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Abstract

The modification of the matrix method for constingtthe displacement field on the free surfacerof a
anisotropic layered medium is presented. The soofeeismic waves is modelled by a randomly orignte
force and seismic tensoA trial and error method is presented for solvidige tinverse problem of
determining parameters of the earthquake soukcaumber of analytical and numerical approaches to
determining the earthquake source parameters, lasdbe direct problem solutions, are proposed. The
focal mechanisms for the events in the Carpattegion of Ukraine are determined by the graphicahoe
The theory of determinating the angles of orientatof the fault plane and the earthquake’s focal
mechanism is presented. The focal mechanisms ebltéiy two different methods are compared.
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1. INTRODUCTION

The main data sources in seismology are the seismomrds of natural or man-made events that are
received on the Earth surface. The task of modersmsc analysis is to obtain the maximum possible
information about the nature of wave-fields propiga Solving these problems involves the study of
seismic regions of Ukraine and interpretation ofvevdields in order to determine the earthquake Ifoca
mechanisms.

In recent years one of the most important methedsd development of approaches for constructiag th
theoretical seismograms, which allow the studyhaf structure of the medium and determination of the
earthquake source parameters. The effects on the fiedd and seismic waves’ propagation in the Esurt
interior should be considered when calculating éh&sismograms. Thus, the displacement field, wtich
registered on the free surface of an inhomogene@oedium, depends on the model of the geological
structure and the physical processes in the source.

Interpretation of seismic research can predictdyr@amic properties of elastic media, and consider t
effects of anisotropy in the inversion problemsiefermining the source parameters. Therefore, riblegm
of mathematical modelling of seismic wave propagain anisotropic medium is relevant. Over the past
decade the considerable experience in theoretimhladgorithmic solutions of a wide range of dynamic
seismology problems is accumulated. There are ylehimethods for solving such problems, which are
quite effectively used in geophysics, includingseslogy. Analytical problem solving methods are
developed only for a relatively narrow range oktasMore precise, and hence more complex matheahatic
models are implemented by numerical methods. Teedave a solution only in certain limited areas of
model medium, and this is the main drawback of misakmethods. This means that the use of numerical
methods, including finite difference method [Fud®¥7, llan 1975, Bullen 1953, Yang 2002, Zahradnik
1975] and finite element method [Thomson 1950, Wwoode 1978] for modelling of seismic wave
propagation in inhomogeneous anisotropic mediasgixey high accuracy results, but requires a ghéckv
covers the entire area occupied by the investigalgett and a significant amount of computer resesifor
the solution of highdimensional systems of algebegjuations. Therefore, it is difficult to implenieaven
with the use of modern computational tools, inahgdiclusters. The matrix method is used to obtain
solutions, which avoid the complicated proceduresdtisfy all boundary conditions. The usefulneks o
solutions obtained by this method is considerefBeibuska 1981, Bachman 1979, Backus 1962, Behrens
1967, Dunkin 1965]. The matrix method allows foc@nmon approach to examine the propagation of
waves in a wide class of systems. This method allmaobtain solutions in a more compact and comrgni
form for further analytical and numerical calcubeis.



In the 50's of 20th century Thomson and Haskedt firoposed a method for constructing interference
fields by simulation of elastic waves in layeredtiepic half-space with planar boundaries [Haskell
1953].The matrix method was developed in the wivelytskyy 1998, 2008, 2010, Kennett 1972, Cerveny
2001,Chapman 2004]. The stable algorithms of segsamos calculation for all angles of seismic wave’s
propagation are obtained. The matrix method is @dimed for low-frequency waves in inhomogeneous
elastic concentric cylindrical and spherical laystsrounded by an elastic medium. The concept ef th
characteristic matrix determined by physical partanseof the environment is developed. The matrixme
is used for seismic waves propagation in elastiiid and thermoelastic media. In addition, it Heen
generalized for the study of other processes dustrby linear equations. The advantage of the matri
method is the ability to compactly write matrix eagsions that are useful both in analytical studied
numerical calculations.

The matrix method and its modifications are usesinmlate the seismic waves™ propagation in isatrop
and anisotropic media. This method is quite corafig and has several advantages over other apgach
Both advantages and disadvantages of the matrikadedre well described in [Malytskyy 2010, Thomson
1950, Ursin 1983, Thomsen 1966].

