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A B S T R A C T   

The Santorini-Amorgos zone is located in the central part of the Hellenic volcanic arc and is hosting eight large 
faults as well as Kolumbo and Santorini volcanic centers. The largest earthquake (Mw ~ 7.1) in the southern 
Aegean during the 20th century also occurred in this area on 9 July 1956. A total of 1868 crustal events were 
recorded by temporary networks during September 2002 to July 2004 and October 2005 to March 2007, and also 
by the permanent network from 2011 to 2019. We relocated 1455 of these events by using HypoDD and revealed 
clusters of earthquakes beneath Kolumbo, Anydros graben, and Santorini-Amorgos ridge. Only the faults in the 
SW of Anydros, SE of Ios, and along the south coast of Amorgos were delineated by the relocated events. Nearly 
vertical clusters were observed beneath the island of Anydros, south of Amorgos, and in NE end of Amorgos fault, 
indicating possible pathways of upward migrating fluids. The seismogenic layer thickness calculated based on the 
depth distribution of the relocated events was 12.5 km. We combined this thickness with geometrical properties 
of the faults to calculate the expected moment magnitude of future earthquakes, resulting in a range of 6.3–7.2. 
In an effort to map the distribution of fluids, the Vp/Vs ratio distribution was estimated by utilizing the event- 
station travel time data along with crack density, fluid saturation, and Poisson’s ratio. The petrophysical pa-
rameters observed in the northern part of the Santorini caldera suggest the existence of melt, while those 
observed in Anydros and in the NE of Amorgos fault support the suggestion of upward migrating fluids in these 
areas.   

1. Introduction 

The Hellenic subduction zone is an area with high seismicity that was 
formed by the subduction of the African plate beneath the Aegean at a 
rate of about 0.9 cm/year (Reilinger et al., 2006; McClusky et al., 2000). 
This subduction also resulted in the formation of the volcanic centers 
shown in Fig. 1. About 25 Ma ago during Oligo-Miocene time, the roll-
back of the African lithosphere initiated the southward migration of the 
Aegean plate (McClusky et al., 2000). Later in the Miocene, the north-
ward moving Arabian plate collided with the Anatolian plate, resulting 
in the westward extrusion of the latter. This changed the pure southward 
migration of the Aegean plate into southwestward direction at a rate of 
3.5 cm/year (Le Pichon et al., 1995; Hollenstein et al., 2008; Nyst and 
Thatcher, 2004; Reilinger et al., 2006; Rontogianni, 2010). Due to the 
slab rollback of the African lithosphere, gravitational spreading was also 
initiated causing the present-day extensional deformation of the Aegean 
plate (e.g., Konstantinou et al., 2016). 

In general, the Santorini-Amorgos zone is the boundary between the 
western Hellenic arc and the more seismically active eastern arc. This 
zone also exhibits the highest level of seismicity in the Hellenic volcanic 
arc (Bohnhoff et al., 2006). The seismicity was mainly observed between 
Santorini and the island of Amorgos as well as in the area between Paros 
and Naxos islands. Moderate to large earthquakes with Mw > 5.0 have 
also occurred in Santorini-Amorgos zone since the year 1911 up until 
now (Table 1). The largest among these earthquakes are the two events 
that occurred on 9 July 1956 at 03:11 UTC and 03:24 UTC, which will be 
referred to as the 1956 twin earthquakes hereafter. These earthquakes 
had surface wave magnitudes of 7.4 and 7.3 according to Makropoulos 
et al. (1999) and also generated a tsunami affecting an extensive area 
from SE of Amorgos and its surrounding islands up to the Turkish coast 
(Makropoulos et al., 1999; Papazachos et al., 1985; Perissoratis and 
Papadopoulos, 1999; Brüstle et al., 2014; Konstantinou, 2010). As many 
as 53 people were killed, 100 people were injured, and more than 3200 
buildings were heavily damaged by both earthquakes (Ambraseys, 
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1960). Although these events have been extensively studied, their epi-
centers and hypocentral depths have not been estimated with certainty 
(earthquakes no. 3 and 4 in Table 1). Multiple studies suggested a SE 
dipping normal fault as the one responsible for the nucleation of the first 
event (Comninakis and Papazachos, 1986; Makropoulos et al., 1999; 
Okal et al., 2009; Brüstle et al., 2014; Nomikou et al., 2018). However, 
not much is known about the second event. This is due to the fact that 
the surface wave coda of the first event masked the body wave phases of 
the following one, so that an analysis of the second event is rather 
difficult to perform (Brüstle et al., 2014). The 1956 twin earthquakes 
make seismic hazard assessment in this area particularly important since 
it is likely that such a large earthquake may occur again in the future. 

The Santorini-Amorgos zone also hosts Santorini caldera, which 
produced its largest eruption in the year 1613 BCE (± 13 years), known 
as the Minoan eruption (Friedrich, 2013). The volcanic activities of 
Santorini following this eruption were mostly small, effusive, and 
occurred periodically, forming the small islands of Nea Kameni and 
Palea Kameni in the center of the caldera (Nomikou et al., 2014). In 
January 2011, an increase in micro-seismic activities and intra-caldera 
uplift were detected, marking the onset of an unrest phase. Movement 
of magma from the dacitic magma reservoir (depth of 10–14 km) to a 
shallower rhyolitic magma chamber might have been the cause of this 
unrest. The magma flow increased the stresses within the upper crust 
and resulted in the observed seismicity and inflation (Konstantinou 
et al., 2013; Parks et al., 2015; Druitt et al., 2019). The source of the 
inflation was most likely located beneath the northern part of the 
caldera which corresponds to a shallow rhyolitic magma chamber 
(Newman et al., 2012; Hooft et al., 2019). The seismicity and defor-
mation ceased after 16 months and marked the end of the 2011–2012 
unrest without any eruption. About 7 km NE of Santorini, 19 volcanic 
craters can be observed with NE-SW orientation (Nomikou et al., 2012). 
The largest crater is known as Kolumbo submarine volcano and its last 
eruption occurred on 29 September 1650 CE. Although located in close 
proximity to each other, the magmatic systems beneath Santorini and 

Kolumbo have different mineralogical and geochemical properties. 
Hence, it is most likely that these volcanic centers have a different 
magmatic source (Klaver et al., 2016). Considering that the Santorini- 
Amorgos zone is a volcanic area dominated by extensional deforma-
tion similar to the whole Aegean region (Rontogianni, 2010; Reilinger 
et al., 2006), its crust is most likely pervaded by numerous faults and 
cracks, allowing magmatic fluids to ascend to the surface or to localize at 
a certain depth (Heath et al., 2019). 

In this work, we utilize a wealth of seismological data recorded by 
both temporary and permanent networks in an effort to elucidate the 
following points: (1) the distribution of seismicity with respect to the 
mapped active faults and the expected moment magnitude of earth-
quakes they may produce, (2) what role fluids may be playing in the 
tectonic-magmatic processes in the region. First, we performed absolute 
and relative location of crustal events recorded by the temporary net-
works deployed in the southern Aegean as well as the ones that occurred 
during the last 9 years and were recorded by the permanent network. We 
then combined the obtained precise relative locations with the active 
faults in the GReDaSS database (Caputo and Pavlides, 2013), the seismic 
reflection profiles of Perissoratis and Papadopoulos (1999) and Nomi-
kou et al. (2012, 2016, 2018). We also calculated the thickness of the 
seismogenic layer and combined it with the geometrical properties of 
the faults to estimate the expected moment magnitudes of future 
earthquakes. Our results show that the width of the seismogenic fault is a 
critical parameter in estimating potential earthquake magnitudes. 
Finally, we estimated the distribution of the Vp/Vs ratios which allows 
crack density and fluid saturation to be determined along the study area. 
These estimates are new for this area and provide the means to under-
stand the relationship between seismicity and upward migrating fluids. 

