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a b s t r a c t

The 9 July 1956 Amorgos earthquake (Mw 7.6) was the largest event that hit Greece during the last
century followed by a tsunami that inundated the coastal areas of the southern Aegean. This study inves-
tigates the rheological properties of the 1956 rupture zone between Amorgos and Santorini islands, in
an effort to place some constraints on the nucleation depth and rupture extent of this large event. The
seismic velocities inferred from tomographic and surface wave dispersion studies of the area are first
correlated with laboratory determined velocities of known rock types. It is found that the lithosphere in
the southern Aegean can be approximated by three layers representing the upper/lower crust and upper
mantle consisting of quartzite, diabase and peridotite, respectively. Geotherms are calculated by using
an analytical solution to the one-dimensional heat conduction equation, while Yield Strength Envelopes
(YSEs) are produced after assuming laboratory estimated parameters of brittle and ductile deformation
for each rock type. The depth frequency of earthquakes in the area, as well as other independent obser-
vations favour the YSE calculated for a wet upper crust/upper mantle, a dry lower crust and a geotherm
corresponding to a surface heat flow of 62 mW m−2. In this YSE, the upper mantle exhibits maximum
strength at 33 km becoming more ductile at greater depths. The lower crust retains significant strength

and therefore cannot flow as it did during the early stages of extension, but it is relatively weaker than the
upper mantle confirming the ‘jelly sandwich’ model previously proposed for the continental lithosphere.
The downdip rupture width of the Amorgos event can be estimated from empirical relationships to be
26 km which means that its rupture may have extended from the depth of peak strength in the upper
mantle (33 km) to 7 km upwards. Such a scenario agrees well with recent modelling results indicating
that the Amorgos tsunami was probably caused by submarine landslides rather than coseismic rupture
of the seafloor.
. Introduction

It is still hotly debated whether the strength of the continental
ithosphere mostly resides in the upper mantle or in the seismo-
enic part of the crust. The former suggestion widely known as the

jelly sandwich’ model, predicts that continental lithosphere con-
ists of the upper crust and mantle that are strong, separated by
weak lower crust (Chen and Molnar, 1983; Ranalli and Murphy,
987; Handy and Brun, 2004; Burov and Watts, 2006). This model

as been used during the last two decades in order to explain
he rheological stratification of continental lithosphere and the
epth frequency of earthquakes (e.g., Déverchére et al., 2001).
he latter suggestion (dubbed as ‘créme brûlée’ model) appeared
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more recently when a re-assessment of focal depth distribution
in southern Iran, Tien Shan and northern India showed a com-
plete absence of seismicity in the continental mantle (Maggi et
al., 2000a,b; Jackson, 2002; Priestley et al., 2008). Based on this
model, the lack of seismicity in the upper mantle clearly implies
that it is actually weak while most of the strength lies in the upper
and lower crust that are seismogenic. However, taking into account
that different continental lithospheres have different composition
and tectonothermal history, it is more likely that these two models
may be the end members of a whole range of rheological behaviour
(Afonso and Ranalli, 2004).

The southern Aegean is an area affected by the subduction

of the African lithosphere at a rate of about 1 cm yr−1 while the
upper Aegean plate moves towards SW at 3.5 cm yr−1 (Fig. 1)
(McClusky et al., 2000). The result of this subduction process is a
well-defined Wadati-Benioff zone and the occurrence of volcan-
ism that is expressed through a number of active volcanic centers
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Fig. 1. Map of the Greek region showing the main tectonic characteristics of the area adopted from Papazachos and Papazachou (1997); Papazachos et al. (2000). Single
arrows indicate the plate motion direction along with average rate of convergence per year after McClusky et al. (2000). Double arrows indicate the areas where either
extension (arrows in opposite directions) or compression (arrows facing each other) prevails. Thick yellow lines represent the main strike-slip fault zones. The curves for 20,
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00 and 170 km are isodepth curves showing the hypocentral depth distribution of
ctive volcanoes. The square shows the area of interest between Amorgos and Sant
F: Kefalonia Fault, and NAF: North Anatolian Fault. (For interpretation of the refere

xtending from the Peloponnese eastwards to the Turkish coast.
eodetic as well as seismologic observations indicate the domi-
ance of extensional deformation throughout the Aegean region
hat has started since the Oligocene, modified by the westward

ovement of the Anatolian plate in the late Miocene (Le Pichon and
ngelier, 1979; Le Pichon et al., 1995). Extension was most likely

he result of gravitational collapse of a previously thick and hot
ithosphere and it was also responsible for the exhumation of HP

etamorphic rocks that form today the Cyclades islands core com-
lex (Brun and Faccenna, 2008). This extensional regime has caused
onsiderable thinning of the crust in the southern Aegean and sev-
ral studies indicate a thickness of about 25 km (Tirel et al., 2004;
aragianni et al., 2005; Sodoudi et al., 2006; Endrun et al., 2008).

