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SUMMARY
We report that asperities with the highest coseismic slip in the 2014 MW 6.9 North Aegean
earthquake persisted through the interseismic, coseismic and immediate post-seismic periods.
We use GPS and seismic data to obtain the source model of the 2014 earthquake, which
is located on the western extension of the North Anatolian Fault (NAF). The earthquake
ruptured a bilateral, 90 km strike-slip fault with three slip patches: one asperity located west of
the hypocentre and two to the east with a rupture duration of 40 s. Relocated pre-earthquake
seismicity and aftershocks show that zones with significant coseismic slip were relatively quiet
during both the 7 yr of interseismic and the 3-month aftershock periods, while the surrounding
regions generated significant seismicity during both the interseismic and post-seismic periods.
We interpret the unusually long fault length and source duration, and distribution of preand post-main-shock seismicity as evidence for a rupture of asperities that persisted through
strain accumulation and coseismic strain release in a partially coupled fault zone. We further
suggest that the association of seismicity with fault creep may characterize the adjacent Izmit,
Marmara Sea and Saros segments of the NAF. Similar behaviour has been reported for sections
of the San Andreas Fault, and some large subduction zones, suggesting that the association
of seismicity with creeping fault segments and rapid relocking of asperities may characterize
many large earthquake faults.
Key words: Seismic cycle; Earthquake source observations; Seismicity and tectonics.

1 I N T RO D U C T I O N
Improvements in the spatial coverage and precision of seismic and
geodetic observations are allowing identification of variations in
coseismic slip for large earthquakes, and hence are providing constraints on the role of asperities and aseismic slip in the earthquake
cycle (e.g. Aki 1984). The extent to which asperities persist through
multiple earthquake cycles remains an area of research, and may
well vary for different faults, but at least some studies interpret
seismic activity as evidence for persistent asperities on subduction
plate interfaces (e.g. Yamanaka & Kikuchi 2004 and references
therein; Yue et al. 2013; Métois et al. 2016; Frank et al. 2017), as
well as for continental strike-slip faults, including the San Andreas
(e.g. Shirzaei & Bürgmann 2013; Jolivet et al. 2015) and North

C

Anatolian faults (Bohnhoff et al. 2013; Ergintav et al. 2014; Schmittbuhl et al. 2015). These studies highlight the association of seismicity with areas of fault creep, and the role of fault creep and
asperities in controlling the magnitude, initiation, propagation, and
the strong ground motion of large earthquakes, critical parameters
for earthquake hazard assessment.
A case in point, and the subject of this study, is the 2014 May
24 Mw 6.9 North Aegean earthquake (Saltogianni et al. 2015) that
occurred at the western continuation of the northern branch of the
North Anatolian Fault (NAF) beneath the North Aegean Sea Trough
(NAST; Fig. 1). The NAF is a >1200 km long continental strikeslip fault that accommodates the westward motion and counterclockwise rotation of the Anatolian region with respect to Eurasia
at rates of ∼25 mm yr−1 (Reilinger et al. 2006; Vernant et al. 2014).
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The NAF failed in a sequence of M > 7 earthquakes during the 20th
Century (Stein et al. 1997), the most recent being the 1999, MW 7.5,
Izmit earthquake. In the Marmara region of northwestern Turkey, the
fault bifurcates. The main branch follows the north shore of the Marmara Sea, traverses the Ganos Peninsula to Saros Bay, and connects
with the offshore, transtensional basins that form the NAST system
(Fig. 1). Only the segment of the NAF beneath the Sea of Marmara
remains unbroken by a major 20th century earthquake (e.g. Armijo
et al. 2005); prior earthquakes on this segment remain the subject of
debate, but apparently it has not broken in a major earthquake since
1766 and perhaps even longer (e.g. Ambraseys 2002), suggesting the
possibility of major earthquakes on this segment in the near future
(Parsons 2004).
However, the amount of coupling beneath the Marmara has itself
been a subject of debate (e.g. Meade et al. 2002); there is growing
geodetic and seismic evidence that the Marmara segment is made
up of zones that are coupled separated by segments that are partially or fully unlocked, suggesting the possibility the seismic gap
might be filled by smaller future earthquakes (Ergintav et al. 2014;
Schmittbuhl et al. 2015; Klein et al. 2017), a view not inconsistent
with interpretations of seismicity beneath Marmara Sea during the
last 500 yr (Ambraseys & Jackson 2000).
In this paper, we use seismic and GPS observations bracketing the 2014 North Aegean earthquake to investigate the character of the earthquake rupture, and the distribution of coseismic slip on the earthquake fault. From relocated hypocentres,
we demonstrate that pre-earthquake seismicity, and aftershocks
were pre-dominantly located around the periphery of fault patches
with large coseismic slip. We attribute these observations to fault
creep at the boundaries of locked asperities during strain accumulation; with the asperities relocking rapidly following the
earthquake.

