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J. Kostelecký, J. Zahradník 
 

Introduction  

Texts S1-S3 provide methodical details of the location, backprojection, and the co-seismic GNSS data 
processing scheme. Tables S1-S4 describe a) the moment tensor solutions, b) the geometry of the 
suggested two-fault source model and c) the observed GNSS co-seismic displacements. We also present 
supplementary information concerning the seismicity location (Figures S1-S2), point source inversion 
(Figures S3-S4), slip inversion (Figures S5-S8), back-projection (Figure S9), GNSS modeling (Figures 
S10-S11), and space-time evolution of seismicity prior to mainshock (Figure S12).  
 
In the 3Dview zip file, five text files and one Matlab script are included. The files are: aftershocks-
1day.txt, aftershocks-all.txt, slipmap-1.txt, slipmap-2.txt, zak.coast, plot_Zakynthos2018_slip3d.m The 
latter is a commented Matlab script enabling 3D view of aftershocks and slip on two fault planes 
(1=strike-slip fault, 2=thrust-fault) in the Lat/Lon/Depth coordinate system. The user should a) extract 
the zipped files in a folder, b) launch Matlab and navigate to this folder c) run the 
plot_Zakynthos2018_slip3d.m script. This command will plot an annotated 3D view of the aftershock 
sequence and the associated slip. The user has the option to zoom in and out and chose an arbitrary 3D 
view using the specific Matlab figure tools.  
 
 
Text S1. Location of mainshock and aftershock  
 
The mainshock and the Mw4.8 foreshock were located with the NonLinLoc code, using the probabilistic 
Oct-Tree method (Lomax et al., 2001); http://alomax.free.fr/nlloc/. The method visualizes the 
hypocenter uncertainty by sampling the probability density function ("scatter cloud"). The P and S 
arrival times were manually picked from regional broadband and strong motion seismic stations 
downloaded from NOA EIDA data archives; http://eida.gein.noa.gr/. The 1D model used throughout this 
paper (Papoulia et al., 2014) was found satisfactory at epicentral distances smaller than ~250 km. At 
greater distances the station residuals grew above 2 s, hence those stations were not used. The final 
location (Fig. S1) is computed from 34 stations for mainshock (34 P-onsets, 26 S-onsets) and 23 stations 
for aftershock (23 P, 19 S), respectively. The location uncertainty (the scatter cloud) is affected by (i) 
our estimated picking errors and (ii) network geometry. Median of the P- and S-wave picking errors of 
the foreshock is 0.25 s and 1.52 s. However, it is considerably larger for the mainshock, 0.43 and 2.63 s, 
because a very small event occurred in the focal region, preceding the mainshock by a few seconds, 
making the onset of the mainshock unclear (affected by S-wave group of the small foreshock). Missing 
SW stations (Italy, distance > 250 km) make the network geometry uneven. Both effects can be 
recognized in Fig. S1: (i) the epicenter uncertainty is greater for mainshock, and (ii) the scatter cloud is 
elongated in the SW-NE direction. As shown by star in Fig. S1, the maximum likelihood hypocenter, i.e. 
the formally best-fitting solution, appears to be very shallow, depth < 1 km. The associated scatter cloud 
is elongated vertically, indicating the hypocenter depth to be likely bounded between 0-10 km and 0-15 
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km for the mainshock and aftershock, respectively.  Note that several agency solutions of the mainshock 
reflect analogous uncertainties (Fig. S2).  
 
