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July 2004 and October 2005 to March 2007, and also by the permanent network from 2011 to 2020. These events
were inverted for their moment tensors by using P-wave polarities as well as SV/P and SH/P amplitude ratios,
yielding 74 well-constrained moment tensor solutions. Most of these moment tensors have significant CLVD
and isotropic components that are positively correlated to each other (R? = 0.68). Tensile faulting due to high
pore pressure is considered as the most likely cause of the observed non-DC components. The positive and neg-
ative non-DC components observed in Kolumbo may be generated by the opening and closing of cracks beneath
the shallow (6-7 km) magma chamber due to a steady migration of magmatic fluids from the deep reservoir into
the chamber. In Anydros, most of the microearthquakes have positive non-DC components associated with the
opening of cracks. It is possible that the extensional deformation and high pore fluid pressure in the area
opens subvertical cracks that become pathways for upward migrating fluids. The upward migration of magmatic
fluids in an extensional regime such as the Santorini-Amorgos zone can also be viewed as an indication of emerg-
ing volcanic activity in this area.
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1. Introduction

The complex geologic setting of the Aegean is characterized by two
dominant tectonic processes. The first is the northward movement
and subduction of the African plate beneath the Aegean at a rate of
0.9 cm/year (Reilinger et al., 2010; McClusky et al., 2000), resulting in
the formation of the Hellenic subduction zone. The second is the south-
ward migration of the Aegean plate due to the African slab rollback. This
movement, coupled with the westward extrusion of the Anatolian plate,
has resulted in the southwestward motion of the Aegean at a rate of
3.5 cm/year (Le Pichon et al., 1995; McClusky et al., 2000; Nyst and
Thatcher, 2004; Hollenstein et al., 2008; Reilinger et al., 2010;
Rontogianni, 2010) as seen in Fig. 1. The subduction of the African
plate formed the Wadati-Benioff zone in the southern Aegean which ex-
tends down to about 170 km (Papazachos et al., 2000). The southern Ae-
gean itself is a region where high seismicity is occurring along the
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forearc. On the other hand, the back-arc region is characterized by mod-
erate seismicity except from its eastern part (Dimitriadis et al., 2010).
The boundary between the seismically active eastern and less active
western back-arc region is the SW-NE oriented Santorini-Amorgos
zone, where in 1956 two strong earthquakes occurred. One of these
events had a seismic moment of 3.9 x 10%° Nm as computed by Okal
et al. (2009) and was one of the largest earthquakes to strike Greece
in the 20th century. Aside from the 1956 earthquakes, the Santorini-
Amorgos zone has also experienced moderate to large earthquakes in
the last 100 years with moment magnitudes ranging from 5.4 to 6.1
(see Andinisari et al., 2021).

The subduction of the African plate beneath the Aegean is also re-
sponsible for the formation of volcanic centers, one of which is Santorini
caldera. Santorini is one of the most active volcanic centers in the south-
ern Aegean and its largest eruption occurred around the year 1613 BCE.
The eruption was followed by several smaller eruptions, resulting in the
present-day Santorini caldera and the small islands in its center, namely
Nea and Palea Kameni (Friedrich, 2013; Nomikou et al., 2014). The most
recent activity of Santorini caldera was observed at the beginning of
2011 in the form of intense microseismic events that originated beneath
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Fig. 1. Map of the South Aegean where the study area is shown by the dashed black square and enlarged in the top panel. Solid orange lines are fault traces contained in the GreDaSS
database (Caputo and Pavlides, 2013). Dashed red lines indicate the boundaries of the basins in the area taken from swath bathymetry data (Nomikou et al.,, 2014). Solid yellow lines
represent isodepth curves of earthquake hypocenters along the Southern Aegean Wadati-Benioff zone (Papazachos et al., 2000). The present-day plate motions are indicated by the
red arrows (Reilinger et al., 2010). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the caldera, which ceased in the spring of 2012 (Konstantinou et al.,
2013 and references therein). The Santorini-Amorgos zone also hosts
Kolumbo submarine volcano located about 7 km NE of Santorini. The
volcanic crater of Kolumbo has an oval shape with a diameter of
1700 m and a crater depth of 505 m (Nomikou et al., 2012; Hiibscher
et al, 2015). The most recent eruption of Kolumbo occurred in
1650 CE involving a pyroclastic flow and generating a tsunami that
reached the east coast of Thera, which is the largest island in the Santo-
rini complex (Cantner et al., 2014). Previous studies found significant
microseismic activity beneath Kolumbo down to a depth of 19 km,
with the bulk of the seismicity located at depths of 8-16 km. Consider-
ing that the magma chamber beneath Kolumbo probably lies at 6-7 km
depth, the observed microseismicity was most likely related to the
movement of melt from a deep reservoir to the shallow magma cham-
ber (Bohnhoff et al., 2006; Dimitriadis et al., 2010; Konstantinou,
2020; Andinisari et al., 2021). Aside from this, swath bathymetry data
revealed that there are 25 other smaller volcanic craters distributed
along NE and NNE trends with respect to Kolumbo (Hooft et al.,
2017). Pure CO, degassing along with small concentrations of CH4 and
H, were observed at Kolumbo and these smaller volcanic craters
(Carey et al., 2015). Despite located very close to each other,
geochemical studies have revealed that Kolumbo and Santorini have
different magmatic sources (Klaver et al., 2016).

