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1. Introduction
Determining the magnitude, timing, and recurrence 
of past large earthquakes and estimating the slip rate 
of the causative fault are key parameters in providing 
an earthquake forecast (McCalpin, 2009). The North 
Anatolian fault is an ideal laboratory to practice such 
exercise in major continental strike-slip faults. From 1912 
to 1999, almost the entire 1500-km-long section of the 
east-west trending plate boundary fault ruptured with 
a generally westward-propagating series of earthquakes 
(Figure 1a; Barka, 1992, 1999; Stein et al., 1997). The 
traces of the surface ruptures and the geometry of the 

ruptured fault segments are still visible (Ketin, 1948, 1969; 
Ambraseys and Finkel 1987; Ambraseys, 1970; Toksöz, 
et al., 1979; Barka, 1992, 1996, 1999, Altunel et al., 2004; 
Aksoy, 2021). Such preserved traces not only allow precise 
mapping of the fault but permits selecting correct locations 
for paleoseismic trenching. In addition, the 2000-year-long 
historical record of destructive earthquakes in Anatolia 
enables building a seismic event chronology with well-
established timing (Sosyal et al., 1981; Guidoboni et al. 
1994; Guidoboni and Comastri, 2005; Ambraseys, 2009).

The Ganos segment lies on the western extent of the 
North Anatolian fault before it enters the North Aegean 

Abstract: The Ganos fault that ruptured on 9 August 1912 (Mw: 7.4) is the westernmost inland segment of the North Anatolian fault 
(NAF). Here, the Ganos fault is bounded at its two tips with offshore faults segments, in the Sea of Marmara to the east and the Gulf 
of Saros to the west in the North Aegean Trough. Therefore, the paleoseismology of the 45-km-long inland fault is of importance to 
the seismic hazard analysis related to offshore active faults and in particular for the seismic gap in the Marmara Region. Earlier studies 
have established an earthquake chronology for the western and eastern inland tips of the Ganos fault. Here, we extend the paleoseismic 
studies toward the central segment. Three trenches at Yörgüç have revealed evidence for two faulting events, possibly post-1669 CE 
±30 years, which can be correlated to the 1659 or 1766, and the 1912 historical earthquakes. At Yeniköy, we determined an offset of 46 
± 1 m and 47 ± 1 m on a stream channel and a ridge-crest, respectively. In two trenches we determined two faulting events for the last 
1000 years and seven events for the last 3500 years. In trench T5, the base of the displaced stream channel provides a calibrated date 
of 829–591 BCE. Using the 46 ± 1 m right-lateral displacement, we calculate a slip rate of 16.9 ± 0.7 mm/year for the last 2732 ± 119 
years. A combined analysis with earlier paleoseismic studies on the Ganos fault suggests that the historical earthquakes of 1912, 1766b 
or 1659, 1354 or 1343a, and 1063 ruptured the entire inland fault section. In such a case, the recurrence interval for this section of the 
NAF corresponds to 283 ± 81 years. Combining earlier estimations, we suggest an average slip rate of 17.1 ± 0.9 mm/year for the last 
2700 years and observe a characteristic slip behavior of 4.5 to 5 m per event for this section of the North Anatolian plate boundary fault.
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Trough. Its inland fault section is bounded by the Sea of 
Marmara and the Gulf of Saros on its eastern and western 
sections, respectively (Figure 1). The Ganos fault ruptured 
on 9 August 1912 with an earthquake Mw: 7.4 and caused 
extensive damage in its vicinity. The associated right-lateral 
coseismic displacement of up to 5.5 m and surface ruptures 
have been described in contemporary reports and modern 

studies (Sadi, 1912; Allen, 1913; Hecker, 1920; Mihailovic, 
1927; Ambraseys and Finkel, 1987; Altunel and Barka, 
2000; Altınok et al., 2003; Altunel et al., 2004; Aksoy et al., 
2010; Aksoy 2021).

