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Introduction 19 

This supplement includes supporting information on the data and methods used, plus six figures 20 
and three tables. The tables summarize the moment tensor solutions of the aftershocks, and the 21 
detailed fault geometry used in the slip inversions. 22 

Text S1.  Hypocenter locations 23 

Initial location of the sequence was made using the HYPOINVERSE code [Klein, 2002] and P, S 24 
phase manual picks, as provided by the Geodynamic Institute of the National Observatory of 25 
Athens (GI-NOA) from regional seismic stations in Greece. To enrich this dataset we manually 26 
picked P and S phases from available local strong motion stations to improve aftershock 27 
relocation. The analyzed dataset (1071 events) covers the period 1st November 2015 to 31st 28 
December 2015. Earthquake location in Lefkada, and western Greece in general, is not a trivial 29 
task due to the large azimuthal gap, imposed by the Ionian Sea. Besides the azimuthal gap, 30 
location is also affected by the spatial variation of crustal thickness, which changes from ~40 km 31 
in Western Greece to ~20 km in the Aegean Sea [Karastathis et al., 2015]. In order to avoid these 32 
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problems we used stations at small epicentral distances (< 80 km) and carefully relocated the 33 
dataset using the catalog data, HYPODD [Waldhauser and Ellsworth, 2000] and a suitable 34 
velocity model [Haslinger et al., 1999]. The mainshock was found at 38.6779°N, 20.5827°E, 35 

depth 8 km. The aftershock clusters at the northern and southern ends of the seismic rupture 36 
started to develop just after the mainshock and most probably were activated due to stress 37 
changes at the ends of the fault rupture. 38 

Text S2. Centroid moment tensor (CMT) solutions 39 

The largest aftershocks of the sequence were selected for moment tensor inversion. Local and 40 
regional waveform data were used in the ISOLA moment tensor inversion code [Zahradník and 41 
Sokos, 2014 and references therein]. This approach is based on full waveform least-squares 42 
inversion, assuming a point- or multiple-point source representation. Green's functions were 43 
calculated by the discrete wavenumber methods [Bouchon, 1981; Coutant, 1989], using the 1D 44 
velocity model adopted for hypocenter relocation [Haslinger et al., 1999]. The centroid position 45 
and centroid time were calculated by a grid search. A 3D spatial grid search was used for the 46 
mainshock in order to infer not only the best fitting centroid location and faulting parameters, but 47 
also to assess the uncertainty of the solution. The centroids of the aftershocks were grid-searched 48 
in vertical direction while their horizontal positions were kept fixed at epicenters. The frequency 49 
range was ~0.05-0.15 depending on event’s size, i.e. larger aftershocks were inverted with 50 
slightly smaller frequencies than the smaller ones. Stability of the solutions was examined using 51 
various indices as described by Sokos and Zahradník [2013]. In this approach, besides the well-52 
known Variance Reduction (VR) (which quantifies the seismogram fit), a few other parameters 53 
are evaluated i.e., the Condition Number (CN), the Focal Mechanism VARiation (FMVAR) and 54 
the Space Time VARiation (STVAR). CN is related to the stability of the inversion, FMVAR and 55 
STVAR are based on the so-called correlation plot (i.e., spatiotemporal variation of correlation 56 
and focal mechanism) and describe the stability of focal mechanism close to highest correlation 57 
and the sharpness of the time space grid maximum (for details see Sokos and Zahradník [2013]). 58 
In Table S1, the results for the largest aftershocks are presented along with the associated 59 
uncertainty indices. 60 