Crustal seismicity of the Santorini-Amorgos zone is concentrated
along the Santorini-Amorgos ridge and beneath Kolumbo submarine

volcano (Bohnhoff et al., 2006; Andinisari et al., 2021). The observed
seismicity has no clear relationship with the major faults in the area
and is possibly triggered by fluid movement that generates earth-
quakes with smaller magnitude (Andinisari et al., 2021). Moment ten-
sor inversion could help to clarify whether the seismicity is caused by
pure shear faulting (double couple or DC source) or by other sources
(non-DC) related to fluid intrusion. A common method is to decouple
the source and the propagation effects by determining the response of
the medium between the hypocenter and the seismic stations by cal-
culating the Green's function. Then, the moment tensor solution is es-
timated by finding the minimum misfit between the actual and the
synthetic seismograms. This approach was used to invert the moment
tensors of two earthquakes that occurred near Kolumbo on 26 June
2009 (Mw of 4.9 and 4.7) with hypocentral depths of 9.7 km and
4.1 km. The resulting moment tensor solutions showed that both
earthquakes had a significant isotropic component (KfiZova et al.,
2013). However, the use of Green's functions is limited for events at
low frequency (~0.1 Hz) and will not be accurate for higher frequen-
cies due to the complicated 3D structure of the medium (Julian
et al., 1998). Therefore, this method is not suitable for microseismic
events with Mw < 3 since these events lack energy in lower frequen-
cies. The use of P-wave polarities and amplitude ratios of SV/P, SH/P,
or SV/SH to determine the source mechanism is considered as one so-
lution to this problem. This method also eliminates the instrument re-
sponse owing to the use of amplitude ratios rather than absolute
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amplitudes (Julian et al., 1998; Foulger et al., 2004; Jechumtéalova and
Sileny, 2005; Guilhem et al., 2014).

In a previous work, Andinisari et al. (2021) investigated the role
played by fluids in the Santorini-Amorgos zone by using raypath Vp/
Vs ratios and by calculating various petrophysical parameters (Poisson's
ratio, crack density, fluid saturation). In this study, we investigate fur-
ther the presence of fluids and their role in shaping the microseismicity
in the area by utilizing the inversion of polarities and amplitude ratios
for the determination of full moment tensor solutions of microearth-
quakes. We selected well-constrained events from the absolute loca-
tions of Andinisari et al. (2021) and supplemented them with the
absolute locations of events that occurred throughout 2020. Then, mo-
ment tensor inversion was performed by utilizing P-wave polarities,
and SV/P, SH/P amplitude ratios. We also plotted the derived moment
tensors along with precise relative locations of microearthquakes pub-
lished by Andinisari et al. (2021) and investigate the relationship be-
tween the moment tensors and the seismicity distribution. The results
of moment tensor decomposition show that most of the inverted events
have significant non-DC components that are likely related to fluid in-
trusion as also indicated by vertical earthquake clusters beneath the is-
land of Anydros and the NE segment of the Santorini-Amorgos fault.

2. Data and earthquake locations

The crustal seismicity that occurred along the Santorini-Amorgos
zone was recorded by three different seismic networks. The first is the
Cyclades seismic Network or CYCNET that was deployed on the Cyclades
island group from September 2002 to July 2004. This temporary net-
work consisted of 16 stations with three-component short-period sen-
sors (1-Hz MARK 4 L-3C) and 6 stations with broadband three-
component seismometers (STS-2) (Bohnhoff et al., 2004). Second,
EGELADOS (Exploring the GEodynamics of subducted Lithosphere
using an Amphibian Deployment Of Seismographs) that consisted
of 56 stations equipped with three-components sensors (45 Giiralp
50-s, 4 STS-2, and 7 1-Hz MARK) and operated from October 2005 to
March 2007. EGELADOS also consisted of seven permanent broadband
seismographs that belonged to GeoForschungsNetz (GEOFON) network
and one Mediterranean Very Broadband Seismographic Network
(MedNet) station (Friederich and Meier, 2005). In addition to CYCNET
and EGELADOS, seismicity along the Santorini-Amorgos zone is also
monitored by the Hellenic Unified Seismic Network (HUSN). The
HUSN permanent network was established in 2008 by merging the
existing seismic networks in Greece. It 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) and was undergoing continuous development until
2011. Therefore, in this study we preferred to use HUSN data from
2011 to 2020.

