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Abstract

We study the source characteristics of the 9 August 1912, Mw 7.4, Miirefte (Ganos)
earthquake that ruptured the Ganos Fault in the westernmost segment of the North
Anatolian Fault. We apply the stochastic method for finite-faults in order to simulate
strong ground motion acceleration using different fault geometries in terms of the
rupture initiation and the length of the fault. A first-order approximation of the site
effect variation is achieved following an empirical approach based on the
topography gradient as a proxy for site-effect. The simulated ground motions, which
are calculated at phantom stations, over a grid covering the area of study,
satisfactorily produce the regions which were more severely shaken during the 1912
event. We simulate ground motions using a conservative fault length of 50 km (one
land segment) which is able to explain the location of the surface ruptures but is not
able to reproduce the surface extent of strong shaking. We then use a longer fault of
approximately 120 km, extending to Saros Bay in the west and to Marmara Sea in
the east. The synthetic peak ground acceleration values, indicate a segmented
nature of the fault, have at least two patches of strong shaking and significantly
predict the observed macroseismic intensities of the 1912 earthquake. Further
constrain in our modelling is posed by surface ruptures, with small releasing and
restraining structures and 1.5-5.5 m right-lateral offsets, that have been previously
measured by others, at 45 sites of the on-land ~50-km-long fault section.
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Hepilnyn

O onuUaVTIKOTEPOS GELOUOS 0TO OVTIKO GKPO TOV pHYHaToS e B. Avatdliog eivou
avtog e 9™ Avyovotov 1912, Mw 7.4. Tia ™ uglétn twv yopaxtnpiotikdy e
TNYNGS, KOl ELOLKOTEPO TOD UNKOVS TOV PHYLOTOS OV TOV TPOKALEsE Kabwm¢ Kal Tov
onueiov évaplng kai 016000Ng TS OL1GPPNENG, YIVETal GTOYAOTIKY TPOCOUOLWTH TWV
E00PIKOV KIVIIoEWY. 2TOVG KOUPOVS €vOG TAEYHOTOS TOU KOADTTEL THV €VPUTEPN
TEPIOYI DIOAOYIETOL 1] UEYIOT EOOWIKN ETITAYVVON GO OO TEVAPIO. KOTC, TO TPWDTO
OEVAPIO TO UNKOG TOD PHYUATOS VOl 1ovo 50 km, OTw¢ n empovelaxy Eupovian otny
Enpa. Or tiués s emroyvvons, oloplwuéves kor yio. Ti¢ £00.PIKES oUVONKEG,
OTOTOTOVOVY TIG TEPLOYES TTHY CHPO UE TIS UEPIOTES UETPHOEIS ollobnons, alld n
OVVOLIKI] ETLPAVELD, UEYIOTHS TOPOUOPPDTHS EIVOL LIKPOTEPH A0 TNV Tapatnpnbeioa.
Kalbtepn amotomwon yiveton yia évo, pRyuo. unxovs 1200 km, to omoio mwépo. omo v
énpa exteivetor tooo atn Balocoa tov Mopuopd oro avatolikd, oco koai otov Kodro
700 Zapov oto, dvtikd. O uéyioTes ESOPIKES ETITOYDVOELS ATOTOTWVODY TOVAGYIOTOV
00O TEPLOYES e LOYUPES EOOPIKES KIVHOEIS, TO OTOL0 UTOPEl vo. ekAnglel kai w¢
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évoerln moldamAav Tnyav kot ) diappnén. Lo v adioloynon twv amoteleoidTwy
TV OTOYOOTIKOV TPOTOUOLDTEDY TOVEKTIUNONKOY Kol 01 UETPHOEIS THS ETIPOVEIOKNG
0AloONoNS KOTA UNKOG TOV PIYLLOTOS

Aé&erg kletdra: Mvpioporo, pryuo Ganos, wopouoppwaon, Piyua Bopeiag Avatodiag.

1. Introduction

The most significant earthquake at the western end of the North Anatolian Fault Zone (Figure 1),
along the Ganos Fault Zone (GFZ) is the 9 August 1912 event (40.7°N, 27.2°E; UTC 01:29; Ms
7.0 to 7.6; Mw7.4) also known as SarkOy-Miirefte or Saros-Marmara earthquake (Ambraseys and
Jackson, 1998, 2000; Janssen et al., 2009). The Ganos Fault Zone extends from the Tekirdag Basin
in the east, up to the Island of Samothrace in the west, passing through the town of Gazikdy and
the Saros Trough (Armijo et al., 1999; Seeber et al., 2004; Karabulut et al., 2006).

