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1. Introduction
Although modern seismic sensors have a large dynamic 
range, state-of-the-art broad-band seismometers could 
saturate even with moderately sized (M ≥ 6.0) earthquakes 
at distances close to the rupture (<50 km). On the other 
hand, GPS networks, which are comparatively less sen-
sitive to relatively small events, operate in a noninertial 
frame and theoretically allow determination of displace-
ments up to infinite wavelength. Static displacements ob-
tained by GPS data could be used to invert for finite-source 
earthquake parameters. In this frame, we investigated the 
source parameters of the 2014 North Aegean earthquake 
(Mw 6.9) using a combined GPS network in the Aegean 
region.

Seismometer-derived fault plane solutions provide 
two nodal planes; the actual fault plane and the auxiliary 
plane. These solutions use a point-source model and pro-
vide two strikes, dips, and rakes defining the two nodal 
planes. Therefore, they cannot  solely resolve a single fault 
plane. However, GPS observations provide the actual fault 
plane directly instead of specifying two nodal planes. This 
is because, GPS-derived fault plane solutions use a finite-
dimension source model that defines length, widthdepth, 
and on-fault slip directly. In this study, we used GPS-de-

rived coseismic displacements to simultaneously invert 
earthquake source parameters (strike, dip, rake, average 
slip, moment, size, and location of the mainshock rupture) 
(Table 1; Figure 1).

Static stress change associated with mainshock rupture 
substantially affects aftershock activity. Aftershocks are 
mostly distributed along the rupture zone and its close vi-
cinity. In some cases, aftershocks might be distributed to a 
much broader area, as coseismic stress change might trig-
ger ready-to-fail events at longer distances. In this context, 
we also investigated static stress change associated with the 
2014 North Aegean earthquake and its influence on after-
shock activity. This allowed us to understand the triggering 
mechanism for the aftershocks that have been activated at 
a substantial distance from the mainshock rupture. 
1.1. North Aegean tectonics and the 2014 North Aegean 
earthquake
Active tectonics of the Aegean are driven by the subduc-
tion of the African lithosphere under the Aegean along 
the Hellenic Arc and the westward tectonic escape of Ana-
tolia along the North Anatolian Fault System (McKenzie, 
1972, 1978; Taymaz et al., 1991). The North Anatolian 
Fault (NAF) has a strong structural variation in the area, 
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hosting mostly subparallel strike-slip segments with a sig-
nificant amount of normal and reverse-type fault patches 
(Yaltırak and Alpar, 2002; McNeill et al., 2004), and it ter-
minates in the western end of the North Aegean Trough 
(Pérouse et al., 2012; Chousianitis et al., 2015) (Figure 2).

The seismic gap between the 1975 and 1983 events was 
filled on May 24, 2014, by the North Aegean earthquake 
of Mw 6.9 (Figure 2) at the section of the NAF between 
the North Aegean and Saros basins. Previous studies have 
shown that the mainshock reactivated a ~90-km section 
of the NAF (Evangelidis, 2015; Saltogianni et al., 2015; 
Kiratzi et al., 2016; Bulut et al., 2018, Konca et al., 2018). 
However, it affected a ~200-km fault section according to 
the spatial distribution of the aftershocks. The fault plane 
had two major coseismic slip patches located beneath 
two prominent fault step-overs (Bulut et al., 2018). These 
strong structural offsets governed interseismic accumula-
tion of the energy along the 2014 rupture zone and there-
fore generated an inhomogeneously distributed coseismic 
slip during the mainshock.

2. Data analysis
2.1. Inversion of source parameters using coseismic GPS 
displacements
We analyzed a network of 44 continuous GPS stations (13 
from TUSAGA-Aktif/CORS-TR and 31 from the NOA 
Network) surrounding the North Aegean Sea. The distri-
bution of sites is shown in Figure 3.

