
1. Introduction
The North Anatolian continental transform Fault Zone (NAFZ) bounds the Anatolian and Eurasian plates over a 
distance of about 1,500 km between the Karliova triple junction in the east and the Northern Aegean in the west 
(e.g., A. A. Barka, 1992; Bohnhoff et al., 2016; Sengör et al., 2005; Figure 1). The NAFZ reflects the westward 
movement of Anatolia and evolved in the framework of the northward moving Arabian plate in the east and the 
southward pull due to slab-rollback of the Hellenic Subduction Zone (HSZ) in the west (Bohnhoff et al., 2005; 
Bulut et al., 2012; Flerit et al., 2004; Le Pichon et al., 2016). The Main Marmara Fault (MMF) is the offshore part 
of the NAFZ in the Sea of Marmara and constitutes a seismic gap in direct vicinity to the 15-million population 
center of Istanbul that ruptured last in 1766 in a M ∼ 7.4 event.

From studies of historical catalogs the estimated return period of a M > 7 event in this region is on the order of 
250 years (Bohnhoff et al., 2016; Murru et al., 2016; Parsons, 2004). All other segments of the NAFZ ruptured 
during the 20 th century. The sequence initiated with the 1912 Mw 7.4 Ganos event west of the Sea of Marmara and 
then continued with a westward migration of M > 7 events starting in 1939 in the East with the Mw 8.0 Erzincan 
earthquake and terminated in 1999 with the Mw 7.4 Izmit and Mw 7.1 Düzce events immediately east of the MMF 
(e.g., A. Barka et al., 2002; Reilinger et al., 2000; Stein et al., 1997; Figure 1). The question whether the overdue 
MMF is completely locked or partly creeping has significant consequences for the maximum expected magni-
tude and rupture dynamics (directivity toward or away from Istanbul) of a pending large earthquake. This largely 
defines the seismic hazard and subsequent risk threatening Istanbul.
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repeaters, repeatedly activated brittle fault patches surrounded by creep, indicate steady-state creep that affects 
the amount of seismic energy available for the next large earthquake along a plate contact. The offshore Main 
Marmara Fault (MMF) of the North Anatolian Fault Zone represents a seismic gap capable of generating a 
M > 7 earthquake in direct vicinity to the mega-city Istanbul. Based on a newly compiled seismicity catalog, we 
identify repeating earthquakes to resolve the spatial creep variability along the MMF during a 15-year period. 
We observe a maximum of seismic repeaters indicating creep along the central and western MMF segments 
tapering off toward the locked onshore Ganos fault in the west, and the locked offshore Princes Islands segment 
immediately south of Istanbul in the east. This indicates a high degree of spatial creep variability along the 
Istanbul-Marmara seismic gap.
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of Istanbul lies the contact between the Eurasian and the Anatolian plates, the so-called Main Marmara Fault 
(MMF). This plate contact did not rupture for a long time and thus a large magnitude event is expected here. We 
observe a large number of earthquake repeaters in the western offshore part of the MMF while no earthquake 
repeaters are found toward the east south of Istanbul or onshore toward the west. These areas seem to be locked 
and might accumulate deformation for a future large earthquake. The zones in between show an intermediate 
behavior with fewer earthquake repeaters indicating less creep. These results are important for the seismic risk 
and hazard assessment for the mega-city of Istanbul.
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Offshore geodetic studies identified significant creep at the Western High segment of the MMF (Yamamoto 
et al., 2019) while a comparable study by Lange et al. (2019) west of Istanbul identified a locked plate contact. 
Onshore geodetic studies suggested a locked Ganos fault toward the west of the MMF and confirmed a locked 
status of the offshore Princes Islands segment immediately south of Istanbul (Ergintav et al., 2014) as proposed 
earlier based on absence of microseismicity (Bohnhoff et al., 2013). The presence of creeping sections is often 
explained by weak material on the faults' principal slip surface, for example, fault gauge and/or the existence of 
serpentinite (e.g., Kaduri et al., 2016; Moore & Lockner, 2013). Along-fault variation of creeping or locked fault 
segments may also originate from lower crustal/upper mantle structure and mechanics (see e.g., Avouac, 2015). 
For the MMF it has been suggested that a decoupling of mechanically weaker crustal domains from the mantle is 
responsible for the creeping sections (Gholamrezaie et al., 2021).

