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1. ABSTRACT
Adequate water supplies and adequate flood control throughout Turkey have long concerned
the General Directorate of State Hydraulic Works (DSI), and Electrical Research and Development
Administration (E.I.E). With the construction of the Keban, Karakaya, and Atatürk dams and power
plants, Turkey has taken steps in creating what is perhaps the largest, most comprehensive water
storage and conveyance system in the world.
All of the faults studied in the south eastern Anatolian Project (Güneydo÷u Anadolu Projesi)
"GAP" are part of what is broadly termed the East Anatolian Fault (EAF) system. The EAF zone
has experienced severe and destructive earthquakes in past historical periods [AD.115, 458, 1114,
and 1513] as well as during today's era of seismic instrumentation [1986]. These earthquakes show
that care must be taken in siting dams in these areas. Failure of a dam can occur as a result of a
number of mechanisms, including, faulty slope stability , seepage, overtopping, and seismic
instability. Any dam site located near a potentially active fault may be subjected to strong
earthquake shaking, Allen et al., 1974, Arpat, 1977, Seed et al., 1978. For example, destructive
earthquakes with magnitudes 6 or more were registered in India (Affecting the Koina dam), Greece
(Affecting the Kremasta dam), in Africa (Affecting the Kariba dam), and in China (Affecting the
Cinfeking dam).
2. INTRODUCTION
This paper contains information on existing d ams found on active faults studied in the
Southern Anatolian Project ("GAP") area therefore; the determination of faults significant to the
Southern Anatolian ("GAP") project is the main goal of this investigation. After significant faults in
the "GAP" region have been detected, the la rgest possible earthquakes potentially occurring on
them can be estimated.
The space-time distribution of historical and recent earthquakes on the North Anatolian and
East Anatolian faults (NAF and EAF) was examined. At present there are two poss ible major
seismic gaps along the NAF zone and two along the EAF zone. One major seismic gap is at the
eastern end of the NAF fault, from about 42q to 48qE (Between Iran and Turkey). The other possible
gap is between the NAF and the MRF (Main Recent Fault), wher e Üskütran-1946, Elm alÕdere1949, and Varto-1966 earthquakes took place.Figs.1, 1a, 1c.and 2.
Historical records and recent seismicity readings suggest that a 485 km. long section of the
EAF constitutes a major seismic gap. The data indicate that this gap should be chosen as the site of
both a digital short-period array and continuous stress and strain [or tilt] measurements. The other
possible large seismic gap in the EAF is between Palu and KarlÕova, where the 1971-Bingöl
earthquake took place. Both of these gaps lie between 35q and 41q and may be considered as two of
the most likely places for future earthquake occurrences in Turkey.

3. The Southern Anatolian Project ("GAP")
To meet the ever-increasing irrigation water and electrical energy requirements in Turkey,
great emphasis has been placed on the construction of dams, reservoirs and hydroelectric plants.
Major steps to meet these needs have been taken by the Directorate of State Hy draulic Works
(D.S.I), and Electrical Research and Development Administration (E.I.E).
The south eas tern Anatolian Project (generally known as "GAP" or Güneydo÷u Anadolu
Projesi) is the largest project of its kind in Turkey, if not in the world. The "GAP" project covers
the lower part of areas lying between the FÕrat (Euphrates) and Dicle (Tigris) rivers and the old
Mesopotamian plains, which altogether covers 74.000 km². The project covers the Urfa, Mardin,
Gaziantep, AdÕyaman and Siirt provinces DSI (1981). The south eastern Anato lian "GAP"
project is an integrated project covering the construction of many dams and hydroelactric power
plants on the two rivers of their accompanying irrigation networks. Some parts of the GAP, such as
the Karakaya Dam, the Urfa Water Conveyance Tunnel, and the Akçakale and Ce ylanpÕnar
groundwater irrigation schemes, are already under construction. The planning and design of the
other parts are also underway. It is expected that the completion of the whole the south eas tern
Anatolian project will be realized in approximately 30 years. Upon the completion of the project,
2000 000 Ha of land will be irrigated and 22 billion KWH of energy will be generated.
3.1 Karakaya Dam
The 173 m high Karakaya Dam, retaining a 9.5 billion m3 reservoir was constructed near
Çüngüú (DiyarbakÕr) at a site 14 km from the East Anatolian Fault. Th e nearby EAF broke last in
the year 995 and 1114, causing two earthquakes with the probable magnitudes of 7.4 and 8.4
respectively (Fig.7). No movement on the fault has occurred at the sit e since the dam was
constructed (DSI, 1981, 1986).
3.2 Atatürk Dam
The Atatürk Dam is 180 high, of the rock fill type. It is located 57 km from the EAF zone
(Fig.7). The Atatürk Dam and power plant is the third installation on the FÕrat River. It will have 2.4
million kW installed capacity and an average annual electric power production of 8 billion kilowatt
hours. From the standpoint of energy production and irrigation, the Atatürk Dam and power plant
will benefit not only Southern Anatolia but, all of Turkey. Long-period ground motion was
observed in the 1114 earthquake during which 13 walls in the Urfa province, at locations about 110
km away from the EAF zone, wer e destroyed. The Atatürk Dam is located centrally between the
Urfa province and the EAF zone.
3.3 The Urfa water conveyance tunnel
Water will flow from the Atatürk Dam through two c oncrete-line tunnels, each 7.5m. in
diameter and 26.4 kilometres long. These tunnels will be among the largest in the world built for
irrigation purpose. The first canal will have a capacity of 53 c ubic meters per second and will
supply the western part of the Urfa-Harran plains, carrying water to 82.000 hectar's of land. The
nearby EAF broke last in the y ear 1114, causing an earthquake with a probable magnitude of 8.4.
The site of the tunnels is about 80 kilometres away from the EAF zone.