Today in seismology much attention is given to raatatical modelling as one of the main tools for the
analysis and interpretation of the wave fields.this paper using a modification of the matrix metho
Thomson-Haskell, rigorous equations for the waeddfon the free surface of inhomogeneous anisatropi
medium are obtained, when a source of seismic wiapesated within a homogeneous anisotropic |ayet
presented by the seismic moment tensor. Note teaptoblem of wave fields modelling generated by a
source, which is presented in terms of seismic nmbriensor, also has practical applications in selisgy.
Using this method, the approaches to determiniagltbplacement field are developed for differepety of
earthquake sources that will be shown in the fdlgysections.

2. DIRECT PROBLEM

The problem of wave fields modelling, when the seuis presented by seismic tensor moment, has
practical applications in seismology. Thereforeg thevelopment of methods for determining the
displacement field on the free surface of an arepat inhomogeneous medium for sources of this tg@m
actual task and needs to be resolved.

In this section the propagation of seismic waveinlromogeneous anisotropic medium is considered.
The modification of the matrix method of constraatiof wavefield on the free surface of an anisatrop
medium is presented. The earthquake source repeelsky a randomly oriented force or a seismic mdmen
tensor is placed on an arbitrary boundary of arkyeanisotropic medium. The theory of the matrix
propagator in a homogeneous anisotropic mediunmbpducing a “wave propagator” is presented. It is
shown that for anisotropic layered medium the mairbpagator can be represented by a “wave propdgat
in each layer. The displacement field on the fredase of an anisotropic medium is obtained from th
received system of equations considering the radi@bndition and that the free surface is strassle

2.1. Theory of modification of the matrix method

The problem of wave fields modelling, when the seuis presented by seismic moment, has practical
applications in seismology. Therefore, the develepnof methods for determining the displacemerhd o
the free surface of an anisotropic inhomogeneowsiunefor sources of this type is an actual task meeds
to be resolved.

In this paper the propagation of seismic wavesnisaropic inhomogeneous medium is modelled by
system of homogeneous anisotropic layers, as showRig. 1). The each layer is characterized by the
propagation velocity of P- and S-wave and densitythe boundaries between layers hard contact tondi
is met, except for the border, where the sourceisimic waves is located.
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Fig. 1. Model vertically inhomogeneous medium

The earthquake source is modelled by nine paifsroes, which represented a seismic moment tensor.
This description of the point source is sufficigrithown and effective for simulation of seismic waun
layered half-space [Haskell N.AL953]. ]. In general, the source is also assuimdx distributed over time,
i.e. seismic moment M) is a function of time. This means that the ptgisprocess in the source does not
occur instantaneously, but within a certain tinafe. It is known for our seismic events (Mw ~ 2kt the
time during which occurred the event may be 0.1.7 $®conds. The determination of the source time
function is an important seismic problem. In thigpter the direct problem solution is shown, wheoiat
source is located on an arbitrary boundary of keg@mnisotropic media.

We assume the usual linear relationship betweessjrand strairg
Ty =Cy L& =Cyy g%:( (1)
whereu=(uy, u, u)" is displacement vector.
The equation of motion for an elastic homogenemiso#ropic medium, in the absence of body
forces is Fryer et al,1984]
o°u —e oy,
Pate ™ Gxax,
wherep is the uniform mass density, aeg, are the elements of the uniform elastic coeffictensor.

Taking the Fourier transform of (1) and (2), weait the matrix equatiorfyer et al 1987]
b _ .-
e = wA2b(2) ©))
z

J is the vector of displacements and scaled trastipg —,i(rxz,ryz,rZZ . With the definition
Jw

(2)

where b = [lf
T

of b the system matrix A has the structure

T C
A= (S TTj ; whereT, SandC are 3x3 sub matrice€,andSare symmetric.

