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North Anatolian Fault Zone, Northern Turkey:
Empirical Equations and the Changes in Some
Kinematic Characteristics

Mehmet UTKU

Abstract- Monitoring the seismological development of a
seismotectonic source is important to know the future
behavior of the source concerned. The North Anatolian
Fault Zone is one of the important seismotectonic sources in
the world. The seismic moment-magnitude relations were
computed according to the macroseismic and instrumental
observations of 29 earthquakes with mys > 4.8 that
occurred in the North Anatolian Fault Zone in the 1909-
2000 period. The relations of seismic moment for this
tectonic structure according to the surface wave magnitude
and according to the fault area and the change in stress
drop are the other seismological characteristics addressed
in this study. Depending on the other parameters within the
scope of the study, the threshold magnitude value and the
mean slip rate for the visible fault on the ground surface are
computed as 6.2 (My) and 2.2 cmlyear, respectively.
According to the 13958 earthquakes with M > 3.0 that
occurred in the North Anatolian Fault Zone in the period
between 11/24/0029 (29 A.D.) and 12/31/2014, the return
period of a possible major earthquake to be generated by
this zone is 250 years at the most. The a- and b- values
which characterize the Zone are 4 and - 0.8 on an average,
respectively.

When the results in this study — obtained according to the
91-year data process and the 101-year evaluation process —
are compared with the results known from the previous
studies, the latest results appear more reliable both in terms
of the length of the process considered and the quality of the
data used. When the behavior of the seismotectonic source
concerned is monitored depending on this, it is seen that
some seismological characters remained stable, while some
of them changed.

Index Terms - NAFZ, Empirical equations, threshold
magnitude, stress drop, seismic moment, slip rate, a- values,
b- values.

I. INTRODUCTION

The North Anatolian Fault Zone (NAFZ) is an essential
tectonic structure which plays the leading role in the
regional tectonics thanks to the intracontinental transform
fault identity it has maintained so far [53], [52], [8]. It is
an approximately 1400-km-long seismotectonic source
that originates from the surroundings of Karliova
(Bingdl) in the east, continues with three branches after
Niksar (Tokat), Ladik (Samsun), Kargi (Corum), Tosya
(Kastamonu) and Bolu, crosses the Marmara, and reaches
the Aegean Sea. The NAFZ, which last gained currency
with the August 17, 1999 (M,=7.4) Golciik (izmit)
earthquake and the November 12, 1999 (M,,=7.2) Diizce
(Bolu) earthquake, has a branch that crosses the Gulf of
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[zmit via Diizce, Akyazi (Adapazari), Sapanca
(Adapazari), Golciik (Izmit) and Hersek (izmit), meets
the Ganos (Gazikdy, Tekirdag) Fault to the north of the
Marmara Sea, and is conveyed to the Aegean Sea. Its
other branch again reaches the Ganos Fault via Geyve
(Adapazari), iznik (Bursa) and Gemlik (Bursa) routes
after Bolu, in the south of the Armutlu Peninsula and by
passing through the Marmara Sea almost centrally.
Another branch of it progresses on land in the south of
the Marmara Sea and extends to the Aegean Sea via the
Biga Peninsula.

So far, many studies have been made with respect to
the NAFZ [38], [37], [39], [23], [36], [17], [56], [54].
[55], [7], [6], [5], [16], [27]. Mean displacement
velocities of 3 cm/year or 4 cm/year and even up to 11
cm/year were found in these studies according to the data
then [4], [35], [11]. Of them, a similar study which most
closely fit the information obtained from the observation
results and from the instrumental data was made by
Canitez and Ezen (1973) with 8 earthquakes with m, >
6.0 in the 1900-1971 period, and it calculated the stress
drops of 39 earthquakes by deriving statistics. Later on,
the 8 earthquakes with My>6.0 between 1939 and 1967
were used by Ezen (1981) to estimate various relations
between source parameters and magnitude. Some 7
earthquakes were common in both studies. Barka and
Kadinsky-Cade (1988) investigated the segmentation of
two major strike-slip fault zones in Turkey. Wells and
Coppersmith (1994) compiled 421 historical earthquakes
worldwide. By using 244 earthquakes selected, they
developed the empirical relationships among various
source parameters such as moment magnitude, surface
rupture length, subsurface rupture length, downdip
rupture width, rupture area, and maximum and average
displacement.

Of the studies in recent years, Ambraseys and Jackson
(2000) deal with the seismic activity that occurred in the
Marmara Sea in the last 500 years. Accordingly, it is
stated that an evident seismic activity was experienced in
the Marmara Region in the 20th century; however,
throughout these 500 years, only the 18th century
displayed a comparative seismic activity that also had
processes which did not generate earthquakes with a
magnitude of 6.8 (M) and greater. Moreover, two
regions with late Quaternary faulting are mentioned,
namely the north-west of the Marmara Sea and the
southern branch of the North Anatolian Fault to the east
of Bursa. The same authors state that the historic
earthquakes near Istanbul had magnitudes in the range
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6.8-7.2 (Ms) and occurred offshore and that the smaller
ones occurred in the east and west of the Marmara Sea.
In addition, they note that the seismicity for the last 500
years has been taking place with right-lateral
displacement above 22 + 3 mm/year, expected in the
Marmara Region. Guirbiz et al. (2000) indicate the
seismic gaps concerning the 1754 earthquake with an
epicenter corresponding to the Gulf of Izmit and the 1766
earthquake with an epicenter corresponding to the central
Marmara basin, both with a magnitude of 7.5, in the
seismotectonics of the Marmara Region that they
discussed on the basis of the minor earthquakes they had
recorded. Furthermore, they state that the distribution of
depths belonging to the seismicity in this area is
shallower than 15 km. Polat et al. (2002a,b) discuss the
August 17, 1999 (M,, = 7.4) Gélciik (Izmit) earthquake in
terms of the change in seismicity, its aftershocks, and the
regional seismotectonics. In their study, the authors
emphasize that there had been no evident seismic activity
before the earthquake concerned. By quoting from Barka
et al. (2000), Polat et al. (2002a) state that the surface
fault of the izmit earthquake was above 150 km in the E-
W direction and that the maximum displacement was
measured as 5 m. In addition, they explain that the
aftershocks were distributed in the upper section of the
depth of the first 15 km and that 90% of them had depths
between 5 and 15 km. They stress that the depth of the
main shock was 15 km. Utku (2003) investigated the
macroseismic and instrumental observations for 29
earthquakes with magnitudes m, > 4.8 that occurred in
the 1900-2002 period. In this study, they computed the
stress drop as below 50 bars and intended to estimate the
seismic character of the zone concerned from the
behavior of the maximum annual magnitudes.
Accordingly, the behavior curve concerned reaches the
maximum point 15 years after the minimum point on
average. The data period available for this evaluation
based on data of almost 100 years is significant. Bayrak
and Oztiirk (2004) discuss the time and spatial changes
of the sequences of aftershocks of the 1999 Izmit and
Duzce earthquakes. Accordingly, the b- value is provided
as 1.10 for the sequences of the izmit earthquakes and as
1.16 for the sequences of the Diizce earthquakes. They
emphasize that these computed values are the
characteristic b- values representing the sequences of
aftershocks. Furthermore, they provide the ranges of b-
values as 0.8-1.5 and 0.8-1.6 for the izmit and Diizce
sequences, respectively. They state that the highest b-
value is in Adapazari-Hendek, the east of Akyazi and the
western end of the rupture, whereas the lowest b- value is
between Lake Sapanca and the epicenter of the main
shock. Sengor et al. (2005) carried out a review study for
the North Anatolian Fault Zone. Ezen and Irmak (2007)
calculated the stress drop in the North Anatolian Fault
Zone for 9 strong earthquakes with magnitudes 6.5 < M,,
< 7.9 that occurred in the 1939-1999 period. In their
study, they found that the stress drop was 50 bars and
below. Accordingly, they stated that the stress drop in the
zone concerned did not depend significantly on the
earthquake magnitude and that it was particularly shaped
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by stress accumulation and creep. Bayrak et al. (2011)
discussed the evaluation in the earthquake hazard
parameters by dividing the North Anatolian Fault Zone
into different segments. They used the method of Kijko
and Sellevoll (1989, 1992) in this study of theirs.
Yucemen and Akkaya (2012) present a case study about
the estimation of magnitude-frequency relationship using
the Modified Maximum Likelihood method. Le Pichon et
al. (2014) defined the geometry of the Southern Marmara
Fault particularly on the basis of the exploration of
seismic reflection profiles. Sengor et al. (2014) described
the geometry of the North Anatolian Fault Zone in the
Sea of Marmara in light of the multichannel seismic
reflection profiles in the Sea of Marmara. Scholz (2002),
Shaw and Wesnousky (2008), Senatorski (2012), Shaw
(2013) and Konstantinou (2014) dealt with the mechanics
and kinematics of earthquakes and the faulting process.
One of the recent studies was made by Yamamoto et al.
(2015). In the study, they analyzed the data recorded by
three ocean bottom seismographs (OBSs) over a period
of 3 months in 2014 to investigate the relationship of
fault geometry to microseismicity under the western
Marmara Sea in Turkey. They showed that most of the
microearthquakes they identified occurred along the
Marmara Fault (MMF). Their data indicate that the fault
plane of the MMF is almost vertical. They identified a
seismogenic zone that extends from 13 to 25 km depth
through the upper and lower crust beneath the western
Marmara Sea.

