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The eastern Mediterranean has long been shaped by the impacts of natural disasters, notably tsunamis and earthquakes,
with several major events recorded during the Late Roman and Byzantine periods (specifically between 300-551 CE). This
study focuses on the ancient anchorage at Porphyreon on the Phoenician coast and integrates results from numerical earth-
quake modelling with contextual geological and archaeological field studies. Here, we explore the high potential of correlat-
ing diverse records to discern specific signatures of past earthquake and tsunami events. Our study modelled 42 fault zones
located in the eastern Mediterranean to identify those capable of generating earthquakes strong enough to cause tsu-
nami-driven flooding and destruction at Porphyreon. Of the 42 scenarios analysed, twelve magnitude 7 earthquakes could
have potentially impacted the southern coast of Cyprus and the south-eastern Mediterranean coast in the Late Roman and
Byzantine periods. Our analyses identify a fault system that could have posed a major threat to the Phoenician coast during
the 551 CE earthquake, with calculated maximum tsunami wave heights exceeding 2.6 m. Our secondary outcome is the
identification of faults that remain capable of generating tsunami waves today, posing a continuing threat to the coasts of
Lebanon and Cyprus and their occupants.

Key words: palaeotsunami; tsunami modelling; ~300-551 CE earthquakes; Porphyreon/Phoenicia; Archaeology of Lebanon;
Late Roman and Byzantine periods.

INTRODUCTION offshore facies sequences (cf. Shanmugam, 2006; Shiki et al.,
2021), the intensive development of coastal settlements since

the onset of the Holocene has significantly increased the vul-

The eastern Mediterranean region has experienced numer-
ous catastrophic earthquakes and tsunamis throughout its geo-
logical and historical past, significantly impacting coastal settle-
ments and shaping human history. Coastal areas are routinely
inundated by storm, cyclone and, less frequently, tsunami
waves, events which have operated throughout geological his-
tory, albeit occasionally at catastrophic scales. While many
studies document such phenomena primarily in shoreface and
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nerability of human populations to these marine hazards (cf.
Scheffers and Kelletat, 2003; Shanmugam, 2012). In this study,
we integrate numerical tsunami modelling with contextual ar-
chaeological and geological data to investigate whether an ex-
treme marine event, which occurred sometime between
~300-551 CE, may have affected the coastal zone at
Porphyreon (modern-day Jiyeh; Fig. 1) an ancient anchorage
site situated on the Phoenician coast of Lebanon.
Multidisciplinary palaeotsunami research has become in-
creasingly critical to both geology and archaeology in recent de-
cades, offering insights into past coastal dynamics, disaster im-
pacts on ancient civilisations, and informing present-day haz-
ard assessments. The catastrophic tsunami that struck Suma-
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Fig. 1A - political map of the eastern Mediterranean, Lebanon area - in white, highlighted by outline (modified from

https://www.yourchildlearns.com/online-atlas/lebanon-map.htm),
ogy around the Porphyreon archaeological site (after Zumoffen, 1
photos in Figure 4

tra and the Indian Ocean rim on 26 December 2004 significantly
heightened awareness and intensified research efforts into tsu-
nami hazards, extending attention to the Mediterranean, and
especially the Eastern Mediterranean (host to major centres of
ancient civilisations), and its coastal communities. Many stud-
ies into tsunami hazards have emerged from this area, notably
from coastal regions of Lebanon (Sbeinati et al., 2005), the
Aegean coastlines (Papadopoulos et al., 2014; Altinok et al.,
2011), Israel (Salamon et al., 2010), southern Turkey (Bruins et
al., 2008), and the broader Levantine coastline (Marriner and
Pirazzoli, 2006).

Recent events, including the earthquake and tsunami that
struck Samos on 30 October 2020, and the devastating earth-
quake affecting the Turkish-Syrian border region on 6 February
2023, have further reinforced our understanding of the vulnera-
bility of this region — often referred to as the “cradle of civilisa-
tion” — to seismic activity. Consequently, the question of identi-
fying evidence for past undersea earthquakes and their tsuna-
mis, which may have had catastrophic consequences for an-
cient coastal settlements, has become increasingly critical.
Against this backdrop, the ancient anchorage site of
Porphyreon, with its archaeological record spanning historical
periods from the Iron Age all the way through to the Roman and
Byzantine periods, and its coastal location and vulnerability,
presents a valuable opportunity to test and refine methods that
integrate historical sources, numerical tsunami modelling, and
limited archaeological and geological field data. By exploring
these interconnections, our study aims to contribute not only to
understanding the site’s complex occupation history but also to
broader regional assessments of tsunami hazards and their
historical consequences.

The past two decades have been rich in historical (e.g.,
Stiros, 2001; Meier, 2007), geoarchaeological (e.g., Good-
man-Tchernov et al., 2009; Fischer et al., 2016; Good-
man-Tchernov, 2020; Salamon et al., 2024) and seismological
studies (e.g., Ambraseys, 2009; Ambraseys and Synolakis,
2010), each of which, usually within their own discipline, at-
tempted to organise our knowledge of this area. The abun-
dance of these research initiatives led to the emergence of a

study area — enlarged on part B of the figure; B — simplified geol-
926) and study points location, black dots mark the locations of

kind of neo-catastrophism in the study of the Mediterranean Ba-
sin past (Ambraseys, 2005; Morhange and Marriner, 2010;
Morhange et al., 2014, Liritzis et al., 2019; cf. also Vott et al.,
2019). However, recent interdisciplinary work conducted at
Mediterranean ports and coastal passage sites such as Caesa-
rea Maritima, Tel Ashqelon, and the Messina Strait clearly dem-
onstrated that integrating historical, geoarchaeological, and
seismological datasets offer the opportunity for a more nuanced
and reliable reconstruction of the timing, dynamics, and impacts
of Late Antique tsunami events (Reinhardt et al., 2006; Dey and
Goodman-Tchernov, 2010; Dey et al., 2014; Barbano et al.,
2014; Hoffman et al., 2018; Salamon et al., 2024).

Numerical modelling has become a widely used method-
ological tool in geological research, including for understanding
fault-zone mechanics (e.g., Donze et al., 1994; Zhang and San-
derson, 1996; Wang et al., 2008; Konon et al., 2016; Romano et
al., 2017), earthquake dynamics (e.g., Mikumo and Miyatake,
1983; Ismail-Zadeh and Soloviev, 2022), and tsunami wave
propagation (e.g., Heinrich et al., 2001; Dutykh et al., 2011;
Sugawara, 2021; Tadibaght et al., 2022; Salamon et al., 2024).
Despite the growing number of studies employing numerical
tsunami modelling, relatively few integrate these methods with
classical sedimentological approaches (Falvard and Paris,
2017; Nigg et al., 2021), and fewer still explicitly combine digital
modelling with analyses of sedimentological processes and ar-
chaeological records (cf. Sbeinati et al., 2005; Sanchez-
Sanchez et al., 2022). To bridge this gap, this study integrates
numerical modelling of historical tsunami events that impacted
the eastern Mediterranean Sea with limited sedimentological
observations and contextual archaeological evidence. Specifi-
cally, our objective is to assess, through numerical modelling,
whether historically documented earthquakes in the region
could have generated tsunami waves capable of depositing
high-energy gravel layers identified at the Porphyreon archaeo-
logical site.

Our modelling approach incorporates data from 135 earth-
quake scenarios across 42 faults in the southeastern Mediterra-
nean, including seven onshore and 34 offshore structures
(Figs. 2 and 3). Given the limited nature of available field data,
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Fig. 2. Major tectonic features of the Eastern Mediterranean, adopted from Harrison et al. (2013)

DSTF — Dead Sea transform fault, EAFZ — Eastern Anatolian fault zone, LRT — Larnaca Ridge transform fault, OFZ — Ovgos fault zone, KRT
—Kyrenia Range thrust system. Explanations: bold orange dashed lines — major crustal boundaries, red lines —regional faults, large arrows —
relative plate motion, half arrows — relative horizontal motion along faults, thin full arrows — relative motion between the Anatolian microplate
and African plate, black dot — study area, box — the area for which the maximum tsunami height was modelled (see Fig. 12)

including the absence of absolute dates for the gravel deposits,
we rely primarily on relative dating provided by archaeological
stratigraphy: the gravel layer overlies a Late Roman occupation
surface (4"-6" century CE) and is sealed by later construction
material. Within this temporal framework, we evaluate the likeli-
hood that several historically documented earthquakes coin-
cide with the formation of the deposit. Although our aim is not to
definitively attribute the gravel layer to any single historical
event, this study demonstrates how integrating incomplete ar-
chaeological records with numerical tsunami modelling can sig-
nificantly narrow down plausible scenarios, especially in regions
where sites access can often be limited, and field data remain
fragmentary or inaccessible.

Historical research, particularly analyses of ancient textual
sources and the terminology employed for describing natural di-
sasters (such as earthquakes and tsunamis) in Late Antiquity
(e.g., the use of terms such as seismos, kataklysmos or tremor

in hagiographies and chronicles), allows identification of peri-
ods in which the Lebanese coast may have experienced such
catastrophic events, further informing the plausibility of the hy-
pothesised event scenario (e.g., Antonopoulos, 1987; Guido-
boni et al., 1994; Fokaefs and Papadopoulos, 2007; Dey and
Goodman-Tchernov, 2010; Salamon et al., 2010; Altinok et al.,
2011; Papadopoulos et al., 2012, 2014; Maramai et al., 2014).
Ancient Latin and Greek written sources describe the interval
between ~300 and 551 CE as particularly marked by devastat-
ing earthquakes and tsunamis, each of which significantly im-
pacted settlements on the coasts of Syria, Phoenicia or Pales-
tine. These include the significant events of 2 April 303 CE
(Sidon; Ambraseys, 2009), 341/342 CE (Salamis in Cyprus;
Guidoboni et al., 1994), 347/348 CE, 21 July 365 CE (Crete;
Papadopoulos et al., 2012), 9 July 551 CE (Berytus/Beirut;
Mordechai, 2020), and, finally, 18 January 749 CE (Caesarea
Maritima; Salamon et al., 2010). Contemporary authors of hagi-
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Fig. 3A - location of faults and theoretical focal mechanisms used for modelling; B — enlarged box from Figure 3A to show
strike-slip faults associated with the Mount Lebanon and Tripoli-Beirut thrusts associated with the 551 CE earthquake

Location of historical epicentres based on Altinok et al. (2011). Focal mechanism based on the USGS Earthquake Catalogue database
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ographies and chronicles — such as Jerome, Sozomen,
Agathias Scholasticus, John of Ephesus and John Malalas — of-
ten provided very detailed accounts of the devastating effects of
earthquakes and their ensuing tsunamis (Papadopoulos,
2021). Specifically, historical sources record a major submarine
earthquake on 9 July 551 CE, with its epicentre likely located
between Cyprus and the Levantine coast, which devastated nu-
merous towns including Berytus (Beirut), and was possibly ac-
companied by tsunami waves (Mordechai, 2020; Papado-
poulos, 2021). Ambraseys (2009), in his comprehensive re-
view, provided detailed assessments regarding their chronol-
ogy, possible tsunami waves and their possible extent (also see
Guidoboni et al., 1994; Maramai et al., 2014).

