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The east ern Med i ter ra nean has long been shaped by the im pacts of nat u ral di sas ters, no ta bly tsu na mis and earth quakes,
with sev eral ma jor events re corded dur ing the Late Ro man and Byzantine pe ri ods (spe cif i cally be tween 300–551 CE). This
study fo cuses on the an cient an chor age at Porphyreon on the Phoe ni cian coast and in te grates re sults from nu mer i cal earth -
quake mod el ling with con tex tual geo log i cal and ar chae o log i cal field stud ies. Here, we ex plore the high po ten tial of cor re lat -
ing di verse re cords to dis cern spe cific sig na tures of past earth quake and tsu nami events. Our study mod elled 42 fault zones
lo cated in the east ern Med i ter ra nean to iden tify those ca pa ble of gen er at ing earth quakes strong enough to cause tsu -
nami-driven flood ing and de struc tion at Porphyreon. Of the 42 sce nar ios ana lysed, twelve mag ni tude 7 earth quakes could
have po ten tially im pacted the south ern coast of Cy prus and the south-east ern Med i ter ra nean coast in the Late Ro man and
Byzantine pe ri ods. Our anal y ses iden tify a fault sys tem that could have posed a ma jor threat to the Phoe ni cian coast dur ing
the 551 CE earth quake, with cal cu lated max i mum tsu nami wave heights ex ceed ing 2.6 m. Our sec ond ary out come is the
iden ti fi ca tion of faults that re main ca pa ble of gen er at ing tsu nami waves to day, pos ing a con tin u ing threat to the coasts of
Leb a non and Cy prus and their oc cu pants.

Key words: palaeotsunami; tsu nami mod el ling; ~300-551 CE earth quakes; Porphyreon/Phoe ni cia; Ar chae ol ogy of Leb a non; 
Late Ro man and Byzantine pe ri ods.

INTRODUCTION

The eastern Med i ter ra nean re gion has ex pe ri enced nu mer -
ous cat a strophic earth quakes and tsu na mis through out its geo -
log i cal and his tor i cal past, sig nif i cantly im pact ing coastal set tle -
ments and shap ing hu man his tory. Coastal ar eas are rou tinely
in un dated by storm, cy clone and, less fre quently, tsu nami
waves, events which have op er ated through out geo log i cal his -
tory, al beit oc ca sion ally at cat a strophic scales. While many
stud ies doc u ment such phe nom ena pri mar ily in shoreface and

off shore fa cies se quences (cf. Shanmugam, 2006; Shiki et al.,
2021), the in ten sive de vel op ment of coastal set tle ments since
the on set of the Ho lo cene has sig nif i cantly in creased the vul -
ner a bil ity of hu man pop u la tions to these ma rine haz ards (cf.
Scheffers and Kelletat, 2003; Shanmugam, 2012). In this study, 
we in te grate nu mer i cal tsu nami mod el ling with con tex tual ar -
chae o log i cal and geo log i cal data to in ves ti gate whether an ex -
treme ma rine event, which oc curred some time be tween
~300–551 CE, may have af fected the coastal zone at
Porphyreon (mod ern-day Jiyeh; Fig. 1) an an cient an chor age
site sit u ated on the Phoe ni cian coast of Leb a non.

Multidisciplinary palaeotsunami re search has be come in -
creas ingly crit i cal to both ge ol ogy and ar chae ol ogy in re cent de -
cades, of fer ing in sights into past coastal dy nam ics, di sas ter im -
pacts on an cient civili sa tions, and in form ing pres ent-day haz -
ard as sess ments. The cat a strophic tsu nami that struck Su ma -
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tra and the In dian Ocean rim on 26 De cem ber 2004 sig nif i cantly 
height ened aware ness and in ten si fied re search ef forts into tsu -
nami haz ards, ex tend ing at ten tion to the Med i ter ra nean, and
es pe cially the East ern Med i ter ra nean (host to ma jor cen tres of
an cient civili sa tions), and its coastal com mu ni ties. Many stud -
ies into tsu nami haz ards have emerged from this area, no ta bly
from coastal re gions of Leb a non (Sbeinati et al., 2005), the
Aegean coast lines (Papadopoulos et al., 2014; Altinok et al.,
2011), Is rael (Salamon et al., 2010), south ern Tur key (Bruins et
al., 2008), and the broader Levantine coast line (Marriner and
Pirazzoli, 2006).

Re cent events, in clud ing the earth quake and tsu nami that
struck Samos on 30 Oc to ber 2020, and the dev as tat ing earth -
quake af fect ing the Turk ish-Syr ian bor der re gion on 6 Feb ru ary
2023, have fur ther re in forced our un der stand ing of the vul ner a -
bil ity of this re gion – of ten re ferred to as the “cra dle of civili sa -
tion” – to seis mic ac tiv ity. Con se quently, the ques tion of iden ti -
fy ing ev i dence for past un der sea earth quakes and their tsu na -
mis, which may have had cat a strophic con se quences for an -
cient coastal set tle ments, has be come in creas ingly crit i cal.
Against this back drop, the an cient an chor age site of
Porphyreon, with its ar chae o log i cal re cord span ning his tor i cal
pe ri ods from the Iron Age all the way through to the Ro man and
Byzantine pe ri ods, and its coastal lo ca tion and vul ner a bil ity,
pres ents a valu able op por tu nity to test and re fine meth ods that
in te grate his tor i cal sources, nu mer i cal tsu nami mod el ling, and
lim ited ar chae o log i cal and geo log i cal field data. By ex plor ing
these in ter con nec tions, our study aims to con trib ute not only to
un der stand ing the site’s com plex oc cu pa tion his tory but also to
broader re gional as sess ments of tsu nami haz ards and their
his tor i cal con se quences.

