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and Uğur Avdan2

1Department of Geological Engineering, Tectonics Research Group, Ankara University, Ankara, Turkey. E-mail: seyitoglu@ankara.edu.tr
2Earth and Space Sciences Research Institute, Anadolu University, Eskişehir, Turkey
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S U M M A R Y
The North Anatolian Fault Zone (NAFZ) starts to branch off in the western Bolu plain. The
branches of the NAFZ in this location create the Almacık block which is surrounded by the
latest surface ruptures of significant earthquakes that occurred between 1944 and 1999, but
its northeastern part remains unruptured. The most recently formed rupture, that was a result
of the 1999 November 12 Düzce earthquake, ended to the northwest of the Bakacak Fault.
The connection between the Bakacak Fault and the main branch of the NAFZ via the Bolu
plain has until now remained unknown. This paper establishes that the route of the missing
link runs through the Dağkent, Kasaplar and Bürnük faults, a finding achieved with the help
of seismic reflection studies. The paper also argues that the cross cutting nature of these
newly determined faults and a stress analysis based on focal mechanism solutions of recent
earthquakes demonstrate the termination of the suggested pull-apart nature of the Bolu plain.

Key words: Earthquake interaction forecasting and prediction; Seismicity and tectonics;
Continental tectonics: strike-slip and transform; Neotectonics.

1 I N T RO D U C T I O N

The North Anatolian Fault Zone (NAFZ) is located between
Karlıova to the east and the Gulf of Saros to the west (Fig. 1,
inset) and it stretches over 1200 km. It is a well-known, active,
right-lateral, strike-slip fault zone that produces significant earth-
quakes (Şengör 1979; Barka & Kadinsky-Cade 1988; Barka 1992;
Şengör et al. 2005). The eastern sector of the fault zone generally
follows a narrow corridor but the western sector shows a wider
shear zone composed of several branches (Barka & Kadinsky-
Cade 1988; Şengör et al. 2005). The NAFZ starts to bifurcate in
the Bolu plain. Here, its northern branch follows a route through
Bolu, Düzce, Sapanca, the Gulf of İzmit, the Marmara Sea, Ganos
Mountain and the Gulf of Saros. The middle branch can be traced
through Abant, the Pamukova-Gevye Plain, İznik Lake, the Gulf of
Gemlik and Bandırma. Some researchers, however, consider that
the main fault runs through Bolu, Abant, Sapanca and the Marmara
Sea. The southern branch is separated from the middle branch and
follows the Yenişehir Basin and Bursa continuing south of Lakes
Ulubat and Manyas (Fig. 1 and references therein).

To the west of the location where the NAFZ starts to bifurcate is a
structure called the Almacık block (Şengör et al. 1985). Palaeomag-

netic studies have suggested that the structure has rotated clockwise
in between two right-lateral fault segments (Sarıbudak et al. 1990;
Michel et al. 1995; İşseven et al. 2009). Contrary to this, a recent
study has suggested anticlockwise rotations resulting from a right-
lateral motion between the Armutlu peninsula and the Almacık
block (Hisarlı et al. 2011).

The surface ruptures caused by earthquakes of 1944 February 01
Gerede (M = 7.2); 1957 May 26 Abant (M = 7.1); 1967 July 22
Mudurnu (M = 7.2); 1999 August 17 Kocaeli (M = 7.4) and 1999
November 12 Düzce (M = 7.2) indicate that the Almacık block is
surrounded by active strike-slip faults. As shown in Fig. 2, its shape
resembles a wooden shuttle as used in the textile industry. It has
been suggested that the next earthquake in the region will be to the
east of the 1999 November 12 Düzce earthquake rupture (Seyitoğlu
2000; Fig. 2). The epicentral distribution of the 1999 August 17
Kocaeli earthquake and its aftershocks show that the far eastern-
most seismic event nearly marked the end of the following surface
rupture of 1999 November 12 Düzce earthquake (Figs 3a and b).
When we examine the epicentral distribution of the earthquakes
after the 1999 November 12 event, the far eastern-most seismic
event nearly indicates the eastern tip of the Almacık block (Fig. 3b).
For this reason, it can be speculated that a future earthquake may
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Figure 1. The North Anatolian Fault Zone (NAFZ) in the NW of Turkey. AB: Almacık Block, BP: Bolu Plain, MB: Mudurnu Basin, PGP: Pamukova-Gevye
Plain, YB: Yenişehir Basin, AP: Armutlu Peninsula, GM: Ganos Mountain (Fault lines after Şengör 1979; Seyitoğlu 1984; Barka & Kadinsky-Cade 1988;
Koçyiğit 1988; Barka & Kuşçu 1996; Emre et al. 1997; Okay et al. 1999; Tur et al. 2000; Alpar & Yaltırak 2002; Armijo et al. 2002; Yaltırak 2002; Herece
& Akay 2003; Arca 2004; Şengör et al. 2005; Selim et al. 2006; Kurtuluş & Canbay 2007; Dolu et al. 2007; Yılmaz & Koral 2007; Gürbüz & Gürer 2008;
Öztürk et al. 2009; Ayhan & Koçyiğit 2010; Bécel et al. 2010; Gökten et al. 2011).