The Porphyreon archaeological site (Fig. 1), located directly
on the Mediterranean Sea shore, originated as a settlement in
the Late Bronze Age, with reoccupation during the Iron Age fol-
lowing a break in habitation (hiatus), and continued through the
Persian period (13"-5" centuries BCE). It later developed into
a town during the Hellenistic, Roman, and Late Antique periods
(4"/3™ century BCE to 7" century CE), and became known in
later historical sources as Jiyeh or Nebi Younis. Our archaeo-
logical investigations conducted between 2003 and 2014 pro-
vided evidence of a settlement in the vicinity of Jiyeh (Lebanon,
south of Beirut; Papadopoulos, 2021; Fig. 1), dating back to at
least the 9" to 8" centuries BCE, which appears to have flour-
ished until the mid-7" century CE — in line with the evidence re-
lating to Porphyreon.

During rescue excavations carried out in the summer of
2005, a cultural deposit with an approximately 35 cm-thick, con-
tiguous gravel layer was discovered and documented in an
open section along the beach, directly adjacent to the
Porphyreon archaeological site (Wicenciak and El-Tayeb,
2006; Figs. 1 and 4). Due to time constraints and local political
factors at play, we were unable to further interpret this phenom-
enon, and no sediment samples were collected during that sea-
son. When site was revisited in 2021, the exposure was found
to have been completely destroyed (Fig. 4D, E). Renewed ex-
cavations were not possible owing to the unstable political and
security situation in the region, and further work was suspended
for safety reasons. As a result, it was not possible to conduct
detailed sedimentological characterisation, to examine the
composition of individual sediment layers, or to determine
whether there are marine fossils or reworked archaeological
materials (such as recycled pottery fragments) within them. In
view of the absence of direct field data, the 2005 photographic
documentation was re-analysed in order to properly interpret
the origin of the layer with pebbles and to identify sedimento-
logical structures indicative of high-energy depositional pro-
cesses. As a result, a working hypothesis was formulated pro-
posing a tsunami-origin of the gravel layer. In order to critically
evaluate this hypothesis, additional research methods were ap-
plied. We decided to undertake numerical modelling based on
open-source data accessible from the USGS Earthquake Cata-
logue, supplemented by available geological and archaeologi-
cal data.

Given the nature of our limited field dataset, the aim of our
study has always been not to directly confirm the tsunami origin
of the gravel layer. Rather, our goal was to test a methodologi-
cal approach that integrates incomplete archival evidence with
numerical modelling to assess whether tsunami scenarios gen-
erated by known historical earthquakes could plausibly account
for the observed stratigraphy. We believe that this approach
may also prove applicable to other archaeological sites where
only fragmentary or incomplete evidence exists, particularly in
regions that are currently inaccessible to researchers due to po-
litical instability, armed conflict, rapid urban development, or the

destruction of sites by natural disasters. In such cases, where
field documentation is limited, outdated, or relies heavily on ar-
chival records collected decades earlier, the integration of nu-
merical modelling with existing archaeological and geological
data, supplemented by analyses of historical sources, can offer
a valuable framework for generating and testing hypotheses.
We hope that by using our example and applying this method-
ological model, researchers may gain greater confidence to re-
visit fragmentary datasets, re-examine archival materials, and
propose new interpretations for sites that would otherwise re-
main poorly understood or overlooked.

GEOLOGICAL SETTING

Our research area for tsunami modelling covers the eastern
part of the Mediterranean Sea (Figs. 1 and 2), with a specific fo-
cus on the coast of Lebanon and the archaeological site of
Porphyreon at Jiyeh (Waliszewski and Gwiazda, 2015;
Wicenciak, 2016; Fig. 1). The site occupies much of the south-
ern part of a shallow bay formed by rocky spurs. In the immedi-
ate vicinity, limestones and coarse-grained sandstones of Cre-
taceous and Neogene age are exposed (Fig. 4A—C; Nader,
2014), despite the presence of Quaternary deposits (Fig. 4D).
As a result, the coastline around Jiyeh is geologically quite di-
verse. Several distinct shoreline types can be distinguished
here: (i) natural, vertical exposed rocky cliffs or headlands; (ii)
flat, coarser-grained or gently sloping exposed abrasive plat-
forms shaped by waves action or low, exposed rocky beaches
with larger boulders, (iii) coarse-grained sandy beaches, mod-
erately sloping or with a steeper slope, (jiii) beaches composed
of a mix of sand, gravel, pebbles and/or shells.

The Mediterranean Sea, situated between present-day
shifting lithospheric plates, is one of the most seismically active
regions on Earth. It is bounded by the Eurasian, Arabian and Af-
rican plates, and dissected by a complex network of transform
and normal faults, and thrusts (e.g., Harrison et al., 2013; Aksu
et al., 2021; Faysal et al., 2023; Fig. 2). One of the significant
tectonic features in this area is the Dead Sea Transform Fault
(Fig. 2), which extends northwards as the Jordan Valley Fault
and splays into several strike-slip faults, including the Rachaiya,
Serghaya, Yammouneh and Roilm faults (Erdik et al., 2014;
Fig. 5). In addition, significant thrust faults, some of which ex-
tend offshore, are located west of Mount Lebanon, including the
Mount Lebanon and Tripoli-Beirut thrusts (Fig. 5). This geologi-
cal complexity results in significant seismic activity over mod-
ern, historical and geological timescales (Guidoboni et al.,
1994; Morhange et al., 2006; Maramai et al., 2014; Nemer et
al., 2023). Over the past 30 years alone, the study area has re-
corded more than 2,300 earthquakes with a magnitude greater
than 2.5 (USGS Earthquake Catalogue, 2021 — https://earth-
quake.usgs.gov/). From the 17" century BCE to 1999, 44 tsu-
nami events have been documented across the Mediterranean
Basin, with the oldest known record dating back to 426 BCE
(Antonopoulos, 1987; Guidoboni et al., 1994; Sbeinati et al.,
2005; Fokaefs and Papadopoulos, 2007; Maramai et al., 2014;
Papadopoulos et al., 2014).

HISTORICAL EVIDENCES OF TSUNAMIS
IN THE STUDY AREA

In historical sources, tsunamis are rarely described in terms
that allow for an unambiguous identification of their triggering
mechanism. Where possible, however, it is important to distin-
guish between tsunamis generated by seismic activity (earth-
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Fig. 4A — general view of the northern part of the Jiyeh; note the rocky coast and exposures of solid rocks on the upper part of the
shore. For the close-ups of points indicated by arrows — see (B) (C); B — exposure of the white pelitic limestones; C — grey stratified
bioclastic sandstones; D — sandy, wide flat part of the coast in Jiyeh (as of 2021), white box — escarpment along the beach; E -
sequence of sandy and gravelly beds clearly visible in the cliff along the beach; the 2005 archive photo of the area of the white box
from photo D. The length of the vertical scale is 30 cm

quakes) and those that may be related to submarine landslides
or other triggering factors. This distinction is crucial for assess-
ing the likelihood of a tsunami occurrence at specific locations
and periods, and it underpins the following analyses of individ-
ual events. Between ~300 and 551 CE, over 100 earthquakes
and associated phenomena are recorded in historical sources,
of which approximately a dozen are reported to have produced

secondary effects such as tsunamis (Guidoboni et al., 1994;
Ambraseys, 2009; Maramai et al., 2014). However, caution is
required, as some events analysed by Ambraseys (2009),
Guidoboni et al. (1994), or Maramai et al. (2014) appear to be
somewhat questionable or problematic; ancient authors occa-
sionally confused or conflated facts by combining separate mul-
tiple earthquakes into single incidents, as in the case of 368 CE
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Fig. 5. Map of the active faults in Lebanon and neighbouring areas (on the ESRI Shaded Relief background; fault interpretation

after Erdik et al., 2014)

Small grey box — see Figure 1B




8 Radostaw Staniszewski et al. / Geological Quarterly, 2025, 69, 40

in Nicaea (cf. Ambraseys, 2009). Many of these recorded
events were highly localised, affecting only a single settlement
and its close vicinity, such as in the case of Antioch on the
Orontes or Constantinople (e.g., 303 CE — Eusebius (MPal);
Ambraseys, 2009; 341/342 CE — Guidoboni et al., 1994;
347/348 CE — Ambraseys, 2009; 365 CE — Papadopoulos et
al., 2012; Salamon et al., 2010; 455 CE — Ambraseys, 2009;
502 CE - Trombley, 2000; 551 CE — Darawcheh, et al., 2000;
Sbeinati et al., 2005; Hall, 2004; Ambraseys, 2009). The pre-
dominance of the major urban centres in the record of earth-
quakes is also a result of their greater recognition among con-
temporary and later authors, reflecting their sphere of interest
and extent of their knowledge.

Furthermore, many of these earthquakes occurred inland,
away from the coastal areas (such as the Palestine and Arabia
earthquakes in 363 CE or 418 CE), and thus had no direct im-
pact on the Phoenician coast at the time, which is the primary
focus of this study. Without independent verification by other
means, such as through further, refined geological or archaeo-
logical analyses (cf. Reinhardt et al., 2006; Dey and Good-
man-Tchernov, 2010; Ward, 2016), it remains difficult to corrob-
orate historical accounts of the extent and nature of the destruc-
tion suffered by these localities. By way of example, the correla-
tion of geomorphological studies with data from archaeological
and historical sources, such as those undertaken at the har-
bours of Sidon and Tyre, offer compelling evidence for correlat-
ing the Late Antique semi-abandonment phases of the har-
bours to tsunamigenic events (Marriner et al., 2006, 2008).

However, over the ~250-years period considered in this
study (~300-551 CE), several events are recorded that may
have reached and impacted on the coast of present-day Leba-
non. Between 293 and 306 CE, an earthquake was recorded at
Salamis in Cyprus, resulting in a tsunami wave. A significant
and well-documented event is recorded in ancient chronicles,
occurring on 2 April 303 CE, when extensive destruction af-
fected the cities of Sidon, Tyre, and possibly Byblos farther
north. The tsunami wave generated by this earthquake is said
to have reached Caesarea Maritima, where it reportedly cast
ashore the body of the martyr Apphian, as recorded by
Eusebius of Caesarea (Eusebius MPal 325/1478, cf. Bardy,
1958). Other minor earthquakes, of which little is known about
their extent or tsunamigenic potential, are mentioned in
331-332 CE and again in 341/342 CE at Salamis in Cyprus,
and in 347 CE or 348 CE at Beirut.

A major widespread tsunamigenic event occurred on 21
July 365 CE, initiated by a powerful earthquake off Crete, which
then spread, generating a large tsunami wave that subse-
quently impacted the coasts of Egypt and the Peloponnese. In
September 455 CE, another earthquake was recorded near
Tripolis in Phoenicia, reportedly causing damage across much
of today’s Lebanese coastline. On 22 August 502 CE, another
event of catastrophic proportions was recorded around Akko at
the southern end of the Phoenician coast. Sources from the pe-
riod speak of the destruction of half of Tyre and Sidon although,
according to some accounts, only the synagogue in Beirut
(Berytus) was destroyed (Trombley, 2000).

