-
muthal phase correlation, based on tracking the
phases of seismic waves as a function of orientation
in space of the component oscillations at a constant
position of the observation points. The development
of these studies led to the creation of the azimuthal
method of seismic observations ("anenepun, 1977).
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Methods have been developed for processing azi-
muthal seismograms and determining the polariza-
tion parameters of seismic waves. This approach to
the study of anisotropy of shear waves has recently
been used by professor at the University of Missouri
E.Sandwoll in his studies.

Thus, the purpose of this article was to determine
the direction of particle displacement of the medium
and the parameters of elliptically polarized vibrations,
to evaluate the accuracy of determining the direction
of the particle motion vector, and to identify split
shear waves using the Zagatala earthquake which oc-
curred on May 7, 2012 with ml =5.6.

Polarization

Wave polarization is a characteristic of shear
waves that describes the behavior of a vector of an
oscillating quantity in a plane perpendicular to the
direction of wave propagation. Polarization cannot
occur in a longitudinal wave, since the direction of
oscillations in waves of this type always coincides
with the direction of propagation. A transverse wave
is characterized by two directions: the wave vector
and the amplitude vector, which are always perpen-
dicular to the wave vector up to the motion of space.
The wave vector shows the direction of wave propa-
gation, and the amplitude vector shows in which di-
rection the oscillations occur. In three-dimensional
space there is another degree of freedom — the possi-
bility of rotation of the amplitude vector around the
wave vector. The triple of vectors associated with
each point of the biregular curve forms a Frenet frame
(https://en.wikipedia.org/wiki/Polarization_waves).

There are three reasons for the polarization of
waves: 1) asymmetric generation of waves in a dis-
turbance source; 2) the anisotropy of the wave prop-
agation medium; 3) refraction and reflection at the
boundary of two media. Polarization is described by
Lissajous figures (fig.1), and corresponds to the ad-
dition of transverse vibrations of equal frequency
(with different phase shifts).

Fig. 1.The polarization described by the Lissajous figures

If the oscillation frequencies are equal, the Lis-
sajous figures are an ellipse, the two extreme forms

of which are a circle and a straight line segment. In
the general case for harmonic waves, the end of the
vector of an oscillating quantity describes an ellipse
in the plane directed transverse to the direction of
wave propagation: this is an elliptical polarization.
Important particular cases are linear polarization, in
which perturbation oscillations occur in one plane,
in this case they speak of a “plane-polarized wave”
and circular polarization, in which the end of the
amplitude vector describes a circle in the plane of
oscillation; circular polarization (like elliptical),
depending on the direction of rotation of the vector,
can be positive or right and negative or left
(https://en.wikipedia.org/wiki/Polarization_waves).

Fig. 2. The difference between circular and plane polarized waves

Particle motion

P and S waves are linearly polarized, with slight
deviations in the inhomogeneous and partially aniso-
tropic real Earth. Incontrast, surface waves may ei-
ther be linearly polarized in the horizontal plane
perpendicular to the direction of wave propagation
(transverse polarization; T direction; e.g., Love
waves) or elliptically polarized in the vertical plane
oriented in the radial (R) direction of wave propaga-
tion. P-wave particle motion is dominatingly back
and parallel to the seismic ray, whereas S-wave mo-
tion is perpendicular to the ray direction
(Erupmunum, Kaszumos, 2007). Accordingly, a P-
wave motion can be split into two main components,
one vertical (Z) andone horizontal (R) component. S
waves, on the other hand, may show purely trans-
verse motion, oscillating in the horizontal plane (SH;
i.e.,, pure T component) or motion in the vertical
propagation plane, at right angles to the ray direction
(SV), or in any other combination of SH and SV. In
the latter case S-wave particle motion has Z, Rand T
components, with SV wave split into a Z and an R
component.
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Thus, when 3-component records are available,
the particle motion of seismic waves in space can be
reconstructed and used for the identification of seis-
mic wave types. However, usually the horizontal
seismometers are oriented in geographic east (E) and
north (N) direction. Then, first the back azimuth of
the source has to be computed and then the horizon-
tal components have to be rotated into the horizontal
R direction and the perpendicular T direction, re-
spectively. This axis rotation is easily performed
when digital 3-component data and suitable analysis
software are available. It may even be carried one
step further by rotating the R component once more
into the direction of the incident seismic ray (longi-
tudinal L direction). The T component then remains
unchanged but the Z component is rotated into the Q
direction of the SV component. Such a ray-oriented
co-ordinate system separates and plots P, SH and SV
waves in 3 different components L, T and Q, respec-
tively. These axes transformations are easily made
given digital data from arbitrarily oriented orthogo-
nal 3-component sensors such as the widely used
triaxial sensors STS2.