For any vertically stratified medium, the differietsystem (3) can be solved subject to specifisagndary
conditions to obtain the response vector b at asired depth. If the response at depghszb(z), the
response at depth z is
b(z) = Rz3)b(z) 4)
where P(z, @ is the stress-displacement propagator.
To find this propagator, it is necessary to find #digenvalues (vertical slownesses), the eigenvecto
matrix D, and its inverse HFryer et al,1984]:



Rzz)=DQ(z2)D™, ®)
where Q is the “wave” propagatoFrer et al,1984é: o

Qzz)=| EDj (6)

where E, =diage " »% e "¥% oMx0h] £ - gigge MWW M % gMFIE]

In the isotropic case the eigenvector matrix D knoanalytically, so the construction of the
propagator is straightforward. In the anisotropise; analytic solutions have been found only fopg
symmetries so in general, solutions will be founderically.

The layered anisotropic medium, which consists nohomogeneous anisotropic layers on an
anisotropic halfspacen(+1) (Fig. 1), is considered. The source in thenfaf a jump in the displacement-

stressF =b,,, —b,is placed on the s-boundary (Fig. 1); it is easwtite the following matrix equation, using
(5-6):
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where
G = D,;,D0,Q,D," ID,,,Q.,,D;; (ID;'DQD;*
- characteristic matrix of a layered anisotropiedim.
V.1 = Gb, + GG [F = G(B, + G;L [F) = G(B, + F) )
where F=Gl(F, G=G"*"[G,,.

Using (7) and the radiation condition (with a bpHce if+1) the waves are not returned), and also
the fact that the tension on the free surface eqoatero, we obtain a system of equations:
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Using only the homogeneous equations is suffidieigiet the displacement field on a free surface:
G U +Gul? +Gul? = ~(G,,F, +G,F, +G,;F, + G,F, +G,F, +G,F.)
Gl +Guf? +G,ul” = ~(GyF, +G,,F, +G,F, +G,,F, +G,F, +G,F,) -
Gy +Gyul” +Gul = —(631|5l + (332|52 + 63353 + (334IE4 + 635|55 + G36|56)

The stress-displacement discontinuity is determinadhe seismic in matrix fornfyer G.J. et al
1984]:

(8)

T
1

N

N

. o(z-z,)
px(M Xx C13C33M zz) + pyM Xy
po yX + py(M yy - CZ3C;;M zz)
px(M x M xz) + py(M zy - M y2)
whereM,,, Myy, M, My, My, Myy, Myy, My, M,— components of the seismic moment tensor,cafd;s, Css,
Ca4, Css— CcOmMponents of the stiffness matrix.

As a result, the displacement field of the freefag of an anisotropic medium is in the spectral
domain as:




3 - (Gl3)—l wl (9)

G, G, Gs a

where v y=|bls
G"”= Gy Gy, Gy y=|b
Gy Gy Gy ¢

a= _(GllFl + G12|:2 + Gl3F3 + G14F4 + G15|:5 + GlGFG) '
b = _(GZIFl + G22|:2 + GZSFS + GZ4F4 + G25|:5 + GZGFG) 1
c= _(G31Fl + GBZFZ + GB3F3 + G34F4 + G35F5 + G36F6) .

Using (9) and three-dimensional Fourier transforme obtain a direct problem solution for the
displacement field of the free surface of an anigit medium in the time domain as:

U(X Y, Zg,1) = #J‘”afﬁ(px, P, Zr, e ¥ PV dp dp dw, (10)

wherezz —epicentral distance,, p,- horizontal slowness.

3. INVERSE PROBLEM

It is known that inverse problems are inherentigoimect. In seismology methods and approaches often
are used, which are reduced to the selection ophysical characteristics of the studied environiman
earthquakeBrace 1978, Clinton 2006, Cohn 1982, Hartzell 1%5&ntosa 1986, Hanks 1979, Honda 1957,
1962, Scholz 1973]. The development of new metlaodsalgorithms for determining of source parameters
is relevant and important issue. Of course, theret general and reliable approach.

Furthermore, it is impossible to consider all effeim modelling wave processes during propagation o
seismic waves in heterogeneous environments. Tdrerefor an anisotropic medium it is difficult to
construct a theory that would be based only onyéinal expressions. Thus, we must resort to nurakric
solution of equations.