Recent onshore and offshore investigations suggest 
that the entire inland section ruptured in both directions 
with respect to the epicenter; towards the Sea of Marmara 

Figure 1. a) Historical (grey boxes) and instrumental (white circles, 1900–2020) seismicity along the NAF in the Marmara Region 
(source: KOERI, Ambraseys, 2002 and 2009, and Atakan and Sorensen, 2002). Focal mechanisms are from Taymaz et al. (1991), 
Karabulut et al. (2006), Konca et al. (2018), and Aksoy et al. (2010) for 1912. Black solid lines are active faults. Yellow and orange stripes 
are the 1912 Mürefte and 1999 Kocaeli earthquake ruptures, respectively (Barka et al., 2002; Çakır et al, 2003; Armijo et al., 2005, Aksoy 
et al., 2010, 2022). b) The inland section of the Ganos fault segment (red solid line). Sites of paleoseismological studies are indicated with 
green boxes; Güzelköy (Meghraoui et al., 2012), Saros (Rockwell et al., 2001, 2009), Yörgüç and Yeniköy (this study). Black numbers 
indicate coseismic offsets (in meters) of the 9 August 1912 earthquake (Altunel et al., 2004; Aksoy et al., 2010; Aksoy 2021).
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and the Gulf of Saros. The estimated total rupture length 
is 140 to 160 km (Altunel et al., 2004; Armijo et al., 2005; 
Aksoy et al., 2010, 2022).

The morphotectonic imprint of successive earthquake 
faulting is visible along the entire inland fault section with 
cumulative right-lateral drainage offsets, shutter ridges, 
sag ponds, and linear scarps. Evidence of past earthquake 
ruptures has been documented in other earlier paleoseismic 
studies. Rockwell et al. (2001) opened two trenches at the 
westernmost limit of the Ganos fault (Kavak) and identified 
five earthquake event horizons of which the most recent 
four occurred within the last 1000–1200 years (Figure 1b). 
In a later trenching campaign in Kavak, Rockwell et al. 
(2009) revealed evidence of four faulting events after 900 
CE. Based on these observations, Rockwell et al. (2009) 
suggested a recurrence interval of approximately 283 ± 113 
years and a slip rate of approximately 16 mm/year for this 
section of the fault.

On the eastern inland limit of the Ganos fault near 
Güzelköy, Meghraoui et al. (2012) determined evidence 
for five paleoearthquakes of which three are after 1311–
1397 CE. The recurrence interval calculated from the last 
four events yields 323 ± 142 years. A slip rate of 17 ± 5 
mm/year has been obtained for the last 1000 years. 

In this paper, we present new paleoseismic investigations 
and results for the central section of the Ganos fault 
segment. We opened five trenches at Yeniköy and three 
at Yörgüç in 2006 and 2008, respectively. At the Yeniköy 
trench site, we document a cumulative stream channel 
offset and a shutter ridge, which allow us to calculate a slip 
rate for this section of the Ganos fault. Finally, we analyze 
the earthquake chronology of the entire inland section and 
suggest an overall recurrence interval and a slip-rate for 
this segment of the NAF. A supplementary file provides 
additional figures and tables to support the article.

2. Seismotectonic setting 
The inland section of the Ganos fault is 45-km-long and 
has a highly linear fault geometry. The linearity extends 
westwards for 37 km into the Gulf of Saros, where the 
fault bifurcates (Figure 1a, Tüysüz et al., 1998; Yaltırak 
and Alpar, 2002; Ustaömer et al., 2008; Önder et al., 2021; 
Aksoy et al., 2022). To the East of the inland section, the 
Ganos fault forms a restraining bend at the entrance of 
the Tekirdağ basin and continues eastwards following the 
margins of the other Sea of Marmara basins (Armijo et al., 
2005, Le Pichon et al. 2003, Schmittbuhl et al., 2015).

The present-day seismicity shows a good correlation 
with the geometrical changes of the NAF in this region 
with earthquakes clustering at geometrical complexities 
along the fault (Figure 1a). In the Sea of the Marmara, most 
of the earthquakes occur where the fault bends (Tamtaş et 
al., 2021). Similarly the seismicity in the Gulf of Saros is 

limited to the west of the fault bifurcation (Karabulut et 
al., 2006, Konca et al. 2018). The entire linear section of the 
Ganos fault appears to be aseismic. The lack of seismicity 
has been attributed by others to the ruptured segment 
of the 9 August 1912 earthquake (Karabulut et al., 2006, 
Aksoy et al., 2022).