What became truly memorable for generations of Syrians,
Phoenicians and Palestinians was the great earthquake and re-
sulting tsunami of 9 July 551 CE. Its epicentre was probably lo-
cated under the seabed between present-day Lebanon and Cy-
prus, with the city of Beirut suffering the greatest devastation.
The events at Berytus were reported by several contemporane-
ous authors, including John Malalas (2000; Chronographia
485), Ps. Dionysius of Tel Mahre (Chronicle 134-135 in
Witakowski, 1996) and Agathias (Histories 2.15.2-3), all living in
the 6" century CE and writing about events occurring during

their lifetime (sources compiled in Darawcheh, 2000; Sbeinati et
al., 2005; cf. also Hall, 2004; Ambraseys, 2009). Based on writ-
ten accounts, the course of events suggests two tremors sepa-
rated by several hours, with a tsunami reported to have oc-
curred in the interval between them. During this time, the sea is
said to have retreated 1-2 Roman miles (~1,480-2,960 metres)
exposing shipwrecks and sunken cargo, which coastal resi-
dents rushed to salvage, before the returning wave claimed
many lives. The resulting destruction extended along the entire
Phoenician coast, from Tyre in the south to Tripolis and perhaps
as far north as Arados. Major destruction was recorded at the
cities of Tyre, Sidon, Berytus, Byblos, Tripolis, and at the Ras
Chekka promontory, where a large section of the rocky cape
collapsed into the sea, creating a new harbour. The greatest
devastation, however, was suffered by Berytus, where a huge
fire following the second shock and collapse of buildings led to
the deaths of up to 30,000 people (Ant. Plac. 159, cf. Geyer,
1965). If references to the temporary relocation of the renowned
law school from Berytus to Sidon are accurate (Agathias 11.15,
cf. Frendo, 1975), it suggests that the areas south of Beirut
(Berytus) must have suffered comparatively less destruction.

Notably, the “tidal” wave described in historical sources ap-
pears to correlate with the effects of a tsunami generated by a
submarine earthquake and/or by submarine landslides
(Salamon et al., 2010, 2024). It is particularly noteworthy that
these events were reported to have occurred in Berytus, just 28
km north of Porphyreon (Jiyeh), which is the focus of our atten-
tion due to the evidence under analysis.

The events cited above indicate a period of intensified seis-
mic activity compared with other historical periods documented
in the eastern Mediterranean (cf. Ambraseys, 2009). However,
only a limited number of these events resulted in destructive
tsunami waves that directly threatened the Phoenician coast-
line, including the region between Berytus and Sidon, where the
site of Porphyreon is located. Among these, two events stand
out: that of 2 April 303 CE and the particularly destructive earth-
quake of 9 July 551 CE, both of which had a significant regional
impact, especially along the Phoenician coast. By contrast, the
tsunami of 21 July 365 CE affected a much wider area of the
Mediterranean, including parts of Egypt, Libya, Greece and the
Levant (Salamon et al., 2010; Papadopoulos et al., 2012).
Other potentially relevant seismic events include those re-
corded in in 341/342 CE near Salamis in Cyprus, and in
347/348 CE at Berytus. Although no direct archaeological or
geological evidence of the 365 CE tsunami has yet been identi-
fied along the southern or central coast of ancient Phoenicia,
several studies have documented tsunami-related deposits at-
tributed to this event in neighbouring regions, including Israel,
Cyprus and Egypt (Goodman-Tchernov et al., 2009; Reicherter
et al., 2009; Salamon et al., 2010).

METHODS AND MATERIALS

The research methods employed in this study encompass
(i) numerical modelling, (ii) sedimentological interpretation of ar-
chive materials, (i) analyses of available archaeological strati-
graphic evidence, and iv) historical and textual source review,
integrated into a multidisciplinary framework. The archaeologi-
cal data were derived from the archaeological excavations con-
ducted in 2005 (Wicenciak and El-Tayeb, 2006; Waliszewski
and Gwiazda, 2015; Wicenciak, 2016) and re-assessed
through later stratigraphic and ceramic analyses. Historical
earthquake records and terminologies used in ancient textural
evidence were critically examined to aid chronological correla-
tion and scenario validation.
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Numerical modelling. Numerical modelling was a key
methodological tool in this study, aimed at simulating tsunami
wave propagation generated by historical earthquakes in the
eastern Mediterranean. The study area, from which faults were
selected, extends between the coasts of Cyprus and Lebanon
(Figs. 2 and 3). The selection of specific epicentres and their
corresponding historical earthquake events was guided by ar-
chaeological data associated with Porphyreon and other
coastal sites in Lebanon. The time interval for our analysis was
refined using historical data, ceramic typology and stratigraphic
dating, as detailed in later sections. In addition, comprehensive
desk-based analyses incorporated geological (Zumoffen, 1926;
Nader, 2014; Nader et al., 2018) and structural evidence
(Salah-Eldin and El-Khoury, 2004; Hawie et al., 2013; Kinnaird
and Robertson, 2013; Fernandez-Blanco et al., 2020), tectonic
maps (Lemenkova, 2021), and seismic profiles (Carton et al.,
2009; Bowman, 2011; Skiple et al., 2012; Hawie et al., 2013,
2017) to identify potential fault zones capable of generating tsu-
namis in the study area and to support fault selection and sce-
nario construction.

Based on epicentres documented in the literature (summa-
rised by Brax et al., 2019), the faults were categorised into four
groups, each associated with specific historical earthquake
events:

1. South-east coast of Cyprus in ¢. 300 CE (Guidoboni et al.,
1994; Fokaefs and Papadopoulos, 2007; Ambraseys, 2009).

2. South-west coast of Cyprus in 342 CE (Ambraseys,
1962; Soysal et al., 1981; Soysal, 1985; Antonopoulos, 1987;
Guidoboni etal., 1994; Soloviev et al., 2000; Ambraseys, 2009).

3. Eratosthenes Seamount region in 348 CE (Soysal et al.,
1981; Guidoboni et al., 1994; Yolsal et al., 2007; Ambraseys,
2009).

4. Beirut (ancient Berytus) region in 551 CE (Soysal et al.,
1981; Guidoboni et al., 1994; Darawcheh et al., 2000; Sbeinati
et al., 2005; Fokaefs and Papadopoulos, 2007; Ambraseys,
2009).

Numerical modelling techniques formed a key component
of this study and were employed to simulate the propagation of
tsunami waves based on data from contemporary seismic sta-
tions. The main controlling factors influencing the generation of
earthquakes — and, indirectly, tsunamis —were considered to be
fault geometry (length, width, strike, dip, depth, depth to top)
and dislocation parameters (strike, rake, slip, shear modulus).
Subsequently, these were utilised in the course of further analy-
ses. We analysed the earthquakes with epicentres located in
the south-eastern Mediterranean taking into the account the
geological structure of the region. To facilitate tsunami wave
propagation modelling, we used the MIRONE software pack-
age (for details see Luis, 2007) which incorporates TINTOL
code (http://fct-gmt.ualg.pt/mirone/downloads/windows.html,
accessed December 2022) for hydrodynamic processes simu-
lation. The method used in this study follows that of Omira et al.
(2009), in which the initial disturbance on the sea surface —
caused by seafloor deformation — is calculated using algorithms
developed by Mansinha and Smylie (1971). All simulations
were scenario-based and are summarised in Figure 6.

The subsequent step involved modelling the deformation of
the seafloor surface using the EMODnet Digital Bathymetry
(DTM 2020) and the models proposed by Mansinha and Smylie
(1971). This approach was selected based on its computational
efficiency and its ability to minimise the uncertainties commonly
associated with input parameters. To further reduce sensitivity
to poorly constrained variables the model was configured to cal-
culate exclusively the vertical component of earthquake-in-
duced deformation. For the tsunami propagation simulation, a
time step of 1.5 seconds was used, and calculations were per-

formed for a duration of 3,000 seconds from the wave excita-
tion. To accomplish this, we considered several key parame-
ters, including hypocentre depth, fault angle, dip and displace-
ment slip, and shear modulus, all of which were based on pres-
ent-day seismological datasets. Where direct information was
unavailable, values were inferred from geological cross-sec-
tions and regional seismic profiles. In the absence of detailed
fault geometry data, we made the following assumptions: 80°
for slip faults, 25° for thrust faults, and 60° for normal faults. Hy-
pocentre depths for the model were obtained from the USGS
Earthquake Catalogue database, provided the relevant fault
had exhibited seismic activity within the observational
timeframe of the seismic stations. Where no direct information
was available, the hypocentre was assumed to be located at
the midpoint of the total fault depth. Fault dip and direction of
displacement were determined using focal mechanism interpo-
lations data available through the USGS Earthquake Cata-
logue. In instances where this information was lacking, the di-
rection of displacement was estimated by drawing analogies
from other tectonically similar regions worldwide. The slip pa-
rameter was defined as the minimum displacement required to
achieve a specific earthquake magnitude.

In this study, we focused on modelling earthquakes of mag-
nitude 7 and above (7.5 and 8) due to their greater likelihood of
generating tsunami waves with destructive potential. Although
lower-magnitude events (e.g., M6.5-6.9) have occasionally
produced tsunamis, these are typically highly localised and
rarely result in significant inundation along the eastern Mediter-
ranean coast. Moreover, our modelling parameters prioritised
scenarios with wave heights exceeding one metre, consistent
with thresholds documented in historical tsunamigenic events
in this region (cf. Salamon et al., 2010; England et al., 2015).
The decision to exclude sub-M7 scenarios is therefore based
on both historical precedent and the expected energy release
required to match the sedimentary signatures observed at
Porphyreon. In addition, several faults within the study region
were physically too short to generate earthquakes of such mag-
nitudes (7 or higher), further justifying this methodological
threshold.

To assess the feasibility of earthquake occurrence along
each fault, we applied an empirical relationship criterion estab-
lished by Scholz (1982). Earthquake magnitude was calculated
using a formula proposed by Aki (1966):

Mo = puS

where: My — represents the seismic moment of the component cou-
ple of the equivalent double couple, p — the rigidity modulus, u — de-
notes the average amount of dislocation (slip), S — the area of the
fault surface area.

For a rectangular fault, the surface area (S) can be calcu-
lated as the product of its length (L) and width (W) (S = LxW).
Three different shear modulus variants were assigned, de-
pending on the depth and lithology of the hypocenter. For faults
occurring within the sedimentary cover, a shear modulus of 2.6
was adopted. For faults located at greater depths, a value of 4.4
was used, while a shear modulus of 6.8 was applied to faults sit-
uated above 25 km depth (Geist and Bilek, 2001). Thickness
estimates for the sedimentary cover were obtained from the
sedimentary cover map published by Aksu et al. (2021).

Sedimentological interpretation of the archive materi-
als. Given the absence of direct sedimentological field studies —
due to destruction of the exposed section and further issues of
access to the site — the interpretation of the sedimentary pro-
cesses at Porphyreoon was necessarily based on secondary
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Fig. 6. A flowchart for the numerical modelling of earthquake and related tsunami scenarios

documentation. Our primary dataset comprised detailed photo-
graphic archive and field drawings from 2005 rescue excava-
tions, supplemented by published literature, geological map-
ping, and contextual information drawn from site reports and
from other excavations we conducted at the site between 2003
and 2014. As no sediment cores, samples, or stratigraphic col-
umns were preserved, this interpretive component remains
constrained by the quality and completeness of visual docu-
mentation and must therefore be considered inferential in na-
ture.

