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ABSTRACT

There is ample evidence indicating that on July 21, 365 AD a great earthquake near the west coast of
the Island of Crete generated a mega-tsunami, which was responsible for extensive destruction
throughout the Eastern Mediterranean, but particularly on Peloponnesus, the Greek Islands, Sicily,
Libya, Cyprus, Palestine and Egypt. It is believed that the combined catastrophic impacts of the
earthquake and tsunami were significant catalysts in furthering the declination of the Roman Empire
and contributing to its subsequent final division between the East Roman and the West (Byzantine)
empires in 395 A.D. In view of subsequent earthquakes and tsunamis in the region and the high
probability that a similar great disaster will occur again, the present study reviews and summarizes
the seismo-tectonic and kinematic characteristics of the Aegean and Anatolian micro-plates, their
interaction with the African and Eurasian tectonic plates and examines and evaluates the historical
records pertaining to this 4™ Century AD disaster as to the destructive impact it had on the ancient
world. Additionally, the study reconciles the impact described in historical and recent records with
results obtained by numerical modeling studies, provides a rough estimate of the recurrence
frequency of great tsunamigenic earthquakes in the Eastern Mediterranean region and assesses what
the future impact may be in view of great increases in population densities along coastal areas.
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1. INTRODUCTION

Destructive earthquakes and tsunamis in the Eastern Mediterranean region have had significant
impacts on the ancient world and even changed the course of history. One of the most destructive
earthquakes on July 21, 365 AD along the western coast of the Island of Crete generated a mega-
tsunami, which devastated the southern and eastern coasts of the Mediterranean and particularly
impacted Peloponnesus, the Greek Islands, Sicily, Libya, Cyprus, Palestine and Egypt (Figure 1).
According to historical records, it was a disaster of major proportions, which shocked the ancient
world by destroying major cities and causing the deaths of thousands of people in coastal areas
extending from present Croatia, to Greece and to the Nile Delta in Egypt. The combined catastrophic
impacts of the earthquake and of the tsunami were significant catalysts in further decline of the
Roman Empire and contributed to its subsequent final division between the Byzantine and West
Roman empires in the year 395 A.D.
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Figure 1. Approximate epicenter of the great 365 AD tsunamigenic earthquake.

In view of subsequent and more recent earthquakes and tsunamis in the same region and
because of the high probability that such a major disaster will occur again in the future, many studies
were conducted in recent years reviewing historical records and speculating on the source
characteristics and impact of this great tsunamigenic earthquake of 365 AD. To clarify somewhat the
ambiguities of the source characteristics of this great disaster, recent field studies and mathematical
modeling were undertaken (Pararas-Carayannis & Mader, 2010) to further document and quantify
crustal displacements at the tsunami origin source and to determine offshore tsunami heights along
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coastlines of the Eastern Mediterranean Sea that could substantiate the degree of inundation of this
great tsunami as described by ancient writings.

The present study re-examines and re-evaluates the historical records as well as the more recent
accounts pertaining to the 4 Century AD disaster and the destructive impact it had on the ancient
world. As background information, it provides a brief overview of the seismotectonic characteristics
of the Aegean and Anatolian micro-plates and their interaction with the African and Eurasian tectonic
plates. In spite of the rather limited historical data that prevents statistical analysis - an approximate
estimate of the recurrence frequency of another great tsunamigenic earthquake is provided for the
Eastern Mediterranean Basin region, based mainly on the kinematics of collision of tectonic plates.
Finally, proper evaluation of future impact requires the development of risk assessment methodology
that is based not only existing historical data but on research that can help predict the consequences of
future events. For this reason and to reconcile the validity of historical records, the present study
incorporates the results of the numerical modeling study undertaken in estimating the spatial and
temporal characteristics of the 365 AD tsunami (Pararas-Carayannis & Mader, 2010).

2. EARLY HISTORICAL ACCOUNTS OF EARTHQUAKES AND TSUNAMIS IN THE
EASTERN MEDITERRANEAN REGION

In the last three thousand years, numerous destructive earthquakes and tsunamis occurred in the
Eastern Mediterranean region. Some of these events were documented with flowery narratives and
unreasonable explanations in ancient writings. For example, Aristotle tried to explain earthquakes
and the destructive waves they generate (tsunami) as being caused by winds entering the interior of
the earth, heating up and blowing out. Also, Aristotle mentions this to be the mechanism for tsunami
generation and gives as examples the destructive waves generated by the 373 BC earthquake at
Ancient Elike and Vouros in the Gulf of Corinth.

Of all historical disasters in the Eastern Mediterranean region - perhaps because of its severe
impact on the ancient world - the best documented by ancient historians was the one caused by the
365 AD great earthquake and tsunami. However, many Greek, Roman and Byzantine historians have
documented many more earthquakes and tsunamis prior and after this 365 AD event.

According to historian Herodotus — considered to be the “Father of History” - the first recorded
tsunami in the Eastern Mediterranean region occurred in 479 BC in Potidea of Halkidiki in the
Northern Aegean Sea. The waves of this tsunami allegedly destroyed King Xerxes’ fleet during the
second phase of the Persian wars. The citizens of Potidea attributed this event to the wrath of the
tempestuous god Poseidon (Neptune), because the invading Persians had desecrated his statue.

Greek historian Thucydides (®ovkvdiong) and historian/geographer Strabo (Xtpdfwv) describe
the effects of another sea wave (tsunami) from an earthquake in 426 BC in Fthiotida and the Gulf of
Thermaikos in Central Greece. This tsunami was responsible for damage in the northern part of the
Island of Evia, in Atalanta, coastal settlements on the island of Skopelos and for the destruction of
Ancient Skarfia and other cities.

Historians/Geographers Strabo and Pausanias (ITavcaviag) refer to the aforementioned
earthquake in the winter of 373/372 BC near Corinth (estimated magnitude up to 9 on the Richter
scale) and the combined destruction of Ancient Elike (EAikn) - an important city in Ancient Achaia
Province - in the Gulf of Corinth on northern Peloponnesus. Philosopher Aristotle (ApiototéAng) and
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ancient Greek historian Diodorus Siculus (Diodorus of Sicely, At0dwpoc Zikehwtnc) and sophist
Ailianos (KAavdiog Atmavog), indicated in their accounts that all animals left this area five days
before this earthquake struck and headed towards the direction of Corinth. According to Pausanias,
Elike and its inhabitants sunk into the Corinthian Gulf after the terrible earthquake. To this day the
ancient city’s exact location is not known but field investigation of coastal geomorphology and
bathymetry (Pararas-Carayannis, 2007) indicate that large scale landslides — some of them generating
tsunamis — have occurred in the past in this region east of the present city of Aegeion along a zone
bounded by the rivers Selinounta (XgAwvotvvrta), Kerinitis (Kepuvitn) and Vouraikos (Bovpaikos).
Similarly the western port of Ancient Corinth known as Lechaio was destroyed by earthquakes and
tsunamis.

The occurrence of a destructive tsunami in the harbor of Alexandria in Egypt is inferred by an
account of historian Diodorus Siculus. Diodorus, in his highly allegorical narrative, likens the tsunami
flooding of the city of Alexandria to a sea-monster sent by god Poseidon (Neptune) - believed to be
the originator of earthquakes and tsunamis. Since the narrative refers to the Macedonian period of
construction at the Alexandria harbor, we can conclude that this tsunami probably occurred between
331 BC and 325 BC.

As stated, the largest and best-documented disaster in the Eastern Mediterranean and Egypt in
particular, resulted from the 365 AD great earthquake and tsunami. However, many of the ancient
records are vague at best as to both the earthquake and tsunami impacts. Also, because of extensive
cross-referencing of ancient records, misinterpretations and errors have been introduced in the
scientific literature. For example, many of the ancient historical sources combine evidence of several
earthquake and tsunami events during the fourth and fifth century into the single 365 AD event, while
others assigned the destruction of important structures to subsequent and less intensive events. Also,
based on their political or religious differences, ancient writers tended to describe the occurrence of
natural disasters in terms of divine intervention or as warnings or consequences of unrelated events.
Example of such misinterpretations are the opposing types of reporting by the Sophist Libanius
(A1Baviog) and the church historian Sozomenus (Zwlopévog, «ExkA. Iotop.») as to the great
earthquake of AD 365, presenting it as either a divine sorrow or as divine wrath for the death of
Roman Emperor Julian, who had attempted to replace Christianity and reestablish paganism, two
years before his death.