Text S3. Mainshock – Centroid Moment Tensor solution 61 

The analysis was based on waveform data at regional stations in epicentral distances 80-200 km, 62 
providing the best possible azimuthal coverage and being free of instrumental disturbances. For 63 
LTHK, VAR1 and PVO stations (Fig. S1) we used strong-motion data. We performed 3D grid 64 
search of the centroid position using frequencies 0.01-0.05 Hz and deviatoric moment-tensor 65 
inversion. At the optimum depth of 5 km (i.e. the depth providing the best waveform data fit 66 
among the tested depths), the results clearly indicated that the centroid position was considerably 67 
shifted with respect to the epicenter: ~10 km southward, and ~5 km westward (Fig. S2). The 68 
optimum solution was characterized by the strike/dip/rake values = 24°/80°/-149°, double-couple 69 
percentage DC= 85%, VR= 0.61.The condition number CN=3.6 indicates that the moment tensor 70 
was resolved well. Scalar moment was 0.46x1019 Nm, hence Mw6.4, centroid time ~8 s after 71 
origin time.  72 
 73 
According to Zahradník and Sokos [2014] if true source process is complex, the time function 74 
evaluated at centroid position and higher frequencies is a powerful indicator of major subevents. 75 
Thus we calculated the moment-rate time function using frequencies 0.03-0.08 Hz for the 76 
centroid position (single-point model), using the non-negative least squares method. As explained 77 
in appendix of Zahradník and Sokos [2014], we fit waveforms by a weighted linear combination 78 
of elementary time functions, or simply elements, superimposed with prescribed, constant relative 79 
time shifts (1 second). By elements we mean slip rate functions used in the moment-tensor 80 
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inversion (band-pass delta-function in this paper). Further, we constrained the focal mechanism 81 
and moment at our CMT values. The inversion provides (non-negative) weights of the elements. 82 
Since the low-pass corner is 0.08 Hz, i.e. effective duration of the elements is ~12 s, we, for 83 
simplicity, demonstrate the time function in form of the individual 12-s triangles and their sum 84 
(the red and blue curves in Fig. S2b, respectively). The calculations have shown that the moment-85 
rate time function evaluated at a single-point (centroid) already indicates three faulting episodes, 86 
separated of each other by ~ 3-4 seconds.             87 
 88 

Text S4. Mainshock – Multiple point source solution 89 

 90 
Having such a clear evidence for source complexity, and also having support from the aftershock 91 
distribution, we proceeded in a more detailed investigation using the multiple point source 92 
approach [Zahradník et al., 2005; Gallovič et al., 2013;  Quintero et al., 2014, Hicks and 93 
Rietbrock 2015].  94 
 95 
We used trial positions of point sources on a line (situated at depth of 5 km), passing through the 96 
centroid at azimuth of 20° (20 trial positions, step 3 km), using frequencies 0.03-0.08 Hz. Higher 97 
frequencies than in Text S3 (i.e. shorter wavelengths) enable investigation of more source details.  98 
We carried out several tests, varying the strike of the line, its depth, frequency range, and the 99 
results were similar, except DC%. To stabilize the inversion, we leave the free deviatoric 100 
assumption and, instead, seek DC-constrained subevents still having their strike/dip/rake angles 101 
free. As a result, the inversion indicated a possible rupture scenario like the one demonstrated in 102 
Fig. S3a.  103 
 104 
The process started with an early small moment-release (0.17x1019 Nm) in the central part of 105 
Lefkada Island, i.e. close to epicenter. The main moment release episode (0.28x1019 Nm) 106 
occurred ~ 3-4 seconds later, as far as 15 km in the SSW direction, towards Cephalonia Island. 107 
Finally, a third small moment release (~0.15x1019 Nm) occurred ~4 s after the main one, being 108 
situated further to the SSW.  109 
 110 
The individual subevents of multiple-point source models have very often quite different focal 111 
mechanisms, although there is no obvious physical reason for such a dramatic change. The 112 
variability thus rather indicates an over-parametrization of the inverse problem, and the strongly 113 
varying mechanisms are unlikely. We emphasize that the inversion of the present earthquake is 114 
much more stable, i.e. the two major subevents have similar strike/dip/rake = 189°/77°/146° and 115 
27°/79°/-150° for the first and second subevent, respectively. These are basically right-lateral 116 
strike slips with a small thrust component, similar to the centroid solution (see Fig. S3b). As 117 
explained, such stability can be understood as an indication that the azimuth of the trial source 118 
line is a good approximation of the fault.  119 
 120 
The two first events were found quite stable as regards their position and focal mechanism when 121 
doing also additional tests, e.g. jackknifing stations, adopting deviatoric moment tensor inversion, 122 
varying the frequency range (e.g. 0.05-0.10 Hz, or 0.04-0.09 Hz), and varying the depth of the 123 
trial source line. The third subevent (the latest and smallest one, most displaced to SSW) has been 124 
found much less stable.  The results of station jackknifing are presented in Fig. S3b. The stability 125 
of the solution for the first two subevents is evident. Note that although the third subevent is the 126 
least stable, its low-dipping nodal plane is common to all derived solutions. The parameters of the 127 
3-point model calculated with all stations are presented in Table S2. The model features VR=0.7 128 
and the obtained waveform fit is shown in Fig. S3c.  129 
 130 
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Having revealed that the focal mechanism of the third subevent is uncertain, it is unclear how 131 
much its position and time resolution are affected by inverting these two parameters jointly with 132 
the mechanism. Therefore, we further stabilized the inversion by assuming constant 133 
strike/dip/rake = 20°/ 90°/ -150° (chosen as typical for the Cephalonia-Lefkada region), and were 134 
seeking just the position, time and scalar moment of three subevents. The test has confirmed the 135 
same position and time of all three subevents, as obtained above with the unconstrained 136 
mechanism. In particular, the third subevent has again been found near the SSW end of the fault. 137 
 138 
However, there is an important difference between the previous inversion with free DC-139 
constrained mechanism and the present fixed mechanism: the ratio of moments of the least and 140 
major subevent equals 0.5 and 0.3, respectively. It means that the fixed-mechanism inversion 141 
weakened the relative size of the third subevent. It is possible that similar effect takes place in the 142 
slip inversion (making use of a fixed mechanism): if subevent 3 exists, and its mechanism differs 143 
from the other two, then subevent 3 may become apparently negligible in the LSI result. 144 
 145 
The 3-point source model was basically derived 5 days after mainshock. It was reported to the 146 
European Mediterranean Seismological Center  [Zahradník and Sokos, 2015, http://www.emsc-147 
csem.org/Doc/Additional_Earthquake_Report/470390/Lefkada_2015_EMSC.pdf] and served as a 148 
first approximation for more detailed investigations. In the present paper, the 3-point model has 149 
been subjected to a more detailed reconsideration. 150 
 151 

