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Abstract

The Mw6.4 earthquake sequence of 2015 in western Greece is analyzed using seismic data.
Multiple point source modeling, nonlinear slip patch, and linear slip inversions reveal a coherent rupture
image with directivity toward the southwest and several moment release episodes, reﬂected in the complex
aftershock distribution. The key feature is that the 2015 earthquake ruptured a strong asperity, which was left
unbroken in between two large subevents of the Mw6.2 Lefkada doublet in 2003. This ﬁnding and the
well-analyzed Cephalonia earthquake sequence of 2014 provide strong evidence of segmentation of the
major dextral Cephalonia-Lefkada Transform Fault (CTF), being related to extensional duplex transform
zones. We propose that the duplexes extend farther to the north and that the CTF runs parallel to the western
coast of Lefkada and Cephalonia Islands, considerably closer to the inhabited islands than previously
thought. Generally, this study demonstrates faulting complexity across short time scales (earthquake
doublets) and long time scales (seismic gaps).

1. Introduction
The Ionian Islands in Greece, and the Lefkada Island, in particular, are the locus of strong and frequent seismicity (Figure 1). This is reﬂected in the Hellenic Antiseismic Code which accounts for the highest design
acceleration (0.36 g) within Greece [Earthquake Planning and Protection Organization, 2000]. The most prominent structure along the western coasts of the Ionian Islands is the dextral Cephalonia-Lefkada Transform
Fault (CTF) zone, well deduced from seismological data [Scordilis et al., 1985; Kiratzi and Langston, 1991;
Louvari et al., 1999; Kiratzi and Louvari, 2003; Karakostas et al., 2004] and marine data [Kokinou et al., 2006].
CTF represents an interplay between shear and thrusting that separates continental collision to the north
with subduction to the south (Figure 1). It consists of two active segments: the ~90 km Cephalonia
Segment (CS) to the south and the ~40 km Lefkada Segment (LS) to the north [Louvari et al., 1999]. The exact
mapping of the fault trace is not available; its position is inferred from the bathymetry, with the CTF viewed as
a thin-skin fracture along the bathymetric escarpment west of Cephalonia and Lefkada Islands [Shaw and
Jackson, 2010]. However, the widespread shear motions, evidenced from the strike-slip focal mechanisms,
are not conﬁned along CTF only, but, on the contrary, they cover a broad zone, which extends up to the
western coast of Peloponnese [Louvari et al., 1999; Shaw and Jackson, 2010; Kiratzi, 2014; Sokos et al., 2015].
The focus of this study is the 17 November 2015 earthquake (07:10:07 Greenwich Mean Time or GMT; Mw6.4),
which affected the southwestern coast of Lefkada. It occurred 12 years after the 14 August 2003 Mw6.2 earthquake which had shaken the northwestern coast of Lefkada, see Figure 1. In both cases structural damage,
mainly related to nonreinforced constructions, and signiﬁcant geotechnical impacts (landslides, rock falls,
and liquefaction) were conﬁned in the western part of the island [Institute of Earthquake Engineering and
Engineering Seismology [ITSAK], 2003; Papadopoulos et al., 2003; ITSAK, 2015].
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The most interesting features of the 2003 event were as follows: (a) the source complexity despite the moderate magnitude, (b) the aftershock pattern, which showed two distinct clusters, and (c) the persistent lack of
aftershocks and background seismicity in between the two clusters (see Figure 1). Two independent groups
[Zahradník et al., 2005; Benetatos et al., 2005, 2007] found that the 2003 event was a doublet consisting of two
major subevents, separated by 40 km in space and by 14 s in time. While Zahradník et al. [2005] considered
pure strike-slip faulting in their source modeling, Benetatos et al. [2007] and Saltogianni and Stiros [2015] suggested that the ﬁrst subevent had a small thrust component also. The ﬁrst subevent (Mw6.0–6.2) was located
at the northern end of the LS and the second (Mw5.8–6.0) at its southern end, close to the intersection with
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Figure 1. Seismicity along the Cephalonia Segment (CS) and the Lefkada Segment (LS) of the Cephalonia Transform Fault
Zone (bold black lines). Large events are shown by grey beach balls. Red beach balls depict two major subevents of the 14
August Mw6.2 2003 earthquake [Zahradník et al., 2005; Benetatos et al., 2007]. Text above the red beach balls depicts the
timing of the subevents relative to its origin time To. Small red circles are aftershocks of the 2003 event, forming two
well-separated clusters close to the subevents. White circles represent the seismicity after the 2003 event and before the
2015 event (seismic catalogue of the Aristotle University, doi:10.7914/SN/HT). Light black contours denote sea bathymetry.
