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1. 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).

4. Conclusion - Relation to past events

2. Historical seismicity and tectonics

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 (Fig. 1). The most prominent 
structure along the western coasts of the Ionian Islands is the 
dextral Cephalonia-Lefkada Transform Fault (CTF) zone, 
separating continental collision to the north with subduction to the 
south.

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 2003 Mw6.2 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.

3. Slip inversions
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Figure 5: 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°, respectively. 
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.

Figure 2: (a) Surface projection of the slip model obtained by the empirical Green’s function (EGF) method (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 islands; 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 the inferred 
predominant directivity toward south (blue arrow). In most stations the ASTFs also clearly show the multiple character of the source.
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Figure 3: (a) 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. (b) 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 up-dip 
rupture propagation, which continued predominantly toward SSW (antistrike) and partly toward NNE.

After relocation and centroid moment tensor inversion [Sokos et al., 2016], we have used three independent 
methods and various seismological data to analyze the rupture process of the 2015 Lefkada earthquake:
! Multiple point source (MPS) model based on iterative deconvolution using the ISOLA code [Zahradník et al., 

2005; Hicks and Rietbrock, 2015] was applied to near-regional data (0.03-0.08 Hz). The resulting  model 
consists of three subevents, the smallest of which has rather uncertain mechanism (Figs. 2a, 4, 5).

! Near-regional data (0.05-0.3Hz) were used also in combination with the empirical Green’s functions method, 
EGF [e.g., Courboulex et al., 1997] to infer apparent source time functions (Fig. 2b), which were then inverted 
using the neighborhood algorithm [Sambridge, 1999] into constant-slip elliptical patch model [Vallée and 
Bouchon, 2004]. Fig. 2a shows the mean patch model.

! Local strong motion recordings (0.05-0.3 Hz) were inverted using the linear slip inversion (LSI) technique of 
-2Gallovič et al. [2015], applying (i) spatial smoothing by considering covariance function with k  decay at large 

wave numbers k as a prior for the slip rates and (ii) a positivity constraint on the slip rates by means of the 
nonnegative least squares approach [Lawson and Hanson, 1974]. The best fitting result from the LSI space-
time evolution is shown in terms of slip and slip-rate snapshots in Figures 3a and 3b, respectively.

Each method included a tuning of the rupture geometry to obtain the best fit with the observed data.

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]. As shown in Figs. 4 and 5, in 2003, the initial episode of the rupture propagation stopped at 
the NE end of the 2015 event. After ~10 s, the second subevent of the 2003 event occurred ~20 km 
farther to SW, i.e. jumping over the middle fault segment, leaving it unruptured and almost free of 
aftershocks (Figs. 4, 5). Our study suggests that the unruptured segment remained seismically 
silent for 12 years and then ruptured in the 2015 earthquake.
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].

a) b)

Figure 4: 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.

References
Benetatos, C., D. Dreger, and A. Kiratzi (2007), Complex and segmented rupture associated with the 14 August 2003 Mw6.2 Lefkada, Ionian Islands, Earthquake, Bull. Seismol. Soc. Am., 

97(1B), 35–51.
Courboulex, F., M. A. Santoyo, J. F. Pacheco, and S. K. Singh (1997), The 14 September 1995 (M = 7.3) Copala, Mexico, earthquake: A source study using teleseismic, regional, and local 

data, Bull. Seismol. Soc. Am., 87(4), 999–1010.
Gallovič, F., W. Imperatori, and P. M. Mai (2015), Effects of three-dimensional crustal structure and smoothing constraint on earthquake slip inversions: Case study of the Mw6.3 2009 L’Aquila 

earthquake, J. Geophys. Res. Solid Earth, 120, 428–449.
Hicks, S. P., and A. Rietbrock (2015), Seismic slip on an upper-plate normal fault during a large subduction megathrust rupture, Nat. Geosci., 8(12), 955–960.
Lawson, C. L., and R. J. Hanson (1974), Solving Least Square Problems, pp. 340, New Jersey.
Rondoyanni, T., M. Sakellariou, J. Baskoutas, and N. Christodoulou (2012), Evaluation of active faulting and earthquake secondary effects in Lefkada Island, Ionian Sea, Greece: An 

overview, Nat. Hazards, 61(2), 843–860.
Sambridge, M. (1999), Geophysical inversion with a neighbourhood algorithm-I. Searching a parameter space, Geophys. J. Int., 138(2), 479–494.