Figure 2. Surface ruptures of recent earthquakes and the Almacık block (after Seyitoğlu 2000). Bakacak and Elmalık faults after Hitchcock et al. (2003). For
location see Fig. 1.

be expected on the recently unruptured portion of the Almacık
block (Fig. 2). In order to check this hypothesis, a series of seismic
reflection studies were performed in the Bolu plain and the results
are presented in this paper.

2 N E O T E C T O N I C F R A M E W O R K O F T H E
B O LU P L A I N

2.1 Previous work

The neotectonic features of the Bolu area were examined by Öztürk
et al. (1985), who published a geological map and determined indi-
vidual fault segments with a special emphasis on the 1944 Gerede
earthquake’s surface rupture (Fig. 4a). This rupture has also been
recently mapped by Emre et al. (2011; Fig. 4b). Aktimur et al.
(1986) provided the locations of active faults and the distribution
details of Quaternary deposits in the Bolu plain (Fig. 4c). The com-

mon point of Öztürk et al. (1985) and Aktimur et al. (1986) is the
NE–SW trending fault lines in the Bolu plain that lie subparallel
to the 1944 surface rupture (Figs 4a and c). There are different
structural evaluations of the Bolu plain and the surrounding region:
while the development of the Adapazarı, Düzce and Bolu basins
has been explained by a bending of the NAFZ (Neugebauer 1995),
the Bolu Basin has been evaluated as a pull-apart system (Özden
et al. 2008; Gökten et al. 2011; Fig. 4d). The structural analyses
of fault-slip data and focal mechanism solutions around the Bolu
Basin indicate that NW-trending σ 1 and NE-trending σ 3 axes are
produced by a right-lateral motion of the NAFZ and a younger
transtensional stress regime overprinting the earlier transpression,
is attributed to the pull-apart nature of the Bolu Basin (Özden et al.
2008). Gökten et al. (2011) supported this by publishing their view
of NW–SE trending normal faults in the western part of the Bolu
plain (Fig. 4d). Morphology-dependent geological studies (Öztürk
et al. 1985; Aktimur et al. 1986; Gökten et al. 2011) have generally
defined the border faults of the Quaternary Bolu Basin and assume
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Figure 3. (a) Eastern sector of the 1999 August 17 Kocaeli earthquake surface rupture and its aftershocks. (b) The epicentre distribution of the aftershocks
following the 1999 November 12 earthquake and recent seismicity in the Bolu plain. Data are from the KOERI.

that they are active. Yoshioka (1996) and Gürbüz & Gürer (2009),
however, examined many pull-apart structures along the NAFZ and
concluded that the active fault branch generally crosses over the
pull-apart structures.

The surface rupture of the 1999 November 12 Düzce earthquake
along the Düzce Fault follows an eastward direction down to the

Asarsuyu valley (Fig. 2). The GPS and Insar data suggest a longer
rupture towards the east than that observed in the field (Çakır et al.
2003). The connection of this fault to the main strand of the NAFZ,
following the trace of the 1944 Gerede earthquake, is a major ques-
tion as indicated by Seyitoğlu (2000). Hitchcock et al. (2003) closely
examined the area between the Asarsuyu valley and the Bolu plain.
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Figure 4. The fault maps from previous morphology-oriented geological studies conducted around Bolu plain. Contours are generated from SRTM elevation
data. (a) The faults from Öztürk et al. (1985). (b) Active fault map from Emre et al. (2011). (c) The faults identified by Aktimur et al. (1986). (d) The faults
identified by Gökten et al. (2011). Please note that most of the fault lines are subparallel to the 1944 Gerede earthquake surface rupture, drawn in the southern
part of the Bolu plain.