Inset shows the position of CTF and the major tectonic elements in Greece.

the CS (sub1 and sub2, respectively in Figure 1). These two subevents appeared in the ﬁnite-fault slip model
from teleseismic waveforms as two slip patches: a major one with an area ~25 × 10 km2 and a smaller one
with an area ~15 × 10 km2 [Benetatos et al., 2007].
The second stable feature of the Lefkada 2003 earthquake rupture, evident in all related publications
[Saltogianni and Stiros, 2015, and references therein], was a speciﬁc aftershock pattern, with two distinct clusters separated by a region almost free of aftershocks. This gap started roughly in the middle of west coast of
Lefkada and continued up to the northern tip of Cephalonia (Figure 1a); its length ~20 km was almost half of
the Lefkada Segment. Note that this segment remained mostly seismically inactive also during the period
2003–2015 (Figure 1).
Here we study the 2015 event in terms of the source complexity, the rupture history, and its kinematics, based
on regional and local seismic data, using various independent methods. We are conﬁdent that the 17
November 2015 main shock ruptured the fault region that was left unbroken during the 2003 event and
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had remained seismically silent until the 2015 main shock, suggesting a delay as long as 12 years. Altogether,
the episodes in 2003 and 2015 ruptured the entire ~40 km of the Lefkada Segment. Eventually, including also
our previous study of the Cephalonia earthquake sequence of 2014 [Sokos et al., 2015], we discuss our
ﬁndings in terms of the local seismotectonics and reconsider the position of the CTF.

2. Basic Parameters of the Main Shock and Its Aftershocks
The main shock and aftershocks (1071 events covering the period from 1 November to 31 December 2015)
were relocated as shown in Figure 2a; for details, see Text S1 in the supporting information. For the strongest
aftershocks we calculated near-regional centroid moment tensor (CMT) solutions (supporting information Text
S2 and Table S1). The distribution of aftershocks has a patchy pattern (Figure 2a), forming a few distinct clusters,
north and south of the relocated epicenter. The mechanisms have predominantly strike-slip components.
A 3-D grid search was made for the centroid position of the main shock (supporting information Text S3). The
optimum CMT solution (in terms of waveform ﬁt) was found at the depth of 5 km, displaced ~10 km southward, and ~5 km westward with respect to epicenter (Figures 2a and S2 in the supporting information).
The deviatoric moment tensor inversion was well constrained and resulted in the best ﬁtting strike/dip/rake
angles = 24°/80°/ 149°, and the double-couple percentage DC = 85%, scalar moment 0.46 × 1019 Nm (Mw6.4),
see Table S1. Note that the centroid is located in the area sparsely covered by aftershocks, see Figure 2a.

3. Finite-Fault Rupture Models
We use three independent methods using various seismological data to analyze the rupture process and slip
distribution of the 2015 Lefkada earthquake. Each method included a tuning of the rupture geometry to
obtain the best ﬁt with the observed data. After describing the methodologies, we discuss the inferred source
models in terms of their common features and minor differences. The former represent stable components of
the rupture model, while the latter features are rather questionable.
3.1. Methods
Multiple point source (MPS) model based on iterative deconvolution [Zahradník et al., 2005; Gallovič et al.,
2013; Quintero et al., 2014; Hicks and Rietbrock, 2015] was applied to the near-regional data in the frequency
range of 0.03–0.08 Hz. We used trial positions of point sources on a line passing through the centroid at
azimuth of 20° (20 trial positions, spacing of 3 km). We did several tests, varying the strike of the line, its depth,
and frequency range, and the results were similar, except DC percent. To stabilize the inversion, we sought
DC-constrained subevents, leaving their strike/dip/rake angles free. The resulting MPS model contains three
subevents (Texts S4 and S5 and Table S2).
