Vo
WA -
Earth Resources Laboratory _ £,
Department of Earth, Atmospheric, and Planetary Sciences
Massechusetts Institute of Technology
Cambridge, MA 02139 7\4 2 ?é

SEMI-ANNUAL REPORT TO: National Aeronautics and Space Administration
(Crustal Dynamics)

TITLE: The interpretation of Crustai Dynamics Data in Terms of Plate
Interactions and Active Tectonics of the "Anatolian Plate” and
Surrounding Regions in the Middle East

NASA GRANT: NAG5-753
PRINCIPAL INVESTIGATOR: M. Nafi Toksoz -
PERIOD: 15 March 1987-14 September 1987

DATE: 7 October 1987

(NASA-CR-181315) THE INTEEFRETATIICHE OF NET—-25053
CHEUGSTAL DYNAMICS IATA IN TEERMS CF ELATE

INTERACTICNS ANL 2ACTIVE TECICHMICSE CF THE

ANATCLIAN PLATE AND SUEFCUNLCIXC BEEGIONS IN Unclas
1EE MIDDLE (Massacltusetts Inst. cf Tech.) G3s46 0099056



THE INTERPRETATION OF CRUSTAL DYNAMICS DATA IN TERMS OF PLATE
INTERACTIONS AND ACTIVE TECTONICS OF THE "ANATOLIAN PLATE"
AND SURROUNDING REGIONS IN THE MIDDLE EAST

INTRODUCTION

The long term objective of this project is to interpret NASA's Crustal
Dynamics measurements (SLR) in the Eastern Mediterranean region in terms of
relative plate motions and intraplate deformation. Our approach is to combine
realistic modeling studies with analysis of available geophysical and geological

observations to provide a framework for interpreting NASA's measurements.
This semi-annual report concentrates on cur recent results regarding the
tectonics of Anatolia and surrounding regions from ground based observations.
We also briefly report on our progress to use GPS measurements to densify SLR
observations in the Eastern Mediterranean. Refer to the previous annual report

for a discussion of our modeling results.

1. STRIKE-SLIP FAULT GEOMETRY IN TURKEY AND ITS INFLUENCE ON
EARTHQUAKE ACTIVITY (see Appendix I)

Analysis of Turkish strike-slip faults indicates that detailed fault geometry
plays an important role in controlling earthquake rupture. Empirical
relationships are used to estimate possible locations and sizes of future strike-

slip events. These results have implications for earthquake activity on other
strike-slip faults such as the San Andreas in California
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1I. THE SEGMENTATION, SEISMICITY AND EARTHQUAKE POTENTIAL OF THE
EASTERN PART OF THE NORTH ANATOLIAN FAULT ZONE (see Appendix II)

Historical and instrumental earthquakes of the North Anatolian fault zone
in the vicinity of the Erzincan basin show a close relation to fault geometry.
Results of this detailed study suggest that each segment may have its own
characteristic earthquake. Furthermore, we have identifled a 100 km long
seismic gap along the North Anatolian fault east of Erzincan. This segment last
ruptured in 1784, and is the only segment of the 900 km long main section of
the NAF that did not experience a large earthquake during the well known
1939-1967 sequence. Future monitoring of this area with GPS could provide
impor;.ant information on possible earthquake precursors (see section IV
below),

1II. TECTONIC ESCAPE ORIGIN AND COMPLEX EVOLUTION OF THE ERZINCAN
PULL-APART BASIN, EASTERN TURKEY (see Appendix 11I)

A new tectonic model is presented for the pull-apart opening of the
Erzincan basin in an effort to explain the relationship between continental
block kinematics and basin formation. We propose a two stage pull-apart
mechanism associated with the continental collision of the Arabian and
Eurasian plates along the Bitlis Suture Zone in eastern Turkey. The first stage
of westward pull-apart opening occurs between two divergent segments of the
North Anatolian Fault Zone, accommodating westward tectonic escape of the
Anatolian block. The second stage involves translational-rotational opening by
the formation of the obliquely oriented, left-lateral Ovacik fault. This
interpretation has implications for the detailed nature of plate interactions in
this region.

IV. GLOBAL POSITIONING SYSTEM (GPS) MEASUREMENTS OF FAULTING AND
REGIONAL DEFORMATION IN THE EASTERN MEDITERRANEAN (see Appendix 1V)



We are currently involved in a collaborative effort to use GPS technology to
investigate relative plate motions and intraplate deformation in the Eastern
Mediterranean region. At this point, the project involves MIT, Lamont-Doherty
Geological Observatory, University of Colorado, WEGENER, and local participants
from Greece and Turkey. Our major effort has been devoted to coordinating '
planned activities with the various participants and establishing a detailed field
program for measurements in Turkey. Qur primary objectives include:

(1) To monitor strain accumulation and release along the major fault systems
in Turkey with special emphasis on the North Anatolian fault (NAF) and
East Anatolian fault (EAF).

() To measure directly internal deformations of the Anatolian plate wedged
between the Arabian, African, and Eurasian plates. These measurements
include: a) Westward "escape” of the Anatolian plate; b) Eastward "escape"
of the Northeast Anatolian block; c) North-south compression in Eastern
Anatolia; and d) North-south extension in Western Anatolia.

(3) To determine present-day relative movements of the African, Arabian,
Anatolian, and Eurasian plates. This objective is an extension of the
NASA/WEGENER Geodynamics Project to measure relative plate movements
in the Eastern Mediterranean with Satellite Laser Ranging {SLR)
observations.

While our participation in this project is being supported primarily by NSF,
we report on it here because: a) it is directly relevant to interpretation of the
SLR measurements in the eastern Mediterranean, b) NASA (Ted Flinn) has
piayed a major role in coordinating the various groups involved, and c) NASA
will likely provide logistical and data support for this field effort.
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ABSTRACT

' The geometry of Turkish strike-slip faults has been reviewed and described.
From this data set it appears that fault geometry (the distribution of
discontinuities such as bends and stepovers along the main fault trace) plays an
important role in the segmentation of the Turkish fault zones into large
earthquake rupture zones. Large earthquake ruptures generally dr.; not
propagate past individual stepovers that are wider than 5-10 km, or bends that
have angles greater than 30°-35°. Most important, however, is the effect on
segmentation of the total "geometric pattern”, i.e., the distribution of adjacent
bends and stepovers based not only on distance from one another but also on
relative discontinuity size. Certain geometric patterns are particularly common,
and can be viewed as responsible for strain accummulation along portions of the
fault zone. Fault geometry not only plays a role in segmentation, but also in
characteristics of earthquake behavior. For example, large earthquake
epicenters often occur near restraining bends or double bends. However, the
epicenters are generally not observed within the actual restraining areas (i.e.,
along subsegments or within stepovers along the fault zone that are subject to a
relatively high amount of compresé'we stress). Furthermore, aftershocks and
swarm activity can often be associated with releasing areas (areas subject to a
relatively large component of extension). The direction of block motion relative
to the geometric pattern also plays an important role in earthquake occurrence
and rupture behavior. The direction of block motion was constrained in this

study using focal mechanisms and fault zone morphology.




INTRODUCTION

There has been a lot of recent interest in relationships between fault
geoinetry, fault segmentation and seismic activity (e.g., Allen, 1968;. Bakun et
al., 1980; Barka and Hancock, 1982; Koide, 1983; King and Nabelek, 1985; Bilham
and Hurst, 1986; Slemmons and Depolo, 1988; Schwartz and Coppersmith, 1986;
Sibson, 1986; King, 1986). The terms fault "geometry” and “segmentation” are
taken here to mean respectively, (1) the distribution of bends and offsets along
the main fault trace and (2) the rupture zone of a single large or great
earthquake that has occurred recently or could be expected to occur in the |
future. Strike-slip faults lend themselves particularly well to the study of these
relationships because variations in strike-slip fault geometry are easy to observe
at the surface. Furthermore, because depths of shallow earthquakes are usually
not as well constrained as their epicentral locations (except when the events are
directly overlain by a seismic network), it is usually difficult to associate
earthquake locations with geometric features at specified depths as would be
required by the study of dip-slip fault geometry. In this study we examine the
relationships between fzult geometry, fault segmentation and seismic activity in
detail, focusing on strike-slip fault geometry and earthquakes in Turkey. There
is a wealth of data available for Tur-kish faults that has not been examined in a
comprehensive way from this perspective. This region will be used as a case

study. Results will be applicable to strike-slip faults in other parts of the world.

Fault Segmentation

The concept of fault segmentation is based on the observations that large
earthquakes in major fault zones tend to have abutting rupture zones with very
little overlap and that large earthquakes have been known to occur repeatedly
along identical sections of a fault zone ( e.g., Kelleher et al., 1973; Ando, 1975;

Nishenko and McCann, 1981; Sieh, 1981; Sykes and Nishenko, 1984). Based on an



examination of seismic and structural geology data in Turkey, we have settled
on the following scheme for defining fault segments. We have used two
independent data sources to determine segmentation: (a) the extent of surface
rupture zones produced by large earthquakes when known, and (b) the location
of "moderate” or "large” geometric discontinuities (see definitions below), as

well as characteristics of seismicity along the fault zone.

Geometric discontinuities include stepovers (offsets in the fault trace) and
bends (see Figure 1). From mapping active fault traces and surface ruptures
produced by large earthquakes, it is clear that the main fault trace is
discontinuous at many scales. For example, extensional features such as sag
pqnds or extension cracks (formed by releasing stepovers), and compressional
features such as pressure ridges (formed by restraining stepovers) can occur at
scales ranging from a few centimeters to s.everal tens of méters. We have
chosen to divide geometric discontinuities into three categories in this study:
small, moderate and large. Each category has characteristic ranges of stepover
width d and bend angle « : for small discontinuities d < 1 Km and a < 5°; for
moderate dicontinuities d = 1-5 Km and a = 3° - 30°; and for large
discontinuities d > 5 Km and a > 30°. These values are listed in Table 1. From
observations made during the course of this study, we have determined that the
small discontinuities are very common, and that they do not play an important
role in earthquake rupture behavior, unless many of them occur in close
proximity to one another and can effectively be added together to form a larger
discontinuity.

During the procedure of defining fault segmentation we give first priority to
the extent of surface rupture from large earthquakes. When the surface rupture
crosses several moderate discontinuities, we divide the fault segments into
subsegments. When there has not been a recent large earthquake along the

fault zone, segmentation is defined by comparing fault geometry characteristics



with those of other fault segments that have experienced a recent large

earthquake.

Distribution of geomelric discontinuities with depth.

One difficulty in this analysis is that we cannot constrain how far the
surface discontinuities extend through the crustal thickness. For example, two
types of stepover are assumed to exist in cross-section. The first type invoives a
"flower-like structure” (Bakun et al., 1980; Segall and Pollard, 1980; Harding,
1985; Nayilor et al., 1988). In this case the stepover does not extend through the
whole crust. The segments separated by the stepover are connected at depth
(Figure 1-Ca and Cb). Many sag ponds and pressure ridges may overlie these
flower structures. The maximum width of t:m: type of stepover can reach 10 km.
This maximum width may be controlled by the thickness and rheology of the
brittle-ductile zone at the top of the upper crust (see King, 1988). A single
earthquake rupture may propagate through this type of stepover. The second
type of stepover extends through the whole crust, thus really separating two
different fault segments (Figure 1-Cc). This type may be characteristic of a more
brittle upper crust. It can be as narrow as 1 km. The character of the
earthquakes may be variable, both from one segment to the next across a
stepover, and in the stepover region itself (characteristic size, focal mechanism,
etc.) This second type of stepover is more likely to control fault segmentation
than the first type. From surface observations alone we cannot distinguish

between the two stepover types.

Tectonic Overview of Turkey

Major tectonic elements of Turkey and adjacent areas are illustrated in
Figure 2. Northward motion of the Arabian plate relative to Eurasia causes
lateral escape of the Anatolian block to the west (e.g., Ketin, 1948; McKenzie,

1972; Sengdr, 1979) and the Northeast Anatolian block to the east. The North



Anatolian fault and the East Anatolian fault consitute the northern and southern
boundaries, respectively, of the westward-moving Anatolian block. The motion of
the Northeast Anatolian block is complicated ‘by an extensive internal

deformation of the biock along conjugate faults.

In this study fault segmentation within four regions will be reviewed in
detail. The location of these regions is shown in Figure 2. The regions include:
(1) the main part of the North Anatolian fault (NAF) zone, (2) the western part of
the NAF in the vicinity of the Sea of Marmara and Istanbul, (3) the East Anatolian
Fault (EAF) zone, and (4) the complex conjugate fault system of the Northeast
Anatolian block After reviewing fault segmentation in these four regions, we
shall discuss the factors that appear to control segmentation, and the
distribution of large earthquake epicenters, foreshocks and aftershocks, relative

to the fault segments.

SEGMENTATION OF MAJOR STRIKE-SLIP FAULT ZONES IN TURKEY

I) THE NORTH ANATOLIAN FAULT ZONE

The North Anatolian fault zone is a 1500 km long seismically active right-
lateral strike-slip fault that takes up the relative motion between the Anatolian
Block and Black Sea plate. This fault zone extends from the Karliova triple
junction {39.3° N, 41.1° E; "K" in Figure 2) as far as mainland Greece. The main
fault trace contains mainly moderate and large stepovers, bends or
combinations of these discontinuities (Figure 3). Estimates of the age of the
North Anatolian fault zone range from late Miocene to Pliocene (13-5 Ma; see,
e.g., Ketin, 1969; Barka and Hancock, 1984; Sengdr et al., 1985). Estimates of
the total relative displacement along the fault range from 25 to 120 km (e.g.,
Bergougnan, 1976; Seymen, 1975; Sengor, 1979; Barka, 1981; Barka and

Hancock, 1984; Sengér et al., 1985). Based on field observations by the first




author, we believe that the age of the NAF is uppermost Miocene to Pliocene, and
that the total relative displacement varies from 40 km near Erzincan (Figure 3B)

to approximately 15 km near the Marmara sea (decreasing to the west; Barka

and Giilen, in press).

Between 1939 and 1967, most of the North-Anatolian fault ruptured in a
westward-migrating series of 8 large earthquakes (magnitude 7-8), producing
continuous surface breaks from Erzincan to the west end of the Mudurnu Valley
(39.5°E - 31° E; see Ketin, 1948, 1969; Ambraseys, 1970, 1975). There is evidence
for at least two other similar large earthquake sequences in the last 1000 years
along the NAF zone: in 994-1045 and in 1687-1668 (Ambraseys, 1970, 1975;

| Ambraseys and Finkel, 1987). Focal mechanisms for moderate and large
earthquakes along this portion of the fault zone are mostly pure right-lateral
strike-slip solutions (Canitez and Ucer, 1967; McKenzie, 1972). Rates of slip
along the North Anatolian fault zone are estimated at 0.5 - 0.8 cm/year from
geological data (Tokay, 1973; Seymen, 1975; Barka and Hancock, 1984), and 1-11
cm/yr from seismological resuits (Brune, 1968; McKenzie, 1972; Canitez, 1973;

- Toksdz et al., 1979). Segmentation of the North Anatolian fault will be described
below by reference to segment numbers shown in Figure 3. The same
procedure will be followed for other parts of Turkey, by reference to the

appropriate figure in each case.

(1) This segment is roughly 50 km long, and extends from the Karliova triple
junction to the stepover separating segments (1) and (2) (see Figure 3A). It has
a clear physiographic expression (Allen, 1969), and includes a 16° smooth bend
near its west end. The 8/17/49 earthquake (M = 6.7-7) is associated with this
fault segment based on damage reports (Lahn, 1952), on a relocated epicenter
(Dewey, 1976) that is only 10 km from the western end of the fault (with

epicentral error 10-20 km) and on general agreement between earthquake



magnitude and fault length (based on log L=0.78 M-3.62 for the North Anatolian
fault system from Toksdz et al., 1979). During the 1949 earthquake surface
rupture over a length of at least 25 km occurred along this segment
(Ambraseys, 1987 pers. comm.). The 1948 and 1966 earthquakes shown in
Figure 3A occurred to the east of the intersection of the North and East
Anatolian faults, based on surface breaks (Tasman, 1948; Wallace, 1968; Ketin,
1969; see also Barka et al., 1987). Some of the large aftershocks of the 1966

Varto earthquake also created surface ruptures on the 1949 ségment (segment

1; Ketin, 1969).

(2) This segment is 100 km long, and extends from the restraining stepover that
| separates it from segment (1) to the Erzincan releasing stepover (segment (3);
see Figure 3B). According to Ambraseys (1975) the last large earthquake on this
fault segment occurred in 1784. The surface rupture during that earthquake
was 90 km long. An M, = 8 earthquake occurred near the middle of segment (2)
in 1987 (Dewey, 1976). It was characterized by pure strike-slip faulting
(McKenzie, 1972), and produced a surface break approximately 4 km long with a
horizontal slip of 20 cm (Ambraseys, 1975). This is the only segment along the
North Anatolian fault zone between Varto (east of segment 1, Figure 3A) and the
western end of the Mudurnu valley. (western end of segment 8, Figure 4A) that
has not experienced a large earthquake during this century. Segment (2) thus

appears to be a seismic gap (for further discussion see Barka et al., 1987).

3) This segment is deflned by the extent of surface rupture produced by the
12/26/1939 Great Erzincan earthquake (M, = 8). Segment (3) is divided into 4
subsegments. Subsegment 3a is 80 km long, and has a strong physiographic
expression in its western half. It is separated from segment (2) by a 4-5 km wide
releasing stepover which forms the Erzincan basin. This basin is characterized

by short en-echelon strike-slip faults and contemporaneous volcanics.