On 9 July 1956 a large earthquake occurred near the Cyclades
sland of Amorgos causing extensive damage to the nearby area

hile 53 people were killed and 100 were injured (Papazachos and
apazachou, 1997; Schenková et al., 2005). The event was followed
y a tsunami which started from SE of Amorgos and inundated
he coasts of neighbouring islands having heights of 20–25 m also
eaching the Turkish coast (Papazachos et al., 1985). More recently,
kal et al. (2009) inverted historical seismograms of the Amorgos
arthquake in order to obtain its focal mechanism and also pro-
uced refined epicenters for some of the aftershocks (Fig. 2). The
nferred seismic moment for the Amorgos event (3.9 × 1027 dyn-
m) corresponds to a moment magnitude of 7.6, which makes this
arthquake the largest one to hit Greece in the last century. Its cen-
roid depth was estimated to lie inside the upper mantle at 45 km
epth. The authors support this relatively large depth by numeri-
uakes occurring along the Wadati-Benioff zone. The green stars are the locations of
slands. PL: Peloponnese, CR: Crete island, KP: Karpathos island, RH: Rhodes island,
o color in the figure caption, the reader is referred to the web version of the article.)

cal modelling of the tsunami generation and propagation showing
that it was most probably caused by submarine landslides triggered
by the mainshock, rather than coseismic rupture of the seafloor.
The aforementioned results imply that the upper mantle around
Amorgos is strong and that the ‘jelly sandwich’ model can possi-
bly describe the rheology of this area. However, to date there has
not been any study examining in detail the lithospheric strength of
Santorini–Amorgos zone and whether it can provide any constraint
on the nucleation depth and rupture extent of the 1956 earthquake.

This work investigates the rheological conditions near the rup-
ture zone of the 1956 Amorgos earthquake in an effort to clarify
these issues. First, all the available information for this area is
presented such as crustal and upper mantle structure, seismic-
ity and depth distribution of earthquakes as well as geodetically
determined strain rates. Then the temperature distribution as a
function of depth is calculated using an analytical solution to the
heat conduction equation and lithospheric strength is estimated
assuming a three-layer compositional model (upper crust, lower
crust, upper mantle). Finally, this study concludes with a discus-
sion of the results and their implications for 1956 earthquake and
lithospheric dynamics in the southern Aegean.

2. Salient features of the area
2.1. Crustal and upper mantle structure

The Aegean area has been recently the focus of extensive
research regarding its crustal and upper mantle structure in order
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Fig. 2. Map of the area where the 1956 Amorgos earthquake occurred. The star indicates the epicenter of the Amorgos mainshock, while the red circles are aftershock
epicenters taken from Okal et al. (2009). The beachball represents the focal mechanism of the mainshock inferred from moment tensor inversion of historical seismograms
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shows laboratory determined shear wave velocities of peridotite
as a function of increasing degree of alteration obtained at pres-
sures appropriate for the base of 25 km thick crust. It can be seen
that only the value of Karagianni et al. (2005) is consistent with

Fig. 3. Diagram showing the distribution of peridotite shear wave velocities as a
erformed by Okal et al. (2009). Roman numerals shown on the nearby islands are
from Schenková et al., 2005). Black thick lines indicate normal faults in the area a
ate tensor for this area determined from GPS data (from Hollenstein et al., 2008). (F
he web version of the article.)

o obtain a better understanding of subduction geometry and
rocesses. Tomographic images (Papazachos and Nolet, 1997) con-
rmed earlier results from active source experiments (e.g., Makris,
978) about the thinning of the crust in the southern Aegean and
he relatively flat Moho. The use of receiver functions that are more
ensitive in detecting such velocity discontinuities, made possible
n accurate assessment of the Moho depth at 24–27 km around the
rea of Cyclades and Cretan Sea while it was found at 34 and 24 km
n western and eastern Crete respectively (Knapmeyer and Harjes,
000; Li et al., 2003; Endrun et al., 2004; Sodoudi et al., 2006; Zhu et
l., 2006). These results also agree in general with Moho estimates
btained from modelling of gravity data (Tsokas and Hansen, 1997;
irel et al., 2004). The crust itself seems to be partitioned in an upper
nd lower part with their boundary lying at about 15 km depth,
s has been shown by a seismic reflection survey in the Cyclades
here a layered lower crust was found (Sachpazi et al., 1997).

