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a  b  s  t  r  a  c  t

Coloumbo  submarine  volcano  lies  6.5 km  offshore  the NE part  of  the  Santorini  island  complex  and  exhibits
high  seismicity  along  with  vigorous  hydrothermal  activity.  This  study  models  the  local  stress  field  around
Coloumbo’s  magma  chamber  and  investigates  its influence  on intrusion  emplacement  and  geometry.  The
two components  of the  stress  field,  hoop  and  radial  stress,  are  calculated  using  analytical  formulas  that
take  into  account  the  depth  and  radius  of the  magma  chamber  as  these  are  determined  from  seismological
and  other  observations.  These  calculations  indicate  that  hoop  stress  at the  chamber  walls  is maximum  at
an angle  of  74◦ thus  favouring  flank  intrusions,  while  the  radial  stress  switches  from  tensile  to  compressive
at  a  critical  distance  of  5.7 km  from  the  center  of the  magma  chamber.  Such  estimates  agree  well with
neotectonic  and  seismological  observations  that  describe  the  local/regional  stress  field  in the area.  We
analyse  in  detail  the  case  where  a  flank  intrusion  reaches  the  surface  very  near  the  NE coast  of Thera
as  this  is the  worst-case  eruption  scenario.  The  geometrical  features  of such  a feeder  dyke point  to  an
average  volumetric  flow  rate  of  9.93  m3 s−1 which  corresponds  to  a Volcanic  Explosivity  Index  of  3 if  a
future  eruption  lasts  about  70 days.  Hazards  associated  with  such an  eruption  include  ashfall,  ballistic

ejecta  and  base  surges  due to explosive  mixing  of  magma  with  seawater.  Previous  studies  have shown
that areas  near  erupting  vents  are also  foci  of  moderate  to  large  earthquakes  that  precede  or  accompany
an eruption.  Our calculations  show  that  a shallow  event  (3–5 km)  of moment  magnitude  5.9  near  the
eruptive  vent  may  cause  Peak  Ground  Acceleration  in  the  range  122–177  cm  s−2 at  different  locations
around  Santorini.  These  values  indicate  that seismic  hazard  even  due  to a moderate  earthquake  near
Coloumbo,  is not  trivial  and  may  have  a  significant  impact  especially  on  older  buildings  at  Thera  island.
. Introduction

The Santorini island complex consists of five islands (Thera,
herasia, Palea and Nea Kameni, Aspronisi) that delineate a flooded
aldera formed after several cycles of explosive volcanic activity
ver the last 400 ka (Bond and Sparks, 1976; Heiken and McCoy,
984; Druitt and Francaviglia, 1992; Vougioukalakis and Fytikas,
005) (Fig. 1). The last of these cycles started with the Late Bronze
ge (LBA) eruption (ca. 1628 BC) which involved phreatomagmatic
xplosions and extended pyroclastic flows that destroyed some
arly human settlements near Akrotiri. The LBA event probably also
riggered a tsunami that was thought to have affected the whole
f the Eastern Mediterranean (Dominey-Howes, 2004 and refer-
nces therein). Subsequently, many authors have contested this

iew mostly based on the lack of such tsunami deposits outside
he southern Aegean (Dominey-Howes, 2004) and on numerical
imulations (Pareschi et al., 2006). Activity after the LBA eruption
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continued in a diminishing trend with several smaller eruptions,
the last one having occurred in the early 1950s. The small islands
of Palea and Nea Kameni were created by this post-eruptive activity
and presently exhibit only low-temperature (∼17 ◦C) hydrothermal
fluid venting (Sigurdsson et al., 2006).

