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ABSTRACT

RESOLUTION OF ISOTROPIC PERCENTAGE IN
MOMENT TENSOR INVERSION OF TENSILE SOURCES

Moment tensor solutions are commonly used in order to understand earthquake
source mechanism. Moment tensor can be decomposed into three components, namely
isotropic (ISO), double-couple (DC) and compensated linear vector dipole (CLVD). It
is well-known fact that tensile sources generate non-DC components and those earth-
quakes can be defined as the combination of both tensile and shear motion on a fault.
In this thesis, resolution of the isotropic part in the moment tensor are considered
for tensile sources. For that reason, synthetic waveforms are created by using full
moment tensors with different isotropic percentages and those waveforms are inverted
with gCAP method. Afterwards, a range of different isotropic values, with a step of
t = 0.1, are forced in the moment tensor inversion process in order to investigate the
change in variance reduction as the isotropic percentage deviate from its true value.
Inversions of the full waveform are performed in different distances and depths for three
moment tensors with different isotropic percentages, namely 2%, 5% and 14%. Inver-
sions results of those original moment tensors and moment tensors with manipulated
isotropic percentages are expressed. Those results are compared to each other in terms

of changing isotropic percentages, depth and variance reduction in different stations.

The results can be summarized as firstly, inversion is not really sensitive to the
isotropic component of the moment tensor because isotropic component has small en-
ergy compared to the whole waveform. Secondly, earthquakes with relatively high
isotropic percentages are less sensitive when inversions are performed for high values
of manipulated isotropy. Finally, it is observed that the error in the depth of the

earthquake is very sensitive to isotropic percentage.



OZET

ACILMA KAYNAKLARI ICIN MOMENT TENSOR
ICERISINDEKI iIZOTROPIK KISMIN COZUNURLUGU

Moment tensor ¢oztimleri, depremlerin kaynak mekanizmasini anlamak i¢in yaygin
olarak kullanilmaktadir. Moment tensor Ozgiin olarak ti¢ farkli pargaya ayrilabilir;
izotropik (ISO), ¢ift kuvvet (DC) ve ¢izgisel vektor dipolii (CLVD). Agilma kaynaklariin
DC olmayan bilegenler tirettigi ve bu depremlerin bir fay iizerinde hem agilma hem
de kayma hareketinin birlesimi olarak tanimlanabilecegi bilinen bir durumdur. Bu
tez caligmasinda, agilma depremleri icin moment tensor icerisindeki izotropik kismin
¢oziintirligi ele alinmigtir. Bu nedenle, farkli izotropi yiizdelerine sahip depremler
tiretilmis ve bu depremleri temsil eden moment tensorlerin gCAP yontemiyle ters
¢oziimleri yapilmigtir. Bununla birlikte, izotropi bileseninin moment tensoriindeki
¢oziiniirliigiinii anlamak igin ters ¢coziim agsamasinda izotropi degerleri, 0.1 araliklarla
farkli izotropi degerleriyle manipiile edilmigtir. Tam dalga formunun ters ¢oziimi,
farkl izotropik yiizdelere sahip ii¢ farkli moment tensér (2%, 5% ve 14%) i¢in farkh
mesafelerde ve derinliklerde hesaplanmistir. Orjinal moment tensorler ve izotropi degeri
degistirilmis moment tensorlerin ters ¢oziimleri gosterilmis ve bu sonuglar farkl istasy-
onlarda, farkli derinliklerde ve varyans azaltilmasi a¢isindan kendi aralarinda mukayese

edilmigtir.

Sonuglar su sekilde 6zetlenebilir; ilk olarak, moment tensoriin ters ¢oziimii izotropiye
gercekten duyarli degildir, ¢iinkii izotropi bilegeni tiim dalga formuna kiyasla kiigiik
miktar enerjiye sahiptir. Yiiksek izotropi ytizdelerine sahip olan depremler, degistirilmis
izotropinin yiiksek degerleri icin ters ¢oziimler yapildiginda daha az hassastir. Son

olarak, deprem derinligindeki hatanin izotropik yiizdeye ¢cok duyarh oldugu gozlenmistir.
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As a result of inversions, changes in the variance reduction depends
on changing hypocentral depth are shown. Red dot represents the

original inversions result of moment tensor with 2% isotropy.

Changes in the isotropic percentages are shown with respect to
manipulated hypocentral depth as a result of inversions. In this
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1. INTRODUCTION

Moment tensor solutions are commonly used in order to understand source mecha-
nism. Full moment tensor inversions have become more important now for understand-

ing the mechanisms of earthquakes as the resolution of the inversion process increases.

Besides the double couple (DC) component of moment tensor, which is frequently
encountered in the solution of tectonic earthquakes, some sources can generate non dou-
ble couble (non-DC) components as well. Vavrycuk (2011) states that tensile earth-
quakes are the combination of shear and tensile motions on a fault [1]. When the
slip of the plane is not perpendicular to the normal vector of the plane, it generates
non double couple components such as shallow earthquakes in volcanic or geothermal

regions [1].

In the article of Alvizuri and Tape’s (2016), the full moment tensor inversions
and solutions are studied in order to understand the structure of real events in geother-
mal fields, volcanic fields, mines, oil fields or induced earthquakes [2]. Moment tensors
in geothermal and volcanic fields are mainly considered in their article because non-
tectonic earthquakes have relatively more non double couple character [2]. In the
literature, there are a lot of different moment tensor solutions using different inversion
methods (first motion polarity, body wave, surface wave, waveform difference, ampli-
tude ratio) and different frequency ranges are also considered. Pesicek et. al. (2012)
states that it is hard to identify phase arrivals in a correct way when a signal has noise
and station are placed at the close range to the source [3]. For that reason, in this
thesis station distances are considered in order to distinguish phase arrivals separately.
Futhermore, Panza et. al. (2000) also states that structural velocity model may be the
reason of considerable noise in the data, therefore, we use one layer half-space velocity

model in order to reduce possible noise in the waveforms [4].

The main emphasis is examined in many different cases when performing the full

moment tensor solution and inversion. In Alvizuri and Tape’s (2016) article, small-



magnitude earthquakes and even micro earthquakes are considered, so different station
numbers and distances are also considered [2]. In general, isotropy only exists in P
wave and relatively small amount in the full wave, for that reason, more and close
stations are needed. Alvizuri and Tape’s (2016) also states that moment tensor is an
increasingly common method, but there are some reservations about its sensitivity,

especially about the isotropic component resolution [2].

The main purpose of this study is exploring the tensile earthquakes, and investi-
gating what kind of criteria should be taken into consideration in the inversion process
to obtain reliable results. For that reason, three different synthetic earthquakes with
different isotropic percentages,namely 2%, 5%, 14%, are considered and it is aimed to
find if the resolution of isotropic components differs in those cases. Those earthquakes
are recorded at sets of stations with different distances. In this thesis, waveforms of
synthetic earthquakes with different isotopic percentages are shown and inversions of

moment tensors from those synthetic waveforms are also considered.

In chapter 2, the elastodynamic equation is derived by using Hooke’s law. Then
its Green’s function solution is stated which is known as representation theorem. In
this solution, the moment tensor expression is obtained and it is shown that data and
moment tensor are linearly related. Afterwards, decomposition of the moment tensor

is mentioned in order to calculate the isotropic percentage.

Chapter 3 describes the moment, elasticity and source tensors expressions in
Kelvin notation in order to use the linear algebraic manipulation tools for the decom-
position. Characterization of the tensile sources in the isotropic focal region is defined.
Additionally, strain-based potency tensor and its isotropic and deviatoric components
are represented similar to moment tensor decomposition. Moreover, isotropic parame-
ters ¢ for the moment tensor and ¢, for the potency tensor are also derivated. Inversion
theory and application method of the inversion (gCAP) for this study are also men-

tioned at the end of the chapter.

Chapter 4 includes the applications of the method. First, data set and its con-



ditions are introduced. Distribution of the stations with respect to source location
are represented. Inversions are performed in different distances and depths for three
different moment tensors, which has different percentage of isotropy namely 2%, 5%,
14%. This process is approached as a case study. Apart from the original results of
the inversions, manipulated inversions results are also considered. As a result of those
inversions, changes in the strike, rake and dip angles with respect to manipulated per-
centages of ISO are shown. We conclude this chapter by representing the manipulated

inversion results for different hypocentral depths of the earthquakes.

In the last chapter, the results are discussed and compared to each other in
terms of changing isotropic percentages, depth, variance reduction and waveforms in
distributed stations. In this section, comparison of the inversions results for three dif-
ferent synthetic earthquakes with different isotropic percentagesnamely 2%, 5%, 14%
are mainly considered. Different stations sets are used in order to perform those in-
versions for different earthquakes. There are totally 10 stations for each set, which are
located at 15, 45 and 80 km far away from the source. Firstly, isotropic component
in the full waveforms of different earthquakes are compared. Afterwards, inversion re-
sults of moment tensors with different isotropic percentages are compared for different
stations distances. Thirdly, earthquakes with different isotropic component are also
compared for the same stations. Finally, the hypocentral depths of the original earth-
quakes are changed in order to observe changes in isotropic perentage and variance

reduction values as a result of inversions.



2. THEORETICAL BACKGROUND

In this chapter, theoretical background of this research is introduced. In par-
ticular, the definitions of the fault plane parameters, equivalent body forces, Green’s
function, elasticity tensor, moment tensor decomposition and representation theorem

are stated.
2.1. Equation of Motion

By using Newton’s second law, equation of motion can be written. The total
force of a material is equal to the mass of a material (p) multiplied by acceleration (ii;)
(double differentiation of displacement with respect to time). Interior body forces f;
and surface forces, which are represented by stress tensor o;;, are the two types forces

acting on a particle in a continuum.

Consequently, the equation 2.1 that represents elastic motion in a continuum can

be written by using Einstein’s summation convention as
p(X)uZ :fi+o-ij7j7 (S {17273}7 (21)

where u denotes the displacement and the two dots above u denotes the second deriva-
tive of displacement, namely acceleration. In order to write down equation 2.1 as a
partial differential equation with respect to the unknown function u, we are going to
write down stress tensor o;; in terms of displacement. To do so, first we need to express
strain as a function of u. The measure of deformation (strain), which is a second rank

tensor, depends on differentiation of displacement as

1
€ = 5(%1 +u k), (2.2)

where €y, is the strain tensor.