In this study, the seismic moment (Mg)-magnitude
(my,Ms) and seismic moment-fault plane (A) relations
and the change in stress drop (At) that occurred along the
zone are examined according to the data about the
earthquakes with my s > 4.8 that occurred in the NAFZ in
the 1900-2000 process. m, and M denote body and
surface wave magnitudes, respectively. The study also
encompasses the threshold magnitude value and the total
and mean displacement velocities for the visible fault
along the zone concerned. As it will also be understood
from the period limits addressed, the results obtained
depend on the latest seismological data and constitute the
latest seismological identity. Comparing the previous
results with a similar scope and the present results is
another stage of this study. In this way, it will be possible
to monitor and examine the behavior of the
seismotectonic source concerned and review its character
throughout a process.

Moreover, in this study the earthquake hazard of the
North Anatolian Fault Zone was investigated by using
13958 earthquakes with magnitudes 3 and greater that
occurred between 29 A.D. and 12/31/2014. Figure 1
shows the epicenter distribution of the 13958 earthquakes
used in this study. The data used belong to the electronic
earthquake catalogue of Kandilli Observatory and
Earthquake Research Institute of Bogazi¢i University.
The zone of deformation of the Fault has been divided
into subzones of deformation considering the epicenter
clusters and the tectonism of the Zone, and the results of
these subzones have been thoroughly investigated
comparatively. This thorough investigation has been
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made according to both the entire instrumental period
and the period when the earthquake observations in the
instrumental period reached a specific standard, and the
results for both periods have been compared.

Il. METHOD and DATA

Seismic moment, one of the parameters defining the
magnitude of an earthquake, is the moment of the
equivalent force system that is active at the focus at the
moment of an earthquake. The amplitude of the seismic
waves caused by the equivalent force system is also
proportional to seismic moment. Therefore, a linear
relation as

logMg=c+dM —epg 1

can be sought between seismic moment and the
magnitude of an earthquake. ¢ and d are coefficients. ey
is the error parameter for log M. ¢ and d constants may
be found by regression analysis performed by means of
the Least Squares Method. For this process, in this study,
the curve fitting processes for some observed data were
performed with two regression methods, namely standard
least-squares regression (SR) and orthogonal regression
(OR) [15]. The theoretical foundations for both methods
are based on the minimization of the distances between
observed values and the theoretical curve representing
them. The first one is based on the minimization of the
sum of squares of the distances between observed and
calculated data, whereas the other one is based on the
minimization of the sum of squares of the orthogonal
distances between observed values and the theoretical
curve. Statistically, a standard error is the ratio of the
standard deviation of data to the square root of the
number of data. So far, many researchers have provided
such empirical equations for various regions. The
operation is a first-order regression analysis and based on
a calculation performed by means of the Least Squares
Method. The error parameter is defined as the standard
error, and if ey is added to the two sides of an Equation
(1) with zero error, Equation (1) can be rewritten as

logMg + ey = (€ + 6¢c) + (d + 8d) M,

2
em =906c + 6dM @

where 8¢ and &d are the standard errors of ¢ and d,
respectively. If a variable transformation like

y= x1+x2M;
y=1logMg +ep Xy =Cc+38C, Xxyo=d+38d (3)

is performed in Equation (2), Equation (3) can be once
more rewritten in matrix notation as

y=Mx 4)

where y and x each are column vectors with dimensions
(n x 1) and (2 x 1), respectively. n is the number of data,
and M is a rectangular matrix with dimension (n x 2).
Given this, the solution of Equation (4) can be expressed
as
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x=MTM)™IMTy 5)

where superscript T shows the transpose of matrix M. If
n is equal to 2, the solution of Equation (4) is performed
as a full determined system. However, the number of
data in this case is not reliable. Equation (5) can be
calculated with miscellaneous methods. The LU
decomposition method is used for Equation (5) in this
study. Standard errors (8¢, 8d) are determined using both
solution results calculated with Equations (5) and (3). On
the other hand, the operations between Equations (2) and
(5) mean the removal of the standard error from a
regression function estimated according to the
distribution of data.

Seismic moment is defined as

Mg=puA , A=LxW (6)

[1]. p is the rigidity coefficient, u the mean relative
displacement taking place along the fault plane, and A
the area of the fault plane. L denotes the length of the
fault plane, while W denotes the width of the fault plane
and corresponds to focal depth (H) in computations.
Under Equation (6), it is possible to seek a relation
similar to Equation (1) between seismic moment and the
area of the fault plane. The equation related to this will
be

logMg=v+WwWA —ep ()

where v and w are coefficients. e, is the error parameter
for Equation (7). To both estimate these coefficients and
calculate their standard errors, the operations between
Equations (2) and (5) are performed for Equation (7).
The total displacement occurring along a strike-slip fault
at a specific time (D) is given with the equation

Su= SxMq ©®)
u

[11]. Considering this, the mean displacement velocity
can be simply computed with the operation

_xu
D

Q )
The difference between the stresses before and after the
dislocation caused by an earthquake is called stress drop.
Considering the average dislocation definition by Brune
and Allen (1967), the stress drop for a strike-slip fault
can be calculated with the equation

_2Mo

At = 10
’ n AH (10)

In total, 29 earthquakes with m,¢ > 4.8, which occurred
in the tectonic belt concerned in the 1909-2000 period
and the macroseismic and instrumental observations of
which were made, are used for the empirical relations,
displacement, displacement velocity, and stress drop
estimated using Equations (1) and (6)-(10). Table 1
shows these earthquakes in chronological order. The *
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Table 1. The list of the earthquakes used in this study with macroseismic parameters, and their macroseismic and instrumental parameters.
H, L, U_, A and At are the average focal depth of the fault, length of the elementary fault, amount of maximum relative dislocation of the
elementary fault, fault area and stress-drop, respectively. * shows the not observed values.

