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SUMMARY

The Main Marmara Fault (MMF) forms a major segment of the North Anatolian Fault Zone
(NAFZ) in northwestern Tiirkiye. The MMF represents a seismic gap with currently high
seismic hazard and associated risk for the Istanbul metropolitan area. Here we estimate the
seismic coupling defined as the ratio of the seismic strain rate to the tectonic strain rate, for the
MMF and adjacent NAFZ segments. This ratio indicates the fraction of total strain accumulated
with time that is released seismically. We compare the results of seismic strain rates and
coupling estimated from earthquakes included in historical and instrumental catalogues, which
allows us to identify fault segments that represent a considerable seismic threat during the
current seismic cycle. We find that along the main fault traces hosting the large events, seismic
strain rates from the historical catalogue are of the same order as the tectonic strain rates. In
contrast, coupling estimates based on seismic data from the instrumental catalogue covering
also off-fault areas, are up to 100 times smaller, highlighting that most of the seismic energy
is released in large earthquakes with recurrence times longer than the time covered by the
instrumental catalogue. Within the Sea of Marmara, a significant portion (48%) of shear strain
from the instrumental catalogue is currently being accommodated by seismic deformation.
Significant variations of the seismic coupling are observed before and after the 1999 M > 7
Izmit earthquake, highlighting the different contribution of aseismic slip over different portions
of the seismic cycle. A comparison of the temporal evolution of the 1999 Izmit and Diizce
post-seismic deformation with seismic strain rates shows that the largest seismic strain rates
coincide with the largest post-seismic deformation.

Key words: Earthquake interaction, forecasting and prediction; Seismicity and tectonics;
Transform faults; Seismic strain accumulation.

Hager 2005; Sieh et al. 2008). While interevent times and coseis-

I INTRODUCTION mic energy release (i.e. magnitude) can vary, in the long run the

During the interseismic period of the seismic cycle, locked faults
and their surroundings accumulate elastic strain. As first put for-
ward by Reid (1910), an earthquake may occur due to the sudden
release of elastic strain energy stored in response to tectonic load-
ing. Shear stresses on locked faults continuously increase, leading
to dynamic fault rupture and the occurrence of an earthquake once
the frictional strength of the fault is exceeded (Reid 1910; Thatcher
& Rundle 1979; Savage 1983; Cattin & Avouac 2000; Meade &

*Now at: Université Cote d’Azur, IRD, CNRS, Observatoire de la Cote
d’Azur, Géoazur.

average cumulative strain energy released by seismic and aseismic
slip along a fault and off-fault will amount to the total elastic strain
energy fed into the fault system and surroundings through tectonic
plate movement. Plate boundaries release energy across a broad
spectrum from seismic to slow and aseismic deformation (e.g. Peng
& Gomberg 2010). In addition, slip modes may differ over longer
timescales along the same fault branch due to geometrical com-
plexities, evolution of fault rocks, varying pore fluid pressures or
variations in the loading rate (e.g. McLaskey & Yamashita 2017,
Romanet ef al. 2018). The total strain rate from tectonic loading,
&1, may be expressed as the sum of the strain rate released seismi-
cally (&s), the strain rate released through aseismic slip (¢a5) and the

1982 © The Author(s) 2023. Published by Oxford University Press on behalf of The Royal Astronomical Society.
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elastic strain rate deforming the fault zone and surrounding crust
(&aco):

&1 = és + éas + éacc - (1

Seismic coupling has been defined as the ratio of the observed
seismic slip rate of a fault and the GPS-derived plate tectonic ve-
locities of the adjacent fault blocks (Pacheco et al. 1993; Scholz
& Campos 1995, 2012). Spatial variations of seismic coupling are
typically recovered for different fault segments or different areas
of subduction zones (e.g. Lindsey ef al. 2021). A key assump-
tion is that interseismic strain accumulation occurs at constant rate
and is entirely elastic (Scholz & Campos 2012). However, seismic
coupling may vary with time, as is found along simulated seismic
cycles in rock deformation experiments, where the seismic cou-
pling tends to increase or decrease as failure approaches, depend-
ing on structural fault properties such as roughness (Dresen et al.
2020).

Aseismic or slow deformation typically manifests as transients of
varying durations (Jolivet & Frank 2020) revealed by geodetic data.
Geodetic techniques such as Global Navigation Satellite System
(GNSS) and interferometric synthetic aperture radar (InSAR) allow
reliable and precise quantification of the interseismic surface dis-
placement. These techniques allow highlighting a fully or partially
locked state of a fault where adjacent wall rocks accumulate elastic
strain, or steady deformation occurring in the fault zone through
aseismic slip. However, for submarine fault segments, GNNS tech-
niques are limited due to absence of near-fault on-land stations and
InSAR cannot be applied. Seafloor geodetic measurements along
submarine faults are possible in general, but they are costly and
their resolution is limited (e.g. Lange ez al. 2019; Yamamoto et al.
2019). Therefore, detailed analysis of the elastic strain released seis-
mically and the subsequent quantification of the seismic coupling
is one of the few available options to quantify seismic and aseismic
slip.

To estimate seismic coupling, a seismicity catalogue covering
the entire seismic cycle of the fault is required. However, the in-
strumental period in seismology covers only about 120 yr and ma-
jor earthquakes typically have longer recurrence times (Ben-Zion
2008). Selected portions of the North Anatolian Fault Zone (NAFZ)
in Tuirkiye have an exceptionally complete history of records reflect-
ing the seismicity from the region due to its long settlement history,
dating back to 600 BC. Hence, a detailed spatio-temporal analysis
of the seismic coupling may help to identify which fault segments
are more prone to release a large proportion of seismic waves in an
earthquake.

We first estimate the seismic coupling along distinct segments
of the western NAFZ using an historical earthquake compilation of
the NAFZ covering 2300 yr (Bohnhoff et al. 2016a) and a more
detailed instrumental seismicity catalogue from KOERI' covering
the last 120 yr. We then analyse spatio-temporal variations of seis-
mic coupling, focusing on time periods before and after large local
earthquakes. Finally, we studied the temporal evolution of the seis-
mic strain rates along the combined 1999 [zmit-Diizce rupture and
compared it to the evolution of the post-seismic deformation after
the M > 7 earthquakes.