2 D ATA , M E T H O D S A N D R E S U LT S
2.1 Relocated pre-earthquake seismicity and aftershocks
We relocated the background seismicity (between 2007 and 2014
before the main shock) and the aftershocks during the first 3 months
following the main shock using the catalogues of two Turkish
and one Greek agencies: General Directorate of Disaster Affairs
of Turkey (AFAD), Bogazici University, Regional EarthquakeTsunami Monitoring Center (BDTIM) and National Observatory
of Athens (NOA) (see Supporting Information Fig. S1 for the station distribution map). For each event, the phase readings from all
three catalogues were merged. The final catalogue of background
seismicity contains more than 2700 events while the catalogue of
aftershocks contains more than 1250 events (available by request).
In order to improve the hypocentre locations, we computed a 1-D
velocity model using the VELEST inversion code (Kissling et al.
1994). Appropriate station corrections were applied for deviations
from the 1-D velocity model. The average location errors for the
background seismicity and aftershocks are described in Section
S1 and shown in Figs S2 and S3, respectively, in the Supporting
Information.
The earthquake locations were further improved using a doubledifference relative location algorithm (Waldhauser & Ellsworth
2000; Waldhauser 2001). The relative location errors after the
double-difference relocation are on the order of a few hundred
metres (Supporting Information Fig. S4).
The map view of pre-2014 earthquake seismicity and aftershocks
during the first three months following the main shock is shown in
Fig. 1. The aftershocks are aligned along the NAST fault system
quite linearly for about 120 km. There are also some secondary
features at the eastern end of the fault and near the northwest tip of
Gokçeada Island.
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Figure 1. Seismotectonic map of the northeastern Aegean and western Marmara Sea region. Thick yellow lines are active faults (Emre et al. 2013). Red
trace shows the estimated surface break of the 1912 Ganos earthquake (Aksoy et al. 2010). Seismic activity before the 2014 North Aegean earthquake (2007
January 1 to 2014 May 24) is shown by black circles and aftershocks are shown by blue circles. The focal mechanisms of significant earthquakes (MW ≥ 4.7)
since 1975 are also shown by black beach balls from Global CMT and other studies (Taymaz et al. 1991; Karabulut et al. 2006). Red beach ball represents
the mechanism of 2014 Mw 6.9 North Aegean earthquake from Global CMT catalogue. The black box shows the outside edges of the finite-fault used in this
study. Inset: the study area (shown by black rectangle) on a regional map covering North Anatolia, Aegean Sea and Greece. The NAFZ is shown by the green
line and the epicentres of 2014 North Aegean and 1999 Izmit earthquakes are shown by grey and red stars, respectively.
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2.2 Long source duration and low stress drop
Comparison of teleseismic SH waves from the 2014 earthquake
with those from the 1999 MW 7.5 Izmit earthquake (Fig. 2) shows
that, despite one order of magnitude smaller moment of the 2014
event, it has a similar duration to the 1999 Izmit earthquake. The
unusually long duration might be due to a slower rupture velocity,
longer slip durations (rise times) and/or longer than expected fault
rupture extent. In comparison, MW 7.1 Düzce earthquake, which
occurred just to the east of 1999 Izmit earthquake three months
later, had a source duration of 10 s and a bilateral rupture length
of about 50 km (Konca et al. 2010). The 120 km length, and linear
character of the aftershocks (Fig. 1) is good evidence for a longer
than expected total rupture length for a typical MW 6.9 earthquake
(Wells & Coppersmith 1994).
The spectra of the S-wave displacements show that the corner
frequency of the 2014 event is comparable to that of the Izmit
earthquake (Fig. 2). By comparing the far-field spectra at the BILL
and KMBO stations with the Brune (1970) model of ω−2 decay, we
estimate average corner frequencies of 0.2 and 0.25 Hz for BILL
and KMBO, respectively (Fig. 2). Considering the linear relationship between seismic moment and stress drop (Brune 1970), and
assuming similar corner frequencies for both events, the ratio of the
stress drops of the MW 6.9 North Aegean earthquake to that of the
1999 MW 7.5 Izmit earthquake is about 1/10.