2. Data 

Both temporary and permanent seismic networks have been 
deployed to monitor the seismic activity in the southern Aegean. These 

Fig. 1. Map showing the area of the south Aegean. The black arrows represent the present-day plate motions. Dashed brown lines represent isodepth curves of 
earthquake hypocenters that occurred along the Wadati-Benioff zone (Papazachos et al., 2000). Colored squares indicate stations of the seismic networks listed in the 
legend. Solid yellow lines represent faults contained in the GReDaSS database (Caputo and Pavlides, 2013). The study area is highlighted by the dashed square and 
plotted in detail in the bottom left corner inset. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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seismic networks are CYCNET (Cyclades seismic Network) (Bohnhoff 
et al., 2004), EGELADOS (Exploring the Geodynamics of Subducted 
Lithosphere Using an Amphibian Deployment of Seismographs) (Frie-
derich and Meier, 2005), and the Hellenic Unified Seismic Network 
(HUSN). CYCNET was installed on the Cyclades island group for about 2 
years starting in September 2002 to July 2004 to monitor microseismic 
activity of the central Hellenic volcanic arc. It consisted of 22 stations in 
total with 16 stations equipped with three-component short-period 
sensors (1-Hz MARK 4 L-3C) and 6 stations equipped with broadband 
three-component seismometers (STS-2). In October 2005 to March 
2007, EGELADOS was deployed with up to 56 stations distributed from 
the Peloponnese to SW Turkey. All these stations were equipped with 
three-components sensors (45 Güralp 50-s, 4 STS-2, and 7 1-Hz MARK). 
Seven permanent broadband seismographs of the GeoForschungsNetz 
(GEOFON) network and one Mediterranean Very Broadband Seismo-
graphic Network (MedNet) station were also included into EGELADOS. 
We also used events recorded by HUSN which consists of 153 stations 
equipped with 30–120-s three component broadband seismometers 
(CMG-3ESPC, CMG-3 T, CMG-40 T, STS-1, STS-2, Le-3D, KS2000M, and 
TRILLIUM-120p). 

We selected shallow crustal events in the Santorini-Amorgos zone 
that were recorded by CYCNET and EGELADOS during each of their 
active period. After manual P and S-phase picking was performed for all 
of these events, we further selected good quality events with 8 or more 
observed phases of which at least 2 were S-phases. As many as 517 
events recorded by CYCNET and 572 events recorded by EGELADOS 
conformed to these criteria. Based on the catalog of the National Ob-
servatory of Athens (NOA), the largest among these events had a local 
magnitude of 4.1. At this point, it has to be noted that we did not 
calculate the magnitude of events recorded by CYCNET and EGELADOS. 

The events recorded by HUSN are relayed to NOA in order to be 
manually picked and located. Considering that HUSN was continuously 
upgraded during its establishment from 2008 to 2011, we focus our 
study on crustal events recorded from January 2011 to December 2019 
when the data quality was the highest. Similarly, with the selection 
criteria mentioned previously, we searched HUSN data for crustal events 
that occurred in our study area with 8 or more observed phases of which 
at least 2 are S-phases. This search yielded as many as 779 events with 
local magnitudes ranging from 0.8 to 4.6. In this way we selected a total 
number of 1868 crustal events that occurred along the Santorini- 
Amorgos zone which is more than the total number of events utilized 
by Bohnhoff et al. (2006) in a previous study of this region. 

3. Earthquake relocation 

Absolute location of all the picked events was performed by using the 
probabilistic nonlinear algorithm NonLinLoc (Lomax et al., 2000). 
Before absolute locations can be estimated, theoretical travel times for 
every station were calculated by utilizing a 3D grid of 400×400×160 
cells with 1×1×1 km spacing. The finite difference algorithm of Podvin 
and Lecomte (1991) and the 1D velocity model of Brüstle (2012) 
(Table 2) were employed to perform this calculation. This velocity 
model was inverted from well-located events recorded by EGELADOS, 
therefore it was considered suitable for this study. Since the mentioned 
velocity model does not include station delays, we performed the ab-
solute location in two stages. In the first stage, we obtained average 
residuals of both P and S-wave arrivals for all the stations. These re-
siduals were then used as station delays in the second stage where final 
absolute locations were obtained. The horizontal (ERH) and vertical 
uncertainties (ERV) for the final absolute locations were later calculated 
based on the diagonal elements of the covariance matrix of each event 
(Maleki et al., 2013). The value of each element contained in the 
covariance matrix depends on the shape of the posterior density func-
tion, therefore an irregular shape will result in high ERH and ERV 
values. 

The absolute locations of all the crustal events located in Santorini- 
Amorgos zone are shown in Fig. 2. A large number of crustal earth-
quakes can be observed in concentrated clusters extending from NE of 
Santorini to the south of Amorgos in NE-SW orientation. Prominent 
seismicity can also be found in the north to NE of Astypalaia, albeit less 
in number and less clustered. Aside from that, a smaller cluster con-
sisting of tens of shallow earthquakes with depth less than 10 km ap-
pears in between the islands of Paros and Naxos. The average RMS 
residual of all the absolute locations is equal to 0.26 s (± 0.29 s) with the 

Table 1 
Source parameters of moderate to large earthquakes with moment magnitude larger than 5.0 in the Santorini-Amorgos zone from the year 1911 to present. OT is the 
origin time of each earthquake. The letter “f” next to the value of the hypocentral depth indicates that the hypocentral depth was fixed. M and ΔM are the estimated 
magnitude and the magnitude uncertainty for each earthquake.  

No. Date OT (UTC) Lat (◦ N) Lon (◦ E) H (km) M ΔM Reference 

1 04-04-1911 15:43:48.98 36.52 25.74 15f 6.07 Mw 0.20 ISC-GEM 
2 25-10-1919 17:10:07.23 36.51 25.87 15f 6.03 Mw 0.41 ISC-GEM 
3 09-07-1956 03:11:45.15 

03:11:40 
03:11:43.7 
03:11 
03:11:45 
03:11 

36.66 
36.70 
36.64 
36.72 
36.72 
- 

25.96 
25.80 
25.92 
25.51 
25.76 
- 

25 
< 70 
15 
15 
45 
25 

7.70 Mw 

7.5 Ms 

7.4 Ms 

7.18 Ms 

7.69 Mw 

7.1 Mw 

0.20 
- 
- 
- 
- 
- 

ISC-GEM 
Comninakis and Papazachos (1986) 
Makropoulos et al. (1999)(Ambraseys, 2001)  

Okal et al. (2009) 
Brüstle et al. (2014) 

4 09-07-1956 03:24:05.74 
03:24:03 
03:24:16.5 
03:24 
03:24:07 
03:24 

36.39 
36.45 
36.45 
36.65 
36.39 
- 

25.87 
25.51 
25.51 
25.80 
25.78 
- 

15f 
< 70 
95 
30 
- 
> 100 

- 
6.9 Ms 

7.2 Ms 

6.00 Ms 

- 
- 

- 
- 
- 
- 
- 
- 

ISC-GEM 
Comninakis and Papazachos (1986) 
Makropoulos et al. (1999) 
(Ambraseys, 2001) 
Okal et al. (2009) 
Brüstle et al. (2014) 

5 09-07-1956 06:22:49.99 36.62 25.79 15f 5.47 Mw 0.20 ISC-GEM 
6 09-07-1956 20:13:57.29 36.83 26.16 15f 5.50 Mw 0.23 ISC-GEM 
7 10-07-1956 03:01:29.24 36.69 26.21 15f 5.65 Mw 0.32 ISC-GEM  

Table 2 
P and S-wave velocity model of Brüstle (2012) used to obtain absolute and 
relative locations of all the crustal events in this study.  