Subsegment 3a is separated from 3b by a 20° restraining bend (Tatar, 1978;
Barka, 1981). Subéegment 3b is about 100 km long, and extends from this bend,
situated about 10 km NW of the Erzincan basin, to Susehri - the location of
another pull-apart basin (Hempton and Dunn, 1984). The Susehri stepover is
located between boxes b and c in the inset map of Figure 3. Subsegment 3c

extends from Susehri to the Niksar basin, through the Kelkit valley. It is 110 lan

long

ng and relatively straight. Southwest of the Niksar basin a 15° restraining
bend separates subsegment 3c from 3d. Subsegment 3d is 90 km long and ends

south of Amasya where the 1939 earthquake rupture stopped.

The epicenter of the 1939 Great Erzincan earthquake was located near the
20° restraining bend separating subsegments 3a and 3b. Many of the 1939

earthquake aftershocks caused damage in the Erzincan and Niksar pull-apart

plane solution for a moderate size earthquake ( m, = 4.8, 11/18/1983) near the
city of Erzincan is characterized by ENE-WSW extension (International
Seismological Centre Bulletin solution) in agreement with our interpreted pull-

‘apart character of the Erzincan basin.

(4) This segment is 50 km long, and defined by the M, = 7 earthquake of
11/20/1942. Segment (4) extends from Niksar to the Erbaa basin. It contains a
14° sharp restraining bend north of Erbaa. Pull-apart basins separate segments
(3c) from (4) and (4) from (5) (south of Niksar and between Erbaa and Tasova;
see Figure 3c). Dewey’'s relocated epicenter for the 1942 earthquake is not well
constrained. Isoseismals for this event (Blumenthal, 1943; 1945a,b; Pamir and
Akyol, 1943) outline a zone of maximum intensity (I=1X) along the fault segment
that is about 5 km long and centered on the 14° sharp bend north of Erbaa. The
rupture zone for this event extended along the full length of segment (4) (Dewey,

1976: Gundogdu, 1984).



(5) This segment is 250 km long, and extends from east of Tasova (Figure 3c) to
nortbwest of Kursunlu (Figure 3d). It is defined by the rupture zone of the
11/20/1943 M, = 7.3 earthquake. Segment (5) has two bends: a smooth bend
(about 25°) in the eastern part between Tasova and Kargi, and a sharp bend at
34° E, north of Tosya (about 15°). Subsegment Sa corresponds to the smooth
bend area, and contains three releasing stepovers. From west to east these are
located at Kargi (41.1° N, 34.4° E), with fault separation 1 km; at 41.1°N, 35.2°E, ~
with fault separation 1.5 km, and at 40.9° N, 36.0° E, with separation 1 km. Only
the second stepover exhibits a clear pull-apart morphology (Ladik Lake). '
Subsegment 5b comprises the fault zone west of the sharp bend, and contains
seyeral small releasing stepovers in the area just north of Kursunlu-ligaz. The
westernmost stepover is about 1.5 km wide, and defines the termination of
segment 5. The relocated epicenter of thez 1943 earthquake (M = 7.3) is not well
constrained { + 20-30 km; Dewey, 1978), but was definitely located near the
western end of segment (5) (near Tosya; see also relocations by Alsan et al.,
1975, and Canitez and Buylikasikogliu, 1984). The area of maximum damage
during this event was also Tosya near the 15° restraining sharp bend (Figure 3D).
The 1943 earthquake caused surface breaks along the full length of segment (5)
(Ketin, 1948, 1969; Ambraseys, 1970). Aftershocks of the 1943 earthquake
(Karnik, 1969; magnitudes 4.5-5.) appear to have occurred near the western end

of the fauit, although these events have not been relocated.

(8) This segment is about 180 km long, and extends from the area northwest of
Kursunlu (Bayramoren) to Abant Lake (Figures 3D, 4A). the surface rupture of
the 1944 earthquake (M = 7.3) covered this whole segment (Ketin, 1948, 1969;
Ambraseys, 1970). The relocated epicenter of the 1944 event (Dewey, 1976)
occurred at the east end of segment (8), north of Cerkes. Aftershocks of the

1944 earthquake with magnitude M > 5 were mostly concentrated near the ends




of segment (8) (Ambraseys and Zatopek, 1969; Dewey, 1976) and caused
additional damage at Duizce and Gerede, and in the Mudurnu Valley (Ambraseys
and Zatopek, 1969; Dewey, 1976: Riad and Meyers, 1985). The area of the 1.5 km
releasing stepover that separates segments (5) and (8) just northwest of
Kursunlu has been the site of continuous earthquake activity (small and
moderate-sized events), both before and after the 1943 earthquake sequence. A

survev conduct

v~

ed by one of the authors of this paper (A. Barka) inrthe towns of
Cerkes, Kursunlu, llgaz and Tosya (Figure 3D) indicates that the 1943

earthquake only damaged the region east of Kursunlu, whereas damage frorh the -
1944 earthquake was restricted to areas west of Kursunlu. The town of Kursuniu
and surrounding villages were most aﬁecte_d not by the 1943 and 1944 events,
but by an Lg:B.B earthquake that occurred in 1951 along a strike-slip fault
parallel to the main trace (Pinar, 1953). This earthquake aiso caused
reactivation of the eastern part of the 1944 rupture zone (Pinar, 1953).

Segment B is relatively straight, except for a 15° restraining double bend that is
located 10 km east of Ismetpasa (40.° N, 32.6° E; Tokay, 1973). Fault creep at
Ismetpasa, first recognized by Ambraseys (1970), is about 1 cm/year (Aytun,
1982). Segment '6 has been subdivided (6a, b, c) to reflect different
characteristics of recent seismicity along the segment. Subsegment 6a, along
with 5b, has been subject to continous background activity (e.g., Dewey, 1976).
Subsegment 6b is the restraining double bend area. Subsegment 6¢ is much

straighter than the others, and has been undergoing aseismic creep at least at

its eastern end.
II) THE MARMARA SEA REGION

A) Onshore areas

In these areas segmentation is defined both by the location of geometric

discontinuities and by surface ruptures corresponding to known earthquake_s.



Several segments correspond to portions of the fault that have not ruptured
recently, but that have the potential to rupture by analogy with nearby ruptured
segments. To the west of séghents (7). (8) and (9) (see Figure 4A) the NAF can
be divided into three strands (Southern, Middle, and Northern strands). This
division is based on field observations, offshore bathymetry and some surface

breaks for large earthquakes. After a review of segments (7) - (9), the three
strands will be described separately. -

(7). (8) and (9) Segments 7 and 8 are 45 and 79 km long respectively, and are -
separated by a restraining double bend. The 1957 M, = 7.0 earthquake caused
surface breaks to occur along most of segment 7. During the 1987 M, = 6.8
earthquake the westernmost 20 km of segment 7 reruptured in addition to
segment 8. Surface displacement on the reruptured fault segment was smaller,
however, than that on segment 8 (Ambraseys and Zatopek, 1969). The relocated
epicenters for the 1957 and 1967 earthquakes are both very near the zone of
overlap between segments 7 and 8 (Dewey, 1978). The epicentral locations and
surface breaks for these events (although the surface breaks are much better
documented for the 1967 shock than for the 1957 case; see Ambraseys and
Zatopek, 1969; Ambraseys, 1970) spggest that both earthquakes ruptured away
from the zone of overlap: 1967 to the west and 1957 to the east. The eastern end
of segment 7 corresponds to a directional change in the fault which is 11°
betweén segments 8 and 7. Observations of slip produced by the 1987
earthquake (Ambraseys and Zatopek, 1969; Ambraseys, 1970) show that in
general the ratio of strike-slip to dip-slip motion along the main fault trace
decreases towards the west and northwest as the strike of the fault changes.
The largest aftershock (1967,/7/30; M=5.8) of the 1967 earthquake nccurred at
the west end of segment 8, south of Adapazari. It had a normal faulting focal

mechanism, with extension in a NE-SW direction (McKenzie, 1972). This type of




mechanism and the reduced strike-slip to dip-slip ratio at the west end of the
fault appear to be caused by the change in trend of the fault segment from NE-
SW to WNW-ESE. The appearance of normal faulting west of 30.5° E has been
noted by McKenzie (1972, 1978), Evans et al. (1984) and Jackson and McKenzie
(1984) as well. The exact location of the 1943/8/20 earthquake (M = 8.5, Figure
4A) is not well known. It caused most damage in the towns of Adapazari and
Hendek, and its reiocated epicenter (Dewey, 1978) lies between those towns as
well. It could be related to segment 9, which is active based on field observations

by one of the authors (A. Barka), or to the western half of segment 8.

Southern Strand

From a review of available literature concerning historical earthquakes that
have occurred near the Marmara Sea during the past 2000 years it appeas that
there 1s no evidence for significant seismic activity along the southern strand
before the Nineteenth Century (except for an earthquake in 170 AD, which
caused intensity IX-X effects in Manyas (Figure 4c; see Sipahioglu, 1983).
However, since 1855 at least four large earthquakes have occurred along the
Southern strand. A combination of rupture zones caused by these events and of
geometric discontinuities along the Southern strand has been used to divide the

strand into segments.

(10) - (13) The two NE-SW trending strike-slip faults forming segment 10 (Figure
4B) bound the Yenisehir Basin, which is considered here to be a pull-apart basin
from examination of aerial photographs. Segment 11 (Figure 4C) trends E-W and
is dominated by normal faulting, and 12 is a NE-SW trending segment dominatd
by right-lateral strike-slip motion. The last large earthquakes to occur on these
segments were two intensity IX events in 1855 (Sandison, 1855; Sieberg, 1932;
Ergin et al., 1967; Karnik, 1971; Soysal et al., 1981). The first event (Feb. 28,

1855) caused damage near segment 12, whereas the second event (April 11,



1855) produced extensive damage mostly to the north of Bursa, near segment 11
(Sandison, 1855). Insegments 10, 11, and 12 NE-SW trending fauits are
associated with predominantly strike-slip motion; whereas E-W trending faults
exhibit a predominantly normal slip motion that is clearly identifiable in the
surface morphology of the region. The extensive damage to the north of Bursa
during the April 11, 1855 event is compatible with the north-dipping geometry of
the E-W trending segment 11, which is clearly reflected by the fault morphology.
Segment 13 is composed of poorly-defined NW-SE trending surface breaks
characerized by NE-SW extension. The 1964 M=86.8 earthquake had a NW-SE
trending pure dip-slip mechanism with NE-SW extension (McKenzie, 1972, 1978).
Surface ruptures for this earthquake, as mapped by Erent6z and Kurtman
(1984) and by Ketin (1966), confirm the extensional nature of this segment.
Dewey’s (1978) relocated epicenter for the 1964 event is well constrained and

lies only about 15 km north of the mapped surface breaks. -

(14) - (15) The Yenice-Gonen segment (14) experienced a magnitude 7.2 right-
lateral strike-slip earthquake in 1953 (McKenzie, 1972; Dewey, 1978). The
mapped surface break for this event was 50 km long (Ketin and Roesli, 1953). No
previous historical activity has been recorded for this segment. Segment (14)
includes a restraining double bend with a bend angle of 17°. Segment (15) is
separated from {14) by a ~15 km wide restraining stepover that extends from
Pazarkdy to Edremit (Bingdl et al., 1973). We have found no information about
historical activity on segment (15) which continues to the southwest as far as

the Aegean Sea.

In summary, the Southern strand between Yenisehir and Edremit contains
two segments for which there is no evidence for recent rupture: segments (10)

and {15).




Middle Strend

According to reliable records, the middle strand is not known to have
exﬁerienced any large earthquakes for at least 200 years. From an examination |
of historical records, the last known large earthquake in this area occurred in
1064 A.D. Fault segmentation is thus defined by the distribution of geometric
discontinuities and by analogy with already ruptured segments along the

northern and southern strands.

(18) Although this segment has not experienced any large earthquakes dur‘mé
this century, it is very dils.tinct morphologicaly. The NE end of segment 18 splays
off clearly from ségment 8. About 10 km west of the splay area the fault zone
widens and turns into many short subparallel segments as it changes direction
towards the SW by 17° In contrast, the main part of segment 18 to the SW of this
directional change, is narrower and more distinct. Segment 18 terminates at a
releasing stepover near Geyve which is characterized by a pull-apart

morphology.

(17) The NW side of the Geyve pull-apart is the NE end of segment 17. This
segment passes south of Iznik (Figure 4B), and skirts the southern shore of Lake
Iznik. It changes direction at Sbldz and then terminates abruptly as shown in
Figure 4B. The region near segment 17 has not experienced a known large

earthquake since 1064 (Sieberg, 1932; Sipahioglu, 1983).

(18) Segment 18 consists of three subsegments. The two western ones trend
ENE-WSW (Figure 4B; subsegments 18b, 18c). They are parallel to each other,
separated by 4-7 km, and have lengths 20 and 35 km respectively. The eastern
subsegment trends E-W, extends from Soloz to Gemlik, and is approximately 25
km long (Figure 4B, subsegment 18a). The onshore portion of subsegments 18b

and 18c is clearly visible at the surface. The offshore portions of these



subsegments are inferred from unpublished seismic reflection data and
bathymetry (personal communication; M.T.A., 1984) and by comparison with a

similar geometric fault pattern near Izmit (segments 24a, b in Figure 4B; to be |

discussed later).

(19) This segment is composed of two strands. The first strand has an onshore
portion that is morphologically distinct. The offshore portion of both strands is
inferred from the shape of Bandirma Bayv. from bathymetric observations and by
comparison with the interpreted geomet. - of segments 18 and 24 (Figure 4B).
Segment 19 has not expérienced an earthquake with intensity larger than VII in

the last 1400 years; the area was last seriously damaged by an earthquake in

543 (Sieberg, 1932; Soysal et al., 1981).

The offshore fault pattern in the Southern Marmara Sea between segments
18 and 19 (Figures 4B-4C) is not clear. This area could be similar to the segment
13 area (a normal fault segment separating two strike-slip faults) or
alternatively it could be made up of a series of releasing en-echelon strike slip
faults. Two historical earthquakes which may have some relation to this part of
the fault zone occurred in 985 and 1084. These events were felt strongly

between Bandirma and Gemlik (Sipahioglu, 1983).

(20) This segment has not experienced any known earthquakes historically, but
that may be due to the sparse population in the area. Segment 20 is very clear
in aerial photographs. It can also be seen on LANDSAT images (McKenzie, 1978).
Its morphological expression is much clearer than that of segment 14. Segment
20 has a sharp restraining bend in its central part (17-18°) and a classic pull-
apart basin {(containing the village Asagiinova, which means "descending into a

plain”) at location x in Figure 4C.

(21) This segment extends from Can to Bayramic. It has a 15°-20° sharp bend




near its southwest end, north of Bayramic (Bingdl et al., 1973). No earthquakes

have been reported historically along this segment.

(22) The southwest continuation of the fault zone beyond segment 21 has not
been studied so far. However, this branch of the fault zone (loosely labelled
segment 22) appears to continue towards the southwest as far as Ezine (Bingdl

et al., 1973). Subsequently it may continue into the Aegean Sea,

Northern Strand

Most of this strand lies offshore, beneath the northern half of the Marmara
Sea. In this section we shall review the onshore segments that can be identifled
‘and described based on field surveys. Inthe next section we shall present our

intepretation of the offshore structures and segmentation.

(23)-(24) Segment 23 extends from Sapanca Lake through Gdlcuk, where it
changes direction and continues to the SW (see Figure 4B). This directional.
change is 20°. Segment 24a is separated from segment 23 by a releasing
stepover that is about 4-5 km wide (Izmit Bay). Segment 24b is separated from
'segment 24a by another releasing stepover, also about 7 kmn wide. In these
three segments (24a, 24b, and the western part of 23) the NE-SW trending fault
branches are dominated by right-lateral strike-slip motion, whereas the eastern
half of segment 23, which trends E-W, has a combination of normal slip and
strike-slip motion. This difference is clearly reflected in the morphology of the
area. Although historical earthquakes have damaged Izmit and Karamiirsel
frequently (Sipahioglu, 1983), this region has not experienced a large
earthquake during the 20th century. Toksbz et al., (1979) consider this area to
be a seismic gap. The most recent notable earthquakes to have aflected the
segment 23-24 area occurred in 1878 (Izmit-Sapanca Lake region; estimated

maximum magnitude 6.7 according to Karnik, 1971) and in 1894 (intensity IX,



damaging the area between Izmit and Istanbul; see Eginitis, 1894, 1895). Until
now the area extending from Sapanca lake through the Guif of Izmit has been
considered to be a single through-going graben characterized by N-S extension
(Crampin and Evans, 1988). The interpretation described here, which includes
segments 23, 24a and 24b, is derived by extending aerial photograph
observations and detailed fleld work by one of the authors (A.B.) offshore along

bathymetric trends.

(25) This segment is located at the west end of the Marmara Sea. It has a 14°
restraining bend in the central part and a 5 km restraining stepover at its
eastern end which creates the Ganos mountains ("GM" in Figure 4B). The 1912
M, = 7.3 earthquake produced surface rupture along most of segment 25
(Macovei, 1912; Karnik, 1971; Tabban and Ates, 1978; Ambraseys and Finkel,
1987). The eastern and western ends of the segment run into the western
Marmara basin and Saros basin respectively (Lyberis, 1984; Le Pichon et al.,

1984) both of which are interpreted here as pull-apart basins.