Recently, Andinisari et al. (2021) utilized the NonLinLoc package
(Lomax et al., 2000) and the 1D velocity model of Briistle (2012) to ob-
tain absolute locations of 1868 crustal events (M between 0.8 and 4.6)
recorded by CYCNET (2002-2004), EGELADOS (2005-2007), and HUSN
(2011-2019) along the Santorini-Amorgos zone (see Fig. 1). Here, we
utilized the absolute locations published by Andinisari et al. (2021)
and supplemented them with 14 absolute locations of HUSN events
that occurred in the Santorini-Amorgos zone during 2020, resulting in
1882 absolute locations. The absolute locations of all these events are
plotted in Fig. 2. Average horizontal (ERH) and vertical errors (ERV) of
all these locations are 2.34 km (4 5.15 km) and 3.08 km (+ 2.25 km),
respectively. The distributions of RMS residual, azimuthal gap, ERH,
and ERV of the located events are shown in Fig. S1 in the Supplementary
Material. We also extracted the take-off angles, station azimuths, and
epicentral distances of each event calculated by the NonLinLoc package.
We further selected the events with azimuthal gaps less than 180°, hav-
ing more than 5 P,S phase observation pairs and clear P-wave polarities,
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yielding as many as 292 events that could potentially be used for mo-
ment tensor inversion.

3. Moment tensor inversion
3.1. Data preprocessing

The use of amplitude ratios to retrieve moment tensors required us
to measure the amplitudes of P and S-wave first arrivals (P and S-
phases). S-wave is recorded by two components with perpendicular
motions to each other, namely SV and SH. While the amplitude of P-
phase can easily be obtained from the vertical component, the ampli-
tudes of SV and SH-phases can only be extracted from transverse and ra-
dial components. Therefore, the horizontal components have to be
rotated into transverse and radial directions with respect to the epicen-
ter of each event provided by NonLinLoc. After the seismogram rota-
tions were performed, we low-pass filtered the three-component
seismograms at 5 Hz. This filter was chosen for the reason that scatter-
ing is frequency dependent and strongly affects seismic waves of higher
frequency bands, which is particularly true across the southern Aegean
(Ranjan et al,, 2019; Ranjan and Konstantinou, 2020). A comparison be-
tween original seismograms and rotated seismograms after low-pass
filtering is displayed in Fig. 3.

We then corrected the three-component seismograms for attenua-
tion and free-surface effects. Seismic waves are attenuated as they prop-
agate due to energy loss and the heterogeneity of the Earth. The seismic
wave attenuation of P and S-waves can be quantified by using the qual-
ity factors Qp and Qs that are directly related to the observed amplitudes
of P-phase (Ap) and S-phase (As) as well as amplitudes of the P and S-
phases at the source (Ap, and As,) by using the following equation
(Miller et al., 1998)

Aro _ ArRp (1 () (Ve
Aso  AsRs exp [nfCtp <l (Qs) (Vs>>} M

where Rp and Rg are geometrical spreading factors for P and S-waves, f,
is the corner frequency used for seismogram filtering, and t; is the
whole-path attenuation operator for the P-wave. We employed the
commonly used Qp/Qs value of 9/4 (Aki and Richards, 2002) and f. of
5 Hz. We also utilized the average Vp/Vs ratio for Santorini, Kolumbo,
and the area along the Santorini-Amorgos ridge (~1.81) estimated by
Andinisari et al. (2021). Since there is no information regarding Rp and
Rs, we considered that Rp/Rs is equal to 1 following Miller et al.
(1998). The t;; for the depths of 0-25 km in southern Aegean is also
not known, therefore a value of 0.03 is taken from the median value of
ty measured in eastern California for epicentral distances of 0-100 km
(Hauksson and Shearer, 2006). By using the aforementioned values,
the source amplitude ratio is represented as a function of the observed
amplitude ratio as follows

Apo Ap
fpo _ 37 2
As ~ OB As @

Finally, we performed the correction for the free surface effect by fol-
lowing the method suggested by Kennett (1991).