Text S5. Multiple point source solution – statistical significance 152 

 153 
When increasing the number of subevents, the cumulative variance reduction decreases. To 154 
quantify whether the increase is significant, we use standard statistical F test. Two models under 155 
comparison (e.g., the model comprising just a single subevent or two) are characterized by their 156 
L2-norm misfits, and their ratio is compared with critical points of the F distribution with NDF1 157 
and NDF2 degrees-of-freedom of the two models. NDF is defined as the number of independent 158 
data minus the number of free parameters, N-M. For example, seeking the deviatoric moment 159 
tensors, position along a line, and time, represents M=7 per subevent.  160 
 161 
Setting up correctly the value of N is much less obvious because it is not clear how many samples 162 
per component are dependent. Following Dreger and Woods [2002] we assume that samples are 163 
correlated over the period of the low-pass filter used in the inversion (12.5 s in our paper). The 164 
number of independent samples per component can then be calculated as the ratio between the 165 
‘seismogram length’ and this period, but the ‘seismogram length’ should be also defined. 166 
Opposed to Hicks and Rietbrock [2016], who used the length of the inverted time window 167 
(245.76 s) we apply a more conservative approach [Adamová et al., 2009], providing much less 168 
optimistic conclusions about the significance. We define the ‘seismogram length’ as the duration 169 
of the dominant part of the record, ~60 s, which yields just 5 independent samples per 170 
component. Finally, multiplying by the number of components and stations we get N=165.  171 
 172 
The 0.05  and 0.20 critical points of the F distribution in our case are 1.30 and 1.15, respectively. 173 
If the ratio of the misfits exceeds these critical values, the improvement in the waveform fit is 174 
considered significant at the 95% and 80% confidence level, respectively. Specifically, in the 3-175 
point model of this paper, the misfit ratios are as follows:  misfit 1/misfit 2 = 1.46, and misfit 176 
2/misfit 3 = 1.18, where misfit J relates to J subevents (e.g., misfit 2 stands for subevents 1 + 2). 177 
Therefore, the model improvement by using two subevents instead of one is significant at the 178 

http://www.emsc-csem.org/Doc/Additional_Earthquake_Report/470390/Lefkada_2015_EMSC.pdf
http://www.emsc-csem.org/Doc/Additional_Earthquake_Report/470390/Lefkada_2015_EMSC.pdf
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95% significance level, while the 3-point model represents an improvement with respect to the 2-179 
point model just at the 80% level.  180 
 181 