3.1. Traditional graphic method and trial and error method for determining of the earthquake source
parameters

The focal mechanism solution for earthquakes inréggon of low seismic activity today is the actual
problem. Particularly it is very important for Catpian region of Ukraine, where insufficient numioér
stations is in addition to low seismic activity.idtimpossible to determine a focal mechanism binwsoe
packages.

The software packages Matlab 7.12.0 (R2011a) id tmeprogramming in this paper. Algorithms and
software of the direct dynamic problem solvingaséd on the method described in Section 2.1. Tatkad
is based on the use of matrix and wave propagatdrish are applied to inhomogeneous anisotropicianed
modelled by bundle of homogeneous anisotropic kayéth parallel boundaries. Algorithm for calcutagi
the displacement field on free surface of a layexeidotropic medium in the Cartesian coordinateesys

(u®,ul?,ul?) is based on certain physical and mathematicadtcaints:

1) heterogeneous anisotropic medium is modellea byndle of homogeneous anisotropic layers;

2) homogeneous anisotropic layers are separatpdrajlel boundaries;

3) contact between the layers is considered hanmtifwity of displacements and stresses);

4) a point source is located within any homogenemisotropic layer.

Thus, the algorithm for calculating the displacetrfexid on free surface of a layered anisotropiclinm
defined by (10) in the Cartesian coordinate systéhe equations for the direct dynamic problem are
obtained by means of numerical calculations.

In the algorithms and programs is used Fast FoufFransform to the variables ). Maximum
frequency, step frequency and sampling time weoseh from the conditions:

%ax = chmax 1
1 fmax
where At = . ; Af = x (n=10).
Waves are excited by a point source, representagibynic moment tensor. The relationship between th
components of the seismic moment tensor and féareporientation angles is given as [Aki 2002]:




M,, = -M,(sindcosAsin2¢, +sin2dsinAsin’ @)

<

w = My(sindcosA cos2g, + 1/2sin20sinAsin2¢, )
M,,=-M, (cochosA cosg, + cos2dsin/ sin¢)s) =M,
w= Mg (sindcos/i sin2¢, - sin2dsinA cos (ps)
M,,=-M, (cosé'cos/l sing, — cos20sin/ cosgos) =M,
M,,=—M, sin2dsinA
whereM,=uAu(z) —seismic momentj — a dip angleps— a strike angle} — a slip angle.
The tensor (11) is defined by the geometric origoneof the fault plane and the value of seismiamaat
Mo.
Obtaining of the analytical expressions to deteentire earthquake source parameters, when the ssurce
represented by seismic moment tensor, is diffidilie most accurate results of the inverse problamrg
for the source parameters are obtained by the #mal error method. In this method, the synthetic
seismograms are calculated many times for all ptessombinations of orientation angles of the faldine
and the velocity model for the Carpathian regiorJkfaine. The correlation coefficients are caloedafor
the all these synthetic seismograms and real ragfoedtent. The biggest correlation coefficient esponds
to the most probable combination of orientationles@f the fault plane. The best results of sohang for
the records from stations in smaller epicenteadist, these records usually have the lowest neisd IThe
results obtained by this method are compared vagults for the same event but received by graphical
method [Malytskyy 2013a].
In the trial and error method the matrix equati®hpié solved for the velocity model for the Carpath

region of Ukraine (Table 1) and for the stressddispment discontinuity (8), where components céraa
tensor are determined via oriental angles of th# fdane (11).

" (11)

<

Table 1.

Velocity model for the Carpathian region of Ukraine
Velocit Velocit .

Dirr)rt]h’ of P-Wa\)//e, of S-Wa)\//e, leglsr;?’y,

km/s km/s

0 4.70 2.71 2200
25 5.50 3.17 2350
6.5 6.30 3.64 2500
8.0 6.10 3.52 2570
12.0 6.70 3.87 2640
17.5 6.85 3.95 2690
21.0 6.40 3.70 2720
26.5 8.10 4.68 2800

The traditional graphical method based on the firstval P-waves [Malytskyy 2013a, Baumbach 2011]
using information about fuzzy first motion [Cror2004] and th&P amplitude ratio [Hardebeck 2003].