 
 
Text S2.   Back-projection of strong motion waveforms 
 
To identify the spatiotemporal distribution of the earthquake source, we use the Source-Scanning 
Algorithm (SSA) (Kao and Shan, 2004, 2007). For this study 8 records from local strong motion stations 
within ~100 km distance have been used (Fig. S9a). We apply a 2–8 Hz band-pass filter and use the EW 
component. The brightness function for a given source location and time is the stack of the normalized 
waveforms recorded at all stations shifted for the corresponding travel-time. The records are stacked 
for all possible points in a 3-D grid around the hypocenter. We back-project the records at a spatial and 
time interval of 1 km and 0.2 s, respectively. The length of the time window used in the stacking process 
is 0.3 s centered at the predicted arrivals. The use of not accurate enough velocity models or local site 
effects can misalign the predicted arrival times with respect to the observed large amplitudes and 
produce defocusing effects. Thus, we include in the stacking process the amplitudes from neighboring 
samples within this time window. When sources exist at specific locations and times, large amplitudes 
are expected at the predicted arrival times in each station, resulting in large brightness values, the so-
called bright spots. Thus, the seismic source process is obtained by scanning the entire spatiotemporal 
model. 
 
We explore the resolution limits of the applied method for this earthquake by performing a simple 
synthetic test using a delta-like source located at the hypocenter. We calculate synthetic waveforms that 
should be recorded at each station (Fig. S9a), using the Thompson–Haskell propagator matrix technique 
simplified by Zhu & Rivera (2002). The waveforms calculated in a homogeneous half space were back-
projected to map in time and space the imposed hypocenter of this test within 0.1 s in time, 1 km 
horizontally. For this particular station geometry bright spots drift apart from the epicenter as a 
swimming artifact (e.g. Meng et.al. 2013) that lasts 7 s and is elongated about 20 km to the NNE. Thus, 
by restricting our discussion to moments on the earthquake rupture when the maximum brightest spots 
are observed, the ~40 km elongation to NE (not to NNE), seen in the real data back-projection (Fig. 3 
and Fig. S9b) is the finite-source effect. 
 
Text S3. Method for co-seismic GNSS data  
 

Data from three permanent GNSS stations, STRF, ZAKY and PYRG, were available to analyze the co-
seismic motions (Table S4). The "Compact RINEX" data was available for analysis. In all cases, the data 
were in full-day files with 30-second data sampling. Satellites of the American GNSS-NAVSTAR system 
and the Russian GLONASS system were used.  Data of 5 days before and after the earthquake were 
employed. Data processing, leading to the acquisition of observation station coordinates, was performed 
using the PPP (Precise Point Positioning) method. We used the free software operated by the Canadian 
geological service NRCan (Geodetic Survey Division, Natural Resources Canada). A detailed description 
of the method is available in (Kouba and Héroux, 2001) and (Tétreault et al., 2005). GNSS satellite 
precision ephemeris and on-board clock corrections, published with a 14 day delay by the International 
GNSS Service, were used to determine the coordinates. Satellite ephemeris accuracy is currently at 3 cm 
in position and 1 ns in the satellite clock correction. The necessary calibration and atmospheric 
corrections for individual observations were determined from the models. The method operates 
through an iteration process. For each day-long data set, we obtain results characterized by internal 
accuracy (with 95% probability) of 2-3 mm in the north-south direction, 4-6 mm in the west-east 
direction, and 8-12 mm in the vertical direction. The “unharmonic analysis“, detailed in (Vaníček, 1971; 
Vondrák and Burša, 1977; Kostelecký and Karský, 1987) was used to analyze the time series before and 
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after the earthquake; the resulting differences express the co-seismic shifts. The estimated rms errors of 
the shifts are calculated assuming that the position before and after the earthquake are two 
uncorrelated observations, each with an error corresponding to a single observation. In other words, we 
avoid a formal decrease of the error which would occur if averaging over several days prior and after 
the event. However, a prerequisite is that during the earthquake, the GNSS antenna on the station was 
not shifted with respect to background and results of analysis represent shift of the surface. 
 
 
Table S1. MT components [x 1018 Nm] of the point-source model of this paper.  

 
Mrr Mtt Mpp Mrt Mrp Mtp 
4.82 2.81 -7.63 9.68 -6.70 10.92 

 
 
Table S2. Focal mechanisms of the foreshock (No. 1) and aftershocks (No. 2-27). 
(VR is variance reduction, Nst is the number of used stations). 
 

