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THE APPLICATION OF THE MODIFIED FORM OF BATH’S LAW TO THE
NORTH ANATOLIAN FAULT ZONE (NAFZ), AEGEAN GRABEN SYSTEM AND
CYPRUS ARC ZONE
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Abstract

Earthquakes and aftershock sequences follow several empirical scaling laws: (1) Gutenberg-Richter
frequency-magnitude scaling, (2) Bath’s law for the magnitude of the largest aftershock, (3) The
modified Omori’s law for the temporal decay of aftershocks. In this paper, “The Modified Form of
Béath’s Law” and its application to our KOERI data have been studied. Bath’s law states that the
differences in magnitudes between mainshocks and their largest aftershocks are approximately
constant, independent of the magnitudes of mainshocks. In the modified form of Bath’s law for a
given mainshock we get the inferred “largest” aftershock of this mainshock by using an extrapolation
of the Gutenberg-Richter frequency-magnitude statistics of the aftershock sequence. To test the
applicability of the modified form of Béth’s Law we consider 14 large earthquakes that occurred in
and near boundary neighbors of Turkey between 1900 and 2004 with magnitudes equal to or greater

than m_ >6.1. Because Turkey has different fault zones that have different properties, a

classification was needed for these earthquakes. Additionally, in this study the partitioning of energy
during a mainshock-aftershock sequence was also calculated in two different ways. It is shown that
most of the energy is released in the mainshock. The constancy of the differences in magnitudes
between mainshocks and their largest aftershocks is an indication of scale-invariant behavior of
aftershock sequences.

Introduction

An earthquake is a sudden and sometimes catastrophic movement of a part of the Earth's
surface {1]. It is caused by the release of stress accumulated along geologic faults or by
volcanic activity, hence the earthquakes are the Earth's natural means of releasing stress.
When the Earth's plates move against each other, stress is put on the lithosphere. When this
stress is strong enough, the lithosphere breaks or shifts. As the plates move they put forces
on themselves and each other. When the force is large enough, the crust is forced to break.
When the break occurs, the stress is released as energy which moves through the Earth in the
form of waves, which we feel and call an earthquake.

There are several scaling laws that describe the statistical properties of aftershock
sequences {2, 3, 4]. Gutenberg—Richter frequency-magnitude scaling law is widely known by
seismologists and scientists. In order to study the noise of earthquakes, we must first find a
way to measure the sizes of earthquakes. Charles Richter developed the main scale that is
used today. On the Richter scale, the magnitude (M) of an earthquake is proportional to the
log of the maximum amplitude of the earth’s motion. What this mean is that if the earth
moves one millimeter in a magnitude 2 earthquake, it will move 10 millimeters in a
magnitude 3 earthquake, 100 millimeters in a magnitude 4 earthquake and 10 meters in a
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magnitude 6 earthquake. Therefore, if we hear about a magnitude § earthquake and a
magnitude 4 earthquake, we know that the ground is moving 10,000 times more in the
magnitude § earthquake than in the magnitude 4 earthquake. The difference in energies is
even greater. For each factor of 10 in amplitude, the energy grows by a factor of 32, so a
magnitude 8 earthquake releases 1,000,000 times more energy than a magnitude 4
earthquake. When seismologists started measuring the magnitudes of earthquakes, they
found that there were a lot more small earthquakes than large ones. Seismologists have
found that the earthquakes of magnitude M is proportional to 10™. They call this law “The
Gutenberg-Richter Law”.

In seismological studies, the Omori law, proposed by Omori in 1894, is one of the few
basic empirical laws[6]. This law describes the decay of aftershock activity with time. Omori
law and its modified forms have been used widely as a fundamental tool for studying
aftershocks[7]. An extension of the modified Omori’s law is the epidemic type of aftershock
sequences (ETAS) model. It is a stochastic version of the modified Omori law. In the ETAS
model, the rate of aftershock occurrence is an effect of ‘combined rates of all secondary
aftershock subsequences produced by each aftershock [9, 10].

