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a b s t r a c t
The volcanic center of Santorini Island is the most active volcano of the southern Aegean volcanic arc. Α
dense seismic array consisting of fourteen portable broadband seismological stations has been deployed in
order to monitor and study the seismo-volcanic activity at the broader area of the Santorini volcanic center
between March 2003 and September 2003. Additional recordings from a neighbouring larger scale
temporary network (CYCNET) were also used for the relocation of more than 240 earthquakes recorded by
both arrays. A double-difference relocation technique was used, in order to obtain optimal focal parameters
for the best-constrained earthquakes.
The results indicate that the seismic activity of the Santorini volcanic center is strongly associated with the
tectonic regime of the broader Southern Aegean Sea area as well as with the volcanic processes. The main
cluster of the epicenters is located at the Coloumbo Reef, a submarine volcano of the volcanic system of
Santorini Islands. A smaller cluster of events is located near the Anydros Islet, aligned in a NE–SW direction,
running almost along the main tectonic feature of the area under study, the Santorini–Amorgos Fault Zone. In
contrast, the main Santorini Island caldera is characterized by the almost complete absence of seismicity. This
contrast is in very good agreement with recent volcanological and marine studies, with the Coloumbo
volcanic center showing an intense high-temperature hydrothermal activity, in comparison to the
corresponding low-level activity of the Santorini caldera.
The high-resolution hypocentral relocations present a clear view of the volcanic submarine structure at the
Coloumbo Reef, showing that the main seismic activity is located within a very narrow vertical column,
mainly at depths between 6 and 9 km. The focal mechanisms of the best-located events show that the cluster
at the Coloumbo Reef is associated with the “Kameni–Coloumbo Fracture Zone”, which corresponds to the
western termination of the major ENE–WSW Santorini–Amorgos Fault Zone. Stress–tensor inversion of the
available fault plane solutions from Coloumbo Reef, as well as existing neotectonic fault information from NE
Santorini (Coloumbo peninsula), suggests that the NE Santorini–Coloumbo faults belong to a single rupture
system, with a ~ 30° rotation of the local stress ﬁeld with respect to the NNW–SSE regional extension ﬁeld of
the southern Aegean Sea. The observed change of the fault plane solutions shows that local conditions at the
Coloumbo submarine volcano area control the observed faulting pattern.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
One of the most prominent tectonic features of the Southern
Aegean Sea is the Hellenic Arc, which consists of the forearc (Kythera,
Crete, Karpathos and Rhodes) and the inner volcanic arc. African
oceanic lithosphere — the northern part of the African plate — is
subducting under the continental Aegean lithosphere with an
approximately rate of 3.5–4.0 cm/a leading to the formation of an
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inclined Benioff seismic zone up to the depth of about 150–200 km
(Papazachos and Comninakis, 1971; McKenzie, 1972; McClusky et al.,
2000; Papazachos et al., 2000; Papazachos et al., 2005). A typical
subduction related volcanic activity is also developed, with the
Santorini volcanic center along with Sousaki, Methana, Milos and
Nisyros forming the South Aegean Active Volcanic Arc (Georgalas,
1962; Fytikas et al., 1985). The Santorini volcanic center is recently the
most active one in the Hellenic volcanic arc, as it has erupted at least
nine times during the last 600 years (1457, 1508, 1573, 1650, 1707,
1866, 1925, 1939 and 1950) (Papazachos, 1989; Fytikas et al., 1990).
The Southern Aegean is characterized by moderate to strong
seismicity. Fig. 1 shows important (M N 4.0) earthquakes that have
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Fig. 1. Seismicity map of the Southern Aegean Sea. Circles and triangles represent important (M N 4.0) shallow and intermediate depth earthquakes recorded by the regional networks
during the last 50 years (Papazachos et al., 2006), respectively. Stars mark the ﬁve volcanic centers of the South Aegean Active Volcanic Arc.