They concluded that the Düzce Fault and the main strand of the
NAFZ are structurally and kinematically linked by the Bakacak and
Elmalık faults which are located on a 10–15 km wide right stepover
(Fig. 2). No continuation of the Bakacak and Elmalık faults has
been reported in the Bolu plain (Hitchcock et al. 2003; Başokur
et al. 2004), but Gökten et al. (2011) mentioned the possibility of
a prolongation of the active faults, using the evidence of a pressure
ridge in the Bolu city centre.

2.2. Field observations

In the SE part of the Bolu plain, we observed a well-developed
75 m wide cataclastic zone in the WNW and ESE of Bürnük
village (Fig. 5). At this locality, the cataclastic zone is morpho-
logically marked by gradients and trenches formed by subvertical
to steeply dipping fractures (Figs 6a and b).The protolith of the
zone is limestone of the Jurassic-Early Cretaceous age. Beds of
limestone display NW- and NE-striking, and there is an increase
in dip within the zone between 50◦ and 78◦. The cataclastic zone
has a high density of brittle deformation features characterized
by variably fracturing, lens-shaped structural domains and fault
rocks. The zone has variable fracture geometries along the strike,
resulting in complex patterns of deformation and fault interaction.

Most of fractures are characterized by opening joints that do not
show slip surfaces, yet the subvertical NNW-striking joints have
irregular surfaces and are generally hydrothermally altered. Lim-
ited NNW- and WNW-striking fractures are interpreted to form a
conjugate pair that occurs as shear fractures. Locally, anastomos-
ing fractures give rise to lens-shaped blocks in the cataclastic zone,
including limestone showing only fractures, suggesting strain par-
tition during formation of the cataclastic zone. Two slickenside sur-
faces with slickenlines, and four fault surfaces have been measured
(Fig. 6c).

Fault plane orientations in the zone are slightly variable, but gen-
erally strike N65◦–80◦W or N80◦–85◦E and dip 55◦ to subvertical.
Some planes include slickenlines that rake 15◦–30◦ (Fig. 6c). Their
sense of slip is not clear, but the pseudo-focal mechanism analysis
shows a possible nodal plane with a steeply dipping, approximately
east–west striking, right-lateral strike-slip fault (Fig. 6c). Two type
fault rocks are exposed around the main fault in the cataclastic
zone. These are cohesive fault breccias and cataclasites, which are
exposed in the structural domains. Most of the fault breccias have
developed on both sides of the main fault (Figs 6a and b) and have
a thickness of approximately 1.5 m. The fault breccias consist of
angular to subangular clast and lesser amounts of matrix material,
which suggest that the limestone was not severely disturbed, but
they do show some displacement of fragments. Cataclasites are
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Figure 5. (a) Hypothesized locations of active faults in the Bolu plain based on field observations and geophysical subsurface data. Contours are generated from
SRTM elevation data. White stars indicate the locations of well-developed cataclastic zones. Black star shows the location of fault surfaces with hydrothermal
activity. The black square shows the diversion of the Büyüksu River. Line-2002 is the previous seismic reflection line. The six seismic reflection lines were
planned to check this hypothesis (b) Iso-resistivity cross section X–X’ from Herece (2005) having an anomaly corresponding to the Bürnük Fault.

seen locally and are well developed when very close to the fault sur-
face. They are matrix-supported, indicating that shear displacement
here is much larger than that of the breccia. The cataclasites have a
thickness of up to 0.2 m.

All these structures within the cataclastic zone described above
are attributed to the WNW–ESE trending Bürnük Fault. The WNW
continuation of the Bürnük Fault in the Bolu plain corresponds to
the 550 m right-lateral diversion of the Büyüksu River (Fig. 7).

In the NW part of Bolu plain, a few fault surfaces (N65W, 80NE)
showing traces of hydrothermal activity with no slickenlines are
observed, and they provide a clue to the location of the Kasaplar
Fault (Fig. 5).

On the asphalt road in Bolu city centre, a persistent crack that
reappears after every repair attempt has been reported by local
people. We examined this feature and evaluated it as a sigmoidal
opening fracture (Fig. 8) that indicates a NE–SW trending right-
lateral shear. The constant reappearance of this fracture may indicate
creep on the fault zone, and therefore this location was deemed
worth examining by seismic reflection study.

2.3 Available geophysical subsurface data

Herece (2005) reported an iso-resistivity section in the Bolu plain
(Fig. 5b). The data show a resistivity anomaly which was interpreted
as a sign of a north dipping normal fault by Herece (2005), and that
is also seen in the map of Gökten et al. (2011; Fig. 4d). We suggest
that this anomaly corresponds to a continuation of the Bürnük Fault
in the Bolu plain (Fig. 5).