The study of surface wave dispersion can provide estimates of
he absolute shear wave velocity as a function of depth and several
uch studies exist now for the southern Aegean (Karagianni et al.,
005; Di Luccio and Pasyanos, 2007; Endrun et al., 2008). Accord-

ng to these studies the upper crust (0–15 km) exhibits average
elocities in the range 3.3–3.4 km s−1 and is covered by a variable
hickness layer of loose sediment (Vs ∼1–2 km s−1). The velocities
n the lower crust (15–25 km) can range from 3.5 to 3.9 km s−1, but

ost studies indicate that they are higher than 3.7 km s−1. Using
mean Vp/Vs ratio of 1.74 that was determined for the Cyclades

slands by Zhu et al. (2006) it is possible to convert the shear wave
elocities into Vp and compare these values with laboratory deter-
ined ones compiled by Christensen and Mooney (1995) for a

ariety of rock types. In this way, the upper crust (5.7–5.9 km s−1)
orresponds either to quartzite or granitic gneiss, while the lower
rust (6.5–6.6 km s−1) has velocities compatible with diabase or
afic granulite.
Differences can be found among the aforementioned studies
hen upper mantle shear wave velocity is considered. Karagianni
t al. (2005) reports that Vs just below the Moho (26–30 km) has a
alue of 4.2 km s−1 but at greater depths (30–40 km) it is reduced to
.8 km s−1. This finding conflicts with the results of the other two
tudies that indicate shear velocity at depths 26–60 km is between
ity estimates for the mainshock according to the Modified Mercalli intensity scale
from Bohnhoff et al. (2006). Double arrows represent principle axes of the strain

erpretation of the references to color in the figure caption, the reader is referred to

4.3–4.5 km s−1. Endrun et al. (2008) attribute this difference partly
to the model parametrizations used in each study and partly to
the limited resolution below 30 km of the group velocity study of
Karagianni et al. (2005). Results of Pn tomography seem to support
the observations of high Vs beneath the southern Aegean upper
mantle, since it is found that Pn velocity is of the order of 8.2 km s−1

(Al-Lazki et al., 2004). Subduction zones are areas where ascending
fluids from slab dehydration and metamorphic reactions can have
a great impact on the seismic velocities in the mantle wedge. Fig. 3
function of increased alteration due to contamination with water-bearing minerals
for a pressure appropriate at the base of a 25 km thick crust (from Christensen, 1966).
The dashed line is the least-squares fit to the data points, while the vertical error
bars represent velocity variations due to anisotropic effects. The star is the shear
wave velocity of pure dunite and is given here for comparison. The zero point of the
x-axes is shifted to the right for clarity.
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Fig. 4. Map showing the distribution of event locations taken from the NOA cata-
logue for the period January 2000 until September 2009 (see text for more details).
Hypocentral depths follow the color scale shown at the right hand side of the plot.
Also shown are the locations (black triangles) of the two closest stations APE and
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(5 km), reveals one peak inside the upper crust (∼5 km) and a sec-
ond one around the Moho (∼25 km) (Fig. 5a). After about 35 km
depth seismicity levels drop sharply and there are almost no events
located deeper than 50 km. Also shown in the histogram is the cen-
troid depth (45 km) for the 1956 event estimated by Okal et al.

Fig. 5. (a) Histogram showing the distribution of hypocentral depths for the 142
events that are considered in this study. The dashed line highlights the Moho depth
ANT. The white dashed line indicates the location of Columbo reef, a submarine
olcanic structure related to the Santorini volcanic center. Other symbols same as
n Fig. 2. (For interpretation of the references to color in the figure caption, the reader
s referred to the web version of the article.)

arger degrees of alteration, while all other velocities suggest that
he upper mantle probably consists of almost unaltered peridotite
t depths shallower than 60 km.