Depth (km) P-velocity (km/s) S-velocity (km/s) 

< 5 5.74 3.08 
5–10 5.89 3.38 
10–15 5.89 3.45 
15–20 5.91 3.45 
20–25 6.23 3.77 
25–30 6.26 3.93 
30–35 7.53 4.10 
35–40 7.55 4.10  

R. Andinisari et al.                                                                                                                                                                                                                             



Physics of the Earth and Planetary Interiors 312 (2021) 106660

4

average ERH and ERV of 2.3 km (± 5.2 km) and 3.1 km (± 2.2 km), 
respectively. The distributions of RMS residuals, ERH, and ERV of all the 
absolute locations can be found in Fig. S1 in the Supplementary Mate-
rial. Events with small ERH are the ones distributed from the NE of 
Santorini to the south of Amorgos and the ones located between Paros 

and Naxos. The ERH of the events in the north of Astypalaia are 
generally larger due to the fact that the closest stations in this area are 
located 30 km away. Aside from that, these events also have large 
azimuthal gaps. In general, the ERH of events located in the western part 
of Santorini-Amorgos zone are smaller than the ones located in the 
eastern part. A similar trend can also be observed for ERV, even though 
the discrepancy of ERV between the western and eastern parts is smaller. 

In order to improve the resolution of hypocenters, relative locations 
were obtained by using the double-difference algorithm, or HypoDD, of 
Waldhauser and Ellsworth (2000). The relocation can be performed by 
using either catalog or both catalog and waveform cross-correlation 
differential times of P and S-waves that we obtained from all of our 
datasets. In this study, we applied a separation distance of 15 km for 
stations up to 200 km away from the source. To improve connectivity 
between events, each of them was required to have at least 10 neighbors. 
As many as 1632 events were obtained by this parameterization, with 
the total of 277,518 P-phases and 173,120 S-phases. The constructed 
chain of events has an average number of links per event pair of 10 and 
average offset between events of 5.2 km. There were 4% of phase out-
liers and 17% of weakly linked events, which means that the catalog 
data has relatively good quality and exhibit tight clustering. 

Differential times from waveform cross-correlation of P and S-phases 
with correlation coefficient higher than 0.7 were used along with cata-
log data to increase the precision of the relative locations. We first 
lowpass-filtered the waveforms with a corner frequency of 5 Hz and then 
cross-correlated them by using a window length of 2 s for P-phases and 3 
s for S-phases. 

Seismic waves with higher frequencies tend to undergo strong scat-
tering as observed across the southern Aegean by Ranjan et al. (2019). 
Scattering in high frequencies is expected to deteriorate the similarity 
between waveforms. In order to confirm this, we also bandpass-filtered 
the waveforms with a bandwidth of 1–10 Hz. We found that the 5 Hz 
lowpass-filter produced 134,734 P and 38,222 S-pairs with correlation 
coefficient larger than 0.7, while the bandpass-filter with 1–10 Hz 
bandwidth only produced as many as 25,756 P and 4676 S-pairs (Fig. S2 
in the Supplementary Material). All waveform cross-correlations were 
performed by using a modified version of the multi-channel cross-cor-
relation method of VanDecar and Crosson (1990). Finally, relative 
relocation was carried out by utilizing the minimum 1D velocity model 
of Brüstle (2012) and a Vp/Vs ratio of 1.70. The Vp/Vs ratio was 
calculated by using a Wadati diagram of P-arrivals and S–P travel time 
differences of events with hypocentral depth of less than 25 km (Fig. S3 
in the Supplementary Material). 

The relative relocation problem was solved by using the LSQR con-
jugate gradients method as it is more efficient for large datasets. We set 
the damping parameter to 95 to obtain condition numbers of 40 to 80 for 
most of the earthquake clusters as suggested by Waldhauser (2001). 
Higher a priori phase weightings were given to the catalog data in the 
first five iterations to ensure that the relative locations of all events were 
obtained. The catalog data were later down-weighted relative to the 
cross-correlation data in the next five iterations. This was done to 
improve the locations of event pairs with small separation distances and 
also to remove possible outliers. As many as 1455 events (~78%) were 
relocated with average RMS residual of 0.06 s (± 0.13 s) which is lower 
than the average RMS residual of absolute locations from the previous 
section (0.26 s). Even though the LSQR method is efficient and suitable 
for our dataset, it does not produce accurate location uncertainties. 
Therefore, we estimated the uncertainties by relocating smaller earth-
quake clusters with the Singular Value Decomposition (SVD) method 
(Waldhauser, 2001). Four small earthquake clusters with detailed in-
formation displayed in Table 3 were chosen, resulting in maximum 
horizontal and vertical uncertainties of 0.16 km and 0.28 km, respec-
tively. The catalog of relative locations for all the events is provided in 
Table S1 in the Supplementary Material. In the next section, we will 
discuss the features of the relocated events and present cross-sections in 
order to examine their relationship with several imaged faults in the 

Fig. 2. Absolute locations of all the events in the study area plotted based on 
their (a) hypocentral depths, (b) horizontal uncertainties or ERH, and (c) ver-
tical uncertainties or ERV. Green stars represent the location of moderate 
earthquakes that occurred during our period of study. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

R. Andinisari et al.                                                                                                                                                                                                                             



Physics of the Earth and Planetary Interiors 312 (2021) 106660

5

area. 

4. Seismicity distribution 

The obtained relative locations are plotted in Fig. 3 along with 
moment tensor solutions provided by NOA (Konstantinou et al., 2010) 
and mapped fault traces. These faults are the Santorini-Anafi Fault 
(SAF), Amorgos Fault (AmF), smaller secondary faults, such as Anafi 
Fault (AnF) and West Astypalaea Fault (WAsF), as well as two fault 
clusters namely Ios Fault (IF) and Anydros Fault (AF) (Sakellariou et al., 
2010; Nomikou et al., 2012, 2016, 2018). The relocated events are 
mainly concentrated beneath Kolumbo submarine volcano, as well as in 
the Anydros graben and along the Santorini-Amorgos ridge. Smaller 
earthquake clusters can also be observed between the islands of Paros 
and Naxos, between Amorgos and Astypalaia, as well as in the north to 
NE of Astypalaia. Similar spatial distribution of crustal events in 
Santorini-Amorgos zone was also observed by Bohnhoff et al. (2006). It 

is important to note that the locations of earthquakes that occurred on 
10 April 2018 and 27 November 2018 were not relocated by HypoDD, as 
these became weakly linked. Instead, the locations of both earthquakes 
plotted in Fig. 3 are the absolute locations calculated by using 
NonLinLoc. 

The earthquake cluster beneath Kolumbo is located about 5 to 10 km 
NE of Santorini. The Kolumbo volcanic chain itself consists of at least 19 
dome-shaped and cratered structures with NE and NNE principal trends 
as shown in Fig. 4. A small number of events of this cluster is located 
around volcanic craters (VC) 2, 3, 4, and 6, indicating that the NE trend 
of the volcanic craters is more active compared to the westerly trend. 
Similar observations were also reported by Nomikou et al. (2012) who 
examined swath bathymetry and rock samples in the area. The hypo-
central depths of the events in the aforementioned cluster are less than 
19 km with most events concentrated between the depth of 8–16 km 
(Fig. 5). The observed depth distribution of the mentioned cluster is 
slightly deeper compared to the results of Bohnhoff et al. (2006) and 
Dimitriadis et al. (2009) where events are concentrated between 6 and 
12 km and 6–9 km, respectively. 