At a distance of about 6.5 km from the NE coast of Thera
island lies Coloumbo volcano, expressed by a submarine crater of
1.5 km diameter and maximum crater floor depth of 500 m.  Sub-
marine observations have revealed that the area of the Coloumbo
crater exhibits vigorous hydrothermal activity manifested by high-
temperature (∼220 ◦C) gas emission plumes rising from numerous
vents (Sigurdsson et al., 2006). Deployment of temporary seismic
networks has revealed that the area around Coloumbo exhibits
much higher seismicity than that inside the Santorini caldera
(Bohnhoff et al., 2006; Dimitriadis et al., 2009). This seismicity con-
sists mainly of microearthquakes (ML < 4) that form various clusters
around the Coloumbo crater at depths between 2 and 20 km.  Earth-

quake activity is also persistent to the NE of Coloumbo delineating
a tectonic zone that in 1956 generated the large (Mw 7.6) Amorgos
earthquake and subsequent tsunami (Konstantinou, 2010 and ref-
erences therein). The last eruption of Coloumbo occurred in 1650

dx.doi.org/10.1016/j.jog.2011.09.003
http://www.sciencedirect.com/science/journal/02643707
http://www.elsevier.com/locate/jog
mailto:kkonst@ncu.edu.tw
dx.doi.org/10.1016/j.jog.2011.09.003
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Fig. 1. Map  of the Santorini island complex also depicting the volcanic hazards zonation due to a future eruption within the caldera or at Coloumbo (map compiled by G.
Vougioukalakis also available from http://ismosav.santorini.net). Contours show the bathymetry in meters around the Coloumbo crater. The inset at the upper left-hand side
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hows  the position of the island complex in the southern Aegean with a red square.
o  the web version of the article.)

D and involved the formation of pumice rafts as well as subaerial
ephra fallout while eruptive activity was preceded/accompanied
y strong earthquakes (Dominey-Howes et al., 2000). Historical
ccounts also mention that this eruption generated a large tsunami
hat inundated the eastern coast of Thera to a distance of 2 miles,
epositing large submarine boulders and sediments (see Dominey-
owes et al., 2000 and references therein). Table 1 summarizes the
olcanological characteristics of this eruption as listed in the Global
olcanism database of the Smithsonian Institution.
The Greek Institute of Geological and Mineral Exploration
IGME) has compiled a map  of volcanic hazard zones for San-
orini based mostly on information taken from historical sources
bout past eruptive activity (Fig. 1). This map  identifies five
nterpretation of the references to colour in this figure legend, the reader is referred

different potential hazards and their corresponding zonation: (a)
phreatic explosions, (b) ballistic projectiles, (c) tsunamis, (d) toxic
gas/ashfall, and (e) landslides. As far as Coloumbo is concerned, the
map  delineates a zone of probable eruptive centers that extends
from the Coloumbo crater up to Therasia. It also considers pos-
sible that ballistic projectiles from Coloumbo may affect the NE
coast of Thera, while toxic gases and ashfall are expected to affect
the whole of the Santorini area. In this work, we aim at improving
the understanding of hazards stemming from future eruptive activ-

ity of Coloumbo by considering the stress field around its magma
chamber and how this affects intrusion emplacement and geome-
try. First we give an overview of the available information about
the Coloumbo magma  chamber derived from seismological and

http://ismosav.santorini.net
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Table  1
Summary of the available information about the 1650 AD eruption of Coloumbo
submarine volcano taken from the Global Volcanism Database of the Smithsonian
Institution (http://www.volcano.si.edu).

Start date 1650 September 27
Stop date 1650 December 7

VEI 4?
Tephra volume >5.5 ± 5.0 × 108 m3
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Fig. 2. P- and S-wave tomographic images beneath Coloumbo submarine volcano
(after Dimitriadis et al., 2010). The orientation of the cross-sections relative to San-
torini is shown on the top map. The colours correspond to percentage of velocity
perturbation according to the scales shown at the bottom of each plot. The possible
location of the Coloumbo magma chamber is delineated by a dashed line along with
the  depth h and radius r for both P- and S-wave images (see text for more details).

geneity are simplifications of the real conditions around magma
Type of eruption flank/explosive

eochemical observations. We  then use analytical models for the
alculation of the hoop and radial stress components which have

 direct effect on magma  emplacement. These estimates are also
orrelated with other seismological, geological and neotectonic
bservations for the purpose of further constraining our results.
inally, we discuss how these first-order estimates have an impact
ot only on volcanic but also seismic hazard assessment for San-
orini, since a future eruption will likely be accompanied by intense
eismic activity.