The regional data were used also in combination with the empirical Green’s functions method, EGF [e.g.,
Courboulex et al., 1997; Roumelioti et al., 2009] to calculate apparent source time functions (ASTFs), see
supporting information Text S6. The inferred ASTFs are shown in Figure 2b. To obtain a source model, the
ASTF’s were inverted into constant-slip patches [Vallée and Bouchon, 2004]. The model parameters were as
follows: (i) An elliptical patch deﬁned by the position of its center and the axes lengths. (ii) Rupture speed
(assuming rupture propagation from hypocenter at a constant speed). (iii) Strike and dip of the plane encompassing the elliptical patch; just small variations of these two angles (±5° with respect to the CMT solution)
were examined. The inversion is nonlinear, and the parameters were searched by the neighborhood algorithm [Sambridge, 1999], which provided not only the parameter set leading to the best ﬁt of the ASTFs
but also a family of acceptable solutions. The mean patch model is shown in Figures 2a and S6 in the
supporting information.
Finally, for the linear slip inversion (LSI) method of Gallovič et al. [2015], the rupture process is discretized in
space and time along a given fault plane, and the model parameters are the spatial-temporal samples of the
slip rates, spanning the whole rupture duration. The data are displacement waveforms obtained from local
strong motion stations (Figure 2c). Synthetic Green’s functions were calculated by the discrete wave number
and matrix methods [Bouchon, 1981; Coutant, 1989; Kennett and Kerry, 1979] for the 1-D velocity model
adopted for hypocenter relocation [Haslinger et al., 1999], see Text S1. Both data and synthetics were passed
through a fourth-order causal (single-pass) Butterworth ﬁlter, between 0.05 and 0.30 Hz. To stabilize the
inverse problem in the least squares sense, we applied (i) spatial smoothing by considering covariance
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Figure 2. Finite-fault inversions of the 2015 Lefkada earthquake. (a) Surface projection of the slip model obtained using the empirical Green’s function (EGF) approach; it
is calculated as a mean of 500 patch models well ﬁtting the apparent source time functions (ASTF), shown in Figure 2b. Star denotes the epicenter; blue beach ball is the
centroid moment tensor. Red beach balls are the two largest subevents of the multiple point source inversion with DC-constrained focal mechanism; the third subevent,
whose mechanism is uncertain, is shown in gray. Black beach balls indicate mechanisms of the largest aftershocks. Fault traces are from the neotectonic maps of Lefkada
and Cephalonia; note particularly the dextral strike-slip faults marked with red color on land Lefkada and Cephalonia [Rondoyanni et al., 2012]. (b) The ASTFs obtained
from EGF method (black) at regional stations and synthetic ASTFs calculated from the best slip-patch model (red). Note the short duration and large amplitude at the
LTHK station, implying directivity toward south. In most stations the ASTFs also clearly show the multiple character of the source. (c) Surface projection of the slip model
obtained using the linear slip inversion (LSI) method employing strong motion waveforms from stations depicted on the map (triangles). Note the consistency of the
location of the major slip patch with the slip model in Figure 2a. The rest of the symbols are the same as in Figure 2a. (d) Space-time rupture evolution of the LSI model
plotted in terms of slip velocity snapshots every 1 s. The blue asterisk denotes the vertical projection of the hypocenter on the fault (unused in the inversion). Note the
initial updip rupture propagation, which continued predominantly toward SSW (antistrike) and partly toward NNE.
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function with k 2 decay at large wave numbers k as a prior for the slip rates and (ii) a positivity constraint on
the slip rate by means of the nonnegative least squares approach [Lawson and Hanson, 1974]. As such, the
source description is very general with no a priori constraints on the position of the nucleation point, rupture
speed, and shape of slip-rate functions. It must be noted that as in any multiparameter inversion, the slip
model is sensitive to artifacts and biases imposed by the imperfect station distribution and smoothing. In
view of the above, we interpret the inversion results using previous experience [Gallovič, 2016; Gallovič
et al., 2015; Gallovič and Zahradník, 2011], taking into account also ﬁnite-source models from the other two
inversions. The fault was modeled as a rectangle, 40 km × 12 km along strike and along dip, respectively. Its
orientation, e.g., strike, dip, and rake, was grid searched in the vicinity of the CMT solution: (a) strike (10°,
15°, 20°, and 25°), (b) dip (80° and 90°), and (c) rake (–150°,–160°,–170°, and –180°). Position of the fault in
the east-west direction was varied ±5 km with respect to the centroid. The best waveform ﬁt (variance reduction VR = 0.77, supporting information Figures S4a and S5a) was attained for the initial fault position (ﬁxed in
the centroid) and for strike/dip/rake angles = 15°/80°/ 180°.