The earthquake caused the loss of 2,836 people, while more than 7,000 were injured. More than
300 villages suffered damage (Altinok et al., 2003; Papazachos and Papazachou, 2003), mainly to
the north of Dardanelles. Liquefaction was observed to distances up to 180 km from the epicentre,
indicating the level of strong ground motions. Long period ground motions were responsible for
serious damage to public buildings as far as Edirne to the north and Istanbul to the east of the
epicentre, The mainshock was followed by many aftershocks; the strongest was the one that
occurred within hours after the mainshock (UTC 09:23; Ms 6.2). On 13 September 1912 (UTC
23:32) a second shock occurred of Ms 6.7 (Mw6.8), with an epicentre (40.1°N, 26.8°E) located at
the westernmost edge of the August mainshock rupture, and was considered as a triggered event
(Papadimitriou et al., 2001).

Figure 1 - The location of the 9 August 1912 earthquake along the Ganos Fault Zone. The
beach- balls (from Kiratzi and Louvari, 2003; Kiratzi et al., 2007) denote the available focal
mechanisms for previous events with Mw>6.0. The seismicity of the period 550BC- 2012 with
M>5.0 is also plotted (green circles).

The 1912 earthquake has attracted the attention of many scientists mainly because it is connected
with the inferred sub-marine fault system to the Marmara Sea, which poses a constant threat to the
metropolitan city of Istanbul. Moreover, the connection of the Ganos Fault with other fault
segments capable to produce strong earthquakes makes it even more significant.

The Ganos Fault Zone (GFZ) joins the northern strand of the North Anatolian Fault Zone (NAFZ)
in the Marmara Sea and the North Aegean Sea. The western continuation of the NAFZ into the
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North Aegean Trough is portioned and two main branches can be identified. The GFZ is clearly
visible on satellite images. The northern part of the zone is bounded by the Ganos Mountains,
which are considered to develop during the end of Miocene due to an episode of transpressional
uplift, resulting from right lateral strike-slip motion, which in total is ~40 km.

The total rupture length of the 1912 earthquake is a matter of dispute. Most people agree that the
length is well above the 50 km land segment, but what is the extent of the rupture into the Saros
Trough and what is its extent into the western Marmara Sea is again controversial. For example,
the rupture length is considered between 90 to 150 km (Aksoy et al., 2010 and references therein).
The purpose of the present study is to examine a number of locations of the rupture initiation and
two fault lengths in order to test their capability to reproduce the gross characteristics of the
measured surface slip along-strike of the fault and to the distribution of damage (Figure 2) in the
most affected region (Ambraseys and Finkel, 1987). To do so, stochastic ground simulations are
performed using the method of Boore (1983) as used by Beresnev and Atkinson (1997, 1998).

2. Observations for Ground Motion Validation

The 9 August 1912 mainshock produced a surface expression of the fault with a distinct right
lateral strike-slip motion (see Table 1 for parameters). The measured length on land was 45 - 50
km (Ambraseys and Finkel, 1987; Altunel et al., 2004). The long-period records from a small
number of Wiechert seismographs were used to estimate the magnitude of this earthquake
(Ambraseys and Jackson, 1998; Aksoy et al., 2010). The large magnitude (M,,= 7.4), declares that
complimentary to the ~50 km land segment co-seismic faulting must have extended off-shore,
towards the south-west into the Gulf of Saros, and towards the north-east into the Marmara Sea
near Giizelkoy.

Table 1 — Information on the focal mechanism solutions reported for the 1912 shocks.

NODAL PLANE NODAL PLANE

Date Ol:lgm 1 2
Time Lat | Long | Mw Ref
Y/MM/DD . Strike® Dip® Strike® Dip°®
hh:mm Rake® Rake®

19120809 01:29 40.7 | 272 | 7.3 | 41 | 60 | -135 | 284 | 52 | -39 1

# # 407 ( 272 | 74 | 68 | 88 | 180 | 158 | 89 2 2
19120809 09:23 40.8 [ 275 | 6.2 1
19120913 23:32 40.7 | 27.0 | 6.8 1

References 1: Jackson and McKenzie 1988; 2: Aksoy et al., 2010

The distribution of the isoseismals for the 1912 mainshock clearly shows that in the mezoseismal
region intensities were of the order of IX (Figure 2). The length of the major-axis of the contour of
intensity IX is about 110 km. Complimentary to the distribution of observed intensities, there are
data from the slip measured at 45 sites, along the land segment of the fault (Aksoy et al., 2010).
These slip values range from 1.4 meters to 5.5 meters, with a median value of 4 m (Figure 3). The
average slip is of the order of 2.5 m.