The third scaling law relatlng the aftershocks is Bath’s law. The emplrlcal Bath's law
states that the differences in magnitude between a mainshock and its largest aftershock is
constant, regardless of the mamshock ‘magnitude. Thatis

max

Amlzmms—mals M

with m__ the magnitude of the mainshock, m, ™ the magnitude of the largest detected

aftershock, and Am approximately a constant and taken to be Am~1.2.[3,4, 7, 8]

In this article we study on the modified form of Bath’s law [3, 4]. To study the
aftershock sequence in the North Anatolian Fault Zone (NAFZ) we get the largest aftershock
from an extrapolation of the G-R frequency-magnitude scaling of all measured aftershocks.
We test the applicability of Bath’s law for 14 large earthquakes on the North Anatolian Fault
Zone (NAFZ) and near the NAFZ. The emprical form of Bath’s law states that the difference
magnitude between a mainshock and its largest aftershock is constant, independent of the
magnitudes of mainshocks. We also analyze the partitioning of energy during a mainshock-
aftershock sequence and its relation to the modified Béth’s law.

Bath’s Law and Its Modified Form

Bath’s law states that the differences in magnitudes between mainshocks and their
largest aftershocks are approximately constant, independent of the magnitudes of
mainshocks. In modified form of Béath’s law for a given mainshock we get the inferred
largest aftershock of this mainshock by using an extrapolation of the Gutenberg-Richter
frequency-magnitude statistics of the aftershock sequence. The size distribution of
earthquakes has been found to show a power law behavior: Gutenberg and Richter,
introduced the common description of the frequency of earthquakes: [5]

Log,\N(2m)=a-bm )

246




The Application Of The Modified Form of Bith’s Law To The North Anatolian Fauit Zone (NAFZ), Aegean Graben System and
Cyprus Arc Zone

where N(Z m) is the cumulative number of earthquakes with magnitudes greater than m
occurring in a specified area and time window, On this equation a and b are constants. This
relation is valid for earthquakes with magnitudes above some lower cutoff m,. Earlier

studies [3, 4, 11] gave an estimate for this b value between 0.8 and 1.2. In our data, b is
found to vary between 0.6 and 1.3, consistent with previous work. The constant a shows the
regional level of seismicity and gives the logarithm of the number of earthquakes with
magnitudes greater than zero. In our analysis a value is in the range 3.5 <a < 6.9.
Aftershocks related with a mainshock also satisfy G-R scaling (2) to a good approximation

[3, 4]. In this case N(Z m) is the cumulative number of aftershocks of a given mainshock

with magnitudes greater than m. We offer to extrapolate G-R scaling (2) for aftershocks. Our
aim is to obtain an upper cutoff magnitude in a given aftershock sequence. We find the

magnitude of this inferred “largest” aftershock m™ by formally taking N(Z m*)=1 for a

given aftershock sequence. Then, we substitute this value into equation (2), and we get

a=bm" 3)

This extrapolated m’ value will have a mean value and a standard deviation from the mean
value. We apply the Béth’s law to the inferred values of m” and then, we can write ‘

Am'=m_ -m (4

where m_, . is the magnitude of the mainshock and Am” is approximately a constant.
Substitution of equations (3) and (4) into equation (2) gives

LogmN[(Z m)] = b(mms —Am’ —m) (5)

with b, m_, Am" specified, the frequency-magnitude distribution of aftershocks can be

determined using equation (5). In extrapolating the G-R scaling (2) the slope of this scaling
or b-value plays an important role in estimating the largest inferred magnitude m*.