The cluster beneath Kolumbo is located in close proximity to the 
south-western end of AF, so that the fault plane of AF should have been 
visible in cross-sections d-d’ to f-f’ of Fig. 5. However, our result in cross- 
sections d-d’ and f-f’ do not reveal any fault structure. The only cross- 
section that shows NW dipping fault plane which could coincide with 
AF is e-e’. This indicates that the earthquake cluster beneath Kolumbo 
may not be caused solely by the mentioned fault. Seismic tomography 
performed by Dimitriadis et al. (2010) indicates that a magma chamber 
may exist at depths of 6–7 km (inset in cross-section g-g’ of Fig. 5) where 

Table 3 
The results of smaller earthquake clusters relocation by using SVD in order to 
obtain reliable relative relocation uncertainties. The number of events in each 
cluster is represented by N; the centroid location of each cluster is represented by 
cLat, cLon, and cH; the mean uncertainties are represented by ErrX ErrY ErrZ.  

ID N cLat(◦) cLon(◦) cH(km) ErrX(km) ErrY(km) ErrZ(km) 

1 242 36.64 25.61 8.84 0.16 0.11 0.28 
2 235 36.53 25.50 8.92 0.09 0.08 0.28 
3 217 36.63 25.69 8.84 0.11 0.08 0.20 
4 42 36.78 26.17 11.51 0.09 0.10 0.28  

Fig. 3. Relative locations of all the events in the Santorini-Amorgos zone and its surrounding area. The colour of every circle represents a depth value based on the 
scale at the upper left. Yellow lines indicate major faults in the Santorini-Amorgos zone investigated by Nomikou et al. (2018). Magenta line indicates a fault imaged 
by Perissoratis and Papadopoulos (1999) and the orange line represents a fault contained in GreDaSS database (Caputo and Pavlides, 2013). Green stars represent 
moderate earthquakes that occurred on (1) 7 November 2012, (2) 10 April 2018, and (3) 27 November 2018, which are included in our period of study. The green 
beach balls in the upper right corner show focal mechanisms of the mentioned events provided by NOA (Konstantinou et al., 2010). The black lines represent the 
depth cross-sections shown in the following figures. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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there is an area of less seismicity. The lack of seismicity is most likely 
related to the existence of hot and ductile crust surrounding a melt body. 
The onset of intense seismic activities can be found directly below the 
magma chamber. This observation is compatible with the hypocenter 
distribution of events presented by Dimitriadis et al. (2010). Bohnhoff 
et al. (2006) suggested that the bulk of seismicity observed beneath 
Kolumbo was probably related to the accumulation of magma and fluid 
migration to the surface. However, since most seismicity occurred below 
the imaged magma chamber, it seems likely that it represents the steady 
migration of fluids from greater depths to the Kolumbo chamber as also 
suggested by Konstantinou (2020). 

The next prominent cluster in our study area is the NE-SW oriented 
earthquake cluster along Santorini-Amorgos ridge. The hypocentral 
depths of events in this cluster vary from 0.8 to 24.4 km and only a small 
number of them are located at depths greater than 20 km (Fig. 6). The 
largest earthquakes in this cluster are the ones that occurred on 7 
November 2012, 10 April 2018, and 27 November 2018 with moment 
magnitudes of 3.6, 4.5, and 4.6, respectively. The Mw 4.5 earthquake on 
10 April 2018 was not followed by any aftershocks and had no other 
neighboring events. Similarly, the earthquake on 27 November 2018 is 
relocated at the depth of 19.8 km and was only followed by another 
much shallower event (3.9 km). The hypocentral depth of the mentioned 
earthquake is relatively deeper compared to nearby events (cross-sec-
tions p-p’ and w-w’ in Fig. 6). 

The earthquake cluster along Santorini-Amorgos ridge is bounded by 
IF in the NW and SAF in the SE as well as intersected by AF and AmF (see 
Fig. 3). However, not all of the mentioned faults can be recognized in 
cross-sections h-h’ to v-v’. The first fault that can be observed from the 
depth cross-sections is IF. Cross-section j-j’ reveals a SE dipping fault 
which agrees well with the dipping direction of IF as observed by 
Nomikou et al. (2018). The next fault that can be seen in the depth cross- 
sections is AmF. Dipping angle of AmF is steep (59◦-66◦) along its SW 
end and is shallower along the SE coast of Amorgos (Nomikou et al., 
2018). However, the moment tensor solution of an earthquake on 27 

November 2018 (hypocentral depth at 19.8 km) that occurred close to 
the SW segment of AmF shows a SE dipping fault with a dipping angle of 
less than 53◦ (see Fig. 3). These observations are in accordance with 
cross-sections q-q’ and r-r’ which reveal that the SW part of AmF has a 
steeper dipping angle at depths less than 8 km and possibly a shallower 
dipping angle at greater depths. 

Even though the depth cross-sections in Fig. 6 do not show any other 
fault-like structure except from IF and AmF, the moment tensor solution 
of earthquake on 7 November 2012 which occurred close to SAF shows a 
SE dipping angle of 59◦ (see Fig. 3). This agrees well with the dipping 
angle of SAF observed in the swath bathymetry data of Nomikou et al. 
(2012, 2016, 2018). Therefore, it seems likely that the 2012 earthquake 
ruptured a small segment of SAF. However, instead of exhibiting a fault 
plane that resembles SAF, the hypocenters of events around the 2012 
earthquake exhibit an almost vertical earthquake cluster as shown in 
cross-section v-v’. Other than this, similar vertical clusters can be 
observed beneath Anydros as shown in cross-sections m-m’ and n-n’. 
Bohnhoff et al. (2006) also observed such structures in NE end of AmF 
and interpreted these as local pathways of upward migrating fluids 
resulting from crustal weakness, or as a sign of emerging volcanic ac-
tivity, which is commonly found in extensional regimes (Corti et al., 
2003). 

A smaller and less concentrated earthquake cluster was found in the 
north to NE of Astypalaia where a similar cluster was also observed by 
Brüstle (2012). This cluster coincides with a NE dipping normal fault 
with a NW-SE oriented strike identified in the seismic reflection profiles 
of Perissoratis and Papadopoulos (1999), which will be referred to as 
East Astypalaia Fault (EAsF) hereafter. Another small cluster consists of 
shallow earthquakes with hypocentral depths of less than 10 km can be 
observed between the islands of Paros and Naxos. This cluster was also 
observed by both Bohnhoff et al. (2006) and Brüstle (2012). Interest-
ingly, the islands of Paros and Naxos are located in the southern 
boundary of the Cycladic metamorphic core complex that is mostly 
aseismic. A small number of earthquakes are relocated east of Amorgos 
in an almost ENE-WSW orientation. These earthquake locations are very 
close to the Levitha Fault (LF), a SE to SSE dipping normal fault con-
tained in the GreDaSS database (Caputo and Pavlides, 2013). 