been recorded during the last 50 years (Papazachos et al., 2006). In
general, strong seismic activity is located along the forearc, while the
back-arc region exhibits relatively low seismicity, except from the
eastern part of the volcanic arc. The volcanoes, along with the clusters
of epicenters of shallow and intermediate depth earthquakes form the
ﬁve seismovolcanic clusters (Sousaki, Methana, Milos, Santorini and
Nisyros) (Papazachos and Panagiotopoulos, 1993) (Fig. 1).
The central Hellenic volcanic arc is dominated by an extensional
ﬁeld with a NNW–SSE direction which results in normal faults which
strike ENE–WSW to NE–SW (Kiratzi and Papazachos, 1995; Papazachos et al., 2001; Benetatos et al., 2004). In this arc, evidence for active
faulting of Pliocene to Quaternary age is widespread (Perissoratis,
1990; Perissoratis, 1995). Especially in the Santorini region changes in
faulting pattern during Early Pleistocene may be related to the
initiation of volcanism (Piper and Perissoratis, 2003; Piper et al.,
2004). NE-trending strike-slip faulting that initiated in the latest
Pliocene or early Quaternary triggered the Akrotiri volcanic center
directly on Santorini Island. These faults then acted as pathways for
magma, when strong NE–SW trending faulting began in the midQuaternary resulting in the formation of Anydros Basin, Amorgos
Basin and the Santorini–Amorgos Ridge (Perissoratis, 1995; Piper and
Perissoratis, 2003; Piper et al., 2004) (Fig. 2).
The main tectonic feature in the broader area of Santorini volcanic
center is the Santorini–Amorgos Fault Zone with an approximately ENE–
WSW direction (Fig. 2). This fault zone produced the two largest
earthquakes which occurred in the central Aegean region during the
20th century. Both events occurred within 13 min on 9 July 1956 (the
ﬁrst at 03:11:40 with M = 7.5 and the second one at 03:24:03 with
M = 6.9; Shirokova, 1972; Comninakis and Papazachos, 1986; Ambraseys
and Jackson, 1990; Papazachos et al., 2001; Papazachos and Papazachou,
2002) generating a tsunami of up to 20 m wave heights (Papadopoulos
and Pavlides, 1992; Perissoratis and Papadopoulos, 1999). Another
important feature in the same area is the Coloumbo Reef (grey star in
Fig. 2), a submarine volcano 7 km northeast of Santorini Island which has
a well deﬁned 1500-meter-wide crater, a crater rim as shallow as 17 m

and a crater ﬂoor ~500 m below the sea level (Perissoratis, 1995;
Francalanci et al., 2005; Sigurdsson et al., 2006).
The Santorini volcanic center is dominated by a NNW–SSE
extensional stress regime that produces various tectonic lineaments,
such as the “Kameni–Coloumbo Fracture Zone” (Perissoratis, 1995;
Mountrakis et al., 1996; Perissoratis and Papadopoulos, 1999; Pavlides
and Valkaniotis, 2003; Piper and Perissoratis, 2003; Piper et al., 2004).
This tectonic line lies in an en echelon pattern and is probably part of
the Santorini–Amorgos Fault Zone. In particular, the area between
Santorini and Amorgos Islands is dominated by an extensional ﬁeld
with a NNW–SSE direction which results in normal faults which strike
ENE–WSW to NE–SW (Fytikas et al., 1990; Vougioukalakis et al., 1995;
Mountrakis et al., 1996).
The broader area of Santorini volcanic center is dominated by
relatively moderate to strong seismicity, which follows an ENE–WSW
direction along the Santorini–Amorgos Ridge (Figs. 1 and 2), as also
conﬁrmed by recent micro-seismic studies in the area under study
(e.g., Panagiotopoulos et al., 1996; Bohnhoff et al., 2004; Dimitriadis
et al., 2005; Bohnhoff et al., 2006). In particular, these studies
concluded that the seismic activity in the broader area of Santorini
volcanic center follows a NE–SW direction along the Santorini–
Amorgos Fault Zone using either the local permanent seismological
network installed on the Santorini Islands (Panagiotopoulos et al.,
1996; Dimitriadis et al., 2005) or a temporal seismic network installed
in several islands of the Cyclades island group (CYCNET) (Bohnhoff
et al., 2004, 2006). Furthermore, an important cluster of events NE of
Santorini Island has been detected at the submarine volcano of
Coloumbo (Dimitriadis et al., 2005; Bohnhoff et al., 2006). In this
paper, we present a detailed analysis of this cluster of seismic activity
using data from a local array on Santorini, as well as data from a larger
scale temporary deployment (CYCNET). The seismo-tectonic interpretation is based on the seismicity distribution, as well as the source
mechanisms of the larger and best-constrained events. The seismotectonic ﬁndings are compared with the results of previous volcanological studies of the Santorini volcanic center.
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2. Seismo-volcanic activity at Santorini volcanic Center
2.1. Data acquisition and data processing
In order to monitor the local micro-seismic activity, a seismic array
consisting of fourteen (14) broadband stations was deployed at
Santorini Islands. As shown in the embedded small ﬁgure in Fig. 2, the
deployment of the seismic array was designed in order to cover the
largest part of the Santorini volcanic center. In particular, ten stations
have been installed on the Thera Island (OIAX, AGEO, AART, AIAK, INPI,
MONO, SWIN, VLYX, FARO and AKRO), two stations on the Thirasia
Island (RIVA and ELIK), one station on the Nea Kameni Island (NKAM)
and one station on the Palaea Kameni Island (PKAM) (Fig. 2). The
average distance between the fourteen broadband stations was about
3 km.
This temporary seismic array was in operation from the end of
March 2003 until the beginning of September 2003. During the data
acquisition period, three relocations of two stations have been
performed (SWIN to BUTA and to OTER and VLYX to AFOT, see
Fig. 2) due to the high level of seismic “noise” in the original