. . 1
P i B oam T am (gr:;) (xm-’ﬁl;;fw-cm) (k:f)(ﬁai) References
01 1909.02.09 40.00 38.00 15.0%* 63 - 150 -  12000%* 225 - Eyidogan vd.1991
02 1912.08.09 40.50 27.00 15.0% - 7.4 600 -  6.1000* 900 - Eyidogan vd.1991
03 1939.12.26 39.80 39.51 20.0 - 8.0 300.0 370.0 41.0000 6000 29 {aaf 2009
04 1942.1220 40.87 36.47 10.0 - 7.0 50.0 175.0 3.2000 500 27 [l 200
05 1943.11.26 41.05 33.72 10.0 - 7.3 280.0 150.0 16.0000 2800 24 [oaf 200
06 1944.02.01 4141 33.69 10.0 - 7.3 180.0 350.0 23.0000 1800 54 poaclsd200%
07 1946.0531 39.30 41.20 15.0% 6.0 57 300 -  0.0540%* 450 - Eyidogan vd.1991
08 1949.08.17 39.35 40.60 15.0* 68 6.9 380 -  1.5000% 570 - Eyidogan vd.,1991
09 1951.08.13 40.88 32.87 10.0 7.0 69 60.0 - 09886 600 7 oamvd-200%,
10 1953.03.18 39.99 2736 100 - 7.5 50.0 430.0 8.0000 500 68 farayd-200:
11 1957.0526 40.67 31.00 10.0 - 7.0 40.0 160.0 24000 400 25 foalsd200%
12 1963.09.18 40.77 20.12 400 62 63 - - 02483 - - Kulfuvd.200
13 1964.10.06 40.30 2823 340 59 6.9 400 - 02483 600 2 piivEAO0
14 1966.08.19 39.17 41.56 26.0 5.8 6.8 60.0 30.0 0.6800 900 3 Faafiyd.200
15 1967.07.22 40.67 30.69 33.0 6.0 69 80.0 190.0 5.6000 1200 20 paafd.2009
16 1967.07.26 39.54 40.38 30.0 5.6 6.0 40 - 00881 60 6 poderrtd®%,
17 1968.09.03 41.81 3239 50 57 65 - - 01245 - - B
18 1971.05.22 38.85 40.52 3.0 59 67 380 250 0.758 114 7 pieeve2iOh e
19 1983.07.05 40.38 27.04 150 57 6.1 - - Q1800 - - g
20 1983.11.18 39.55 39.03 10.0 48 50 - - 00160 - - Kalafatvd.2009; KOERI
21 1992.03.13 39.94 39.57 150 62 6.8 - - 12000 - - Kalafatvd., 2009
22 1992.03.15 39.52 39.84 150 55 58 - - 00760 - - Kalafatvd., 2009
23 1996.08.14 40.52 35.02 150 53 56 - - 00460 - - Kalafatvd., 2009
24 1998.04.13 39.18 41.10 150 48 48 - - 00092 - - Kalafatvd., 2009
25 1999.08.17 40.76 29.97 17.0 63 7.8 150.0 500.0 29.0000 2550 35 Kalafarvd.2009 KOERE
26 1999.09.13 4031 3029 150 58 58 - - 00600 - - Kalafatvd.2009; KOERI
27 1999.11.11 40.95 30.10 15.0 5.5 55 - - 0.0360 - - Kalafat vd.,2009; KOERI
28 1999.11.12 40.74 31.21 18.0 63 7.5 40.0 400.0 6.7000 440 38 Kalafatvd.2009;KOERL
29 2000.06.06 40.75 32.70 150 55 6.1 - - 0100 - - Kalafatvd.2009; KOERI

' for columns between 2-10
?: Kandilli Obsevatory and Earthquake Research Institute
*: United States Geological Survey
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sign in Table 1 denotes the non-observed values. That is,
they are the values generated depending on the empirical
equations estimated within the scope of this study in
order to use them in appropriate calculations. The first 10
columns in Table 1 contain the classical earthquake and
source parameters and the macroseismic parameters
belonging to the earthquakes used. Columns 11 and 12 in
Table 1 are the parameters estimated within the scope of
this study. On the other hand, the last column of Table 1
indicates the source of the data belonging to the first 10
columns. The first 18 earthquakes until 05/22/1971 in
Table 1 are the earthquakes that are also used in the
studies by Canitez and Ezen (1973) and Ezen (1981), and
8 of them are comprised of data based on observed
parameters, while the rest are comprised of data based on
derived parameters.

The Gutenberg-Richter magnitude-frequency equation is
the most fundamental equation in seismicity analysis and
it is expressed as

logN(M) = a - bM (11)

[26], [25]. N is the number of earthquakes with minimum
magnitude M in observation period D, whereas a and b
are regression coefficients. a and b constants may be
found by regression analysis. Considering Equation (11),
the optimum distribution for the regional earthquake
hazard analysis is Gumbel (Extreme Value Type 1)
distribution defined as

G(M)= exp[—aexp(-BM)] , M>0 (12)
[24]. o and B are Gumbel regression coefficients.
Gumbel (Extreme Value Type ) was preferred owing to
the unique nature of the earthquake data and the use of
maximum magnitudes in the hazard analysis and as these
calculations were performed in a regional area. From
Equation (12), the probability of occurrence of an
earthquake with magnitude M in D years can be
expressed as

R(D)=1- G(M,D) (13)

Equation (13) is the probability of exceedance or seismic
risk of an earthquake with magnitude M in a period of D
years. In this case, the return period of probable
magnitudes in a region is the opposite of the annual risk.
In this study, the earthquake catalogue of the data bank
of Kandilli Observatory and Earthquake Research
Institute of Bogazici University was used for seismicity
and earthquake hazard analyses.

I11. EMPIRICAL EQUATIONS

In this section, the empirical relations between some
earthquake source parameters are estimated according to
the latest seismological and macroseismic data about the
NAFZ in order to monitor the development of the
seismological activity in a specific period.

A. Seismic Moment-Magnitude Relation in the North
Anatolian Fault Zone

Wi
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When estimating the relation between seismic moment
and magnitude under Equation (1), this operation is
considered according to both my and M. When the
necessary regression analysis is made according to
Equation (1), the relations

log Mg = 15.427 [ £ 0.11] + 1.736 [ + 0.07 x 10™] m, ;
(4.8 <my <6.3), 6=0.47, e= 0.056, r= 0.85
(for SR) (14a)

log Mg = 13.607 [ + 0.12] + 2.055 [ + 0.07 x 10™] m, ;
(4.8 <m, <6.3), o= 0.49, e= 0.051, r= 0.85
(for OR) (14b)

log Mg = 17.634 [ £ 0.13] + 1.340 [ £ 0.88 x 10™] m, ;
(6.3 <my <7.0), 6=0.54, e= 0.075, r=0.78
(for SR) (14c)

log Mg = 15.457 [ + 0.13] + 1.716 [ + 0.35 x 10™] m, ;
(6.3 <m, <7.0), 5= 0.58, e= 0.067, r=0.78
(for OR) (14d)

log Mg = 17.863 [ + 0.07] + 1.205 [ + 0.25 x 10] M; ;
(4.8 <M <8.0), =0.35, e= 0.044, r=0.94
(for SR)

and

log Mo = 17.390 [ + 0.07] + 1.277 [ + 0.10 x 10™] M ;
(4.8 <M, <8.0), o= 0.35, e=0.043, r=0.94
(for OR) (14f)

are calculated between seismic moment and the body and
surface wave magnitudes taking place along the NAFZ.
Mg is in dyne-cm. Standard errors are in the square
brackets, and o and r are the standard deviation and the
correlation coefficient, respectively. e is the standard
error calculated the according to the orthogonal distances
for the regression function. Figures 2 and 3 show the
changes in these correlations, respectively. As seen from
both figures and from the correlation coefficients
computed, there is a good fit between the estimated
mathematical function and the observed values.
Equations (14a,c,e) and (14b,d,f) are equations which are
obtained with standard least-squares and orthogonal
regression methods, respectively. As it is also seen from
them, there is no significant difference between the
results of orthogonal regression and standard regression,
and their e wvalues are the nearly same values.
Consequently, this no significant difference may not
influence the interpretation for these equations.

The same relation, mentioned in both Canitez and Ezen
(1973) and Ezen (1981), is provided with equations

log My =17.00 +1.33m, ; (6.0 <m, <8.0)

(14e)

(Canitez and Ezen, 1973; Ezen, 1981) (15a)
and

log Mg =17.96 + 1.23 M ; (6.0 <M; <8.0)

(Ezen, 1981) (15h)

When Equations (14a,b,c,d) and (15a) are considered, it
is seen that both equations define the same activity in the
NAFZ. Nevertheless, the striking numerical differences
in coefficients a and b result from the fact that the
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magnitude values used today for the earthquakes in use

28

log M, (dyne-cm)
b S [ 8]
S n (@) ~

o]
W

LEGEND

Observed Data !
—  OR Line for 4.XSmbS().3 |
SR Line for 4.HSmh£().3
OR Line for 6.3<my <7.0

SR Line for 6.3<mhi7.[)

g :
log M,= 13.607 [+0.12] + 2.055 [0.07x10"] m, ; (4.8<m,<6.3), =0.49, ¢=0.051, r=0.85 (OR)
log M,= 15.427 [+0.11] + 1.736 [£0.07x 10" m, ; (4.8<m,<6.3), 5=0.47, e=0.056, r0.85 (SR)

log M= 15.457 [+0.13] + 1.716 [i0.35x1074] m, ; (6.3<m,<7.0), 5=0.58, e=0.067, r=0.78 (OR)
log M,=17.634 [+0.13] + 1.340 [+0.88x1 0'4] m, ; (6.3<m,<7.0), c=0.54, e=0.075, r=0.78 (SR)