Text S6. Empirical Green’s Function (EGF) method 182 

 183 
Empirical Green’s Functions method, EGF is an established method to invert seismograms into 184 
source models [e.g. Courboulex et al., 1997; Roumelioti et al., 2009 and references therein]. Its 185 
advantage is that velocity models are not needed. If a target (‘strong’) event and another ‘small’ 186 
event (called EGF event) are recorded at same stations, the latter can substitute synthetic Green’s 187 
functions. The EGF event should be situated near the target and should have a similar focal 188 
mechanism, although more sophisticated methods have been developed to weaken the latter 189 
strong requirement [Plicka and Zahradník, 1998 and 2002]. The EGF event should be small 190 
enough to basically represent a point-source response of the medium, but, at the same time, the 191 
EGF record must have a good signal-to-noise ratio, which gives constraint on the usable 192 
frequency range. 193 
 194 
In this paper, the aftershock no. 15 of Table S1 (Nov. 21, 2015, 00:41:57 UTC) was selected as 195 
the EGF event because, among all analyzed aftershocks, its focal mechanism is the closest to the 196 
mainshock (9° in terms of the Kagan angle, Kagan [1991]). The magnitude (Mw4.5) of the EGF 197 
event is sufficiently low, although still providing good signal in the studied frequency range 198 
(0.05-0.3Hz).  199 
 200 
Using EGF, the apparent source time functions (ASTFs) can be calculated, basically 201 
deconvolving the EGF record from the target (mainshock) record using the following approach. 202 
Each ASTF is expressed as a weighted sum of identical, equally shifted isosceles triangles. The 203 
strong-event record at each station is a linear combination of the convolutions between the EGF 204 
record and every triangle. Coefficients (≥ 0) of this combination are calculated for each station by 205 
the non-negative least squares method [Lawson and Hanson, 1974]. Equal area under ASTF’s at 206 
all stations is constrained by the mainshock moment. The constraint is realized simply by 207 
augmenting the linear system (solved by NNLS) by a new equation relating the integral of the 208 
ASTF with the prescribed seismic moment. 209 
 210 
 211 
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 212 
 213 

Figure S1. Locations of the strong motion (red triangles) and broad-band stations (white squares) 214 
used in the present work. Blue squares depict stations used in relocation (only phase picks were 215 
available). Red star depicts the mainshock. 216 

 217 
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 218 
 219 

 220 

Figure S2. a) Grid search of centroid position, showing the Latitude-Longitude variation of the 221 
correlation between observed and synthetic waveforms (the correlation plot) for 0.01-0.05 Hz. 222 
The trial position no. 25 in the center is a reference point chosen close to the epicenter. The grid 223 
is situated at a depth of 5 km. The calculated moment tensors are shown by beach balls, color-224 
coded according their double-couple percentage (DC%). The centroid is represented by the 225 
largest beach ball. The centroid time is 8 seconds after origin time.  b) Moment-rate function 226 
approximately estimated at the centroid position for 0.03-0.08 Hz. Shown are the dominant 227 
triangular elements of the duration 12 s (red) and their sum (blue). Note that this single-point 228 

a) 

b) 
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source model already indicates a faulting complexity, expressed as three episodes shifted with 229 
respect to each other by 4 and 3 seconds, respectively.   230 

 231 

 232 

 233 

 234 
 235 

 236 
 237 

Figure S3. a) Multiple point-source inversion with DC-constrained focal mechanisms. Three 238 
subevents are shown by circles whose radius scales with moment and color shows a relative 239 
rupture time (formally shifted 20 s before the origin time). The black circle represents the 240 
moment scale. b) Focal mechanisms of the subevents, jointly inverted with their position, time 241 
and moment. Jackknifing demonstrates great stability of the focal mechanism solution for the first 242 
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two subevents (sub 1 and 2), and the least stability for the third one (sub 3). c) The displacement 243 
waveform fit of the model using frequencies in 0.03-0.08 Hz band. The waveform JAN-EW is not 244 
inverted due to a disturbance. Station codes appearing at the right refer to Fig. S1. d) Waveform 245 
fit at local stations as predicted by the 3-point source model derived from regional stations.  246 
 247 
 248 
 249 