Acknowledgement:  Accelerometric data were downloaded from the freely available online repository Center for Engineering Strong Motion Data (CESMD, http://strongmotioncenter.org). Map figures were 
prepared using the Generic Mapping Tools package (http://www.soest.hawaii.edu/gmt/). Financial support: Grant Agency of Czech Republic (14-04372S), CzechGeo/EPOS (Lm2015079), European Social Fund and 
Greek national funds (Thales MIS377335 project). The seismological data used were derived from the Hellenic Unified Seismological Broadband Network (HUSN) operated by the Geodynamic Institute of the National 
Observatory of Athens (doi:10.7914/SN/HL), the Aristotle University of Thessaloniki [doi:10.7914/SN/HT], the University of Patras (doi:10.7914/SN/HP), cooperating certain stations jointly with the Charles University 
in Prague, and the University of Athens. The strong motion data were provided to us by the University of Patras (stations FSK, LTHK, VAR1, and PVO) and the Institute of Engineering Seismology and Earthquake 
Engineering-ITSAK/OASP (stations ITC1, LEF2, PRE2, and VAS2).

Download our GRL 
paper here:

Sokos, E., J. Zahradník, F. Gallovič, A. Serpetsidaki, V. Plicka, and A. Kiratzi (2016), Asperity break after 12 years: The Mw6.4 2015 Lefkada (Greece) earthquake, Geophys. Res. Lett., 43, 6137–6145.
Vallée, M., and M. Bouchon (2004), Imaging coseismic rupture in far field by slip patches, Geophys. J. Int., 156(3), 615–630.
Wei, S., D. Helmberger, S. Owen, R. W. Graves, K. W. Hudnut, and E. J. Fielding (2013), Complementary slip distributions of the largest earthquakes in the 2012 Brawley swarm, Imperial Valley, California, Geophys. 

Res. Lett., 40, 847–852.
Ye, L., T. Lay, K. D. Koper, R. Smalley Jr., L. Rivera, M. G. Bevis, A. F. Zakrajsek, and F. N. Teferle (2014), Complementary slip distributions of the August 4, 2003 Mw7.6 and November 17, 2013 Mw7.8 South Scotia 

Ridge earthquakes, Earth Planet. Sci. Lett., 401, 215–226.
Zahradník, J., A. Serpetsidaki, E. Sokos, and G.-A. Tselentis (2005), Iterative deconvolution of regional waveforms and a double-event interpretation of the 2003 Lefkada earthquake, Greece, Bull. Seismol. Soc. Am., 

95(1), 159–172.

20˚

20˚

20.2˚

20.2˚

20.4˚

20.4˚

20.6˚

20.6˚

20.8˚

20.8˚

21˚

21˚

38˚ 38˚

38.2˚ 38.2˚

38.4˚ 38.4˚

38.6˚ 38.6˚

38.8˚ 38.8˚

39˚ 39˚

−3000

−3000

−2000

−
20

00

−
1
0
0
0

−1000

20˚

20˚

20.2˚

20.2˚

20.4˚

20.4˚

20.6˚

20.6˚

20.8˚

20.8˚

21˚

21˚

38˚ 38˚

38.2˚ 38.2˚

38.4˚ 38.4˚

38.6˚ 38.6˚

38.8˚ 38.8˚

39˚ 39˚

Ithaki

Cephalonia

Lefkada

L
S

C
S

1972,Mw6.2

1973,Mw5.8

1983,Mw6.8

1983,Mw6.1

1983,Mw5.5

1987,Mw5.7 1992,Mw5.6

1994,Mw5.5

sub1,To+2s

sub2,To+16s

10 km

Magnitude
3.0
4.0
5.0

20˚ 24˚ 28˚

36˚

40˚
Gre

ece

C
T

F

M
yr

to
s

Peloponnese

Aegean
Sea

2003, Mw6.2

2003, Mw6.2

2014/01/26, Mw6

2014/02/03, Mw6

1983,Mw5.5
1983,Mw5.7

http://gallovic@karel.troja.mff.cuni.cz
http://gallovic@karel.troja.mff.cuni.cz

	Stránka 1