2.2. Elasticity Tensor

Elasticity is the attitude of an object to get back its original form when it is
being subjected to a stress. The linear relation between elasticity, strain and stress
is explained by Hooke’s law (in this equation, C;;;; denotes elastic parameters of the

medium and it is a fourth rank tensor [26]).

oij = Cijri€ijii

1
= Cijklé(uk,l + ),

1

= §(Cl-jkluk,l + Cijkluk,l)a

1 .
= §(Cz‘jkluk,l + Cijiury),  since Cij = Cijig-

= C’ijkluhl. (23)

Consequently, if we substitude equation 2.3 onto 2.1, we get elastodynamic wave equa-

tion
pii; = fi + Cijritin,i;. (2.4)
assuming that Cjjp; = 0, namely the medium is homogeneous.

2.3. Green’s Function Solution of Elastodynamic Wave Equation

Figure 2.1. V represents the domain, dV represents the boundary V/ represents the source

area and triangle (x,t) represents the measurement point’s location and time.



The vector wave equation, expressed in equation 2.4, has a unique solution if

initial and boundary conditions are given as

1. Initial condition for all x € V' u(z,ty) and a(x,tp)
2. A boundary conditions;
(a) u(x,t) is given for all x € IV
or

(b) T Traction vector T; is given, for all z € (T; = oy;n; = Cijuu(x)rn;).

Therefore, if we admit these initial and boundary conditions as mentioned above,

general solution of the vector wave equation can be constructed as

%@J%:[ijvﬁGWﬂﬂr+1:/Lwﬂmew
+ /_ Z / /5 T, (u)GridSdr.

(2.5)

The first term in equation 2.5 will result in displacement due to body force. Apart
from first term in the equation 2.5, other terms will give us boundary’s contribution

to displacement.

2.4. Greens’s Function Solution for Faults

oV=S

Figure 2.2. Representation theorem for faults. > represents the fault region. V is the

domain volume and dV is the boundary of the domain.



Assuming that the body source is zero, a fault can be defined as an internal
boundary where traction is continuous and displacement is discontinuous. One can use
the notation [u;] = u; (x,t) — u; (x,t) in order to explain the slip discontinuity at the
fault surface. Since traction in equation 2.5 is continous the third term in equation 2.5
will vanish for internal boundary ¥ which represents the fault region in Figure 2.2, &
represents the location in the fault region and 7 denotes the time of the source, whereas
(x,t) represents receiver’s location and time[26]. From now on, writing down T;(¢) in

terms of displacement, equation 2.5 becomes

> . 0G,
un(:v,t) = /;OO //;[UZ]<§,T)Cl]kln]a—Zf($,t,g,T)dEdT (26)

Because of the shifting property of Green’s function due to time, one can change
the time variables. The difference between time at the measurement point and source

time is t—7.

Gm'(xat;gaT) = Gni($7t_7;§>0) (27)

If the Green’s function is represented in the right side of equation 2.7, time integral

can be assumed as a convolution.
fO+9t) = [ 1(g(t = i 2.5)
Then 2.4 becomes,

(1) = / /E 1) (€, 7)Cognaiy % G (0, £ €, 7)dS 0 (2.9)



2.5. Equivalent Body Forces

To get the equivalent body forces, Green’s function should be vanished from the
equation 2.9. By integrating the slip on the fault plane equation 2.9 proceeds the
displacement at a measurement point. By adding a dirac delta term to the equation,
volume integral for the whole area can be written in place of integral that is only for

the fault region. The spacial variable for source ¢ will become to 7.

n(2,1) = / / / (6. 7 Comny6(5)) * G (0, 66, 1)y (2.10)

Using partial integration, one can get rid of Green’s function’s derivative. Green’s
function vanishes when it is evaluated with the dirac delta at the boundaries, for that
reason first term will become zero (0(X) is zero at JV outer surface of V), so we can

write the equation as

o) = = [[[ Gl Con 5(2) < Gualatim Ve, (21

Consequently, the term a%[([ul] (&, 7)Cijin;6(2))] is the equivalent body force for
the fault. And the term [u;](§, 7)Cijin; equals to moment tensor My,. Then, we can
we say that equivalent body force for an earthquake equals to divergence of moment

tensor (Mkzl,l =V- Mkl)
2.6. Moment Tensor
Equivalent body forces of seismic sources can describe moment tensor represented

by M (Figure 2.3). Moment tensor can be explained by two terms, which are fault

orientation and source strength.



(X,X) (xl}') (X,Z]
X X X
Y y 2.
(y:x)
X
Y y
z
(z,x)
x
v 8
z

Figure 2.3. General representation of nine force couples.
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2.6.1. Moment Density Tensor and Point Source Assumption

Initially, moment density tensor m should be explained in order to identify the
forces in Figure 2.3 With the help of Green’s function solution in the representation

theorem, displacement at the receiver w,(z,t) can be written as below,

(3, 1) = / / s (6,7)] 1y (€) i (€) % Goa(, 1€, 7) dE, (2.12)

Since the term [u; (€, 7)] 7;(§)Cijri(€) represents the strength of the (k,1) couple
and the term G,k (x,t; &, 7) represents the Green’s function displacement due to the
unit impulse at the source point and time, moment density tensor my; can be defined

as

My = [ui(§7T>] ﬁjcz'jkl- (2~13)
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In point of fact, signal is generally used at certain periods for which the whole
surface X is efficiently a point source. In that case, the radiated waves from the different
parts of surface d¥ are approximately in phase [26]. In short, whole surface 3 can be
assumed as a point, which is the midpoint of . In this manner, by using convolution
of moment density tensor at particular points of the fault surface with the Green’s

function where the source point is fixed, equation 2.13 can be written as

un(x,t)=//E [wi(&,7)] 7 (€) Cijra(€) * Gia(x, 1€, 7) dX,
= (//Z [us(&,7)] 75(£) Cijia (§) d2> * Grp (X, 4,€,7), (2.14)

where ¢ can be taken as the centroid of the earthquake and the Green’s function can
be withdrawn from the integral. Thus, one can define the point source moment tensor

as

Mis= [ [ (€. 25(€)Coul) a (2.15)

One can presume that the X is a planar surface and n can be withdrawn from the
integral because n represents the normal of a fault, so it never changes for different part
of the surface. Additionally, C;jx(€) can be assumed as fixed on the fault plane. When

these assumptions are applied to the equation 2.15, we can expressed the equation as

by

If we consider the slip function as a constant, the average of slip can be taken on the

_ Sl r)]ds
A

fault surface as [u;] = , where A = [ d¥ equals to fault surface area.

With these considerations, moment tensor of a point source can be simplified as
My = (@] n;Ciju, (2.17)

where n = An represents the fault normal vector whose magnitude equals to fault

plane area and u; becomes constant as mentioned above. Therefore the equation 2.12
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with the displacement at the measurement point and time w,(x,t) can be written as

Un (X, 1) = My * Gnk,l(x,t;f, T). (2.18)

Consequently, in equation 2.18, moment tensor is derived for the point source assump-

tion instead of moment density tensor (equation 2.13).

2.7. Fault Plane Parameters

Fault is described as boundary in volume of rock, which can be explained as
planar fracture or discontinuity. Orientation of fault can be determined on Cartesian
coordinates such that strike (¢), dip (6) and slip (A) angles . Moreover, in order to
explain relation between these angles and moment tensor one can express these angles

by slip vector (u) and fault normal (n)

Strike (¢) is measured clockwise from north which is the direction of surface
intersection of the fault, this angle can vary between 0 <¢ < 27. Dip (J) is measured
clockwise from horizontal plane, which is the slop angle of the foot-wall block, the angle
d can vary in the array 0 < § < 7. Slip (\) is measured counterclockwise from strike
and slip direction, which describes the direction of fault movement and the angle A can

vary between -7 < A < 7.

North

Slip direction

VDepth

A

Figure 2.4. Fault Plane Expression.
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In order to calculate slip vector (u) and fault normal (n), strike (¢), dip (§) and
slip (A) should be known. This relation is calculated by [26] as

u = u(cos A + cos @ + cosdsin Asin D)e,
+u(cos A 4 sin ® — cos d sin A cos D)e, (2.19)

—u(sindsin \)e,

n = —sin d sin e, + sin d cos Pe, — cos de, (2.20)

2.7.1. Decomposition of the Moment Tensor

It is a well-known result that the moment tensor can uniquely be separated into
two different parts, namely isotropic (ISO) and deviatoric (DEV) parts. Moreover,
deviatoric part can also be expressed as a sum of two parts, double-couple (DC) and
compensated linear vector dipole (CLVD). The sum of CLVD and isotropic parts is
referred to non-DC components of moment tensor and it is well-known fact that tensile
sources generate non-DC components. For example, explosions or seismic activities in

the volcanic or geothermal areas [5][1].

Mathematically stating decomposition into isotropic and deviatoric components

can uniquely be written as

M = M99 + MPEV, (2.21)

However, the deviatoric part can further be decompose into DC and CLVD components.
This feature leads to a non-unique decomposition. Due to its non uniquless there are
various methods for the moment tensor decomposition [1], [6], [7], in a sense, these
decompositions may lead to different interpretations. In this thesis the decomposition

method, which is proposed by Knopof and Fitch [7],[8], is used. The ISO, DC and
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CLVD decomposition can be written as
M = MISO + MDC + MCLVD’ (222)

where

MOED — g | 0 2 0 | (2.23)

MDC = (1 - 2|€|)M|>:naaz|

In equation 2.23, M* denotes the deviatoric moment where M

maz| denotes the

maximum eigenvalue of M* in an absolute sense and and M — denotes the minumum

eigenvalue of M* in an absolute sense respectively. Additionally, the value e, which is
equal to € = —ﬁ'}”""' , defines the size of CLVD with respect to DC (Sipkin, 1986, [5];

|max|

Kuge and Lay, 1994 [9]; Julian et al., 1998 [10], Vavrycuk, 2001, [11]).
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3. DATA AND METHOD

3.1. Moment and Source Tensors Expressed in Kelvin Notation

In order to identify the moment tensor structure for the different type of sources
such as shear and tensile, elasticity tensor should be considered as a linear transforma-
tion in R® between the moment tensors space and source tensors space. Secondly, while
using Kelvin mapping one can use the capable linear algebraic manipulation tools. In
order to present equation 2.17 in Kelvin notation, firstly notice that it can be expressed

as

Mia=5Cia ([ua&, 7))y + [ (6,7 )

= ijleija (31)

where u; represents the constant and average slip function instead of u;. Due to the
symmetry of elasticity tensor, first equality can be written Cjji; = Cjir. The second-
rank source tensor D;; in the second equality is constructed by the tensor product of

[u] and n. (Heaton and Heaton, 1989, [12]; Vavrycuk, 2005, [13]).