Dams located near the EAF zone:
3.4 Keban dam and power plant
The Keban Dam was c ompleted in 1974, c reating an important reservoir in south eastern
Anatolia as a complementary part of the GAP project. The site is in a region of expected strong
earthquakes due to its proximity to the main EAF zone about 55 kilometres away. The dam is of
the rock fill type, 205 meters high. The Keban power plant produced 17 billion kilowatt hours of
electricity from 1974 to the end of 1978. No fault displacement has occurred since the dam was
constructed.
3.5 Sürgü dam
The 57 m. high Sürgü D am, retaining a 71 million m3 reservoir, was constructed in 1969
near Sürgü, Malatya, at a site where the foundation is underlying by the branching fault of the East
Anatolian Fault (Fig.7) Arpat and ùaroglu 1975. Prior to its construction nearby faults had broken
last in the year 587 and 1114, destroying the towns of Afúin and Elbistan (Barut, 1962., Kuran and
Bingöl 1968, Kuran 1980). Despite the considerable time which had elapsed since these
earthquakes, the site of the dam could not be guaranteed to be safe. The Malatya earthquake of May
5, 1986, subsequently struck south-east Anatolia, creating wide-spread damage of rural structures
and causing extensive longitudinal tension cracks on the Sürgü Dam crest. Özkan et al., 1989.
4. Source of Information
In order to illu strate the basic concepts underlying crack growth pro cesses along the
Anatolian fault, it is necessary, when available to consider both macro and micro seismic activity in
the vicinity of active fault segments. Continuous epicentre determination of macro and micro
earthquakes within a fault zone may provide a significant clue to the propagation of a fatigue crack
into an inactive area. For th e seismicity of the Anatolian Faults, the earthquake data has been
collected from various catalogues. Epicentres and times of occurrence for the North and East
Anatolian fault zones were taken from Karnik, 1969, for the years between 1900 and 1913, and
Alsan et al., 1975, for the period 1913-1970. This latter catalogue has been found the more reliable.
Data for the years between 1973 and 1985 were supplemented by use of additional infor mation
from the Bulletins of the ISS, ISC, USGS, and CSEM. The closed and open circles shown in Fig.1
represent magnitudes greater than 5 and less than 4.9 res pectively. Fault traces are taken from
Ambraseys (1970) and Toksöz et al., 1979. Several empirical relations between earthquake
magnitude and the length of associated surface rupture along faults have been derived. In this study
the following two expressions will be used for Magnitude Prediction of future earthquakes (Kuran
1980 a, b):
Log L = 0.78 Ms - 3.62
Toksöz et al., 1979
Log L = 0.78 Ms - 3.89
Kudo, 1983

5. General Characteristics of Instrumentally Located Macroearthquake Activities Along the
NAF, EAF,Japan Arc, and SAF Zones
The following are important field observations and the main seism tectonic characteristics of
the Anatolian faults:
i) Almost all macro-seismic activity was concentrated within elliptically-shaped areas along
the EAF and NAF zones. In other words, spatial distribution of macro earthquakes show an
elliptically shaped on opposite sites of earthquake prone areas. Each of the ellipses (or plastic zones)
shown in Figs.1, 2 and 3 is sufficient to stop crack growth and may be described as a "Natural Crack
Stopper". Kuran 1990, Kuran and Yalçıner, 1993, Kuran 2000.
To understand the origin of seismic gaps we need to understand the natural and artificial
crack stoppers. The problem of crack arrest is very important for design and failure prediction of
modern structural members. In the field of fracture mechanics there are several methods by which
the rate of crack growth in an engineering component and structure subjected to a given cycle can
be reduce. When a crack is growing in a plate or sheet, its rate of growth can be retarded, sometimes
to zero, by drilling stop holes at the crack tips (Fig.3a, b). Such provisional measures not only
prevent crack initiation, but also the arrest crack propagation (Broek, 1974). Reduction of stress
concentration occurs when the crack runs into a hole. If a fatigue crack runs into a hole, it may be
arrested there for a considerable time. Therefore, holes are often mistakenly considered as
permanent crack stoppers. Unfortunately, it turns out that this is seldom true.
When discussing the arrest of a fast-growing crack, it is well to remember a common and useful
technique which is most frequently used to arrest crack-propagation in cases where a new crack
which starts to grow in a car windshield. The running crack in a windshield caused by engine
vibration will be arrested by producing a circle or elliptical shape crack arrester with a diamond
cutter. Therefore, no crack growth retardation is possible for a windshield without having an
elliptical or circular-shaped crack arrester. After the crack arrest, the window then has to carry more
of a load initially, because the crack length is larger. The example presented above may be
described as "the artificial crack arrester".
In the actual crustal structure, however, the running dominant crack will become arrested by
macro (or micro) seismically active elliptically shaped areas Figs, 3d and 4. In other words, each
ellipse can quite satisfactorily stop further crack-extension along the maximum shear zone. The
large plastic zone which is always present at the crack tip in plane stress absorbs some of the
applied crustal strain caused by N-S compression. Each of these plastic zones may be described as
"a natural crack stoppers" in crustal structure. Whether the plastic zone stress state should be
regarded as one of plane-strain or plane stress can be judged by noting whether the plate thickness
in large or small in comparison to the nominal plastic zone size ( Ry = b²/a) Liu (1964). It is
generally recognized that when the plastic zone (36-79 km for ellipse No.3 and 4 respectively in
Fig.4) at the crack tip is large relative to the plate thickness (24 km), the local stress state controlling
the fracture process is nearly of the plane-stress type Fig 4. However, when the size of the plastic
zone is much smaller than the thickness of the plate, the plane-strain case applies. Since the
orientation of the maximum horizontal compression is about 45° from the strike of the San Andreas
Fault (Zoback et al., 1980) the 45°-mode of fracture should be associated with plane stress
(mode-II) rather than plane strain (mode-I). It should be pointed out that the size of the plastic zone on
the crustal surface is much larger than that in the interior; therefore, it is reasonable to expect the crack to
advance more rapidly on the surface than in the interior. It is evident from the NAF zone in Figs [1and
2], that two crack will be arrested in the centre point of an ellipse along the maximum

shear zone. Termination and off-set of two main fault breaks took place in the centre of an ellipse
and the main shock epicentre was generally located in the centre of big ellipse as shown in Fig.1.
The life history of a fault break between the natural crack stoppers can be characterized by its
distinct stages, namely;
I - Initiation
II - Slow growth
III - Propagation, where the crustal structure is in the process of unstable fracturing under the
influence of the tidal loading system.
IV -Arrest (the fracturing ceased or termination stage)

