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Abstract The Main Marmara Fault which crosses the whole Marmara Sea is a significant seismic gap
along the North Anatolian Fault. Here we show that nine long-lasting strike-slip seismic repeaters exist
below the Central Basin within the seismogenic zone, in a 10 km region where deep creep was previously
suggested from the analysis of the local seismicity. The typical recurrence time was 8 months during the
2008-2015 period. The cumulative slip of the repeating sequence appears to be compatible with the
regional geodetic slip rate if they are assumed to be part of a large single asperity (10 km). The repeaters
also exhibit short-term crises and are possibly related to bursts of creep.

1. Introduction

One of the first examples of repeating earthquakes is the Parkfield sequence along the San Andreas Fault
where on average a moderate event occurred every 22 years between 1857 and 1966 [Bakun et al., 1986].
Repeating earthquakes are nowadays rather restricted to small seismic events, typically a few hundred meters
in rupture size, which occur repetitively in time at exactly the same place [Poupinet et al., 1984; Nadeau et al.,
1995; Nadeau and McEvilly, 1999]. It suggests the existence of localized asperities which are mechanically
decoupled from the rest of the fault and behave as independent oscillators [Rice, 1993]. To get repetitive earth-
quakes requires an efficient and persistent reloading of the potential strain energy surounding the asperities.
In some cases like the San Andreas Fault, tectonic loading might be sufficient to explain the periodicity of the
repeaters in particular when asperities are sufficiently small [Lengliné and Marsan, 2009]. Fast repetitive rup-
tures, possibly faster than the tectonic loading, are generally explained by a slow and aseismic slip of the fault
area surrounding the asperity [Igarashi et al., 2003; Bourouis and Bernard, 2007; Chen and Lapusta, 2009]. They
are also related to the limited relaxation of the strain energy during previous events owing to small stress drop
related to a ductile regime [Amitrano, 2003].

The physical processes involved in repeating earthquakes are based on velocity strengthening friction of the
fault [Dieterich, 1978; Perfettini et al., 2001, 2003] or the equivalent brittle creep rheology of the surrounding
fault zone [Perfettini and Avouac, 2004; Perfettini and Ampuero, 2008]. These mechanisms lead to a logarith-
mic relationship between shear stress and fault slip rate which is responsible for a nonlinear recurrence time
of repeating earthquakes (e.g., Perfettini et al. [2003] for the variability of the fault response to a stress per-
turbation). The physical link between creeping rheology and repeating earthquakes was first established for
aftershock sequences and postseismic slip [Schaff et al., 1998]. In this case of a sudden change in the stress
conditions, the recurrence time T, is expected to increase as 1/t with the postseismic time t. During foreshock
sequences, repeaters are shown to emerge at an increasing rate, in connection with accelerating nucleation
processes [Bouchon et al., 2011; Kato et al., 2012; Bouchon et al., 2013; Meng et al., 2015]. Creep is also pro-
posed to be responsible for time-evolving repeaters related to induced seismicity [Bourouis and Bernard, 2007;
Lengliné et al., 2014]. On the contrary, for steady state loading (i.e., constant loading velocity), the recurrence
time T, is expected to be rather constant and averageable over time: T,. In doing so, several observations
related to repeating earthquakes are shown to be consistent with long-term creeping rheology of the fault
zone [Nadeau and Johnson, 1998; Chen et al., 2007; Chen and Lapusta, 2009; Lengliné and Marsan, 2009].
In particular, the recurrence time of repeating earthquakes is shown to follow a specific statistics: 7, ~ M;/G
where M, is the seismic moment [Chen et al., 2007]. Since M, = uAAu, where y is the rigidity, A the rupture
area, and Au the average seismic slip; changing the rupture area A or the amount of slip Au is expected to
have a direct effect on the recurrence time T,.
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As suggested above, there are empirically two classes of repeating events according to their recurrence times.
On the one hand, there are transient repeaters for which the repeating time is typically short and evolving in
time, increasing during the nucleation phase of large events or decreasing during the postseismic period. The
second type of repeating earthquakes, i.e., the long-lasting repeaters, exhibit quasi-stable repeating times and
a limited range of magnitudes. On large faults where significant aseismic slip is expected to occur (including
aseismic slip variations), both classes might coexist leading to a mix of transient and long-lasting repeaters.
One open question is to know if these two families of repeating earthquakes show specific properties or if
they are similar but the results of different loading conditions, i.e., transient or constant loading. It would allow
to discriminate between transient dynamics of large earthquakes (nucleation or postseismic response) and
ongoing constant overall tectonic loading of the fault zone.

