




































































































































































































































































































































































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).
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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).
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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
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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

139



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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