The possibility of a continuation of the Düzce/Bakacak Fault into
the Bolu plain has been investigated west of Bolu but insufficient

evidence was found (Başokur et al. 2004). On the other hand, a
single seismic study performed during 2002 indicated a fault zone
under the Bolu plain (Gündoğdu 2010). The reinterpreted seismic
section of Line-2002 (Fig. 9) demonstrates that there is a fault
located at 190 m and extending as a vertical line dividing the two
compartments of different seismic characteristics. There are two,
less distinctive fault lines on both sides, that can be recognized by
the discontinuity of the seismic layers. The clearly observed fault
on Line-2002 indicates that the continuation of Bakacak fault exists
under the Bolu plain (Figs 5 and 9).

2.4 The hypothesis of active faulting in the Bolu plain

Bringing the previously obtained information together with our field
observations and available subsurface data allows us to hypothe-
size that the connection between the Düzce/Bakacak faults and the
main strand of the NAFZ lies on the eastern tip of the Almacık
block (Fig. 5). We speculate that the eastern continuation of the
Bakacak Fault (Hitchcock et al. 2003) has two branches. The north-
ern branch is composed of the Kasaplar and Bürnük faults and
the Hisar Tepe pressure ridge is located in the restraining offset
among them. The Bürnük Fault has a well-developed cataclastic
zone and has created a diversion on the Büyüksu river and a re-
sistivity anomaly (Fig. 5). The southern branch, the Dağkent Fault,
might provide a link between the Bakacak Fault and the fault ob-
served in the 2002 seismic reflection line. There are two possibilities
for the SE continuation of the Dağkent Fault. The first is a linear
route towards the main branch of the NAFZ that is along the 1944
Gerede earthquake surface rupture. The second is a bend towards
the NE via the shear zone observed in Bolu city centre. In order
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Figure 6. (a) Field photograph of the cataclastic zone on the Bürnük Fault. For location see Fig. 5. (b) Line drawing of the outcrop in (a) that shows internal
structures of the cataclastic zone. Note the abundance of fractures and the formation of fault rocks. (c) Equal-area lower hemisphere projection of fault planes
measured on the main fault. The σ1, σ2 and σ3 indicate the maximum, intermediate and minimum principal stress axes, respectively.

to test the hypothesis about the active faulting in the Bolu plain,
six seismic reflection lines were planned, the results of which will
be discussed with the seismological data in the following sections
(Fig. 5).

3 M E T H O D S O F S E I S M I C R E F L E C T I O N
S T U D I E S A N D S E I S M O L O G Y

3.1 Seismic reflection data acquisition, data quality
control and data processing

A P-Gun (Buffalo-Gun) of 36 barrels with 50 gr. pellets was used
as a Seismic Energy Source. Line-5 and Line-6 were shot using

the P-Gun. The P-Gun generates a 94 ton pick-force, and provides
more than 1000 m in penetration depth. The upper frequency limits
of the P-Gun generated seismic signals were 100–120 Hz. In the
city centre, Line-3 and Line-4 were shot by a weight-drop type of
seismic energy source, mounted on a small-vehicle. A 300 kg steel-
cylinder was dropped from a height of 1.5 m, and a penetration depth
of 500 m was achieved. Seismic signals generated by weight-drop
may reach up to 90–100 Hz frequencies.

96 vertical geophones of 14 Hz each were used as seismic re-
ceivers. One geophone per receiver station was planted. 4 Geomet-
rics Geode modules, each controlling 24 channels, were used as part
of the seismic recorder system. The time-break was achieved by a
shot-geophone attached to the P-Gun’s body.
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Figure 7. Diversion of the Büyüksu River along the Bürnük Fault. For location see Fig. 5.

Sampling intervals of 1 ms, and recording times of 4 s were
chosen for the P-Gun surveys. Sampling intervals of 0.5 ms, and
recording times of 2 s were chosen for the Weight-drop surveys. One
vertical-stack was sufficient for signal enhancement. No analogue
or digital filters were used during the data acquisition.

A walk-away type of field-spread was used. In the case of the
P-Gun, the receiver interval was 5 m, the shot interval was 5 m and
the spread-length was 475 m. In the case of the weight-drop, the
receiver interval was 2 m, the shot interval was 4 m and the spread-
length was 190 m. The vertical resolution was given as one quarter
of the dominant wavelength, in accordance with Widess (1973). If
we assume an average velocity of 1800 m s−1 in alluvium, and a
dominant frequency 30 Hz of the seismic wavelet, the resolution
may be computed as 15 m.