installation sites, as well as to achieve a better azimuthal and spatial
ray coverage. Each portable seismic station was equipped with threecomponent broadband seismometers (CMG 40 T–30 s) — with the
exception of two stations (MONO and INPI), which were equipped
with three-component short period seismometers (CMG 40 T–1 s). A
sampling rate of 125 Hz was used for all stations.
During the period March–September 2003, ~100 GB of continuous
seismic data have been collected and the IRIS PASSCAL package
software has been used to discern the seismic events from the
background noise. All ﬁles have been converted to SAC format and
processed by the SAC2000 (Seismic Analysis Code) computer program
(Tull, 1987; Tapley and Tull, 1992) for the picking of P- and S-onset
times. All events with differential S–P onset times less than 10 s were
considered as events of possible interest, namely candidate volcanotectonic earthquakes and were used in the localization procedure.
2.2. Localization procedure of the volcano-tectonic earthquakes
The ﬁnal data set of volcano-tectonic earthquakes recorded in the
Santorini volcanic center during the period March–September 2003

Fig. 2. Map of the tectonic regime of the broader area of Santorini volcanic center, showing faults (solid lines) and probable faults (dashed lines) (modiﬁed after Perissoratis, 1995;
Mountrakis et al., 1996; Perissoratis and Papadopoulos, 1999; Pavlides and Valkaniotis, 2003, Piper et al., 2004). The Coloumbo Reef is depicted by a grey star. Solid circles depict
(M N 4.5) earthquakes that have been located by regional networks over the last 50 years (Papazachos et al., 2006) in the area under study. The focal mechanisms of the two large
earthquakes of 1956 (M = 7.5 and M = 6.9), along with the horizontal projection of the corresponding T-axis are also depicted. In the embedded small ﬁgure the distribution of the
temporary seismological stations is shown with triangles, while the squares denote the stations which have been relocated during the acquisition period (see text for details).
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consists of 243 events. The estimation of the focal parameters was
performed using the computer program HYPO-ELLIPSE (Lahr, 1999)
with the local velocity model of Dimitriadis et al. (2005). This model
was derived using a large data set consisting of local earthquakes
recorded by the local permanent seismological network (5 stations) of
Santorini during the period 1994–2002. Due to the lack of data below
20 km, the local velocity variation from the 3-d velocity model of
Papazachos and Nolet (1997) was adopted for this depth range. In
order to discern the best-located events for the estimation of the focal
mechanisms, as well as for the application of the double-difference
technique in the relocation procedure, we selected a subset of the
best-located earthquakes consisting of 159 events, which satisfy the
following conditions: RMS travel time error ≤0.5 s, number of used
phases ≥8, ERH (minimum horizontal error) ≤4 km, ERZ (minimum
depth error) ≤6 km, minimum epicentral distance ≤30 km and
azimuthal gap ≤340°.
The estimation of the moment magnitudes, Μw, of the best-located
events has been performed using the seismological software package
SEISAN version 8.0 (Havskov and Ottemoeller, 2003). The seismic
moment has been estimated using the S-wave displacement spectra
from the horizontal components. The moment magnitude values for
these events range between 0.8 and 3.6, showing relatively lowmagnitude seismicity.
The epicenters of these events are shown in Fig. 3. The main cluster
of the seismic activity is located near the northeastern edge of the
Santorini Island, at the Coloumbo Reef. Moreover, very low seismic
levels are observed under the main caldera of the Santorini volcanic
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center during the same time period. The seismicity at Coloumbo Reef
is focused, clearly associated not only with the Santorini–Amorgos
Fault Zone but also with the submarine volcanic structure (Fig. 3).
In order to verify and further constrain the focal parameters for the
best-located events we used an independent data set from the
CYCNET temporary seismological network, which temporally overlapped with our investigation. CYCNET was a 22-station network
installed in the broader Cyclades area between September 2002 and
July 2004 (Bohnhoff et al., 2004; Bohnhoff et al., 2006). Several
stations from this array were installed in the Santorini complex and in
islands surrounding it. Notice that while the local Santorini network
has a poorer azimuthal coverage (stations only on Santorini) it
includes a much large number of stations at small epicentral distances,
whereas CYCNET has a better azimuthal coverage, with a smaller
number of neighboring stations at larger epicentral distances (Fig. 4).
About 130 earthquakes have been recorded by both temporary
networks. For these events, we have selected seismic recordings from
adjacent stations to the Santorini array, namely stations NEAK, SANC,
SANN, SANS, SANT and THIR on Santorini Islands, station ANAF on
Anaﬁ Island, station IOSI on Ios Island, station ANID on Anydros Islet
and stations AMOE and AMOW on Amorgos Island. All phases from the
CYCNET waveform data were hand-picked again for reasons of
consistency.
Using both data sets the estimation of the focal parameters was
repeated using the same procedure. In Fig. 4 the resulting distribution
of the epicentres is shown, where the cluster at the Coloumbo Reef NE
of Santorini Island is observed again as a small-scale robust feature of

