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Neither large magnitude nor tsunamigenic earthquakes occur frequently in the eastern Mediterranean, ham-
pering comprehensive study of these events and consequential hazards whenever digital data are required.
Using analog seismograms, travel-time catalogs, and hydrodynamic simulations, we reassess here four
large (M~7) historical earthquakes occurring in various regions of the Hellenic Arc: on 6 October 1947, in
the Peloponnesus; 9 February 1948, near Karpathos; and a couplet east of Rhodos on 24 and 25 April 1957.
Damaging near-field tsunamis are associated with the 1947 and 1948 earthquakes. Results include seismic
moments (in units of 1027 dyn·cm) of 1.26 (1947), 0.97 (1948), 0.56 (1957a), and 1.09 (1957b); recovered
focal mechanisms and hypocentral locations are consistent with the regional stress field resulting from the
ongoing collision between the Nubia plate and Aegea microplate. Seismological reassessments indicate that
the sources of the 1947 and 1948 tsunamis involved submarine slumping; hydrodynamic simulations assum-
ing a submarine landslide source for the 1948 tsunami recreate run-up and inundation values consistent with
eyewitness accounts presented here. Hydrodynamic simulations also show that the 25 April 1957 earthquake
likely generated an unobserved tsunami with a maximum 50 cm run-up in Rhodos.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Comprehensive understanding of large tsunamigenic eastern
Mediterranean earthquakes and consequential tsunami hazard is hin-
dered by the absence of such events after digital recording began in
the 1980s. Using analog seismograms, Okal et al. (2009) studied the
1956 Amorgos earthquake, the largest to affect Greece during the
last 100 years, and its associated tsunami. Here we extend their
work to four other large Hellenic Arc earthquakes: in the southwest-
ern Peloponnesus on 6 October 1947, near Karpathos on 9 February
1948, and two east of Rhodos on 24 and 25 April 1957 (Fig. 1(b));
these represent the only other shallow (hb70 km) events in the
Aegean region assigned a Pasadena magnitude MPAS greater than 67

8
as defined by Gutenberg and Richter (1954).

Significant tsunamis were associated with the events of 1947 and
1948. While the targeted events have been mentioned in previous seis-
mological studies (e.g. Abe, 1981; Ambraseys, 2001; Ambraseys and
Jackson, 1990; Gutenberg and Richter, 1954; Makropoulos, 1978;
McKenzie, 1972; Papazachos and Delibasis, 1969; Ritsema, 1974), our
reassessment of these earthquakes is motivated both by the scatter in
+1 847 491 8060.
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published locations, depths, and focal geometries, and by the absence
of seismic moments obtained using modern seismological techniques.

A notable gap also exists in the understanding of the 1947 and 1948
tsunamis, and of these four earthquakes as tsunami sources. We ad-
dress this by using hydrodynamic simulations based on our seismolog-
ical reassessments; run-up and inundation measurements based on
eyewitness accounts further constrain our 1948 tsunami simulation.
Even though no tsunami has been linked to either 1957 earthquake,
these events may have been large enough to generate observable
tsunamis on Rhodos and perhaps on the southwest coast of Turkey.
1.1. Tectonic setting

The eastern Mediterranean region (Fig. 1(a)) contains the Anato-
lia, Arabia, and Nubia plates, and the Aegea microplate, which
moves 30±1 mm/yr to the southwest relative to Eurasia (McClusky
et al., 2000, 2003) and at a slightly lower velocity to the southwest
relative to Nubia (Kreemer and Chamot-Rooke, 2004; Reilinger et
al., 2006). Major regional tectonic features include the 9±1 mm/yr
left-lateral strike-slip East Anatolia Fault in eastern Turkey
(McClusky et al., 2000, 2003) and the 24±1 mm/yr right-lateral
strike-slip North Anatolia Fault in northern Turkey (McClusky et al.,
2000, 2003). The system is dominated by the Hellenic Arc and trench
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Fig. 1. (a) Simplified tectonic map showing the eastern Mediterranean region, after
Hall et al. (2009), Jackson (1994), Jongsma (1977), McClusky et al. (2000, 2003), and
Reilinger et al. (2006). BFFZ=Burdur-Fethiye Fault Zone; DSF=Dead Sea Fault;
EAF=East Anatolian Fault; PT=Pliny Trench; RB=Rhodos Basin; ST=Strabo Trench.
Lines indicate faults (dashed when inferred). Teeth on overriding plate show thrust
fault; sense of motion shown by half-arrows when strike-slip. Solid arrows show veloc-
ities relative to Eurasia. (b) Map showing International Seismological Summary (ISS)
locations of events included in this study. Box A: 6 October 1947 event; B: 9 February
1948; C (south): 24 April 1957; and C (north): 25 April 1957. Areas outlined in red cor-
respond to maps in Figs. 3(a), 4(a), 5(a), and 6(a).
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(LePichon and Angelier, 1979), along which Nubia Neo-Tethys
oceanic lithosphere subducts northward under southern Aegea.