The sedimentary unit of interest — a distinctive, laterally ex-
tensive gravel deposit — was therefore assessed for its grain
size distribution, internal organisation, and sedimentary struc-
tures as observable in the photographic record. Indicators such
as poor sorting, imbrication, abrupt basal contacts, and vertical
grading were identified and used to propose high-energy
depositional mechanisms. However, due to the limitations of
the dataset, it was not possible to carry out the grain-size analy-
sis, mineralogical characterisation or microfossil identification
that are typically used to distinguish tsunami from storm or flu-
vial deposits — another possibility we refer to below. As a result,
the sedimentological findings presented here are interpreted as
supplementary to the scenario-based tsunami modelling, rather
than as standalone evidence.

To mitigate these interpretive limitations, the sedimentolo-
gical assessment was contextualised using independent lines
of evidence. Archaeological stratigraphy, derived from the ex-
cavation reports (Wicenciak and El-Tayeb, 2006; Waliszewski
and Gwiazda, 2015; Wicenciak, 2016), provided temporal
bracketing for the gravel unit, which was identified within an oc-
cupation sequence dated between the 4" and 6" centuries CE.
This chronology was supported by diagnostic ceramic
typologies found above and below the deposit, allowing correla-
tion with known seismic events in the historical record. The ab-
sence of cultural artefacts within the gravel lens and its strati-
graphic separation from architectural features further sug-
gested a non-anthropogenic origin.

Historical texts describing regional earthquakes and marine
disturbances — such as those of 303 CE, 348 CE, and 551 CE —
were also consulted to establish plausible deposition windows.
These sources provided critical information about coastal dam-
age, inundation, and seismicity, enhancing the contextual inter-

pretation of the gravel layer as a potential tsunami deposit.
Nonetheless, as acknowledged in our Discussion, alternative
depositional processes such as storm surge or rapid erosion
linked to extreme rainfall events cannot be definitively ruled out
given the current dataset.

Accordingly, the sedimentological interpretation presented
here should be understood as exploratory and contingent. It
complements the more robust evidence provided by the numer-
ical tsunami modelling and archaeological stratigraphy but is
limited by the indirect nature of the data. Future research involv-
ing targeted coring, sediment sampling, and laboratory analy-
ses will be essential for confirming or revising the interpretations
proposed in this study.

RESULTS

NUMERICAL SIMULATION OF THE TSUNAMI WAVE PROPAGATION

Numerical simulation serves as an effective approach for
estimating the areas susceptible to inundation, as well as to de-
termine the maximum wave height and tsunami propagation
over time. Based on the simulations conducted, maximum wa-
ter height maps were generated to illustrate the propagation of
tsunami waves in the area near the shore (Fig. 7). Simulations
for an earthquake with a magnitude of 7, 7.5 and 8 (later de-
scribed as M7, M7.5 and M8) were performed for selected faults
(Table 1). Among these simulations, only a subset generated
tsunami waves that propagated towards the Lebanese coast
(Fig. 7 and Table 1). The specific simulations that generated
waves off the Lebanese coast were 8, 9, 17, 17a, 17b, 18, 18c,
20, 21, 25, 30, 31, 33, 39, and 41 (Table 1). The faults labelled
as thrust faults were 9, 17, 17a, 17b, 18, 18a, 18b, 18c, 20, 21,
30, 31, 39, and 41, with a dip direction roughly perpendicular to
the Lebanese coastline. Scenarios 8 and 25 represented
oblique-slip faults (Fig. 4). In terms of slip measurements, the
largest offset was modelled for fault 8, with a slip of 14 metres,
corresponding to a M8 earthquake. Conversely, the smallest
offset was observed in scenario 17, modelling a tsunami
caused by a M7 earthquake, where the fault slip measured 0.2
metres (see Appendix 1 for details).

Table 1

List of faults (numbering according to Fig. 3) for which magnitude 7, 7.5 and 8 earthquakes were simulated

Earthquake magnitude

7 7.5 8
Faults* capable of aenerating a diven 1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 1,2,3,4,5,6,7,8,9,11, | 27,8,
h kpm nitgd 9ag 15,17, 17a, 17b, 18, 18a, 18b, 18c, 19, 20, | 17, 17a, 17b, 18, 18a, 18b, | 17, 17b,
earthquake magnitude 21, 25, 26, 30, 31, 33, 34, 35, 39, 41, 42 18¢, 19, 25, 30, 31, 35 18
Faults™ capable of generating a given 8,9, 17, 17a, 17b, 18, 18¢, 20, 21, 25,30, | 8,9, 17, 17a, 17b, 18, 18¢c, | 8,17,
earthquake magnitude and tsunami wave
. 31, 33, 39, 41 25, 30, 31 17b, 18
propagating towards the Lebanese coast

* — fault locations see Figure 3
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Fig. 7. Tsunami wave propagation maps for selected scenarios (data for all scenarios — see Appendix 1) expressed
as maximum wave height

Red dot — study area; MWS — maximum water surface; nhe — never happened earthquake
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Table 2

Summary of faults on which historical earthquakes of magnitude >7 have occurred
and the maximum height of tsunami waves (in metres) along the eastern Mediterranean coast

Cites on the eastern coast of Mediteranean Sea

Fault
Miniyeh
Tartus

Earthquake
Chekka

Haifa
Tyre S
Tyre N
Sarepta

Sidon

Porphyreon
Beirut S
Beirut N

Halat

Kfaraabida
Magnitude

7.5
0|01/01]01| 0 |0.1]0.1|8.0
01]01/01]01]01|0.1|01[75
01]01/01]02]01/0.1]01]|75
0.2/03[08[03/03[02[02][75
01]02|02]01[01/0.1|01|75
0.2(04/07]03|02]03[02]|8.0
0.3/0.3/04]03/0.3]03[0.2]/8.0
0.5(05(1.1[03|0.8(03[04 |75
0o|o0|o1]o|o0|o0]|o0]|70
0.2/01/07]03/04]03]0.3|75
01]01/0.1]01[01/0.1[0.1/|7.0
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7.0

8.0

02(02|02|0.1(01

o
o
—_—
o
—
=
—
o
o
—
o
—_—

342 CE

02(02/02|0.1|0.3
02[03/03|0.1/0.5
0.3]0.9
0.1{03|02|01|04
02| 1 /08|05(|1.3
06[15/17]05|1.8
0.6 | 1.6

348 CE
© N UlhWN-a
o
w
o
)
o
\'

— -
- o ©
o o
~°x
© ==
A A
O e
W =
o
o
N

0.2 0.5
0.1/0.2
0.1/0.2

300 CE
-_— o -
HWODN
o O
o_\_\
o O
SN
o O
OA_\
o
o
oo P CPloooloooco|lo oo o
= a2 N =000 A DN 1| 2 2

-
(3]
o
o
o
o
o
—

o O O O
o
o
o
o
o

—
o
o
o
—
=
—
o
o
—
o
-_—

—
~

02(05/04|02(04/02(01]02(02|02]02|0.2]|0.2

—
oo

1117124122212 |07|09]09|05]06| 1 [07]|30
0712119]09!18| 1 |07] 1 |09|06|09]|1.1]|06]8.0

7.5

-—
D oo

02/04/03|02(05|0.1(01]|02(02|0.1{0.2|0.3]|0.1

-
©o

7.5

o

0.1/04/04|02(09/|02(02|03[04|03|02|0.1]|0.2

-
(o]

0.2|05(08[04[13]04|02]03]07|02|02]02]03]"
08[16/21| 1 [22]|11]06|08|09|04|04|05]|0.6]8.0
0.4]03/02]01/02/01/ 0/ 0]01] 0| 001|075
01(04/04(02(05|02]01/01]/02]01|01]01[ 0 |70
0.1/03|04|04(07|03]01/01]/03]0.1/0.1]/0.1/[0.1(7.0
01[04/04(04(1.1/03|02|01[/03|02|0.1/0.1|0.1|75
0101/ 0 |01(/01| 0 |01|01]/01]01| 0] 0 |70
04[08/09|05(24(13|14|13|82|07|07|05|0.3|75
04[11/11]06[28|26|14/07|1.3|05|05|0.5/0.3|8.0
02]01/01]03[01/01]01|/02]|01] 0 01| 0 |7.0
01/ 0 |01]01]01] 0|0 ]| O 7.0
01/ 0| 0010 |01]/01|01]|01]/01| 0] 0 |75
0.1/03/02|01|04|02]01|03|08|09|08[0.2[0.2]|7.0
0.1[01/01]01(03|02[02|02[05]02|14[1.2|04]7.0
01/olololololo|lo]o]|70

-—
© o ©

551 CE
RERRReERYNE
o O o o
o
o
o
o

R
o
o
o
o

Shades of green indicate waves that do not reach a height of 0.5 m, yellow and orange — waves that do
not exceed 3 m, red shades — tsunami waves with the greatest height, higher than 3 m
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The tsunami waves that reached the Lebanese coast in
many instances were characterised by relatively low heights, in-
dicating limited potential for significant damage on land. In par-
ticular, the effects resulting from M7 earthquakes were gener-
ally discrete. Among the scenarios calculated for different
faults, the strongest impact at the coast was observed for faults
10 (0.2 m); 12—16 (0.2 m), 20 (0.5 m), 21 (0.7 m), 26 (0.1 m), 33
(0.3 m), 34 (0.1 m), 39 (0.9 m), 41 (1.4 m) and 42 (0.1 m), with
the corresponding maximum wave heights reported (refer to
Table 2). For M7.5 earthquakes, fault scenarios resulted in
maximum wave heights ranging from 0.5 m to 2 m. Notably,
faults 4 (0.5m), 5(0.9m), 9 (1.6 m), 11 (0.7 m), 18a (0.5 m), 18b
(0.9m), 18c (1.3 m), 25 (1.1 m), and fault 30 (reaching an aston-
ishing 3.2 m) generated waves of varying heights (refer to Ta-
ble 2). In the case of M8 earthquakes, fault 7 generated waves
with a height of 1.3 m, fault 8 (1.8 m), 17b (2.4 m), 17 (1.9m), 18
(2.2 m), while fault 31 generated waves with a maximum height
of 2.8 m (Table 2). The calculated maximum tsunami wave
height for the Porphyreon area is 2.6 m (scenario 31).

When considering historical earthquakes, it is evident that
specific faults still pose potential threats to the Lebanese coast.
For the 342 CE earthquake, it was the case only for fault 4, lo-
cated southwest of the Cyprus coast (Fig. 3A), while for the 348
CE earthquake, the greatest threat was associated with fault 8
(Figs. 3A and 7), which is an oblique-slip fault situated in the
central part of the Levantine Basin that generates waves that
propagate directly towards the Lebanese coast (Fig. 7). For the
551 CE earthquake, most faults contributed to a potential
threat, but the highest level of concern is assigned to faults 30,
31, 39, and 41 (Figs. 3B and 7), all of which are associated with
the Mount Lebanon and Tripoli-Beirut Thrusts. This finding
aligns well with Elias et al. (2007) and Salamon et al. (2024),
who suggested that the 551 CE earthquakes, attributed to the
active thrusting of Mount Lebanon, followed by a tsunami, re-
sulted in the destruction of numerous coastal cities of Phoenicia
(modern-day Lebanon, cf. Mordechai, 2020).