To ensure a good signal-to-noise ratio, shot stations were selected
at those road-sites where traffic noise was low. When seismic lines
were spread along a road-side, police or gendarme forces were
called to temporarily halt the traffic.

The Data-Processing sequences are: Geometry definition,
Bandpass filter, Automated-gain-control, Trace-edit, First-break
mute, Ground-roll mute, Data-resample, Common-depth-point sort,
Velocity-Analysis with Interactive Constant-velocity-scan, Stack,
Trace-mix and Time-to-depth conversion.

When needed, a second Bandpass filter and a second Automated-
gain-control were added to the Job-stream. A Notch-filter was ap-
plied when a seismic-line passed through city power-lines. Since
the terrain was almost flat, no static corrections were applied to the
data for Line-3, Line-4 and Line-6. Static correction was applied
to Line-5. We did not apply a Migration process to the data due to
the shortness of the seismic sections (the stacked-data comprised
around 100 traces).

3.2 Seismological processes

In the seismological processes, before computing focal mechanism
solutions, a relocation procedure was applied to the events recorded
by the Kandilli Observatory and Earthquake Research Institute
(KOERI) in order to minimize the location errors in both verti-
cal and horizontal directions and to determine robust hypocentre
parameters. We repicked all P and S phases arrival times and then
relocated the events by using the Hypoinverse-2000 earthquake lo-
cation software (Klein 2002). During the relocation process, a 1-D
P-wave crustal velocity model given in Bekler & Gürbüz (2008) was
used. In this procedure we also recomputed the local magnitudes of
the events.

One of the goals of this paper was to obtain focal mechanism
solutions for some of the earthquakes that have occurred in the
region. Thus we performed the time domain regional moment tensor
inversion following Herrmann et al. (2011) in order to determine
the source depth, moment magnitude and strike, dip and rake angles
of a shear-dislocation source by using three-component broadband
waveforms. The main purpose of this method is to fit synthetic
waveforms to observed seismograms at local and regional stations.
The synthetic Green’s functions were computed as suggested in
Herrmann et al. (2011). Both the observed and Green’s function
ground velocities were cut from 10 s before the P-wave’s first-
arrival to about 180 s after it. In the inversion process a three-pole
causal Butterworth bandpass filter changing with a 0.06–0.14 Hz
band range was used for the events. Additionally, when needed
an optional microseism rejection filter was applied to enhance the
signal-to-noise ratio. We eliminated noisy and problematic signals;
furthermore, waveform data recorded by stations beyond 700 km
were deselected.
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Figure 8. (a) A photograph of the sigmoidal opening fracture in the Bolu city centre. (b) A sketch of the structure.

4 A C T I V E FAU LT I N G I N T H E B O LU
P L A I N B A S E D O N S E I S M I C
R E F L E C T I O N S T U D I E S A N D
S E I S M O L O G Y

4.1 Interpretation of seismic reflection lines

Line-1 was planned to test the existence of the Kasaplar Fault, the
northern branch of the Bakacak Fault under Bolu plain (Figs 5 and
10). In the seismic reflection section of Line-1, the main shearing
on the Kasaplar Fault is seen between 200 and 230 m as indicated
by weak-continuation or discontinuity of the reflections. The overall
shape of the Kasaplar Fault and its branches resembles a positive
flower structure. The transpressional character of the Kasaplar Fault
can be determined by the anticline shape of the seismic layers and
especially the dominant reverse faulting component seen among the
seismic layers at the upper right-hand side of the seismic section
(Fig. 10).

The southern continuation of the Bakacak Fault under the Bolu
plain, the Dağkent Fault, was recognized by a seismic study per-
formed during 2002 (Gündoğdu 2010; see Fig. 9 for a reinterpreta-
tion). Line-2 is planned to consolidate the position of the Dağkent
Fault. The seismic section of Line-2 clearly demonstrates a vertical
main fault at 36 m that is recognized by the sudden discontinuity
of a seismic layer at the top of the southern block (Fig. 11). On the
northern block, a less distinctive branch of the Dağkent Fault is also
seen (Fig. 11). The strike obtained from Line-2002 and Line-2 for
the Dağkent Fault leads us to check its continuation towards the SE.
For this reason, Line-6 was investigated, but it showed no sign of
fault trace (Fig. 12). Therefore the other possibility for the contin-
uation of Dağkent Fault was taken into account. Line-3 is oriented
normal to the shear zone as determined by the sigmoidal opening
fracture in the Bolu city centre. The main fault is located between
85 and 107 m and its several branches merge at a depth of 500 m
(Fig. 13). There is a small asymmetrical sedimentary depression
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Figure 9. Seismic reflection of Line-2002. (a) Uninterpreted and (b) interpreted. For location see Fig. 5.

filled by nearly horizontal layers that can be distinguished at the top
of the seismic section. Determination of the faulting on the seis-
mic section of Line-3 gives rise to the possibility that the NW–SE
trending Dağkent Fault detected in seismic sections at Line-2002

and Line-2 bends towards the NE after being invisible on Line-6
(Fig. 12).