Fig. 3. Epicenters of the 159 best-located events recorded during the period March–September 2003 in the area under study. Triangles represent the temporary seismological stations
installed on Santorini Islands; while squares denote stations which have been relocated during the acquisition period. The Coloumbo Reef is depicted by the white ellipse (see text for
details).
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Fig. 4. Epicenters of the best-constrained events using data from both seismological arrays. Black triangles represent the temporary seismological stations installed on Santorini
Islands, while the black squares denote the CYCNET stations from which data have been used. The Coloumbo Reef is depicted by the white ellipse (see text for details).

the seismicity. Furthermore, a small cluster of events near Anydros
Islet has been relocated in a direction almost along the main tectonic
feature of the area under study, the Santorini–Amorgos Fault Zone
(NE–SW direction), mainly due to the data used from ANID station of
CYCNET.
2.3. Relocation of the best-constrained events
Seismicity analysis for the study of the interaction between the
tectonic processes and the volcanic activity requires knowledge of the
precise spatial offset between the earthquake hypocenters. The
accuracy of absolute hypocenter locations is controlled by several
factors, including the network geometry, available phases, arrival-

time reading accuracy, and knowledge of the crustal structure (Pavlis,
1986; Gomberg et al., 1990; Waldhauser and Ellsworth, 2000). These
factors can be effectively minimized by using relative earthquake
location methods (Poupinet et al., 1984; Fréchet, 1985; Frémont and
Malone, 1987; Got et al., 1994). The Double-Difference (DD) earthquake relocation algorithm takes advantage of the fact that if the
hypocentral separation between two earthquakes is small compared
to the event-station distance and the scale length of velocity
heterogeneity, then the ray paths between the source region and a
common station are similar along almost the entire ray path
(Waldhauser et al., 1999; Waldhauser and Ellsworth, 2000). In this
case, the difference in travel times for two events observed at one
station can be attributed to the spatial offset between the events with
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Fig. 5. (Top): Epicenters of the 134 relocated events using a double-difference approach (station symbols as in Fig. 4). (Bottom): Cross section along line A–A' (SW–NE direction) and
cross section along line B–B′ (NW–SE direction). The proﬁle lengths of both lines are approximately 30 km.

high accuracy by differencing Geiger's equation for earthquake
location. The use of a 1-D model is appropriate since the DD algorithm
cancels errors due to unmodeled velocity structure (Waldhauser and
Ellsworth, 2002).
The relocation procedure was performed using the computer
program HYPO-DD (Waldhauser, 2001) which employs the DoubleDifferences (DD) earthquake relocation algorithm (Waldhauser and
Ellsworth, 2000). We used the ﬁnal data set of the best-constrained
earthquakes and obtained travel-time differences for each event pair
with a separation distance less than 10 km at stations within 30 km
distance from the cluster centroid (Coloumbo Reef). We employed the

SVD (Singular Value Decomposition) method for HYPO-DD (Waldhauser, 2001), as it provides information on the resolution of the
hypocentral parameters and the amount of information supplied by
the data and adequately represents least squares errors by computing
proper covariances. Furthermore, we considered that it was necessary to
re-weight the residual double-difference threshold differently depending on the type of phase used. Hence, HYPO-DD was modiﬁed in order to
apply different residual threshold (double residual threshold for the
double-differences of the S-phases). Initially, we performed 5 iterations
without applying any kind of cut-off parameters but only used the
defaults a priori weights. During iterations 6–10 we kept the same
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Fig. 6. (Top): Cross section along line A–A′ (SW–NE direction) and cross section along line B–B' (NW–SE direction) using synthetic hypocenter locations (see map in Fig. 5). The proﬁle lengths of both lines are approximately 30 km. (Bottom):
Histograms of time (I), distance (II) and depth (III) differences between the estimated events using the original travel times and the simulated events using the synthetic travel times.
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relative a priori weights, but re-weighted the data for event pairs with
separation distances smaller than 5 km, using a P-phase residual
threshold of 0.25 s and an S-phase residual threshold equal to 0.5 s.
The ﬁnal data set of the relocated earthquakes consists of 134
events. In Fig. (5) the distribution of these events is shown, while the
hypocenters of the same events are presented along two cross
sections. The ﬁrst cross-section along line A runs parallel to the main
tectonic feature of the area under study, the Santorini–Amorgos Fault
Zone (NE–SW direction). The second cross section (line B) is

143

perpendicular to the line A in a NW–SE direction (Fig. 5). Both
cross-sections show that the main seismic activity takes place in a
narrow column with a maximum distance of 3 km from the Coloumbo
Reef that extends from about 15 km depth towards the surface. The
majority of events are located at depths between 6 and 9 km.
Synthetic tests were carried out to test the robustness of the
obtained hypocenter locations. Using the velocity model of Dimitriadis et al. (2005) theoretical travel times were computed and
uniformly distributed random errors with a standard deviation