ii) If a circular yield zone (or current yield zone caused by cyclic tidal loading Kuran.1975
and 1979) exists and intersects by a series fault segment of a plate boundary, those segments are
likely location for moderate size (Mt7) earthquake at some time in the future (Figs.1b,d,3, and 4).
Many circular yield zones have experienced frequently recurring earthquakes in Turkey (Figs.1c,
and 2, 2b]), Hellenic Arc (Figs 2), Japan (Figs. 1d,9), and California (Figs 1b, and 4). One of the
best and recent examples is the Parkfield-Cholame main shocks of 1857, 1901, 1922, 1934 and
1966. Parkfield and Cholame are located along the radius of circular shape yield zone (Ry = b²/a
=36 km.) which is in the direction of the maximum shear zone of the San Andreas Fault system,
Kuran 2000.
The most obvious features of the four historical earthquakes along the Hayward (1836 and
1868 overlapping ruptures) Calaveras [1861] and SAF [1838] zones, is that all surface ruptures
located within or adjacent to the circular yield zone (See Figs.1b, and 4). The June 10, 1836
earthquake caused a surface rupture of 2 Ry =72 km, and the next break could come at any time.
The circular yield zones along the Nankai Trough, Sagami Trough and Japan Trench
offers a unique opportunity for investigation "the frequently occ urring earthquakes" and a
number of likely sites for near future major earthquakes. Although the Japanese seismic recordextends back a great many centuries it is confined to a limited area that does not include Kur il
Islands and Ryukyu Trench (Figs. 1d, and 9). Southwest Japan, however, has one of the most
complete existing records of great earthquake, with extensive rupture zones and tsunamis which
extend back to the 7th century A.D. (684 A.D) Ando, 1 975. Ando (1975) finds that great
earthquakes tend to occur in cycles, which migrate from west to east, with large shocks occurring
at a given p lace every 100 to 200 years. The remarkable concentration of epicenters in three
ellipses along the Ryukyu Trench and the Kuril-Kamchatka trench is readily apparent (Fig. 2a)
Ellipses act as stress concentrators to cause localized plastic deformation at nominal stress level
well below general yielding.Fracture propagation presented in Fig. (9) Kuran, 1995, provides a
useful reference frame which to view the observed damage (or crack) growth pattern during last
100 years.Most of the greatest earthquakes have been centered off shore, and crack propagation
can be seen between Kuril Islands (K-K') - Japan Tranch (J-J'), and, between the Ryukyu Trench
(R-R') and Japan Trench (J-J). It is i mportant to note that most of the crack-growth have been
initiated from center of ellipse No. 1 and 3 in the year 1911 (M=8-8.7) and in 1915 (M.8.3, 6.3,
6,5, 6.1) (Kuran, 1994). The numbers (1,2,3... next to the date of earthquakes denote the stage of
the crack-growth information between Ryukyu Trench-Japan Arc, and Kuril Islands-Japan
Trench respectively. Active fault data used this research are taken from the Research Group for
active faults (1980). Eart hquake epicenters are taken from Masse and Needham, 1989. It is
obvious from a glance at map of fatigue-crack-propagation (Fig. 9) that the center of ellipses has
an apparent high level crack (or damage)-grown activity [see also the 1784 event in Fig.1c, and

1780,1805, 1810,and 1 846 events in Fig.2]. Source region of t he major earthquake is an
elliptical shape and only the length of m ajor axis can be seen along the two paralle l lines. In
western Japan, the most remarkable fault is the Median Tectonic Line (MTL). The MTL, is an
active (5-10mm/yr) right lateral strike-slip f ault that extends more than 600 km across central
and western Japan, is oriented sub parallel to the Nankai Trough (similar to the Hayward fault in
California, or the 1909 ground rupture along the NAF zone Fig.1c. Thi s fault lie s along th e
diameter of circular yield zone which is about 400 km. in length. The crack length of this fault
is almost identical to the seismic gap along the SAF zone where the 1906 earthquake occurred
(Fig. 4). The most remarkable examples of frequently recurring earthquakes w as found at the
arc-arc junctions but within the circular y ield zones denoted by CYZ-1, CYZ-2 and CYZ-4 in
fig.1d. Let us examine the recurrence of earthquake with Mt7.9 earthquakes which occurred in
the region of the Nankai Trench (or Nankai-Suruga trough) between 684 A.D and 1946 (Ando,
1975). The Nankai-Suruga trough is one of the most earthquake-prone areas of Japan, and its
history has recorded many disastrous events, some of which have ex ceeded magnitude 8. The
most recent earthquakes of this type are the 1944 Tonankai and the 1946 Nonkaido earthquakes,
whose source areas are shown in Fig. 1d. The Nankai-Suruga trough (west of the Izu peninsula)
in bounded by the Sagami trough to the east and the Ryukyu trough to the west respectively.
The distribution of macro earthquakes of the coastal region of Norway and Northern Finland
were compiled by Pentilla in 1982 and presented by Kowalle et al., (Fig. 2c) in 1988. Both the map
and the space-time distribution of earthquakes (Kowalle et al., 19
88. Fig.3) provide useful
information for the prediction of an important seismic gap in Western Scandinavia. The length of
the predicted seismic gap is about 700 km, and extending from centre to centre (W) of ellipses A
and B in Fig.(2c). The results show that the first major crack-growth (or damage growth) occurred
along the radius of a circular shape yield zone (ry=42 km) in 1819 (M s>6.2, Ambraseys, 1985). In
1866 (Ms 5.8, Ambraseys, 1985) the radius of the circular shape yield zone (ry=68 km) of ellipse A
was damaged. Between 1895 and 1978, however, considerable damage took place in the centre of
ellipses A and B.
Almost all instrumentally-located macro activities in the Northern and Souther n
Aegean(McKenzie,1972)were concentrated within triple-elliptical areas(Fig.2b,2).Discontinuous
crack growth has been observed between ellipse No .10 and 11 (Fig.2) between the years 1805
and 1903(Wyss and Baer,1981).Note that some of the crack arresters(or ellipses) are in contact at
the tip of the major axis and they produce macro-seismically active triple elliptical zones(see
ellipse 1,6 and 8 in Fig.1c). From the information so far collected it can be concluded that when
two ellipses are in contact at the tip of the major axis, there might be no cl ear cut ruptur e
occurring within the center to centre distance of adjacent ellipses. In other words, inte r-ellipses
earthquake does not occur w hen two elli pses are in contact at the tip of the major axis. It is
therefore, unlikely that a large event (Ma8.6, W= 670 km) could take place along the Hellenic
Arc. Under this condition, however frequent damaging earthquakes have been taking place along
the semi-major axis in 1805.The approximate magnitude and length of this event were about 7.6
and 60 km respectively.Fig.2. The G ulf of Corinth earthquakes of Feb.-Marc 1981 and the
destructive earthquake of 13 Sept.1986 (M= 6.0) in the c ity of Kalamata illustrate the
discontinuous crack growth along the semi-major axis of ellipse No.9 in Fig, 2. The second and
most important gap lies between Lacrida and southwestern pa rt of the Messiniakos
Gulf.Important activity along this gap (W=280, Ms= a8.42) includes a destructive earthquake in
1981(M= 6.7) and 1986 (M= 6.0 ).The main shock and its two major aftershocks affected the
districts of high population density of 24th Feb.- 4th Marc 1981.