The polarities first motion P-waves was definedrfroomplete records seismograms taking into account
the possible inversion of the sign on theomponent. A logarithm of the amplitude ratio $Ralculated
using data from the three components seismic recofdhis event at each station [Hardebeck 2003, de
Natale 1994]. Input data for the azimuth and taleaogle are calculated by software packages fehea
event.

Most often an approach is used where nodal plareglatted on a lower-hemisphere stereographic
projection such as to best fit the polarities oftfiarrivals ofP waves at the stations location of a station
polarity on the projection depending on the staammuth and take-off angle of the ray of firstiaat
connecting the source and the station.

These focal mechanisms are determined using a ohéftlad attempts to find the best fit to the direiti
of P-wave first motions observed at each station. Faloable-couple source mechanism (or only shear
motion on the fault plane), the compression firgttions should lie only in the quadrant containihg t
tension axis, and the dilatation first-motions dHdie only in the quadrant containing the pressaxes.
Accuracy focal mechanism solution depends on tipitirdata: velocity model and coordinate of the
hypocenter (they determine the take-off angle),liyu®f seismic records and sign inversion on the
seismometer, so that "up" is "down" (they deternainaracter entry wave).



S/P amplitude ratios are applicable because of wevaanplitude being the largest on P and T axes of
focal mechanism and the smallest near the nodakglavhile the S-wave amplitude being the largear n
the nodal planes. S/P amplitude ratios with a waéthgje of values can more accurately constrainoteibn
of seismic station projections on the focal sph&he larger S/P amplitude ratios, the closer tloation of
the seismic station projection to the nodal line.

Seismic moment and other spectral parameters anputed by (12-19) for each station [Baumbach
2011].

The seismic moment is computed according to:

M, = 47rvipu, [(68,) , (12)
wherer —hypocentral distance,, - P-wave velocityp — density,u, — low-frequency level (plateau) of the

displacement spectrur®, - average radiation pattern a&j surface amplification foP waves.
The source radiu® is computed from the relationship:

R= 336v, (13)
23,
where f_- corner frequency of the wave.
The size of the circular rupture plane is compuated
A=TR? (24)
The average source dislocation is according to
D=M, /A, (15)
where the shear modulus computed by
H=vip/3. (16)
The stress drop, seismic energy and magnitude MIicamputed according to:
Ac=7M, /16R®, 17)
E, =M, L6010, (18)
ML =(Ig E,-4)/18. (19)

3.2. Determining the parameter s of earthquake sour ces

In approving the proposed trial and error methaddfstermining of the earthquake source parameters t
four events in the Carpathian region of Ukraineeveonsidered. For each of these events an earthquak
focal mechanism is determined by the trial andremethod and graphic method. These focal mechanisms
are compared.

In this paper seismic events are considered:

1. The earthquake took place on the district NNP &yr' the Carpathian region of Ukraine
(p=48.5309°)=23.8365 °, ML=2.53), 2012.01.06 at 04:34:10.46thatdepth 5km.

2. The earthquake took place on the district NNP &yn' the Carpathian region of Ukraine
(p=48.5367° )= 23.8378°, ML=2.68), 2012.01.10 at 12:12:5558thatdepth 5.7km.

3. The earthquake took place near village Ugla48.1676°,1=23.6525°, ML = 2.43), 2012.10.24 at
03:13:40501 at the depth 5km

4. The earthquake took place near village Nyzh8mglyshche ¢=48.1977°,1=23.4663°, ML=2.56),
2013.04.04 at 21:15:1436 at the depth 1.8km.

Location map of the projection of seismic statiamghe Carpathian region of Ukraine and specified
epicenter of the four events in the Carpathianaregif Ukraine is shown on Fig 2. Spectral paransefier
the considered events in the Carpathian regiorkadide calculated by (12-19) are shown in Table 2.