The occurrence of repeating earthquakes (in the following termed “repeaters”) represents re-activation of the same fault 
patch in quasi-periodic co-located events with the same source mechanism and comparable magnitude. Repeaters are 
generally interpreted as an indication for fault creep (Liu et al., 2022; Poupinet et al., 1984; Uchida & Bürgmann, 2019). 
They present the brittle failure of asperities surrounded by creeping areas where the asperities occupy only a small 
fraction of the overall fault plane. If fault creep accommodates a substantial fraction of the large-scale plate motion 
during the interseismic cycle, then the amount of elastic energy available for a future large earthquake decreases and 
a rupture initiation within this area is less likely (Harris, 2017). Along the western part of the MMF below the Central 
Basin and at the Western High (Figure 1), earlier studies identified several repeating earthquake sequences of different 
characteristics (Bohnhoff, Wollin, et al., 2017; Schmittbuhl et al., 2016; Uchida et al., 2019; Figure 1b). These studies 
found either repeater sequences with up to three events along the MMF using strict criteria investigating the time inter-
vals from 2006 to 2010 (Bohnhoff, Wollin, et al., 2017) and 2005–2013 (Uchida et al., 2019), respectively, or simi-
lar events concentrated mainly on the Central Basin region investigating the time interval 2008–2015 (Schmittbuhl 
et al., 2016). In this study, we systematically search for repeating earthquakes utilizing a novel high-quality seismicity 
catalog consistently covering the entire Marmara region over a 15-year time period.

2. Data and Methods
2.1. Earthquake Data

We generated a newly assembled consistent regional earthquake catalog for the Marmara region spanning 15 years 
(1 January 2006–31 December 2020, black dots in Figure 1d) by extending the catalog of Wollin et al. (2018) 
until the end of 2020. A total of 59,714 P-wave picks and 35,966 S-wave picks were detected for the 4,327 new 
events with local magnitudes (ML) between ML 0.5 and ML 5.7 (Text S1 in Supporting Information S1). Together 
with the already available 121,740 P-wave and 68,606 S-wave picks and subsequently derived 9,485 events for the 
time period 2006–2015 (Wollin et al., 2018) this led to a newly compiled seismicity catalog for the time period 
2006–2020, composed of 13,812 unique events to be used for consistent repeater search (Becker et al., 2023). All 
these events were newly located using the NLLoc software (Lomax et al., 2000, 2009) using Octtree search mode 
(see Figures S1–S3 in Supporting Information S1 for velocity model and location uncertainties).

2.2. Repeater Identification

To identify potential repeating earthquakes along the MMF, we divided the fault trace into seven overlapping 
sections (Figure 1d). In addition, we investigated two further fault sections off the MMF with pronounced seismicity 
at the Armutlu Peninsula (AP) and in the Gulf of Gemlik (GG) for comparison (Figure 1d). We defined events as 
belonging to a repeater sequence if there is at least one other event in the sequence with which they share a minimum 
of three normalized cross correlation coefficients >0.9 calculated over the complete P- and S-wave train filtered 
between 2 and 20 Hz and if the time separation between the first and last sequence member is longer than 1 year. 
No a priori constraint for the magnitude difference is applied. For details see Text S2 in Supporting Information S1.

To determine whether the identified repeater events ruptured the same fault patch, we perform a relative reloca-
tion of events belonging to the same repeater sequence using hypoDD (Waldhauser & Ellsworth, 2000) employ-
ing cross correlation and catalog time differences (Text S2 in Supporting Information S1). The median formal 
errors of the successfully located events are 11, 13 and 47 m in longitude, latitude and depth, respectively. As 
we expect the faulting style of most of the events to be in conjunction with the MMF (right-lateral near vertical 
EW-striking fault plane), we assumed a vertical rupture orientation in the x–z-plane.We calculated rupture areas of 
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the individual repeater events based on the Brune model (Brune, 1970), the Madariaga model (Madariaga, 1976) 
and an empirical relationship between moment magnitude and rupture area for crustal earthquakes (Bohnhoff 
et al., 2010, their Table 1, see also Text S2 in Supporting Information S1) and visualized the overlap by centering 
them around the successfully relocated hypocenters. All models resulted in rupture radii significantly larger than 

Figure 1.
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the hypocentral separation of the relocated events, indicating a significant overlap of the respective rupture areas 
of individual repeaters of a sequence and thus a repeated activation of the same respective fault patch (for an 
example of a repeater sequence see Figure 2). This is an important characteristic supporting that these sequences 
are indeed representing repeating earthquakes (e.g., Ellsworth, 1995; Waldhauser & Schaff, 2021).