SEDIMENTOLOGICAL INTERPRETATIONS

The archaeological site of Porphyreon is situated in the vi-
cinity of a beach, within an extensive, low-lying coastal region
(Fig. 1). The nearest hard bedrock exposures outcrops can be
found ~1 km south and 2 km north of the site (Fig. 4A—C). A dis-
tinct morphological boundary occurs on the landward side, posi-
tioned ~3 km east of the exposure. Thus, the Jiyeh area exhibits
the characteristics of a small bay, with a low-lying expanse that
may be susceptible to flooding during intense storms, particu-
larly in the event of a tsunami.

During the archaeological rescue excavations along the
modern shoreline, a layer of white gravel was observed and
documented within the cultural strata (Wicenciak and
El-Tayeb, 2006; Waliszewski and Gwiazda, 2015; Wicenciak,
2016; Figs. 8 and 9). The exposed profile, ~84 m long, cap-
tured a section of the slope eroded by storm waves and con-
struction activities (Fig. 8). Above and below this layer, ce-
ramic-bearing strata containing fragments of pottery and other
archaeological artifacts were identified. For clarity, Arabic nu-
merals (e.g., layer 6, 7) refer to archaeological stratigraphy,
while Roman numerals (I-VIl) denote sedimentological subdi-
visions within the gravel deposit as illustrated in Figure 10. The
layers described below (labelled 11-VI) correspond to the inter-
nal sedimentary subdivisions in the gravel layer (layer 6), as
interpreted from the photographic and field documentation col-
lected in 2005 (Wicenciak and El-Tayeb, 2006). These layers
were identified based on various textural and structural fea-
tures and are illustrated in Figure 10.

The gravel layer exhibits distinct internal stratification, as
shown in Figure 10B. Just above the ceramic-bearing layer 2b
(marked as | in sedimentary succession — Fig. 10B), a distinct
erosional surface can be observed, accompanied by an ero-
sional lag composed of large oval, angular to medium-rounded
cobbles of white rocks, with a maximum diameter of up to 10 cm
(). Positioned above this is a layer of coarse-grained sands
with poor sorting, mixed with small rock debris and highly
crushed artifacts (ll1). This sand layer gradually transitions into
a gravel layer (IV). Layer IV is composed of flat, blade- and
disc-shaped white pebbles, aligned with their longer axes paral-
lel (see Fig. 10A). Such pebble shapes are characteristic of
sedimentation found in ‘pebble beaches’ (e.g., Krumbein, 1941;
Williams and Caldwell, 1988; Hill, 2022). These pebbles likely
originated from the Cretaceous rock exposures located to the
north or south of the study area (Fig. 4A—C) and were likely de-
posited on the shore by unusually high-energy waves.

Moreover, this layer demonstrates a distinct bipartition, the
lower part (IV’) exhibiting reverse grading, while the upper part
(IV”) displays normal grading. Layers V and VI are situated
above this division. Both layers are characterised by poor sort-
ing and a massive structure. In layer V, small pebbles are ran-
domly embedded within the sandy matrix. Layer VI, similar to
layer lll, consists of coarse-grained sand of very poor sorting
and an admixture of small rock debris and highly crushed arti-
facts. Layer VII represents the upper ceramic-bearing layer 7.
The transitions between the various subdivisions (II-VI) are
commonly indistinct and transient. The possibility that the de-
posit represents a deliberately arranged construction layer was
considered but ultimately dismissed. Such an interpretation is
undermined by the absence of associated architectural ele-
ments, or evidence of ground preparation, or levelling fillings
under the deposit which are a common occurrence on archaeo-
logical sites in the region. In addition, the irregular spatial distri-
bution and extent and internal structure of the deposits (includ-
ing gradation and lack of compaction) are inconsistent with
anthropogenic formation processes and instead suggest depo-
sition by natural high-energy events.

These features strongly indicated that the sedimentary se-
quence examined (II-VI from Fig. 10B) was formed in a single
depositional event of varying intensity, potentially associated
with the propagation of tsunami or powerful storm waves onto
the coastal region. Significantly, no well-rounded pebbles with
spherical shapes were discovered in the stratigraphic section
observed, effectively excluding the possibility of gravel material
being transported through a fluvial environment, where periodic
watercourses flow from the east towards the coast.

ARCHAEOLOGICAL INTERPRETATION

Archaeological investigations conducted between 2003 and
2014 provided evidence of a settlement at the site dating back
to at least the 9" to 8" centuries BCE. This settiement, and later
the town of Porphyreon, thrived until the mid-7" century CE,
serving as a local centre of trade and production. While the ar-
chaeological excavations at Porphyreon revealed a multi-
phase occupation sequence spanning from the Iron Age to the
Late Antique period, particular attention in this study is directed
towards a laterally extensive (visible along 32 m of an open sec-
tion), 35 cm-thick, gravel deposit (Fig. 9A, B) whose atypical
characteristics warranted further interpretation, albeit within the
constraints of limited post-excavation documentation and the
absence of in situ sedimentological sampling. Although it
seems that part of the gravel layer was reused in ancient times
as a functional surface, several factors argue against its
anthropogenic origin. The deposit extends discontinuously
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Fig. 8A — plan of the archaeological Porphyreon site in Jiyeh; box — escarpment along the beach with the part of the site where in
2005 the profile was exposed (drawn by M. Puszkarski, Polish Centre of Mediterranean Archaeology, University of Warsaw); B —
sketch of a cross-section, part of the profile studied (location — box on Fig. 8A), 1a— 9 — numbers of identified archaeological layers
(for details see Table 3), A—F — identified fragments of building remnants (see Table 4). To enhance the visibility of the gravel layer,

the vertical scale of Figure 8B has been exaggerated

along a profile and consists of well-sorted, naturally rounded
pebbles, with internal stratification (including reverse and nor-
mal grading) inconsistent with deliberate construction. Further-
more, no associated architectural features, subsoil layers or
preparation surfaces have been identified below it, supporting
our interpretation of a natural high-energy depositional event
rather than a man-made installation.

The gravel layer was visible in a section (between
2003-2014), situated directly along the seashore (Fig. 8A), be-
tween the archaeological site (containing residential buildings
and a Byzantine Basilica) ~100 m away, and the pottery pro-
duction zone and the necropolis to the north of the area
(Wicenciak and El Tayeb, 2006). The profile was oriented on a
north-south axis, with the surveyed section being 54 m long (of

which 44 m are shown on Fig. 8B). Similar to the ancient resi-
dential section, this sector formed part of a tell, an artificial hill
that accumulated successive layers of natural and
anthropogenic origin due to modern agricultural activity and
craft activities in antiquity. The exposed stratigraphic profile was
created contemporaneously, as a result of construction works
to widen the area adjacent to the beach and was documented
during rescue excavation research conducted by our team dur-
ing the period of 2003-2014. At its highest point, the profile
reached a height of over 4 m (northern section), while at its low-
est point itis ~1.5-0.5 m (southern section). Five layers (9, 8, 7,
2 and 1/cf. Table 3) extend along almost its entire length
(Fig. 8B).
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Table 3
List and description of layers 1a-9 in Figure 8B
Non- .
e . Pottery Dating .
Layer Description ceramic AM/CW/TFW Layer dating
material
9 humus - - modern
8 dune - - modern
. . TFW: 3" to mid 7" c. CE
7 compact layer of light brown earth with plaster, AM: mid-5" ¢. CE — 7" ¢. CE (M334) Early Byzantine
fragments of pottery ashes CW: -
natural layer; 13-15 metre of section
6 used as floor (mortar layer was applied - -
over pebbles)
very compact dark brown and gray earth pottery TFW: 5th-6" c. CE
5 h AM: mid-5th ¢. CE — 7" c.CE (M334) Early Byzantine
with a lot of small fragments of pottery wasters CW: —
small
4 a layer of brown earth with many pottery | fragments _ ”
sherds of glass,
bones
. _cth
3 a layer of brown earth with many _ TFW':KAd_ SRC. CE Mix: Early Roman to
medium-sized stones CW: ER Early Byzantine
TFW: mid 2™ c. BCE to Augustan
23 a layer of brown/grey earth with many _ AM: Hellenistic (CSA)/ca. 125 BCE Late Hellenistic to Early
stones and sherds CW: mid 2™ to mid 1% ¢c. BCE; 152" ¢. Roman
CE
TFW: 5% c. CE
. AM: 3rd—4"" c. CE (AM 14)
2b a layer of brown/grey earth with pottery - PW: 3rd—4" ¢. CE (N. Syria mortar) Late Roman
CW: 3¢ c. CE (CW 34)
TFW: —
2 a layer of brown earth with fragments of _ AM: 3rd—4"" c. CE (AM 14) Late Roman
plaster and pottery PW: 3rd—4'" c. CE (N. Syria mortar)
CW: 39 c. CE (CW 34)
1b brown/red clay layer with a small _ _ _
amount of pottery
brown/red clay layer with a smalll TPW: ~
1a amount of potte - AM: Hellenistic (CSA)/ca. 125 BCE Late Hellenistic
pottery CW: mid 2™ to mid 1% ¢. BCE

AM — amphorae; TFW — table fine wares; CW — common wares

The gravel layer (layer 6/Table 3), was preserved between 8
and 40 m (Fig. 8B). In its central part it was interrupted by a later
structure (Object D/Fig. 8B), which chronologically corresponds
to layer 7, which contained ceramic material dating back to the
Early Byzantine period (mid-5" to 7" CE; Fig. 11). In ancient
times, part of the gravel layer between 13 and 15 m was cov-
ered with mortar and reused as a functional surface. This sug-
gests that the once formed gravel deposit remained at least par-
tially exposed and was then incorporated into the spatial organi-
sation of the site. In other parts of the section, the gravel layer
was sealed by later cultural deposits (e.g., layer 7), which con-
tained Early Byzantine ceramic material. This indicates that the
deposit was not removed or reworked to its full extent but rather
was integrated into the occupational sequence — in some areas
as a reused surface, and in others as a buried and undisturbed
stratigraphic horizon. In the northern part of the profile, five lay-
ers were recorded and dated from the Late Hellenistic (2™ cen-
tury BCE) to the modern period based on the ceramic material.

Notably, no traces of the pebble layer (layer 6) were re-
corded in the northern part of the profile. This absence may re-
sult from later levelling or reconstruction activities, as sug-
gested by the character of layer 3 and its chronologically mixed
ceramic assemblage (Early Roman to Early Byzantine periods,
i.e., late 1% c. BCE to 5" c. CE). The spatially limited extent of

the gravel deposit (recorded only between 8 and 40 m of the
profile) supports the interpretation of a high-energy deposition
restricted to a localised impact zone — potentially resulting from
a tsunami wave. Several artefacts were also uncovered, indi-
cating scattered human activity dating mainly from pottery.
Based on ceramic material from layer 7, it was dated to the
Early Byzantine period (mid-5" to 7" century CE). Other
artefacts found in layer 2C, as well as fragments of CW34 kitch-
enware from south Bekaa Valley were dated to the Late Roman
period (3“—4" century CE).