‘B) Offshore areas

The Marmara Sea is composed of a series of basins and ridges that are
discontinuous in nature. CQur interpretation of the distribution of active fault
segments beneath the Marmara Sea is shown in Figure 5. This interpretaion is
much less well constrained that that in the onshore areas. Is is put forward here
in an attempt to provide a comprehensive model of active fault trends in
northwestern Turkey. The deepest part of the sea is the northern half. Basins A,
B and C are approximately 1152, 1285 and 1276 meters deep respectively. The
depths of intervening ridges are 848 m between A and B, and 450 m between B
and C (Pfannenstiel, 1944; Turkish Navy bathymetry map, 1984). The northern

half of the Marmara Sea is interpreted as a large pull-apart basin between




segments 24 and 25 (Figure 4). This basin is subdivided into smaller basins (A,
B, C) separated by strike-slip fault segments trending NE-SW. The southern half
of the Marmara Sea is shallower than 100 m, but can also be divided into ridges
and basins which are visible on reflection profiles (Marathon, 1974). A
reexamination of these profiles suggests that the size of these structures and
the amount of vertical offset along bounding faults are smaller in the southern
half of the Marmara Sea than in the northern half. The interpretation shown in
Figure 5 resuits from an extrapolation of onshore fault geometry, from
bathymetry and from examination of seismic reflection profiles. The normal
faults bounding the basins are unmistakeable features on the reflection profiles.
In contrast the strike-slip faults are zones of disturbed and discontinuous
reflectors, more difficult to interpret, that can be traced from one profile to the
next, often crossing several profiles. The s-trike-slip faults are less well imaged

by the seismic reflection technique due to their near-vertical dip.

The interpretation presented in Figure 5 is different from previous ones in
the area. It is based on the onshore results described above. In Figure 8 four
~other interpretations are shown. In Figure 6B, Pinar (1943) correctly identifles
faults south of the Marmara sea (including segment 14, that would later rupture
in 1953), but simply draws a line though the Marmara Sa basins, interpreting
their origin as tectonic. In Figure 6C, Pfannenstiel (1944) describes the northern
ridges and basins as normal fault-bounded horsts and grabens, and suggests
that the basins are connected by NE-SW trending faults. In Figure 6D, Sengér
(1988) includes basins C and A (as labeled in Figure 5), and connects them with a
suspected fault. In Figure 8E, Crampin and Evans (1986) consider the Marmara
Sea to be one long E-W trending graben. Figure 8A is our interpretation for
comparison. It is characterized by long NE-SW trending strike-slip faults
separated by pull-apart areas. This model is by no means finalized, however.

Future work needs to be done in the offshore areas.



Historical earthquake activity in the Marmara Sea region indicates that the
fault system in the northern half of the sea is more active than in the southern
half. Istanbul, on the North Shore, has been repeatedly affected by damaging
(I>VIII) earthquakes throughout historical record (about 2000 years; see, e.g..
Ambraseys, 1971; Soysal et al., 1981), whereas Bandirma, Bursa, and Iznik, along
the south shore, have been damaged much less frequently (Sipahioglu, 1983).
The area of maximum damage cased by the 1894 Istanbul earthquai(e (I=IX; see
Eginitis, 1894, 1895), may coincide with two major strike-slip fault segments, 24a
and 24b. The size of the earthquake and the combined length of the fault
segments are quite comparable. The only focal mechanism available from the
northern haif of the Marmara Sea is that of the 1963 earthquake located near
basin C (see Figure 5), which is characterized by NNE-SSW extension (McKenzie,
1972).

Microseismicity in the Marmara Sea region (both onshore and offshore),
recorded during the past 10 years, exhibits a swarm-like character (Ucer et al.,
1985) with swarms concentrated mostly near our inferred pull-apart basins, and
" also near normal faults that have a strike-slip component (e.g., segments 11 and

23).

In conclusion, we feel that the offshore structures in the Marmara Sea are
consistent with a simple offshore extrapolation of onshore structures around the
Marmara Sea. Thus the area could be described as a series of long strike slip-
faults separated by pull-apart basins. The latter would be associated with
bathymetric lows, concentrations of microseismicity, and extensional focal
mechanisms such as that of the 1963 earthquake. Further data are needed to

verify this model.




III) THE EAST ANATOLIAN FAULT ZONE

Relative motion between the Anatolian Block and the Arabian plate is taken
up by the left-lateral East Anatolian fault zone. This fault zone extends from the
Karliova triple junction (39.3° N, 41.1° E) to the Mediterranean (see Figures 1
and 7). The East Anatolian fault zone is similar in many ways to the North
Anatolian fault zone. It is characterized by a series of major discontinuities
(bends and stepovers). The age of the fault zone is Pliocene (Arpat-;:\nd Saroglu,
1972, 1975) and the total displacement along the fault has been 22-27 km (Arpat
and Saroglu, 1972, 1975; Yalcin, 1978). This implies a geological slip rate of ‘
about 0.5 ecm/yr, which is comparable to that élong the NAF zone (see also
Dewey et al., 1986). Only a few M > 8.5 earthquakes have occurred during this
century along the East Anatolian fault (EAF) zone: in 1905, 1908 and 1971. The
1971 M=6.7 Bingol earthquake, which occurred near the northeast end of the
fault zone, had a pure left-lateral strike-slip mechanism (McKenzie, 1972).
However, the fault zone is known to have experienced several intensity = VIII
earthquakes historically. Most of these events occurred within the first 1000
years A.D. (Ambraseys, 1970). In addition, some earthquakes caused damage in
towns along the fault zone after 1000 A.D. (Soysal et al., 1981). These were
mostly concentrated near the NE and SW ends of the fault zone, but cannot be

tied to specific segments.

(1) This segment extends from the Karliova triple junction to Bingdl (Figure 7).

It is about 80 km long and is composed of many closely-spaced parallel strike-
slip fault strands. A detailed map of these fault traces is provided by Arpat and
Saroglu (1972). The 1971 Bingdl earthquake (M = 6.7) produced surface breaks
mostly along the sou(’.hwestern half of segment 1 (Seymen and Aydin, 1972; Arpat
and Saroglu, 1972). The relocated epicenter for the 1971 earthquake is at the

southwestern end of the surface breaks (Dewey, 19768). Two historical



earthquakes of a similar size have been documented for the general area

surrounding this segment (1789 and 1875; exact locations not known: see Soysal

et al., 1981).

(2) This segment can best be described as a restraining double bend. It extends
from Hazar Lake to Genc (see Figure 7a). It can be divided into 3 subsegments;
a straight section between Hazar Lake and Palu (2a), a restraining area near
Gokdere (2b), and a continuation section near Gene (2c). The restraining bend
angle at Palu is about 30°, Tﬁ:;éstraining area is characerized by thrusting and
folding structures (Arpat and S;roglm 1972; Sengor et al, 1985). The largest
known and most recent seriously destructive earthquake along the EAF zone
occurred in 995 A.D. (Ambraseys, 1970) along segment 2. This earthquake
damaged towns all along segment 2, and had a particularly destructive effect on
the area between Palu and Gdkdere (double bend area), where streams were
diverted (Ambraseys, 1970). Within this century a number of moderate-sized
earthquakes have affected segment 2, particularly since about 1948 (e.g.,

Tabban, 1980).

The Palu-Hazar trend of subsegment 2a continues to the southwest as far as
Hazar lake (Figure 7d), over a distance of about 125 km. The directional change
between this trend and that of segment 1 (Bingdl-Karliova segment) is 19°. The
extended trend of segment 2a may be related to the proximity of the Bitlis
thrust system, which is located just southeast of and adjacent to the fault zone
in that area. The strike of the thrust system is approximately parallel to the EAF
zone. This situation suggests that the fault zone is subject to a relatively high
convergent strainin this area (see also Jackson and McKenzie, 1984; Sengdr et

al., 1985).

(3) This segment is about 50 km long, and is centered north of Péturge (Figure

7B). The northeast end of the segment, near Keferdiz, is a 17° restraining bend.




The historical site of Claudius (coinciding approximately with Keferdiz)
experienced at least four damaging earthquakes in the period 10-1000 A.D.
(Ambraseys, 1970), but the exact location of these events relative to segment (3)
is unknown. Ambraseys and Finke! {1987) recently suggested that the 1908 M=
8.7 earthquake may have been associated with this segment. This event would

not have been large enough to rupture all of segment 3.

(4) This segment runs mostly along the Siro valley, between a 2 km wide
releasing stepover at its northeast end and a 7.5 km wide restraining stepover
near Celikhan. Segment 4 ruptured during the 1905 M = 8.8 Malatya earthquake
(Ambraseys and Finkel, 1987).

(5) Segment 5 corresponds to the Celikhan restraining aréa. It has been
deformed by extensive thrusting and folding which is directly connected to the
main Bitlis frontal thrust system. A moderate size earthquake (8/14/64, M = 5.9,
Jackson and McKenzie, 1984) was relocated by Dewey (1976) within the

restraining area. It focal mechanism was characerized by east-west extension.

(8) This segment is about 70 km long, and extends from the Celikhan
restraining bend area to the Gélbagi releasing area shown in Figure 7d. A pair of
moderate-size-earthquakes occurred recently in this area (May 5, 1986; Erdik,
1986). The first event was located northeast of Gélbasi (Bayraktutan, pers.
comm., 1987). Its focal mechanism indicates NE-SW compression, resulting in a
combination of thrusting and left-lateral strike-stip faulting on a north-dipping
fault (based on Harvard moment tensor solution in U.S. Geological Survey
Earthquake Data Report). The second event had a pure strike-slip mechanism
(from Harvard moment tensor solution in U.S. Geological Survey Earthquake
Data Report) that was consistent with left lateral slip on the East Anatolian fault

near the Surgl splay fault.



(7) We are defining segment 7 to extend from the Gdlbasi area at least as far as
the Turkoglu triple junction (a length of 90 km). This segment has been mapped
by Yalcin (1978). The East Anatolian fault continues towards the southwest
beyond its intersection with the Dead Sea fault. When it reaches the NE end of
the Adana basin, the East Anatolian fault changes direction towards the
southwest, where it becomes the Misis-Yumurtalik fault segement (Figure 1;
Ketin, 1948; McKenzie, 1976; Sengdr et al., 1985; Gillen et al., 1987). Segment
(7) contains a small double bend (Figure 7e: (x). (y) ). The portion of segment (7)
that lies between (x) and (y) makes an angle of 18° with the fault trace on either
side, is characterized by P-shear, and acts as a 1.5 km wide restraining area.
Several moderate-sized earthquakes .have occurred in the segment 7 area
during this century, as defined by damage at or near the nearby town of K.
Maras (Tabban, 1980; Ercan, 1982). The last seriously damaging earthquakes
near Maras-Ceyhan occurred in 1114-1115 (Sieberg, 1932; Salomon-Calvi, 1941;
Soysal et al., 1981), but descriptions of damage are not detailed enough to
assign these events to a specific fault segment. The Golbasi area which separates
segments 6 and 7 is a 13 km wide releasing bend and stepover combination. It
has R-shear characteristics. The bend angle between segments 6 and 7a is about
18°. In the Gdlbasi area the fault zone is divided into two main strands. These
are separated from each other by a series of lakes, which are caused by the
pull-apart geometry. There are no known damaging earthquakes in this area in

the historical record.

A few general speculative comments can be made about the EAF zone as
compared with the NAF zone. Although the total displacement along these fault
zones are comparable, the characeristic earthquake sizes and recurrence times
are likely to be different. This is due to differences in fault geometry between

the two zones: (a) Major geometric discontinuities along the fault zone are more




closely spaced in the EAF case than in the NAF case, making the EAF segments
shorter than the NAF segments. (b) The two major restraining features
(segments 2b and 5) along the EAF zone conﬁ'ibute to a longer recurrence time
for larger earthquakes than in the NAF case. There is evidence in the historical
record, for exampie, that the NAF near Erzincan has experienced a great
earthquake every 300 years (Barka et al., 1987), whereas the historical record
for the EAF zone suggests a longer recurrence interval of, perhaps, 1000 years. '
Segment 2 is the longest segment along the EAF zone, and is capable of
.experiencing very large earthquakes due to its large restraining double bend
geometry. Almost 1000 years have elapsed since the last earthquake occurred
in this area. Ignoring possible creep effects, or other inelastic deformation, as
much as 5 m of left-lateral strain may have accumulated along this segment (0.5

cm/yr, 1000 years).

IV) NORTHEASTERN TURKEY BLOCK

The Eastern Turkey block, a wedge-shaped region located to the east of 39°
E, is bounded by the Northeast Anatolian fault to the north and by the North
Anatolian fault zone and its eastward extension to the south( see Figure 1). East
of 41.5° E this southern boundary disappears: it is no longer defined by surface
morphology or seismological observations (Tchalenko, 1977). The Eastern
Turkey block differs from the Anatolian block to the west in that strain is
released by internal fault zones (mozaic structure) in the former, whereas in the
latter most of the strain is released along major boundary faults. Internal
deformation in the Eastern Turkey block occurs along the following structures;
(a) NNE-SSW and/or NE-SW trending left-lateral strike-slip faults, (b) NW-SE
trending right-lateral strike-slip faults, {(c) E-W trending thrusts and folds, and
(d) N-S trending extension cracks (Arpat et al., 1977; Sengor, 1980; Saroglu and
Guner, 1981; Saroglu and Yilmaz, 1985; Saroglu, 1985).



This phase of deformation in the Eastern Turkey block began in Late
Miocene time (Sengdr et al., 1985). Large earthquakes within the last century
in this region have occurred mostly along the ‘striké-slip faults (e.g., Toksdz et

al., 1977; Toksdz et al., 1983; Eyidogan et al., 1986).

We shall restrict our attention in this area to strike-slip faults, although not
all of these strike-slip fault segments have experienced large earthquakes

during this century.

Horasan -Narman fault zone (Figure 84)

This strike-slip fault zone is about 50 km long, and is characterized by left-
lateral strike-slip motion. At the surface the fault zone is divided into many
short parallel segments, forming a shear zone that is about 5 km wide. An
abrupt change in strike (about 15°-16°) occurs NNW of Horasan. On 10/30/83 a
magnitude 8.9 earthquake occurred along this fault zone, north of the bend.
Surface breaks and the highest intensities produced by this event were both
located within 20 km and northeast of the bend (Barka et al., 1983). More than
3000 aftershocks were recorded during a portable network survey in the
epicentral area (Toks6z et al., 1983; Eyidogan et al., 1986). The aftershocks were
clustered near the zone of highest intensity during the first month, and then
migrated away frm the bend. Most of the aftershock migration was to the
northeast along the fault zone, although some aftershocks were recorded
southwest of the bend and on either side of the main fault zone. Altough the 1983
earthquake had a focal mechanism that was predominantly left-lateral strike-
slip with a small thrust component (Eyidogan et al., 1986), the continuation of
the fault zone southwest of the bend could be expected to rupture( in the

future) with a higher component of thrusting.

Caldiran fault (Figure 85)




This fault is approximately 50 km long, and contains a 17°-19° bend near
Caldiran (Arpat et al., 1977; Toksdz et al., 1977). According to seismic waveform
modeling, the 1976 Cald'u‘ah earthquake (M=7.3) ruptured the fault bilaterally
starting from the bend (surface and body wave modeling; see King and Nabelek,

1985).

Balikgéli fault (Figure 8C)

This fault zone is about 80 m long in Turkey, and extends into Iran where it
is called the Northwest Fault System (Tchalenko, 1977). The Turkish section has
been mapped in detail by Arpat et al. (1977). It consists of many small
. subparallel segments, some of which may combine at depth. The northwestern
section is divided into 2 branches with an ax;lgular separation of about 35°. This
geometry creates a releasing area, a "'negative flower structure” (Harding,
1985), characterized by an abundance of N-S trending normal faults and the
presence of a lake. Southeast of that area the two branches converge, and the
motion on the fault has a larger strike-slip component. A short segment near
Dogubeyazit is separated from the main fault strand. It is bounded by a
releasing stepover at one end and a restraining stepover at the other end.
Acocording to Ambraseys and Melville (1982) an earthquake of intensity IX
(known as the "Ararat earthquake") occurred on the Turkish part of the

Balikdglu fault in 1840.

Tutak and Karayazi faults (Figure 8D)

The Tutak fault is about 95 km long and has been mapped by Saroglu and
Giner (1979). It includes a 19° bend near Mizrak. Northwest of that bend the
fault segment is parallel to the Karayazi fault (mapped by Kocyigit, 1985) and
the area between the parallel segmentsisa 16 km wide restraining stepover.

Southeast of the bend the Tutak fault is not represented by a continuous surface



trace. In the middle of that southeast segment in particular, the fault is broken
up into short discontinuous pieces. Saroglu and Giner (1979) assume that the
Tutak fault is active, based on a fault morphology'which is very similar to that of
the Caldiran fault and on the existence of many relics of destroyed sites.
However, details of these historical events are not well known. Both the Tutak

and Karayazi faults are clearly visible in aerial photographs.

Erzurum fault zona (Figure 8E)

This is a 5-10 km wide left-lateral shear zone. Its southern end truncates a |
series of ENE-WSW trending thrust faults. Near its northern end the Erzurum
fault zone changes direction abruptly (a 30° restraining bend). Immediately
northeast of that bend the fault zone still has a predominantly strike-slip
character. distinctly different from the southwest trending thrust faults south of
Erzurum. The town of Erzurum has experienced several earthquakes
historically. Records of activity go back as far as 1200 A.D. with notable events
occurring in 1482 (30,000 people killed) and 1859 (heavy damage in the vicinity
of Erzurum, in particular along the southern thrust system; see Karnik, 1969),
‘and many moderate size earthquakes listed for the 18th and 19th centuries
(Sipahioglu, 1983). Both the left—lgteral strike-slip fault zone and southern thrust
fault appear to be active, as evidenced by displaced streams and other
morphological features (Barka et al., 1983; Saroglu, 1985; Barka and
Bayraktutan, 1985; Kocyigit et al., 1985).