The first step of solving the inverse problem déswlogy is determining the parameters of earthquak
source by graphic method. The data for the deteéngiithe focal mechanism by the traditional graphic
method are sign of first arrival of P-wave, azimirhm epicenter on the seismic station, take-ofjlarand
the /P amplitude ratio on each seismic record of this evEhe input data for graphic method are given in
Table 3-6 for all considered seismic events.
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Fig. 2. Location map of the projection of seisntitions in the Carpathian reglon of Ukraine anccHisel
epicenter of the four events in the Carpathianoregif Ukraine

Table 2.
Spectral parameters for the events in the Carpath@lon of Ukraine calculated by (12-19)
event | Mo, Nm | fo, Hz | Rom [ AM10 | p mm | Ao,MPa | EsMJ | ML
2012.01.06 2.22-16° | 7.67 220 1.54 6.2 0.895 355 2.53
2012.01.10 4.24-16° | 7.38 230.09 1.66 10.9 1.52 678 2.68
2012.10.24 1.72:16° | 7.87 | 215.77 1.46 4.4 0.065 240 | 2.43
2013.04.04 2.55-16° | 6.87 | 211.22 1.4 11 1.18 408 2.56
Table 3.
Input data for determining the focal mechanismweing 2012.01.06
Stations Sign of first arrival | Azimuth,” Take-offigle,” | lg As/Ap
MEZ - 265.1 29 0.48
NSLU + 217.2 29 0.72
RAKU + 156.4 29 0.33
BRIU + 250.7 29 1.28
KORU + 231.6 29 0.53
SHIU - 335.8 35 0.58
MUKU - 264.7 35 0.41
BERU + 249.9 35 0.35
STZU - 301.7 35
Table 4.
Input data for the determining the focal mechan$mvent 2012.01.10
Stations Sign of first arrival| ~ Azimuth.’ Take-offigle.” | lg As/Ap
MEZ - 263.6 29 0.49
NSLU + 216.9 29 0.8
BRIU + 250.2 29 1.32
KORU + 231.2 29 0.63
SHIU - 335.6 35 -
MUKU - 264.2 35 0.5
BERU + 249.5 35 0.48
STZU - 3014 35 0.35




Table 5.
Input data for the determining the focal mechanimvent 2012.10.24

Stations Sign of first arrivall  Azimuth.’ Take-offigle.” | Ig As/Ap
NSLU - 283 -11 0.29
KORU + 268 29 1.06
MEZ - 345 29 0.44
RAKU - 112 29 0.56
BRIU + 292 29 0.69
TRSU + 261 29 0.82
BERU + 276 29 0.75
MUKU + 294 29 0.72
Table 6.
Input data for the determining the focal mechanidmvent 2013.04.04
Stations | Sign of first arrival Azimuth.’ Take-offigle.” | lg As/Ap
NSLU + 269 -53 -
KORU - 260 31 0.43
MEZ - 6 31 0.084
BRIU - 295 42 0.65
TRSL - 253 42 0.57
BERU e 274 42 2.64
MUKU - 297 42 0.71
UZH - 299 45 0.88

Taking into account the input data a@& amplitude ratio (Table 3) the most probable focathanism
of event 2012.01.06 is chosen and shown on Fig 3.

North Norih

 SHU_0.58

@ RAKU_033

a b

Fig. 3. a — location of the projection of seismiations and nodal planes according to the inpu& dat
(Table 3), b - focal mechanism of event 2012.08é&@rmined by the graphic method

Taking into account the ratio of P-and S-waves #@ogs (Table 4) and waveforms similarity with the
event 2010.01.06 the most probable focal mechaofsswent 2012.01.10 is shown on fig 4.
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Fig. 4. a — location of the projection of seismiations and nodal planes according to the inpu& dat
(Table 4), b - focal mechanism of event 2012.0Héf@rmined by the graphic method.

The most probable focal mechanism of event 201241i8. determined by the graphic method using input
data (Table 5) and shown on fig 5.

North

a b

Fig. 5. a — location of the projection of seisnt&tions and the nodal planes according to the idpta
(Table 5), b - focal mechanism of event 2012.1@&#rmined by the graphic method

Taking into account input data (Table 6) the masbpble focal mechanism is chosen by graphic method
and shown on fig. 6.

North

Fig. 6. a — location of the projection of seisntiations and nodal planes according to the inpu @Bable
6), b - focal mechanism of event 2013.04.04 deteedhby the graphic method
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The parameters of the focal mechanisms of the s\erthe Carpathian region of Ukraine determined by
the graphic method are done in table 7.