GPS data were processed using GAMIT/GLOBK soft-
ware (Herring, 2004; King and Bock, 2004). IGS final orbit 
clock products and USNO Bull-B earth rotation param-
eters were utilized for the process. The effects of radiation 
pressure on the satellites were modeled in accordance with 
the Berne 9-parameter model. Both solid earth tide and 
ocean tide loading were applied by using the IERS 2003 
model (McCarthy and Petit, 2004) and FES2004 (Le-
tellier, 2004), respectively. Dry-part tropospheric errors 
were modeled by the Saastamoinen model (Saastamoinen, 
1972) and the wet part was estimated from the data at 2-h 
intervals. The ionosphere-free model was used to remove 
the ionospheric effects.

Loosely constrained solutions were combined regard-
less of the datum definition of each contributing solution 
(Heflin et al., 1992; Blewitt, 1998). The daily repeatabili-
ties of all sites were checked for a possible signature of the 
earthquake. Preearthquake and postearthquake periods of 
15 days (GPS days: 129–159) were analyzed and the time 
series of station coordinates were obtained by GLOBK. 
The largest coseismic displacements were obtained at sites 
LEMN, CANA, ALEX, and IPSA (shown by bold black ar-
rows in Figure 3).

We followed the procedure of Aktuğ et al. (2010) 
for the inversion method. As opposed to slip inversion, 
which poses a linear but ill-conditioned inversion prob-
lem where there is a large array of unknown slip patches 
with respect to the limited observations, geometry inver-
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Figure 1. Focal mechanisms of the 2014 North Aegean earthquake 
(Mw 6.9) from this study (by GPS) and other sources. Pink dots show 
the earthquake epicenters refined by Bulut et al. (2018).
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sion of earthquake source parameters is a nonlinear and 
well-conditioned problem. For this reason, no smooth-
ing/regularization is necessary for the inversion. On the 
other hand, geometry inversion is a global optimization 

problem that requires a method capable of avoiding lo-
cal minima. Therefore, we employed simulated annealing 
for the geometry inversion. Coseismic GPS displacements 
were computed at 44 sites (Figure 3) and trend removal for 

Table 1. Source parameters of the mainshock from this study (by GPS) and other sources.
a: Middle of fault; b: GEOAZUR Research Unit, France; c: USGS National Earthquake Information Service, Golden, CO, USA; d: 
European-Mediterranean Seismological Center, France; e: German Research Centre for Geosciences, Helmholtz Centre Potsdam, 
Germany; f: Lamont-Doherty Earth Observatory, Columbia University, NY, USA; g: Istituto Nazionale di Geofisica e Vulcanologia, 
Rome, Italy; h: The Institute of Earth Physics of Paris, France; i: Kandilli Observatory and Earthquake Research Institute, İstanbul, 
Turkey; j: National Observatory of Athens, Greece; k: French Polynesian Tsunami Warning Center, Papeete, Tahiti; l: Aristotle 
University of Thessaloniki, Greece.

Model Long. (°) Lat. (°)
Nodal plane 1 Nodal plane 2

Depth (km) M0 (dyn-cm) Mw
Strike (°) Dip (°) Rake (°) Strike (°) Dip (°) Rake (°)