The Application of The Modified Form of Bath’s Law to Turkey

We applied modified form of Bath’s law by considering 14 large earthquakes in and
near boundary neighbors of Turkey. These earthquakes occurred between 1900 and 2004.
The data are provided by Bogazici University Kandilli Observatory and Earthquake
Research Institute (hitp://www.koeri.boun.edu.tr) [12]. The 14 earthquakes considered had

magnitudes m__ > 0.1. The important point is that they were sufficiently separated in space
gn ms p Y sep P

and time so that no aftershock sequences overlapped with other mainshocks. Earthquakes
form a hierarchical structure in space and time. Therefore, in some cases it is possible to
discriminate foreshocks, mainshocks, and aftershocks. But, generally this classification is not
well defined and can be ambiguous. One of our main problems in the study of aftershocks is
to identify what is and what is not an aftershock [13]. To specify aftershocks we defined
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space and time windows for each sequence. In each case we consider a square area centered
on the mainshock epicenter. The linear size of the box is taken to be of the order of the linear
extent of the aftershock zone L, which scales with the magnitude of the mainshock mms

asL, =0.02 *10%5™ms km [14]. Time intervals of 92, 183, 365, 730, and 1095 days are taken
except Burdur, Plovdiv, Turkey-Iran Border, Canakkale-Yenice, Mus-Varto, Adapazari-

Mudurnu earthquakes. It should also be noted that for all 14 earthquakes we took my ,
Richter magnitudes. The frequency-magnitude statistics for each case are shown in Figure 2.
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Cyprus Arc Zone
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Cvorus Arc Zone
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Cyprus Arc Zone
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Figure 2. Frequency-magnitude distribution of Burdur (a), Plovdiv (b), Turkey-Iran Border
(c), Gomati (d), Canakkale-Yenice (€), Bolu-Abant, (f) Mus-Varto (g), Adapazari-Mudurnu
(h), Thessaloniki (i), Racha (j), Cyprus (k), Adana-Ceyhan (1), Kocaeli-Golcuk (m), and
Duzce (n) earthquakes with magnitudes greater than m. The straight lines are the best-fits of
equation (5) to data. The time period of 92 days following the mainshock was used for
Burdur (a), Canakkale-Yenice (e), Adapazarni-Mudurnu (h) earthquakes. The time periods of
92 and 183 days following the mainshock were used for Turkey-Iran Border (¢) and Mus-
Varto (g) earthquakes. The time periods of 92, 183, 365, 730 days following the mainshock
were used for Plovdiv earthquake. The time periods of 92, 183, 365, 730, and 1095 days

following the mainshock were used for the other earthquakes.

It should be noted that these 14 earthquakes take place on different fault zones in
Turkey. So, we needed to make a classification for them with respect to their place. The

max

a,b,Am, Am*, m
Table 2.

ms’

m,, ,m*,Am* values for these earthquakes are given in Table 1 and
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Table 1
Summary of the Data and Results
Earthquake Date (mm/dd/yy) b a

Burdur 10/03/14 1.28+0.02 6.94+0.09
Plovdiv 04/18/28 0.68+0.03 4.11£0.17
Turkey-Iran Border 05/06/30 0.91£0.03 5.48+0.14
Gomati 09/26/32 0.85+0.02 5.27+0.13
Canakkale-Yenice , 03/18/53 0.83+0.02 4.79+0.12
Bolu-Abant 05/26/57 . 0.610.01 3.8340.05
Mus-Varto 08/19/66 0.93+0.05 5.18+0.25
Adapazari-Mudurnu V ‘ 07/22/67 1.20+0.04 6.56+0.19
Thessaloniki 06/20/78 0.81+0.05 4.38+0.14
Racha 04/29/91 : 0.95+0.03 5.12+0.16
Cyprus 10/09/96 1.11£0.01 5.99+0.07
Adana-Ceyhan ~06/277/98 : 0.67+0.03 3.5240.13
Kocaeli-Golcuk _ ~ 08/17/99 ' 0.90+0.03 4.9440.15
Duzce ' O 11/12/99 0.83+0.02 4.98+0.09

Table 2

' Summary of the Data and Results

Earthquake | (mnzzslyy) My m, ™ Am m Am"
Burdur - 10/03/14 6.9 5.2 1.7 5.44+0.11  146x0.11
Plovdiv 04/18/28 7.0 5.6 1.4 6.03£0.38  0.97+0.38