In order to further validate the MPS and LSI modeling results, in which different station subsets were used, we
made two additional tests. Using the MPS three-point source model derived from regional stations, we
forward simulated (predicted) waveforms at the local stations (supporting information Figure S3d) and,
conversely, using the LSI model calculated with the local stations we predicted the regional records
(supporting information Figure S5b). In both, the noninverted stations were matched quite well.
3.2. Stable and Questionable Features of the Rupture Model
The models obtained by the three methods are shown in Figures 2 and S3–S6 in the supporting information.
The MPS model displayed in Figure 2a consists of three subevents. The mean of the 500 acceptable EGF
slip-patch models from the total of 120,000 trials is also shown in Figure 2a. The best ﬁtting result from the
LSI space-time evolution is shown in terms of slip and slip-rate snapshots in Figures 2c and 2d, respectively.
All the models agree on the predominant rupture directivity toward the south. This can be also deduced
directly from the ASTFs, which have short duration and high amplitude at the LTHK station (Figure 2b). The
other consistent feature is that all methods suggest rather complex rupture propagation, consisting of two
or three episodes (e.g., in supporting information Figures S2b, S3a, and S4b). The rupture started with small
slip close to hypocenter and propagated mainly updip for the initial ~3–4 s (see the ﬁrst subevent from the
MPS inversion delayed by 4 s after the origin in Figure 2a and the slip-rate peak at 3 s in the LSI snapshots of
Figure 2d). After that, rupture propagation continued toward SSW, i.e., toward the Cephalonia Island, creating
major slip ~5 s later and ~15–20 km SW of the hypocenter at shallow depths (see the second subevent in the
MPS model and the dominant slip patches in the EGF and LSI models).
All methods indicate relatively low rupture speed of 2 km/s, understood as a mean (or apparent) rupture
speed of the whole faulting process. Indeed, in EGF this value corresponds to the best ﬁtting model; in LSI
it is the speed estimated from the termination of the rupture that occurred 20 km from the hypocenter, at
approximately 10 s after the nucleation (see snapshots in Figure 1d). Obviously, the possibility that during
each moment release episode the rupture could have propagated faster cannot be ruled out.
Some other features revealed by the individual inversion methods, but not common to all, can be considered
less reliable (unstable or poorly constrained). For example, the results of the LSI method suggested that the
major slip episode consisted of two subepisodes including bilateral rupture propagation (see the slip-rate
maxima at 6 and 9 s in Figure 2d). An additional test with varying the smoothing constraint and/or removing
individual stations showed that this feature is rather unstable and might be either real or an artifact due to the
use of imprecise Green’s functions.
Another less reliable but interesting feature relates to the third (Mw6.1) subevent occurring SSW and ~4 s after
the major moment release, as revealed by the MPS method. Having stable position near the southern edge of
the fault, we speculate that the third subevent could possibly be related to a transfer zone, offshore
Cephalonia and Lefkada, acting as a barrier for the ruptures on either CS or LS. Several such zones were traced
near the southern termination of the 2015 rupture by aftershocks of the 2003, 2014, and 2015 sequences
(between latitude 38.35° and 38.55°, see Figure 3b). Unfortunately, as shown by jackkniﬁng (see supporting
information Text S4 and Figure S3b), the focal mechanism inversion of the third subevent is the least stable.