XLVII, No3-1130




Figure 2 - Isoseismal map for the 1912 mainshock (from Ambraseys and Finkel, 1987). Note
the distribution of intensity IX, which roughly has a length of ~110 km.

Figure 3 - Measured surface slip for the 1912 Ganos earthquake (top) as given by Aksoy et
al., 2010, to compare with the assumed land fault segment and the assumed epicentre
location, given by the beach-ball (bottom). Green asterisks denote the points where slip was
measured.

XLVII,No3-1131




3. Strong Ground Motion Modelling
3.1 Method

The core of the method used relies on the observation that a considerable portion of the strong
ground motion, mainly related to the onset of S-waves, can be approximated as white noise. In
parallel, the Fourier Amplitude Spectrum of a Brune omega-squared type source is stable and
independent of frequency, for the frequencies between the corner frequency, fc and fmax. This led
to the hypothesis that the strong ground motion, between the frequencies of fc and fmax, can be
approximated by white noise.

The applied method requires a simple representation of all factors affecting strong ground motion.
The source is approximated by a rectangular fault, and the propagation parameters (geometric
spreading, inelastic attenuation, near-surface attenuation and site amplification) are described by
empirical relations and factors. As mentioned, the method involves discretization of the fault plane
into a number of sub-faults, each of which is assigned an -2 spectrum. Contributions from all sub-
faults are empirically attenuated to the observation site using Q(f) = 50]1 e (Pulido et al., 2004)
and appropriately summed to produce the synthetic accelerograms. Near-surface attenuation of the
seismic waves was modelled using the kappa, «k, operator and diminishing the simulated spectra by
exp(-nxf). Simulations at all sites of interest were performed assuming rock site conditions at the
ground surface.

A first-order incorporation of the site effect in the computed ground motion parameters was based
on the work of Wald and Allen (2007). They correlate the topography gradient of a region with
VS; (average shear-wave velocity at the top 30 meters of the soil column), which are often used
as a proxy for soil characterization. Based on the VS;, value and the amplitude of the peak ground
acceleration in the synthetic accelerograms at the specific grid point an appropriate empirical
amplification factor for the PGA (Borcherdt, 1994) was selected.

3.2 Case 1: Conservative Fault Length

In this case the total along-strike length of the fault is taken equal to 50 km; the fault is placed on
its surface expression on the land (Figure 3). The width of the fault is taken to be 17 km. The
number of sub-faults along strike and along dip is 9 and 3, respectively. The purpose of the
simulation is to see what the land segment of the rupture, can reproduce. The fault strike is taken
as 68°, the dip is taken equal to 88° (Aksoy et al., 2010; see Tablel).

The rupture starts from sub-fault [9, 3] that is at the easternmost and deepest location of the fault
and propagates towards west. This rupture initiation point was chosen after a number of trial runs,
and was found to reproduce better the observed surface deformation. The simulations were
performed over a grid covering the broader region and spaced at 0.05°. At each grid point a
simulated horizontal component of shear wave from the finite fault was computed.

Figure 4 summarizes the simulations results. To produce this figure the simulated accelerations at
each grid point, were corrected first for the site — effect and then they were converted to intensities
in order to compare the predicted values within the mezoseismal area with those reported by
Ambraseys and Finkel (1987).

A conservative fault length that aligns along the observed surface expression of the rupture is
capable to reproduce the level of damage at the mezoseismal region. For example the simulated
intensities are of the order of 8.5 to 9, as in the observed intensities (Figure 2). The area covered
though by isoseismal IX though, is considerably smaller compared to the regional extent of IX in
the case of observed damage.
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Figure 4 - Simulated distribution of intensities for the 1912 Ganos earthquake, using a finite
fault with length equal to 50 km. The fault location is placed along the land expression of the
rupture. The model predicts intensities 8 to 9 in the mezoseismal area, but of considerable
smaller area, compared to the area observed (see Figure 2). The points where surface slip
exceeded 4 m are marked as black dots. The white dot marks the western edge of the model
finite-fault which extents 50 km to the east.

3.3 Case 2: Large Fault Length

The next step was to imply the largest length for the causative fault and to examine the percentage
of the length extent in the west (e.g. Saros Gulf) as well as the length required at the eastern end, at
the Marmara Sea. A number of fault lengths and end-member extents were tested and finally the
value adopted was for a 120 km length fault of 18 km width along dip, in agreement with
empirical scaling relations (Wells and Coppersmith, 1994). The same focal mechanism was used
in this case, also. In this simulation the fault was discretized in 24x3 sub-faults, along strike and
along dip, respectively. The rupture initiated at sub-fault (14, 3) using the local coordinates, which
is at the deepest point of the fault and close to the epicentre.