Turkey-Iran Border 05/06/30 7.6 6.3 1.3 6.03+0.24  1.57+0.24
Gomati 09/26/32 7.1 5.9 1.2 6.18+0.19  0.92+0.19
Canakkale-Yenice 03/18/53 7.2 54 1.8 5794022  1.41£0.22
Bplu—Abant 05/26/57 7.1 5.9 12 6.25+0.12  0.85+0.12
Mus-Varto 08/19/66 6.9 - 5.3 1.6 5.58+0.39  1.32+0.39
Adapazar-Mudurnu 07/22/67 7.2 54 1.8 545+40.23  1.7540.23

Thessaloniki 06/20/78 6.1 4.7 14 540£035  0.70£0.35
Racha 04/29/91 6.2 5.0 1.2 5.40+£0.23  0.80%0.23
Cyprus 10/09/96 6.8 5.3 1.5 5.38+0.09  1.42+0.09

Adana-Ceyhan 06/27/98 3 5.1 1.2 5.25+0.28 1.05+0.28
Kocaeli-Golcuk 08/17/99 7.4 5.8 1.6 550+0.27  1.90+0.27
Duzce 11/12/99 7.2 54 1.8 6.03+£0.18  1.17+0.18
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Figure 3. Dispersion of the magnitude differences Am and Am" on the mainshock magnitude
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mm=7.1. Because of preventing the coincidences in this figure square, circle, and triangle
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Figure 4. The relation between Am and Am".It shows the dependence of the inferred
magnitude difference between the mainshock and the largest aftershock Am” on the actual
magnitude differences Am between the mainshock and the largest observed aftershock. In
Figure 4, line 1 shows the harmony of our data with the Bath's Law. Line 2 corresponds to
y=x line and shows the harmony of our data with the Modifed Form of Béth's Law.
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Classifying Earthquakes According To Fault Zones

Because Turkey has many fault zones that have different properties, we did not evaluate
all 14 earthquakes in the same category. We tried to make a classification among them with
respect to their mainshock epicenter. Turkey is located on the relatively small Anatolian
plate, which is squeezed between three other major tectonic plates, the north-moving African
and Arabian plates located to the south, and the south-moving Eurasian plate located to the
north. The combination of these plate movements is forcing the Anatolian plate to move
west into the Aegean Sea. This movement produces fault structures at the boundary between
the plates, most significantly the North Anatolian Fault Zone (NAFZ) and the East Anatolian
Fault Zone (EAFZ).

According to our classification, six earthquakes take place on the North Anatolian Fault
Zone (NAFZ). They are Canakkale-Yenice, Bolu-Abant, Mus-Varto, Adapazari-Mudurnu,
Kocaeli-Golcuk, and Duzce earthquakes. One earthquake is on the East Anatolian Fault
Zone (EAFZ). 1t is Turkey-Iran Border earthquake. One earthquake is in Georgia. This is the
Racha earthquake. Four earthquakes take place on Aegean Graben System. These are
Burdur, Plovdiv, Gomati, Thessaloniki earthquakes. And finally two earthquakes are on
Cyprus Arc Zone. They are Cyprus and Adana-Ceyhan earthquakes.

For the earthquakes that are on the North Anatolia Fault Zone (NAFZ), the mean of the
differences between mainshock and largest detected aftershock magnitudes is Am =1.63

with a standard deviation Oxm = 0.23 The mean of the inferred values of Am  obtained

from the best fit of equation (5) is Am’ =1.20 with a standard deviation 6—; = 0.08 . In

o
addition for these earthquakes the mean of b values is b=0.72 with a standard deviation
c; =0.01. '

For the earthquakes that are on Aegean Graben System, the mean of the differences
between mainshock and largest detected aftershock magnitudes is Am =1.43 witha

standard deviation O = 0.21 The mean of the inferred values of Am~ obtained from the

best fit of equation (5)is Am" =1.30 with a standard deviation 6— = 0.09 . In addition

Am'

for these earthquakes the mean of b values is b= 0.98 with a standard deviation o; =0.01.