The past two de cades have been rich in his tor i cal (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 seis mo log i cal
stud ies (e.g., Ambraseys, 2009; Ambraseys and Synolakis,
2010), each of which, usu ally within their own dis ci pline, at -
tempted to or gan ise our knowl edge of this area. The abun -
dance of these re search ini tia tives led to the emer gence of a

kind of neo-catastrophism in the study of the Med i ter ra nean Ba -
sin past (Ambraseys, 2005; Morhange and Marriner, 2010;
Morhange et al., 2014; Liritzis et al., 2019; cf. also Vött et al.,
2019). How ever, re cent in ter dis ci plin ary work con ducted at
Med i ter ra nean ports and coastal pas sage sites such as Caesa -
rea Maritima, Tel Ashqelon, and the Messina Strait clearly dem -
on strated that in te grat ing his tor i cal, geoarchaeological, and
seis mo log i cal datasets of fer the op por tu nity for a more nuanced 
and re li able re con struc tion of the tim ing, dy nam ics, and im pacts 
of Late An tique tsu nami events (Reinhardt et al., 2006; Dey and 
Good man-Tchernov, 2010; Dey et al., 2014; Barbano et al.,
2014; Hoffman et al., 2018; Salamon et al., 2024).

Nu mer i cal mod el ling has be come a widely used meth od -
olog i cal tool in geo log i cal re search, in clud ing for un der stand ing
fault-zone me chan ics (e.g., Donzé et al., 1994; Zhang and San -
der son, 1996; Wang et al., 2008; Konon et al., 2016; Romano et 
al., 2017), earth quake dy nam ics (e.g., Mikumo and Miyatake,
1983; Ismail-Zadeh and Soloviev, 2022), and tsu nami wave
prop a ga tion (e.g., Hein rich et al., 2001; Dutykh et al., 2011;
Sugawara, 2021; Tadibaght et al., 2022; Salamon et al., 2024).
De spite the grow ing num ber of stud ies em ploy ing nu mer i cal
tsu nami mod el ling, rel a tively few in te grate these meth ods with
clas si cal sedimentological ap proaches (Falvard and Paris,
2017; Nigg et al., 2021), and fewer still ex plic itly com bine dig i tal
mod el ling with anal y ses of sedimentological pro cesses and ar -
chae o log i cal re cords (cf. Sbeinati et al., 2005; Sánchez-
 Sánchez et al., 2022). To bridge this gap, this study in te grates
nu mer i cal mod el ling of his tor i cal tsu nami events that im pacted
the east ern Med i ter ra nean Sea with lim ited sedimentological
ob ser va tions and con tex tual ar chae o log i cal ev i dence. Spe cif i -
cally, our ob jec tive is to as sess, through nu mer i cal mod el ling,
whether his tor i cally doc u mented earth quakes in the re gion
could have gen er ated tsu nami waves ca pa ble of de pos it ing
high-en ergy gravel lay ers iden ti fied at the Porphyreon ar chae o -
log i cal site.

Our mod el ling ap proach in cor po rates data from 135 earth -
quake sce nar ios across 42 faults in the south east ern Med i ter ra -
nean, in clud ing seven on shore and 34 off shore struc tures
(Figs. 2 and 3). Given the lim ited na ture of avail able field data,
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Fig. 1A – po lit i cal map of the east ern Med i ter ra nean, Leb a non area – in white, high lighted by out line (mod i fied from
https://www.yourchildlearns.com/on line-at las/leb a non-map.htm), study area – en larged on part B of the fig ure; B – sim pli fied ge ol -
ogy around the Porphyreon ar chae o log i cal site (af ter Zumoffen, 1926) and study points lo ca tion, black dots mark the lo ca tions of
pho tos in Fig ure 4
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in clud ing the ab sence of ab so lute dates for the gravel de pos its,
we rely pri mar ily on rel a tive dat ing pro vided by ar chae o log i cal
stra tig ra phy: the gravel layer over lies a Late Ro man oc cu pa tion
sur face (4th–6th cen tury CE) and is sealed by later con struc tion
ma te rial. Within this tem po ral frame work, we eval u ate the like li -
hood that sev eral his tor i cally doc u mented earth quakes co in -
cide with the for ma tion of the de posit. Al though our aim is not to
de fin i tively at trib ute the gravel layer to any sin gle his tor i cal
event, this study dem on strates how in te grat ing in com plete ar -
chae o log i cal re cords with nu mer i cal tsu nami mod el ling can sig -
nif i cantly nar row down plau si ble sce nar ios, es pe cially in re gions 
where sites ac cess can of ten be lim ited, and field data re main
frag men tary or in ac ces si ble.

His tor i cal re search, par tic u larly anal y ses of an cient tex tual
sources and the ter mi nol ogy em ployed for de scrib ing nat u ral di -
sas ters (such as earth quakes and tsu na mis) in Late An tiq uity
(e.g., the use of terms such as seismos, kataklysmos or tremor

in hagi ogra phies and chron i cles), al lows iden ti fi ca tion of pe ri -
ods in which the Leb a nese coast may have ex pe ri enced such
cat a strophic events, fur ther in form ing the plau si bil ity of the hy -
poth es ised event sce nario (e.g., Antonopoulos, 1987; Guido -
boni et al., 1994; Fokaefs and Papadopoulos, 2007; Dey and
Good man-Tchernov, 2010; Salamon et al., 2010; Altinok et al.,
2011; Papadopoulos et al., 2012, 2014; Maramai et al., 2014).
An cient Latin and Greek writ ten sources de scribe the in ter val
be tween ~300 and 551 CE as par tic u larly marked by dev as tat -
ing earth quakes and tsu na mis, each of which sig nif i cantly im -
pacted set tle ments on the coasts of Syria, Phoe ni cia or Pal es -
tine. These in clude the sig nif i cant events of 2 April 303 CE
(Sidon; Ambraseys, 2009), 341/342 CE (Sa la mis in Cy prus;
Guidoboni et al., 1994), 347/348 CE, 21 July 365 CE (Crete;
Papadopoulos et al., 2012), 9 July 551 CE (Berytus/Bei rut;
Mordechai, 2020), and, fi nally, 18 Jan u ary 749 CE (Caesarea
Maritima; Salamon et al., 2010). Con tem po rary au thors of hagi -
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Fig. 2. Ma jor tec tonic fea tures of the East ern Med i ter ra nean, adopted from Har ri son et al. (2013)