Also, Egypt had its share of destructive earthquakes and tsunamis in the last three thousand
years. However, the historical records are not clear as to the origin of all the earthquakes. For example
the ancient cities of Menotis and Heraclea were destroyed by an earthquake of unknown origin and no
details are available (El-Sayed et al., 2004; Stanley et al. 2001, 2009). However, the historical record
shows that many more earthquakes and tsunamis from distant and local sources, caused extensive
destruction in the region after the 365 AD event, along the northern coast of Egypt. For example an
earthquake in 746 AD — allegedly centered north of the Dead Sea - generated a tsunami, which sunk
or destroyed many ships in Alexandria and elsewhere (Degg, 1990). Another tsunami in 746 AD,
struck the coasts of Syria and Egypt. Alexandria was again struck by a tsunami in 811 or 881 AD but
no details are available. Earthquakes in 950 and 956 AD caused damage to Alexandria’s famous
lighthouse but historic records do not mention if a tsunami struck. Also, no tsunami is known to have
been generated by the Alexandria earthquake of 1201 AD, but a tsunami did strike the city after
another earthquake in 1202. In 1303 AD, a large part of Alexandria was again destroyed by a tsunami
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generated by an apparently great earthquake, which had its generating area south of the Island of
Rhodes (Degg, 1990; Shaw et al., 2008). More earthquakes occurred again along the same northern
area of Egypt in 1341 and 1375, but there are no records of tsunamis associated with these events.
More recently, in 1870 and 1908, tsunamis struck again Alexandria.

3. OVERVIEW OF THE SEISMOTECTONICS OF THE EASTERN MEDITERRANEAN
REGION

Before discussing further the historical accounts of the impact that the 365 AD earthquake
and tsunami had on the ancient world, a brief discussion of the geological evolution and
seismotectonics of the Eastern Mediterranean region is appropriate. Figure 2 illustrates the present
features of geotectonic changes, following Post-Alpine Orogenesis.

}1&?"5

~North Afatolian Fault”

Figure 2. Simplified geotectonic map of the Eastern Mediterranean and Aegean Sea showing the
subduction zone of the African plate with the Aegean, the Hellenic Arc, the orogenic belt and the
volcanic arc in the southern Aegean Sea (Dimitris Sakellariou, Hellenic Center for Marine Research)
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3.1 Alpine Orogenesis and Post-Orogenic Seismotectonic Changes

The seismotectonics of the Eastern Mediterranean region are dominated by the collision of
Eurasia, Africa and Arabia plates and of two microplates - the Anatolian and the Aegean (McKenzie,
1972; Jackson & McKenzie, 1988; Jackson, 1994; Pararas-Carayannis & Mader, 2010). During the
Cretaceous period (144 to 66.4 million years ago), continuing tectonic processes resulted in the
Alpine Orogeny and the formation of the Alps. Stresses of the colliding tectonic plates lifted and
folded the upper limestone layers, as well as the deeper metamorphic rock layers of the Eastern
Mediterranean Basin. Eventually, big landmasses begun to emerge from the sea, forming the Greek
mainland and some of the islands of the present Aegean and Ionian Seas.

Tectonic collisions and Alpine Orogenesis resulted in further complex geotectonic deformations
that created the Hellenic Orogenic Tectonic Belt, the long range of mountains that traverse the
western side of the Aegean microplate. These tectonic processes continued to stress and fold the
earth's upper crust in the region, thus forming more islands, more mainland mass and lifting the
mountains of Greece to greater heights. The active tectonic interaction and collision of the converging
African and Eurasian plates along the entire eastern Mediterranean margin resulted in multiple
subduction zones, post-orogenic basins, accretionary margins, Neogenic crust shortening and extreme
seismicity and volcanism - processes that continue to the present (Figure 4).
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Figure 4. Post-Alpine Orogeny - Seismotectonic Changes of the Eastern Mediterranean Basin
(http://www.ifremer.fr/drogm_uk/Realisation/carto/Mediterranee/med-or.html )
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3.2 Formation of the Hellenic Arc

As illustrated (Figs. 3 & 4), collision of the major tectonic plates in the Western Mediterranean
region has formed broad boundaries of seismic and volcanic activity. The northern segment of the
African plate south of the Adriatic Sea comprises of the Eastern Mediterranean oceanic lithosphere.
Collision of the lighter-density oceanic eastern Mediterranean with the higher density continental
lithosphere of Eurasia - part of which is the Aegean Sea microplate - has formed an arcuate zone of
subduction along their boundary (Kokkalas et al. 2006). Thus, collision, convergence and subduction
of the Africa plate beneath the southern Aegean Sea plate has formed the Hellenic Arc, an arcuate
depression and a zone of active seismicity which extends along Western Peloponnesus and continues
along the islands of Kythera and Antikythera to southern Crete, then eastward towards the island of
Rhodes and Western Turkey. Paralleling the Hellenic Arc is the arcuate Volcanic Arc, which includes
the volcanoes of Methana, Milos, Santorin, Colombo and Nisyros.

3.3 Rates of Convergence and Crustal Kinematics Along the Southern and Southwest Segments
of the Hellenic Arc

The seismotectonics of Greece's southwestern and southern region are controlled primarily by
the interaction of the Africa tectonic plate with the small Aegean Sea plate along the Hellenic Arc.
The kinematics of Central Greece with respect to Europe and the implications for the tectonics of the
eastern Mediterranean region have been determined with geodetic measurements (LePichon et al.,
1995). Most of the earthquakes near the Hellenic Arc are shallow but further away from it, the focal
depths are intermediate. The rate of subduction along the Hellenic Arc is estimated to be 35-40
mm/year (Reilinger et al, 1997). Most of the earthquakes that occur west and northwest of Crete near
the Hellenic arc plate boundary are relatively shallow, with focal depths of less than 50 km (Pararas-
Carayannis, 2000).

Differences in the rates of extension of two adjacent major segments of the external Western
Hellenic Arc have created the Kythera Strait - a zone of complex, active, transform-extensional
deformation and rotation (Lyberis et al., 1982). Oblique, en echelon, normal faulting indicates a
pattern of dextral deformation. The seismic slip along the Kythera Strait is estimated at about 30
mm/yr (Papadopoulos 1989). With such high rate of seismic slip, the Kythera Strait can generate
large, shallow and intermediate-depth earthquakes - with magnitudes of up to about 8.0 (Papazachos,
1996; Papazachos and Papazachou, 1997). A recent earthquake in January 8, 2006 along the Kythera
Strait deformation zone had a focal depth of 48.4 km, which is close to the upper limit for
intermediate earthquakes in this region. The focal depth was too deep for the generation of a tsunami
(Pararas-Carayannis, 2006).

Most of the earthquakes in this particular region of the Greek Arc involve reverse as well as
strike slip motion and some normal faulting motion. For example, the last major earthquake of
January 8, 2006 in the Kythera Strait deformation zone, involved inverse but mostly lateral
movement. As a consequence of this particular earthquake, it is estimated that the African plate
moved in a northern direction by about 90 centimeters in relation to the Aegean Sea plate and to have
subducted beneath it, while the Aegean plate continued its counterclockwise rotational movement
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The long duration of the shaking (about 30 seconds) indicated a long rupture of perhaps as 50-60 km
or even more (Pararas-Carayannis, 2006).

3.4 Seismicity and Tsunami Generation Along the Hellenic Tectonic and Volcanic Arcs

As stated, the Hellenic Arc in the southern Aegean Sea is created by the collision and
convergence of the two great lithospheric plates of Africa and Eurasia with the Aegean microplate and
is characterized by a zone of active seismicity which extends from the lower Ionian Sea islands and
Western Peloponnesus, along the islands of Kythera and Antikythera to west side of southern Crete,
where it changes to an eastward direction, continuing to Rhodes and Western Turkey. Different
segments of this active boundary include the Hellenic Trough, the Strabo Trough, the Trough of
Rhodes and the Pliny Trench. (Jackson, 1994; Westaway, 1994).

Thousands of earthquakes of all sizes have occurred in this region throughout recorded history
(Pararas-Carayannis, 2001). Each segment of the Hellenic Arc is capable of producing major or even
great earthquakes and destructive tsunamis. However, the crustal block that extends from the islands
of Kythera/Antikythera islands to southwestern Crete appears to be the source region of great and
very destructive earthquakes and tsunamis. This is the tectonic block where on July 21, 365 AD the
great earthquake generated a mega tsunami in the Eastern Mediterranean. However, there have been
many more historic earthquakes in the region and some have also generated destructive tsunamis.
The following section reviews briefly the historical records and recent accounts of historical
earthquakes and tsunamis in the region, but mainly in Greece.