For the earthquakes that are on Cyprus Arc Zone, the mean of the differences between
mainshock and largest detected aftershock magnitudes is Am =1.35 with a standard

deviation Oxr = 0.21 The mean of the inferred values of Am~ obtained from the best fit of

equation (5) is Am’ =1.39 with a standard deviation O = 0.09 . In addition for these

1013

earthquakes the mean of b values is b=1.10 with a standard deviation c; =0.01.
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Partitioning of Energy Among Mainshock and Aftershock Sequences

Seismologists have more recently developed a standard magnitude scale that is called
the moment magnitude, and it comes from the seismic moment. To understand the seismic
moment, we need to go back to the definition of torque. A torque is a force that changes the
angular momentum of a system. It is defined as the force times the distance from the center
of rotation. Earthquakes are caused by internal torques, from the interactions of different
blocks of the earth on opposite sides of faults. It can be shown that the moment of an
earthquake is simply expressed by:

(Moment) = (Rock Rigidity) x (Fault Area) x (Slip Distance)

Taking M ,=Moment , n=Rock Rigidity, A=Fault Area, and d=Slip Distance; We can write:

MO —_—H.Ad

Both the magnitude and the seismic moment are related to the amount of energy that is
radiated by an earthquake. Radiated energy is a particularly important aspect of earthquake
behavior, because it causes all the damage and loss of life, and additionally, it is the greatest
source of observational data. So, the seismic radiated energy is an important physical
parameter to study on earthquakes. The relationships between the radiated energy, stress
drop, and earthquake size provides information about the physics of the rupture process.
Richter and Gutenberg, developed a relationship between magnitude and energy. Their
relationship is:

1ogm[E(m)]=%m+11.8 (6)

It should be noted that in this relation E(m) is not the total “intrinsic” energy of the
earthquake. It is only the radiated energy from the earthquake and a small fraction of the
total energy transferred during the earthquake process. We can write this equation in this
form [3, 16},

3
log,, [E(m)] =m +log,, B, (7

with E; =6.3x 10*J . Our aim is to determine the ratio of the total seismic energy radiated

in the aftershock sequence to the seismic energy radiated in the mainshock.
This relation can be used directly to relate the radiated energy from the mainshock E,,, to

the moment magnitude of the mainshock m,,,

E, =E, 1072 M (8)
We calculated the energy ratios in two ways:

The First Calculation Method To Find The Energy Ratio Among Mainshock and
Aftershock Sequences:

The total radiated energy in the aftershock sequence Fas is obtained by integrating over
the distributions of aftershocks. [3]. This can be written
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max

s dN
E .= [ E(m) (—%) dm (9

—c0

Taking the derivative of equation (2) with respect to the aftershock magnitude m we have
dN =-b(In10) 10°7°™ dm (10)

Putting equation (10) into equation (9) gives
. mnsm(lX
Equ=b(In10) 10° [  E(m) 10 dm (1)
—©

In addition, if we turn back to equation (8) and put it to equation (11) we get

max

mu:
E, = b(In10)10°Ey | _10(3/2"’)’" dm  (12)

—00
Then we take this integral and we find 7
2b (3/2 ~b)ym, ™
E = E, 10 10 as 13
" (3-2b) )

To find the ratio of the total radiated energy in aftershocks E to the radiated energy in the
mainshock E ., we divide equation (13) to equation (8). Then we get the result

Eas _ 20 104 10-bmu" 1o 3/2 (mammu") (14)
Ems (3f2b)

We know that Am = m,,,, —m,"""" so equation (14) takes this form:

E,y  2b

— loa lonbmu:mux 10“3/2 Am 15
Ems (3_2b) ()

From equation (15) the fraction of the total energy associated with aftershocks is given

by
E 1
as = — (16)
Epps + Eqg 1+ (3 —Zb] 103/2Am 10‘(“‘[7’"": )
For the 14 earthquakes considered in the previous section we had put the b, a, Am,
and masmax values to equation (16) individually. Our aim is to find o values for

+

ms as

14 earthquakes considered. The obtained results are summarized in Table 3
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Table 3

Summary of the Data and Results for Energy Values That Were Taken From The First
Energy Calculation Method.