Table 7.
Parameters of the focal mechanisms determinedebgréphic method
Plane 1 Plane 2 P T N
0s d A 0s ) A Azm | Plunge| Azm| Plungg Azm Plunge
event
2012.01.06| 243°| 72 69°] 1147 27° 138° 349" 24 1p58° 250° | 20°
2012.01.10] 104°| 27[ 129" 241 69" 72° 345° 22° 1p62° 248° | 17°
2012.10.24| 170°| 27[ 131° 316 67° 75° 201° 65 5721° 322° | 13°
2013.04.04| 174°| 45] 173° 269 8% 45° 33° 27° 1424° 274° | 44°

The second step of solving the inverse problem ae$nsology is determining the parameters of
earthquake source by the trial and error methodhdJthe velocity model for the Carpathian region of
Ukraine (Table 1), the wave-field on a free surféf@) is calculated many times for all combinatairdip
(8), strike ¢ps) and slip §) angles. All of these synthetic seismograms arepaved with real records of this
event. The Pearson’s correlation coefficients adeutated for all of these synthetic waveforms aedl
seismograms on each seismic station which recasctlent. The largest coefficient corresponds ¢ontiost
probable combination of fault plane orientation lasgs, o, A). On Fig. 7 the Pearson’s correlation
coefficients between synthetic waveforms and reminsograms on seismic stations (BERU, BRIU, KORU,
MUKU, MEZ, NSLU, and RAKU) are shown. On the hornizal axis a hodal plane identifier (combinations
of dip, strike and slip angles) is plotted. The maxm coefficient R corresponds to the most prob&ital
mechanism. On Fig. 8. the focal mechanisms detewdniny the trial and error method using real

seismograms from different seismic stations andameevariant of the focal mechanism of event 2Q1L2®
are shown.
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m":“: : 4 *4 0:4:
02 ' ..;' e 02 ;
| KORU ] | MEZ
4 1 : L 0‘4: T . :
oy i wl tic. . P .
7 .. I Y ] PN i o3 . .o
MUKU . | NSLU
:: ‘ ] °I4- i
& 02 ’ . 031 ' i'
7 \‘5’5.._. M) R.\'M‘ “ i ‘ ’ 0:1- _!‘LA k .
0,04 . . . 004 e
RAKU
m 0,10 ;E- . E .
005 tﬁw‘\*’ 3

Fig. 7. The correlation coefficients for the evesfiich took place near NNP "Synevyr" on 2012.01.06
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Fig. 8. The focal mechanisms of event 2012.01.@érdéned by the trial and error method using tte re
seismograms from seismic stations: a — BERU; b RBRIUKU, NSLU, RAKU, ¢ — MEZ; d — KORU; e —
average variant of the focal mechanism.

The focal mechanism of event 2012.01.10 is alserdebhed by described above the trial and error
method. Similarly to the previous case the synth&tismograms and correlation coefficients areutatied.
On Fig. 9 the coefficients R between synthetic ezal seismograms are shown. On the horizontal axis
nodal plane identifier (combinations of dip, strikad slip angles) is plotted. The maximum correfati
coefficient R corresponds to the focal mechanismF@®. 10. the focal mechanisms determined byrilé t
and error method using real seismograms from diffeseismic stations and average variant of thal foc
mechanism of event 2012.01.10 are shown.

064
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x© . x : . .
" kw——-—-\k«.,ﬁ..._ L7 AVIRGNN ¥ €
MUKU . ' NSLU
. . %
00 u““‘ ““m—""“ :o r'*L' k_'—
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00 Latid T .

01-

Fig. 9. The Pearson’s correlation coefficients lesm synthetic and real seismograms for the everthwh
took place near NNP "Synevyr" on 2012.01.10
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Fig. 10. The focal mechanisms of event 2012.01et@rchined by the trial and error method using e r
seismograms from seismic stations: a — BERU; b RBRIUKU, NSLU, KORU, ¢ — MEZ; d - RAKU; e —
average variant of the focal mechanism.