3.5 Historical Earthquakes and Tsunamis in Greece and the Eastern Aegean Region

Of a total of 613 known historic earthquakes, at least 41 major events generated documented
tsunamis that struck coastal areas of the Greek mainland and the Aegean islands. Sixteen of these
earthquakes resulted in really damaging or disastrous tsunamis. Between 1801 and 1958, 482
earthquakes with intensity equal or greater than VI, and 170 with intensity greater than VIII occurred.
Twenty of these earthquakes resulted in tsunamis and six of these tsunamis were particularly
damaging or disastrous in the Aegean and the Eastern Mediterranean Sea (Galanopoulos, 1953, 1960).
Thus, the occurrence of large tsunamis is quite usual for the Eastern Mediterranean and the Aegean
Sea. Most of the large historical earthquakes are associated with the seismic zone of the convex side
of the Hellenic arc (Hellenic Trench) (Papazachos et al., 1985, 1986). Also, extension and normal
faulting within the Aegean plate are consistent with a NE-SW trending graben along which the
Santorin volcanic field developed. Most of the larger destructive tsunamis in Greece in recent years
have originated from this region of the volcanic arc, near the island of Santorin (see map, Fig. 2).

There is also substantial historical evidence that large earthquakes near the island of Crete were
responsible for the destruction of the Minoan palaces on the island, including Knossos. The first major
destruction of the Palace of Knossos by earthquakes occurred around 1720 BC. After the palace was
rebuilt and restored to its original splendor, it was again destroyed by the earthquakes of the
fourteenth century BC (Pararas-Carayannis, 1974, 2001). Subsequent earthquakes were responsible
for further destruction.
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A number of catastrophic tsunamis were generated from these early earthquakes and from the
gradual collapse of the Santorin volcano over a period of time. The final explosion and collapse of the
volcano of Santorin in 1625 BC generated a much larger tsunami, or a series of tsunamis, that
inundated the coastal towns of Crete and acted as the catalyst in the declination of the Minoan
civilization (Pararas-Carayannis, 1973). There is conclusive archaeological evidence that Minoan
cities on the north and east coast of the island of Crete were also struck by huge tsunami waves
(Marinatos, 1939). These included Amnisos, Malia, Niron Chani, Psira, Ghoumia, and Zakros.

Nothing is definitely known about the height of the Bronze Age tsunami on other Aegean
Islands but estimates were made based on field-collected data. A rough estimate of the Santorin
tsunami at Anaphi island, the closest to the origin, was extrapolated from the 7 m tsunami (corrected
for eustatic change), as documented at Jaffa-Tel Aviv, 900 km away (Pararas-Carayannis, 1992). This
estimate was based upon geometrical dispersion, neglecting effects of refraction, diffraction, or
resonance, and resulted in an estimated height of 42 m, consistent with the 40-50 m elevation at which
pumice deposits were found by Marinos and Melidonis (1959). The highest possible tsunami wave at
the source could not have exceeded 50 meters (Pararas-Carayannis, 1992). Following the eruption
and collapse of the volcano of Santorin many more tsunamis occurred in the Aegean Sea. For example
and as discussed in detail in subsequent sections of this report, the 365 AD earthquake along western
Crete generated the most destructive tsunami in the Eastern Mediterranean region. However, there
were many more destructive tsunamis subsequently.

For example, on 26 September 1650, a destructive earthquake was accompanied by a
submarine explosion from the Colombo Volcano, whose crater lies in the sea on the northeast of the
island of Santorin. There was a devastating tsunami observed on the island of Ios, north of Santorin,
and waves of up to 16 m were reported. In 1672, the islands of the Cyclades, and particularly
Santorin, were again shaken by an earthquake. The island of Kos, to the east, was reported to have
been swallowed up presumably by the resulting tsunami.

The best documented and most recent tsunamigenic earthquake in the Aegean Sea is the one
that occurred on 9 July 1956 near the southwest coast of the island of Amorgos, killing 53 people,
injuring 100, and destroying hundreds of houses (Galanopoulos, 1957). The earthquake resulted in a
region of Central Greece along the Aegean/Anatolian microplates, which is associated, a mixed type
of contractional-extensional deformation along WNW-trending faults (Fig. 5). Crustal deformation in
this region of the Aegean Sea appears to be controlled both by rollback of the subducting slab and by
the lateral extrusion of the Anatolia plate (Kokkalas et al., 2006). Apparently, earthquakes along these
WNW-trending faults in the Aegean Sea can generate unusually destructive tsunamis. The waves of
the 1956 tsunami were particularly high on the south coast of Amorgos and on the north coast of the
island of Astypalaea. At these two places the reported heights of the tsunami were 25 and 20 m,
respectively (Galanopoulos, 1960).

These are only a few examples of earthquakes and tsunamis generated in Greece and the
Eastern Mediterranean region. There have been many more on the Greek mainland as well as in the
Aegean and Ionian Seas and the Gulf of Corinth. The latest destructive earthquake and tsunami in the
Gulf of Corinth occurred on February 24, 1981 near the Alkyonides Islands.
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Figure 5. Generating area and travel time chart of the Tsunami of July 9, 1956 in the Aegean Sea near
Amorgos Island (http://tsun.sscc.ru/MED/Med_tsu6.htm)

3.6 Earthquakes and Tsunamis along the southwestern segments of the Hellenic Arc.

The Kythera Strait is a zone of active deformation with particularly high seismic potential. The
historic record indicates that many large earthquakes have occurred in this region in the past.
Unfortunately, there is no adequate documentation for events prior to 1750. Some of the earliest
known, large earthquakes occurred in 66 AD, in 365 AD, in 800 AD and in 1303 AD.

The occurrence of a large tsunamigenic earthquake in the year 800 AD remains questionable. It
may have been confused with an earthquake, which occurred in 796 AD. It must be assumed that if
indeed such earthquake occurred - whether in 796 or in 800 AD - it must have generated a destructive
tsunami that struck Ancient Skandia (present Palaiopolis) and other coastal settlements on the island
of Kythera (Fig. 6) (Pararas-Carayannis, 20006).

In 1629 or 1630 AD an earthquake in the Kythera Strait generated a tsunami. Serious damage
and some deaths occurred at Heraklion and elsewhere in Crete. No details are available on whether
the damage and the deaths on Crete were caused by the tsunami or what the effects of the earthquake
and of the tsunami were on Kythera Island. Another strong earthquake in the Kythera Strait on 6
February 1866 generated a tsunami. There was significant earthquake damage to Kythera Island. The
tsunami reached a run-up height of 8 meters at Avlemonas on the eastern side of Kythera Island and
caused damage to houses (Fuchs, 1886; Leonhard, 1899).
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Figure 6. Massive coastal edifice failures on the east coast of Kythera Island, near the site of Ancient
Scandia (present Palaiopolis), which was destroyed by tsunamis (photo: G. Pararas-Carayannis)

Also, a strong earthquake on 20 September 1867 with epicenter near Mani in south
Peloponnesus generated a strong tsunami. There was heavy damage in Peloponnesus and slight
damage at Kythera. The tsunami affected coastal areas at Kythera, Crete and Cyclades and reached
islands in the Ionian and south Adriatic seas (Papazachos and Papazachou, 1997).

On 27 August 1886, a large destructive, earthquake in SW Peloponnesus generated a local
tsunami (Papazachos and Papazachou, 1997). The quake was slightly felt at Kythera (Galanopoulos,
1953). No details about the tsunami are available. The previously mentioned 9 July 1956 tsunami
generated near the southwest coast of the island of Amorgos, must have struck the island of Kythera
but no details are available.

There is better documentation for the more recent events. At least ten strong earthquakes were
documented for the period from 1750 to 1910 with magnitudes Ms+6.0 or more. The mean recurrence
was estimated to be of about 18+18 years (Papadopoulos & Vasssilopoulou 2001). Best known of the
more recent events is the destructive Kythera earthquake of 11 August 1903. No details of a tsunami
are available but it is believed that at least a local one occurred.

After 1910, when systematic instrumental seismic recording begun in Greece, the
documentation of earthquakes in the region improved. Since 1910, the Institute of Geodynamics,
National Observatory of Athens, recorded three strong earthquakes in the Kythera Strait - on March
18, 1937 (Ms = 6.0), on June 21, 1984 (Ms = 6.2), and November 21, 1992 (Ms = 6.5).
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Recently, a historical data bank of earthquakes in the region was compiled from various sources
in support of an experimental regional tsunami warning system for the Kythera Strait (Papadopoulos
& Vasssilopoulou 2001). The catalog of historical earthquakes for the region of Kythera Island that
shows about 55 events. Some of these earthquakes generated tsunamis. Most noteworthy of the
earthquakes that were destructive at Kythera are the following:

An earthquake on June 7, 1750 killed about 2,000 people at Kythera and caused considerable
destruction on the island. As mentioned, a major earthquake (Ms about 7.9) on August 11, 1903 - with
epicenter at sea south of Kythera - devastated the island. The shock was felt throughout Greece and as
far away north as Trieste, as well as in South Italy, Egypt and Turkey. The quake killed four people,
injured another ten and inflicted heavy damage on Kythera. Hardest hit on the island was the village
of Mitata, which is located on ground consisting of alluvial deposits. A church and a school building
collapsed and about 80 houses were damaged or destroyed. Also destroyed were the villages of
Variadika and Kapsali. Many houses were destroyed in Avlemona (Papazachos and Papazachou
1997). Also, extensive damage occurred in Peloponnesus (Leonidio Kynourgia, Corinth), in the island
of Santorin and as far away as Southern Italy and Sicily.