We postulated that the Hisar Tepe pressure ridge is located on
the restraining stepover between the Kasaplar Fault and the Bürnük
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Figure 10. Seismic reflection of Line-1. (a) Uninterpreted and (b) interpreted. For location see Fig. 5.

Fault. The western end of the Bürnük Fault should be located to
the north of Hisar Tepe to create this pressure ridge. Line-4 was
designated to test this location (Figs 5 and 14). In the seismic
section of Line-4, a fault zone is seen between 92 and 105 m. The

faults can be extended to the surface down to a depth of 75 m
(Fig. 14).

Line-5 is located near a sharp bend on the Büyüksu River (Fig. 5).
The seismic section of Line-5 has a zone of weak reflections between
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Figure 11. Seismic reflection of Line-2. (a) Uninterpreted and (b) interpreted. For location see Fig. 5.
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Figure 12. Seismic reflection of Line-6. (a) Uninterpreted and (b) interpreted. For location see Fig. 5.
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Figure 13. Seismic reflection of Line-3. (a) Uninterpreted and (b) interpreted. For location see Fig. 5.
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Figure 14. Seismic reflection of Line-4. (a) Uninterpreted and (b) interpreted. For location see Fig. 5.
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Figure 15. Seismic reflection of Line-5. (a) Uninterpreted and (b) interpreted. For location see Fig. 5.
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Figure 16. (a) Active faults in the Bolu plain tested by seismic reflection studies. See Table 1 for the details of focal mechanism solutions. (b) Stress analysis
from the focal mechanism solutions indicates a pure strike-slip regime rather than the previously suggested transtension. SG2PS software (Sasvári & Baharev
2014) with Angelier’s (1990) inversion method was used for the stress analysis.

133 and 158 m that would correspond to the Bürnük Fault (Fig. 15).
The evidence from Line-4, Line-5 and cataclastic zone observations
around Bürnük village indicates that the Bürnük Fault is located
between Hisar Tepe and the east of Bürnük village. The Kasaplar
and Bürnük faults in the Bolu plain are the missing link between the
Bakacak Fault and the main branch of the NAFZ that was proven
by the 1944 Gerede earthquake’s surface rupture (Fig. 16).

4.2 Focal mechanism solutions of recent earthquakes

The seven significant earthquakes that occurred just beneath the
city centre of Bolu and to its east, after the main shock of the
1999 November 12 Düzce earthquake, were selected in order to
determine their source parameters (Fig. 16). Before the process
of focal mechanism solutions, all events except the first one were
relocated. The computed relocation parameters are given in Table 1.
After the relocation process, root mean square (rms) times and
location errors were reduced significantly.

The first two events, the 1999 November 16, 17:51:18 (UTC)
earthquake (Mw = 5.3) and the 2004 April 13, 21:47:24 (UTC)
earthquake (ML = 4.3), could not be analyzed for source pa-
rameter inversion because of a lack of digital waveform data.
Hence their focal mechanism solutions were obtained from
the Swiss Seismological Service (SSS) at the ETH Zurich
catalogues.

Two earthquakes on 2005 July 10 occurred successively around
the city centre of Bolu at 07:08:27 and 07:28:43 (UTC) with a mag-
nitude of 3.5 and 3.4, respectively. The other two events occurred
sequentially on 2008 November 12 at 11:57:34 (UTC) (ML = 4.1)

and at 14:25:43 (UTC) (ML = 3.9). The last event was on 2013
November 24 at 20:49:38 (UTC) (ML = 5.0), respectively. The
most recent three earthquakes were located further east than the
previous four events.

As an example of the processing, we give here the most recent
event (ML = 5.0) of 2013 November 24, 20:49:38 (UTC). A total of
36 stations were selected in the regional moment tensor inversion
for this event. The selected stations are shown in Fig. 17. After
the inversion processes, a correlation of the reduction in distance-
weighted variance against to source depth was plotted (Fig. 18).
The best fit was obtained at a depth of 8 km, by plotting the best
mechanisms associated with each source depth. The comparisons
of the observed and predicted waveforms are shown in Fig. 19.
In almost all waveforms there is a fit between the observed and
predicted waveforms.

