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A hypothesis for the alternative southern branch of the North Anatolian
Fault Zone, Northwest Turkey
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ABSTRACT

This paper proposes an alternative route for the southern branch of the North Anatolian Fault Zone (NAFZ)
using evidence from morphotectonic features, seismology, GPS and recently published Magnetotelluric
and Transient Electromagnetic (MT) data. In this new route, the southern branch connects with the main
branch of the NAFZ in Bolu via the G6lpazar pull-apart basin and Mudurnu. The slip distribution of the
NAFZ as taken from GPS data indicates that the newly hypothesized route is the second most important
branch of the NAFZ.
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Bu makale morfotektonik ozellikleri, sismoloji, GPS ve MT verilerini kullanarak Kuzey Anadolu Fay
Zonu'nun (KAFZ) giiney kol'u icin alternatif bir giizergah énermektedir. Bu yeni giizergahta giiney kol,
KAFZ’nun ana koluna Golpazari ¢ek-ayir havzasi ve Mudurnu tizerinden gecerek Bolu’da baglanmaktadir.
GPS verilerinden hesaplanan KAFZ’nundaki kayma dagilimi, yeni dnerilen giizergahin KAFZ'nun
Marmara'daki ikinci 6nemli kolu oldugunu géstermektedir.

Anahtar Kelimeler: Deprem, GPS, neotektonik, Kuzey Anadolu Fay Zonu, Tiirkiye
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INTRODUCTION

The North Anatolian Fault Zone (NAFZ) is
composed of a series of right lateral strike-slip
segments (Ketin, 1948) extending from eastern
Anatolia to the northern Aegean Sea and it
constitutes one of the main neotectonic elements
in the eastern Mediterranean (McKenzie, 1972)
(Figure 1a). The NAFZ has been active since the
Late Miocene time and has an estimated offset of
25-85 km (Seymen, 1975; Sengor, 1979; Barka,
1992). This long term slip rate appears to agree
with the current slip rate measured as 17-26 mm/yr
by GPS data (Barka and Reilinger, 1997; Reilinger
et al., 2006). The middle and easternmost parts of
North Anatolian Fault Zone have been studied
separately with GPS measurements, middle part
(Yavagoglu et al., 2011), eastern part (Tatar et al.,
2012) and Yedisu segment (Ozener et al., 2010;
Aktug et al., 2013a). Very recently, a complete
GPS analysis of both the middle and easternmost
parts of North Anatolian Fault Zone, including the
continuous GPS stations, was given in (Aktug et
al., 2015). The latter particularly deserves attention
since it incorporates all the available GPS data
used in earlier studies and presents a comparative
analysis of GPS, inSAR and geological estimates
in the literatiire.

The eastern sector of the NAFZ is limited
to a narrow zone, but widens to the west (Sengor
et al., 2005) where shear is distributed along three
major branches (Figure 1b). The northern branch
passes through Lake Sapanca, the izmit Gulf, the
Marmara Sea and the Saros Gulf. The middle
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branch is separated from the Almacik flake and
passes through Geyve - Pamukova, Lake Iznik,
and the Gemlik Gulf before turning southwest
in the Bandirma Gulf. The northeast end of the
southern branch has previously been thought
to diverge from the middle branch via Mekece
before continuing southwest through Yenisehir,
Bursa, south of Lake Ulubat, Mustafakemalpasa
and eventually turning southwest around Goénen
(Figure 1b) (Sengor, 1979; Barka and Kadinsky-
Cade, 1988; Kogyigit, 1988; Barka and Kuscu,
1996; Emre et al., 1997; Armijo et al., 1999; 2002;
Yaltirak, 2002; Giirer et al., 2003; 2006; Sengor et
al., 2005; Kurtulus and Canbay, 2007; Yi1lmaz and
Koral, 2007; Selim and Tiiysiiz, 2013; Le Pichon
etal., 2014).

A recent active fault map of Turkey,
however, considers that the southern branch is
connected to the Eskisehir Fault Zone via active
normal faulting between Bursa and Inegdl (Emre
etal., 2011).

In contrast, the recognition of the
Golpazar1 basin as a pull-apart system (see
below), and recently published MT data (Figure
1c) (Kaya, 2010) suggest that the southern branch
may extend east through the Golpazar pull-apart

basin.