. The Coloumbo magma  chamber

In a recent study, Dimitriadis et al. (2010) used local earth-
uake tomography in order to obtain P- and S-wave velocity

mages of the Coloumbo magma  chamber. The authors used a
ataset consisting of 137 local earthquakes with 1600 P-phases
nd 1521 S-phases recorded at 25 seismic stations. Most of the
tations were operating on the Santorini island complex and
ome others on the nearby islands (Ios, Amorgos, Anafi) offering
n improved azimuthal coverage. Despite this, the tomographic
nversion faced problems due to ray coverage inhomogeneity
roduced by the fact that most earthquakes occurred around
oloumbo and were recorded by stations on Santorini. A corol-

ary of this problem is the vertical smearing of the resulting
omographic images which needs to be taken into account when
nterpreting them. However, Dimitriadis et al. (2010) point out
hat smearing also depends on the direction of the tomographic
ross-section, with a NW–SE direction exhibiting less pronounced
ffects.

Fig. 2 shows two of these tomographic cross-sections corre-
ponding to P- and S-wave velocity structure respectively. In both
f these images there is a well-defined region of negative velocity
erturbation (up to −5%) that may  represent low velocity mate-
ial such as magma  and/or crystal mush. The shape of the anomaly
s approximately circular with a radius of 1.5–1.6 km while the
epth of its center varies in the two images (5.5 km for P-wave and
.8 km for S-wave structure). Considering this uncertainty it would
e helpful to utilize additional observations for the purpose of con-
training the depth of the proposed magma  chamber. Cantner et al.
2010) have determined preliminary estimates of pre-eruption
olatile contents from lava samples discharged during the 1650 AD
ruption. Their results indicate an average value of 6.0 wt.% which
orresponds to a pre-eruption storage pressure of 180 MPa. Assum-
ng a density of 2640 kg m−3 for the surrounding rocks (upper
rust can be represented by quartzite see Konstantinou, 2010)
nd a magma  chamber depth of 6.8 km we obtain a lithostatic
ressure of 176 MPa. Taking into account the pressure exerted by
he overlying water column and assuming a mean water depth
f 250 m around Coloumbo, we obtain a hydrostatic pressure of
.5 MPa. In this way the total pressure in the magma  chamber is
78.5 MPa  which is very close to the value reported by Cantner

t al. (2010).  Therefore it seems that the depth derived by the S-
ave tomographic image is more consistent with the geochemical

esults.
c c

(For interpretation of the references to colour in this figure legend, the reader is
referred to the web  version of the article.)

3. Hoop and radial stress

A magma  chamber can be considered as a two-dimensional cir-
cular cavity surrounded by an isotropic and homogeneous medium
(Fig. 3). This cavity may  generate a stress field pattern depending
on the imposed loading conditions. Obviously, the consideration of
only two  dimensions and the assumption of isotropy and homo-
chambers. However, as Gudmundsson (2006) has shown, this sim-
plified representation can yield credible results that are of great
importance when assessing volcano hazards. Here we also show

http://www.volcano.si.edu
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Fig. 3. Model of a circular cavity representing the magma  chamber at depth hc ,
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Fig. 4. Diagrams showing the variation of hoop and radial stress for the Coloumbo
magma  chamber. Top panel: Hoop stress as a function of the angle � where a maxi-

◦

tance indeed exhibits tensile local stresses as demonstrated by
Dimitriadis et al. (2009) using a set of well-constrained earthquake
focal mechanisms. Most of the fault plane solutions exhibit normal

Fig. 5. Map  showing the modeling results of the magma  chamber stress field com-
bined with available seismological and neotectonic observations. The large circle
indicates the extent of the tensile radial stress having as its center the Coloumbo
magma  chamber if the depth of the magma chamber is taken as 6.8 km. The local �3

principal axis orientation is taken from the stress tensor derived by Dimitriadis et al.
(2009).  Hatched line segments represent orientations of seismic faults identified
adius rc subject to overpressure pe that is embedded in an elastic half-space. The
tress field generated by this loading condition consists of the hoop stress (���) and
adial stress (���). The hoop stress varies as a function of the angle �.

hat the results obtained from such an approach are consistent
o first-order with tectonic and seismological observations around
oloumbo.