The source parameters of the five significant earthquakes are
given in Table 1. On the basis of the computation solutions, the
source parameters of the events (1 and 3) show an agreement with
the faults determined in this paper.

5 D I S C U S S I O N S

The seismic reflection studies determined the Kasaplar, Dağkent
and Bürnük faults in the Bolu plain. The Hisar Tepe pressure ridge
may have developed between the Kasaplar and Bürnük faults. These
faults are the missing link between the Bakacak Fault and the main
branch of the NAFZ. The recent surface ruptures of the 1944 Febru-
ary 01 Gerede, 1957 May 26 Abant, 1967 July 22 Mudurnu, 1999
August 17 Kocaeli and the 1999 November 12 Düzce earthquakes
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T
ab

le
1.

H
yp

oc
en

tr
al

an
d

so
ur

ce
pa

ra
m

et
er

s
of

th
e

se
le

ct
ed

ea
rt

hq
ua

ke
s

in
th

e
re

gi
on

.

H
yp

oc
en

tr
al

pa
ra

m
et

er
s

S
ou

rc
e

pa
ra

m
et

er
s

N
od

al
P

la
ne

s P
T

N
os

.
D

at
e

T
im

e
L

at
.

L
on

.
D

ep
th

M
ag

rm
s

E
rH

E
rZ

M
w

S
tr

ik
e1

(◦
)

D
ip

1(
◦ )

R
ak

e1
(◦

)
A

zi
m

ut
h

P
lu

ng
e

A
zi

m
ut

h
P

lu
ng

e
R

ef
er

en
ce

(d
d/

m
m

/y
yy

y)
(U

T
C

)
N

(◦
)

E
(◦

)
(k

m
)

(s
)

(k
m

)
(k

m
)

S
tr

ik
e2

(◦
)

D
ip

2(
◦ )

R
ak

e2
(◦

)
(◦

)
(◦

)
(◦

)
(◦

)

1
16

/1
1/

19
99

17
:5

1:
18

40
.7

30
0

31
.5

90
0

5.
0

5.
3

(M
w

)
–

–
–

5.
0

35
4

70
−2

3
31

2
30

43
1

S
S

S
92

68
−1

59
2

13
/0

4/
20

04
21

:4
7:

24
40

.6
77

7
31

.6
44

7
8.

7
4.

3
(M

L
)

0.
12

0.
55

0.
74

4.
4

95
89

−1
71

32
0

7
22

9
6

S
S

S
5

81
−1

3
10

/0
7/

20
05

07
:0

8:
29

40
.7

39
5

31
.7

01
2

15
.6

3.
5

(M
L
)

0.
21

0.
99

0.
92

3.
6

21
0

90
−2

5
16

2
17

25
8

17
T

hi
s

st
ud

y
30

0
65

−1
80

4
10

/0
7/

20
05

07
:2

8:
43

40
.7

06
8

31
.6

98
5

15
.0

3.
4

(M
L
)

0.
15

0.
66

0.
81

3.
6

28
4

73
11

5
35

4
24

22
5

55
T

hi
s

st
ud

y
45

30
35

5
12

/1
1/

20
08

11
:5

7:
34

40
.7

65
3

31
.9

40
3

10
.8

4.
1

(M
L
)

0.
32

0.
33

1.
42

3.
9

25
5

67
13

6
31

4
11

21
2

46
T

hi
s

st
ud

y
5

50
30

6
12

/1
1/

20
08

14
:2

5:
43

40
.7

56
5

31
.9

46
0

11
.8

3.
9

(M
L
)

0.
21

0.
33

1.
44

3.
7

25
1

64
13

4
31

1
8

21
1

50
T

hi
s

st
ud

y
5

50
35

7
24

/1
1/

20
13

20
:4

9:
38

40
.7

98
0

31
.8

67
5

15
.5

5.
0

(M
L
)

0.
18

0.
30

1.
33

4.
8

25
0

60
75

35
1

14
12

6
71

T
hi

s
st

ud
y

98
33

11
4

occurred around the Almacık block, except for the Kasaplar and
Bürnük faults in the Bolu plain. These constitute the non-ruptured
NE part of the Almacık block and have become the best candidate
for a future earthquake source following the 1999 November 12
event.