Aegea tectonics are characterized by 35–40 mm/yr north–south ex-
tension in central and southern Aegea (Kiratzi and Louvari, 2003;
Kiratzi and Papazachos, 1995; LePichon and Angelier, 1979; McClusky
et al., 2000;McKenzie, 1978); east–west extension in the inner Hellenic
Arc (Kreemer and Chamot-Rooke, 2004; McClusky et al., 2003); and
thrust faulting in the outer Hellenic Arc (Benetatos et al., 2004;
McKenzie, 1972, 1978). Roll-back of the subducting Nubia slab plays
an influential kinematic role by inducing Aegea to move towards the
Hellenic trench (Bohnhoff et al., 2005; Reilinger et al., 2006).

Nubia-Aegea relative plate motion at the Hellenic Arc, directed
~N45°E (Bohnhoff et al., 2005), results in convergence varying from
nearly arc-orthogonal in the west to left-lateral arc-oblique in the
east. While evidence exists for large vertical displacements across
the northeast–east–northeast-trending deep-sea depressions on the
eastern limb of the arc known as the Pliny and Strabo trenches
(Jongsma, 1977), it is primarily left-lateral strike-slip motion arising
from arc-oblique convergence that is accommodated by these struc-
tures (Kreemer and Chamot-Rooke, 2004; LePichon and Angelier,
1979; LePichon et al., 1995). The western terminus of the Pliny and
Strabo trenches lies southeast of Crete. While their eastern termina-
tions are not well defined, a broad Pliny-Strabo zone of deformation
has been correlated with the Burdur-Fethiye Fault Zone in southwest-
ern Turkey (Hall et al., 2009).

2. Methodologies and data sets

2.1. Event relocation

We used the interactive and iterative Monte Carlo relocation algo-
rithm of Wysession et al. (1991) to relocate events. Relocations were
carried out using P-wave arrival time data published by the Interna-
tional Seismological Summary (ISS) from stations located at epicentral
distances up to 100° (Table 1). Uncertainties in relocation arise from
station timing errors and bias in station coverage, which is best in the
east and northeast, where stations located in Japan and east Asia dom-
inate; and in the northwest quadrant, where a large number of stations
in Europe and North America are located. To replicate timing uncer-
tainties typical of the 1940s and 1950s, randomly-generated Gaussian
noise (σG=3–5 s) was included in arrival time data sets. The resulting
95% confidence ellipse expresses a relocation's reliability.

2.2. Preliminary determination of focal mechanism (PDFM) inversion

To recover fault plane solutions and seismic moments, we used the
Preliminary Determination of Focal Mechanism (PDFM) method
(Reymond and Okal, 2000), which inverts mantle Rayleigh and Love
wave spectral amplitudes. This method is ideal for use with sparse
data sets made up of historical records in that it does not rely on erro-
neous or non-existent time corrections and instrument polarities. It is
robust for data sets consisting of only a few records, given sufficient az-
imuthal coverage (Reymond and Okal, 2000), and is largely insensitive
to uncertainties in epicentral estimates (Okal and Reymond, 2003). But
because the PDFM algorithm does not use phase information (Okal and
Reymond, 2003; Reymond and Okal, 2000; Romanowicz and Suárez,
1983), it results in indeterminacies in fault strike φ, in which the entire
fault plane solution can be rotated 180° in the horizontal plane, and in
the sense of slip on the fault, which can be reversed by adding 180° to
the slip angle λ while fault strike φ and dip δ remain the same.

Indeterminacies were resolved using body-wave polarities and
relative amplitudes recorded at the stations used in PDFM inversions
and at De Bilt, Netherlands (DBN) and Vienna, Austria (VIE). Seismo-
grams from these regional stations were not used in inversions
because epicentral distances did not allow sufficient temporal separa-
tion of Love and Rayleigh wavetrains.

Centroid depths for these events were obtained by minimizing
root-mean-square residuals of PDFM inversions at depths constrained
between 10 and 100 km.

The analog seismograms came from the Benioff 1–90 seismometer
at Pasadena, California (PAS); the McRomberg tilt-compensating seis-
mometer at College, Alaska (COL); the Milne-Shaw seismometer at Ho-
nolulu, Hawaii (HON); and Wenner seismometers at Huancayo, Peru
(HUA) and San Juan, Puerto Rico (SJG) (Fig. 2). High-quality first-
passage Love (G1) and Rayleigh (R1) wavetrains in these seismograms
were digitized and equalized to a 1 Hz sampling rate. Digitized records
were corrected for instrument response, magnification, and damping,
using instrument constants as described in Charlier and van Gils
(1953). Stations used in PDFM inversions are listed in Table 2.

3. Results

3.1. Southwest Peloponnesus, 6 October 1947 (1947:279)

3.1.1. Background and previous work
The earthquake of October 6, 1947 resulted in severe damage,

three deaths, and over 20 injuries in the southwestern Peloponnesus
Galanopoulos (1949). A tsunami associated with this event inundated
Methoni, a coastal town on the Mediterranean Sea, from 15 m to 60 m



Table 1
Previous origin times, epicentral locations, and depths, with relocation results for four study events. Number of stations used in relocation inversions, standard deviations of
Gaussian noise (σG) injected into arrival time data sets, and standard deviations of P-travel times from relocations (σP) are listed in rightmost three columns.