Description of the DIMAS program

The DIMAS (Display, Interactive Manipulation
and Analysis of Seismograms) program is designed for
detailed processing and visual analysis of digital seis-
mic signals from various acquisition systems (/Ipo3-
uuH, J[posauna, 2004; 2011). This program allows the
user to both conduct complex processing and analysis
of the seismic signal and evaluate the main parameters
of earthquakes, meets the increased requirements of
real-time operation on seismometric information col-
lection systems. The “SAC” format is used as the water
file. Traditional tool channel orientation:

Z------- Dip=-90, Azimuth=0
N------- Dip=0, Azimuth=0
E------- Dip=0, Azimuth =90.

Spatial analysis of waveforms is carried out us-
ing 3-component digital signal recordings. For se-
lected sections of a 3-component recording, a three-
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dimensional graph of the particle motion path and
the projection of the motion path on the NE, NZ, EZ
plane is constructed in the program. In this case, the
effect of the volumetric trajectory is created by rota-
tion using the function keys, and projections on the
corresponding planes are obtained by turning the
volumetric figure at the corresponding angles. The
program provides for the study of the polarization
characteristics of the signal ([opmkanes u ap.,
2011), as well as a graphic display of the azimuths
and angles of exit of the axis of polarization of the
seismic wave on the Wolfe grid for a given time in-
terval. The direction of the largest axis gives the az-
imuth to the source. The statistical distribution of
polarization vectors in space (polarization ellipsoid)
is constructed in a time window based on the covari-
ance method. The size of the time window is gener-
ally determined within the dominant period of the
wave under study (Kasumosa, Kazumos, 2011).

As mentioned above, studies were conducted on
the example of one of the most powerful earthquakes
in Azerbaijan over the past 10 years — the Zagatala
earthquake on May 7, 2012 with ml=5.6. Broadband
three-component records (HHE, HHN, HHZ) of one
“ZKT” seismic station were selected (Fig. 4).

Fig. 5 shows azimuthal seismograms plotted in
a horizontal plane with an azimuth step of 2° and a
count from the north in the S-wave interval, the pro-
jection of particle motion in three-dimensional
space, and seismograms of a three-component re-
cording.

When shear waves pass through an anisotropic
layer, a birefringence effect occurs, i.e. the trans-
verse wave is split into two (S; and S;), each of
which has its own polarization and speed. The non-
linear polarization of the waves S is due to the su-
perposition of several oscillations. In the case when
the anisotropy is caused by directional fracture, the
displacement vector of the wave S1 is parallel to the
plane of the cracks, and by determining its polariza-
tion we are able to determine the direction of the
cracks (JIyuesa, 2008, 2009).

Thus, for the estimation of wave parameters in
the azimuthal seismograms, S; and S, phases and
their following characteristics are distinguished: 1)
the arrival time tsi, ts; 2) the time interval Atgp, in-
cluding both waves.