An analysis of the layer system led to the conclusion that
layer 6, considered a probable trace of the palaeotsunami, di-
rectly rests on layers 2b and 3 (Fig. 8B), which were dated by
pottery to no later than the 3°—4™ century CE (layer 2b) or
3“-5" century CE (layer 3). Furthermore, ceramic material
found above and below layer 6 places its formation between the
3"/4"™ and the 7" centuries CE. Unfortunately, no radiocarbon
dating has been conducted for the gravel layer, due to the ab-
sence of preserved organic material. The chronological attribu-
tion of this deposit is therefore based exclusively on the ceramic
assemblages from the directly overlying and underlying layers.
Although this constitutes a limitation, the diagnostic character of
the ceramic types allows for a relatively reliable chronological
framework.
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Fig. 9A - general view of the archaeological Porphyreon site, marked as a box on Figure 8B (in 2005), white arrow points to the grav-
elly section studied before cutting and cleaning; B — the close-up of the section studied; note the white-gravel layer inside the ce-
ramic-bearing higher and lower layers; for details of the boxed areas see Figure 10

DISCUSSION

This section synthesises historical, geological and archaeo-
logical evidence to evaluate the plausibility of tsunami impact at
Porphyreon, with particular focus on the 551 CE event. By cor-
relating numerical modelling results with documented seismic-
ity and site-level evidence, we aim to clarify the most likely sce-
nario for mid-sixth-century disruption.

Correlation of numerical modelling with historical data.
According to our modelling results (see Figs. 7 and 12) 12 out of
the 42 analysed cases involving M7 earthquakes could poten-
tially have impacted the densely urbanised southern coast of

Cyprus and the south-eastern Mediterranean coast. Among the
earthquake events analysed, scenarios 30 and 31, both associ-
ated with the Mount Lebanon Thrust, show the greatest align-
ment with historical data. These events could be correlated with
the 551 CE earthquake, which we propose as the most proba-
ble cause of destruction at Porphyreon. This correlation is
based on the spatial proximity of fault segments 30 and 31 to
the Porphyreon site, the matching height and reach of the mod-
elled tsunami wave (up to 2.6 m), and the consistency of the
event's date with the archaeological gap and gravel layer at the
site. It is supported by arguments regarding the extent of the
tsunami and the proximity of the fault to cities such as Berytus,




Radostaw Staniszewski et al. / Geological Quarterly, 2025, 69, 40 17

Fig. 10A — elongation of the longer axes of the flat pebbles, number in bracket — identified archaeological layers
from Figure 8B; B — details of the gravelly succession studied; I1-VII depositional layers identified within
archaeological layers numbered 2b, 6 and 7

For explanation and interpretation — see text. The length of the vertical scale is 30 cm
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Fig. 11. Characteristic ceramic vessel forms and types to allow dating of layers 2b, 3 and 7 in the section studied

The ceramic vessel forms found in layers 1 to 5 date to the period from the Early Roman to Early Byzantine periods (late 1st c. BCE to 5th c.
CE). Layer 7, corresponding to the accumulation of material above pebble layer 6 proposed as a tsunami trace, contained vessels dating
back to the Early Byzantine period (mid 5th to 7th CE). Layer 6, visualised on the stratigraphic profile, therefore separates two groups of ves-
sel forms of distinctly different dates
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List and description of structures A-F in Figure 8B

Table 4

. . L Non-ceramic .
Object Layer Metres Description material Layer dating

. . Late Hellenistic to Early Roman mid

A 3,4,5 15.5-2.5 section of vertical wall - 2nd 10 the late of 15 BCE
. Late Hellenistic to Early Roman mid

? ? -

B 23, 3,4 8 horizontal wall?/platform? 2n 10 the late of 19 BCE
. Late Hellenistic to Early Roman mid

C 3 112 Kiln - 2" to the late of 1st BCE

7,
D crosses 22-24 two vertical walls with plaster - Early Byzantine (mid “" to early 7)
layer 6
dark brown layer of soil with small
E 1, 2¢/1 38.5-41.5 | fragments of pottery, burning and - Late Roman (late 3" to mid 4™ CE)
small stones
E 1,2c/2 | 38.5-41.5 | VeTy compact light brown layer with - Late Roman (late 3% to mid 4" CE)
ceramic fragments
1,203 | 385415 | SOImxedwihalol of pottery - Late Roman (late 3" to mid 4" CE)
ragments

2c 41.543 Kiln; dark brown layer of earth Pottery wasters | Late Roman (late 3™ to mid 4™ CE)

* — metres along the cross-section from Figure 8B

Sidon and Tyre, where archaeological and historical data cor-
roborate that earthquake tremors were experienced (Daraw-
cheh et al., 2000). Elias et al. (2007) state that the evidence
supports the interpretation that the earthquake eventin 551 CE
was tsunamigenic. In addition, the epicentre of the 551 CE
earthquake correlates with the location described by
Ambraseys (2009; represented in our models as faults 30 and
31). Plassard and Kogoj (1981), Ambraseys and Synolakis
(2010) and Salamon et al. (2024) also correlated the 551 CE
earthquake to the Mount Lebanon Thrust; however, they lo-
cated it in the northern part of the slip (corresponding to our
model scenarios 33 and 36). Based on historical data describ-
ing the occurrence of the 551 CE tsunamis, our interpretation
presents a more plausible scenario compared to that proposed
by Plassard and Kogoj (1981) and Ambraseys and Synolakis
(2010). However, Faysal et al. (2023) highlighted that the Lata-
kia Ridge, with its prominent seafloor feature, may well be the
most active structure offshore Lebanon and was likely the
source of the 9 July 551 CE tsunamigenic earthquake. How-
ever, these assumptions are based on 3D seismic interpreta-
tion of the major and minor faults offshore Lebanon, without
modelling the extent of the tsunami impact. Moreover, Faysal et
al. (2023) concluded, based on an analysis of existing literature,
that the tsunami that occurred in 551 CE was caused by an
earthquake with a magnitude of 7.2. In contrast, our modelling
indicates that for the faults associated with Latakia Ridge to
generate a tsunami wave height above 1 metre in the
Porphyreon area, it would have to have a magnitude above 8.

Similar to Sieberg (1932) and Antonopoulos (1980), we
have found no evidence that the earthquake of 348 CE would
generate a tsunami capable of reaching Berytus (see Fig. 7 and
Table 2). Based on our models, it should be emphasised that in
scenario 8, considering a M8 earthquake, a tsunami wave
reached Tyre and Sidon with sufficient energy to cause signifi-
cant impact on this area. Both the scenarios describing the
events of 342 CE and ~300 CE did not indicate the possibility of
a tsunami threatening the coast of Lebanon. However, one of
our scenarios for 342 CE yields very similar results to the mod-
elling of the 1222 CE earthquake (Yolsal et al., 2007), demon-
strating the applicability of our modelling approach in predicting
and determining geohazards associated with historical tsunami
impacts.

In addition to the modelled scenarios, we also considered
other major catastrophic events, such as the 365 CE earth-
quake off the coast of Crete. However, we did not model this
event since it was included in the models proposed by England
etal. (2015) and Ottetal. (2021). According to their scenarios, it
can be concluded that such an event did not impact the
Porphyreon site. For the other tsunami episodes investigated, it
was challenging to establish a consistent explanation that
aligned the modelled earthquake scenarios with the presence
of the gravel layer and observed damage at Porphyreon. Some
cases showed correlation with historical tsunami events, while
in others, Porphyreon’s inundation was recorded, but lacked
confirmation in the epigraphic record or correlation with known
historical events. Among the scenarios considered, those asso-
ciated with the Cyprus subduction zone align with the observed
destruction at the site. However, events of such scale would
have affected the entire region. To date, no historical indica-
tions have been found of an event in which such a large portion
of the coastline was inundated.

Tsunami origin of the gravel layer. While our primary hy-
pothesis favours a tsunami origin, we also considered alterna-
tive explanations such as storm surge deposition or
anthropogenic infill. However, the internal sedimentary struc-
tures — including grading, an erosional base, and the lack of
compaction — do not align with typical storm deposits or con-
struction layers. Furthermore, the absence of architectural ele-
ments, prepared ground surfaces, or consistent spatial pattern-
ing reduces the likelihood of human agency. Nonetheless, we
acknowledge that without direct sedimentological analyses,
these alternative scenarios cannot be ruled out entirely. Given
all the above considerations, we cannot exclude the possibility
that the event described here was caused by a tsunami not
mentioned in any written source of the period. We also allow for
the possibility that such an event occurred as a result of a cata-
strophic torrential storm, but our geological interpretation of the
record makes such a possibility highly unlikely in our opinion
based on current evidence with preserved sedimentary fea-
tures that better match tsunami-related processes.

Despite the lack of more detailed sedimentological analy-
ses, our interpretation is that the observed sequence (see sec-
tion ‘Sedimentological interpretations’) was formed in a single
depositional event of varying intensity, potentially associated
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with the propagation of a tsunami wave onto the coastal region.
The gravel layer exhibits features similar to those interpreted as
Holocene tsunami-related coastal beach and dune deposits, as
described by researchers such as Nichol et al. (2003),
Nanayama and Shigeno (2006), Hawkes et al. (2007), Morton
(2008) and Yu et al. (2020). These features include a sharp ero-
sional basal contact, an upwards-fining and upwards-coarsen-
ing sequence, sand sheets, gravel fabric, and a sheet of gravel
with cobble-sized clasts. However, Shanmugam (2012) argued
that there is no definite evidence for tsunami-related deposits in
the coastal-beach environment. According to Shanmugam
(2012), incoming tsunami waves (landward) and outgoing
backwash flows (seaward) can trigger a variety of processes,
making it challenging to establish reliable sedimentological cri-
teria for distinguishing palaeo-tsunami deposits in various envi-
ronments. However, this interpretation remains hypothetical in
the absence of direct sedimentological evidence.

The hypothesis that the gravel layer originated from river
flooding can be reasonably excluded. Had such a flood oc-
curred in 551 CE, it would likely have caused widespread de-
struction to overlying structures, including the Byzantine Basil-
ica yet no such damage is evident in the archaeological record.
Moreover, the absence of major river systems in the immediate
vicinity significantly weakens this interpretation. While a periodi-
cally active braided stream could theoretically have deposited
such sediments, this would imply a recurrent geomorphological
process rather than a singular event. In that case, one would
expect repeated episodes of deposition and destruction, which
are not reflected in the archaeological or stratigraphic record at
the site.

