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Abstract Analysis of earthquake rupture directivity provides key information for seismic hazard and risk
assessment, particularly for faults near urban areas. We analyze directivity patterns for 31 well-constrained
M; > 3.5 earthquakes along the Main Marmara Fault, in direct proximity to Istanbul. We calculate source
mechanisms with a waveform modeling approach and analyze earthquake directivity from apparent source-time
functions using empirical Green's functions. Most of the strike-slip earthquakes to the west of the Princes
Islands segment display a predominantly asymmetric rupture toward the east with the median directivity
trending 85°, consistent with the Main Marmara Fault strike. Consequently, earthquake ground shaking may be
more pronounced toward Istanbul. This holds potentially for a large earthquake on the Main Marmara Fault
which is late in its seismic cycle. Our results motivate the importance of evaluating the impact of eastward
asymmetric ruptures on the probabilistic seismic hazard and risk assessment around Istanbul.

Plain Language Summary Analyzing how earthquakes release the accumulated strain energy in
space can help us understand the resulting shaking in particular locations. We studied 31 earthquakes with
magnitudes M; > 3.5 that occurred along the North Anatolian Fault in the Marmara region near Istanbul,
northwestern Tiirkiye. We derived orientations of fault planes using focal-mechanism inversion, as well as the
direction in which the seismic energy release is focused (rupture directivity). We find that most of the analyzed
earthquakes display strike-slip movement, matching the orientation of the GPS-derived deformation field in this
area, which is different from previous studies proposing dominantly normal faulting kinematics, particularly on
the western part of the Main Marmara Fault. We also find that earthquakes to the west of the Princes Islands
south of Istanbul radiate seismic energy mostly toward the east. This also suggests that the ground shaking from
the earthquakes could be stronger toward Istanbul and weaker in the opposite direction. Our findings show that it
is important to consider how earthquake ruptures propagate when evaluating the earthquake risk, especially near
urban areas.

1. Introduction

Earthquake rupture directivity is an important factor controlling the spatial distribution of seismic ground mo-
tions. As such, determining how earthquakes propagate provides key information for regional seismic hazard
estimates and subsequent risk assessments. For example, for unilateral or strongly asymmetric ruptures, signif-
icantly larger ground motion amplitudes of the seismic waves are expected in the direction of rupture propagation,
and consequently reduced ground motions in the opposite direction.

Depending on the available seismic network, rupture directivity can be calculated for moderate to large earth-
quakes with magnitudes M > 4.5 (e.g., Calderoni et al., 2015; Seekins & Boatwright, 2010; Venkataraman &
Kanamori, 2004) as well as for smaller earthquakes (e.g., Boatwright, 2007; Holmgren et al., 2023; Kurzon
et al., 2014; Lopez-Comino et al., 2021; Seo et al., 2022). Multiple techniques have been employed to resolve
rupture directivity by deconvolving propagation effects using synthetic (e.g., Tinti et al., 2016) and empirical
(e.g., Calderoni et al., 2023; Tan & Helmberger, 2010) Green's functions. Other methods incorporate measuring
relative differences between centroid and hypocenter location (He et al., 2015), analysis of second seismic
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moments (e.g., McGuire, 2004; Meng et al., 2020), or direct analysis of observed ground motions (Boatwright &
Boore, 1982; Chen et al., 2014; Colavitti et al., 2022; Tiirker et al., 2022).

Despite difficulties associated with the higher frequencies and lower signal-to-noise ratio, some studies have
shown that small to moderate events display a preferred rupture direction that is likely governed by particular
mechanisms (Kane et al., 2013; Wang & Rubin, 2011), which may be diverse. Previous studies suggested that
unilateral or strongly asymmetric earthquake ruptures and associated directivity effects are related to variations in
fault geometry (e.g., Calderoni et al., 2015, 2017; Kurzon et al., 2014; Zhang et al., 2023), stress and/or strength
gradients along the fault (Yoshida et al., 2019), and ruptures on bimaterial faults (e.g., Calderoni et al., 2015;
Kurzon et al., 2014; Lengliné & Got, 2011; Meng et al., 2020).