In this study we focus on the western part of the North Anatolian Fault (NAF) and more precisely on the Main
Marmara Fault (MMF) located below the Sea of Marmara. Recently, Schmittbuhl et al. [2016] concluded from the
high-resolution analysis of the recent seismicity that the western part of the fault, i.e., the Central Basin, was
hosting a significant creeping zone. Indeed, seismicity has been shown to extend significantly below the lock-
ing depth of this region which has been measured as very shallow by Ergintav et al. [2014]. This region of the
MMF also hosts moderate earthquakes (M > 4). Accordingly, it is a unique example of a strike-slip fault zone
with a major seismic gap where transient and long-lasting repeaters might coexist.

2. Material and Methods

2.1. Waveform Database

The recent seismicity (between 2007 and 2012) around the Marmara Sea has been described in detail
in Schmittbuhl et al. [2016]. The study was based on an extended regional network of 132 stations. It
included broadband stations operated by KOERI (Kandilli Observatory and Earthquake Research Institute)
and MAM-TUBITAK (the scientific and technological research council of Turkey), the short-period CINNET sta-
tions supported by ANR (the French national research agency), stations installed during the european REAKT
project by KOERI, the permanent cabled KOERI OBS stations, and the temporary OBS stations from IFREMER
(French research institute for exploitation of the sea). Locations of events are obtained initially using
HYPOCENTER code [Lienert and Havskov, 1995; Havskov and Ottemoller, 1999] assuming a 1-D velocity model
for the Marmara basin [Karabulut et al., 2011] and including station delays estimated from the VELEST software
[Kissling et al., 19941. A second step is performed using HYPODD software [Waldhauser and Ellsworth, 2000] to
get relative locations [Schmittbuhl et al., 2016]. The database we used here consists of the event waveforms of
this seismicity catalog from 2008 to 2012 and extended up to 2015.

2.2. Multiplet Identification From the Regional Catalog

We searched for repeating earthquakes in the regional seismicity catalog of the MMF using a multi-
plet analysis [Waldhauser and Ellsworth, 2002]. We used the GISMO toolbox (http://www.giseis.alaska.edu/
Seis/EQ/tools/GISMOY/) for computing dendrogram-type hierarchical clustering of event families. Windows of
15 sfor both vertical and horizontal components (starting 1 s before P arrival and filtered between 1 and 10 Hz)
were introduced to compute the correlations. They are sufficiently long to include all main bulk phase arrivals
(P, S, reflected, and converted phases) plus surface waves and a significant part of the coda (see Figure 1 and
supporting information Figure S1). Accordingly, events within each multiplet all have similar phases including
scattered waves. The second important parameter for setting up multiplets is the threshold for the maximum
of the correlation coefficient between pairs of tested waveforms. We use a threshold of 0.9 meaning that the
maximum correlation coefficient between waveforms belonging to a given event cluster or multiplet is larger
than 0.9. The correlation coefficient is, however, mostly sensitive to larger amplitudes of shear waves and sur-
face waves. Using this very selective procedure first on station SLVM and then other available stations close to
the fault (OBS3, MARM, etc.), we obtained only nine clusters of events that show occurrences at least for three
consecutive years during the 2008-2015 period (see Figure S1 and Table S1). As an example of the selected
clusters, EW component waveforms of cluster #1 recorded at station SLVM are shown in Figure 1. Absolute
locations of each cluster were defined from the best located event of the cluster (see Figure 2 and Table S1).
We see that geographical locations of events are concentrated within the Central Basin of the MMF in a very
narrow region (~10 km along strike). To complete the set of occurrences of each multiplet obtained from the
regional catalog, we performed a template search on the continuous waveform database of specific stations
[Lengliné et al., 2016] (see Text S1).
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Figure 1. Waveforms of a repeater detected at station SLVM (repeater #1 in Table S1) and located in the Central Basin
of the Marmara Sea. Traces of the EW component of the ground velocity are normalized with the maximum amplitude of
the waveform. The figure is a zoom on the waveforms around the S arrivals. The origin times of the events are shown

on the left with the moment magnitude.