DISCUSSION

From the Turkish data it can be seen that a finite number of geometric
patterns recur in the segmentation, with some being more common than others.
This point is illustrated by the classification of geometric patterns shown in
Figure 9. All of the earthquakes with known surface rupture discussed earlier in
this study have been fit in the categories of Figure 9. Unruptured segments are
shown on the right. They have been recognized as possible future ruptured
segments based on (poorly known) rupture in the historical record and/or
comparison of fault geometry with that of ruptured segments in the central
column of Figure 9. Geometric patterns such as those in Figure 9 can be
associated with strike-slip earthquakes in other éarts of the world as well. A
compilation of these data is currently under way (Barka and Kadinsky-Cade, in
prep.).

Segmentation appears from these data to be caused by two main factors:
(1) the distribution of moderate to large geometric discontinuities {as defined in
Table 1) along the fault zone, and (2) the direction of block motion relative to
" the main trend of the fault zone (as evidenced, for example, by earthquake slip
vectors). These effects will be discussed in the cases of restraining and releasing

discontinuities.

Restraining discontinuities

From Figure 9 the restraining bends associated with ruptured segments
mostly fall into the "moderate” category of Table 1 (5°-30°). Smaller bends
seem to neither impede nor concentrate earthquake rupture. Larger bends are
not present in our data set, although one situation where larger bends may have
actually prevented the propagation of earthquake rupture is at the 40° Manyas-
Gonen restraining bend separating the 1953 and 1964 earthquakes (NAF

segments 13-14). Moderate size restraining bends tend to occur within the



rupture zone rather than at either end of it, and are very common. We feel that
the change in fault direction may cause strain to accumnulate along the fault
strand located on one side of the bend, the restraining side (that which offers
most resistance to fault slip due to its orientation relative to the direction of
block motion), so that fault bends may actually contribute to the occurrence of
large earthquakes. Thus the angle of the restraining bend and length of the
restraining segment could both be expected to influence the amount of strain
accumulation and resulting earthquake size. We do not have enough data in
Turkey alone to verify this hypothesis, but examination of strike slip

earthquakes in other parts of the world suggests that this is true (Barka and

Kadinsky-Cade, in prep.).

Restraining stepovers associated with ruptured segments are not as
common in the Turkish data set. Rupture propagation is prevented by
restraining stepovers in the cases of the 1949 NAF segment 1 earthquake {(d=5
km) and the 1971 EAF segment 1 earthquake (d=10 km). Smaller stepovers

occurring in our data set do not usually impede rupture propagation.

An important point is that the discontinuities do not act in isolation from
one another, If two discontinuities occur along a given segment, controlling
factors are their relative sizes and their separation from each other. This can be
séen in two examples. First, the 1939 segment of the NAF (segment 3): In this
situation the 20° bend separating 3a from 3b, north of Erzincan, dominates the
15° bend on segment 3d south of Niksar, even though the two bends are
separated by more than 200 km and by the Susehri releasing stepover (2 km
wide; located at the subsegment 3b-3c intersection). When we say "dominates”,
we mean that the earthquake rupture is controlled more by the 20° bend. In
this case the 1939 earthquake initiated near the 20° bend and ruptured away
from it bilaterally, as will be seen later. Note that the 15° bend was located

adjacent to the 10 km wide releasing stepover separating NAF segments 3 and 4.




The second example of relationships between discontinuities within a segment is
NAF segment 8 (1887 earthquake, Mudurnu valley). Here we have two restraining
double bends along the same segment. The eastern one, which is mentioned in
Figure 9, dominates. The epicenter: of the 1957 and 1987 earthquakes were
located at this double bend. Rupture occurred mostly away from this area in
both cases. The other smaller double bend plays no role in the rupture. The
1987 event ruptures right through it. The conclusion to be drawn from these two
examples is that the complete geometric pattern needs to be examined in each

case, not just one discontinuity at a time.

Epicenters of large earthquakes often seem to occur near restrﬁining bends
within a segment (see also Barka and Hancock, 1982; King and Nabelek, 1985;
BArka and Kadiﬁsky-Cade. in prep.). There are two examples of well-constrained
epicenters that fall into this category. 'I'He 1976 Caldiran (Eastern Turkey,
Figure 8b) earthquake epicenter was located very close to the 17°-19°
restraining bend, and the earthquake ruptured bilaterally based on an inversion
of teleseismic body waves (King and Nabelek, 1985). Examples of this and other
epicenters near restraining bends are shown in Figure 10. The 1939 Erzincan
earthquake had an epicenter near the bend (the accuracy of the location is not
ideal, but adequate here because the fault was very long; see Figure 3 and 10),
and ruptured bilaterally. Other Turkish earthquakes (1942, 1943, and 1967 along
the NAF) had epicenters close to restraining bends, but the resolution of these
locations relative to the length of the surface fault trace is not sufficient for a
detailed comparison of epicenter with fault geometry. In both of the better
const;rained cases the epiceriter was located near the bend, and rupture took
place away from the bend. In general we saw no evidence for epicenters within
restraining areas - i.e., on the section of the fault segment that is located on one
side of the restraining bend and is subject to a higher amount of compressive

strain than the other side or, alternatively, within a restraining stepover area.



A critical factor influencing the occurrence of lafge earthquakes, other
than the fault geometry, is the direction of block motion relative to the
geometric pattern. An exafnple of this can be seen by looking at the single
restraining bend examples at the tup of Figure 9. The 1978 Caldiran earthquake
ruptured bilaterally from the bend area. The 1855 earthquakes occurred
separately, one on either side of the bend. The 1983 Horasan-Narman
earthquake only ruptured one side of the segment, between the bend and one
end of the fault. From an ex  ination of fault morphology, the 1976 case caused
pure strike-slip faulting on  aer side of the bend. However the 1855
earthquakes were characterized by pure strike-slip motion on one side of the
bend and a strong component of normal faulting on the other side. The 1983
eafthquake had pure strike-slip motion, but the morpholégy of the fault on the
unruptured side of the bend shows a st.roﬁé component of compression. These 3
examples illustrate the influence of the direction of block motion. This direction
can be defined using geodetic measurements (generally not available in Turkey),
fault plane solutions if available, or fault morphology, the latter including

primarily observations of physiographic fault expressions at the surface.

Releasing disconlinuities

Releasing stepovers and bends can be recognized by morphological
depressions (basins) and /or extensional structures. Releasing discontinuities
control segmentation, although compared with restraining stepovers we have
fewer examples in Turkey that can be used to constrain the sizes of
discontinuities responsible for segmentation. The 1840 Balikgdl (Figure 8c)
releasing bend (40°) seems to have been too large to allow the propagation of
rupture through the bend. The 5 km wide stepover separating NAF' segments 2
and 3 (near Erzincan) and the 10 km wide stepover separating NAF segments 3

and 4 (near Niksar) both acted as barriers to rupture propagation. The 1 km




wide stepover separating NAF segments 4 and 5 also prevented rupture
propagation. However the 1 ki stepover west of the restraining bend in NAF
segment B did not stop the 1944 earthquake fupture. The diﬂerencAe between
these last two cases may have been the added contribution of a restraining bend
adjacent to the stepover in the first case. In general the size and distance of
discontinuities relative to restraining discontinuities is important. NAF segment
5 has several small to moderate releasing stepovers to the west of éhe 15°
restraining bend, but the segment only terminates at one of them, a 1.5 km wide
sf.epovet. Three other moderate releasing stepovers are located east of the
bend, but none of them cause segmentation. The 1.5 km wide Susehri releasing
stepover that separates subsegments 3b and 3c did not cause segmentaion in
1939. In conclusion, from available observations. it seems that the large
releasing discontinuities (Table 1) cause segmentation (i.e., bound the fault
segments), but the small to moderate ones often do not. Influencing factors in
the moderate discontinuity cases are their location and size relative to one

another and to the restraining discontinuities along the segment.

Aftershocks of large earthquakes and earthquake swarm activity both tend
to occur in releasing bend and releasing stepover areas. Although epicentral
locations of small and moderate ea‘rthquakes are often not well determined in
Turkey, there is still some evidence for this phenomenon. The first example of
this is the 1939 Erzincan earthquake (NAF segment 3), where large felt
aftershocks occurred in the segment 2-3 releasing bend /releasing stepover area
and in the segment 3-4 stepover area. Another example is the 1967 Mudurnu
valley earthquake (NAF segment 8), where aftershocks were concentrated along
the releasing segment (with a higher normal faulting component) west of the
smooth relasing bend. The third example is the Marmara Sea region. In this last
case, earthquake swarms (Ucer et al., 1985) coincide with pull-apart basins. This

observation confirms previous results in California (e.g;.. Eaton et al, 1970; Hill,



1977, Weaver and Hill, 1979; Segall and Pollard, 1980). In the case of aftershocks

it has been explained by fluid pore pressure arguments (Sibson, 19886).

Most of the earthquakes in this study do not have well-located foreshocks,
either because they did not occur or because they were difficult to locate due to
their small magnitude. In the case of the 1939 great Erzincan earthquake,
however, local residents reported that several small earthquakes were felt in the
Erzincan basin about one week preceding the 1939 event (Pamir and Ketin, 1941;
Parejas et al, 1942). This basin is a large releasing stepover/bend combination
located relatively close to the main 20° restraining stepover of NAF segment 3.

A secondary relasing feature within or near a restraining area provides a weak
point that may rupture first. This appears to have been the case also for the
1975 Haicheng, China earthquake (Jones e? al., 1982), and for the 1930 Salmas,
Iran earthquake (Tchalenko and Berberian, 1974). The damaging foreshock that
occurred in the Iran case has not been accurately located, but the distribution
of damaged villages during the foreshock is not inconsistent with a location in

the releasing stepover area adjacent to a restraining stepover.

Geological factors assaciated with fault discontinuities

Although it is beyond the scope of this paper to document all of the
geological effects that are responsible for the observed fault discontinuities,
some of the more important effects will be reviewed here. First it should be
noted that complex fracture patterns are characteristic of simple shear
laboratory experiments (e.g.. Tchalenko, 1970; Wilcox et al., 1973; Barlett et al.,
1981; Naylor et al., 1986). These patterns can be due, for example, to rotation of

the material within the fault zone.

En echelon fault patterns can often be explained by the rheology of the top
part of the upper crust. First, the occurrence of ductile material such as a thick

pile of sediments (Harding, 1985) or clay-rich rocks can cause discontinuities.




For example Saroglu and Barka (1983) documented some cases in Turkey (e.g.,
1983 Horasan-Narman earthquake; see also Barka et al., 1983) in which the
effect of serpentinite-rich'ophiolitic melange on fault zones was to vﬁden the
zones and break them up into many smaller faults with unclear surface
expression (compared to the single break areas). Second, a decrease in
conﬁning pressure near the earth’s surface may in some cases cause a widening

of the zone of deformation.

The occurrence of bends can be explained by a number of factors. First,.
bre-existing zones of weakness can be an important factor at any scale. For
example, on a large scale, the eastern half of the North Anatolian fault zone
follows the Antolid/Taurid/Pontid suture zone, and the western half follows the
Intra Pontid suture zone (both Eocene-Miocene features). Second, changes in
stress orientation or magnitude can cause bends. A third factor includes
heterogeneities in rock type. The discontinuities may also form progressively as
a rupture either follows a boundary (Rogers, 1973) or encounters (at a higher
angle) a boundary between dissimilar rock types (Jackson and McKenzie, 1984).
In the second case, the rupture could initially change direction due to a
refraction effect; subsequently the bend angle could increase due to differential

deformation across the boundary.

Geometric fault discontinuities are often associated with clear
morphological features. Near restraining segments mountains are often
observed. An example of this is the Ilgaz Mountains on segment 5 of the North
Anatolian fault (near Tosya). These mountains are comparable to the San Gabriel
Mountain range (1875 earthquake), Black Mountain (1906 earthquake) or Middle
Mountain (1966 Parkfield earthquake) along the San Andreas fault. Releasing
features are often associated with low areas as has been seen several times in

the detailed Turkish fault descriptions.



Finally, restraining bends are sometimes associated with kink structures or
folds with an orientation that is oblique to the fault zone, indicating variations in
rheology within the moving blocks or plates..Examl'zles of this are the Palmyra
kink {Lebanon-Syria) or the Kirikhan-Gaziantep kink ( southern Turkey), both
adjacent to the Dead Sea fault.

Geometric discontinuities along strike-slip faults are stable in the short
term, but they can be subject to progressive deformation over a longer time
period. For example progressive deformation of single or double bends can
cause an increase in & which eventually blocks movement on the fault. The fault ‘
is then replaced by newer faults. Examples of this can be observed in New
Zealand and California. A progressive incre&se of a to 40° at a restraining double
bend along the Alpine fault in New Zealand has caused motion along subparallel
faults (Awatera, Clarence, Hope faults: see' Rynn and Scholz, 1978). Similarly,
near the Black Mountain - San Juan Bautista double bend (California) motion is
taken up by the Calaveras and Hayward fauilts (Sykes and Nishenko, 1984). In
southern California many subparallel faults take up motion near bends in the
San Andreas fault (e.g., Scholz 1977; Ziong and Yerkes, 1985). One possible
interpretation for these subparallel faults is that slip has become difficult along

the main fault strand.

CONCLUSIONS

By reviewing the geometry of Turkish strike-slip faults we have reached the
conclusions that fault geometry plays an important role in the segmentation of
strike-slip faults and in earthquake rupture processes. By increasing our data
base to include other strike-slip faults in the world (particularly the well-studied
California cases) we feel confident that a careful examination of fault geometry
can help define or estimate rupture lengths of large earthquakes, and possibly

mainshock epicenter, foreshock and aftershock locations in some cases. From




the Turkish data we can say specifically that:

a) The geometric discontinuities tend to occur in characteristic
patterns, each associated with a characteristic earthquake

mechanism.

b) The size of the discontinuities is important. Small discontinuities
{see Tabie 1) generally do not cause segmentation. Large
discontinuities usually do cause segmentation. Moderate
discontinuities have to be examined carefully in relation to one
another and t6 the direction of block motion in order to determine

their role.

¢) The distribution and size of moderate discontinuities relative to one
another along a segment are very important in determining the nature
of the earthquake mechanism along the segment. It is therefore
advisable to be very cautious about analyzing fault geometry

statistically.

d) Seismological background information and additional information
such as geodetic measurements or fault morphology need to be
included in the interpretation of segmentation based on fault

geometry.

e) Epicenters of large earthquakes seem to be associated with
restraining bends in fault segments, but not actually occur within
restraining subsegments {on one side of the bend) or within restraining

stepovers.

f) Aftershocks and swarm activity can sometimes be related to

releasing discontinuities. Foreshocks may be related to releasing



features located close to areas of major strain accumulation.
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FIGURE CAPTIONS

1) Geometrical pattern definitions for strike-slip faults, as used in the text. In
all map views fault movement is assumed to be right-lateral. The
direction of block motion is considered to be east-west. A-Stepovers.
These can be of releasing or restraining type depending on the
direction of the step. Cases Ab, c, d characterize different amounts of
horizontal separation between fault segments as shown on the page. B -
Bends. Smooth bends refer to a gradual change in fault orientation.
Sharp bends refer to an abrupt change. C - cross-sectional views of
stepovers. Whether the two fault segments join at depth or remain as
two separate planes depends on the brittle-ductile characteristics of
the upper crust. Flower-like structures (fault planes joining at depth)
can be either negative or positive depending on whether the stepover is
of releasing or restraining type.

2) Major tectonic elements of Turkey. Compiled from Arpat and Saroglu (1972,
1975), Sengor et al. (1985). Boxes indicate areas shown in Figures 3, 4,
7 and 8. The North and East Anatolian faults intersect at the Karliova
triple junction (K, at approximately 39°N, 41°E). Kahraman Maras, also
referred to in text, is represented by an M near 37°N, 37°E.

2) Geometrical pattern definitions for strike-slip faults, as used in the text. In
all map views fault movement is assurned to be right-lateral. The
direction of block motion is considered to be east-west. A-Stepovers.
These can be of releasing or restraining type depending on the
direction of the step. Cases Ab, ¢, d characterize different amounts of
horizontal separation between fault segments as shown on the page. B -
Bends. Smooth bends refer to a gradual change in fault orientation.
Sharp bends refer to an abrupt change. C - cross-sectional views of
stepovers. Whether the two fault segments join at depth or remain as
two separate planes depends on the brittle-ductile characteristics of
the upper crust. Flower-like structures (fault planes joining at depth)
can be either negative or positive depending on whether the stepover is
of releasing or restraining type.

3) Active fault segments in the central and eastern sections of the North
Anatolian fault zone. The inset map shows the general location of the
main trace. Boxes in the inset map indicate areas which are blown up
in the lower part of the figure. Years displayed as smaller numbers
refer to large earthquakes that occurred where numbers are shown.
Larger numbers (1-6) along fault zone correspond to fault segments.
The interpreted length and position of each segment are described in
the text. Thicker dashed lines denote ruptured segments. Thinner
plain lines are unruptured faults (e.g., segment 2). For references see
text.

4) Active fault segments in the western section of the North Anatolian fault
zone, near the Marmara Sea (South of Istanbul). For explanation see
Figure 3.

