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The appropriate evaluation of them is more important than the amount of data.



PREFACE

People are increasingly experiencing strong ground shakings during the earthquakes in the
world. Before high population and urban expansion, the earthquake threat had been widely
ignored in general. Rapid population growth in Turkey and urban expansion are placing
pressure on the local authorities to allow the development in areas that are previously
considered unsuitable because of their exposure to hazards such as earthquake, flooding or
landslides. Strong ground shaking is one of the threats that the people face today and will be
in the future. In spite of the fact that every individual will never be ready enough for disasters,
there are many lessons to be learned from the earthquakes to prevent and mitigate the lasting
and future disasters and minimize the risk. For this reason, we should evaluate all
opportunities such as experienced earthquakes like occurred in Turkey in 1999. In addition,
for the future planning and decision-making processes to work effectively, hazard information
must be captured systematically. Diizce city experienced two major earthquakes on August 17
and November 12, 1999. Active tectonic)s has been and will continue to be of great interest to
me. The primary purpose of this PhD study is to understand and to learn scientific techniques
for studying earthquakes and to provide people geological information about earthquake
hazards. Most of the paleoseismological results are being published by TURQUA
organization (Turkish Quaternary Symposium V, 2-5 June 2005 in Istanbul).
Paleoseismological investigations provide the direct evidence about the surface deformations.
However, these are providing indirect evidence about crustal deformations. In addition,
deformation along the faults associated with displacements is known to be chaotic and thus,
exhibits a statistical process. So, most of the parameters are derived using some
approximations. The following contribution might be serve as a general idea about the

seismotectonics of the Diizce area and recurrence period of large earthquakes along the Diizce

fauit.



LIST OF FIGURES

Figure 1. Location of the study area. A: Seismicity and active fault map of Turkey and surrounding area. Black
dots are all the earthquakes taken from USGS catalogue. Red lines are active faults (Saroglu et al., 1992). B: The
study area is shaded from southwest on the relief map. It is shown with a rectangle in A. Red lines are surface
breaks of earthquakes since 1944. P: 2.

Figure 2. The surface breaks of 1999 Kocaeli (yellow line) and 1999 Diizce (red line) earthquakes on
topographic map. White line shows other active faults and dashed line is probable active faults. P: 3.

Figure 3. Locations of trench sites that age resulis were got from excavations along the Diizce fault on relief
map below that shaded from southwest. The map area is shown with a rectangle in the map above. There is one
trench site in Kaledibi, one site in Bend and two sites in Tongelli location. Map location is shown with a
rectangle in Fig. 1B. The red line represents the surface breaks of the 1999 Diizce earthquake. P: 4.

Figure 4. Active subparallel strands of the western part of the NAF (WNAF) zone in the Marmara region (west
of about 31°30" longitude); yellow line: Northern Armutlu strand (NArS), green line: Southern Armutlu Strand
(SArS), Blue line: Southern Almacik Strand (SAIS), Red Line Northern Almacik Strand (NAIS). White line:
Single strand part of the NAF. Orange line: Bursa strand. Dashed lines: probably active faults. The fault
locations have been compiled from Arpat et al. (2001), Ambraseys and Zatopek (1969), Ocal (1959), Tagman
(1944) and this study. P: 6.

Figure 5. Surface rupture of the 1999 Kocaeli (yellow line), 1999 Diizce (red line), 1967 Mudurnu (white line),
1957 Abant (black line) and 1944 Bolu (light green line) earthquakes on the relief map shaded from southwest.
The dark green line between the 1999 Diizce and:Kocaeli surface ruptures represents a part that was ruptured by
both of the earthquakes. The rupture locations of Mudurnu, Abant and Bolu earthquakes have been compiled
from Ambraseys and Zatopek (1969), Ocal (1959) and Tagman (1944), respectively. The other rupture locations
are drawn according to this study. P: 10.

Figure 6. Geomorphological map of the Diizce area (After Pekcan, 2000). 1: New alluvium. 2: Post Pliocene
erosional surfaces. 3: Dissected and deformed Pliocene erosional surface. 4: High mountaneous area. 5:
Dissected pediment. 6: Stream terraces. 7: Incised channel. 8: River. 9: Fault. Arrows show direction of down

tilting.

Figure 7. Topographic contour map of the study area on southwest shaded relief map. Yellow lines are active
faults. Circles are centers of setilements. P: 14.

Figure 8. Incised meandering of Biiylikmelen stream in mountain area on LANSAT TM image. Location of the
image map is shown above en relief map with a rectangle. See figure 9 for detail. The arrow on the LANDSAT

image shows shoot direction of the picture in figure 13. P: 15.

Figure 9. Meandering and incised meandering parts of the Kiigikmelen and Bityiikmelen streams. The locations
of maps below are shown on topographic map above. Meandering in the mountain area and in the Diizce plain
seems to be similar, implying that those in the mountainous area are incised equivalent of those seen on the

actual Diizce plain. P: 16.

Figure 10. Abandoned terraces and flat-lying eroded surfaces. Locations of the pictures B and C are shown on
LANDSAT image (A) including shooting points and approximate ranges of the picture area with ellipses.
Observation points 34 and 04 correspond shoot points of pictures B and C, respectively. The arrow in B shows
an abandoned terrace of the Biiyiikmelen stream. P: 17.

Figure 11. The lincaments along the borders of the Diizce basin and surrounding area on topographic contour
map. The first contour level is limited at 200 m to represent linear nature of the borders. P: 19.

Figure 12. Geology map of the Diizce area (After MTA, 2000). 1: Quaternary alluvium. 2: Pliocene continental
deposits. 3: Lower Miocene volcanic rocks. 4: Lower, Middle Eocene sedimets. 5. Paleocene — Lower Eocene
volecanic rocks. 6. Upper Cretaceous —~ Lower Eocene continental shelf deposits. 7: Turronian — Campanian slope
deposits. 8: Upper Cretaceous — Lower Eocene olistostromal deposits. 9: Upper Cretaceous — Paleocene shelf
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deposits. 10: Qphiolitic assemlage. 11: Lower Cretaceous — Paleocene deep sea sediments. 12: Jurassic — Lower
Cratecous sediments. 13: Paleozoic and Early Mesozoic sedimentary rocks. 14: Granitoids of Precambrian. 15:
Thrust. 16: Over thrust. P: 21.

Figure 13. Picture of the southern coast of Hasanlar Dam. Looking from west (see the arrow in Figure 8 for the
shooting direction of the picture). ENE-WSW lineations are remarkable on morphology because of the general
trend and dips of sedimentary layers. The flat surface in the figure represents bedding plain of limestones.
Primary (sedimentary) relationship exists between limestones which is resistant to erosion and clays along this
lineation. The lineation is related to material difference between the resistant limestones and weak clayey layers.
P: 23.

Figure 14. The location of observation points of young tectonic features on pseudo topographic map layer that is
draped on LANSAT-PAN image with topographic contours. Color scale shows altitude in meter. Intensity layer
of topographic map is shaded from north as natural shading of LANDSAT image. The A and B: Alluvium (Fig.
15-1,2,3). C and A: Young flatness on eroded basement rocks (Fig. 15-4,5) and eroded young alluvium (Fig. 15-
4). D and E young faults (Fig. 16-1,2). Light green line: 1999 Kocaeli surface rupture along the Aksu fault. Red
line: 1999 Diizce surface rupture along the Diizce fault. Dark green line: the surface ruptures of both 1999 Diizce
and Kocaeli earthquakes. P: 24,

Figure 15. Observations on young sedimentary and erosional features. 1, 2, 3 and 4: stream alluvium. 5:
erosional surface on basement rocks. 4: angular unconformity between basement and young alluvium and
younger flat-lying erosional surface developed both on the alluvium and the basement rock. See figure 14 for the
location points of observations. Observation locations of 1 and 4 are shown as point A; 2 and 3 are point B; 5
point is C in figure 14. Shooting directions of 1, 2, 3, 4 and 5 are about east, west, west, east and east,
respectively. P: 26.

Figure 16. Observations on young faults. The observation locations of 1 are shown as point D; 2 as point E in
figure14. 1: The picture was taken towards east. A young fault juxtaposes Lower-Middle Eocene bedrocks (left)
with unconsolidated clays (right). The contact is vertical, so the possibility of the strike-slip faulting is higher. 2:
The picture was taken towards west. Gravels in the young unconsolidated alluvium are showing vertical
lineations in a narrow zone. Considering vertical lineations, the fault is probably strike-slip.

Figure 17. Young fault in northwest of the Bolu basin along Elmalik fault. Light blue line: surface breaks of the
1999 Kocaeli earthquake; red line: 1999 Diizce rupture. Yellow line; 1967 Mudurnu rupture; black line: 1957
Abant rupture; white line: 1944 Bolu rupture; dark blue line: Bakacak and Elmalik faults (suggested by
Hitchcock et al., 2003). Relief map shaded from south. Outcrop in the picture shows a young fault that displaced
unconsolidated alluvium. On the right in picture above much older bedrocks (Cretaceous melange) are seen at
the same level with the young alluvium (Pliocene ?) to the left. Younger erosional surface that is cutting the fault
suggests inactive nature for the fault. P: 28.

Figure 18. Locations of the boreholes in the Diizce basin. Topographic retief map shaded from south. Black and
yellow points are the basement-reaching and hanging boreholes in alluvium, respectively. See table 1 for
information about the boreheles. P: 30.

Fignre 19. Sediment thickness map of the Diizce basin deduced from borehole data. Color scale shows
thicknesses. See figure 21 to see the map area and information about boreholes. P: 30.

Figure 20. Basement topography of the Diizce basin is deduced from borehole data (Table 1). Basement
topography (BT) grid (rectangle) is draped on contoured surface topography map (STM). Both are shaded from
south. First contour level of the STM is taken 300 m to avoid overlapping between colored area of the BT and
the STM contours. Along the southern and western boundary of the basin, two lows are noticed on the STM.
They are located around south and west of the basin on the STM (See fig. 19 or 14). The other low is at the
southwestern corner of the basin coinciding to the right stepping between the Aksu and Diizce faulis (see fig.

14).P: 31.

Figure 21. The borehole data and dummy points to produce sediment thickness model on surface topography
map (STM) shaded from south. Rectangle shows map area of figure 19. Black and red points are the basement-
reaching and hanging boreholes in alluvium, respectively. Green points are dummy data that are produced by
using surface topography map to constrain the model better. P: 33.
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Figure 22. The final basement topography model] (shaded from south), location of the boreholes and surface
topographic data points around basement area are surrounding the basin that is having zero sediment thickness.
See the figure 20 for interpretative explanation. Black and red points are the basement-reaching and hanging
boreholes in alluvium, respectively. Green points are the surface topographic data points on bed rock. These are
used to constrain a better model. P:34.

Figure 23. A basement topography model of the Diizce basin that is deduced from borehole data those reach to
the basement (Table 1). Black points are the basement-reaching boreholes in alluvium. Green points: surface
topographic data points that are used to constrain the model better. P:34.

Figure 24. Slip distribution and surface rupture of the 1999 Kocaeli earthquake on the contoured and shaded
(from south) topographic relief map (After Komut and Ikeda, 2000). The chart above is proportional to the map
below. The ruptured fault is colored with blue, yellow and red lines representing probable seismic segments on
the map. Red line: Aksu segment; Yellow line: Gélciik segment; Blue line: Cinarcik segment that was probably
ruptured during the earthquake. White lines are other active faults in the map area. Dashed white lines are
showing probably active faults. Red and yellow filled circles are representing dextral offset along the Aksu and
Golciik segments, respectively. P: 44.

Figure 25. Efteni Lake basin, a local depression in southwest of the Diizce basin above. The vertical slip
distribution of the 1999 earthquake below. To see the location of the Efteni Lake basin area as a local depression
according to the Diizce basin see the topographic relief and blue colored altitudes in figures 14 or 18. The color
scale shows altitude between 115 and 125 meters in this figure. First contour level is 130 m. Contour interval is
100 m. The local high in the western Efteni Lake basin is the alluvium cone of the Aksu stream (Fig. 34). Yellow
line: Surface rupture of the 1999 Kocaeli earthquake. Red line: 1999 Diizce rupture. The green line between the
1999 Diizce and Kocaeli surface ruptures represents a part that was ruptured by both of the earthquakes. The
map above is proportional to the vertical slip distribution below. “-” displacement represents north side down in
the slip distribution chart along the Y-axis. X-axis: the distance along the surface rupture according to zero point
at the 40:46:20.74N; 31:10:42.04E coordinates south of the Beykdy (See appendix 1). The only systematic
vertical (upside south) deformation occurred within the 5 km right stepping area between Diizce and Kocaeli
rupture. The 1999 Kocaeli rupture is reaching up to the Biiyiikmelen and Kii¢iikmelen streams (Fig. 35). P: 45.

Figure 26. Slip distribution of the 1999 Diizce earthquake. Yellow line: Surface rupture of the 1999 Kocaeli
earthquake. Red line: 1999 Diizce rupture. The green line between the 1999 Diizce and Kocaeli surface ruptures
represents a part that was ruptured by both of the earthquakes. On the other hand, some of the observers suggest
that the 1999 Kocaeli rupture extends trough 10 km south of Diizce, about 31:10E latitude (See Gokten et al.,
1999). The map above is proportional to the slip distribution chart below. Red “x” represents dextral and blue
points vertical offsets. “-” displacement represents north side up in the chart along the Y-axis. X-axis: the
distance along the surface rupture according to zero point at the 40:46:20.74N; 31:10:42.04E coordinates south
of the Beykoy (See appendix 1). The only systematic vertical (upside south) deformation occurred within the 5
km right stepping area between Diizce and Kocaeli rupture. 2 period moving average regression applied to draw
the trend lines. Blue and black lines are the trend of vertical and dextral offsets, respectively. P: 48.

Figure 27. The surface breaks of 1999 earthquakes on relief map (shaded form NNE) and probable seismic
segments of the Diizce fault. Segments are bounded by three left stepover areas within the Diizce fault (Fig. 30,
31 and 33). The segments are represented by different colors. Yellow lines show the surface breaks of the 1999
Kocaeli rupture in the area. Eastern extending part of the rupture has small en-echelon fractures. This is
represented by dashed lines. P: 49.

Figure 28. Eastern termination area of the 1999 Diizce surface rupture. See the easternmost observation point
(D0001) in the appendix 1 for location. Picture was taken by looking from west. En-echelon fractures are
reflecting right-lateral movement. They have been developed in the Asar valley followed by the highway, which
is under construction. Four to five of these en-echelon fractures form groups that repeat in every few hundreds
meters, fading eastward. Arrow is showing compass in 10x6x2 cm dimensions. P: 51.

Figure 29. Location of the small ridges along the Diizce fault on relief map shaded from north. P: 53.

| Figure 30. Sabakay left stepover area. White lines: the surface breaks of the 1999 Diizce rupture. Black dots
show downthrown block of reverse faults. Vertical displacement is about 50 cm. The color scale shows altitude
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that is also shown by contours. Colored altitude layer is draped on the south shaded relief map. See figure 29 and
27 for the location of the Sabakay ridge and stepover. P: 55.

Figure 31. Boncuk left stepover area. White lines: the surface breaks of the 1999 Diizce rupture. Black dots
show downthrown block of reverse faults. Vertical displacement is about 30 cm. Local left lateral offsets
occurred because of the resistance of Boncuk ridge to the right movement. The resistance leads in tear along the
eastern boundary of the ridge. Between the southern dextral zone having 150 cm slip and reverse zone around
N40°46'45" latitude the area is moving to the east having slip value more than reverse zone. Thus, the northern
boundary of the area is having left lateral component. A picture form the 45 cm left lateral offset rupture is
shown in figure 32. The color scale shows altitude that is also shown by contours. Colored altitude layer is
draped on south shaded relief map. See figures 29 and 27 for the location of the Sabakay ridge and stepover. P:
56.

Figure 32. Left lateral movement having reverse component along the southwestern boundary of the Boncuk
ridge along the Diizce fault. Picture is clearly showing left offset along the fences (looking from south). Sce
figure 31 for the location of the picture. P: 57.

Figure 33. Degirmen left stepover area. Black lines: the surface breaks of the 1999 Diizce rupture. Biack and
white dots show downthrown block of reverse and normal faults, respectively. Vertical and dextral
displacements are shown by white and black colored texts, respectively. The color scale shows altitude that is
also shown by contours. Colored altitude layer is draped on south shaded relief map. See figures 29 and 27 for
the location of the Sabakay ridge and stepover. The dextral offset difference is obvious between east and west of
31°5'30” longitude. Efteni segment that is mostly characterized by normal faulting ends between 31°4’30” and
31°5" longitudes. See figure 25 to locate the map area taking reference longitude 31°5'. P: 58.

Figure 34. Spiay of the 1999 Kocaeli rupture around western part of the Efteni Lake basin (Fig. 25) on the
alluvial fan of the Aksu stream. Yellow short lines are showing exact locations of the cracks that have systematic
strike. Yellow filled radar chart box upper left corner is showing general strike of the cracks. The strike is
measured mostly (more than 20 cracks) about N113°E that is evident from the yellow filled radar. Average
interval is at least one crack about every 100 m at the mouth of the Aksu valley. The color scale shows altitude
between 155 and 180 meters in this figure. Contour interval is 20 m. The relief is shaded from northwest to show
the details of the fan. Dark blue short lines are showing the location of cracks that mm to cm scale deformation
occurred during both 1999 Kocaeli and Diizce earthquakes and western termini point of the 1999 Diizce rupture.
P: 62.

Figure 35. Right-lateral displacements of the 1999 Kocaeli rupture near Kiigtikmelen stream. See figure 25 for
the location of the intersection point between the stream and rupture. Picture below and above were taken from
southwest and north, respectively. The offset is a couple of centimeters in the location that is shown in the
picture above. The offset that is deduced from en-echelon structures (see picture below) is more than 20 cm in
the area. P: 63.

Figure 36. Reconstruction by left-lateral dispiacement of the shutter ridges to the probable original locations
according to the morphological signs. The mach of the valleys suggest at this reconstruction is a possible one.
The map above is current relief. White line is the surface breaks of the 1999 Diizce rupture on this map. See
fignre 29 to see the location of the series of the shutter ridges. The relief is shaded from south. The figure below
shows left lateral reconstruction of northern block with respect to southern about 1 km along the Diizce fault (red
line). Blue lines are stream valleys. Take ridge and hill names and stream valleys as references to notice the

cumulated displacement. P: 65.

Figure 37. The 1999 Diizce rupture and Mezarlik shutter ridge. Looking from the east on Sabakay hill. Shutter
ridges exhibit typical strike-slip fault morphology lining up along the fault. See figures 29 and 36 for the location
of the ridge, the rupture and the Diizce fault. P: 66.

Figure 38. Linearity along the northern slope of the shutter ridges (dashed black line). This linearity suggests the
existence of an abandoaed rupture zone of the Diizce fanlt and probable southern migration of the fault zone
because of the counterclockwise rotation of the Almacik block (See text in section 3.1.3). Topographic relief
map is shaded from south. Color scale is showing altitude. See figure 29 for the location of the ridges and
northern {inearity. Same linearity also exists along the northern border of the Tilkili, Megelik, Yakup and

Mezarlik shutter ridge series (Fig. 36). P: 67.



Figure 39. Deflected alluvial fan of the Ugursuyu stream. Altitude colored between 210 and 450 meters (see
color scale bar) to identify relief along the fault zone. Relief layers are draped on aerial photo. Yellow dotted line
is showing the borders of the current fan. White dotted line borders an observation area that includes deflected
remnants of the older fan (Fig. 40). Numbered (1, 2 and 3) stream channels had been probably belonging to the
Ugursuyu stream. According to the horizontal length scale, the channel 1 on the older fan has been dragged up to
about 3 km to the east according to the main hill slope and Ugursuyu valley. The older fan area including
Sabakay ridge on the left stepping area of the 1999 rupture (Fig. 30) made up with alluvial deposits. P: 68.

Figure 40. The Sabakay ridge (Fig. 39) is made up with alluvial deposits that consist of granitoid and
sedimentary gravels and blocks which are transported by Ugursuyu stream from the main slope. P: 69.

Figure 41. Surface rupture of the 1944 Bolu earthquake (After Ketin, 1969). Black line: the 1944 rupture. P: 72.

Figure 42. The surface rupture locations of 1957 Abant (black line, after Ocal, 1959) and 1967 Mudurnu (yellow
line, after Ambraseys and Zatopek, 1969) earthquakes. Blue, red and white lines show the 1999 Kocaeli, Diizce
and 1944 Bolu ruptures, respectively in the map area. Color scale shows altitude. Relief is shaded from south. P:
72.

Figure 43. Damage distribution map. White dots: observation points. Black line: the 1967 Mudurnu rupture.
Ratio of houses “destroyed or damaged’ to ‘total number of houses’ in villages based on Ambraseys and Zatopek
(1969) grided and contoured. Color scale shows the ratio. 1: no damage; 2: 10%>; 3: 10%-25%; 4: 25% — 50%;
5: 50% — 75%; 6: 75% - 100%. The ratio is draped on topographic relief map that is shaded from south. Damage
in the south of the rupture was pronounced more than north. P: 74.

Figure 44. Location of the Kaledibi-1trench in Kaledibi site. The location of the site map below is shown by a
black box in the map above (See fig. 3 for the location of the map above). Black rectangie in the map below
represents the trench. The other trenches that are shown with gray rectangles are exploratory. Air is photo draped
on colored and contoured relief map shaded from south. Red line represents the 1999 Diizce rupture. P: 80.

Figure 45. Locations of excavations are shown on topographic map along the Mengencik segment. The .
rectangle to the left and right shows the Bend and Téngelli sites, respectively. See figures 46 and 47 for large-
scale maps of the rectangle areas. Trenches at the Cayir site in the location of right rectangle do not have visible
stratigraphy. Yellow and orange areas are Quaternary alluvium and alluvial cones of streams, respectively. Short
black lines: excavations, red line: surface breaks of the 1999 Diizce earthquake. Trenches that their names are
collared with red, contain dated events. Trenches that their names are colored with yellow contain events but do
not have dating. Trenches that their names are colored with black do not have visible stratigraphy. White squares
are observation points of the 1999 surface rupture. P: 81.

Figure 46. Tongelli and Cayir paleoseismological sites. The color scale shows altitude. Topographic data are
draped on aerial photo. Relief is shaded from south. Contour interval is one m. Trenches that names are colored
with red contain dated events. Trenches that names are colored with yellow contain events but do not have
dating. Trenches that their names are colored with black do not have visible stratigraphy. Dotted lines are
representing boundaries of the alluvial fans and dashed lines streams. See figure 45 for the location of the map
area in small scale. P: 82.

Figure 47. Locations of Bend 1, 2, 3 trenches in the alluvial cone of Bend stream. A: topograhic relief map of
the Bend site. Altitude is represented by color scale and relief is shaded from southwest. Rectangels are trench
locations. No event was recognised in a trench that has black font trench name. Events were recognised and
dated in the trenches that have red label. B is showing Quaternary developement of Band stream fan in the same
area on contoured (1 m interval) topographic map. Both A and B have identical scale. Trapped alluvial cone of
the Bend stream is shaded by dark yellow color drape on aerial photo. Light yellow is showing current bed of the
stream. The fan had been propagated back in to the valley filling it towards uphill direction because it has been
blocked from north by the Kahveci shutter ridge. Sce figure 45 for smaller scale topographic map of the area.
Convex fan geometry on the topography does not exist here. This rather abnormal 3-D geometry is probably
related to the erosion and faulting. P: 84.

Figure 48. The picture of the Cayir trench site looking from north and the excavator that was used for trenching.
See figure 46 for the location of the site. P: 86. '
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Figure 49. Gasoline powered water pump engine was used for dewatering operations. P: 87.

Figure 50. Trenches were shored by building a wooden frame in order to prevent collapse of the trench walls in
the unconsolidated sediments. Screw jacks were used for executing shoring. P: 88.

Figure 51. C decay curve. Decrease in radiocarbon with time according to radioactive decay (From Trumbore,
2000). Carbon content was expressed as the ratio of "*C to '2C. Half-life of B-decaying of “C to N is 5730
years. P: 93.

Figure 52. Radiocarbon calibration curve for recent years (Stuiver et al., 1998). Dilunation of amount of *C in
the atmosphere by releasing large amounts of '>C after about 1950. Over 400 years correspond to a plateau in
time range 1650-1950 A.D. P: 94,

Figure 53. Radiocarbon calibration curve from studies of tree-rings of the ancient trees (Stuiver et al., 1998). 1t
goes back nearly 11,000 years. P: 95.

Figure 54. Example of a wide time range radiocarbon calibration (R26946/5 sample, Table 2). Conventional
radiocarbon age of the sample is 266+50 years BP. Calibration curve of Stuiver et al. (1998) is shown as blue
line. Ervor curve of the conventional date is shown by red line. Probability curves of calibrated data are shown by
black filled curves. 61 (68.2% probability) ranges below the probability curves, 02 (95.4% probability) ranges
below G1 ranges and 99.7% probability range below 02 ranges. The conventional date corresponds to more than
one {three) corrected date ranges for this sample according to 02 and o1 threshold levels. This wide time range
is the result of plateau in time range 1650-1950 A.D. of the calibration curve (See also fig. 52). P: 96.

Figure 55. The picture of the Tongelli-1 trench (looking from north). Alluvial cone of the Tongelli stream was
excavated perpendicular to the surface rupture of the 1999 Diizce earthquake. See figure 46 for the location of
the trench. P: 99.

Figure 56. Log of the west wall of trench Téngelli-1. Carbon sample location is outlined in black rectangles. (e
ages is given in the rectangles. See figure 46 for the trench site. More detail drawing is available in appendix 4.
There are two structural blocks left and right of the 6™ meter (See the section 4.3.1.1). The 1999 rupture not
visible in the exposure because of the chaotic nature of the fault material. The rupture clearly observed on the
surface. The surface break location outlined in the figure. Event A was recognized as a normal faulting between
8" and 10™ meters and event F as a compressional feature related to a push up. The local depression between 0™
and 4™ meters occurred between the push-up and slope of the fan. Unit A is the fill deposited in the depression.
P: 100.

Figure 57. There is depressional area between the slope of the hill and push-ups of the surface break. Northside
up vertical displacements on the 1999 Diizce rupture, a couple of meters east of the Tongelli 1 trench. Pictures
above and below were taken by looking from eastsoutheast and westnorthwest, respectively. P: 101.

Figure 58. Log of the west wall of trench Tongelli-3. Carbon sample location is outlined in black square
(R28325/10). "*C age is given in the rectangles. Shaded area in Unit A is a wedge fill that contains gravelly sand
deposit (Unit C). Uniform deposition of the unit A around 2 m depth and around 2" meter from sotuh was
probably interrupted (locally) by the deformation related to event E and unit C fill the fissure that was occured
on the event horizon like the fissure of the 1999 event. The other fissure fill (Unit D) represents another event.
However it is not dated in this study. All of the events including the 1999 rupture have similar deformation as a
normal faulting in the site. Both the sizes and shapes of the fissures are similar to each other. The typical trough
morphology related to rupture clearly observed from the sruface rupture of the 1999 earthquake in the site (See
fig. 59). See figure 46 for the trench site. Th e tpart between 8™ and 13" meters of the rech log is imported from
the parallel trench (Tongelli-2). P: 104.

Figure 59. Surface deformation of the 1999 rupture near Tongelli-3 trench location. Trough morphology is clear
along much of the valley from the trench location to the east (See fig. 46). P: 105.

Figure 60. Normal faulting in clayey units (unit 2) cannot be seen because of their fine-grained nature. The

faulting can be recognized by the existence of three evidence at the same time. One is offset of the unit
boundaries (the boundary between units 1 and 2) below this kind of material. The other is existence of a cavity in
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the material. The cavity in the figure A related to occurrence of trough along the fault. The third, position of the
cavity that has similar geomeiry to the normal faulting should be just on the normal faulting that is directly
detectable along the boundary. P: 106.

Figure 61. Exposure of the Bend-1 trench. Carbon sample location is outlined in black square (R28325/9, Table
2). *C age is given in the rectangle. Unit D is shown with a rectified picture (Fig. 62) on log with radial
transparency. It is a wedge fill that contains gravel deposit. The surface rupture of the 1999 event is 1 m north of
the left boundry of the log and perpendicular to the trench. See figure 47 for the trench site. P: 107.

Figure 62. The picture of the eastern wall of the Bend-1 trench. A wedge fill contains gravel deposit (Sce fig.
61). P: 107.

Figure 63. The log of the east wall of trench Bend-3. Location of the 1999 rupture not clearly detectable do to
the fine nature of the material. Unit D is a wedge fill that contains gravelly silt deposit. Gravels are shaded by
gray and brick pieces with orange in this unit. Carbon sample location is outlined in black square at 0.5 meter
north of the station 2" and at the bottom tip of the wedge (R28325/3). "C age is given in the rectangle. The
saple represets the starting fime of the deposition of the fill material just after the earthquake. Unit A and B:
flood deposits. See figure 47 for the trench site. P: 109.

Figure 64. Kaledibi-1 trench exposure. Carbon sample location is outlined in black square (R28325/5). 1C age
is given in the rectangle. The deeper half of the trench are divided into four structural blocks accoridng to faults
a, b and c. The faulting b is burried by unit C and dated by the sample. See figure 44 for the trench location. P:
110.

Figure 65. Collapsed trench (Kaledibi-1). Some of the trenches have high collapse risk. P: 111.

Figure 66. Western wall of the Tongelli-1 trench. All the units bend towards the surface along the fault zone
related to compressional component. Black arrow represents the fault zone including the 1999 rupture. White
lines indicate unit boundaries. See figure 56 for the complete log of this exposure. P: 118.

Figure 67. Serial-A least square fit of maximum limits of the maximum constraining event dates (See table 2).
The November 12, 1999 (1999,9) event (0™ rupture) is set as intercept in regressions. Equations of the trends are
shown in boxes colored according to pattern and the color of the trend lines. The four events including 1999
event in the serial are designed using data from this study. The serial seem to be sequential. P: 121.

Figure 68. Serial-B least square fit of maximum and minimum limits of the maximum and minimum
constraining event dates (See table 2). The November 12, 1999 (1999,9) event o® rupture) is set as intercept in
regressions. Equations of the trends are shown in boxes colored according to pattern and color of the trend lines.
The earthquake recurrence interval value changes between 350 and 405 years according to Ol interval. The last
seven events including 1999 event in the serial are designed using data both from this study and from Hitchcock
et al. (2003). The serial seem to be sequential. This serial is extended version of the serial-A including data from
the previous study (Fig. 67). The data fills the gaps in my data and extends the serial back in time. P: 123.

Figure 69. Least square fit of the minimum limits of the minimum constraining event dates assigning the event
B to the 7™ rupture (See table 2). RMS values related to this design worse values than the fit that modeled
considering the event as the 6™ rupture. The November 12, 1999 (1999,9) event o™ rupture) is set as intercept in
regressions. Equations of the trends are shown in boxes colored according to pattern and color of the trend lines.
P: 126.

Figure 70. Probability distribution for the 1999 rupture (0 rupture) according to distribution for each
probability of the conststraints. This best estimation of the rupture is made my using the design of the final event
serial that is shown in figure 72. P: 128.

Figure 71, Probability distribution of the future rupture (-1 according to distribution for each probability of the
conststraints. This distribution calculated using the model that best estimates the 1999 o™ rupture (Fig. 70). P:
129.