.
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Figure 2. The seismic moment (Mg) - body wave magnitude (my) relation for the North Anatolian Fault Zone. It is for
earthquakes with magnitude 4.8 < m, < 7.0. SR and OR stand for the Standard Least-Squares Regression and Orthogonal
Regression, respectively. Standard errors are in the square brackets, o and r are the standard deviation and correlation
coefficient, respectively. e is the standard error calculated the according to the orthogonal distances for the regression

function.
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Figure 3. The seismic moment (My) - surface wave magnitude (M) relation for the North Anatolian Fault Zone. It is for
earthquakes with magnitude 4.8 < M < 8.0. Standard errors are in the square brackets, ¢ and r are the standard deviation
and correlation coefficient, respectively. e is the standard error calculated the according to the orthogonal distances for the

regression function.
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involve fewer errors. When the relation according to the
surface wave in Equations (14) and (15) is considered, it
is seen that there is almost no difference between
Equations (14e,f) and (15b). The difference mentioned
here is a result of the use of more data, which we
perceive as positive and rather as improvement. That is,
the advantage of the number of data which has increased
until this study since the previous studies is stated. If no
change is observed, it also expresses that there has not
been any noteworthy change yet notwithstanding the
added data. However, when the relationship according to
the surface wave is considered in Equations (14) and
(15), it appears that there is hardly any difference
between Equations (14e) and (15b). Nevertheless,
Equation (14e) and the magnitude interval at which this
equation is valid have expanded. This also applies to the
other Equations (14a,b,c,d,e,f).

Then, the character of the NAFZ in the relation of
seismic moment with magnitude remains unchanged
even in the case of a change in the magnitude range in
use. However, the interval of magnitude m, is divided
and further elaborated by this study, and the empirical
equations concerned (14a,b,c,d) therefore acquire a more
specific quality. So it means that the NAFZ has been
maintaining its same character in terms of the seismic
moment-magnitude relation approximately for the last
~30 years.

B. Seismic Moment-Fault Plane Relation in the North
Anatolian Fault Zone

In the seismic moment-fault plane relation, the fault
plane is calculated on the basis of fault length and focal
depth. The mean focal depth assumed along the tectonic
belt is used for the earthquakes with an unknown focal
depth. When the relation concerned is computed under
Equation (7) depending on the 15-km mean focal depth
considered along the NAFZ in this study, it appears that
the relation concerned did not display any single
character and should be considered in two sections
according to the different ranges of the magnitude
concerned. The equations regarding this approach are
computed as

log Mo = 25.330 [ + 0.15] + 1.3 x 10° [+ 0.00] A ;
(4.8<m,<7.0, 4.8sM;<7.6), o= 0.58, e= 0.155, r= 0.56
(for SR) (16a)

log Mo = 24.761 [ +0.18] + 2.30 x 10° [ + 0.00] A ;
(4.8<m,<7.0, 4.8<M;<7.6), o= 0.65, e= 0.175, r= 0.56
(for OR) (16b)

log Mo = 26.776 [ £ 0.07] + 0.2 x 10° [+ 0.00] A ;
(Mp>7.0, Mc>7.6) , o= 0.20, e=0.071, r=0.86
(for SR) (16c¢)

and

log Mo =26.721 [+ 0.06] + 1.8 x 10* [+ 0.00] A ;
(mp>7.0, Mg>7.6) , o= 0.16, e= 0.057, r=0.86
(for OR) (16d)

where A is in km?. Figure 4 shows the change in the
seismic moment-fault plane relation, the mathematical
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expression of which is provided with Equations
(16a,b,c,d). The correlation coefficients of Equations
(16a,b) are not good. However, the available data are of
that kind. As it is also seen from Equations (16a,b,c,d)
there is no significant difference between the results of
orthogonal regression and standard least-square
regression. Equations (16a,b,c,d) do not undergo any
significant change either when the mean focal depth is
increased to 20 km.

Regarding the change in slope in Figure 4, first of all it
can be stated that: Since the density gradually increases
generally from the surface deeper into the Earth and
hence the seismic wave rates also increase, it means that
the Earth consists of the geological formations which
gradually become stiffer from the surface deeper into the
Earth. In other words, a looser material is available in the
places close to the Earth’s surface, whereas a stiffer
material is available towards the deeper places. This is at
least so in the lithosphere except for some singularities
and the crustal rheology generally works so. According
to such rheology, the rupture force will further deform
the material perpendicularly upon progressing from
shallow levels to deep levels or as the hypocenter
deepens. That is, the width (W) of the rupture plane will
start to grow more easily than its length (L). Hence, the
longitudinal rupture takes place more easily in a shallow-
focus earthquake that occurs in such a material, the
characteristic feature of which has been emphasized
above, than in a deep-focus earthquake because the
longitudinal change in the material is concerned with the
same level of stiffness on average. However, the
transverse change in the material — i.e. towards the
deeper place — is from a little stiff material to highly stiff
material, and develops slowly as the resistance gradually
increases. This issue is addressed in this line in Scholz
(2002). That is, the seismic moment will change more
slowly after the rupture plane area has reached a specific
size. This difference in the rate of change is seen in the
change in the slope of the regression line in Figure 4.
This physical event is ultimately concerned with the size
of the resultant fault plane because although it is stated in
Scholz (2002) that the slip vector is proportional to the
length (L) of the fault plane up to a specific fault length
and, after this specific length, to the width (W) of the
fault plane, L is also proportional to A and W is also
proportional to A as A=LxW (L=A/W, W=A/L). That is,
the slip vector is always indirectly proportional to the
fault plane area. Hence, according to this specific length,
the seismic moment will also be proportional to the
values of the fault plane which are in specific sizes
(Scholz, 2002). All the above-mentioned things mean the
behavior of the material which conforms to physical
rules. Accordingly, the change in moment slows down as
the rupture plane grows (/increases) due to the
attenuation of the rupture energy in time.

When compared with equations

log My = 24.60 + 2.250 x 102 A ; (m, <7.0)
(Canitez and Ezen, 1973) (17a)

and
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Figure 4. The seismic moment (M,) - fault plane area (A) relation for the North Anatolian Fault Zone. Standard errors are
in the square brackets, o and r are the standard deviation and correlation coefficient, respectively. e is the standard error
calculated the according to the orthogonal distances for the regression function.

(Canitez and Ezen, 1973) (17b)

provided by Canitez and Ezen (1973), a change that
further slopes down in time is observed for (m, < 6.8),
while a change that further steepens is observed for (m, >
6.8). Accordingly, it can be interpreted that the seismic
moment remains at a value which fits the magnitude for
earthquakes of moderate magnitude and that a greater
seismic moment occurs for major earthquakes again due
to the same fit. In other words, it might be stated that
along the NAFZ, those earthquakes in which small fault
planes occur have small moments, whereas those
earthquakes in which large fault planes occur have large
moments. From these results, it is seen that one
approaches a more accurate character as the number of
data in use increases. Moreover, by using Equation (16a),
the threshold magnitude value required to observe a
surface fault to result from the earthquakes that will
occur along the NAFZ is calculated to be either 5.7 (my)
or 6.2 (M) when A = 0. Canitez and Ezen (1973) give
the value of 5.7 (my) for this parameter.

IV. KINEMATIC CHARACTERISTICS

The North Anatolian Fault Zone is a transform fault zone
where shallow seismic activity prevails and where the
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seismic focal depths mostly reach a maximum of 20 km,
whereas the depths of daily microseismicity are below 10
km. With its minimum length of 1400 km, its
deformation area of up to 10 km in some places, and its
main dominant rightward strike-slip mechanism, the
NAFZ plays an essential role in the regional tectonism.
Such kinematic parameters as stress drop, total
displacement, and displacement velocity are guiding
parameters in a fault mechanism. The displacement
velocity is investigated according to the possible values
of the parameters of fault zone length and focal depth —
which are determining elements in Equations (1) and (6)-
(10) — that fit the characteristics of the fault zone
concerned.