'Kandilli Observatory and Earthquake Research Institute in Istanbul
(http://www.koeri.boun.edu.tr/sismo/2/earthquake-catalog/, last accessed
05/02/2023).
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2 RECENT LARGE EARTHQUAKES ON
THE NORTH ANATOLIAN FAULT ZONE
AND PREVIOUS SEISMIC COUPLING
ESTIMATES

The NAFZ is one of the best-studied continental transform fault
zones with first reports written by Ketin (1948). Starting in 1939
with the Erzincan M,, 7.9 earthquake, a sequence of large-magnitude
(M > 7) earthquakes propagated westwards, with the most recent
earthquakes being the 1999 M,, 7.4 1zmit and M,, 7.1 Diizce occur-
ring east of the Sea of Marmara (Pinar et al. 2001; Barka et al. 2002;
Bohnhoff et al. 2016b). Together with the 1912 Ganos/Murefte M,,
7.4 earthquake in western Marmara, the entire NAFZ ruptured in
M > 7 earthquakes in the 20th century except for the Main Marmara
Fault below the Sea of Marmara (MMF) which is considered a seis-
mic gap that is partly locked (Bohnhoff ez al. 2013; Ergintav et al.
2014; Becker et al. 2023). There, the last major (M 7.4) earthquake
occurred in 1766. Considering an average recurrence time of 250
yr, the MMF is late in its seismic cycle and the probability for a
M > 7 earthquake over the next 50 yr is 35-70 per cent (Parsons
2004; Murru et al. 2016).

Previous estimates of the seismic coupling for this region used
broadly spaced geodetic data to compare geodetic and seismic strain
rates. Ward et al. (1998) used the seismicity catalogue available
from the National Earthquake Information Center and estimated
the scalar version of Kostrov’s (1974) earthquake moment rates,
recovering a seismic coupling of 22 per cent for the entire Anatolia.
Jenny et al. (2004) used published GPS measurements and several
seismicity catalogues to map geodetic strain rates, and reported
moderate to large seismic coupling along the western segments of
NAFZ. More recently, Sparacino et al. (2022) evaluated seismic and
geodetic moment rates around the entire Mediterranean region, and
obtained a seismic coupling of about 20 per cent for the Marmara
region, and up to 50 per cent for the Izmit—Diizce region further east.
All these studies were performed over scales covering thousands of
km, while a detailed estimation is missing.

The MMF extends between the Ganos segment west of the
Tekirdag Basin and the Gulf of Izmit at the western tip of the 1999
Izmit rupture (Fig. 1). The fault is assumed to accommodate most of
the regional deformation with rates of about 20 mmyr~' (Hergert
& Heidbach 2010; Ergintav ef al. 2014). The segment extending
through the Gulf of Gemlik (Le Pichon et al. 2001, see Fig. 1 for
location) is part of the southern NAFZ branch, where fault slip rates
are about 5 mm yr~! (Ergintav ef al. 2014).

The westernmost NAFZ segment analysed in this study includes
the eastern part of the Ganos segment and the Tekirdag Basin (GN
and TB, Fig. 1a). The Ganos fault ruptured last in 1912 witha M,,7.4
earthquake. InSAR analysis evidenced a locked state of its onshore
portion (Motagh et al. 2007) in accordance with the absence of local
seismicity (e.g. Janssen et al. 2009). East of the Tekirdag Basin the
Western High and the Central Basin (WH and CB, Fig. 1) represent
a wider fault zone, accommodating the shape of the basin and the
seismicity follows the mapped fault segments (Wollin et al. 2018).
Recently, earthquake repeaters have been identified in this part,
suggesting that the tectonic strain is partially released aseismically
through fault creep (Schmittbuhl e al. 2015, 2016; Bohnhoft et al.
2017a; Uchida et al. 2019; Becker et al. 2023). This is also sup-
ported by seafloor geodetic measurements (Yamamoto et al. 2019).
The Kumburgaz Basin (KB, Fig. 1) is located directly east of the
Central Basin. The seismic activity is lower in this area compared to
the Tekirdag and Central Basins (Schmittbuhl ez al. 2015; Martinez-
Garzon et al. 2019). Seafloor acoustic techniques evidenced that the
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Figure 1: The NAFZ in northwestern Tiirkiye. (a) Map of the M, > 4 instrumental seismicity catalogue (KOERI, purple circles) from January 1900 to April
2021. Symbol size is encoded with My,. The 1912 My, 7.4 Ganos 1999 M, 7.4 Izmit and 1999 M, 7.1 Diizce ruptures are marked with yellow, green and blue
lines, respectively. Black downward triangle shows the GPS station TUBI (Section 4.4). (b) Spatial extension of the 14 segments studied. The red lines indicate
mapped fault segments (Emre e al. 2013). GN: Ganos fault, TB: Tekirdag Basin, WH: Western High, CB: Central Basin, KB: Kumburgaz Basin, CH: Central
High, PI: Princes’ Island, CCB: Cinarcik Basin, AP: Armutlu Peninsula, GG: Gulf of Gemlik, NMI: North of Marmara Island, ID: Izmit-Diizce.