Resolving directivity of well-recorded moderate and (more frequent) small events across sections of continental
strike-slip faults can contribute to identifying regions of increased earthquake ground motions. A long-standing
question is whether the directivity of large events is consistent with that of smaller events. If this is the case,
rupture directivity of smaller events could contribute to predicting the spatial variations of ground motions in a
target region in case of large future earthquakes. This is particularly important for estimating seismic hazard and
subsequent risk of urban areas near transform faults, for example, in the Istanbul metropolitan region, or near Los
Angeles and the San Francisco Bay area.

The Marmara section in northwestern Tiirkiye is the only portion of the entire North Anatolian Fault Zone
(NAFZ) in Tiirkiye that has not generated a large (M > 7) earthquake since 1766. At an average recurrence rate of
250 years (Ambraseys, 2002; Bohnhoff et al., 2016; Murru et al., 2016), it is late in its seismic cycle. The main
NAFZ branch runs below the Sea of Marmara (Main Marmara Fault, MMF) and is located less than 20 km away
from the Istanbul metropolis with >16 million inhabitants (Figure 1a). Therefore, quantifying the seismic hazard
in this region is of uttermost importance for assessing the resulting seismic risk. The eastern part of the MMF (the
Princes Islands segment) immediately south of Istanbul is locked, representing a potential segment to rupture in
the pending large earthquake (Bohnhoff et al., 2013; Ergintav et al., 2014). In contrast, the western part of the
MMF is creeping to a substantial extent based on observations from seafloor geodesy (Yamamoto et al., 2019) and
the occurrence of earthquake repeaters (Becker et al., 2023a; Bohnhoff, Wollin, et al., 2017). The central segment
in between likely is in an intermediate status (Becker et al., 2023a) and locked toward the east (Lange et al., 2019)
(Figure 1).

Despite the high relevance of the MMF, there are no systematic studies quantifying earthquake rupture directivity
in the Marmara region. Directivity studies focused mainly on the 1999 M > 7 Izmit and Diizce earthquakes and
the 2022 M,, 6.0 Diizce earthquake to the east of the Sea of Marmara and reported on a preferred rupture
propagation toward the east (e.g., Martinez-Garzoén et al., 2023; Tibi et al., 2001; Tiirker et al., 2023). Along the
MMF, an eastward rupture directivity was resolved for the largest three events in the 2019 M; 5.7 Silivri sequence
by analyzing the amplitude of ground motions (Tiirker et al., 2022).

The data availability and seismic network coverage have been substantially improved in recent years by
combining recordings from different national networks (Becker et al., 2023a, 2023b; Wollin et al., 2018) and
GONAF borehole seismometers (Bohnhoff, Dresen, et al., 2017; Malin et al., 2018). Taking advantage of these
improvements in monitoring conditions, we calculate the source mechanisms and the rupture directivities of 31
best-recorded 3.5 <M, <5.7 earthquakes located on or near the submarine MMF. The source parameters from
these events are then employed to evaluate common patterns at different fault segments and with respect to their
rupture kinematics.

2. Data and Method

The employed earthquake catalog spans the time period from 2006 to 2020 and includes a total of 13,812 events
(Becker et al., 2023a; Wollin et al., 2018). From the catalog, there are 68 M; > 3.5 earthquakes occurring on and
around the MMF (Figure 1). We use broadband seismic recordings from regional stations (see Open Research). In
total, we employ waveform recordings from 88 seismic stations with epicentral distances ranging from 35 to
224 km, resulting in take-off angles ranging from 47 to 105° and assuming a 1-D velocity model (Durand
et al., 2020; Karabulut et al., 2011).
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Figure 1. Seismotectonics of the Marmara region and analyzed earthquakes. Gray and orange dots show M; > 3.5 earthquakes
in 2006-2020 and those selected for directivity assessment, respectively. (a) Spatial distribution of M; 3.5 seismicity. Yellow
stars mark historical M > 6.5 earthquakes within the last 2000 years (Ambraseys, 2002; Bohnhoff et al., 2016; Parsons, 2004).
Thick lines show ruptured portions of the 1912 M,, 7.4 Ganos (magenta) and the 1999 M,, 7.4 Izmit (purple) earthquakes, as well
as the MMF (red). Blue horizontal lines indicate the along-fault segments of the MMF: TB (Tekirdag Basin), WH (Western
High), CB (Central Basin), KB (Kumburgaz Basin), IE (Istanbul East), and CE (Cinarcik East). Triangles indicate selected
seismic stations. Source mechanisms (this study) are shown for M > 5 earthquakes. Lower right inset: Broader tectonic map of
the study region. (b) Longitude versus time distribution of the earthquakes. The three earthquakes shown in Figure 2 are circled
with cyan edge color.