McTigue (1987) obtained analytical expressions for the stress
round such a cavity by using the method of reflections and con-
idering solutions of the form of perturbation expansions in powers
f the ratio rc/hc. The author assumed that the magma chamber is
ubject to excess magmatic pressure pe and lies inside an elastic
alf-space. The two components of this stress field are the hoop
tress around the wall of the chamber indicated as ��� and the
adial stress away from the chamber that is symbolized as ��� . For
he hoop stress the expression is given by

�� = 1
2

+ �3(˛0 + ˛2cos2�) + �4(ˇ1 cos � + ˇ3cos3�)

+ �5(�0 + �2cos2� + �4cos4�) (1)

here the coefficients ˛0, ˛2, ˇ1, ˇ3, �0, �2, �4 are functions of the
oisson ratio v (see Eq. 54 of McTigue, 1987), � is the ratio rc/hc and

 is the angle defined in Fig. 3. The hoop stress estimated from this
xpression is dimensionless and scaled according to the assumed
verpressure pe inside the magma  chamber. The corresponding
xpression for the radial stress is

�� = 2�3

[
2 − v

(�2 + 1)3/2
− 3

(�2 + 1)5/2

]
(2)

here � is the dimensionless distance from the center of the magma
hamber scaled according to the depth hc of the magma cham-
er. We  use these expressions in order to evaluate the hoop and
adial stress around the Coloumbo magma  chamber taking � = 0.23
rc = 1.6 km,  hc = 6.8 km)  and v = 0.25 which is consistent with the
atio of P- over S-wave velocity of 1.74 found in Santorini (Zhu et al.,
006). Fig. 4 shows the results of this evaluation for the two  stress
eld components, ��� as a function of the angle � and ��� as a

unction of the dimensionless distance �.
The hoop stress exhibits a maximum value at an angle � = 74◦

hich indicates the location in the magma  chamber wall that may
upture during dyke emplacement. This result implies that dyke
ntrusions may  initiate at the flanks of Coloumbo magma  chamber
ather than near its top. Such a situation is expected at volca-
oes that do not possess a large edifice that would otherwise focus
ensile stresses near its summit (Pinel and Jaupart, 2003). Part of
he edifice at Coloumbo was destroyed either after the 1650 AD
ruption or much earlier, therefore only its SW part with a radius
f about 1.6 km is preserved. The imaged magma  chamber is not
ocated directly beneath the remaining edifice, hence it is doubt-

ul whether its loading has any significant effect on the rupture
ocation.

On the other hand, the radial stress varies from tensile (negative)
t small distances, to compressive (positive) at larger distances. The
mum  exists at 74 ; Lower panel: radial stress as a function of dimensionless distance
where at critical distance dcr the stress switches from tensile to compressive (see
text for more details).

critical distance dcr where this change occurs is equal to � = 0.84
which corresponds to 5.7 km (0.84 × 6.8 km)  from the center of
the magma  chamber (Fig. 5). The area delineated by this dis-
by the stress tensor inversion method. Neotectonic observations of two  strike-slip
faults near Cape Coloumbo are also highlighted with an ellipse. The green double
arrow represents principal axes of the regional strain tensor for this area determined
from GPS data (from Hollenstein et al., 2008).
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Fig. 6. Cartoon showing the possible geometrical configuration of a dyke injected
from the Coloumbo magma chamber. The dyke originates at the point of maximum
hoop stress at a vertical distance x from the top of the magma chamber which lies
at  depth z from the surface. The intrusion has a down-dip length L and forms an
angle  ̨ with the Earth surface at a distance dcr from the magma  chamber. Other
symbols are the same as in Fig. 3. The inset shows a NE–SW cross-section of the
tomographic model of Dimitriadis et al. (2010) where a low-velocity linear feature
K.I. Konstantinou, T.-Y. Yeh / Jo

aulting and their inversion for the purpose of deriving the orien-
ation of the principal stress axes shows that �3 is orientated along
he NW–SE direction (strike ∼311◦) and is subhorizontal (dip ∼18◦).
sing a shallower depth for the magma  chamber (e.g. 5.5 km so
.84 × 5.5 = 4.6 km)  would have the effect of underestimating the
xtent of the tensile area around it. This confirms that our initial
epth estimate is also consistent with seismological observations.
uperimposed to this local stress field is the regional one that affects
he whole of the Aegean area and according to GPS measurements
t exhibits N–S extension (Hollenstein et al., 2008). The result of this
uperposition should be an area that experiences strike-slip motion
nd clockwise rotation. Neotectonic observations show such an
rea in the NE part of Thera island where this kind of faulting occurs
t the border of the tensile region (Dimitriadis et al., 2009).