Diy=3 (il ms + [og] o)
X 2 [ug]ny [ui] ng + [ug]n1  [u1] ng + [ug] ny
=3 [u1] no + [uz] nq 2 [uz] na [ug] ng + [us] ne
[u1]ng + [us]n1 [uz]ns + [us]na 2[us]ng

(3.2)

In order to simplify the equation 3.2, one can write the equation by using tensor

product as

D=_-(u®n+n®u)). (3.3)

N | —

When the tensor products image space a ® b is considered as a linear transfor-

mation, it becomes one dimensional and more explicit image space, which is spanned
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by vector a since (a ® b)(v) = a(b.v). Image space of the source tensor is defined as

a plane in R? and it is spanned by two vectors namely slip and normal (equation 3.3).

Notice that the equation 3.2 is the closer form of the Hooke’s law equation 2.3
In both equations fourth-rank elasticity tensor meets two second-rank tensors. For
that reason one can use Kelvin mapping to identify the tensors in matrix form. The
advantages of the Kelvin mapping is that firstly, the elastic energy is preserved by
using Kelvin mapping and it also preserves the norm of three tensors. Moreover,
Kelvin mapping allows us to keep advantages of the tensor algebra e.g evaluating
eigenvalues of eigenvectors of the tensors. To use Kelvin notation, one should identify
the norm-preserving map, which maps the space of symmetric second-rank tensor to

six dimensional vectors as below

My Dy
M22 D22
My Mg Mis Dy D12 Di3
M33 D33
My Moy Moz | — y» [ D12 Dag Dag| — . (3.4)
Mow Mow M V2Ma3 D Do D V2Da3
13 Maz M3 13 D23 D33
\/§M13 \/§D13
_\/§M12_ _\/§D12_

While doing the mapping above, Frobenius norm is preserved. Frobenius norm is
defined as the square root of the sum of the absolute squares of its entries.In this

condition Frobenius norm of second-rank tensors and vectors are equal each other.

Moreover, elasticity tensor can also be expressed by using the same mapping
method in the form of a 6 x 6 matrix without changing the Frobenius norm. (Béna et.
al. 2007, [14])

Ciin - Cuze Ciss V2C1123 vV2C1113 v2Ci112

Ciiza Chazza Cazss V205203 V20213 vV2Ca012

Criss  Ciiss  Cssss V20333 V2C3313 V2C3312
V2Ci123 V2Ch225 V23323 2Casos 20315 20z |
V2C1113 V20213 V2C3313 2Co313  2C1313  2C1312
_\/501112 V202215 V203312 2C2312 2C1312 2C1212 |

Notice that, if we divide above matrix into four equal parts geometrically, we can see
the multiplier v/2 to the elements of right-top and left-bottom parts and the multiplier
2 to the elements of right-bottom parts. Because of that in equation 3.5 elements

of right-top of the matrix appears twice e.g. Cji23 = Ci132, although the entries in
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the right-bottom corner appears four-times e.g. Csz13 = Ca331 = C3913 = U031 and the
elements in the left-top appears only once. Moreover, in order to represent the tensor in

the form of symmetric matrix, symmetry of elasticity tensor can be used Cjjr = Chyyj-

After all of this, one can represent the equation 3.2 as

m = Cd,
or in componentwise
my Ci1 O Ciz V2C14v2015v2C6 dy
my Cia Oz Caz V2C24v/2025/2C0s dy
ms Ci3  Coy  Cs3 V2C347/20351/2C36 ds

V2my V2014V2C547/2C34 2Cyy 2045 2C46 V2dy
V2ms V2C15V2C55v/2C35 2Cy5 2C55 2Css V2ds
V2mg _\/ﬁclﬁﬂ026\/5036 204 2Cs56 2Css V2dg

. For m and d tensors in the equation 3.6 following replacements is used,

(1,1) — 1,(2,2) — 2,(3,3) — 3,

(2,3) - 4,(1,3) = 5,(1,2) — 6.
Because of norm preserving feature of Kelvin notation elasticity matrix can be consid-
ered as a linear transformation in R. While using Kelvin notation, we take advantage
of linear algebra which is used broadly in this thesis.

3.2. Tensile Source in Isotropic Focal Region

The tensile source theory depends on the case that when the slip and the normal

of the fault are not perpendicular to each other i.e. [u].n # 0 (Figure 3.1).

Moreover, to simplify the moment tensor representation source area has been

chosen isotropic, so the form of the elasticity matrix is also modified by considering
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[u]

Figure 3.1. A model for the shear (above) and tensile (below), ¥ represents the fault plane,

n denotes the fault normal, [u] is the slip and « is the angle between slip and fault plane.

isotropic medium in Kelvin notation as

A2 A A0 0 0
A A+26 A 0 0 0
o | A Aoasm0 00 .
0 0 0 2 0 0
0 0 0 0 2 0
0 0 0 0 0 2u

where A\ and p represent the Lamé parameters, for that reason only two eigenspaces

of isotropic elasticity tensor can be mentioned. This statement is described by Béna
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et.al. (2007), [14]:

=< (1,1,1,0,0,0) >; AY =3X\+2pu, (3.8)

S2={0€RS — 0, +0y+o3=0} A =2, (3.9)
where \{ and \S is the eigenvalues of the tensor in equation .

The tensile source tensor, which is in equation 3.3, differs from the shear source
in that it has both isotropic and deviatoric parts (d = d*° +d%"). Moreover, d*** and
d?v parts of tensile source tensor depend on the different eigenspaces of the elasticity
tensor. In short, d**° € 3! and d%¥ € X2 where eigenspaces are shown in equations 3.8
and 3.9. Moreover, since (3'.d) X! = d**° Then the moment tensor can be obtained

by the action of C onto d, namely

m =Cd
—C (diso + ddev)
:Cdiso + Cddev

=ATd"™ + A5 d*. (3.10)
The moment tensor form with respect to the source tensor can be expressed equally as
M = \{D° + \TD%*, (3.11)

where A\{ and A\ are the eigenvalues of the isotropic elasticity tensor agree with the

eigenspaces 3! and X2 specified in the equations 3.8 and 3.9.

The eigenvalues of the moment tensor can be acquired by utilizing the eigenval-
ues of the isotropic and deviatoric parts of the source tensor from equation 3.11. The
statements of the eigenvalues of the moment tensor and the source tensor are shown in
table 3.1. This table 3.1 also shows that in order to find the eigenvalues of the moment

tensor, one can add the eigenvalues of the isotropic and deviatoric parts of the source
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Table 3.1. The eigenvalues and eigenvectors in sequence of the source tensor, deviatoric and

isotropic parts of the source and lastly moment tensor are expressed.

Name of the Tensor Eigenvalues FEigenvectors
Source Tensor D 2 ([u] ‘n+ AD) [a] +n
5 (] -n—AD) [a] — 4
0 [4] x A
D 1([u]-n+AD) - M [a] +
1(u] -n— AD) — M= [a] — A
—lgn i) x i
Dise % Any
% vector
% in R3

Moment Tensor M | AM =

A=t (A - ) @] x A

tensor that are multiplied by the relating eigenvalues of the elasticity tensors. This

relation also expressed in equation 3.11.

3.3. Parametrization of Potency Tensor

Seismic sources can be determined by using the seismic potency tensor F;;. The
reason of introducing potency tensor is that it represents the source whereas moment
tensor depends on the elastic parameters of the focal region. In this study the source
decomposition method is used. This decomposition is proposed by Zhu and Ben-Zion
[15]. Instead of stress-based moment tensor, using the strain-based potency tensor can

be more effective way to explain possible fault plane and slip orientations [16].

Similar to the moment tensor, potency tensor can also be decomposed into
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isotropic and deviatoric parts of it.

1

i (3.12)

where P represents potency and d;; represents the Kronecker delta.

Moreover, the value (,, which is a dimensionless parameter in order to quantify

the strength of the isotropic part, is introduced by Zhu and Ben-Zion [17],

G = \/g trj(jf). (3.13)

Note that ¢, varies from -1 for implosion to 1 for explosion, where F, denotes the scalar

potency and it can be formulated as Py = \/2F;; P;;. Additionally, from the equation

3.13 one can rewrite the equation 3.12 as

P
Py = (Gl +4/1= GDy), (3.14)

where [;; is the normalized isotropic tensor I;; = \%5” and D;; and the value D;; is

the normalized deviatoric part of source tensor which is also satisfying

Secondly, D;; is decomposed to its CLVD and DC components. The CLVD has a
dipole in its symmetry axis compensated by two unit dipoles in the orthogonal di-
rections (Knopoff Randall 1970, [7]). In a sense Aj,A2 and A3 are the eigenvalues
corresponding the eigenvetors of T-axis (), null-axis (N) and P-axis (P) respectively.

Those dimensionless eigenvalues also satisfy the three conditions, firstly \; > Ay > A3,

secondly A\; + Ao+ A3 = 0 and thirdly A2 +A3+\2 = 1. With the help of these conditions
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we get,

mazx(Ay) = min(A) = (3.16)

S

\/6’
1
\/6.

min(A) = max(A3) =

If Ay = 0, the deviatoric tensor D;; becomes pure DC. Due to the fact that CLVD
symmetry axis can be adjust with all of the principal axes (e.g. Hudson et al. 1989
[18]; Jost Herrmann 1989, [6]). In this case, the CLVD symmetry axis has aligned

with null-axiss (e.g. Chapman Leaney 2012, [19]).

Dij = MTT;+ A NiNj + AP P, (3.17)
A=A DC 3 CLVD
where
1
DC

Dy~ = E(TzTg - PFy), (3.18)

1
DGHVP = —(2N;N; — T,T; — P,P;). (3.19)

V6

For the equation below, DY and D{AVP are the normalized DC and CLVD tensors.