Historical accounts and seismicity catalogues mention 
at least 13 destructive earthquakes that may have occurred 
on the Ganos fault or neighboring segments of the NAF in 
the last 2400 years (Figure 1; Table 1; Guidoboni et al., 1994; 
Guidoboni and Comastri 2005; Ambraseys, 2002, 2009). 
Summaries of these seismic events are available in earlier 
paleoseismic studies for the Ganos fault and therefore 
will not be rephrased here (Aksoy, 2009; Meghraoui et al., 
2012).

The epicenter locations of historical earthquakes are 
based on archives with detailed description of damage 
distribution. Due to their estimated large magnitude 
some of these earthquakes have possibly ruptured the 
entire inland section of the Ganos fault and have extended 
offshore, or may have slipped solely the offshore segments 
of the NAF. Hence, for a reliable seismic hazard evaluation, 
determining the causative faults for these historic seismic 
events requires further investigation. Additionally, we do 
not know if these earthquakes are comparable to the 1912 
event in terms of size and faulting behavior; in other words, 
if the fault behavior is characteristic or noncharacteristic. 
Taking into account the uncertainties for this section of 
the NAF, our paleoseismic analysis on the Ganos fault 
provides some new constraints for past seismic events 
along this segment of the plate boundary fault.

3. Tectonic geomorphology
The inland Ganos fault shows a prominent morphology 
as a linear depression with significant topographic offset 
along strike. It separates topographic highs to the north 
and south of the fault (Figure 1b). The linear depression is 
in general less than 1.5 km wide and signifies a localized 
deformation along the fault segment. The right-lateral 
strike-slip motion is well expressed along the entire inland 
section by pressure ridges, shutter ridges, stream offsets, 
step-overs with right or left stepping jogs, releasing and 
restraining bends, back-tilted slopes, and sag ponds 
(Figure 2, S1; Armijo et al., 1999; Rockwell et al., 2001, 
2009; Altunel et al., 2004; Aksoy, 2009, 2021; Meghraoui 
et al., 2012).

In the East, the Ganos fault runs along the southern 
slope of the Ganos Mt. (Figure 2). West of Yörgüç, the fault 
follows the northern limit of the high topography (Figure 
1b and 2). Between Yörgüç and Gölcük, the fault is visible 
as a significant break on the northern hill slopes. Uplifted 
alluvial fans mark the vertical component of the fault 
(Figures S1a– S1d). 
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4. Paleoseismic trenching
Three earlier trenching campaigns investigated the Ganos 
fault’s paleoseismicity at the eastern and western tips of the 
inland fault: Meghraoui et al. (2012) and Rockwell et al. 
(2001, 2009), respectively. 

At Kavak, Rockwell et al. (2001) determined five 
earthquake events of which the most recent four occurred 
within the last 1000–1200 years. They attributed these 
events to the historical earthquakes of 824 CE, ca. 1354, 
1509, 1766, and 1912. During a second trenching campaign 
at the same site, Rockwell at al. (2009) documented a 9 ± 
1 m displaced buried feeder channel postdating 1655 CE. 
Four faulting events post-900 CE have been correlated 
to the 1063 and 1343a or 1354, 1659 or 1766b and 1912 
historical seismic events. Rockwell et al. (2009) suggested 
a recurrence interval of approximately  283 ± 113 years 
and a slip rate of approximately 16 mm/year assuming the 
observed 4.5-m coseismic slip for the 1912 is similar in all 
four earlier events.

On eastern fault section, Meghraoui et al. (2012) show 
cumulative stream offsets of 10 to 250 m and displaced ridges 
(Figure 1b). At the Güzelköy trench site, they measure two 
modern streams displaced for 21.3 ± 1 m and 10.8 ± 0.5 m 
and a ridge offset of 35.4 ± 1.5 m. 3D trenching allowed 
measuring a fluvial channel displacement of 16.5 ± 1.5 m. 
The trenches revealed evidence for five paleoearthquakes 
(of which the most recent three are post-1311–1397 CE). 
The last four events have been correlated with 09.08.1912, 
1766b or 1659, 1354 or 1343a, and 1063 or 823 historical 

earthquakes. A recurrence interval of 323 ± 142 years with 
a characteristic coseismic slip of 5–6 m and a slip-rate of 
17 ± 5 mm/year has been suggested for this section of the 
fault.