 250 
 251 
Figure S4. a) Slip model obtained from finite-fault linear slip inversion. Final slip distribution on 252 
the fault plane is superimposed by the slip-rate functions. The scale on the right depicts the slip 253 
amplitude variability. Asterisk denotes hypocenter projected on the fault plane (not used in the 254 
inversion). The multiple slip rate peaks represent rather a smoothing artifact related to the 255 
complex temporal rupture evolution as inferred by the inversion. As can be seen in the slip rate 256 
snapshots displayed in Fig. 2d in the main text, the rupture model consists of three episodes, 257 
where the first one started with small slip close to hypocenter, and propagated mainly up-dip for 258 
the initial ~3-4 s. After that, rupturing continued in SSW in two subsequent sub-episodes 259 
including bilateral rupture propagation (see the slip-rate maxima at 6 and 9s in Fig. 2d). Since the 260 
smoothing regularization operates at each time step, the slip rate peaks are artificially smeared to 261 
its surrounding, which results in the apparent multiplicity of the slip rate peaks (see also 262 
discussion in Gallovič et al., [2015]). b) Moment rate function corresponding to the linear slip 263 
inversion model from panel a. Note the three peaks manifesting the three rupture episodes. The 264 
peaks are also reflected in the shape of the waveform at the VAS2 station (see Fig. S5). 265 
 266 
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 267 
 268 
 269 
 270 

 271 
 272 
Figure S5. a) Displacement waveform fit for the slip inversion (0.05-0.3 Hz) model shown in 273 
Fig. S4a. The observed and synthetic waveforms are shown in black and red, respectively. The 274 
used strong motion stations (codes on the left) are shown in Fig. S1. b) Comparison of low-275 
frequency (0.03-0.08Hz) waveforms (black) at regional stations as predicted by the finite-extent 276 
source model from the linear slip inversion LSI (Fig. S4). The fit is reasonably good considering 277 
that these stations were not consider in the LSI, being in some cases worse than that reached in 278 
the multiple point source inversions (e.g., IGT E-W, EVR N-S, PVO N-S), while in some cases 279 
even better (e.g., IGT Z). Note that at some stations the misfit is the same for both the LSI and the 280 
multiple point source inversions suggesting improper velocity model and/or problem with the 281 
data (e.g., KEK N-S and E-W, LTHK N-S, ITM N-S and Z, etc.).  282 

 283 

 284 

 285 

 286 

 287 
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 288 

 289 

 290 

Figure S6. Slip model calculated from the inversion of apparent source time functions (ASTFs; 291 
shown in Fig. 2b of the main text). Note the consistency with the slip model of Fig. S4, in terms 292 
of the location and amplitude of the major slip. The mean of 500 patch models well-fitting the 293 
ASTF’s is shown. Hypocenter is plotted by an asterisk. Rupture speed for the well-fitting patch 294 
models varies from 1.6 to 2.2 km/s, the best-fitting model being characterized by 2.0 km/s. 295 

 296 

 297 
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No YYYYMMDD 
Centroid Time 

hh:mm:ss 

Latitude 

°N 

Longitude 

°E 

Centroid 

Depth 

(km) 

strike° dip° rake° Mw 
Mo 

(Nm) 

DC 

% 

 

VR 

% 

 