4. THE EARTHQUAKE OF 365 AD

The epicenter of the July 21, 365 AD earthquake main was near western Crete, close to the
leading edge of the subduction boundary where the African tectonic plate pushes beneath the Aegean
plate along the Hellenic Arc. The leading edge zone is close to the Ionian Sea islands of Kefalonia,
Zakynthos, and Lefkas and to southern Peloponnesus, the islands of Kythera, Antikythera and Crete,
where strong, frequent, destructive, shallow earthquakes have occurred throughout recorded history —
most having focal depths usually varying from 0-60 km (Papazachos and Papazachou, 1997; Pararas-
Carayannis, 2001).

Based on crustal displacements and intensities, the magnitude of the great earthquake has been
estimated to be 8.3 and is believed to have been the strongest ever in the Eastern Mediterranean
region. Peak accelerations in the epicentral region and along certain areas covered with alluvial
deposits, may have been as much as 1g, which would be consistent with recorded peak accelerations
of recent earthquakes elsewhere. Based on field studies on western Crete, the earthquake had an
estimated minimum seismic intensity of XI on the Modified Mercali scale in the immediate area.
Although not reported in historical records, there must have been numerous aftershocks with
magnitudes ranging from Ms=6 or more in the hours, days and months following the main shock.

4.1 Estimated Duration of Ground Motions

The historic records are unclear as to the duration of the strong ground motions and appear to
group the main shock and subsequent strong aftershocks into one event. However, given the
earthquake's estimated magnitude of 8.3, its shallow focal depth, its estimated length of rupture at
almost 180 kms and a rupture rate estimated at 3.3 km per second, the overall duration of the main
365 AD quake could have been as long as 55 to 60 seconds or perhaps more, with possibly one or
more brief interruptions (Pararas-Carayannis & Mader, 2010). The main event was probably followed
by one or more separate sub-event ruptures on adjacent faults that could have been separated in time
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by seconds or minutes, so the overall duration of ground motions would have seemed longer - as
indeed reported in the ancient texts. Major aftershocks probably continued for hours, days, weeks and
even months, before diminishing in strength.

4.2 Crustal Displacements

The main quake contributed to significant crustal uplift and subsequent aftershocks or separate
earthquakes along adjacent fault zones contributed to significant subsidence. Recent satellite images
(Fig. 7) indicate that indeed there was extensive gravitationally driven settling along southwestern
Crete, following this 365 AD earthquake or perhaps other subsequent major earthquakes in the region.
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Figure 7. Google imagery of Southwestern Crete shows an arcuate subsidence of a large landmass on
the southwestern end of the island.

Unfortunately, the historical writings do not provide any reliable data as to the chronology of
events and the specific geomorphological changes associated with the 365 AD earthquake or the
subsequent events. However, there have been numerous scientific and archaeological field
investigations of raised shorelines and submerged ancient harbors of the Eastern Mediterranean that
are indicative of major crustal displacements associated with significant earthquakes during the 4™, 5™
and 6™ Centuries AD (Thommeret et al. 1981, Flemming & Pirazzoli, 1981; 1996; 1999; Pologiorgi,
1985; Pirazzoli, 1999). For example, on the island of Antikythera there is evidence of crustal uplift
that ranged between +1.0 and +2.7 m, estimated to have occurred sometime between 311 AD and 539
AD.
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The 365 AD earthquake may have been a major contributing event to this uplift. The quake
resulted in considerable upward crustal movement on the extreme western area of the island of Crete

(Fig. 8).
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Figure 8. Ancient Falasarna on the Gramsvoussa Peninsula of Western Crete where maximum crustal
displacements were determined.

Field studies of salt deposition and of erosional features indicate that the upward crustal
displacements raised the land by as much as 6.66 meters on the average above the ancient sea level
(corrected for eustatic sea level variation). Maximum uplift in one area was as much as 9.9 meters
witch would correspond to a seismic moment of about 10* dyne-cm — a rather unlikely high energy
release for earthquakes in the region. Whether the total uplift occurred as a result of the 365 AD
earthquake seems improbable. Additional radiocarbon dating, geomorphology of shorelines along
southwest Crete and GPS measurements support that substantial crustal displacements resulted form
the 365 AD earthquake and subsequent large earthquakes within a 10 year period after this event.
Furthermore, based on surveys of sediment distributions, the horizontal crustal displacements are
believed to have ranged from Im to as much as 20 m on certain areas. As mentioned earlier, satellite
imagery shows also that subsidence of a large land mass along the southwestern region of Crete, but
possibly at different times.

The crustal displacements caused by the 365 AD earthquake are examined in greater detail in
subsequent sections pertaining to the quake impact on Western Crete and displayed graphically in the
section pertaining to the tsunami generation area and its estimated dimensions.
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4.3 Early Byzantine Tectonic Paroxysm - Stress Transference and Seismic Clustering

The 365 AD earthquake was an exceptional episode of sudden strain release over a very wide
area along the Hellenic Arc. Apparently, it resulted in significant stress transference to other segments
near the western and southern boundaries of the Anatolian—Aegean plate, which were activated and
subsequently triggered other destructive earthquakes. There was unusually high seismic activity and
clustering in Greece and the entire eastern Mediterranean region during the 4", 5™ and 6™ centuries
AD (Stiros, 2001), characterized as the "Early Byzantine Tectonic Paroxysm" (Pirazzoli, 1996;
Pirazzoli et al. 1990).

5. IMPACT OF THE 365 AD EARTHQUAKE ON THE ANCIENT WORLD

Swarms of strong earthquakes appear to have occurred even earlier in the Eastern
Mediterranean region at different periods of time and had great impact on ancient civilizations. For
example, swarms of earthquakes and tsunamis in the 17" Century BC near Crete destroyed the
Minoan palaces at Knossos, Agia Triada and Phaestos and the port facilities (Pararas-Carayannis,
1973, 1974, 1992, 2001). The palaces were rebuilt after the 17" Century destruction, but were
partially destroyed once again by the tsunamis generated by the 1625 BC explosion/collapse of
Santorin (Thera) volcano and its subsequent massive flank failures. It is believed that the 365 AD
earthquake and tsunami caused further destruction to the remnants of the ancient Minoan palaces on
Crete.

According to historic records, the 365 AD earthquake along the western side of Crete was felt
throughout Eastern and Western Mediterranean and as far away as the eastern coast of Spain,
particularly in the area where present Malaga is located. However, some of the records and
subsequent references to them amalgamated and grouped all events together during that period as
being caused by the 365 AD — thus clarifications are needed. For example, some of the historic
records indicate great destruction along Eastern Sicily, the islands of Aiolou and in Calabria. In
reality, however, destruction at these locations was caused by a strong earthquake, which had its
epicenter near Aspromonte. However, coastal areas at these locations were struck by the 365 AD
tsunami, which caused great destruction. Similarly, some of the ancient writings report erroneously
that the destruction of the Greek colony of Cyrene (in present Libya) was also caused by the 365 AD
earthquake, when in reality it was caused by an earthquake, which occurred shortly after 365 AD.
Similarly, earthquake destruction in Ancient Nicomedia and Ancient Vithinia on Asia Minor was
caused by local earthquakes in 358 AD and 362 AD. Also, destruction in Ancient Nikaia and in
Constantinoupolis resulted from local earthquakes in 368 AD. In Palestine, a destructive earthquake
occurred in 363 AD near Jerusalem. Finally, Ancient Pafos and Ancient Courion on Cyprus, were
destroyed by a several earthquakes near the island in 365 AD, but not by the July 21, 365 AD
earthquake near Crete.

The combined impact of the earthquake and tsunami were described by historian Ammianus
Marcellinus (Roman History, Book XXIII, 6:32-36) as the “destruction of all the world”. Other
historians referred to this event as a disaster of biblical proportions. More importantly, this disaster
occurred at a very critical time in history when the Roman Empire was slowly hemorrhaging with

Science of Tsunami Hazards, Vol. 30, No. 4, page 267 (2011)



wars and political conflicts. Thus, the great devastation caused throughout the region by the
combined effects of the earthquake and the tsunami, were major factors in the declination and
eventual collapse of the Roman Empire. Many of the cities that were destroyed were never rebuilt.
Some of the less-impacted cities did not adequately recover. Thirty years later, in 395 AD, the Roman
Empire split between the East and the West (the Byzantine Empire), thus loosing considerable
influence and power grip in the region.