. Intrusion emplacement and volumetric flow rate

It is now interesting to investigate how such a stress pattern
ould influence the emplacement of magma  injected from the
oloumbo magma  chamber, since this has direct implications for
olcanic hazard. The first step towards magma  injection is the rup-
ure of the magma  chamber walls, therefore the maximum hoop
tress should exceed the tensile strength of the surrounding rocks.
or a typical crystalline host rock the tensile strength is in the
ange of 0.5–6 MPa  (e.g., Amadei and Stephansson, 1997). The max-
mum hoop stress calculated previously has to be multiplied by an
ssumed overpressure in order to be converted to physical units. By
ssuming an overpressure equal to 12 MPa  we obtain ��� = 6.2 MPa
hich exceeds the maximum tensile strength of most host rocks. At

his point it should be mentioned that for most chambers the main
tress concentration would be at local irregularities in their walls,
n which case the overpressure needed for rupture can be equal to
he tensile strength of the rock rather than twice this value assumed
ere. The newly formed fracture may  then propagate away from the
agma  chamber and this propagation is controlled by the static
agmatic overpressure �p  inside the crack (e.g. Gudmundsson

t al., 1999)

p = pe + (�r − �m)gh + ��  (3)

here pe is magma  overpressure above the lithostatic one, g is
cceleration of gravity, h is depth, �r is density of the rock, �m is den-
ity of magma  and �� is the difference between vertical (�v) and
orizontal (�h) compressive stress. While pe decays progressively
ue to viscous drag effects and the density difference becomes zero
r even negative at shallow depths, the term ��  effectively controls
he propagation. The condition for propagation is that ��  = �v − �h

emains positive and this can happen if the horizontal stress �h
s equal to the least compressive stress �3. The exact path that
his intrusion will take is controlled by the mechanical properties
f the rocks surrounding the magma  chamber, especially if these
onsist of alternating layers of soft pyroclastic material and stiff
ava flows as found in many volcanoes. In fact, numerical mod-
ls simulating these conditions predict that a spherical magma
hamber, subject to excess magmatic pressure as the only load-
ng condition, tends to favour inclined sheets (Gudmundsson, 2006
nd references therein). This situation seems to be occuring around
oloumbo since the tomographic images (Fig. 6 inset) indicate a

ow-velocity zone emanating from the magma  chamber along a
W direction. Above this zone there are almost horizontal high
elocity bodies with positive velocity perturbations between 5 and
0%. These may  represent series of layers of pyroclastic rocks and
avas that have accumulated from previous eruptions. Intrusions
robably start as inclined sheets near the magma  chamber later
ecoming subvertical dykes further away from it. Observations at
everal exhumed volcanoes show that most of these intrusions are
can be seen emanating from the Coloumbo magma chamber. It should be noted that
due to vertical smearing it is not possible to infer the exact shape and thickness of
this  low-velocity anomaly.

arrested at various depths without being able to feed an eruption
(Gudmundsson, 2002). Tomographic results seem to support this
view, since they show that part of the low-velocity zone extending
from Coloumbo, terminates beneath the Santorini caldera before it
can reach the Earth’s surface.