Integrating archaeological and seismological evi-
dence. The comparison between seismological and archaeo-
logical data concerning the ancient city of Porphyreon reveals
several inconsistencies. The stratigraphic profile cited in this
study appears clear and suggests the possibility of a correlation
between the archaeological data and the 551 CE earthquake
and subsequent tsunami selected for its potential impact on the
Porphyreon area, and their alignment with historical and geo-
logical evidence. This analysis contributes to a better under-
standing of the settlement’s evolution. Tsunami wave height
models indicated that, in some scenarios, waves may have
reached heights of up to 2.6 m. Consequently, it is plausible that
the encroachment of tsunami waves onto the shoreline could
have caused the destruction of a coastal settlement such as
Porphyreon. Layer 6 at Porphyreon is interpreted as resulting
from the 551 CE tsunami; however, evidence of tsunami impact
is not uniformly distributed across the site, particularly in areas
with residential buildings and the Basilica. This inconsistency
may be attributed to several factors:

— localised depositional patterns: tsunamis often deposit
materials unevenly, influenced by local topography and
pre-existing structures, which may protect certain areas
while exposing others to more significant deposition;

— excavation limitations: the scope of our archaeological
excavations was limited, and it is possible that tsu-
nami-related deposits were present but not uncovered in
the excavated sections;

— post-depositional disturbances: subsequent human ac-
tivities, such as rebuilding, or natural erosion processes,
could have disturbed or removed sedimentary evidence
of the tsunami, particularly in areas with significant later
construction;

— variability in tsunami intensity: the intensity and impact of
the tsunami waves may have varied across the site, po-
tentially leaving less detectable traces in some areas.

Given these considerations, more extensive remote sens-
ing and geophysical surveys and archaeological excavations
are needed to fully understand the impact of the 551 CE tsu-
nami across the entire site. Moreover, the large surviving frag-
ments of Porphyreon’s residential buildings (Fig. 8A), situated
at a height of ~10 m a.s.l. and at a distance of no more than 100
m from the seashore, show no clear signs of destruction. Simi-
larly, the Byzantine Basilica, which functioned in the 56" cen-
turies CE directly on the seashore at a height of only 4 m a.s.l.,
also lacks architectural evidence of tsunami-related destruc-
tion. To date, no architectural traces indicative of seismic dam-
age (e.g. wall cracks, collapsed structures or subsequent re-
building) have been documented in the excavated sectors. This
absence of evidence may also reflect later human modifications
of the archaeological layers, particularly during the Byzantine
period. These transformations are well documented stratigra-
phically, though without clear architectural evidence of
post-seismic repair or rebuilding. No written records specifically
describing tsunami-related destruction at Porphyreon have
been preserved, though historical sources document coastal
damage in other Phoenician cities following the 551 CE event.
Instead, the archaeological record reveals an intriguing gap be-
tween an earlier settlement that functioned on the same site un-
til the 2"°—3" centuries CE and the Late Antique settlement con-
structed atop its remains during the late 4" and 5" centuries CE.
The abandonment of the earlier settlement and subsequent re-
construction could correlate with the possible effects of the 4
century CE earthquakes, rather than the well-documented 551
CE event.

Holocene shoreline uplift. There has been long-standing
scholarly discussion regarding the shoreline uplift in Lebanon
and the processes responsible for it (e.g., Sanlaville, 1977;
Pirazzoli et al., 1991; Elias et al., 2007). Some researchers be-
lieve that itis related, among other things, to Holocene sea-level
fluctuations (Sanlaville, 1977), while others link them to the tec-
tonic activity (e.g., Elias et al., 2007), including the 551 CE
earthquake and subsequent seismic events.

A significant contribution to this discussion is the study by
Morhange et al. (2006), which identified two main Holocene re-
gional crustal uplift phases over the past 6000 years along the
Lebanese coast: (i) an upper shoreline at ~+1.2 to +1.4 m,
which lasted from ~4,050 BCE to 1,050 BCE and (ii) a lower
shoreline at +0.8 £0.4 m, developed between 750 BCE and the
6" century CE, coinciding with the so-called “Early Byzantine
Tectonic Paroxysm” (sensu Pirazzoli, 1986). A relative stabili-
sation to modern sea levels took place ~1,000 CE (Morhange et
al., 2006). These uplifted coastal features have been inter-
preted by Morhange et al. (2006) as resulting from the activa-
tion of the Yammouneh and the Roum-Tripoli thrusts, as well as
slip along transverse faults. Building on this, Faysal et al. (2023)
argued that the regional uplift documented by Morhange et al.
(2006) may be better explained by the results of the major tec-
tonic role of the Latakia Ridge in the eastern Mediterranean,
and suggested that the uplifts documented in Morhange et al.
(2006) could be due to the transpressional structures mapped
by Faysal et al. (2023) mapped along the Lebanese margin,
and that the last uplift, contemporaneous with the 551 CE earth-
quake, may have resulted from an earthquake that could have
been triggered along the Lebanese margin by a major event
that occurred along the Latakia ridge. However, our results indi-
cate that faults other than those associated with the Latakia
Ridge were responsible for generating the 551 CE tsunami. For
this reason, the course of this event and its uplift mechanism in
our opinion is questionable and that is why we have not in-
cluded it in any of our analyses.
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Morhange et al. (2006) also note regional uplift intensity, re-
porting a decrease near Beirut and increases again in the Saida
region (+0.5 m) compared to northern Lebanon. This pattern is
particularly relevant to our site: the Byzantine Basilica at
Porphyreon, which is today located directly on the seashore at
an elevation of just4 m a.s.l., shows no signs of tsunami-related
destruction. This observation allows us to constrain the maxi-
mum inundation height of the tsunami in this area. Even ac-
counting for possible uplift of up to 0.5 m, the maximum inunda-
tion of the tsunami could only have reached areas situated be-
low 3.5 m a.s.l. Taking all these factors into account including
the absence of structural damage to the Basilica, the limited
maximum uplift in the Porphyreon area —0.5 m, and our model-
ling results for tsunami wave based on our modelling was 0.1 m
(342 CE), 0.5m (348 CE) and 2.6 m (551 CE) we conclude that
our proposed tsunami scenario for the 551 CE event is highly
plausible.

CONCLUSIONS

Based on 135 earthquake scenarios for >M7 events, distrib-
uted across a total of 42 faults located in the south-eastern
Mediterranean, we infer the following patterns of tsunami risk:
for the 342 CE earthquake, only the fault southwest of the Cy-
prus coast could potentially have posed a credible threat to the
Lebanese coast; for the 348 CE earthquake, the greatest haz-
ard can be associated with an oblique-slip fault in the central
part of the Levantine Basin. In the case of the 551 CE earth-
quake, multiple faults represent potential tsunami sources, but
the greatest risk appears linked to faults associated with the
Mount Lebanon and Tripoli-Beirut thrust systems.

In our study, numerical modelling results were integrated
with sedimentological observations and archaeological data.
Based on the characteristics of the gravel layer embedded
within the cultural layers at the Porphyreon, it was determined
that the section studied was formed during a single high-energy
depositional episode of changing intensity, likely associated
with tsunami waves propagating onto the land area. The calcu-
lated maximum tsunami wave height modelled for 551 CE
event in the Porphyreon area reached 2.6 m. Accordingly, the

551 CE tsunami is considered to be the most plausible trigger
for the formation of the gravel layer observed within the cultural
strata of the Porphyreon archaeological site. Although the tsu-
nami origin of the deposit cannot be conclusively confirmed due
to the absence of direct sedimentological and geochronological
data, the stratigraphic and archaeological context support it as
the most plausible scenario currently available. Should access
to the site become feasible in the future — pending improvement
of political situation in the region — further research incorporat-
ing direct sedimentological sampling and geochemical analysis
will be essential to further evaluate the tsunami hypothesis
against alternative depositional scenarios, including storm-in-
duced and anthropogenic processes.

Our numerical modelling results also provided some rele-
vant insights to future risk assessment. Tectonic zones previ-
ously associated with high-magnitude seismic activity may con-
tinue to pose significant threat to coastal populations. Notably,
there is no historical documentation of a tsunami event associ-
ated with the Cyprus subduction zone that resulted in wide-
spread coastal inundation. Nevertheless, the potential for such
an event should not be dismissed particularly given that this
zone extends further into Turkey and Syria, where a devastat-
ing 7.8 magnitude earthquake occurred on 6" February 2023.
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APPENDIX 1