2.3 GPS data and coseismic displacements
We used GPS displacement data from 34 GPS stations, including
21 continuous stations and 5 survey sites in addition to displacement data from 8 stations in Greece reported by Saltogianni et al.
(2015). GPS data were processed using the GAMIT/GLOBK software package (Herring et al. 2015) following standard procedures

described in Reilinger et al. (2006). Supporting Information Table
S1 lists details of the GPS observations and coseismic displacements, and Fig. 3 shows estimated coseismic offsets for the 34 GPS
stations and survey sites used in this study. Procedures for continuously recording and survey sites which were part of this study are
explained in the Supporting Information (Section S2) and the daily
time-series for four stations are shown in Supporting Information
Fig. S5.

2.4 Coseismic slip distribution and temporal behaviour
of the 2014 earthquake
To estimate the distribution of slip on the coseismic fault, we used
the finite-fault model program of Ji et al. (2002), which uses a
simulated annealing algorithm to find the best-fitting slip model,
variable rupture velocity, and rise time duration by the joint modelling of seismic and geodetic data. We used a single fault plane
with strike angle of 75◦ and dip angle of 75◦ based on the lateral
and depth distribution of seismicity (Fig. 1). The information on the
teleseismic data and finite-fault modelling parameters are given in
the Supporting Information (Section S3).
Fig. 4(a) shows the slip distributions obtained from the GPS
data only and joint inversion of GPS and seismic data; comparison
between observed and modelled coseismic displacements is shown
in Fig. 3 for the joint inversion. The two solutions are quite similar
showing that the slip distribution is primarily constrained by the
GPS data.
The joint slip model shows multiple slip patches that extend from
25 km west to 65 km east of the hypocentre. The large slip patch
ruptured towards the west from the hypocentre, and the two smaller
patches ruptured towards east. The larger, western asperity extends
to greater depths compared to the asperities east of the hypocentre.
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Figure 2. (a) Top: comparison of SH displacement waveforms recorded during the 1999 MW 7.5 Izmit (black) and 2014 MW 6.9 North Aegean (blue) earthquakes
recorded at stations BILL and KMBO. Bottom: normalized spectra of the displacement waveforms and estimated spectra using ω−2 decay with corner frequency
of 0.2 Hz for BILL and 0.25 Hz for KMBO stations. (b) The station locations (red triangles) and the locations of 1999 Izmit (black star) and 2014 North
Aegean earthquakes (red star).

1116

A.O. Konca et al.