Kumburgaz segment is fully locked (Sakic et al. 2016; Lange et al.
2019). The Princes Island segment (PI1 and P12, Fig. 1) is the east-
ernmost part of the MMF and it is located the closest to the Istanbul
urban area. This segment was identified to be fully locked down
to about 10 km based on absent seismicity (Bohnhoff et al. 2013)
and from onshore GPS measurements (Ergintav et al. 2014). The
Armutlu peninsula forming the southern shore of the eastern Sea of
Marmara hosts a hydrothermal system, with higher seismic activ-
ity. There, the largest earthquake occurred in 1963 with a Ms 6.3,
and numerous aftershocks occurred here following the 1999 Izmit
earthquake (Bohnhoff er al. 2006; Durand et al. 2010). The re-
gion also experiences episodic shallow slow-slip events associated
with moderate seismicity indicating a complex local interaction of
seismic and aseismic energy release (Martinez-Garzon et al. 2019,
2021; Durand et al. 2022). Below the Izmit Bay, the MMF connects
with smaller branches of the main northern NAFZ branch (includ-
ing the Armutlu fault, see Fig. 1) then forming the single northern
NAFZ branch along the Izmit and Diizce sections that ruptured in
1999. Towards the east, seismicity spreads over a large area off the
segmented fault trace, signifying a wide fault zone surrounding the
fault core (Ben-Zion & Sammis 2003).

3 DATA AND METHODS

3.1. Historical and instrumental earthquake catalogues

We utilized the instrumental seismicity catalogue covering 120 yr
available from KOERI as well as the refined historical earthquake
catalogue for the entire NAFZ spanning 2300 yr from Bohnhoff
et al. (2016a). The study region was divided into 14 fault sections

(Fig. 1).

The instrumental KOERI catalogue for the study region [27°—
31.5°E, 40.3°-41.1°N] spans from January 1900 to April 2021. The
magnitude type includes short-period body wave (M), duration
(My), local (ML), surface wave (Ms) and moment (M,,) magnitudes.
We homogenized all the magnitudes to M,, For earthquakes with
M < 4andno M, available in the catalogue, we assumed M ~ M,,
following Kilig et al. (2017). For earthquakes M > 4 (Fig. 1), we
followed the orthogonal regression equation for Mg to M,, and the
ordinary least squares regression equations for M,, My, My to M,
in the Marmara region defined by Kadirioglu & Kartal (2016) (see
text in Supplement S1). After conversion, the magnitudes cover the
range M, [0.2-7.4]. After removing the events labelled as quarry
blasts by KOERI a total of 21 245 earthquakes remained for further
analysis.

The historical seismicity catalogue from Bohnhoff ez al. (2016a)
is a compilation of different earthquakes and catalogues available
from literature and includes 77 earthquakes with Mg > 5.8 along
the NAFZ and surrounding area. Magnitudes were converted into
Ms following the relation from Scordilis (2006). The catalogue
covers 2300 yr, and therefore about nine seismic cycles assuming a
recurrence interval of about 250 yr for M,, 7-7.5 earthquakes in NW
Turkiye (Parsons et al. 2004; Murru et al. 2016). It has an estimated
magnitude of completeness M, = 7.3 and includes 14 events with
Ms > 7.3 (Bohnhoff et al. 2016a). We also converted Mg to
M,, using the same relations described above. As the instrumental
seismicity catalogue starts in the year 1900, we ended the historical
catalogue in the year 1900.

3.2. Tectonic strain rate ét

We estimated the tectonic shear strain rate ér as the long-term fault
slip rate S divided by the damage zone width /¥ measured normal
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to the fault trace over which the deformation is accommodated:

b=y 2

Numerous studies have determined slip rates along the NAFZ
based on different methodologies. We mostly used the geodetic
long-term slip rates from Ergintav et al. (2014) and those derived
from geomechanical modelling of the Marmara region (Hergert &
Heidbach 2010). The largest slip rates are observed in the Izmit—
Diizce region with 25 mmyr~! and along the Ganos fault with
20 mmyr~! (see Table 1). We utilized the strain rates instead of the
direct estimations of the slip rate to more specifically address the
variable width over which the tectonic deformation is accommo-
dated along the fault. The I for each fault segment was calculated
as the distance from the surface fault trace containing either 68 or
95 per cent of the seismicity (Figs 2 and 3).

3.3 Seismic strain rate ég

We follow Kostrov (1974) and Brune (1968) and estimated the
seismic strain rates &g from total seismic moment M, released in
N earthquakes occurring in a certain crustal volume ¥ during time
period T:

1 N
by = ——— M, 3
N Z;LVTZ 0> 3)

n=1

where 1 is the shear modulus, typically assumed ~ 3 x 10'° Pa.
We calculated M, [N m] following Hanks & Kanamori (1979):

My = 103M+91, 4)

We divided our study region into volumes ¥ of 2 x 2 x 15km?,
(with 15 km being the depth dimension), and calculated the seismic
strain rates &g for each V. The size of the horizontal dimension was
chosen considering the uncertainties of the epicentral locations ob-
served in the region, and the depth range represents approximately
the seismogenic thickness from the seismicity distribution (Wollin
et al. 2018; Meghraoui et al. 2021; Karabulut et al. 2011; Schmit-
tbuhl ez al. 2016). AT corresponds to the time span covered by the
corresponding seismicity catalogue, (i.e. 120 and 2300 yr for the
instrumental and historical catalogues, respectively).

To avoid concentrating the energy released through M, > 4
earthquakes (typically with surface rupture lengths SRL > 2 km)
into only one V, we compiled a database of available focal mecha-
nisms from different studies in the region (Pinar et al. 2003; Orgiilii
et al. 2011; Oztiirk et al. 2015; Coskun et al. 2017; Wollin et al.
2018) and applied the following methodology to each M,, > 4 event:
(1) we attributed a focal mechanism to the event (see Fig. S1). If
no focal mechanism was available, we associated it with the focal
mechanism of the closest event in space with the focal mechanism
available. (2) We calculated the SRL [km] according to their M,,:

SRL = 10(+o*Mw) Q)

where a = —3.55 and b = 0.74 following Wells & Coppersmith
(1994). (3) We created 1000 points distributed uniformly along the
SRL with the orientation of the corresponding fault strike for the
focal mechanism (see Fig. S2). (4) We distributed the M, of the
event uniformly over 1000 points spanning its entire rupture length,
so that the sum of all the seismic moments is equal to the seismic
moment of the event.