Here, we review the morphotectonic,
seismic and MT data and propose a hypothesized
new route for the southern branch (Figures 1 and
2a), ultimately representing a nearly 100 km shift
of the southern branch of the NAFZ.
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GOLPAZARI PULL-APART BASIN

The Golpazari basin has previously been evaluated
as a karstic depression (Ekmek¢i and Nazik,
2004) and/or a graben (Caglar and Isseven, 2004).
However, recent publications (Onde and Giirbiiz,
2010; Giirbiiz and Seyitoglu, 2014) describe
Golpazart basin as a 12 km by 4.25 km ideal
rhomboidal shaped pull-apart structure. The east
northeast - west southwest trending right lateral
strike-slip faults create a releasing offset that limits
the northwest and southeast margins of the basin,
whereas the northeast and southwest margins are
bounded by normal faults (Figure 2b). The basin
contains only Quaternary deposits > 300 m thick,
as reported by the State Hydraulic Works (Giirbiiz
and Seyitoglu, 2014). The Golpazar1 pull-apart
basin is the small-scale equivalent of the adjacent
Yenisehir pull-apart system (Yilmaz and Koral,
2007; Giirbiiz, 2010), suggesting it is located
on the newly hypothesized route of the southern
branch of the NAFZ as described in this paper.

THE ALTERNATIVE ROUTE OF THE
SOUTHERN BRANCH

The overall structure of southern Marmara is
composed of northeast trending right lateral strike-
slip segments and northwest trending normal
faults. They are components of large pull-apart
structures in which Lakes Manyas and Ulubat, and
the plains of Bursa, Yenisehir, and Golpazari are
located (Figures 1 and 2a). The pull-apart structures
decrease in size towards the east, probably due to
the diminishing effect of extensional tectonics
in western Turkey. Interestingly, this mimics the
overall structure of NAFZ recognized by Sengor
et al. (2005).

The Manyas-Karacabey Fault limits the
eastern border of the Manyas pull-apart, showing
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an 8.70 km right lateral displacement of the Koca
stream north of Manyas (Figure 2c). Further to the
NE, the Capaz creek is diverted 5.70 km right-
laterally, immediately to the south of Karacabey
(Figure 2d). The Manyas-Karacabey Fault has not
been recognized in previous studies (e.g. Selim
and Tiystliz, 2013). The eastern border of the
Ulubat pull-apart basin is limited by the Ulubat
Fault (Emre et al., 1997), which corresponds a 2.6
km right lateral diversion of the Niliifer stream at
southwest of Bursa (Figure 2¢). After the northwest
- southeast trending Bursa normal fault (Emre et
al., 1997), the southern branch continues northeast
with the Yildinm Fault having 1.22 km right
lateral displacement on Kaplikaya creek between
Bursa and Kestel (Figure 2f). The southern branch
then continues northeast through the western
strike-slip boundary of the Yenisehir pull-apart
basin (Yilmaz and Koral, 2007; Giirbiiz, 2010)
(Figure 2a). The strike-slip faults on the eastern
border of this basin have a northeasterly trend.
This direction is somewhat compatible with the
suggestion of Barka and Kadinsky-Cade (1988)
that the southern branch joins the middle branch
via Mekece (Figures 1 and 2a, black dotted lines).
However, our findings indicate that the strike-slip
faults on the eastern border of the Yenisehir pull-
apart basin bend from northeast to east northeast
and are composed of several en-echelon segments
that have right lateral diversions of the Goksu
(3.25 km) and Coklum creeks (0.48 km) (Figure
2g). Another example is the 2.93 km offset of the
Sakarya River on Bayirkdy Fault (Figure 2h). We
are not certain, however, whether the deflections
on the rivers/streams have been created by the fault
segments or whether the rivers/streams follow
the route of existing faults. The southern branch
then moves southeast again, creating the western

border of the Gdlpazar1 pull-apart basin (Figure
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2a) which is an important structure indicating
the location of the main strike-slip branch (see
earlier). The southern branch builds a releasing
bend towards the east, passes through Mudurnu,
and connects to the main branch of the NAFZ
just south of the Bolu plain (Figures 1b and 2a).
Evidence for the existence of the Mudurnu Fault
is clearly seen in the MT section of Kaya (2010, p.
238) and we suggest it connects to the main branch
of the NAFZ in a flower structure (Figure 1c¢).