2.1. Source Mechanism Determination

To resolve the fault geometry and kinematics of the analyzed events with M; 3.5-5.7, we determined earthquake
source mechanisms using the Cut and Paste (CAP) approach (Zhao & Helmberger, 1994; Zhu & Helm-
berger, 1996). In the CAP method, the seismograms are transferred into radial, tangential and vertical compo-
nents and decomposed into the P-wave and surface-wave segments. These different wave segments are fit
separately, allowing a time shift between the observed and synthetic waveforms due to the velocity model im-
perfections and crust lateral heterogeneities. The theoretical Green's functions and synthetic seismograms were
calculated using the frequency-number algorithm (Wang & Herrmann, 1980; Zhu & Rivera, 2002) assuming 1-D
velocity model (Durand et al., 2020; Karabulut et al., 2011). Detailed processing procedures are shown in Text S1
of Supporting Information S1. Three examples of focal mechanisms resolved with the CAP method are shown in
Figures 2b-2d.

2.2. Empirical Green’s Function Deconvolution

The earthquake directivity effects are here investigated utilizing the azimuthal variations of the apparent source-
time functions (ASTFs) using empirical Green's function (EGF) technique (Hartzell, 1978). EGF deconvolution
has been found to be an effective method in isolating the earthquake source term from seismograms (Abercrombie
etal., 2017; Kwiatek, 2008; Prieto et al., 2004). The underlying assumption of the EGF method is that the smaller
earthquake that occurred near the target event and displayed a similar focal mechanism can be considered an
approximation of the Green's function and used to remove the propagation and site effects from the target event.
Further details on EGF selection criteria and deconvolution procedure are provided in the Text S2 of Supporting
Information S1. Out of the 68 M; > 3.5 earthquakes, 50 target events were found to have EGFs according to the
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Figure 2. Schematic illustration of rupture directivity and examples of ASTFs and earthquake rupture directivity resolved for
three earthquakes. (a) Sketch showing the directivity effect on the ASTFs at different azimuths. (b) Source mechanisms with
projected seismic stations (triangles) used for ASTF analysis on the lower hemisphere of the focal sphere for a M; 4.4 event
(ID 20190926112636). Color coding indicates the ASTF duration. (c) Same as panel b but for event M; 4.9 with ID
20200111133736. (d) Same as panel b but for event M; 5.7 with ID 20190926105925. (e—g) ASTFs at different azimuths for the
events. Red dots mark the starts and ends of the ASTFs. (h—j) ASTF durations (red) and the best-fitting unilateral rupture models
(black curves). Error bars show standard deviations of ASTF durations from EGFs. The larger uncertainties in the ASTF
duration of the M; 5.7 earthquake are due to estimates from the larger number of EGF events used as well as the more complex
rupture pattern (see Turhan, Acarel et al., 2023).

criterio selection above. The EGF number varies for each station in each target event, ranging from a single EGF
up to 27 EGFs in the 2019 M; 5.7 earthquake. The durations of resulting stacked ASTFs observable at different
azimuths (cf. Figures 2e—2g) were automatically calculated from stacked ASTFs with reference to the baseline.
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The duration uncertainty for a particular station was estimated as the standard deviation of ASTF durations if
multiple EGFs were available.