Event Month Day Time
(GMT)

Lat.
(°N)

Lon.
(°E)

Depth
(km)

Source No.
stations

σG

(s)
σP

(s)
(YYYY:JJJ)

1947:279 Oct 6 19:55:34 36.9 22.0 28 ISS
19:55:42 37.04 21.76 57+2/−15 This study 108 5 3.9

1948:040 Feb 9 12:58:13 35.5 27.2 – ISS
12:58:23 35.80 27.19 60+15/−10 This study 108 4 2.1

1957:114 Apr 24 19:10:13 36.37 28.59 48 ISS
19:10:12 36.31 28.62 40+15/−5 This study 243 3 2.7

1957:115 Apr 25 02:25:42 36.47 28.56 53 ISS
02:25:41 36.40 28.55 41±15 This study 265 3 2.5
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(Ambraseys and Jackson, 1990; Galanopoulos, 1949). Papadopoulos
and Chalkis (1984) report a 15 m inundation at an unnamed location.
Soloviev (1990) lists a submarine landslide triggered by the earth-
quake as the probable tsunami source.

This part of Greece has some history of large (6.5bMb7.5) events,
with five in the last two centuries. Epicenters of strong (Ms≥6.0)
events fall along the southwestern coast of the Peloponnesus
(Papazachos, 1996). Although this region is characterized by a nearly
horizontal north- to northeast-trending maximum compressive
stress field (Kiratzi and Papazachos, 1995; McKenzie, 1972, 1978;
Papadopoulos et al., 1986; Papazachos et al., 1999), both normal-
(Ambraseys and Jackson, 1990; Papazachos and Delibasis, 1969) and
thrust-dominated (Papazachos et al., 1997) focal mechanisms for
this event have been proposed.

3.1.2. Relocation
Inversion of P-wave travel times shifts the origin time +9 s from

the ISS origin time (Table 1). The relocation yields a location
~30 km northwest of the ISS location, and moves the epicenter from
COL

HON

HUA

PAS

SJG

Fig. 2. Great-circle travel paths between stations used in PDFM inversion and event of 6
October 1947; epicenter shown by yellow star. Concentric circles are at 30° increments.
Not every station mix used in PDFM inversion for other three events was the same as
this group, but the locations of all stations used are shown. Stations (red circles) are
located at College, Alaska (COL); Honolulu, Hawaii (HON); Huancayo, Peru (HUA);
Pasadena, California (PAS); and San Juan, Puerto Rico (SJG). Epicentral distances
depend on event and range from about 78° to 122°; azimuthal coverage extends
from about 267° to 360°.
the Gulf of Messinia to the southwest Peloponnesus (Fig. 3(a)). The
95% location uncertainty ellipse lies mostly on land and does not in-
clude the ISS location. Because the depth did not converge using the
Monte Carlo routine, we fixed it to that obtained in the PDFM inver-
sion to relocate the event.

3.1.3. PDFM moment and focal mechanism
The data set for the PDFM inversion comprised spectral ampli-

tudes at periods between 51 and 170 s from five G1 and four R1
wavetrains from five stations with an aperture of 95° in azimuth
(Table 2). The PDFM inversion converges on a moment (Table 4)
considerably greater than the only previously-published value of
2.95×1026 dyn·cm (Ambraseys, 2001), calculated fromMs values fol-
lowing Ekström (1987). The fit of measured spectral amplitudes to
theoretical radiation patterns for our preferred solution is shown in
Fig. 3(b).

The 57 km PDFM centroid depth minimizes RMS residuals
(Table 1 and Fig. 3(c)). Because shallower centroid depths are less
constrained than those deeper, we assign a +2/−15 km uncertainty.
This depth is deeper than previously-published values: the ISS
published a depth of 28 km, and based on macroseismic observations,
Galanopoulos (1949) proposed a depth between 28 and 42 km.
Table 2
Seismological data set used in PDFM inversions.

Event Station location Station
code

Dist.
(°)

AZ
(°)

BAZ
(°)

Comp. Wavetrain

(YYYY:JJJ)

1947:279 College, Alaska COL 78.0 355.6 8.3 EW G1

NS R1
Honolulu, Hawaii HON 121.8 0.0 0.0 EW G1

Huancayo, Peru HUA 103.0 264.9 54.6 NS G1

EW R1
Pasadena,
California

PAS 99.9 327.5 31.3 EW G1

Z R1
San Juan,
Puerto Rico

SJG 77.8 283.7 54.9 NS G1

EW R1
1948:040 COL 79.7 357.8 4.3 EW G1

NS R1
HUA 106.9 267.4 56.5 NS G1

EW R1
PAS 103.3 331.0 28.5 EW G1

Z R1
SJG 82.1 286.7 55.2 NS G1

1957:114 HUA 108.1 268.4 56.0 NS G1

NS R1
PAS 103.4 332.2 27.2 EW G1

Z R1
SJG 83.2 287.5 54.4 EW G1

EW R1
1957:115 HUA 108.2 268.6 55.5 NS G1

PAS 103.0 332.3 26.9 NS G1

Z R1
SJG 83.1 287.5 53.9 EW G1

EW R1
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Ambraseys (2001) reports a depth of 25 km obtained through the
relocations of Makropoulos (1978).