Figurc 72. Final serial least square fit of maximum and minimum limits of the maximum and minimum

constraining event dates (See table 2). The November 12, 1999 (1999,9) event (0T is set as intercept in
regressions. Equations of the trends are shown in boxes colored according to pattern and the color of the trend
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lines. The earthquake recurrence interval value changes between 350 and 394 years according to 01 interval. The
last twelve events including 1999 event in the final serial are designed using data both from this study and from
Hitchcock et al. (2003). The oldest two events result in irregularities in the periodical model. Probably
unrecognized two events between 6 and 9" ruptures and one event between 9™ and 11™ ruptures in the sequence
erase the irregularities. This model is best estimates the 1999 event (See fig. 72) according to distribution for
each probability method (See section 4.4.1.4). P: 130.
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Abstract

In 1999, two earthquakes ruptured the Northern Almacik strand (NAIS) of the North
Anatolian Fault that includes the Diizce and Aksu faults, producing surface rupture along the
northern border of the Almacik block. Paleoseismological trenching is performed at four sites
along the Aydinpinar and Mengencik segments of four-structural-segmented Diizce fault. Six
dated-events from eleven trenches that cross cuis the fault zone provided insights on its
seismogenic behavior. The excavations from five trenches at three sites expose evidence for
six earthquakes that occurred since B. C. 1740. A shallow of watertable, unfavorable trench
materials and lack of financial support to perform 3-D trenching made the identification and
characterization of individual paleoearthquakes difficult. However, by integrating date
constrains of events from the trenches that were performed along the Diizce fault including
previous studies along the easternmost segment, a periodical recurrence model seems to be
concordant with the radiocarbon age data. Seven serial surface-rupturing earthquakes
including the 1999 Diizce event along the Diizce fault are defined. The model suggests that
the Diizce fault is behaving as a single éeismic segment at least for the last serial rupture in
Holocene time. The additional two older events are showing an irregularity in the serial.
Hitherto unrecognized earthquakes probably would eliminate this irregularity. A recurrence
interval is estimated by also considering the two older earthquakes. This final sequential
model suggests that 1999-type earthquakes repeat each 355135 year (% 70 probability). The
slip rate that was calculated from 350 cm average slip of the 1999 event and the recurrence
period is about 9.5+1 mm/yr having % 70 probability. This value is in agreement with
geodetic measurements (10 mm/yr) from independent studies. Because short time has elapsed
since the 1999 earthquake that occurred along the Diizce fault, the Diizce fault does not
appear to have an important seismogenic potential in near future. The Diizce plain is one of
the major basins of the Marmara region. There is no active faulting excluding Diizce and
Aksu faults that is detected in the basin and surrounding borders according to this study. In
addition to this pull-apart and then continuing active formation of the Diizce basin hypothesis
is not validated by rigorous data. Therefore, considering these data, it may be suggested that

Diizce area is not under a severe seismogenic threat for very near future.
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Ozet

1999 yilinda iki deprem Diizce ve Aksu faylarinn yer aldigy Kuzey Anadolu fayma ait Kuzey
Almacik kolunun kirilmaya ugramasimna sebep olup, Diizce havzasiun giiney smiri boyunca
ylizey kingi olusturmugtur. Dort yapisal pargaya ayrilan Diizece fayiun Aydmpmnar ve
Mengencik pargalarindaki dort yerde paleosismolojik hendek kazis1 yapilmistir. Fay zonunu
dikine kesecek sekilde agilan onbir hendekten elde edilen alti adet tarihlendirilmis deprem
olay1 fayin sismojenik davramg: hakkindaki ilksel diisiincelerin gelismesine hizmet etmistir.
Ug yerde agilan bes hendekten M. O. 1740°tan itibaren olusmus alti depreme ait kamitlar
ortaya ¢ikartilmigtir. Yilkksek yeralti suyu seviyesi, istenmeyen hendek malzemeleri ve
finansal destegin yetersizligi nedeniyle 3 boyutlu hendek agamama sebeplerinden 6tiirii eski
depremlerin karakteristik ozellikleri ve ayirt edilmelerinde giigliiklerle karsilasilmigtir. Ancak
Diizce fay1 boyunca agilmis hendekler ve en dogu pargada agilan Onceki ¢aligmalara ait
hendeklerden ortaya ¢ikartilan olaylara ait zaman siirlarin biitiinlestirilmesi ile yas verisi ile
ters diismeyen uygun bir periyodik deprem tekrarlama modeli bulunmustur. 1999 Diizce
depremi de dahil olmak iizere yedi yﬁ'zey king1 olusturan bir seri deprem tanimlanmustir.
Model Diizce faymin en azindan bu son seri i¢in Holosen’de yanhiz bir sismik fay parcasi
olarak davrandigina isaret etmektedir. Daha yaslh olan diger iki olay ise seride uyumsuzluk
gostermektedir. Ancak heniiz rastlanmamis olan depremler bu uyumsuzlugu muhtemelen
ortadan kaldirabilir. Bu iki deprem de isin igine katilarak bir tekrarlanma aralig
hesaplanmistir. Tekrarlamali son modele gore 1999 benzeri depremler 355+30 (% 70
olasilikla) yilda bir tekrar etmektedir. Kayma hizi miktan ise 1999 depremine ait 350 cm
ortalama atim ve bu tekrarlama aralifi goz Oniine alimarak % 70 olasilikla yaklasik 9.5+1
mm/yil olarak hesap edilmistir. Bu deger jeodetik dlgiimlerle ortaya konulan 10 mm/yil
kayma hiz1 miktar ile uyum igerisindedir. Diizce fayinda meydana gelen 1999 depreminden
bu yana az bir zaman gectiginden dolay: yakin bir gelecek i¢in Diizce fayr dnemli bir
sismojenik potansiyel teskil etmemektedir. Diizce ovast Marmara bolgesindeki Snemli
havzalardan birisini temsil etmektedir. Bu ¢alisma ¢ercevesinde yapilan arastirmalarda Diizce
havzas1 yakinlan veya simrlarinda, 1999 depremlerinde etkinlik gdstermis olan Diizce ve
Aksu faylarinin diginda bir diri faya rastlanmamstir. Ayrica, Diizce ovasmin bir ¢ek-ayir
havza niteliginde ve aktif oldugu savi yeterli ayrintida verilerle kanitlanamamis
bulunmaktadir. Bu nedenlerle. bu verilerden hareketle Diizce bolgesinin yakin gelecekte

onemli sismik kokenli bir tehdit altinda olmadigi gériigti agirhik kazanmaktadir.
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1. INTRODUCTION

On 17" August 1999, a destructive Kocaeli earthquake struck the city of Izmit and
surrounding area including the high-populated town of Diizce. The earthquake was followed
by a second destructive earthquake (1999 Diizce earthquake) to the east about 3 months later.
The November 12, 1999 Diizce earthquake (My=7.2) occurred on the Western North
Anatolian Fault System (WNAFS) near the town of Diizce (today, it is a city) that takes part
in the middle of Diizce basin. The 1999 Diizce earthquake was strongly felt in eastern
Marmara region including the city of Bolu. It resulted in tragic deaths and considerable
structural damage to buildings in Diizce city. In this study, basic geological data of the
seismogenic sources that are threating urbanization in the Diizce plain is provided. This site
and its broad vicinity are studied to identify potentiaily active faults behaving as a seismic
source (Fig. 1). Behaviors of the identified faults are described using earthquake-geology
techniques as well as existing literature. The 1999 Diizce and Kocaeli earthquakes served
great opportunity to make detailed investigations (Fig. 2). To utilize this opportunity and to
increase detailed information about the parameters of these faults, paleoseismological

techniques were used along the 1999 Diizce rupture zone (Fig. 3).

A critical issue facing seismic hazard analysis is; whether the fault catalogue which serves as
knowledge base for fault parameters is complete or not. The main parameters are (1) slip per
event, (2) slip rate, (3) recurrence time and (4) elapsed time. Starting from geological data, the
main parameters that describe the characteristics of the Diizce fault that were ruptured by the
1999 Diizce earthquaké (Fig. 2) are calculated. These parameters are all referred to the
occurrence of repeated surface faulting (large) earthquakes on the fault. Evidence and
reported dates are described for six large earthquakes in 3540 years before 1800 A.D. which
occurred before the 12" November 1999 Diizce earthquake. These events were revealed in
excavations across the middle part of the Diizce fault at four sites in three locations (Fig. 3).
Using several radiocarbon (**C) age determinations for various faulted late Holocene layers
including paleoseismological results of Hitchcock et al. (2003) from the eastern part of the

fault, a recurrence interval is suggested between the events in section 5.

In the section 4, the identified major active faults are described near the Diizce city using the



Figure 1. Location of the study area. A: Seismicity and active fault map of Turkey and surrounding area. Black
dots are all the earthquakes taken from USGS catalogue. Red lines are active faults (Saroglu et al., 1992). B:
The study area is shaded from southwest on the relief map. It is shown with a rectangle in A. Red lines are
surface breaks of earthquakes since 1944.




earthquake-geology data and reviewing some other earth science informations available for
them. The ability to determine fault characteristics by detailed studies on identified faults has
the potential to increase our ability to assess the risk posed by earthquakes. Nurlu et al. (1999)
constructed a new model using them and site parameters in Geographical Information System
that is showing potential seismic risk and hazard zones around Almacik mountain. In this

Kilometers

Figure 2. The surface breaks of 1999 Kocaeli (yellow line) and 1999 Diizce (red line) earthquakes on
topographic map. White line shows other active faults and dashed line is probable active faults.

study, seismic surface deformation caused by the 1999 Kocaeli and 1999 Diizce earthquakes
are mapped using the tectonic field observations, and the maps of the surface deformations of
other earthquakes that were occurred in the last 82 years on the other faults are critically
reviewed. One of the most surprising features of the 1999 Diizce earthquake is related to its
rupture geometry which appears to contradict what is commonly observed in strike-slip
earthquakes. Its fault plane dips to the north at a very low (~65°) angle which is inconsistent
with its rake. This angle was gathered by evaluating seismological data that were collected
from local stations by Milkereit et al. (2000). The other studies that depend on the modeling
of geodetic and seismic data show similar north directed dip angle ranging between 53° and
65° (E.g., Harvard, web; Yagi and Kikuchi, web; Ozalaybey et al., 2000; Bock et al., 2000;
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Ayhan et al., 2001; Biirgmann et al., 2002; Cakir et al., 2003 and Umutlu et al., 2004). The
other interesting point is related to its abnormal slip-to-rupture-length ratio (Ayhan et al.,
2001).

Identification at high spatial resolution of potentially seismogenic sources is of significant
relevance for risk management and constitutes the first step to describe active faulting. To the
west of the city of Bolu, the NAF forms a diffuse boundary that is produced by a couple of
parallel/semi-parallel strands in Marmara region. The diffusely deforming nature of the
Marmara region and the increase of residual velocities of slip vectors to the south in the
Aegean region have been proven by GPS measurements (Reilinger et al., 1997). It is probable
that evolution of the Aegean extensional tectonic regime has played role in changes or
evolution of kinematics in the Marmara region including the Diizce basin area. On the other
hand, the continental collision in the eastern Turkey could have driven the Anatolian block
(McKenzie, 1978). This driven force of the tectonic event could have played role about recent
kinematics in the Marmara region. Thus,' there are contraversary ideas related to driven force
for the movement of the Anatolian block and the kinematics of the Marmara region
(McKenzie, 1978 and Taymaz et al., 1991). None of the models could be chosen in this study
as a tectonic base because existing studies are not mature to explain the tectonic nature. Some
poorly investigated geomorphologic structures within the NAFZ were interpreted as active
faults in the Marmara region along the borders of the basins leaning on the pull-apart models
of Barka and Kadinsky-Cade (1988). On the other hand, after the 1999 earthquakes in Turkey,
incompleteness of the fault investigations and inappropriateness of the models to explain
active basin formations became apparent for the Marmara region (Arpat et al., 2001). In
addition, some geological investigations along the geomorphological lineations in the study
area suggest the existence of young but inactive faults. Based on paleoseismological findings
and rupture process of the 1999 Diizce earthquake, the Diizce fault takes up all the
geodetically detected motion between Eurasian plate and the Almacik block. According to
these lines of indirect as well as direct evidences, there is no active faulting in the Diizce basin
area excluding the Diizce and Aksu faults. On the other hand, geomorphological and
geological investigations regarding with differencial vertical movements in the area suggest a
young history for the Diizce basin. Considering all the findings, it may be suggested that there
is a recent change in the tectonic nature that seperates active tectonic cycle from the young
basin formation cycle. The recent variations in the tectonic regimes that consist of the study

area should be considered for active fault identification studies. Some of the young faults
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Figure 4. Active subparallel strands of the western part of the NAF (WNAF) zone in the Marmara region (west
of about 31°30" longitude); yellow line: Northern Armutlu strand (NArS), green line: Southern Armutlu Strand
(SArS), Blue line: Southern Almacik Strand (SAIS), Red Line Northern Almacik Strand (NAIS). White line:
Single strand part of the NAF. Orange line: Bursa strand. Dashed lines: probably active faults. The fault
locations have been compiled from Arpat et al. (2001), Ambraseys and Zatopek (1969), Ocal (1959), Tasman
(1944) and this study.

probably became inactive during the younger variations in the tectonic regimes as well as
during the evolutional history of the fault zones. Regarding with the relation between the
Aegean extensional system and kinematics of the Marmara region (McKenzie, 1978), some of
the young features in my study area that is situated in the eastern Marmara region shouldn’t
be concerned as active, because the recent collision (Early Pleistocene) along the South
Aegean Subduction Boundary might have altered the tectonic regime in the Aegean region as
well as the Marmara region including Diizce basin. Thus, this alteration might be resulted in
the inactivation of some faults that are young in the study area. For this reason, most of the
lineations that are detectable on morphology were revised in this study. To the near west of
Bolu, the NAF system has two apparent strands bounding the Almacik Mountain from north
and south. The northern branch is firstly called Northern Almacik strand (NAIS) and the
southern branch is the Southern Almacik Strand (SAIS) in this study. The strands in the
eastern Marmara region are distinguished each other according to their different slip rates and
locations. The right-lateral motion of the NAF seems to be shared by these two strands along
the longitude range from eastern and western margin of the Almacik Mountain (Ayhan et al.,

2001). These active strands and eastern extension of the NAF in the Bolu basin are close to
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the Diizce city (Fig. 4). These faults are categorized as close to the city because data used for
fault description should be obtained both from the site and broad vicinity of the targeted site
area. The effort is expended to identify possible active faults close to the city. Most of the
study on the identification of active faulting in and around Diizce city is documented under

the section 3 considering the regional tectonics.

“The electronic version” of the whole document including hyperlinks to the figures, tables,
captions of sections, references, appendixes and the documents of the some of the references

is included in the CD media to provide readers easy accesibilty.

1.1. HISTORICAL ACCOUNTS FOR EARTHQUAKES

The intensity of an earthquake does not require any instrumental measurements. Thus,
seismologists can use newspaper accounts, diaries, and other historical records to make
intensity ratings of past earthquakes for which there are no instrumental recordings. As
radiocarbon analyses constrain the fault ruptures which have been identified in my
excavations to the historical period, it may be possible to assign specific dates to these events
(see section 4.4). Such research helps to promote our understanding of the earthquake history

of a region and estimates future hazards better.

Instrumental monitoring of seismicity is marking the beginning of modern record. Thus,
earthquakes prior to instrumental monitoring are considered as a part of the historical record.
The available historical record is too short, sparse, and uneven quality in Diizce region. The
last rupture of the Diizce fault occurred in 1999 and we have detailed information about this
rupture. However, the historical records of major earthquakes affecting Diizce area before the
1999 event are missing. According to the reviews of historical records (Konukgu, 1984), even
before the first Turks (Ottomans) arrived, it is probable that Diizce basin and surrounding area
were one of the most populated regions in northwestern Anatolia, particularly around northern
part of the Diizce plain especially around Uskiibii (Konuralp) that is a settlement in north of

the Diizce plain. Uskiibii never lost its status. Diizce became a town in 1870 and a city in 2000

(Konukecu, 1984).

Centuries-long historical record is available for large earthquakes which affected Istanbul.

This is because Istanbul (formerly Constantinople) has long been a centre of trade and

political activity. Several earthquake catalogues have been compiled using this historical

record. Ambraseys and Finkel (1995), Ambraseys (2002) and Sakin (2002) have provided the
7



most recent review of historical records for especially Ottoman period. But, there is no
specific information about any Diizce earthquakes iﬁ these reviews. However, some obscure
information of historical record during Ottoman period regarding two earthquakes around
Bolu and Diizce have been reported in Ambraseys and Finkel (1995). These 1719 and 1509
events occurred in Ottoman period. Bakir (2002) made a systematic study concerning
earthquakes felt in the city of Constantinople (Istanbul) and its vicinity in Byzantine period by
reviewing historical records. Results show that there is no specific information on probable
Diizce earthquake. However, some information regarding an earthquake (September 2, 967
carthquake) felt in Bolu and Istanbul is given by Bakir (2002) (See also Ambraseys and
Jackson, 1998). During the 967 earthquake, there was no any damage in Istanbul, on the other
hand, in Bolu (Claudiopolis) the damage was substantial (Bakir, 2002). At this time, there was
a small town in Diizce on the contrary, Bolu is an important city (E.g., Konukgu, 1984). For
this reason, it could be recorded just for damage of Bolu area but not for the region of Diizce.
However, it could be still a Bolu fault earthquake as suggested by Ambraseys and Jackson
(1998).

During the 1509 Istanbul earthquake, walls and towers collapsed. The only available
information for Bolu region is very brief and, although it implies heavy damage, there is no
mentioning for the loss of life (Ambraseys and Finkel, 1995). “This was one of the largest and
most destructive earthquakes of the last five centuries in the Eastern Mediterranean; it
occurred in the Sea of Marmara, and was felt over & very large area, causing damage from
Bolu to Edirne.” wrote N.N. Ambraseys and C.F. Finkel (1995). Aftershocks had continued to
be felt intermittently for over a month in Istanbul and for eighteen days in Bolu. Since there
are no reports about the rupture, the location of the rupture is largely a matter of speculation
(Klinger et al., 2003). According to the reports (Ambraseys and Finkel, 1995), istanbul and
[zmit were severely damaged. The date of earthquake is also controversial (Sakin, 2002).
There are three dates designated to 1509 earthquake: 11 August 1509, 21 August 1509, and
10 September 1509. This discrepancy could be the result of a triggering phenomena like the

one which occurred in 1999.

The earthquake of 25 May 1719 desiroyed most of the towns on the coasts of the Bay of
fzmit, and was effective from Yalova to Diizce like 17 August 1999 Kocaeli earthquake. It
has remarkable similarity with 1999 Kocaeli earthquake according to historical records

(Sakin, 2002). In concordance with this idea, Ambraseys and Jackson (2000) have estimated a



magnitude of M; 7.4 for this event, identical to the magnitude of the 1999 Kocaeli earthquake.



2. GENERAL TECTONIC REGIME

The Diizce plain lies within the diffusely active part of the dextral tectonic boundary between
the Anatolian block and the Eurasian plate, which passes through south of the Black Sea
mountains along the northern Turkey. It is within the area of high seismicity and occupies one
of the highest earthquake activity regions of Turkey (Fig. 1A).

E3045
E31
E3115
31

Figure 5. Surface rupture of the 1999 Kocaeli (yellow line), 1999 Dilzce (red line), 1967
Mudurnu (white line), 1957 Abant (black line) and 1944 Bolu (light green line) earthquakes on the
relief map shaded from southwest. The dark green line between the 1999 Dilzce and Kocaeli
surface ruptures represents a part that was ruptured by both of the earthquakes. The rupture
locations of Mudurnu, Abant and Bolu earthquakes have been compiled from Ambraseys and
Zatopek (1969), Ocal (1959) and Tagman (1944), respectively. The other rupture locations are
drawn according to this study.

The tectonic boundary between the northern margin of the Anatolian block and southern
margin of Eurasian plate in Turkey has been called as North Anatolian Fault (NAF) since
1948 (Ketin, 1948). The NAF is a right-lateral tectonic system in an arcuate shape. Along its
eastern 1000 km, the structure primarily consists of a single fault. On the other hand, in the
west of Bolu it forms a diffuse boundary that is produced by a couple of parallel/semi-parallel
strands in the Marmara region (Fig. 4). Near to the west of Bolu, the NAF system has two
apparent strands bounding the Almacik Mountain from the north and the south both of which
have been ruptured by large earthquakes since 1944 (Fig. 5). The northern branch that is
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called as Northern Almacik strand (NAIS), was ruptured in 1999 by two large earthquakes:
1999 Kocaeli and Diizce earthquakes. The eastern part of the NAIS was ruptured during the
1999 Diizce earthquake and the western part during the 1999 Kocaeli earthquake that has
additional ruptured strands, further to the west, through Yalova (Fig. 2). The southern branch
which is called as Southern Almacik strand (SAIS), has been ruptured by 1944 Bolu, 1957
Abant and 1967 Mudurnu earthquakes (Fig. 5). The right-lateral motion of the NAF is shared
by at least these two strands along the longitude range from eastern and western margin of the
Almacik Mountain. In spite of the widely accepted suggestions of pull-apart model (e.g.,
Barka, 1992) for the Diizce basin, the active kinematics around the basin seems to be still a
matter of debate, as it is the case for the active kinematics of the other basins in the Marmara
region. Pull-apart and then continuing active formation of the Diizce basin hypothesis is not
validated by rigorous data. Elements of active pull-apart tectonic system are not presented
undisputably. No active faulting excluding the Diizce and Aksu faults is detected in the basin
according to the field study. Identification at high spatial resolution of potentially active faults
is of significant relevance for risk management and to construct a reliable tectonic model. The
success to determine fault characteristics by detailed studies on identified faults has the

potential to increase our ability to assess the risk posed by earthquakes.

The major task in this section is to identify active faults that are possible hazard sources
threating the urban areas in the Diizce basin. Each lineations that seem to be a fault trace were
studied. Some of them are faults and the others are not. Some of the faults are active and the
others inactive. Description of the term “active” could be discussionable as far as the practical
puposes are concerned. In this study the term active fault was used as a fault active in the
current kinematic pattern. The current and previous regimes that have shaped the study area
are discussed in the following sections. According to geological and geomorphological
observations, Diizce and Aksu faults are the active faults that are the elements of the current
kinematics in the Diizce basin. Some of the active faults in the Diizce basin are so close to the
city and some of them are outside of the basin but still close enough to affect it. For this
reason the study area, involve close vicinity of the Diizce basin. In the summary of this
section, a fault set is prepared that certainly threats the urbanization in the Diizce plain. The
proximity to the several tectonic regimes of episodes and overprinted pre-existing many
tectonic structures complicate the tectonics of the region. These structures orientate the local
active tectonic processes considerably. The presence of several parallel active dextral faults in

the region rather than of a single fault may be related to these structures. The consistent active
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tectonics is discussed at the summary of this section and the study on the prepared set of fault

is presented in the section 3.

As a practical matter, fault investigation should be directed at the problem of locating existing
faults and then attempting to evaluate the recency of their activity. The most useful and direct
method of evaluating recency is to observe the youngest geological unit faulted. However, in
most it is impossible or difficult to find valuable observation site (trench or outcrop) to apply
a direct method. For this reason, hardly applicable methods should be considered as a
subsequent stage after applying relatively more easily applicable methods. Therefore, fault
investigations need to be conducted in conjunction with various methods (McCalpin, 1996).
Recently active faults may be identified by the direct examination of young, fauit-related
geomorphic features that have been recognized on aerial images. Geomorphology gives first
and very realistic information about faults. On the other hand, sometimes geomorphological
findings could not be enough and many times, they need to be verified by other disciplines.
Geophysical investigations are indirect methods that require the knowledge of specific
geologic conditions for final stage relia'lble interpretations. Therefore, neither geophysical
methods and aerial images are sufficient to prove the absence of a fault nor they identify the
recency of activity. Earthquake surface breaks give important information about fault
mechanisms. However, they provide direct information just about surface deformation but not
about source fault. Most of the maps and cross sections based on instrumental seismicity, like
geological cross sections, are interpretive. In summary, all the disciplines are questionable and
are in need of verification. For this reason, a comprehensive study is tried to make and any
other methods are used to understand the tectonic phenomenon in both this section and the
following. Direct, indirect, and more interpretive methods are applied and related studies are

reviewed and criticized for the Diizce and surrounding area in this section.

2.1. GEOMORPHOLOGY

Differential vertical motions which characterize the evolution of the Diizce basin between the
plain and surrounding mountains are due to the active- and neo-tectonics. To investigate
through morphotectonic, geomorphology that has a relationship between topography and
active tectonics in the vicinity of Diizce plain was used. Morphotectonic was studied using
remote sensing (Landsat Thematic Mapper images, radar mosaics, 1:259,000), digital

topographic maps (1:25:000) and stereoscopic aerial photographs (1:8000 and 1:30000) of
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Figure 6. Geomorphological map of the Diizce area (After Pekcan, 2000). 1: New alluvium. 2: Post Pliocene erosional surfaces. 3: Dissected and deformed
Pliocene erosional surface. 4: High mountaneous area. 5: Dissected pediment. 6: Stream terraces. 7: Incised channel. 8: River. 9: Fault. Arrows show direction of
down tilting.




some local areas. To understand the Quaternary tectonics of the area, cycle of erosion is
important. In the area, a cycle started with an initial stage of a peneplaination. This was
followed by uplift and differential leveling of the Quaternary deposits. The landscape will
possibly wear down and it will approach to base level. Some well-defined geomorphologic
observations give important clues about tectonic history of the Diizce basin (Fig. 6; Pekcan,
2000; see also Ering et al., 1961 and Ardel, 1964). In addition, some geomorphic fingerprints

are also found concerning local active tectonics.
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Figure 7. Topographic contour map of the study area on southwest shaded relief map. Yellow lines are

active faults. Circles are centers of settlements.
In the surrounding mountains of the Diizce basin, the maximum elevation exceeds 1000 m
(Fig. 7). There are five main streams in the area. The mountains are drained by four main
streams; the Kiigiikmelen in the northeast, the Asarsu in the southeast, Ugursuyu in the south
and Aksu in the southwest to the Efteni Lake. On the other hand, the Efteni Lake has been
drained by Biiyiilkmelen stream to the Black Sea (Figs. 8 and 9). The Kiigiikmelen and
Biiyilkmelen streams have formed the deeply incised meandering water channels in the
mountain area (Figs. 8 and 9). The Bilyilkmelen stream bed itself continues meandering on
both mountainside and the Diizce piain. In addition to these rivers, the mountains at east and
north of the basin are characterized by a prominent set of small-incised meandering channels.
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Figure 8. Incised meandering of Biiyllkmelen stream in mountain area on LANSAT TM image. Location of
the image map is shown above on relief map with a rectangle. See figure 9 for detail. The arrow on the
LANDSAT image shows shoot direction of the picture in figure 13.

It should be noticed that in the mountain area the meandering pattern of the Biiyiikk and
Kii¢likmelen streams were originated in a tectonic phase (Phase-A) when the rivers must have
been flowing over a relatively flat area of their flood plain (Ering et al., 1961 and Pekcan,
2000). Then at some time, a relatively rapid lowering of base level occurs due to either the
uplift of the land or a lowering of the regional outlet level. The rivers no longer could
meander and just cut downward and incise into the surface of the peneplain that was formed
during phase-A. This marks the end of the initial tectonic phase (phase-A). The morphologic
anomaly which represents the Diizce plain must be related to tectonic forces that appear after
the formation of the peneplain. The flat plane (peneplain) subsequently elevated, the rivers
rapidly cut down (vertically) into their own meandering bed (existing meander) as they follow
the course of the original meanders to reach the level where the water likes to rest at the water
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Figure 9. Meandering and incised meandering parts of the Kiigllkmelen and Biiyilkmelen streams. The
locations of maps below are shown on topographic map above. Meandering in the mountain area and in the
Diizce plain seems to be similar, implying that those in the mountaneous area are incised equivalent of those
seen on the actual Dilzce plain.
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table. At the end, the result is the incised meandering drainage network. Meanderin pattern
could be seen along the valleys that have up to 400-m depth. Incised meandering rivers and
streams in the area are still cutting down through the rocks today and marking a recent
morphotectonic evolution printed on the valleys. How did the change occur from meandering
to incised meandering system form and when did it all begin? The answers of these questions
prove the morphotectonic history of the Diizce basin which is very valuable to locate active
and recently inactivated (young but inactive) features in the tectonic regime and old faults that
are related to paleotectonic regimes.

Al-h_h%j;k, .
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Figure 10. Abandoned terraces and flat-lying eroded surfaces. Locations of the pictures B and C are
shown on LANDSAT image (A) including shooting points and approximate ranges of the picture area
with ellipses. Observation points 34 and 04 correspond shoot points of pictures B and C, respectively.
The arrow in B shows an abandoned terrace of the Bilylikmelen stream.

Features such as abandoned terraces along rivers are also related to the tectonic uplift in the
area (Fig. 10). Abandoned stream terraces that are sitting unconcordantly on the folded old
bedrock in mountain area represent graded period of the streams that were in equilibrium
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condition before perturbation. They are preserved and observable on both sides of the valleys
of the Kiigiikmelen and Biiyiikmelen streams (Ering et al., 1961; Pekcan, 2000; see also, Emre
etal, 1999). They can be dated in the future studies to lighten the tectonic history of the area.

There are flat-lying surfaces on the top of the hills in the mountain area (Pekcan, 2000). This
observation is also in concordance with the geomorphologic data that were mentioned in the
paragraphs above. Flat-lying surfaces are the indicators of sudden uplift of mountain areas
according to neighboring depression, as they form isolated land forms sperated from younger
erosional areas. They are concentrated in a very wide zone on mountaneous area surrounding
the Diizce basin and are remnants of a peneplaination plane formed during phase-A. The
initiation of the formation of the Diizce basin interrupted peneplain development. Landscape
related to the peneplain stage started to worn down and erosional stage was initiated. Then,
the remnants of the peneplain formed the top of the hills with angularly unconcordant to the

much older basement rocks.

The presence of remnants of peneplains of incised meanders and of uplifted stream terraces of
Kiigiikmelen and Biiyitkmelen are directly related to the formation history of the Diizce basin.
At the time of the peneplaination period/s there is no depression at the basin area. The date of
the first and main peneplaination event is the minimum limiting date that constrains the age of
the Diizce basin. The timing of uplift only in the initial stage is simplistic; uplift may repeat or
even be continuous throughout a cycle. Detailed studies on the stream terraces give detailed
history about the formation of the basin. They give first and very realistic information about
the existence of faulting related to neotectonic relative uplift of the mountains surrounding the

Diizce basin.

The Diizce plain depicts a topographic low which is surrounded by faults. The main tectonic
lineaments in the area are the E-W trending Diizce fault to the south the NE-SW trending
Aksu fault to the southwest and the E-W trending Giimiigova and Konuralp lines to the north.
Cokek lineament and Aksu fault are both parallel to the Giimiisova lincament (Fig. 11). The
castern and western borders of the plain also give a linearity impression (Karakuz and
Sultaniye linecaments). They seem to be trending NW-SE and are parallel to the each other
(Fig. 11). Both the Diizce and Aksu faults represent active dextral shear zones characterized
by the 1999 Kocaeli and Diizce earthquakes, respectively. Some slices of basement were
thrust in the area and rapid change in lithology common along linear contacts. One of these
structures corresponds to the Kiigiikmelen lineament (see section 2.2).
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Figure 11. The lineaments along the borders of the Dilzce basin and surrounding area on topographic contour
map. The first contour level is limited at 200 m to represent linear nature of the borders.

Morphological texture of the curent topography reveals a dissection pattern in western
Turkey. NE-SW and NW-SE morphotectonic lines related to a N-S compressional phase are
remarkable in the morphology (Arpat and Sentiirk, 2000). In addition to these, E-W trending
thrust zones which may belong to the same N-S compressive tectonic phase display a
paleotectonic/paleogeomorphologic evolution (see section 2.2). Most of the fault structures
may have been reactivated at different times and may have canalized deformations along
these structures that offer weak zones. Thus, the compressive tectonic regimes take important
role to shape the background landscape of the Marmara region. On the other hand,
neotectonics in this area is dominated by E-W shearing and N-S extension. Geometries of the
most of active faults within the current stress field have varying orientations in the Marmara
region (Fig. 4). However, the current stress field isn’t known directly. Because in situ stress
measurements have not been made in the area surrounding the NAF. On the other hand,
varying orientations of the faults could be indication of uncompatibility of geometrical
positions of some of the young faults with current stress field. Optimally-oriented structures
of the tectonic lines that are constituting weakness zones could have been reactivated in a
coeval E-W shearing and/or N-S extensional Neogene tectonics. The abnormal dip angle of
the Diizce strike slip fault plane and its optimally-oriented geometrical positions in the current
tectonic regime can be explained in this way (See section 3). Within the context, the Northern
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and Southern Almacik strands (NAIS and SAIS) of the NAF have been interpreted as

reactivated structure in active tectonics (See section 2.5. for complementary information).

2.2. GENERAL GEOLOGY

Abdiisselamoglu (1959) has mapped the geology of the most of the Almacik Mountain and
south of the Southern Almacik Strand (SAIS). The Institute of General Directorate of Mineral
Research and Exploration (MTA), Ankara, holds a digital geology database for Turkey
complied at a scale of 1:500000 (Fig. 12), with more detailed compilation (1:100000)
available for the area along the North Anatolian Fault (Herece and Akay, 2003). The Turkish
German Earthquake Prediction Research Project was established and built up during eight
years between 1984 and 1992, incorporation with more than 20 institutes to study in and
around west of the Almacik mountain. Within the contribution of Michel (1994) as a part of
the project, several geological and geostructural investigations that are yielded regional
(Sipahioglu, 1984; Paluska and Sipahioglu, 1985) and local geological maps (S6himann,
1989; Vogelmann, 1989; Michel, 1990; Stablein, 1991; Gaiser, 1991; Herford, 1991;
Maiwaldt, 1991; Huss, 1992) were reviewed. Herford (1991), Gaiser (1991), Huss (1992) and
Michel (1994) investigated the area for the changing states of deformation or the subrecent
kinematic field (see Michel, 1994). The study of Simsek and Dalgi¢ (1997) and contributional
study of Ankara University and MTA (Emre et al., 1999) on the geotechnical characteristics
of the alluvium of the Diizce plain are also an important contribution related to the formation
of the Diizce basin. These sources of geological data provide an important support for

searching active faults and characteristics of them.