Spatio-temporal variations of seismic coupling 1985

3.4 Seismic coupling xs

We define seismic coupling xs as (Pacheco ef al. 1993; Scholz &
Campos 1995):

&s

Xs = (6)

1

Seismic coupling approaching unity indicates that tectonic de-
formation is accommodated almost entirely by seismic slip. Con-
versely, if seismic coupling tends to zero, either the fault de-
forms aseismically (through steady-state creep or episodic slow-
slip events) or, alternatively, the fault is locked accumulating elastic
strain (Scholz & Campos 2012). Stored elastic strain available to
rupture in future earthquakes may be estimated from comparing
total (aseismic and seismic) slip rate accommodated by a fault and
surrounding damage zone to the relative velocity of bounding plate
segments (Carafa et al. 2017).

Note that our seismic coupling definition is slightly different
than geodetic coupling. Geodetic coupling reflects whether a fault
is locked or accommodating displacement (e.g. Radiguet et al. 2016;
Lindsey et al. 2021), whereas our estimated seismic coupling re-
flects strictly how seismically active the fault has been over the
analysed time period.

4 RESULTS

4.1 Width of the deformation zone W and tectonic strain
rates ét

The estimated W varies from 4.5 km in the Cinarcik Basinto 15.3 km
in the Izmit-Diizce region (Figs 2 and S1, Table 1). Nevertheless, the
& remained within the same order (0.1-1 ustrain yr~') throughout
the entire study region (Fig. 3). This general trend is stable with
respect to utilizing 68 or 95 per cent of the seismicity distribution
from the fault trace (Fig. 3). The maximum ér = 1.6 pstrainyr~! is
obtained in the Central High region of the Marmara Sea (Table S1).
The ¢ in the Izmit-Diizce segment is slightly lower than average
(ér = 0.8 ustrainyr~', see Table S1), which is likely linked to the
larger W obtained for this segment (Table 1). This may result from
a wide off-fault damage zone surrounding the fault and from the
Diizce fault dipping about 60° towards North. Compared to the
regions located in the MME, the faults on Armutlu peninsula, the
area north of Marmara Island and the southern branch along the Gulf
of Gemlik (see Fig. 1 for locations) show smaller ér of about 0.1
ustrain yr~!, in agreement with the smaller slip rates accommodated
by these fault segments (Fig. 3 and Table 1).

4.2 Seismic strain rates and coupling from historical and
instrumental catalogues

The seismic strain rates calculated from the instrumental seismic-
ity catalogue (') span from 107" to 107> strainyr™!, with a
median (¢) =2 x 1077 strainyr~' (Fig. 4a and Table S2). The
seismic strain rates estimated with the historical seismicity cat-
alogue (&) yield a comparatively smaller span of values from
107® to 107 strain yr~! with a median(¢l*) = 4 x 107 strainyr~!
(Fig. 4a and Table S2). This value is of the same order as the
median tectonic strain rate median (¢ = 107, see Fig. 4a). The
median (¢™!) is about two orders smaller than the median (&%),
As the median &g value from each catalogue is calculated from the
bins that contain seismicity, the difference between the two values

is partially caused by the lower magnitude of completeness of the

€202 1oquiaydeg /g uo Jasn QNI - VSNN Ad ¥2/2192//2861/2/5€2/210Me/B/wod dno-olwepeoe)/:sdiy wody papeojumog


https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad341#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad341#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad341#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad341#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad341#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad341#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad341#supplementary-data

1986 A. Amemoutou et al.

Table 1: Slip rates S along the selected segments of the western NAFZ and calculated width of the deformation zone Weg per cent-
Fault segments as in Fig. 1(b). ‘LON min’ and ‘LON max’ give segment boundaries, respectively.

LON LON
min max . Slip rate Wes per cent Wos per cent
Fault segments Abbr. [°] [°] S [mmyr—'] References [km] [km]
Ganos GN 27.06 27.33 20 Ergintav et al. 2014 8.4 15.7
Tekirdag Basin TB 27.33 27.63 15.5 Hergert & Heidbach 2010 7.6 13.6
Western High WH 27.62 27.84 16 5.7 15.5
Central Basin CB 27.84 28.2 15.5 7.2 16.4
Kumburgaz Basin KB 28.19 28.52 16.5 6.2 13.5
Central High CH 28.52 28.65 15.5 5 9.8
Princes’ Island PI1 28.65 28.86 12.5 Ergintav et al. 2014 6.5 13.1
/ PI2 28.86 29.25 12.5 5.8 12.4
Cinarcik Basin CCB 28.88 29.33 12.5 4.5 7.6
Armutlu Peninsula APl 28.95 29.33 6 Bohnhoff er al. 2013 6.2 10.8
/ AP2 28.78 28.95 6 5.5 10.6
Gulf of Gemlik GG 28.71 29.33 2 Ergintav et al. 2014 8.3 17.4
North of Marmara Island ~ NMI 27.45 27.61 1.5 5.8 9.5
Izmit—Diizce ID 29.40 32.11 25 15.3 27.3
CB PI2
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Figure 2: Distribution of the number of seismic events as a function of distance normal to the main surface fault trace for selected fault segments (labelling
of fault segments as in Fig. 1 and Table 1). Distributions for remaining segments are provided in Fig. S3. Positive and negative distance values indicate the
distance north and south of the fault surface trace, respectively. Red and purple vertical dashed lines represent the epicentral distances normal to the fault trace

containing 68 and 95 per cent of the seismic events, respectively.

instrumental catalogue (Mc = 2.1). The increased number of bins
with small magnitude events from the instrumental catalogue pro-
vide higher resolution of low average seismic strain rates along the
fault zone compared to the historical catalogue (Fig. 4). In addi-
tion, considering the recurrence time of 250 yr of M 7-7.5 events,
the instrumental catalogue covers less than half of a seismic cy-
cle in the Sea of Marmara. The larger seismic strain rates from
the historical catalogue with respect to the instrumental catalogue
suggest that the accumulated elastic strain on the faults is mainly
released via large earthquakes, which are not fully present in our

instrumental catalogue as it covers less than one entire seismic cy-
cle. The spatial distribution of &' and £5' shows that values reach
a maximum within the mapped fault zones (Figs 4b and c). Seg-
ments that hosted the 1912 M,, 7.4 Ganos, 1999 M,, 7.4 Izmit
and 1999 M, 7.1 Diizce earthquakes, display the highest &,
The &1 are also larger along the Ganos and the Izmit-Diizce
segments, leaving the Sea of Marmara region with smaller &1
(Fig. 4c¢).