No. Date Time Lat (oN) Lon(oE) Depth 
(km) 

Strike 
(°) 

Dip 
(°) 

Rake 
(°) 

Mw Mo  
(Nm) 

VR 
(%) 

Nst 

1 2018/10/25 22:22 37.3482 20.5547 4 110 84 85 4.8 2.120e+016 73 5 
2 2018/10/26 00:13 37.4660 20.6712 6 111 44 44 4.7 1.540e+016 41 8 
3 2018/10/26 01:06 37.3887 20.8560 3 88 26 52 4.7 1.509e+016 70 8 
4 2018/10/26 05:48 37.3597 20.5067 2.5 104 83 80 5.1 5.016e+016 67 9 
5 2018/10/26 06:20 37.4698 20.4383 2.5 244 90 -95 4.2 2.643e+015 16 9 
6 2018/10/26 12:11 37.4323 20.7072 7 119 88 35 4.1 1.650e+015 35 9 
7 2018/10/26 12:41 37.3753 20.5360 2.5 101 82 76 5.0 4.216e+016 66 9 
8 2018/10/26 16:07 37.4248 20.5892 7 308 62 -44 4.6 8.511e+015 63 9 
9 2018/10/26 23:51 37.3702 20.7800 3 335 88 119 4.2 2.328e+015 7 7 
10 2018/10/27 05:28 37.4743 20.6392 10 21 82 -172 4.3 3.903e+015 68 9 
11 2018/10/30 02:59 37.5199 20.3169 10 345 87 -91 5.3 1.170e+017 73 7 
12 2018/10/30 08:32 37.4840 20.4300 2.5 274 86 -82 5.1 5.178e+016 41 8 
13 2018/10/30 12:49 37.5063 20.5280 2.5 55 13 -158 4.7 1.645e+016 65 7 
14 2018/10/30 15:12 37.4692 20.4885 3 48 8 -167 5.8 7.448e+017 58 7 
15 2018/11/01 02:44 37.3673 20.5658 2.5 93 85 76 4.9 3.135e+016 56 7 
16 2018/11/04 03:12 37.3785 20.4113 11.5 259 85 -33 4.6 8.960e+015 54 7 
17 2018/11/05 06:46 37.6268 20.4863 7 38 82 163 4.6 1.170e+016 66 7 
18 2018/11/11 23:38 37.6327 20.5055 5 121 55 4 4.9 2.644e+016 67 7 
19 2018/11/12 06:32 37.4285 20.4960 2 131 35 68 4.2 2.276e+015 62 6 
20 2018/11/12 06:50 37.1350 20.5460 10 354 78 178 4.8 1.941e+016 62 8 
21 2018/11/15 09:02 37.5227 20.6825 8 173 83 102 4.9 3.326e+016 81 8 
22 2018/11/15 09:09 37.4887 20.6503 14 188 88 134 4.5 8.216e+015 57 8 
23 2018/11/19 13:05 37.1477 20.5033 5 267 54 -22 5.2 7.008e+016 71 8 
24 2018/12/25 01:41 37.3243 20.7963 12 122 80 77 4.9 2.604e+016 78 7 
25 2019/01/17 21:46 37.6520 20.6723 7 316 78 27 4.2 2.554e+015 75 5 
26 2019/02/16 01:57 37.6875 20.6875 4 133 86 30 4.1 1.641e+015 74 6 
27 2019/02/17 21:40 37.3682 20.8740 4 124 54 6 4.4 5.731e+015 80 6 
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Table S3. Parameters of the segmented two-fault source model. 
 