A clear P arrival with positive polarity on the DBN vertical compo-
nent, the only first-arrival record of this data set, resolves the indeter-
minacy in slip but not the 180° indeterminacy in strike. Two nearly
pure thrust solutions remain, with the solid rotation between the
two being 20°. We prefer the focal mechanism with the fault plane
gently dipping to the northeast (Table 4), since DBN lies further
away from the node in this solution. Focal mechanisms recovered
by the PDFM inversion for depths between 42 and 59 km are very
consistent with our preferred solution, falling within a 5° range of
solid rotation (Fig. 3(c)). This range can be regarded as a confidence
interval for our solutions.

Ambiguity is associated with the previously-published normal-
dominated focal mechanisms. Ambraseys and Jackson (1990) assign
theirs based on this event's geographical proximity to the Kalamata
earthquake of 13 September 1986. Papazachos and Delibasis (1969)
list a solution defined by the type of faulting on a system of two
planes consistent with a double-couple source but with non-double-
couple compression and tension axes. Our mechanism is compatible
with the more credible thrust-dominated solution of Papazachos
et al. (1997). It is consistent with a thrust event at the interface be-
tween the Aegea microplate and the subducting Nubia plate, which
dips ~30° to the east–northeast beneath the western Peloponnesus
at this depth (Papazachos et al., 2000).
3.2. Karpathos, 9 February 1948 (1948:040)

3.2.1. Background and previous work
The tsunami associated with the Karpathos earthquake of 9 Febru-

ary 1948 inundated 900 m at an unnamed location (Papadopoulos
and Chalkis, 1984). Papadopoulos et al. (2007) report eyewitness ac-
counts of an initial sea withdrawal at Pigadia Bay 5 to 10 min after the
earthquake; a subsequent 250-m inundation there, which resulted in
extensive damage to vessels and homes; and inundation at the town
of Finiki, on the southwest coast of Karpathos. However, we note that
Ambraseys and Synolakis (2010) have critically re-examined the cat-
alog entries of Papadopoulos et al. (2007) and concluded that some
may be spurious, but have nonetheless been uncritically copied in
subsequent derivative works.

The frequency of strong (Ms≥6.0) earthquakes in this region is low;
no events with Ms>7.1 are known, but the frequency of 5.5bMsb5.9
events since 1911 is high (Papazachos, 1996). The area in which this
event occurred is dominated by oblique subduction, with nearly hori-
zontal northeast–southwest-trending maximum compressive stress
axes (Kiratzi and Papazachos, 1995; Papadopoulos et al., 1986).
The one published focal mechanism that we find, determined using
P-wave polarities, is thrust-dominated with a significant component
of strike-slip motion (Papazachos and Delibasis, 1969). However, this
mechanism is characterized by a double-couple two-plane solution
with non-double-couple compression and tension axes.
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3.2.2. Relocation
Inversion of P travel times shifts the origin time +10 s from

the ISS origin time (Table 1). The relocation represents a change
of ~33 km to the north of the ISS location, and moves the epicen-
ter to the northern tip of the island (Fig. 4(a)). Although the relo-
cated epicenter is on land, the majority of the 95% confidence
ellipse is over water and does not include the ISS location. Be-
cause the depth did not converge using the Monte Carlo routine,
we fixed it to the value obtained in the PDFM inversion to relo-
cate the event.

3.2.3. PDFM moment and focal mechanism
Our PDFM data set included spectral amplitudes at periods be-

tween 51 and 205 s from four G1 and three R1 wavetrains from four
stations providing an aperture of 90° in azimuth (Table 2). The
PDFM inversion converges on a moment (Table 4) comparable to
the value of 6.76×1026 dyn·cm Ambraseys (2001) calculated from
Ms values following Ekström (1987). The fit of measured spectral
amplitudes to theoretical radiation patterns based on our preferred
solution is shown in Fig. 4(b).

The 60 km PDFM centroid depth (Table 1 and Fig. 4(c)) mini-
mizes RMS residuals. Because deeper centroid depths are slightly
less constrained than those shallower, we assign a +15/−10 km
uncertainty. This depth is significantly deeper than the 40 km and
30 km reported by Gutenberg and Richter (1954) and Makropoulos
(1978), respectively.

The indeterminacy between the four possible focal mechanisms is
resolved using a positive P-arrival polarity on the vertical component
at PAS; first-motion P arrivals at COL to the south and at SJG to the
south and east, at both stations away from the event; a SH polarity
to the west at COL; a COL SV/SH amplitude ratio ~1; and an obvious
S-wave amplitude difference on the horizontal components at SJG,
with the east–west≫north–south. Our preferred solution is thrust-
dominated with a strike-slip component (Table 4). Focal mechanisms
recovered by the PDFM inversion for depths between 50 and 75 km
are very consistent with this solution, falling within 8° of solid rota-
tion (Fig. 4(c)).

Our solution is compatible with an event at the interface between
the Aegea microplate and the subducting Nubia plate, which dips
~30° to the northwest in this region (Papazachos et al., 2000).