3.2. Inversion methodology

Various methods have been developed to estimate the moment ten-
sor of an earthquake by inverting its full waveforms, P-phase polarities,
or amplitude ratios. The full waveform inversion is not feasible for
events with Mw < 3 and the use of only P-wave polarities results in
non-unique source mechanisms. Therefore, amplitude ratios are com-
bined with the P-wave polarities in this study in order to better constrain
the moment tensor solution. The use of amplitude ratios will simplify
the inversion since we do not need to consider propagation effects and
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Fig. 2. Absolute locations of events taken from Andinisari et al. (2021) and of events throughout 2020 that occurred along the Santorini-Amorgos zone plotted as a function of (a) their

hypocentral depths, (b) horizontal uncertainties (ERH), and (c) vertical uncertainties (ERV).

correction for event magnitude (Hardebeck and Shearer,2003). An addi-
tional advantage of using amplitude ratios is that it cancels the instru-
ment response contribution in the picked amplitudes. At the same
time, however, it also transforms the moment tensor inversion into a
nonlinear problem, which is computationally more expensive to solve
(Jechumtalova and Sileny, 2005).

In this study, we used the amplitude ratios of SH/P and SV/P to deter-
mine the full moment tensor and constrain its sense of motion by using
the P-wave polarities (e.g., Jechumtilova and Sileny, 2005). For stations
with clear P-wave polarities and unclear SV and SH, we extracted the P-
wave polarities only. We picked the amplitudes of P, SV, and SH waves
in the rotated seismograms that have been corrected for attenuation
and free-surface effects. We also used the values of take-off angles, station
azimuths, and epicentral distances to estimate the synthetic P, SV, and SH
amplitudes by using the Green's functions formulation described by
Julian (1986). This calculation only utilized take-off angles with a quality
score of 8-10 as assigned by NonLinLoc (0: poor quality, 10: best quality).

The observed P-wave polarity constraint can be expressed in the
form of inequalities as

g'm>0o0rg'm<0 3)

where g is a column vector of six elements of the Green's function for a
particular wave type (P or S), m is the vector containing six components
of the moment tensor, and the symbol T represents matrix transposi-
tion. By using the inequalities described in Eq. (3) as constraints, the op-
timum moment tensor m can be estimated by iteratively performing
minimization of the objective function F given by

F=23 |gim—ri| )
i€S
where r indicates the observed amplitude ratio, i shows the index of the

system of inequalities, and S is the set of polarity inequalities that con-
strain the sense of motion of the moment tensor solution.



R. Andinisari, K.I. Konstantinou and P. Ranjan

Journal of Volcanology and Geothermal Research 420 (2021) 107394

E 5000 T T

0k

o

-5000 . 4
-1.0 -0.5 0.0 0.5

5000 T T

counts
o
T

-5000 . . *
-1.0 -0.5 0.0 0.5

5000 -

-5000 [

1.0 1.5 2.0 25 3.0 3.5
time (s)

counts

-1.0 -0.5 0.0 0.5

1.0 1.5 2.0 2.5 3.0 3.5
time (s)

Fig. 3. Seismograms of an event recorded at station ANID on 1 May 2006 at 05:36:36 UTC. The seismograms in (a) are before rotation and filtering, and (b) are rotated and low-pass filtered
at 5 Hz. The dashed green lines indicate P and S-wave arrivals. The red arrows represent the picks of P, SV, and SH amplitudes. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

The minimization of the objective function in Eq. (4) was performed
by using Sequential Quadratic Programming (SQP) (Nocedal and
Wright, 2006). SQP is a method to estimate a numerical solution to non-
linear optimization problems in several iterations by dividing the prob-
lem into constrained quadratic programming subproblems. In our case,
the objective function will be modeled as a quadratic programming sub-
problem at its first iteration. Then, this subproblem is minimized (sub-
ject to the polarity constraint) to define the next iteration step and
this routine is repeated until the minimization is completed. The qua-
dratic subproblem has to be well determined so that it results in a
good step for the nonlinear optimization problem in order for this ap-
proach to achieve convergence (Byrd et al., 1999). We used the ‘sqp’
function of GNU Octave in order to carry out the minimization in this
study.

In order to determine the source mechanism of each event, the re-
trieved moment tensor is decomposed and rearranged to form the
basic components. These basic components are the isotropic (ISO) that
is characterized by positive or negative volume change, the double-
couple (DC), and the compensated linear vector dipole (CLVD). We

calculated the percentage of moment tensor source components by
using relative scale factors as proposed by Vavrycuk (2015). The results
of the moment tensor decompositions and also the uncertainty of each
component will be described in the following section.