We  focus on the possibility that during a future eruption magma
will follow the pathway marked by this low-velocity zone and place
the eruptive vent location perpendicular to the direction of �3. In
this case we attempt to calculate the apparent dip of the inclined
sheet along the NE–SW direction in an effort to calculate the magma
flow rate which is important in terms of having an estimate of the
volume of erupted material. Fig. 6 shows the geometrical configu-
ration we assume in order to find the angle ˛

tan  ̨ = z + x

dcr − rc sin �
= hc − rc + rc(1 − cos �)

dcr − rc sin �
(4)

It is then possible to estimate the down-dip length L of the sheet
by using the trigonometric relationship

L = z  + x

sin ˛
= hc − rc + rc(1 − cos �)

sin ˛
(5)

By substituting the corresponding values to these equations we
obtain an angle  ̨ = 56◦ and a length L = 7.7 km.  Observations of
exposed feeder dykes in Miyakejima volcano, Japan, reveal that
their aperture u is of the order of 1 m even though this may  increase
when the intrusion reaches very near the Earth’s surface (Geshi
et al., 2010). The surface width W can also be estimated through
the aspect ratio (W/u) which usually takes values of around 1000
(see Gudmundsson, 2002). This means that for an aperture of 1 m
the width should be 1000 m. Having estimates of these geometri-
cal characteristics we  can now calculate the volumetric flow rate
of magma  given by (Gudmundsson and Brenner, 2005)

Q = u3W

12n

[
(�r − �m)g sin  ̨ − ∂pe

∂L

]
(6)

where n is magma  viscosity and ∂pe/∂ L is the pressure gradient.

We use a value of 104.2 Pa s for the viscosity (Hellwig, 2006), which
is consistent with rhyolitic magma  at a temperature of 800 ◦C rich
in volatiles like the magma  erupted during the 1650 AD eruption
(Cantner et al., 2010). Then for a pressure gradient of −1558 Pa m−1
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Fig. 7. Top panel: Map  of the Santorini island complex showing possible zonation of
ballistic ejecta (red circle with radius 2.5 km), base surge (yellow circle with radius
6  km)  and PGA values due to a Mw = 5.9 shallow (3 km)  earthquake accompany-
ing the eruptive activity. The hypothesized eruptive vent is located south of Cape
Coloumbo and the epicenter of the earthquake (green star) lies at a distance 4.7 km
from it. The coloured dots represent calculated values of PGA at different locations
(see text for more details) and follow the colour scale shown at the right. Lower
panel: The same for an earthquake with hypocentral depth of 5 km. (For interpre-
8 K.I. Konstantinou, T.-Y. Yeh / Jo

pe = 12 MPa, L = 7700 m)  we calculate that the flow rate of magma
hrough the sheet is about 9.93 m3 s−1. This may  be an average esti-

ate, since it is expected that flow rates during the early stages
f an eruption may  be much higher than this value due to wider
perture and larger initial overpressure. If a future eruption lasts
he same period of time as the 1650 AD eruption (∼70 days), the
ow rate we calculated indicates that 6 × 107 m3 of material would
e erupted. This quantity implies an eruption size consistent with
olcanic Explosivity Index (VEI) of 3.

. Future eruption and associated hazards

A global survey of submarine eruptions has shown that volcanic
ctivity is likely to become subaerial only if the water depth near
he vent is less than 100 m (Mastin and Witter, 2000). Therefore the
osition where a dyke injected from the Coloumbo magma  cham-
er, may  reach the Earth’s surface is of paramount importance for
olcanic hazard assessment. In our analysis we focused on the case
here the dyke breaks through very near the island of Thera. This

s clearly the most dangerous scenario, as the eruptive vent will lie
n the seafloor perhaps some hundreds of meters from the coast
nd at a depth between 50 and 100 m based on the bathymetric
ap  published by Perissoratis (1995).  On the other hand, if the

yke propagates to the NE direction towards the open sea (where
epths are considerably larger than 100 m)  a subaerial eruption can
e considered less probable. Tomographic results suggest however,
hat future intrusions are more likely to occur along the SE direction
here a magma  pathway is already established.