The above decomposition has the convenient feature that the DC and CLVD basic

DC [HCLVD
ij

sources are orthogonal, in other words, D;; = (. The dimensionless parameter

Xp can specify the strength of CLVD as

3

From the equation 3.16 we can get 0.5 > x, > —0.5 (Bailey et al. (2009), [20] and
Julian et al. (1998), [10]) By using equation 3.15 and 3.20, equation 3.17 can be written

in the form of

Dy = /1= x2DJ° + D"V, (3.21)
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In order to show general potency tensor as below, equation 3.21 is inserted into equation

3.14,

P
Py = (G + /1= G- 33D + DGHP)). (3.22)

It can be seen, six independent values have an importance of potency tensor specifica-
tion, namely: three amplitude factors Fy, (,, x,, and three angles of the principal axes
of the deviatoric tensor (fault-based coordinate system with strike ¢,, dip 6, and slip

Ap angles on the fault (Aki & Richards 2002, [21]).
3.4. Parametrization of Moment Tensor

General seismic moment tensor can be expressed by using same procedures,
Mi; = V2My(Cli; + /1 — (2Dyy), (3.23)

where M, is the scalar moment described as

and here (, which is a dimensionless parameter quantifying the strength of the isotropic

moment, can be expressed as

tr(M)

<= Vo,

(3.25)

with the condition 1 > ¢ > —1. In equation 3.23, the normalized deviatoric moment
tensor D;; is actually represented in the same form with the D;; in the equation 3.21.
However, the vaule ng uses its own eigenvalues and principal axes. Similar to the
potency tensor, general moment tensor can also be explained by using six independent
parameter: My, (, x, ¢, 6 and A\. The moment tensor and potency tensor are linearly

related each other through the ¢;jp (fourth-order elastic moduli tensor) (e.g.Ben-Zion
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2013, [15]),
M;; = cijriPu. (3.26)
For an isotropic elastic medium,
Mi; = (A + gu)Pkk5ij +2uP; (3.27)
where A and p are the Lame parameterss. By using equation 3.14 it becomes

Mi; = V2uPo(nClij + /1= (2Dy)), (3.28)

14+v

1—2v

where n = and v represents the Poisson’s ratio. By comparing equation 3.23 and
3.28, it can be noticed that D;j = D;; for the isotropic elasticity. This relation explains
that the CLVD variables and source orientation angles for the moment and potency
tensors are the same for the isotropic medium (xy = xp, ¢ = ¢p,0 = 6, A = A,) but
isotropic parameters ¢ for the moment tensor and (, for the potency tensor are related
as

¢ = Y (3.29)

V 1- (1 _TIQ)Cp'

Moreover, scalar moment (Mj) and scalar potency (FP,) are also related as

My = pPoy/1— (1 —n%)¢, (3.30)

Assume that there is no volumetric change in the source (¢, = 0) equation 3.30 becomes

commonly-used relationship, My = uPy (Zhu and Ben-Zion [17]).
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3.5. Moment Tensor Inversion
3.5.1. Theory of Moment Tensor Inversion

In order to find source parameters, moment tensor of seismic sources are in-
verted. Seismograms depend on fault parameters. Those parameters can be explained
as trigonometric functions of the fault strike, dip, and slip angles. Since seismograms
are linear function of entries of the moment tensor, the inverse problem is linear too. To
make the inversion, moment tensor can be represented as a vector m, which contains
the six parameters of the moment tensor. Although there are nine components of a
tensor, due to symmetry of a tensor only six components are independent, [22]. Then

seismogram u at the i'* station can be defined as
wi(t) =Y Gi(tymy, (3.31)

where w;(t) is the seismogram in time domain, G;;(¢) represents the Green'’s function
in time domain which is related to the earth structure along the way from the source to
station and m represents the moment tensor components. Due to the fact that we have

more than one seismograms, we can define equation 3.31 as vector-matrix equation
u=Gm. (3.32)

For the equation below, u is a vector composed of the seismograms at n number of

stations and G represents the Green’s function matrix. If we expand the previous
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equation for the n number of station case,

Uy Gin G Gig Gu Gy Gy
U2 Gia G Gaz Gau Gas Gy my

N L | 53

Up, Gnl GnZ Gn3 Gn4 Gn5 Gnﬁ

However, this linear equation is an overdetermined system. There are n number of
equations, which are more than six unknowns. Additionally, one can not invert matrix
G because it is not a square matrix. In this condition, instead of inverting matrix G,
closest moment tensor can be found by using observed seismograms in a least square

sense [22]. In other words, generalized inverse of G can be used, namely

m = (GTG)'GTu. (3.34)

Due to the fact that moment tensor components are represented as linear functions of

the seismograms, they can be inverted in order to find the tensor components, [22].

3.5.2. Application of Moment Tensor Inversion

There are several methods of inversion of moment tensor but in this thesis gCAP
(generalized cut and paste) waveform inversion method is used. The gCAP method
based on the decomposition proposed by Zhu and Ben-Zion [17], [23]. This method
divides three component waveforms into five windows, which are vertical and radial
component Pnl; vertical and radial component Rayleigh wave; and transverse compo-
nent Love waves. The advantage of breaking waveforms into different windows is that
one can filter windows differently in terms of diverse frequencies in order to optimize

the level of fit during the inversion [24].
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The CAP method carries out a grid search over a double-couple mechanisms and
this method also allows us to generate synthetic waves, which are used as data in this
thesis. In order to account for errors in the Green’s functions, synthetic waveforms for

Pnl, Rayleigh and Love phases are also used with shifting in time property [25].

Moreover, the result of gCAP inversion includes strike, dip, rake, M,,, hypocentral
depth and additionally ( and x parameter for possible ISO and CLVD part of source.
From the zero initial values for {, x and M, grid search is performed repeatedly
with given step sizes [24]. At the end of each grid search, a quadratic interpolation
takes place in the vicinity of the grid point with a minimum misfit to identify the best

parameter value and calculate the locally curved area to estimate the value uncertainty.
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4. EXPERIMENTS AND RESULTS

In this chapter, firstly data set and the locations of seismometers are introduced.

This process is approached as a case study.

Three different synthetic earthquakes are simulated for this study. These earth-
quakes mainly represented as moment tensors, which have different isotropic percentage
and stations are located in different radius of the circles. For each cases 10 stations
are located in every other 36 degrees and at different distances, namely 10,15,45,80
km (Figure 4.1). In order to avoid wrong calculation of earthquake magnitudes in
the inversion stage, for each case two circles of stations are placed, which are at the
different distances from the source. If stations are selected in the one circle with the
same radius for the inversion, magnitudes can be calculated wrongly for the reason
that gCAP inversion consider the amplitude differences of a wave in the stations with

different distances when calculating the magnitude of an earthquake.

M

Figure 4.1. Station distribution with respect to source location. Circles are away from the

source point respectively 10,15,45 and 85 km, triangles represnts the synthetic stations.
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For three different moment tensors, which has different percentage of isotropy,
inversions are calculated in different distances, depths. For all cases, same one layer
half-space velocity model, which has 6 km/s P velocity and 3.37 km/s S velocity, is
used . Velocities of P and S waves in the model are selected by considering the average

velocities of P and S waves for the selected depths.

In this thesis, for each cases firstly moment tensor inversion is performed with
the original percentage of isotropy, DC and CLVD and then inversions are manipulated
with different values of ( and y in order to determine how the variance reduction is
changing for wrong values of (. More precisely, we want to find the sensitivity of the
waveforms and also inversion to the isotropic component of moment tensor, namely
parameter (. In gCAP inversion process, one can set the ¢ and y value as a constant

in the range of -1 and 1.

4.1. Case 1: Inversion of moment tensor with 2% isotropic component

For this case, our original moment tensor is

0.653 4.287 0.659
M= | 4282 5493 2635 |. (4.1)
0.659 2.635 —3.73

which has ¢ = 0.143 and xy = —0.309 values. This moment tensor can be decomposed
as M = 2.032%ISO + 97.968%DEV (equation 4.2). This earthquake also has the
My = 6.93E+17 Dyne-cm, M,, = 1.16 and other initial parameters are shown in Table
4.1.
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0.806 0.000 0.000 1.382 2933 —0.172

M= | 0.000 0.806 0.000 | + | 2.933 4.124 3.041
0.000 0.000 0.806 —0.172 3.041 —5.507
M‘IrSO h M‘gc g

—1.535 1.348 0.831
+ | 1.348  0.563 —0.406
0.831 —0.406 0.972

TV
MCLVD

The Table 4.1 also shows the parameters as a result of inversion with the initial

and original value of ¢ and y for the moment tensor.

4.1.1. Stations at 10 km and 15 km for 2% isotropy

In this case, twenty stations are placed in the two circles at 10 and 15 km far from
the source point for the inversion. Table 4.1 shows the initial values of the moment
tensor and its inverted results. Inversion results are obtained without imposing any

parameters such as ( and y, which defines the percentages of ISO and CLVD.

Table 4.1. Initial values and inversion results of an earthquake parameters with 98.4
variance reduction in the stations, which are placed at circle with 10 and 15 km radius for

the case 1.

Case 1.1 M, M,, | Strike | Dip | Rake | ISO% | DC% | CLVD% ¢ X

Initial | 6.93E417 | 1.16 | 343 59 | -72 | 2.032 | 88.620 | 9.347 | 0.143 | -0.309

Inverted | 6.89E+17 | 1.16 | 346 60 | -69 | 2.031 | 88.608 | 9.361 | 0.143 | -0.309

As a result of inversion, variance reduction is obtained as 98.4 and parameters of
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the moment tensor haven’t changed much (Table 4.1 and equation 4.3).

0.578 4.278 0.578
M™ = | 49279 5393 2.752 (4.3)
0.577 2.752 —3.570

Secondly, inversions are manipulated for the different isotropic percentages (dif-
ferent ¢ values). More precisely, apart from original ¢ value for the moment tensor,
other possible values of ¢ are imposed in the inversion in the range of -1 to 1 with the

step of 0.1. Totally 21 inversions are performed for the changing { values.