3.3. East of Rhodos, 24 April 1957 (1957:114)

3.3.1. Background and previous work
Published focal mechanisms for this event are predominantly

strike-slip with varying amounts of normal (Ritsema, 1974) and
thrust (McKenzie, 1972; Papazachos and Delibasis, 1969) motion.
Left-lateral motion for these three solutions on east- to northeast-
trending faults is consistent with a maximum compression direction
trending northeast–southwest (McKenzie, 1972). It is nearly horizon-
tal for the solutions of McKenzie (1972) and Papazachos and Delibasis
(1969), whereas the compression axis of Ritsema (1974) plunges
~35° to the south-southeast. Papazachos (1996) characterizes this re-
gion with a nearly pure thrust focal mechanism reflecting maximum
compression trending similarly but plunging ~20° to the southwest.

Although both this event and that of the following day (discussed
below) occurred in a source region of a number of probable or likely tsu-
namis (Altınok and Ersoy, 2000; Soloviev, 1990), including perhaps that
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of the 1303 tsunami (Ambraseys and Synolakis, 2010; El-Sayed et al.,
2000; Guidoboni and Comastri, 1997; Papazachos, 1996), we have
been unable to locate records of a tsunami associated with either
event of April 1957.

3.3.2. Relocation
Inversion of P travel times shifts the origin time only −1 s from

the ISS origin time (Table 1). The relocation yields a change of
~7.5 km to the south–southeast of the ISS location. Both the ISS and
relocated epicenters lie in the Mediterranean Sea; the 95% confidence
ellipse includes the ISS location (Fig. 5(a)). The depth converged to
36 km using the Monte Carlo routine.

3.3.3. PDFM moment and focal mechanism
The PDFM data set included spectral amplitudes at periods be-

tween 51 and 205 s from three G1 and three R1 wavetrains from
three stations providing an aperture of 64° in azimuth (Table 2).
The PDFM inversion converges on a well-constrained moment
(Table 4) significantly greater than the value of 9.33×1025 dyn·cm
(Ambraseys, 2001) from Ms values following Ekström (1987). The
fit of measured spectral amplitudes to theoretical radiation patterns
for our preferred solution is shown in Fig. 5(b).

The PDFM centroid depth of 40 km minimizes RMS residuals
(Fig. 5(c)). Because deeper centroid depths are less constrained
than those shallower, we assign a +15/−5 km uncertainty. This
depth is comparable to the 36 km from the Monte Carlo relocation
and to the 40 km of Ambraseys (2001) based on relocations by
Makropoulos (1978). It is significantly shallower than the 48 km
reported by the ISS, the 50 km preferred by McKenzie (1972), and
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the 69±5 km of Makropoulos and Burton (1981). Only the latter
falls outside our depth uncertainty range.

Of the four possible focal mechanisms, only our nearly pure strike-
slip preferred solution (Table 4) predicts correctly both the positive
(upward) P polarity on the DBN vertical component and the polarity
of the S arrivals to the west and south on the DBN horizontal compo-
nents. Our solution thus falls in the group of Papazachos and Delibasis
(1969), McKenzie (1972), and Ritsema (1974). Focal mechanisms re-
covered by the PDFM inversion for depths between 35 and 55 km are
generally consistent with our preferred solution, falling within a 14°
range of solid rotation (Fig. 5(c)).

3.4. East of Rhodos, 25 April 1957 (1957:115)

3.4.1. Background and previous work
This event took place about five hours after the event of 24 April at

a similar location. Except for the nearly pure thrust mechanism on
northwest–southeast-trending fault planes of Papazachos (1996)
and Papazachos et al. (1999), published focal mechanisms are pre-
dominantly strike-slip with fault planes trending northeast–south-
west and northwest–southeast (McKenzie, 1972; Papazachos and
Delibasis, 1969; Ritsema, 1974), similar in both mechanism and ori-
entation to solutions for the event of the previous day.

3.4.2. Relocation
Inversion of P travel times shifts the origin time −1 s from the ISS

origin time (Table 1). The relocation represents a change of ~8 km to
the south–southwest of the ISS location (Fig. 6(a)). Both the ISS and
relocated epicenters lie in the Mediterranean Sea; the ISS location is
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included in the 95% confidence ellipse. The depth converged to 36 km
using the Monte Carlo routine with a floating depth.

3.4.3. PDFM moment and focal mechanism
The PDFM data set included spectral amplitudes at periods be-

tween 51 and 170 s from three G1 and two R1 wavetrains from
three stations providing an aperture of 64° in azimuth (Table 2).
Our moment (Table 4) is the first that we are aware of for this earth-
quake. The fit of measured spectral amplitudes to theoretical radia-
tion patterns based on our preferred solution is shown in Fig. 6(b).

The 41 km PDFM centroid depth minimizes RMS residuals
(Fig. 6(c)). Because deeper and shallower centroid depths are
Table 3
9 February 1948 tsunami survey data set on Karpathos. See Fig. 7 for maximum run-up
map locations.

Number Latitude
(°N)

Longitude
(°E)

Amplitude
(m)

Naturea Comment

Pigadia
1 35.5081 27.2147 >2.9 FD Fountain on square

overtopped
2 35.5069 27.2152 7 R Taxi square
3 35.5080 27.2142 5.7 WM National bank building
4 35.5079 27.2123 4 R Private home
Agia Kara
5 35.5273 27.1968 7.3 R Olive trees, 200 m inland
Diafani
6 35.7552 27.2105 3.1 R House porch
7 35.7553 27.2096 3.6 R Creek bed, 200 m inland

a FD: Flow depth; R: Run-up; WM: Water mark.