3. Repeater Sources

A central issue is to know whether these multiplets, i.e., repeated waveforms at specific stations, are the results
of repetitive ruptures of the same asperities along the fault zone, i.e., repeating events or repeaters. The con-
sequence of having repeating events is very important in terms of fault mechanics since it requires a fast
healing of the specific fault zone, a possible fast reloading compared to tectonic loading, and a reproducible

| I | | | | | | I
] SLVI
. A
41.2° s
3 A
41" -
] ML
40.8" A “ = — O30
] Pt - a CeB! O 20
] DM »
] - A Marmara Island o 1.0
40.6°
3 MT
L e
1 T
g /*'\,//\l “ "ézﬂ ad
40.4°
1 \/\ 2 -
1 s
SEREER SEEES T G T T T S By

27" 272" 274 276" 278 28° 28.2° 284°

294° 296

Figure 2. Location of repeating events in the Marmara sea during the period 2008-2015 (7.3 years) (in red). Basins along the MMF are from west to east:
Tekirdag Basin (TB), Central Basin (CeB), Kumburgaz Basin (KB), and Cinarcik Basin (CB). Locations of permanent OBS from KOERI are indicated by yellow triangles
(operated in 2011-2012). Close regional stations are plotted with blue triangles. Our analysis focuses on waveforms from OBS3 and station SLVM (green triangle)
which is one of the closest land stations with the best recovery rate during the studied period. Small black triangles show locations of other regional seismic
stations. Traces of faults in black are from Emre et al. [2013]. The focal mechanism in red is that of cluster #4 (see Table S1 and Figure S2).
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strength of the asperity. Addressing this question is a difficult task for the Central Basin of the MMF since,
on the one hand, long-term stations are rather remotely distributed inland (~25 km from the fault) with a
poor azimuthal distribution and, on the other hand, local OBS stations are sparse and only shortly deployed
(maximum 2 years for the four permanent OBSs). We therefore study the details of the sources of the identified
multiplets: focal mechanisms to check their compatibility with the strike-slip behavior of the MMF, improved
locations to estimate possible overlaps of the rupture zones and their relative positions with respect to the
seismogenic zone, spectral analysis for estimating moments, and corner frequencies to characterize rupture
sizes and stress drops.

3.1. Focal Mechanism

The knowledge of the focal mechanism of the events of the multiplets is important to evaluate if they are
attached to the main strike-slip fault zone (MMF) or to secondary normal faults related to the basin architec-
ture. The difficulty is that events belonging to the identified multiplets are typically small (with magnitudes
between 1 and 2), deep (8 to 15 km), and recorded by only a limited number of stations. Accordingly, individ-
ual focal mechanisms are obtained with a poor accuracy. To overcome this difficulty, we computed composite
mechanisms for each cluster using the polarity pickings of all available stations [Snoke et al., 1984]. An example
of composite focal mechanism for cluster #4 is shown in Figures 2 and S2. It is based on the polarity pickings
from 62 stations and 5 events of the cluster. The inverted focal mechanism shows an almost pure strike-slip
mechanism with an east-west strike consistent with the MMF in this region.

3.2. Improved Locations

Table S1 shows the minimum and maximum intercluster distances defined as the straight 3-D distance
between the absolute location of the best located events of each cluster. From the maximum intercluster dis-
tance, we see that all clusters are within a zone of about 13 km (7 km in horizontal distance). The minimum
distances between clusters are of the order of the location resolution (1 km). As a consequence, we con-
clude that clusters have a spatial spreading (10 km) much larger than the related rupture sizes of the events.
Therefore, we cannot evaluate from absolute locations whether some of the clusters are colocated or not.