2.3. Constraining Rupture Directivity

For strike-slip faulting with rupture propagation coinciding with the slip vector, earthquake rupture direction
should predominantly lead to azimuthal variations in the observed ASTFs and related ground motions. For a
unilateral rupture representing an end-member case, the ASTFs show shorter duration and higher amplitude in the
forward direction of earthquake rupture, and longer duration and lower amplitude in the backward rupture di-
rection (Figure 2a). The duration of the ASTF observed at a station for the case of a pure unilateral pulse-type
rupture could be described as a function of azimuth (Ben-Menahem & Singh, 1981):

L Lcosf
V. Vs

T(0) = ; (1

where T is the ASTF duration, 0 refers to the azimuth angle between the earthquake source and seismic station, L
is the earthquake rupture length, V, indicates the rupture velocity, and Vg denotes the S-wave velocity (here set to
Vs = 3.56 km/s at 10 km depth for the assumed velocity model Karabulut et al., 2011). We then performed an
exhaustive search over the space of model parameters (8 € [0, 360]°, L € [0.1, 20] km and V, € [10% Vg, 100%
Vs]) and tested which particular combination of (6, L, V,) led to the best fit between the model (Equation 1) and
observed durations. Each event has at least 8 independent ASTF observations stacked from multiple EGFs. The
minimized cost function that is the sum of point-to-curve distances (cf. Figures 2h—2j) normalized by the number
of stations. We further applied an evaluation of the unilateral fitting results by conducting the two-sample 7-test
(Text S2 in Supporting Information S1) for the ASTF durations in the estimated forward and backward directions.
For events not passing the #-test, we additionally explored the fit to bilateral and asymmetrical bilateral models
(Cesca et al., 2011):

L(—y) L —y)cos® yL yLcos®

T(6) = max
V. Vg V. Vg

; @

in which the model contains two unilateral ruptures [L(1 — y),yL] with opposite directions, and the y is a
directivity coefficient in the range of [0,0.5]. When y = 0, Equation 2 is equivalent to Equation 1 representing a
pure unilateral rupture, while when y = 0.5 Equation 2 indicates a pure bilateral rupture.

3. Results
3.1. Predominance of Strike-Slip Kinematics From Source Mechanisms

We obtained source mechanisms for 31 M; > 3.5 events on and around the MMF, out of which 29 show a
predominant strike-slip mechanism (fault parameters provided in Table S1 of Supporting Information S1).
Figure 3 shows representative examples of two inverted source mechanisms in which 16 and 32 stations were
employed for the inversions.

The observed predominance of strike-slip kinematics along the fault differs from some previous studies in this
region, which obtained normal-faulting kinematics in the western part of the MMF inverting first-motion po-
larities (e.g., Oztiirk et al., 2015; Wollin et al., 2018, 2019). The waveform-based source mechanisms from the
CAP method are likely more stable than those from first-motion polarities, and they are more consistent with
strike-slip activity along the fault. This observation might also be partially driven by the fact that we focused on
the largest events in the region (M; > 3.5), which are more likely to occur on the main fault trace. The inverted
moment magnitudes for these events agree with those from the catalog (M;) and those from a spectral fitting
method used in a separate study (Chen, Kwiatek, et al., 2024) (Figure S1 in Supporting Information S1).

Based on the spatial distribution of earthquakes we grouped our source mechanisms into 4 clusters according to
their corresponding fault regions (see Figure 4a). In the Western High (WH), 4 earthquakes display strike-slip
kinematics, three of which have north-east striking nodal planes at 72 + 3°NE, likely representing the actual
fault plane inline with the MMF. In the western edge of the Central Basin (CBw), the data consist of 5 consistent
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Figure 3. Source mechanism inversion results and waveform fittings for two representative earthquakes. (a) Focal
mechanism of event 20190926112636 with M; 4.4 that occurred on fault segment CB (cf. Figure 1) with strike = 279°,

dip = 69°, and rake = 169°. Observed waveform segments (black) and model fitting (red) are shown for vertical (Pz), radial (Pr),
vertical surface wave (Sz), radial surface wave (Sr), and tangential surface wave (Sh) components at different stations. (b) Focal
mechanism of M; 4.9 event 20200111133736 that occurred on KB segment with strike = 98°, dip = 71°, and rake = 130°.