DSTF – Dead Sea trans form fault, EAFZ – East ern Ana to lian fault zone, LRT – Larnaca Ridge trans form fault, OFZ – Ovgos fault zone, KRT
– Kyrenia Range thrust sys tem. Ex pla na tions: bold or ange dashed lines – ma jor crustal bound aries, red lines – re gional faults, large ar rows – 
rel a tive plate mo tion, half ar rows – rel a tive hor i zon tal mo tion along faults, thin full ar rows – rel a tive mo tion be tween the Ana to lian microplate
and Af ri can plate, black dot – study area, box –  the area for which the max i mum tsu nami height was mod elled (see Fig. 12)
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Fig. 3A – lo ca tion of faults and the o ret i cal fo cal mech a nisms used for mod el ling; B – en larged box from Fig ure 3A to show
strike-slip faults as so ci ated with the Mount Leb a non and Tri poli-Bei rut thrusts as so ci ated with the 551 CE earth quake

Lo ca tion of his tor i cal epi centres based on Altinok et al. (2011). Fo cal mech a nism based on the USGS Earth quake Cat a logue da ta base

https://doi.org/10.5194/nhess-11-273-2011


ogra phies and chron i cles – such as Jerome, Sozomen,
Agathias Scholasticus, John of Ephesus and John Malalas – of -
ten pro vided very de tailed ac counts of the dev as tat ing ef fects of 
earth quakes and their en su ing tsu na mis (Papadopoulos,
2021). Spe cif i cally, his tor i cal sources re cord a ma jor sub ma rine 
earth quake on 9 July 551 CE, with its epi centre likely lo cated
be tween Cy prus and the Levantine coast, which dev as tated nu -
mer ous towns in clud ing Berytus (Bei rut), and was pos si bly ac -
com pa nied by tsu nami waves (Mordechai, 2020; Papado -
poulos, 2021). Ambraseys (2009), in his com pre hen sive re -
view, pro vided de tailed as sess ments re gard ing their chro nol -
ogy, pos si ble tsu nami waves and their pos si ble ex tent (also see 
Guidoboni et al., 1994; Maramai et al., 2014).

The Porphyreon ar chae o log i cal site (Fig. 1), lo cated di rectly 
on the Med i ter ra nean Sea shore, orig i nated as a set tle ment in
the Late Bronze Age, with re oc cu pa tion dur ing the Iron Age fol -
low ing a break in hab i ta tion (hi a tus), and con tin ued through the
Per sian pe riod (13th–5th cen tu ries BCE). It later de vel oped into
a town dur ing the Hel le nis tic, Ro man, and Late An tique pe ri ods
(4th/3rd cen tury BCE to 7th cen tury CE), and be came known in
later his tor i cal sources as Jiyeh or Nebi Younis. Our ar chae o -
log i cal in ves ti ga tions con ducted be tween 2003 and 2014 pro -
vided ev i dence of a set tle ment in the vi cin ity of Jiyeh (Leb a non,
south of Bei rut; Papadopoulos, 2021; Fig. 1), dat ing back to at
least the 9th to 8th cen tu ries BCE, which ap pears to have flour -
ished un til the mid-7th cen tury CE – in line with the ev i dence re -
lat ing to Porphyreon.

Dur ing res cue ex ca va tions car ried out in the sum mer of
2005, a cul tural de posit with an ap prox i mately 35 cm-thick, con -
tig u ous gravel layer was dis cov ered and doc u mented in an
open sec tion along the beach, di rectly ad ja cent to the
Porphyreon ar chae o log i cal site (Wicenciak and El-Tayeb,
2006; Figs. 1 and 4). Due to time con straints and lo cal po lit i cal
fac tors at play, we were un able to fur ther in ter pret this phe nom -
e non, and no sed i ment sam ples were col lected dur ing that sea -
son. When site was re vis ited in 2021, the ex po sure was found
to have been com pletely de stroyed (Fig. 4D, E). Re newed ex -
ca va tions were not pos si ble ow ing to the un sta ble po lit i cal and
se cu rity sit u a tion in the re gion, and fur ther work was sus pended 
for safety rea sons. As a re sult, it was not pos si ble to con duct
de tailed sedimentological char ac teri sa tion, to ex am ine the
com po si tion of in di vid ual sed i ment lay ers, or to de ter mine
whether there are ma rine fos sils or re worked ar chae o log i cal
ma te ri als (such as re cy cled pot tery frag ments) within them. In
view of the ab sence of di rect field data, the 2005 pho to graphic
doc u men ta tion was re-ana lysed in or der to prop erly in ter pret
the or i gin of the layer with peb bles and to iden tify sedimento -
logical struc tures in dic a tive of high-en ergy depositional pro -
cesses. As a re sult, a work ing hy poth e sis was for mu lated pro -
pos ing a tsu nami-or i gin of the gravel layer. In or der to crit i cally
eval u ate this hy poth e sis, ad di tional re search meth ods were ap -
plied. We de cided to un der take nu mer i cal mod el ling based on
open-source data ac ces si ble from the USGS Earth quake Cat a -
logue, sup ple mented by avail able geo log i cal and ar chae o log i -
cal data.