As a result of inversions, results are shown in the Figures 4.2, 4.3, 4.4, 4.5. Figure
4.2 shows how the variance reduction changes as the isotropic percentage varies. These
plots show the sensitivity of the inversion to isotropic percentage of the moment tenor.
In figures 4.3, 4.4, 4.5, the changes in strike, dip and rake angles are shown according

to the variation of isotropic percentages in the range of -100% and 100%.
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Figure 4.2. As a result of inversions, changes in the variance reduction with respect to
manipulated percentages of ISO are shown. In this case, stations are placed at 10 and 15
km distances. The original moment tensor, which is expressed as red dot, has 2% isotropy.
The inversions of moment tensor are done for some forced values of ISO%-percentage, which
is shown in the x-axis, and the variance reduction values of the inverted moment tensors are

shown in the y-axis.

Figure 4.2 reveals the fault that waveforms are not very sensitive to the isotropic
component i.e even though the isotropic percentage has approximately 20% error, the

synthetic waveforms fit the data by 95% (variance reduction).
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Figure 4.3. Changes in the strike angle with respect to manipulated percentages of ISO are
shown as a result of inversions. In this case, stations are placed at 10 and 15 km distances
and red dot in the graph shows the original moment tensor with 2% isotropy. The inversions
of moment tensor are done for some forced values of ISO%-percentage, which is shown in

the x-axis, and the strike angles of the inverted moment tensors are shown in the y-axis.
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Figure 4.4. Changes in the dip angle with respect to manipulated percentages of ISO are
shown as a result of inversions. In this case, stations are placed at 10 and 15 km distances
and red dot in the graph shows the original moment tensor with 2% isotropy. The inversions

of moment tensor are done for some forced values of ISO%-percentage, which is shown in

the x-axis, and the dip angles of the inverted moment tensors are shown in the y-axis.
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Figure 4.5. Changes in the rake angle with respect to manipulated percentages of ISO are

shown as a result of inversions. In this case, stations are placed at 10 and 15 km distances

and red dot in the graph shows the original moment tensor with 2% isotropy. The inversions
of moment tensor are done for some forced values of ISO%-percentage, which is shown in

the x-axis, and the rake angles of the inverted moment tensors are shown in the y-axis.

For figure 4.3, 4.4 and 4.5, the results are expected same. Isotropic percentage
should not change the values of strike-dip-rake. In fact, strike-dip-rake are derived
from the double couple component of moment tensor, not the isotropic component of

moment tensor.

4.1.2. Stations at 45 km and 80 km for 2% isotropy

In this case, ten stations are placed in a circle with 45 km radius and other
ten stations placed in a circle which is 80 km far from the source point. Table 4.2
shows the initial values of the moment tensor and its inverted results. Inversion results
are obtained without imposing any parameters such as ¢ and yx, which defines the

percentages of ISO and CLVD.
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Table 4.2. Initial values and inversion results of an earthquake parameters with 96.7

variance reduction in the stations, which are placed at circles with 45 and 85 km radius for

the case 1.
Case 1.2 M, M,, | Strike | Dip | Rake | ISO% | DC% | CLVD% ¢ X
Initial 6.93E+17 | 3.16 | 343 59 | -72 | 2.032 | 88.620 | 9.347 | 0.143 | -0.309
Inverted | 7.67E+17 | 3.19 | 340 56 | -77 | 2.052 | 88.597 | 9.351 | 0.143 | -0.309

Variance reduction is obtained as 96.7% after the inversion and other parameters

of moment tensor are shown in Table 4.2 and equation 4.4.

Minv —

0.798 4.742

0.714

4.742 6.284 2.494

0.714 2.494

—4.389

Afterwards, inversion parameters are manipulated for the different isotropic per-

centages (different ¢ values). More precisely, apart from the original ¢ value of the

moment tensor, other possible values of ( are forced in the range of -1 to 1 with the

step of 0.1. Totally 21 inversions are performed for the changing { values.

As a result of inversions, results are shown in the Figures 4.6, 4.7, 4.8, 4.9. Figure

4.6 shows how the variance reduction changes as the isotropic percentage varies. These

plots show the sensitivity of the inversion to isotropic percentage of the moment tenor.

In figures 4.7, 4.8, 4.9, the changes in strike, dip and rake angles are shown according

to the variation of isotropic percentages in the range of -100% and 100%.
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Figure 4.6. As a result of inversions, changes in the variance reduction with respect to
manipulated percentages of ISO are shown. In this case, stations are placed at 45 and 80
km distances. The original moment tensor, which is expressed as red dot, has 2% isotropy.
The inversions of moment tensor are done for some forced values of ISO%-percentage, which
is shown in the x-axis, and the variance reduction values of the inverted moment tensors are

shown in the y-axis.

Figure 4.6 reveals the fault that waveforms are not very sensitive to the isotropic
component i.e even though the isotropic percentage has approximately 20% error, the

synthetic waveforms fit the data by 95% (variance reduction).
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Figure 4.7. Changes in the strike angle with respect to manipulated percentages of ISO are
shown as a result of inversions. In this case, stations are placed at 45 and 80 km distances
and red dot in the graph shows the original moment tensor with 2% isotropy. The inversions
of moment tensor are done for some forced values of ISO%-percentage, which is shown in

the x-axis, and the strike angles of the inverted moment tensors are shown in the y-axis.
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Figure 4.8. Changes in the dip angle with respect to manipulated percentages of ISO are
shown as a result of inversions. In this case, stations are placed at 45 and 80 km distances
and red dot in the graph shows the original moment tensor with 2% isotropy. The inversions
of moment tensor are done for some forced values of ISO%-percentage, which is shown in

the x-axis, and the dip angles of the inverted moment tensors are shown in the y-axis.
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Figure 4.9. Changes in the rake angle with respect to manipulated percentages of ISO are
shown as a result of inversions. In this case, stations are placed at 45 and 80 km distances
and red dot in the graph shows the original moment tensor with 2% isotropy. The inversions
of moment tensor are done for some forced values of ISO%-percentage, which is shown in

the x-axis, and the rake angles of the inverted moment tensors are shown in the y-axis.

For figure 4.7, 4.8 and 4.9, the results are expected same. Isotropic percentage
should not change the values of strike-dip-rake. In fact, strike-dip-rake are derived
from the double couple component of moment tensor, not the isotropic component of

moment tensor.

4.2. Case 2: Inversion of moment tensor with 5% isotropic component

For this case, our original moment tensor is

2.123 4.282 0.659
M= | 4282 5493 2635 |. (4.5)
0.659 2.635 —3.73

In this case, moment tensor has ( = 0.224 and y = —0.234 values. This moment
tensor can be decomposed as M = 5.040%ISO + 94.96%DEV (equation 4.6). This
earthquake also has the My = 7.07E + 17 Dyne-cm, M,, = 1.17 and other initial values
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are shown in Table 4.3.

1.296 0.000 0.000 1.863 3.131 0.110
M= | 0.000 1.296 0.000 | + | 3.131 3.940 2.956
0.000 0.000 1.296 0.110 2.956 —5.802

o h —~ ~

—1.035 1.151  0.549
+ 1 1.151 0.258 —0.321
0.549 —-0.321 0.778

~
MCLVD

4.2.1. Stations at 10 km and 15 km for 5% isotropy

In this case, ten stations are placed in a circle with 10 km radius and other ten
stations are placed in a circle which is 15 km far from the source point. Table 4.3
shows the initial values of the moment tensor and its inverted results. Inversion results
are obtained without imposing any parameters such as ( and y, which defines the

percentages of ISO and CLVD.

Table 4.3. Initial values and inversion results of an earthquake parameters with 96.7
variance reduction in the stations, which are placed at circles with 45 and 85 km radius for

the case 2.

Case 2.1 M, M,, | Strike | Dip | Rake | ISO% | DC% | CLVD% ¢ X

Initial 7.07E+17 | 1.17 | 338 58 | -74 | 5.040 | 89.759 | 5.201 | 0.224 | -0.234

Inverted | 7.041E+417 | 3.19 | 338 58 | -74 | 5.024 | 89.789 | 5.187 | 0.224 | -0.234

As a result of inversion with original ¢ value, variance reduction is obtained as

98.4% and parameters of initial and inverted moment tensor are shown in Table 4.3
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and equation 4.7.

2.112 4.253  0.690
M = | 49253 5443 2.676 (4.7)
0.690 2.676 —3.689

Secondly, inversions are manipulated for the different isotropic percentages (dif-
ferent ¢ values). More precisely, apart from original ¢ value for the moment tensor,
other possible values of ¢ are imposed in the inversion in the range of -1 to 1 with the

step of 0.1. Totally 21 inversions are performed for the changing ( values.

As a result of inversions, results are shown in the Figures 4.10, 4.11, 4.12, 4.13.
Figure 4.10 shows how the variance reduction changes as the isotropic percentage varies.
These plots show the sensitivity of the inversion to isotropic percentage of the moment
tenor. In figures 4.11, 4.12, 4.13, the changes in strike, dip and rake angles are shown

according to the variation of isotropic percentages in the range of -100% and 100%.
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Figure 4.10. As a result of inversions, changes in the variance reduction with respect to

manipulated percentages of ISO are shown. In this case, stations are placed at 10 and 15
km distances. The original moment tensor, which is expressed as red dot, has 5% isotropy.
The inversions of moment tensor are done for some forced values of ISO%-percentage, which
is shown in the x-axis, and the variance reduction values of the inverted moment tensors are

shown in the y-axis.
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Figure 4.10 reveals the fault that waveforms are not very sensitive to the isotropic
component i.e even though the isotropic percentage has approximately 20% error, the

synthetic waveforms fit the data by 95% (variance reduction).
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Figure 4.11. Changes in the strike angle with respect to manipulated percentages of ISO are
shown as a result of inversions. In this case, stations are placed at 10 and 15 km distances
and red dot in the graph shows the original moment tensor with 5% isotropy. The inversions
of moment tensor are done for some forced values of ISO%-percentage, which is shown in

the x-axis, and the strike angles of the inverted moment tensors are shown in the y-axis.
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Figure 4.12. Changes in the dip angle with respect to manipulated percentages of ISO are
shown as a result of inversions. In this case, stations are placed at 10 and 15 km distances
and red dot in the graph shows the original moment tensor with 5% isotropy. The inversions
of moment tensor are done for some forced values of ISO%-percentage, which is shown in

the x-axis, and the dip angles of the inverted moment tensors are shown in the y-axis.
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Figure 4.13. Changes in the rake angle with respect to manipulated percentages of ISO are
shown as a result of inversions. In this case, stations are placed at 10 and 15 km distances
and red dot in the graph shows the original moment tensor with 5% isotropy. The inversions
of moment tensor are done for some forced values of ISO%-percentage, which is shown in

the x-axis, and the rake angles of the inverted moment tensors are shown in the y-axis.
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For figure 4.11, 4.12 and 4.13, the results are expected same. Isotropic percentage
should not change the values of strike-dip-rake. In fact, strike-dip-rake are derived from
the double couple component of moment tensor, not the isotropic component of moment

tensor.