strike-slip source mechanisms, mainly showing near vertical faults striking ~94 + 8°NE. Source mechanisms of
14 earthquakes were estimated in the eastern side of the Central Basin toward the Kumburgaz Basin (CBe-KB),
where earthquakes show strike-slip faulting and a set of nodal planes trend in east—south direction with an average
strike of 99°. In the eastern part of the Cinarcik Basin (CE), five earthquakes show large variations in strike
directions and a larger normal-faulting component. Here, the main fault trace splits into the northern and middle
branches bounding the Cinarcik basin, and a shear-zone consisting of multiple normal faults is present within the
basin. Hence, this variability could be due to the activation of different sets of faults. In addition to events along
the MMF, two normal-faulting earthquakes are observed in the off-fault region along the sub-branch (Figure 4a).
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Figure 4. Preferred orientations of earthquake rupture directivity using unilateral and asymmetric bilateral models for

M; > 3.5 earthquakes along the MMF. (a) Surface distribution of rupture directivity orientations and source mechanisms.
Circles show the resolved M; > 3.5 earthquakes with color coding and arrows indicating the azimuthal angle of rupture
direction. Blue lines highlight the four clusters analyzed in (b, ¢). (b) Rose diagrams of obtained earthquake rupture directions
per cluster. Superposed yellow rose diagrams show the unilateral directivity results that pass the 7-test. (c) Source mechanisms
superposed for the events belonging to the clusters correspondingly. (d) Rose diagram of preferential rupture directions for all
analyzed earthquakes.

3.2. Rupture Directivity Orientation Consistent With Fault Strike

Utilizing the EGF deconvolution and ASTF analysis at different azimuths, we resolve the earthquake rupture
directivity for 31 events with M; > 3.5 (see three examples in Figures 2b—2f), among which 25 also have source
mechanisms derived in this study. The obtained rupture directivity parameters for individual earthquakes are
provided in Table S2 of Supporting Information S1.

We first employ a pure unilateral model (Equation 1) to constrain the rupture directivity. Of the analyzed events,
17 display a preferred eastward rupture propagation with 8 between 30° and 120°; in the opposite direction, 8
earthquakes display westward rupture propagation with 8 within (220°,320°). The remaining earthquakes show
best fitting directions departing from the E-W trending direction of MMF.

For the estimated rupture directivities from the unilateral model, we further conduct a two-sample #-test to check
the significance of ASTF variation in the forward and backward directions (Text S3 in Supporting Informa-
tion S1). 18 out of the 31 earthquakes passed the 7-test, suggesting that ASTF duration differences are statistically
significant in the two directions and the rupture propagation shows a strong asymmetry (Figure S2 in Supporting
Information S1). This includes the three events shown in Figure 2. Among the 18 strongly asymmetric events, 13
(72%) show a first-order eastward rupture with € in the range 30°-120°, while the other 5 earthquakes (28%) show
0 ranging from 220° to 320°. We note that events with constrained directivity inconsistent with the fault strike are
rejected by the r-test, while the rupture directivity of remaining events follows the E-W fault trending direction.
For the 13 remaining events that did not pass the 7-test, we applied bilateral rupture models (Equation 2) to fit the
ASTF variation (Figure S3 in Supporting Information S1). Introducing an additional parameter y improved the
fitting, while no dramatic changes occurred to the rupture direction. 3 out of 13 events show slight dominant
eastward ruptures, and another 3 show a weak dominant direction toward the west; 7 earthquakes show either a
bilateral pattern or a weak dominant direction departing from the E-W trend.
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Combining the unilateral and asymmetric bilateral ruptures, earthquakes displaying preferred eastward rupture
propagation show a median rupture direction of @ = 85°, close to the azimuth of the MMF at this region, which is
~80° up to the Istanbul Bend (at 28.8° Longitude) (Figure 4a). A second trend of rupture directions appears at
about @ = 140° with weak asymmetric ruptures, being approximately orthogonal to the main fault trace and likely
associated with the conjugate structures (Figure 4d). This orientation is mostly, but not exclusively, observed at
the edges of the CBe and CBw.