26.75˚ 27˚ 27.25˚ 27.5˚
35.25˚ 35.25˚

35.5˚ 35.5˚

0 10 20

km
Mediterranean Sea

Finiki

Agia Kara 
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Pigadia
7 m

Pigadia Bay

Fig. 7. Maximum tsunami run-up associated with 9 February 1948 earthquake on the
island of Karpathos from eyewitness accounts. No recollections of run-up or inundation
at Finiki (located on southwest coast of island) were recorded. Relocated epicenter is at
northern tip of island approximately 10 km north of Diafani.
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constrained equally, we assign a ±15 km uncertainty. This centroid
depth is consistent with that recovered by the Monte Carlo relocation
routine, and the 53 km depth reported by the ISS falls within our
depth range. The 20 km reported by Ambraseys (2001) based on
relocations by Makropoulos (1978), however, does not.

The indeterminacy between the four possible focal mechanisms is
lifted using a positive P-wave polarity on the DBN vertical compo-
nent; P-wave arrival polarities on the SJG horizontal components to
the south and west, away from the event; and a negative P-wave po-
larity on the VIE vertical component (although its amplitude is unex-
pectedly large for a station located ~7° from the null axis). Our
preferred solution (Table 4) is thrust-dominated with a small dip-
slip component. Focal mechanisms recovered by the PDFM inver-
sion for depths between 26 and 56 km are generally consistent
with this solution, falling within 34° of solid rotation (Fig. 6(c)).
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around Karpathos represents Fig. 9(a) map area. (b) Regional contour map showing maximum
Diafani (north) and Pigadia (south) in subfigures (a) and (b) represent grids sampled at 50
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4. Tsunami of 9 February 1948

4.1. Field survey

The island of Karpathos was visited in 2008 by two of the authors
(N.K. and C.E.S.) during the field survey of the 1956 Amorgos tsunami
(Okal et al., 2009), which provided an opportunity to interview wit-
nesses of the 1948 event. The possibility of confusion in witness
memory between the two events is eliminated by their distinctly dif-
ferent times of occurrence (afternoon and dawn for the 1948 and
1956 events, respectively). Our resulting data set (summarized in
Table 3 and Fig. 7) is built on the testimony of seven witnesses,
aged 10 to 32 at the time of the 1948 tsunami, from interviews fol-
lowing established procedures developed by International Tsunami
Survey Teams (Synolakis and Okal, 2005).
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All four witnesses in Pigadia recalled a leading depression that
dried the >15 m deep channel separating the small Pigadia Bay island
of Despotiko from the mainland. The water then rose to penetrate as
far as 200 m inland and reached the present taxi square, 7 m above
mean sea level, along an open channel since paved over.

In Agia Kara, the waves overtopped the local road and inundated
olive trees located 200 m inland at an altitude of 7.3 m.
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The witness in Diafani, aged 92 in 2008 but with a superb memory,
recalled three waves following a leading sea depression at an estimated
depth of 7 m. The witness indicated two inundation points at altitudes
of 3.1 m on dry land, and 3.6 m in a creek bed.

These interviews complement the work of Papadopoulos et al.
(2007), who obtained two data points in Pigadia with significantly
lower amplitudes than confirmed by our survey. These authors report
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that the 1948 tsunami was also observed at Finiki, on the southwest
coast of Karpathos. While we obtained a data point for the 1956 tsu-
nami in Finiki (Okal et al., 2009), our witness there, who remembered
the shaking during the 1948 earthquake, did not recall anomalous
wave activity following it. We are thus unable to confirm that the
1948 tsunami reached the western coast of Karpathos.

5. Hydrodynamic simulations

In this section, we conduct hydrodynamic simulations of tsunamis
generated by the 1948 earthquake near Karpathos and by the two
1957 events near Rhodos. Because the majority of the 95% location
uncertainty ellipse lies on land and constraining run-up and inunda-
tion data are lacking, we do not carry out simulations for the 1947
Peloponnesus tsunami.

We use scaling laws (Geller, 1976) to derive from each PDFM
mechanism and seismic moment a fault geometry comprised of
length L, width W, and slip S. This fault model is embedded into a ho-
mogeneous half-space. Using the formalism of Okada (1985), we then
compute the resulting vertical static displacement field at the sea
floor; this is assumed representative of initial conditions for the hy-
drodynamic simulation. For each earthquake, simulations are carried
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initially dry land.
out for both fault plane choices for the focal mechanisms inverted in
Section 3.

The simulation is performed using the MOST (Method Of Splitting
Tsunami) numerical code (Titov and Synolakis, 1998), which solves
the non-linear equations of hydrodynamics under the shallow-water
approximation using the method of alternate steps. A series of nested
grids is used, with a final resolution of 50 m in the targeted bays.