Fig. 7. Estimated average ﬁnal 1-D P-velocity model based on: (A) a model with sharp velocity changes with depth, (B) the local velocity model proposed by Dimitriadis et al. (2005)
and, (C) an almost constant velocity gradient model. The “ﬁnal” average P-velocity model determined for the area under study from these three initial models and their perturbations
(see text for explanation) is shown in (D).
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of 0.3 s for the P-waves travel times and of 0.3 × (Vp/Vs) (≈0.53 s) for
the S-waves travel times was added to create the synthetic travel time
data set, corresponding to an average RMS travel-time error of 0.43 s.
The perturbed travel times were used in order to obtain new traveltime double differences for relocation with HYPO-DD, using the same
procedure. Fig. 6 shows the resulting distribution of the hypocenters
along the same cross sections of the Fig. 5, as well as the histograms of
the time, distance and depth differences between the estimated
events using the original travel times and the simulated events using
the synthetic travel times. The results show that the simulated
hypocenter locations are well resolved, despite a minor spatial
dispersion, while the histograms show small differences in all focal
parameters. In particular, the standard deviation for the origin time
differences is of the order of 0.2 s, the average epicentral distance
difference is of the order of 1.6 km and the standard deviation for the
depth difference is of the order of 1.4 km. These tests have
been repeated using the same procedure with a standard deviation
of 0.5 s for the P-waves travel times and of 0.5 × (Vp/Vs) (≈0.89 s) for
the S-waves travel times (average RMS travel-time error 0.72 s),
leading to very similar results (standard deviation of origin time
differences equal to 0.3 s, average epicentral distance difference equal
to 1.9 km and standard deviation of depth difference equal to 1.9 km).
Hence, the determined hypocentral distribution can be considered to
be quite reliable regarding its spatial distribution.

2.4. Estimation of 1-D velocity model
Travel times from local earthquakes provide a distributed source of
elastic waves around the region under investigation, which is suitable
for the joint inversion of hypocenter parameters and velocity structure
(e.g., Crosson, 1976; Ellsworth, 1977; Roecker, 1982; Thurber, 1983;
Kissling, 1988; Kissling et al., 1994). In the present work we have used
the algorithm VELEST (Kissling et al., 1995), which allows an iterative
solution to the coupled hypocenter-1-D velocity model problem and is
often used for the calculation of a “Minimum” 1-D model. It performs
a simultaneous inversion for velocity model, while inversion is limited
to ﬁrst arriving phases (Kissling et al., 1995).
Initially, the data set of the relocated local events was used to
derive P-velocity model using a large number of P-arrivals (1664
arrivals) and a ﬁxed Vp/Vs ratio. Since our data set consists of
earthquakes which mostly occur at depths between 6 and 9 km, this
results in a relatively poor resolution for very shallow depths.
Moreover, the near-vertical incidence of rays close to the surface
limits the control of the shallow velocity structure. Hence, it is possible
that the estimated P-velocities for the surface layers (~ 0–2 km) are
biased (e.g. overestimated).
A Wadati diagram was used in order to evaluate the quality of the used
phases and to obtain an appropriate Vp/Vs ratio. Rejection of outliers
resulted in a ﬁnal data set of 1566 P- arrivals and a Vp/Vs ratio of 1.76.

Fig. 8. (A) Distributions of 20 reliable focal mechanisms for earthquakes recorded in the area under study. The average focal mechanism is shown with the large grey beach ball. The
stereographic projections of the observed neotectonic faults at northeastern Thera Island (Cape Coloumbo area) are also depicted with the small grey beach balls. (B) Horizontal
projection of T-axes for the same set of focal mechanisms, as well as the mean T-axis for the average focal mechanism (large grey arrow). Main faults of the area under study
(Perissoratis, 1995; Mountrakis et al., 1996) are also depicted along with the observed stress orientation (small grey arrow) as derived by fault data.
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Fig. 8 (continued).

To probe the dependence of the solution on the initial model we
have used 3 signiﬁcantly different starting models: A model with
various constant velocity layers and sharp velocity discontinuities, a
rather smoothly varying local velocity model taken from Dimitriadis
et al. (2005) and a model with an almost constant velocity gradient.
For each of the three basic models we produced several additional
random models by inserting random and systematic velocity
perturbations at all depths, resulting in 20 new initial models for
every basic initial model. The VELEST algorithm was applied for each
initial velocity model and a total number of 20 ﬁnal “minimum” 1-D
models were derived for each case. An average P-velocity model was
estimated in each case resulting in the three ﬁnal 1-D models which
are depicted in the Fig. 7 with their standard deviation as horizontal
errors bars. A ﬁnal average P-velocity model was estimated for the
area under study from all models (depicted by the dashed line in
Fig. 7D). Notice the excellent standard deviation of the order of
~ 0.2 km/s for the proposed velocity model (horizontal error bars).
As it is observed in Fig. 7, the ﬁnal 1-D model from each group of
initial models, as well as the ﬁnally proposed 1-D velocity model for
the area under study indicate the possible existence of at least one
low-velocity layer at depths between ~ 1 and 6–7 km and a possible
second low-velocity layer at depths between ~ 11 and 13 km. Although
the actual velocity structure may be three dimensional, since the
majority of seismicity is located in the Coloumbo Reef area, it is quite
reasonable that these low-velocity layers and especially the more
robust shallower one may be related to the magmatic processes in the