5. Active faults and expected moment magnitudes 

The first of the 1956 twin earthquakes was the largest earthquake to 
have occurred in the southern Aegean during the 20th century and may 
have been caused by one of the faults in the Santorini-Amorgos zone, 
putting seismic hazard assessment in a place of high importance. A first 
step towards such an assessment is to estimate the expected earthquake 
magnitude along each fault in the zone. One of the important parameters 
in this estimation is the seismogenic layer thickness H, which can be 
determined from the hypocenter distribution of the relative locations 
obtained in the previous section. The fault width W can be calculated as 
W = H/sinδ, where δ is the dipping angle of a particular fault. The 
rupture area A is then obtained by multiplying the value of W and the 
fault length L. The use of both fault length and width gives a more ac-
curate estimate of expected magnitude compared to the use of fault 
length only. The expected moment magnitudes along the faults in the 
Santorini-Amorgos zone were then calculated by using the scaling re-
lationships of Konstantinou (2014) for earthquakes in the Mediterra-
nean region that connect moment magnitude Mw with rupture area A as 

Mw = logA+ 3.82, if A ≤ 251 km2 (1)  

Mw =
4
3
logA+ 3.07, if A > 251 km2 (2) 

The seismogenic layer thickness H is determined by subtracting the 
5th percentile of the hypocenter distribution from the 95th percentile as 
shown in Fig. 7. We found the seismogenic layer thickness of the study 
area to be 12.5 km, which is slightly thinner compared to other areas in 

Fig. 4. Distribution of crustal events beneath Kolumbo submarine volcano. 
Dashed black lines represent the NNE and NE trends of volcanic craters. VC2 to 
VC19 represent volcanic craters reported by Nomikou et al. (2012). The ba-
thymetry data used in this figure is taken from General Bathymetric Chart of the 
Oceans (GEBCO) of Weatherall et al. (2015). 
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the Aegean. NE and SE Aegean, for instance, have thicker seismogenic 
layers of 14.8–15.8 km and 12.1–15.4 km respectively (Konstantinou, 
2018; Andinisari et al., 2020). It should be noted that the Mw calculated 
here is the maximum magnitude of future earthquake at each fault since 
we assume that the fault will rupture along its entire length. 

The Santorini-Amorgos zone hosts at least eight faults of which some 
of them have ruptured in the past, producing earthquakes with moment 
magnitudes >5.0. Moderate to large earthquakes along with their error 
ellipses from the ISC-GEM catalog (Storchak et al., 2013) are shown in 
Fig. 8 and also listed in Table 1. One of these faults is contained in the 
GReDaSS database (Caputo and Pavlides, 2013) while the others were 
imaged in seismic reflection profiles published by Perissoratis and 
Papadopoulos (1999) and Nomikou et al. (2012, 2016, 2018). These 
faults are mainly normal faults with NE-SW strike and are located be-
tween Santorini and Amorgos (i.e., IF, AmF, AF, SAF, AnF, and WAsF). 
We also calculated the expected magnitudes along LF, located to the east 

of Amorgos, and EAsF which is located NE of Astypalaia. We used the 
length (L) and dipping angle (δ) of each fault, adopted from the afore-
mentioned studies. Since a single fault may have more than one dipping 
angle as shown in seismic profiles of Nomikou et al. (2018), we utilized 
the median of all observed dipping angles in order to calculate the fault 
width. If any moment tensor solution was available, we also utilized the 
fault plane dip to calculate seismogenic width along a particular fault. 
The moment tensor solutions that we used in this study were provided 
by various agencies, such as NOA, GFZ (GeoForschungsZentrum), NKUA 
(National Kapodistrian University of Athens), KOERI (Kandili Observa-
tory and Earthquake Research Institute), and ERD (Earthquake Research 
Department of Disaster and Emergency Management Presidency of 
Turkey). Considering that we are using fault dips obtained from the 
reflection data which most likely imaged only the near-surface part of 
the faults, it is important to assess the effect of fault dips on the resulting 
expected magnitudes. Therefore, we also calculated the expected 

Fig. 5. Depth cross-sections corresponding to the profile shown in Fig. 3. Red lines represent the location and the dip of the major faults in the area according to 
Nomikou et al. (2018). Dashed red line outlines the orientation of the delineated fault planes. Dashed red ellipse in the inset of cross-section g-g’ represents the 
location of Kolumbo magma chamber according to Dimitriadis et al. (2010). These cross-sections are plotted using a width of 1 km. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 6. Same as Fig. 5 for the rest of the depth cross-sections. Other symbols are the same as in Fig. 3. Dashed orange ellipses indicate the locations of vertical event 
clusters in the area. Each of these cross-sections has a width of 3 km. 
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magnitudes of all faults in our study area by using the average and 
maximum fault dips found in normal faults, which are 45◦ and 60◦, 
respectively (Collettini and Sibson, 2001). These calculations show a 
difference of 0.1 magnitude unit between expected magnitude calcu-
lated by using the average and maximum fault dip as shown in Table S2 
in Supplementary Material. Table 4 lists the geometrical properties of 
each fault along with the resulting expected magnitudes. 

5.1. Ios fault (IF) and anydros fault (AF) 

IF and AF are the two faults that mark the boundaries of Anydros 
basin and may also control the volcanic activity of Kolumbo (Sakellariou 
et al., 2010). IF is a normal fault with NE-SW to E-W strike located north 
of Santorini to the SW of Amorgos. This fault does not directly coincide 
with the earthquake cluster beneath Kolumbo volcano, but it is located 
very close to the earthquake cluster NW of Anydros. The south western 
part of IF dips to the SE with dipping angle of 53◦-54◦ while the eastern 
part dips to the west with low dipping angle of 18◦-37◦ (Nomikou et al., 
2018). There is no event with moment tensor solution that may have 
been caused by this fault. In order to calculate the expected moment 
magnitude, we used the median dipping angle of 45◦ as well as the fault 
length of 40 km and found a value of 6.9. Located across the south 
western end of IF, AF is a NW dipping normal fault with a fault dip of less 
than 50◦ and fault length of 15–20 km (Nomikou et al., 2012, 2016). 
Similar to IF, this fault is not associated with any event with moment 
tensor solution during the different periods covered by of our study. AF 
is located very close to the Kolumbo submarine volcano and the earth-
quake cluster beneath it, thus the fault plane can be observed in depth 
cross section e-e’ (Fig. 5). By assuming that AF has a dipping angle of 45◦

and a maximum length of 20 km, our calculation yielded an expected 
moment magnitude of 6.5. However, none of the moderate to large 
earthquakes that occurred in the study area is related to either IF or AF 
(cf. Fig. 8). 

5.2. Amorgos fault (AmF) and Santorini-Amorgos fault (SAF) 

AmF is a SE dipping normal fault which is located 5–10 km NE of 
Anydros and has a total length of 40 km. Swath bathymetry data show 
that the dipping angle of this fault varies between 38◦ to 66◦ with the 
steepest fault plane located in the south-western segment of the fault 
(Nomikou et al., 2018). We used the median of these dipping angles 

(51◦) to calculate the expected moment magnitude along this fault, 
yielding a value of 6.8. AmF is also the fault that might have caused a 
moderate earthquake on 27 November 2018 (Mw 4.6) since this event is 
located exactly in the south-western end of this fault (see Fig. 3). The 
nodal planes of available moment tensor solutions provided by multiple 
agencies show that this earthquake exhibited dipping angles between 
36◦ and 53◦. By using the length of AmF and taking the median dip of the 
nodal planes from moment tensor solutions as dipping angle (45◦), we 
obtained an expected moment magnitude of 6.9. Based on cross-sections 
q-q’ and r-r’ (Fig. 6), AmF may be a listric normal fault with different 
dipping angles that correspond to different depths. Therefore, the ex-
pected moment magnitude of AmF calculated by using these dipping 
angles is also considered as a second scenario. According to the 
mentioned cross-sections, AmF has steeper dipping angle at depths less 
than 8 km and lower dipping angle at greater depth. We then split the 
seismogenic layer thickness into two parts: the shallow part starts at the 
depth of 3.3 km, which is the onset of the seismogenic layer (Fig. 7) up to 
the depth of 8 km, and the deeper part starts at a depth of 8 km down to 
the depth of 15.8 km. For the shallow part, we used the steepest dipping 
angle of AmF observed in the seismic profile of Nomikou et al. (2018), 
which is 66◦. As for the deeper part, we used the lowest dipping angle 
found in moment tensor solutions (36◦). The scheme of this calculation 
is illustrated in the inset of Fig. 8. The rupture areas for the shallow and 
deeper parts of AmF were calculated and the total rupture area was used 
to estimate the expected moment magnitude along AmF, resulting again 
in a value of 6.9. 