In the next step, we analysed the seismic coupling (xs) distri-
butions using the instrumental and historical seismicity catalogues,
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Figure 3: Tectonic strain rates ét [strainyr~'] for the selected fault seg-
ments (shown with square symbols, see labelling of fault segments in Table 1
and Fig. 1 for locations). Red and blue symbol colours show ét values using
a W determined from 68% and 95% of the seismicity distribution, respec-
tively. The dashed red and solid blue horizontal lines indicate the average
&t values using a fault zone width /¥ determined from 68% and 95% of the
seismicity distribution, respectively.

separately (Fig. 5). The xI reach values up to 100 per cent in
areas of previous large magnitude earthquakes. Using the ratio
median(&1%') /median(ér), we obtained average seismic coupling
values of 48% and 96% for the entire analysed spatio-temporal re-
gion when utilizingWggo, and Wyse,, respectively (Fig. 5a). Hence,
these values indicate that 48%-96% of the long-term shear strain
accumulated from tectonic loading is accommodated by seismic
activity.

As observed with the strain rates, Xé"“ is about two orders smaller
than xX* (Fig. 5a). This lower estimate is a result of the overall
lower seismic strain rates as described above, partially affected by
the larger proportion of smaller seismic events, the lack of large
earthquakes and the relatively short time span which does not reflect
an entire seismic cycle.

4.3 Spatio-temporal variations of seismic strain rates and
coupling related to M > 7 earthquakes

Our results show that throughout the seismic cycle, seismic strain
rates (and therefore seismic coupling) are not constant. We investi-
gate how the seismic strain rates and seismic coupling varied within
the 120-yr time span included in the instrumental catalogue. To
this end, we divided the instrumental catalogue into two different
temporal periods, the first covering from 1900 until 1 d before the
1999 M,, 7.4 Izmit earthquake (‘time period 1°, Figs 6a and b), and
the second from 2 weeks after the 1999 M,, 7.1 Diizce earthquake
(to reduce the effect of aftershocks) until the end of the year 2021
(‘time period 2’, Figs 6a and c).

The regions with the largest £ during time period 1 are Ganos
and south of Diizce, which hosted large earthquakes in 1912, and
1957 and 1967, respectively. A distinct increase in ¢ is observed
from time period 1 (median (¢1) =5 x 107" strainyr™") to time
period 2 (median (é) =2 x 10~? strain yr', Fig. 6a) considering
the entire study area. This temporal increase in the &M illustrates
the strong effect that the occurrence of the 1999 M > 7 Izmit and
Diizce earthquakes imprinted on the seismicity distribution of the
broader Marmara region.

Spatio-temporal variations of seismic coupling 1987

In addition to this overall trend of the entire region, we also
observe some local & decrease from time period 1 to time pe-
riod 2 (Fig. 6¢). This applies specifically to the Izmit segment,
where the &I decreased almost 2 orders from 107 to 107%. In
this case, we investigated the evolution of &™' by separating into
two periods: the first spanning from January 1900 to 1 d before the
1912 M,, 7.4 Ganos earthquake (Figs S4b and S5a), and the second
from 2 weeks after the 1912 M,, 7.4 Ganos earthquake up to 1 d
before the 1999 M,, 7.4 Izmit earthquake (Figs S4b and S5b). Al-
though the resolution of the instrumental catalogue back to 1900s
was clearly lower, the seismic activity and hence seismic strain rates
also decreased after the 1912 M,, 7.4 Ganos event around its rupture
length.

The calculated xI™ between time periods 1 and 2 also show a shift
corresponding to the reported variations in the seismic strain rates,
with average values around 0.1 per cent before the 1999 M,, 7.4
Izmit and around 1 per cent after the occurrence of the 1999 M > 7
Izmit-Diizce sequence over the entire region (Fig. 7a). The ar-
eas with lower ¢ during time period 1, including segments from
Tekirdag basin to the Gulf of Gemlik in the Sea of Marmara and
the area west of Diizce consistently show also lower x™! (Fig. 7b),
which increased about two orders during time period 2. Conversely,
the Izmit and Diizce areas with higher Xé““ during time period 1
show a decrease for time period 2. The higher seismic coupling dur-
ing the years before the 1999 Izmit earthquake reflect that the area
was seismically active for several years before it finally ruptured
in a large earthquake. In addition, the lower seismic coupling after
the 1999 earthquakes could reflect the large stress release in the
region, requiring several years to build up sufficient tectonic strain
to generate seismicity.

In summary, the occurrence of the 1999 M,, 7.4 Izmit and M,,
7.1 Diizce earthquakes led to larger overall £ and seismic cou-
pling x™'over the entire analysed area. In contrast the Izmit region

displayed locally lower &',

4.4 Seismic strain rates and post-seismic deformation after
the 1999 Izmit-Diizce sequence

Ergintav et al. (2009) studied almost 7 yr of the GPS time-series
(1998-2007) capturing the post-seismic deformation following the
1999 Izmit-Diizce rupture. We compare the post-seismic slip after
the 1999 Izmit earthquake captured with the near-field GPS station
TUBI to the temporal evolution of the &g in the 1999 M > 7 Izmit and
Diizce earthquake rupture areas. TUBI is located ~50 km northwest
of the 1999 M,, 7.4 Izmit epicentre and is part of the continuously
operating GNSS network monitoring the Sea of Marmara (see Fig. 1
for station location). The north (N) and east (E) components of TUBI
show three distinct deformation periods related to the 1999 M > 7
Izmit-Diizce earthquake sequence (Fig. 8a).