.2. Seismicity and earthquake depths

The seismicity catalogue of the National Observatory of Athens
NOA) (available from http://www.gein.noa.gr) covers several
ecades and is the primary source of information about earthquake
ccurrence in the Greek region. For the purpose of this study and
n order to insure the accuracy of earthquakes locations only the
art of the catalogue that starts from the year 2000 until present
ill be used. The reasoning behind this choice lies in the fact that

n the late 1990s NOA started upgrading its seismic network by
eplacing analogue stations with digital ones and short-period sen-
ors with broadband (for a more detailed description see Melis and
onstantinou, 2006). More importantly, station APE was upgraded

o digital and station SANT was installed on Santorini island in
ollaboration with GFZ Potsdam in the late 1990s considerably
mproving the location accuracy around the Amorgos area (see
ig. 4). Routine processing of recorded events by NOA staff includes
anual picking of P- and S-phases and location using a version

f HYPO71 (Lee and Lahr, 1975) assuming a 1D velocity model
erived from the tomography results of Papazachos and Nolet
1997). Except from seismicity occurring in the upper plate, the
rea around Amorgos also experiences earthquakes with hypocen-
ral depths larger than 100 km owing to the ongoing subduction of
he African slab. This study only focuses on events with hypocen-
ral depths shallower than 60 km, therefore all subduction-related
vents are excluded from further analysis.

Initially the NOA catalogue was searched and events located
ear the rupture area of the 1956 earthquake were obtained along
ith their picked phases and location uncertainties. This dataset
as screened in order to remove any outliers using the following

riteria: (a) P- and S-phase from at least one of the two closest
tations (APE, SANT) were used in the travel time inversion for
he location, (b) rms residuals were smaller than 1.0 s, and (c) the
ocation error did not exceed 5 km horizontally and vertically. The

rst criterion is based on the suggestion of Gomberg et al. (1990)
hat at least one P- and one S-phase is needed at a station with
distance of 1.5 focal depths from the source for a reliable loca-

ion. In this way 139 events were finally obtained for the period
tarting January 2000 until September 2009 recorded by at least
ynamics 50 (2010) 400–409 403

5 stations. The global relocation database of Engdahl et al. (1998)
was also searched for the period prior to 2000, however, only three
events were flagged as well-constrained (‘DEQ’ flag which means
that the teleseismic azimuthal gap is less than 180◦ and all param-
eters were free during the travel time inversion). A map view of
the location of all 142 events can be seen in Fig. 4 where it is clear
that most of the seismicity falls in the area between the two islands
(Amorgos–Santorini). A histogram of the depth distribution of these
events using a bin size proportional to the maximum location error
in the Amorgos area. The star indicates the hypocenter according to the Engdahl et
al. (1998) catalogue, while the hexagon indicates the centroid depth for the 1956
earthquake reported by Okal et al. (2009) and (b) distribution of magnitudes for the
NOA catalogue events; the inset at the upper right hand corner shows the magnitude
distribution for events recorded by a temporary seismic network in the Cyclades
islands (from Bohnhoff et al., 2006).

http://www.gein.noa.gr
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Table 1
Thermophysical parameters for the different lithologies considered in this study.
Values are taken from Afonso and Ranalli (2004) and references therein. Density
values are also consistent with those inferred from modelling of gravity data in the
southern Aegean by Casten and Snopek (2006).

Layer A (�W m−3) K (W m−1 K−1) Density (kg m−3)

Wet quartzite 1.4 2.5 2640

Amorgos island lies south of Santorini (35 44.1 N, 25 17.4 E) and
indicates a surface heat flow of 62 mW m−2. On the other hand,
Makris and Stobbe (1984) have presented a heat flow map for the
Aegean region where they indicate that surface heat flow in the
Santorini–Amorgos area is higher than 67 mW m−2. Fig. 6 shows
04 K.I. Konstantinou / Journal of

2009) and the hypocentral depth (35 km) according to Engdahl
t al. (1998), who have flagged it as ‘AFEQ’. This means that the
eleseismic azimuthal gap is more than 180◦ and the depth was
xed to 35 km during the travel time inversion, resulting in a poorly
onstrained location.

Recently, Bohnhoff et al. (2006) have conducted a
icroearthquake survey in the area of the Cyclades islands

overing also the rupture zone of the 1956 event. The authors
ound that seismicity occurs at the same area between Santorini
nd Amorgos islands as indicated by the NOA catalogue and most
vents concentrate at 5–9 km depth with few of them originating
eeper. Most of the shallow seismicity adjacent to Santorini is
ssociated with the Columbo reef, a volcanic submarine structure
hat exhibits strong hydrothermal activity. These events have