Similar to AmF, SAF is a SE dipping normal fault with a total fault 
length of 60 km. This fault marks the NW border of Santorini-Anafi basin 
with the dipping angles between 28◦ and 68◦ as observed by Nomikou 
et al. (2012, 2016, 2018). Taking the median of these dipping angles 
(55◦), we calculated the expected moment magnitude and found a value 
of 7.0. Although the fault plane of SAF cannot be observed in any depth 
cross-sections (see Fig. 6), this fault was probably the one that caused the 
4 April 1911 (Mw 6.07 ± 0.20) earthquake. The earthquake that 
occurred on 7 November 2012 (Mw 3.6) might have been also associated 
with SAF considering that it was located very close to the central 
segment of this fault (see Fig. 3). The focal mechanism of the 2012 
earthquake, derived by NOA, shows a fault plane with dipping angle of 
37◦. We then used this dipping angle to calculate the expected moment 
magnitude of SAF, yielding a value of 7.2. 

It is still unclear which fault along the Santorini-Amorgos zone 
caused the first of the 1956 twin earthquakes. Several studies deter-
mined the epicenter of the first event whose location varies from the east 
of Ios to the south of Amorgos (Fig. 8). However, most of these locations 
do not have proper error bounds except from that estimated by Okal 
et al. (2009) and those contained in the ISC-GEM catalog. Okal et al. 
(2009) located the first of the 1956 twin earthquakes between AF and IF. 
The uncertainty of this location, however, suggests that the epicenter 
could lie anywhere from the south-western Amorgos to the SW area of 
AmF. Meanwhile, ISC-GEM catalog shows that this event occurred in the 
SE part of SAF. The locations proposed by both studies suggest that the 
first event might have nucleated at IF, AmF, or SAF. Another critical 
parameter that has to be taken into account is hypocentral depth. Brüstle 
et al. (2014) estimated the hypocenter of this event to be at 25 km (± 5 
km) depth. Konstantinou (2010) calculated the differential stress of the 
lithosphere in the area as a function of depth and found that the 
maximum strength lies at the depth of 33 km. The hypocenter of the first 
event might also lie at the depth of ~33 km since such large earthquakes 
usually nucleate at the depth of maximum lithospheric strength where 
peak strain energy is accumulated (Sibson, 1984). Both studies therefore 
suggest that the first event nucleated at or below the Moho (~25 km 
depth). Since there is no evidence that the aforementioned crustal faults 
extend down to 25 km depth, it is not possible to conclude with certainty 
which fault ruptured during the first of the 1956 twin earthquakes. 

Fig. 7. Histogram with a bin size of 5 km that depicts the hypocentral depth 
distribution of crustal events beneath the Santorini-Amorgos zone. The d5 and 
d95 symbols represent 5th and 95th percentiles of the distribution. The seis-
mogenic layer thickness of the area is the difference between d5 and d95 which 
is equal to 12.5 km. 
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5.3. Anafi – West Astypalaia faults (AnF-WAsF) 

The AnF-WAsF represents a NW dipping fault zone that extends from 
the west of Anafi to NW of Astypalaia and marks the SE boundary of the 
Santorini-Anafi basin. This fault zone consists of AnF and WAsF in its 
south-western and its north-eastern segments, as well as some minor 
faults in between. Therefore, we considered additional scenarios 
involving different fault segments in order to estimate the expected 
moment magnitude along these faults. First, we calculated the expected 
moment magnitude of AnF and WAsF separately. For AnF, we took the 
dipping angle of 62◦ as observed in swath bathymetry data as well as the 
fault length of AnF (~20 km) and obtained an expected moment 
magnitude of 6.3. As for WAsF, swath bathymetry data show a dipping 
angle of 45◦-53◦ (Nomikou et al., 2018). WAsF may also be the fault 
responsible for a Mw 4.5 earthquake that occurred on 10 April 2018 
(Fig. 8). The moment tensor solutions of this earthquake show fault 
planes with dipping angles of 54◦-58◦. We estimated the dipping angle of 
WAsF by using the median dip from bathymetry data (49◦) and nodal 
planes in moment tensor solutions (56◦). By using these median dips and 
the fault length of WAsF (~20 km), we calculated the expected moment 
magnitudes and both calculations resulted in a value of 6.4. After that, 
we consider AnF-WAsF as a single fault with a total fault length of 70 

Fig. 8. Map showing the active faults and moderate to large earthquakes that occurred in Santorini-Amorgos zone. The stars represent the locations of the moderate 
to large events from 1911 to present taken from the ISC-GEM catalog (Storchak et al., 2013). The colour of every star represents moment magnitude based on the 
scale at the lower left. The dashed ellipses indicate the location uncertainties of the earthquake locations. Colored circles and diamonds represent the locations of the 
first (9 July 1956, 03:11 UTC) and second event (9 July 1956, 03:24 UTC) of 1956 twin earthquakes contained in ISC-GEM catalog as well as reported by previous 
studies listed in the upper left corner. Yellow lines indicate major faults in the Santorini-Amorgos zone investigated by Nomikou et al. (2018). Magenta line indicates 
a fault imaged by Perissoratis and Papadopoulos (1999) and the orange line indicates a fault contained in GreDaSS database (Caputo and Pavlides, 2013). Inset in the 
lower left corresponds to profile A-B in the main figure. The solid red line on the inset represents the fault plane of AmF taken from cross-sections q-q’ and r-r’ of 
Fig. 6, while the solid magenta line indicates the location and dip of SAF. Grey shaded area represents the total thickness of the seismogenic layer. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 4 
Geometrical properties of the faults in the study area. H is the thickness of 
seismogenic layer, L is the length of each fault, δ is the dipping angle, W is the 
width of the fault, A is the rupture area, and Mw is the expected moment 
magnitude. Asterisk symbols signify the dipping angles taken from nodal planes 
of available moment tensor solutions.  

Fault H (km) L (km) δ (◦) W (km) A (km2) Mw 

IF 12.5 40 45 17.7 707 6.9 
AF 12.5 20 45 17.7 354 6.5 
AmF sc.1 12.5 

12.5 
40 
40 

51 
45 (*) 

16.1 
17.7 

643 
707 

6.8 
6.9 

AmF sc.2 4.7 
7.8 

40 
40 

66 
36 

5.1 
13.3 

206 
531 

6.9 

SAF 12.5 
12.5 

60 
60 

55 
37 (*) 

15.3 
20.8 

916 
1246 

7.0 
7.2 

AnF 12.5 20 62 14.2 283 6.3 
WAsF 12.5 

12.5 
30 
30 

49 
56 (*) 

16.6 
15.1 

331 
302 

6.4 
6.4 

AnF-WAsF 12.5 
12.5 

70 
70 

55 
56 (*) 

15.3 
15.1 

1068 
1055 

7.1 
7.1 

EAsF 12.5 20 45 17.7 354 6.5 
LF 12.5 50 60 14.4 722 6.9  
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km, yielding an expected moment magnitude of 7.1. 
Very little is known about the minor faults that are located between 

the fault segments of AnF and WAsF. The only available information is 
that most of these faults are NW dipping with a dipping angle of ~57◦ as 
observed by Nomikou et al. (2018). A large earthquake of Mw 6.03 (±
0.4) occurred very close to this minor fault zone on 25 October 1919 
(Fig. 8). The magnitude of the mentioned earthquake, however, is 
smaller than the expected moment magnitude of AnF-WAsF if this fault 
ruptures along its entire length. This indicates that the 1919 earthquake 
might have been caused by the rupture of one of the smaller faults 
located between AnF and WAsF. We combined various fault lengths with 
the observed dipping angle into eq. (2) and found that the fault which 
ruptured during the 1919 earthquake might have a length of 10 to 12 
km. 