A. Stress Drop in the North Anatolian Fault Zone

When computing the stress drops at the 29 epicenter
points along the NAFZ that are considered within the
scope of this study, the seismic moments of the
elementary faults and the elementary fault geometries
(L,W) are used under Equation (10). During the
calculations of stress drop provided in Column 12 of
Table 1, the length of the NAFZ and its mean focal depth
were considered 1400 km and 15 km, respectively. The
values concerned are based on the principle of best
representing the data in Table 1 used in these
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calculations. From the results obtained, it is seen that the
stress drop along the NAFZ ranges from 2 to 68 bars
(Table 1). In other words, the stress drop in the NAFZ
varies at the level of 10s according to the earthquakes
with 4.8 <m, < 7.0 or 4.8 < M, < 8.0 in the 1909-2000
period. This feature is in agreement with the mean focal
depth of 15 km, assumed along the NAFZ. That is, the
NAFZ generates shallow-focus earthquakes. This result
is based on the view that the stress drops between 0 and
100 bars are related to shallow-focus earthquakes, which
is expressed by Aki (1972). Figure 5 shows the
epicenters of the 29 earthquakes used in this study and
the change in stress drops calculated along the NAFZ.
Along the zone concerned, the place between Canakkale
and Balikesir, the surroundings of izmit, Sakarya and
Bolu, the place between Kastamonu and Bartin, the place
among Samsun, Amasya and Tokat and the place among
Erzincan, Karliova (Bing6l) and Tunceli indicate the
places for which the highest stress drops are calculated.
On the other hand, the other areas on the zone do not
yield any significant stress drop. This can be accounted
for by the fact that the process of storage of strain energy
has not been completed yet or by the creep event.

The change in stress drops seen in Figure 5 differs from
the change observed in the study by Canitez and Ezen
(1973) in that the highest value of stress drop increases
from 35 bars to 68 bars in Figure 5 and in that the
surroundings of Izmit and Sakarya are included in the
south-west of the Kapidag Peninsula and Erzincan
(Figure 5) with a high value in Canitez and Ezen (1973).
The place between Canakkale and Balikesir with 68 bars
is dominant in Figure 5.

B. Slip Rate in the North Anatolian Fault Zone

The total amount of slip and the mean slip rate in the
NAFZ are computed on the basis of the activity period of
the data in Table 1 with Equations (8) and (9),
respectively. The calculations were made for the possible
fault zone lengths and the possible mean earthquake focal
depths for the NAFZ. In these calculations, it was
considered that p1 = 3.3 x 10" dyne/cm?. Table 2 presents
the related parameter values used in calculations, the total
amounts of displacement obtained, and the mean
displacement velocities. As also seen from Table 2, the
total amount of slip ranges from 105.9 to 368.3 cm,
whereas the slip rate ranges from 1.2 to 4.0 cm/year.
From the distribution of epicenters of the data used
(Table 1), it is seen that the most significant fault zone
length for this data is 1400 km. Likewise, from the
distribution of focal depths of the data used, it is
understood that the most significant mean focal depth is
15 km and it is at least seen that it is below 20 km.
Considering this, the fault zone length of 1150 km is
short due to the earthquakes around the Biga Peninsula in
Figure 5. In other words, this length of 1150 km does not
duly represent the data.

Canitez and Ezen (1973) give the mean slip rate as 2.4
cm/year (Table 2) according to a focal depth of 20 km
and a fault zone length of 1600 km and they provide the
values of 1.6 and 1.2 cm/year for the same length and for
the focal depths of 30 and 40 km, respectively. The focal
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depths greater than 20 km here are thought-provoking
and they were probably included out of curiosity. For the
length they used, Canitez and ilkisik (1973) state that it is
the distance from Lake Van to the western end of the
Fault. Thus, the value of 2.2 cm/year obtained according
to the fault zone length of 1400 km and the mean focal
depth of 15 km should be considered the most significant
mean slip rate for the NAFZ (Table 2).

V. SEISMICITY

The NAFZ is one of the important transform systems in
the world and easily manifests itself within the
distribution of epicenters in and around Turkey in terms
of its extension and deformation area. According to the
catalogue used, it has generated some 13958 earthquakes
with a minimum magnitude of 3 between 11/24/0029 and
12/31/2014. The 1529 of this are earthquakes with
magnitudes 4.0 and greater. Also considering the error
limits of the procedure of earthquake cataloging, it is
appropriate to put the word “minimum” for the number
of earthquakes that occurred. The number of earthquakes
provided corresponds to a fault zone length of 2000 km.
Of this number, 39 are historic earthquakes, 5 with
intensity X and 34 with intensity IX. Figure 6 shows the
distribution of epicenters of the NAFZ according to some
13958 earthquakes with a minimum magnitude of 3
between 11/24/0029 (29 A.D.) and 12/31/2014 and the
fault plane solutions of 55 earthquakes (4.2 < M; < 7.8),
the Centroid Moment Tensor (CMT) inversion of which
was made. The Map of Epicenters in the North Anatolian
Fault Zone in Figure 6 was prepared with the GMT (The
Generic Mapping Tools; Wessel and Smith, 2006). The
active faults on the map were arranged from the studies
by Saroglu et al. (1992) and by McClusky (2000, 2003).
The CMT solutions belong to Harvard University
(http://www.seismology.harvard.edu/). According to the
earthquakes with minimum magnitude 4, there were 1529
earthquakes in the same period, with the historic ones
being identical. When the fault zone length is considered
1600 km, the number of earthquakes with a minimum
magnitude of 3 is 11612 and the number of earthquakes
with a minimum magnitude of 4 is 1270. The number of
historic earthquakes within both is 38, 5 with intensity X
and 33 with intensity IX. When the fault zone length is
considered 1400 km, the number of earthquakes with a
minimum magnitude of 3 is 9696 and the number of
earthquakes with a minimum magnitude of 4 is 1050.
The number and content of historic earthquakes are the
same as those in the case of 1600 km. The same period
applies to both.

When the distribution of stations of the national
observation network, on which the catalogue used is
based, and its frequency development periods are taken
into consideration, it is seen that the 115-year
instrumental period between 1900 and 2014 and the 38-
year recent period between 1977 and 2014 are considered
individually for the earthquake generation analysis of the
NAFZ. During the analyses concerned, the data used
were eliminated from the aftershocks and a completeness
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aftershocks is a declustering process. Figure 7 illustrates

analysis was made. The process of eliminating from the
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Table 2. A comparison of the average slip rate. H, XL, >u and Q are the average focal depths, length of the fault zone, amount of total

dislocation on the fault zone and average slip rate, respectively.

YEAR PERIOD 2L

H

zu Q

ID References
RANGE (vear) (km) (km) (cm)  (cm/year)

01 10 368.3 4.0

02 1150 15 2455 2.7

04 10 302.5 3.3

05 1400 15 201.7 2.2
— 1909-1999 91 This study (2018)