5.1. Karpathos, 9 February 1948

We carried out four simulations for this event which arise from
the two possible fault planes of the PDFM mechanism when placed
at the original ISS location and our relocated epicenter 33 km to the
north. We discuss here simulation results assuming action on the
fault plane dipping to the northwest (shown as the fault plane iden-
tified on the beachball mechanism in Fig. 8), with the source placed
at our relocated epicenter; the other three simulations yielded similar
results. Scaling laws (Geller, 1976) yield a fault length of 52 km,
width of 26 km, and a slip of 1.5 m.

Fig. 8(a) shows the computed field of seafloor deformation used in
the simulation; because the source depth is substantial (60 km), the
vertical deformation remains small (b15 cm). Fig. 8(b) contours the
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maximum amplitude of the wave at each point during the 4-hour
simulation. As shown in Fig. 8(c) and (d), simulated tsunami run-up
amplitudes do not exceed 15 cm at Diafani and 20 cm at Pigadia,
each less by an order of magnitude than observed values (3 and
7 m, respectively; see Table 3 and Fig. 7). Furthermore, decreasing
source depth to the shallowest depth within our range of relocation
uncertainty (50 km) increases simulated run-up heights by only
20%. We thus conclude that seismic source models compatible with
the inversion of the available seismic data cannot recreate the tsuna-
mi observed following the Karpathos earthquake.

Rather, we investigate whether the Karpathos tsunami can be
modeled as the result of a submarine landslide triggered by the earth-
quake. Our source is inspired by that used by Synolakis et al. (2002) in
the case of the 1998 Papua New Guinea tsunami. It consists of an
asymmetric dipole featuring a ~6-m-deep trough and a ~2-m hump
separated by a 10-km lever; we place the source near 35.5°N,
27.3°E, where a significant slope in bathymetry exists (see Fig. 9(a)
and (b)). Fig. 9(c) and (d) show that with this source we are able to
reproduce critical characteristics of the observed tsunami: a run-up
of 5 m in Pigadia Bay, which reaches over 7 m at its northern and
southern extremities, and a run-up of 3 to 4 m in Diafani Bay. This
source also fails to significantly inundate the western coast of Kar-
pathos (i.e. at Finiki), and creates an initial drawdown on the eastern
coast. While this source may remain ad hoc in the absence of detailed
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Fig. 11. Same as Fig. 10 but for eart
bathymetry at a sufficiently small scale, this experiment establishes
that the surveyed tsunami measurements can be successfully mod-
eled as resulting from a submarine landslide.

5.2. East of Rhodos, 24 and 25 April 1957

Results are presented in Figs. 10 and 11 for the first Rhodos event
(strike-slip; 24 April 1957) and Figs. 12 and 13 for the second (thrust;
25 April 1957). In each of these figures, the focal plane selected as the
fault plane is identified on the beachball mechanism. Subfigures
(a) show the computed fields of vertical seafloor deformation; be-
cause of the relatively small size of these two earthquakes and their
significant depths, the choice of focal plane has only a minor effect
on deformation. Boxes in the figures around the island of Rhodos
and at the northern tip of the island represent the nested grids used
in the simulation. Subfigures (b) contour the maximum amplitude
of the wave at each point during the 4-hour simulation. Subfigures
(c) zoom in on the simulations' final and finest grid, within which
the city and port of Rhodos are sampled at 50-m intervals.

In the case of the second event (25 April 1957; Figs. 12 and 13), we
also show at the left and top of subfigures (c) run-up values at indi-
vidual locations along the eastern coast of Rhodos, plotted as a func-
tion of latitude (to the left) or longitude (at top). In the case of the
first event (24 April 1957; Figs. 10 and 11), run-up values on dry
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land could not be computed, because the flow depth at the beaches
always remained smaller than the altitude of the first dry point on
land (typically 0.15 m), so that the wet domain was not pushed in-
land by the program. In lay terms, this amounts to saying that the
simulation does not predict inundation of the initially dry land.

The two simulations of the second (thrusting) event predict run-
up values reaching 50 cm in the southern suburbs of the city of Rho-
dos, and only 25 to 30 cm in the port area. These numbers suggest
that the tsunami might have been observable under favorable condi-
tions (its night-time occurrence rendered observation unlikely), but
even had it been noticed, its benign character would have left no
vivid memories in the minds of potential witnesses.

6. Discussion and conclusion

6.1. Seismological event reassessment

Recovered focal mechanisms for all events in this study agree
broadly with the regional stress field resulting from the ongoing col-
lision between the Nubia plate and the Aegea microplate. Our depths
and focal mechanisms for the 6 October 1947 and 9 February 1948
events are consistent with earthquakes at the interface between the
subducting Nubia plate and overriding Aegea microplate. Our pre-
ferred 1947 focal mechanism indicates orthogonal convergence at
the western limb of the Hellenic Arc, while the sense of motion on
the northeast–southwest-trending fault plane of our preferred 1948
solution reflects left-lateral arc-oblique convergence at the eastern
limb (Bohnhoff et al., 2005; LePichon and Angelier, 1979; McKenzie,
1978) and indicates full coupling between the Nubia plate and
Aegea microplate (McCaffrey, 1992).