More specifically for this fault length the length of the rupture into the Saros Bay was 40 km, 50
km on land and 30 km into the Marmara Sea. The simulated ground motions are presented in
Figure 5. The map represents the distribution of simulated PGA’s at the broader region, and it is
observed that the simulations predict two patches of strong shaking: one extending east of the
adopted hypocenter and into the Marmara Sea, with the strongest shaking observed ~25 km east of
Tekirdag. The second patch of strong shaking is extending to the west of the hypocenter and its
shape is two-lobe. One lobe is observed near Kavak while the other is further to the west, at the
opening of the Saros Bay, north of Yenikoy.
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Figure 5 - Distribution of Peak Ground Acceleration at the broader region of the Ganos
Fault, using stochastic simulations for a finite fault of length equal to 120 km and width of 18
km. The dots denote the grid nodes at which simulated acceleration time-histories were
calculated, using the code of Beresnev and Atkinson (1998). The black star denotes the
epicentre location.

Figure 6 provides the predicted level of intensities using the simulated accelerations at each node
of the grid. It is observed that the mezoseismal region is well defined by the distribution of VIII to
IX intensity level. For example the along major axis length of the area outlined by intensity 8 is
approximately 120 km, as observed in the isoseismal maps of figure 2.

In conclusion, it is evident that to reproduce the gross characteristics of the distribution of damage
of the 1912 Ganos earthquake a fault that extends both in Sea of Marmara as well as into the Saros
Bay in the west, is required. In the simulations tested here, the results reproduce patches of strong
shaking that are located at the ends of the fault, near Tekirdag in the east and north of Gelibolu in
the west.
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Figure 6 - ShakeMap for the 1912 Ganos mainshock, obtained from the simulated ground
motions (PGA) at each node (dots) of the grid covering the broader region.

4. Conclusions

The 9 August 1912 Ganos fault earthquake (also known as Miirefte — Sarkdy earthquake) together
with the 1999 Izmit earthquake, are the two earthquakes which ruptured considerable part of the
North Anatolian Fault, leaving its segments within the Marmara Sea un-ruptured. To this end, both
events are significant mainly due to the imposed risk for the metropolitan city of Istanbul. The 9
August 1912 mainshock, Mw7.4, caused heavy damage, at the towns located along the Gazikdy —
Saros segment of the North Anatolian Fault. It produced a well-mapped surface expression of the
fault (Ambraseys and Finkel, 1987) along which slip measurements were performed (Altunel et
al., 2004; Aksoy et al., 2010). The mainshock of August 9 was followed within hours by an
Mw6.2 aftershock with an epicentre closer to the Marmara Sea. On 13 September 1912 another
strong event occurred close to the Saros Bay, which is considered as a separate event rather as a
late aftershock.

Even though most of the studies conclude that the focal mechanism of the 1912 earthquake is a
N68°E dextral pure strike-slip fault (e.g. Aksoy et al., 2010), the length of the causative fault, is
controversial. It is reported to be well above the 50km of the rupture mapped on land, and is
considered to range between 90 and 150 km.
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The purpose of this work was to test two end-members regarding the length of the causative fault.
The method used was to stochastically simulate the level of strong ground motions, suing the
approach of Beresnev and Atkisnson (1998) at a grid whose nodes cover the broader region. In one
case the fault length is very conservative and is assumed to be only 50 km, and is placed on land
exactly along the observed surface expression. In the other case, after many trials the fault length
is chosen to be 120 km, which was found to better reproduce the observed pattern of damage. In
both cases I examine the simulated PGA maps with respect to their ability to reproduce the gross
characteristics of the observed surface faulting for the 1912 rupture.

In the first case, where a length of 50 km was used, that corresponds to the along —strike extent of
the surface faulting the simulated ground motions can predict the areas of strong shaking but the
area of strong shaking is considerably smaller than the one depicted within intensity VIII to IX in
the observed isoseismal map. In the second case, where the fault length is taken 120 km, with 30
km extending in the Sea of Marmara, 50 km on land and 40 km in the Saros Bay, the simulated
ground motion shaking better approximates the observed area of strong intensities as well as the
regions where the measured slip exceeded 4 m (as reported in Aksoy et al., 2010). In both cases,
the hypocenter was placed at the eastern end of the fault and the rupture initiation point was placed
at the deeper part of the finite-fault. This means that the best results were obtained for unilateral
rupture propagation from east towards west. As a result, the present study confirms the previous
results for a fault length of approximately 120 km, as well as the fact that only a small segment
within the western edge of the Sea of Marmara ruptured during the 1912 mainshock. The sea-
bottom topography and the change of strike near Tekirdag, has affected the propagation of the
rupture towards east.
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