As can be seen in the figures, the fast and slow
S-waves are well distinguished in the wave field,
their polarization vectors are mutually orthogonal.
Subsequent waves have much smaller amplitudes,
and their azimuths are close to the azimuth of the
slow wave S;. The delay time between the first and
second phase of the shear wave for the ZKT station
is 3 seconds with the orientation of the polarization
vectors along the azimuths 140° and 70°.
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Fig. 5. An azimuthal seismogram plotted in a horizontal plane with an azimuth step of 2° and a reference from the north in the S-wave
interval at the Guba (QUB) station. Fast (S1) and slow (S2) waves are indicated by arrows

34 shear intervals were identified on the shear
wave seismogram and particle motion trajectories
were constructed in three-dimensional space with a
step of one second (Fig. 6). As can be seen in the fig-
ures on the 4th second, the trajectory of particle mo-
tion in three-dimensional space changes where wave
S1 appears. At the 11th second, wave S2 appears, in
which the oscillations are perpendicular to each other,

i.e. they oscillate in different planes. This type of tra-
jectory changes to elliptical one. Since the displace-
ment vector of the wave S1 is parallel to the plane of
the cracks, by determining its polarization we are
able to determine the direction of the cracks. Only
the initial part of the recording of waves S1 is less
interference, because the interfering waves, as a rule,
are offset in time relative to each other (KassimoBa,
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Kasemos, 2010, 2016). The shear wave splitting is
maximum when the wave propagates parallel to the
layering plane. At that moment, when the waves S1
and S2, propagating at different speeds, are displaced
in time relative to each other and, interfering with
each other, can form an oscillation polarized by the
ellipse. The nature and parameters of the ellipse will

vary depending on the conditions of the superposition
of the waves. This phenomenon is clearly manifested
at 25-30 time intervals where the elliptical polariza-
tion is oriented in the NE direction, and at 33-34 time
intervals the oscillations polarized along the ellipse
have the NW direction. At 35-36 time intervals polar-
ization fluctuations take the form of a circle.
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Fig. 6.Particle motion diagrams for selected seismic waves

Note that a change in the velocity of elastic body
waves with direction (velocity anisotropy) leads to a
change in the refraction angles, critical angles and
amplitudes of transmitted waves. In addition, a
change in polarization in an anisotropic medium leads
to a converted particle motion for all types of body
waves: P, SV, and SH. Since the depth of this earth-

Az=140; Incid.=15

Az=155; Incid.=30

Az=161; Incid.=22

Az=143; Incid.=31

guake was 8 km, and the hypocentric distance was 15
km, we represent the waves P, SV and SH as direct
rays. Using the Wolf grid, we determined the incident
angle and azimuth of the longitudinal and transverse
seismic waves in each selected segment (Fig. 7, 8).
Three main axes of a virtual polarization ellipsoid are
displayed on the Wolf grid.
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Fig. 7. An example of determining the incident angle of a longitudinal seismic wave and azimuth on the Wolf grid
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Az=344; Incid.=72

Az=130; Incid.=48

Az=314; Incid.=44

Fig. 8. An example of determining the angle of exit of a transverse seismic wave and azimuth on the Wolf grid

Discussion of the results and conclusions

Based on the obtained data, a graph of the de-
pendence of the incident angle and azimuth of the
considered seismic waves at 34 time intervals was
constructed. As can be seen in the graph at the first 4
points corresponding to the longitudinal wave, the
azimuth fluctuates in the range of 140-155°, and the
incident angle — 15-37°. For linearly polarized oscil-
lations, the recording form is preserved and the os-

Az
400

cillations are in phase, regardless of the orientation
of the components in space. The nature and polariza-
tion of the longitudinal wave are independent of the
source and the forces acting in it. Therefore, at each
individual observation point, the nature of the polar-
ization of wave P caused by the earthquake will be
the same and cannot provide information about the
source.
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Fig. 9. Graph of the incident angle and azimuth of the considered seismic waves at 34 time intervals
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In shear waves, the action of the waves on the ge-
ophone will depend on how the geophone is oriented
and in what plane, passing through the direction of
wave propagation, transverse vibration occurs. In ho-
mogeneous and isotropic media, shear waves are polar-
ized in a plane directed to the P wave front, i.e., the
particle motion vector lies in the indicated plane and is
perpendicular to the beam. Unlike a longitudinal wave,
where the polarization of the oscillations is determined
only by the direction of wave propagation, the polari-
zation of the oscillations in the transverse wave de-
pends on the type of source.