3. Results
3.1. Identified Repeater Sequences

We identify 30 earthquake repeater sequences with a total of 101 individual events in the magnitude range [1.7–
3.5] and a median value of M2.6 along the MMF (Figure 1d, Table S1 in Supporting Information S1). In addi-
tion, we identify an even larger number of “burst-type” similar event sequences with an activity period <1 year 
along the entire MMF that we do not include in the repeater analysis (Text S2 and Figure S4 in Supporting 
Information S1). The number of repeaters comprising the sequences ranges from 2 to 9. The repeater sequence 
centroids closely follow the mapped seafloor trace of the MMF suggesting that they are reflecting fault creep 
on the main NAFZ branch. Out of the 30 repeater sequences, 17 contain only two members. However, a total 
of 13 larger sequences are observed, of which 4, 2, and 2 sequences contain 5, 7, and 9 repeater events, respec-
tively. Due to lack of common recording stations for some sequence members and limited signal-to-noise ratios 
for several events, we were only able to perform a successful hypoDD relative relocation for 18 out of the 30 
repeater sequences. We were able to relocate all sequences with five or more members although some events 
were lost during the relocation procedure due to insufficient linkage. The obtained relative relocations of repeater 
sequences indicate a high spatial proximity of the event members comprising the repeater sequences with a 
median hypocentral offset of <50 m from the respective repeater sequence centroid (e.g., see Figures 2b–2d). 
For the other 12 sequences we were able to verify the rupture area overlap by applying the DTDD relative event 
relocation technique (Gao et al., 2021; see Text S2 and Figures S5–S8 in Supporting Information S1).

3.2. Spatial Distribution of Repeater Sequences

Strikingly, nearly all the repeater sequences occur along the western portion of the MMF, with 13 sequences 
located in the Central Basin, and seven sequences each in the Western High and the Tekirdağ Basin (Figure 3). 
Toward the east, only three repeater sequences were identified, all of which are located in the Kumburgaz Basin 
(and none along the Princes Islands segment which is considered to be locked). Sequences with four or more 
members are exclusively found in the Central Basin and Western High (Figure 3). At the AP and GG sections 
three sequences fulfilling the repeater criteria were found. Two of them are spatially linked with a known mining 
area; they could likely belong to quarry blast events.

For the areas in the western part of the MMF where earthquake repeaters were reported earlier (Bohnhoff, 
Wollin, et al., 2017; Schmittbuhl et al., 2016; Uchida et al., 2019), the completeness magnitude is time depend-
ent (Figure  3), with progressively smaller completeness magnitude, Mc, with time due to network geometry 
improvements. This indicates that some repeater sequences or sequence members might have remained unde-
tected during earlier times. Although we did not require a homogeneity of the repeater magnitudes a priori, most 
of the sequences show very comparable magnitudes amongst their members.

Figure 1. Seismicity and mapped surface fault traces in the Marmara region. (a) Rupture traces of the Mw 7.4 1912 Ganos (magenta) and the Mw 7.4 1999 Izmit 
earthquakes (cyan), their disputed termination (dotted lines), and the Main Marmara Fault (MMF) representing an overdue seismic gap (red line). Seismicity with 
M > 4.5 since 1922 included in KOERI catalog (Kandilli Observatory and Earthquake Research Institute, 2022) and all seismicity reported by the ISC-GEM catalog 
between 1964 and 2018 (Di Giacomo et al., 2018; International Seismological Centre, 2022; Storchak et al., 2013, 2015) are indicated by white and black circles, 
respectively. Yellow stars show historic seismicity during the last 2,000 years according to Ambraseys (2002). (b) Repeater sequence centroids previously identified 
along the Western part of the MMF (Bohnhoff, Wollin, et al., 2017; Schmittbuhl et al., 2016; Uchida et al., 2019) indicated by blue triangles, green circles and red 
pentagrams, respectively. Depicted region is indicated by gray rectangle in subfigure (a). (c) Plate tectonic setting and GPS-derived velocities relative to stable Eurasia 
(Reilinger et al., 2006). Small gray rectangle indicates location of subfigure (a). (d) Map of the study region with events of the newly derived earthquake catalog (black 
dots), subregions for repeater identification (dashed rectangles) and centroids of repeater sequences reported here (red circles). Circle sizes scaled by the number of 
sequence members. White star identifies repeater sequence shown in Figure 2. Beachballs show fault plane solutions and corresponding epicenters of three events with 
Mw ≥ 5 during the study period (Global CMT Catalog, Ekström et al., 2012; Dziewonski et al., 1981). Triangles and inverted triangles indicate stations from different 
seismic networks used in this study: GF, GONAF Network; PZ, PIRES Network; KO, Kandilli Observatory Network; TU, Turkish National Seismic Network; TB, 
MRC Earth and Marine Sciences Network; TL, Armutlu Local Seismic Network. Subregions for repeater identification: TeB, Tekirdağ Basin; WH, Western High; CB, 
Central Basin; KB, Kumburgaz Basin; IW, Istanbul West; IE, Istanbul East; CE, Cinarcik East; AP, Armutlu Peninsula; GG, Gulf of Gemlik.
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3.3. Cumulative Seismic Slip