The focal mechanism of event 2012.10.24 is alserdéhed by the trial and error method. Similarly to
the previous cases the synthetic seismograms amdlatmn coefficients are calculated. On Fig. be t
Pearson’s correlation coefficients R between syigtrend real seismograms are shown. On the hoakont
axis a nodal plane identifier (combinations of dgirike and slip angles) is plotted. The maximum
correlation coefficient R corresponds to the faoaichanism. On Fig. 12 the focal mechanisms detemin
by the trial and error method using real seismogrénom different seismic stations and average
the focal mechanism of event 2012.10.24 are shown.
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Fig. 11. The Pearson’s correlation coefficientsMeein synthetic and real seismograms for the evéaidhw
took place near village Ugla on 2012.10.24
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Fig. 12. The focal mechanisms of event 2012.10e2drchined by the trial and error method using da r
seismograms from seismic stations: a — BERU, BRIORU, TRSN; b — NSLU, ¢ — MUKU; d — RAKU; e
— average variant of the focal mechanism.

The focal mechanism of event 2013.04.04 is detexchioy the trial and error method. On Fig. 13 the
coefficients R for synthetic and real seismogranmessiaown. On the horizontal axis a nodal planetitien
(combinations of dip, strike and slip angles) istigd. On Fig. 14 the focal mechanisms determinethé
trial and error method using real seismograms fudferent seismic stations and average varianheffocal
mechanism of event 2013.04.04 are shown.
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Fig. 13. The Pearson’s correlation coefficientsMeein synthetic and real seismograms for the evaithw
took place near village Nyzhnje Selyshche on 204.84
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Fig. 14. The focal mechanisms of event 2013.04ddrchined by the trial and error method using &a¢ r
seismograms from seismic stations: a — BERU; b #{BRORU, MEZ, TRSN; ¢ — MUKU; d — UZH; e —
average variant of the focal mechanism.

Table 8.
Parameters of the average variant s of the focaham@sms determined by the trial and error method
Plane 1 Plane 2 P T
0s o A 0s ) A Azm | Plunge| Azm| Plunge
event

2012.01.06] 89 10| 102 257 80 88 169 35 344 55
2012.01.10] 90 10| 102 258 80 88 169 35 345 55
2012.10.24| 152 | 20/ 112 309 71 82 225 26 27 63
2013.04.04| 173 | 43| 173 268 85 48 210 28 33 36

The third step is comparative analysis betweenfdisal mechanisms obtained by different methods.
Comparing the focal mechanisms determined by gcaptethod and trial and error method of the event
2012.01.06 (Fig 3.b, 8.e); the event 2012.01.1§. (#ib, 10.e); the event 2012.01.24 (Fig. 5.b,)12nel the
event 2013.04.04 (Fig. 6.b, 14.e), we can concthdethe results obtained by different methodssargélar.
Thereby, these two methods can be used for detiergnine focal mechanisms of the local events.

4. CONCLUSION

The results of this paper contribute to the fundaaleunderstanding of wave propagation in anisatrop
media. A numerical technique for computing synthegismograms has been developed in the framework o
the theory. Wave propagation in multilayered mediguires that displacement and stress vectors be
continuous everywhere, including the interfaces.

Seismologists have been able to invert the rugtuweess of a number of earthquakes and many of the
features predicted by simple dynamic source moldal® been quantified and observed. Foremost among
these is the shape of the FF spectrum, the baaimgdaws relating particle velocity and accelenatto
properties of the fault, such as size, stress drap rupture velocity. Recent inversions of earthkquslip
distributions using kinematic source models hawnébvery complex source distributions that requaire
extensive reappraisal of classical source models.

It is shown that the developed method for aeiging the earthquake parameters can be used sfigbes
using real records. It should be also noted thatpitoposed method for determining the seismic momen
tensor can be used in seismology for a class dfi@nts, when the velocity model of the medium isvno
Thus, the methods, approaches, algorithms, softfmaréhe propagation of seismic waves and resuits o
direct and inverse dynamic problems of seismolagppsed and developed by the authors and hightighte
in the paper, can be successfully used in the stfittye seismic regions and effective implementatiothe
construction of the earthquake source mechanisrmohaikicrucial for seismic regions of the country.
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The focal mechanisms are determined also usingrtqghical method, which based on the first ariR-al
waves, information about fuzzy first motion and 81€ amplitude ratio.

The advantage of the trial and error method isipii$g using it for determining the focal mechamisn
the case of a small number of seismic stationshm@cord this event.
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