Before the 1999 M,, 7.4 Izmit earthquake, the GPS positions
indicate almost no displacements on the N and E components when
corrected for interseismic and co-seismic offsets (Fig. 8a). Fol-
lowing the 1999 M,, 7.4 Izmit earthquake recorded displacements
accelerated. The east component shows a jump of ~30 mm between
the 1999 M > 7 Izmit and Diizce earthquakes in agreement with
the right lateral slip rate of the NAFZ (Barka 1992; McClusky et al.
2000; Reilinger et al. 2006) and the time-series reflect a logarith-
mic evolution as determined by Ergintav ez al. (2009, Fig. 8a). The
occurrence of the 1999 M,, 7.1 Diizce earthquake did not have a
remarkable effect on the displacement evolution, which continued
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Figure 4: Seismic strain rates calculated for the instrumental and historical seismicity catalogues. (a) Histograms showing seismic strain rates distributions
within the estimated volumes ¥ for the instrumental (blue) and historical (orange) catalogues. Vertical blue and orange lines represent the median for the
instrumental and historical catalogues, respectively. Vertical black continuous and dashed lines represent the median of tectonic strain rates over the entire
region using per cent and per cent, respectively. (b) Spatial distribution of éis“s‘. (c) Same as (b) but for élé‘is‘. Colour bar range is selected to emphasize the
changes (see histograms for the complete ranges of values). Light grey lines indicate mapped faults in the studied area.

following a logarithmic trend that started at the time of the Izmit events with an overlap of 20 events. By comparing the post-seismic
earthquake. deformation of the 1999 Izmit and Diizce earthquakes from the GPS

We calculated the temporal evolution of the &g from 1998 to 2007 time-series to our &g, we find that the &g evolution closely follows
(Fig. 8b), considering the seismicity (M,, > 2.5) within the Izmit— the post-seismic displacement trend induced by the 1999 Izmit—

Diizce segment (see Fig. 1) using eq. (3) in sliding windows of 80 Diizce earthquakes. Before the Izmit earthquake we observed a
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Figure 5: Same as Fig. 4 but for the seismic coupling xs estimated from Weg per cent-

progressive decrease of the &g from 13 pstrain yr~! in January 1998
to a minimum of 5 jstrain yr~! in June 1999. This suggests a relative
seismic quiescence about 2 months before the large earthquake.

The seismic strain rates reached highest values during the after-
shock sequences of the 1999 M,, 7.4 Izmit (5.4 x 107! strainyr™")
and 1999 M,, 7.1 Diizce (6.1 x 1072 strainyr~') earthquakes. The
seismic strain rates follow a similar pattern as the seismicity rates
showing an Omori-law type decrease (Bayrak & Oztiirk 2004). We
note that after the occurrence of a large earthquake, the magnitude
of completeness changes through time modifying the total seismic
moment estimated from eq. (3). In addition, the time period sampled
in each window is not constant, as we used a window of constant
number of events. In September 1999, the largest Izmit aftershock
with M,, 5.8 occurred in the vicinity of the main shock hypocentre,
corresponding to the observable increase of seismic strain rates be-
tween the two mainshocks (Fig. 8b). Following the 1999 M,, > 7
Izmit-Diizce earthquakes, small increases in the & are observed at
the end of year 2000, through 2001 and at the beginning of 2003.
Despite these episodic higher rates, the &g show a generally decreas-
ing trend until reaching a value closer to the pre-Izmit level about
four to 6 yr after the Diizce mainshock.

5 DISCUSSION

Seismic coupling estimates g at the western NAFZ using historical
and instrumental seismic catalogues yield significantly different
results and display spatial and temporal variations spanning several
orders. Using the historical seismicity catalogue, the average /st
is 48% and 96% , depending on the assumed width of the fault
zone, indicating that averaged over about nine seismic cycles the

relative plate motion along the western NAFZ was almost fully

accommodated by large seismic events. The 120 yr covered by
the instrumental earthquake catalogue represent about half of the
seismic cycle of M 7.5 events in the region (Parsons 2004). The
average xi™' is <1 per cent, but may locally reach up to 100 per
cent (Figs S2 and 5b). Below we discuss how our coupling estimates
compare to previous studies, and how the coupling varies in space
and time using the high-resolution instrumental catalogue. Finally,
we review some of the main limitations of our study, both technical

and in terms of the interpretation of the results.

5.1 Comparison with previous estimates of seismic
coupling

For the historical time period, the average estimated seismic cou-
pling within the Sea of Marmara is about 48 and 96 per cent as-
suming that the width of the NAFZ deformation zone is defined
by 68 and 95 per cent of the seismicity from the main fault trace,
respectively (see Section 4.2, Fig. Sc). This observation is in good
agreement with previous estimations from Jenny ez al. (2004) and
Jackson & McKenzie (1988), who found full seismic coupling for
this region, obtained from the analysis of two seismic catalogues
of 500 and 2550 yr. This suggests that over several seismic cycles,
tectonic strain accumulated by plate movement along the western
NAFZ is accommodated almost entirely by large seismic events.
In contrast, considering the instrumental time period from 1903
to 2020, Sparacino et al. (2022) found seismic coupling <30 per
cent on the western portion of the NAFZ, which is much higher
than our estimates using the instrumental catalogue. One possible
reason behind this discrepancy is that our bins of 2 km x 2 km
are substantially smaller than those in their study, leading to several
regions not containing large events, which, in turn, leads to an
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Figure 6: Comparison of seismic strain rates calculated from the instrumental seismicity catalogue for two different time periods before and after the
1999 M > 7 Izmit and Diizce earthquakes. (a) Histograms showing seismic strain rates values frequency calculated from 1 January 1900 to 15 August 1999
(the time period 1, blue) and from 1 December 1999 to April 2021 (time period 2, orange). (b) Spatial distribution of seismic strain rates calculated from the
instrumental catalogue during time period 1. (c) Same as (b) but for time period 2. The light grey lines indicate mapped faults in the studied area.

overall lower seismic coupling averaged over the different regions
(Figs 5b, 7b, c and S5b). This variability among the results suggests
that within a single seismic cycle, deformation in the fault zone may
be accommodated by any combination of seismic slip, aseismic slip
and elastic deformation. For example, selected areas such as the
Western High, along the Armutlu peninsula and west of the gulf of
Gemlik (Fig. 1 for locations) show a high seismic coupling of up to
100 per cent (Fig. 5).