As stated there is ample historical information about the impact of the 365 AD earthquake as
having occurred “everywhere" (Theofanis). Reportedly, strong ground motions were felt as far away
as Dalmatia, Sicily, Libya, Cyprus and parts of Egypt and Palestine. The quake’s greatest intensities
occurred on Crete, Peloponnesus and many other regions of Greece, where many cities were
destroyed, with the exception of Athens and other cities in Attica which were spared - allegedly
because at the time celebrations in honor of hero Achilles were being held (Zosimus of Panopolis).

5.1 Earthquake Impact on Peloponnesus

Closer to the epicentral region, the ground motions were reported to be extremely intense. The
earthquake destroyed the city of Patras (Triantafillos, 1959). There was extensive destruction of
Ancient Gortyna on Peloponnesus and ten other cities (Perrey, 1848; Sieberg, 1932; IManal&yoc B. &
Mamalyoc K, 1989).

5.1.1 Earthquake impact on Ancient Olympia

Ample historical evidence confirms that strong earthquakes during this period greatly affected
Ancient Olympia, the site where the Olympic games were held and where the famous Doric Temple
of Zeus - erected in 456 BC. Accordingly, there was extensive destruction to many of the buildings,
walls, supports and columns of buildings at the sacred city of Olympia and at the Doric temple of
Zeus (X, 1886,1887; Pararas-Carayannis, 2006). However, according to the historical records at
the Museum of Ancient Olympia, earthquakes in 522 AD and 551 AD destroyed the temple, but no
details are provided as to the specific damage caused by the 365 AD earthquake.

To help clarify ambiguities in the historic record as to the destruction of the Temple of Zeus and
as to the 365 AD earthquake impact on other structures, a field investigation was undertaken. Its
purpose was to determine to examine and map the directionality of failure of the temple’s main
columns and to estimate the ground accelerations that could have toppled the massive Doric columns
(Fig. 9) (Pararas-Carayannis, 2007).

The orientation of the fallen columns indicated that the final toppling was caused not entirely by
the 365 AD earthquake, as originally believed, but by a quake that had an east-west orientation. Thus,
the earthquakes of 522 AD and 551 AD may have been partly the cause. These probably occurred
near the Gulf of Corinth, to the north of Ancient Olympia, perhaps along the same fault zone that
resulted in the destruction of Ancient Elike in the Gulf of Corinth by a great earthquake in 373 BC.
The complete loss and disappearance of Elike was probably due to an associated coastal landslide
triggered by such earthquakes, somewhere east of the present city of Aigion (Fig. 10). Although the
365 AD earthquake caused considerable destruction in Ancient Olympia, the quakes of 522 AD and
551 AD were closer and must have been responsible for most of the damage to the Temple of Zeus.
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Further field investigation of the morphology of the coastline and of bathymetric charts indicated that
many landslides have occurred in the past in the Gulf of Corinth — some without an associated

earthquake - and in fact have generated destructive local tsunamis, in recent years (Pararas-
Carayannis, 2007).

o T AN SRRy :
Figure 9. The directionality of failure of the Temple of Zeus massive Doric columns at Ancient
Olympia provided clues as to intensity, maximum probable ground accelerations and source origin of
the earthquake that caused their toppling (Photo G. Pararas-Carayannis).
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Figure 10. Major faults along the Gulf of Corinth. The lost Ancient Elike was east of the present city
of Aigion, along a zone of parallel faults on land and at sea that have generated destructive local
tsunamis.
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5.1.2 Earthquake Impact on the Islands of Kythera and Antikythera

No documentation was found in any of the ancient records pertaining to the 365 AD
earthquake’s impact on the two islands. Although the historical record does not provide any
information, because of the close proximity to the source region, both islands must have been greatly
impacted. Ancient Scandia (present Palaiopoli) had been destroyed in the past by earthquakes and
tsunamis and must have been devastated again by the 365 AD earthquake (Pararas-Carayannis, 2006).
Similarly, Kapsali and other ancient settlements on Kythera Island must have sustained great
destruction (Fig. 11).

latia Ammos

Fig. 11. Map of Kythera Island. Ancient Scandia (present Paleopoli), Kapsali and other ancient
settlements were destroyed by past earthquakes and tsunamis
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5.1.3 Earthquake Impact on Crete

The impact of the great 365 AD earthquake on the island of Crete was described by the sophist
Libanius, as “originating from beneath the seas and causing huge and devastating waves that swept
over the island”. Knossos was practically leveled by the earthquake. Most of the destroyed cities on
Crete were subsequently abandoned (ZavOovAldnc, 1925). A history of Crete states that in the year
360 AD the ancient city of Pannona (now known as Boulismeni) was destroyed by a terrible
earthquake (Kpi&png, 1930, 1937). Apparently the year given is wrong since this event occurred on
July 21, 365 AD (Julian Calendar).

Western Crete and Ancient Falasarna - Crustal uplift rendered Ancient Falasarna on the
western end of the Gramvoussas Peninsula unusable as a port and thus the city declined in importance
after the 365 AD earthquake (see Fig. 8) (Frost, 1989, 1997; Hadzidaki, 1988, 1996; Frost &
Hadjidaki, 1990). Archaeological investigations (Flemming and Pirazzoli, 1981) of submerged
ancient harbors identified an uplifted jetty of the port of Ancient Falasarna made of "unhewn blocks"
(Fig. 12).

Figure 12. Uplifted jetty of "unhewn blocks” of the harbor of Ancient Falasarna, a stopover port used
by ships sailing from Alexandria to Rome.

Remains of marine fauna on these blocks of Ancient Falasarna were found at heights of as
much as 6.5 meters above sea level, inferring that this must have occurred since the second or third
century AD, when this ancient town was flourishing and its harbor was still functional (Pologiorgi,
1985). A maximum uplift of about 9.9 meters over a smaller area near Ancient Falasarna has been
dated to have occurred between 261 and 425 AD and attributed to probable co seismic movement
accompanying the 365 AD earthquake (Pirazzoli et al., 1992). Also, uplift ranging between 0-9 meters
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was observed along a distance of more than 100 km of the western part of the island of Crete.
Radiometric data supported that it must have occurred around AD 370+52 (Thommeret et al. 1981,
Pirazzoli et al. 1992). However, Western Crete was found to be clearly free of any isostatic or
volcanic effects and, consequently, the possibility of any aseismic slip or of any non-tectonic effects
have been ruled out (Stiros and Papageorgiou, 2001). The biological observations provided additional
evidence that very rapid crustal movements had taken place during the 4™ and 5™ Centuries AD period
(Laborel and Laborel-Deguen, 1994; Pirazzoli et al., 1996). More than likely, these resulted from the
365 AD earthquake.

5.1.4 Earthquake Impact on Ancient Cyrenaia (Libya) and North Africa

Because of the great epicentral distance from the source region along western Crete, it is
doubtful that Ancient Cyrenaia and other settlements of northern Africa were greatly affected by the
365 AD earthquake. Large parts of the Greek ancient city of Apollonia, in Cyrenaia (near the city of
Susa in present Libya), could not have been greatly affected by the ground motions of this particular
365 AD earthquake — as claimed in historical records — because of the great distance from the source
region. However, the city was impacted in the past by local earthquakes (Fig. 13) and coastal areas
must have sustained destruction from the 365 AD tsunami.

Figure 13. Earthquake destruction of a theater in the ancient Greek city of Cyrene in Libya, by an
earthquake that occurred shortly after the 365 AD earthquake. However Cyrene was severely
damaged by the 365 AD tsunami.
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5.1.5 Earthquake Impact on Cyprus

Destructive earthquakes have struck the Island of Cyprus over its long history and destroyed
many of its towns and villages. However, the level seismic activity in the Cyprus region is
significantly lower than that in Greece and Turkey. According to recent studies, there have been about
30 destructive earthquakes of intensity 8 or above on the Mercali scale from 1500 AD to the present
time (Kythreoti and Pilakoutas, (?)). Most of the local earthquakes are concentrated along the south
coast, along the tectonic zone known as the Cyprian Arc. However, the chronology of destructive
earthquakes on Cyprus is not clear in historical records, although it is believed that the ancient cities
of Pafos on the eastern coast and Courion on the southern coast of the island were severely impacted
by earthquakes in the past (Fig. 14).
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Figure 14. Map of the Island of Cyprus where Ancient Pafos and Ancient Courion (presently Episkopi) are
located.