E
Earthquake a b m, " Am —E—n-ls-—i—sE;
Burdur 6.94+0.09 1.28+0.02 5.2 1.7 0.031
Plovdiv 4.11£0.17 0.68+0.03 5.6 1.4 0.013
Turkey-Iran 5480.14 | 0.91+0.03 6.3 13 0.010
Border
Gomati 5.27+0.13 0.85+0.02 5.9 1.2 0.036
Canakkale-Yenice 4.79+0.12 0.83+£0.02 5.4 1.8 0.005
Bolu-Abant 3.83+0.05 0.61+0.01 5.9 1.2 0.018
Mus-Varto 5.18+0.25 0.93+0.05 5.3 1.6 0.011
Adapazan- 6.56+0.19 1.20£0.04 5.4 1.8 0.010
Mudurnu
.Thessaloniki 4.38+0.14 0.81+0.05 4.7 - 14 0.034
Racha 5.12+0.16 0.95+0.03 5.0 1.2 0.060
Cyprus 5.99+0.07 1.1 lﬂ:0.0l 53 1.5 0.020
Adana-Ceyhan 3.5240.13 0.67+0.03 5.1 1.2 0.016
Kocaeli-Golcuk 4.94+0.15 0.90+0.03 5.8 1.6 0.003
Duzce 4.98+0.09 0.83+0.02 54 1.8 0.008
For the earthquakes that are on NAFZ, we find the mean energy S P =0.009
E. + E,

with a standard deviation o = 0.005. Consequently, we find that for these earthquakes on

average about 99.1 per cent of the available elastic energy is released during the mainshock
and about 0.9 per cent of energy is released during the aftershocks.

For the earthquakes that are on Aegean Graben System, we find the mean energy

——&—— =0.029 with a standard deviation o = 0.011. Consequently, we find that
E.. + E,

for these earthquakes on average about 97.1 per cent of the available elastic energy is
released during the mainshock and about 2.9 per cent of energy is released during the

aftershocks.

For the earthquakes that are on Cyprus Arc Zone, we find the mean energy
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as

E .+ E

ms as
for these earthquakes on average about 98.2 per cent of the available elastic energy is
released during the mainshock and about 1.8 per cent of energy is released during the
aftershocks.

=0.018 with a standard deviation 6 = 0.003. Consequently, we find that

The Second Calculation Method To Find The Energy Ratio Among Mainshock and
Aftershock Sequences:
Additionally, from the study of Turcotte and Shcherbakov in 2004 [3,4], we derive the

same relationship in terms of b and Am” values.
The total radiated energy in the aftershock sequence Fas is obtained by integrating over
the distributions of aftershocks [3,4]. This can be written

5] Eln) (-X)an ®

Taking the derivative of equation (5) with respect to the aftershock magnitude m we have
dN =—b(In10) 10blerns=m"m) 4, 17)

Putting equation (17) into equation (9) gives

* m*
E, = b(In10) 10blmes o) [ B(m)10™®"dm  (18)
In addition, if we turn back to equation (8) and put it to equation (18) we get

*

mj 1032°0m a 9)

—0

b(m,,—A .
E, = binl0) 107" % g,

Then we take this integral and we find

E, - 2b E, 10(3/2 —b)m” lob(mms—Am*) (20)

(3-2b)
Using equation (4) we find

_ 2b E() 103/2(mm: —Am*) (21)

E
* (3-2b)

To find the ratio of the total radiated energy in aftershocks E, to the radiated energy in the

mainshock E, ., we divide equation (21) to equation (8). Then we get the result

*

Eas _ 2b 10—3/2 Am (22)

E. (3-2b)

If we further assume that all earthquakes have the same seismic efficiency (ratio of
radiated energy to the total drop in stored elastic energy), then this ratio is also the ratio of
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the drop in stored elastic energy due to the aftershocks to the drop in stored elastic energy
due to the mainshock. From equation (22) the fraction of the total energy associated with
aftershocks 1s given by

E,q 1

= (23
Ems +Eas 1+§_—£b_ 103/2 Am* )
2b

For the 14 earthquakes considered in the previous section we had put the b and Om”

E(lS

values to equation (23) individually. Our aim is to find G
+

values for 14 earthquakes
ms

considered. The obtained results are summarized in Table 4.

as

Table 4
Summary of the Data and Results for Energy Values That Were Taken From The
Second Energy Calculation Method.