4.2.2. Stations at 45 km and 80 km for 5% isotropy

In this case, twenty stations are placed in the two circles at 45 and 80 km far
from the source point for the inversion of full moment tensor with 5% isotropy. Table
4.4 shows the initial values of the moment tensor and its inverted results. Inversion
results are obtained without imposing any parameters such as ( and y, which defines

the percentages of ISO and CLVD.

Table 4.4. Initial values and inversion results of an earthquake parameters with 99.7
variance reduction in the stations, which are placed at circles with 45 and 85 km radius for

the case 1.

Case 2.2 M, M,, | Strike | Dip | Rake | ISO% | DC% | CLVD% ¢ X
Initial 7.07TE+19 | 3.50 | 338 58 =74 | 5.040 | 89.759 5.201 0.224 | -0.234
Inverted | 7.07E+19 | 3.27 | 338 58 -74 | 5.026 | 89.772 5.202 0.220 | -0.230

Variance reduction is obtained as 99.7% after the inversion and other parametersof

moment tensor are shown in Table 4.4 and equation 4.8.

2.123 4.282  0.659
M = | 419282 5493 2.635 (4.8)
0.659 2.635 —3.728

Afterwards, inversion parameters are manipulated for the different isotropic per-
centages (different ¢ values). More precisely, apart from the original ¢ value of the
moment tensor, other possible values of ( are forced in the range of -1 to 1 with the

step of 0.1. Totally 21 inversions are performed for the changing ( values.

As a result of inversions, results are shown in the Figures 4.14, 4.15, 4.16, 4.17.
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Figure 4.14 shows how the variance reduction changes as the isotropic percentage varies.
These plots show the sensitivity of the inversion to isotropic percentage of the moment
tenor. In figures 4.15, 4.16, 4.17, the changes in strike, dip and rake angles are shown

according to the variation of isotropic percentages in the range of -100% and 100%.
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Figure 4.14. As a result of inversions, changes in the variance reduction with respect to

manipulated percentages of ISO are shown. In this case, stations are placed at 45 and 80
km distances. The original moment tensor, which is expressed as red dot, has 5% isotropy.
The inversions of moment tensor are done for some forced values of ISO%-percentage, which
is shown in the x-axis, and the variance reduction values of the inverted moment tensors are

shown in the y-axis.

Figure 4.14 reveals the fault that waveforms are not very sensitive to the isotropic
component i.e even though the isotropic percentage has approximately 20% error, the

synthetic waveforms fit the data by 95% (variance reduction).
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Figure 4.15. Changes in the strike angle with respect to manipulated percentages of ISO are
shown as a result of inversions. In this case, stations are placed at 45 and 80m distances and
red dot in the graph shows the original moment tensor with 5% isotropy. The inversions of
moment tensor are done for some forced values of ISO%-percentage, which is shown in the

x-axis, and the strike angles of the inverted moment tensors are shown in the y-axis.
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Figure 4.16. Changes in the dip angle with respect to manipulated percentages of ISO are

shown as a result of inversions. In this case, stations are placed at 45 and 80 km distances

and red dot in the graph shows the original moment tensor with 5% isotropy. The inversions
of moment tensor are done for some forced values of ISO%-percentage, which is shown in

the x-axis, and the dip angles of the inverted moment tensors are shown in the y-axis.
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Figure 4.17. Changes in the rake angle with respect to manipulated percentages of ISO are
shown as a result of inversions. In this case, stations are placed at 45 and 80 km distances

and red dot in the graph shows the original moment tensor with 5% isotropy. The inversions
of moment tensor are done for some forced values of ISO%-percentage, which is shown in

the x-axis, and the rake angles of the inverted moment tensors are shown in the y-axis.

For figure 4.15, 4.16 and 4.17, the results are expected same. Isotropic percentage
should not change the values of strike-dip-rake. In fact, strike-dip-rake are derived from
the double couple component of moment tensor, not the isotropic component of moment

tensor.
4.3. Case 3: Inversion of moment tensor with 14% isotropic component

For this case, our original moment tensor is

5.523 4.282  0.659
M= | 4282 5493 2635 |, (4.9)
0.659 2.635 —3.728

which has ¢ = 0.375 and xy = —0.103 values. This moment tensor can be decomposed
as M = 14.053%ISO + 85.041%DEV (equation 4.10). This earthquake also has the
My = 7.94F + 17 Dyne-cm, M,, = 1.20 and other initial parameters and inverted



parameters of moment tensor are shown in Table 4.5.

2.429 0.000 0.000 3.358 3.667 0.440 ]
0.000 2.429 0.000 | + | 3.667 3.168 2.827
0.000 0.000 2.429 0.440 2.827 —6.525
o h —~ ~
—0.264 0.615 0.219 |
+ 0.615 —-0.104 —-0.192
0.219 -0.192 0.367
S — ~

4.3.1. Stations at 10 km and 15 km for 14% isotropy
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(4.10)

In this case, twenty stations are placed in the two circles at 10 and 15 km far

from the source point for the inversion of full moment tensor with 14% isotropy. Table

4.5 shows the initial values of the moment tensor and its inverted results.

Inversion

results are obtained without imposing any parameters such as ( and y, which defines

the percentages of ISO and CLVD.

Table 4.5. Initial values and inversion results of an earthquake parameters with 97.9

variance reduction in the stations, which are placed at circles with 10 and 15 km radius, for

the case 3.
Case 3.1 M, M,, | Strike | Dip | Rake | ISO% | DC% | CLVD% ¢ X
Initial 7.94E+17 | 1.20 | 328 56 -74 | 14.053 | 85.041 | 0.906 | 0.375 | -0.103
Inverted | 7.75E+17 | 1.19 | 332 58 -69 | 14.033 | 85.071 | 0.906 | 0.379 | -0.114

As a result of inversion, variance reduction is obtained as 98.4% and parameters
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of the moment tensor haven’t changed much (Table 4.5 and equation 4.11).

4.990 4.866  0.798
M™ = | 4866 5.161 2.573 (4.11)
0.798 2.5735 —2.565

Secondly, inversions are manipulated for the different isotropic percentages (dif-
ferent ¢ values). More precisely, apart from original ¢ value for the moment tensor,
other possible values of ¢ are imposed in the inversion in the range of -1 to 1 with the

step of 0.1. Totally 21 inversions are performed for the changing { values.

As a result of inversions, results are shown in the Figures 4.18, 4.19, 4.20, 4.21.
Figure 4.18 shows how the variance reduction changes as the isotropic percentage varies.
These plots show the sensitivity of the inversion to isotropic percentage of the moment
tenor. In figures 4.19, 4.20, 4.21, the changes in strike, dip and rake angles are shown

according to the variation of isotropic percentages in the range of -100% and 100%.
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Figure 4.18. As a result of inversions, changes in the variance reduction with respect to
manipulated percentages of ISO are shown. In this case, stations are placed at 10 and 15
km distances. The original moment tensor, which is expressed as red dot, has 14% isotropy.
The inversions of moment tensor are done for some forced values of ISO%-percentage, which
is shown in the x-axis, and the variance reduction values of the inverted moment tensors are

shown in the y-axis.
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Figure 4.18 reveals the fault that waveforms are not very sensitive to the isotropic
component i.e even though the isotropic percentage has approximately 20% error, the

synthetic waveforms fit the data by 95% (variance reduction).
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Figure 4.19. Changes in the strike angle with respect to manipulated percentages of ISO are
shown as a result of inversions. In this case, stations are placed at 10 and 15 km distances
and red dot in the graph shows the original moment tensor with 14% isotropy. The
inversions of moment tensor are done for some forced values of ISO%-percentage, which is
shown in the x-axis, and the strike angles of the inverted moment tensors are shown in the

y-axis.
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Figure 4.20. Changes in the dip angle with respect to manipulated percentages of ISO are
shown as a result of inversions. In this case, stations are placed at 10 and 15 km distances
and red dot in the graph shows the original moment tensor with 14% isotropy. The
inversions of moment tensor are done for some forced values of ISO%-percentage, which is
shown in the x-axis, and the dip angles of the inverted moment tensors are shown in the

y-axis.

For figure 4.19, 4.20 and 4.21, the results are expected same. Isotropic percentage
should not change the values of strike-dip-rake. In fact, strike-dip-rake are derived from
the double couple component of moment tensor, not the isotropic component of moment

tensor.
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Figure 4.21. Changes in the rake angle with respect to manipulated percentages of ISO are
shown as a result of inversions. In this case, stations are placed at 10 and 15 km distances
and red dot in the graph shows the original moment tensor with 14% isotropy. The
inversions of moment tensor are done for some forced values of ISO%-percentage, which is
shown in the x-axis, and the rake angles of the inverted moment tensors are shown in the

y-axis.

4.3.2. Stations at 45 km and 80 km for 14% isotropy

In this case, ten stations are placed in a circle with 10 km radius and other
ten stations placed in a circle which is 15 km far from the source point. Table 4.6
shows the initial values of the moment tensor and its inverted results. Inversion results
are obtained without imposing any parameters such as ( and x, which defines the

percentages of ISO and CLVD.

Table 4.6. Initial values and inversion results of an earthquake parameters with 99.7
variance reduction in the stations, which are placed at circles with 45 and 85 km radius for

the case 3.

Case 3.2 My M,, | Strike | Dip | Rake | ISO% | DC% | CLVD% | ¢ X
Initial 7.93E4+20 | 3.20 | 328 56 -74 | 13.974 | 85.105 0.921 0.374 | -0.103

Inverted | 7.041E+20 | 3.19 | 328 95 | -74 | 13.970 | 85.106 | 0.924 | 0.370 | -0.100

Variance reduction is obtained as 98.4% as a result of inversion. Moment tensor
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and its parameters are represented in equation 4.12 and Table 4.6.