SEISMICITY

Historical records indicate this new route for the
southern branch has an active seismic history
except at its most eastern end (Figure 1Db).
According to data provided by Tan et al. (2008),
several remarkable historical earthquakes occurred
along the southern branch (see Table 1), some of
which were strong and destructive. Among these,
the AD 160 earthquake (Ms
between Yenice and Gonen, and the February
28, 1855 earthquake (Ms = 7.1) in Bursa caused
extensive damage (Ambraseys, 2002; 2009).

7.1) occurred

Although historical earthquakes have
large location errors, they are in agreement with
recent instrumental seismicity (Figures 1b and
2a). Several more recent major earthquakes (M >
6.0) have also occurred along this branch of the
NAFZ. The largest two events are the March 18,
1953 Yenice-Gonen earthquake (Ms =7.1) and the
October 6, 1964 Manyas earthquake (Ms = 6.8)
(Ambraseys, 2002). Several moderate earthquakes
(5 £ M < 6) have also been documented in the
region (Figure 1b). In order to refine the location
of the southern branch, recent earthquakes with a
magnitude lower than 5.0 have been relocated and
analysed for fault plane solutions (Figure 1b and
see Table 1).

119

We calculated relocation and fault plane
solutions for several large earthquakes between
1982 and 2003 using bulletin data obtained from
the International Seismological Centre (ISC) and
for numerous small-scale earthquakes from 2004
to present using digital waveform data provided
by Kandilli Observatory and the Earthquake
Research Institute (KOERI).

After
compatible with the new southern branch (Figure

relocation, most events are
1b). Only a few earthquakes with large location
errors are outside of the fault tracks due to lack
of observation data or phase reading errors. All
earthquakes were relocated with an average
number of observations of ~49. The mean station
gap in azimuth is ~73° and calculated errors in
horizontal and vertical directions are 0.6 and 0.3
km respectively. The average RMS (root mean
square) residual is 0.24 s. All minimized location
and origin time errors show that the seismicity of

the region correlates with the active fault system.

Correlation between seismicity and
local tectonics was investigated by looking at the
fault plane solutions of selected earthquakes that
occurred on the southern branch. We determined the
individual focal mechanisms by using P-wave first
motion polarities. In the Table, focal mechanisms
with a high quality solution are listed, they all tend
to have relatively high station distribution values
(STDR column) (~0.57 in average). Average misfit
for all solutions is 0.06. These results indicate that
the focal mechanism solutions are reliable. The
focal mechanism solutions on the new route for
the southern branch show dominantly northwest -
southeast compression and northeast - southwest
extension directions. Other than a small minority
of solutions, these dominant regional stress
directions are compatible with the pull-apart
nature of the right lateral strike slip motion for the
new southern branch (Figure 1b).
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GPS DATA

Slip partitioning in the Marmara region was
previously examined by GPS data such that the
computed slips rate range between 23 and 28 mm/
yr and between 2.9 to 9.6 mm/yr for the northern
and southern branches, respectively (Meade et al.,
2002; Nyst and Thatcher, 2004; Reilinger et al.,
2006; Aktug et al., 2009; Le Pichon and Kreemer,
2010). The majority of these studies consider
only two simplified branches of the NAFZ in the
Marmara region. Flerit et al. (2004) found slip
rates using three branches resulting in slip rates of
17-20, 5 and 2-5 mm/yr for the northern, middle,
and southern branches respectively. We employed
block modeling to compute the slip rates along
boundaries of the fault mapping of this study and
carlier works. In this approach, rigid-body motions
of each block parameterized by Euler vectors are
simultaneously estimated by minimizing the misfit
between the modeled and the observed velocities
(McCaffrey, 2002; 2005). To account for elastic
straining along block boundaries (Okada, 1985),
the back slip approach (Matsu’ura et al., 1986)
was applied for each fault segment with prescribed
fault geometry (Aktug et al., 2013b). We assumed
vertical faults in Marmara with locking depths of
15 km.