This is mainly attributed to the fact that the ﬁrst two subevents can sufﬁciently ﬁt the observed data. Indeed,
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Figure 3. (a) Vertical cross section showing collocation of slip distribution inferred for the 2015 earthquake by the LSI method
(color and isolines), MPS solution (yellow stars), and the two subevents of the 2003 earthquake (red stars). Yellow and red
circles correspond to the aftershocks of the 2015 and 2003 events, respectively. Note the striking complementarity of the
ruptures of the two earthquakes. (b) Evolution of the earthquake ruptures on the Cephalonia and Lefkada fault segments from
2003 to 2015 (CF and LS plotted by dashed black lines). Shown by ovals are the generalized surface projections of the slip
during the 2003 (red), 2014 (green), and 2015 (yellow) events. The gap between the two subevents comprising the 2003 event
was a strong asperity that compensated its slip deﬁcit in the 2015 earthquake. Aftershocks (small circles) and focal mechanisms
(beach balls) are plotted in respective colors. The seismological evidence clearly reveals persistent characteristic of the
earthquake activity along the CTF: segmented ruptures with (predominantly) strike-slip doublets. Average strike and dip
angles are 20° and 70°. Obviously, the recent faulting is signiﬁcantly shifted eastward with respect to the existing CTF model
(black dashed lines). The earthquakes occur closer to the islands than previously thought, implying that the western island
coasts and onshore areas are exposed to signiﬁcant ground shaking. The newly proposed structure of the CTF fault zone,
including the extensional duplex transfer zone, is depicted by thick blue lines.
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as shown by F test (supporting information Text S5), the statistical signiﬁcance of the three-point model is
just 80% (compared to 95% of the two-point model), leaving uncertain the exact nature of the rupture
stopping phase.

4. Discussion and Conclusions
The 17 November 2015 strong earthquake (Mw6.4) ruptured the southern part of the Lefkada Segment (LS) of
the Cephalonia Transform Fault (CTF) zone (Figure 1). The ﬁnite-fault modeling was performed using three
independent methods: (a) the multiple point source (MPS) method using synthetic Green’s functions, (b)
the patch method using empirical Green’s functions (EGF), and (c) the linear slip inversion (LSI) using
synthetic Green’s functions. The ﬁrst two methods utilize near-regional data, while the latter employs local
strong motion recordings. All three methods provided similar major features of the slip model, such as
predominantly unilateral rupture propagation toward SSW. Slip is mainly concentrated at the central south part
of the Lefkada Segment, roughly 10 km south west of the epicenter along a ~15–20 km long fault. The maximum slip of ~1.5 m surpassed the maximum slip calculated for the previous Mw6.2, 2003 event [Benetatos
et al., 2007] by a factor of ~4 and was situated predominantly at relatively shallow depths (from 3 to 7 km).
The rather light damage distributed along the Lefkada and Cephalonia Islands supports the initial minor slip
above the hypocenter and with the major slip toward south, partially offshore, i.e., away from populated
areas. A large zone ~15–20 km long coinciding with the major slip episode, southwest of the main shock epicenter, remained almost free of aftershocks (Figures 2a, 2c, and 3a). The aftershock activity developed toward
the edges of the rupture, only a few hours after the main shock, in the form of two major clusters.
4.1. Relation Between the 2015 and 2003 Lefkada Earthquakes
The slip history of the previous Mw6.2 strike-slip earthquake that occurred in 2003 in Lefkada Island was analyzed by two independent groups [Zahradník et al., 2005; Benetatos et al., 2005, 2007]. The most striking feature was that the event consisted of two major subevents, which were well separated in space (by 40 km) and
time (by 14 s). The ﬁrst subevent (Mw6.0–6.2) was located at the northern end of Lefkada Segment and the
second (Mw5.8–6.0) at its southern end, close to the intersection with the Cephalonia Segment (sub1 and
sub2, respectively in Figure 3). Our analysis indicates that the 2015 earthquake ruptured the part of the
Cephalonia-Lefkada fault that did not rupture during the 2003 event (Figure 3). It is worth noting that this
segment was almost free of aftershocks not only after the 2003 event but also after the 2015 event
(Figure 3), and it also remained silent in the time period between the two main shocks, representing thus
a signiﬁcant seismic gap. The asperity that ruptured in 2015 is demarcated by two clouds of aftershocks in
the NE and SW, suggesting a signiﬁcant geometrical and/or rheological complexity at the fault edges as
visible in the vertical cross section in Figure 3a.