The tectonics that shaped the Anatolia has undergone a significant and complex evolution.
The surrounding mountains of the Diizce plain were formed by two groups of rocks; the
istanbul tectonic unit in the north and the Sakarya Continent in the south ($engér and Yilmaz,
1980) from north to south. According to the detailed field geological studies (Yilmaz et al.,
1982), the basement rocks that belong to the Istanbul tectonic unit to the north are marked by
the thrusts and associated imbricate zones. This unit is structurally complex. It consists of the
Paleozoic sedimentary sequence and the cover rocks (Yilmaz et al., 1982). According to
1:25000 scale geological mapping (Yilmaz et al., 1982), the basement rocks that belong to the

Sakarya Continent consist of continues sedimetary sequence that is indicating the formation
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Figure 12. Geology map of the Diizce area (After MTA, 2000). 1: Quaternary alluvium. 2: Pliocene continental deposits. 3: Lower Miocene volcanic
rocks. 4: Lower, Middle Eocene sedimets. 5. Paleocene — Lower Eocene volcanic rocks. 6. Upper Cretaceous — Lower Eocene continental shelf deposits. 7:
Turronian — Campanian slope deposits. 8: Upper Cretaceous — Lower Eocene olistostromal deposits. 9: Upper Cretaceous — Paleocene shelf deposits. 10:
Ophiolitic assemlage. 11: Lower Cretaceous — Paleocene deep sea sediments. 12: Jurassic — Lower Cratecous sediments. 13: Paleozoic and Early Mesozoic
sedimentary rocks. 14: Granitoids of Precambrian. 15: Thrust. 16: Over thrust.




of an ocean basin (Neotethys). According to Saner (1977) and Goziibol (1978), the deep water
ocean environment was established during the Early Cretaceous. The oceanic basin related
sequence is generally overlain by the Eocene sequences (Yilmaz et al., 1982). After the Early
Cretaceous major changes occurred in the environment of oceanic basin that belongs to the
Sakarya Continent (Y1lmaz et al., 1982). The flysch and shallow marine sediment deposition
(Late Cretaceous) and blueschists, ophiolite and meta-ophiolite transportation occurred. The
destruction of the basin is related to northward subduction under the leading edge of northern
continent that is represented by the Istanbul tectonic unit (Sengdr and Yilmaz, 1981). In the
study area, the suture zone that was formed after the destruction trends ENE-WSW and is
almost parallel to the NAF. In a general opinion, the NAFZ is using a suture zone that is
related to the closure of the Neotethys (E.g., Sengor and Yilmaz, 1981; Yilmaz et al., 1982;
Barka, 1992). The latest closure which may be the part of Neotethian system in the Eastern
Mediterranean area has been dominated by the South Aegean Subduction System which is
consumption of the African Plate towards the north or/and northeast (Le Pichon and Angelier,
1979). Because of the ongoing extension (AES) on the overriding plate, the crust of the
Aegean region which is continental, was considerably thinned (Komut, 1998). Stretching
motion that characterizes the region has taken up by horsts and grabens (Arpat and Bingél,
1969).

In general, the basement rocks in the study area consist of fault-bounded, tectonostratigraphic
terrains, which were amalgamated and assembled to the present form as a single geographical
entity prior to the Late Eocene Epoch (Yilmaz et al., 1982) before the initiation of the Aegean
Extensional System (AES) and NAF system (Sengor and Yilmaz, 1981). Because of general
lineation of tectonic and environmental features, abrupt N-S change in lithology is observed
as ENE-WSW or E-W lineation on morphology. One should be very skeptic and careful to
locate active faults based on the interpretative information leaning on remote sensing data
because these linearities observed on morphology can easily be confused with active faults.
For this reason, this kind of information should be taken as preliminary interpretation before
field observations on the lineations. One of the examples for these structures is lying along the
Kiiciikmelen stream at the Hasanlar Dam (Fig. 13). The Kiiglikmelen lineation that is
mentioned in section 2.1 is related to general trend and dip angle of the sedimentary layers
(Figs. 11, 13). Even it is the most clear lineation in airy photographes it is related to material
difference between the resistant limestones and weak clayey layers but not a fault. In other

words, the limestones are more resistant to erosion than the overlying clayey sequence.
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Primary (sedimentary) relationship exists between limestones and clays along this lineation.
This relationship is clearly observable near the dam.

About E-W trending thrusts and set of NE-SW/NW-SE trending faults are the large scale
structural products of the collisions. These are one of the important characteristics of the N-S
compression (NSC) in the northwestern Turkey and postdate the closures of the oceanic
basins according to basaltic andesite volcanism in Eocene (Yilmaz et al., 1982). In the area,
the thrust zones created weaknesses (inhomogenity) in the crust juxtaposing different blocks
with different lithology and ages and they preceded the recent ones (Yilmaz et al., 1982;
Sengor et al., 1985; Huss, 1992). The active faults in the study area commonly use these
weakness zones. The other product of the NSC is the set of NW-SE/NE-SW trending faults
(set of conjugate faults) that gives its special geomorphologic character to the topographic
relief of whole northwestern Turkey (Arpat and Sentiirk, 2000). Same texture also exists in
active compressional domain in the eastern Anatolia (Sengdr et al., 1985). Some of the
weakness zones of these faults are also used by faults of following tectonic regimes
depending on their orientation and locations in the general stress domain (see also Arpat and

Figure 13. Picture of the southern coast of Hasanlar Dam. Looking from west (see the arrow in Figure 8
for the shooting direction of the picture). ENE-WSW lineations are remarkable on momhology.bmug
of the general trend and dips of sedimentary layers. The flat mrfaoe in the ﬁgure'mp!menfs bedding pl.am
of limestones. Primary (sedimentary) relationship exists between limestones which is resistant to erosion
and clays along this lineation. The lineation is related to material difference between the resistant
limestones and weak clayey layers.
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Figure 14. The location of observation points of young tectonic features on pseudo topographic map layer that is draped
on LANSAT-PAN image with topographic contours. Color scale shows altitude in meter. Intensity layer of topographic
map is shaded from north as natural shading of LANDSAT image. The A and B: Alluvium (Fig. 15-1,2,3). C and A:
Young flatness on eroded basement rocks (Fig. 15-4,5) and eroded young alluvium (Fig. 15-4). D and E young faults
(Fig. 16-1,2). Light green line: 1999 Kocaeli surface rupture along the Aksu fault. Red line: 1999 Dilzce surface rupture
along the Diizce fault. Dark green line: the surface ruptures of both 1999 Diizce and Kocaeli earthquakes.



Bing6l, 1969; Arpat and Sentiirk, 2000). These structures are marked by trends of outcrops of
Neogene sediments and Neogene volcanism on surface geology in western Turkey (E.g.,
Arpat and Bingdl, 1969). The high angle deviation between the principal axes derived by
Michel (1994) for some active faults (such as Mudurnu fault) and remaining axes (general
trend) interpreted as reuse of pre-existing thrust faults oriented prior to the NAF kinematic
field (Michel, 1994). There are several outcropping high-angle thrust planes dominantly
dipping to the north along the southern border of the Diizce plain (Michel, 1994). Striations
along the faults indicate that they were reactivated as strike-slip and oblique-slip faults
(Michel, 1994).

Young (Pliocene ?) alluvial beds unconformably overlie basement rocks on mountains
surrounding the Diizce plain (Akartuna, 1968; Pekcan, 2000). These sediments are not
observed at peaks of some high hills that were described by Pekcan (2000). On the other
hand, outcrops of young alluviums are widespread over hillsides of mountains (e.g., Fig. 11
A, B). Pekcan (2000) interpreted these young (Pliocene ?) outcrops as remains of a
widespread peneplain. According to Pekcan (2000) Pleistocene (?) alluvial beds are overlying
Pliocene (?) alluvial beds in Giimiigova lineation and infill lowland areas surrounding the
Diizce plain. Flat-lying erosional surfaces were observed on young alluvial beds and also on
basement rocks (see Fig. 14-A,C and Fig. 15-4,5). These evidences are related to remnants of
a young peneplain. Thus, Diizce basin is younger than the peneplain because it was
interrupted by the formation of the basin. According tc this relation, the age of the basin is
young (about Pliocene-Pleistocene ?). Similar date was suggested by Emre et al. (1998) for
the Adapazan basin according to dating of micromammals. If we consider compressional
features investigated by -Saroglu (1988), the basins were likely to be formed in the Middle or
Upper Pliocene-Pleistocene (See also Michel, 1994). Open folds with wavelengths of up to a
few hundred meters that are abundant in the Miocene and Lower Pliocene sediments were
observed by Michel (1994) in the eastern Marmara region. Concordantly, Lower Pliocene

folds associated with N-S compression are described by Saroglu (1988). The NAF was

developed after this compressional regime ($aroglu 1988).

Geological and geomorphologic field investigations are conducted along the Giimiigova
valley (lineament) and the Northern border of the plain (Konuralp lineament) that faulting was
expected along them according to their lineational nature in geomorphology. However, any

data that are related to active faults and active fault morphology do not exist. Even the
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Figure 15. Observations on young sedimentary and erosional features. 1, 2, 3 and 4: stream alluvium. 5:
erosional surface on basement rocks. 4: angular unconformity between basement and young alluvium and
younger flat-lying erosional surface developed both on the alluvium and the basement rock. See figure 14
for the location points of observations. Observation locations of 1 and 4 are shown as point A; 2 and 3 are
point B; 5 point is C in figure 14. Shooting directions of 1, 2, 3, 4 and 5 are about east, west, west, east and
east, respectively.
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Figure 16. Observations on young faults. The observation locations of 1 are shown as point D;
2 as point E in figurel4. 1: The picture was taken towards east. A young fault juxtaposes
Lower-Middle Eocene bedrocks (left) with unconsolidated clays (right). The contact is vertical,
so the possibility of the strike-slip faulting is higher. 2: The picture was taken towards west.
Gravels in the young unconsolidated alluvium are showing vertical lineations in a narrow zone.

Considering vertical lineations, the fault is probably strike-slip.
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Figure 17. Young fault in northwest of the Bolu basin along Elmalik fault. Light blue line: surface breaks
of the 1999 Kocaeli earthquake; red line: 1999 Diizce rupture. Yellow line; 1967 Mudurnu rupture; black
line: 1957 Abant rupture; white line: 1944 Bolu rupture; dark blue line: Bakacak and Elmalik faults
(suggested by Hitchcock et al., 2003). Relief map shaded from south. Outcrop in the picture shows a young
fault that displaced unconsolidated alluvium. On the right in picture above much older bedrocks
(Cretaceous melange) are seen at the same level with the young alluvium (Pliocene ?) to the left. Younger
erosional surface that is cutting the fault suggests inactive nature for the fault.
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existence of outcrops along the lineaments, faulting is not observed along many of them.
These are possibly related to the lithological variations. In addition, there is not any detailed
previous study that describes the “active faults” with their characteristics such as trends, types
and planes of them along the lineaments. On the other hand, young but inactive fault zones
were observed along the Cékek line and northeast of the basin (Fig. 11, 14-E, D and 16). The
zone of Elmalik and Bakacak faults are young and had been probably constituted a mature
zone. However, in the active tectonic regime, the discontinuous nature, the large recurrence
interval and the short length of this zone suggest unmaturity and dependency that result in
generating just moderate to small size of earthquakes as a dependent seismic source (See
Hitchcock et al., 2003). If a young weakness zone that is representing the previous tectonic
regime did not exist, it may not be ruptured even with moderate earthquakes. The existing
trace should be questioned because they may belong to the former zone of the fault. In other
words, the existing trace shouldn’t be fully concerned as active development of the fault zone.
Thus, there is probably a tricky relation between Holocen secondary deformations and active
tectonic system. This zone is trending as eastern expected continuation of the southern
boundary fault zone of the Diizce basin in the northern part of the Bolu plain after a couple of
right steppings (Fig. 17) (See also Herece, 2003). On the other hand, its eastern continuation
could not be found. According to the trench results of Hitchcock et al. (2003), some Holocene
movements that have very long time span with respect to the Diizce fault and the NAF were
observed (see section 3 and 4.4). Having this information from their study, the fault structure
seems to be unable to transfer the slip of the Diizce fauli through the NAF and does not seem

to be a major active structural element that is constructing the Bolu basin.

A set of borehole data from the state of hydrolic works of Turkey (DSI) was imported into a
geographic information system (GIS) in order to construct a basement topography and
sediment thickness map using a minimum curvature model (Fig. 18, 19, 20 and Table 1).
Dummy data points of zero sediment thickness were created along the surface map boundary
between soft and stiff materials of the alluvial and surrounding basement, respectively to
constrain the sediment thickness model better (Fig. 21). The analysis showed that the
thickness of the Quaternary alluvium of the Diizce plain ranges 0 to over 200 km thick (Fig.
19) (Sec also Emre et al, 1999). Topographic codes of zero sediment thickness areas

surrounding the alluviums of the Diizce basin and further heights were created from surface
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Figure 18. Locations of the boreholes in the Diizce basin. Topographic relief map shaded from south.
Black and yellow points are the basement-reaching and hanging boreholes in alluvium, respectively.
See table 1 for information about the boreholes.
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Figure 19, Sediment thickness map of the Diizce basin deduced from
borehole data. Color scale shows thicknesses. See figure 21 to see the map
area and information about boreholes.
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Figure 20. Basement topography of the Dilzce basin is deduced from borehole data (Table 1). Basement

topography (BT) grid (rectangle) is draped on contoured surface topography map (STM). Both are shaded from
south. First contour level of the STM is taken 300 m to avoid overlapping between colored area of the BT and

the STM contours. Along the southern and western boundary of the basin, two lows are noticed on the STM.
They are located around south and west of the basin on the STM (see fig. 19 or 14). The other low is at the
southwestern corner of the basin coinciding to the right stepping between the Aksu and Diizce faults (see fig.14).

topography map to constrain the basement topography model better (Fig. 22). Unfortunately,
only 8 of 20 boreholes reach to the basement (Fig. 18), so that for many thickness value
assigned to each site from the basement topography may have an important error (Fig. 23). To
reduce this error, some of the hanging boreholes were used by applying a systematic
procedure. Initially a map was created using the boreholes that reach to the basement (Fig.
23). A new map is always created after each addiction of data from a borehole. Then,
comparing the contours of the new map and hanging boreholes, the boreholes that pass the
basement surface on the map are taken to produce better-constrained model (Fig. 23 and
Table 1). These boreholes are used in an order considering the passing distances. The
boreholes that have longer passing distance are priorily added to the model one by one. After
each usage of a borehole, the contour map was re-generated up to passing holes end. Applying
this method 6-borehole data were added to the data set. Totally 14 borehole data were used in
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the final model (Fig. 22 and 20). Even some of the errors are reduced ; the used data are very
sparse so it has an unpredictable error. Despite this uncertainty, the analysis revealed that high

depth values are located around topographically low relief around south and west of the basin

No Original code Source Altitude Bottom Basement Basementrocks Altitude of basement
(m) (m) (m) (m)

1 C-12/4358 DSi 125 135.85 105.5 Cretaceous flysch 19.5
2 * DSi 130 197.15 105.5 Cretaceous flysch 245
3 C-14/19992 DSi 149 74 70 Serpantinite 79
4 * Dsi 160 180 Sandstone -20
5 C-12/4354 DSi 153 104 86 Peridotide 67
6 16348A DSi 153 70 36 Serpantinite 117
7 C-12/4356 Dsi 150 117 45 Claystone 105
8 1038 Dst 217 92 67 Schist 150
Altitude of bottom
9 C-12/1039 DSi 190 90 ) ) 100
10 C-12/4845 DSi 175 190 ) ® 15
11 C-12/4701 DSi 120 206 (x) [¢4] -86
12 C-14/17048 Dsi 145 61 (x) x) 84
13 E-14/32436 DSl 147 33 ) ) 114
14 E-14/33378 Dsi 130 80 ) ) 50
15 C-12/1035 Dsi 127 100 (x) (x) 27
16 C-12/4704 DSi 125 210 x) ) -85
17 C-12/1034 DSi 130 107 (x) (x) 23
18 C-12/1033 DSi 125 110 (x) x) 15
19 C-12/4846 psl 127 168.5 ) ) 41
20 C12/4702 DSl 125 196 I ® 71

Table 1. Selected borehole data that is used for basement topography and sediment thickness models (see
section 2.2) taken form DSI. First 8 are the basement reaching and the others are hanging boreholes in
alluvium. Some of the hanging boreholes are eliminated (see section 2.2). Locations are shown on figure
18.

* The data from Pekcan (2000).

(Fig. 18 and 20). On the other hand, a low relief area is at the southwestern corner of the basin
coinciding to the right stepping between the Aksu and Diizce faults (see fig. 14). The
sediment thickness map was also created by using the final data set of 14 borehole (Fig. 19).
This map and basement topography map seems to be similar each other (Fig. 19 and 20). This
is because modelled basement topographic anomaly is more dominant than the modelled
surface topographic anomaly. In conclusion, two interpretaion can be made; (1) sedimentation
rate is high enough at least for the recent to compensate the basement topographic anomaly

that occurred with ongoing cumulative vertical movements or (2) these anomalies are related
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to a former tectonic regime that was responsible to the formation of the basin. Considering the
second case, even with low rates, sedimentation process has enough time to infill low areas
and to bury the basement topographic anomaly. The resultant landscape is a nearly planar
surface that is representing the actual Diizce plain. Nonexistence of seismic signature and
active normal fault morphology along the borders of the basin, except the southwesternmost
part of the basin, suggest the invalidity of the first case. It is fact that, existing borehole data
are not convenient to make valid interpretations as mentioned previously. However,
considering the whole available information based on geomorphological and geological field
observations, GPS measurements and paleoseismological findings, including borehole data
the basin seems to be an inactive structure (Section 2.5). The tectonically active local small

basin (Efteni basin) in the southwestern corner of the Diizce basin is out of this discussion
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Figure 21. The borehole data and dummy points to produce sediment thickness model on surface topography
map (STM) shaded from south. Rectangle shows map area of figure §9. Black and red points are the basement-
reaching and hanging boreholes in alluvium, respectively. Green points are dummy data that are produced by
using surface topography map to constrain the model better.
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Figure 22. The final basement topography model (shaded from south), location of the
boreholes and surface topographic data points around basement area are surrounding the
basin that is having zero sediment thickness. See the figure 20 for interpretative explanation.
Black and red points are the basement-reaching and hanging boreholes in alluvium,
respectively. Green points are the surface topographic data points on bed rock. These are
nsed to constrain a hetter madel.
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Figure 23. A basement topography model of the Duizce basin.that is deduced from
borehole data those reach to the basement (Table 1). Black points are lhe basement-
reaching boreholes in alluvium. Green points: surface topographic data points that are
used to constrain the model better.
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because considering its small size, it is too young to generate considerable surface
topographic anomaly. In concordance with this, Emre et al. (1999) suggest that the Efteni
basin is younger feature according to the Diizce basin. Therefore, its cumulative occurrence of
basement anomaly is not exceeding cumulative sediment deposition much enough to
recognize a mismatch between sediment thickness map and basement topography map.
However, if its current tectonic activity continues to a critical time, its accumulated surface
topographic anomaly becomes clearly apparent and a mismatch occurs between its sediment
thickness and basement topography map. If its activity is going to be ended up at this time or
later, the surface topographic anomaly will be buried by sediments. Finally, basement

topographic anomaly will become more dominant than the surface topographic anomaly.

The alluvium in the Diizce basin has been controlled by flooding system that comprises
interfingering gravel, sand, silt and clay with variable thicknesses (Simsek and Dalgig, 1997).
The episodic gravel sedimentation around the middle of the plain could be related to episodic

lowering of the basement level of the plain with tectonic movements.

According to tectonic model assumptions and paleomagnetic measurements, Sengor et al.
(1985), Sartbudak et al. (1990), Tatar et al. (1995) proposed a clockwise 120°-212° rotation of
the Almacik block as a rigid mass in a constant long lasting stress field between interacting
dextral strands that are bounding the block from south and north. However, according to field
investigations of Michel (1994), the consistent strain-paths suggest that progressive steps in
the rotation of shortening direction are obviously related to convergence-tectonics much older
than the NAF in the northwestern Turkey (see the paragraphs above). Substantial Neogene
Almacik rotation was assumed by Sengor et al. (1985), but could not be verified during the
field investigations of Michel (1994). The rotation may be taken place in an extensional phase
in intense extensional stress domain related to the South Aegean Subduction System (SASS)
(see section 2.5). Structural geology data show alternative model that current elongation of the
Almacik block could had been established during the compressional phases as suggested by
Michel (1994) who pointed out the concordance between cluster-orientation of the
displacement vectors and the orientation of the maximum elongation of the blocks. Along the
southern border of the Diizce basin, there are sub-parallel abandoned fault traces in the north
of the active fault trace. The sub-parallel abandoned fault traces may give a key clue about the

possible motion of the Almacik block (See sections 3.1.1.1 and 3.1.1.2).
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2.3. SEISMICITY

Bogazi¢i University Kandilli Observatory and Earthquake Research Institute National
Earthquake Monitoring Centre and the Ministry of Settlement and Construction Department
of General Directory of Disaster Management networks obtain raw earthquake catalogues in
Turkey. These networks are not designed to monitor small earthquakes related to background
seismicity of specific active faults such as faults in the Diizce area. The seismicity distribution
before the 1999 Kocaeli and Diizce shocks could not define fault activities in and around
Diizce. Sarag (1995) identified the concentration of a seismic activity to the northern part of
the Almacik Mountain along the longitudes of Northern Almacik Strand (NAIS) according to
statistical earthquake analysis. However, small earthquakes with good locations could only be
observed during the aftershock period of the earthquakes with local networks in the study
area. The source mechanisms of some of the moderate aftershocks were analyzed by using the
regional moment tensor inversion method using data from near-regional broadband stations
(Orgiilii and Aktar, 2001). Recent seismicity that could be determined in this period is very
useful to understand some parameters of the faults and kinematics in the study area. The
results of seismicity studies and discussions are related to the 1999 Kocaeli and Diizce

ruptures given in section 3.1.

Permanent and three temporary networks determine the aftershock period of the 1999
earthquakes. (1) A semi-permanent seismic network was installed between the Sapanca Lake
and Bolu in 1985 within the frame of the Turkish-German Joint Project for Earthquake
Research (Neugebauer et al., 1997). This network was transformed into a permanent seismic
network called SABOnet in 1996 within the frame of the same project (Milkereit et al., 2000).
In order to increase coverage and facilitate source mechanism studies, additional stations of
the German Task Force for Earthquakes were installed immediately after the 1999
earthquakes (Milkereit et al., 2000). After 1999 Kocaeli earthquake, the majority of stations
were installed in the west of Adapazan in order to monitor the aftershock activity in epicentral
region of this earthquake. It was operated until October 21, 1999. Three days after the Diizce
earthquake, the German Task Force exiended the network towards east. This temporary
“Diizce” net was operated until December 13, 1999. (2) In addition, Marmara Research
Centre (MRC) of The Scientific and Technical Research Council of Turkey (TUBITAK)
installed a temporal network in the area to monitor aftershock activity (Ozalaybey et al.,

2002). (3) Another temporal seismic network was installed in the eastern part of the
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aftershock region of the 1999 Kocaeli earthquake by Tio et al. (2002). After the occurrence of

the 1999 Diizce earthquake, the network was rearranged to cover its aftershock activity area.

2.4. GEODETIC MEASUREMENTS

Although the GPS data are giving the information about short-term (existing) deformations, it
also measures very accurate and detailed lateral movements on the earth surface. Since 1988,
GPS experiments have been conducted simultaneously with the SLR observations in Turkey
(Oral et al., 1993, 1995). Since 1990, GPS campaigns have been carried out across a dense
network in northwestern Turkey (see Straub and Kahle, 1994, 1997). The results from this
network are summarized by Straub and Kahle (1997). The network includes continuously
recording stations. In response to the occurrence of the 1999 Kocaeli and Diizce earthquakes,
a large GPS data set was collected by continuous GPS stations installed by the Scientific and
Technical Research Council of Turkey (TUBITAK) and Earth and Marine Sciences Research
Institute (EMSRI) including contributions from the Marmara Continuous Global Positioning
System Network (MAGNET) and repeated GPS surveys of many bench marks in the area
(Ergintav et al., 2002). The General Command of Mapping was conducted regional and local
surveys to establish additional geodetic control points. After the 1999 Diizce earthquake, GPS
campaigns that were conducted after 1999 Kocaeli earthquake were extended to Diizce area
(Ayhan, et al., 2001). On the other hand, the SAR data were used to map the co-seismic
surface deformation caused by 1999 Kocaeli and Diizce earthquakes by Biirgmann et al.
(2002) and Cakir et al. (2003).

From GPS and SLR data Oral et al. (1995) modeled the velocity field of the Anatolia as a
counter-clockwise rigid rotation about an Euler pole located in northern Egypt (near the Sinai
Peninsula) relative to Eurasia (see also Oral et al., 1993; Noomen et al., 1993; Oral, 1994; Le
Pichon et at., 1995; Cianetti et al., 1997; Reilinger et al., 1997). At least 90 per cent of the
motion of the Anatolia can be accounted by such rotation (see Reilinger et al., 1997). Along
the North Anatolia, GPS data give clear evidence that most of the deformation occurs along a
single fault trace of the NAF and its western section along the Marmara region (Kahle et al.,
2000). The sites in the west of the Karliova have a tendency to a more westerly directed
motion which becomes progressively more pronounced as the WSW with stations in
southwestern Turkey indicating SW oriented rates (Reilinger et al., 1997; Mueller, Kahle and
Barka, 1997). However, the magnitudes of the vectors are not all the same. Residual velocities

appear to increase regularly toward the Southern Aegean Subduction system (SASS) (Oral et
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al., 1995; Reilinger et al., 1997). A 2 mm/yr internal deformation is observed on the Anatolian
block based on the residual velocities. On the other hand, on the basis of the GPS and SLR
velocities Reilinger et al. (1997) suggests that the motion of the Anatolian-Aegean region may
be best described in terms of a single plate (Anatolian Plate) in those western part (the Aegean
region) gradual deformation is taking place internally (N-S extension increasing to the South).
Even within the Marmara region, the highest south directed rates are found in the South
relative to Eurasia (Straub and Kahle, 1995 see also Mueller, Kahle and Barka, 1997). On the
other hand, the west directed velocity component increases along the northern part of the
Marmara region. This velocity field concentrates along the Northern Armutlu strand (Fig. 4)
of the western NAF (WNAF) (Kahle et al., 2000) which is trending nearly in E-W direction.

Most recently integrated data from a number of campaigns suggest that the WNAF zone
accommodates ~25 mm/yr of right-lateral motion between Anatolia and Eurasia (McClusky et
al., 2000). The strain rate calculations based on this updated version of the velocity field
indicate that the NAF is characterized by compressional strain rate components between 34°E
and 31.5°E while from 31° E to 30°E, extensional strain rate components predominate (Fig. 1
and 4) (Kahle et al., 2000). The localized deformation along the NAF appears to broaden and
extensional along the Marmara region. This diffusion of deformation is corresponding to the
sub-parallel fault structure in the Marmara region (Fig. 4) (See also Meade et al., 2002). The
slip rates associated with the model of Meade et al. (2002) based on the updated GPS data
suggest that deformation is localized on specific faults even in the Marmara region which is
deforming diffusely. According to the results of Meade et al. (2002) Northern Armutlu Strand
(NArS) that is extending from Kuzuluk to Marmara Sea in E-W direction carries more dextral
motion than the Southern Armutlu Strand (SA:S) which is extending from Kuzuluk to iznik.
Analysis of local GPS data on sub-parailel strands in the WNAF zone suggest that up to 10
mm/yr slip is accommodated on the NAIS (Northern Almacik Strand) that is extending from
Kuzuluk to Kaynasli, and 15 mm/yr on the SAIS (Southern Almacik Strand) which is
extending from Kuzuluk to Bolu (Ayhan et al., 1999). Thus, total amount of motion is 25
mm/yr that is equal to directly measured amount of motion between the Anatolia and Eurasia.
Straub, Kahle and Schindler (1997) surmised that additional important fault traces between
the SAIS and the NAIS might exist. These fault traces may be trending parallel to the main
faults (NAIS and SAIS). To make a conclusive result concerning research on the active fault
locations, critical measurement points between the NAIS and the Black Sea coast including

the area between the NAIS and the SAIS will be very useful. However, the distance between
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them may be too short (changing between 5 and 22 km) to distinguish other probable
deformation zones between these strands. In other words, elastic deformation zones of these

sub-parallel strands could be intersecting in that range.

Straub et al. (1997) calculated the strain rate field based on the displacement rates and then
projected onto the tectonic structures. According to the results, western part of the NAIS from
Akyaz1 to the Diizce plain (Aksu fault) is associated with the thrust components and an
extensional component exists at the western tip area of the Almacik block (Fig. 4). It is
already clear from the geometries of the faults (See section 3.1). Nothing is known about the
velocity field in the east and northeast of the Almacik block by the means of geodetic data.

2.5. SUMMARY AND DISCUSSICN

In the Diizce area, a tectonic cycle ended and a new regime started with an initial stage of a
peneplaination according to the geological and geomorphological findings related to the
morphology and the deposits of the peneplain. The presence of remnants of the peneplain,
incised meanders and uplifted stream terraces are directly related to the formation of the
Diizce basin following the peneplaination. The existence of alluvial materials over hill sides
(Fig. 11; Pekcan, 2000) their unconsolidated nature, existence of their uneroded remnants and
the uplifted terraces along the valleys of the present drenaige system suggest a young age for
the formation of the Diizce basin. On the other hand, the structural geological field
investigations of Michel (1994) show that onset of the young dextral shear in the Marmara
region starts within Pliocene (see also Saroglu, 1988). If the basin formation is directly related

to the dextral shear, the model should be a pull-apart system.

Several lines of evidence suggest that the faults of the study area are not a part of an active
pull-apart system that has been forming the Diizce plain. (1) The 1999 earthquake ruptures
and field investigations show that the Diizce fault is not connecting an active normal fault
system bounding the Diizce basin from west but (2) connecting another dextral fault that is the
part of the 1999 Kocaeli rupture (Fig. 2). Accoring to the field observations during this study
along the northern, eastern and western borders of the basin, no active fault morphology and
no geological evidence related to the active faulting is detected. (3) Finding out the nature of
the eastern connection system of the Diizce fault in the NAF system may be the key concept
to solve the basin formation problem in the region. Contrary to strike-slip faults of a dextral

pull-apart basin model, no significantly recognized connection that was detected during our
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field investigation between the Diizce fault and an active right-lateral fault system that can
transfer most of the motion to the east, to form the Diizce basin (See also Hitchcock et al.,
2003). (4) Furthermore, no basin-bounding active normal faults are detected along the eastern
boundary of the Diizce depreesion and (5) no active dextral fault is detected along its northern
boundary. (6) As mentioed in the previous paragraph, the Diizce basin is quite young as the
Marmara sea basins (Arpat and Sentiirk, 2000). Current tectonic regime across the Marmara
region may be younger than the basins, because the east-west dextral shearing system is cross
cutting the plains and some of their boundaries that are represented by diagonal submarin hills
in the Marmara Sea (Arpat and Sentiirk, 2000; Le Pichon et al., 2001 and 2003). According to
the borehole data, an area of local sediment thickening was identified southwest of the Diizce
basin beneath Efteni Lake area, where a well known right stepping occured between the 1999
Kocaeli and Diizce ruptures (Figs. 2 and 20). Any active basin forming exensional feature
along none of the borders of the basin could have been observed during the present study,

except this local Efteni subsiding system.

It is fact that the occurrence of the Marmara basin system is young as mentioned in previous
paragraphs. However, the active faults in the area are right lateral and active boundary faults
that bounding the basins do not probably exist any more (Arpat and Sentiirk, 2000 and Le
Pichon et al., 2001, 2003). In this case, the occurrence of the basins is very young at most
Pliocene (E.g., Emre et al. 1998) but surprisingly inactive. Michel (1994) suggests that onset
of a right-lateral shearing in the Marmara region starts within the Pliocene (See also, Saroglu,
1988). Following the end of basin formation stage, probably in Quaternary (?), currently
active dextral fault system was initiated in the Marmara (Arpat and Sentiirk, 2000). Similar
differenciation of stages of the North Anatolian dexiral shearing system was made by Saroglu
(1988). Eastern continuation strand of Diizce fault could had been one of the major dextral
fault zone that was forming the southern boundary of the pull-apart system that is responsible
for the formation of the Diizce basin. At the same time, this former dextral shear zone could
have been responsible for the formation of the northern border fault of the Bolu basin (See
Gokten, 2004). As already mentioned, some of the NW-SE zones of the set of old conjugate
faults had probably been reused as normal faults in the Diizce basin. The other, young but
probably inactive, strand is trending along the northern boundary of the Diizce basin through
Cokek valley and far west. The reason of the recent ending of the basin formation stage (See

also, Sarogiu, 1988) is a good subject of a further study.
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There are two principle well-known hypothesis related to the movement of the Anatolian
block. One is continent-continent collision (tectonic escape) in eastern Turkey and the other is
the South Aegean Subduction (SAS)-based driving force (McKenzie, 1978). Recent ending of
the basin formation stage could be related to a young alteration of the tectonic regime that is
resposible for kinematics in the Marmara region. The only known recent alteration in the
proposed tectonic systems occurs in the SAS system. In the south of the South Aegean Arc, a
recent collision was suggested by Piper and Perissoratis (2003) according to the new seismic
profiling performed in this area. If the Marmara region had been under dominant influence of
the Aegean Extensional system before the collision than following the collision, the
deformation of the Marmara region might have been restricted to a narrow zone rather than its
former diffuse and basin forming nature. Similar stress regime alteration was described by
Saroglu (1988). On the other hand, the recent inactivation of the basin formation process
could also be associated with the normal evolution of fault systems following a trend of
progressively toward a more strait and higher dipping fault planes. If it is the case, none of the
driving forces could be prefered to explain the variations in the tectonic history of the fault
zone. However, it is very difficult to explain diagonal structures (basin boundaries) cutting by
active faults. This may require a nonprogressive tectonic development. Therefore, it seems
unlikely to associate the ending of the basin formation process with the common evalutional

history of the fault system.
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3. THE MAJOR ACTIVE FAULTS

Along the eastern ~1000 km of the NAF system, faults lie within a narrow zone along the
broad convex-to-the-south arc (Barka, 1992). Farther west, the fault system consists of a
diffuse deformation zone (Western NAF). E-W-trending right-lateral strike-slip sub-parallel
faults accommodate the plate boundary strain in the Western NAF (WNAF) system (Fig. 4).
See section 2 and 2.5. for the location of active, inactive and recently inactivated faults in the
region. According to GPS measurements, most of the motion was taken up along the Southern
Almacik strand (SAIS) and Northern Armutlu strand (NArS) of the NAF zone that has about
24-25 mm/yr dextral slip rate (McClusky et al., 2000; Ayhan et al., 1999). A slip rate of about
17 mm/yr derived for the NArS, combined rate of about 7 mm/yr for the Southern Armutiu
(SArS) and the Bursa strands; about 15 mm/yr for the SAIS and about 10 mm/yr for the
Northern Almacik strand (Section 2.4). The geometrical positions of the faults in the WNAF
zone may result from the previous pattern of the overall transtensional (IDT) system of the
Marmara region, or from the older pre-existing structural pattern or both of them (See section
2.5). In this section, each active seismogenic fault in the WNAF zone is studied with a closer

look to understand the behaviors of the faults.