Ancient Pafos - Recent papers are unclear and state that Ancient Pafos was leveled by
earthquakes in 365 AD, but without clarification as to whether it was the July 21, 365 AD earthquake
near Crete that caused the destruction. Also, there i1s no mention of a tsunami in these records.
However, because of the great epicentral distance of these two ancient cities on Cyprus from the
source region of the July 365 AD earthquake along western Crete, the 365 AD earthquakes that
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caused destruction on Cyprus, must have been separate events that either preceded or followed the
great earthquake on Crete. Destruction at Pafos by an earthquake in 365 AD earthquake reduced the
once big city into a small fishing village. It is very doubtful that the destruction was caused by the
quake in Crete — as postulated. Patterns of column failure orientation could help determine
directionality of maximum ground waves and the earthquake source responsible for the destruction of
the city (Fig. 15).
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Figure 15. D afos on the Island of Cyprus by local earthquakes.
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Ancient Courion - Historic records show that five strong earthquakes during a period of eighty
years destroyed Ancient Courion on the southern coast of Cyprus (presently town of Episkopi). A
report published in a magazine (July 1988 issue of National Geographic) by an archaeologist claims
that Ancient Courion was destroyed by the July 21, 365 AD earthquake. This is an erroneous report as
the epicentral distance from Western Crete to Cyprus was too great to have caused the reported
seismic destruction. However, as discussed in a subsequent section, the tsunami of July 21, 365 AD,
which originated near Crete must have caused substantial destruction to the coastal area of the city.

5.1.6 Earthquake Impact on Egypt and the Nile Delta

The historic record is unclear as to what impact the 365 AD earthquake had on Egypt and the
Nile Delta. The only known account is the one provided by the Roman historian Ammianus
Marcellinus and is limited to a description of events in Alexandria. However, the historic record
indicates that Egypt — and Alexandria specifically - has been affected by about twenty-five destructive
earthquakes. Nine of these quakes originated from sources near the city, fourteen from distant
locations along the Eastern Mediterranean — probably from the vicinity of the Hellenic Arc - and the
rest from unspecified sources (Ambraseys et al., 1994; El-Sayed et al., 2000). Archaeological studies
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indicate that the port of Alexandria at Faros Island had been partially submerged (Jondet, 1916),
perhaps due to slippage and subsidence triggered by local earthquakes. Also, there are accounts
stating that Alexandria and the Nile Delta have been affected by large, distant earthquakes originating
in the Red Sea and the Gulf of Agaba (Maamoun et al., 1984; Kebeasy, 1990).

The seismicity along the coastline of Egypt ranges from low to medium. Local earthquakes can
have magnitudes up to Ms=6.7. Earthquakes near Egypt and the Nile Delta have caused extensive
destruction in the past. Given the alluvial character of sediments in the region, ground motions are
usually enhanced and also cause slippage along two prominent subterranean layers that contain high
amounts of clay. Thus many antiquities from the Pharaonic and Hellinistic periods have slid into the
sea. A rising sea level due to eustatic changes has also contributed to the submergence of ancient
structures along the Nile Delta coast.

Alexandria — To what extent Alexandria was affected by the 365 AD earthquake is unclear.
The city suffered great losses in the past due to earthquakes after its being founded by Alexander the
Great in January 331 BC. Its vulnerability to earthquakes can be attributed to its location on
sedimentary layers of the Nile Delta, which greatly enhance earthquake ground motions. The city was
established on a narrow strip of land bounded to the north by the Mediterranean Sea and to the south
by Lake Mareotis (Maryut), near the preexisting Egyptian settlement of Rakotis - a small port known
since Homeric times and used for trade with the Phoenicians and Cretans (Tzalas, 2000). Homer,
Herodotus, Thucydides and many other ancient writers had written about Rakotis. According to
Plutarch’s biography (Alex 26.4.1 - 26.8.1), Alexander the Great, having read their writings, was
fascinated by Egypt and decided to establish a model city at this site of Rakotis (Favard-Meeks &
Meeks, 2000). However the site turned out to be vulnerable to both earthquake and tsunami hazards.

The description below by the Roman historian Ammianus Marcellinus indicates that the 365
AD earthquake was strongly felt in Alexandria but he does not provide clear information as to any
damage caused by the ground motions — if any — and does not indicate how much later after the
ground motions were felt, the city was inundated by the tsunami. His account only states:

Slightly after daybreak, and heralded by a thick succession of fiercely shaken thunderbolts,
the solidity of the whole earth was made to shake and shudder, and the sea was driven away,
its waves were rolled back, and it disappeared, so that the abyss of the depths was uncovered
and many-shaped varieties of sea-creatures were seen stuck in the slime...... 7

Ammianus Marcellinus’ description is vague and implies effects of a local earthquake in
Alexandria, rather than effects caused by the 365 AD event, which originated along Western Crete.
Given the great epicentral distance from Egypt, ground motions at Alexandria would not have been
expected to be as strong as described, unless there was a separate concurrent or subsequent event.
However, it is possible that strong ground motions were experienced in Alexandria, probably
enhanced by the unconsolidated sediments.

Ammianus Marcellinus’ makes no mention of earthquake damage — only of the tsunami impact
on the city. Also, there is no mention in his or any other historical records of any damage from this
earthquake to the famous Lighthouse of Alexandria on the island of Faros. Apparently, the Lighthouse
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(Faros in Greek) - one of the seven wonders of the ancient world — was not affected by the 365 AD
earthquake. However, there is historical record that an earthquake in 796 AD caused damage and the
Lighthouse lost its 3™ floor. Also, a series of earthquakes between 950-956 AD contributed to further
damage. Another earthquake in 1261 destroyed further the structure and the 1303 AD earthquake,
destroyed it completely (XaAapii, 2007).

6. THE 365 AD TSUNAMI
6.1 Generating Region of the 365 AD Tsunami

Based on the well-documented uplift and distribution of crustal displacements on the island of
Crete as described earlier, it was concluded that the rupture of the 365 AD event occurred along a
major thrust fault with a strike of about N30°W and along two northern sub-faults that had a strike of
about N50°E. Based on the recent rupture modeling study (Papadimitriou & Karakostas 2007), the
overall rupture length for this event was re-estimated to have been as much as about 96 nautical miles
(177.8 km) (Pararas-Carayannis & Mader, 2010). Furthermore, by projecting the field measurements
of vertical crustal displacements on land from Crete and Antikythera Island into the sea, the area
affected by the earthquake was estimated to have elliptical dimensions with major and minor axes of
about 244 kms and 94 kms, respectively (Fig. 16). The total area affected was estimated to be about

72,019 km? (Pararas-Carayannis & Mader 2010).
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Figure 16. Crustal Displacements, Tsunami Generating Area (Pararas-Carayannis & Mader, 2010; mod. from
Papadimitriou & Karakostas, 2007)
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The tsunami source area was determined by deducting from the total area of 72,000 km? the
land area affected by the earthquake on Crete and the islands - estimated at 4,710 km®> - Thus, the
submerged portion that underwent vertical crustal changes was estimated to be at 67,290 km”. This
was the postulated 365 AD tsunami source region used for subsequent numerical modeling of tsunami
height attenuation with distance and for estimating offshore tsunami heights near the coastlines in the
Eastern Mediterranean region which were impacted by the tsunami (Pararas-Carayannis & Mader
2010).

The volume of displacements for that particular source area was used to estimate the portion of
total earthquake energy that contributed to the generation of the tsunami. Since the total volume of
displacements - the volume of the estimated isopach on land - was estimated to have been 6.63 km®
and the overall total volume of the earthquake displacements - total isopach — was estimated at 16.929
km’, the 365 AD tsunami was generated by ocean floor displacements of about 10.299 km®, which
would be the vertically displaced volume of water.

6.2 Numerical Modeling of the 365 AD Tsunami

Using the above postulated source dimensions of the 365 AD tsunami, a numerical modeling
study was conducted using the SWAN shallow-water numerical code which solves the long wave,
shallow water, nonlinear equations of fluid flow (Mader 2004). The modeling was based on a 600 by
280 grid and four-minute travel time increments and provided tsunami travel times, wave height
attenuation with distance and estimates of tsunami energy distribution. Figures 17 and 18 provide the
propagation of the 365 AD tsunami along the Eastern Mediterranean Basin at different time
increments after the earthquake. The numerical modeling study (Pararas-Carayannis & Mader, 2010)
showed that no tsunami energy reached the Western Mediterranean Basin, the upper Adriatic Sea or
the Northern Aegean above the latitude of the Sporades Islands. Figure 19 shows the locations and the
tsunami heights in the open sea near the regions, which were impacted by the 365 tsunami, as
documented by the historic records.

Figure 17. Propagation of the 365 AD tsunami along the Eastern Mediterranean Basin (33 min)
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Figure 18. Propagation of the 365 AD tsunami in the Eastern Mediterranean Basin. Time
increments 75, 117, 158 and 367 minutes after the earthquake. No tsunami energy reached the
Western Mediterranean Basin, the upper Adriatic Sea or the Northern Aegean above the latitude of
the Sporades Islands (Pararas-Carayannis & Mader, 2010).