agnitudes smaller than 3.0 and in most cases smaller than
.0 (Fig. 5b inset), typical for events caused by the ascent and
irculation of volcanic fluids inside the upper crust. Events deeper
han 20 km were relatively scarce in the seismicity observed
y Bohnhoff et al. (2006) which is apparently in conflict with
he depth distribution of NOA locations shown in Fig. 5a. The
eason for this difference probably lies in the limited time period
22 months) of the microearthquake survey that resulted in the
ecording of a large number of shallow, small magnitude events.
n the contrary, the events listed in the NOA catalogue have in
ost cases magnitudes larger than 3.0 (Fig. 5b) as a result of the

etection threshold of the NOA network. Also, deeper events occur
t a rate of 4–10 per year in the NOA catalogue and therefore
ould not contribute much to the observed seismicity recorded by
short-term deployment. Obviously, the NOA catalogue includes

vents over a time span of almost 9 years and is therefore more
epresentative of the long-term strength of the lithosphere.

.3. Geodetic strain rates

Primarily campaign but also continuous GPS measurements
ave been used previously to determine the crustal motion in the
rea of the southern Aegean (Kreemer and Chamot-Rooke, 2004;
ollenstein et al., 2008). There is a general agreement among
uthors that the area of western Cyclades deforms very slowly and
he estimated strain rate does not exceed 5 n strain yr−1. The sit-
ation is completely different in the eastern Aegean and in the
rea of the 1956 Amorgos earthquake where strain rates attain val-
es of about 50 n strain yr−1. Fig. 2 shows this progressive increase
f strain rates from the island of Naxos in the NW, to Amorgos
nd Astypalaia islands in the SE. As already discussed the princi-
al axes of the strain tensor indicate an almost purely extensional
eformation with a N-S direction in the area of Amorgos.

. Calculation of geotherms

The distribution of temperature as a function of depth inside the
arth can be described by the one-dimensional equilibrium heat
onduction equation. This equation is given by

∂2T

∂z2
= −A

k
(1)

here T is temperature, z is the depth, A the radiogenic heat gen-
ration rate per unit volume and k the thermal conductivity. Two
oundary conditions are needed in order to solve this second-order
artial differential equation, one that specifies that at depth z = 0

he surface heat flow Q0 is equal to −k∂T/∂z and that T = T0 at z = 0.
f a layered model is assumed then each layer i has a constant ther-

al conductivity ki and radiogenic heat generation rate Ai. Then
he temperature Tn,z in layer n at depth z is (e.g., Aldersons et al.,
003)
Dry diabase 0.4 2.1 2850
Wet diabase 0.4 2.1 2850
Peridotite 0.006 3.0 3320

Tn,z = − An

2kn
z2 +

[
n−1∑
i=1

(
Ai+1

ki+1
− Ai

ki

)
zi + Q0

k1

]
z +

n−1∑
i=1

(
Ai

2ki
− Ai+1

2ki+1

)
z2

i
+ T0

(2)

where zi is the bottom of layer i and the negative sign signi-
fies that temperature increases downwards. This one-dimensional
geotherm is quite sensitive to the choice of the surface heat flow
Q0.

In order to estimate the temperature distribution using the
methodology outlined above, three layers are assumed: one for the
upper crust, lower crust and upper mantle respectively. Based on
the correlation between seismic velocities and lithology described
in Section 2.2 the upper crust is assumed to consist of quartzite,
the lower crust of diabase and the upper mantle of peridotite.
Such a configuration is also consistent with densities inferred from
modelling of gravity data for the southern Aegean (Casten and
Snopek, 2006). Table 1 lists the values of heat production and
thermal conductivity for the different lithologies considered here
while the surface temperature was assumed equal to 15 ◦C. Even
though the surface heat flow is the most important parameter in
these calculations, there is very little information concerning heat
flow measurements in the southern Aegean. Jongsma (1974) con-
ducted such measurements in selected locations in the Cretan Sea
and north of the Cyclades islands. The closest of these locations to

◦ ′ ◦ ′
Fig. 6. Diagram showing the variation with depth of the two geotherms calculated
for different surface heat flow values. Also shown are the upper/lower crust and
lower crust/upper mantle boundaries.
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wo calculated geotherms, one corresponding to a surface heat flow
alue of 62 mW m−2 and the other for a value of 70 mW m−2. For
omparison purposes both of these calculated geotherms will be
sed in the rheological modelling described later.