07 10 264.7 2.9

08 1600 15 176.5 1.9

09 20 132.4 1.5

10 10 211.8 2.3

11 2000 15 141.2 1.6

13 1900-1971 72 1600 20 169 2.4 Canitez and Ezen (1973)
the process for magnitude 3.0. In Figure 7, it is shown the only one place on the data. Likewise, the ordinate axis on
frequency distribution according to years of magnitudes this figure is linear. If the ordinate axis is logarithmic, it
3.0 and greater for the North Anatolian Fault Zone that will be seen that the available observed data require one
the length of 2000 kms between 1900 and 2014. The more magnitude limitation. This requirement is seen in
cumulative curve and its fitting function is a very Figure 8b. Figure 8b shows the variations of the
important knowledge for declustering. The cumulative cumulative frequencies drawn according to the
frequency is the total absolute frequency of all values logarithmic ordinate axis which correspond to the
more than that boundary. It is the running total of magnitudes. As also seen from Figure 8b, the magnitudes
frequency. As seen also from Figure 7, the years 1983, greater than 6.5 are the magnitudes which do not
1999, 2003 and 2011 has a clustering of seismicity. The conform to the earthquake occurrence regime in the
declustering process is performed by the fitting function middle part of the data (3.5<M<6.5), i.e. which occur
estimated during the analysis. The data were cleaned off more infrequently in comparison with this regime, and
the aftershocks on the basis of the modified Omori Law they upset the linear variation of the data or change the
(Utsu et al.,, 1995). The completeness analysis was character of the data. On the other hand, the first part of
applied to the magnitudes in the sense of the peak value the data, i.e. the earthquakes smaller than magnitude 3.5,
of the first derivative of the magnitude-frequency curve. comprises the earthquakes which occur more frequently
Figure 8 is an exemplification showing the position of as compared with the middle part that characterizes the
the magnitude of completeness (Figure 8a, Figure 8b). data. In other words, the completeness magnitude is an
The figure shows the distribution of cumulative numbers important parameter which applies to both ends of the
of earthquake which corresponding to the magnitudes data. Considering this, the completeness magnitude was
used. Also this example is for the North Anatolian Fault not used as a unique parameter in this study. Since the
Zone that the length of 2000 kms between 1900 and completeness magnitude was individually important for
2014, and Figure 8 includes the earthquakes with both ends of the data, a completeness magnitude was also
magnitudes 3.0 and greater. The lower limit of the used for the last part of the data in the appropriate data.
reliable magnitude represented with the completeness They are available in Tables 3 and 4. Given this reality,
magnitude in Figure 8a seems as if it was possible in these two values were called the completeness magnitude
Wi &
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Figure 7. The cumulative frequency distribution and its fitting function, and the absolute frequencies according to time for
the earthquakes with magnitudes 3.0 and greater occurred in the North Anatolian Fault Zone which has length of 2000 kms
between 1900 and 2014. N and cumN are the absolute and cumulative numbers of earthquakes, respectively. Data is from
the electronic earthquake catalogue of Bogazici University Kandilli Observatory and Earthquake Research Institute.
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Figure 8. The cumulative frequency distribution which correspond to the magnitudes for the length of 2000 kms of North
Anatolian Fault Zone in terms of the earthquakes with magnitudes 3.0 and greater between 1900 and 2014. cumN and M.
are the cumulative number of earthquakes and the magnitude of completeness, respectively. (a) The variations of the
cumulative frequencies drawn according to the linear ordinate axis. (b) The variations of the cumulative frequencies drawn
according to the logarithmic ordinate axis. (Mq, M) is a completeness magnitude pair. Data is from the electronic
earthquake catalogue of Bogazi¢i University Kandilli Observatory and Earthquake Research Institute.

W‘ 51

WWW.Wjrr.org



pair in this study. (M¢, M) shown in Figure 8b is a
completeness magnitude pair. Table 3 shows the
earthquake generation analysis made according to these
periods. From the sequences of epicenters in Figure 6,
sub-sections were formed on the fault zone for the
seismicity analysis of the fault zone concerned. As also
seen from Figure 6, they are the Marmara Sea Section,
the Central Black Sea Section, and Karliova Section.
These sub-sections in the NAFZ are defined in Table 3.
“The Marmara Sea Section” is preferred rather than “the
Marmara Region” or “the Marmara Section” only so as
to prevent the connotation of the geographical region
symbolized with the piece of land. The earthquake
generation analysis was made according to the
earthquakes with a minimum magnitude of 3. With this
analysis, the magnitude-frequency relations of the sub-
sections and the whole fault zone with various lengths,
their annual average earthquake magnitudes (M), their
modal maximums (Mod.x), the greatest earthquake
magnitudes likely to occur in a period of 100 years (
M9, ), their return periods for M29, [Ta(M.)], their
return periods corresponding to magnitude 7.5 [T4(M =
7.5)] and their possible magnitudes corresponding to a
return period of 250 years [M(T4 = 250)] were computed
according to two distinct investigation periods.

When Table 3 is considered, it is seen that the lowest
seismic activity in the instrumental period (a= 2.780)
occurred in the Central Black Sea Section; however, the
level of activity for the whole zone was high but
remained at the same level for the whole zone despite
different zone lengths. It is observed that in the recent
38-year period, there was no low activity in the Central
Black Sea Section (a= 4.869), although it was the
minimum as compared with those of the other two
sections, whereas the Marmara Sea Section displayed
high activity (a= 5.402). For this period, the whole NAFZ
displays higher seismic activity with no significant
difference both with its sub-sections and as a whole
notwithstanding different fault zone lengths as compared
to the entire instrumental period. The difference between
these two periods results from the improvement of
earthquake observations. Even though the b- values show
that everywhere along the whole zone has an identically
high level of damage risk (b> -1.0), the risk turns out
higher in the Karliova Section as compared to the recent
38-year period (b= -1.025) and the Central Black Sea
Section as compared to the 115-year period (b= -0.644).
In Table 3, it is seen that different fault zone lengths are
not significant concerning the matter for the overall
trend. There is a high fit among all magnitude-frequency
relations calculated (|r|20.99, Table 3). The greatest
earthquake likely to occur in 100 years is calculated to be
magnitude 8.4 at the most according to the data about the
whole instrumental period, while it is calculated to be
magnitude 7.6 at the most according to the data about the
recent 38-year period (Table 3).

From the Mae, Modmax, M9, and T4(M%.) values
computed, it is seen that the NAFZ behaves similarly and
even mostly the same according to the fault zone lengths
of 1400 km, 1600 km and 2000 km (Table 3).
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Furthermore, Table 3 shows that the recurrence period of
major earthquakes is shorter than 250 years for the
NAFZ. The 250-year return period is computed for great
earthquakes (Table 3). A mean displacement velocity of
2.2 cm/year corresponds to 227 years for an average slip
of 5 m. This displacement velocity corresponds to an
average slip of 4 m in 182 years.

The earthquake hazard analysis for the NAFZ was made
according to the instrumental period (1900-2014), the
period during which the national earthquake observation
network reached a specific frequency (1977-2014), the
sections of the related zone that can be separated from
each other depending on the seismic activity character of
the related zone (the Marmara Sea, Central Black Sea,
and Karliova) and its 2 characteristic branches in the
Marmara Sea Section. Of the branches concerned, the
northern branch in the Marmara Sea Section was referred
to as northern strand and the southern branch as southern
strand, while the area of the Zone between Marmara and
Karliova was referred to as the Anatolian Strand of
NAFZ. Figure 9 shows the branches of the NAFZ in the
Marmara Sea Section and the distributions of epicenters.
In order not to further complicate the figure, the detail of
NAFZ in the Marmara Region was not shown in Figure
6. Figure 9 contains some 5865 earthquakes with a
minimum magnitude of 3.0 that occurred between
11/24/0029 and 12/31/2014. Of them, 5303 have a
magnitude smaller than 4.0, while 562 are earthquakes
with a magnitude of 4.0 and greater. The results of the
earthquake hazard analysis made for the northern strand,
southern strand, and the whole of NAFZ are provided in
Table 4. As seen from Table 4, there is not any highly
significant difference in earthquake frequency between
the Marmara Sea Section and the branches (Table 3).
However, although the southern strand appeared stiller
than the northern strand in the instrumental period, the
opposite was the case in the 1977-2014 period and the
southern strand appeared more active and its damage risk
appeared significantly low as compared to that of the
northern strand. When the whole of NAFZ is compared
with all the results for the NAFZ, it is understood that it
displayed almost the same character. Hence, under the
present available data resolution, there is no significant
difference in seismic activity, character and hazard
analysis between the whole NAFZ (for 1400, 1600, 2000
kms) and its branches. This might change when the
appropriate data are accessed. For this purpose, new time
and new studies are needed.

When the fault plane solutions in Figure 6 are
considered, it is seen that they display a dominant strike-
slip fault mechanism — which is the character of the
NAFZ — with an orientation fitting the route of NAFZ’s
extension. Besides, again within the zone, it is sometimes
possible to see some different mechanisms that are
caused by both the Bitlis-Zagros thrust belt and the local
differences stemming from either earth heterogeneity or
geological formation rheology and that do not fit the
character concerned. Additionally, the behaviors in areas
under the influence of the Karliova triple junction and the
East Anatolian Fault Zone can be included in this.
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Table 4. The seismicity analysis for the major segments of North Anatolian Fault Zone. The data used is
from the electronic earthquake catalogue of Bogazi¢i University Kandilli Observatory and Earthquake
Research Institute.