Earthquake b Am’ _Fas

E s +Eg
Burdur 1.28+0.02 1.46+0.11 0.036
Plovdiv 0.68+0.03 0.97+0.38 0.028
Turkey-Iran Border 0.91+£0.03 1.57+0.24 0.007
Gomati 0.85+0.02 0.92+0.19 0.052
Canakkale-Yenice 0.83+0.02 1.41+0.22 0.009
Bolu-Abant 0.61+0.01 0.85+0.12 0.035
Mus-Varto 0.93+0.05 1.32+0.39 0.016
Adapazari-Mudurnu 1.20+0.04 1.75+0.23 0.009
Thessaloniki 0.81+0.05 0.70+£0.35 0.095
Racha 0.95+0.03 0.80+0.23 0.098
Cyprus 1.11£0.01 1.4240.09 0.021
Adana-Ceyhan 0.67+0.03 1.0520.28 0.021
Kocaeli-Golcuk 0.81+0.04 1.49+0.34 0.007
Duzce 0.83+0.02 1.17+0.18 0.021

E
For the earthquakes that are on NAFZ, we find the mean energy —ﬁ* =0.015
+

ms as

with a standard deviation o3 = 0.012 . Consequently, we find that for these earthquakes on

average about 98.5 per cent of the available elastic energy is released during the mainshock
and about 1.5 per cent of energy is released during the aftershocks.

For the earthquakes that are on Aegean Graben System, we find the mean energy
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as

E_ + E

ms as
for these earthquakes on average about 94.7 per cent of the available elastic energy is
released during the mainshock and about 5.3 per cent of energy is released during the
aftershocks.

=0.053 with a standard deviation o =0.030. Consequently, we find that

For the earthquakes that are on Cyprus Arc Zone, we find the mean energy

as

+ E

ms as

B =0.021 with no standard deviation. Consequently, we find that for these
earthquakes on average about 97.9 per cent of the available elastic energy is released during
the mainshock and about 2.1 per cent of energy is released during the aftershocks.

Conclusions

Earthquakes occur in clusters. After one earthquake happens, we usually see others at
nearby or identical location. Clustering of earthquakes usually occurs near the location of the
mainshock. The stress on the mainshock’s fault changes drastically during the mainshock and
that fault produces most of the aftershocks. This causes a change in the regional stress, the
size of which decreases rapidly with distance from the mainshock. Sometimes the change in
stress caused by the mainshock is great enough to trigger aftershocks on other, nearby faults
It is accepted that aftershocks are caused by stress transfer during an earthquake. When an
earthquake occurs there are adjacent regions where the stress is increased. The relaxation of
these stresses causes aftershocks [3, 17, 18, 19, 20, 21, 22]. ,

Several scaling laws are also found to be universally valid for aftershocks [2, 3, 4].
These are:

(1) Gutenberg-Richter frequency-magnitude scaling
(2) Béth’s law for the magnitude of the largest aftershock ,
(3) The modified Omori’s law for the temporal decay of aftershocks

In this article we are using both Béth’s law and G-R scaling. Our aim is to find an upper
cutoff magnitude m* for a given aftershock sequence. Using relation (3), we get related a
and b values in the G-R scaling. Bath’s law states that, to a good approximation, the
difference in magnitude between mainshock and its largest aftershock is a constant
independent of the mainshock magnitude. We obtain values for the difference between the
mainshock magnitude m,,, and the largest detected aftershock magnitude m ™ for the 14
large earthquakes. This difference is known as Amand we also obtain values for the

difference between the mainshock magnitude m,,; and the “largest” inferred aftershock m"
This difference is known as Am" .