The hazards associated with a subaerial eruption from a shallow
ent near the coast of Thera mainly involve ashfall (and probable
oxic gas release), ballistic projectiles and base surges. The first of
hese hazards is expected to affect the whole of the island complex
nd depends on weather conditions at the time of the eruption,
herefore it is difficult to predict its impact. On the other hand,
he hazard from ballistic projectiles is far more predictable and
alculations show that spherical blocks of 40 cm diameter, sub-
ect to variable air drag and initial velocities in excess of 150 m s−1,

ay  reach a distance of up to 2.5 km from the vent (Mastin, 2001).
his means that a larger area in NE Thera is vulnerable to such
jecta than what was previously assessed (Fig. 7). Base surges are
enerated by large discrete explosions produced by the mixing of
rupted magma  with seawater. They form ring-shaped clouds of
ater and debris that propagate at high velocity along the ground or
ater surface. Usually their radius is within the range of 0.5–2.5 km,
owever, it can reach a value of 6 km if the explosions occur in shal-

ow water and the magma-water mixture attains a ratio 3–5.5:1
Mastin, 1995). A base surge of this extent is a rare phenomenon,
ut was nevertheless observed during the 1965 eruption of Lake
aal volcano claiming the lives of several tens of people (Moore
t al., 1967). It should be noted that the size of the eruption (as
ndicated by its VEI) is not proportional to the potential for a large
ase surge (see Mastin and Witter, 2000). Hence, a relatively small
ruption (VEI 3–4) at Coloumbo may  generate a catastrophic base
urge should it occur near shallow water. Based on the experi-
nce from Lake Taal, it is possible that such a base surge would
ove with hurricane velocity following the surface topography,

aving temperatures up to 100 ◦C. Apart from human casualties, its
onsequences may  be severe for buildings and infrastructure (e.g.
ower/communication lines) on Thera as both Fira and Ia may  lie

n its path (Fig. 7).
A tsunami may  also follow a submarine eruption and as men-
ioned earlier there are several historical accounts about the
ccurrence of a catastrophic tsunami after the onset of the 1650
D Coloumbo eruption. Dominey-Howes et al. (2000) studied the

ithostratigraphy of three trench excavations close to the villages
tation of the references to colour in this figure legend, the reader is referred to the
web version of the article.)

of Kamari and Perissa which lie within the reported inundation
zone of this tsunami. The authors found no evidence of tsunami
related sediments and concluded that if such a tsunami did occur,
it was  fairly minor without leaving any sedimentary signature. This
result agrees with the suggestion that volcanogenic tsunamis are
smaller due to the smaller volume of water they displace compared
to faulting or landslide generated tsunamis (Mastin and Witter,
2000). One could therefore argue that the tsunami hazard from a
future eruption similar in volume to that of 1650 AD is probably
low. Nevertheless, a proper analysis of tsunami hazard due to such

activity can only be evaluated through numerical simulations con-
sidering a range of scenarios. The results presented in this study
may  be useful to tsunami modelers in this respect.
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In a first of its kind study for Santorini, Dominey-Howes and
inos-Minopoulos (2004) conducted a survey of volcanic hazard

nd risk awareness over the local population and municipal offi-
ers. The survey revealed that most of the local residents did not
now that Coloumbo volcano is active, while municipal officers
onfirmed that there is no evacuation plan in case of a volcanic
ruption. Taking into account the large influx of tourists during the
ummer months and the worst-case eruption scenario that was
nalysed in this study, it is clear that the danger posed is very
erious. Efforts should be directed towards educating the local pop-
lation about volcanic hazards and designing an emergency plan

n case of a future eruption that would also include evacuation
rocedures when this is deemed necessary.

. Seismic hazard due to volcanic activity

Except from the volcanic hazards discussed previously, a future
ruption originating from Coloumbo may  also be preceded and/or
ccompanied by intense seismic activity. This activity can take the
orm of numerous small events but it can also be expressed through
he occurrence of a larger event. Here we will examine the haz-
rd stemming from the latter possibility. We  note that a swarm of
maller events may  also cause damage to built structures due to
ccumulation of hysteritic energy as shown by Festa et al. (2004).
owever, the investigation of this issue as well as the issue of seis-
ic  hazard in Santorini due to a large tectonic earthquake (like the