In this study, we opened trenches at two sites along the 
central section of the Ganos fault; at Yörgüç and Yeniköy 
(Figure 1b).
4.1. Yörgüç trenches
The Yörgüç trenches are located ~1-km-east from Yörgüç 
village (Figure 2). Here the tectonic deformation is 
localized within a 10-50-m-wide elongated basin, trending 
parallel to the fault. Scarps, offset streams and a sag pond 
allow us to determine the fault location. People in Yörgüç 
village explain that their elders claimed that the sag pond 
was created during the 1912 Mürefte earthquake (Figure 
2a). Nearby the Yörgüç trenches, earlier studies document 
4.0 to 5.5 m coseismic displacement for the 1912 event 
(Altunel et al., 2004; Aksoy et al., 2010; Aksoy, 2021). We 
have opened three trenches at this site.
Trench Yr1
The eastern most trench was 1.5 m deep, 15-m-long, and 
1.5-m-wide and exposed sedimentary units. Thick layers 
of loose sand and silt caused instability problems making 
trench walls collapse at the section where it crossed the 
fault; the trench could not be logged and was essentially 
abandoned.
Trench Yr2
We opened a second trench (Yr2) approximately 50 m 
to the West of Yr1 (Figure 2a). This trench is 50-m-long, 

Table 1. Historical earthquakes in the Ganos region (modified from Meghraoui et al., 2012). References for 
certain parameters are given below the table.

Date (yr/m/d) Lat. Lon. Ms
a Io Localities with heavy damage

–360 40.0 26.3 - -a Çanakkale, Gelibolu
–287 40.3 26.4 - a Çanakkale, Gelibolu, Saros
447.08.25/484.09.00 40.8 29.5 7.2 IXa,b Çanakkale, Gelibolu, Saros
823 (824?).10 40.9 27.4 - IXa,b Panion (Barbaros), Marmara Ereğli
1063.09.23 41.0 29.0 7.4 IXc Saros, Mürefte, Tekirdağ, İstanbul
1343.10.18a 40.7 27.1 7 VIIIc Ganos (İstanbul)
1344.11.06b 40.9 28.0 - IXc Tekirdağ, İstanbul,
1354.03.01 40.6 26.9 7.4 Xc Çanakkale, Gelibolu, Saros, Tekirdağ
1659.02.17 40.5 26.4 7.2 - Tekirdağ
1766.05.22 41.0 29.0 7.4 - İstanbul, Bosphorus, Mudanya, Bursa, İzmit, Tekirdağ
1766.08.05 40.6 27.0 7.4 - Bozcaada, Çanakkale, Gelibolu, Saros, Tekirdağ
1912.08.09 40.7 27.2 7.3 X

d Gelibolu, Saros, Tekirdağ
1912.09.13 40.7 27.0 6.9 VIIe Gelibolu, Saros, Mürefte

aAmbraseys [2002, 2009]. bGuidoboni et al. [1994]. cGuidoboni and Comastri [2005]. dAmbraseys and Finkel 
[1987]. eHecker [1920].
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1.7-m-deep, and 1.5-m-wide and exposed a wide section of 
the basin (Figure 2b). The trench walls were stabilized using 
hydraulic shores. The exposed stratigraphy is composed 
basically of two series of deposits with an erosional contact 
in between. The base consists of three units; a, b, and c 
(Figures 2c and 3). The upper units are silty-clay (unit-d) 
and clay (unit-e) and overlay unconformably the lower 
packages (detailed unit description are available in the 
supplement). At the southern section of the trench, we 
collected a piece of cloth at nearly 60 cm depth within 
unit-e. The printings on the fabric suggest a modern 
age (likely post-1912 event), which would imply a rapid 
sedimentation.