Within each cluster, absolute locations of the events show good geographical colocations but poor resolu-
tion in depth, in particular for very small events (M, < 1.5) with a very limited number of picks. To overcome
these location ambiguities, we employ two approaches: The first one is based on the identification of con-
verted waves related to the basin geometry, and the second relies on time stretching between seismic phases
including coda interferometry.

3.2.1. Converted Waves at the Sedimentary Basin Floor

A critical question is the depth of the repeaters. Indeed, it is important to know whether they are located within
the seismogenic zone or not. Since the majority of the events within the nine multiplets have magnitudes
less than 2 and are recorded by only a few stations, conventional location estimates exhibit large errors. In
order to show that the repeaters are taking place at depths below the Marmara sedimentary basin (i.e., below
6 km), we interpret secondary phases observed in the OBS recordings of the vertical component waveforms
(see Figure S1). Events of Figure S1 have been chosen for their large S/N ratio. They have different waveforms
and are aligned on the P arrivals. S arrivals are clearly visible, and S-P times are in the range [3-4 s]. However,
in between, clear arrivals emerge following the direct P arrival (~1.5 s later). These secondary phases have
an amplitude larger than P arrivals suggesting that they are not simple P reflections (PwP) at the sea surface
(their amplitude would then be equal to or smaller than the P arrivals). We interpret these arrivals to be S-to-P
(S/P) and P-to-S (P/S) converted waves at the bottom of the sedimentary basin with a larger magnitude than
the Parrivals. To support the interpretation we computed the traveltime/distance curves for a source at 13 km
depth using a simple three-layer model: a layer for the basement and a layer for the 6 km sediments overlaid
by a sea water layer of 1.2 km thickness (see Figure S3). We see that observed S/Pand P/S and S arrival times are
very consistent with computed ones for epicentral distances in the range [6-14 km]. The similarity of arrival
times suggests that converted waves might have constructive interferences with reflected waves from the
surface of the sea (PwP). Observing converted arrivals for all clusters suggests that they are all located below
the sedimentary basin in the seismogenic zone of the MMF which is consistent with the absolute locations of
the best located event of each multiplet except for cluster #7 (see Table S1).

3.2.2. Waveform Stretching

To getinformation about the relative locations of each occurrence of a given multiplet, we studied the possible
stretching of the similar waveforms. This technique is often used in coda wave interferometry to measure small
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changes in wave velocities [Snieder et al., 2002]. Here we use the same technique but for a different purpose:
to compare the relative arrival times of each phase for different occurrences of events [Bouchon et al., 2011].
More specifically, we compare all pairs of events recorded at station SLVM by computing the cross-correlation
function using the same 2 s moving window along both waveforms after aligning unfiltered waveforms in
time on the S arrival (Figure S4). The correlation coefficient is close to 1 for the S phase and stays very high
all along the coda wave (during more than 7 s). Interestingly, the time shift at the maximum of correlation
is very small, i.e., of the order of +1 time sample which is 0.01 s. This time shift is shown to be constant and
not increasing with time. Similar observations are obtained from the waveforms of the same cluster recorded
at other stations (MARM and OBS3). Indeed, no stretching, even in the coda, is observed for different station
azimuths. Consequently, the analysis shows that there are strong overlaps of the source areas and very limited
perturbations of the surrounding medium during the occurrences of each multiplet. Using the formulation
of Snieder and Vrijlandt [2005] which relates the relative positions of the sources §, the average shear velocity
B~ 3500 m/s, and the variance of the time shifts 6, ~ 0.01s,as 5° ~ 3 62 - 2, we obtain an estimate of the
source position fluctuations: 5 ~ 100 m. It confirms that multiplet sources are colocated within a zone of a
hundred meters.