area of Santorini Islands and especially the Coloumbo Reef submarine
volcano.
3. Estimation of the focal mechanisms
Focal mechanisms were computed using the computer program
FPFIT (Reasenberg and Oppenheimer, 1985), which calculates the
double couple fault plane solutions based on P-wave polarity readings
for the best-located earthquakes. Reliable fault plane solutions were
available for 20 earthquakes, most of which have occurred at the
Coloumbo Reef. These fault plane solutions show mainly dominant
normal faults striking in a NE–SW direction (black beach balls in
Fig. 8A). Some focal mechanisms show strike–slip motions, with
considerable normal component, while two mechanisms exhibit a
small thrust component.
A representative “average focal mechanism tensor” was calculated
using the approach of Papazachos and Kiratzi (1992) (large grey beach
ball in Fig. 8A). According to this method, for the determination of the
stress ﬁeld an average “focal mechanism” tensor is calculated. This
tensor is deﬁned by the released moment Mo and a tensor F which is a
function of the strike, ζ, dip, δ, and rake, λ of the corresponding fault
plane (Aki and Richards, 1980). According to the _method, the
eigenvalues of the average “focal mechanism” tensor F correspond
to the average P, T and N (null) axes of the local stress tensor.
Therefore, the method allows the deﬁnition of an “average” kinematic
(P, T and N) axis which is assumed to be identical with the principal
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stress axes. In this approach no weighting was used since all the
earthquakes used were similar, small moment magnitude events.
The focal parameters of the calculated average focal mechanism
(strike = 37°, dip = 45°, rake = −107°) are quite comparable with the
parameters of the largest earthquake of 1956 (strike = 65°, dip = 40°,
rake = − 90°; Shirokova, 1972; Comninakis and Papazachos, 1986;
Ambraseys and Jackson, 1990; Papazachos et al., 2001). Moreover,
they show an approximately 30° anti-clockwise rotation of the strike
of normal faults at the Coloumbo Reef area. The horizontal projections
of the T-axes for these mechanisms are shown in the Fig. (8B), while
the large grey arrow denotes the “average” kinematic T-axis
(strike = 319°, dip = 1°).
Neotectonic and structural ﬁeld observations show that the
Santorini volcanic center is dominated by a NNW–SSE extensional
stress regime that produces a major fault zone of NE–SW strike
(approximately 35°–40°) called “Kameni–Coloumbo Fracture Zone”
(Fytikas et al., 1990; Vougioukalakis et al., 1995; Mountrakis et al.,
1996), which coincides with the alignment of the volcanic centers. In
particular, several fault sites have been studied in the north-eastern
edge of Thera Island at Cape Coloumbo area, which exhibit intense
strike-slip and normal faulting in a NE–SW trending zone. A major
dextral strike-slip fault zone of NE–SW strike (approximately 35°–40°)
conﬁnes the deformation zone to the south, while smaller normal
faults of NE–SW strike (approximately 40°–70°) belong to the same
zone. In addition, the dykes present along the caldera walls in the
north-eastern part of the caldera follow a main alignment of NE–SW

direction, which indicates a principal extension of NW–SE direction
(Fytikas et al., 1990; Mountrakis et al., 1996). To compare these ﬁeld
observations with our results we present the selected faults in the
Fig. 8A with the small grey beach balls, while the small grey arrow in
the Fig. 8B depicts the local stress orientation as derived by the same
fault data.
To quantify the compatibility of these results we applied the
method of Gephart and Forsyth (1984) for inverting earthquake focal
mechanism data along with fault data from ﬁeld observations to
obtain the local stress ﬁeld. In this method the orientation of fault
planes and slip directions can be used to determine best ﬁt regional
principal stress directions and the parameter R = (σ2 − σ1) / (σ3 − σ1),
which speciﬁes the magnitude of the intermediate σ2 compressive
stress direction, relative to maximum σ1 and minimum σ3 compressive stress directions, under the assumption of uniform stress in the
source region. The analysis allows for the possibility that the failure
occurs on pre-existing zones of weakness of any orientation. We
employed the computer program FMSI (Gephart, 1990) to invert
observations of slip directions on fault planes of known orientation in
order to determine the best-ﬁtting four-parameter stress tensor,
deﬁned by the three principal stress directions and the parameter R,
as well the associated uncertainty.
For the stress inversion, as initial principal stress solution used the
“average” kinematic T-axis previously estimated using the approach of
Papazachos and Kiratzi (1992). The ﬁnal stress model determined for
the area under study corresponds to value of R equal to 0.4 and the