 Strike-slip segment; s/d/r (°) = 12/44/176 Thrust-fault segment; s/d/r (°) = 
308/10/64 

Lon (°) Lat (°) Depth (km) Lon (°) Lat (°) Depth (km) 

Center 20.6804 37.4472 10.31 20.7000 37.4416 11.74 
Top left 20.5143 37.2909 0.58 20.7614 37.0655 6.74 
Top right 20.6077 37.6438 0.58 20.2273 37.3977 6.74 
Bottom left 20.7525 37.2506 20.03 21.1733 37.4845 16.74 
Bottom 
right 

20.8470 37.6033 20.03 20.6381 37.8185 16.74 

  
 

Table S4. Observed GNSS co-seismic displacements.   
 

Station Latitude (°N) 
Longitude 

(°E) 
NS (cm) 

(> 0 to N) 
EW (cm) 
(> 0 to E) 

Z (cm)  
(> 0 up) 

STRF 37.24539 21.01562 -4.33  0.09 2.55  0.25 0.66  0.38 
ZAKY 37.77916 20.88505 -3.89  0.45 -2.65  0.28 -0.70  0.75 
PYRG 37.67877 21.46221 -0.78  0.21 -1.52  0.24 -0.35  0.56 
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Figure S1. Probabilistic locations. The green star denotes the formal best-fitting solution, while blue 
dots are random samples of the probability density function, describing the location uncertainty.  a) Mw 
4.8 foreshock that occurred 32 minutes before the mainshock. b) Mw 6.8 mainshock. The bottom right 
panels show the used stations. Both events are located using our own manual P and S wave picking, 
including estimates of the picking uncertainty. The NonLinLoc code is used (Lomax et al., 2001).   
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Figure S2. Solution of the mainshock by several institutions.  Hypocenter is denoted by star, color 
coded according to the providing agency. The bottom right panel shows the centroid moment tensors. 
Note a considerable scatter in the hypocenter location, and high stability of the full moment tensor, 
shown by shading of the beachballs. Acronyms: USGS – United States Geological Survey, GCMT – Global 
Centroid Moment Tensor project, EMSC – European-Mediterranean Seismological Centre, UOA – 
University of Athens, NOA – National Observatory of Athens, AUTH – Aristotle University of 
Thessaloniki. 
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Figure S3. Multiple-point (consecutive) source model of the mainshock. a) Used strong motion 
stations. b) Subevents are calculated by iterative deconvolution of full waveforms (Zahradník and 
Gallovič, 2010; Sokos et al., 2016), 0.02-0.10 Hz; the waveform fit (not shown) is low, variance reduction 
VR=0.5. The subevents are grid-searched at 15 trial points distributed along a line striking SW-NE and 
dipping 20°. The subevents are shown by circles proportional to moment and color-coded relative to the 
subevent rupture time (time = 0 being the origin time). The focal mechanisms (DC-constrained) are free; 
all of them are shown by beachballs of the same size, with numbers referring to the subevent time. This 
is a typical example indicating the following possible scenario: An early, weak and shallow moment-
release with TF mechanism (point 5) is later followed by stronger, deeper SS episodes situated towards 
north-east (points 8, 10). The largest subevents are the most stable. The pair with an early, weak TF at 
point 5, and a later, stronger SS at point 10 is in good agreement with the slip inversion in Figure 3 of 
main text. 
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Figure S4. Two-point (joint) source model of the mainshock. Joint inversion of waveform data for 
position, scalar moment and moment-rate time functions of two subevents (pairs), each one formed by a 
100% DC subevent of an assumed typical SS (left) and TF (right) mechanism, s/d/r = 10°/55°/180° 
and 331°/10°/101°, respectively; the non-negative least-squares method (NNLS) is employed 
(Zahradnik and Sokos, 2014). The pairs are grid-searched on horizontal plane at depth of 20 km, in 
frequency range 0.02-0.15 Hz. Subevents are shown by circles, color-coded with time, whose radius 
scales with moment. All plotted point-source pairs fit the data fairly well (VR ~ 0.6). The message of the 
figure is that the major SS and TF episodes are highly uncertain. They might have occurred close to each 
other, both in space and time, as in the formally best pair, consisting of the SS (left) and TF (right) 
subevents in points 21 and 15, time 7 and 11 s, respectively. Equally possible is, for example, TF (right) 
at point 1, followed by SS (left) at point 22, at 3 and 11 s, respectively. The latter would correspond to 