5.488 4.280 0.569
M = | 41980 5528 2.495 (4.12)
0.569 2.495 —3.783

Afterwards, inversion parameters are manipulated for the different isotropic per-
centages (different ¢ values). More precisely, apart from the original ¢ value of the
moment tensor, other possible values of ( are forced in the range of -1 to 1 with the

step of 0.1. Totally 21 inversions are performed for the changing ¢ values.

As a result of inversions, results are shown in the Figures 4.22, 4.23, 4.24, 4.25.
Figure 4.22 shows how the variance reduction changes as the isotropic percentage varies.
These plots show the sensitivity of the inversion to isotropic percentage of the moment
tenor. In figures 4.23, 4.24, 4.25, the changes in strike, dip and rake angles are shown

according to the variation of isotropic percentages in the range of -100% and 100%.
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Figure 4.22. As a result of inversions, changes in the variance reduction with respect to
manipulated percentages of ISO are shown. In this case, stations are placed at 45 and 80
km distances. The original moment tensor, which is expressed as red dot, has 14% isotropy.
The inversions of moment tensor are done for some forced values of ISO%-percentage, which
is shown in the x-axis, and the variance reduction values of the inverted moment tensors are

shown in the y-axis.

Figure 4.22 reveals the fault that waveforms are not very sensitive to the isotropic
component i.e even though the isotropic percentage has approximately 20% error, the

synthetic waveforms fit the data by 95% (variance reduction).



23

360
330 o © © g oepoee © O
300
270
240
210
180
150
120
90
60
30
0
-100% -80% -60% -40% -20% 0% 20% 40% 60% 80% 100%

ISO

Strike

Figure 4.23. Changes in the strike angle with respect to manipulated percentages of ISO are
shown as a result of inversions. In this case, stations are placed at 45 and 80 km distances
and red dot in the graph shows the original moment tensor with 14% isotropy. The
inversions of moment tensor are done for some forced values of ISO%-percentage, which is
shown in the x-axis, and the strike angles of the inverted moment tensors are shown in the

y-axis.
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Figure 4.24. Changes in the dip angle with respect to manipulated percentages of ISO are
shown as a result of inversions. In this case, stations are placed at 45 and 80 km distances
and red dot in the graph shows the original moment tensor with 14% isotropy. The
inversions of moment tensor are done for some forced values of ISO%-percentage, which is

shown in the x-axis, and the dip angles of the inverted moment tensors are shown in the

y-axis.
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Figure 4.25. Changes in the rake angle with respect to manipulated percentages of ISO are
shown as a result of inversions. In this case, stations are placed at 45 and 80 km distances
and red dot in the graph shows the original moment tensor with 14% isotropy. The
inversions of moment tensor are done for some forced values of ISO%-percentage, which is
shown in the x-axis, and the rake angles of the inverted moment tensors are shown in the

y-axis.

For figure 4.23, 4.24 and 4.25, the results are expected same. Isotropic percentage
should not change the values of strike-dip-rake. In fact, strike-dip-rake are derived from
the double couple component of moment tensor, not the isotropic component of moment

tensor.
4.4. Changing the hypocentral depth

In this section inversion processes are manipulated for different hypocentral depths
of 3 different earthquakes with 2%, 5% and 14% isotropy and 2 sets od circles of sta-
tions, which are located at 45 and 80 km distances and each circle has ten stations are

used for each inversion.

Originally, hypocentral depths of the 3 different types earthquakes are set as 8
km. Afterwards, inversions are performed in every 0.5 meters from 0.5 meters depth to

20 meters for each case. As a result of those manipulated inversions of earthquakes at
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different depths, the changes in isotropic percentages and the corresponding variance

reduction values are ploted in Figures 4.26, 4.28, 4.30.

4.4.1. Changing the hypocentral depth for the inversion with 2% isotropy

In this case, total 20 stations are placed in the two circles at 45 and 80 km far
from the source point to the inversion. Firstly, generated moment tensor (equation
4.1), which has 2% isotropy, is inverted at its original hypocentral depth (8 km). After
that, inversion process is manipulated for different depth values from 0.5 km to 20 km
with a stepsize of 0.5 km for the same earthquake. In other words, only the hypocentral
depth of the original earthquake is changed in order to observe changes in isotropic

perentages and variance reduction values.

-20% -10% 0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Depth

ISO

Figure 4.26. Changes in the isotropic percentages are shown with respect to manipulated
hypocentral depth as a result of inversions. In this case, the original moment tensor has 2%
isotropy and stations are located at 45 and 80 km distances. Red dot shows the original
result from the inversion and the values. The variance reduction for each inversion is shown

at the left-hand side of the dots.
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Figure 4.27. As a result of inversions, changes in the variance reduction depends on
changing hypocentral depth are shown. Red dot represents the original inversions result of

moment tensor with 2% isotropy.

As aresult of inversions, findings are shown in the Figures 4.26 and 4.27. In Figure
4.26, changes in the isotropic percentages with respect to manipulated hypocentral
depth and variance reduction values for each case are shown. Moreover, changes in
the variance reduction depends on changing hypocentral depth are expressed in Figure

4.27 as a result of total 40 inversions.

4.4.2. Changing the hypocentral depth for the inversion with 5% isotropy

In this case, total 20 stations are placed in the two circles at 45 and 80 km far
from the source point to the inversion. Firstly, generated moment tensor (equation
4.5), which has 5% isotropy, is inverted at its original hypocentral depth (8 km). After
that, inversion process is manipulated for different depth values from 0.5 km to 20 km
with a stepsize of 0.5 km for the same earthquake mechanism. In other words, only the
hypocentral depth of the original earthquake is changed in order to observe changes in

isotropic perentages and variance reduction values.
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Figure 4.28. Changes in the isotropic percentages are shown with respect to manipulated
hypocentral depth as a result of inversions. In this case, the original moment tensor has 5%
isotropy and stations are located at 45 and 80 km distances. Red dot shows the original
result from the inversion and the values. The variance reduction for each inversion is shown

at the left-hand side of the dots.
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Figure 4.29. As a result of inversions, changes in the variance reduction depends on
changing hypocentral depth are shown. Red dot represents the original inversions result of

moment tensor with 5% isotropy.
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As aresult of inversions, findings are shown in the Figures 4.28 and 4.29. In Figure
4.28, changes in the isotropic percentages with respect to manipulated hypocentral
depth and variance reduction values for each case are shown. Moreover, changes in
the variance reduction depends on changing hypocentral depth are expressed in Figure

4.29 as a result of total 40 inversions.

4.4.3. Changing the hypocentral depth for the inversion with 14% isotropy

In this case, total 20 stations are placed in the two circles at 45 and 80 km far
from the source point to the inversion. Firstly, generated moment tensor (equation
4.9), which has 14% isotropy, is inverted at its original hypocentral depth (8 km).
After that, inversion process is manipulated for different depth values from 0.5 km to
20 km with a stepsize of 0.5 km for the same earthquake mechanism. In other words,
only the hypocentral depth of the original earthquake is changed in order to observe

changes in isotropic perentages and variance reduction values.
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Figure 4.30. Changes in the isotropic percentages are shown with respect to manipulated
hypocentral depth as a result of inversions. In this case, the original moment tensor has
14% isotropy and stations are located at 45 and 80 km distances. Red dot shows the
original result from the inversion and the values. The variance reduction for each inversion

is shown at the left-hand side of the dots.
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Figure 4.31. As a result of inversions, changes in the variance reduction depends on
changing hypocentral depth are shown. Red dot represents the original inversions result of

moment tensor with 14% isotropy.

As aresult of inversions, findings are shown in the Figures 4.30 and 4.31. In Figure
4.30, changes in the isotropic percentages with respect to manipulated hypocentral
depth and variance reduction values for each case are shown. Moreover, changes in
the variance reduction depends on changing hypocentral depth are expressed in Figure

4.31 as a result of total 40 inversions.
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5. DISCUSSION AND CONCLUSIONS

In this chapter, results are considered and compared to each other in terms of
changing isotropic percentages, depth, variance reduction and waveforms in distributed
stations. Locations of the stations are mentioned in Figure 4.1, and synthetic wave-
forms are shown in 10 different azimuthal locations for each case. Mainly, 3 different
earthquakes with 2%, 5% and 14% isotropy and correspondingly 3 different stations
set (at 15, 45, 80 km distances) are used. Moreover, inversion results of those syn-
thetic earthquakes are examined in terms of depth, isotropic percentage and variance

reduction value.

5.1. Case 1: Waveforms of the synthetic earthquake with 2% isotropy

In this case, mainly generated synthetic moment tensor and its isotropic and
deviatoric part are shown separately. There are totally 10 stations, which are located
at 15, 45 and 80 km far away from the source and the Figures 5.1, 5.2, 5.3 show the
distribution of the stations. For this case, moment tensor with 2% isotropy in equation
4.1 is shown as waveform and also it is divided into its components namely isotropic
and deviatoric. In each stations, waveforms are scaled by amplitude of isotropic parts

of the moment tensor and all of these data are shown without any filters.
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Figure 5.1. Waveforms of the unfiltered earthquakes data are shown. In this case, stations
are located at 15 km and moment tensor has 2% isotropy component. Additionally,
waveforms are differentiated with colors; red lines, green lines and blue lines express the

isotropic part, deviatoric part and moment tensor itself respectivelty.
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Figure 5.2. Waveforms of the unfiltered earthquakes data are shown. In this case, stations
are located at 45 km and moment tensor has 2% isotropy component. In this figure,
waveforms are differentiated with colors; red lines, green lines and blue lines express the

isotropic part, deviatoric part and moment tensor itself respectivelty.
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Figure 5.3. Waveforms of the unfiltered earthquakes data are shown. In this case, stations
are located at 80 km and moment tensor has 2% isotropy component. In this figure,
waveforms are differentiated with colors; red lines, green lines and blue lines express the

isotropic part, deviatoric part and moment tensor itself respectivelty.