5) Interpreted distribution of active fault segments beneath the Marmara Sea.
Thin lines are bathymetric contours from Pfannenstiel (1944). Major
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basins are indicated by A, B, and C. Maximum basin depths are derived
from the Turkish Navy bathymetry map (1984). The fault plane solution
for the 1963 earthquake is taken from McKenzie (1972). Fault
segments in the southern half of the Marmara Sea are interpreted
from reflection profiles (Marathon, 1974). Note the pull-apart nature of
the northern Marmara Sea. :

6) Comparison of previous figure with published interpretations. A -
interpretation of this study. B - from Pinar (1943). C - from
Pfannenstiel (1944). D - from Sengdr (1986). E - from Crampin and
Evans (1988). See text for discussion.

7) Active fault segments, East Anatolian fault. Only one large earthquake (1971,
segment 1) has occurred here during this century. For explanation see
Figure 3. -

8) Major block boundaries and internal active faults, Eastern Turkey. Note
conjugate character of most of these faults. Compiled from Toksdz at
al. (1977), Arpat (1977), Saroglu and Guner (1979), Barka et al. (1983)
and Barka and Bayraktutan (1984).

9) Schematized geometric fault patterns, and ruptured and unruptured
segments that can be associated with the patterns. Details (smail
discontinuities) are not shown for each case in the schematics. For
comparison purposes only (insufficient information for earthquake
prediction). Left-lateral faults are inverted to give equivalent right-
lateral fault geometry.

10) Relationships between single bends, ruptured fault segments and location of
epicenters. Solid stars are interpreted epicentral locations. Dashed
arrows show distance from interpreted epicenters to the ends of the
earthquake surface breaks. A-1939/12/26 Erzincan earthquake.
Dewey's (1976) relocated epicenter is shown as an open star. It is
constrained to within about 20 km. Given the rupture length of the
event, an epicentral location at the bend is a reasonable assumption. B
- 1942/12/20 Erbaa-Niksar earthquake. A well-constrained
instrumental epicenter is not available for this event. Maximum
intensities were concentrated in the bend area, between Tepekisla and
Zilhor (Pamir and Akyol, 1943) C- 194311 /26 Tosya earthquake. A
well-constrained instrumental epicenter is not available for this event
either. Maximum intensities were concentrated between Tosya and
ligaz (see Figure 3; Barka, 1981). D - 1976/11/24 Caldiran earthquake.
The International Seismological Centre bulletin epicenter is indicated
by the open star. The inversion of seismic waves generated by this
event (King and Nabelek, 1986) confirms that rupture took place
bilaterally, away from the bend area.



Table 1: Classification of geometric discontinuities

Type of Geometric

Discontinuity small moderate large
Stepover
Width (d) d<1lkm|1<d<5km)|d>5km
Bend Angle
a<5 [5°<a<30°| a>30° |
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ABSTRACT

Historical and instrumental earthquakes of the North Anatolian fault zone in
the vicinity of the Erzincan basin have been examined in relation to fauit
segmentation. Results of this study suggest that each segment may have its own
characteristic earthquakes. The epicenter of the 1939 great Erzincan
earthquake (M=8) occurred near a 20° restraining bend located about 50 km
from the eastern end of the 360 km long segment that ruptured during that
earthquake. This segment was terminated at each end by releasing stepovers.
Aftershocks mostly occurred in the releasing stepover/releasing bend area
located at the eastern end of this segment. Historical records suggest that the
1939 event is characteristic of great earthquakes that occur approxin-lately
every 300 years on this segment. Recurrence times of large earthquakes (I = VIII
- IX) is about 100 to 150 years in the Erzincan region. The segment to the east of
the Erzincan segment is identifled as a potential seismic gap. It is approximately
100 km long, and extends from the Erzincan releasing stepover to a restraining
stepover-bend combination near Yedisu. This segment last ruptured in 1784. It
is the only segment of the 900 km long main section of the North Anatolian fault
that did not experience a large earthquake during the well-known 1939-1967
sequence of M; = 7-8 earthquakes that ruptured the fault zone between Varto

and the western end of the Mudurnu valley.




INTRODUCTION

It has recently been acknowledged that faul£ geometry plays a critical role
in the earthquake rupture process (e.g., Segall and Pollard, 1980; Bakun et 'al.,
1980; Lindh and Boore, 1981; King and Nabelek, 1985; Sibson, 1988; Schwartz
and Coppersmith 1988; Barka and Kadinsky-Cade, 1987). The term "fauit
geometry” includes stepovers, bends, and their many combinaticns. Eacb
geometric pattern a.ppears to have a characteristic dynamic rupture

mechanism. Through fault geometry one can define fault segments, each having

its own characteristic earthquakes.

In this paper we identify an approximately 100 km long fault segment in the
eastern part of the North Anatolian fault zone which has not ruptured in the last
200 years. This segment is defined b); geometric discontinuities. Through the
analysis of geometric discontinuities along this and neiéhboring segments we
examine the effect of fault geometry on the location of large earthquake
epicenters, foreshocks, aftershocks and interpreted sites of strain

accumulation.

The largest known earthquake to have occurred on the North Anatolian fauit
(NAF) is the 1939 Erzincan earthquake ( M, =8.0). This earthquake caused great
damage and killed 32,700 people. It ruptured a section of the NAF that extends
from the Erzincan basin to the Amasya province, with surface breaks covering a
distance of 360 km. The right-lateral displacement reached 3.7 m in places
(Pamir and Ketin, 1941; Ketin, 1948, 1969; Ambraseys, 1970). Both historically
and during modern times, the Erzincan area has been one of the most active
seismic regions in Turkey ( Sieberg, 1932; Ergin et al., 1967; Soysal et al., 1981;
Tables 1 and 2).



Figure 1 shows major tectonic elements of Turkey in an area where the
northward motion of the Arabian plate causes active convergence. As a resuit,
the Anatolian block escapes westward and the northeast Anatolian block
eastward (Ketin, 1948, McKenzie 1972; Kasapoglu and Toksoz, 1983; Gilen, 1984;
Dewey et al., 1988). The Anatolian block is bounded by the right-lateral North
Anatolian fault to the north, and by its conjugate, the East Anatolian fault, to the
south. These two fault zones intersect at the Karliova Triple junction. (Ketin,
1966; Allen, 1969; McKenzie, 1972; Dewey, 1978; Tchalenko, 1977; Sengor, 1979;
Toksdz et al., 1979, Jackson & MacKenzie, 1984; Sengdr et al., 1988; Dewey et al.,
1988). The eastern part of the Anatolian block is divided into two smaller blocks
( 4, and 4, Figure2 ) by the left-lateral strike-slip Ovacik faulit. This fauit
intersects the NAF zone at the southeast end of the Erzincan basin. The
~eastward escape of the NE Anatolian block is complicated by the extensive
internal deformation and by the existence of a number of sub-blocks. A
dominant tectonic feature in this region is the NAF, which forms a boundary
between the two blocks escaping in opposite directions. The NAF intersects the
Northeastern Anatolian fault (NEAF, forming the northern boundary of the NE
Anatolian block) northwest of Erzincan (Figures 1 and 2). Figure 2 shows major

blocks and boundary faults between the Erzincan and Karliova triple junctions.

Between 1939 and 1967 most of the North Anatolian Fault west of Erzincan
ruptured through a westward migrating series of major earthquakes, as shown in
Figure 1. Earthquakes along the NAF east of Erzincan followed a more

complicated pattern, as can be seen in Figure 2.

Fault Segments

Based on the geometric discontinuities of the main fault traces and extent

of ruptures of large earthquakes we have identified the fault segments. The




North Anatolian fault zone consists of several segments as shown in Figure 2

(Barka and Kadinsky-Cade, 1987; Barka and Galen, 1987).

-Segment 1: This segment extends froﬁi Kaz;liova to the Yedisu restraining
stepover, where it bends around to the southwest, changing direction by 16° in a
convergent sense. Segment 1 has a clear physiographic expression, particularly
along the Elmali Valley (Allen, 1969). During the last 50 years this segment has
ruptured in two separate earthquake sequences. The first sequence includes- the
1948 Varto and 1949 Elmali earthquakes (M=8.0 and M=7.0 respectively), and the
second includes the 1966 M=7.0 Varto earthquake and its aftershocks. (M=5.3-
6.2; see also Table 2). |

Segment 2: This segment strikes N 70° W and is approximately 100 km long.
Segment 2 extends from the Yedisu plain in the cast to the Erzincan alluvial
plain (western end). The ph).'siographic fault expression is very clear where the
fault runs along the Euphrates valley and through the village of Caykomu. The
physiographic expression disappears, however, as soon as the segment enters
the Erzincan alluvial plain, although the segment may continue further west
under the plain. The 1784 earthquake, which last ruptured this entire segment,
created surface breaks along a 90 km distance, and caused 1m of vertical
displacement (Ambraseys, 1975). The 1967 M=6 Pllimiir earthquake was also
located along this segment. Surface breaks for the 1967 event were, however,
only 4 km long; this earthquake was accompanied by 20 cm of right-lateral

surface displacement (Ambraseys, 1975).

Segment 3: This segment is defined by the extent of surface rupture produced
by the 1939 Great Erzincan earthquake. Segment (3) is divided into 4
subsegments. Subsegment 3a is 60 km long, and has a strong physiographic

expression in its western half. It is separated from segment (2) by a 4-5 km wide



releasing stepover which forms the Erzincan basin. This basin is characterized
by short en-echelon strike-slip faults and contemporaneous volcanics.
Subsegment 3a is separated from 3b by a 20° restraining bend. Subsegment 3b
is about 100 km long, and extends from this bend, situated about 10 km NW of
the Erzincan basin, to Susehri - the location of another pull-apart basin
(Hempton and Dunn, 1983). Subsegment 3c extends from Susehri to the Niksar
basin through the Kelikit valley. It is 110 km long and relatively straight.
Southwest of the Niksar basin a 15° restraining bend separates subsegment 3c
from 3d. Subsegment 3d is 90 km long, and ends south of Amasya where: the
1939 earthquake rupﬁure stopped.

The epicenter of the 1939 Great Erzincan earthquake was located near the
| 20° restraining bend separating subsegments 3a and 3b. Many of the 1933
earthquake aftershocks caused damage in the Erzincan‘and Niksar pull-apart
basins (Ergin et al., 1967; Tabban, 1980; see also Riad and Meyer, 1983). A fault
plane solution for a moderate size earthquake ( My = 4.8, 11/18/1983) near the
city of Erzincan is characterized by ENE;WSW extension (International
Seismological Centre Bulletin solution ), in agreement with our interpreted

pull-apart character of the Erzincan basin.

Northeast Anatolian Fault - This fault zone consists of several segments with a
combined length of approximately 350 km. The southwesternmost segment
(Segment A) is located to the north of the Erzincan region (Figure 2).
Approximately 70 km long, it strikes NE-SW. Although very little is known about
this fault segment, it is assumed to have an oblique movement, consisting
mostly of left-lateral slip with a subordinate thrust component. (Tatar, 1978).
The study of earthquake records (Soysal et al., 1981; Sipahioglu. 1983; Riad and
Meyers, 1985) indicates that it might be less active than the segments of the

North Anatolian Fault zone. Apart from the 1939 Tercan earthquake (M=5.9) and
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several aftershocks of the 1939 great Erzincan earthquake, the only kown
historical event associated with this segment is the 1254 I=IX earthquake. This

event caused surface breaks to occur over a 50 km length on segment A

~ (Ambraseys, 1975).

Ovacik fault - This is another left-lateral fault. It is located near Ovacik, and
extends up to the southeast end of the Erzincan basin. This fault is about 120 km
long an 3-SW. Near Ovacik, where the fault cuts Quaternary alluvial
fans, physiographic expressions are very clear (Arpat and Sarogiu, 1975). The
Ovacik fault has also been participating in Lhe opening of the Erzincan basin. The
only earthquake might have occurred on the Ovacik segment is the 01/28/1960
M=5.9 event'(macroseismic location; Ergin et al., 1987). There are no histc-u'ical

events that can be specifically associated with this segfnent. :

It should be noted that the area between segments 2 and 4, including the
Ovacik fault and segment A of the NEAF zone, is located within the serpentinite-

rich ophiolites and ophiolitic melange associated with the Anatolid/Taurid-

Pontid suture zone.
Seismicity
Historical Earthquake Records

The history of damaging earthquakes in the Erzincan region was recognized
and well documented even before the great earthquake of 1939 (Ali Kemal,
1932). Sieberg (1932) listed some of the Erzincan earthquakes and stated that
between 1045 and 1784, at least 17 catastrophic earthquakes had occurred in
the Erzincan region. In Table 1 we have tabulated the significant earthquakes

affecting the Erzincan region since 1000 A.D., based on sources referenced in the

table.



Figure 3a is an intensity-time plot of known earthquakes which have
aflected the Erzincan region. From this figure, earthquakes can be categorized
according to three sizes: (a) small and moderate, with Modiﬁed_Mercaui intensity
1 < VIII, (b) large earthquakes with VIII < I < IX and (c) great earthquakes for
which [ = X. According to Figure 3a, at least 3 great earthquakes have occurred
during the last 1000 years, including the one in 1939. Ambraseys (1970)
reported that the 1045 earthquake produced a surface break of a length
comparable to the one which occurred in 1939; and that the 1458 earthq\:;ake
caused the death of about 32,000 people, comparable to the casualties of the
1939 earthquake. The 1668 earthquake is controversial. With the exception of
Ambraseys (1975), most of the existing references describe it as an earthquake
- of intensity about VIII-IX. Ambraseys (1975) reports that the 1688 earthquake
produced a 380 km surface break and that the lateral displacement was as
much as 4 m, which is again comparable to that of 1939. At least 10 large
earthquakes (VIII < I < IX) have occurred in the Erzincan region since 1000 A.D.,

causing considerable damage and large numbers of casualties.

Figure 3b shows the number of earthquakes that occurred between 1000
and 1900 in the Erzincan region, versus intensity. The dashed line is drawn only
through the 1= VIII points, because the historical record may be incomplete for
smaller events. According to this plot, the recurrence interval for the great
earthquakes in category (c) (intensity X or greater) is about 400-450 years if the
1668 event is excluded. With the 1668 earthquake, the recurrence interval
becomes about 300 years. These recurrence intervals, combined with the
amount of displacement created during the great earthquakes (3-4m), give a
slip-rate of approximately 1 cm/yr. This is comparable to the creep rate
observed at Ismetpasa, on the central part of the NAF, from geodetic

measurements (Eren et al., 1984) and creepmeter data (Toksbz, 1984, USGS




report). Note that the 1 cm/year slip rate estimated here for the NAF zone near
Erzincan does not include a possible additional creep component. This slip-rate
is at least two times higher than that obtained from geological(Plio-Quaternary)
results along the NAF (0.4-0.5 cm/yr, Seymen, 1975. Barka and Hancock, 1984).

This reveals that the motion may be progressively accelerating or episodic. |

Note also that segments 1-3 form a boundary between opposite-moving blocks

(the Anatolian and Northeast Anatolian blocks). Thus a higher slip

~|

expected in this area than along the main section of the NAF to the west. From

Figure 3b the recurrence interval for large earthquakes (VIII </< IX) is

approximately 100-150 years.

. Instrumental Farthquake Records

Figure 4 shows the distribution of epicenters for earthquakes with ¥, >
4.9, that have occurred between Erzincan and Varto since 1900. These events are

listed in Table 2. The following points should be made concerning the listed

earthquakes:
a) There is a quiescent period between 1900 and 1930 in the Erzincan region.

b) Although Pamir and Ketin (1941) did not have any field observation (Ketin
1987, pers. communcation), they showed ESE-WNW trending isoseismals covering
the area between Tercan and Baskoy for the epicenter of the 1939/11/21 Tercan
earthquake that may have been on the NEAF zone. This is not only suggested by
some catalogs, but also by the amount of damage that occurred in and near
Karakulak (e.g.. 130 buildings collapsed), and in some other destroyed villages
which are all situated next to the fault zone (Pamir and Ketin, 1941; Ergin et al.,

1967; Tabban, 1980).

c) The December 27, 1939 Erzincan earthquake (M=8) is one of the largest



earthquakes to have occurred in this area. We will summarize known information
concerning foreshocks, main shock, aftershocks, and surface breaks in the
Erzincan region. Pamir and Ketin (1941) reported that two foreshocks were felt
vAwithin the week preceding the main shock in the Erzincan region. The epicentér
of the main shock was within the Erzincan region in the range 39.7 ° - 39.8°N,
39.4° - 39.5°E (e.g. Tillotson, 1940; Pamir and Ketin, 1941; Ergin et al., 1967
Karnik, 1969; Dewey, 1976). The main surface breaks were associated with
segment 3. Within the basin some discontinuous extension cracks striking WNW-
ESE were also observed, and in the salt playa east of Erzincan the fissures were
80-100 cm wide (Parnir and Ketin, 1941). The villages along the northern margin
of the Erzincan basin were completely destroyed by either the main shock or
the aftershocks. The eastern end of the surface breaks coincided with the
eastern end of the Erzincan basin (Pamir and Ketin, 1941; Ketin ‘ 1969).
Numerous aftershocks occurred in the Erzincan region as-well as in many other
places (e.g. Nature, 1940 a, b, c): According to Nature (1940c), on February 3,
1940, two villages were destroyed in the Erzincan region (close to the NEAF zone,
segment A) by a shock which also killed 45 people and injured many more.
Pamir and Ketin (1941) also state that between February 3 and 20, 1940, many
earthquakes were felt in the region. However, available earthquake catalogs do
not contain many of these earthquake records. Aftershocks 11, 14, 15, 17, and
18 (listed in Table 2) were felt strongly in the Erzincan region and caused some
damage in the villages. In particular, aftershock 15 caused 40 buildings to
collapse, and aftershock 18 was responsible for 15 deaths and 100 injuries
(Tabban, 1980). Most of the aftershocks were located in or near the Erzincan

basin.

d) Although some catalogs indicate that the August 17, 1949 earthquake

(M=8.7-7) was close Eo the eastern end of segment 2, this earthquake was on the




easternmost segment of the NAF zone, called the Karliova-flmali segment

(Lahn, 1952) (Segment 1 in Figure 2).

e) According to some catalogues, the epicenter of the 1980/01/28 ( M=5.9)
earthquake might have occurred near the northeastern part of the Ovacik fault

(see Figure 5 and Table 2) (Ergin et al., 1987; Tabban, 1980).

f) The relocated epicenter of the 1967/07/26 M=5.8-6.2 earthquake (Dewey,
1976) was located on the eastern half of segment 2, although the macroseismic

epicenter was in Palamadr.