Given the na ture of our lim ited field dataset, the aim of our
study has al ways been not to di rectly con firm the tsu nami or i gin
of the gravel layer. Rather, our goal was to test a meth od olog i -
cal ap proach that in te grates in com plete ar chi val ev i dence with
nu mer i cal mod el ling to as sess whether tsu nami sce nar ios gen -
er ated by known his tor i cal earth quakes could plau si bly ac count
for the ob served stra tig ra phy. We be lieve that this ap proach
may also prove ap pli ca ble to other ar chae o log i cal sites where
only frag men tary or in com plete ev i dence ex ists, par tic u larly in
re gions that are cur rently in ac ces si ble to re search ers due to po -
lit i cal in sta bil ity, armed con flict, rapid ur ban de vel op ment, or the 

de struc tion of sites by nat u ral di sas ters. In such cases, where
field doc u men ta tion is lim ited, out dated, or re lies heavily on ar -
chi val re cords col lected de cades ear lier, the in te gra tion of nu -
mer i cal mod el ling with ex ist ing ar chae o log i cal and geo log i cal
data, sup ple mented by anal y ses of his tor i cal sources, can of fer
a valu able frame work for gen er at ing and test ing hy poth e ses.
We hope that by us ing our ex am ple and ap ply ing this meth od -
olog i cal model, re search ers may gain greater con fi dence to re -
visit frag men tary datasets, re-ex am ine ar chi val ma te ri als, and
pro pose new in ter pre ta tions for sites that would oth er wise re -
main poorly un der stood or over looked.

GEOLOGICAL SETTING

Our re search area for tsu nami mod el ling cov ers the east ern 
part of the Med i ter ra nean Sea (Figs. 1 and 2), with a spe cific fo -
cus on the coast of Leb a non and the ar chae o log i cal site of
Porphyreon at Jiyeh (Waliszewski and Gwiazda, 2015;
Wicenciak, 2016; Fig. 1). The site oc cu pies much of the south -
ern part of a shal low bay formed by rocky spurs. In the im me di -
ate vi cin ity, lime stones and coarse-grained sand stones of Cre -
ta ceous and Neo gene age are ex posed (Fig. 4A–C; Nader,
2014), de spite the pres ence of Qua ter nary de pos its (Fig. 4D).
As a re sult, the coast line around Jiyeh is geo log i cally quite di -
verse. Sev eral dis tinct shore line types can be dis tin guished
here: (i) nat u ral, ver ti cal ex posed rocky cliffs or head lands; (ii)
flat, coarser-grained or gently slop ing ex posed abra sive plat -
forms shaped by waves ac tion or low, ex posed rocky beaches
with larger boul ders, (iii) coarse-grained sandy beaches, mod -
er ately slop ing or with a steeper slope, (iiii) beaches com posed
of a mix of sand, gravel, peb bles and/or shells.

The Med i ter ra nean Sea, sit u ated be tween pres ent-day
shift ing lithospheric plates, is one of the most seis mi cally ac tive
re gions on Earth. It is bounded by the Eur asian, Ara bian and Af -
ri can plates, and dis sected by a com plex net work of trans form
and nor mal faults, and thrusts (e.g., Har ri son et al., 2013; Aksu
et al., 2021; Faysal et al., 2023; Fig. 2). One of the sig nif i cant
tec tonic fea tures in this area is the Dead Sea Trans form Fault
(Fig. 2), which ex tends north wards as the Jor dan Val ley Fault
and splays into sev eral strike-slip faults, in clud ing the Râchaiya, 
Serghaya, Yammouneh and Roûm faults (Erdik et al., 2014;
Fig. 5). In ad di tion, sig nif i cant thrust faults, some of which ex -
tend off shore, are lo cated west of Mount Leb a non, in clud ing the 
Mount Leb a non and Tri poli-Bei rut thrusts (Fig. 5). This geo log i -
cal com plex ity re sults in sig nif i cant seis mic ac tiv ity over mod -
ern, his tor i cal and geo log i cal 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 earth quakes with a mag ni tude greater
than 2.5 (USGS Earth quake Cat a logue, 2021 – https://earth -
quake.usgs.gov/). From the 17th cen tury BCE to 1999, 44 tsu -
nami events have been doc u mented across the Med i ter ra nean
Ba sin, with the old est known re cord dat ing 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 his tor i cal sources, tsu na mis are rarely de scribed in terms
that al low for an un am big u ous iden ti fi ca tion of their trig ger ing
mech a nism. Where pos si ble, how ever, it is im por tant to dis tin -
guish be tween tsu na mis gen er ated by seis mic ac tiv ity (earth -
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quakes) and those that may be re lated to sub ma rine land slides
or other trig ger ing fac tors. This dis tinc tion is cru cial for as sess -
ing the like li hood of a tsu nami oc cur rence at spe cific lo ca tions
and pe ri ods, and it un der pins the fol low ing anal y ses of in di vid -
ual events. Be tween ~300 and 551 CE, over 100 earth quakes
and as so ci ated phe nom ena are re corded in his tor i cal sources,
of which ap prox i mately a dozen are re ported to have pro duced

sec ond ary ef fects such as tsu na mis (Guidoboni et al., 1994;
Ambraseys, 2009; Maramai et al., 2014). How ever, cau tion is
re quired, as some events ana lysed by Ambraseys (2009),
Guidoboni et al. (1994), or Maramai et al. (2014) ap pear to be
some what ques tion able or prob lem atic; an cient au thors oc ca -
sion ally con fused or con flated facts by com bin ing sep a rate mul -
ti ple earth quakes into sin gle in ci dents, as in the case of 368 CE
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Fig. 4A – general view of the north ern part of the Jiyeh; note the rocky coast and ex po sures of solid rocks on the up per part of the
shore. For the close-ups of points in di cated by ar rows – see (B) (C); B – exposure of the white pelitic lime stones; C – grey strat i fied
bioclastic sand stones; D – sandy, wide flat part of the coast in Jiyeh (as of 2021), white box – es carp ment along the beach; E –
sequence of sandy and grav elly beds clearly vis i ble in the cliff along the beach; the 2005 ar chive photo of the area of the white box
from photo D. The length of the ver ti cal scale is 30 cm
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Fig. 5. Map of the ac tive faults in Leb a non and neigh bour ing ar eas (on the ESRI Shaded Re lief back ground; fault in ter pre ta tion
af ter Erdik et al., 2014)

Small grey box – see Figure 1B



in Nicaea (cf. Ambraseys, 2009). Many of these re corded
events were highly local ised, af fect ing only a sin gle set tle ment
and its close vi cin ity, such as in the case of Antioch on the
Orontes or Con stan ti no ple (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 -
dom i nance of the ma jor ur ban cen tres in the re cord of earth -
quakes is also a re sult of their greater rec og ni tion among con -
tem po rary and later au thors, re flect ing their sphere of in ter est
and ex tent of their knowl edge.