We point out that the evolution of the 2003 and 2015 events is unusual. As shown in Figure 3, in 2003, the
initial episode of the rupture propagation stopped at the NE end of the 2015 asperity. However, perhaps
due to dynamic stress triggering, the second subevent of the 2003 event occurred after ~10 s, ~20 km farther
to SW. This way, the 2003 earthquake jumped over the middle fault segment, leaving it unruptured. It took
another 12 years to bring that segment to failure in the 2015 earthquake, thus compensating the slip deﬁcit.
A question remains as to whether the segment was loaded by regional tectonic forces only or also by other
mechanisms, as, for example, slow slip that takes place at the deeper parts of the fault plane. In any case, we
may consider this part of the Lefkada Segment of the CTF as strongly segmented.
Similar complex evolution of the tectonic system has been observed elsewhere, but not commonly. For
example, the 2003 and 2013 Scotia earthquakes benchmark the “opposite” pattern: the earlier earthquake
is situated in between the two subevents of the later earthquake [Ye et al., 2014]. Other smaller-scale example
of spatial complementarity of the slip between two earthquakes on the same fault is the 2012 Brawley,
California, sequence consisting of Mw5.3 and 5.4 events separated by 1.5 h [Wei et al., 2013].
4.2. Tectonic Implication of the 2003–2015 Earthquake Evolution
The 2015 Lefkada earthquake is obviously related to the CTF (Figure 3b) and, in particular, to its Lefkada
Segment (LS); if it is studied collectively with the 2003 earthquake, it helps to improve the tectonic deﬁnition
of CTF.
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As the quality and quantity of the seismological data increase, especially with the installation of many
stations in the aftermath of recent earthquake sequences, it can be clearly seen that the strong events
depicting the presence of the CTF are very close to the coastline, and, in a number of cases their foci are
situated underneath the Lefkada and Cephalonia Islands [Sokos et al., 2015, and references therein]. The
2003 and 2015 strong events clearly deﬁne the position of LS on land or very close to the western coast of
the Lefkada Island. Note also that the 2015 event is clearly connected with a mapped fault trace
[Rondoyanni et al., 2012] that runs along the western coast of Lefkada (red line in Figures 2a and 2c). This fault,
shown in Figure 2a, has slightly different strike than the so far suggested for the Lefkada Segment of CTF, and
it is located onshore Lefkada.
In the region between the Lefkada and Cephalonia Islands, where the bathymetry depth contours become
steeper and curved, the clusters of aftershocks tend to align along an approximately EW trend. In this area,
similar aftershock clusters were observed during the Lefkada 2003 and Cephalonia 2014 earthquake
sequences [Karakostas et al., 2014; Sokos et al., 2015], see Figure 3b. These observations suggest the existence
of a system of parallel strike-slip faults, called strike-slip duplexes [Woodcock and Fischer, 1986] that form an
extensional duplex transfer zone between LS and CS. Such a zone has been proposed by Karakostas et al.
[2014] for the area of Myrtos bay and is mapped on land at the northern tip of Cephalonia (Figure 1). We build
on their interpretation and propose that this transfer zone is broader and extends farther to the north
offshore. Such a structure explains the tendency of the ruptures to stop in between CS and LS. In particular,
the rupture of the 2015 Lefkada event stopped at the north edge of the Cephalonia Island, almost at the same
place where the rupture of the 2014 Cephalonia event stopped its propagation toward Lefkada [Sokos et al.,
2015]. Furthermore, the existence of a strong asperity within the Lefkada Segment, as found in this study,
explains the complicated double rupture of the Lefkada 2003 event.
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The present results have implications in terms of seismic hazard. The presence of an extended transfer zone
that connects the two large segments of CTF and the existence of strong asperities in the fault zone support
the idea of segmented ruptures. They seem to indicate an upper bound on the maximum rupture length for
future events, which are expected to be class Mw ~ 6–6.5, in accordance with the historical events in the area
[Papadopoulos et al., 2003]. Nevertheless, such an upper bound should be considered with caution as an earthquake scenario rupturing the entire Lefkada Segment in a single magnitude ~7 event cannot be ruled out.
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