To understand fault behavior, main parameters characterizing a seismogenic fault must be
explained. These are (1) the geometry of the rupture and the distribution of slip during an
individual earthquake, (2) the time elapsed since the last earthquake, (3) the recurrence
intervals and variations in the recurrence intervals and earthquake size and (4) the slip rate of
the fault. Earthquake ruptures bring us an important information related to .the main
parameters about a fault. For this reason, the study of fault ruptures after the large earthquakes
is one of the most valuable afford of the scientists. In the study area, five large earthquakes
occurred in the last 100 years (Fig. 5). The last two of them were studied in detail. However,
the details of the studies decrease gradually for older earthquakes. The August, 17 1999
Kocaeli and the November, 12 1999 Diizce earthquakes occurred on the NAIS and NArS; the
May, 26 1957 Almacik and the July, 22 1967 Mudurnu earthquakes occurred on the SAIS; the
February, 1 1944 Bolu earthquake rupture extended from the eastern part of the SAIS to the
single strand part of the NAF leaving WNAF zone to the east (Fig. 4 and 5). Fault scarp and
surface breaks can reflect the seismogenic fault planes; consequently, its characteristics are an

expression of the main parameters of the fault plane that was ruptured at depth. For this
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reason the field investigation of the surface rupture is one of the most important and useful
method for understanding the fault behaviors. In this study, the main parameters of the faults
are studied by critically reviewing the previous studies of all disciplines. And also concerning
them, earthquake-geology tool is used for investigating the 1999 Kocaeli and Diizce
earthquake ruptures. General characteristics of the surface breaks of the 1999 Kocaeli and
Diizce earthquakes were observed in the field in the following hours after the occurrence time
of them (Komut and Ikeda, 2000 and Arpat et al., 2001). Very detailed observations are made
on the surface breaks of the 1999 Diizce earthquake all the way along the rupture (Appendix
1) and the eastern part of the surface breaks of the 1999 Kocaeli earthquake along the Aksu
fault (Section 3.1.2). Active fault morphology is identified very clearly and examined from
the stereoscopic 1:8000 scale aerial photos which their positions were designated after
preliminary field observations of the surface rupture (Komut and Tkeda, 2000; Arpat et al.,
2001). Aerial photos were taken by General Command of Mapping (HGK). Scanned and
rectified images were geocoded using the ground control points by taking WGS84 geodetic
datum and GEODETIC projection and using ErMapper 6.1 software. Rather detailed
observations are also available for the surface breaks of the July 22 1967 Mudurnu earthquake
from the study of Ambraseys and Zatopek (1969). However, only general characteristics of
the surface breaks of the May 26 1957 Abant (Ocal, 1959) and the February 1 1944 Bolu
(Ketin, 1969) earthquakes are available. The surface rupture maps of these studies were
scanned and rectified using the same procedure described above to get digital data that are

used in the figures.

3.1. NORTHERN ALMACIK STRAND OF THE NAF

This strand lies along the northern border of the Almacik block and seems to be forming
northernmost margin of the WNAF zone along the block (Fig. 4). It is a dextral zone that is
formed as a single fault trace. The easternmost segment of the 1999 Kocaeli rupture is
represented as Aksu segment or fault that is forming the western part of the NAIS (Section
3.1.2). On the other hand, the 1999 Diizce rupture is forming the eastern part of the NAIS
(Section 3.1.1) (Fig. 24). At a glance, the NAIS consists of at least two segments. One is Aksu
fault and the other is Diizce fault. A major right stepping in the Northern Almacik Strand
(NAIS) at about 31°E longitude has formed a local depression (Efteni Lake basin) at the

southwestern tip of the Diizce basin (Fig. 4 and 25). This structure appeared as a segment
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Figure 24, Slip distribution and surface rupture of the 1999 Kocaeli earthquake on the contoured and
shaded (from south) topographic relief map (After Komut and Ikeda, 2000). The chart above is
proportional to the map below. The ruptured fault is colored with blue, yellow and red lines
representing probable seismic segments on the map. Red line: Aksu segment; Yellow line: Golciik
segment; Blue line: Cinarcik segment that was probably ruptured during the earthquake. White lines are
other active faults in the map area. Dashed white lines are showing probably active faults. Red and
yellow filled circles are representing dextral offset along the Aksu and Gdlcilk segments, respectively.

junction after the 1999 Kocaeli and Diizce Earthquakes. According to the field observations in
this study, in the east, the 1999 Kocaeli rupture was terminated about 7 km east of Gélyaka
(Fig. 25). On the other hand, according to Gokten et al. (1999) the 1999 Kocaeli rupture
extends through 10 km south of Diizce. The easternmost segment of the 1999 Kocaeli
earthquake rupture is striking NE-SW on the other hand the 1999 Diizce rupture is striking E-
W. Because of this difference in the fault geometry, the faults are forming right stepping at
Golyaka area (Fig. 25). This geometry of the faults suggests that the Efteni Lake basin has
been formed largely as a pull-apart basin or rhomboid graben within the right stepover.
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Supporting this idea, composite focal mechanism solution of the aftershocks of the 1999
earthquakes recorded by a local seismic network of the Turkish-German Joint Project for
Earthquake Research (Ziinbiil et al., 2003) shows normal component around this area. Surface
deformation indicating dip slip components is also clear in the field. The east-northeast-
striking eastern edge portion of the Aksu fault within the depression and the east-northeast-
striking portion of the Diizce fault may represent the boundaries of a subsiding block. To the
east and west of the closed depression, the fault zones appear to exhibit relatively simple,
linear trace with dextral component (Fig. 25). Three minor left steppings (stepovers) exist
along the Diizce fault. On the other hand, there is no stepping along the Aksu fault.
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Figure 25. Efteni Lake basin, a local depression in southwest of the Diizce basin above. The vertical slip
distribution of the 1999 earthquake below. To see the location of the Efteni Lake basin area as a local
depression according to the Dilzce basin see the topographic relief and blue colored altitudes in figures 14
or 18. The color scale shows altitude between 115 and 125 meters in this figure. First contour level is 130
m. Contour interval is 100 m. The local high in the western Efteni Lake basin is the alluvium cone of the
Aksu stream (Fig. 34). Yellow line: Surface rupture of the 1999 Kocaeli earthquake. Red line: 1999
Diizce rupture. The green line between the 1999 Dilzce and Kocaeli surface ruptures represents a part that
was ruptured by both of the earthquakes. The map above is proportional to the vertical slip distribution
below. “-” displacement represents north side down in the slip distribution chart along the Y-axis. X-axis:
the distance along the surface rupture according to zero point at the 40:46:20.74N; 31:10:42.04E
coordinates south of the Beykdy (See appendix 1). The only systematic vertical (upside south)
deformation occurred within the 5 km right stepping area between Diizce and Kocaeli rupture. The 1999
Kocaeli rupture is reaching up to the Bilyitkmelen and Kilgiikmelen streams (Fig. 35).

45



Including this study, four paleoseismological studies were conducted along the NAIS after the
1999 earthquakes. One of the paleoseismic studies along the Kaynash segment of the Diizce
fault was performed and published by Hitchcock et al. (2003). Three paleoseismic trenches
were excavated. According to the results, pre-1999 surface-faulting events were comparable
in size to the 1999 earthquake and in some cases, may have been larger. Penultimate event
occurred about 300 years ago and the recurrence time is in the range of between 300 and 800
years. They suggested 300 years minimum recurrence interval. Some of the sample dates of
the events are used in my study combining with mines to calculate probability distribution of
the future earthquake (Section 4.4). In addition, they performed paleoseismological trenching
on the Bakacak and Elmalik faults (Section 2.2). The event times from these sites are not
coinciding the times of events that were suggested for the Diizce fault. Two of the
paleoseismological projects continue along the Diizce fault. One is the RELIEF project which
consists of data collection and the analysis of the 1999 Kocaeli and Diizce earthquake areas
and an integrated analysis of the seismic hazard assessment in the Marmara region and it was
started in 2002 (Meghraoui et al., 2004; Pantosti et al., 2004). The project team excavated
seven trenches around the central part of the 1999 Diizce rupture near the Mengencik and
Cinarhli villages along the Mengecik and Aydinpinar segments (See fig. 3 or 27 and section
3.1.4 for the location strategy about segmentation). The dating procedure is underway in this
project. The other paleoseismological study along the Diizce and Aksu faults were described
by Emre et al. (2002, 2004) and Sugai et al. (web) and it has been also ongoing and details
were not published. Four trench sites were located around the Cakirhaciibrahim, Beykdy
villages and Efteni Lake along the Aydmpinar and Efteni segments and on Sabakay left
stepping area (Fig. 30) that is connecting the Aydinpinar and Mengencik segments (Fig. 3 or
27). They also performed a trench excavation survey at the eastern tip of the 1999 Kocaeli
rupture in Golyaka district along the Aksu fault. Geoslicer technique was used in Efteni Lake
site to obtain exposures from sites that contain too much water to excavate trenches (Sugai et
al., web). According to their preliminary results, three faulting earthquakes occurred in the
last millennium. Aksu (Karadere) fault does not have regular recurrence interval. However,
Aksu fault exhibits synchronous earthquakes with the Diizce fault (Emre et al., 2004). The
penultimate earthquake occurred between A.D. 1650 and 1750 having a magnitude probably
larger than the 1999 earthquake. They correlated this event with historically recorded 1719
earthquake (Section 1.1). Average recurrence interval of the surface rupturing earthquakes
were calculated around 400 to 500 from Efteni Lake site (Sugai et al., web). The 3 event
back occurred between A.D. 665 and 1050 according to Emre et al. (2004) and Sugai et al.
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(web). See section 4 for paleoseismic performances within my study and evaluation of

paleoseismological results of previous and ongoing studies and historical records concerning

segmentation.

3.1.1. DUZCE FAULT

The fault was previously mapped by Orkan et al. (1977), Saroglu et al. (1992) and Barka
(1996). A major earthquake has occurred along the eastern part of the Northern Almacik
Strand (NAIS) of the NAFZ on November 12, 1999 (Figs. 2 and 4). The fault zone which the
rupture occurred on during the earthquake, has been called as Diizce fault. The rupture
produced about 42 km long surface rupture all the way along the southern boundary of the
Diizce plain having average 350 cm and maximum 500 cm dextral offset (Fig. 26). Average
150, 350, 450 and 300 cm dextral and about 350, 450, 500 and 350 cm maximum offsets were
measured along the Efteni, Aydinpinar, Mengencik and Kaynagh segments, respectively (See
fig. 27 for the segment locations and section 3.1.4 for the strategy about segmentation). The
surface ruptures are distributed in a zone with width ranging from a few meters to 1 km, but
generally from 1 to 5 m. The width up to 300, 100, 150 and 150 m was measured on Efteni,
Aydinpinar, Mengencik and Kaynasli segments, respectively. About 500 m wide deformation
zones appeared at the stepover areas and about 1 km zone representing easternmost section of
the faults. There is not clear information about the eastern extension of the rupture line within
the Bolu Mountain. On the other hand, its western end is rather clear. The sense of the
deformation is generally pure dextral strike slip except its western end. At the western end,
there is a systematic vertical component with dextral strike slip component connecting the

Diizce fault with the Aksu fault to the west (Fig. 25).

Rupture parameters of the Diizce earthquake have been measured and modeled using
teleseismic, strong motion, geodetic, geologic and seismic data by scientists since 1999. Three
detziled surface break studies were made along the 1999 rupture of the Diizce earthquake.
One of them was published in detail by Akyiiz et al. (2002), the other one was published in
some details by Emre et al., (2000). The third is published in this study with all details (see
appendix 1 and following paragraphs). General strike is measured about 270° from the surface
break data (See appendix 1; Emre et al., 2000 and Akyiiz et al., 2002). It is also modeled from
teleseismic, GPS and strong ground motion data within the range of 258° —275° (USGS, web;
Harvard, web; Yagi and Kikuchi, web; Irmak, 2000; Ayhan et al., 2001 and Umutlu et al.,
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Figure 26. Slip distribution of the 1999 Diizce earthquake. Yellow line: Surface rupture of the 1999 Kocaeli earthquake. Red line: 1999 Diizce
rupture. The green line between the 1999 Diizce and Kocaeli surface ruptures represents a part that was ruptured by both of the earthquakes. On the
other hand, some of the observers suggest that the 1999 Kocaeli rupture extends trough 10 km south of Diizce, about 31:10E latitude (See Gokten et
al., 1999). The map above is proportional to the slip distribution chart below. Red “x” represents dextral and blue points vertical offsets. “-”
displacement represents north side up in the chart along the Y-axis. X-axis: the distance along the surface rupture according to zero point at the
40:46:20.74N; 31:10:42.04E coordinates south of the Beykdy (See appendix 1). The only systematic vertical (upside south) deformation occurred
within the 5 km right stepping area between Dilzce and Kocaeli rupture. 2 period moving average regression applied to draw the trend lines. Blue and
black lines are the trend of vertical and dextral offsets, respectively.



(17

—E31°

N40"48°

vode BT ey o S R
- — — 51 2

3 = s S e —SIL AW = e LIS TN =

Aydinpinar segment Mengencik segment _ eeeetedetb— .
Cfteni segment i ——
8 0 8 16
W
Kilometers

Figure 27. The surface breaks of 1999 earthquakes on relief map (shaded form NNE) and probable seismic segments of the Diizce fault. Segments are bounded by three
left stepover areas within the Diizce fault (Fig. 30, 31 and 33). The segments are represented by different colors. Yellow lines show the surface breaks of the 1999
Kocaeli rupture in the area. Eastern extending part of the rupture has small en-echelon fractures. This is represented by dashed lines.



2004). It seems that there is no important difference between the modeled and measured
strike. Aftershock distribution is evident to see dip angle of the Diizce fault (Milkereit et al.,
2000). Evaluating seismological data that were collected from local stations Milkereit et al.
(2000) suggests about 66° N for the dip angle of the Diizce rupture. The other studies that
depend on the modeling of geodetic and seismic data show similar north directed dip angle
ranging between 53° and 65° (NEIC, web; Harvard, web; Yagi and Kikuchi, web; Ozalaybey
et al., 2000; Bock et al., 2000; Irmak, 2000; Ayhan et al., 2001; Biirgmann et al., 2002; Cakir
et al., 2003; Umutlu et al., 2004 and Birgoren et al., 2004). On the other hand, vertical plane
was observed in the field from the surface break (Personel cominucation with Ergun
GOKTEN, 2005). Rake is measured directly from the surface ruptures (See section 3.1.1.1
and also e.g., Akyiiz et al. 2002 and Emre et al., 2000). Sense of deformation is nearly pure
dextral except westernmost part of the rupture. Geomorphological and geological evidence
also clearly show pure dextral strike slip character of the Diizce fault. Similar results obtained
by modeling geodetic and seismic data are related to the 1999 Diizce rupture (e.g., USGS,
web; Harvard, web; Bock et al., 2000; Irmak, 2000). In addition, vertical plane related to the
rupture that was observed from the field in the west of Kaynash suggests pure dextral
component of slip having 0° rake for the Diizce earthquake (Personel cominucation with
Ergun GOKTEN, 2005). Maximum slip is measured about 500 cm at 40:46:35.67N;
31:12:49.6F from the surface rupture (Fig. 26) (See also Akyiiz et al., 2002). Ayhan et al.
(2001) and Birgoren et al. (2004) also obtained the same results for the maximum slip of the
1999 rupture according to modeling of GPS and Strong ground motion data, respectively.
Average slip that is measured along most of the surface rupture is about 350 cm (Fig. 26).
Similarly GPS data show about 376 cm average dextral slip of the rupture (Ayhan et al.,
2001). North-side-down vertical displacement is about 200 cm that was measured along the
Efteni segment in accordance with the results of Ayhan et al. (2001). Emre et al. (2000) are
suggesting similar vertical displacement. However Akyiiz et al. (2002) are suggesting much
more vertical slip about 350 cm. There are some settlement related (secondary) deformation
occurred in this area for this reason soil deformations should be eliminated to obtain tectonic
displacements and to avoid over estimation. Length of the rupture is measured about 42 km
from the surface breaks of 1999 earthquake (see also Emre et al., 2000 and Akyiiz et al.,
2002). Moment magnitude of the 1999 rupture was determined 7.1 (Mw) from waveform
solutions and strong ground motion data (Yagi and Kikuchi, web; Irmak, 2000; Woith et al.,
2000; Biirgmann et al., 2002; Umutlu et al., 2004; Birgdren et al., 2004). Ayhan et al. (2001)
also determined similar moment magnitude using slip data from GPS measurements. Depth of
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the hypocenter is not clear. It ranges between 10 to 20 km from one study to another (USGS,
web; Harvard, web; Irmak, 2000; Milkereit et al., 2000; Ziinbiil et al., 2001; Woith et al.,
2000; Tibi et al., 2001; Birgdren et al., 2004). GMT of the earthquake is 16:57:20,8 and the
location of the hypocenter is 40:818 N: 31.198 E according to local network that is nearly
covering the hypocenter (Milkereit et al., 2000). All the wave form modeling studies using
teleseismic and strong ground motion data have similar conclusion about bilateral rupture
process (Yagi and Kikuchi, web; Irmak, 2000; Buchon et al., 2001; Tibi et al., 2001; Umutlu

Figure 28. Eastern termination area of the
1999 Diizce surface rupture. See the
easternmost observation point (D0001) in the
appendix 1 for location. Picture was taken by
looking from west. En-echelon fractures are
reflecting right-lateral movement. They have
been developed in the Asar valley followed by
the highway, which is under construction.
Four to five of these en-echelon fractures form
groups that repeat in every few hundreds
meters, fading eastward. Arrow is showing
compass in 10x6x2 cm dimensions.

et al., 2004). Slip measured from surface breaks also decreases to the edges (Fig. 26). The

same result was founded from GPS modeling and analysis of strong ground motion data

(Ayhan et al., 2001; Buchon et al., 2001 and Birgdren et al., 2004). According to these

studies, the rupture nucleated near the bottom center of the rupture and propagated bilaterally.

Direct evidence of strong ground motion data show that the Diizce rupture propagated at a
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super-shear speed (4.3 km/sc) exceeding the Rayleigh wave velocity along the eastern part
Buchon et al. (2001) (see also Birgéren et al., 2004). -

3.1.1.1. Geometry

According to detailed field investigations on the surface breaks of the 1999 Diizce earthquake
the rupture produced 42.429 km long surface rupture along the Diizce fault (Fig. 26;
Appendix 1; see also Emre et al., 2000 and Akyiiz et al., 2002). Its extremities are located at
40:45:26.91N/30:57:20.76E in the west and 40:45:17.99N/31:29:33.96E in the east. GPS
coverage is partly inadequate to determine exact length of the rupture (Ayhan et al., 2001).
The linear distance along the fault is 40 km so the sinuosity is calculated 0,95 dividing the
linear distance by the length of the surface rupture. It has generally E-W direction having a
slight bow shape convex to the north (See also Emre et al., 2000). About 2.4 km difference
between the linear distance and rupture length along the fault is related to this bow geometry.
The August 17, 1999 Kocaeli earthquake was followed by the 1999 Diizce earthquake. The
following rupture began in the west at the southwestern corner of the Diizce plain. About 9
km overlapping part exists between these two surface rupture along the boundary of the basin
on the same trace and 12 km overlapping occurred between the Diizce rupture and the
northern bifurcation of the easternmost Kocaeli rupture having about 4 km N-S maximum
distance between them (Fig. 25). On the other hand, Gokten et al. (1999) suggested that the
1999 Kocaeli rupture extends through 10 km south of Diizce. The location of the western
termination of the rupture is clear (Section 3.1.2) but there are controversial ideas about the
eastern location of the termination and existence of unbroken seismic segment to the east.
According to field observations here, the surface breaks of the 1999 Diizce carthquake
disappear after small en-echelons (Fig. 28). Along the Diizce fault three left stepping appeared
during 1999 rupture having similar distance between them (about 10,5 km) and similar
stepping amount (about 300-500 m) (Fig. 27-33). These left stepping areas coincide with the
geomorphologically observed small ridges. These are the Boncuk, Sabakay and Degirmen
ridges from east to west (Fig. 29). The stepovers are named according to these ridges as
Boncuk, Sabakay and Degirmen stepovers (Fig. 29 and 27). Possible seimic segmentation is
configured considering these stepover structures along the Diizce fault (Fig. 27; see section
3.1.4). However, aftershock distribution of the 1999 Diizce earthquake seems to be uniform
not to concentrate at specific locations (Tibi et al., 2001 and Ziinbiil at al., 2003). According

to this nature, the 1999 Diizce earthquake seems to be ruptured as a single event (Zinbiil et
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al., 2003). Rupture process that was deduced from teleseismic inversions and strong motion
data are not suggesting any segment boundaries along the rupture (Introductory paragraphs of
the section 3.1.1). In addition, slip data have a typical distribution that is decreasing from
center to the edges (Section 3.1.1.2). Having this information, the left stepover structures
within the Diizce fault zone do not secem to be strong barriers leading independent large

earthquakes. The paleoseismological findings also supply supporting evidence (Section 4.4).

The observations show that the surface rupture of the earthquake terminates at the western
entrance of the Bolu tunnel to the east (Appendix 1). We could not access further east because
of its dense forest cover. On the other hand, according to the field investigations the 1999
Diizce rupture is not extending into the Bolu plain (See section 2.2). Furthermore, no active
fault scarp that trends as the eastern expected continuation of the line of the Diizce fault in the
northern part of the Bolu plain as a seismogenic source was observed (Fig. 17; see section 2.2
and 2.5 for further geological information). Ayhan et al. (2001) using GPS data suggested
similar fault length of 40 km. However, some other geodetic models could be appropriate to
longer fault rupture. According to these studies, the rupture occurred below the surface along
the eastern extension of the Diizce fault without having surface breaks (Cakir et al., 2003). On
the other hand, aftershocks are remarkable in Bolu mountain area the east of the Diizce plain
(Ozalaybey et al., 2000). Hitchcock et al. (2003) mapped possible fault traces (Bakacak and
Elmalik faults) in the east of the eastern termini of 1999 Diizce rupture (Fig. 17). However,
there is no surface rupture that occurred on these traces and they do not seem to be an

important seismogenic source (See also Hitchcock et al., 2003 and section 2.2).

According to the focal mechanism solutions of main shock and space distribution of
aftershocks, the fault plane is not vertical as it occurs at most lateral faults but has a dip
towards north (e.g., Milkereit et al., 2000). According to the aftershock distribution, modeling
of the geodetic data and the waveform solutions of focal parameters, the depth of the
seismogenic zone is about 15 km having about 65° N dip (See second introductory paragraph
of section 3.1.1). However, the cumulative and co-seismic slip is purely horizontal (Next
section and 3.1.3). Fault plane has been occurred to be almost vertical in the west of Kaynagh
(Ergun GOKTEN, oral comunication, 2005), is also an indication for pure strike slip
displacement as expected for the surface deformation of the strike-slip faults. Thus, the active

faulting is not normal or reverse here but its fault plane has an abnormal dip angle.
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3.1.1.2. Rupture Slip

Slip per event is one of the main parameters that characterize a seismogenic fault. It is the
amount of rupture or co-seismic slip produced by a single event and it is representative of the
energy released during an earthquake. Right-lateral surface slip of the 1999 Diizce earthquake
was directly measured in the field where distinguishable surface markers such as roads, fences
and tree lines are offset (Appendix 1). According to evaluation of the slip distribution, the
rupture of the 1999 Diizce earthquake is dominantly pure dextral strike-slip (Fig. 26). The
maximum dextral offset is about 500 cm according to the geodetic (Ayhan et al., 2001) and
surface break data. In concordance with teleseismic and geodetic data surface rupture
observations show that dextral slip distribution is symmetrical having the symmetry center at
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Figure 30. Sabakay left stepover area. White lines: the surface breaks of the 1999 Diizce rupture. Black dots
show downthrown block of reverse faults. Vertical displacement is about 50 cm. The color scale shows
altitude that is also shown by contours. Colored altitude layer is draped on the south shaded relief map. See
figure 29 and 27 for the location of the Sabakay ridge and stepover.

the central point of the rupture around the coordinates of 40:46:35.67N; 31:12:49.6E (Fig.
26). In the west of the westernmost left stepping, upside south normal slip component that
occurred during the 1999 Diizce earthquake is substantial. Settlement results in an additional
vertical separation in this region. Maximum vertical offset here is about 200 ¢cm eliminating

the soil settlement related observation points. This measurement is in concordance with the
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paleoseismic data (Sugai et al., 2005). The right-lateral offset is diminishing from Degirmen
stepover to the westernmost termini point of the rupture along the Efteni structural segment
from about 350 to few centimeters (Fig. 27 and 26). Along the overlapping area which both
1999 surface ruptures occurred, the right-lateral offset of the 1999 Diizce surface rupture
diminishes from 200 to few centimeters to the west (Fig. 26). The vertical offset is changing
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Figure 31. Boncuk left stepover area. White lines: the surface breaks of the 1999 Diizce rupture. Black
dots show downthrown block of reverse faults. Vertical displacement is about 30 cm. Local left lateral
offsets occurred because of the resistance of Boncuk ridge to the right movement. The resistance leads in
tear along the eastern boundary of the ridge. Between the southern dextral zone having 150 cm slip and
reverse zone around N40°46'45" latitude the area is moving to the east having slip value more than reverse
zone. Thus, the northern boundary of the area is having left lateral component. A picture form the 45 cm
left lateral offset rupture is shown in figure 32. The color scale shows altitude that is also shown by
contours. Colored altitude layer is draped on south shaded relief map. See figures 29 and 27 for the
location of the Sabakay ridge and stepover.
between few centimeters and 200 cm along this area and diminishing to the west (Fig. 25). In
the east of the Efteni segment, the Diizce fault has a typical dextral fault geomorphology
(Section 3.1.3). On the other hand, Efteni segment has a typical north side down normal fault
morphology. The 1999 rupture follows this morphological anomaly. There are shutter ridges,
deflected stream channels, sag ponds and so on along the fault that are representing its
behavior during the Holocene (Section. 3.1.3). Three compressional areas at the left stepovers

are some other geomorphologic indications forming probable seismic segment boundaries
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within the Diizce rupture zone (Fig. 27). Compressional vertical deformations observed at the
west sides of the §abakay and Boncuk ridges which are located on the left stepover areas (See
also Emre et al., 2000) (Fig. 30 and 31). The westernmost left stepping (Degirmen stepover)
does not result in significant compressional features as vertical deformations on Sabakay and

Figure 32. Left lateral movement having reverse component along the southwestern boundary of
the Boncuk ridge along the Diizce fault. Picture is clearly showing left offset along the fences
(looking from south). See figure 31 for the location of the picture.

Boncuk stepovers. However, in this area, normal vertical component along the Efteni segment
ends and pure dextral component starts towards the east all the way along the Aydinpinar,
Mengencik and Kaynagh structural segments except stepover areas (Fig. 33 or 25). Slip has
large normal vertical component along the Efteni segment because of a large right stepping at
the western end of the Diizce rupture with Aksu fault (Fig. 25). Generally, the Diizce fault
seems to have transpressional nature because the fault has just left stepovers and left bendings
that are leading compression at these locations (Ozden et al., 2000; Aydin and Kalafat, 2002).
In addition, most of the vertical slip measurements along the two structural segments in the
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middle including the middle part of the easternmost segment may also suggest systematic
south-side down minor compressional component having N-dipping fault geometry (Fig. 26
and 27). The transpressional nature could be driven by the optimally-oriented Aksu fault
tectonic boundary that is resulting to convert west directed general tectonic motion to SW
direction over the Almacik block according to the Eurasian plate. This local conversion
probably leads in the active counterclockwise rotation of the Almacik block on the contrary of
clockwise rotation that was suggested by some scientists for the Almacik block (section 2.2).
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Figure 33. Degirmen left stepover area. Black lines: the surface breaks of the 1999 Diizce rupture. Black
and white dots show downthrown block of reverse and normal faults, respectively. Vertical and dextral
displacements are shown by white and black colored texts, respectively. The color scale shows altitude that
is also shown by contours. Colored altitude layer is draped on south shaded relief map. See figures 29 and
27 for the location of the Sabakay ridge and stepover. The dextral offset difference is obvious between east

and west of 31°5'30” longitude. Efteni segment that is mostly characterized by normal faulting ends
between 31°4'30” and 31°5' longitudes. See figure 25 to locate the map area taking reference longitude
3155,

3.1.1.3. Discussions

The Diizce fault and its 1999 rupture exhibit interesting behaviors. (1) Based on the

worldwide survey, end-to-end length of the rupture trace versus magnitude regression by

Wells and Coppersmith (1994), M,, is estimated as 7.1. In addition, based on end-to-end

length of the rupture trace versus magnitude (Ms) regression for the eastern Marmara by
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Ambraseys and Jackson (1998), same M is evident. The magnitude (My) implied by
regressions is about 7.1, and hence consistent with the seismic moment. Ayhan et al. (2001)
identified that the Diizce earthquake had the highest slip-to-rupture-length ratio of any

historical earthquake along the NAF (See also Arpat et al., 1999web) according to the
relationship that

log(D) = 1.43 + 0.88 log(L)

where D is average displacement in meters and L is surface rupture length in kilometers.
However, they also suggest similar estimation of 7.2 Mw magnitude modeling the
displacement data from GPS. (2) Another unusual situation is that the dip of this pure strike-
slip fault below the surface rupture is approximately 65° to the N (E.g., Milkereit et al., 2000).
(3) The overall fault system is made up of several fault traces that commonly step to the left.
Although this systematic behavior is not necessarily typical of right-lateral systems, the
kinematics are consistent with compression evident at the left steppings in the fault. These left
steppings may infer an overall transpressional environment for the Diizce fault zone. This is
another important characteristic behaviour of the Diizce fault. (5) The other interesting point
is minor span of 87 days span between the 1999 Kocaeli and Diizce earthquakes. (6)
Inexistence of important slip-transferring fault from the Diizce fault eastward to the NAF

system is another interesting situation.

The N-dipping geometry suggests that the Diizce fault is probably using a pre-existing thrust
fault verging to the south (See sections 2.2 and 2.5). The transpressional character of the fault
could be related to counterclockwise rotation of the Almacik block (See section 2.2) that
forces the location of the shear zone to shift towards the south relative to the Almactk block.
Geomorphologically detected abandoned fault traces along the northern boundaries of the
shutter ridges probably suggest southward shifting of the fault zone (See section 3.1.3). The
active eastern slip-transferring mature fault may never be found because every shift of the
shear zone to the south is resulting to form a new deformation zone that propagate to the east
slowly. Delay of 87 days or smaller time span afier the rupture of the Aksu fault may suggest
time dependence of the 1999 Diizce fault failure to the 1999 Aksu fault failure (1999 Kocaeli
rupture) (Aydin and Kalafat, 2002). On the other hand, this also results from the coincidence
of the period of high stress along the Diizce fault with the 1999 Kocaeli rupture that occurred
near the Diizee fault. 1999 Kocaeli earthguake probably resulis in stress transfer on the Ditzce
fault (Hubert-Forrari ot al,, 2000). In this case, future or past failure of both the Aksu and
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Diizce faults with single earthquake is possible. The reason of the south directed fault zone
migration could be the southwest directed extrusion of the Almacik block (according to the
Eurasian plate) along the Aksu fault because the northern block of the fault is forming a
driving border that has NE-SW elongation. South-migrated new faults have been probably
produced at the southwestern corner of the Diizce plain that has been formed between Aksu
and Diizce faults as a pull-apart Efteni basin. New south boundary faults occur for every shift
of the Almacik block to the south. Dextral motion along the northern border of the Almacik
block uses the continuation of this new boundary faults as a shear zone. The high coseismic
slip with respect to the rupture length is the function of recurrence interval of earthquakes and
tectonic slip. The tectonic slip and recurrence interval deduced from GPS measurements and
paleoseismological results respectively are in concordance with the co-seismic slip amount of
350 cm (See section 3.1.5 and also 4.4). Accordingly, it seems that some part of the fault have
high resistance to accumulate this amount of slip. High slip of the Diizce rupture is
compatible with the large recurrence interval of 35535 year (% 70 probability) of surface

rupturing earthquakes along the Diizce fault, which is mentioned in section 4.4.