We analyze the preferential rupture orientations at selected segments of the MMF by grouping the seismicity
according to spatial clusters (Figure 4). The WH cluster includes 7 rupture directivity estimations, out of which 5
show strong eastward ruptures and the other two events show weak westward propagation. Earthquakes in the
CBw are located at the edge of the CB, where faults consist of multiple sub-branches. Here, 3 out of 4 rupture
directions align along a northwest-southeast direction, which could be related to the mapped local faults bounding
the basin or the stress distribution from basin effects. Almost half of the total events are located within the CBe-
KB. Out of the 14 analyzed events from this cluster, 9 display preferential rupture directivities with @ = 30°-120°.
Most of them occurred during the 2019 Silivri sequence that culminated with a M; 5.7 earthquake and display a
rupture directivity trending around @ = 75° (Figure 4c). In the CE, earthquake directivities from 5 events show
larger variations as well as source mechanisms. This could be attributed to the presence of complex fault systems
with different orientations.

Using the directivity models (Equations 1 and 2), we also resolved the rupture velocity V, and rupture length L.
The estimated V, values show a large variation from 10% to 90% V¢ with a median value of V, = 30% Vj, and the
L values range from 0.1 to 2 km with a weak correlation with the M; . The relatively low V, and small L values are
not uncommon in rupture directivity calculations (e.g., Abercrombie et al., 2017; Prieto et al., 2017; Ross & Ben-
Zion, 2016) and should be regarded as “effective.” One possible origin is the potential earthquake rupture
complexity of EGF events, which is not an ideal point source and will affect deconvolution results of target
events. Since the L and V, are not as well constrained as the 8, we do not further interpret them and instead focus
only on analyzing the obtained earthquake rupture direction in this study. In addition, we further tested a different
model to fit the ASTF durations (Calderoni et al., 2020, following Ben-Menahem, 1961; Boatwright, 2007) and
obtained similar results for the unilateral and strong asymmetric ruptures; see details in Text S4, Figure S4 and
Table S3 of Supporting Information S1.

4. Discussion

Rupture directivity provides key information for seismic hazard and risk assessment that can be gained by
analyzing the earthquake source. In the following, we compare our observations with those from other well-
resolved moderate-magnitude earthquake sequences, elaborate on the potential mechanisms driving rupture
directivity at this study area, and discuss the implications for ground shaking near the Istanbul Metropolitan
region.

4.1. Comparison With Rupture Directivity From Other Similar Tectonic Settings

While there is a scarce number of studies resolving earthquake rupture directivity properties on the MMF, rupture
directivities for small to moderate earthquakes have been resolved in other continental transform plate bound-
aries. One of the best studied strike-slip environments is the San Andreas Fault (SAF) system in California. For
the SAF creeping segment, rupture directivity patterns have been analyzed through spectral ratio for M0.5-3.0
events (Wang & Rubin, 2011) and displacement spectra comparison for M > 3 earthquakes (Kane et al., 2013). A
southeast direction was observed to be the preferred earthquake rupture directivity, which is consistent with
predictions from the resolved velocity contrast across the fault (Rubin, 2002; Rubin & Gillard, 2000). A similar
rupture directivity orientation was resolved for the southern San Jacinto fault from measuring and modeling peak
ground motions (Kurzon et al., 2014), consistent with the surface fault trace and predictions from measured
velocity contrasts along the fault. Along-strike preferential orientation is not only a characteristic feature of strike-
slip boundaries, but it has also been observed to be a main factor controlling the rupture directivity along the
Apennine Mountain Chain in Italy (e.g., Calderoni et al., 2015, 2017).