1 tigati

Period | 1900 -2014 (115 years) 1977 - 2014 (38 years)
Branch Northern Southern Anatolian | Northern Southern Anatolian

Strand Strand Strand Strand Strand Strand

L""git(‘ldE)Ra“ge 24-30.5 24.95-30.5 30.5-41 24-30.5 24.95-30.5 30.5-41

| 3063 3064 3779 | 3061 3058  3.0-64

Number of Data 3594 2405 5219 3285 21 17 4947
a- value 4.065 3.614 3.359 4.986 5.202 5.229
oa 0.01 0.02 0.01 0.02 0.02 0.01
b- value -0.878 -0.824 -0.665 -1.045 -1.201 -1.036
b (x107) 0.00 0.06 0.05 0.05 0.04 0.08
o} 0.05 0.09 0.08 0.10 0.10 0.07
r -1.00 -0.99 -1.00 -1.00 -0.99 -1.00
M, 3.7 4.2 4.5 4.7 4.2 4.5
Mod,_ 4.0 3.9 4.6 4.4 4.1 4.6
M, 7.4 7.1 8.1 7.5 6.2 7.4
TuM....) 106 95 96 103 108 94
(vear)

TM=75) [ 199 168 44 103 1920 111

(vear)

M(T,=250) 8.0 7.8 8.8 8.1 6.6 8.0

da, 5h: Standard errors M. : Probable maximum magnitude for 100 years

o: Standard deviation T d(MrlnTl) : Return period for M“L?z

r : Correlation coefficient

M,..: The average magnitude of the
annually greatest earthquakes

Mod,,,, : Modal maximum

M,: The magnitude of completeness

T, (M=7.5) : Return period versus magnitude 7.5
M(T,=250): Probable magnitude correspond of the
return period of 250 years

VI. DISCUSSION

This study consists of two sections. One of them
estimates new empirical relations for the NAFZ, follows
its change, and estimates some kinematic parameters,
while the other section investigates the recent condition
of the seismicity of the zone concerned. The results in the
first section are based on the data obtained from different
reliable sources (Table 1) and obtained from the software
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specifically prepared for this study. There has not been
any institution that exclusively observes and prepares
such data for the NAFZ in the world yet. In other words,
a national or an international institution that has
estimated the earthquake parameters of all the
earthquakes which occurred in this zone by using the
latest technological possibilities and then optimized them
and that then accurately made the other macroseismic
observations in Table 1 has not existed yet. This does not
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apply only to the NAFZ. This applies to every
geographical region in the world, for which
seismological and macroseismic data of at least 30 years
are required. There are projects based on 3- to 5-year
periods of observations made in Turkey in recent years.
They monitor and examine known seismotectonic
sources by high-resolution observation networks. It is
probable that one day these studies will include the
NAFZ in their scope too. Nevertheless, time and, from
now on, a long observation period are needed to this end.
Then, when evaluated with a realistic view and in terms
of feasibility, these data do not have any alternatives for
today either. Provided that it is considered from now on,
some improvement might be achieved, but it will only be
achieved with respect to the earthquake parameters and it
will, and even has to, remain limited.

The displacement velocity estimated is an average value
for the NAFZ and, with this feature, represents
everywhere in the zone concerned. This is owing to the
nature of the data used (Table 1). The data concerned are
special for the approach used in this study when
estimating displacement velocity and stress drop and
have a unique value, and have included macroseismic
observations. In other words, macroseismic parameters
such as fault length (L) and the greatest relative
displacement (U,,) are parameters that can only be
measured in the macroseismic observation process
following the earthquake concerned and they belong to
the period and teams unique to that earthquake in the
case of each earthquake. That is, if it is desired to
measure the parameters concerned as macroseismic
parameters each, this must be performed on the days
immediately after the earthquake. Otherwise, they can of
course be estimated more accurately from the
seismogram. Each earthquake will certainly be studied by
the appropriate teams in terms of its above-mentioned
characteristics on the days following the coseismic
process and the products will be duly shared. In this
sense, the fact that the data are a compilation is therefore
suitable for the quality of the related section of the study.
Furthermore, they have no alternative anywhere in the
world for today and for this zone. For instance, the fault
length is either measured as the surface fault at that time
or estimated from the seismogram. Today, it is
impossible to re-perform a more accurate measurement
for that earthquake or improve it. Thus, regardless of
with which of the methods mentioned here this parameter
is determined, it can be used by making a reference to the
study concerned. Absolutely, this cannot be called a
compilation.

The section, in which the current condition of seismicity
is investigated, contains the data of the national
observation network belonging to the institution
explained in the related part of the study. As required by
the above-mentioned explanations, if one intends to
investigate this zone and its seismicity, these national
data must be used. For today, the institution is the first
address that one can refer to concerning these issues
considering its experience, institutional adaptation to new
developments, richness of archives, etc.
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If we compare the 115-year data with the 38-year data for
the whole NAFZ (Tables 3 and 4), we see that the results
for the 38-year data describe a zone which is seismically
more active and has a lower seismic risk in terms of the
a- and b- values than those for the 115-year data (Table
3). Nevertheless, this lowness is some relative lowness.
The absolute value of the b- value is also below 1
according to the 38-year data. The seismic activity turned
out higher, which is concerned with the fact that this
period of the earthquake catalogue is more orderly. This
interpretation also applies to the segments of the NAFZ
(Table 3). If we go on this comparison considering the
earthquake likely to be encountered in the future and the
recurrence period, the greatest earthquake likely to occur
in 100 years turns out relatively smaller according to the
38-year data and this value is around magnitude 7.5
(Table 3). If we compare in terms of the period
corresponding to magnitude 7.5, it is around 100 years
according to the 38-year data but below 50 years
according to the other one (Table 3). Therefore, the result
for the 38-year data is more significant. If we consider
the value of this period according to the segments of the
NAFZ, the Marmara Sea Section appears closer to a
possible earthquake with magnitude 7.5 in both periods.
The reason for the high values seen in the 38-year data
regarding this period is that the 38-year data contain a
lower rate of major earthquakes than the 115-year data.
Apart from them, if we also compare the two periods
concerned in terms of a possible earthquake with a return
period of 250 years, it is seen that magnitude values close
to 8 are encountered according to the 38-year data, while
magnitude values far above 8 and even close to 9 are
estimated according to the other one (Table 3). From this,
it turns out that the result for the 38-year data is more
significant owing to the reality that the Zone has never
generated any earthquake close to magnitude 9 so far.
After all these interpretations, it might be stated that if
used consciously, the recent 38-year data period (1977-
2014) is a more preferable Turkish Earthquake Catalogue
period for such analyses.

At this point, it can also be commented that depending on
the calculations performed, the greatest earthquake likely
to occur in 100 years is around magnitude 8 for the
whole Zone (Tables 3 and 4). On the other hand, the
greatest earthquake likely to occur in the Zone in 250
years is found to be around magnitude 8.5 (Tables 3 and
4). Besides, the return period for magnitude 7.5 is at the
level of 100 years. However, we look at the available
earthquake catalogue and no earthquake greater than
magnitude 8 has occurred in this Zone so far. This means
that the magnitudes around 8.5, found for 250 years, are
not very significant! That is, it seems that earthquakes of
this size have not been accessed very much. Given this,
the recurrence period of a major earthquake in this Zone
is most probably below 250, and even 200, years
according to the Seismological classification because
when the duration is 250 years, the magnitude shoots up
to the level of 8.5. In real life, however, we do not
encounter such a magnitude level when we consider all
the earthquakes that have occurred so far.
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Furthermore, from the evaluations made according to
both periods, it is interpreted that the southern strand of
the NAFZ has high seismic activity as well as a seismic
risk which is in harmony with the whole Zone. Here it
becomes important that the earthquake catalogue should
be used consciously together with the period addressed
because when the values of the 38-year data in Table 4
are considered, it is seen that the southern strand of the
NAFZ appears as if earthquakes would not occur very
much. Nevertheless, this absolute meaning is incorrect.
Hence, if the origin of the data and its place in the whole
process are included consciously in the evaluation when
evaluating the results, that absolute meaning turns out to
be an apparent meaning only.