3.1.2. AKSU FAULT

The August 17, 1999 Kocaeli earthquake was felt strongly in Diizce town. The rupture is also
known as the 1999 Gélcik or 1999 izmit earthquake. Field investigations allow us to
constrain the co-seismic surface rupture zone of about 150 km with a strike slip up to 4.5 m
associated with the 1999 Mw 7.4 Kocaeli earthquake (Fig. 24) that occurred along the western
seismic segments of the North Anatolian fault in the eastern Marmara region (Komut and
Tkeda, 2000; Arpat et al., 2001). The rupture zone may be roughly divided into three at least
two structural segments based on the tectonic landform features and displacement
distributions that are obtained from the ficld observations (See also Komut and Tkeda, 2000).
In addition, according to the teleseismic body wave analysis, Pinar et al. (2000) found stages
of rupture separated in space and time. This result yields that different seismic segments are
ruptured during the main shock and a separated stage of rupture is occurred at the eastern part
of the source area along the Aksu segment (Pwar et al., 2000; sec also Yilmaz and Demirtas,
1999). These all indicate that the Aksu fault could be ruptured alone and is one of the smallest
unit (seismic segment) of propagation on this part along the NAIS. For this reason, it could be
distinguished as a probable seismic segment. The deformation characteristics of the surface
ruptures and focal mechanism solutions reveal that the earthquake had a nearly pure right-
lateral strike-slip mechanism. The rupture appears as a straight lineament trending east-west
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along the alluviums of Adapazar and Izmit basin. It slices through the Adapazari basin in the
east-west direction (Fig. 24). This part is named as Golciik segment. On the other hand, the
castern and the western segments of the rupture are trending N70°E. The eastern segment was

named as Aksu. In this section, the study is located along the Aksu segment of the Kocaeli

rupture which has a close location to the Diizce basin (Fig. 24).

The Aksu fault is about 40 km including its eastern extension up to the Kiigikkmelen stream
(Fig. 25) and it is considered as one of the major strike-slip faults along which strike-slip
partitioning occurs in the east-west regional shortening and WSW extrusion of Almacik block
according to the Eurasian plate in a long period of time. In concordance with this, Straub et al.
(1997) suggested compressional deformation along the Aksu fault based on modeling of the
GPS measurements. One other large earthquake (M = 7.2) that occurred in the same year
produced a 42.429-km-long surface rupture zone along the Diizce fault that located near the
east of the Aksu fault (Section 3.1.1). The co-seismic rupture extends from the east of Akyaz
in the Adapazar plain and runs along the Karadere stream, passes the Kadifekale, runs along
the Aksu valley and terminates in the southwestern part of the Diizce plain, is reaching up to
40 km in total length. The eastern part of the Aksu segment is located in the Aksu valley in a
region of high mountains (with an average elevation 800 m). During the 1999 Kocaeli
earthquake, some landslides have occurred along this valley (See also Ileri and Gokten, 2002).
The surface ruptures are distributed in a zone with width ranging from a few meters to 1.5 km,
but generally from 1 to 5 m along the mountatnous area. Wide deformations zone coincides to
the easternmost extension of the fault where the fault enters to the Diizce plain. The distinct
shear faults generally dextrally offset man-made structures. These co-seismic deformation
characteristics of surface rupture markers reveal that the earthquake had mostly pure right-
lateral strike-slip mechanism having probably up side north minor reverse component. The
extensional cracks that are concentrated along the rupture zone generally show a left stepping
en echelon pattern and are oblique to the general trend of the rupture zone, indicating a right-
lateral shear as a part of mole track fabric. They vary from a few mm to 0.5-1 m in width and
are greater than 0.5 m in depth in an individual crack. The measured dextral offsets are
summarized in figure 24 (See also Emre et al., 2003). The evaluation of data about a detailed
structural analysis of the surface rupture of this earthquake is in preparation. See Emre et al.
(2003) for rather detailed information that is mostly compatible with my study about surface
rupture of the 1999 Kocaeli earthquake. The displacements vary from several to few tens of

centimeters at both ends of the Aksu segment. About 1.4-m-average and 2 m maximum right
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Figure 34. Splay of the 1999 Kocaeli rupture around western part of the Efteni Lake basin (Fig. 25) on the
alluvial fan of the Aksu stream. Yellow short lines are showing exact locations of the cracks that have
systematic strike. Yellow filled radar chart box upper left corner is showing general strike of the cracks.
The strike is measured mostly (more than 20 cracks) about N113°E that is evident from the yellow filled
radar. Average interval is at least one crack about every 100 m at the mouth of the Aksu valley. The color
scale shows altitude between 155 and 180 meters in this figure. Contour interval is 20 m. The relief is
shaded from northwest to show the details of the fan. Dark blue short lines are showing the location of
cracks that mm to cm scale deformation occurred during both 1999 Kocaeli and Dilzce earthquakes and
western termini point of the 1999 Diizce rupture.

lateral offset are evident from the surface break measurements (See also Emre et al., 2003).
The slip that was obtained by teleseismic body wave analysis (Pinar et al., 2000) shows the
same distribution as the geological measurements at the surface. The rupture has about north
side up systematic 30 cm vertical component (Emre et al., 2003). This could suggest
transpressional character for the fault zone which has N70°E optimally-oriented geometry in
the general tectonic movement, driving the Almacik block towards the S70°W direction and
constructing a huge (about 20 km) left stepping in dextral system between the Golciik and

Diizce faults (Fig. 24).
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Figure 35. Right-lateral displacements of the 1999 Kocaeli rupture near
Kilgilkmelen stream. See figure 25 for the location of the intersection point
between the stream and rupture. Picture below and above were taken from
southwest and north, respectively. The offset is a couple of centimeters in the
location that is shown in the picture above. The offset that is deduced from en-
echelon structures (see picture below) is more than 20 cm in the area.
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The western extremity of the rupture at the southwestern tip of the Diizce plain consists of the
discontinuous shear faults and many cracks that splay into an extensional horsetail at the
southwestern tip of the Diizce basin (Fig. 34). These wide zones of deformation at the
termination area appeared on the alluvial fan of Aksu stream at the mouth of the Aksu valley
which can be recognized by detailed surveys in the field. Here, the cracks were distributed in
a wide zone up to 1.5 km with an average interval of at least one crack about every 100 m. No
distinct displacement can be observed along these cracks. However, they show NW-SE
lineation towards the Diizce rupture (Fig. 34) and millimeter to centimeter scale openings.
The general strike of the cracks is about N113°E. The easternmost of the rupture is continuing
furthermore to the east, reaching up to the Kiigiikmelen stream (Fig. 25, appendix 1) and
passing the Biiylikmelen stream channel. Near the Biiyiikmelen stream (40:46:56.38N;
31:1:48.64E), several tens of centimeter right lateral offsets which belong to the eastern part
of the termination area were measured (Fig. 35). At the easternmost point (40:47:19.85N;
31:3:40.11E) several sand volcanoes and small cracks were observed near Kiiglikmelen

stream. Thus, the rupture is traceable from Golyaka to Biiyiikmelen stream (see also appendix
1).

3.1.3. QUATERNARY OFFSET

On the contrary of the Aksu segment, the Diizce fault represents strike-slip faulting
morphological features that are serving measurable cumulative offsets. The Diizce fault is
characterized by a pure dextral slip parallel to the southern boundary of the Diizce plain with
the deflected stream channels (E.g., Fig. 36), left stepping en-echelon rupture array that have
compressional component (E.g., Fig., 31), and shutter ridges. The Quaternary deposits along
the basin boundary and the northern extremities of the slopes have been cut into slices by the
right-lateral activity of the Diizce fault. Some of them are preserved from erosion. Shutter
ridges are serving a typical strike-slip fault morphology lining up along the fault (E.g., Fig.
37). The northern edges of the mountain range are showing clear linearity having abrupt slope
angle change (Fig. 29 and e.g., fig. 36). Some geomorphologic markers can be correlated
between the southern and the northern blocks of the fault at some places (Fig. 36). According
to the correlation and reconstruction of the shutter ridges with hills to the southern block and
deflected stream channels along the Aydinpmar segment a total displacement of about 1 km
was obtained (Fig. 36). The same kind of displacement is evident along the Mengencik
segment on Girevlimengencik, Kahveci and Girevlimengencik shutter ridges (Fig. 29). These
and the other shutter ridges along the Aydinpmar segment are made up with basement rocks
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Figure 36. Reconstruction by left-lateral displacement of the shutter ridges to the probable original
locations according to the morphological signs. The mach of the valleys suggest at this reconstruction is a
possible one. The map above is current relief. White line is the surface breaks of the 1999 Dilzce rupture
on this map. See figure 29 to see the location of the series of the shutter ridges. The relief is shaded from
south. The figure below shows left lateral reconstruction of northern block with respect to southern about
1 km along the Diizce fault (red line). Blue lines are stream valleys. Take ridge and hill names and stream
valleys as references to notice the cumulated displacement.

Paleozoic and Palacogene in age having massive and layered character. The same kind of

basement material also exists along the northern slope of the Almacik Mountain (Herece and

Akay, 2003). Interestingly, northern slopes of most of the shutter ridges are also showing

linearities as the northern edge of the main slope parallel to the 1999 rupture (Fig. 38). This
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Mezarlik shutter ridge

Figure 37. The 1999 Diizce rupture and Mezarlik shutter ridge. Looking from the east on Sabakay hill.
Shutter ridges exhibit typical strike-slip fault morphology lining up along the fault. See figures 29 and 36
for the location of the ridge, the rupture and the Diizce fault.

may suggest that the fault is made up of a zone of sub-parallel and interconnected faults.
Between them long ridges are trending parallel to the faults. The similar distance between the
sub-parallel faults is about 12 km. The recent fault trace that was formed by 1999 Diizce
earthquake bounds the south side of the ridges. This geomorphologic evidence suggests that
most of the shutter ridges are cut by young faults from the northern sides parallel to the main
trace of the fault zone to the south. Geomorphologic lineation of the northern in-active faults
and some parts of the active faults can be connected by continuous fault lines (E.g., fig. 38).
According to my interpretation, the rupture zone seems to move to the south because fault
traces that bound the north side of the ridges seem to be idle in the active tectonic period and
recent rupture is bounding main hill slope to the south. In the future, the fault may shutter new
ridges that are currently situating their original positions along the main slop. This could be
related to counterclockwise rotation of the Almacik block and transpressional character of the
Diizce fault (See related discussion in section 3.1.1.2). In this case, measured cumulative
offset using only the current rupture (E.g., fig. 36) is probably underestimated. There should
be more Quaternary slip along the northern abandoned faults. In concordance with this,
alluvial fan of the Ugursuyu stream shows furthermore cumulative offset up to 3 km. This is
the maximum offset that is measured along the fault. Thus, the cumulative offset of the Diizce
fault is minimum about 3 km. There could be more cummulative slip along the Diizce fault.
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Figure 38. Linearity along the northern slope of the shutter ridges (dashed black line). This linearity
suggests the existence of an abandoned rupture zone of the Diizce fault and probable southern migration
of the fault zone because of the counterclockwise rotation of the Almacik block (See text in section 3.1.3).
Topographic relief map is shaded from south. Color scale is showing altitude. See figure 29 for the
location of the ridges and northern linearity. Same linearity also exists along the northern border of the
Tilkili, Meselik, Yakup and Mezarlik shutter ridge series (Fig. 36).

Ugursuyu stream valley is cutting sedimentary layers in Palacogene age and granitoids
(Herece and Akay, 2003) on the main slope flowing to the north. On the other hand, in the
Diizce basin, the stream is flowing sub-parallel to the fault probably along the older fault trace
of the Diizce fault to the west and reaches to the Efteni Lake instead of flowing along its
direction to the north (Fig. 9, 39). This could be related to local basin (Efteni basin) formation
to the west. It probably flew to the north and developed an alluvial fan during the initial stages
of the Efteni basin. The Sabakay ridge just in the east of the stream channel along the border
of the basin is made up with alluvial deposits that consist of granitoid and sedimentary gravels
and blocks (Fig. 40). Remnant alluvial fan deposits were found in the east of the Ugursuyu
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Figure 39. Deflected alluvial fan of the Ugursuyu stream. Altitude colored between 210 and 450 meters
(see color scale bar) to identify relief along the fault zone. Relief layers are draped on aerial photo.
Yellow dotted line is showing the borders of the current fan. White dotted line borders an observation
area that includes deflected remnants of the older fan (Fig. 40). Numbered (1, 2 and 3) stream channels
had been probably belonging to the Ugursuyu stream. According to the horizontal length scale, the
channel 1 on the older fan has been dragged up to about 3 km to the east according to the main hill
slope and Ugursuyu valley. The older fan area including $abakay ridge on the left stepping area of the
1999 rupture (Fig. 30) made up with alluvial deposits.
valley mouth (Fig. 39). Its geomorphologic form is nearly identical to an alluvial fan. The
remnant fan/s of the Ugusuyu stream was probably dragged to the east by the Diizce fault that
is bounding it to the south. The right-lateral offset was estimated by measuring the offset
between the axis of Ugursuyu remnant fans/channels and Ugursuyu stream. The throw is

about 1 up to 3 km (Fig. 39).

Taking the maximum offset of 3 km and slip rate of 10 mm/yr (see section 3.1.5), the age of
the cumulative offset is calculated about 0.03 Ma (upper Pleistocene). This result is
concordant with the geological and geomorphological evidence about the age of the active
tectonic phase (See section 2.5). The calculation of 3 km offset may be underestimated
concerning the size of the Efteni basin (Fig. 25). However, further estimations will not

probably change too much to the date of the active tectonic regime up to the Pliocene.
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Figure 40. The $abakay ridge (Fig. 39) is made up with alluvial deposits that consist of
granitoid and sedimentary gravels and blocks which are transported by Ugursuyu stream from
the main slope.

3.1.4. SEGMENTATION

The 1999 Kocaeli and Diizce earthquakes show that Aksu and Diizce faults belong to the
different seismic segments. As it was described before in section 3.1.2, the Aksu fault seems
to be a seismic segment that is ruptured with other segment/s to the west. According to field
studies, the Aksu fault cannot be divided into segments in spite of a few hundred meters
discontinuity along the 1999 Kocaeli surface rupture at the Kadifekale region. The
discontinuity is probably related to a landslide around the Kadifekale region. On the other
hand, the Diizce earthquake created a rupture with three probable structural segment
boundaries along the Diizce fault. The fault is composed of the four segments that each has
about 10.5-km length and separated with the left stepping structural discontinuities
(stepovers) (Fig. 27). These segments are Efteni, Aydinpinar, Mengencik and Kaynash (from
west to east). The edges of the defined rupture segments are characterized by stepovers (Figs.
30, 31, 33) and sometimes minima in the displacement distribution (Fig. 26). The segments do
not seem to be ruptured independently and they probably merged at depth along the Diizce
fault zone (Section 3.1.1). According to independent paleoseismological results, the Diizce
fault seems to be single seismic segment (Hitchcock et al., 2003; Emre et al., 2004 and Sugai
et al., web). Trench excavation sites are situated at the different probable structural segments
as mentioned. My paleoseismological study is also concordant with this result (See section 4).
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3.1.5. SLIP RATE

Slip rate is the rate of deformation characteristic of a fault and is representative of the average
activity of the fault and therefore of its strain-energy release. The slip rate is calculated on the
basis on the deformation produced by the fault during a particular interval of time. Although
available knowledge is gathered from a few GPS stations (See section 2.4), according to the
conclusion about tectonic regime in the study area, the Diizce fault appears to be the single
principal structure accommodating strike-slip deformation that is measured by GPS in the
north of the Almacik block (See section 2.5). On the other hand, the indirect information
comes from the calculated slip using paleoseismological observations with average co-seismic
slip of 1999 Diizce earthquake (See section 3.1.1.2) along the fault leaning on some
assumptions (See section 4.4). If we compare the information that comes from the different
sources, both GPS and geological data suggest a consistent slip rate of about 10 mm/yr along
the Diizce fault of the Northern Almacik Strand (NAIS). GPS data are directly giving this
value. On the other hand, statistical analysis of paleoseismological data suggest that average
recurrence interval is 9.5£1 mm/yr with (% 70 probability) along the Diizce fault. See section
4.4. for details and discussions about probability analysis on recurrence interval. The 355135
year (% 70 probability) interval was calculated from combined paleoseismological data from
this study and from the study of Hitchcock et al. (2003). Sugai et al. (web) also suggested an
average interval ranging from 400 to 500 years (See also Emre et al., 2004) and Hitchcock et
al. (2003) 300 — 800 years. According to earthquake-geology studies on 1999 Diizce
earthquake, average slip of the rupture is about 350-cm. Approximate slip rate of 9.5+1
mm/yr with % 70 probability is calculated dividing the average slip of the 1999 rupture by

average recurrence interval of 35535 year (% 70 probability).

3.2. SOUTHERN ALMACIK STRAND OF THE NAF

The Southern Almacik Strand (SAIS) is inferred as constructing southernmost strand of the E-
W-trending right-lateral strike-slip sub-parallel fault (NAF) network of a diffuse deformation
zone (See section 3) in the easternmost Marmara region. In other words, the SAIS denotes the
southern trace of the North Anatolian fault around Almacik Mountain. According to GPS
measurements (Section 2.4) and geological considerations (Section 3.1.5), most of the motion
has been taken up along the SAIS in the longitude range of the Almacik Mountain. A slip rate
of 15 mm/yr was derived for this strand according to the GPS measurements. It extends for

110 km along the Dokurcun valley from the southwest of Bolu plain to the vicinity of
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Sapanca, and describes a gently curving arc that is convex to the south (Fig. 4). To the
northwest, the SAIS connected with the 1999 Kocaeli earthquake trace of the Golciik
structural segment of the North Anatolian fault (Fig. 24); to the northeast, strand appears to
terminate within the Bolu fault zone that is the westernmost single trace of NAF (Fig. 4). This
strand coincides spatially with the projected trace of pre-existing faults, and it is probably
evolved by reactivation of older strands (See section 2.2). By this interpretation, the pre-
existing fault is responsible for juxtaposing different lithological units in Dokurcun valley. On
the other hand, the SAIS is only a relatively recent (Late Pliocene?) rupture developed within

or close to the older faults (See section 2.5).

The SAIS zone was the site of three surface-rupturing earthquakes on 1 February 1944, 26
May 1957 and 22 July 1967. Starting from the east to the west, three earthquakes combined to
produce a continuous rupture zone all the way along the SAIS. Three seismic segments that
were ruptured in different combinations by these earthquakes along the SAIS are recognized.
The distinction between the structural segments are based on contrast in the tectonic
geomorphology and the geometry of surface ruptures that was obtained from the field
observations (Ocal, 1959; Ambraseys and Zatopek, 1969; Ketin, 1969; Demirtas, 1992).
Extend of the ruptures, slip distribution of these earthquakes and segmentation will be
described in the following paragraphs.

3.2.1. 1944 BOLU RUPTURE

In 1944, 180 km rupture Ms=7.3 (Ambraseys and Jackson, 1998) of the NAF occurred on
February 1 crossing Bolu plain and having general direction of N75°E (Tagman, 1944; Ketin,
1948 and see also Ketin, 1969) (Fig. 41). Another suggestion for the length is 160 km by
Ambraseys and Jackson (1998). The rupture is also known as 1944 Gerede or 1944 Gerede-
Bolu or 1944 Bolu-Gerede carthquake. Right lateral offset is 2-3, up to 3.5 meters measured
by preliminary quality geological investigations (Ketin, 1969; see also Tagman, 1944). Near
Gerede and Tlica, the rupture has the south side up 40-100 cm vertical offset (Tasman, 1944
and Ketin, 1969). Some part of the western extremity of this rupture zone was probably re-
ruptured by the 1957 Abant earthquake (See Ocal, 1959) and about 10-km part of the
extremity was formed the southern sub-parallel break (about 700-m) to the 1957 Abant
rupture. According to the paleoseismological study of Demirtag (2000), the rupture has about
422 yr average intervel and the interval probability is ranging between 200 — 779 yrs.
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Figure 41. Surface rupture of the 1944 Bolu earthquake (After Ketin, 1969). Black line: the 1944 rupture.
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i i i Mudurnu
Figure 42. The surface rupture locations of 1957 Abant (black line, after Ocal, 1959) and 1967

(vellow line, after Ambraseys and Zatopek, 1969) earthquakes. Blue, red and white lines s_;how the 1999
Kocaeli, Diizce and 1944 Bolu ruptures, respectively in the map area. Color scale shows altitude. Relief is

shaded from south.
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According to some trenching studies along the 1944 rupture that were summarized in
Okumura et al. (2002), 250 - 300 yr. quasi-periodical interval and 4-5 m slip for per event is
evident. Kondo et al. (2002) re-evaluated slip distribution and fault geometry of the 1944
Bolu earthquake according to the surface geological data. The results show that it has 185 km
length and 3.5 m average and about 6 m maximum slip. According to the detailed earthquake-
geology research of Herece (2003), 6 — 7 m right lateral offset and 183 km length were
measured for the 1944 rupture. Paleoseismological study of Ikeda et al. (1994) also suggests
the same slip per paleo-earthquake with an average recurrence interval of about 200 to 350 yrs
(see Kondo et al., 2002). About 20 + 4 mm/yr slip rate was calculated by Herece (2003) using
about 26 m offset bridge and its construction date (See also Ikeda et al., 1994). He estimates
about 355 + 84-year recurrence interval. The knowledge about the rupture history and the past
slips is very limited. According to the review of the geological studies mentioned above, slip
calculations are ranging between 7 and 33 mm/yr. However, considering the rupture
representing the single strand part of the NAFZ and geodetically measured slip of about 25
mm/yr (McClusky et al., 2000), the slip on the rupture zone should be found 25 mm/yr

paleoseismologically.

3.2.2. 1957 ABANT RUPTURE

A large earthquake (Ms = 7, Ambraseys and Jackson, 1998) occurred on 26 May 1957 along
the SAIS (Fig. 42) (Ocal, 1959). The earthquake intensity is about VI around Diizce city
according to Ocal (1959). The knowledge about the 1957 rupture is very limited. About 43
km surface rupture occurred according to the surface break map and information published by
Ocal (1959). Its western 28 km part was overlapped by the sub-parallel 1967 rupture and its
eastern 10 km part was overlapped by the sub-parallel 1944 rupture (Fig. 42) (See also
Ambraseys and Zatopek, 1969). Average dextral slip is around 160 and 190 cm (See
Ambraseys and Jackson, 1998; Herece, 2003). The fault is dipping 68° south having right-

lateral motion (Canitez and Uger, 1967).

3.2.3. 1967 MUDURNU RUPTURE

On 22 July 1967, an earthquake with a magnitude of Ms = 7.1 (Ambraseys and Jackson,
1998) hit villages around Mudurnu valley and destroyed 10 % of the houses in the Diizce
plain (Ambraseys and Zatopek, 1969). Ambraseys and Zatopek (1969) investigated the
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surface ruptures and published detailed results about the distribution of the surface fault
ruptures, seismicity and damage (See also Ambraseys et al., 1968).

Surface ruptures related to the Mudurnu earthquake, occurred along most of the southern
boundary of the Almacik block and extended approximately 80 km, from 6 km east of Abant
Lake (40:36:8,58N/31:11:1,36E) in the eastern end to Sapanca Lake at the western end
(40:43:41,92N/30:13:43,95E) (Fig. 42). Right-lateral offset is up to 190 ¢cm measured by
Ambraseys and Zatopek (1969). Topographically, the Mudurnu surface rupture zone occurred
almost along a boundary between the mountain ranges in a narrow valley. It is slightly curved
along the southern border of the Almacik Mountain. The sense of vertical displacement
component along the surface rupture is at the north side in generally downthrown. The
vertical displacements vary from 20 to 50 cm at the eastern part where the surface was also

LR

Figure 43. Damage distribution map. White dots: observation points. Black line: the 1967 Mudurnu rupture.
Ratio of houses ‘destroyed or damaged’ to ‘total number of houses in villages based on Ambraseys and
Zatopek (1969) grided and contoured. Color scale shows the ratio. 1: no damage; .2: 10%>; 3:' 10%-25%; 4:
25% — 50%: 5: 50% — 75%; 6: 75% - 100%. The ratio is draped on topographic relief map that is shaded from
south. Damage in the south of the rupture was pronounced more than north.

broken during 1957 Abant earthquake in the valley (Fig. 42). Damage distribution map of
Ambraseys and Zatopek (1969) clearly shows that the damage was pronounced more at the
southern side of the fault zone (Fig. 43). This may suggest that some parts of the fault have
probably a dip to the south. Reuse of a pre-existing fault (See section 2.2) could result in this
anomaly in damage distribution map and fault geometry. However, focal mechanism solution
is unconcordant with this idea. It defines almost vertical plane (McKenzie, 1972). The surface
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rupture generally forms a left stepping pattern about 15-25 km interval. Western WNW-ESE
striking part of the rupture is about 50 km. On the other hand, 30-km-long eastern part has
WSW-ENE general strike. This part was ruptured by both the 1967 and 1957 earthquakes for
this reason it is described as an interim-segment. Western extremity of the western part of the
1967 rupture is forming tensional deformation zone with right stepping and again north facing
fault scarps which have length of about 10 km. In concordance with this, a large aftershock
(July 30, 1967) occurred in this area with a pure normal fault mechanism striking northwest
southeast (Jackson and McKenzie, 1984). To the west, the fault connects with 1999 Kocaeli
rupture system (Fig. 42). The western part could be a seismic segment that is forming the
connection at the right stepping between the SAIS and the Golciik segment that appeared
during 1999 Kocaeli earthquake (Figs. 4 and 24).

According to paleoseismological studies along the western part of the 1999 Mudurnu rupture
penultimate event occurred around A. D. 1950 £ 20 and recurrence interval is found about
317 + 20 (Ikeda et al., 1991). The knowledge about the rupture history and the past slips is
very limited for this ruptured part of the SAIS.

3.2.4. SEGMENTATION

More than one seismic segment exist in the east of the Taskesti (about 31:0:0E) along the
SAIS (Fig. 42). To the west of the Taskesti, a structural segment which is called as Tagburun
segment in this study is one of the major faults along the SAIS along which the surface
rupture occurred during 1967 Mudurnu earthquake. The SAIS of the NAF zone is using pre-
existing fault zones (Section 2.2). In other words, the active faults are following an old (pre-
existing) structural boundary between the Almacik block and the Anatolian block. For this
reason, the geometry of the strand has lateral irregularity along the NAF zone. Basically the
reason of probable seismic segmentation is related to the geometry of the pre-existing fault
zones and the strike of the segments of the strand is the same as the elements of the pre-
existing fault fabric. The Tagburun segment is constructing a large right releasing bend
between the SAIS and Golciik segment to the west (Figs. 4 and 24). A series of northwest-
striking short 1967 fault ruptures are mapped within the young alluvium. This pattern of
faulting may represent complexities related to the intersection of the two segments. The rest
of it, is relatively continuous and slightly curved and does not have significant left or right
steppings along its trace until its eastern end around Tagkesti. The western end is bending to

the right that has resulted in releasing around the vicinity of Akyazi in the western extremity
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of the Almacik block. Along the releasing bend, it constitutes a wide and intense trans-
tensional deformation zone (See also Neugebauer et al., 1997). The 1967 rupture of this
structural segment has generally north-facing scarps that indicate extensional component of
faulting. Extensional mechanism is consistent with recent geodetic results. The segment has
generated significant amounts of space in front of the western part of the Almacik block
considering 10 mm/yr slip along the Northern Almacik strand (NAIS) and much larger slip
rate (15 mm/yr) along the Tagburun segment (See introductory paragraphs of the section 3). In
addition, the extensional component is consistent with focal mechanism solutions of large

aftershocks and the small earthquake composite focal mechanism solutions (Jackson and

McKenzie, 1984; Neugebauer et al., 1997).

The eastern part of the SAIS is rather complex to the east of the Tagkesti. Along this part, the
surface ruptures occurred during 1967 Mudurnu, 1957 Abant and 1944 Bolu earthquakes (Fig.
4 and 5). Surface expressions of the ruptures indicate that there are a couple of faults and
segments. This part is forming a large left restraining bend area between Tasburun segment
and the NAF to the east.The geometry and the location of the Almacik block are restraining
the NAF here and releasing it to the west of the SAIS. In contrast to right-bending nature of
Tasburun segment, this part is characterized by slight left bending fault geometry. The 1967
and 1957 ruptures of this part generally have the north-side-down scarps (Ocal, 1959;
Ambraseys and Zatopek, 1969) which could indicate compressional component of faulting.
As a general rule, reverse dip-slip fault segments are common within left-bending right-lateral
strike-slip fault zones. Reverse nature that was interpreted from the systematic down slip
behaviour in this vicinity would be compatible with the apparent lefi-bending geometry along
the eastern part of the SAIS. The fault zone alorg the SAIS may adapt to a south-dipping pre-
existing reverse fault (See previous section), but this speculation has not been confirmed. The
geometry of this kind of pre-existing fault can be easily used by segments of along east of
Taskesti and this is ordinary. However, use of south-dipping pre-existing reverse fault by a
right bended releasing strike-slip fault as Tagburun segment is uncommon in active tectonics
frame. The ambiguous composite normal fault plane solution of Neugebauer et al. (1997)
which has a problem with conjugate fault plane may be related to this uncommon kinematics
in active tectonics frame representing abnormal fault zone of Tagburun segment. The other
normal faulting composite solutions of microearthquakes in the study of Neugebauer ct al.
(1997) and the large aftershock of 1999 Mudurnu earthquake (Jackson and McKenzie, 1984)

representing secondary faults are related to the local extensional gap in front of the releasing
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bend. In this extensional area, the crust does not react rigidly but fill the gap by these normal
faults which result in crustal thinning, basin formation and scattering of seismic waves
(Neugebauer et al., 1997). Interseismic high-microearthquake activity that was mentioned by
Neugebauer et al. (1997) is probably related to this diffuse and local basin formation
procedure. The local extensional area occurred because of the right bending of the SAIS
related to a pre-existing fault zone. It is suggested that this kinematic is not characterized
stretching effect of the Aegean extensional region but local releasing kinematics that result

from optimally-oriented pre-existing fault zone.

To the east, the regional strike of the SAIS turns gently towards the southeastern corner of the
Bolu plain. Rest of the NAF zone is located along the southern border of the Bolu plain and
parallel to the general strike of the NAF. The fault zone is marked by springs, bedrock scarps,
and lineaments. The fault forms a visible gauge zone in the bedrocks along the southeastern

border of the Bolu plain.

77



4. PALEOSEISMOLOGICAL INVESTIGATIONS:
THE DUZCE FAULT

The knowledge of the Holocene earthquake history of the western NAF system is critical for
evaluating seismic hazards and has implications for the long-term (late Quaternary) slip
budget of various strands of the NAF system in Marmara region. My goal here is to decipher
the ages of paleo-earthquakes on the Diizce fault. The contribution in this study is
constraining the ages of as much earthquakes as and, as tightly them as possible along the
Diizce fault by trenching. It is fact that this is an experimental study and not sufficient to solve
the behavior of the Diizce fault at all. A paleoseismic history is hoped to develope in this
study. Through the study of sedimentary archives, ages of the paleo-earthquakes have become
increasingly apparent in further studies. Such information is invaluable in estimating the
earthquake hazard of Diizce and finding the probability range of critical time period of a
future large earthquake. Such data can be used for understanding the behavior of the Diizce
fault and the NAF system in Marmara arca better, and to address questions such as: 1) Does
the Diizce fault typically fail in large 1999-type earthquakes (see section 3.1)? or can the
structural segments of the Diizce fault fail independently of one another? 2) Does the NAIS
typically fail in separate large earthquakes as in 1999 (Figs. 2 and 4) or can the Aksu and
Diizce fault seismic segments fail dependently with a single earthquake? 3) Did the surface
ruptures of the 967, 1509, 1719 earthquakes that were recorded in historical documents (see
section 1.1) occur along the Diizce fault? The great 1509 historical earthquake ruptured the
segment/s somewhere and damaged buildings between Marmara and Bolu (Ambraseys and
Finkel, 1995). During the 1509 earthquake, Northern Almacik strand (NAIS) including the
Diizce fault may have been ruptured. According to historical data that were presented by
Ambraseys and Finkel (1995), except 1999 event, the destructive next and the last earthquake
after the 1509 event stuck Diizce area on 25 May 1719 (Konukgu, 1984; Ambraseys and
Finkel, 1995). Using the review studies about historical data, the 1719 rupture is almost the

same as the 1999 Kocaeli rupture.

There are no paleoseismic-standardized techniques to recognize unequivocally the evidence
for the past earthquakes. Each site and each structure require a different method of study. First
step in collecting primary paleoseismic evidence is to identify and map the deformation zone.

The 1999 Diizce carthquake allows to locate surface deformation of the Diizce fault. The
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benefit of using a recent rupture to compare serial ruptures lies in the fact that the location,
magnitude, and slip vector of the most recent event are all well documented (section 3.1). The
figure 3 shows the surface break left by the 1999 Diizce earthquake at the trench sites that

were excavated across the Diizce fault in this study to establish a paleoseismic record for the
fault.

The efforts are focused on the Mengencik and Aydinpinar structural segments (Fig. 27) and
several potential sites that have been likely recorded and preserved paleoseismic data that
would help me to get preliminary data to understand the behavior of the Diizce fault are
found. A paleoseismic investigation has been conducted at four sites in three locations that are
shown in figure 3 along ~42-km rupture of the 1999 Diizce earthquake. The paleoseismic data
were collected from five trenches at the three sites along two segments (Appendix 2, Section
4.3.1). The trenches contain a variety of seismological fingerprints supporting the ages of six
earthquakes, except 1999 event from about B.C. 1731. These fingerprints are stratigraphic and
structural evidence representing the events that have been preserved in geological record.
Seven “C accelerator mass spectrometry (AMS) dates related to the six events are combined
with date data of single documented previous study of Hitchcock et al. (2003) on the Diizce
fault to determine the recurrence intervals for large earthquakes (Table 2, section 4.4.,

appendix 3).