Summary of fault parameters used for modelling

Fault Mag Length [km] Width [km] Strike [degrees] Dip [degrees] Depth [km] Depht to top [km] Rake [degrees] Slip[m] Shear modulus [10710] note max slip [m] conf;:'i:ation
1 8 55,6422 13,9105 125 80 39,6992 26 10 22 6,80 12
1 7,0 55,64 13,91 125 80,0 39,7 26 10,0 0,8 6,8 12
1 75 55,64 13,91 125 80,0 39,7 26 10,0 4,0 6,8 12
2 7,0 60,23 15,06 288,8 35,0 32,6 24,0 100,0 0,7 6,8 12
2 75 60,23 15,06 288,8 35,0 32,6 24,0 100,0 3,1 6,8 12
2 8,0 60,23 15,06 288,8 35,0 32,6 24,0 100,0 18,0 6,8 12
3 8 45,3149 11,1952 284,9 30 30,5976 25 90 34 6,80 12
3 7,0 45,31 11,20 284,9 30,0 30,6 25,0 90 1,0 6,8 12
3 7,5 45,31 11,20 284,9 30,0 30,6 25,0 90,0 55 6,8 12
4 7,0 56,16 14,04 286,5 25 26,9 21,0 90,0 0,8 6,8 12
4 8 56,1569 14,0392 286,5 25 26,9332 21 90 25 6,80 12
4 75 56,16 14,04 286,5 25 26,9 21 90 4,5 6,8 12
5 8 46,5938 11,6485 87,5 25 18,9229 14 63 46 4,4 12
5 7,0 46,59 11,65 87,5 25 18,9 14 63 1,5 4,4 12
5 7,5 46,59 11,65 87,5 25 18,9 14 63 11,0 4,4 12
6 8 42,3557 10,5889 80,7 25 31,4751 27 80 35 6,80 12
6 7,0 42,36 10,59 80,7 25,0 31,5 27 80 1,4 6,8 12
6 7,5 42,36 10,59 80,7 25,0 31,5 27 80 7,0 6,8 12
7 75 54,68 14,47 291,5 70 33,6 20 170 0,8 6,8 12
7 7 54,681 14,4694 291,5 70 33,5968 20 170 ? 6,80 12
7 8,0 54,68 14,47 291,5 70 33,6 20 170 4,0 6,8 12
8 7,0 74,65 18,66 44 80 34,4 16 30 0,4 6,8 14
8 7,5 74,65 18,66 44 80 34,4 16 30 2,8 6,8 14
8 8,0 74,65 18,66 44 80 34,4 16 30 14,0 6,8 14
9 8 51,6923 12,9231 295,4 25 14,4615 9 125 65 2,60 12
9 7,0 51,69 12,92 295,4 25 14,5 9 125 25 2,6 12
9 7,5 51,69 12,92 295,4 25 14,5 9 125 11,0 2,6 12
10 7,5 32,3544 8,0886 304,3 35 32,6394 28 120 11 6,80 10
10 8 32,3544 8,0886 304,3 35 32,6394 28 120 61 6,80 10
10 7,0 32,35 8,09 304,3 35 32,6 28 120 1,9 6,8 10
1 7,0 56,92 14,23 98,6 20 20,9 16 70 1,0 4,4 12
1 8 56,9171 14,2293 98,6 20 20,8667 16 70 30 4,40 12
1 75 56,92 14,23 98,6 20 20,9 16 70 6,0 4,4 12
12 75 34,3298 8,56824 2749 30 24,2912 20 80 15 4,40 10
12 8 34,3298 8,5824 2749 30 24,2912 20 80 82 4,40 10
12 7,0 34,33 8,58 2749 30 24,3 20 80 2,6 4,4 10
13 7,5 30,3629 7,5907 270,1 25 25,208 22 85 13 6,80 10
13 8 30,3629 7,5907 270,1 25 25,208 22 85 68 6,80 10
13 7,0 30,36 7,59 270,1 25,0 25,2 22 85 2,8 6,8 10
14 75 31,1252 7,7813 232,1 70 35,312 28 -20 12 6,80 10
14 8 31,1252 7,7813 232,1 70 35,312 28 -20 68 6,80 10
14 7,0 31,13 7,78 232,1 70 35,3 28 -20 2,6 6,8 10
15 7,5 29,5104 7,3776 331 75 32,1262 25 160 13 6,80 7
15 8 29,5104 7,3776 331 75 32,1262 25 160 72 6,80 7
15 7,0 29,51 7,38 331,0 75 32,1 25 160 2,8 6,8 7
16 8 22,1449 5,5362 326,9 75 30,3476 25 145 130 6,80 7
16 7,5 22,1449 5,5362 326,9 75 30,3476 25 145 24 6,80 7
16 7,0 22,14 5,54 326,9 75 16,0 25 145 6,5 4,4 7
17 7,0 (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) 0,1 6,8 (17a, 17b)
17 75 (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) 0,8 6,8 (17a, 17b)
17 8,0 (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) 4,0 6,8 (17a, 17b)
18 7,0 (18a, 18b, 18c,) (18a, 18b, 18c,) (18a, 18b, 18c,) (18a, 18b, 18c,) (18a, 18b, 18c,) (18a, 18b, 18c,) (18a, 18b, 18c,) 0,2 6,8 (18a, 18b, 18c,
18 7,5 (18a, 18b, 18c,) (18a, 18b, 18c,) (18a, 18b, 18c,) (18a, 18b, 18c,) (18a, 18b, 18c,) (18a, 18b, 18c,) (18a, 18b, 18c,) 1,2 6,8 (18a, 18b, 18c,
18 8,0 (18a, 18b, 18c,) (18a, 18b, 18c,) (18a, 18b, 18c,) (18a, 18b, 18c,) (18a, 18b, 18c,) (18a, 18b, 18c,) (18a, 18b, 18c,) 6,5 6,8 (18a, 18b, 18c,
19 7,0 57,33 14,33 154,4 45 241 14 -160 1,3 4,4 12
19 8 57,3292 14,3323 154,4 45 24,1345 14 -160 30 4,40 12
19 75 57,33 14,33 154,4 45 241 14 -160 6,0 4,4 12
20 8 24,902 6,2255 33,6 25 22,63101 20 110 158 4,40 7
20 75 24,902 6,2255 33,6 25 22,63101 20 110 28 4,40 7
20 7,0 24,90 6,23 33,6 25,0 22,6 20 110,0 5,0 4,4 7
21 8 22,7771 5,6943 39,4 30 20,8471 18 130 188 4,40 7
21 75 22,7771 5,6943 39,4 30 20,8471 18 130 36 4,40 7
21 7,0 22,78 5,69 39,4 30 20,8 18 130 6,0 4,4 7
22 8 11,4714 2,8678 42,6 25 21,212 20 70 - X 4
22 7,5 11,4714 2,8678 42,6 25 21,212 20 70 138 4,40 4
22 7 11,4714 2,8678 42,6 25 21,212 20 70 27 4,40 4
23 8 11,5155 2,8789 50,8 25 21,2167 20 80 - X 4
23 75 11,5155 2,8789 50,8 25 21,2167 20 80 130 4,4 4
23 7 11,5155 2,8789 50,8 25 21,2167 20 80 26 4,4 4
24 7,5 10,7971 2,6993 55,8 25 21,1408 20 80 148 4,4 4
24 7 10,7971 2,6993 55,8 25 21,1408 20 80 28 4,4 4
25 7,0 47,83 11,96 263,8 80 31,8 20 165 1,2 6,8 12




25
25
26
26
26
27
27
27
28
28
28
29
30
30
30
31
31
31
32
32
32
33
33
33
34
34
34
35
35
35
36
37
38
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39
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40
41
41
41
42
42
42
17a
17a
17a
17b
17b
17b
18a
18a
18a
18b
18b
18b
18¢c
18¢c
18¢c
18d
18d
18d
30a
30b
30c
31a
31b
31c
31d

7,5

7,5
7,0

7,5

7,5

7,0

7,5
7,0
7,5
8,0

7,5
7,0
7,5

7,0

7,5
7,0

7,5

7,5
7,0

7,5
7,0

7,5
7,0
7,5

7,0
7,5
8,0
7,0
7,5
8,0
7,0
7,5

7,0
7,5

7,0
7,5

7,0
7,5

47,8304
47,83
20,008
20,008
20,01
13,3549
13,3549
13,3549
6,50102
6,50102
6,50102
9,46083
(30a, 30b, 30c)
(30a, 30b, 30c)
(30a, 30b, 30c)
(31a, 31b, 31c, 31d)
(31a, 31b, 31c, 31d)
(31a, 31b, 31c, 31d)
13,201
13,201
13,201
28,47
28,47
28,47
29,78
29,7824
29,7824
39,60
39,596
39,60
12,5655
13,4302
12,2695
23,3355
23,34
15,3025
15,3025
32,04
32,0414
32,0414
27,96
27,9646
27,9646
84,14
84,14
84,14
106,65
106,65
106,65
52,06
52,06
52,0618
65,56
65,56
65,5637
55,07
55,07
55,0711
243,50
243,50
2435
18,178
17,6982
6,0435
18,4301
11,9994
9,13854
7,02091

11,9576
11,96
5,002
5,002

5,00
3,3387
3,3387
3,3387
1,6253
1,6253
1,6253
2,3652

(30a, 30b, 30c)
(30a, 30b, 30c)
(30a, 30b, 30c)

(31a, 31b, 31c, 31d)

(31a, 31b, 31c, 31d)

(31a, 31b, 31c, 31d)

3,3002
3,3002
3,3002

7,12
7,1175
7,1175

7,45
7,4456
7,4456

9,90

9,899

9,90
3,1414
3,3576
3,0674
5,8339

5,83
3,8256
3,8256

8,01
8,0104
8,0104

6,99
6,9911
6,9911
21,03
21,03
21,03
26,66
26,66
26,66

13,00
13,00
13
13,00
13,00
13
13,00
13,00
13
13,00
13,00
13
8
10

10
10

263,8
263,8
262,5
262,5
262,5

28,9

28,9

28,9

16,2

16,2

16,2

26,5
(30a, 30b, 30c)
(30a, 30b, 30c)
(30a, 30b, 30c)

(31a, 31b, 31c, 31d)

(31a, 31b, 31c, 31d)

(31a, 31b, 31c, 31d)
189,8
189,8
189,8

36,7
36,7
36,7
88,1
88,1
88,1
68,6
68,6
68,6
8,7
258,7
56,8
54,8
54,8
34
34
79,1
79,1
79,1
250,7
250,7
250,7
236,3
236,3
236,3
258,4
258,4
258,4
208,2
208,2
208,2
2374
2374
2374
261,1
261,1
261,1
2435
2435
2435
26,6
356,9
18,4
352,2
234
52,8
4,1

80
80
80
80
80
25
25
25
25
25
25
25
(30a, 30b, 30c)
(30a, 30b, 30c)
(30a, 30b, 30c)
(31a, 31b, 31c, 31d)
(31a, 31b, 31c, 31d)
(31a, 31b, 31c, 31d)
25
25
25
25,0
25
25
60
60
60
60
60
60
25
70
25
25
25,0
25
25
35
35
35
80
80
80
25
25
25
25,0
25,0
25,0
43
43
43
30
30
30
27
27
27
25
25
25
25
25
25
25
25
25
25

31,7759
31,8
26,926
26,926
26,9
11,411
11,411
11,411
16,6869
16,6869
16,6869
10,9996
(30a, 30b, 30c)
(30a, 30b, 30c)
(30a, 30b, 30c)
X
X
X
19,3947
19,3947
19,3947
28,0
28,008
28,008
21,4
21,4481
21,4481
28,6
28,5728
28,6
9,32761
13,1551
16,2963
17,4655
17,5
16,6168
16,6168
4,6
4,59458
4,59458
26,9
26,8849
26,8849
28,9
28,9
28,9
36,3
36,3
36,3
28,9
28,9
28,866
31,5
31,5
31,5
30,9
30,9
30,9019
30,5
30,5
30,494
21,3809
22,2262
21,3809
17,3809
18,2262
18,2262
17,3809

20
20
22
22
22
10
10
10
16
16
16
10
(30a, 30b, 30c)
(30a, 30b, 30c)
(30a, 30b, 30c)
(31a, 31b, 31c, 31d)
(31a, 31b, 31c, 31d)
(31a, 31b, 31c, 31d)
18
18
18
25
25
25
15
15
15
20
20
20
8
10
15
15
15
15
15

20
20
20
20
31
31
25
25
25
20
20
20
25
25
25
25
25
25
25
25
25
18
18
18
14
14
14
14

165
165
170
170
170
100
100
100
80
80
80
<)
(30a, 30b, 30c)
(30a, 30b, 30c)
(30a, 30b, 30c)
(31a, 31b, 31c, 31d)
(31a, 31b, 31c, 31d)
(31a, 31b, 31c, 31d)
<)
<)
<)
<)
<)
<)
-170
-170
-170
-165
-165
-165
<)
165
9
<)
<)
<)
<)
50
50
50
170
170
170
30,0
30,0
30,0
70,0
70,0
70,0
-10
-10
-10
20
20
20
70
70
70
9
<)
<)
9
<)
<)
9
9
<)
<)

28
6,5
170
28
5,0

164
30

80

58
2,6

70
12,0
2,0
11,0
59,0

18
99
2,5
14
78
35
115
20
1,3
40
7.1
40
29
21
32
6,0
14
75
5.2
160
29
2,8
14,5
80
03
1,8
9,0
0.2
1,0
9,0
1,0
5,0
25
08
4,0
19
0,9
5,0
22
1,1
6,0
29

6,8
6,8
6,8
6,8
6,8
X
2,6
2,6
4,40
4,40
4,40
2,60
(30a, 30b, 30c)
(30a, 30b, 30c)
(30a, 30b, 30c)
(31a, 31b, 31c, 31d)
(31a, 31b, 31c, 31d)
(31a, 31b, 31c, 31d)
4.4
4.4
4.4
6,8
6,8
6,8
4.4
4.4
4.4
6,8
6,8
6,8
2,60
2,60
4,40
4.4
4.4
4,40
4,40
2,6
2,6
2,6
6,8
6,8
6,8
6,8
6,8
6,8
6,8
6,8
6,8
6,8
6,8
6,80
6,8
6,8
6,80
6,8
6,8
6,80
6,8
6,8
6,80
6,80
6,80
6,80
4.4
4.4
4.4
4.4

no deformations
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14
14
14
14
14
12
12
12
12
12
12
12
12
12
16
16
16