Fig. 9. Fault planes identiﬁed by the stress tensor inversion method as candidates for the “real” seismic faults, using both seismological and neotectonic data. The rosediagram
presents the azimuthal fault distribution, while the large grey arrow depicts the determined orientation of the mean extensional stress axis.
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determined orientation of the mean extensional stress axis
(strike = 311°, dip = 18°) is almost identical to the estimated “average”
kinematic T-axis (strike = 319°, dip = 1°) using the approach of
Papazachos and Kiratzi (1992).
The application of the stress–tensor inversion allowed choosing
the plane corresponding to the minimum misﬁt rotation about an axis
of general orientation which is needed to match an observed fault
plane/slip direction with one consistent with the ﬁnal stress model.
These faults are identiﬁed by the inversion method to be the “ideal”
fault planes on which the corresponding earthquakes occurred.
However, it is clear that this selection is arbitrary if both nodal planes
exhibit similar misﬁt values which are either small (both planes are
acceptable) or very large (both could be considered as “incompatible”
with the determined stress ﬁeld). Taking into account the average
uncertainty of 10° related with the provided fault plane solutions and
their kinematic axes, we can consider the difference of the misﬁt
values of the two planes provided by the method as a quality measure
for the selection procedure. In order to obtain more realistic and
reliable results we have assumed that if the misﬁt calculated for both
fault planes (main and auxiliary) is relatively small (less than 2–3
times larger than the average uncertainty, i.e. 25°) and their difference
is less than the average uncertainty (10°), then both planes should be
considered and included in the results of this study, as they are
practically indistinguishable with respect to their misﬁt using the
determined stress ﬁeld. Nine (9) fault plane solutions showed a
rotation misﬁt less than 10° for both nodal planes, hence use both
planes were adopted as candidate faults. For larger rotation misﬁt
difference values (larger than 10°), we took the traditional approach
and kept the plane which was most compatible with the determined
stress ﬁeld (smaller misﬁt). Eleven (11) focal mechanisms showed a
rotation misﬁt larger than 10° but signiﬁcantly smaller than 25° for at
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least one of the two fault planes, which was the one adopted as the
fault plane optimally oriented to the determined stress ﬁeld.
In Fig. 9 fault planes identiﬁed by the stress inversion are presented
as linear elements, along with the determined orientation of the mean
extensional axis presented as the large grey arrow. The distribution of
the identiﬁed faults is also presented with a rosediagram, which is
showing the dominant NE–SW (30°–45°) trending faults. In most
cases, the faults “proposed” by the inversion method are in agreement
with the faults observed in the ﬁeld or with the expected directions of
the faults, as these are depicted by the seismicity distribution. It is very
interesting to notice that both the neotectonic ﬁeld observations (in
the ellipse in Fig. 9) and the fault planes from earthquake data are
compatible with a single extensional stress ﬁeld with a NW–SE
direction, despite the different type of fault-slipping observed in the
two data sets. This compatibility suggests that the Santorini–
Coloumbo faults belong to a single rupture system, where local
conditions at the Coloumbo submarine volcano area control and
modify the faulting pattern from trans-tensional to almost purely
normal (Fig. 9).
4. Discussion and conclusions
The results obtained in the present study show that the main
seismic activity of the Santorini volcanic center during the period
March–September 2003 is associated mainly with the tectonic regime
of the broader area under study, as well as with the recently observed
high hydrothermal activity at Coloumbo Reef area (Sigurdsson et al.,
2006). In particular, the main cluster of the epicenters is located near
the north-eastern edge of the Santorini Island beneath the Coloumbo
Reef, where a 3 km wide column of micro-seismicity extends from
about 15 km depth towards the surface. The highest concentration of

Fig. 10. Depth section along a 45 km SW–NE trending proﬁle from the Santorini Island towards the Coloumbo area showing a schematic model of the volcano-tectonic processes
taking place in the study area. On the basis of results obtained in this work, as well as recent volcanological and geochemical studies, different volcano-tectonic processes are taking
place beneath Santorini caldera and Coloumbo submarine volcano, respectively (see text for details).