4.1. SITE DESCRIPTION AND TRENCH LOCATION

The search is focused on high potential paleoseismic sites along a portion of the Diizee fault
in Beykoy and Kaynash villages, with the objective of finding sites that would yield a record
of the past several paleo-earthquakes. At least one site is selected for every possible siemic
segments (Efteni, Aydinpinar, Mengencik and Kaynagli; see fig. 27) favorable for the
paleoseismological trenching along the Diizce fault and two structural segments (Aydinpmar
and Mengencik) where the potential results were higher (Fig. 3) (See section 3.1.4. for the
identification of possible segments) are excavated. Three trenches are excavated across the
Aydmpinar segment at a single site (Kaledibi) that is located near the eastern end of the
segment (Fig. 3 and 44). Some radiocarbon age results are got in Kaledibi site which has two
exploratory (Kaledibi-2) and one main trench (Kaledibi-1). Eight trenches were excavated
along the Mengencik segment in three sites and all of them were located around its centre

(Fig. 3 and 45). Three of the trenches are exploratory (Caywr-1, Cayir-2, Bend-2) and five
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Figure 44. Location of the Kaledibi-1trench in Kaledibi site. The location of the site map below is shown by a
black box in the map above (See fig. 3 for the location of the map above). Black rectangle m lhc map below
represents the trench. The other trenches that are shown with gray rectangles are exploratory. Air is photo draped
on colored and contoured relief map shaded from south. Red line represents the 1999 Diizce rupture.
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Figure 45. Locations of excavations are shown on topographic map along the Mengencik segment.
The rectangle to the left and right shows the Bend and Tongelli sites, respectively. See figures 46 and

47 for large-scale maps of the rectangle areas. Trenches at the Cayir site in the location of right
rectangle do not have visible stratigraphy. Yellow and orange areas are Quaternary alluvium and
alluvial cones of streams, respectively. Short black lines: excavations, red line: surface breaks of the
1999 Diizce earthquake. Trenches that their names are collared with red, contain dated events.
Trenches that their names are colored with yellow contain events but do not have dating. Trenches
that their names are colored with black do not have visible stratigraphy. White squares are
observation points of the 1999 surface rupture.

(Téngelli-1, 2, 3; Bend-1, 3) are main trenches. Some radiocarbon age results are got for four
trenches (Tongelli-1, 3; Bend-1, 3). In summary, five trenches have been examined and
documented at three sites (Tongelli, Bend and Kaledibi sites) across the Aydinpinar and
Mengencik segments of the Diizce fault where the principal fault is defined as strike-slip (Fig.
26). The 1999 Diizce earthquake constrained the location of the fault. Therefore, trenches are
excavated across the present surface rupture of the earthquake. The paleoseismic sites are
located in the meadowy places mostly on alluvial fans. The trenches at the Cayir site do not
have visible stratigraphy. Samples of events that were found in other trenches would be dated
after finding financial support. The Diizce fault transverses many alluvial fans that have been

built by the northward-flowing streams.

Four of the studied trenches along the Mengencik segment and related sites are close to each
other. They are near to the border between Kahveci and Findikli villages (Fig. 45). At the
sites, the fault zone is located between shutter ridges (Mengencik and Kahveci) northwards
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Figure 46. Tongelli and Cayir paleoseismological sites. The color scale shows altitude. Topographic data are
draped on aerial photo. Relief is shaded from south. Contour interval is one m. Trenches that names are
colored with red contain dated events. Trenches that names are colored with yellow contain events but do not
have dating. Trenches that their names are colored with black do not have visible stratigraphy. Dotted lines
are representing boundaries of the alluvial fans and dashed lines streams. See figure 45 for the location of the
map area in small scale.

and a mountain front southwards. The surfacial expression of the Diizce fault here is a
prominent set of this linear hills aligned up along the mountain front. The lithology of the
shutter ridges are formed by terrestrial rocks that probably belong to the western hill slopes of
the northern flank of Almacik Mountain (Section 3.1.3). The main fault along Mengencik
segment usually bounds the southern site of the hills. Cayir, Tongelli and Bend streams are
the primary young sediment sources for the sites (Fig. 45). The names of trenches are
depending on names of streams (or sites) which their sediment was excavated. South of the
hills, the previous fault ruptures are buried by late Holocene deposits of the streams. The
Diizce fault transverses the alluvial fans built by these northward-flowing streams.
Unstratified gravel deposits have been derived directly from the mountain front in flooding
periods and massive clays interfingering with poorly sorted colluviums. Local mountain front
in this site is composed of mainly sandstones. Therefore, the grains are sandstone in the site.
Quaternary fans of the drainages are composed mostly of alluvium derived from the sandstone
rocks of the mountain range that bounds the Diizce basin on the south. Between the fans of
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Tongelli and Bend streams, there is a small valley along the fault parallel to the mountain
front. Along much of the valley, fault trace clearly delineated in the topography, existed prior
to surface rupture of 1999 earthquake. The rupture exhibits a trough along this reach (Fig. 59).
The rupture has produced uphill-facing (south) scarp, with an average height of ~20 cm from
the Tongelli-1 trench location to the east about 250 m (Fig. 57). In the vicinity of the site,
dextral displacements ranging between about 300 and 400 cm forming the surface rupture of
the 1999 Diizce earthquake were measured (around the longitude of 31°15' in Fig. 26).
Tongelli stream is small and dry especially in summer seasons and feeds a small, alluvial fan
(Fig. 46). There is a smaller valley that is extending to about 10-m-east of the Téngelli fan.
This is a smaller stream (Cayir stream) and accordingly minor fan crossing the rupture zone in
the area. Two exploratory trenches (Cayir-1 and -2) are excavated across here (Fig. 45 and
46). There was no sedimentary record in the trenches because of uniform low energetic
sedimentary environment. One of the trenches (Tongelli-1) was excavated on the Téngelli
stream fan and the other (Tongelli-3) across the fault zone in the mountain-front-parallel
valley, which is the boundary between the Mengencik shutter ridge and mountain front, west
of the Tongell-1 trench (Fig. 46). Juxtaposition of locally higher topography (Kahveci shutter
ridge) on the north side of the fault against Bend stream channel results in the blockage of the
relatively large drainage (Bend stream) west of the Tongelli-3 trench site and trapped late
Holocene alluvium within the lower topography along the fault zone (Fig. 45). The Bend
stream is a blocked drainage within the fault zone. The stream is not dry in summer seasons. It
is a deflected stream caused by slip along the Diizce fault. Late Holocene alluvium originating
from the blocked drainage appears to form a westward-propagating alluvial fan. At the same
time, the fan appears to be propagating back in to the valley filling it towards uphill direction
(Fig. 45 and 47). Convex fan geometry on the topography does not exist here. This rather
abnormal 3-D geometry is probably related to the erosion and faulting. Two trenches (Bend 1
and 3) were excavated on trapped alluvial fan of this stream and about 100 m away from the

stream. Massive clay and flood deposits dominate in the exposures in this site.

At the trench site on Aydinpmar segment, there is a small stream near the west of Kaledibi
village (Fig. 44). Along the fault, a scarp is clearly delineated in the topography, existed prior
to 1999. The current height of the scarp varies from about 60 to 90 cm along its strike. Since

this is up to 4 times higher than the scarp that was formed in 1999, it is reasonable to suspect

that older scarp was formed because of several prior ruptures.
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Figure 47. Locations of Bend 1, 2, 3 trenches in the alluvial cone of Bend stream. A: topograhic relief map
of the Bend site. Altitude is represented by color scale and relief is shaded from southwest. Rectangels are
trench locations. No event was recognised in a trench that has black font trench name. Events were
recognised and dated in the trenches that have red label. B is showing Quaternary developement of Band
stream fan in the same area on contoured (1 m interval) topographic map. Both A and B have identical scale.
Trapped alluvial cone of the Bend stream is shaded by dark yellow color drape on aerial photo. Light yellow
is showing current bed of the stream. The fan had been propagated back in to the valley filling it towards
uphill direction because it has been blocked from north by the Kahveci shutter ridge. See figure 45 for
smaller scale topographic map of the area. Convex fan geometry on the topography does not exist here. This
rather abnormal 3-D geometry is probably related to the erosion and faulting.
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4.2. METHODS

4.2.1. TRENCH LOCATING AND EXCAVATION STRATEGIES

Trench locations should be carefully selected in order to maximize the preservation of datable
sediments cut by the fault and the recognition of the past surface faulting events. Several
locations are selected favorable for paleoseismological trenching along the Diizce fault, and
three of them are excavated where permission was obtained and that have higher potential for
results. The merit and potential of each site were evaluated, and then the best sites are selected
for a major trenching effort in this study. There are many parameters to find the best site for
trench location. Carbon richness is one of the important parameters to find valuable trench
site. Watery environment provides sufficient carbon. However, this environment generally has
serious problems because water leads to potential collapse of trench walls. For these types of
reasons, geologists try to care not only one parameter but all parameters to select valuable
trench sites. Site selection procedure could be supported by subsurface probing technique and
modern technological devices that collect geophysical data to find fine stratigraphy that might
provide a record for near-surface layers. Such supporting techniques could not be used in this

experimental study because of the logistical shortages.

The trenches were purposely located in the places of sedimentary environments that were
likely to have high sedimentation rate in order to ensure that enough sediment was deposited
between earthquakes to allow individual earthquakes to be distinguished each other. This
strategy has increased the visibility of stratigraphy for the paleoseismic indicators, but it has
also resulted in the fact that the trenches allow the resolution of the small number of events.
Trenches generally range in depth from about 2 to 4 m not exceeding 5 m because of shallow
ground water level and the capacity of available excavators (Fig. 48). This depth could allow
resolution of the limited number of events. Common strong erosional and flooding phases
make it impossible to find more than about one or two events in 4-m-deep trenches. Thus, the
sedimentation rate is not constant and the strong erosional and flooding phases make it
impossible to distinguish different earthquake horizons in one specific trench. For this reason,
abundant trench number can allow to expose complete paleoseismic history. In general, the
fault area has very shallow ground water, near surface. Therefore, slow energy and continuous
sedimentation environments that serve good stratigraphic resolution like a sag-pond couldn’t
be selected. Continuous stratigraphy but absence of visibility is highly possible at low energy
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Figure 48. The picture of the Cayir trench site looking from north and the excavator that was used for
trenching. See figure 46 for the location of the site.

domains as mentioned above (E.g., Cayir-1, see figs. 46 and 48). Thus, the trenches is chosen
to locate near the mouths of small to medium size drainages (E.g., Tongelli-1, see fig. 45)
where the grain size is predominantly sand and pebbles as opposed to the boulder deposits at
the mouths of the drainages despite the fact that they are not optimal for paleoseismic
interpretation. In particular, uncertainties are related to difficulty in correlating layers which
were generally massive, containing large pebbles and cobbles, with lack of thin continuous
layers and the possibility of depositional hiatus, strong erosional and flooding phases should
be considered. Although the stratigraphy in the trenches is not as continuous as or as thinly
bedded as at some other paleoseismic sites, sharp contrast that allows faulted and unfaulted
units to be distinguished each other are present within most of the deposits. In many cases,
fissure fills in massive clay provide upper and lower bounds on stratigraphic position of the
earthquake horizon. That would appear to indicate poor stratigraphic resolution of position of
earthquake horizons. However, because of high sedimentation rate, this uncertainty in the
stratigraphic position of an earthquake horizon translates into an age uncertainty that is
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smaller than the uncertainty due to the laboratory and calibration errors in the radiocarbon
dates.
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Figure 49. Gasoline powered water pump engine was used for dewatering operations.

Groundwater condition is an important parameter for locating trenches. It always leads to a
technical problem because discharging is mostly very difficult. Dry seasons (fall) are chosen

for excavating trenches to avoid shallow water table. However, for most of the field season it
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Figure 50. Trenches were shored by building a wooden frame in order to prevent collapse of
the trench walls in the unconsolidated sediments. Screw jacks were used for executing shoring.

is focused on dewatering. In many cases, the water table was got temporally as low as
possible to find evidence for earlier events. Dewatering operations consisted of actively
removing the water using gasoline powered water pump (Fig. 49) in daytime. The
groundwater was successfully discharged out of the trench in daytime however, trench walls
commonly collapsed at night because of the rewatering. Trenches were shored by building a
wooden frame in order to prevent collapse of the trench walls in the unconsolidated sediments
at the sites (Fig. 50). Screw jacks were used to execute shoring. After the first horizontal tire
was excavated with a backhoe as possible as fast vertical wooden beams were located, then
the first tire was widened and the second tire beneath the exposure of the first tier was

excavated to avoid trench collapse during the excavation. In general, trenches are 10-m long,
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3- to 4-m deep, and 1- to 2-m wide. The relationship between width and depth of the trenches
were taken into account for trench stability and safety of the people examining the trench

walls. The wide is increased from deep to shallow to make trench walls more stable having

about 60° dip angle.

After digging, smoothing of the trench walls was performed by hand using garden,
construction and sculpture tools. The walls were made as planar as possible to increase
visibility of sedimentary features and tectonic structures. Little color flags, pierced by nails
were used to highlight important features. After that, horizontal and vertical grids which were
formed by mostly 50-cm-wide squares by strings to serve as a reference frame for logging
trench walls were set. The most of the expositions were documented by detailed drawings
(trench logs) at a scale of 1:10. Scales are ranging 1:10 to 1:20. Log scale and grid size are
depending on complexity of exposure. It sometimes depends on stability of the trench walls.
Larger scale logging needs more time. Thus, small scales were used when the trench walls are
seemed to be unstable (E.g., Kaledibi-1 trench in section 4.3.1.5). Just schematic drawings
could be made for trenches which had high collapse risks (E.g., Tongelli-3 trench in section
4.3.1.2) and have poor logistical conditions (E.g., Bend-1 trench in section 4.3.1.3). All the
trenching procedure was executed alone by me, except the first opening step by excavations.
Periodical messages had been sent to the local governmental office during the trenching
study. They recognize something wrong when they do not get any message at a critical time
period. There was not any fatality during the study. All sedimentary structures and deposits
exposed from trench walls were reported. The possible geological records of individual
paleoearthquakes were highlighted, and at the same time the geometry, the type of movement,
and the amount of deformation for each event were evaluated. Digital camera was used to

2% 46

take the pictures of the exposures. Pictures were rectified by applying “scale,” “screw,” and
perspective” transformation in Adobe Photoshop until nails (control points) and grid net
shown in the token overlapping picture sets matched their surveyed locations on detailed
drawings to produce a realistic picture-mosaic. For some trenches, overlapping pictures of the
exposures were rectified and merged using ER Mapper 6.1 software too. This software is
more quantitative and automated however; it does not allow frechand transformations.
Sometimes freehand transformations are essential. Especially pictures do not have enough

quantitative control points to make valuable rectifications.
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4.2.2. IDENTIFICATION OF EARTHQUAKE HORIZONS

The surface breaks are one of the hallmarks of large carthquakes. Buried surface breaks and
their deformational features hold clues to the time of paleoearthquakes. The stratigraphic level
that represents what the ground surface at the time of a paleoearthquake was is generally
referred to an event horizon. Following the permanent coseismic surface deformation of
actual or depositional layers or strata, local deformational or post-depositional processes take
place trying to restore equilibrium in the existing sedimentation system. The critical issue is to
make successful differentiation between the pre-paleoearthquake and post-palecearthquake
local sedimentary processes. The erosional features and sediments that are derived from post-
paleoearthquake processes become the geologic records (seismit) of past surface faulting
earthquakes. There are stratigraphic and structural (tectonic) evidence. (1) The most common
features that indicate the formation of a fault scarp are colluvial wedges (debris slope, wash
slope). Colluvial wedges are scarp-derived deposits that partially bury the scarp and they have
been used to define event horizons as stratigraphic evidence. (2) Upper terminations of faults
are tectonic evidence for individual events of displacement (E.g., event B in section 4.3.2.2
and event A in section 4.3.2.1). Upward termination of fault strands does not always provide
us a reliable information on the stratigraphic position of the ground surface at the time of
faulting event because for faults with historic ruptures, fault strands are not commonly visible
all the way up to the ground surface (Bonilla and Lienkaemper, 1990). (3) Existence of fissure
fills proves that at the time of the faulting event, the event horizon was deformed and a fissure
was formed for a specific event as stratigraphic evidence (E.g., event D in section 4.3.2.4,
event C in section 4.3.2.3 and event E in section 4.3.2.5). The evidence for paleoearthquake
horizons consists of bracketing the upward termination of fissure fills between the fault
strands. (4) Sometimes, thé coseismic deformation is accompanied by a tilt of the sedimentary
beds not only because of near-fault complexity but also because the fault scarp is
accompanied by a flexure of the ground and sediments, rather than a sharp rupture. Related
unconformity is a structural evidence and represents an event horizon (E.g., event F in section
4.3.2.6). (5) Faults continue to increase the amount of the deformation with increase in the age
of sediments. This structural evidence can be particularly clear when there is a vertical
component of slip. Note that no single feature taken alone can be used as an unequivocal

evidence for an earthquake. In the following Analysis of Exposures section, seismits are

described for each trench and event.
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The final but critical step in a study of a trench is to date the event horizons in order to
constrain the ages of the paleoearthquakes on the fault. In general, an age range for each event
is constrained by the age of the sediments above and below the horizon of each particular
event. Collecting correct samples in correct locations that is constraining the age of an event
is depending on the accuracy of the interpretation of the event. As a general rule, collection of
large amount of samples all over the trench could be valuable because the interpretations of
exposures are made after closing the trenches in many times. However, in general, samples
are not enough and sample allocation is not uniform at every trench sites. At this kind of
trench sites, instant interpretations should be made carefully during the trenching operations
to focus on event horizons for age sample collection. Shells, tufa, soil carbonate are generally
unreliable for dating, because they do not form a closed system. In this study, age control for
all events is based on the radiocarbon accelerator mass spectrometry (AMS) ages of peat
samples. Several issues are applicable to all paleoseismic sites that rely on peat for age
control. The depositional date of any sedimentary layer is likely to be younger than the dates
of peat samples from that layer. This is because a lag time exists between the time that the
interior of a branch on a bush stops exchanging carbon with the atmosphere and the time that
the branch falls to the ground, and is transported and deposited (and perhaps re-transported
and deposited again) in a sedimentary layer. Thus, all of the sample ages represent maximum
estimates for the depositional ages of the layers. The magnitude of this discrepancy varies
from a sample to another. It is also possible for peat samples to be younger than the
sedimentary layers in which they were collected if the samples were emplaced into the layer
through bioturbation. Peat samples were not collected from the obvious animal burrows;
however, some samples were collected from massive, crudely bedded or thickly bedded
deposits, in which burrows might be difficult to recognize. However, thinly bedded deposition
parts of the trenches in which inexistence of the organic disruption would have been obvious.

For each layer from samples which were dated, those that were least likely to be from

bioturbated sediment for dating were selected.

In the text and figures, the event horizons are indicated by an alphanumerical code. Events are

descending-sorted accerding to the alphanumerical order taking the youngest ruptured 1999

Diizce event as event G (E.g., event A0 indicates the oldest event). Ascending sorted

numerical order is used for assigning events in the sequential rupture timing models (Section
4.4). Eveni G (1999 rupture) is constantly assigned to the 10™ rupture in the models (e.g., 9™

rupture is the penultimate and 8" is the pre-penultimate events).
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4.2.3. RADIOCARBON DATING ISSUES

By far the most common and powerful method for dating in paleoseismology up to 52,000
years in age is the radiocarbon dating (**C dating). Libby and co-workers at the University of
Chicago first pursued the measurements of '*C in nature during the late 1940's (Arnold and
Libby, 1949). They demonstrated the feasibility of using radiocarbon as a dating tool for
ancient samples of known age: old tree wood dated by counting annual growth rings
(dendrochronology) and artifacts dated by experts in ancient architecture and craftsmanship.
Over the past forty years, radiocarbon has become the most commonly used dating tool for
seismology. It is an isotopic method based on the radioactive decay of '*C (half-life 5,730
years) to “N.

Carbon has three naturally occurring isotopes. The two most abundant isotopes are the stable
isotopes, "*C (98.89 percent) and *C (1.11 percent). On the other hand, the third isotope Mc
(10" percent) is unstable and undergoes B-decay to '*N. This isotope is present on the
atmosphere and troposphere. It is constantly produced by the interaction of cosmic rays with
nitrogen, oxygen atoms in the atmosphere (Kamen, 1963). The carbon atom is oxidized within
hours to "*CO which has an atmospheric lifetime of several months before it is in turn

oxidized to *CO, to become well mixed throughout the troposphere.

The steady state '*C content of the atmosphere is determined by the exchange of carbon in
€0, with that in ocean and biosphere reservoirs by photosynthesis and hence throughout the
food chain. Interaction and exchange with the atmosphere and oceans lead to all living tissue
maintaining a fixed proportion of 14C. Thus, isotopic ratio of 'C to stable isotope °C is kept
constant during the lifetime of an organism as in atmosphere (in short period) by living
system of that organism. Calculation of a radiocarbon age requires the assumption that the "¢
of the carbon originally fixed in plant or animal tissues equated that of the atmospheric CO,
during pre-industrial times. After the death of an organism, the amount of 'C in the organic
matter decreases with time due to its death *C isotope of carbon in its tissues undergoes
radioactive decay back to "N (Fig. 51) because the exchange of carbon from atmosphere
stops. Y decay curve is prepared considering half-life of B-decaying of *C to "N is 5,730
years. If the tissue remains intact and isolated from exchange, the decrease in its *C content

form may be used to indicate the time since the death of the organism. This is the basis for

radiocarbon dating.
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The product of the radioactive decay, N, is not retained because it is gas and escapes as it

forms. On the other hand, remaining amount of 1C is expressed as the ratio '*C to '*C (one of
the stable isotopes of carbon) and gives the death date of tissue. To determine how much "*C
is in a sample, radiation detectors count the number of B particles released by radioactivity of
remaining '*C. The result is called as the “activity’ (disintegrations per minute per gram of
carbon dpm/g). A sensitive detector can measure at most, nine half-lifes (HL) from the
emitted beta particles of *C decay. For this reason, approximate maximum age in years that

can be determined is about 52,000 years (Fig. 51). The radiocarbon age that is obtained from
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Figure 51. "'C decay curve. Decrease in radiocarbon with time according to
radioactive decay (From Trumbore, 2000). Carbon content was expressed as
the ratio of "C to "*C. Half-life of p-decaying of '*C to "N is 5730 years.

a radiocarbon measurement is a measure of how much radiocarbon is in the material. It is
often referred to as the Conventional Radiocarbon Age (CRA) to distinguish it from the
calendar, age. Dates are expressed as AD (CAL years or calendar years or absolute years), BC
(also called BCE), BCE (before Common Era), and BP (before present). The accepted way to
represent *C ages is in terms of years BP. The BP is expressed as years before present where
“present” means 1950, by convention. The year 1950 is the date that the calibration curves
were established. It also predates the atmospheric testing of the atom bomb (thermonuclear
weapons) which significantly upsets 120/14¢ ratios in the following years. This is a global

isotopic spike for the carbon system. Atmospheric burden of '*C was approximately doubled
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in few years preceding the implementation of the Nuclear Test Ban Treaty in 1967 (NNSA,
2003).

The production of "*C in atmosphere is not perfectly constant. This was recognized by Hans
Suess and Walter Libby in the 1960’s. The "*C content of the atmosphere has varied with time
(from year to year), both because of the changes in the production rate of v (variations in
incoming cosmic radiation and magnetic field variations) and because of the changes in the
distribution of carbon among ocean, biosphere and atmospheric reservoirs. In recent years, the
modern-day burning of fossil fuels (coal, oil and natural gas) has been diluting the relative
amount of '*C in the atmosphere by releasing large amounts of 2C (Fig. 52). The variations,
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Figure 52. Radiocarbon calibration curve for recent years (Stui}r;:r et al., 1998). Dilunation of
amount of "C in the atmosphere by releasing large amounts of "“C after about 1950. Over 400

years correspond to a plateau in time range 1650-1950 A.D.

deduced from the “*C content of cellulose of known age taken from the annual growth rings of
trees, are generally less than 10 percent over past 7000 years. Calibration curves that account
for the fluctuation of C production in the atmosphere are widely used to correct ages to
approximate calendar years (Stuiver et al., 1998). By using the findings of tree-ring research,
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it is possible to "adjust" radiocarbon-determined dates to correct for variations in atmospheric
'%C over time. To compensate for variations in "C, scientists have developed calibration
curves from the studies of tree-rings of the ancient trees (Fig. 53). Unless a correction curve is
established, future age determinations for artifacts of our time will appear to be older than
they should be because of the modern-day burning of fossil fuels. Through these studies
(dendrochronology), calibration data that go back nearly 11,000 years have been developed.
The tree-ring calibration curve is a non-monotonic. Sometimes a single radiocarbon date
corresponds more than one corrected date (Fig. 54). In this case, a researcher should seek
other information to verify the most likely date. On the other hand, researcher can use the
distribution for each probability method that was described in this study (Section 4.4.1.4.1) if
he/she has reasonable amount of data and a reasonable serial model (See section 4.4.1). In
addition, "*C errors associated with the counting procedures of radiocarbon lab result in a
much larger BC error range, depending on the calibration curve at a specific date range with
lab error. Such uncertainties result in the problems to choose the most likely date that gives
the broad ranges of the possibilities for any specific radiocarbon date.

nnqh'naumawsaum;mmmmmwrmdmmm
25000BP |
§ 200008P |
iy
. ]
e
% 15000BP -
o L 1
=] 1
2
=l |
2 10000BP
- -
&
* g \
OBP I il 1 1 I P e i L L Il A i Il i i
20000CalBC  15000CalBC  10000CalBC ~ 5000CalBC  CalBC/CalAD
Calibrated date

Figure 53. Radiocarbon calibration curve from studies of tree-rings of the ancient trees (Stuiver et al.,
1998). It goes back nearly 11,000 years.
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In conventional *C dating, the sample size required for this method depends on the type of
material, but is generally in the tens to hundreds of grams range. It may take several days to
record enough radiation to provide a precision of +80 years. In the last two decades,
improvements in the sensitivity of the radiocarbon measurement that have been achieved

through the development of accelerator mass spectrometry (AMS) have considerably
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Figure 54. Example of a wide time range radiocarbon calibration (R26946/5 sample, Table 2).
Conventional radiocarbon age of the sample is 266150 years BP. Calibration curve of Stuiver et al.
(1998) is shown as blue line. Error curve of the conventional date is shown by red line. Probability
curves of calibrated data are shown by black filled curves. o1 (68.2% probability) ranges below the
probability curves, 02 (95.4% probability) ranges below Ol ranges and 99.7% probability range
below 02 ranges. The conventional date corresponds to more than one (three) corrected date ranges
for this sample according to 02 and g1 threshold levels. This wide time range is the result of plateau
in time range 1650-1950 A.D. of the calibration curve (See also fig. 52).

enhanced the usefulness of this isotope dating. In AMS dating, all ions of mass 14 are counted
directly (Elmore and Phillips, 1987; Finkel and Suter, 1993). In this way, a sample can be
dated with a mass 1/1000-1/10000 that is necessary for the conventional dating, as low as
0.01 mg carbon. AMS measurement of 14C has greatly increased the potential use of ol
this regard. By making it easier to find datable material, the use of AMS has greatly increased
the application of carbon dating to paleoseismic studies. Thus, it has started a revolution in
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the use of "*C. There are some disadvantages and limitations of radiocarbon measurements; 1)
the limitation of radiocarbon to timescales of < 55,000 years is an unavoidable feature of the
half-life of radiocarbon. 2) It is nearly impossible to use *C in time range 1650-1950 A.D.
According to radiocarbon age vs. calendar age obtained from tree ring, "“C measurements
over the past 400 years correspond to a plateau (Fig. 52). 3) High cost has always been a
disadvantage of the '*C measurements. The cost of the AMS measurements is as high as or
higher than a counting laboratory analysis. Costs and time that are required for analysis-

factors and quality of analysis frequently differ from laboratory to laboratory.

More than 50 samples were collected for radiocarbon dating in this study. 14 peat samples of
them were submitted for AMS. Four of the samples have not sufficient *C because the
amount of carbon content of four peat samples was not enough for the dating and three of
them were not used in interpretations. Their radiometric ages were obtained at the Rafter
Radiocarbon Laboratory (RAFTER), Institute of Geological and Nuclear Sciences. The
reported conventional radiocarbon ages for all of the samples were calibrated using OxCal
Version 3.9 (Bronk Ramsey, 1995, 2001 and web) based on the atmospheric data from
Stuvier et al. (1998). Because the calibration curve is not monotonic, some of the radiocarbon
ages intercept the curve at more than one location which may lead to more than one possible
calibrated date range that is significant at both 16 and 2 thresholds. For example, one of the
1C measurements (R26946/5) corresponds to the 1650-1950 A.D. period that corresponds to
a plateau in calibration curve (Fig. 54). For this reason, the calibrated age range for this
sample is rather wide and it is nearly useless. The sample information and corresponding
events are given in Table 2 (See also appendix 3). Three samples are from units above
(maximum constraint) and four within and below (minimum constraint) the event horizon,

with calendar ages between 1750 BC and 1950 AD (20) (See following section or appendix
3).
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Caiibrated Date in Terms of Confidence Intervals

Event Reference Sample (Conventional, 2 Sigma Interval (%95.4 1 Sigma Interval (%68.2 Constraints Sample
probability) probability)

Table 2. Radiocarbon dates from trenches across the November 12, 1999 Dilzce rupture.

Notes

Calibrations according to atmospheric data from Stuiver et al (1998) (Fig. 53) using Calib 3.9 software (Ramsey,
1995, 2001 and web). Radiometric ages from this study were obtained at the Rafter Radiocarbon Laboratory
(RAFTER), Institute of Geological and Nuclear Sciences. See appendix 3 for the spatial location of the samples
and for the calibration curves. Sometimes maximum and sometimes minimum constraining dates of events are

available in the trenches (See section 4.3.2)

Reference: = this study; ¢ = from Hitchcock et al (2003); * = the Novembey 12, 1999 Diizce event.
Calibrated Date in Terms of Confidence Intervals: Bold font repfesents maximum and minimum limits of
intervals for maximum and minimum constraining dates respectively.
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4.3. ANALYSIS OF THE EXPOSURES
4.3.1. THE EXCAVATIONS
4.3.1.1. Tongelli-1 (T1)

Alluvial cone of the Tongelli stream was excavated perpendicular to the surface rupture of the
1999 Diizce earthquake in August 2000 (Section 4.1, fig. 55). Upper 3 m of the sediment has
been examined in most of this excavation. The exposure was mapped at the scale of 1:10 (Fig.
56 see also appendix 4). The trench exposed predominantly silty clay and gravelly strata that
can be divided into two structural blocks separated by the fault zone. Just upper 2 m of the
northern site (between 8" and 14™ meters) can be examined because of high ground water-
level and collapse of the trench walls. The western wall of the trench reveals two conspicuous
faulting events that occurred before the 1999 Diizce earthquake. The first event (event A) was

Figure 55. The picture of the Tongelli-1 trench (looking from north). Alluvial cone of
the Tongelli stream was excavated perpendicular to the surface rupture of the 1999
Diizce earthquake. See figure 46 for the location of the trench.

recognized as a normal faulting between 8™ and 10™ meters (See section 4.3.2.1). The second
one (event F) was recognized as a compressional feature related to push up structure of the
moletrack between 0" and 4™ meters (Fig. 57). 4 samples were sent to the radiocarbon
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Figure. 56. Log of the west wall of trench T8ngelli-1. Carbon sample location is outlined in black rectangles. '‘C ages is given in the rectangles. See figure 46 for the
trench site. More detail drawing is available in appendix 4. There are two structural blocks left and right of the 6™ meter (See the section 4.3.1.1). The 1999 rupture not
visible in the exposure because of the chaotic nature of the fault material. The rupture clearly observed on the surface. The surface break location outlined in the figure.
Event A was recognized as a normal faulting between 8" and 10™ meters and event F as a compressional feature related to a push up. The local depression between 0" and
4™ meters occurred between the push-up and slope of the fan. Unit A is the fill deposit in the depression.



Figure 57. There is depressional area between the slope of the hill and push-ups of the
surface break. Northside up vertical displacements on the 1999 Diizce rupture, a couple of
meters east of the Tongelli 1 trench. Pictures above and below were taken by looking from

eastsoutheast and westnorthwest, respectively.
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laboratory for AMS C dating. 3 of them are successfully dated (Table 2). The section
contained abundant peat of which we collected additional samples for future dating.
According to radiocarbon dates, there is not any match of units across the fault zone (about
sixth meter). The 1999 earthquake surface break study (Appendix 1) shows that the 1999
faulting occurred along this zone in the exposure having about 300 cm dextral offset. 1.5 m
wide zone of the surface break is very clearly observed on the surface and its surface location
precisely located on the maps and the log (Fig. 56) however, the 1999 faulting is not visible in
the exposure because chaotic and fine grain nature of the fill material below the surface.
Therefore, it couldn’t be shown in the exposure and not drawn on the log. There is no
significant scarp identified in the trench site on the topography because of the intense erosion.
The 1999 surface rupture represents about 30cm north-side-down vertical offset just a few
meter east of the trench (Fig. 57). Vertical component seems to be more pronounced towards
the east in the area. Upper parts of the stratigraphic section of the northern site were not

deformed (unit A) and topographic anomaly were eroded.