3.3. Stability and characteristics of moment tensor solutions

We tested the stability of the retrieved moment tensors by adding
random noise to the preprocessed seismograms with maximum values
reaching 10% of the maximum amplitude of each waveform and con-
structed 200 noisy datasets for each event. Then, the moment tensor in-
version and decomposition were performed for each of these datasets.
We estimated the uncertainty of the moment tensors by using the
sum of standard deviations (6°“™) of the ISO, CLVD, and DC components
(00, 6P 6P of the noisy datasets as previously done by Vavrycuk
et al. (2008). We also made sure that the P/T-axes of the resulting mo-
ment tensors are well-clustered which is another indication of stable so-
lutions.



R. Andinisari, K.I. Konstantinou and P. Ranjan

Table 1

Parameters used to classify the moment tensors solutions of microearthquakes. N is the to-
tal number of P-polarities and P,S phase observation pairs used during the moment tensor
inversion. The 0°"™ indicates the total uncertainties of DC, CLVD, and ISO.

Quality N Azimuthal gap oM (%) Polarity misfit
A >11 <90° <10 0

B 6-11 90° - 160° 10-50 1-2

C <6 > 160° > 50 >2

The resulting moment tensors can be grouped into 3 quality classes
based on the total number of P-polarities and P,S phase observation
pairs, azimuthal gap, 0°"™, and the number of polarities that are not in
accordance with the sense of motion of the resulting moment tensor
(polarity misfit). The selected thresholds of these parameters for each
quality class are shown in Table 1. In this study, we only used the
moment tensors of A and B-quality, yielding as many as 74 well-
constrained moment tensor solutions. Fig. 4 shows examples of moment
tensor solutions of events that occurred in Kolumbo and around Anydros
island along with the P/T axes and nodal planes obtained from the inver-
sion of the noisy datasets. The rest of the well-constrained moment ten-
sors are plotted in Fig. S2 in the Supplementary Material. The complete
moment tensor elements as well as the values of strike, dip, and rake
of all the events can be found in Table S1 in the Supplementary Material,
while the results of moment tensors decomposition are presented in
Table S2 in the Supplementary Material. The inverted events in this

[a] Origintime 24/09/2003 04:42:27 (UTC)
Latitude 36.52 N Longitude 25.47 E
Focal depth 11.76 km

E] Origin time 03/05/2006 20:12:55 (UTC)
Latitude 36.62 N Longitude 25.73 E
Focal depth 7.85 km

Fig. 4. Example of moment tensor solutions of events that occurred (a) beneath Kolumbo
and (b) near the island of Anydros. Moment tensor solutions in the left panel depict the
retrieved best fit moment tensors. Moment tensor solutions in the right panel show
nodal planes of the DC part of the 200 noisy datasets (see text for more details). The
black and white circles indicate stations with positive and negative P-polarities,
respectively. The blue cross represents T-axis, while red cross represents P-axis. (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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study have an average azimuthal gap of 99.5° and are observed by at
least 6 seismic stations. The average standard deviations for the DC com-
ponent is 3.3%, while the average standard deviations for the non-DC
components are 3.3% for the CLVD and 1.2% for the ISO. Based on these
uncertainties, we can conclude that the bulk of the non-DC components
is not due to artefacts caused by the inversion.

The CLVD and ISO components of our moment tensors are found to
be possitively correlated with the coefficient of determination R?
equal to 0.68 as shown in the left panel diagram of Fig. 5. From this dia-
gram, we can also see that most of the moment tensors found in
Anydros have positive non-DC components, while the ones in Kolumbo
have similar number of events with positive and negative non-DC com-
ponents. In order to visualize the source components of all the events,
we plotted the retrieved moment tensors into the Lune diagram of
Tape and Tape (2013) as seen in the right panel diagram of Fig. 5. The
Lune diagram is a source-type plot where every data point projected
into it represents a moment tensor solution. The vertical axis of the
Lune indicates the isotropic axis, while the horizontal axis indicates
the deviatoric plane. By plotting moment tensor solutions into the
Lune, we basically organized them based on their eigenvalues. The
dark grey shaded area in the upper part of the Lune indicates the area
where moment tensors have all positive eigenvalues, while the white
shaded area at the bottom indicates the opposite. Moment tensors
that are projected into these mentioned areas are mostly generated by
explosion or implosion. On the other hand, moment tensor solutions
that fall into the grey area in the central part of the Lune have both pos-
itive and negative eigenvalues. From the Lune, we can see that most of
the moment tensors in our study areas fall roughly along the dashed
line connecting the extensive and compressive LVD (linear vector di-
pole). The LVD itself is a mechanism similar to CLVD, but with larger vol-
umetric expansion or compression. Furthermore, a small number of
events that occurred in Kolumbo and Anydros also seem to have signif-
icant DC components, while there are no events that exhibit dominant
ISO component related to explosion or implosion. From the diagrams
in Fig. 5, it can be concluded that the resultant source of the majority
of events in our study area is a combination of positively correlated
non-DC components with a small percentage of DC component.