This study (GPS) a 25.674 40.290 261 72 –153 - - - 28.1 3.33 × 1026 6.94
GEOAZUR b 25.45 40.31 71 82 –178 341 88 –8 29 2.53 × 1026 6.9
USGS c 25.39 40.29 165 79 13 72 77 168 6.4 2.56 × 1026 6.9
EMSC d 25.31 40.21 167 87 9 76 81 177 25 6.32 × 1025 6.5
GFZ e 25.38 40.28 343 76 –12 76 77 –164 20 2.10 × 1026 6.8
Columbia Uni. f 25.68 40.32 163 85 0 253 90 –175 12 2.53 × 1026 6.9
INGV g 25.36 40.27 72 73 –167 338 77 –18 20.5 2.40 × 1026 6.9
IPGP h 25.45 40.31 341 88 -8 71 82 –178 29 2.53 × 1026 6.9
KOERI i 25.46 40.31 219 88 173 309 83 1 24 1.54 × 1026 6.8
NOA j 25.40 40.29 70 85 –167 338 77 –5 27 1.69 × 1026 6.8
CPPT k 25.42 40.28 70 80 178 160 88 10 10 2.45 × 1026 6.9
AUTH l 25.40 40.28 245 72 171 338 81 18 15 4.15 × 1025 6.3
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Figure 2. Pink dots represent seismicity between 2006 and 2014 (Bulut et al., 2018). Large red dot with black outline 
shows the epicenter of the 2014 mainshock (M 6.9). Blue bold lines are the active faults compiled by Bulut et al. (2018). 
Primary structural features mentioned in the text are the North Aegean Basin (NAB), the Western Ridge (WR), the 
Poseidon Basin (PB), the Eastern Ridge (ER), and the Saros Basin (SB).
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interseismic correction was performed in the time series 
for each computed displacement. The maximum horizon-
tal displacement was obtained at the nearest GPS station, 
LEMN (Figure 3). The time series of the closest sites are 
shown in Figure 4. The coseismic GPS displacements and 
misfits are given in Table 2.

Following Okada (1985), coseismic displacements 
were initially modeled as displacements at a free surface 
due to a dislocation in elastic half-space. In a second step, 
this initial model was improved, inverting coseismic dis-
placements and slips simultaneously. An inversion schema 

was designed to minimize the weighted residual sum of 
squares (wrss) between observed and theoretical displace-
ments.

It is critical to define a proper initial model for itera-
tive inversion to reasonably converge the model param-
eters, especially in the case of linearly dependent datasets 
(nonevenly distributed layout of GPS stations). A complex 
relation between surface displacements and fault geometry 
results in potentially many local minima. The optimization 
was performed using a simulated annealing approach to 
avoid local minima (Kirkpatrick, 1983). Although this 
approach is useful to avoid converging on local minima, 
it has limitations to reasonably converge to global mini-
mum. Therefore, simulated annealing-derived results were 
refined in a second step using the Broyden–Fletcher–
Goldfarb–Shanno (BFGS) algorithm. The observed and 
modeled displacements are summarized in Figure 5. As 
provided in Table 2 and Figure 3, stations at distances of 
more than ~100 km from the rupture accommodate in-
significant coseismic offsets. On the other hand, coseismic 
offsets closer to the rupture are statistically significant, 
while at those sites, the difference between the modeled 
and observed offsets is statistically insignificant.

Considering the earthquake magnitude and the ob-
served displacements, we did not expect significant post-
seismic displacements larger than the uncertainties of the 
coseismic offsets. Furthermore, since the coseismic offsets 
were derived from data only 1 day before/after the earth-
quake epoch, they are practically free from any postseis-
mic effect. No nonlinearity was observed in the time se-
ries following the earthquake. This is also an indication of 
insignificant postseismic displacements in our time series 
during the period of interest.

We sampled observation errors of the displacements 
100 times from a normal distribution using the original 
data covariance structure. The inversion was repeated for 
each reconstructed set of observations and a different set 
of the initial parameters. This approach allows the assess-
ment of the error bounds of the parameters as well as the 
trade-offs between model parameters (Figure 6).  For in-
stance, the average uncertainty of strike was about ±10° 
while it was about ±5° for the dip. The upper limit of the 
slip was fixed at 1 m. Moment was used to improve the sta-
bility of the inversion, although it was dependent on width 
and length of the rupture area, e.g., a wider rupture might 
result in a larger moment magnitude, or vice versa.