iii) Due to proximity of Kalamata to the epicenter of the Sept.13, 1986 shocks caused
substantially heavier concentrations of damage. Kalamata, in the southwest part of Greece, is a
seaport at the Gulf of Messinia, about 30 km west of the historical city of Sparta. The existing
field data (Papazachos, and Papadopoulos 1989) suggest that the length of the fault breaks were
about 15 and 20 km respetively. The north eastern part of this gap or the Northern Aegean trough
(within the ell ipse No.5 a nd 9) last ruptured in 1912.Historically there are many large events
reported for this region. They occurred in 480,426,387 and 27 9 B.C. (Papazachos and
Papadopoulos, 1989, fig.12.1). The region between Euboea and the south western part of Gulf of
Messiniakos should be considered as one of high risk and possibly the site of the next large
earthquake in a space-time progression. The event occurri ng in 1986 may have only partially
ruptured (a 15 k m,Papazachos and Papadopoulos,1989).The radius of the circular shape zone
[Ry = b²/a] located at the tip of the crack in ellipse No.9 is about 56 km(Ma7).Thus this area has
the potential for a futur e damaging to nearby centers of population(Kalamata ,Spatra,Mistras,
Selassia ,Vourvoura, and Argos).Individual land stat images and land stat mosaic (Kronberg and
Gunther,1977, Fig.12) strongly indicate that t he same predominant trends of frac turing occur
along the major axis of ellipse No.9.This closely resembles that of the fault break between Palu
and KarlÕova section Fig.(1c) where the 995 A .D. and 19 71-Bingöl earthquake took
place(Ambrasseys,1988, and Sey men and AydÕn,1972).It is interesting to note that the surface
break associated with the Bingöl-Gönük earthquake is about 38 km. long and lying along the
radius of curvat ure of yield zone(Ry = b²/a ) which is a bout 38 km.in length. The validity of
existence tectonic models for the area of Greece is ex amined in the light of the linear elastic
fracture mechanics approach. This study shows that if the L E F M a pproach is correct, the fault
zone between the M armara Sea and the Messiniakos Gulf should be in the form shown in
Fig.(10).This evidence helps support the view that the Anatolian trough is connected to the Gulf
of Messiniakos as shown in Fig.10(h).
Two elliptically-shaped macro seismically active areas, which are believed to be termination
of two active faults, have been determined in the currently active Red Sea tectonic system. One of
the ellipses is located at the triple Junction of the Arabia, Afr ica, and "Sinai" plates Fig. (2d). The
Red Sea seismic gaps I and II were about 1600 and 600 km in length, respectively .The radius of
curvature of plastic zone Ry = b²/a [171 km.] in ellipse No.2 is very active and very close to Jeddah
and holy city Mekkah, and the next break could come at any time. A more detailed Emergency
Planning and Earthquake Damage Reduction study of the area of most concern; South western part
of the Kingdom of Saudi Arabia and its neighbouring countries ,should be carried out for long term
reduction of future earthquake losses, especially in areas projected for expansion.
Another potentially destructive rupture segment can be seen between ellipse No.8 and
ellipse No.12 in Figs.1a and 2. Accordingly, the fault between ellipses 8 and 12 is regarded as
a potentially active break. If either of the two faults in Fig.1a and 2 were to undergo a sudden,
large-scale surface breakage, as mig ht occur in a powe rful earthquake, the greatest de struction
probably would occur in Turke y, Iraq and Iran crossing geographical boundaries between the
countries.
In Turkey for example, both of the diameter of the circular yield zones were damaged in
1719 May 25 (2ry=40 km) and 1878 April 19 (2ry=32 km) prior to the July 10, 1894 major events
between ellipse No.5 and 4 respectively.Fig.3d.The most interesting feature of these circular yield
zone is that the Aug.17, 1999 and Nov.12, 1999 Bolu earthqua kes also occurred within the same
circular yield zones. This result also suggested that, there is a high potential for a major earthquake
in the near future in the San Francisco Bay area where the1836, 1861 and 1868 earthquakes
occurred.