Strata are coded letters from A to G. Several thick gravel units (B, G, and E) in the section
indicate that floods have buried the alluvium on occasion during the past 3500 years. Some
brick pieces collected in the units G and B were probably transported by floods.
Sedimentation rate is supposed to be very high during the flooding periods. For this reason,
just one event exposed each side of the main fault in the trench. As it might be expected for
the flooding periods, the thicknesses of the gravel deposits varies in the excavation unit to
unit. They have not grade and poorly sorted. Several finer-grained gravely levels in unit B
display flow structures. On the other hand, silty clay units represents low energetic
environment between the flooding seasons (upper parts of D, C, A, F in fig. 56). Greenish C,
F units and the upper parts of D unit, are massive and have invisible stratigraphy. Just unit A
lets to see the sedimentation structures. The stratigraphy in this unit predominantly consists of
well-bedded, sandy and silty sediments that are less than about 550 years old. These structures
and the unit boundaries between massive silty clay and gravely deposits of other units are
serving reference frames for recognizing the seismic deformation in the strata. The average
rate of accumulation could not be estimated precisely because of the limited time control in
the exposure and erosion at the top of the surface of unit B. According to dated sample
(R26946/5) collected in the bottom part of the unit A (1500 mm depth), the sedimentation rate
for this period is about 1 mm/yr for the local depression that unit A was deposited. This rate is

probably underestimated here because of the recent erosion mentioned before. Other
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sedimentary level that is dated by sample R26946/1 is at about 780 mm depth and rather older
(about 3570 years). Calculated 0.2 mm/yr rate of sedimentation is totally rubbish for these
sediments, because intense erosion is clear. All the units are bending towards the surface
along the fault zone. This structural nature is undoubtedly related to push up deformation of
the mole track. Sticky gray clay appeared in the bottom part of the trench in the fault zone

th N ,
(about 6™ meter). More detailed information about the evidence related to the events (A and

F) is given in section 4.3.2.

4.3.1.2. Tongelli-3 (T3)

The Tongelli-3 trench was exposed in October 2000 across an E-W trending small valley
between the Mengencik shutter ridge and the northern slope of the Almacik Mountain and
across the surface rupture of the 1999 Diizce earthquake that has about 300 cm dextral offset
in this reach (Section 4.1., Fig. 46). Beside, the trench excavated in a dry season, the high
level of the water table led important difficulty during the trenching period. The exposure was
mapped at the scale of 1:20 (Fig. 58). Such a larger scale is used for this exposure because the
trench had a high collapse risk. The surface break of the 1999 rupture is 6m away from the 6™
meter of the trench and exhibits a trough geometry having about 50 cm depth (Fig. 59). The
majority of the exposed deposits are laterally continuous and they can be traced along the
trench. The stratigraphy exposed generally consists of silty clay and gravel. Silty clay is a
massive undifferentiated package. The surface of the gravel unit in the bottom part of the
trench is gently down to the north from the southern margin of the trench to the center of the
valley. Two events are recognized in the trench. The evidences of these events are depressions
that were formed by steep scarps of the fault zones like surface deformation of the 1999

rupture here. These depressions provide stratigraphic evidence for two earthquake ruptures

within the trench exposure.

Descriptions of the stratigraphic units are provided in figure 46. The most prominent marker
bed that exhibited sharp upper contact was unit B. Unit B is toughly faulted by two younger
events. Upper levels of massive silty clay unit A are faulted by event E and its lower parts by
another event to the north. The northern zone of faulting located between 4™ and 6™ meters
was expressed in the massive older flood deposits. On the other hand, the southern fault zone
(event E) that was exposed between 0™ and 3 meters appeared to represent a clear depression

like the 1999 event. After the deposition of unit B, silty clay deposition was uniform about 1
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Figure 58. Log of the west wall of trench Téngelli-3. Carbon sample location is outlined in black square (R28325/10). "*C age is given in the rectangles. Shaded area in
Unit A is a wedge fill that contains gravelly sand deposit (Unit C). Uniform deposition of the unit A around 2 m depth and around 2™ meter from sotuh was probably
interrupted (locally) by the deformation related to event E and unit C fill the fissure that was occured on the event horizon like the fissure of the 1999 event. The other
fissure fill (Unit D) represents another event. However it is not dated in this study. All of the events including the 1999 rupture have similar deformation as a normal
faulting in the site. Both the sizes and shapes of the fissures are similar to each other. The typical trough morphology related to rupture clearly observed from the sruface
rupture of the 1999 earthquake in the site (See fig. 59). See figure 46 for the trench site. The tpart between 8" and 13™ meters of the rech log is imported from the parallel

trench (T6ngelli-2).



Figure 59. Surface deformation of the 1999 rupture near Tongelli-3 trench location. Trough

morphology is clear along much of the valley from the trench location to the east (See fig. 46).
m. At the time of earthquake, silty clay deposition was interrupted locally. The deformation of
the earthquake resulted in a normal faulting (event E) both in unit A and unit B. A depression
related to the normal faulting on the event horizon in the silty clays of the unit A just above
the clearly detected deformation in unit B occurred. The resultant cavity was filled by gravelly
sands (unit C) (See representative model in Fig. 60). However, fructures related to the event
could not be detected in the unit A between the cavity fill (unit C) and unit B because it has
monotaneous material masking them. The other event at the lower parts in the north could not
be dated. The evidence of the faulting that is related to event E is given in the section 4.3.2.5.
Radiocarbon dating of the recent event (event E) constrains its probable occurrence date
(Table 2). According to the sample date (about A.D.1270 year) and the 180 cm deposition, the
apparent sedimentation rate is about 1.4 mm/yr. However, there are probably erosional phases
that exist for this location. Therefore, the actual sedimentation rate could be higher than the

apparent value.
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Figure 60. Normal faulting in clayey units (unit 2) cannot be seen
because of their fine-grained nature. The faulting can be recognized
by the existence of three evidence at the same time. One is offset of
the unit boundaries (the boundary between units 1 and 2) below this
kind of material. The other is existence of a cavity in the material.
The cavity in the figure A related to occurrence of trough along the
fault. The third, position of the cavity that has similar geometry to
the normal faulting should be just on the normal faulting that is
directly detectable along the boundary.

4.3.1.3. Bend-1 (B1)

The paleoseismic site was excavated perpendicular and across to the recent surface (1999
rupture) break in August 2001 (Fig. 47). The 1999 rupture has about 300 cm dextral offset
here. The sediments of the Bend-1 section are massive clays, silts, and gravels of fluvial
origin (Section 4.1). Single event is recognized in the trench exposure besides the 1999
rupture (Fig. 61 and 62). Two strands of the fault are cutting gravelly unit B including unit C
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Figure 61. Exposure of the Bend-1 trench. Carbon sample location is outlined in
black square (R28325/9, Table 2). "*C age is given in the rectangle. Unit D is shown
with a rectified picture (Fig. 62) on log with radial transparency. It is a wedge fill that
contains gravel deposit. The surface rupture of the 1999 event is 1 m north of the left
boundry of the log and perpendicular to the trench. See figure 47 for the trench site.

Figure 62. The picture of the eastern wall of the Bend-1 trench. A
wedge fill contains gravel deposit (See fig. 61).
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and terminate upward into the lower levels of massive clay of unit A. This event is referred to
as event C (See section 4.3.2.3 for description). Subunits of unit A are actually identical units
that are characterized as massive silty clay however, the event horizon led to separate
different levels which are deposited before and after the event C. Detail mapping of the trench
wall is lacking for this trench because of poor logistical conditions. The event is totally
recognized during the closing procedure. The excavator could be available for a couple of
hours for closing. For this reason, a schematic drawing is made for this event. However,
detailed mapping was not necessary for this exposure because a rather single simple
stratigrafy exists; there are just three units recognizable in the trench. A rate of sedimentation
is estimated about 0.7 mm/yr. However, sedimentation rate is not uniform and episodic

erosion is highly possible in this area.

4.3.1.4. Bend-3 (B3)

This trench was excavated parallel to the Bend-1 trench to the east in August 2001 (Section
4.1, Fig. 47). Gravel and clay deposits are exposed in the trench (Fig. 63). Clay deposit is
highly massive and representing low energy. It extends the entire length of the trench. The
poorly sorted gravel deposit on the surface is derived from the local mountain front in recent
flooding event by Bend stream. The 1999 earthquake event offsets (about 300 cm) the gravel
deposits of the flood bed (unit A and B) laterally in the excavation. No evidence was found
out about the faulting that was older than 1999 event in the southern half of the trench. Unit C
is overlain by the sand and gravel layers of a flood that appears to drape the alluvium of unit
C south of the 3™ meter. It thickens on the southern side of the excavation. Flood deposits can
be separated into two units. Unit A is overlying a weakly consolidated fine-sand layer of unit
B. Lack of the lateral continuity of unit A and B indicates lateral deformation along the fault
zone formed during 1999 event. The northern extension of the unit A and B were laterally
offset towards the east. This trenching area can be good candidate for finding the offsets of
paleoseismic events. Unit C has massive (unstratified) clay that causes difficulty in
distinguishing events. Even the fractures related to the 1999 rupture are invisible. A
circumstantial evidence suggests a fault formation bounding a gravel fill in the northern half
of the trench (Fig. 63). Some brick pieces were collected in this unit (Unit A). The unstratified
gravel fill is representing the deformation evidence of an event in the northern part of the
exposure. There are fractures in the fill unit. The oldest faulting event (event D) was dated in

the lowest part of the fill (Section 4.3.2.4).
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Figure 63. Log of the east wall of trench Bend-3. Location of the 1999 rupture not clearly detectable do
to the fine nature of the material. Unit D is a wedge fill that contains gravelly silt deposit. Gravels are
shaded by gray and brick pieces with orange in this unit. Carbon sample location is outlined in black
square at 0.5 meter north of the station 2* and at the bottom tip of the wedge (R28325/3). '“C age is given
in the rectangle. The saple represets the starting time of the deposition of the fill material just after the
earthquake. Unit A and B: flood deposits. See figure 47 for the trench site.
According to dated sample (about 1050 year old) that was collected about 2 meter depth,
sedimentation rate is about 1.9 mm/yr for this location. According to roughly calculated mean

value of sedimentation rate (2 mm/yr), there is no absence of sedimentation or erosion here.

4.3.1.5. Kaledibi-1 (K1)

13-m-long and 3-m-deep trench that extended from 8 m north to 5 m south of the surface
break of 1999 rupture was excavated in August 2001 (Fig. 44). On the topography, significant
south-facing scarp is identified in the trench site (Section 4.1). 1999 surface rupture represents
about 15-cm southside-down vertical offset beside 350 cm right lateral offset. Upper 3 m of
the sediment has been examined in most of this excavation (Fig. 64). The single event is dated
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Figure 64. Kaledibi-1 trench exposure. Carbon sample location is outlined in black square (R28325/5). '“C age is given in the rectangle. The deeper half of the trench are
diveded into four structural blocks accoridng to faults a, b and c. The faulting b is burried by unit C and dated by the sample. See figure 44 for the trench location.




in the trench exposure. The western wall of the trench revealed three clear fault zones. Each
of them cuts through gently south-dipping (10° to 20°) alluvium. The fault zones are nearly
vertical and strike-slip offset has juxtaposed laterally dissimilar stratigraphic sequences across
them. For this reason, trench stratigraphy is exhibiting fault-bounded blocks between the
faults along the trench. The structural blocks are overlain by a ~125-cm-thick shallowest unit
which consists of silty clay. A brick piece is collected in this unit (unit A). Unit A can be
traced near-continuously over most of the length of the trench and its planar base lies parallel
to the present ground surface between 4™ and 10™ meters. Fault “a” is overlain by silty clay of
unit A which in turn interfingering silty clay and sands (unit C) that are overlying fault “b”

669
C.

and

Figure 65. Collapsed trench (Kaledibi-1). Some of the trenches
have high collapse risk.

The trench exposed predominantly sandy and silty strata that can be divided into four
structural blocks separated by three faults (Fig. 64). The northernmost structural block (north
of fault a) consists of 40-cm-thick weakly consolidated sands (unit B) overlain by the silty
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clay bed (unit C). The lower deposit consists of massive silty clay. The other block is bounded
by fault “a” to the north and fault “b” to the south. The stratigraphy in the upper 1-m of this
block is similar to that of the northern block. The interfingering sands and silts overlie at least
1.5-m-thick gently south-dipping poorly sorted sandy gravels (unit E). The deeper part of the
unit-E is beyond the base of the trench. The other structural block between the third and the
fifth meters consists of the silty clay bed and interfingering sands and silts in the upper
portion as the other blocks, overlain gravels (unit F). The poorly sorted unstratified sandy
gravels of 40-cm-thick unit F grade downwards into well-sorted unstratified gravels (unit G).
Units F and G appear to be similar, and differ only in sorting quality. The unit A and C
interfingering sands, silts and clay overlie the upward terminations of the faults. Unit A is
bioturbated around the second meter station. The Kaledibi trench revealed one clear fault
(fault b) except fault zone of 1999 event (fault a). Both of the faults “a” and “b” have narrow
and well-defined zones at the base of the trench. Fault “a” extends all the way to the ground
surface that is the current horizon of 1999 earthquake event. Fault “b” terminates upward into
the lower levels of unit A. It is possible that some of the fault strands in the fault zone are also
ruptured at several event(s). However, no evidence is available to distinguish these between
events if they exist. Fault “c” that is the southernmost structural discontinuity terminates
upward into the lower levels of unit A as fault “b” and juxtaposes units F and G with unit A.
It could represent a vertical faulting event or a faulting that has a significant vertical

component.

The faulting event related to the fault “b” is referred to as Event B and related evidence is
given in section 4.3.2.2. The exposure was mapped crudely at the scale of 1:20. Such a larger
scale is used for this trench because its walls seemed to be unstable. It totally collapsed within
a couple of days (Fig. 65). During the excavation, I greatly suffered from unstable nature of
the trench because of the high ground water content, beside the trench excavated in the dry
season. For this reason, deeper part of the trench cannot be examined. The unit A contained
abundant peat however; carbon contends is poor in other units. The single sample (R28325/5)
was sent to the radiocarbon laboratory for AMS "*C dating (Table 2) related to the event B. It
is successfully dated. The average rate of accumulation could not be estimated because of the
limited time control in the exposure. Rough estimate of the rate is about 2.5mm/yr
considering the age of the sample (~732 years) and its depth from the surface (180 cm).
Additional samples are collected for the future dating.
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4.3.2. EVIDENCE FOR PALEOSEISMIC EVENTS
4.3.2.1. Event A

The vertical separation of unit E ascribable to a seismic event appears near the northern end of
the Tongelli-1 trench (Section 4.3.1.1). This is the oldest event that is recognized in this study
and is referred as event A. A set of two faults (fault “a” and “b”) terminate upward in the
massive silty clay of unit C probably forming a depression. Apparent 30-cm of vertical offset
occurred between these faults during event A (Fig. 56). These faults attributable to event A
inferred to be normal and probably has dextral component. 100-cm part of 20-cm thick gravel
unit E is displaced downward by these faults between the stations 8" and 10" meters. Its
upper and lower surfaces displace the same faulting geometry and amount. The faulting
occurred prior to gravel deposition of the flood unit B. After the deposition of the upper part
of unit C, the scarps and the depression that were probably formed during the event A were
completely undetectable on the current surface. Opened probable fissure or its fill in unit C
could not be seen because it was probably eroded before filling process or probably filled by
the same clays of unit C. Invisible upper edges of the faults in unit C should be overlain by
the upper part of the unit relatively, because debris or remains of gravel unit E was not
observed along the fault and the overhanging scarp did not collapse in the upper level of unit
E. On the other hand, the event horizon could not be identified in unit C because faults could
not be followed in massive clay of the unit. Thus, it is not clear whether the faults were
formed just before the deposition of unit B or just after the deposition of unit E. However, it is
clear that these faults have not been reactivated after the deposition of unit B. This is proved

by the unbroken sediments of the unit B that blanked the fault (Fig. 56).

One sample of peat near the top of the unit E on the up-thrown side of the fault a (Fig. 56)
indicates that a flood bed has been deposited around the middle of the millennium before the
last millennium B.C. The sample about 1.6 m below the ground surface yielded an accelerator
mass spectrometry (AMS) of a calibrated radiocarbon age ranges of B.C. 1740 -1530 (o1),
with the most probable date being B.C. 1700-1600 (o1) (Table 2, sample R26946/1). The date
of the faulting event that led to the formation of depression between the fault “a” and “b” is
represented by this radiocarbon date. This date range provides a minimum limiting age for the
faulting event and a maximum limiting age for unit E. This indicates a fact that the faulting

was formed after B.C. 1740.
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4.3.2.2. Event B

A fault (fault “b”) is exposed in the southern part and the lowest meter of the Kaledibi trench
(Section 4.3.1.5). It exhibits apparent south-side-down normal separation (Fig. 64).
Conspicuous faulting of Unit E, against the units F and G, juxtaposes dissimilar stratigraphic
sequences, suggesting that it has probably experienced the significant strike-slip motion.
Strata to the north of fault b are gently (25°) dipping southward whereas strata to the south are
generally flat lying. Zone of the fault is narrow and well defined. Fault plane terminates at a
horizon within 40 cm bottom part of unit A below the interfingering between clays and sands
(Unit C). Unit C completely buried the fault deformation associated with the Event B. The
event horizon could not be identified in unit A below the interfingering between clays and

sands (Unit C) because faults could not be followed in its massive deposits.

The date of the faulting event that was juxtaposed different sequences is constrained by one
radiocarbon date (Fig. 64). One sample of peat in the lowest part of the unit A yielded AMS
calibrated radiocarbon age ranges of B.C. 400-230, with the most probable date ranges being
B.C. 290-230 (Table 2 sample R28325/5). This date provides a minimum limiting age for the
faulting event and antedates unit A. The date indicates that event B occurred after about B.C.

400.

4.3.2.3. Event C

The evidence for the occurrence of a faulting event (event C) between unit C and the upper
parts of the unit A is indicated in one place in the exposure of Bend-1 trench (Section 4.3.1.3).
The stratigraphic position of the gravel fill deposits (unit D) in the massive clay. of unit A
hampers the recognition of position of the possible event horizon and faults (Fig. 61). Two
faults produced about 50-cm-deep depression in the lower parts of the unit A. The depression
was left virtually intact and uneroded until it was preserved by unit D. The unit D and A
completely buried the deformations associated with event C. That is, the current topography
that represents the surface of unit A is a uniformly south-dipping plane that did not reflect an
irregular topography produced by event C beneath the depression. The two faults are
connected in the subsurface in unit C. This relationship is also apparent in the both walls of
the trench. Faults attributable to event C inferred to be normal and probably has dextral
component. There is no direct evidence of dextral offset available for this event. The unit B

has probabiy no variation in thickness which would indicate a lateral slip across the fault
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zone. If this fill is related to an event and not a stream channel, there could be two reasons for
this; (1) the unit B has no variation in thickness in the site, (2) its surface has no east — west
trending slope. A representative cross section of the faults is displayed in figure 61 in which
one can see that the dip of the faults decreases progressively to a depth of about 10 cm, where
the faults terminate in massive clay of the upper parts of unit C. Thus, the horizon probably
lies along the upper boundary of the unit D (Fig. 62). However, it is ill defined because faults
cannot be seen in the massive clays of unit A. The trench is not located in or near a stream
channel but located near the surface faulting. There is an absence of any offset in unit B and
unvisibility of the faulting in both units C and B. This feature can not be taken as a strong
evidence for an event. For this reason, the event is not included to the periodic recurrence

model that is introduced in section 4.4.

The minimum limiting age of the faulting event that led to the formation of fissure fill is
constrained by a peat sample (Fig. 61). The sample just below the expected event horizon
yielded an accelerator mass spectrometry (AMS) calibrated radiocarbon age of A.D. 440-540
(Table 2, sample R28325/9). This result indicates that event C occurred after about A.D. 440.

4.3.2.4. Event D

A gravely clay fissure fill appears to extend to the top of the unit C (the upper part of the
excavation) a little less than a meter in the north of the fault of 1999 event in the Bend-3
trench (Section 4.3.1.4). The fissure fill package was deposited against the overhanging free
faces of fault scarps that were formed during event D (Fig. 63). Overall the wall stratigraphy
of the unit C is too poor that fault strands are present but not traceable. However, gravel fill
precludes the existence of a fissure (Unit D in fig. 63). The gravel-filled fissure grades into
the clay of unit C about 170 cm. No downward continuation of the fault zone is visible within
the lowest massive clay (unit C) as the unvisible fructures of the 1999 rupture in the trench.
The possible occurrence of the faulting event/s younger than event D cannot be ruled out in
the trench. The gravels were interpreted to have filling in the fault-bounded depression that
was created during the event D. The fact that gravel fill was deposited in a manner consistent
with the expected sedimentologic response to the surface deformation confirms that the fault
did indeed rupture the ground surface during faulting. The gravely clay deformational (post-
depositional) deposits that was filled in localized depressions were created by the surface

rupture in silty clays of unit C during the event D and definitely postdate it.
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The maximum limiting age of the faulting event that led to the formation of fissure fill is
constrained by one radiocarbon date (Fig. 63). A sample (R 28325/3) from the bottom tip of
the fill that represents the closest time to the event, yielded an accelerator mass spectrometry
(AMYS) calibrated radiocarbon age of A.D. 890-1000 (Table 2). This date range provides a
minimum limiting age for the fill. Thus, the minimum limiting age of the sample is A.D. 890
antedates the fill and probable maximum age 1000 constrains the maximum limiting age of

the event (event D).

4.3.2.5. Event E

Besides 1999 earthquake, the youngest event recognized in the Tongelli-3 trench is referred as
event E (Section 4.3.1.2). The strongest evidence for this event is two normal faulting and
subsidance in unit B between 0™ and 3™ meters (Fig. 58). The fault in the south exhibits a
south-side-up component of vertical slip and the fault in the north exhibits a north-side-up
component of vertical slip in the dextral shear zone. After the deposition of unit B, silty clay
deposition had been uniform about 1 m. During the earthquake, silty clay deposition was
interrupted locally. The deformation of the earthquake resulted in normal faulting and
subsidance both in unit A and unit B. Faulting of the oldest unit (unit B) also exhibits the
same geometry as in unit A between the first and the second meter stations, providing
evidence for event E. The normal faults exhibit about 50 cm of apparent vertical separation
here. A depression related to the normal faulting on the event horizon in silty clays of the unit
A just above the clearly detectable deformation in unit B occurred. The resultant trough or
cavity was filled by gravelly sands (unit C). Similarly, the 1999 rupture has the same
geometry and size as the trough in unit A having about 50 cm depth cavity in the site (See
section 4.1). This deformational trough may be used as a channel in a short time temporarily.
On the other hand, there is no stream around the site. The trough-like morphology of the site
is related to the eastward movement of the shutter ridges along the fault zone (that is appeared
by a surface rupture in 1999) with regard to the main slop of the hill. It is not related to a
channel of a stream origin. The fructures of faulting are not visible and not expected to be
visible in unit A because faulted units are unstratified as occurred in Bend-3 trench for 1999
event (Fig. 63). Gravel fill (unit C) is formed after the deposition of unit A. The fault tips at
0™ and 3" meter stations terminate at the same stratigraphic level, which lies between 40 and

50 cm below the ground surface.
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A peat sample, R28325/10 from the base of unit C has been dated (Fig. 58). The sample’s
AMS "C age ranges from A.D. 1230 to A.D. 1290 (Table 2). The peat sample from the
deformational unit C immediately postdates the event E, with having a maximum possible age

constraint of A.D. 1290. Therefore, the age of event E is constrained to some time before

A.D. 1290.

4.3.2.6. Event F

Differentiation of the fault ruptures of event F from those of event 1999 is difficult in the
Tongelli-1 trench (Fig. 56). There is no fault visible, which has occurred at the time of the
event F. However, a push up attributable to event F occurs in the south of the main fault trace
on the western trench wall (Fig. 66). The local compression is related to push up structure of
the surface break of the event F. Evidence for deformation consists of a sagging that is formed
between the push up to the north and slope of the hill to the south during event F (Fig. 57,
section 4.3.1.1). The axis of the push up trending parallel to the slop of the hill is
perpendicular to the axis of the alluvial fan and oblique to the main fault. Crest to trough
amplitude range is about 40 cm similar to the size of push ups of the 1999 rupture. The trench
like depressional shape of the paleosurface that appeared during the event remained virtually
intact and uneroded until it was preserved by burial under unit A strata. Unit A seems to have
deposited almost horizontally. Well-laminated silty sands with silty clays (unit A) fill the
upper parts. Complete lack of disruption of overlying sand beds provides that faulting took
place along this structure just after unit D had been laid down. The lowest part of the structure
is choked with a couple of gravels, which are located at the bottom tip of the unit A (Fig. 56)
and overlies the depositional (non-deformational, actual layers or strata) sediments (unit D).
These materials probably fell into the domain shortly after its formation. A representative
cross section of the structure is displayed on the left side of figure 56, in which one can see
the depth of the northern flank of the structure increasing progressively to the surface where it
terminates against the main fault. The gravel lineation in the unit D displays the same
geometry, near the main fault. Similarly, unit B displays a symmetric geometry to the north of
the main fault. At a glance, the structure appears to be a thrust fault. In actually, this is a push
up geometry commonly happening in strike-slip shear zones. The deformation of the all
deposits older than unit A by the same amount indicates that there was no older earthquake in
the site. In addition, the fact that all deposits are horizontal and undisturbed in unit A indicates
that there was no younger earthquake, which leads to the deformation at the time of

deposition of unit A. Thus, the deformational (postdepositional) sedimentary record (Unit A)
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at the southern site of the main fault in the exposure is allowing the recognizing of just one

event.

Figure 66. Western wall of the Tongelli-1 trench. All the units bend towards the surface along the fault zone
related to compressional component. Black arrow represents the fault zone including the 1999 rupture.
White lines indicate unit boundaries. See figure 56 for the complete log of this exposure.

The date of the event that led to the formation of the depression is constrained by two
accelerator mass spectrometry (AMS) calibrated radiocarbon ages (see locations in fig. 56)
which are listed in table 2. Based on the dating of two samples of peat, unit A is consistently
younger than unit D confirming the stratigraphic order in the compressional exposure. The
age of the gravels of unit A that are located at the bottom tip of the fill in the depression is in
the range of A.D. 1520 and 1800 according to o1 threshold level. The ages obtained indicates
that the upper part of unit D was deposited between the age range of A.D. 1400 and 1460.
This range represents younger part of the unit D that was deposited just before the event. The
preferred age of event F is between A.D. 1400 and 1600. However, ages as old as 1310 and as
young as 1950 are also possible but with lower probabilities (Samples R 26946/4, R 26946/5
in table 2).

118



4.4. TIMING THE EARTHQUAKES

Diizce fault yield during the 1999 Diizce earthquakeuproducing about 42-km-long rupture at
the surface (Section 3.1.1). The surface rupture of the 1999 Diizce earthquake provides a rare
opportunity to study the repeatability of faulting along the Diizce fault through the several
earthquakes in the late Holocene history. Several trench sites were selected along the Diizce
fault where fault trace is relatively simple (Section 4.1). In all trenches, the faults consist of a
narrow fault zone. The excavations expose the evidence for seven earthquakes that had
occurred since about 1740 B.C. Three exposures reveal three fill deposits. They are of similar
size. Two reveal horizontal discontinuities, and one reveals a folding that is related to push up
deformation (Section 4.3). Thus, all of these deformations and related events represent
earthquakes of large magnitude. Using several radiocarbon (**'0) age determinations for
various faulted late Holocene layers including paleoseismological results of Hitchcock et al.

(2003) from the eastern part of the fault, a recurrence interval is suggested between the events.

4.4.1. SEQUENTIAL MODEL

A characteristic earthquake model is described considering the maximum values of the
maximum limiting age ranges and minimum values of the minimum limiting age ranges of
events. In this model, serial ruptures are located in sequential order on x axis and calibrated
dates on y axis to see periodicity from the least square fits of the minimum and maximum
constraints. Thus perfect fit suggests perfect periodicity. The November 12, 1999 event
(1999,9) is set as intercept in regressions. Figure 68 is showing a good relationships for both
minimum and maximum constraints. This suggests that the last seven earthquakes of serial-B
are occurring nearly periodical according to the timing design of events and related

constraints (see paragraphé below).

4.4.1.1. Data-set Quality

Paleoseismological trenching performed at five sites along the Diizce fault provides the first
insights on its seismogenic behavior. The trenches only reveal a 2-D cross-section of the
geologic record perpendicular to the fault and so it cannot fully assess the geologic effect of
offset. Unfavorable trench stratigraphy and scarcity of datable material made the
identification and characterization of individual paleoearthquakes quite difficult and
sometimes impossible along the fault. In spite of the fact, six events were identified and dated

besides the 1999 event. One of the events is constrained by maximum and minimum limiting
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dates, two events are constrained by maximum limiting dates, and three events are constrained
by minimum limiting dates by AMS radiocarbon technique. One of the maximum limiting
date and related event (event C) are not used in the models because of its low level of
relaibility. However, a sample and its radiocarbon (**C) age determination from Hitchcock et
al. (2003) are used for the event C. This sample is supplying a maximum limiting date for the

event C.

4.4.1.2. Serial-A Model

Last four events seemed to be serial ruptures (Serial-A). The November 12, 1999 (1999,9)
rupture is constantly assigned as 0™ rupture in all models and as the event G. The radiocarbon
age ranges are taken according to O1 interval which has a probability of % 68.2. Rupture
order is increasing from younger to older events. (1) The most recent event 0 rupture is the
1999 earthquake; (2) the penultimate one (1*) occurred between A.D. 1400 and 1600 (Event
F); (3) the 2" event occurred before about A.D. 1290 (Event E); (4) A.D. 1000 which is the
maximum constraint of the event D, constrains the maximum limiting age of the 3™ rupture
back (Table 2). Older two events (Event A and B) seem to be showing an irregularity and do
not belong to the four serial ruptures (Serial-A) from 0™ to 3". A hitherto unrecognized
earthquake may eliminate this irregularity.

4.4.1.2.1. Event Identification and Model Design

The event information comes from the different trenches, and some of the trenches are
excavated along the different structural segments. Thus, the serial-A is not composed from a
specific trench but from the different trenches and segments. This fact results in an important
handicap in my sequential model. The trenches are exposed along the Aydinpmnar and
Mengencik segments of the four probable seismic segments defined in section 3.1.4 according
to rupture parameters of 1999 event and geological and geomorphological indications along
the Diizce fault. The event G (November 12, 1999 rupture) was clearly observed in all of the
segments. Event F (A.D. 1520 and 1800) in Tongelli-1 trench, E (? - A.D. 1290) in Téngelli-3
trench, D (? — 1000) in Bend-3 trench and A (B.C. 1740 - ?) in Téngelli-1 trench were
exposed along the Mengencik segment. On the other hand, event B (B.C. 400 - ?) is in
Kaledibi-1 trench along the Aydinpinar segment. However, a reasonable relationship is
observed between the events in a sequential model (See following paragraphs). The model is

also concordant with the previous studies. Emre et al. (2002, 2004) and Sugai et al. (web)
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Figure 67. Serial-A least square fit of maximum limits of the maximum constraining event dates (See table
2). The November 12, 1999 (1999,9) event (0" rupture) is set as intercept in regressions. Equations of the
trends are shown in boxes colored according to pattern and color of the trend lines. The four events
including 1999 event in the serial are designed using data from this study. The serial seem to be sequential.

excavated trenches along the Aydinpinar and Efteni segments. According to their results,
ranges of about A.D. 1650-1750 and 665-1050 are suggested for the penultimate (1*) and 3"
events, respectively (See introductory paragraphs of section 3.1). The mentioned ranges of

Event F and Event D are consistent with these ranges.

First of all, it should be proved that observed events belong to whether the different or the
same ruptures, in order to use them in a sequential model. The constraining samples are
collected near the event horizons. Thus, they are limiting the events just before or after the
exact time of the ruptures. In addition, the maximum and minimum time difference between
the maximum limits of the separated events that follow each other in the serial-A (Event F, E
and D) is about 510 and 290 years, respectively. Even the minimum value of 290 years is
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beyond the radiocarbon age estimating error which ranges between 60 and 280 years in data
set provided by this study given in table 2. Even R26946/5 sample coincides with the '*C
dulination period of 1650-1950 A.D having 280 year error range. This calibrated age range
for this sample is rather wide and it is nearly useless because it coincides the dulination period
(See section 4.2.3 and fig. 52). Thus these events representing the different ruptures are
considered in serial-A (described in the previous paragraph) that has maximum constraints as
separable. In conclusion, all the G, F, E and D events belong to the different ruptures; ot
(November 12, 1999), 1%, 2™ and 3™ and they suggest the periodicity for the Mengencik
segment (Fig. 67).