4. Discussion
4.1. Possible causes of non-DC components

One possible source of the non-DC component may be multiple
shear faulting or complex rupture that involves a combination of fault
segments with various orientations. A mechanism caused by the combi-
nation of two or more shear faulting sources will be able to produce a
CLVD component, but this mechanism cannot generate a volumetric
change resulting in a vanishing ISO component (Julian et al., 1998).
Since the moment tensors in this study have significant ISO components
(—31.0% to 50.8%), multiple or complex shear faulting is less likely re-
sponsible for the observed non-DC components. Moreover, the magni-
tude of events that occurred along the Santorini-Amorgos zone is
small with the majority of events having local magnitude of less than
3, that are less likely to have been caused by multiple shear faulting or
complex rupture.

Anisotropy is also a possible cause of earthquakes with large non-DC
components since it affects the polarization, velocity, and amplitudes of
the propagating seismic wave (Vavrycuk et al., 2008). Anisotropy also
affects the relation of the fault geometry and its moment tensor repre-
sentation. A recent study by Konstantinou et al. (2021) estimated the
percentage of crustal anisotropy across the southern Aegean by measur-
ing the shear wave splitting of 5194 earthquakes. The average value of
anisotropy in the Santorini-Amorgos zone, measured at 16 seismic sta-
tions (see Fig. 1) along the region, is found to be 1.25%. This low percent-
age of anisotropy indicates that the crust consists of rocks that are not
heavily fractured and may be considered to first order as isotropic
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Fig. 5. Diagrams depicting the decomposed source components of the moment tensors. (a) Diagram indicating the correlation of CLVD and ISO components of moment tensors in Kolumbo
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article.)

(Crampin and Peacock, 2008). Moreover, the presence of anisotropy
would likely result in events with uncorrelated ISO and CLVD compo-
nents (Vavrycuk, 2015) unlike the retrieved moment tensors. Hence,
anisotropy is probably not the main cause for the non-DC components
that we observe in our study area.

Another possible origin of non-DC components is tensile faulting
due to high pore pressure. High pore pressure along a fault during rup-
ture will result in either tensile faulting or a combination of shear and
tensile faulting, generating an event commonly known as tensile earth-
quake (Vavrycuk et al.,, 2008; Vavrycuk, 2011). This earthquake is char-
acterized by significant CLVD and ISO components that are positively
correlated to each other. Considering the existence of fluids along the
Santorini-Amorgos zone (Andinisari et al., 2021) and also the fact that
the non-DC components are mostly positively correlated, tensile
faulting owing to high pore pressure is the most likely mechanism for
the non-DC components in our study area.

Several studies of moment tensor inversion at volcanic and geother-
mal areas have been performed by using similar inversion methodology
as ours, such as in the Hengill-Grensdalur volcanic complex, Iceland
(Miller et al., 1998), Long Valley caldera, California (Foulger et al.,
2004), and the Geysers geothermal reservoir in California (Martinez-
Garzon et al., 2013). The retrieved moment tensors exhibited significant
non-DC components which were probably caused by a combination of
shear and tensile faulting due to fluid flow. The resulting non-DC com-
ponents in these studies consist of significant CLVD part, ranging from
—88.5% to 83.8%, and slightly lower isotropic part, ranging from
—44.0% to 71.6%. The inverted moment tensor solutions in Kolumbo
and Anydros, with CLVD from —62.3% to 81.8% and isotropic part from
—31.0% to 50.8%, are within the range observed in the aforementioned
areas. In all the aforementioned studies, the presence of fluids is an

important factor in causing earthquakes with significant non-DC com-
ponents, which is also very likely to be occurring in our study area. A
lune diagram comparison between the moment tensors in our study
and each of the areas mentioned above is shown in Fig. S3 in the Supple-
mentary Material.

We plotted the moment tensor solutions based on the sign (positive
or negative) of their non-DC components along with the precise relative
locations of microseismicity from Andinisari et al. (2021) in Fig. 6. These
locations were obtained by using the double-difference algorithm
(HypoDD) and the 1D velocity model of Briistle (2012), resulting in pre-
cise relative locations with horizontal and vertical uncertainties of less
than 0.3 km. There are 32 and 34 moment tensors found beneath
Kolumbo and around Anydros (within a radius of ~10 km) respectively.
As many as 8 well-constrained moment tensors are also found outside
the mentioned areas, one of them in close proximity to the Santorini-
Anafi fault (SAF). The moment tensor solutions found in Kolumbo and
Anydros as well as their relation with the seismicity distribution and
tectonic setting will be discussed in the following subsections.