In order to examine slip distribution
between the branches of the NAFZ, the Marmara
region is divided into 5 blocks using previous fault
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definitions (Figure 3a). In this case, the northern
branch of the NAFZ has the largest slip values
(11.7-13.7 mm/yr) except for the northern part
of the Almacik flake. The middle branch has the
second largest slip rates, ranging from 2.1 to 5.1
mm/yr. In this configuration, the southern branch
is the least important structure with low slip
values, (0.1-3.5 mm/yr) and the eastern segment of
the southern branch has left-lateral slip rates that
are inconsistent with the nature of the Yenisehir
pull-apart basin and the entire right lateral nature
of the NAFZ.

The newly proposed route of the southern
branch in the Marmara region results in a better
fit with the GPS velocities (Figure 3b). As shown
in Figure 3b, the residuals in the southernmost
block are much smaller than those in Figure 3a.
The northern branch still has the highest slip
rates (11.2-15.8 mm/yr), but the new slip rates
indicate that the new southern route has the next
highest slip rates, ranging between 1.0 and 3.7
mm/yr. Block modeling with the newly proposed
route provides a lower RMS value than using the
geometry given in previous studies (2.32 mm/
yr versus 2.90 mm/yr). The results of the block
modeling were further analyzed statistically to
determine whether the improvement in RMS is
significant. An F-ratio test of the variances of two
different estimations reveals that such a difference
in variances is statistically significant at a 95%
confidence level.
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Figure 3. Slip distribution in the Marmara region. a) Block boundaries are determined by previous workers cited
in Figure 1. b) Block boundaries are determined according to the new route of the southern branch of
the NAFZ. The slip rates computed using the block model are shown in mm/yr. Top values without
parentheses are strike-slip rates, positive being left-lateral. Numbers in parentheses are fault-normal slip
rates, positive being closing. Error ellipses are at 95% confidence level.

Sekil 3.  Marmara bélgesinde kayma dagilimi. a) Blok simwrlar: Sekil 1’de referans gosterilen énceki ¢alismalara
gore tamimlanmistir. b) Blok sinirlart KAFZ 'nun Giiney Kol 'unun yeni giizergahina gore tanimlanmagtir.
Kayma degerleri blok modele gére hesaplanmis olup, mm/yil olarak gosterilmektedir. Parantez icinde
olmayan iistteki degerler yanal kayma degerleridir, pozitif olanlar sol yanaldir. Parantez igindeki
degerler faya dik kayma degerleridir, pozitif olanlar yakinlagsmayi ifade eder. Hata elipsleri %95 giiven
diizeyinde gosterilmistir.

CONCLUSIONS (Figure 1b). Seismic activity on the western part
The strike of fault segments and the locations of of the southern branch is relatively higher than
pull-apart basins in northwest Anatolia indicate on the eastern part, however, the location of the
northwest - southeast compression and northeast - Goélpazar pull-apart basin and the re-evaluated
southwest extension due to the right lateral strike- MT cross section on the eastern side reveal the
slip system which agrees with the majority of the location of an alternative route for the southern
focal mechanism solutions presented in this paper branch (Figure 4). This new definition better
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explains the regional tectonics of the Golpazari
pull-apart basin and provides a better fit of block
modelling to GPS data. Slip distribution among
the three branches of the NAFZ in the Marmara
region based on GPS data demonstrate that the
new route for the southern branch is the second
most important branch in the region in terms of
slip distribution along the NAFZ.

Figure 4.

The suggested hypothesis for a new
alternative southern route of the NAFZ, evidenced
by morphotectonic features, seismology, GPS and
recently published MT data, should be tested in the

field by detailed structural analyses and seismic

reflection studies.

ohmm

3D perspective view of the three branched NAFZ in the Marmara region. The hypothesized southern

branch is well correlated with the re-evaluated MT data of Kaya (2010).

Sekil 4.