3.3. Spectral Analysis

Spectral analysis of the displacement waveforms typically provides interesting features of the seismic source
when a simple fault model is assumed [Udias et al., 2014]. Here since the events are small and recorded at
large distances, i.e., in far-field conditions, we based our analysis on the extended fault model of Madariaga
[1976] and the spectrum model of Boatwright [1978] (see supporting information: Text S2 and Figure S5). The
model predicts a link between the source dimension a and the corner frequency f, as follows: f, = 0.21p,/a
for a rupture velocity v = 0.94 and a P/S velocity ratio a/f = 1.73. We measured the attenuation factor to be
Q = 200 and the source radius a =~ 60 — 120 m. Details of the estimated parameters for each cluster are given
in Table S2. Our observations from spectral analysis suggest that the rupture size of all events within a multi-
plet are similar and of the order of 100 m. From coda wave interferometry, we see that position fluctuations
are of the order of the same size of 100 m. These results lead to the conclusion that the observed mutiplets,
i.e., repeated waveforms, are repeating events (or repeaters) on the same fault asperity. They are shown to
be on the MMF with a pure strike-slip mechanism within the seismogenic zone below the Marmara sedi-
mentary basin. The repeating time of these events is then expected to be a signature of the in situ behavior
of the fault.

4, Transient and Long-Lasting Repeaters

4.1. Repeater History

Figure 3 shows the timing of the occurrences of the nine identified repeaters (Table S1) in the Central Basin
between 2008 and 2015 (7.26 years). The figure also includes a description of their moment magnitude M,,
estimated from the spectrum of each event. As a guideline, we added the dates of the large regional earth-
quakes (M, > 4). Several important qualitative observations can be deduced from this figure. First there are
typically 11 occurrences for each repeater during the period which provides an estimate of their recurrence
time: ~8 months. Second, these occurrences are typically independent of regional earthquakes. There are,
however, clear signatures of time interactions and synchronization between clusters. Third, each major occur-
rence can include a short-term sequence (superimposed circles) with similar or variable magnitudes. Forth,
magnitudes of events within a repeater are small and quasi-constant but still showing some fluctuations
through time. In conclusion, there are two clocks in this system: a short-term clock, a priori attached to clus-
tering effects within a few days and probably related to periods of fast loading, and a long-term clock of the
order of 8 months which translates into an apparent periodicity of the repeater triggering.

4.2, Recurrence Time Distribution

To be more precise about the internal clock of repeaters, we computed the distribution of the recurrence
times of all repeaters (Figure 4). The main part of the figure shows the distribution for long recurrence times
in years. The coefficient of variation (COV) for the long-term recurrences of each cluster is given in Table S1. It
is shown to be smaller than 1 for all clusters which is a signature of a significant periodicity. A Poisson distri-
bution P(k) = Ake~*/k! for an average number of occurrences, 4 = 11.4, within the 7.26 year time window of
Figure 4, provides an estimate of the periodicity of the long-term clock of the repeaters when they are taken
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Figure 3. (top) Time sequence for each repeater in days from 1 January 2008. The symbol size is a function of the event magnitude. Vertical dotted lines
correspond to occurrences of large regional events (M > 4 with a source location longitude in the range [27.5°-28.5°]; the M,, magnitude of each event is added
on the top of the line). (bottom) With color lines, cumulative slip history of each cluster during the period 2008-2015. Individual slips are estimated from the
moment magnitude M, and the corner frequency f, derived from the displacement spectrum recorded at station SLVM (see Table S2). The thick black line is the
sum of the slips from all clusters assuming they are the response of a single asperity. The thin dotted line is the geodetic slip rate of 23 mm/yr.

as a single ensemble: 7.6 months. It confirms the direct estimate obtained from Figure 3. At short time scale,
the inset of Figure 4 provides a detail of the distribution for hourly recurrence times. The distribution shows a
power law behavior of recurrence times that has the hallmark of an Omori’s law including postseismic relax-
ation [Perfettini and Avouac, 2004]. At very short recurrence times, lower than a few minutes, it is expected
that we miss events owing to overlapping. In summary, the recurrence time distribution clearly confirms the
dual internal clock of repeaters: temporary sequences of events strongly clustered within a few hours and
persistent occurrences with a long-term periodicity of 7.6 months.
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Figure 4. Distribution of the recurrence times for all occurrences of the nine repeaters. The main curve shows
the long recurrence time distribution in years. The red dotted line is a Poisson distribution for a periodicity of 0.64 year,
i.e,, 7.6 months. The inset is a focus on the short recurrence times in minutes. It is fitted by a power law (with an

exponent 0.4) as an Omori's decay (black dotted line).
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5. Cumulative Slip Estimate