NST FMVAR STVAR CN 

Kagan 

angle 

1.  20151117 07:10:14 38.5754 20.5428 5 24 80 -149 6.4 0.46E+19 85 61 11  5 0.08 3.6 - 

2.  20151117 08:33:42 38.6515 20.5570 7 115 55 24 5 3.79E+16 62 67 8 11 0.21 2 66 

3.  20151117 11:49:46 38.4862 20.4857 3 112 89 0 4 1.17E+15 47 71 7 26 0.14 8.2 33 

4.  20151117 11:57:25 38.7129 20.5618 9.8 220 75 169 4.7 7.77E+15 63 57 8 16 0.24 3.3 35 

5.  20151117 12:10:34 38.6922 20.6232 5.5 21 84 -165 3.7 5.00E+14 34 64 6 25 0.20 2.3 16 

6.  20151117 12:37:57 38.6955 20.5774 5 297 82 26 4.7 1.58E+16 100 82 7 18 0.27 2.8 41 

7.  20151117 19:39:36 38.7040 20.6017 7 220 77 -179 4.1 1.79E+15 85 67 6 10 0.12 1.9 41 

8.  20151118 05:18:16 38.4967 20.5177 5 344 88 176 4.4 4.53E+15 28 73 6 14 0.24 2.8 50 

9.  20151118 12:15:39 38.8443 20.5915 15 195 72 -172 5 3.42E+16 94 76 8 18 0.32 2.1 48 

10.  20151118 13:03:13 38.7197 20.6288 19 286 89 29 4.9 2.95E+16 66 57 7 17 0.27 2.9 50 

11.  20151118 18:30:09 38.7238 20.6280 1 199 90 117 4.3 4.02E+15 77 66 6 44 0.10 7.8 34 

12.  20151120 05:12:26 38.4703 20.4875 7 32 72 176 4.7 1.56E+16 92 78 6 7 0.11 2 38 

13.  20151120 09:33:16 38.6347 20.5830 5 289 85 -22 4.5 7.54E+15 83 89 8 21 0.13 3.2 27 

14.  20151120 23:37:05 38.7105 20.6172 2 289 43 -26 4.5 7.65E+15 74 78 7 20 0.06 5.2 22 

15.  20151121 00:41:57 38.7150 20.6168 1.5 297 59 -2 4.5 7.67E+15 95 72 7 14 0.12 2.6 9 

16.  20151121 01:58:26 38.6020 20.5915 9.5 121 81 40 4.1 1.63E+15 97 87 6 10 0.20 2.6 51 

17.  20151121 16:17:52 38.7072 20.6265 1.5 265 21 -59 4.1 2.09E+15 84 72 6 11 0.03 6 49 

18.  20151124 09:39:06 38.7310 20.5997 8.5 108 71 45 4.1 2.07E+15 70 87 6 12 0.33 2.1 59 

19.  20151125 03:14:49 38.5265 20.5450 5 40 54 -29 4.1 1.58E+15 83 73 7 12 0.10 2.5 97 

20.  20151129 08:36:10 38.7228 20.6137 3 200 79 163 4.2 2.30E+15 77  75 6 24 0.24 3.2 25 

21.  20151214 21:13:26 38.9950 20.6312 8 185 84 180 4.2 2.35E+15 70  78 5 8 0.35 1.8 38 

22.  20160104 18:00:56 38.6037 20.5917 8 26 43 -176 4.2 2.66E+15 89  97 5 18 0.36 4.1 46 

Table S1. Moment tensor solution for the mainshock (No. 1) and the largest aftershocks. NST is the number of stations used in inversion, FMVAR, 

STVAR and CN are defined in Text S2 and in Sokos and Zahradník [2013]. The deviation of the aftershock focal mechanism from the mainshock is 

expressed in terms of the Kagan angle [Kagan, 1991] in the last column. 
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Subevents Latitude 

(°N) 

Longitude 

(°E) 

Time 

(s) * 

strike/dip/rake Moment 

(Nm) 

Mw Cumulative 

VR 

Earliest 

subevent  

(sub 1) 

38.6770 20.5900  4.5  189°/77°/146° 0.165E+19  6.1 0.49 

Later 

subevent 

 (sub 2) 

38.5500 20.5311   8.1  27°/79°/-150° 0.282E+19  6.3 0.65 

Latest 

subevent 

 (sub 3)  

38.4484 20.4841   12.4  (258°/19°/-54°)+ 0.145E+19  6.1  0.70 

* Time is relative to the origin time (07:10:07 UTC) 

+ The focal mechanism of the subevent 3 is uncertain; presented here are the values obtained 

from all stations, but jackknifing indicates large variations (see Fig. S3b). The sub 2 and sub 

3 are statistically significant in the  95%  and 80% confidence level, respectively (Text S5). 

 

Table S2. Parameters of the 3-point DC-constrained source model of Fig. S3. 

 

 

Corners (Lat, Lon) of the EGF fault model Corners (Lat, Lon) of the LSI fault model 

38.451 20.508 38.447 20.489 

38.903 20.620 38.795 20.608 

38.897 20.661 38.790 20.631 

38.445 20.549 38.442 20.512 
 

Table S3. Coordinates of the fault edges adopted in the slip models (the EGF model in Fig. S6, 

the LSI model in Fig. S4).   

 

 