Within unit-a, a vertically oriented section (a1) 
contained a significant number of gravels, which are absent 
along the other parts of unit-a (Figure 3b). The geometry 

of unit-a1 and orientation of gravels suggest that the 
gravels derive from depth and are injected into unit-a due 
to liquefaction. Due to the geometrical difference between 
the two boundary sides and sharpness of the southern 
a-1 boundary, we interpreted that the injection occurred 
within the fault zone. The scarp on the surface (above 
the gravels) may support this interpretation but further 
evidence for faulting is not available. The base of unit-d 
shows irregularities which resemble flame structures, 
typical for sand blows. Taking into account the modern 
age of unit-e, we consider that these structures are most 
likely related to the most recent 9 August 1912 Mürefte 
earthquake in the region.
Trench Yr3
Yr3 has been opened further west of Yr2, where the basin 
gets narrower (Figure 4a). Trench Yr3 is 15-m-long, 

Yr3 Yr2

Yr1

Yörgüç

a

b c

c

Yörgüç trench Yr2

FIGURE 2

Figure 2. (a) The three trench locations at Yörgüç, (b) Trench Yr2 cross-cut the fault zone and entire valley basin (yellow area in a). (c) 
The piece of modern cloth at 60 cm depth (see arrow) suggests a recent and rapid sedimentation of unit-e in the area.
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3-m-deep, and 3-m-wide and revealed well-stratified 
sediments (Figures 4 and 5). The trench bottom consists of 
two packages of clayey silt (units a and b) which is overlain 
(on an erosional base) by a sequence of clay, silt, and sand; 
units c to f. The sequence is truncated by erosion and 
covered the colluvial unit-g and soil (Table S1).

In trench Yr3, a two splay fault affects units a–e (Figure 
5). Unit-f overlays the event horizon (green line). Within 
the splay, an approximately 10 cm vertical displacement is 
measured affecting units c to e. The fault truncates unit-a. 
The layer thicknesses on the two sides of the faults for 
units b to e are different and mark the lateral component 
of the strike-slip fault. The contrast in thickness for unit-b 
is significantly larger compared to the other units. This 
setting suggests that unit-b likely recorded lateral slip 

prior to the deposition of unit-c. The amount of slip may 
correspond to one or more faulting event. Therefore, we 
assume this setting indicates the existence of at least one 
more coseismic faulting if not more events (Event 2+). 

Calibrated 14C dating results of seven charcoal samples 
provide some age control. The Oxcal model for samples 
and event chronology is given in Table 2 and Figure S2 
(at 2σ, 95.4% probability; Bronk-Ramsey 2009a; Reimer 
et al. 2020). Units a and b predate faulting Event 2+. The 
sample 08-W from unit-b yielded 1682–1913 CE. Unit-c 
postdates Event 2+. Sample 06-W in unit-c provided an 
age of 1754–1913 CE at 2σ, while sample 10-W yielded 
a modern age. Sample 08-W constrains a maximum age 
of 1682 CE for Event 2+ (single or multiple events). Two 
samples from unit-e resulted in one modern age and one 
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Figure 3. a) Photomosaic of Yr2 east wall. b) Trench log of Yr2. A zone of vertically oriented gravels marks the fault zone. The irregular 
contact between a and d shows flame structures probably due to earthquake tremor.
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in the range of 1848–1913 CE (YRG-T3-04-W). Samples 
06-W and 04-W set an upper limit at 1754–1913 CE. Two 
samples collected from unit-f yielded modern ages which 
is consistent with the trench stratigraphy since unit-f 
corresponds to postevent deposits of Event 1; i.e. the 9 
August 1912 earthquake (Figure 8). The Oxcal models 
suggest an age range of 1771–1913 CE for Event 2+ and 
post-1843 for Event 1.
4.2. Yeniköy trenches 
The Yeniköy paleoseismic site is located 1 km northwest 
of the Yeniköy village on the central section of the Ganos 
fault (Figure 1b). Here, the fault makes a 300-m-wide step-
over, where the southern branch is bifurcated. Continuous 
linear escarpments, sag ponds, and cumulative offsets of 
young streams indicate that the most recent deformation 
is localized on the northernmost branch (Figures S1g 
and S1h). On this fault branch (at nearby distances < 
1 km), eight offsets on roads, field limits, and streams 
were identified as coseismic displacements of the 1912 
earthquake (Figure 1b; Altunel et al., 2004; Aksoy et al., 
2010; Aksoy, 2021).