iv) Each of these ellipses along the North Anatolian Fault not only correspond to the
termination of two main fault breaks, but at the same time, they encompass another fault break
which is associated with relatively low- magnitude earthquakes (M<7). Each of the ellipses
presented in Fig [1] results from at least two destructive earthquakes. As an example, we shall look
at the fault break which is associated with the 1942 earthquake in ellipse No 2, and two fault breaks
associated with the 1957 and 1967 earthq uakes in ellipse No. 4. [See also the Kettleman Hills1985,
Coalinga 1983 and New Indria 1982 evens in Fig. 4.]
v) Some macro earthquake activity occurs at both ends of th e fault zone before the main
destructive shock. An example shown in Fig.1 is the fault break associated with the great Erzincan
Earthquake of December 26, 193 9 (see ellipse No.1). The eastern end of th is fault break showed
macro-seismic activity in 1906 and 1907. Si milarly, the western end of this fault s egment showed
activity in 1901 and 1908. [See also the destru ctive earthquakes at the terminal of the1114 surface
rupture in 1872 and 1874] (please see the second pr esentation, Fig.5).The eastern end of the1912
surface rupture was probably damage in Aug.5,1766 and western end was damaged as a result of
earthquakes which occurred in 1674,1765 Nov.15,1860 and 1864 . Papazachos, B.C., and C.
Papazachos, 1989.
vi) Both the long and the short axis of the macro-seismically active elliptically-shaped areas
vary in length and direction. However, the direction of the major axis strongly depends o n the
orientation of the zone of maximum shear strain.
vii) The instrumentally determined epicentres of the main shocks which took place in 1894,
1939, and 1943 coincide with the centers of the ellipses numbered 5, 1, and 3 respectively in Fig.1.
The most likely location for the main shock epicenter of the 1906 San Francisco earthquake is the
centre of ellipse No. 3 in the vicinity of Corralitos in Fig. 4.
viii) Discontinuous crack growth is one of the most important features of fatigue processes
in crustal material. This phenomenon can be seen under both la boratory test conditions [Fig.5 ].
Kuran,1975 and 1979, and actual crustal conditions (Figs.1, 2).A detailed examination of a number
of granite specimens in which cracking ha s occurred has shown that whenever a fatigue crack has
subsequently developed in shear zone, it has been observed to grow in both directions as indicated
in Fig.5. Cracks sometimes travel continuously, but usually they progress in a series of steps. This
process then repeats until the whole section is ruptured. The laboratory test results indicate that, the
cyclic-strain-softening is associated with decrease in Modulus of elasticity of rock speciment,
increase in number of acoustic emission and as a result of all development strain- step takes place in
the final stage. In summ ary, the present fatigue c rack result suggest that in order to have
catastrophic fracture [or an earthquake] both crack initiation and crack propagation[as macrocrack]processes along the maximum shear zone must be completed.
ix) If an earthquake occurs far from the NAF zone, the direction of the new fault break will
be parallel to the NAF zone. Exa mples are the fault break associated with the ÇaldÕran earthquake
of 1976. The study of the 1855 Great Earthquake of Bursa province (Kuran, 1986) indicates a
similar type of parallel crack extension took place along 50 km. of the southern part of the 1894
fault break. Both the 1964 and 1855 fault breaks were developed parallel to the 1894 fault break,
which is shown by the zig-zag line between ellipses No.4 and 5 in Fig.1. It is interesting to note that
both the 1953 (N40qE) (Herece, 1985) and 1914 (N50qE) (Kuran, 1982), f ault breaks were also
developed parallel to the fault break pro duced by the 1912 Saros-Marmara earthquake (N 65qE),
Ambraseys and Finkel, 1986.

x) It can b e seen from Fig.6 that the length of the fault break produced by an interellipse
earthquake roughly equals the distance between the centre points of adjacent ellipses. According to
Willenborg Model [Wood H.A., 197 3]; if an overload (V1 max, see fig.3c) is applied in a constant
amplitude (V2max) crack-propagation test on a "SEN" specimen, crack length during the subsequent
constant-amplitude cyclic will be extremely slow. The peak load (V1max) has introduced a large
plastic zone at the crack tip. This plastic zone is in elliptical shape and perpendicular to the effective
stress direction of the Single Edge Notch (SEN) specimen. Note also that, dashed curves in Figs.3d
and 4 are also representing "the boundary of overload plastic zones" in crustal structure.
The growth rate, however, is retarded as long as no subsequent maximum stress greater than
“V max” is applied and as long as growth remains within the zone of plasticity caused by overloads,
“V2max”. But overload effects disappear when the plastic enclave due to another overload (V3 less
than V1) touches the outer boundary of the overload plastic zone (Right hand side of circular yield
zone in Figs.3c and also see the 1935 and 1963 events in ellipse No.5 and Aug.17.1999 and Nov. 12
.1999 events in ellipse N o.4 in Figs. 2b and 3d). It is generally accepted that, the delay in crack
propagation depends upon the magnitude of the overload (i.e., the small overloads cause already a
small delay and that moderate overloads may cause delays expressed in many thousands of cycles).
A very high overload may prevent crack propagation at subsequent low amplitude cycling. It is not
surprising perhaps to see that the fault zone failure along the maximum shear zone between ellipse
No: 1 and 4 shows similar type of circular yield zone failure (Fig.4). In the following sections more
circular yield failures along the SAF, NAF and EAF, and Hellenic Arc, Japan Arc will be presented.
xi) Observations regarding the en-echelon offs et interrupt of fault traces a ssociated with
destructive shocks occurring in 1939, 1943 and 1944 provides a good opportunity to delineate the
extent of inter-ellipse faulting occurring in 1894 and 1912. It is clear from the m ap presented in
Fig.1 that the eastern termination of the 1944 fault break occurs just end of the western-most portion
of the 1943 fault break in ellipse No.3. A similar feature of crack-termination can be seen for the
fault trace associated with the earthquake of 26 December 1939. The eastern end of the 1943
earthquake rupture starts just north of the westernmost portion of the 1939 fault trace in ellipse
No.2. The western extension of the Main Recent fault shown in F ig.1a can also be delineated by
using the above-mentioned properties of the en-echelon off-set interru pts. Bearing in mind these
fault and earthquake epicenter patterns, it is also possible to delineate the extent to which the 1894
fault trace enters the Marmara Sea (See stages I and II in Fig.6).
xii) According to previous research by the other authors the largest and most destructive
earthquakes along the NAF zone began to occur with the Erzincan earthquake of 1939.
Discontinuous crack growth which is associated with destructive shocks within the last 100 years
can be seen clearly along the NAF zone (Figs.1, and 6).
Evidence of first major crack-propagation has been found between ellipses No. 4 and 5
where the NAF zone crosses the Marmara Sea (Stage I, in Fig.6). The crack growth along the NAF
zone started in 1894 (The Great Earthquake of østanbul) with a destructive shock which caused
heavy damage in all places along the coast from Istanbul to AdapazarÕ (Ambraseys et.al., 1968). A
large star in the Marmara Sea (Karnik-1971) indicates the main shock epicenter. Zigzag lines show
where the surface of the ground was probably broken during the 1894 earthquake. This earthquake
caused a Tsunami in Istanbul, which indicates that the epicenter was located in the Sea of Marmara.
Eighteen years later another earthquake (M=7.75-8) and its aftershocks destroyed the western part
of the Marmara depression (Tekirdag, ùarköy, Mürefte) and the Islands of Lem nos and I mros
(Mihailovic, 1927) (Stage-II). Although no clear-cut fault displacement has theretofore been