We estimate the cumulative seismic slip of a repeater sequence by summing up the contribution of each event, with 
magnitude Mi, in that sequence using an empirical slip-magnitude relation (Bohnhoff et al., 2010; their Table 1):

𝑠𝑠𝑖𝑖 = 10log10(4⋅10
−4)+0.5⋅𝑀𝑀𝑖𝑖 . (1)

To obtain a seismic slip rate (SR), we apply two different estimations. In the first, we divide the cumulative slip 
of all sequence members by the complete observation interval (ΔT) of 15 years:

SRa =

𝑁𝑁
∑

𝑖𝑖=1

𝑠𝑠𝑖𝑖

∆𝑇𝑇
.

 (2)

In the second, we divide the mean slip of the repeater events by the mean return period which is obtained by 
dividing the time interval of repeater activity ΔTr by the number of inter-event times N − 1 (see Equation 3 in 
Waldhauser & Schaff, 2021):

SRb =

𝑁𝑁
∑

𝑖𝑖=1

𝑠𝑠𝑖𝑖

∆𝑇𝑇𝑟𝑟 𝑁𝑁∕(𝑁𝑁 − 1)
.

 (3)

See Text S3 in Supporting Information S1 for additional information. Finally, we divide this seismic SR by the 
long-term geodetic SR of the NAFZ in the region of the MMF of 15 mm/a (Hergert & Heidbach, 2011; Reilinger 

Figure 2. Example of a repeater sequence. (a) Vertical-component waveforms filtered between 2 and 20 Hz at station SLVT 
(see Figure 1d for station and repeater location). (b–d) Map view and x–z and y–z cross sections, respectively, of relative 
relocations (red circles) and single event locations (black circles). (e) Estimated rupture areas for an assumed rupture surface 
on a vertical E–W trending fault using a Brune source model (red), Madariaga model (green) and an empirical model for 
crustal earthquakes (black). Black error bars indicate formal errors from hypoDD.



Geophysical Research Letters

BECKER ET AL.

10.1029/2022GL101471

6 of 10

et al., 2006) to obtain the fraction of creep, that is, the fraction of slip that is accommodated by creep in the area 
surrounding the respective repeater sequence. For the WH and CB sections, the maximum values of the fraction 
of creep reach nearly 50% when using Equation 3 (red circles in Figure 4a) and slightly less when using Equa-
tion 2 (black circles in Figure 4a). However, a considerable variability in the derived creep fraction is observed 
for repeater sequences in these regions. Laboratory (e.g., Summers & Byerlee, 1977) and modeling studies (e.g., 
Chen & Lapusta, 2009; Rubino et al., 2022) indicate that asperities can also show a creep-slip behavior with 
strain hardening alternating with seismic slip. In addition, it is also possible that creep and the corresponding 
repeater sequences take place on distinct subparallel strands as suggested for the San Andreas fault near Parkfield 
(Waldhauser et al., 2004). This might partly explain the scatter seen in Figure 4a for similar longitudinal posi-
tions. Another important parameter is the earthquake stress drop of the repeater events. Here, a constant stress 
drop of 3 MPa from ongoing studies in the region has been used. However, a variable stress drop would also alter 
our estimates of the seismic slip, with a doubling of the stress drop leading to a nearly 60% increase in slip, when 
other parameters are kept constant in a standard crack model (Uchida, 2019).

Toward the west (TeB) and east (KB) the derived fractions of creep are significantly smaller and do not exceed 
25%. This observation is in good accordance with a previously reported locked status of the onshore Ganos fault 
immediately to the west of the MMF (Motagh et al., 2007).