Geomorphologically, the trench site lies within an 
N-S trending valley floor; approximately 50-m-wide and 
entrenched by a small stream (Köy creek) along its eastern 
margin (Figure 6a). The shoulders of the valley are N-S 
trending linear ridges. Here, the western ridge crest is 

displaced, while the eastern valley slope also shows some 
amount of deflection. Similarly, the creek flows nearly 
orthogonal to the fault and shifts rightwards when crossing 
the fault. Left of the Köy creek lies a 30-m-wide alluvial 
terrace limited to the north by a fault scarp and related 
shutter ridge (Figure 6).

We excavated 5 trenches within the alluvial terrace and 
the western bank of the Köy creek (Figure 6b). Trenches 
T1, T2, and T4 are across and the other two T3 and T5 
are parallel to the fault. Parallel trenches were opened to 
establish the spatial distribution of a terrace riser that we 
determined on the left bank of the Köy creek. We logged 
the trench walls with a 0.5 m grid near and with a 1-m-grid 
away from the fault. The trench margins, the fault zone 
limits, stream bed, and the margins of the terrace risers 
were leveled using a total station.
Yeniköy trench site stratigraphy
Trench T1 is 50-m-long and crosses the entire alluvial 
terrace (Figures 6 and 7). Layers of loose sand and high 
groundwater level caused stability problems; therefore, 
trench depth was limited to 1.5 m and logging was 
performed only on the west wall. The base of T1 is a 
colluvial package (a, a1-3) made of mainly silty clay beds 
(Figures 7 and S3; Table S2). North of the fault, the 
colluvium is layered and tilted approximately 20° to 30° 
southward. The 1.5-m-thick colluvium (a1-3) is overlain by 

a

b

NS

Yr3  West wall

Yr3

F�g.5 ba

FIGURE 4

Figure 4. Trench Yr3 is located within a narrow valley parallel to the fault (see Figure 3). The trench was opened across a nearly 2-m-high 
scarp. (b) The trench stratigraphy showed a fine layered sequence of beds. Near the base of the trench we observe fault branches.
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a reddish clay unit (b). South of the fault, the colluvium 
(a) is mainly massive and gently dipping to the North. A 
bluish clayey silt unit (c) is showing liquefaction features. 
The top of unit (e) and (a) are erosive. Southward, the base 
of the colluvium (a) is partly interfingering with deposit 

(d). Unit (e) rests on top of (d) and is well-stratified with 
several channels in a northward migrating setting. The 
uppermost unit of the trench is the soil which may be 
divided into two sections based on the dominant size of 
clasts they contain (f1 and f2).
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Figure 5. a) Photomosaic of Yr3 trench. b) Trench log. The two splay fault marks the existence of faulting events (see text for details on 
Event 1 and Event 2? or more). Solid green line is the event horizon of Event 1. Solid black wavy line is an erosional surface. At least one 
more event can be deduced from the significant thickness difference of unit b, compared to units c, d, e (see text for details).
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Figure S3. a) and b) show the fault zone in T2. Red flags mark the faults. c) West trench wall of T1. Reddish-brown vertical zones 
correspond to fault splays (see arrows). d) Deposits Fac, Fbc, Fgs, and Col of the Köy creek are exposed in T5. The sediments are 
deposited on top of a base made of colluvium.
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Figure S4. Oxcal plot of the probability density functions (PDF) for selected radiocarbon samples from the Yeniköy trenches (Bronk 
Ramsey 2021). The IntCal20 curve is used for calibration (Reimer et al. 2020). The multiplot simulates the time range of the faulting 
events.
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Figure S5. The digital elevation model of the site (obtained from 5500 Total Station measurements; coordinates are UTM ED50 Zone 
35N). On-site and remote measurements from the plot yield comparable 47 ± 1 m and 46 ± 1 m right lateral fault displacement along 
strike for the ridge axis and the stream channel, respectively.