956 Amorgos event) will be the topic of a future study.
Zobin (2001) compiled a catalogue of moderate and large earth-

uakes (Mw 4.6–7.1) that were related to volcanic activity during
he 20th century. Analysis of this catalogue showed that the
xpected maximum magnitude depends on the type of eruption
nd that the recurrence time of such events is usually more than
00 years. The distance of these earthquakes from the erupting vent
xhibits an anti-correlation with the crustal thickness in the area.
hese results indicate that for a submarine eruption like the one
xpected from Coloumbo, the maximum moment magnitude is 5.9,
hile its distance D in km from the hypothesised vent is given by

og D = 3.67 − 2.14 log H (7)

here H is the crustal thickness which for most of the southern
egean is 25 km (e.g., Sodoudi et al., 2006). This yields D equal to
.7 km and accordingly we place the epicenter at such a distance
o the NE of the vent (Fig. 7). For the purpose of evaluating the
eismic hazard posed to Santorini because of such an event we cal-
ulate intensities at several sites, including Fira and Ia. We  use an
ntensity-distance law appropriate for volcanic areas derived by
obin (2001) that predicts stronger attenuation of intensities and
s likely to be more representative of the local conditions around
antorini. This law is given by the relationship

 = 0.66Mw − 1.13 log R − 0.0072R + 3.73 (8)

here I is intensity according to the Modified Mercalli scale, Mw is
oment magnitude and R = (�2 + h2)1/2 with � being the epicentral

istance and h the hypocentral depth. Intensities are then con-
erted to Peak Ground Acceleration (PGA) a using the relationship
erived by Koliopoulos et al. (1998) for the Greek region

og a = 0.33I + 0.07. (9)

We investigate two possible hypocentral depths at 3 and 5 km
espectively and the results of these calculations are shown in Fig. 7.
t can be seen that the shallower source also causes higher PGA val-

es, the largest of them registered at the small village of Vurvulos
177 cm s−2). Fira and Ia also register large values between 162 and
64 cm s−2 while the southern part of Thera and Therasia regis-
er smaller values (122–148 cm s−2). Post-seismic field surveys in
f Geodynamics 54 (2012) 13– 20 19

Greece indicate that damage to buildings occurs when PGA  values
exceed 110 cm s−2 (Papazachos and Papazachou, 1997). The new
building code that came into force in 2000, assumes 160 cm s−2 as
the maximum expected PGA value for Santorini. This should theo-
retically be adequate for the shaking caused by a near-field source
as the one discussed here. However, buildings built before the year
2000, that are also the majority, have been constructed following
lower standards regarding their ability to withstand strong shaking.
Site effects due to the soft pyroclastic material that most buildings
are founded on, is an extra complicating factor that has not been
investigated to date. Secondary effects of strong ground motion are
rockfalls or even landslides that may  originate at unstable parts of
the caldera rim at Thera. This is particularly true for Athinios port
where rockfalls occur even without any external forcing (Antoniou
and Lekkas, 2010). We  can conclude therefore that seismic hazard
related to volcanic activity at Coloumbo, even due to a moderate
earthquake, is significant for the largest part of Thera.

7. Conclusions

The main conclusions of this study can be summarized as fol-
lows:

• The depth of the magma  chamber beneath Coloumbo submarine
volcano is constrained by seismological and geochemical obser-
vations to be 6.8 km which is also consistent with the analytical
modeling of its stress field pattern. Hoop stress estimates as well
as tomographic results point to the possibility of flank intrusions
emanating from the magma  chamber to the NE coast of Thera as
the most likely pathway during a future eruption.

• The most dangerous scenario of a future eruption at Coloumbo is
that the eruptive vent will be located very near Thera where the
water depth is less than 100 m allowing the eruption to become
subaerial. In this case, the NE part of the island which is also the
most populated, will be vulnerable to ballistic projectiles and base
surges as well as ashfall and toxic gas release. Previous studies
have failed to detect sedimentological evidence of the tsunami
that inundated the eastern coast of Thera during the 1650 AD
eruption of Coloumbo. It is likely therefore that tsunami hazard
from a future eruption is low, however, drawing firm conclusions
requires extensive numerical simulations.

• An earthquake of moment magnitude 5.9 that would precede
or accompany the eruption, may  produce PGA values that will
exceed 122 cm s−2 in the largest part of Thera and probably
cause significant damage to older buildings along with secondary
hazardous phenomena such as rockfalls or landslides. These
empirically determined PGA estimates do not take into account
local site effects due to the soft pyroclastic material that most
buildings are founded on, therefore they may  represent a lower
bound.
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