5.2. Case 2: Waveforms of the synthetic earthquake with 5% isotropy

In this case, mainly generated synthetic moment tensor and its isotropic and
deviatoric part are shown separately. There are totally 10 stations, which are located
at 15, 45 and 80 km far away from the source and the Figures 5.4, 5.5, 5.6 show the
distribution of the stations. For this case, moment tensor with 5% isotropy in equation
4.5 is shown as waveform and also it is divided into its components namely isotropic

and deviatoric. In each stations, waveforms are scaled by amplitude of isotropic parts
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of the moment tensor and all of these data are shown without any filters.

Figure 5.4. Waveforms of the unfiltered earthquakes data are shown. In this case, stations

are located at 15 km and moment tensor has 5% isotropy component. In this figure,
waveforms are differentiated with colors; red lines, green lines and blue lines express the

isotropic part, deviatoric part and moment tensor itself respectivelty.
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Figure 5.5. Waveforms of the unfiltered earthquakes data are shown. In this case, stations
are located at 45 km and moment tensor has 5% isotropy component. In this figure,
waveforms are differentiated with colors; red lines, green lines and blue lines express the

isotropic part, deviatoric part and moment tensor itself respectivelty.
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Figure 5.6. Waveforms of the unfiltered earthquakes data are shown. In this case, stations
are located at 80 km and moment tensor has 5% isotropy component. In this figure,
waveforms are differentiated with colors; red lines, green lines and blue lines express the

isotropic part, deviatoric part and moment tensor itself respectivelty.
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5.3. Case 3: Waveforms of the synthetic earthquake with 14% isotropy

In this case, mainly generated synthetic moment tensor and its isotropic and
deviatoric part are shown separately. There are totally 10 stations, which are located
at 15, 45 and 80 km far away from the source and the Figures 5.7, 5.8, 5.9 show the
distribution of the stations. For this case, moment tensor with 14% isotropy in equation
4.9 is shown as waveform and also it is divided into its components namely isotropic
and deviatoric. In each stations, waveforms are scaled by amplitude of isotropic parts

of the moment tensor and all of these data are shown without any filters.

Figure 5.7. Waveforms of the unfiltered earthquakes data are shown. In this case, stations
are located at 15 km and moment tensor has 14% isotropy component. In this figure,
waveforms are differentiated with colors; red lines, green lines and blue lines express the

isotropic part, deviatoric part and moment tensor itself respectivelty.
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Figure 5.8. Waveforms of the unfiltered earthquakes data are shown. In this case, stations
are located at 45 km and moment tensor has 14% isotropy component. In this figure,
waveforms are differentiated with colors; red lines, green lines and blue lines express the

isotropic part, deviatoric part and moment tensor itself respectivelty.
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Figure 5.9. Waveforms of the unfiltered earthquakes data are shown. In this case, stations
are located at 80 km and moment tensor has 14% isotropy component. In this figure,
waveforms are differentiated with colors; red lines, green lines and blue lines express the

isotropic part, deviatoric part and moment tensor itself respectivelty.
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At this point, different isotropic percentages (2%, 5% and 14%) in the waveforms
are shown at stations which are located at different distances (15, 45 and 80 km) and
azimuths. In the light of those findings, one can notice that isotropy component has
small energy compared to the whole waveform. Inversion of the isotropic component
is very small part when it is compared to the inversion of the full waveform because

there are only small amount of isotropy part involves in P-wave.

As a result of those Figures mentioned above, inversion is not really sensitive to
isotropic percentage in the moment tensor. Even though the error of isotropic value
increases, variance reduction can be very high because the ratio of isotropy in the full

waveform is very low.

5.4. How does variance reduction change with respect to different

isotropic percentages ?7

Firstly, inversion results of the moment tensor with 2% isotropy are recorded at
two different sets of stations. Those results are compared to each others. Figure 5.10
shows the effect of manipulated iso percentages (in the inversion processes) on the

variance reduction values.
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Figure 5.10. As a result of inversions, changes in the variance reduction with respect to
manipulated percentages of ISO are shown. In this case, 2 different sets of stations are used
seperately. Blue dots indicate the inversion of the moment tensor with 2% isotropy recorded

at 45 and 80 km. Orange dots indicate the inversion of the same moment tensor, which is

recorded at 10 and 15 km.

Secondly, inversion results of the moment tensor with 5% isotropy are recorded
at two different sets of stations. Those results are compared to each others. Figure
5.11 shows the effect of manipulated iso percentages (in the inversion processes) on the

variance reduction values.
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Figure 5.11. As a result of inversions, changes in the variance reduction with respect to
manipulated percentages of ISO are shown. In this case, the sets of two different stations
are used seperately. Blue dots indicate the inversion of the moment tensor with 5% isotropy

recorded at 45 and 80 km. Orange dots indicate the inversion of the same moment tensor,

which is recorded at 10 and 15 km.

Thirdly, inversion results of the moment tensor with 14% isotropy are recorded
at two different stations sets. Those results are compared to each others. Figure 5.12
shows the effect of manipulated iso percentages (in the inversion processes) on the

variance reduction values.
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Figure 5.12. As a result of inversions, changes in the variance reduction with respect to
manipulated percentages of ISO are shown. In this case, 2 different stations set are used
seperately. Blue dots indicate the inversion of the moment tensor with 14% isotropy
recorded at 45 and 80 km. Orange dots indicate the inversion of the same moment tensor,

which are recorded at 10 and 15 km.

Those three graphics mentioned below (Figures 5.10, 5.11 and 5.12) show that for
all cases inversion results are not sensitive when the manipulated isotropic percentages
are smaller than 0. Moreover, when the isotropy values are close to the original isotropic
percentages (approximately +-5), it can be seen that inversions of the full waveforms
recorded at 45 and 80 km give relatively better variance reduction values. Additionally,
as the initial values of the isotropic percentages are getting greater (from %2 to 14%),

relatively close stations give lower variance reduction values as a result of inversions.

Moreover, inversions of those different moment tensors are also examined to-
gether. In Figures 5.13 and 5.14 show the all inversions results of three moment ten-
sors recorded at two different sets of stations. Firstly, inversion results of the moment
tensors with 2%, 5% and 14% isotropy are recorded at 10 and 15 km far away from
the source location (Figure 5.13). Secondly, same conditions of inversion method is
applied to same earthquakes, but different stations, which are located at 45 and 80 km
(Figure 5.14). Those results are compared to each others in order to notice the effect
of manipulated iso percentages (in the inversion processes) on the variance reduction

values.
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Figure 5.13. As a result of inversions, changes in the variance reduction with respect to

manipulated percentages of ISO are shown together for three earthquakes recorded at 10

and 15 km far away from the source locations. Blue dots, orange dots and gray dots

indicate the moment tensors with 2%, 5% and 14% isotropy respectively.
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Figure 5.14. As a result of inversions, changes in the variance reduction with respect to

manipulated percentages of ISO are shown together for three earthquakes recorded at 45

and 80 km far away from the source locations. Blue dots, orange dots and gray dots

indicate the moment tensors with 2%, 5% and 14% isotropy respectively.
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In the light of Figures 5.14 and 5.13, earthquakes with a relatively high isotropic
percentage give higher variance reduction values when the inversions are performed
with larger isotropic percentage than the initial one. In the earthquakes measured
at a greater distances (using stations set at 45-80 km), difference becomes even more

pronounced in the manner of variance reduction values as a result of inversions.

In the Figure 5.13, when the moment tensor with 14% isotropy is inverted with
values greater than the initial value of isotropy, it gives higher variance reduction results
than the inversion results of moment tensors with 5% and 2% isotropy. This means that
earthquakes with relatively high isotropic percentages are less sensitive when inversions

are performed with modified greater isotropic percentages than the initial one.

5.5. How does the error in depth effect the isotropic percentage in the

inversion ?

In this section total 20 stations are placed in the two circles at 45 and 80 km far
from the source point to the inversion. Firstly, generated moment tensors (equations
4.1, 4.5 and 4.9), which have 2%, 5% and 14% isotropy respectively, are inverted at
its original hypocentral depth (8 km) and all the results for changing hypocentral
depth are. Originally, hypocentral depths of the 3 different synthetic earthquakes are
set as 8 km. However, inversions are performed for different depth values from 0.5
km to 20 km with the step of 0.5 km for each earthquake. In other words, only the
hypocentral depths of the original earthquakes are changed in order to observe changes
in isotropy perentage and variance reduction values. As a result of those manipulated
inversions of synthetic earthquakes at different depths, changes of isotropic percentages

and dependently changes in the variance reduction values are considered (Figure 5.15).
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Figure 5.15. Changes in the isotropic percentages are shown with respect to manipulated
hypocentral depth as a result of inversions. In this event, stations are located at 45 and 80
km distances for all the inversions. Three different cases are considered; blue lines, orange
lines and blue gray expresses the moment tensor with 14%, 5% and 2% isotropy
respectivelty. Moreover, red dots show the inversion results of original depth for each case

and red line describes the original hypocentral depth.

When the original moment tensor has lower isotropic percentage, inverted mo-
ment tensor’s isotropy value is closer to the original value at near depths to the initial
depth. For instance, Figure 5.15 shows that inversion result of the moment tensor with
lowest isotropy (2% iso - gray dots) gives closer values in terms of variance reduction
parameters and isotropic percentages, when the manipulated depth values are closer
to the initial depth (e.g 6-10 km). In other words, even if wrong hypocentral depth
solutions (£ 2 km) are calculated, the inversion results of the moment tensor with low
isotropy give relatively correct isotropic percentages and high variance reduction val-
ues. However, in the case that moment tensor has 5% or 14% isotropy (orange and blue
dots in Figure 5.15), this sensitivity is increasing. As far away from the original depth,

the inversion can yield more incorrect results for earthquakes with higher isotropy.

The results for this thesis can be summarized as follows;



7

e The inverse solution of the moment tensor is not really sensitive to isotropy,
because the isotropic component has a small amount of energy compared to the
whole waveform (Figures 5.1, 5.2, 5.3,5.4, 5.5, 5.6, 5.7, 5.8, 5.9).

e BEarthquakes, which has relatively high isotropic percentages, are less sensitive
when inversions are made for high values of modified isotropy (Figures 5.10, 5.11,
5.12, 5.13, 5.14).

e As the altered depths move away from the original depths of earthquakes, the in-
version solution for higher isotropic earthquakes may yield more incorrect results

(Figure 5.15).
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