Our results provide the first rupture directivity estimations for small to medium-sized earthquakes along this
offshore portion of the MMF, together with previous estimations from the ground motion of specific earthquakes
such as the 2019 M; 5.7 Silivri (Tiirker et al., 2022). As the last M > 6 earthquake along the MMF occurred in
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1963, no detailed instrumental information from rupture directivity of large earthquakes is available. Information
about rupture directivity from large earthquakes during the instrumental period may be combined with geological
evidence supporting directivity effects of historical earthquakes (e.g., Dor et al., 2006; Wechsler et al., 2009).
Unfortunately, geological inferences are difficult in this offshore portion of the MMF, and any asymmetry in
seismicity distribution across the fault is difficult to observe due to the presence of sedimentary basins. The
derived results can be augmented by analyzing additional signals that may reflect rupture directivity such as
along-strike asymmetry of aftershocks (e.g., Calderoni et al., 2023; Zaliapin & Ben-Zion, 2011). Such work
requires a separate dedicated analysis and is left for a future study.

4.2. Mechanisms Driving the Preferred Rupture Direction

Several physical mechanisms can give rise to a preferential earthquake rupture directivity along a fault segment.
As summarized by Calderoni et al. (2015), such mechanisms may encompass (a) complexities in the fault ge-
ometry, which may enhance propagation toward the direction with reduced normal stress; (b) aseismic defor-
mation leading to a persistent stress gradient that encourages earthquake rupture propagation toward regions
experiencing a stress increase; (c) crustal wave channeling in particular directions due to phenomena such as
coupling with basin waveguides; (d) fluid dynamics effects; and (e) the presence of bimaterial fault interfaces that
facilitate preferential propagation in the direction corresponding to the motion of the side characterized by lower
seismic velocity at depth.

With the current analysis, we can resolve the orientations of preferential rupture directivity along the MMF, but
only hypothesize about which of the mechanism(s) mentioned above may most prominently contribute to the
observed eastward rupture directivity in the MMF. The western portion of the MMF appears to be partially
creeping (Bohnhoff, Wollin, et al., 2017; Schmittbuhl et al., 2016; Yamamoto et al., 2019), while east of the
central basin there is a transition to a fully locked status (Becker et al., 2023a; Bohnhoff et al., 2013; Ergintav
et al., 2014). In this respect, as the coupling of the fault increases toward the east, so does the stress accumulated
on the fault, hence creating a stress gradient toward the east which may favor the earthquake propagation in this
direction.

Another possibility is a velocity contrast across the fault, forming a bimaterial interface that could promote the
occurrence of eastward rupture directivity. Theoretical and laboratory studies indicate that rupture directivity on
bimaterial interfaces tend to propagate toward the direction of motion of the more compliant block (lower seismic
velocity) at depth (Ampuero & Ben-Zion, 2008; Andrews & Ben-Zion, 1997; Ben-Zion & Shi, 2005; Shlomai &
Fineberg, 2016; Weertman, 1980). Seismological approaches to identify a velocity contrast across a fault include
tomographic imaging (e.g., Allam & Ben-Zion, 2012; Ozakin et al., 2012; Thurber et al., 2006) and analysis of
fault-zone head waves that refract along bimaterial interfaces (e.g., Ben-Zion, 1990; Bulut et al., 2012; Naj-
dahmadi et al., 2016; Share & Ben-Zion, 2016). However, so far neither of the two approaches has yet unam-
biguously identified a velocity contrast across the MMF (e.g., Yamamoto et al., 2022). If our observations are
governed by the existence of a bimaterial interface, the theoretical expectations for bimaterial ruptures suggest
that the slower side of the MMF should be the northern block. Detailed near-fault observations would be needed to
verify this hypothesis in the future.

4.3. Implications for Future Large Earthquakes Near Istanbul and Associated Ground Motion

Classic ground-motion prediction equations (GMPEs) used in engineering seismology typically assume an
isotropic spatial distribution and azimuthal-dependent features are generally not included. In recent years, the
effect of earthquake directivity on ground-motion prediction has been considered in various studies (e.g.,
Somerville et al., 1997; Spudich & Chiou, 2008; Spudich et al., 2013; Weatherill & Lilienkamp, 2023). However,
implementing directivity effects requires knowledge of the dominant earthquake rupture directivity patterns in the
specific regions. Hence, the resolved earthquake directivity in this study provides valuable information for
seismic hazard and risk assessments in the Istanbul metropolitan region.