There is an 1400 years range between the maximum limiting date of the event D and
minimum limiting date of B. The known range (limits) for event F is about 400 years. Its
range must be much higher than the other time spans because it coincides a 1¢C dulination
period as mentioned above. Thus even comparison with event F the 1400 years interval is too
high than the 400 years to consider event D and B as a single event and the 3 rupture. In
addition, the least square fit of maximum limits of maximum constraining dates are
suggesting a maximum constraining date of about A.D. 750 for the 4™ rupture (Fig. 67).
Considering the event B as a separate event and the 4™ rupture following back the event D, its
date should be between A.D. 750 and B.C. 400. This 1150 years range is still too high
considering the range of event F. For this reason, event B could not be located just after the
3" rupture as the 4™ rupture in the sequential model (Fig. 67). On the other hand, the oldest
event (Event A) has B.C. 2140 minimum constraining limit. The interval of 1340 years
between minimum limits of events A and B is about 3 times higher than the maximum value
of interval between the maximum limits of serial-A. Thus, older two events (Event A and B)
seem to be showing an irregularity and do not belong to the four serial ruptures (Serial-A)
from 0™ to 3™ Consequently, these events are not used in serial-A model. Hitherto,
unrecognized earthquakes may eliminate this irregularity between events B and A and events

B and D.

In conclusion, there are four events in serial-A which is designed by using data from my
trenching study. There are possibly four earthquakes including the 1999 event that had

occurred since A.D. 1000 in the past 1000 years. According to least square regression of
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Figure 68. Serial-B least square fit of maximum and minimum limits of the maximum and minimum
constraining event dates (See table 2). The November 12, 1999 (1999,9) event (0™ rupture) is set as intercept
in regressions. Equations of the trends are shown in boxes colored according to pattern and color of the trend
lines. The earthquake recurrence interval value changes between 350 and 405 years according to o1 interval.
The last seven events including 1999 event in the serial are designed using data both from this study and
from Hitchcock et al. (2003). The serial seem to be sequential. This serial is extended version of the serial-A
including data from the previous study (Fig. 67). The data fills the gaps in my data and extends the serial
back in time.

maximum limits (with % 68.2 probability) of events in serial-A, RMS values for the

regressions are ranging between 0.83 and 0.94.

4.4.1.3. Serial-B Model

Some paleoseismic events from the previous studies erase a part of the irregularity in the data
mentioned before and help to constraint events that could be constraint just from minimum or
maximum values. Concerning the previous study of Hitchcock et al. (2003), a new
composition suggests that the last seven events seem to formed an event serial (Serial-B).
Serial-B is just extended version of the serial-A by adding three events back in time (Fig. 68).
In this case, two older events (event A and A10), continue to represent an irregularity.
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However, the irregularity between the events B and D are erased by events B10 and C. Thus
the last seven events seem to be representing a sequential serial (Serial-B) starting 0™ rupture
of 1999 event (See serial-A in section 4.4.1.2). The 4™ rupture (fifth event back) in the serial-
B (Event C) occurred before A.D. 570, the 5™ rupture (sixth event back, event B10) occurred
before A.D. 220 and the 6™ rupture (Event B) occurred after about B.C. 400 (Table 2).

4.4.1.3.1. Event Identification and Model Design

Two of the given event dates of Hitchcock et al. (2003) erase the irregularity that was
mentioned in the previous section, between event D and event B. This event was referred as
events B10 and B here. One other date of the oldest earthquake extends the known
paleoseismic history before event A. The other event dates are highly comparable to mines

but constraining ranges are larger than mines.

The event information of Hitchcock et al. (2003) comes from the trenches that were excavated
on the Kaynash segment. The data set of serial-B composed from the trenches is exposed
along the Kaynagh, Mengencik and Aydinpinar segments of the four probable seismic
segments. The event G (November 12, 1999 rupture) was clearly observed on all of the
structural segments. According to serial-B model data set, event F (A.D. 1520 and 1800) in
Tongelli-1 trench, E (A.D. ? - 1290) in Tongelli-3 trench, D (A.D. ? — 1000) in Bend-3 trench,
A (B.C. 1740 - ?) in Tongelli-1 trench were exposed along the Mengencik segment. On the
other hand maximum constraints of event C (A.D. ? — 570) was exposed along the Kaynasl
segment. Event B10 (? - A.D. 220) and A10 (B.C. 2140 - ?) were exposed along the Kaynagh
segment. On the other hand, event B (B.C. 400 - ?) were exposed in Kaledibi-1 trench along
the Aydmnpinar segment. Thus, the serial-B is not composed from a specific trench but from
the different trenches and structural segments. However, a reasonable relation is also observed
between the events in a sequential model (serial-B) as serial-A model (See following
paragraphs). The concordance between serial-A and serial-B models including 1999 event
strongly suggest the characteristic earthquake recurrence model along the Diizce fault. There
is no paleoseismological data from the Efteni segment because the high groundwater level
makes very difficult to dig trenches along its zone (See section 4.1). However, the 1999 event
rupture that was considered in the serials occurred all the way along the Diizce fault including

Efteni segment. This event is considered in the serial, as already mentioned.
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The additional data were extracted from the logs of exposures that was published in the paper
of Hitchcock et al. (2003). The constraining samples that represent these data were collected
near the event horizons. Thus, they are limiting the events just before or after the exact time of
the ruptures. The least square fit of maximum limits of maximum constraining dates in serial-
A model suggests a maximum constraining date of about A.D. 750 for the 4™ rupture that C
event is assigned (Fig. 67). In this case, the A.D. 570 date is within the range that was
suggested by the least square fit. In addition, the maximum and minimum time difference of
the maximum limits between the separated events that are following each other in the serial A
is 510 and 290 years, respectively. Considering the 69176 maximum constraining sample date
maximum time limit difference between the D and C events is about 350 years. This is within
the range of the difference of 510 — 290 years. Thus, the date of the 69176 sample is assigned

as the maximum constraint of event C.

On the other hand, event B10 seems to be following event C that is represented as the 4™
rupture in the model. The probability range of maximum constraining sample of 69175 (Table
2) has the maximum limit of A.D. 220 with % 68.2 probability. This date could not be
maximum constraint of event B that has a minimum constraint of B.C. 400 because the range
between its constraints becomes 620 years in this case. This range is too wide concerning with
the range of 400 years of event F. As it was described above, event I has an abnormal range
because of the problems in the calibration curves (See section 4.2.3). Thus, B and the B10
events are separated. The maximum and minimum time difference of the serial maximum
limits between the separated events that are following each other in the serial A is 510 and
290 years, respectively. This range is same including event C in this model (serial B). The
interval between the newly added maximum limit of event C and this maximum limit (event
B10) is 350 years. Thus,. this interval is within the range of 510 and 290. For this reason,
event B10 is considered as the next rupture (the Sth) after event C back in time. On the other
hand, event B has a just minimum constraint. The serial-B least square fit of maximum limits
of maximum constraining dates is suggesting a maximum constraining date of about 0 for the
6" rupture. If one consider event B as the 6" rupture in the model following back the event D,
its date should be between B.C. 400 and 0. A 400 year range for this event is similar to range
of event F. On the other hand, considering the event B as the 70 rupture, the least square fit of
the minimum limits of minimum constraints has worse RMS value than the fit that is modeled
considering the event as the 6™ rupture (Fig. 68). For these reasons, the event B is assigned to

the 6™ rupture (Fig. 69).

125



Figure 69. Least square fit of the minimum limits of the minimum constraining event dates assigning the
event B to the 7" rupture (See table 2). RMS values related to this design worse values than the fit that
modeled considering the event as the 6™ rupture. The November 12, 1999 (1999,9) event (0™ rupture) is
set as intercept in regressions. Equations of the trends are shown in boxes colored according to pattern and
color of the trend lines.

There is a 1340 years interval between the minimum limits of events B and A. This interval is
too high (about three times) considering the 510 — 290 years interval between the maximum
limits of the separated events that are following each other in the serial-A and B even
considering the maximum interval of 510 years that was resulted in a large range of maximum
limiting date of sample R26946/5 (See paragraph above). For this reason, this event can not
be located just after the 6™ rupture as the 7" rupture in the sequential model (Fig. 68). Older
two events (Event A and A10) seem to be showing an irregularity and do not belong to the
seven serial ruptures (Serial-B) from 0" to 6™. Thus, this events are not used in serial-B
model. Hitherto unrecognized earthquakes may erase these irregularity between the events A
and B. On the other hand, the oldest event (Event A10) has B.C. 2140 minimum constraining
limit. The interval of 400 years between minimum limits of events A and B may suggest that
A and A10 events are following each other. Because interval between the maximum limits
ranging between 510 and 290 and least square fit of the minimum limits in serial-B and A are

suggesting about 400 year interval. This relation is discussed in section 4.4.1.4.
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In conclusion, all the G, F, E, D, C, B10 and B events belong to the different ruptures o
(November 12, 1999), 1%, 2%, 3™ 4™ 5™ and 6™, respectively and suggest periodicity for the
Aydinpinar, Mengencik and Kaynash segments (Fig. 68). In conclusion, the Diizce fault is
behaving as a single seismic segment and could not be divided into seismic segments. There
are seven events in serial-B that is designed by using combined data from the previous studies
(Hitcheock et al., 2003). Thus, there are possibly seven earthquakes including the 1999 event
that had occurred since B.C. 400 in the past 2400 years. According to the model, five events
are estimated for the past 2100 years. Consequently, Hitchcock et al. (2003) estimated four
events (with another, questionable fifth) for the same time span. According to the least square
regression of maximum and minimum limits (with % 68.2 probability) of events in serial-B,
the earthquake recurrence interval value is changing between 350 and 405 years (Fig. 68).
There is not much important difference between the serial-A and B models in terms of
recurrence interval considering the error ranges of radiocarbon method. RMS values for the
regressions are around 0.98. RMS value of serial-B model is better than RMS of the serial-A.
The recurrence interval value could be extended to the range of 337 and 408 using % 95.4 (02

interval) probability.

4.4.1.4. Final Serial Model
4.4.1.4.1. Distribution for Each Probability

In this case, each probability distribution of the maximum and minimum constraining dates of
events are used in the serial-B instead of using maximum and minimum limits of the
maximum and minimum constraining date ranges. Probability distribution of any target
rupture event in the sequence is generated using a program code that was designed and written
by Ersin KARABUDAK (Bogazi¢i University, Department of Mathematics) based on Monte
Carlo method. This program generates random samples from each event constraint
distribution. According to method, denser random samples were generated from higher
prorabability regions of the each event constraints. Then we applied LSQ to the 100.000
number of random serial. Probability distribution for the target rupture event (E.g., 0™ rupture
of event G or 7™ unrecognized event) is displayed for the serial that was generated by LSQ

estimation.
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4.4.1.4.2. Model

Final serial model has been designed by using the distribution for each probability that was
mentioned above. First target is the 0™ rupture that is constantly assigned to the November 12,
1999 event in the sequence. A serial is experimented including A and A10 events. Irregularity

of these events in the serial model were removed by concerning two unrecognized events that
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Figure 70. Probability distribution for the 1999 rupture (0® rupture) according to
distribution for each probability of the conststraints. This best estimation of the
rupture is made my using the design of the final event serial that is shown in figure
T2
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were assigned to the 7" and the 8" ruptures between the event B and event A and an
unrecognized event between event A and A10. Thus, the event A and A10 were assigned to
the 9™ and 11" ruptures, respectively in the sequence. This design supplies the best estimation
for the 1999 rupture. Thus, this is the final serial model. The resulting probability distribution
is shown in figure 70. This distribution ranges between A.D. 1935 and 2005 with % 70
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Figure 71. Probability distribution of the future rupture (-1*) according to distribution for
each probability of the conststraints. This distribution calculated using the model that best
estimates the 1999 (0™) rupture (Fig. 70).
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probability. In other words, the predicted date for the 1999 event is about 1970+35 with % 70
probability. The suggested design seems to be successfully predicting the November 12, 1999
event, which is the 0" rupture in the serial. This event is also within the 60 (+30) year range
that has % 62 probability. In the second step, considering this final model, the -1* rupture that
is the future event in the sequence is taken as a target. The distribution for this event is shown

o fany b1 i L e ke b igegd |
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Figure 72. Final serial least square fit of maximum and minimum limits of the maximum and minimum
constraining event dates (See table 2). The November 12, 1999 (1999,9) event (0™) is set as intercept in
regressions. Equations of the trends are shown in boxes colored according to pattern and color of the
trend lines. The earthquake recurrence interval value changes between 350 and 394 years according to
o1 interval. The last twelve events including 1999 event in the final serial are designed using data both
from this study and from Hitchcock et al. (2003). The oldest two events result in irregularities in the
periodical model. Probably unrecognized two events between 6™ and 9™ ruptures and one event between
9" and 11™ ruptures in the sequence erase the irregularities. This model is best estimates the 1999 event
(See fig. 70) according to distribution for each probability method (See section 4.4.1.4).

in figure 71. The probability distribution for this target rupture is ranging between A.D. 2320
and 2390 with % 70 probability. In other words, the predicted date for the first future
earthquake is about 2355435 with % 70 probability. In this case recurrence interval is about
355435 year (% 70 probability) for the Diizce fault seismic segment. The anticipated range is
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between A.D. 2295 and 2415 with % 90 probability. This event is also within the 60 (£30)
year range that has % 66.5 probability. On the other hand, LSQ fits of the maximum and
minimum limits of the maximum and minimum constraining date ranges, respectively suggest
a range of 350-394 year for the final model of event rupture serial having about 0.98 and 0.99
RMS values, respectively (Fig. 72). The result is consistent with the range of probability (%
70) distribution of the future earthquake.

4.4.2. ASSIGNING HISTORICAL DATA

As the radiocarbon analyses constrain the ruptures identified in the excavations, to the
historical period, specific dates may be able to well assign to these ruptures. Written history
for the region surrounding the Marmara extends more than two millennia into the past.
Because Istanbul has been a centre of trade. However, the history for the Bolu and Diizce
region which is about 500-km away from Istanbul is not extending that much, many time.
Several earthquake catalogues have been complied for the Marmara region. Ambraseys and
Finkel (1995) and Ambraseys (2002) have provided the recent review of these records. In
addition, Bakir (2002) reviewed the historical earthquakes in Byzantine Constantinopole
(Istanbul) for the period of A.D.342-1454. According to Ambraseys and Finkel (1995),
concerning the historical records, no data is available for the large destructive earthquakes for
the region of Bolu and Diizce prior to September 10, 1509 earthquake. Only one episode of
rupturing was identified in the excavations which occurred during, or previous to A.D. 1509.
This is the event F. The preferred age of event F is between A.D. 1400 and 1600 with high
probability (see the last paragraph of section 4.3.2.6). According to Ambraseys and Finkel
(1995), in Diizce area, the destructive next and the last earthquake after the 1509 earthquake
in the Diizce area is the earthquake of 25 May 1719 (See also Konukg¢u, 1984). This is also
the first large event after the maximum limiting age for the event F, A.D. 1600 with the high
probability (32.2 % of area, Appendix 3). The maximum limiting age could be extending to
1800 with lower probabilities (6.5 % of area). Thus, 1509 and 1719 are the good candidates
for the event F. There are no other mentioned large earthquakes which occurred later in the
eighteenth and the nineteenth centuries intimately related to the Diizce area. Thus, the episode
of rupture can plausibly be associated with any of these two earthquakes (See section 1.1. for
detailed information about these historical earthquakes). However, recurrence interval of
about 355+35 vear (% 70 probability) for the Diizce fault segment is suggested by using the

probability distributions of event constrains introduced in section 4.4.1.4.2. According to this
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estimation penultimate event occurred around A.D. 1645i35. This range is consistent in some
case with the 1650-1750 range that was suggested by Emre et al. (2002, 2004) and Sugai et al.
(web). However, 1719 earthquake is out of limits of the estimated age in this study on the
contrary of the range of 1650-1750. In this case, neither 1509 nor 1719 events can be assigned
to any ruptures that occurred along the Diizce fault according to my results. A
paleoseismological study conducted in Golciik by Klinger et al. (2003) suggests that both
magnitude and the sense of the dislocation during 1509 at their site were the same as in 1999.
According to this suggestion with regarding the felt reports throughout the Mediterranean
basin, the rupture of 1509 did not extend through the Diizce basin. However, vertical
displacement along a large alluvial fan delta seems to be related to the settlement of
unconsolidated loose delta material, related lateral spreading or reactivation of pre-existing
secondary weakness zones (Arpat et al., 2001) but is not forming a stepover fault section of a
fault rupture. In this case, the amount of displacement in this problematical area may not be a
good data for the evaluation of the earthquake magnitude. Therefore, the study of Kiliner et
al. (2003) cannot be credited to evaluate possibility that 1509 rupture extends through the
Diizce basin. The 1999 Diizce earthquake occurred in the same year with about three months
delay after the August, 17" 1999 Kocaeli earthquake. Radiocarbon dating will not be efficient
to identify these two events as separates one. An extensive study with a large number of
trenching critically located along the several structural segments would give a rather reliable
magnitude data and therefore the number of the seismic segments involved during the same
earthquake. The oldest historical earthquake that is related to the Diizce area is A.D. 967
earthquake in Byzantine period (Bakir, 2002). This earthquake was historically recorded for
the region of Bolu. An episode of rupturing was identified in the Bend-3 trench (event D) that
occurred before A.D. 1000. The preferred maximum limiting age for the event D is between
A.D. 940 and A.D. 1000 with the highest probability (45.3 % of area for o1 interval having %
68.2 probability) (Table 2). On the other hand, according to the 355+35-year (% 70
probability) interval estimation in section 4.4.1.4.2., the 3™ rupture back except November 12,
1999 event is occurred about 935+35 (% 70 probability). In this case the historical earthquake
is within the probability range of 935. Thus, the 967 earthquake may be a good candidate for
event D that constrains the earthquake about 1000. At this time, there was a small town in
Diizce on the contrary, Bolu is an important city (personal communication with Nevra
NECIPOGLU from Bogazi¢i University, Department of History and see also Konukgu, 1984).

For this ieason, it could be recorded just for damage of Bolu area but not for the region of
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Diizce. However, it could be still a Bolu fault earthquake. For example Ambraseys and
Jackson (1998) assumed to associate this historical event with Bolu fault according to
Quaternary or the recent fault rupture. An extensive trenching study along the Diizce fault and
the faults close to the Bolu and critical review of the paleoseismological studies along the
1944 Bolu rupture and along the SAIS would give more reliable information about this
earthquake. There are controversial ideas about the recurrence interval of the 1944 rupture

(Section 3.2.1).
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5. SUMMARY AND DISCUSSION ON TECTONICS

In Diizce and the surrounding area, a young tectonic chcle (Phase-A) started with an initial
stage of a peneplaination. Meandering pattern of stream channels and planar landscape in the
peneplain area represented the phase-A. This cycle was followed by uplift (Phase-B)
according to the Diizce basin. Some of these streams in uplifted areas that are surrounding the
mountains of the Diizce plain have formed the deeply incised meandering water channels
during the phase-B. Features such as abandoned terraces along rivers and remnant planar
landscapes on the mountain areas are the indicators that are related to the tectonic uplift in the
area. The date of the end of the peneplaination event phase (Phase-A) is the minimum limiting
date that constrains the age of the Diizce basin. Thus, according to the geological data such as
unconsolidated alluvial materials with geomorphological data such as uneroded planar
surfaces and terraces along the valleys, the basin is young (Pliocene ?). In addition, the
surrounding basins have similar age (See, Emre et al., 1998). Thus, the formation of the
Diizce basin is probably related to a well known young tectonic feature of the NAF system
that passes the basin. However, no active faulting excluding Diizce and Aksu faults, is
detected along all the borders of the basin. On the other hand, all the borders of the basin and
their extensions give a remarkable linearity impression that is possibly related to the faults.
Some young faulting evidence are obtained along some of the geomorphological lineatios.
However, some other lineations are related to lithological contrasts and old fauits. According
to the previous studies, some slices of the basement were thrust in the area and rapid change

in lithology is common along linear contacts.

Recent fault traces cross cut many linear boundaries of basins as in the case for the Marmara
basins (Arpat and Sentiirk, 2000; Le Pichon et ai., 2001 and 2003). In addition, some inactive
young fault zones are observed along the linearities that are the extensions of the basin
boundaries. According to the field observations, no active fault morphology is detected as in
the case for the Diizce and Bolu faults and so on along these linearities. On the other hand,
based on the paleoseismological findings and rupture process of the 1999 Diizce earthquake,
the Diizce fault takes up all the geodetically detected motion between Eurasian plate and the
Almacik block. According to these lines of evidence most of the young faults that were
responsible to the formation of the basin were probably inactivated in near past. The time of
the probable inactivation points out the starting of another phase (active tectonic phase, phase-

C) in the Diizce basin area. On the other hand, active pull-apart models were suggested for the
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formation of the basins in the Marmara region (E.g., Barka and Kadinsky-Cade, 1988). These
suggestions couldn’t be accepted without having satisfactory data because of pull-apart and
then continuing aciive formation of the Diizce basin hypothesis is not validated by rigorous
data. In addition, several lines of evidence suggest that the active faults of the study area are
not a part of a dextral pull-apart system that has been forming the Diizce plain. (1) The Diizce
fault is not connecting an active normal fault system bounding the Diizce basin from the west
but (2) connecting another dextral fault that is the part of 1999 Kocaeli rupture. (3) There is
no significantly recognized connection between the Diizce fault and an active right-lateral
fault system to the east to pull-apart the Diizce basin. (4) Furthermore, there is no basin
bounding active normal faults along its eastern boundary and (5) no active dextral fault along
its northern boundary. The basins in the Marmara region including the Diizce basin are young.
However, (6) current tectonic regime across the plains is younger than the basin formation in
the Marmara basins region because the east-west dextral shearing system is sometimes cross

cutting the plains and their boundaries especially in Marmara sea.

It is probable that the Aegean extensional tectonic regime has played a major role in the
motion of the Anatolian block (McKenzie, 1978). On the other hand, the continental collision
in the eastern Turkey could have driven the Anatolian block (McKenzie, 1978). Thus, there
are contraversary ideas related to driven force for the movement of Anatolian block and the
kinematics of the Marmara region (McKenzie, 1978 and Taymaz et al., 1991). None of the
models could be chosen in this study as a tectonic base because existing studies are not
mature to explain tectonic nature. On the other hand, the reason of the recent inactivation of
basin formation process and the inactivation of faults in the study area (change from phase-B
to phase-C) must be associated with the recent change in the tectonic system that is
considered as a driving force or associated with the evalutional history of the fault systems
which is in a trend of obtaining more strait and vertical zones eliminating optimally-oriented
zones. Considering the first case, only known recent dramatic change related to probable
tectonic forces that drive the tectonics of the Marmara region occurred as continental collision
(Pleistocene) in the South Aegean Subduction System (Piper and Perissoratis, 2003). If it is
the case, following the collision, the deformation of the Marmara region was possibly
restricted to a narrow zone rather than its diffuse and basin forming nature. The resulting
narrow dextral zone in Marmara region is representing the NAFZ including its western part.
The kinematics of this possiblity is a large matter of debate and should be studied in the

future.
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6. CONCLUSION

The right-lateral motion of the NAF seems to be shared by two active fault strands along the
longitude range between the eastern and the western margins of the Almacik Mountain. These
are the Northern Almacik Strand (NAIS) and the Southern Almacik strand (SAIS). The NAF
along the southern border of the Bolu basin and these fault strands are forming the
seismogenic sources that are identified in this study threating the urbanization in the Diizce
plain including the Diizce city. The dextral slip rate of the NAF is about 25 mm/yr. According
to GPS measurements, the SAIS and NAIS are taking about 15 and 10 mm/yr of the 25 mm/yr
motion, respectively. Consistently, the same 9.5£1 mm/yr (% 70 probability) slip rate is
calculated according to the paleoseismological findings in this study. The remaining 15
mm/yr movement is probably taken up by the SAIS. However, this suggestion should be
verified by the paleoseismological studies along the SAIS.

Seismic surface deformation caused by the 1999 earthquakes along the NAIS are studied in
details by using tectonic field observations. Tectonic field studies and the maps of surface
deformations of other earthquakes that were occurred in the last 82 years along the SAIS and
along the southern border of the Bolu basin are critically reviewed in this study. The NAIS
consists of at least two seismic segments. One is the Aksu fault and the other is the Diizce
fault. Probable seismic segmentation is configured considering the left stepovers along the
Diizce fault (Fig. 27). However, aftershock distribution and some other lines of the evidence
about rupture propagation suggest that the Diizce fault seems to be ruptured as a single
structural segment. Sequential rupture model and uniform slip distribution that are proposed
in this study are also suggesting the same conclusion and further suggesting a single seismic

segment for the Diizce fault.

The transpressional character of the Diizce fault could be related to counterclockwise rotation
of the Almacik block that forces the location of the shear zone to shift towards the south
relative to the Almacik block. The eastern slip-transferring fault may never be found because
every shift of the shear zone to the south has resulting in to form a new deformation zone that
propagates slowly to the east. The reason of the south directed fault zone migration could be
the southwest directed extrusion of the Almacik block (according to the Eurasian plate) along
the Aksu fault, because the northern block of the Aksu fault is forming a driving border that
has NE-SW elongation.
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To the cast of the Efteni Lake, the Diizce fault has a typical dextral fault geomorphology
having systematic left steppings. Up to 3 km dextral cumulative offset is measured along the
fault according to the remnants of Ugursuyu alluvial fan and its stream channels. Taking the
maximum offset of 3 km and the slip rate of 10 mm/yr the age of cumulative offset was
calculated about 0.03 Ma (upper Pleistocene). This result is concordant with the geological
and geomorphological evidence about the age of the active tectonic phase. However, the

calculation of 3 km offset may be underestimated concerning the size of the Efteni basin.

The 1999 Kocaeli earthquake rupture zone may be divided into three at least two seismic
segments. The Aksu fault that is representing the easternmost segment of the 1999 Kocaeli
rupture could be ruptured alone and a smallest unit of propagation on this part along the
NAIS. It has 40 km length. About 1.4-m-average and 2-m-maximum right lateral offset are
evident from the surface break measurements. On the other hand, the co-seismic deformation
characteristics of the surface break markers reveal that the rupture probably has up side north
minor reverse component. This could suggest a transpressional character for the fault zone
which has N70°E optimally-oriented geometry in the general tectonic movement, driving the

Almacik block towards the S70°W direction.

Starting from the east to the west, the three earthquakes in 1944, 1957, 1967 combined to
produce a continuous rupture zone all the way along the SAIS. There are controversial ideas
about the recurrence interval of the 1944 rupture and the slip distribution of 1944 and 1957
earthquakes. According to the paleoseismological studies along the 1944 rupture, slip
calculations are ranging between 7 and 33 mm/yr. The knowledge about the rupture history
and the past slips is very limited along the SAIS.

Evidence and reported dates for six large earthquakes in 3540 years before 1800 A.D are
descibed in this study. These events were revealed in five excavations across the middle part
of the Diizce fault at three sites along two structural (Mengencik and Aydinpinar) segments.
Seven “C accelerator mass spectrometry (AMS) dates of the six events are combined with the
date data of single documented previous study of Hitchcock et al. (2003) to determine the
recurrence intervals for large earthquakes. Three of the given event dates of Hitchcock et al
(2003) extend the event serial (Serial-A). A characteristic earthquake model is described
considering the maximum values of the maximum limiting age ranges, minimum values of the

minimum limiting age ranges of paleoseismic events and the 1999 Diizce event that ruptured
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four of the probable seismic segments of Diizce fault. Two oldest events (event A and A10)
represent an irregularity in the event serial. The model suggests that the last seven serial
events (Serial-B) including the 1999 rupture occurred nearly periodical according to the
timing design of events and related constraints. According to the sequential model, the Diizce
fault behaves as a single seismic segment. Thus, it could not be divided into seismic
segments. There are possibly seven sequential earthquakes including the 1999 event that had
occurred since B.C. 400 in the past 2400 years. According to the least square regression of
maximum and minimum limits (with % 68.2 probability) of last seven events in serial-B, the
earthquake recurrence interval value is changing between 350 and 405 years. RMS values of
the serial-B for the regressions are about 0.98. RMS values of the serial-B model that includes

additional data from Hitchcock et al (2003) are better than the RMS values of the serial-A.

Each probability distribution of the maximum and minimum constraining dates of the events
are also used for the serial-B instead of using maximum and minimum limits of the maximum
and minimum constraining date ranges. To do that, Distribution for Each Probability method
that bases on Monte Carlo technique is applied. Irregularity of the two oldest events in the
serial-B model were removed by concerning two unrecognized events that were assigned to
the 7% and the 8™ ruptures between the event B and event A and an unrecognized event
between event A and A10. This design supplies the best estimation for the 1999 rupture.
Thus, the final serial model consists of the last twelve serial events including the 1999 event.
The method and final model are tested taking the target of the November 12, 1999 Diizce
event using the last eleven paleoseismic events. Resulting probability distribution ranges
between A.D. 1935 and 2005 has % 70 probability. In other words, the predicted date for the
1999 event is about 1970435 with % 70 probability. The suggested design seems to be
successfully predicting ihe November 12, 1999 event. This event is also within the 30 year
range but having % 62 probability. In the second step, considering this final model, the future
event is taken as a target. The probability distribution for this target rupture is ranging
between A.D. 2320 and 2390 with % 70 probability. In other words, the predicted date for the
first future earthquake is about 2355+35 with % 70 probability. In this case, recurrence
interval is about 355435 year (% 70 probability) for the Diizce fault seismic segment. The
range is between A.D. 2295 and 2415 with % 90 probability. On the other hand, LSQ fits of
the maximum and minimum limits of the maximum and minimum constraining date ranges,

‘respectively, suggest a range of 350-394 year for the final model of the event rupture serial
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having about 0.98 and 0.99 RMS values, respectively. The result is consistent with the range
of the probability distribution of the future earthquake.

The 1999 Diizce earthquake constrained the location of the fault. Therefore, trenches are
excavated across the present surface rupture of the earthquake. The trenches were purposely
located in the places of sedimentary environments that were likely to have high sedimentation
rate in order to ensure that enough sediment was deposited between the earthquakes to allow
individual earthquakes to be distinguished each other. However, this strategy allows the
resolution of a small number of events. Common strong erosional and flooding phases make
the sedimentation rate unconstant and the strong erosional and flooding phases make it

impossible to distinguish different earthquake horizons in one specific trench.

The constraining samples are collected near the event horizons. Thus, they are limiting the
events just before or after the exact time of the ruptures. The model is partly concordant with
the previous studies. Emre et al (2002, 2004) and Sugai et al (web) excavated trenches along
the Aydinpmar and Efteni segments. According to the results ranges of about A.D. 1650-1750
and 665-1050 are suggested for the penultimate (1%) and 3™ events, respectively. On the other
hand, ranges of A.D. 1400-1800 and 1000-? are suggested for the 1% and the 3" events,
respectively. According to my propability estimation, penultimate event occurred around A.D.
1645+35. This range is consistent in some case with the 1650-1750 range that was suggested
by Emre et al. (2002, 2004) and Sugai et al. (web). However, 1719 historical earthquake is out
of limits of the estimated age in this study on the contrary of the range of 1650-1750. In this
case, neither 1509 nor 1719 historical events cannot be assigned to any ruptures that occurred
along the Diizce fault according to my results. On the other hand, according to the 355£35-
year (% 70 probability).interval estimation, the 3™ rupture occurred about 935+35 with % 70
probability. In this case, the A.D. 967 historical earthquake is within the probability range of
935 event. Thus, the 967 earthquake may be a good candidate for event D. However, it could
be still a Bolu fault earthquake. Hitchcock et al (2003) described and reported the dates for at
least four and possibly five events (including 1999) that occurred in the past 2100 years along
the Kaynash segment. Similar result is found in this paleoseismic study. Five events that
occurred in the past 1560 years are described. Hitchcock et al (2003) could underestimate one
event in the earthquake number since 2100 according to my models because of a possibility of
an unrecognized earthquake. The minoz span of 87 days between the 1999 Kocaeli and Diizce
earthquakes is an interesting point. The delay of 87 days time span between the 1999 events
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may suggest the time dependence between the Diizce and Aksu segments. On the other hand,
the small delay also results from the coincidence of the period of high stress along the Diizce
fault as in the case for the 1999 Diizce event (10™ rupture) according to my sequential model,
with the 1999 Kocaeli rupture that occurred near the Diizce fault. 1999 Kocaeli earthquake
probably results in stress transfer on the Diizce fault (Hubert-Ferrari et al., 2000). In this case,
the future or the past failure of both the Aksu and Diizce faults with single earthquake is

possible.

A reasonable relationship is observed between the events in a sequential model. However, it is
fact that this is an experimental study and not sufficient to solve the behavior of the Diizce
fault at all. Paleoseismological trenching performed at three sites along the Diizce fault
provides the first insights on its seismogenic behavior. The trenches only reveal a 2-D cross-
section of the geologic reccerd perpendicular to the fault and so it cannot fully assess the
geologic effect of offset. Unfavorable trench material in the stratigraphy and scarcity of
datable material made the identification and characterization of individual paleoearthquakes
quite difficult and sometimes impossible along the fault. The apparent hiatus in activity before
event B argues that periodicity does not hold for this period. Present study with a few
paleoseismic trenching along the ~40-km-long Diizce fault does not answer all of the current
questions about the nature of serial rupture of the Diizce fault. For example, one of the ages
either maximum or minimum is not known for most of the events. In addition, the lengths of
ruptures of these paleoearthquakes are not known. The event information comes from the
different trenches and some of the trenches are excavated along the different structural
segments. Thus, the sequential models is not composed from the specific trench sites but from
the different trenches and structural segments. This fact results in an important handicap in
my sequential model. There is no paleoseismological data from the Efteni segment because of
high watertable level along its zone. However, the 1999 event rupture that was considered in
the serials occurred all the way along the Diizce fault including Efteni segment. Only this

event was considered for the Efteni segment in the serials as mentioned.
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