The fits to the seismic data (Supporting Information Fig. S6) are
satisfactory (Variance Reduction: 45.4 per cent for P and 55.2 per
cent for SH waves). The quality of fits to the teleseismic data might
imply a further complexity in the fault geometry which we were not
able to constrain.
The fits to the GPS displacement vectors are quite good with
most model predictions between 1σ ellipses (reduced chi squared
of 1.2, Fig. 3); however, the displacement vectors are systematically
under-predicted by our joint slip model including the far–field stations; which implies that GPS data requires more seismic moment.
In order to regularize the underdetermined problem of finding the
slip distribution on the fault plane, we constrain the seismic moment
using the value from the Global CMT catalogue (Dziewonski et al.
1989; Ekstrom et al. 2012) during the inversion process. Considering that some of the GPS data have been collected in campaign
surveys and the continuous station offsets are determined from the
average of daily solutions (Supporting Information Fig. S5), we
conclude that the underestimation of displacement vectors is due to
early post-seismic slip.
In order to test the reliability of our slip model, we performed two
resolution tests. Since our slip model primarily relies on the GPS
data, we only included the GPS data. Test 1 is a checkerboard test,
and Test 2 is based on the preliminary model of the 2014 earthquake.

For each test model, we calculated the synthetic GPS displacements
at the observation sites and added random error based on their
measured uncertainties (see Supporting Information Section S4 and
Fig. S6 for details).
In addition to resolution tests, we performed further tests to examine whether the patchy slip distribution we observe is robust or
not. For this purpose, we tried an inverse model, where we increase
the weight on the smoothness by 1 order of magnitude where we still
observe similar patchiness in slip distribution with slightly higher
errors due to over smoothing (Supporting Information Fig. S8b).
We also performed numerous forward models using smoother slip,
which show that the patchiness we observe is a robust feature with
the given data set and constraints (Supporting Information Figs
S8c–e). These tests are explained in detail in Supporting Information Section S4.
Based on the resolution tests, and other smoothness tests performed, we conclude that despite lack of sufficient near source data,
the GPS and teleseismic observations, along with the constraint on
seismic moment are sufficient to resolve the coseismic slip patches
down to 15 km of the fault zone; however, some smearing of the
actual slip is expected.
The average rupture velocity obtained from the finite-fault inversion is about 1.5–2 km s−1 . Due to the limited resolution of
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Figure 3. Coseismic offsets (black vectors) with 1σ error ellipses estimated for 34 GPS sites bracketing the 2014 earthquake (tabulated in Supporting
Information Table S1). Red vectors show the horizontal displacements predicted from the joint slip model shown in Fig. 4(a). The map view of depth-averaged
slip is shown by the blue curve. The blue rectangle shows the surface projection of the finite-fault model. The purple circles are the aftershocks. The star shows
the hypocentre location.
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fits to the seismic data in general, it is challenging to infer the
rupture velocity accurately. However, considering the source duration of 35 s or longer (Saltogianni et al. 2015), and a unilateral
rupture length of 60 km towards east, and assuming that the pulse
duration is primarily due to rupture propagation, would yield an
average rupture velocity of 1.5–2 km s−1 . Using back-projection
of strong-motion data, Evangelidis (2015) inferred that the rupture
propagated with a supershear rupture velocity (∼5.5 km s−1 ) towards the east; much higher than the value obtained in this study.
A characteristic of the supershear segments is that the main-shock
fault plane is relatively silent while most of the aftershocks are
off the main fault (Bouchon & Karabulut 2008). In the case of
North Aegean earthquake, for most of the aftershocks east of the
hypocentre, the distance to the fault plane is within the location

error. Considering the pattern of seismicity along with the patchiness of slip distribution and the unusually long pulse duration of
the earthquake, we infer that the rupture velocity is likely to be
subshear.
The rupture length of the 1999 MW 7.5 Izmit earthquake is about
150 km (e.g. Delouis et al. 2002; Cakir et al. 2003) with the rupture
velocity higher than the S-wave speed (Bouchon et al. 2001). The
rupture length associated with the 1999 MW 7.1 Duzce earthquake
is about 50 km and the source duration is about 10 s, again with
a supershear rupture velocity (Konca et al. 2010). Considering the
rupture length, unusually long source duration, and possibly slower
rupture velocity, we conclude that the MW 6.9 2014 North Aegean
event is not similar to the high rupture-speed, impulsive 1999 Izmit
and Duzce earthquakes.
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Figure 4. (a) Top: slip distribution obtained from modelling of GPS data. Bottom: slip distribution obtained from GPS and seismic data. The contours show the
rupture front at 5 s intervals. Red star represents the hypocentre. (b) Top: coseismic slip distribution of the 2014 North Aegean earthquake and the seismicity
before the main shock (2007 January 1 to 2014 May 24) projected onto the fault plane. Earthquakes are shown by black circles scaled by event magnitude.
Bottom: the same as the top figure, showing the aftershocks (2014 May 24–August 1). Black star represents the hypocentre location.
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3 DISCUSSION