Discussion and Conclusions

It is possible to make a correlation between the pﬁttern of seismic activity
- and the geometry and distribution ;)f active fault segments in the Erzincan
region. Both hislorical data and the 1939 earthquake h.ave shown that great
earthquakes in this region can be associated with segments 3 a, b, c, d. The
epicenter of the 1939 earthquake occurred near the 20° restraining bend
between subsegments 3s and 3b of the NAF. ( Barka and Hancock, 1982; Barka )
and Kadinsky-Cade, 1987). Furthermore, observations of compressional |
deformation and uplifting within the young deposits along subsegments 3a and
3b can be interpreted as surface expressions of high strain accumulation in the
area, which eventually results in the occurrence of very large earthquakes.
Since the recurrence interval for great earthquakes is about 300-400 years, the
last earthquake having occurred in 1939, at present the probability of an

earthquake of comparabie magnitude is small.

In the Erzincan region, many of the small to moderate aftershocks (

category a in Figure 3a) can be related to the releasing stepover area in the



eastern half of the Erzincan basin, between segments 2 - 3a and the Ovacik fauit
(Barka and Gilen, 1987). Moreover the fault plane solution of the 1983/11/18
earthquake (M4.8), located near the city of Erzincan, shows normal fault'mg.
(Figure 5); this clearly supports the idea of a tensile stress regime produced by
the pull-apart extension in the Erzincan basin. Some of the small to moderate
earthquakes in the area may also be associated with the Ovacik fault, with
segment A of the NEAF zone, or with internal block deformation, as in the case of
the Kigi-Karliova area in block 4, (Figure 4). There have been no large
earthquakes (category b) for at least 200 years in the vicinity of Erzincan,
excluding the segment 1 and Varto earthquakes (1948, 1949, 1986). The last
large earthquake occurred in 1784 and was located on segment 2, according to
Ambraseys (1975) (Figure 8a), who also reported 90 km surface faulting along a
115° trend. Although the damage and casualties were less severe than in 1939
(Sieberg 1932), the 1784 earthquake was extremely destructive for the Erzincan
region, killing 5,000-15,000 people (see Table 1). The recurrence interval for
category b events is about 100-150 years, and earthquakes most likely
correspond to segment 2, the Ovacik fault or segment A of the NEAF zone. Of
these, segment 2 has the highest potential for generating large earthquakes in
the near future, because (a) segments 1-3a of the NAF zone form a boundary
between the eastward-moving NE Anatolian block and the main westward-moving
Anatolian block, so that the rate of movement is naturally expected to be higher
than along other parts of the NAF zone; and (b) during the 20th century segment
2 is the only segment along the NAF zone which has not experienced a large
earthquake between Varto and the western end of the Mudurnii valley (900 km)
(see also Ambraseys and Zatopek 1969). Note that segment 1 has already broken
twice in the last 40 years (Figure 6¢,d). The largest event which has occurred on
segment 2 during the instrumental period (since 1900) is the 1967 Pulumir

earthquake ( My = 5.6 - 6.2 ), (Figure 6d). Ambraseys (1975) has reported that
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this earthquake produced a short rupture, 4 km long, with 20 cm maximum
dextral slip, at the eastern half of segment 2. However, if we consider the
approximately 100 km length of segment 2, the 1987 event is not large enough
to fill the gap (Figure 7). Therefore segment 2 appears to have the highest
potential for a large earthquake in the Erzincan region in the near future. The
segment 2 gap, which is separate from the gap mentioned by Toksdz ef al.,

(1979; see Figure 7), was first mentioned by Ambraseys and Zatopek (19R9),

Only a few poorly located earthquakes (e.g.. 1960, M=5.9) can be ass&_:_ciated
with the Ovacik fault since 1900. Although the rate of movement is somewhat
smaller along this fault than on the NAF zone (Barka and Gulen, 1987), the
Ovacik fault segment is another candidate for future large earthquakes.
Segment A of the NEAF zone is similar to the Ovacik fault. The 1939/11/21
Tercan earthquake and 1940/02/03 ('#‘1'2 in Table 2) aftershock of the great
1939/12/28 earthquake rrﬁght have occurred on segment A From the historical
earthquake records, we are only aware of the 1254 large earthquake, which
created 50 km of surface faulting along segment A, trending 60° with 5 m (?)

maximum vertical displacement {(Ambraseys, 1975).

The unruptured fault segments, including segment 2, the Ovacik fault, and
Segment A, occur within the serpentinite-rich ophiolitic complexes in the
vicinity of Erzincan. Thus creep is an expected phenomenon which probably
takes up some of the motion along the fault segments. Nevertheless this does

not exclude the potential for future large earthquakes.

In conclusion, defining segmentation of the fault zones through geometric
discontinuities and combining resulting segments with existing earthquake data
can provide information about seismic gaps and earthquake rupture processes.

A possible explanation for the high concentration of seismic activity in the



Erzincan region is the fact that many different fault segments begin, terminate
or intersect within that region. The geometric arrangement of fauit
discontinuities (restraining bends, triple junctions and releasing stepovers) and
the rock type (e.g.. serpentinite) contribute to the relative ease or diﬂicult.jr of
movement along fault segments in the region. These factors are responsible for
the division of earthquakes into categories a, b or c. Our interpretation of fault
geometry and earthquake data in the Erzincan region suggests that a large
earthquake similar to the 1784 event is expected to occur soor;. This earthquake
could cause considerable damage in Erzincan and surrounding areas. Further

detailed studies are required in order to better characterize this seismic

hazard.
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FIGURE CAPTIONS

Tectonic map of Turkey showing the surface rupture along the North
Anatolian and other faults due to major earthquakes since 1900. The
Anatolian and NE Anatolian blocks are wedged out to the west and east
respectively by the convergence of Arabia and Eurasia as shown in the
inset map (lower left). The rectangle in the figure delineates the area
of study and is enlarged in Figure 2. (Compiled from Arpat & Sarogiu
1972; Arpat 1978; Barka 1984; Sengdr et al., 1988).

. Simplified geometry of major blocks and their boundary fault zones

between Erzincan and Karliova. Thick and dashed zones and dates
indicate ruptured fault segments and dates of related earthquakes,
respectively. Dotted area is the Erzincan basin. 4, and A4 are sub-
blocks within the Anatolian block.

Figure 3.(a) Earthquake activity histogram of the Erzincan region. 1, Intensity,

Figure 4.

Figure 5.

Figure 6.

Figure 7.

T. time. Numbers above the dots are the number of casuaities
resulting from each particular event. a, b, ¢ are the categories of
earthquakes, S-2, S-3, S-4 and S-A are the fault segments. For-
explanation and references see the text and Tables 1 and 2
respectively. (b) log {number of earthquakes) versus intensity, 1000 -
1900, in the Erzincan region. The dashed line is drawn through the I >
VIl data points (log N = -0.2711 + 2.98).

Distribution of earthquake epicenters (M>4.9) in the easternmost part
of the NAF zone between Erzincan and Karliova for the interval 1900-
1983. A = instrumental data only, B = macroseismic information only,
C = best of instrumental or macroseismic information, D =
instrumental and macroseismic data agree. Details are given in Table
2.

Fault plane solutions between Erzincan and Karliova (McKenzie,
1972). Note that a) the 1983/11,/18 earthquake, #, = 4.8, has a normal
fault solution which agrees with the opening of the Erzincan basin and
b) solutions east of the Karltiova junction have a clear thrust
component.

Sequence of events which produced surface faulting in the Erzincan-
Karliova region in the last 200 years. For explanation see text.

Space-time distribution of surface ruptures of 20th century
earthquakes, indicating a clear seismic gap between 33.8 and 40.9° E,
where segment 2 lies. The areato the east of 41.8° has been identified
already as another seismic gap (Toksoz et al., 1978).



Table 1. List of historical earthquakes

in the Erzincan Region.

Number Date Intensity (1) Number of casuaities
(1) 1045 X-X1 hl g4
(2) 11681 VI ,

(3) 1165 Vil = 4
(4) 1168 VI 7 :
(5) 1188 vill 12,000
geg 1170 VIIL-IX -
4 1238 vl " o
(8) 1251 vIII e
((9; 1254-55 Vil 18,000
10 1268 IX 15,000
(11) 1287 v - iy
(12) 1289 VIIL - =
(13) 1308 )|
(14) 1358 v
(15) 1368 ' o
(18) 1374 vl ol
(17) 1422 VIII it
(18) 1433 VI
(19) 1458 X =¥ 32,000
(20) 1543 0 P
(21) 1578 Vil 1,500-15,000
(22) 1605 2
(23) 1667-8 VIII-X Falf of the town
was destroyed
(24) 1784 VIII-IX 5.000-15,000
(25) 1887 VI

* Documen:ed ~or S.ezerg 1932 o <era 1932, Solomon-Cav: 1936-1940, Parejas et al., 1941,

Pinar and _ahn 1952 Trgin et aL

1367 Amc-aseys 1970, 1975, Karmik 1972, Can 1974,
Soysai ¢t al., 1981, 1982, S:zaniog i 1382 1983
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Table 2. List of instrumental earthquakes with #, > 4.9, for the
1900-1983 interval in the eastern part of the NAF zone.

Epicenter
Number Dates Lat. N Long. E M Reference

(1) 1907/04/08 *39.30 40.40 4.9 a2
Damage at Kigi 2
(2) 1809/-/- - *38.3 40.3 5 4
Kigi 2
(3) 1909/05/03 *39. 40 53 4
(Tercan?) 2
(4) 1930,/04/09 *39.8 39.3 5. 3
(5) 1930/12/10 39.8 :39.1 5.8 1
39.5 39.4 5.4 4
*39.7 39.2 5.8 3
Slight damage at Kermak and Erzincan 2
(8) 1934/11/12 39.2 40.5 5.9 1
*39. 41. 5.8 4
(7) 1935,/05,/11 *39.3 40.6 6.1 4
(8) 1935/10/13  *39.4 40.2 5.1 1
3¢ 1 40.5 4.8 4
39.4 40.5 5 3
(9) 1939/11/21  *40. 39.7 5.9 1
39.7 40.4 4.7 (?)a
39.8 39.7 5.9 3

43 deaths at Erzincan, heavy damage

at Karakulak 2
(10) 1939/12,/26 *39.8 39.4 8 1
39.7 39.5 8 4
39.8 39.5 7.9 3
(11) 1939/12/29 *39.7 39.7 5 4
(12) 1340,0203 40.1 39.9 ? 5

45 deaths, Besin and Pulur destroyed

(13) 1840,02,04 *39.7 39.5 5 3



Epicenter

Number Dates . Lat. N L°!Z£_' E M Reference
(14) 1940/04/22 . 39.5 40, 52 1
*39.7 39.7 S. 4
39.8 39.9 49 3
at Erzincan 2
(15) 1940/05/29 *39.7 39.7 5. 4

40 buidings collapsed in the villages,

vicinity of Erzincan 2
(18) 1940/09/11 *39.9 38.8 5. 4
(17) 1941/11/08 *39.7 39.7 5.3 4
39.7 39.7 S. 3
at Erzincan 2
(18) 1941/11/12 39.9 39.4 5.9 1
*39.7 39.7 5.7 4
39.7 39.4 5.9 3
15 deaths, 100 injured at Erzincan 2
(19) 1948/5/31 ' *39.3 41.1 5.9 1
40. " 41.8 8 4
39.3 41.2 5.7 3
839 deaths at Varto and Usturkiran 2
(20) 1946/12/13 *slight damage at Pulumur 5.2 2
(21) 1949/8/17 39. 40.5 8.7 1
39.4 40.9 8.5 4
39.6 40.8 7. 3
*39.4 40.8 6
300 deaths at Karliova 2
(22) 1949/9/17 39.6 40.4 5.2 1
*39.5 40.8 S. 4
40.1 40.8 5.3 3
(23) 1949/8,/17 *39.8 40.8 5.2 3
(24) 1949/11 C! *33.3 40.3 4.9 3
shght damage at Kigi 2
(25) 133C €204 *39.3 41 4.9 3
(28) 1950 29 27 *39.4 41 4.9 3
two deaths at Varto 2
(27) 1953. 12 13 39.7 41.2 5.5 1
39.1 41.4 5.3 4




OF POCR Quaiiry
Epicenter
Number Dates Lat. N Long. E_ M Reference
(28) 1954/03/28  *39.1 41 5.2 4
(29) 1954/10/24  *40. 40. 5.8 4
(30) 1957/07/07  39.2 40.2 5.5 1
*39.2 40.3 5.3 4
39.4 40.5 5.1 3
7 injured at Kigi 2
(31) 1959/01/14 *39.5 40.4 S.1 3
 (32) 1959/09/10  39.7 414 5.8 1
39.8 41,7 S.1 4
*damage at Varto 2
(39.3 41.4)
(33) 1958/10/25  +39.2 415 5. 1
39.3 41.8 4.8 4
(34) 1958/12/25  *39.1(7) 41.8(?) 8.2(?) 4
(35) 1960/01/28 40.1 38.8 S 1
*39.5 39.5 5.9 4
felt at Kemah and Erzincan 2
(38) 1960,/08,/C9 39.9 39.5 5. 1
*39.5 39.5 4.8 4
(37) 1964,/09/4 39. 40.2 5 1
*39.8 40.3,40.2 4.6 4
felt at Cayirli 2
(38) 196411,/ 18 39.4 40.3 5.1 1
*39.9 39.9 4.9 4
39.5 40.3 4.9 3
felt at Erzincan 2
(39) 1965/08/31 *39.4 40.7 )
39.3 40.9 4.9 4
39.4 40.9 5.6 3
25 deaths, 40 injured at Karliova 2
(40) 1966,/03°07  *39.2 41.5 5.3 1
39.1 41.6 8 4
392 416 5.6 3
4 deaths at Varto 2



Epicenter

Number  Dates  Lat. N Long. E M Reference
(41) 1968/08/19 *39.2 41.5 8.8 1
39.2 41.8 7.1 4
39.2 41.8 8.9 3
2394 deaths at Varto and its vicinity 2
(42) 1968/08/19 *39.3 41.2 5 1
39.4 41.3 5.3 3
(43) 1988/08/14 *39.3 41.1 5 1
39. 41.8 5.1 3
(44) 1968/08/20 *39.4 40.9 53 1
39.4 40.9 5.3 1
39.4 40.9 5.1 4
39.4 41 .8.2 3
_ Damage at Karliova 2
(45) 1988/08/20 39.1 39.8 5.5 1
*39.1 40.7 5.4 4
39.2 40.7 6.1 3
(48) 1967/01/30 *39.4 41.5 5 3
(47) 1967/07/28 *39.5 40.3 5.6 1
39.5 40.4 6.2 4
39.5 40.3 6.2 3
97 deaths at Pulumur 2
398.5 40.4 5.8 7
4km surface faulting
118 azimuth, 20 cm right-lateral displacement 7
(48) 1968,/09/24 *39.2 © 403 5.1 1
39.2 40.1 5.1 4
39.2 40.3 5.1 3
2 deaths, 87 injured at Kigi
8 km length of surface faulting
150 azimuth, 25 cm vertical displacement 2,7
(49) 1968/09/25 *39.3 40.2 5.1 1
39.2 40.2 4.8 4
(50) 1969/09/10 *393 11.4 5.2 t
39.2 41.4 5 4
333 114 5.2 3

(51) 1970/08 03 3 in;ur=d at Kemahy 2



Epicenter
Number Dates Lat. N Long. E M Reference

~ (52) 1971,/05/22 *39.1 40.8 5.4 3

* Indicates preferred epicenter location which is shown in Figure 4.

1) Dewey, 1978

2) Tabban, 1980

3) Soysal et al., 198}; Sipahiogiu. 1983
4) Riad and Meyers, 1985

5) Nature, 1940c

8) Lahn, 1952

7) Ambraseys, 1975
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ABSTRACT:

A new tectonic model is presented for the puli-apart opening of the Erzincan basin-
in an effort to explain the relationship  between continental block kinematics and basin
formation. Our field studies indicated that the Erzincan pull-apart basin is not a typical
rhombic pull-apart basin, but it has a rather complex, two-stage pull-apart opening mech-
anism. This complexity is created by the nature of the tectonic escape of crustal blocks,

following the continental collision of the Arabian and Eurasian plates along the Bitlis

Suture Zone in eastern Turkey.

The first stage of westward pull-apart opening occurs between two divergent seg-
ments of the North Anatolian Fauit Zone, along which westward tectonic escape of the

Anatolian block is taking place, creating the northern part of the Erzincan Basin

The second stage of translational-rotational basin opening is initiated as a resuit of
fragmentation of the Anatolian Block and one of the segments of the North Anatolian
Fault Zone by the formation of the abliquely oriented, left-lateral strike-slip Ovacik Fauit
The present day basin geometry indicates 9+1 km. left-lateral offset and approximately

10 clockwise block rotation along the Ovacik Fault.