Fur ther more, many of these earth quakes oc curred in land,
away from the coastal ar eas (such as the Pal es tine and Ara bia
earth quakes in 363 CE or 418 CE), and thus had no di rect im -
pact on the Phoe ni cian coast at the time, which is the pri mary
fo cus of this study. With out in de pend ent ver i fi ca tion by other
means, such as through fur ther, re fined geo log i cal or ar chae o -
log i cal anal y ses (cf. Reinhardt et al., 2006; Dey and Good -
man-Tchernov, 2010; Ward, 2016), it re mains dif fi cult to cor rob -
o rate his tor i cal ac counts of the ex tent and na ture of the de struc -
tion suf fered by these lo cal i ties. By way of ex am ple, the cor re la -
tion of geomorphological stud ies with data from ar chae o log i cal
and his tor i cal sources, such as those un der taken at the har -
bours of Sidon and Tyre, of fer com pel ling ev i dence for cor re lat -
ing the Late An tique semi-aban don ment phases of the har -
bours to tsunamigenic events (Marriner et al., 2006,  2008).

How ever, over the ~250-years pe riod con sid ered in this
study (~300–551 CE), sev eral events are re corded that may
have reached and im pacted on the coast of pres ent-day Leb a -
non. Be tween 293 and 306 CE, an earth quake was re corded at
Sa la mis in Cy prus, re sult ing in a tsu nami wave. A sig nif i cant
and well-doc u mented event is re corded in an cient  chron i cles,
oc cur ring on 2 April 303 CE, when ex ten sive de struc tion af -
fected the cit ies of Sidon, Tyre, and pos si bly Byblos far ther
north. The tsu nami wave gen er ated by this earth quake is said
to have reached Caesarea Maritima, where it re port edly cast
ashore the body of the mar tyr Apphian, as re corded by
Eusebius of Caesarea (Eusebius MPal 325/1478, cf. Bar dy,
1958). Other mi nor earth quakes, of which lit tle is known about
their ex tent or tsunamigenic po ten tial, are men tioned in
331–332 CE and again in 341/342 CE at Sa la mis in Cy prus,
and in 347 CE or 348 CE at Bei rut.

A ma jor wide spread tsunamigenic event oc curred on 21
July 365 CE, ini ti ated by a pow er ful earth quake off Crete, which
then spread, gen er at ing a large tsu nami wave that sub se -
quently im pacted the coasts of Egypt and the Peloponnese. In
Sep tem ber 455 CE, an other earth quake was re corded near
Tripolis in Phoe ni cia, re port edly caus ing dam age across much
of to day’s Leb a nese coast line. On 22 Au gust 502 CE, an other
event of cat a strophic pro por tions was re corded around Akko at
the south ern end of the Phoe ni cian coast. Sources from the pe -
riod speak of the de struc tion of half of Tyre and Sidon al though,
ac cord ing to some ac counts, only the syn a gogue in Bei rut
(Berytus) was de stroyed (Trombley, 2000).

What be came truly mem o ra ble for gen er a tions of Syr i ans,
Phoe ni cians and Pal es tin ians was the great earth quake and re -
sult ing tsu nami of 9 July 551 CE. Its epi centre was prob a bly lo -
cated un der the sea bed be tween pres ent-day Leb a non and Cy -
prus, with the city of Bei rut suf fer ing the great est dev as ta tion.
The events at Berytus were re ported by sev eral con tem po ra ne -
ous au thors, in clud ing John Malalas (2000; Chronographia
485), Ps. Dionysius of Tel Mahre (Chron i cle 134–135 in
Witakowski, 1996) and Agathias (His to ries 2.15.2-3), all liv ing in 
the 6th cen tury CE and writ ing about events oc cur ring dur ing

their life time (sources com piled in Darawcheh, 2000; Sbeinati et 
al., 2005; cf. also Hall, 2004; Ambraseys, 2009). Based on writ -
ten ac counts, the course of events sug gests two trem ors sep a -
rated by sev eral hours, with a tsu nami re ported to have oc -
curred in the in ter val be tween them. Dur ing this time, the sea is
said to have re treated 1–2 Ro man miles (~1,480–2,960 metres) 
ex pos ing ship wrecks and sunken cargo, which coastal res i -
dents rushed to sal vage, be fore the re turn ing wave claimed
many lives. The re sult ing de struc tion ex tended along the en tire
Phoe ni cian coast, from Tyre in the south to Tripolis and per haps 
as far north as Arados. Ma jor de struc tion was re corded at the
cit ies of Tyre, Sidon, Berytus, Byblos, Tripolis, and at the Ras
Chekka prom on tory, where a large sec tion of the rocky cape
col lapsed into the sea, cre at ing a new har bour. The great est
dev as ta tion, how ever, was suf fered by Berytus, where a huge
fire fol low ing the sec ond shock and col lapse of build ings led to
the deaths of up to 30,000 peo ple (Ant. Plac. 159, cf. Geyer,
1965). If ref er ences to the tem po rary re lo ca tion of the re nowned 
law school from Berytus to Sidon are ac cu rate (Agathias II.15,
cf. Frendo, 1975), it sug gests that the ar eas south of Bei rut
(Berytus) must have suf fered com par a tively less de struc tion.

No ta bly, the “tidal” wave de scribed in his tor i cal sources ap -
pears to cor re late with the ef fects of a tsu nami gen er ated by a
sub ma rine earth quake and/or by sub ma rine land slides
(Salamon et al., 2010, 2024). It is par tic u larly note wor thy that
these events were re ported to have oc curred in Berytus, just 28
km north of Porphyreon (Jiyeh), which is the fo cus of our at ten -
tion due to the ev i dence un der anal y sis.