Thus, it was established that the fast and slow S-
waves are well distinguished in the wave field, their
polarization vectors are mutually orthogonal. Subse-
quent waves have much smaller amplitudes, and their
azimuths are close to the azimuth of the slow wave
S2. The delay time between the first and second phase
of the shear wave for the ZKT station is 3 seconds
with the orientation of polarization vectors along the
azimuths of 140° and 70°. As can be seen in the fig.
9, the azimuthal angle of the first shear wave (interval
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5-8) was 130-150°, and the incident angle was 22-33°,
however, in the following sections of the wave re-
cording, the azimuthal angle sharply changes to 343-
344°, and the incident angle — to 72-74°. Further, the
azimuthal angle sharply changes to130° and then
again moves to the fourth decade (314°).

Thus, the orientation of the forces acting in the
source determines the nature of the particle motion.
For a vertical axis of symmetry and sources with a
horizontally acting force in the direction perpendicu-
lar to the force action, SH shear waves polarized hori-
zontally will propagate parallel to the force. These
waves are of particular interest, since when they
propagate in the axis of symmetric media at the inter-
faces no exchange waves arise, and the wave field is
relatively simple. Therefore, the SH method is based
on the method of transverse reflected waves. It is
characteristic of these waves that the direction of mo-
tion of the particles changes with changes in the di-
rection of the forces. SV waves are polarized mainly
in the vertical plane, and they, unlike SH waves, are
excited by different types of sources.
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MOJISIPU3AIIMOHHDBIN AHAJIA3 3ATATAJILCKOT'O 3EMJIETPSICEHUS
7 MASI 2012 TOJIA 11O OJHOM CTAHIIUU

Kaseimmosa C.J.
Pecnybnuxanckuii Llenmp Ceticmonozuueckoii Cnyxcovt npu HAHA
AZ1143, 2.Baxy, npocn. I [icasuoa, 123: sabina.k@mail.ru

Pestome. B crathe 1aH aHAN3 TAPaMETPOB PACIICIUICHHBIX MOMEPEYHBIX BOJIH OT Heriay6okoro (h=8 kM) 3emuerpsiceHust, mpo-
u3omesuero B npeaenax bonbmoro KaBkasa B 3aratansckoM paiione 7 mast 2012 r. ¢ mI=5.6. IIpocTpaHCTBEHHBIH aHAIN3 BOJIHO-
BBIX ()OpPM BEIETCS C MCIOJB30BAaHUEM 3-X KOMIIOHEHTHBIX HU(POBBIX 3amucell curHaia. J[jis BBIIENeHHBIX YYacTKOB 3-X KOMIIO-
HeHTHOM 3amucu B nporpamme «DIMAS) ctpoutcs TpexMepHbIi IpadiK TPAaCKTOPHUH JBHIKEHHS YaCTHIl M MPOCKIUH TPACKTOPUH
nBwxkeHus Ha mwiockocti NE, NZ, EZ. YcranosneHn 3¢ dekt naBymydenperoMieHus, T.e. HoNepevHas BOJIHA pacuiernsieTcs Ha aBe (S1
u S2), KaXkJas U3 KOTOPbIX UMEET CBOIO TOJSAPU3ALIMIO U CKOPOCTb JUISl IMPOKOIOJIOCHBIX TPEeXKOMITOHEeHTHBIX 3anmuceid (HHE, HHN,
HHZ) onnoit ceiicmuueckoit cranimmm  «ZKT». DTo mano BO3MOXXHOCTh U3YUYHTh MeNKOMAacIITabHBIE AedopManuyl AJsl JIydIIero
MOHMMAaHUS JHHAMUYECKHUX MPOIECCOB M M3MEHEHUS CBOMCTB Cpelbl ¢ TTyOMHOU. B TO ke BpeMs 3aBHCHMOCTH HMapaMeTpoB pac-
IIETUICHHBIX S-BOJIH OT HAIIPaBJICHUS PacIIPOCTPAHCHUS M MPOCTPAHCTBEHHON HEOJHOPOAHOCTH (hM3UIECKHX CBOUCTB CpeJsl TpeOy-
eT Ooyee METANBPHOTO aHaIM3a JAHHBIX B MPOCTPAHCTBE M BO BpPeMEHH. BHIIO yCTaHOBIEHO YTO OBICTpas M MEAJIEHHAs! S-BOJHEI
XOPOLIO BBIIEISIFOTCS B BOJTHOBOM IT0JIE, MX BEKTOPBI HOJIIPU3ALUH B3aUMHO OPTOrOHANBHBI. [Tocienyomye BOJHEI UMEIOT ropasio
MCHBIINE aMIUTUTYAbL, U UX a3UMYThI OJIM3KU K a3UMYTy MEIUICHHOM BONHBI S2. BpeMsi 3aepikku MexIy NepBoii U BTopoi (a3aMu
nonepevyHoi BoaHbI i craHuu ZKT cocTaBiser 3 ceKyHIBI C OpUEHTAIME BEKTOPOB MOIApH3aLuy 1o azumyTam 140° u 70°.
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BiR STANSIYANIN MOLUMATLARI 9SASINDA POLYARIZASiYA TOHLILIi