documented in asso ciation with this event, a predicted maximum extension of the fault break is
shown by zig-zag lines between ellipses numbered 5 and 9 in Fig.2. The centre point of ellipse
No.9 may be the actual eastern limit of the North Anatolian fault zone, which is about 24qE in Fig.2.
In other words, the NAF vanishes south w estward into the Aegean Sea while the eastern part of the
1912 fault break is hidden beneath the Sea of Marmara.Fig.3.
xiii) Extent of surface faulting associated with the 1912 Saros-Marmara Earthquake:
The Saros-Marmara earthquake of 9 August 1912 is one of the more significant European
seismic events, not only because of its la rge magnitude (according to an unpublished report by
Prof.Rothe, the magnitude of that event was about 8: PÕnar and Lahn, 1952), but also because of its
occurrence closely related with the western extension of the NAF from Eskipazar into the Aegean
Sea. According to previous studies, on the west, the terminus of the N AF ranges from 30.5qE
(McKenzie, 1972) to 28qE (Ambraseys, 1970). In this section, the technique described previously
will be applied for prediction of a potentially active fault in the Northern Aegean Sea.
Almost all instrumentally-located macro activities between 1961 and 1970 (Comninakis and
Papazachos, 1978) in the Northern and Southern Aegean (McKenzie, 1972) were concentrated
within the triple-elliptical areas (Fig.2b). In other words, the majority of available data points which
are outlined by the dotted lines are indeed in elliptical shape. The dotted line also corresponds to the
elastic plastic interface of crustal plates which is restricted to depths less than 50 km. (McKenzie,
1972). The strike of the 1912 fault break on land was roughly at N65qE. The known length of the
fault on land ranges between 50 km (Ambraseys and Finkel, 1986) and 10 km (Ergin et al., 1981/82
and Erdik, and Eren 1983). According to Ateú (1980), the length of this fault is about 40 km. During
the earthquake of 1912 a right-lateral fault break caused landslid es, rock falls, and liquefaction of
low-lying areas. If the stopping point is considered the centre point of ellipse No.9, accompanied by
fracturing which occurred on August 9, 1912 along the wester n part of the NAF zone, then th e
centre-to-centre distance of the fault break is about L= 370 km (shown by a zig-zag line) and th e
estimated magnitude ranges between M=7.9 to 8.3. The south western end of rupture segment of the
earthquake of 1912 was probably damaged as a result of 1860{6.2} and 1864{7.4} earthquakes.
From the results presented above, it is conclu ded that the well-defined section of the NAF extends
from 42.5qE to about 24qE instead of from 41qE to about 30qE as given by Allen, 1969. In o ther
words, while the NAF vanishes southwestward into the Northern Aegean Sea, the eastern part of the
1912 fault break is hidden beneath the Sea of Marmara. If this model is correc t, there will be
similarities between the Great California ea rthquake of 1906[Fig. 4] and the Saros-Marmara
earthquake of 1912 because both of them have caused surface breaks of whic h some parts were
hidden beneath the sea.
xiv) The second most spectacular westward progressing series of disastrous earthquakes on
the NAF z one began in 1939. This earthquake (M= 7.9) was associated with a fault break which
began near the centre point of ellipse No.1 and terminated near the city of Amasya in ellipse No. 2
(Stage III in Fig. 6). Fro m KarlÕova to Erzincan (ùengör, 1979) the trace of the fault zone is
continuous, but near Erzincan (the centre point of ellipse No.1) the course of the fault is interrupted,
jumping about 10 km. to the north.
The fault rupture then propagated in a westerly direction from ellipse No.2 to ellipse No.4,
following two large events accompanied by fracturing, which occurred on 26 Nov. 1943 and on 1
February 1944 respectively. The existing gaps between the crack-stoppers (i.e. ellipses No.2 and 4)
were filled by the above mentioned shocks (Stages IV and V in Fig.6).

The most remarkable examples of damaging earthquake within the circular yield zone is
provided the North Anatolian fault, which produced the Ms 7.8 Erzincan, Turkey earthquake of
26 Dec. 1939 (Fig.1c). Prior to the 1939 event, the radius of circular yield zones within the
ellipses No.1 and 2 were ruptured in 1909 (Feb.9); Enderes Ms 6.3, ry=25 km, 1929 'May 18;
Suúehri; Ms 6.2, ry= 25 km, and 1916) Jan 24; Ms = 7.1, 2ry = 26km. The shocks were
associated with ground ruptures (in 1909) along the north back of the Tozanlı Çayı about 15 km.
south of the North Anatolian surface faulting of 1939 (Figs.1 and 1c Ambraseys, 1988). The
crack growth process of the Enderes Earthquake of 9 Feb. 1909 is similar to the Hayward fault
surface faulting of 1868. When an isoseismal map of the Enderes earthquake of
1909(Ambraseys, 1988) superimposed on 1/2000000 scale map, it can be seen that the circular
yield zone (ry = 25 km) which is located western end of ellipse No:1, completely covered by
Intensity VII. Note also that, the diameter of circular yield zone (2ry = 50 km.) in ellipse No.1
was damaged ten year after the 1939 event (Elmalıdere, 1949 Aug.17, Ms.6.9, Ambraseys,
1988). If the isoseismal map of the Elmalıdere earthquake is superimposed on 1/2000000 scale
map; the shock attained intensities VIII will be covering the whole circular yield zone (2 ry=50
km.) The shock was associated with a 38-km long series of surface ruptures that run
discontinuously of the Elmalıdere and Kurtyüzü valleys (Ambraseys, 1988).
The investigation of historical earthquakes as well as the recent earthquakes has revealed
that the circular yield zone (2ry = 100 km) which is located between the Island of Rhodes (Rodes or
Rodhos) and Turkish mainland is also associated with the frequently recurring earthquakes. The
direction of fault zone is about N 45oE and most probably in the direction of principal axis of ellipse
No.14 along the Dalaman River.
According to Calvi, 1941; the major earthquakes destroying the Island of Rhodes are; 303
BC, 222 BC (most of the SW cost of Anatolian cites were also destroyed), 197 BC, 188 or 185 B.C
(A damaging shock in the Rodos Island destroyed a number of villages along the SW-coast of
Anatolia), 115.A.D., 138 A.D., 344 April, 11 "Rhodes completely destroyed" 505.A.D., 515 A.D.,
516, 520 , 1304, the coast of Antalya (Adalia) "Ambraseys et al., 1994"., 1635, 1660, 1843 Sept. 1
and October 18, 1843 (Maximum damage occurred in the Island of Halki (Harki) and 600 people
killed, the earthquake triggered a large number of rockfall. Heavy damage was also reported in
Rhodos (Calvi, 1941). February 28, 1851 the shock was caused damage in Fethiye and Kaya
(Levisi) due to the earthquake triggered rock fall. "February, 1855, Antalya, Kaú Tsunamis: This
earthquake caused heavy damage in Baglıağaç village near the town Kaú of Antalya province. Two
aftershocks occurred on Feb. 10. 1855 that generated a tsunami in the region. Earthquakes which
were felt in Fethiye on Feb. 9, 10 and 13, 1855 also caused tsunamis (Calvi, 1941). The ground was
ruptured between the mountains of Simbonus and Levisaw, a cloud of dust rose from the ground.
After Feb 28, 1855 the increase in the sea level was a few meters (Weismantel, 1891), Kuran, U.,
Yalçıner, A. C. 1993".
October 12, 1856; This earthquake is a large intermediate-depth shock originating in the
Hellenic Arc Maximum damage was inflicted on Rhodes (about 8 villages were destroyed, 60
people killed and 2000 houses were beyond repair, Calvi, 1941) and Crete and neighbouring Islands
of Karpathos and Casos (Ambrasseys et al., 1991). A great number of fractures (about 19, Calvi,
1941) were formed in the alluvial material between Rodos and Koskino (along the east coast of the
Island of Rhodes). In the village of Mendithos shortly after the earthquake large amount of ground
water appeared. The 1856 earthquake appears to have caused the strongest shaking at large
distances and the area of intensity VIII shaking is fairly extensive (Wyss and Baer, 1981). The