the initiation of the source rupture by a TF episode situated near epicenter (the turquoise color in the 
right panel), continuing with a stronger later SS episode situated toward northeast, similarly to the two-
segment model of Figure 3 in main text. 
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Figure S5. Segmented two-fault source model of the mainshock. a) Analogous to Figure 3 of the 
main text, aftershocks just for the first day, and including also the seismic and GNSS stations (upward 
and downward triangles, respectively). The observed and synthetic GNSS co-seismic displacements are 
shown by black and red arrows, respectively. The synthetic GNSS displacements were calculated from 
the seismic model comprising both the TF and SS segments. Shown by a blue line and focal mechanism 
is the 2018 Movri Mountain earthquake. b) Waveform fit for the two-fault model is good, VR= 0.66. Real 
(black) and synthetic (red) displacements are shown in frequency range 0.02-0.15 Hz. Peak observed 
displacements are shown to the right.  
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Figure S6. Single-fault source model.  a) Same as in Fig. S5, but the inversion of waveforms is 
performed considering just the SS fault. b) Waveform fit VR=0.52 is considerably worse than for the 
segmented model, see Fig. S5b.  
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Figure S7. Slip rate snapshots of the segmented source model from Fig. S5. Space-time 
development on the thrust and strike-slip fault are shown in the large and small rectangle, respectively 
(keeping the same length and color scales). The asterisk marks the hypocenter, not used in the inversion 
as the nucleation point. Time 0 corresponds to 6 s after the origin time (see the main text). Note that slip 
episodes are complementary: They occur on the SS segment when they cease on the TF fault (see also 
Figure 3b of main text). Depth of the dominant SS-patch center is 13 km. 
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Figure S8. Segmented two-fault source model of the mainshock, analogous to Fig. S5, but with the 
nearest station LTHK removed from the inversion. Waveform fit (including the predicted LTHK 
station) is VR=0.58. The test shows that omission of the station with the largest amplitude keeps main 
aspects of the seismic model unchanged, thus proving robustness of the inversion.  
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Figure S9. a) Back-projection – a synthetic test. The normalized maximum brightness variation with 
time is shown on the top. The bottom plotted locations are within the time window defined from the 
blue lines and for values higher than 0.18 (dotted blue line). The time interval between two consecutive 
bright spots is 0.2 s. The red arrow marks the origin time of the delta-like source. The colored plotted 
circles on the map represent maximum brightness location in each time step, sized proportionally to 
their values. The green star marks the epicenter. The locations of the strong motion stations used in the 
back-projection are shown in red. b) Back-projection – real data. The bottom plotted locations are 
within the time window defined from the blue lines and for values higher than 0.3 (dotted blue line).  
The gray thick line marks indicatively the ruptured area. All other features similar with a). 
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Figure S10. A joint inversion of the seismic and static GNSS data. The use of static GNSS data leads 
to the occurrence of a slip patch at ~ 21.1°E, 37.3°N, close to the (otherwise unfitted) STRF station. 
However, this slip patch does not effectively generate any seismic signal in our frequency range 
considered (VR=0.65). 
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Figure S11. Slip inversion considering exclusively the GNSS data. Note that the use of the static 
GNSS data leads to the occurrence of a slip patch close to the STRF station. 
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Figure S12. Seismicity 2011-2018. a) Temporal development since 2011. b) Detail of the period 2016-
2017. c) Space distributions 2011-2018 (until mainshock, inclusive). The Mw6+ earthquakes 1997 
(Kiratzi and Louvari, 2003), 2006 (Serpetsidaki et al., 2010) and 2018 (this paper) occurred near the 
localized swarm region of 2016 and 2017. 
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