This complex, two-stage, divergent and translational-rotational, puli-apart basin open-
ing mechanism quite satisfactorily accounts for the geometry of the Erzincan Basin and 's

well supported by the available geoiogical evidence.




INTRODUCTION:

Although the °Pull-apart basin* concept was first introduced in 1968 (Burchfiel and
Stewart), it has received the attention of structural geologists since 1974 with the
papers of Crowel{1974a, b) on basins in southern California. Within the last decade a
large body of knowledge have bm acquired through detailed geological and geophysical
studies and a significant progress had been made in understanding the mechanism of dif-
farent tynes of pull-apart ba#iﬁ formation and evoiution in strike-slip settings. A
collection of papers and their references, that are contained in two books (Ballance and
Reading, 1980; Biddle and Christie-Blick, 1985), which are devoted to strike-slip basin

formation and sedimentation, provide an excellent rewiev on pull-apart basins.

The purpose of this paper is to ‘discuss the origin and evolution of the Erzincan
puil-apart basin (hereafter referred to as the EPAB)} emphasizing tha importamt role of
continental block kinematics in the basin formation, .and present a new, complex
pull-apart mechanism for basins in continental collision areas where tectonic escape pre-

vails.

The EPAB is situated on the North Anatolian Fault ione {(NAF2Z) and its long axis
strikes in NW-SE direction being parailel to the general trend of the fault zone
(Figure-1). The EPAB is approximately 50 km. long and widens towards SE reaching 15
km. width. Two other left-lateral faults, the Northeast Anatolian fault and the Ovac:
fault obliquely intersect the NAF zone at the NW and SE of the basin, respectively (Fig-

ure-1).

The EPAB has recently attracted considerable attention in the literature. However, as
shown in Figure-2a and b, it has been described as a typical rhombic pull-apart basn
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bounded by two parallel master faults belonging to the segments of the NAFZ in all the
previous studies (Sengdr, 1979; Aydin and Nur, 1982; Hempton and Dunne, 1984; Sengor
et al,1985). Our detailed fieid studies have indicated that the EPAB is not a typical
- rhombic pull-apart basin, but it has a rather c;mplox pull-apart mechanism and basin evo-

lution due to the critical role of the obliquely oriented (non-master), Ovacik fauit

(Figure-3).

In the proceeding sections we will present the details of stratigraphy and structure of
the EPAB based on our fisid observations and discuss the puli-apart mechanism and

basin evolution within a regional tectonic framework.
GEOLOGICAL SETTING AND STRATIGRAPHY:

In this region, there were two branches of Neo-Tethys befo;o Eocene (St8cklin, 1974;
Sengdr and Yilmaz, 1981). The northern branch used to separate the Pontides from the
Anatolide/Tauride platform and closed in Eocene forming the Pontide-Anatolide/Tauride
suture zone (PATSZ). Further south, the continental collision of the Anatolide/Tauride plat-
form with the Arabian piate took place in mid-late Miocene (Hall,1976; Perincek, 1980;
Sengdr and Yilmaz,1981). This closure eliminated the southern branch of the Neo-Tethys
forming the Bitlis Suture zone (BSZ). The continental collision along the BSZ caused fur-
ther deformation and modifiéd the northern PATSZ along which, E-W trending narrcw
compressional basins occurred. These basins are bounded by mostly E;W trending thrus:s
and their internal deformation deliniates E-W. trending folds. As a result of the continuea
convergence following the continental collision along the BSZ, the formation of the Nor:~
Anatolian, East Anatolian, and Northeast Anatolian fault zones, which make up the bounc-
aries of major continental blocks such as Anatolian and Northeast Anatolian blocx-
(Figure-1), tectonicaily overprinted some of the existing basins and created new ones -

-3-
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to the tectonic escape of continental blocks away from the maxlrm.iti compression zone

(Ketin, 1948; McKenzie, 1972; Giilen,1984; Sengdr et al.,1988).

The stratigraphic characteristics of the Ncbgeno-ouatemary sedimentary sequences in
eastern Turkey indicate that there are three main stages of deposition being related to

the above tectonic evolution of this region.

The first stage is assccistsd wilth the wide-spread eariy Miocene transgression (irriitz,
1972; Luttig and Steffens, 1976; Sengér and Kidd, 1979) which deposited
sandstone/limestone lithologies passing upwards into shallow marine maris and reefal
carbonates (Ketin, 1950; Altinii,1988; $engor and Kidd, 1979). This facies unconformably
overlies oider sedimentary units or ophiolitic melange lithologies of the
Pontide-Anatolide/Tauride suture zone, reaching up to 7850m thlck;'tm (Ketin, 1950;
Nebert,1961; Aitinli, 19668). A marine regression towards late Miocene time, coeval with
the continental collision along the BSZ, is indicated by the increasing evaporitic
intercalations and appearance of lacustrine and fluvial sediments in the stratigraphic

record (Ketin, 1950; Altinii, 1966; Kurtman et al., 1978; Bektas, 1981).

The second stage of deposition filled approximately E-W trending narrow
compressional basing located close proximity to the suture zones. The Mus basin
(Kurtman et al.,1978; Saro§lu .and Giner,1981; Sengor et al.,1985) and Cayirli-Tercan basin
{(Ketin, 1950; Irrlitz,1972) are typical examples of this kind (Figure-1).. The Mihar-Ahmediye
basin which is situated to the NW of the EPAB, also falls in this category (Figure-3)
This stage is characterized by lacustrine and fluvial facies represented by
evaporits/sanstone/mari/congiomerate lithologies. The thickness of this unit varies from

place to place reaching up to 1750m. (Kurtman,1972; Tatar,1978). Nebert (1961
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reported Hipparion fossils from these sediments, indicating late Miocene age, which is

also confirmed by Irrlitz(1972), in the western extension of the Mihar~Ahmediye basin.

The third and final stage of deposition occur either within compressional basing as a
continuation of the second stage (e.g. Mus basin, Cayirii-Tercan Basin), or within newly
formed basing along strike-slip fault zones (e.g. EPAB, Niksar Basin; see Figure-1). Most-

ly lacustrine and fluvial deposits of Plio-Quaternary age represent this stage.

In the EPAB, all the exposed basin sediments belon; to this third stage of deposition,
which is characterized by Plio-Quaternary fluvial facles, ‘that contains playa deposits,
coarse clastics and basin margin conglomerates (Figure-3). Conglomerates are composed
of clasts of ophiolitic melange and Cretacecus-early Miocene carbonates. Occasional thin
tephra and crossbedded ~ thick conglam«ata layers are two characteristics of this
sequence. Thickness of this fossil-barren conglomerates reach up to 200m. Moreover,
sand to boulder size fragments and their ungraded, immature appearsnce suggest a rapid:
deposition in a tectonically active environment. Unfortunately, the total thickness of the
sediments in the EPAB basin is not known, because of the non-existence of deep weils
and seismic data. However, if it is assumed that the basin length versus sediment thick-
ness relationship of Hempton and Dunne(1984) is correct then, one can infer about 2.5
to 3km: sediment thickness for the EPAB as a rough approximation. In the EPAB, alluv:ai
fans are more developed along the northern margin. They are steep and composed of
recent debris flows and coarse grained braided stream deposits. Along the southern mar-
gin, fan sediments are deposited more gently and contain no recent debris flows. Braidea
stream flows are. also finer grained on the southern fans (Hempton and Dunne, 1984)
The central part of the basin is filled mostly by silts, sands, and gravels. The Euphrates
river becomes a meandering type as soon as it enters into the basin. A large sait playa
abuts the meander plain at one of the lowest basin elevations containing thermal arao
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soda springs. In contrast to the Euphrates :iver, Gardakdere and Eses) rivers {Figure-3)
preserve their braided character within the basin. Moreover, at least two levels of ter-
races are developed along these rivers. The upper terrace is about 40-50m. higher than

the present river base, while no terraces were observed along the Euphrates river.

About 15 small voicanic cones are aligned along the northern margin, while oﬁiy one
cone occurs close to the southern margin of the basinn They consist of dacites and

rhyolites. The age of the volcanism is 3.1-0.25m.v.(Bas.1979; Hempton and Limneman, 1984},
STRUCTURAL GEOLOGY

A genoni N-S compressional tectonic regime dominates the neotectonics of the
whole region in eastern Turkey dus to the continuing active convergence following the
mid-Miocene continental collision along the Bitlis suture zone. For example early-middle
Miocene sediments are folded and thrusted throughout this region (Pamir and Ketin, 1941;
Altinli, 1968; Tatar, 1978), as well as along the northern margin of the Arabian piate
(Rigo de Righi and Cortesini,1964; Ketin, 1968; Peringek, 1980; 5zkayu,1982). As shown in
Figure-3, early-middle Miocene limestone units and the E-W trending Mihar-Ahmediye
basin sediments are folded with fold axial traces striking E-W and the basin is bounded
by E-W trending thrusts in ~the north and south. Many other Miocene basins exhibit sim:-
lar deformational styles in eastern Turkey (Kurtman et al.1978; Saroglu and Giner,1981

Sengor et al., 1985).

The EPAB differs from the above mentioned basins becuse of its NW-SE trenairy
long axis and its apparent younger age. The basin's NW-SE trend parallels the trend c*
kthe NAFZ and this suggests an intimate genetic relationship between the NAFZ and EPAB
in fact, the NAFZ forms the entire northern boundary of the EPAB and serves as a mas
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te- fault. The NAFZ consists of three major segments in this region (Figure-3). The
geometry .and the interaction of thess segments are exteremely important for the under-
standing the origin and evolution of the EPAB.

SEGMENT-1: This easternmost segment is about 78 km. long and trends 110" N
azimuth. The best physiographic fauit expressions, such as linear valley and ridges, are

developed to the east of the Tanyeri village. The southern block is uplifted about 30 m.

relative to the northern one along this segment.

SEGMENT-2: This segment forms the northern boundary of the EPAB. It has approxi-
mately 58 km. length and trends 128° N azimuth. The soutﬁ?atom end of this segmem
consists of a number of small en echelon faults. Fauit tracu“and related shear zone
deformation are best developed near Bahik village. As shown in Figure-4, the fault plane
steeply dips to the south and the southern block is uplifted. The analysis of structures
indicate a dominant rigth-lateral strike slip and a subordinate thrust components along the
Segment-2. Furthermore, along the northwestern half flower type of thrusting (Harding et
al., 1985) are also common. The 15° difference between the Segment-1 and 2 trends.
along with an approximately 4 km. releasing stepover between them indicate that these
two segments functioned as divergent master faults at the initial opening stages of the

EPAB.

SEGMENT-3: This segment starts around Ahmediye village and extends westward abou:
320 km striking 105" N azimuth (Figure.3). Within the area of interest, it shows clear
geomorphologic fault expressions in the vicinity of the Mihar village. The 1939 Great
Erzincan earthquake (M=8.0) activated not only this segment, but also Segment-2, produc-
'ing 4 m. right-lateral and 1 m. vertical displacements with the uplifted southern blocx
(Pamir and Ketin,1941; Ketin,1969). The 20 difference between the trends of e
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Segment-2 and 3 forms a restraining bend to the NW of the EPAB where the epicenter
of the 1939 Erzincan earthquake is located (Figure.5c).

OVACIK FAULT: The Ovacik fault is also another important structursi element which
contributed to the evolution of the EPAB (Figure.3). It is a left-lateral strike-slip fault
and is mapped in detail by Arpat and Sarodiu (1975). The Ovacik fault is obliquely posi-
tioned relative to the NAFZ and starts from the southeastern end of the EPAB, extends
about 1.20km. towards SW with 80 N azimuth. }t cuts the Qaiernary giaciai moraines of
the Ovacik basin {located to the south of the study area, see Figure-1) where the fauit
plane steeply dips SE indicating dominant left-laterat strike-siip and subordinate thrust

components with the uplifted southern block.

The mechanical interpretation of the above mentioned segments of the NAFZ is shown
in Figure.5a. According to this interpretation, Segment-1 and 3 are main displacement
shears (D-shear), Segment-2 is a Riedel shear (R-shear), and the southeastern end of the

Segment-2 has also a R1-shear (Riedel within Riedel, Tchalenko,1970).

Relative stress directions obtained from analysis of mesoscopic scale fractures meas-
ured in the Neogene-Quaternary sediments are shown in Figure-5b. In this analysis, sin-
gle , conjugate fauits and slickenslide lineations were used (Hancock and Barka, 1981
Angelier, 1984; Hancock,1985). Stress orientations that are obtained from the analysis

indicate NNW-SSE compression and related ENE-WSW extension which agree with a sec-

46ndary stress field related to the right-lateral NAFZ

The fault plane solutions of 1939.12.26 (M=8.0), 1967.7.26 (M=5.8), and 1983.11.18

(M=4.8) earthquakes aré given in Figure.5c. These solutions are consistent with the above

interpretation of mesoscopic fracture analysis. Note that, the solution obtained fr-~
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1983.11.18 earthquake gives an ENE-WSW extension and clearly differs from the others.

This can be interpreted as an indication for the active opening of the EPAB and will be

further eiucidated in the next section
ORIGIN AND EVOLUTION OF THE ERZINCAN PULL-APART BASIN (EPAB):

Contrary to the northern margin of the EPAB, our detailed field studies and aerial
photo interpretations show no evidence that the southern margin of the basin is con-
trollad by an active strike-slip fault which extends southeastward, well outside of the
basin limits (see Figure-2), as suggested by $engdr{1979), Aydin and Nur{1982), and
Hempton and Dunne(1984). Although the southern boundary of the basin is quite linear, in
fact bounded by a fault, this fault is abruptly terminated by the Oyacik Pault (Figure-3).
As a result, the southern basin boundary fault does not form en echﬁon master fault
pair with the northern one (Segment-2 of the NAFZ) to 6pen the EPAB as a ‘typical
rhombic pull-apart basin®. Furthermore, the basin margin and alluvial fan slopes in the
north are at least twice as steep than the ones along the southern boundary, suggesting

that, these basin bounding fauits have differant characters.

it seems that, the pull-apart opening of the EPAB first occurred between the
Segment-1 and 2 of the NAF zone (Figure-5). In fact, this area has the lowest elevation
within the EPAB and is occupied by the alluvial plain of the Euphrates river and a sait
playa. Since, there is a 15° angle and 4km. releasing stepover between these segments
'they can function as divergent master faults (see Mann et al., 1983 for detailed dis-
cussion on divergent master faults). This configuration can open only a westward
widening pull-apart basin (the basin area labeled with M in Figure-5a). However, even
this arrangement is not satisfactory to explain the present-day basin geometry, whicn
exhibits southeastward widening, where the puli-apart stepping is narrow. We sugges:

-9-
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that, eventhough it is not a ‘master fault’, the Iéft-latenl strike-slip Ovacik fauit
(Figure-3 and 5) is responsible for the opening of the basin area labeled with N in Fig-
ure-5a. Thus, modification of the original basin ‘geometry by the critical contribution of
. the Ovacik fault does hot only explain- the complex puli-apart opening of the EPAB by
solving the above geometric promiem satisfactorily, but also negates the need to search
for or infer a major strike-siip master fauit which would extend well to the east of the

Ovacik fault. Based on the above discussion and presented evidencs, we suggest the

following model for the origin and evolution of the EPAB.

The continental collision along the Bitlis Suture zone in mid-late Miocene time caused
the break up of the Anatolide/Tauride platform into a number of continental blocks (e.g.
Anatolian block, Northeast Anatolian block) by the formation of major strike-siip faults
such as the North Anatolian, East Anatolian, and Northeast Anatolian fault zones
(Figure~1). Under the N-S compression, the Anatolian and Northeast Anatolian blo_cks
tectonically escape from the zone of maximum compression westward and eastward,
respectively. The eastern part of the NAFZ functions as a common strike-slip boundary
between those blocks. According to our interpretation, the two segments of the NAFZ
{Segment-1 and 3) initially had roughly 20 km. wide releasing stepover with a separation
of 60 km. in the Erzincan arsa (Figure-6a). The aspect ratio of the original stepover
(20/6020.33) corresponds to approximately 20" angle, which allows formation of a R-shear
in between, rather than 20 krﬁ, wide pull-apart opening (Figure-6a). Being consistent wutn
en eche}on structures of a strike-slip fault zone which evoives under simple shear
{Tchalenko and Ambraseys, 1970; Wilcox et al.,1973; Harding, 1974; Barlett et al., 1982
Hancock,1985), newly formed Segment-2 (R-shear) makes 15°% angle with Segment-1, leav-
ing 4 km. stepover (Figure-8b). This small, secondary stepover and the 15° divergence
angle causes the initial westward pull-apart opening of the EPAB due to the right-latera
displacement along the NAFZ, caused by the westward escaping Anatolian bic:«
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(Figure-6¢). The beginning of the volcanic activity within the EPAB g probably related to
this stage, because about 15 small voicanic cones are aligned slong the southeastern
part of the Segment-2 (Figure-3 and 6c¢). If this assumption is true, then the timing of
this stage can be estimated as roughly 3.1 m.y. before present, based on the oldest ages

obtained from the volcanics.