A modified form of Béth’s law was proposed by Turcotte and Shcherbakov in 2004.
They considered 10 large earthquakes that occurred in California between 1987 and 2003

with magnitudes equal to or greater than m_ = 5.5. According to their theory the mean
difference in magnitudes between these mainshocks and their largest detected aftershocks is
1.16 £0.46 . This result is consistent with Bath's Law. They found the mean difference in

magnitudes between the mainshocks and their largest inferred aftershocks is 1.114+0.29.
They also calculated the partitioning of energy during a mainshock-aftershock sequence and
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found that about 96 per cent of the energy dissipated in a sequence is associated with the
mainshock and the rest (4 per cent) is due to aftershocks. Their results are given in Table 5.
During their calculation process they did not make any classification among these ten large
earthquakes that occurred in California. We applied the Modified Form of Bath's Law to our
14 large earthquakes that occurred in and near boundary neighbors of Turkey. We followed
the same calculation process. But we also made additional analysis on these earthquakes.
Because Turkey has different fault zones, we needed to make a classification among all 14
earthquakes. According to our classification, six earthquakes take place on the North
Anatolian Fault Zone (NAFZ). Four earthquakes are on Aegean Graben System. Two
earthquakes take place on Cyprus Arc Zone. One earthquake is on the East Anatolian Fault
Zone (EAFZ), and one earthquake is in Georgia.

Table 5
Summary of the Results of Turcotte and Shcherbakov
Parameters Turcotte and Shcherbakov
Am 1.16+0.46
Am” 1.11£0.29
Eas
- o 0.038
E.. + E 03
Table 6

Summary of Our Results

Parameters NAFZ Aegean Graben Cyprus Arc
System Zone
Am 1.63+0.23 1.43+0.21 1.35£0.21
Am’ 1.20+0.08 1.30+0.09 1.39+0.09
Eas
E_ + E_ 0.015 0.030 0.021

Table 6 shows all results that we got from this study. According to Table 6, for the
North Anatolian Fault Zone (NAFZ), a large fraction of the accumulated energy is released
in the mainshock and only a relatively small fraction of the accumulated energy is released
in the aftershock sequence. The results of Turcotte and Shcherbakov are for the ten
earthquakes in California on the San Andreas Fault Zone. Although SAFZ (in California)
and NAFZ (in Turkey) have the same seismic properties, the released energy during the
mainshocks in the NAFZ is much greater than the released energy during the mainshocks in
the SAFZ.

Additionally, Figure 4 gives us the relation between Am and Am’ . In this figure, line 1
shows the harmony of our data with the Bath's Law. According to Figure 4, our data do not
show harmony with the Béath's Law. Bath's Law states that the difference in magnitude
between a mainshock and its largest detected aftershock is constant, regardless of the
mainshock magnitude and it is about 1:2 {3, 4, 7, 8]. But in Figure 4, only four earthquakes
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have Am values equal to 1.2. The other ten earthquakes have Am values greater than 1.2.
Consequently, only 29 per cent of our data show harmony with the Bath's Law. The rest part
( 71 per cent) of our data do not show harmony with the Bath's Law.

The constancy of the differences in magnitudes between mainshocks and their largest
aftershocks is an indication of scale-invariant behavior of aftershock sequences. In Figure 4,
line 2 shows the harmony of our data with the Modified Form of Béth's Law. This line
corresponds to y = x line. If the Modfied Form of Bath's Law gave us perfect results, Am

and Am” values would be close to each other along this line. Hence, they would be the near
of line 2. But in Figure 4, only two earthquakes take place on the upper side of this line. The
remaining 12 earthquakes take place on the lower side of this line. Consequently, our data do
not show harmony with the Modified Form of Bath's Law.

The other important conclusion is that we know most of the energy is released during
the mainshock. Therefore, after the mainshock the community and government may begin
their work to rescue people from the debris without wasting any time.
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