extensive destruction at Heraklion in central Crete (Fig. 4, Wyss and Baer, 1981), because this town
is built in a gravel filled with alluvium. The earthquake was felt in the Nile Delta and lasted about
two minutes (Ambraseys et al 1994). Almost the whole of the Adriatic Sea, Malta, Greece, Western
Anatolia, Cyprus and Palestine experienced the shock. There are at least three major faults of
considerable length that would appear to be responsible from 1856 event within the circular yield
zone (Fig.2). They are located between Crete and Rhodes a s indicated by 2ry, ry2, and ry3
"Meissner, Bernd, 1977". The 1856 earthquake was probably associated with 2ry, in Fig (2).
May 18, 1858. A st rong shock was felt in Rodos. Jan 12, 1859, Jan. 7 1860, 1862 (the
shock was felt in Rhodes, Symi, Harki, and Marmaris).
April 22, 1863. Maximum damage occurred in the Islands of Rhodes, Karpathos and Casos,
This shock was strongly felt in the Nile Delta. The shock was very widely felt, from the Ionion
Islands to Palestine and from Istanbul to Cairo (Ambrases et al, 1994).
1864, 1865 (5 shocks strongly felt in Rhodes), 1866 (frequent and strong sho cks), 1868, 1870, (16
shocks felt in Rhodes), 1871 (two shocks was felt in Rhodes. 1896, 1991, 1919, 1921 (Calvi, 1941).

6. Historical Crack-Propagation Along the East Anatolian Fault Zone
The northern-striking left-lateral crack (N60qE) from Hazar Gölü (Lake) to KargapazarÕ
in Eastern Turkey (the Van Gölü ar ea) was named the East Anatolian Fault (EAF) by Arpat and
ùaro÷lu (1972). Following this report, in 1975 the same authors mapped the southwest extension
of the EAF and its connection with the Dead Sea Rift Sy stem. In the southwest it passes through
Bingöl and Hazar Lake (in the centre of ellipse No.6), th e general direction of the Gulf of
Iskenderun. About the southwest end, two opinions exist: Allen (1969) and Arpat , ùaro÷lu
(1975) connect the EA F with the Dead Sea Rift. McKenzie (1976) concluded from satellite
photographs a more or less straight southwest extension of the EAF through the Misis Mountains
on the Northwest side of the Gulf of Iskenderun. It is generally accepted that the EAF terminates
near KarlÕova in the region where the NAF loses its character Dewey, 1976. Note that the EAF is
split (or splayed out) into two sections, the Amanos fault and the Misis fault section. The
Iskenderun Gulf region is located within a broad complex of faults associated with EAF system.
The EAF zone has experienced severe and destructive earthquakes in historical times as well as
during the modern instrumented period. The northern-striking left-lateral EAF is indeed
seismically active, with its activity concentrated within two elliptical shaped zones (Figs1, and
3).
i) The study o f historical earthquakes and modern seismological data indicates also a
similar type of cra ck growth between ellipses No. 6 and 7 where the EAF zone c rosses the
Mediterranean Sea. The earliest known major earthquake in ellipse No.7 is the earthquake of 524
A.D. PÕnar and L ahn, 1952. It affected the region known as A NAZARBOZ (or Anavarza) and
VøRANùEHøR (Pompeipolis). The a ncient province of Anavarza is l ocated 62 k m in the
northeastern part of Adana, on the river Ceyhan (Sombaz).
Fourty years after th e earthquake of 524 A.D. an ear thquake destroyed the cities of
Antakya, Defne, Samanda÷, Latakia, and Pompejopolis (Jemble, in Syria) killing 4870 people.
The earthquake of 528 A.D. caused damage in Anavarza, which indicates that some of the fault
breaks along the Levant Coast are also responsible for the s tructural damage around the