The events cited above in di cate a pe riod of in ten si fied seis -
mic ac tiv ity com pared with other his tor i cal pe ri ods doc u mented
in the east ern Med i ter ra nean (cf. Ambraseys, 2009). How ever,
only a lim ited num ber of these events re sulted in de struc tive
tsu nami waves that di rectly threat ened the Phoe ni cian coast -
line, in clud ing the re gion be tween Berytus and Sidon, where the 
site of Porphyreon is lo cated. Among these, two events stand
out: that of 2 April 303 CE and the par tic u larly de struc tive earth -
quake of 9 July 551 CE, both of which had a sig nif i cant re gional
im pact, es pe cially along the Phoe ni cian coast. By con trast, the
tsu nami of 21 July 365 CE af fected a much wider area of the
Med i ter ra nean, in clud ing parts of Egypt, Libya, Greece and the
Lev ant (Salamon et al., 2010; Papadopoulos et al., 2012).
Other po ten tially rel e vant seis mic events in clude those re -
corded in in 341/342 CE near Sa la mis in Cy prus, and in
347/348 CE at Berytus. Al though no di rect ar chae o log i cal or
geo log i cal ev i dence of the 365 CE tsu nami has yet been iden ti -
fied along the south ern or cen tral coast of an cient Phoe ni cia,
sev eral stud ies have doc u mented tsu nami-re lated de pos its at -
trib uted to this event in neigh bour ing re gions, in clud ing Is rael,
Cy prus and Egypt (Good man-Tchernov et al., 2009; Reicherter
et al., 2009; Salamon et al., 2010).

METHODS AND MATERIALS

The re search meth ods em ployed in this study en com pass
(i) nu mer i cal mod el ling, (ii) sedimentological in ter pre ta tion of ar -
chive ma te ri als, (iii) anal y ses of avail able ar chae o log i cal strati -
graphic ev i dence, and iv) his tor i cal and tex tual source re view,
in te grated into a multidisciplinary frame work. The ar chae o log i -
cal data were de rived from the ar chae o log i cal ex ca va tions con -
ducted in 2005 (Wicenciak and El-Tayeb, 2006; Waliszewski
and Gwiazda, 2015; Wicenciak, 2016) and re-as sessed
through later strati graphic and ce ramic anal y ses. His tor i cal
earth quake re cords and ter mi nol o gies used in an cient tex tural
ev i dence were crit i cally ex am ined to aid chro no log i cal cor re la -
tion and sce nario val i da tion.
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Nu mer i cal mod el ling. Nu mer i cal mod el ling was a key
meth od olog i cal tool in this study, aimed at sim u lat ing tsu nami
wave prop a ga tion gen er ated by his tor i cal earth quakes in the
east ern Med i ter ra nean. The study area, from which faults were
se lected, ex tends be tween the coasts of Cy prus and Leb a non
(Figs. 2 and 3). The se lec tion of spe cific epi centres and their
cor re spond ing his tor i cal earth quake events was guided by ar -
chae o log i cal data as so ci ated with Porphyreon and other
coastal sites in Leb a non. The time in ter val for our anal y sis was
re fined us ing his tor i cal data, ce ramic typology and strati graphic
dat ing, as de tailed in later sec tions. In ad di tion, com pre hen sive
desk-based anal y ses in cor po rated geo log i cal (Zumoffen, 1926; 
Nader, 2014; Nader et al., 2018) and struc tural ev i dence
(Salah-Eldin and El-Khoury, 2004; Hawie et al., 2013; Kinnaird
and Rob ert son, 2013; Fernández-Blanco et al., 2020), tec tonic
maps (Lemenkova, 2021), and seis mic pro files (Car ton et al.,
2009; Bow man, 2011; Skiple et al., 2012; Hawie et al., 2013,
2017) to iden tify po ten tial fault zones ca pa ble of gen er at ing tsu -
na mis in the study area and to sup port fault se lec tion and sce -
nario con struc tion.

Based on epi centres doc u mented in the lit er a ture (sum ma -
rised by Brax et al., 2019), the faults were cate gor ised into four
groups, each as so ci ated with spe cific his tor i cal earth quake
events:

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

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

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

4. Bei rut (an cient Berytus) re gion 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).

Nu mer i cal mod el ling tech niques formed a key com po nent
of this study and were em ployed to sim u late the prop a ga tion of
tsu nami waves based on data from con tem po rary seis mic sta -
tions. The main con trol ling fac tors in flu enc ing the gen er a tion of
earth quakes – and, in di rectly, tsu na mis – were con sid ered to be 
fault ge om e try (length, width, strike, dip, depth, depth to top)
and dis lo ca tion pa ram e ters (strike, rake, slip, shear modulus).
Sub se quently, these were uti lised in the course of fur ther anal y -
ses. We ana lysed the earth quakes with epi centres lo cated in
the south-east ern Med i ter ra nean tak ing into the ac count the
geo log i cal struc ture of the re gion. To fa cil i tate tsu nami wave
prop a ga tion mod el ling, we used the MIRONE soft ware pack -
age (for de tails see Luis, 2007) which in cor po rates TINTOL
code (http://fct-gmt.ualg.pt/mirone/down loads/win dows.html,
ac cessed De cem ber 2022) for hy dro dy namic pro cesses sim u -
la tion. The method used in this study fol lows that of Omira et al.
(2009), in which the ini tial dis tur bance on the sea sur face –
caused by seafloor de for ma tion – is cal cu lated us ing al go rithms 
de vel oped by Mansinha and Smylie (1971). All sim u la tions
were sce nario-based and are sum ma rised in Fig ure 6.