After some ‘amount of initial opening (M1 area after ca. 25 km. right-iateral dis-
placement), eastern part of the Anatolian block, as well as the Segment-1 of the NAFZ,
were further divided into two; A1, A2 blocks and S-1a, S-1b segments, respectively
(Figure-8d), by the formation of the left-lateral strike-slip Ovacik fault. This break up of
the Anatolian block is probably confined only to the upper 10-15km., brittle zone of the
continental crust, but at present we do not have any direct evidence to substantiate it.
The fragmentation of the Anatolian block into At and A2 blocks was probably required
because of the locking effect of the restraining bend, where the Segment-2 and 3 of
the NAFZ intersect, against the westward motion of the Anatolian Block. The presence
of unexpected positive flower structures along‘ the northwestern half of the Segment-2
and Segment-3, indeed suggest such a locking effect, indicating intense compression
around the restraining bend region (Figure-3 and 6d). Also the occurence of great earth-
quakes (M =8) in this region provide another supporting evidence. Having this new block
configuration, the segments of the NAFZ and the Ovacik Fault can accomplish thg west-

ward tectonic escape of the A2 block under continuing N-S compression.

Now, the tectonic escape is also accompanied by a clockwise rotation of the A2
block relative to A1 along the Ovacik Fault. This clockwise rotation is caused by tre
restraining intersection along the NAFZ, in comparison to the straight, freely moving
Ovacik Fault. While great earthquakes produce intermittent right-lateral displacements alorg
the NAFZ by unlocking the restraining bend, the built up of shear strain during locke:

-11_
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periods cause clockwise rotation of the A2 block Eelatlvo to A1,. The block rotation
kinematics may be further ciarified with the following row-boat analogy (However, this
should not be taken literally, because we think that continental blocks ;ct like semi-rigid
bodies during deformation). Consider a row-boat cruising westward, the rows are in
towed position. If only the northern side row is inserted into the water, then the
row-boat rotates clockwise, pivoting around the row-water interface point, while still
sliding westward. In this example, the row-boat represents the A2 block, the northern
row. that is inserted into the water, 2cts like the restraining bend increasing drag forces
along the northern side. Having this block kinematics in mind, we suggest that, the south-
ern basin boundary of the EPAB (S-1a, Figure-6d) was the former westward continuation
of the Segment-1. As ‘8 result of the formation of the left-latersl Ovacik Fault,
Segment-1 was broken into two pieces (S-1a and S-1b) and the S-1a has been escaplﬁg
westward and rotating clockwise since then. This mechanism implies that the S-1a func-
tions as a clockwise rotating bresk away zone for the second stage opening of the
basir; area labeled with N in Figure-8d. The fault plane solution of the 1983.11.18 earth-
quake (M=4.8, see Figure-5¢), which gives WSW-ENE extension, provides a compelling
evidence for the above interpretation. Thus, the complex two-stage, divergent and
transiational-rotational, pull-apart opening model for the EPAB quite satisfactorily explains

the basin geometry and is well supported by the available geological evidence.

Moreover, we estimate aﬁout 9:1 km. left-lateral displacement along the Ovacik Fault
based on the present-day gesometry of the EPAB. This offset, in turn, gives approximate-
ly 10° clockwise rotation for the A2 block relative to A1, if the restraining bend, where
Segment-2 and 3 of the NAFZ intersect, is assumed to be the pole of rotation

{Figure-8d).
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While this complex opening is in progress in the southeastern half of the basin, the
northwestern tip is uplifting as evidenced by the occurence of hanging river tarraces
along Esesi and Gardakdere rivers and by the vertical block movements observed along
. the faults (Figure-3 and 6d). These features may be explsined by compressional and drag
forces exerted to the NW part of the Segment-2 and Segment-3, by the westward
escaping, clockwise rotating A2 block, which pivots around the restraining bend while
being slightly tilted southeastwards. However, an important distinction needs to be made
here. The southeastward tiiting of the A2 block could produce the sbove uplift features,
if indeed the vertical block movements observed along the faults (indicated by plusses
and minuses in Figure-6d) are associated with the tiiting. However, apparent vertical
block movements could aiso be produced, partly by aseismic, viscoelastic deformation of
crustal blocks along fault zones (Nur and Mavko,1974; Thatcher et al. 1980;
Reilinger, 1986). Alternatively, the ciockwise rotating break away zone could be responsi-
ble for the uplifting of only the northwestern part of the EPAB. if the restraining bend
region is assumed to be the polé of rotation, then the extension rate, the subsidence
rate, and presumably the width of the crustal slivers, that are sliced off from the break
away zone, will gradually increase from NW towards SE of the basin. The vertical rota-
tion of these gravitationally unstable crustal slivers (thinner, lighter NW tip, as opposed
to thicker, heavier SE end) would produce relative uplifting for the northwestern part of
the EPAB. Although, this second mechanism is quite likely to operate, at present, we can
not prefer decisively one of .the above two models with the available data. Of course. a

combination of the two would be a third possibility.

We can go one more step further and speculate that the extreme southeastern tip c°
the basin will eventually be closed with development of folding and thrusting (Figure-6c:
because of the intensifying compressional strain as a result of the A1 block's northwarz
penetration, which is facilitated by the left-lateral strike-slip displacement along :--
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Ovacik fault in fact, early stages of this deformation has aiready ".m.d to take place
within a wedge shaped area defined by the Ovacik fauit and Segment-1 of the NAFZ as
evidenced by E-W trending recent thrusting and active foliding (Figure~-3 and 6d).

Qur above model is based on only field geology data, Future palooﬁngn.glc and
geodetic studies to test and quantify continental block rotations and tilting, radiometric
age determinations on fault segments to better constrain the timing of the evolutionary
stages, and deep drilling-seismic nprofiling to revesl ths dstalls of siructure wiii. be of
great value towards testing 6ur prc;p;ne& model and an improved understanding of com-

plex puil-apart basin formation and evolution.

Finally, we believe that this work emphasises thif utmost importance of meticulous
fisld studies, along with a regional tectonic app}oacl:» for the study of pull-apart basins
in particular, and of a detailed knowledge of the fine Qcalc continental/crustal block

structure and its continuously changing nature for the study of continental tectonics in

general.
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FIGURE CAPTIONS:

Figure-1: Ma]or' tectonic elements of eastern Turkey, where the post-coliisional N-S
convergence between fho Arabian Plate and Pontides cause the escape of continental
blocks westward and eastward as indicated by large arrows. The study area is enclosed
by dashed lines. Major faults are highlighted with thick lines. Other active faults, that
have been mapped, are also shown. Abbreviations are: Erz, City of Erzincan; EF, Ecemis
Fault; MF, Malatya Fault; CTB, Gayirli-Tercan Basin; MB, Mus Basin; N8, Niksar Basin; OB,

Ovacik Basin.

Figure-2: Two previous pull-apart mechanism interpretations for the Erzincan Basin. a-
From Aydin and Nur (1982) depicting the EPAP as a typical rhombic pull-apart basin
bounded by the en echelon NAFZ segrﬁents. Q. Quaternary; T, Tertiary; pM&M, Paleozoic
and Mesozoic basement; HS, hot spring; VC, volcanic cone; F, fauit. b- Hempton and
Dunne’'s (1984) interpretation of the EPAB, which is quite similar to Aydin and Nur's

(1982) above interpretation.

Figure-3: Geological map of the Erzincan pull-apart basin and 'its vicinity. A general-
ized stratigraphic column is given as an inset. t1 and t2 denote two levels of terraces.
that are mapped along the Gardakdere and Esesi rivers. Note the lack of terraces along

the Euphrates river and its meandering nature.

Figure-4: A sketch of a natural trench on the Segment-2 of the NAFZ, where surface
breaks of 1939 Erzincan earthquake passed through {looking in the SE direction), showirg
shear zone related deformation featu}es such as fault planes, folds, and extensio~

fissures. The streonet (lower hemisphere projection) illustrates the geometrical orientatic~
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of these structures and their stress direc*ions. A man figure depicting one of us (AAB

1.68m. tall) is shown for scale.

Figure.5: lntarpretatidn of tectonic structures in the EPAB. a- A mechanical interpre-
tation of the fault segments (S-1,2,3) of the NAFZ. D, main displacement shear; R, Riedei;
R1, Riedel within the Riedel. b- Map showing analysis of mesoscopic scale faults meas-
ured within the Neogene-Quaternary sediments, showing NNW-SSE compression and
ENE-WSW extension aiong the NAFZ (large arrows). Streonets .are equal-area, lower hem-
isphere projection of reverse (planes with teeth), normal, and strike-slip (indicated by
small arrows) faults. c~ Fault plane solutions clearly indicating the active opening of the
EPAB. Solutions of 1939.12.28 and 1987.7.268 are from McKenzie (1972) and 1983.11.18
is from international Seismological Centre Bulletin (1983). Magnitudes of the earthquakes

are aiso given on the figure.

Figure-6: Tectonic evolution Stages of the EPAB. a-. Inferred initial geometry of the
S1 and S3 segments of the NAFZ, with 60km. separatibn (YY) and 20km. wide releasing
stepover. b- Formation of a R-Shear (S-2), which fills the gap (stepover) between S-1
and S-3, creates a secondsry, roughly 4km. wide releasing stepover, that makes 15
divergence angle with the Segment-1. c- Initial pull-apart opening (ca. 25km. right laterai
displacement) of the EPAB (basin area labelled with M1) between non-paraillel master (di-
vergent) faults (S-1 and S-2). due to the tectonic escape of the Anatolian and Northeas:
Anatolian blocks westward and eastward, respectively. Volcanic activity also starts' at tre
.eastem part of the basin during this stage. d-The formation of the left-latera:
strike-slip Ovacik Fault divides eastern part of the Anatolian Block and the Segment-1 c*¢
the NAFZ into two; A1,A2 and S-1a, S-1b segments, respectively. At present, S-1a
forms the southern basin boundary and the geometry of the basin indicates 9:1 k—
left-lateral strike-slip offset for the Ovacik Fault, suggesting clockwise rotation of :--
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A2 block reiative to A1. The southern basin area labeled with N represents the area that
has opened due to the transiational-rotational motin of the A2 block. Plusses (+) and

minuses (-} denote the observed relative vertical movements along the faults (see text

for further expianations.
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APPENDIX IV

GLOBAL POSITIONING SYSTEM MEASUREMENTS OF
FAULTING AND REGIONAL DEFORMATION IN TURKEY
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GLOBAL POSITIONING SYSTEM MEASUREMENTS OF FAULTING AND REGIONAL
DEFORMATION IN TURKEY

INTRCDUCTION

This is a proposal to use the Global Positioning System (GPS) to investigate
relative plate motions, intraplate deformation and fault activity in Turkey. The
proposed experiment will consist of repeated determination of selected
baselines at approximately two year intervals. We anticipate a joint effort
involving our collaborating institutions in Turkey (Middle East Technical
University, Earthquake Research Institute, Defense Mapping Agency), WEGENER
(Working Group of European Geo-scientists for the Establishment of Networks
for Earthquake Research), and the United States (NASA Geodynamics Project,
Massachusetts Institute of Technology (MIT), University of Colorado at Boulder).
Funding for the United States university participation in this project is being

provided by the U.S. National Science Foundation (NSF).
The three primary objectives of this experiment are:

(1) To monitor strain accumulation and release along the major fault systems
in Turkey with special emphasis on the North Anatolian fault (NAF) and
East Anatolian fault (EAF).

(2) To measure directly internal deformations of the Anatolian plate wedged
between the Arabian, African, and Eurasian plates. These measurements
include: a) Westward "escape’ of the Anatolian plate; b) Eastward "escape”
of the Northeast Anatolian block; ¢) North-south compression in Eastern

Anatolia; and d) North-south extension in Western Anatolia.

(3) To determine present-day relative movements of the African, Arabian,
Anatolian, and Eurasian plates. This objective is an extension of the

NASA/WEGENER Geodynamics Project to measure relative plate movements




in the Eastern Mediterranean with Satellite Laser Ranging (SLR)

observations.

We anticipate that this research will enhance our understanding of the
deformations induced by collision of continental plates, and the physical
processes responsible for the generation of seismic activity in this region,

thereby providing an improved basis for earthquake hazard assessment.

PROPOSAL

The details of this proposed measurement campaign were formulated on
the basis of discussions with members of the Turkish scientific community who
have been working directly with our group at MIT. We have also maintained
close coordination with WEGENER with which we will pool our instruments in
order to provide sufficient coverage to meet cur mutual objectives. We
emphasize that all aspects of the proposal are open to discussion and can be

revised by mutual agreement.

Instrumentation

All GPS observations will be made with TT 4100 dual frequency receivers.
We anticipate that a total of 12 instruments can be assembled for this project.
The source of these instruments is truly international and includes agencies in
the U.S. and Europe who have agreed to combine their rescurces in a common
project. Our group will be directly responsible for 3 instruments to be obtained
from the University NAVSTAR Consortium (UNAVCO) of which MIT is a founding

member.

Logistics

MIT will be responsible for transporting the 3 UNAVCO instruments together
with 3 trained operators to Ankara. Expenses for instrument transport to and

from Turkey as well as all field expenses for these operators will be provided by



MIT through a grant from NSF. We propose that our cooperating Turkish
institutions provide 3 additional operators (i.e., one per instrument) as well as a
vehicle and driver for each instrument for transport within Turkey. The
Turkish operators will be trained in the field if they do not have previous

experience with the TI 4100.

Whenever possible existing monumentation will be used. New monuments

will be set by the appropriate geodetic agency within Turkey.

Field Operations

Three of the 12 GPS instruments will maintain continuous observations at
fiducial sites separated by distances of' a few thousand kilometers (e.g.,
Greenwich, England; Matera, Italy; Dyarbakir, Turkey) in order to provide
control on the satellite orbits (a fiducial site is a site with a previously
determined well established position, for example from SLR measurements).
Three additional SLR sites near the local GPS observations will be observed
during each measurement round. This leaves 6 instruments to occupy the
mobile GPS sites. Most of the mobile GPS stations will be observed for 3 days
with substantial overlap between consecutive observing sessions. We propose a
two phase observation scenario consisting of measurements in Western Turkey
during the first phase and measurements the following year in Eastern Turkey.
These two networks will be tied through overlapping observations at local
fiducial points. The proposed sequence of observations for the provisionally

selected stations shown on the accompanying map is given below.

A joint reconnaissance will be performed by our Turkish collaborators and

one mernber of our group farniliar with GPS field oneralions.

It can be assumed that repeat measurements will initially be made at two

year intervals.




.Point Selection

The accompanying map shows provisionally selected GPS sites and existing
SLR sites in Turkey. Not shown are the sites near the fauit-crossing geodetic
networks (i.e., Taskesti, Gerede, and Ismetpasa) along the North Anatolian fault
which are being proposed separately by WEGENER. Points were selected for
accessibility, to maintain geometric network strength and to most effectively
address the important tectonic problems in the region. This includes
monitoring the nature of deformation along the NAF and EAF, crustal extension
in Weétern Turkey and ongoing continental collision and associated "escape” of
the Anatolian blocks in Eastern Turkey. The network in Eastern Turkey includes
two friple junctions: Karliova at the intersection of the NAF and EAF; and Maras
at the intersection of the EAF and the Levant transform (i.e., De.ad Sea fault

zone).

Schedule

The [ollowing general schedule is proposed:

- reconnaissance in Western Turkey in the autumn of 1987
- monumentation completed in Western Turkey in the spring of 1988

- first phase of observations in Western Turkey

in September 1988

- reconnaissance in Eastern Turkey immediately following

the first observation period

- monumentation completed in Eastern Turkey in the spring

of 1989

- observations in Bastern Turkey in the aulumn of 1989




A possible schedule of observations at the mobile GPS stations shown in the
accompanying map is as follows:
Phase | Western Turkey (September 1988) -
day 1: observe sites 1, 2, 3,4, 5, 6
day 2: move sites 1, 2; observe sites 3, 4, 5, 6
day 3: observe sites 3,4, 5,6, 7, 8
day 4: move sites 3, 4, 5, 6; observe sites 7, 8
day 5: observe sites 7, 8, 9, 10, 11, 12
day 8: move sites 7, 8; observe sites 9, 10, 11, 12
day 7: observe sites 9, 10, 11,.'12. 13, 14
day 8: move sites 9, 10, 11, 12; observe sites 13, 14
day 9: observe sites 13, 14, 15, 16, 17, 18
day 10: move sites 13, 14; observe sites 15, 16, 17, 18
day 11: observe sites 15, 16, 17, 18, 19, 20
day 12: move sites 15, 16, 17, 18; observe sites 19, 20
day 13: observe sites 19, 20, 21, 22, 23, 24
day 14: move sites 19, 20; observe sites 21, 22, 23, 24

day 15: observe sites 21, 22, 23, 24, 1, 2

Phase Il Eastern Turkey {September 1959) -
day 1: observe sites 1,2, 3,4, 5, 6

day 2: observe sites 1, 2, 3,4, 5, 6

day 3: move sites 1, 2; observe sites 3, 4, 5, 6
day 4: observe sites 3,4, 5,6, 7, 8

day 5: move sites 3, 4, 5, 6; observe sites 7, 8
day 6: opbserve sites 7, 8, 9, 10, 11, 12

day 7: move sites 7, 8; observe sites 9, 10, 11, 12

day B: observe sites 9, 10, 11, 12, 13, 14




day 9: move sites 9, 10, 11, 12; observe sites 13, 14
day 10: observe sites 13, 14, 15, 16, 17, 18

day 11: move sites 13, 14; observe sites 15, 16,17, 18
day 12: observe sites 15, 16, 17, 18, 19, 20

-day 13: move sites 15, 18, 17, 18; observe sites 19, 20
day 14: observe sites 19, 20, 21, 22, 23, 24

n

2, 23, 24
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Data Reduction and Analysis

All participants in the project will have full access to the data collected.
Office space, computer time and technical assistgnce can be provided at MIT for
a number of Turkish scientists to participate in data reduction. Agreement
between the participants in the project is to be reached on the form and time
of publication of the initial results insofar as the conclusions refer to the

Turkish geodetic network.
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