Marmara bolgesinde ii¢ kollu KAFZ'nun ii¢ boyutlu perspektif goriiniimi. Giiney kol hipotezi, Kaya

(2010) 'nun yeniden yorumlanmig MT verisi ile uyum icindedir.
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GENISLETILMIS OZET
Kuzey Anadolu Fay Zonu (KAFZ) doguda dar

bir makaslama zonu icinde yer alirken, batida
Bolu’dan itibaren genis bir makaslama zonu
icerisinde ¢ ana kola ayrilmaktadwr (Sekil
1). Kuzey kol, Sapanca Golii, Izmit Korfezi,
Marmara Denizi ve Saros Korfezi’nden geger.
Orta kol Almacik blogundan ayrilarak Geyve-
Pamukova, Iznik Goli, Gemlik Korfezini izler
ve Bandirma Korfezinden GB'yva doner. Giiney
kol'un KD ucunun Orta kol'dan Mekece tizerinden
ayrilarak GB'ya dogru Yenisehir, Bursa, Ulubat
Golii giineyinden Mustafakemalpasa'yi izleyerek
Gonen civarinda GB'ya dondiigii bilinmektedir
(Sekil 1) (Sengdr, 1979; Barka ve Kadinsky-Cade,
1988; Barka ve Kusgu, 1996; Emre vd., 1997;
Armijo vd., 1999; 2002, Yaltirak, 2002; Giirer
vd., 2003; 2006, Sengdr vd., 2005; Kurtulus ve
Canbay, 2007; Yilmaz ve Koral, 2007; Selim ve
Tiiysiiz, 2013; Le Pichon vd., 2014).

Yakin zamanda yaywmlanan Tiirkiye diri
fay haritasinda ise Giiney kol, Bursa ve Inegil
arasinda diri normal faylarla Eskigehir Fay
Zonu'na baglanir (Emre vd. 2011).

Yukaridaki giizergahlardan farkli olarak,
Golpazart havzasimin bir ¢ek-ayr havza olarak
degerlendirilmesinden sonra (Onde ve Giirbiiz
2010, Giirbiiz ve Seyitoglu, 2014), MT verilerinin
de yaywmlanmast (Kaya, 2010) ile, KAFZ'nun
Giiney kolu alternatif giizergahinin daha doguya
Golpazari ¢ek-ayir havzasit ve Mudurnu iizerinden
ana KAFZ'ma Bolu'da baglandigi yéniindeki bir
hipotez bu makalede one siiriilmektedir.

Giiney Marmara’min genel yapisi KD
dogrultulu sag yanal dogrultu atml faylar
ile KB dogrultulu normal faylardan meydana
gelmektedir. Bu yapilar biiyiik ¢ek-aywr havza
sistemlerinin elemanlart olup, iclerinde Manyas
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ve Ulubat gollerini, Bursa, Yenisehir ve Gélpazar
ovalarmi barindirmaktadir (Sekil 1 ve 2). KAFZ
Giiney kol’'una ait alternatif giizergah ve iliskili
morfotektonik veriler Sekil 2’de sunulmustur.
Ayrica Mudurnu fayr giizergahini belirlemek igin
Kaya (2010) tarafindan yaymmlanan MT verisi
yeniden yorumlanmustir (Sekil 1 ve 2).

Onerilen Giiney kol un iizerindeki sismik
etkinlik batida doguya gore daha fazladir. Sismik
etkinlik verilerine yeniden konumlandirma islemi
yapilmig, ayrica yeni odak mekanizma ¢oziimleri
elde edilmistir (Sekil 1, Cizelge 1). Genel bolgesel
gerilme dagihimi, sag yanal dogrultu atuml

sistemin ¢ek-aywr dogast ile uyumlu goziikmektedir.

KAFZ'nun  kollar

dagiliminm

arasidaki  kayma
incelemek igcin daha dnceki fay
tamimlamalarina  uygun gsekilde bir c¢alisma
yapilmis ve burada Giiney kol'un en diisiik kayma
degerlerine sahip oldugu ve dogu segmentinin
sol yanal kayma degerlerine sahip oldugu
goriilmiistiir (Sekil 3a). Marmara bélgesinde yeni
onerilen Giiney kol giizergahina uygun bicimde
yapilan ¢alismaya gore (Sekil 3b) giiney blokta
rezidiieller Sekil 3a'va gére daha diisiiktiir ve yeni
Gtiney kol ikinci en biiyiik kayma degerine sahiptir

(1.0-3.7 mm/yil).
KAFZ'nun Yarimadasi-GGD

Marmara bolgesi anakarasi tizerindeki giizergaht

Biga

hakkindaki bu hipotez arazide daha detayli yapisal
analizler ve sismik yansima c¢alismalart ile test

edilmelidir.
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