The sub se quent step in volved mod el ling the de for ma tion of
the seafloor sur face us ing the EMODnet Dig i tal Bathymetry
(DTM 2020) and the mod els pro posed by Mansinha and Smylie 
(1971). This ap proach was se lected based on its com pu ta tional 
ef fi ciency and its abil ity to mini mise the un cer tain ties com monly
as so ci ated with in put pa ram e ters. To fur ther re duce sen si tiv ity
to poorly con strained vari ables the model was con fig ured to cal -
cu late ex clu sively the ver ti cal com po nent of earth quake-in -
duced de for ma tion. For the tsu nami prop a ga tion sim u la tion, a
time step of 1.5 sec onds was used, and cal cu la tions were per -

formed for a du ra tion of 3,000 sec onds from the wave ex ci ta -
tion. To ac com plish this, we con sid ered sev eral key pa ram e -
ters, in clud ing hy po centre depth, fault an gle, dip and dis place -
ment slip, and shear modulus, all of which were based on pres -
ent-day seis mo log i cal datasets. Where di rect in for ma tion was
un avail able, val ues were in ferred from geo log i cal cross-sec -
tions and re gional seis mic pro files. In the ab sence of de tailed
fault ge om e try data, we made the fol low ing as sump tions: 80o

for slip faults, 25° for thrust faults, and 60° for nor mal faults. Hy -
po centre depths for the model were ob tained from the USGS
Earth quake Cat a logue da ta base, pro vided the rel e vant fault
had ex hib ited seis mic ac tiv ity within the ob ser va tional
timeframe of the seis mic sta tions. Where no di rect in for ma tion
was avail able, the hy po centre was as sumed to be lo cated at
the mid point of the to tal fault depth. Fault dip and di rec tion of
dis place ment were de ter mined us ing fo cal mech a nism in ter po -
la tions data avail able through the USGS Earth quake Cat a -
logue. In in stances where this in for ma tion was lack ing, the di -
rec tion of dis place ment was es ti mated by draw ing anal o gies
from other tec toni cally sim i lar re gions world wide. The slip pa -
ram e ter was de fined as the min i mum dis place ment re quired to
achieve a spe cific earth quake mag ni tude.

In this study, we fo cused on mod el ling earth quakes of mag -
ni tude 7 and above (7.5 and 8) due to their greater like li hood of
gen er at ing tsu nami waves with de struc tive po ten tial. Al though
lower-mag ni tude events (e.g., M6.5–6.9) have oc ca sion ally
pro duced tsu na mis, these are typ i cally highly local ised and
rarely re sult in sig nif i cant in un da tion along the east ern Med i ter -
ra nean coast. More over, our mod el ling pa ram e ters pri ori tised
sce nar ios with wave heights ex ceed ing one metre, con sis tent
with thresh olds doc u mented in his tor i cal tsunamigenic events
in this re gion (cf. Salamon et al., 2010; Eng land et al., 2015).
The de ci sion to ex clude sub-M7 sce nar ios is there fore based
on both his tor i cal pre ce dent and the ex pected en ergy re lease
re quired to match the sed i men tary sig na tures ob served at
Porphyreon. In ad di tion, sev eral faults within the study re gion
were phys i cally too short to gen er ate earth quakes of such mag -
ni tudes (7 or higher), fur ther jus ti fy ing this meth od olog i cal
thresh old.

To as sess the fea si bil ity of earth quake oc cur rence along
each fault, we ap plied an em pir i cal re la tion ship cri te rion es tab -
lished by Scholz (1982). Earth quake mag ni tude was cal cu lated
us ing a for mula pro posed by Aki (1966):

M0 = µuS

where: M0 – rep re sents the seis mic mo ment of the com po nent cou -
ple of the equiv a lent dou ble cou ple, µ – the ri gid ity modulus, u – de -
notes the av er age amount of dis lo ca tion (slip), S – the area of the
fault sur face area.

For a rect an gu lar fault, the sur face area (S) can be cal cu -
lated as the prod uct of its length (L) and width (W) (S = LxW).
Three dif fer ent shear modulus vari ants were as signed, de -
pend ing on the depth and li thol ogy of the hypocenter. For faults
oc cur ring within the sed i men tary cover, a shear modulus of 2.6
was adopted. For faults lo cated at greater depths, a value of 4.4 
was used, while a shear modulus of 6.8 was ap plied to faults sit -
u ated above 25 km depth (Geist and Bilek, 2001). Thick ness
es ti mates for the sed i men tary cover were ob tained from the
sed i men tary cover map pub lished by Aksu et al. (2021).

Sedimentological in ter pre ta tion of the ar chive ma te ri -
als. Given the ab sence of di rect sedimentological field stud ies – 
due to de struc tion of the ex posed sec tion and fur ther is sues of
ac cess to the site – the in ter pre ta tion of the sed i men tary pro -
cesses at Porphyreoon was nec es sar ily based on sec ond ary
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doc u men ta tion. Our pri mary dataset com prised de tailed pho to -
graphic ar chive and field draw ings from 2005 res cue ex ca va -
tions, sup ple mented by pub lished lit er a ture, geo log i cal map -
ping, and con tex tual in for ma tion drawn from site re ports and
from other ex ca va tions we con ducted at the site be tween 2003
and 2014. As no sed i ment cores, sam ples, or strati graphic col -
umns were pre served, this in ter pre tive com po nent re mains
con strained by the qual ity and com plete ness of vi sual doc u -
men ta tion and must there fore be con sid ered in fer en tial in na -
ture.

The sed i men tary unit of in ter est – a dis tinc tive, lat er ally ex -
ten sive gravel de posit – was there fore as sessed for its grain
size dis tri bu tion, in ter nal or gani sa tion, and sed i men tary struc -
tures as ob serv able in the pho to graphic re cord. In di ca tors such
as poor sort ing, imbrication, abrupt basal con tacts, and ver ti cal
grad ing were iden ti fied and used to pro pose high-en ergy
depositional mech a nisms. How ever, due to the lim i ta tions of
the dataset, it was not pos si ble to carry out the grain-size anal y -
sis, min er al og i cal char ac teri sa tion or microfossil iden ti fi ca tion
that are typ i cally used to dis tin guish tsu nami from storm or flu -
vial de pos its – an other pos si bil ity we re fer to be low. As a re sult,
the sedimentological find ings pre sented here are in ter preted as 
sup ple men tary to the sce nario-based tsu nami mod el ling, rather 
than as standalone ev i dence.