5.4. Levitha fault (LF) and east Astypalaia fault (EAsF) 

The existence of both LF and EAsF is indicated by a small number of 
earthquakes in the area east of Amorgos and NE of Astypalaia (Fig. 3). 
Based on the GreDaSS database, LF is a normal fault with SE to SSE 
dipping and has a dipping angle of 50◦-70◦. In order to calculate the 
expected magnitude for this fault, we considered the median of the 
dipping angle and its length (~50 km), yielding an expected moment 
magnitude of 6.9. The Mw 5.50 (± 0.2) earthquake on 9 July 1956 at 
20:13 UTC occurred less than 5 km from the south-western end of this 
fault. However, it is likely an aftershock of the 1956 twin earthquakes 
and is probably not related to LF. We also estimated the expected 
moment magnitude of EAsF which is located NE of Astypalaia and is the 
only fault with NW-SE orientation in the study area. Since there is no 
information about the dipping angle of this fault and there is no avail-
able moment tensor solution, we considered a dipping angle of 45◦ as it 
is commonly observed among normal faults. The expected moment 
magnitude of EAsF, if it ruptures along its entire length (~20 km), is 6.5. 

6. Rock properties and the presence of fluids 

6.1. Estimation of Vp/Vs ratio 

The fact that the seismicity presented in the previous section can be 
correlated only with three faults (IF, AF, and AmF) signifies that the 
crustal earthquakes in Santorini-Amorgos zone may not be generated 
solely by active faulting. Crustal seismicity in this area may also be 
caused by upward migrating fluids that generate events with smaller 
magnitudes. Therefore, we estimated the spatial distribution of the Vp/ 
Vs ratio in the Santorini-Amorgos zone and investigated its correlation 
with the seismic and geophysical properties of the area. Vp/Vs ratio is 
considered as a suitable petrophysical parameter for such an analysis 
due to its sensitivity to fluids, since the existence of fluid-filled cracks 
reduces Vs more that it reduces Vp, resulting in higher Vp/Vs ratio. 

In order to estimate the distribution of Vp/Vs, we implemented the 
method developed by Jo and Hong (2013) that was previously used in 
the southern Korean peninsula and was also applied to Redoubt volcano 
in Alaska (Hong et al., 2014; Park et al., 2018). First, the study area was 
discretized into small cells with a size that allows event-station pairs to 
be formed. The size of these cells should be small enough so that the 
properties of the crust inside each cell can be assumed to be homoge-
nous. Therefore, we discretized the study area into cells with a size of 
0.3◦-by-0.3◦ in latitude and longitude. Each cell overlaps with its 
neighboring cells by 0.27◦. We selected travel times of events with hy-
pocentral depth less than 25 km that were recorded by CYCNET, EGE-
LADOS, and HUSN during our periods of study and found a total number 
of 14,844 P and S-travel time pairs. 

The event-station travel time data were then grouped into the cor-
responding cells, resulting in the data density map shown in Fig. 9a. We 
discarded cells with less than 20 data points since their inclusion would 
not result in a stable estimation of the Vp/Vs ratio. Based on the number 

of data points in every cell, the areas in the north to NE of Santorini and 
around Kolumbo submarine volcano exhibit the highest data density. 
The areas in the west to NE of Anydros and SW of Amorgos are also well- 
covered. On the other hand, the areas north of Astypalaia as well as 
between Paros and Naxos have lower but otherwise acceptable data 
density with an average of 57 data points per cell. After the discretiza-
tion, we estimated the Vp/Vs ratio for each cell by using a modified 
Wadati method that allows us to avoid large uncertainties in the 
resulting Vp/Vs ratios. We constructed a least-squares line of the orig-
inal dataset inside each cell and removed all outliers. An outlier is 
defined as any data point with travel time deviation larger than 1 s from 
the least-squares line. We then constructed a new least-squares line from 
the remaining dataset and removed newly detected outliers, as illus-
trated in Fig. S4 in the Supplementary Material. Usually, all the outliers 
will be removed after this process is repeated for 5 to 6 times. In this 
study we repeated the whole process for 10 times in each cell to make 
sure that there were no more outliers present. 

The formal uncertainty of the Vp/Vs ratios can be estimated by using 
the bootstrap method of Efron and Tibshirani (1991). We constructed 
100 samples by using random sampling with replacement to the data 
points of each cell. After that, we estimated the Vp/Vs ratio of each 
sample and calculated the standard deviation from all obtained samples. 
The standard deviation is then used as the uncertainty for each cell, 
which is found to vary from 0.002 to 0.044 throughout the study area 
(Fig. 9b). We next investigated the sensitivity of the Vp/Vs ratio to 
inaccurate origin times and phase picking errors, since both of these may 
cause travel time perturbations. Errors that were caused by inaccurate 
origin times were simulated by adding to the origin times random values 
between − 0.5 s and 0.5 s drawn from a Gaussian distribution. The Vp/Vs 
ratios of the resulting dataset were then calculated and compared to the 
original values, yielding the distribution of Vp/Vs ratio and its differ-
ence as shown in Fig. S5 in the Supplementary Material. The Vp/Vs ratio 
differences are in the range of − 0.029 to 0.033 with respect to the 
original ones. The highest absolute differences of Vp/Vs ratios of this 
dataset can be found between Paros and Naxos as well as in the island of 
Astypalaia. In a similar way, we also assessed the effect of phase picking 
errors by adding uniformly distributed random error to P and S-wave 
arrival times. We added random values of − 0.1 s to 0.1 s to P-arrival 
times and − 0.2 s to 0.2 s to S-arrival times. After the Vp/Vs ratios of this 
dataset were calculated and compared to the original Vp/Vs ratios, we 
found that the two sets have differences that range from − 0.025 to 
0.041. The Vp/Vs ratios from the dataset with uniformly distributed 
random errors in their phases and the deviation of each cell can be seen 
in Fig. S6 in the Supplementary Material. The differences of Vp/Vs ratios 
are in the order of 0.02 to 0.04 in the areas of Astypalaia, in the south 
and west of Santorini, and between Paros and Naxos. We found that the 
Vp/Vs ratios along the Santorini-Amorgos zone are in the range of 1.69 
to 2.03. High Vp/Vs ratios of 1.78–2.03 were observed between Paros 
and Naxos as well as in the area of Astypalaia. On the other hand, 
slightly lower Vp/Vs ratios (1.77–1.86) were observed in the NE end of 
AmF and beneath the small island of Anydros. It is should be noted that 
the estimated Vp/Vs ratios roughly correspond to the depth of the 
seismogenic layer in the area. 

6.2. Estimation of crack density and fluid saturation 

In order to understand better how fluids affect rock properties in the 
Santorini-Amorgos zone, we also calculated crack density, fluid satura-
tion, and Poisson’s ratio. We utilized the model proposed by O’Connell 
and Budiansky (1974) which describes how seismic velocities of a solid 
are affected by randomly distributed circular cracks. Therefore, it is 
possible to connect the Vp/Vs ratios obtained previously to crack density 
and fluid saturation. According to this model, the total number of cracks 
in a partially saturated solid is defined as the sum of its dry and saturated 
cracks. The crack density (ε) of a solid can be estimated as a function of 
fluid saturation (ξ) defined as 

R. Andinisari et al.                                                                                                                                                                                                                             



Physics of the Earth and Planetary Interiors 312 (2021) 106660

12

Fig. 9. Maps showing the data density, and the distribution of un-
certainties as well as Vp/Vs ratios in the Santorini-Amorgos zone. (a) The 
number of data contained in each cell for the whole area. The total number 
of data of every cell varies between 1 and 1825. Green triangles represent 
seismic stations in the area. Maps in the lower panels show (b) the esti-
mated Vp/Vs ratio uncertainty in every cell and (c) the spatial distribution 
of Vp/Vs ratio obtained by using 0.3◦×0.3◦ cell that shifted by 0.03◦. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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ε =
45
16