Several studies discussed the deformation modes of the MMFE.
Earthquake repeaters have been observed to occur on the Western
High and Central Basin, suggesting the occurrence of aseismic slip
(Schmittbuhl et al. 2016; Bohnhoff et al. 2017; Yamamoto et al.
2019; Becker et al. 2023). At these locations, Becker et al. (2023)
determined creep rates that might accommodate locally up to 40
per cent of the tectonic deformation. Therefore, the high seismic
coupling here obtained for the Western High region suggests that
the presence of aseismic deformation in the area is also promot-
ing locally the occurrence of seismicity (e.g. Marsan et al. 2017).
Furthermore, the full seismic coupling over several seismic cycles
obtained with the historical catalogue for the MMF region suggests
that large seismic events eventually rupture across segments with
varying contributions of aseismic fault creep.

In the case of the Armutlu peninsula, the high seismic coupling
recovered with the instrumental catalogue is not surprising as this
hydrothermal region is highly active with one of the highest back-
ground seismicity rates in the Marmara region extending down

to 12 km in depth (Wollin et al. 2018; Martinez-Garzén et al.
2019). In addition, this segment might have hosted the 1963 M 6.3
earthquake (Pinar ef al. 2003; Bulut & Aktar 2007). Two large slip
transients have been observed in this region with strainmeter record-
ings (Martinez-Garzon et al. 2019; 2021; Durand ef al. 2022). The
observation of such high seismic coupling could indicate that the
occurrence of these transients is relatively shallow and hence does
not completely release the stress accumulated on the faults, or that
the seismicity is also driven by the migration of fluids along the
upper crust.

In the Gulf of Gemlik, where no large earthquakes have been
reported, the observed high seismic coupling could be explained by
the low tectonic strain in this area, which is one of the lowest along
the western NAFZ branches (Table 1, egs 2 and 6).

Outside of these particular regions, we find the highest seis-
mic coupling values (up to 100 per cent using the historical cat-
alogue) in specific regions along the segments that hosted large
earthquakes during the 20th century (i.e. the Ganos fault and the
Izmit-Diizce rupture). In the case of the Ganos segment, previous
studies have inferred a present locking state. Considering the time
period from 1903 to 2020, Sparacino et al. (2022) determined a
seismic coupling between 20 and 30 per cent along the Ganos seg-
ment. This discrepancy could suggest that the Ganos fault segment
was more active during the time covered in our historical catalogue
than during the instrumental period analysed in Sparacino et al.
(2022).
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Figure 7: Seismic strain rates as in Fig. 4 converted to seismic coupling using eq. (6).

5.2 Local and regional variations of seismic coupling
along the seismic cycle

Our observations show that after the occurrence of local M > 7
earthquakes, the seismic coupling in the area surrounding the
epicentral region during the subsequent years is lower. Specifi-
cally, during time period 2 (from 1 December 1999 to 1 April
2021), the Izmit region shows lower seismic coupling compared
to time period 1 (Fig. 7c). A similar behaviour is observed af-
ter the 1912 M,, 7.4 Ganos earthquake, in which during the
years following this earthquake, there is almost no seismicity
recorded around the ruptured segment (e.g. Ergintav et al. 2014;
Klein et al. 2017). This is also in good agreement with the
reported fully locked status of the Ganos fault (Motagh et al.
2007).

The observation of lower seismic coupling after the occurrence
of the large earthquakes around their rupture areas is in good agree-
ment with the post-seismic behaviour following a large earthquake
(Wang 2012). When a large earthquake occurs, aseismic deforma-
tion typically occurs in the rupture area and its surroundings, in-
cluding afterslip and post-seismic relaxation (Perfettini & Avouac
2004). Periods of enhanced aseismic slip may follow large events
for several years (e.g. Cakir ef al. 2012; Aslan et al. 2019). The
aseismic slip after the occurrence of large earthquakes participates
in the release of stored elastic strain energy and could temporar-
ily prevent local stress build up, resulting in lower seismicity rates
and event magnitudes and consequently, lower seismic coupling.
However, it is important to remark that the observed changes in the
seismic coupling might be apparent due to the relatively short time

period comprised by the data, rather than truly reflecting different
behaviour throughout the seismic cycle.

However, at a regional scale, the temporal evolution of seismic
coupling from the instrumental seismicity shows that the occurrence
ofthe 1999 M,, 7.4 Izmit and M,, 7.1 Diizce earthquakes resulted in
larger seismic strain rates és for most of the Sea of Marmara. One
possibility is that this broader effect may be due to stress transfer
from the main shocks, possibly resulting in enhanced shear stresses
and slip extending towards the west into the Marmara region as fault
segments adjacent to the rupture tip were loaded. Stress transfer
and fault loading from the occurrence of large earthquakes has
been observed to play an important role in activating fault segments
towards large earthquakes in the NAFZ and other large faults (Stein
etal. 1997). Durand et al. (2010) mentioned a similar phenomenon,
with the activation of several seismicity clusters along the NAFZ
following the Izmit earthquake. This was the case along the Armutlu
peninsula and the North of Marmara island, where we observed high
seismic coupling driven by the occurrence of M > 5 earthquakes in
the area. Another possibility is that the deformation related to the
1999 Izmit and Diizce earthquakes could have promoted transient
deformation extending deeper than the brittle crust into the upper
mantle, hence reaching further distances away from the rupture and
covering a longer time period (e.g. Ergintav et al. 2009; Durand
et al. 2010).