148

I. Dimitriadis et al. / Tectonophysics 465 (2009) 136–149

hypocenters is observed mainly at depths between 6 and 9 km. The
hypocenters of this cluster are located mostly beneath the northeastern part of the Coloumbo volcano's crater (Fig. 5). In contrast,
there is no evidence of seismic activity beneath the caldera of the
Santorini volcano. This observation is in very good agreement with
recent results for the same area (e.g., Dimitriadis et al., 2005; Bohnhoff
et al., 2004, 2006; Hensch et al., 2008).
Recent marine investigations in the area under study discovered a
widespread hydrothermal vent ﬁeld on the ﬂoor of the Coloumbo
volcano's crater, especially, in the northern part of this crater, with
vigorous gas emission plumes more than 10 m above the ﬂoor and
ﬂuid temperatures up to 220 °C from vent chimneys up to 4 m high
(Sigurdsson et al., 2006). In contrast to the high-temperature venting
in Coloumbo Reef area, only low-temperature venting was observed
within the Santorini caldera by the same marine survey (ﬂuid
temperatures around 15°–17 °C) (Sigurdsson et al., 2006) (Fig. 10).
The difference of hydrothermal activity in the Santorini caldera versus
the Coloumbo crater is in agreement with the lack of seismicity
observed beneath the Santorini caldera in comparison with the strong
seismicity observed in the area of Coloumbo Reef. The hightemperature hydrothermal ﬁeld in the northern part of the Coloumbo's crater could be linked with the “column” of events beneath this
point (Fig. 5).
The main body of the seismic activity under the Coloumbo Reef is
observed mostly at depths 6–9 km, almost in anti-correlation with the
indications of the presence of low-velocity layers, which may indicate
the presence of shallow magmatic chambers (Figs. 5 and 7). Since the
mean thickness of the crust beneath Santorini is about 25 km
(Papazachos and Nolet, 1997; Bohnhoff et al., 2001; Karagianni et al.,
2002; Papazachos et al., 2005) and the observed micro-seismicity in
this area does not extend deeper than 15 km, it can be concluded that
the thermo-mechanical properties of the lower crust in the area do
not allow the generation of signiﬁcant earthquake activity. This
assumption is also supported by the magmatic evolution occurring in
reservoirs sited at different levels in the crust that has been suggested
for the Santorini volcanic center (e.g., Huijsmans et al., 1988;
Vougioukalakis et al., 1995; Druitt et al., 1999; Mortazavi and Sparks,
2004; Francalanci et al., 2005; Zellmer et al., 2005). It should be noted
that recent volcanological and geochemical studies suggest the
presence of different magmatic reservoirs beneath Santorini caldera
and Coloumbo submarine volcano, respectively (Vougioukalakis et al.,
1995; Francalanci et al., 2005). In particular, according to these studies,
the magmatic chambers appear to have different geochemical and
mineralogical characteristics, indicating possibly a different magmatism, derived directly from the mantle for the case of Coloumbo
submarine volcano and with signiﬁcant partial crustal melting for the
case of the Santorini caldera (Fig. 10) (Vougioukalakis et al., 1995;
Francalanci et al., 2005).
The focal mechanisms of the best-located events show a dominant
normal faulting pattern with a NW–SE extension and NE–SW fault
planes. This observation suggests that the cluster at Coloumbo Reef is
connected with the “Kameni–Coloumbo Fracture Zone” (NE–SW
direction). A representative “average focal mechanism tensor” derived
from the reliable fault plane solutions in the Coloumbo area is in good
agreement with both focal mechanisms from the two main earthquakes occurred in 1956 (Shirokova, 1972; Comninakis and Papazachos, 1986; Ambraseys and Jackson, 1990; Papazachos et al., 2001;
Papazachos and Papazachou, 2002). Furthermore, the application of
the stress inversion method of Gephart and Forsyth (1984) shows that
both the seismological data and the available neotectonic observations
at the north-eastern part of Santorini Island can be explained by a
single stress ﬁeld, despite the local faulting variations of the
Santorini–Coloumbo rupture zone and around Coloumbo Reef.
A rotation of the determined orientation of the mean extensional
axis of the order of ~30° in comparison to the 1956 events is observed
in the vicinity of the Santorini–Coloumbo area. In particular, a change

of the main strike of the Santorini–Amorgos Fault Zone is observed at
the western termination of the zone at the Coloumbo–Santorini area.
This “bending” to NE–SW faulting at Coloumbo–Santorini area is in
agreement with the recent suggestion of Papazachos et al. (2001) for
the broader study area and is frequently observed in the broader
Aegean area at the termination of E–W or ENE–WSW faults (e.g.,
Kozani area–Northern part of Greece, Kiratzi, 1999). Moreover, this
change is often accompanied by a change of the faulting pattern from
normal to oblique (dextral–normal) slip. In the Kameni–Coloumbo
area this does not occur at the Coloumbo Reef, probably due to the
combination of active faulting and local volcanic processes, which
result in an “opening” of the fault zone with a dominant normal
faulting (Fig. 10). However, towards Santorini ﬁeld observations
(Mountrakis et al., 1996) strongly suggest that faulting does change
to a more oblique type, with a strong dominant dextral slip
component (Fig. 10).
Since the average focal mechanism probably reﬂects the typical
regional stress ﬁeld, it can be assumed that the resulting Santorini–
Amorgos fault zone provides pathways for ascending dykes. The
column-like cluster of micro-seismicity beneath Coloumbo Reef is
very likely triggered by magmatic processes, whereas the large
earthquakes in 1956 are a response to tectonic loading. The magmatic
processes beneath Coloumbo Reef locally modify the faulting pattern
and stress ﬁeld, as evident from the variable source mechanisms.
Further long-term observations are necessary in order to monitor the
space–time evolution of the seismo-volcanic activity beneath
Coloumbo submarine volcano.
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