The tectonic context of the April 1957 couplet is more complicat-
ed. The progressive southward migration of the Aegea microplate
boundary since the Miocene increased the curvature of the boundary
and thus the obliquity of the slip vector angle (defined relative to arc-
normal) in the eastern Hellenic Arc (ten Veen and Kleinspehn, 2002
such that it is ~40−50° now (Bohnhoff et al., 2005, LePichon et al.,
1995). This angle exceeds that at other arcs known to partition slip
(McCaffrey, 1992). In fact, the Pliny and Strabo trenches accommo-
date 21–23 mm/yr of sinistral motion (Kreemer and Chamot-Rooke,
2004).

Considered separately, the events of April 1957 are consistent
with traditional slip partitioning in the eastern Hellenic Arc: the
focal mechanism for the 24 April event has left-lateral strike-slip mo-
tion on a nearly vertical fault plane parallel to the plate boundary,
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while motion on the gently-dipping north–northeast–south–south-
west-trending fault plane of the 25 April event demonstrates thrust-
ing on a fault parallel to the plate boundary. But because the fault
plane shared by both focal mechanism trends not parallel but oblique
(north–northwest–south–southeast) to the plate boundary, the
events considered together are not compatible with traditional slip
partitioning.

We consider it likely that the couplet took place on the same
steeply-dipping fault, because the two hypocenters relocate to essen-
tially the same depth and lie only ~12 km apart, and because the az-
imuth between the two is highly similar to the strike of the common
fault plane. Although the required rotation magnitude is high
Table 4
Magnitude and preferred focal mechanism results. MomentM0 from PDFM inversion; uncert
Moment magnitude Mw for these M0 values after Kanamori (1977). Fault strike, dip, and sli
which the 1957 April 24 and 25 event couplet took place.

Event Month Day M0

(×1027 dyn·
(YYYY:JJJ)

1947:279 Oct 6 1.26+0.14/
1948:040 Feb 9 0.97+0.09/
1957:114 Apr 24 0.56+0.04/
1957:115 Apr 25 1.09+0.32/
1957 Composite Apr 24/25 1.10
compared to recent measurements of Rhodos rotation since the late
Miocene (VanHinsbergen et al., 2007), we believe these events indi-
cate non-traditional slip partitioning influenced by counter-
clockwise-rotated zones of weakness generated in the past under a
stress regime of differing orientation (Doutsos and Kokkalas, 2001;
Hall et al., 2009).

A composite moment tensor shows that the stress field under
which this couplet took place is characterized by compressional and
tensional axes at plunge 29° and azimuth 47°, and at plunge 59°
and azimuth 248°, respectively (an alternative focal mechanism rep-
resentation is included in Table 4). The dominant contribution to
the M0=1.10×1027 dyn·cm composite moment tensor comes from
ainties are based onminimum and maximummoment within the centroid depth range.
p denoted as φ, δ, and λ. The “1957 Composite” entry represents the stress field under

cm)
Mw φ

(°)
δ
(°)

λ
(°)

−0.42 7.3 302 35 91
−0.11 7.3 100 61 115
−0.01 7.1 53 83 14
−0.08 7.3 328 73 71

– 325 75 100



238 C.W. Ebeling et al. / Tectonophysics 530–531 (2012) 225–239
the 25 April thrust event, with only ~5% coming from the 24 April
strike-slip event. A solid rotation of ~30° separates the composite ten-
sor from that of the 25 April thrust event.

6.2. Tsunami assessment and hydrodynamic simulations

Relocated depths for the 6 October 1947 and 9 February 1948
earthquakes suggest that the associated tsunamis were likely caused
by submarine landslides induced by these earthquakes rather than
by the earthquakes themselves. That the event location uncertainty
ellipse lies mostly on land supports this model for the 1947 tsunami.
Attributing the 1948 tsunami to such a source is further supported by
the inability of a modeled tectonic source compatible with the inver-
sion of available seismic data to reproduce run-upmeasurements that
are anomalously high for a tsunami purportedly generated by a
Mw=7.3 earthquake; the large-amplitude leading sea depression ob-
served at Pigadia Bay; and the negative tsunami observation on the
southwest coast of Karpathos at Finiki. In contrast, hydrodynamic
simulations based on a submarine landslide source reproduce run-
up values consistent with these observations.

While simulations for the 24 April 1957 strike-slip event do not
predict inundations, the 25 April 1957 thrust event was capable of
generating run-ups reaching up to 50 cm around Rhodos. However,
there are no records of a tsunami associated with this event.

The principal conclusion of this study is that the historical tsu-
namis observed in the southern Aegean Sea are due to submarine
landslides triggered by the respective earthquakes. This result sup-
ports the conclusion of Okal et al. (2009), who in the case of the
1956 Amorgos event demonstrated that the scattered values of ex-
treme run-up could be explained only as resulting from co-
seismically triggered underwater slumps following the main event.
Even though these four events and the Amorgos event are the largest
Aegean Sea earthquakes to occur during the last 100 years, on their
own they fail to generate tsunamis bearing significant hazard for
nearby coastlines. Notwithstanding the rare but documented occur-
rence of large events with a definitive direct tsunami potential, such
as the 1303 southeast Aegean earthquake, this study emphasizes
the hazard posed by these landslides. While detailed understanding
of controlling processes remains meager, co-seismically triggered
submarine landslides must be considered a significant source of re-
gional hazard, and local populations and decision-makers must be ed-
ucated about them.
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