7. IMPACT OF THE 365 AD TSUNAMI ON THE ANCIENT WORLD

The above-described numerical modeling studies (Pararas-Carayannis & Mader, 2010) indicate
that the 365 AD tsunami did not affect the Western Mediterranean Basin, the upper Adriatic Sea or
the Northern Aegean above the latitude of the Sporades Islands. However, coastal areas throughout
the Eastern Mediterranean region were heavily impacted by the tsunami, thus validating historical
accounts of extensive destruction to cities including Eastern Sicily, the islands of Aiolou and the
coastline of Calabria. Also they validate that the tsunami must have caused destruction in Palestine,
South Asia Minor, Cyprus, the Nile Delta, Careen, Apollonia and elsewhere along North Africa.
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Indeed, as indicated by early historians, the tsunami affected the entire region. For example, historical
accounts (Givonnas et al) state that the earthquake “transferred much of its energy into the sea”.
From an excerpt of an ancient text it is also concluded that the tsunami affected both the southern
Adriatic Sea and the southern and central Aegean Archipelago (ZolWwrtac, 1902). Excerpts
(TCewpyr&dne, 1904) from previous writers (Theofanis, Kedrinos and Zissimos) described both
earthquake and tsunami effects. Several ancient texts tell of extensive destruction by the tsunami of
coastal cities on Peloponnesus, Sicily and Egypt as well as Kyrini, Faistos, Gortyna and Pafos in
Cyprus.
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Figure 19. Tsunami travel time and height attenuation at selected locations in the Eastern
Mediterranean Basin. Attenuated, offshore tsunami heights in meters and travel times in minutes
(Postulated source displacement 50m) (After Pararas-Carayannis & Mader, 2010).

According to the historical accounts, the sea withdrew then returned, flooding everything and
killing inhabitants of coastal areas in Dalmatia and Greece. There are accounts of sailors claiming that
while somewhere in the Adriatic Sea, suddenly the water depth was reduced and their ship sat on the
bottom and that a little later the water returned and refloated it. According to other historical accounts,
many places in Crete, Achaia, Biotia, Epirus and Sicily were lost due to great waves. Reportedly,
boats were thrown up on land and there was inundation of up to 100 stadia (18.5 km). However, such
extensive inundation could only be possible in the flat areas of the Nile Delta interconnected with
canals (Pararas-Carayannis, 2001).
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7.1 Historical Accounts of Tsunami Impact in Peloponnesus, Kythera Straits, Crete, Cyrenaia
(Libya), Alexandria, Cyprus, Palestine and Asia Minor.

Ammianus Marcellinus’ accounts of overall earthquake and tsunami effects are perplexing and
vague. Subsequent writers misinterpreted his description of events that preceded the tsunami as
having occurred near Alexandria, when in fact occurred elsewhere. For example, Ammianus
Marcellinus refers to the earthquake and the resulting tsunami in general and mentions that the waves
in Alexandria hurled huge ships nearly two miles from the shore. He alludes to the location and
occurrence of the disastrous events, by timing them with the first consulship of Roman Emperor
Valentinian - who was in control of the Balkans and the eastern provinces of the Roman Empire at the
time. Apparently his account refers to the general region and not necessarily to Alexandria. In view of
such inconsistencies, there is a need for clarification. Figure 20 is a Greek map of the Mediterranean
Sea showing primarily major ports that were either sunk (open circles) or elevated by earthquakes
(black circles), as well as ports that were subsequently buried (square blocks).
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Figure 20. Map showing ancient ports of the Mediterranean Sea. Most of the exposed ports on the

Eastern segment of the Basin are believed to have experienced the impact of the 365 AD tsunami.

Some of the ports dating back to the Hellenistic period are given with Greek names (Map source:
Xalopiy, 2007, after Marriner & Morhange, 2007).

7.1.1 Tsunami Impact in Peloponnesus
Ancient Methone - Several ancient coastal cities on Peloponnesus were severely impacted.
Ammianus Marcellinus specifically mentions in his description a Laconian vessel wreck near

Methone on Southern Peloponnesus - apparently carried a great distance inland by the tsunami. Based
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on the numerical modeling study, the maximum tsunami height at Ancient Methone is estimated to
have been 10-12 meters.

Ancient Olympia - None of the historic accounts makes reference to either earthquake or
tsunami damage at Ancient Olympia. However, a team of German geographers and Greek
archaeologists studying paleotsunamis, postulate that the tsunami of 365 AD had an impact on the site
and that it was buried by huge masses of marine sediment. Also the researchers cite as “clear
evidence” of the marine origin of the sediments, the presence of mollusc and gastropod shells and the
remains of abundant microorganisms such as foraminifera. Furthermore, in support of the tsunami
impact hypothesis at Ancient Olympia, the researchers advocate that these marine sediments were
transported inland at high velocity and high energy. Additionally, they reject the possibility that the
site was buried by sediments of the nearby flowing Kladeos River, since its flow is presently weak.
The scenario postulates that in 365 AD Ancient Olympia was about 8 kilometers from the sea and that
the tsunami rushed into the narrow Alpheios River valley - into which the Kladeos River flows - thus
flooding the site and burying with “marine” sediments.

This hypothesis of the 365 AD tsunami impact on Ancient Olympia is flawed and inaccurate for
many reasons and a complete rebuttal is under preparation. It will suffice to state that until its
excavation about 250 years ago, Ancient Olympia was indeed buried by flood deposits that were
several meters thick. Indeed these sediments contained mollusc and gastropod shells as well as
remains of abundant marine microorganisms. However, the construction of many of the structures of
lesser importance at Ancient Olympia, used columns and building blocks that contained marine
mollusc and gastropod shells and remains of micro-organisms such as foraminifera. These building
materials were probably mixed conglomerates mined and transported to Olympia from distant
locations — which were perhaps close to the sea. It is also true that the Kladeos River is now a stream
carrying little volume of water. However, it should be pointed out that Ancient Olympia is located at a
present elevation of about 33 meters above present sea level and that it is about 22 km from the
shoreline. The 365 AD tsunami generation area was far away from the Alpheios River valley on
Peloponnesus and because of its orientation, waves reaching it would not be expected to be high.
Furthermore, the Alpheios River valley is narrow, the depth of the river is shallow and most of the
energy of a tsunami would dissipate rapidly. Also, there has been a significant climate change in
Greece in the last two thousand years and River Alpheios had more substantial flow in the past. The
site of Ancient Olympia was covered by sediments, which were probably deposited by flash flooding.
The 365 AD earthquake did cause destruction at Ancient Olympia but the tsunami did not affect the
site, as postulated. The site of Ancient Olympia was covered by sediments many centuries after the 4
Century.

7.1.2 Tsunami Impact at Kythera and Antikythera Islands

There are no historic accounts on the impact of the 365 AD tsunami at Kythera and Antikythera
Islands. However the earthquake was particularly damaging and completely changed the
geomorphology of the area where the ancient port of Skandia was located (present Palaiopolis). In all
probability the port was completely destroyed by tsunami wave action. A recent field investigation
found evidence of coastal failures and subsidence near Palaiopolis. Also, there was evidence of
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tsunami inundation at Agia Pelagia, Kastri and Avlemonas, on the east side of the Island of Kythera
and at Kapsali on its southern coast (Pararas-Carayannis, 2006). Based on the numerical modeling
study, the maximum tsunami height of the 365 AD tsunami at Kapsali is estimated to have been 10-12
meters.

7.1.3 Tsunami Impact in Crete

Other than some generic comments, the historical records provide little information as to the
extent of damage in Crete. However, as mentioned in discussing crustal movements on western Crete,
the combined effects of the earthquake and tsunami resulted in the destruction of Ancient Falasarna —
a city founded in the 6th Century BC and an intermediate port for vessels sailing from Egypt to Rome.
Since the 365 AD earthquake raised the land by 6.66 m above sea level near the ancient city, its
harbor was rendered completely obsolete. Recent field studies and sedimentary analysis of the
embankments of the harbor channel at Ancient Falasarna, found evidence of intense seismic activity
and two tsunami deposits (Pirazzoli et al., 1992). The deposits correlate with earthquakes at circa 46-
66 AD and 365 AD respectively, which according to historical accounts were associated with
tsunamis (Guidoboni et al. 1994, Ambraseys et al. 1994). Because of the extensive crustal upthrust in
this region, it is estimated that the tsunami run-up did not exceed 9 meters in height.