The existence of the Kasaplar and Bürnük faults has been demon-
strated by seismic reflection studies. Their activity is proven by re-
cent earthquakes (events 1 and 3) that have occurred on or near
the line of these faults and that clearly provide right-lateral strike-
slip focal mechanism solutions. The evaluation of recent seismic
activity on the Bolu plain (Fig. 16b) presents a pure strike-slip
character which is different from the transtensional nature previ-
ously suggested (Özden et al. 2008; Gökten et al. 2011). This result
demonstrates that even if the Quaternary Bolu Basin was developed
as a pull-apart structure, the recently established active fault net-
work of the eastern Almacık block has terminated the pull-apart
nature of Bolu plain, as seen in the other basins along the NAFZ
(Yoshioka 1996; Gürbüz & Gürer 2009).

Although we determined faults in the Bolu plain by using seismic
reflection studies, different interpretations are also possible. For ex-
ample, the Kasaplar and Bürnük faults can be interpreted as a single
fault line passing through to the north of Hisar Tepe. An additional
seismic line on the SW of Hisar Tepe is necessary to eliminate this
possibility in future studies. Another option lies on the SE contin-
uation of the Dağkent Fault. Even if our Line-6 (Figs 5 and 12)
demonstrates that the prolongation of the Dağkent Fault does not
exist here, further seismic studies are necessary on the NE extension
of Line-6 to be sure about this evaluation. In the east of Bolu city
centre, additional seismic lines are also required to determine the ex-
act location of the bending of the Dağkent Fault. Nevertheless, these
weaknesses do not affect the fact that the northern branch of the
NAFZ is connected to the main branch via the Bolu plain, that is the
best candidate for a future earthquake location and also indicates
that the pull-apart nature of the Bolu plain has been terminated.

6 . C O N C LU S I O N S

This paper determines the non-ruptured missing link between the
Bakacak Fault and the main branch of the North Anatolian Fault
Zone that constitutes the NE part of the Almacık block. The Kas-
aplar and Bürnük faults were followed clearly in the seismic re-
flection studies and they are seismically active faults as proven by
recent earthquake focal mechanism solutions (Table 1). They should
be taken into account in the evaluation of seismic risk assessment
for the Bolu city centre. These newly recognized active faults in
the Bolu plain are equally important as the next envisaged seismic
event following the 1999 earthquakes in the Marmara Sea because
it is demonstrated that, after a strike-slip related earthquake, the
stress accumulation occurs at the both ends of a fault rupture (Stein
et al. 1997). The Kasaplar, Dağkent and Bürnük faults determined
in this paper are located on the eastern end of the 1999 earthquake
surface ruptures along North Anatolian Fault Zone, and for the rea-
sons given above they are the best candidates for the production of
future earthquakes in the region.
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Figure 17. Location of KOERI broadband station distribution (solid circles) used for moment tensor inversion analysis of the2013 November 24 earthquake
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Figure 18. Correlation plot of the reduction in distance-weighted variance against source depth for the earthquake of 2013 November 24, 20:49:38 (UTC).
The best fit is provided for a depth of 8 km.
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Figure 19. Overlaid observed (red—light gray) and predicted (blue—dark
gray) waveforms for the earthquake of 2013 November 24, 20:49:38 (UTC).
Each observed-predicted component is plotted to the same scale and peak
amplitudes are indicated by the numbers to the left of each trace. The values
of time shift and percentage of variance reduction are given as upper and
lower numbers on the right of each trace. The station names are given to the
right of the traces.
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Gürbüz, A. & Gürer, Ö.F., 2009. Middle Pleistocene extinction process
of pull-apart basins along the North Anatolian Fault Zone, Phys. Earth
planet. Inter., 173, 177–180.

Herece, E., 2005. Neotectonic features of the western part of the North
Anatolian Fault Zone, PhD thesis, Ankara University.



A missing-link in the northeastern part of Almacık block 1833

Herece, E. & Akay, E., 2003. Atlas of North Anatolian Fault, Special Pub-
lication Series-2, pp. 61, General Directorate of Mineral Research and
Exploration, ISBN:975-6595-54-X.

Herrmann, R.B., Benz, H. & Ammon, C.J., 2011. Monitoring the earth-
quake source process in North America, Bull. seism Soc. Am., 101, 2609–
2625.

Hisarlı, Z.M., Cengiz Çinku, M. & Orbay, N., 2011. Paleomagnetic evidence
of complex tectonic rotation pattern in the NW Anatolian region: impli-
cations for the tectonic history since the Middle Eocene, Tectonophysics,
505, 86–99.

Hitchcock, C., Altunel, E., Barka, A.A., Bachhuber, J., Lettis, W., Kozacı,
Ö., Helms, J. & Lindvall, S., 2003. Timing of Late Holocene earth-
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İstanbul Teknik Üniversitesi. (in Turkish)
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