. Rheological modelling

A rheological profile or Yield Strength Envelope (YSE) is a curve
hat depicts the distribution of differential stress as a function of
epth and has been used extensively as an estimate of the mechan-

cal strength of the lithosphere (e.g., Lamontagne and Ranalli, 1996;
éverchére et al., 2001; Aldersons et al., 2003; Ma and Song, 2004;
olaro et al., 2007; Fernández-Ibañez and Soto, 2008; Albaric et al.,
009 among others). The part of the curve that corresponds to the
rittle behaviour of the lithosphere is expressed by a linear friction
ailure law given by

�1 − �3) = ˇ�gz(1 − �) (3)

here �1, �3 are maximum and minimum compressive stress, � is
he density of the material, g is acceleration due to gravity, z is the
epth, � is pore-fluid pressure and ˇ is a parameter that depends
n the type of faulting. Ductile behaviour of the lithosphere is tem-
erature dependent and is expressed by a power-law creep that

s

�1 − �3) =
(

�̇
A

)1/n

exp
(

Q

nRT(z)

)
(4)

here �̇ is the strain rate, A and n are creep parameters of the
aterial, Q is the activation energy for creep, R is the gas con-

tant (8.314 J K−1 mol−1) and T(z) is the temperature as a function
f depth. At this point it should be noted that the rheological mod-
lling described above contains many sources of uncertainties (like
ossibility of a non-steady thermal regime, variations in the heat
roduction in the crust, uncertainties of the thermophysical/creep
arameters assumed) that may lower the accuracy of the calcu-

ated YSEs. It is generally accepted however, that these YSEs can
rovide a useful first-order approximation to the actual rheolog-

cal variation of the lithosphere as attested by the studies cited
arlier.

A model of three layers with the same assumed lithologies as
n the calculation of the geotherm is again used (i.e. upper crust-
uartzite, lower crust-diabase, upper mantle-peridotite) for the
heological modelling. The brittle part is calculated by using a near
ydrostatic pore-fluid pressure (� = 0.4) and ˇ = 0.75 appropri-
te for normal faulting since the area of Amorgos experiences
xtensional deformation. A strain rate �̇ = 1.58 × 10−15 s−1 is used
or the ductile part calculations, in agreement with the geodetic
train rates for the Amorgos area. Even small amounts of water can
hange the rheological behaviour of Earth materials significantly,
herefore it should be determined whether the assumed litholo-
ies are considered as wet or dry. The upper crust in the area of
he 1956 event lies underneath the sea and rheological parame-
ers consistent with wet quartzite is the most reasonable choice.
owever, the problem of fluid content in the upper mantle is not

o well understood, even though the upper mantle above subduc-
ion zones is assumed to be wet (e.g., Afonso and Ranalli, 2004).
lso, it is not clear whether the lower crust beneath the south-
rn Aegean can be considered as dry or wet. Taking into account

hese difficulties, different YSEs have been calculated using all
ossible combinations of wet and dry lower crust/upper mantle
heologies (Fig. 7). Table 2 summarizes all the rheological param-
ters of the lithologies used in this study for both dry and wet
ases.
ynamics 50 (2010) 400–409 405

5. Discussion

5.1. Crustal rheology and the Amorgos earthquake

The calculated YSEs suggest that mainly two factors play the
most important role in the depth distribution of lithospheric
strength in the Amorgos area. The first is the assumed geotherm
(which in turn depends on the surface heat flow) that may shift the
brittle–ductile transition depth in the upper mantle to shallower or
larger depths. Assuming a wet upper mantle rheology along with
high surface heat flow leads to a considerable shrinking of the man-
tle strength to the depths just below the Moho. This is not the case
when a dry rheology is assumed, but as mentioned earlier such
an assumption may not be realistic for the upper mantle above
an active subduction zone. The second factor has to do with the
rheology of the lower crust and whether it can be considered as
dry or wet. A wet rheology consistently generates brittle–ductile
transition zones between the lower crust and upper mantle that
could function as decoupling horizons between the two lithologi-
cal units (Ranalli, 1995). On the contrary, a dry lower crust model
does not produce such zones and predicts a mechanical coupling of
the two layers. These factors affect of course very little the upper
crust where the brittle–ductile transition starts at about 7–8 km in
all of the four YSEs implying some decoupling with the lower crust
and upper mantle.