From the spectral analysis of the waveforms, we deduced seismic moments M, and corner frequencies which
set the source radii of each event. Using Madariaga’s model [Udias et al., 2014] it is also possible to estimate two
major mechanical parameters of the repeaters: the induced slip Au and the rupture stress drop Ac. Indeed, it
is expected that Au = M,/ ua? where u is the shear modulus and Ac = 7M,/16a3. From shear wave velocity
measurements, we deduced that u = 35 GPa [Schmittbuhl et al., 2016]. Table S2 summarizes the averaged slip
(Au) and averaged stress drop (Ac) for each repeater when averaging over all occurrences for each repeater.
We observed that the stress drops are rather low suggesting that the stress released by the successive ruptures
in each repeater is far from being total. This is consistent with a fast reloading of the repeater asperity.

Figure 3 also presents the cumulative slip history of each repeater with color lines which can be compared
to the geodetic rate of 23 mm/yr. We observe that slip rates of repeaters are rather continuous and small
(typically 10 times smaller) but not negligible compared to the geodetic rate as suggested by the slip averages
reported in Table S2. It confirms that each repeater has a persistent contribution to the slip response of the
fault suggesting that a permanent creep process is at play around the repeater zone.

A surprising result is that when summing all individual slip histories of the identified repeaters, the total slip
rate is observed to be very consistent with the geodetic rate. We cannot decipher if this is a coincidence or the
signature of an unexpected collective behavior of the repeaters. In this case, it would suggest that the nine
repeaters we observed are the signature of the shearing of a single large asperity of a multikilometer scale.
The simultaneous occurrences of the different repeaters would then be the different modes of slip of the same
asperity. In other words, each occurrence of the repeaters is the signature of the slip of the whole asperity,
seismically where the repeater is activated and aseismically everywhere else. The significant time correlations
observed in Figure 3 are consistent with such a scenario.

6. Conclusions

From the seismic monitoring of the Central Basin of the Marmara sea, we extracted nine clusters of very similar
events. An important common property of these multiplets is that they exhibit high correlations over a very
long time window (compared to their total duration). In other terms, all the phases including direct arrivals,
converted phases, and codas are extremely similar. Their focal mechanisms are shown to be very consistent
with the strike-slip context of the MMF. Interestingly, converted waves at the bottom of the basin confirm the
deep absolute location of this set of rather small events (M,, in the range [1-2.5]). Using waveform stretch-
ing technique of coda wave interferometry, we concluded that events of each cluster are colocated within a
few hundreds of meters. The spectral analysis provides overall mechanical properties of the events: a rupture
area of the order of 100 m with a small stress drop (about 10 bars). Small stress drops and the independence
from regional large earthquakes suggest that the region is in ductile regime with a high stress level. This is
also consistent with the regional complexity of the fault and the presence of extended earthquake swarms
[Schmittbuhl et al., 2016]. All these observations show that these multiplets are seismic repeaters along the
NAF. The detailed analysis of the timing of the repeater occurrences provides evidences that two internal
clocks are involved: a short time scale of few hours related to intermittent sequences of aftershock-like events
possibly related to postseismic relaxation and a long time scale of 7.6 months of quasiperiodic occurrences
related to bursts of creep. The cumulative slip of each repeater is shown to be small but significant com-
pared to the geodetic slip rate. Surprisingly, the total cumulative slip rate of all repeaters is consistent with the
23 mm/yr geodetic rate. It suggests that all repeaters belong to the same 10 km large asperity and are mul-
tiple responses of its overall slip. It confirms that a significant part of this region is undergoing an important
creep as suggested from the recent seismicity analysis of Schmittbuhl et al. [2016].
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