Our results indicate a preference of rupture propagation toward the East on the western and central MMF. This
suggests that ground shaking might be comparatively larger toward the Istanbul Metropolitan region in a sys-
tematic way. In this regard, our results are consistent with a previous directivity estimation for the 2019 M; 5.7
Silivri earthquake in the central MMF from ground-motion analysis (Turker et al., 2022).
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Assuming that rupture directivity of smaller events can be resolved reliably, an important open question is
whether rupture directivity resolved from smaller events in the MMF can be upscaled to the large events that
occur periodically along the NAFZ. Smaller events sample local seismogenic environments, while the rupture
process of large earthquakes can be affected by other factors like nucleation location (Martinez-Garzén & Poli,
2024), variant seismogenic width along the fault (Weng & Yang, 2017), and structural complexities. The presence
of bimaterial interfaces or stress gradients may promote a more unilateral rupture over selected fault sections,
regardless of the magnitude of the corresponding event. Moreover, for bimaterial ruptures, the effect of the
velocity contrast on rupture propagation increases with the propagation distance (e.g., Adams, 1995; Ben-Zion &
Huang, 2002; Brietzke & Ben-Zion, 2006), so preferred directivity of small events on a bimaterial interface would
be amplified for large earthquakes. Unfortunately, the rupture directivity in the central and western part of the
MMF pointing eastwards may result in enhancing the ground shaking toward Istanbul. This suggests that, to
generate more realistic seismic hazard and risk models for the Istanbul Metropolitan region, it may be important to
consider eastward directivity effects.

5. Conclusions

We resolved for the first time earthquake rupture directivity patterns for 31 moderate (3.5 <M; < 5.7) earth-
quakes along the MMF segment of the North Anatolian Fault, near the Istanbul megalopolis. To that end, we
derived robust source mechanisms by waveform modeling and analyzed the earthquake directivity using the
azimuthal distribution of earthquake ASTFs.

Our reliable source mechanisms indicate a predominance of strike-slip kinematics, which is consistent with the
geological traces of the central and western portions of the MMF, in contrast with a larger proportion of normal
faulting in Western Marmara reported in previous studies inverting first-motion polarities.

Over half of the analyzed earthquakes display a predominant rupture direction trending eastwards around 85°,
indicating consistency with the strike of the MMF. Within the strong asymmetric events, the proportion of
eastward rupture is 72%, and the westward propagation takes up 28%.

According to these results, earthquake ground shaking may be statistically more pronounced toward the Istanbul
metropolitan region. Including such frequent eastward directivity effects toward the Istanbul metropolitan region
can impact estimates of seismic hazard assessment for the region.

Data Availability Statement

The continuous waveforms from this study were downloaded from the websites of different agencies including
KOERI (Kandilli Observatory And Earthquake Research Institute, Bogazici University, 1971, http://www.koeri.
boun.edu.tr/sismo/2/data-request/, last accessed 05/07/2024), AFAD (Disaster and Emergency Management
Authority, 1990, https://tdvms.afad.gov.tr/continuous_data, last accessed 05/07/2024), GONAF (Bohnhoff,
Dresen, et al., 2017, https://geofon.gfz-potsdam.de/waveform/archive/network.php?ncode=GF, last accessed 05/
07/2024) and PIRES (GFZ Potsdam, BU-Kandilli, 2006; Bohnhoff et al., 2013, https://geofon.gfz-potsdam.de/
waveform/archive/network.php?ncode=PZ, last accessed 05/07/2024) networks. The spectra for target events
and EGFs in this study are provided in Chen, Martinez-Garzon et al. (2024). The catalog employed in this study is
published in a data service publication (Becker et al., 2023b). MATLAB and Generic Mapping Tools (Wessel
et al., 2019) are used for data processing and figure producing.
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