4 C O N C LU S I O N
We use GPS and teleseismic observations to estimate the distribution of coseismic slip on the strike-slip fault that caused the
2014 MW 6.9 North Aegean earthquake. We use relocated seismicity during the 7 yr prior to the 2014 earthquake, and 3 months
of aftershocks to investigate the relationship between patches of
large coseismic slip (asperities) and hypocentral locations. Both preearthquake seismicity and aftershocks are mostly confined to areas
on the fault surrounding the slip patches. Based primarily on these
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The observations show that the 2014 North Aegean earthquake had
a patchy slip distribution with longer than expected rupture length,
long rupture duration and complex source-time function, and low
stress drop. It is clear that the stress was heterogeneous so that
these asperities did not cooperate to generate a large impulsive
earthquake.
We consider two explanations for the heterogeneous seismic and
geodetic character of the 2014 earthquake. One possibility is that
the fault was fully coupled, but only ruptured partially during the
2014 earthquake because of the heterogeneous stress distribution
due to prior earthquakes (Konca et al. 2008; Yue et al. 2013). Alternatively, the fault was strongly coupled only where large coseismic
slip occurred (asperities), and failed by fault creep between these
locked patches during the interseismic period. In this case, the 2014
distribution of coseismic slip is an example of asperities that ruptured and the weakly coupled zones that did not rupture seismically
during the earthquake.
Fig. 4(b) shows the joint slip model with seismicity before and
after the 2014 earthquake projected on to the fault plane. Seismicity
before the earthquake (Fig. 4b top panel) shows that the patches
that ruptured during the 2014 event were relatively silent during the
7 yr of the interseismic period leading up to the earthquake. On the
other hand, during these 7 yr, the surrounding regions that did not
slip significantly during the earthquake generated most of the seismicity. This is consistent with asperities producing little seismicity
while fully or partially creeping areas on the fault surface produce
more small earthquakes during the interseismic period (e.g. Bohnhoff et al. 2013; Schmittbuhl et al. 2015; Harris 2017). In addition,
the aftershocks of the 2014 event are also preferentially located in
zones that did not rupture co-seismically (Fig. 4b, bottom panel). For
the most part, aftershocks tend to surround the major slip patches,
suggesting that post-seismic slip occurs preferentially around the
edges of coseismic slip patches where stresses were induced by the
earthquake. In addition, the time evolution of spatial distribution of
aftershocks shows that the first few hours of aftershocks are right
below the co-seismic rupture, while the seismicity then propagates
further along the fault plane both horizontally and vertically during the first few days; implying that the aftershock distribution is
possibly mimicking the post-seismic slip (Supporting Information
Fig. S8) similar to the observations of 1999 Landers earthquake
(Perfettini & Avouac 2007).
These relationships between coseismic slip, seismicity during
interseismic period and aftershocks, strongly support the notion
that the 2014 coseismic fault is characterized by locked asperities
separated by zones of partial or full fault creep, and that the asperities
relocked very quickly after the main shock.
The notion that seismicity during the interseismic period is primarily confined to creeping areas of the fault surface finds support
from several seismic and geodetic studies of the western NAF, as
well as other strike slip faults (Nadeau et al. 1995; Dreger et al.
2007; Harris 2017) as well as subduction zones.
For example, 2015 Mw 8.3 Illapel earthquake broke a 150 km
section of the Chilean subduction (Ruiz et al. 2016). This earthquake
slip zone was surrounded by a weakly coupled zone that created
significant seismicity during the 20 yr of interseismic period (Poli
et al. 2017).
The Ganos segment of the NAF, which is known to be locked
from geodetic studies (Ergintav et al. 2014) and previously ruptured
during the MW 7.4, 1912 Ganos earthquake (Aksoy et al. 2010),
has been relatively quiet seismically during the period 1975–2015