The obtained fault geometry and slip values are given 
in Table 3. Our results show that the mainshock has a right 
lateral strike-slip mechanism with a substantial exten-
sional component. Average coseismic slip is 48 cm on the 
horizontal axis and 25 cm on the vertical axis. Coseismic 
displacements range between 0.22 mm and 51.35 mm at 
distances of ~323 km and ~60 km from the mainshock hy-
pocenter, respectively.
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2.2. Coulomb stress change and aftershocks
Characterizing the relationship between the mainshock 
and the aftershocks is fundamental to understanding the 
mechanism of postearthquake processes. In this context, 
we analyzed Coulomb stress change during the mainshock 
of the 2014 North Aegean earthquake (Mw 6.9) to inves-
tigate static stress change associated with the mainshock 
and its correlation with aftershock distribution. In prin-
ciple, Coulomb stress change is not sensitive to the region-
al stress field. However, it is a function of fault geometry, 
slip, friction coefficient, and elastic properties of the earth’s 
crust (Toda et al., 2011). In this context, we assumed elastic 
half-space with a shear modulus of 32 GPa (earth’s crust) 
and a Poisson’s ratio of 0.25.

We tested both single-segment and two-segmented 
rupture models (Figure 7). The single-segment model is 
based on our source parameter calculations. The two-seg-
mented model, however, is based on the coseismic model 

of Bulut et al. (2018). We compared our stress change cal-
culations with early aftershocks (Bulut et al., 2018). Both 
models verified that the aftershocks appear more on the 
stress-increase sections of the NAF in the vicinity of the 
2014 rupture. Stress-decrease sections also accommodated 
aftershock activity. There were two subsidiary faults that 
remain in stress-decrease areas. According to the present 
results and the results of previous studies, although the 
rupture length is less than 90 km (±45 km from the main-
shock hypocenter), the mainshock triggered aftershock 
activity at a distance of ~100 km from the mainshock hy-
pocenter in the west, far beyond the 2014 rupture (Salto-
gianni et al., 2015; Kiratzi et al., 2016; Bulut et al., 2018). 
Our calculations indicate that this remote triggering can 
be attributed to the Coulomb stress change associated with 
the 2014 mainshock (Figure 7), among other factors, such 
as those from dynamic loading due to the passage of seis-
mic waves.
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Figure 4. GPS time series of the nearest 6 stations: ALEX, STRA, IPSA, CANA, YENC, and LEMN.
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Table 2. Observed and modeled coseismic displacements.

Site Lon. (°) Lat. (°)
Observed Modeled
de (mm) dn (mm) sde (mm) sdn (mm) de (mm) dn (mm) sde (mm) sdn (mm)