When the GPS (the Global Positioning System)
measurements are considered, it is seen that the values of
slip rate provided for the Marmara Region by Dogan et
al. (2006, 2003) are around 20 mm/year. Figure 10 shows
the slip rates of the Marmara Region. The velocities in
Figure 10 generally vary around this value and around =+
3 mm/year. With a GPS study by Yavasoglu et al. (2005,
2011), it is seen that the general character of the slip rate
vectors in the central Anatolia section of the NAF varies
around 20 mm/year. This value is approximately =+ 3
mm/year in the zone. Figure 11 shows the velocity
vectors in the central Anatolia section of the NAFZ
according to the Eurasian Plate. Although the slip rate
vectors vary up to 24 mm/year according to the GPS
observations in the eastern section of the NAFZ by
Ozener et al. (2005), the error ellipses are great in most
of them. Figure 12 shows the slip rate vectors of the
eastern section of the NAFZ. These values will become
more stable as the number of observations increases and
resolution is enhanced. The slip rate fields derived by
Reilinger et al. (2006) range from 24.2 to 28.0 mm/year
along northern strand in this study, while they range from
24.2 to 25.8 mml/year in the eastern half of the NAFZ.
Figures 13 and 14 show the fault plane slip rates for the
western and eastern halves of the NAFZ, respectively.
The significantly low velocities in the southern branch of
the NAFZ in Figure 13 can be interpreted as an
indication of the fact that the northern branch is more
dominant today. Moreover, the southern branch is also
under the influence of the Aegean extensional system and
it is therefore the meeting point of two different tectonic
systems. However, it should be borne in mind that the
figures evaluated are derived values. Nevertheless, when
the values in Figure 10 are considered, a noteworthy
difference is not overlooked. At this point, tectonic
reality, the characteristic of being derived values and the
difference with the GPS observations tell something:
more time and a continuous observation of quality are
needed to talk about these accessed values in a more
binding fashion. Observations with such features have
been launched in recent years. Unless there is an
unexpected interruption, time is the only problem.
Moreover, the recent studies performed by Sunal et al.
(2012) and Turk et al. (2012) have presented similar
results.
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The value estimated with the GPS observations is
compatible and significant. In time, resolution will be
enhanced with an increase in the GPS observation points
and one day it will be possible to know the slip rate with
ranges in meters. This is only possible through a
significant increase in the number of observations and
their continuity.

Owing to the scope of the available data, it is impossible
to calculate individual stress drops for the branches
defined (northern strand, southern strand, and the whole
of NAFZ) (Table 1). To overcome this, a new period
with earthquakes that form surface faults is needed. In
other words, the scope of the available data has to extend
both in time and space. As also seen from Equation (10),
the approach used in this study for stress drop is sensitive
to fault geometry. Fault geometry is defined as a
rectangular fault plane. Thus, this approach is not
sensitive to any geometric parameter other than the
geometric parameters mentioned in Equation (10). To
access more information than this point, the geometric
parameters concerned should be well estimated or
observed in new earthquakes with new approaches.

VII. CONCLUSION and EVALUATION

The seismological analysis made according to 29
earthquakes with minimum magnitude 4.8 (m,, M) that
occurred in the North Anatolian Fault Zone in the 1909-
2000 period and the macroseismic and instrumental
observations of which were made is the latest
seismological identity of the NAFZ. Accordingly, no
change in character other than the numerical difference is
observed in the seismic moment-magnitude relations and
stress drop changes, whereas slightly different results are
obtained for seismic moment-fault plane relation and the
mean displacement velocity. For the NAFZ, the optimum
mean displacement velocity is 2.2 cm/year, and the
possible threshold magnitude of the earthquakes that
might form a visible surface fault is computed as 6.2
(My).

According to the values of stress drop obtained from the
calculations wherein the zone length and the focal depth
are considered 1400 km and 15 km, respectively, it is
seen that the highest stress drops correspond to the area
between Canakkale and Balikesir, the surroundings of
Izmit, Sakarya and Bolu, the area between Kastamonu
and Bartin, the area among Samsun, Amasya and Tokat,
and the area among Erzincan, Karliova and Tunceli.
Particularly the section of the NAFZ to the east of Bolu,
its section between Amasya and Kastamonu, its section
around the triangle of Sivas, Ordu and Giresun and the
surroundings of Erzurum, Bing6l and Mus, where there is
no stress drop, may be interpreted as the places in which
the process of storage of the strain energy has not ended.
Also from Figure 5, it is seen that the stress accumulation
has not been released in the Marmara Sea yet. This
region is the first-ranking place as a candidate for the
expectation of a possible major earthquake that might
occur in Turkey in the future or perhaps in some not too
distant time. However, this reality is not the reason for
the absurd interpretation that the earthquakes in the
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NAFZ migrate westwards, for the development of
earthquakes from both (sides) ends of the faults and of
the fault zones will continue. This is a geological and
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tectonic rule. That is to say, the earthquake hazard in the
east of the NAFZ or of its segments is at least as much as
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Figure 10. Horizontal slip rate field of the Marmara Region in a Eurasian fixed frame [18].
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Figure 11. Slip rate vectors of the Middle-Anatolian Part of North Anatolian Fault Zone in a Eurasian fixed frame [63].
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that in its west. Nevertheless, the risk is different.
Although the Marmara Region is also striking in Figure
5, it should be considered that the strain accumulation is
being released with activities such as the August 17,
1999 (M,=7.4) Kocaeli-Golcliik earthquake and
particularly the September 21, 1999 (My=5.0) earthquake
in the Marmara Sea that occurred in the offshore part of
Tekirdag in the following process. The following should
be added to the comment above: we can add the
Kastamonu-Cankiri-Corum-Amasya-Samsun-Sinop

quadrangle and the place between Tokat and Giimiishane
(naturally, Sivas-Tunceli-Giresun-Ordu will be affected
by this too!) as well as the Bing6l-Mus-Erzurum-Bayburt
quadrangle to the Marmara Sea and its close vicinity as
the first-ranking candidate places for the expectation of
an earthquake. The stress accumulation of the zone
concerned and the rheology of the formation in the areas
concerned will determine their order of precedence.
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Figure 12. Slip rate vectors of the Eastern Part of North
Anatolian Fault Zone in a Eurasian fixed frame [42].

The return period of a possible major earthquake to be
generated by this zone is 250 years at the most. In other
words, an earthquake like the August 17, 1999 (M,,=7.4)
earthquake will occur once every 100 years on average.
The a- and b- values that characterize the Zone are 4 and
-0.8, respectively. The average magnitude of the annually
greatest earthquakes is 4.5. The modal maximum is 4.5
as well.

When the obtained results are compared with the results
known from previous studies, it appears that the results
accessed within the scope of this study are more reliable
both in terms of the length of the process considered in
this study and the quality of the data used. Given this,
when the behaviors of the NAFZ are monitored, it is seen
that some seismological characters (such as seismic
moment-magnitude relation, the change in stress drop,
and threshold magnitude) remained stable, whereas some
of them (such as seismic moment-fault plane relation and
the mean slip rate) changed. Furthermore, it is useful to
make studies that will provide a more accurate ground
for the information about focal depths along the NAFZ.
Beyond this, new, high-resolution and multidisciplinary
observation networks that well cover the Zone and the
continuity of which has been ensured are needed. For this
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purpose, it is necessary to establish a new observation-
evaluation system with additional teams and equipment
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Figure 13. Fault slip rates (mm/yr) belong to the Western
Part of North Anatolian Fault Zone deduced by the block
modelling [45]. Top numbers (no parentheses) are strike-
slip rates, positive being left-lateral. Numbers in
parentheses are fault-normal slip rates, positive being
closing.
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Figure 14. Fault slip rates (mm/yr) belong to the Eastern
Part of North Anatolian Fault Zone deduced by the block
modelling [45]. Top numbers (no parentheses) are strike-
slip rates, positive being left-lateral. Numbers in
parentheses are fault-normal slip rates, positive being
closing.

according to a new work plan also by utilizing those that
are available. The reason why no distinct hazard analysis
can be made for the middle branch of the NAFZ in the
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Marmara region is that the border separating this branch
from the southern strand cannot be determined soundly
either in terms of the epicenter distribution or in the
tectonic sense. If this tectonic border can be determined
digitally with some fieldwork, an opportunity will be
created to make the analysis concerned accurately and
this will also be useful for future studies.
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