4.2. Kolumbo submarine volcano

Kolumbo submarine volcano is the largest among the volcanic cra-
ters in the area and is located about 7 km NE of Santorini caldera. The
closest major normal faults to Kolumbo are Ios and Anydros faults,
which are located to its NW and SE, respectively (Fig. 7). It has been pre-
viously suggested that these faults control the volcanic activities of
Kolumbo (Sakellariou et al., 2010). However, the relocated seismicity
does not appear to be related to any of these faults (Andinisari et al.,
2021). The smaller volcanic craters in the area are aligned to NNE and
NE with respect to Kolumbo, in accordance with the orientation of the
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major faults along the Santorini-Amorgos zone. The dominant features
of Kolumbo and these smaller volcanic craters are the faulting and frac-
turing that reflect the influence of extensional tectonic processes
(Nomikou et al., 2012). Dimitriadis et al. (2009) found that the local ex-
tensional axis at Kolumbo deviates ~30° counter clockwise with respect
to the prevailed NW-SE extensional axis of the Santorini-Amorgos zone.
Andinisari et al. (2021) estimated the petrophysical parameters along
the Santorini-Amorgos zone by utilizing travel time data of crustal
earthquakes with maximum hypocentral depth of 25 km. Therefore,
the resulting parameter values can be considered as the averaged values
for the whole crust. The authors found that the Vp/Vs ratios for the
Kolumbo area is in the range of 1.77-1.82, while the Poisson's ratio
varies from 0.26 to 0.28. From the range of Vp/Vs ratios, we can con-
clude that magmatic fluids are likely present in the area, including a
fraction of CO,. The Poissons's ratios also indicate that this area is
mostly characterized by partially saturated cracks. The authors also
suggested that the observed microseismicity beneath Kolumbo may
be caused by the movement of melt from a deep reservoir to the
shallow magma chamber at the depth of 6-7 km.

Fig. 7 is the map of 32 moment tensors beneath Kolumbo along with
the Frohlich diagrams (Frohlich, 1992) and the corresponding cross-
sections. The events here occurred at depths of 5.8-12.2 km, with the
component percentages in the ranges of 3.5% to 72.8%, —62.3% to
81.8%, and — 31.0% to 35.9% for DC, CLVD, and ISO, respectively. The
maximum uncertainty of all the components is c>™ of 45.7%. The ma-
jority of events in this area fall under the category of pure normal and
oblique faults as shown in the Frohlich diagram in the inset of Fig. 7. De-
viation of local extensional axis as observed in this area is often accom-
panied by a drastic change in faulting pattern from normal to oblique
fault (Dimitriadis et al., 2009). However, this is not the case for Kolumbo
as both normal and oblique faults are present here.

The cross-sections a-a’ to e-e” in Fig. 7 show that most of the reliable
moment tensors beneath Kolumbo are subvertical CLVD with a devia-
tion of ~21° from the vertical. We can also see that moment tensors
with positive (red moment tensor solutions in Fig. 7) and negative
non-DC components (green moment tensor solutions in Fig. 7) beneath
Kolumbo are almost similar in number. Additionally, we can also ob-
serve that most of the moment tensors with negative non-DC compo-
nents are found at shallower depths of less than 11 km compared to
those with positive non-DC components. It is possible that a steady up-
ward migration of magmatic fluids from the deep reservoir to the shal-
low magma chamber is causing the opening and closing of the
subvertical cracks beneath the magma chamber. The moment tensors
with negative non-DC components that are found at the shallower
depths may be caused by the closing of cracks as the fluids move into
the chamber. The whole process generates events with positive and
negative non-DC components that are projected as the subvertical
CLVDs shown in the cross-sections of Fig. 7. The opening and closing
of cracks due to upward fluids migration also explains the source of
small magnitude earthquake clusters observed beneath the magma
chamber of Kolumbo (see cross-section e-e’ in Fig. 7). The possibility
of upward fluids migration beneath Kolumbo is also consistent with
the values of petrophysical parameters estimated by Andinisari et al.
(2021). All of these observations show that fluids have an important
role in causing the seismicity observed beneath Kolumbo.