The depth distribution of repeaters (and the overall seismicity) in the Tekirdağ Basin (Figure 4c) agrees with 
a locking depth of about 7–10 km. Comparable repeater depths are also found in the Kumburgaz Basin. This 
agrees with locking depths suggested by geodetic modeling for the Tekirdağ Basin and the MMF segment 
east of 28.5°E (Yılmaz et  al.,  2022). In the interval 27.7°E−28.1°E along the MMF our results suggest 
the absence of plate locking at shallow depths in agreement with offshore geodetic studies (Yamamoto 
et al., 2019).

3.4. Transient Acceleration of Repeater Sequence in Response to a Nearby Mw 5.2 Earthquake

In the WH region we observe a nine-member sequence close to the hypocenter of the 25 July 2011 Mw 5.2 
event (Figures  1d and  3b). The recurrence period (Tri  =  ti+1  −  ti) of two consecutive member events i and 
i + 1 is modified by the occurrence of the nearby Mw 5.2 event (Figures 3b and 4a). Plotting the inverse of 

Figure 3. Magnitude-time distribution of repeater events along the Main Marmara Fault segments Tekirdağ Basin (a), 
Western High (b), Central Basin (c), and Kumburgaz Basin (d). Events belonging to the same sequence are plotted with 
the same color and connected by a line. Solid black and dashed dark and light gray lines indicate the maximum likelihood 
estimates of Mc for the investigated time periods and its 10th and 90th percentile, respectively, as obtained from a bootstrap 
Goodness-of-Fit approach (Wiemer & Wyss, 2000) for 80 consecutive events and 1,000 bootstrap runs. Light gray circles 
show local seismicity from our newly derived seismicity catalog, vertical red lines indicate the origin time of the 2011 Mw 5.2 
event in WH (b), the 2012 Mw 5.0 event in CB (c) and the 2019 Mw 5.7 event in KB (d), respectively. Black filling of repeater 
events in (b) and (c) indicates repeater events also identified by Uchida et al. (2019).
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the  recurrence period (1/Tri) of sequence members after the main shock over time in a log-log plot (Figure 4b) 
reveals a power law behavior with Tr ∼  t −0.97 where t is time after the occurrence of the Mw 5.2 event. This 
behavior was for example, also observed for repeater sequences after the Loma Prieta earthquake (Schaff 
et  al.,  1998) and in several other repeater sequences in California (Waldhauser & Schaff,  2021) or Japan 
(Uchida & Matsuzawa, 2013).

This observation could either be explained by afterslip of the Mw 5.2 event or postseismic deformation under a 
power-law rheology (Schaff et al., 1998). The rupture radius of the Mw 5.2 event is a few km and the overlap with 
the asperity associated with the repeater sequence is in the order of the location and fault patch uncertainty. Thus, 
the repeater sequence could lie either on the same fault as the main shock but in a sufficient lateral offset to not 
have been ruptured by the same, or the asperity lies on a different fault. Interestingly, two other nearby repeater 
sequences did not respond similarly to the Mw 5.2 event (Figure 3b). This might either indicate a high spatial 
variability of postseismic slip close to the Mw 5.2 event or that these asperities ruptured during the main event and 
did not experience a comparable postseismic deformation. The Mw 5.7 event in KB segment and the Mw 5.0 event 
in the CB segment did not produce any immediate activity in the repeater sequences (Figures 3c and 3d). In the 
former case this might be due to the reverse-faulting mechanism of the event or the larger distance of the repeater 
sequences (Figure 1d). In the latter case, a southward dipping plane with normal faulting component as possible 
fault-plane (Figure 1d) might indicate an event on a subsidiary fault accommodating some of the extensional 
dynamics in the Marmara Sea. It is thus possible, that this event did not occur on the main branch of the MMF 
where the repeater sequences might be located.