Kazimova S.E.
AMEA nazrinda Respublika Seysmoloji Xidmat Markazi
AZ1143, Baki sah., H.Cavid prosp.123: sabina.k@mail.ru

Xiilasa. Mogalodo 7 may 2012-ci il tarixinds Boyiik Qafgazin Zagatala rayonunda bas veran, doarinliyi h=8 km, ml=5.6 olan zal-
zalonin enins dalgalarinin parametrlorinin tohlili taqdim olunur. Dalga formalarinin moakan tshlili iigkomponentli ragomsal seysmik
geydlorindan istifads etmoklo aparilir. Dalgalarin tigkomponentli ragomsal yaziliglarda ayrilmig sahalorin segilmasi tigiin « DIMAS»
programinda hissaciklarin horokatinin trayektoriyasinin ti¢olgiilii qrafiklori voa NE, NZ, EZ mustavisinds horokatin trayektoriyasini
proyeksiyast qurulmusdur. Suanin iki refraksiyasi agkar olunub, yoni enino dalgaiki dalgaya béliiniir (S1 vo S2). Hor dalga bir seys-
mik stansiya tizro 6z polyarizasiyasina veo tigkomponentli (HHE, HHN, HHZ) yaziliglarin siirotlorina malikdir. Bu, ki¢ik miqyash de-
formasiyalar1 6yronmaya vo dorin olmayan miihitin dinamiki proseslorini vo xiisusiyystlorini daha yaxsi basa diismak {i¢iin imkan
vermigdi. Eyni zamanda, boliinon S-dalgalarin parametrlorinin miihitin fiziki xiisusiyystlorinin yayilma istigamatindon vo mokan
geyri-bircinsliyindon asililigt mokan vo zaman malumatlarinin daha strafl: tahlilini talab edir. Belsliklo, siiratli birinci va ikinci enina
dalgalar1 dalga sahosindo yaxsi qeyd olunur, onlarin polyarizasiya vektorlari qarsiligh ortogonaldir. Sonrak: dalgalarin daha asagi
amplitiidalart var vo onlarin azimutlari ikinci Sz dalgasinin azimutuna yaxindir. “ZKT” stansiyasi tizro birinci vo ikinci enins dalgala-
rin arasindaki gecikma vaxti 3 san, polyarizasiya vektorlarinin istigamoti 140° vo 70° azimutlar: tizradir.

Acar sézlar: SV va SH enina dalgalarin polyarizasiyasi, Lissaju fiquralar:, seysmik dalgalarin ¢ixisbucag va azimutu
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