AFYT 23.435   40.097   1.1 –0.8 3.5 3.2  –0.57  –1.87 1.41 1.26
ALEX 25.853   40.849   12.4 16.1 2.6 2.9  15.65  13.43 1.04 1.14
ANDR 24.737   37.886   –3.1 –6.0 5.4 5.7  –1.23  –1.85 2.16 2.29
AYVL 26.686   39.311   –3.5 1.8 4.4 2.6  –4.94   4.17 1.76 1.02
BALK 27.894   39.639   –2.6 2.0 4.2 2.8  –2.08   1.89 1.67 1.12
BAN1 27.975   40.349   –1.8 0.0 3.7 2.6   0.66   1.77 1.48 1.03
BURG 27.468   42.500   0.3 0.4 3.4 2.7   1.47   1.96 1.35 1.09
CANA 26.414   40.111   –24.0 15.3 3.8 2.7 –16.66  15.83 1.51 1.09
CESM 26.373   38.304   –0.1 –0.8 4.6 2.3  –1.29   0.16 1.85 0.90
CHIO 26.127   38.368   –0.5 0.1 3.1 2.9  –1.35  –0.36 1.24 1.15
DUTH 24.917   41.140   5.9 –3.7 3.7 4.9   8.29  –8.18 1.46 1.97
EDES 22.051   40.804   –0.2 –1.7 4.1 4.5   0.73  –0.76 1.65 1.81
EDIR 26.551   41.677   2.4 4.5 3.3 2.5   3.55   5.00 1.32 0.98
ELH1 26.583   42.177   2.5 1.9 2.7 2.4   1.89   2.71 1.09 0.95
IPSA 26.380   40.918   9.4 16.8 3.4 3.0  14.40  17.67 1.36 1.20
IZMI 27.082   38.395   –1.1 –0.1 3.6 3.2  –1.51   1.17 1.45 1.26
KAVA 24.387   40.934   4.9 –0.6 3.8 2.9   8.69  –7.01 1.53 1.17
KIKA 27.672   39.106   –1.7 1.7 5.6 3.5  –2.44   2.05 2.22 1.39
KIRL 27.218   41.738   0.1 2.6 3.1 2.7   3.15   3.86 1.24 1.06
KLOK 22.014   39.565   –0.2 0.1 4.4 2.6  –0.63  –0.80 1.74 1.03
KOMO 25.406   41.120   5.1 4.9 5.0 4.6   7.45  –3.65 1.99 1.84
KRUM 25.652   41.473   1.6 4.2 3.4 3.6   3.57   1.86 1.36 1.44
KUST 22.713   42.284   0.2 –0.2 3.6 2.4   1.16  –1.01 1.45 0.96
LARI 22.388   39.614   –0.9 –0.6 3.2 3.8  –0.82  –1.00 1.27 1.52
LEMN 25.181   39.897   –20.0 –47.3 3.8 2.5 –34.58 –44.39 1.51 0.99
NOA1 23.864   38.047   –1.2 –6.3 4.4 4.7  –1.52  –2.00 1.76 1.86
PANG 24.174   42.514   –0.1 0.5 3.8 3.4   1.21  –1.01 1.50 1.36
PLOV 24.759   42.162   1.9 0.1 5.4 3.2   1.63  –1.10 2.16 1.27
PRKV 26.265   39.246   –1.6 –0.7 4.3 3.0  –4.38   2.01 1.71 1.20
PROV 23.387   41.068   2.5 –0.4 3.1 3.6   2.79  –2.15 1.23 1.42
PTOL 21.678   40.511   1.1 0.2 4.1 2.8   0.33  –0.60 1.62 1.10
ROZH 24.741   41.696   1.9 0.9 4.1 2.5   3.02  –2.68 1.62 1.00
SARY 27.916   41.443   2.1 1.1 3.9 2.7   2.77   2.72 1.56 1.06
SERR 23.037   41.286   1.4 –2.5 4.3 6.5   2.05  –1.61 1.73 2.60
SKOP 23.728   39.122   –1.3 –0.7 3.9 4.1  –3.30  –3.33 1.56 1.65
SKYR 24.565   38.904   –2.2 –3.8 4.3 2.4  –3.96  –5.32 1.72 0.94
SLIV 26.341   42.673   2.2 0.1 5.1 3.4   1.09   1.45 2.02 1.36
SOFI 23.395   42.556   0.5 –0.2 3.8 2.3   1.13  –1.03 1.52 0.93
STEF 22.743   39.464   0.2 0.4 3.5 2.3  –1.33  –1.35 1.38 0.90
STRA 23.791   40.520   3.9 –1.9 3.1 4.1   2.88  –2.71 1.25 1.62
TEKR 27.497   40.958   1.0 2.3 4.1 3.1   4.53   4.10 1.63 1.23
THS1 22.959   40.627   2.4 –0.9 3.3 2.8   1.25  –1.32 1.31 1.10
VOLO 22.887   39.353   –0.6 –0.9 3.3 2.6  –1.62  –1.57 1.32 1.03
YENC 27.242   39.936   –5.0 2.1 3.9 4.0  –3.56   3.63 1.56 1.61
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3. Discussion and conclusions
Seismological data have been previously used to determine 
kinematic source parameters of the 2014 North Aegean 
earthquake (Mw 6.9). The studies given in Table 1 and Fig-