(Fig. 1). The situation is more complex beneath the Marmara Sea,
where there is evidence for seismically quiet locked zones with
little apparent seismicity separated by zones of weak coupling and
significant seismicity and repeating earthquakes (Ergintav et al.
2014; Schmittbuhl et al. 2015; Schmittbuhl et al. 2016; Klein et al.
2017). The Princes’ Islands segment in the eastern Marmara is also
accumulating strain (Diao et al. 2016) and has little seismicity in
the upper 10 km of the crust (Bohnhoff et al. 2013), again consistent
with seismicity being located below the locked part of the fault. In
these cases, the pattern of locking from geodesy is consistent with
the seismicity distribution. Similarly, the 1999 Izmit and Duzce
earthquakes had the largest coseismic offsets above ∼ 10 km (e.g.
Delouis et al. 2002) where the faults had little seismicity before the
main shocks, and fewer aftershocks on the main coseismic faults
(Bohnhoff et al. 2016). The fault relocked after the 1999 earthquake,
except the shallowest portion (Cakir et al. 2012; Hussain et al. 2016),
and shows little seismicity on the seismogenic depth range of the
main fault (Bohnhoff et al. 2016).
The Marmara and Ganos studies, the results presented here for
the North Aegean earthquake, and seismic and geodetic studies
of the San Andreas Fault (Waldhauser & Ellsworth 2002; Evans
et al. 2012) support the interpretation that seismicity on the fault
surface is primarily confined to creeping areas of the fault surface,
at least on some sections of these continental strike-slip faults. In
addition, geodetic and seismic studies of some large subduction
earthquakes report that aftershocks are mostly confined to regions
between asperities (e.g. Miyazaki et al. 2004; Yamanaka & Kikuchi
2004; Yue et al. 2013; Frank et al. 2017; Poli et al. 2017) suggesting
that persistent asperities and intervening seismicity and aftershocks
may be characteristic of the mechanics of many large earthquake
faults.
Identifying seismicity with fault creep is important for refining
earthquake forecasting, including estimates of earthquake magnitudes, and the locations where future earthquakes are most likely to
rupture with the largest slip. For example, the apparent earthquake
gap along the Main Marmara Fault has been reported to be capable
of generating one or more M > 7 earthquakes based on the length
of the seismic gap and the time since the previous earthquake estimated to have occurred on this fault segment (Hubert-Ferrari et al.
2000; Armijo et al. 2005). To the extent that the fault surface is
characterized by both locked and creeping segments (Ergintav et al.
2014; Schmittbuhl et al. 2015), we would anticipate smaller events
due to the reduction in accumulated strain, and hence less seismic
slip than for a fully coupled fault zone. Furthermore, because it
is very difficult to identify asperities from geodetic measurements
during the strain accumulation process (Evans et al. 2012; Shirzaei
& Bürgmann 2013), locating asperities seismically offers opportunities to estimate the locations on the fault where earthquakes are
most likely to initiate, thereby helping to focus studies of earthquake
initiation processes.

Coseismic slip on persistent asperities
observations, and the longer than expected fault length (from aftershocks) and earthquake duration, we conclude that the areas of large
coseismic slip represent asperities that persisted through the period
of strain accumulation and release for the 2014 event. The identification of background seismicity with creeping segments of the
North Aegean coseismic fault, and the similar association of seismicity and fault creep on the adjacent western segment of the NAF
(including the 1912 Ganos earthquake, Marmara Sea, and Princes
Islands segments), support the notion that background seismicity
provides information on the spatial distribution of fault coupling,
important for estimating seismic hazards.
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