4.3. Anydros island

In general, the Santorini-Amorgos zone is characterized by crustal
weakness due to the extensional deformation in the NW-SE direction,
creating overlapping NE-SW oriented normal fault segments as well as
multiple basins and ridges. The small island of Anydros is located at
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the highest part of the Santorini-Amorgos ridge, at the boundary area
that separates Anydros and Santorini-Anafi basins (Nomikou et al.,
2018). Swath bathymetry data shows that the Amorgos-Anydros-
Anafi region, including the area around Anydros, experienced extreme
changes in seafloor topography, which may be related to deformation
and volcanism (Hooft et al., 2017). Vertical earthquake clusters were
observed beneath Anydros and beneath the NE segment of Santorini-
Amorgos fault (Bohnhoff et al., 2006; Andinisari et al., 2021). The area
around Anydros is associated with the Vp/Vs ratios in the range of
1.72-1.80 and Poisson's ratios of 0.25-0.28 (Andinisari et al., 2021).
Compared to the petrophysical parameters of Kolumbo, the Vp/Vs ratios
and Poisson's ratios in this area exhibit slightly lower values. Even so,
the maximum Vp/Vs and Poisson's ratios found here still indicate the
presence of fluids and partially saturated cracks.

We plotted the 34 events with well-constrained moment tensors
around the island of Anydros along with the Frohlich diagram and the
corresponding cross-sections in Fig. 8. The moment tensors we present
here are inverted from events with hypocentral depths of 4.0-17.3 km.
The DC components of these events ranged from 1.1% to 90.4%, while
the CLVD and ISO components are in the ranges of —56.4% to 66.7%
and — 24.9% to 50.8%, respectively, with the maximum o™ of this
area is 33.2%. As we can see in the Frohlich diagram in Fig. 8, most of
the focal mechanisms of events around Anydros are categorized as thrust
and various oblique faults, while only five are characterized as normal
faults.

Events with dominant non-DC components are associated with
subvertical CLVD mechanisms with a deviation of ~30° from the vertical
axis, as seen in cross-sections f-f', g-g’, i-i’, n-n’, and o-0’. All of the
subvertical CLVD shown in these cross-sections are associated with pos-
itive non-DC components, which signify that most of the events that oc-
curred in the region may be caused by the opening of cracks. It could be
that the extensional deformation in the area and high pore fluid pres-
sure open subvertical cracks that facilitate the ascent of magmatic fluids
from a greater depth. This possibility is supported by the existence of

Journal of Volcanology and Geothermal Research 420 (2021) 107394

vertical earthquake clusters that were imaged by Bohnhoff et al.
(2006) and Andinisari et al. (2021) beneath the island of Anydros and
beneath the NE segment of Santorini-Amorgos zone (see cross-
sections j-j’ and n-n’ in Fig. 8). These vertical earthquake clusters are
also related to subvertical CLVD mechanisms, especially the one ob-
served beneath the NE segment of Santorini-Amorgos fault, and may
serve as pathways that facilitate fluids to the surface. This confirms
the suggestion of Andinisari et al. (2021) that magmatic fluids exist in
this region and that the rocks are partially saturated with fluids.

5. Conclusions

We performed moment tensor inversion of P-wave polarities and
SV/P, SH/P amplitude ratios for microearthquakes recorded by tempo-
rary and permanent networks, yielding 74 well-constrained moment
tensor solutions. The derived moment tensors are sufficient to highlight
the areas of interest in Santorini-Amorgos zone, which are the Kolumbo
submarine volcano and the area around the small island of Anydros.
These moment tensors have CLVD and ISO components with percent-
ages that ranged from —62.3% to 81.8% and — 31.0% to 50.8%, respec-
tively. Since these non-DC components are positively correlated,
tensile faulting is the most likely cause of the microseismicity in the
study area. The positive and negative non-DC components observed in
Kolumbo are most likely generated by the opening and closing of cracks
beneath the shallow magma chamber due to a steady migration of mag-
matic fluids from the deep reservoir into the chamber as shown in the
cartoon of fluids-crack interaction in Fig. 9a. In Anydros, most of the mi-
croearthquakes have positive non-DC components associated with the
opening of cracks. It is possible that the extensional deformation in
the area and high pore fluid pressure open subvertical cracks that facil-
itate the ascent of magmatic fluids from the greater depth as shown in
Fig. 9b. The upward migration of magmatic fluids at Anydros combined
with the extensional regime of the Santorini-Amorgos zone can be con-
sidered as an indication of emerging volcanic activity in this area.
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Fig. 9. Cartoon illustrating the fluids-crack interaction in our study area. (a) In Kolumbo, upward migration of fluids from the deep reservoir to the shallow magma chamber open and close
the subvertical cracks beneath the magma chamber. (b) Around the small island of Anydros, extensional deformation and high pore fluid pressure open subvertical cracks which are
subsequently filled by the ascending fluids. The question marks indicate that the faults extend to unknown depths.
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