ure 1 indicate that the mainshock is connected with strike-
slip motion along a steeply dipping fault plane that strikes 
ENE-WSW in accordance with the geometry of the NAF. 
In this study, we used absolute near-field GPS displace-
ments to simultaneously obtain location, size, slip, and ki-
nematic source parameters. According to our results, the 
2014 North Aegean earthquake occurred at a latitude of 
40.290°N and a longitude of 25.674°E with a magnitude 
of 6.94 at a depth of 28.1 km. The geodetic moment was 
found to be 3.33 × 1026 dyne-cm, comparable to the seis-
mic calculations. The focal mechanism of the mainshock, 
as obtained from our inversion, is in accordance with pre-
viously published solutions regarding the dextral strike-
slip motions. However, our solution has a more significant 
dip slip component compared to previous studies. Corre-
spondingly, we found on-fault average coseismic slip as 48 
cm and 25 cm on the lateral and vertical axis, respectively.

On-fault slip of the 2014 North Aegean earthquake has 
been previously modeled using different approaches, such 
as back-projection of strong-motion waveforms (Evange-
lidis, 2015), joint analysis of GPS and teleseismic seismo-
grams (Saltogianni et al., 2015), teleseismic seismograms 
(Kiratzi et al., 2016), and coseismic GPS measurements 
(Bulut et al., 2018; Konca et al., 2018). The models veri-
fied that the 2014 mainshock failed two subsegments, ex-
cluding the three-segmented model by Konca et al. (2018). 
The models indicate that the rupture length might range 
from 60 to 95 km (~85 km by Evangelidis, 2015; ~60 km by 
Saltogianni et al., 2015; ~95 km by Kiratzi et al., 2016; ~90 
km by Bulut et al., 2018; ~90 km by Konca et al., 2018). 
These previous investigations broadly focused on the dex-
tral fault slip, though some of them considered the dip slip 
component as well. On the other hand, the GPS-derived 
model from this study focuses more on the dip slip com-
ponent.

The results of this study reveal that on-land coseis-
mic displacements reach up to 51.35 ± 4.55 mm at ~60 
km from the hypocenter (LEMN station). The mainshock 
ruptured a fault section 70 km long. It is interesting to note 
that the rupture extends down to a depth of ~28 km at the 
lower crust, near the Moho. The mainshock is associated 
with a stress drop between 3 and 10 bar along the rup-
tured segment and a stress increase of 3 bar at the edges 
of the rupture. In the west, far beyond the 2014 rupture, 
there is a prominent cluster of earthquakes (24.10°E to 
24.30°E), presumably triggered by the mainshock. Al-

Table 3. Inverted parameters by GPS finite source.

Lon-1 (°) Lat-1 (°) Lon-2 (°) Lat-2 (°) Azimuth (°) Dip (°) Length (km) Width (km) Depth (km) Strike-slip (m) Dip slip (m)
26.075 40.341 25.274 40.240 261.1 71.7 69.05 29.52 28.1 –0.48 –0.25

Figure 7. Coulomb stress change associated with the mainshock. 
Upper panel: a single-segment rupture model; lower panel: two-
segmented rupture model. Black dots represent aftershock epi-
centers.
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though the rupture should be at most 90 km long (45 km 
in the east and 45 km in the west), this cluster is located 
at a distance of ~100 km from the mainshock (Figure 7). 
This remote triggering has also been observed on many 
other occasions, e.g., the triggering of the Çerkeş cluster 
at ~240 km from the 1999 İzmit mainshock (Utkucu et al., 
2003). Basically, triggering an earthquake requires increas-
ing shear stress or decreasing fault normal stress on the 
plane of the fault patch accommodating the potentially 
triggered earthquake. Mostly, these types of remote trig-
gering occur in the event that the earthquakes are ready-
to-fail, as coseismic change of Coulomb stress can be only 
a very few bars at such long distances. In our case, there is 

an increase of ~1 bar of Coulomb stress change along this 
westernmost cluster. It appears that aftershocks are distrib-
uted to a broader area as coseismic stress increase affected 
a ~200-km-long section of the western North Anatolian 
Fault.
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