7.1.4 Tsunami Impact on Cyrenaia (Libya) and North Africa

Again, the historic record does not provide any information on the 365 AD tsunami impact on
the coastal areas of Northern Africa. However the numerical modeling studies indicate that there must
have been maximum impact at Cyrenaia and that of the tsunami must have reached as much as 15
meters at Ancient Apollonia, near the town of Susa (present Libya) and at other North Africa
settlements.

Figure 21. Ruins of earthquake and tsunami destruction at Ancient Apollonia
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7.1.5 Tsunami Impact at the Nile Delta and Alexandria

Undoubtedly, the 365 AD tsunami had a severe impact across the entire Nile Delta coastal zone
- which extend for 240 km from Alexandria to Aboukir to Port Said. The region includes several
lagoons, canals and the lakes Idku, Burullus and Manzala, which are separated by the sea by barrier
islands and dunes (Fig. 22) (XaAapn, 2007; Wiegel, 2009).

Alexandria - An account by Kedrinos states that boats at the harbor of Alexandria suddenly sat
on dry land. His account probably is derived from ancient historian Ammianus Marcellinus, who also
stated that “when the curious crowd run to see the spectacle, the wave returned, drowning 5,000
people”. According to this historic account the “sea wave” was so high in Alexandria that it reached
tall structures, overtopped walls, flooded gardens and homes.
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The historic record indicates that Alexandria has been impacted by several earthquakes and
tsunamis in the last three thousand years. However, various archaeological sources (Ammianus
Marcellinus, 26.10.15-19; Sozomenus, Hist. Eccl.6.2) refer to the destruction of Alexandria by the
365 AD tsunami as the "day of horror” (Stiros, 2001). Also reported was that a large portion of the
Nile Delta was flooded. As stated, Amnianus Marcellinus documented fairly well the impact of the
tsunami in Alexandria but his description is vague as to how long after the earthquake was felt, the
first tsunami wave arrived and whether the destruction begun with this or from subsequent larger
waves. In his description of the 365 AD event, he stated:

On the 21st of July (365 AD), in the first consulship of Valentinian and his brother,
fearful dangers suddenly overspread the whole world, such as are related in no ancient
fables or histories.
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For a little before sunrise there was a terrible earthquake, preceded by incessant
and furious lightning. The sea was driven backwards, so as to recede from the land,
and the very depths were uncovered, so that many marine animals were left sticking in
the mud. And the depths of its valleys and the recesses of the hills, which from the very
first origin of all things had been lying beneath the boundless waters, now beheld the
beams of the sun.

Many ships were stranded on the dry shore, while people straggling about the
shoal water picked up fishes and things of that kind in their hands. In another quarter
the waves, as if raging against the violence with which they had been driven back,
rose, and swelling over the boiling shallows, beat upon the islands and the extended
coasts of the mainland, leveling cities and houses wherever they encountered them. All
the elements were in furious discord, and the whole face of the world seemed turned
upside down, revealing the most extraordinary sights.

For the vast waves subsided when it was least expected, and thus drowned many
thousand men. Even ships were swallowed up in the furious currents of the returning
tide, and were seen to sink when the fury of the sea was exhausted; and the bodies of
those who perished by shipwreck floated about on their backs or faces.

Other vessels of great size were driven on shore by the violence of the wind, and
cast upon the house-tops, as happened at Alexandria,; and some were even driven two
miles inland, of which we ourselves saw one in Laconia, near the town of Methone,
which was lying and rotting where it had been driven.

The description does not mention the time lapse between the described strong earthquake
ground motions and the arrival of the destructive waves in Alexandria. Furthermore the town of
Methone in Laconia was located on Southern Peloponnesus, far from Egypt.

The waves of the 365 AD tsunami arrived on the Alexandrian coast from a northwest direction,
so the island of Faros did not provide much protection to the city. The island had been given the name
“Faros” which in Greek means lighthouse — a term adopted worldwide for such beacons of navigation.
The entire Eptastadion area was flooded (Shaw et al., 2008). The Eptastadion was the causeway built
to connect the city to the island of Faros where the famous Lighthouse was located. Alexander the
Great’s architect Dinokratus, was responsible for its design and construction as well as of the city of
Alexandria. The name Eptastadion was derived from its length of seven steps, each of its seven steps
being 187 meters long. Its height above sea level is not known but apparently the tsunami waves
overtopped it completely. Sediments accumulated subsequently on both sides of the Eptastadion
formed a wider tombolo, which divided the city’s port into the East Harbor — also known as the
“Grand Harbor “- and West Harbor, also known as “Evnostos” (Xaiapii, 2007).

Although not mentioned in the ancient texts, because of the low topographical relief and the
many canals and river branches of the Nile (Jondet, 1921), it would be reasonable to conclude that the
tsunami more than likely flooded the wells, the 700 subterranean storage cisterns and the major canal
from a Nile tributary that provided Alexandria with its fresh water supply. Although not reported
inhistorical records, lack of fresh water probably contributed to more deaths due to epidemics in the
following weeks and months after the tsunami struck. Based on the numerical modeling study, the
maximum height of the tsunami in Alexandria was estimated at about 12 meters.
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Also there is no record that the 365 AD earthquake or tsunami caused any destruction to the
famous Lighthouse of Alexandria — one of the seven miracles of the ancient world and the symbol of
the city — which according to ancient writers was located on the east side of the island of Faros (Faros
of Alexandria) monument of Alexandria (Fig. 23).
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Figure 23. Map showing the Ancient City of Alexandria, The East and West Harbor and the most likely

location of Eptastadion - the causeway (blue band) connecting Ancient Alexandria to the island of Faros where
the famous Lighthouse was located. (source: Xalopi), 2007).
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7.1.6 Tsunami Impact at Cyprus and Palestine

There is no historical account of the tsunami impact on Cyprus and, as stated, the alleged
earthquake impact on the ancient coastal cities of Pafos and Courion must have been caused by other
365 AD local earthquakes and not by the one on Crete. However, both cities must have been greatly
impacted by the tsunami generated near Crete and a great deal of destruction must have occurred to
numerous other settlements, mainly along the western and southern coast of Cyprus. Numerical
modeling studies indicate that the tsunami along these coasts was as much as 8 meters in height.
Similarly coastal settlements on Palestine were struck by maximum tsunami waves estimated at 6-7
meters in height.

8. RECCURRENCE FREQUENCY OF GREAT EARTHQUAKES AND TSUNAMIS IN THE
EASTERN MEDITERRANEAN REGION

There is no sufficient record of historical data to conduct a meaningful statistical analysis of the
recurrence frequency of great earthquakes in the Eastern Mediterranean region. After the 365 AD
event, the last known great earthquake in the region occurred in 1303 AD, but this event is poorly
documented by historical records. However, based on these two events, the kinematics of collision of
the tectonic plates in the region and the large uplift and subsidence that occurred along western Crete,
it 1s estimated that such great tsunamigenic earthquakes occur approximately once every 800 years
along the Hellenic Tectonic Arc. Thus, another great earthquake and destructive tsunami similar in
severity as those of 365 and 1303 AD, is statistically long overdue. Given the increases of population
densities along coastal areas of the Eastern Mediterranean region, a tsunami generated by another
such great earthquake along the Hellenic Arc will be extremely destructive.

9. CONCLUSIONS

The present study reviews and comments on the validity of historical records and incorporates
the results of a numerical modeling study in estimating the spatial and temporal characteristics of the
365 AD tsunami. Although major earthquakes are frequent in the Eastern Mediterranean region, great
earthquakes and tsunamis as those of 365 AD are rare. There is no sufficient historical data, thus the
statistical recurrence frequency of such great disasters is difficult to estimate. Also, there are many
uncertainties about the relative motions between the tectonic plates of Africa and Eurasia and of the
crucial role the Aegean--Anatolian microplates play in the tectonic evolution of the Eastern
Mediterranean region. As stated, this evolution results from continuous continental collision,
subduction and crustal shortening processes. Given the seismotectonic history and estimated rates of
tectonic plate collisions, it is very likely that another destructive earthquake and tsunami similar to the
365 AD and 1303 AD events is statistically long overdue and very likely will occur again in the
region. Such great tsunamigenic earthquakes can be expected to occur every 800 years or so. A
similar disaster will have a devastating impact in the entire Eastern Mediterranean region. However,
the numerical modeling study indicates that such a tsunami will not be significant in the Western
Mediterranean Basin, the upper Adriatic Sea or the Northern Aegean above the latitude of the Sporades
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Islands (Pararas-Carayannis & Mader, 2010). In view of the great demographic changes and increase
of population in coastal areas, further research is needed for proper evaluation of the future impact
that a great tsunami will have in the region. Also, needed is the development of risk assessment
methodology that is based not only on the scant historical data, but also on assessing the present
vulnerabilities of coastal communities in the Eastern Mediterranean Basin.
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