Iskenderun Gulf region. Evidence of f aulting associated with this event is clear. The city of
Jemble was very well developed (according to Calvi, 1941) before the destructive earthquake of
528, which produced a fault rupture under the city.
ii) Thirty-seven years after the earthquake of 524 A.D. and twenty-six years before the
Afúin-Elbistan earthquake of 587 A.D., an earthquake completely destroyed the province of
Anavarza. According to P Õnar and Lahn, 1952, this settlement was ev acuated after th e major
earthquake of 561 A.D. Although no clear-cut fa ult extension has heretofore been documented,
the greatest c oncentration of seis mic activity along the major axis of elli pse No.7 (which is
trending northeasterly) implies possible seg ments of two past shocks in 514 and
561 (and a
possible source of shocks in the future). The Misis tectonic zone also may be the source of these
earthquakes, as they exhibit hi gh seismic activity indicative of stre ss concentration (Figures 6
and 7.).
iii) The faults between AfúÕn and Elbistan (Kuran and Bingöl, 1968), recognized during
the course of this study, seem to have been the locus of many historical earthquakes. The exact
fault which broke during the earthquake in 587, though uncertain, may have been 35 kilometers
long, between AfúÕn and Elbistan. Two moderate shocks, which took place on March 26, 1962
(Barut, 1962) and Septe mber 9, 1 968 (Kuran, Bingöl., 1968), had th eir epicenters on th is
east-west striking fault. Neither shock produces a ruptur e at the surface. However, a geological
map indicates a fault which begins in alluvial deposits to the west of ELBISTAN, and seems to
terminate somewhere in AFùIN. The Af úÕn-Elbistan earthquake of 587 was probably on this
fault.Fig.8, Kuran 2000.
iv) On April 8, 859 an earthquake destroyed the walls of the city Antakya (Ambraseys,
1961, Alsinawi and Ghalib, 1975), and many parts of it sank in to the ground and disappeared.
Many bridges and villages were destroyed, and mountain sections containing 90 villages fell into
the sea i n Samanda÷ (Calvi, 1941). The r iver (Asi Riv er) disappeared for one p arasanag's
distance (3.75 miles). The earthquake exte nded to Raqqa in Syria), Harran, Ras el Ain, Urfa,
Damascus, Tarsus, Misis and Adana (Figs 7). In Egypt dreadful no ises were heard and many
perished. In Mecca spr ings sank; in Latakia, El- sun was over-whel med, and mountains moved
with their inhabitants. The shock then crossed the Euphrates (FÕrat River) and was felt in the
Khurasan region. In Jerusale m some damage to the Temple area was reported (Am iran,
1950/51). The esti mated magnitude of this event is M L= 8 (Ben-Menahem 1979). It is s till not
known whether the 859 event was associated with the Misis fault or the Am anos fault which is
shown in Figs .2 and 7. One must note, however, that both the 859 and the 1114 events destroyed
cities which were located for awa y from the EAF zone and caused long-period ground motions
in the "GAP" region.
v) About 136 years later, in 995 A.D., an earthquake destroyed the region along the line
linking Solhan, Çapakçur, P alu and Keferdiz (Calvi , 1941, Am braseys 1970). These ancient
cities are located along the pri ncipal axis line of e llipse No.6 in Figs. (1 and 2). As a result of
extensive faulting, the courses of stre ams were changed between Çapakçur and Palu
(Ambraseys, 1970). It is interesting to see that with the exception of the city of Keferdiz, the
maximum length of the damaged area produced by the 995 A.D. earthquake is almost equal to
the semi-major axis of the macro-seismically active elliptical shape zone (L= 155 km and
M=7.4}
vi) About 119 years later, on 10 August 1114, another earthquake devastated the region
of CILICIA (or Kili kya) which stretches from the cities of Mersin and Adana westward to the

southern part of KONYA and the eastern part of ANTALYA. Destructive shoc ks caused heavy
damage in MARAù (45,000 people killed), where major branching of the fault takes place in its
junction with the Misis-Amonos fault system, in ELBISTAN (Barut, 1962), Çak Õrhöyük
(Keysun), SAMSAT (Samosata), ARABAN (Rabon), ADIYAMAN (Hasan-Msour),
ANTAKYA, URFA, HALEB, and CYPRUS (Calvi, 1941). Long-period ground motions of this
earthquake were reported from distances up to 110 km from the EAF zone, where 13 walls of the
city of Urfa were destroyed (Calvi, 1941). Al though the precise nature of the amplification
mechanisms in t he soil is unknown, extensi ve damage to tall structures founded on deep
alluvium are attributed mainly to enhanced long-period vibratory motion. This shock was also
felt strongly in ISRA EL (Ben Menah em, 1979), and also caused "Tsuna mis" or seis mic sea
waves which indicates the epice ntre was probably located somewhere in the Mediterranean Se a
(Calvi, 1941). From the consistent picture of epicentre locations which took place in the centre of
large ellipses (see the main shock e picentre locations in ellipse Nos. 5, 3 and 1 for the
earthquakes of 1894, 1944-43 and 1939 respectively), it is concluded that the epicentre of the
1114 event was probably located in the centre of ellipse No.7, because this ellipse is much bigger
than ellipse No.6. A la rge star in the centre of ellipse No.7 indicates the probable m ain shock
epicenter, which is believed to have produced a TSUNAMI in the Mediterranean Sea.
Widespread damage took place in the coastal area as a result of th e 1114 ev ent (Amiran,
1950/51). Many cities were damaged and recurrent after-shocks lasted 5 ½ months in the region.
Although no clear-cut fault break has heretofore been mentioned associated with the 1114 event,
a predicted maximum extension of the fault break is shown b y zig-zag lines between elli pses
numbered 6 and 7 (Figs.1, 2, and 6}. This fault 485 km long) is assumed capable of generating
seismic events of a large enough Magnitude (M = 8.1 - 8 .4) to induce li quefaction and wide
spread damage within the "GAP" area.
According to Öztin (1991) widespread damage took place in 1789 within the north
western part of ellipse No. 6. The shock almost entirely destroyed the region between Palu and
Çemiskezek, killing a very large number of people. According to A mbraseys, 1989, 51000 and
according to Öztin 1991, between 8000 and 10 000 people were killed. (Fig. 7).
The maximum credible earthquake is d efined as the largest earthquake that appears
capable of occurring alo ng a fault in t he existing tectonic stress environment. In thi s study,
estimates of the size of maximum credible earthquakes are based on a) The historic and recent
seismic activity along the fault and in the surrounding region, and b) The relationship between
earthquake magnitude and fault rupture length. Reports of historical earthquakes along the NAF
zone in the years 127, 499, 1035 (50), 1661 (8), 1939 (44) were examined. The average interval
between these events (recurrence interval) is 453 years. Individual events are separated by
anywhere from 372 to 626 years, and there seems to be no rhythm to these breaks. The major
unbroken segments along the EAF zone could be interpreted as seismic gaps which are, in
particular likely places for future earthquakes. In summary, the auth or suggests that two
segments of the EAF have been characterized by great earthquakes within the historic record, in
the years 115, 458, 859, 995, 1 114, 1513. Two faults were identified, both assumed capable of
generating future seismic events of large enough magnitude to induce liquefaction in the "GAP"
project area. [Please see the second presentation by the present author].
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