The depth distribution of seismicity presented in Section 2.2
seems to be better fit by the rheological model of a dry lower crust,
wet upper mantle and a surface heat flow of 62 mW m−2 (Fig. 7a).
This model can explain both the two peaks of seismicity at about 5
and 25 km and also the sharp decrease at 15 km and at depths larger
than 35 km. However, seismicity is not the only set of observations
that favours such a rheological model. Jolivet et al. (2009) examined
the relationship of SKS-splitting fast directions with the striations
observed on exhumed rocks of the metamorphic core complex at
some of the Cyclades islands. The authors found that in most cases
these two directions were parallel, indicating that the deformation
in the lower crust is driven by the flow imposed by the upper man-
tle during slab retreat while the upper crust is partly decoupled.
The geochemistry of lavas erupted from the Santorini volcanic cen-
ter suggests significant contamination of the original magma with
upper crustal material (Zellmer et al., 2000). One reason why the
contamination was limited to the upper crust may be that the lower
crust was dry and therefore unsuitable to melt and contaminate
the rising magma (Annen and Sparks, 2002). It should be noted
that in this rheological model even though the lower crust retains
significant strength, it is still weaker than the upper mantle thus
resembling the ‘jelly sandwich’ model as explained by Burov and
Watts (2006).

Based on the rheological model presented here it is possible to
put forward a rupture scenario for the Amorgos earthquake. The
length L and downdip width W of the rupture zone can be estimated
by using the empirical relationships (Wells and Coppersmith, 1994)

log L = −2.44 + 0.59M (5)

log W = −1.01 + 0.32M (6)

where M is the moment magnitude of the event and setting M = 7.6
yields a length of 110 km and downdip width of about 26 km. Large
earthquakes such as the Amorgos event, usually nucleate near the
base of the seismogenic layer (Sibson, 1984) therefore the hypocen-
ter can be put near the depth of maximum strength (∼33 km). In

this way the rupture may have propagated up to a depth of about
7 km which marks the brittle–ductile transition zone of the upper
crust (Fig. 8). According to this scenario the rupture does not reach
the surface and this agrees with the modelling results of Okal et
al. (2009) that indicate that submarine landslides triggered by the
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ig. 7. YSEs estimated for different combinations of wet/dry rheologies for the low
ig. 6): (a) dry lower crust/wet upper upper mantle, (b) dry lower crust/dry upper m
nterpretation of the references to color in the figure caption, the reader is referred

arthquake were responsible for the tsunami that followed, rather
han coseismic displacement of the seafloor. These results suggest
hat a deeper source for the Amorgos earthquake is possible in rhe-
logical terms and its centroid can be placed tentatively at 20 km.
owever, this value is still much shallower than the centroid depth
f 45 km reported previously by Okal et al. (2009).
.2. Thermal conditions near the Amorgos rupture zone

The rheological profiles presented earlier along with the
bserved depth frequency of earthquakes point to the possibility

able 2
reep parameters for lithospheric rocks considered in this study. Values are taken

rom Afonso and Ranalli (2004) and references therein.

Layer A (MPa−n s−1) n E (kJ mol−1)

Wet quartzite 3.2 × 10−4 2.3 154
Dry diabase 8.0 4.7 485
Wet diabase 2.0 × 10−4 3.4 260
Dry peridotite 2.5 × 104 3.5 532
Wet peridotite 2.0 × 103 4.0 471
st and upper mantle and for two different geotherms (colours are the same as in
, (c) wet lower crust/dry upper mantle, (d) wet lower crust/wet upper mantle. (For
web version of the article.)

that the surface heat flow in the area of the 1956 Amorgos event is
not as high as previously thought. Xenolith data could be used in
order to constrain geotherms and surface heat flow values, how-
ever, the author of this article is not aware of any such published
data for the Aegean. Nevertheless there are two other ways that can
help indirectly constrain the thermal conditions in the area around
Amorgos. The first has to do with the Pn velocity in the upper man-
tle that can be correlated with the temperature at the Moho Tm

using the relationship (Black and Braile, 1982)

Pn = 8.546 − 0.000729Tm (7)

for Pn around 8.2 km s−1 as determined by Al-Lazki et al. (2004) for
the southern Aegean, this relationship implies a Moho temperature
of 470 ◦C. This is in good agreement with the temperature at the
Moho assuming a surface heat flow of 62 mW m−2 (Tm = 478 ◦C),
but not with the Moho temperature calculated with 70 mW m−2
that is 558 ◦C. The second way is a comparison with the results of
Tesauro et al. (2009) who obtained a detailed thermal model of
the European lithosphere by inverting a three-dimensional seis-
mic velocity model covering the whole of Europe. For the southern
Aegean and at a depth of 60 km their thermal model predicts tem-
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F bservations and rheological modelling presented in this study. Grey shaded area indicates
t t shows the rheological stratification of the area.
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Fig. 9. Diagram showing the distribution of effective viscosity n, defined in the text,
as a function of depth for the Amorgos–Santorini area. Viscosity values lower than
ig. 8. Rupture scenario of the 1956 Amorgos earthquake based on all the available o
he possible extent of the rupture zone. The column at the right hand side of the plo