( ν − ν
1 − ν2

) 2 − ν
(1 − ξ)(1 + 3ν)(2 − ν) − 2(1 − 2ν) (3)  

where ν and ν are the effective Poisson’s ratio for uncracked and cracked 
bodies, respectively. It is important to note that in a solid with dry cracks 
(low fluid saturation with Poisson’s ratio lower than that of an un-
cracked solid), the value of ε cannot exceed the value of the following 
equation 

εmax =
9

32
(1 + 3ν)(2 − ν)

(1 − ν2)
(4) 

The effective Poisson’s ratio for uncracked bodies (ν) for the whole of 
the Santorini-Amorgos zone was calculated by utilizing the following 
equation 

ν =
1
2

[

1 −
1

(Vp/Vs)2
− 1

]

(5)  

where Vp and Vs are the average of P and S-velocities of the model of 
Brüstle (2012) for layers with depth between 0 and 25 km. We utilized 
the Vp/Vs ratios derived in the previous section to calculate the effective 
Poisson’s ratio for cracked bodies (ν) for each cell by also using eq. (5). 
After all the required parameters were calculated, we estimated ε for 
each cell as a function of ξ by using eq. (3) and the limiting value of ε in 
eq. (4). The obtained values of ε and ξ in this estimation are calculated 
relative to the total uncracked volume, hence the maximum values of 
both parameters are 1. We then calculated ε for ξ ranging from 0 to 1 at 
an increment of 0.01, resulting in a range of values for ε and ξ. Since both 
parameters have the same maximum values, we only present the mini-
mum values of ε and ξ in the following sections. The spatial distributions 
of minimum crack density, fluid saturation, and Poisson’s ratio are 
plotted in Fig. 10. 

6.3. Interpretation of results 

The estimated Vp/Vs ratios along the Santorini-Amorgos zone are in 
the range of 1.69 to 2.03 and their spatial distribution can be seen in 
Fig. 9c. Vp/Vs ratios of 1.77–1.86 are observed beneath the small island 
of Anydros and in the NE end of AmF, where vertical earthquake clusters 
have been observed. Such structures may be related to fluid-extraction 
or degassing from the sea floor as proposed previously by Bohnhoff 
et al. (2006) which is compatible with the high Vp/Vs ratios observed 
here. Higher Vp/Vs ratios (1.78–2.03) were observed between Paros and 
Naxos as well as in the area of Astypalaia (1.81–1.95). Considering that 
the uncertainties found in the mentioned areas are also high (Fig. 9b), it 
is likely that the estimated Vp/Vs ratios in these areas are not accurate 
enough. 

The Vp/Vs ratios around the Santorini caldera are found to vary from 
1.74 to 1.91. A more careful look reveals that high Vp/Vs ratios can be 
found in the northern part of Santorini caldera, extending northward to 
NE of the caldera. Low velocity anomalies have also been observed in the 
northern part of Santorini caldera with NE-SW orientation (Heath et al., 
2019; Hooft et al., 2019). Similarly, recent P-wave tomography by 
McVey et al. (2020) revealed the existence of a magma body containing 
11%–30% of melt at the depths of 2.8–5 km beneath the same location 
which agrees well with the high Vp/Vs ratios shown here. Moreover, the 
authors also highlighted the NE-SW oriented low velocity region 
beneath Santorini caldera. This region is interpreted as mush with 3%– 
10% of melt at depths of 2.8–5 km. Interestingly, the same studies 
indicate that only up to 1% of melt could be resolved beneath Kolumbo 
even though there is a strong possibility of a magma chamber located at 
the depth of 6–7 km (see inset of cross-section g-g’ in Fig. 5) as discussed 
in the previous section. 

The northern part of Santorini caldera as well as the area to its north 
exhibit crack density in the range of 0.05 to 0.35 with high fluid satu-
ration of 0.68–0.77. These values are consistent with the obtained Vp/Vs 

ratios (1.74–1.91) and the existence of a magma body in the area. High 
values of crack density (0.15–0.30) and fluid saturation (0.71–0.76) can 
also be found in the NE end of AmF where a vertical earthquake cluster 
was observed. Lower crack density (0.10–0.15) but high fluid saturation 
of 0.70–0.71 are found around the small island of Anydros, where a 
similar vertical cluster can be seen. 

The offshore area between Santorini and Amorgos exhibits low crack 
density values of 0.10–0.20 and fluid saturation of 0.65–0.72. Low crack 
density in this area may indicate the presence of cracks that concentrate 
along the damage zone of the active faults, which results in a lower fluid 
saturation away from these faults. The existence of these concentrated 
cracks along the fault damage zones is not enough to create a visible 
increase in the Vp/Vs ratios since the damage zones have probably small 
widths in the order of hundreds of meters. Hence, we also observe 
slightly lower Vp/Vs ratios in the area between Santorini and Amorgos 
(see Fig. 9c). 

The Poisson’s ratios of the whole study area vary between 0.23 and 
0.34 and its distribution is plotted in Fig. 10c. Lower Poisson’s ratios are 
only observed south of Amorgos and in between the island of Ios and IF, 
while relatively high Poisson’s ratios of 0.25–0.31 are observed to the 
north of Santorini and near the NE end of AmF. These areas are most 
likely related to extensive magmatic intrusions and high fluid saturation. 
A fully saturated solid will exhibit decreased S-velocities which leads to 
a high Poisson’s ratio of ~0.5 (see Eq. 5). Hence, a solid with partially 
saturated cracks will have a relatively higher Poisson’s ratio than one 
with dry cracks. The fact that the observed Poisson’s ratios are higher 
than 0.25 indicates that the Santorini-Amorgos zone is mostly charac-
terized by rocks with partially saturated cracks. 

7. Conclusions 

We obtained 1455 precise relative locations of crustal events along 
the Santorini-Amorgos zone recorded by both temporary and permanent 
networks and used these locations to better understand the active tec-
tonics of the area. The conclusions of our study are as follows:  

• The relocated seismicity has horizontal and vertical uncertainties of 
less than 0.3 km and clearly delineated three (AF, IF, and AmF) of the 
eight faults in the study area. Other than that, the relocated seis-
micity also revealed vertical clusters of hypocenters, such as beneath 
the island of Anydros, south of Amorgos, and in the NE end of AmF, 
indicating the possible involvement of upward migrating fluids.  

• The seismogenic layer of the Santorini-Amorgos zone was found to 
be 12.5 km thick. The maximum expected moment magnitudes of 
future earthquakes range between 6.3 and 7.2 with SAF having the 
largest expected moment magnitudes (7.0–7.2). It is possible that 
one of these faults may rupture and generate a large earthquake 
followed by a tsunami since all of them have expected moment 
magnitude close to 7.0 (i.e. IF, AmF, SAF, AnF-WAsF, LF). Moreover, 
the area is a popular tourist destination that attracts hundreds of 
thousands of people every year, which increases its vulnerability to 
both seismic and tsunami hazards.  

• The Vp/Vs ratios observed between Santorini and Amorgos 
(1.77–1.86) indicate the presence of cracks concentrated along the 
damage zone of the active faults which results in lower crack density 
and fluid saturation away from the faults. Crustal seismicity distri-
bution and petrophysical parameters strongly suggest the existence 
of melt in the northern part of the Santorini caldera and also upward 
migrating fluids beneath the island of Anydros as well as in the NE 
end of AmF. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.pepi.2021.106660. 
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Fig. 10. Variation of rock properties along the Santorini-Amorgos zone. Maps of (a) minimum crack density, (b) minimum fluid saturation calculated by using the 
model of O’Connell and Budiansky (1974), and also (c) map showing the resulting Poisson’s ratio. 
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