5.3 Limitations and assumptions included in this study

With our selection of cells covering areas of 2 x 2 km?, we are able to
retrieve detailed spatio-temporal variations of the seismic coupling.
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This, however, also resulted in observing a broader range of seismic
coupling values, which may locally peak to extreme values down to
0.01 per cent and up to 100 per cent. This is different to, for example
Sparacino et al. (2022) who considered 2° x 2° cells. Jenny et al.
(2004) calculated the seismic strain rates following the grid used for
the geodetic strain field. These cells were non-uniform rectangles
with various sizes covering an even larger surface area. Their larger
analysis regions result in very few areas not containing seismicity,
hence leading typically to larger estimations of the seismic coupling.
We note, however, that in our study, the volume sampled by the
seismic strain rates (eq. 3) is smaller than the volume sampled by
the tectonic strain rates (eq. 2). This is due to the different resolution
available for each of the two quantities, as well as their different
intrinsic variability. However, since the seismic strain rates and the
tectonic strain rates are each divided by the corresponding sampled
volume, the errors resulting from this effect should be minor.
Seismic coupling may be estimated using different approaches
that may affect the results. For example, Scholz & Campos (2012)
utilized the ratio between seismic and geodetic slip rates and Spara-
cino et al. (2022) used the ratio between the corresponding seismic
moments. Here, we use the ratio of the seismic and geodetic strain

rates to account for the width of the fault damage zone, which is
highly variable along the analysed segments.

Within our study, we tested both an instrumental and a historical
seismicity catalogue to estimate the seismic strain rates and seis-
mic coupling. The historical catalogue contains earthquakes with
M > 5.8, including numerous large historical earthquakes, but it
lacks of small events located on- and off-fault, while the instru-
mental catalogue includes all magnitudes down to 0.2 and only a
few large events such as the 1999 M,, 7.4 Izmit earthquakes and
1999 M,, 7.1 Diizce earthquakes. The high M of the historical
catalogue signifies a strong deficit from the strain rates of smaller
earthquakes. Taking the small events into account would likely im-
ply an increase of the seismic moment release by a factor between
1 and 2 (e.g. McGarr 2014). This increase in the seismic moment
would then likely be accommodated on and off- fault, as it is visible
with the instrumental catalogue.

The estimation of seismic strain rates is commonly related to
the seismicity rates for hazard-estimation purposes (e.g. Zeng ef al.
2018; Stevens & Avouac 2021). For such applications, it is impor-
tant that the background seismicity rates are represented, and hence
seismicity catalogues are declustered. For our application, however,
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this is not essential as we estimated the Kostrov strain rate, where
the seismic moment released in each event is summed (eq. 3). As
seismic moment increases exponentially with magnitude, the seis-
mic moment release in the aftershock sequences is typically much
smaller than that from their corresponding main shock. Hence,
declustering the instrumental seismicity catalogue should not result
in strong changes in the cumulative seismic moment and Kostrov
strain. This is additionally confirmed by our study, where we ob-
serve that the majority of accumulated strain is released via larger
magnitude earthquakes. Nevertheless, it implies that the seismic
energy release promoted by stress transfer is assumed to be part of
the seismic energy release driven by the tectonic loading.

6 CONCLUSIONS

We calculated seismic coupling along 14 segments of the North
Anatolian Fault Zone in northwestern Tiirkiye from a 120-yr in-
strumental and a 2300-yr historical seismicity catalogue. We also
investigated spatio-temporal variations of seismic coupling focus-
ing on time periods before and after the 1999 M,, 7.4 Izmit, M,,
7.1 Diizce and 1912 M,, 7.4 Ganos earthquakes. Finally, we com-
pared the evolution of the seismic strain rates in the region of the
1999 M > 7 Izmit and Diizce earthquakes between 1998 and
2007 and the post-seismic deformation recorded in geodetic data
following these ruptures. Our main conclusions are:

(i) Seismic strain rates derived from the historical catalogue cov-
ering approximately 2300 yr are of the same order as geodetic strain
rates (~1077 strain yr~!), while estimates from the instrumental cat-
alogue are two orders lower. This discrepancy is likely related to
the strong difference in the magnitude ranges included within each
of the seismicity catalogues and to their different time spans. The
difference in the strain rates estimates between the catalogues sug-
gests that the majority of the accumulated strain is released via large
magnitude earthquakes, and that the small seismicity during the in-
terseismic period is not enough to accommodate the plate boundary
deformation.

(i1) Over the several (up to 9) seismic cycles covered in the his-
torical catalogue, most of the accumulated tectonic strain near the
main fault traces was released seismically. In contrast, the instru-
mental catalogue reflecting less than one complete seismic cycle
shows a deficit in the seismic strain rates. Comparing the seismic
coupling from historical catalogues with the one from the instru-
mental catalogue suggests an ongoing accumulation of strain on the
fault to be released seismically via future large earthquakes, rather
than the occurrence of aseismic slip.

(iii) The seismic coupling in the Marmara region increased after
the 1999 M > 7 Izmit and Diizce earthquakes, suggesting that this
area could have been loaded by stress transfer from the occurrence of
these earthquakes and/or other mechanisms involving long-lasting
deformation.

(iv) The seismic coupling decreased after the 1999 M > 7 Izmit
and 1912 Ganos earthquakes in their coseismic rupture area, sug-
gesting that the faults released a substantial portion of their accu-
mulated strain and that they need time to accumulate elastic strain
and generate seismicity. Hence, we observe a local variation of the
seismic coupling according to the different stages of the seismic
cycle.

(v) Within the Sea of Marmara, the overall seismic coupling re-
trieved from the instrumental catalogue is of about 48 per cent,
illustrating that a significant proportion (52 per cent) of long-term
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shear strain could be accommodated by aseismic deformation dur-
ing the instrumental period, or, that the fault is accumulating strain
to be released in future large earthquakes. Compared with estimates
from the historical catalogue, the second hypothesis seems more
likely.

(vi) Around the epicentral regions of the M > 7 Izmit and Diizce
earthquakes, the temporal evolution of the seismic strain rates fol-
lowing the occurrence of these earthquakes (i.e. including their
aftershock sequences) is coherent with the temporal evolution of
the post-seismic deformation of the region.
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