eratures of 900 ◦ C for the Cretan Sea and about 1000 ◦ C for the
yclades islands. These temperatures are again in agreement with
surface heat flow of 62 mW m−2 whose geotherm predicts 984 ◦

at 60 km depth, while higher surface heat flow would result in a
emperature of 1176 ◦ C or higher. These results imply that surface
eat flow is lower than expected near the area of the Amorgos rup-
ure zone, but probably increases locally around centers of active
olcanism such as Santorini.

.3. Effective viscosity of the lower crust

The relatively flat Moho detected beneath the southern Aegean
as been explained by many authors as the result of lower crustal
ow that allowed the Moho to remain flat during continuing exten-
ion (e.g., Tirel et al., 2004). This requires that the viscosity of
he lower crust is low enough (< 1021 Pa s) so that such a flow
an occur (Al-Zoubi and ten Brink, 2002). It is an open question
osed by many authors whether the lower crust can still flow or
ot. The results of this study can be used to clarify this point fur-
her by utilizing the preferred rheological profile that consisted
f a dry lower crust and a wet upper mantle. The effective vis-
osity is defined as n = ��/�̇ where �� is differential stress, �̇ is
he strain rate and can be easily calculated as a function of depth
Fig. 9).

It can be seen that for the area around Amorgos the lower
rust attains viscosity values of the order 1023 Pa s which is much
igher than the critical value that would allow it to flow. Strain
ates smaller than the ones found near Amorgos (< 10−17 s−1) that
re more appropriate for the western Cyclades, would have the
ffect of further increasing the effective viscosity of the lower crust.
hese results are in agreement with two other studies: (a) Zhu et
l. (2006) estimated the viscosity of the lower crust in the south-
rn Aegean using a simple model of a fluid layer over a fluid half

pace; the authors found values higher than 1021 Pa s concluding
hat the lower crust should be strong and therefore cannot flow,
nd (b) Fischer (2006) used a finite element rheological model of
he Aegean–Anatolian region in order to show that the lower crustal
iscosity for the southern Aegean is between 1021 and 1023 Pa s.
the value highlighted by the vertical dashed line would allow the lower crust to flow
over geological timescales.

Therefore, it seems that although the lower crust in the south
Aegean could probably flow when the crust was thick and hot, it
became progressively dry and lost this ability. This finding confirms
the suggestion of McKenzie and Jackson (2002) that flow initiates

when water-rich fluids drop the viscosity of the lower crust, but
this effect is reversed once these fluids are removed from the rock
matrix.
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. Conclusions

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

The lithosphere in the southern Aegean can be approximated by
three layers representing the upper/lower crust and the upper
mantle consisting of quartzite, diabase and peridotite respec-
tively. This is based on seismic velocity models available for this
area and is also consistent with densities inferred from gravity
modelling.
Surface heat flow in the area of the 1956 Amorgos earthquake of
the order of 62 mW m−2 seems to be consistent with the Moho
temperature derived from Pn seismic velocity and also with an
independent study of thermal conditions in the European conti-
nent (Tesauro et al., 2009). This value may however, increase near
areas of active volcanism such as Santorini island.
A lithospheric rheology of wet quartzite/peridotite and dry
diabase is favoured by the frequency–depth distribution of earth-
quakes and other geological observations. Such a stratification
exhibits a strong upper mantle down to a depth of 33 km and
a relatively weaker lower crust that is consistent with the well-
known ‘jelly sandwich’ model. However, the effective viscosity
of the lower crust is high enough (>1021) to inhibit any kind of
flow.
A rupture scenario that emerges after considering the rheologi-
cal conditions at Amorgos is that the 1956 event nucleated in the
upper mantle, near the depth of peak strength. If the downdip
width of the fault was about 26 km as calculated from empirical
relationships, this means that the rupture would propagate only
up to 7 km depth without reaching the seafloor. This agrees with
recent modelling results of the 1956 tsunami which followed the
earthquake and show that it was probably caused by secondary
phenomena after the earthquake. A nucleation depth inside the
upper mantle has also important implications for seismic haz-
ard estimations since such earthquakes have longer recurrence
periods than crustal events.
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