Figure 4. Longitudinal repeater variability along the Main Marmara Fault (MMF). (a) Along-fault (EW-trending) variation 
of the fraction of creep, with zero and one representing fully locked and creeping, respectively. Two estimates of the slip rate 
(SR) are shown: SRa (gray) and SRb (red) (see Equations 2 and 3). Longitude position of circles corresponds to the centroid 
of the repeater sequences and size scales with the number of sequence members. Red and gray diamonds indicate sequence 
responding to the nearby Mw 5.2 event. Black diamonds indicate locations of the Mw 5.2 event in 2011, the Mw 5.0 event in 
2012, and the Mw 5.7 event in 2019. Red and gray lines indicate the mean fraction of creep along the MMF within 0.15° bins 
as estimated following Equations 2 and 3, respectively. Blue line indicates the cumulative seismic moment estimated from 
the magnitudes of all repeater events within the respective 0.15° bin. The spatial extent of investigated sections is indicated 
at the top. (b) Log-log representation of inverse recurrence interval as a function of time after Mw 5.2 event for the repeater 
sequence that responded to the mainshock occurrence. The linear regression line (red) indicates a power law time decay with 
t −0.97. (c) Longitude-depth section of catalog events occurring in the repeater region. Gray circles indicate events with at least 
eight phase readings, rms ≤0.4s and major error-ellipsoid half axis ≤10 km from final NLLoc locations. Colored error bars 
indicate errors for repeater sequence members. Same color indicates same sequence. Black diamonds indicate positions of 
Mw ≥ 5 events as given in the Global CMT catalog (Dziewonski et al., 1981; Ekström et al., 2012).
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4. Discussion and Conclusions
The presence of creeping sections at transform faults tapering off toward locked segments and leading to spatial 
variability in the accumulated slip deficit has been observed for example, in California (Scott et al., 2020; Toké 
& Arrowsmith, 2006) and Sumatra (Tong et al., 2018). The transitional segments are capable of hosting interme-
diate magnitude earthquakes like the Parkfield sequence in California and are actively accumulating slip deficits 
(Scott et al., 2020; Toké & Arrowsmith, 2006). Thus, a creeping section moving at velocities smaller than the 
long-term tectonic SR might still accumulate strain energy that can be released in a future earthquake (Tong 
et al., 2018). In this sense, the novel identification of repeaters in the western portion of the MMF suggests a 
gradual tapering-off of creep from the Western High and Central Basin regions toward the east and west. While 
a considerable amount of relative plate motion along the MMF in the Western High and Central Basin is accom-
modated by creep (Figure 4a) and thus partly releasing strain energy, the MMF sections toward the west and 
east are likely fully locked. A future large earthquake will likely nucleate either in a completely locked region 
or in the transition region from creeping to locked segments of the fault (e.g., Chaussard et al., 2015; Uchida & 
Bürgmann, 2019). Rupture initiation on the transitional creeping segments would affect more strongly the nearest 
locked fault patches. For instance, rupture at the Tekirdağ creeping transition would most likely proceed west-
wards to rupture the Ganos fault and thus away from Istanbul. Vice versa a rupture initiation at the Kumburgaz 
basin creep transition would cause the rupture to propagate eastwards toward Istanbul generating subsequently 
higher seismic risk. Rupture initiation is also likely on the locked fault segments, that is, the onshore Ganos 
fault and the offshore MMF east of longitude 28.4, including the Princes Island segment immediately south of 
Istanbul. Finally, it is also possible for a rupture to jump onto the creeping section in the Central Basin and West-
ern High as a result of coseismic dynamic weakening (Noda & Lapusta, 2013) and release strain energy in the 
creeping section accumulated due to creep rates below the long-term tectonic SR. In that case, most of or even the 
entire current seismic gap would rupture in one single event reaching a magnitude of up to ∼Mw 7.4.

Data Availability Statement
The newly compiled earthquake catalog of the Marmara region presented in this study is available under https://
doi.org/10.5880/GFZ.4.2.2023.002. Waveform data used to create this catalog was acquired from the Turk-
ish National Seismic Network (Disaster and Emergency Management Authority,  1990), Kandili Observatory 
Network (Kandilli Observatory and Earthquake Research Institute, Boğaziçi University, 1971), Princes Island 
Network (GFZ Potsdam, BU-Kandilli, 2006), MRC Earth and Marine Sciences Network (TÜBITAK Marmara 
Research Center, 2016) and GONAF borehole permanent network (Bohnhoff, Dresen, et al., 2017). Data process-
ing, automatic phase picking and the creation of Figures 2–4 was done using Matlab (MATLAB, 2021). Single 
event earthquake localization was performed with version 7.0.0 of the NLLoc software available at http://alomax.
free.fr/nlloc/. Relative earthquake relocalization was performed with hypoDD which is freely available at https://
www.ldeo.columbia.edu/∼felixw/hypoDD.html. Figure  1 was created using Generic Mapping Tools (GMT) 
version 6 (Wessel et al., 2019a, 2019b).
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