To mit i gate these in ter pre tive lim i ta tions, the sedimentolo -
gical as sess ment was contextualised us ing in de pend ent lines
of ev i dence. Ar chae o log i cal stra tig ra phy, de rived from the ex -
ca va tion re ports (Wicenciak and El-Tayeb, 2006; Waliszewski
and Gwiazda, 2015; Wicenciak, 2016), pro vided tem po ral
brack et ing for the gravel unit, which was iden ti fied within an oc -
cu pa tion se quence dated be tween the 4th and 6th cen tu ries CE.
This chro nol ogy was sup ported by di ag nos tic ce ramic
typologies found above and be low the de posit, al low ing cor re la -
tion with known seis mic events in the his tor i cal re cord. The ab -
sence of cul tural artefacts within the gravel lens and its strati -
graphic sep a ra tion from ar chi tec tural fea tures fur ther sug -
gested a non-anthropogenic or i gin.

His tor i cal texts de scrib ing re gional earth quakes and ma rine 
dis tur bances – such as those of 303 CE, 348 CE, and 551 CE –
were also con sulted to es tab lish plau si ble de po si tion win dows.
These sources pro vided crit i cal in for ma tion about coastal dam -
age, in un da tion, and seis mic ity, en hanc ing the con tex tual in ter -

pre ta tion of the gravel layer as a po ten tial tsu nami de posit.
None the less, as ac knowl edged in our Dis cus sion, al ter na tive
depositional pro cesses such as storm surge or rapid ero sion
linked to ex treme rain fall events can not be de fin i tively ruled out
given the cur rent dataset.

Ac cord ingly, the sedimentological in ter pre ta tion pre sented
here should be un der stood as ex plor atory and con tin gent. It
com ple ments the more ro bust ev i dence pro vided by the nu mer -
i cal tsu nami mod el ling and ar chae o log i cal stra tig ra phy but is
lim ited by the in di rect na ture of the data. Fu ture re search in volv -
ing tar geted cor ing, sed i ment sam pling, and lab o ra tory anal y -
ses will be es sen tial for con firm ing or re vis ing the in ter pre ta tions 
pro posed in this study.

RESULTS

NUMERICAL SIMULATION OF THE TSUNAMI WAVE PROPAGATION

Nu mer i cal sim u la tion serves as an ef fec tive ap proach for
es ti mat ing the ar eas sus cep ti ble to in un da tion, as well as to de -
ter mine the max i mum wave height and tsu nami prop a ga tion
over time. Based on the sim u la tions con ducted, max i mum wa -
ter height maps were gen er ated to il lus trate the prop a ga tion of
tsu nami waves in the area near the shore (Fig. 7). Sim u la tions
for an earth quake with a mag ni tude of 7, 7.5 and 8 (later de -
scribed as M7, M7.5 and M8) were per formed for se lected faults 
(Ta ble 1). Among these sim u la tions, only a sub set gen er ated
tsu nami waves that prop a gated to wards the Leb a nese coast
(Fig. 7 and Ta ble 1). The spe cific sim u la tions that gen er ated
waves off the Leb a nese coast were 8, 9, 17, 17a, 17b, 18, 18c,
20, 21, 25, 30, 31, 33, 39, and 41 (Ta ble 1). The faults la belled
as thrust faults were 9, 17, 17a, 17b, 18, 18a, 18b, 18c, 20, 21,
30, 31, 39, and 41, with a dip di rec tion roughly per pen dic u lar to
the Leb a nese coast line. Sce nar ios 8 and 25 rep re sented 
oblique-slip faults (Fig. 4). In terms of slip mea sure ments, the
larg est off set was mod elled for fault 8, with a slip of 14 metres,
cor re spond ing to a M8 earth quake. Con versely, the small est
off set was ob served in sce nario 17, mod el ling a tsu nami
caused by a M7 earth quake, where the fault slip mea sured 0.2
metres (see Ap pen dix 1 for de tails).
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Fig. 6. A flowchart for the nu mer i cal mod el ling of earth quake and re lated tsu nami sce nar ios

T a  b l e  1

List of faults (num ber ing ac cord ing to Fig. 3) for which mag ni tude 7, 7.5 and 8 earth quakes were sim u lated

* – fault lo ca tions see Fig ure 3

https://doi.org/10.5325/jeasmedarcherstu.3.4.0330
https://doi.org/10.5325/jeasmedarcherstu.3.4.0330


Rados³aw Staniszewski et al.  / Geo log i cal Quar terly, 2025, 69, 40 11

Fig. 7. Tsu nami wave prop a ga tion maps for se lected sce nar ios (data for all sce nar ios – see Ap pen dix 1) ex pressed
as max i mum wave height

Red dot – study area; MWS – max i mum wa ter sur face; nhe – never hap pened earth quake
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T a  b l e  2

Sum mary of faults on which his tor i cal earth quakes of mag ni tude ³7 have oc curred 
and the max i mum height of tsu nami waves (in metres) along the east ern Med i ter ra nean coast

Shades of green in di cate waves that do not reach a height of 0.5 m, yel low and or ange – waves that do
not ex ceed 3 m, red shades – tsu nami waves with the great est height, higher than 3 m



The tsu nami waves that reached the Leb a nese coast in
many in stances were char ac ter ised by rel a tively low heights, in -
di cat ing lim ited po ten tial for sig nif i cant dam age on land. In par -
tic u lar, the ef fects re sult ing from M7 earth quakes were gen er -
ally dis crete. Among the sce nar ios cal cu lated for dif fer ent
faults, the stron gest im pact at the coast was ob served 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 cor re spond ing max i mum wave heights re ported (re fer to
Ta ble 2). For M7.5 earth quakes, fault sce nar ios re sulted in
max i mum wave heights rang ing from 0.5 m to 2 m. No ta bly,
faults 4 (0.5 m), 5 (0.9 m), 9 (1.6 m), 11 (0.7 m), 18a (0.5 m), 18b 
(0.9 m), 18c (1.3 m), 25 (1.1 m), and fault 30 (reach ing an as ton -
ish ing 3.2 m) gen er ated waves of vary ing heights (re fer to Ta -
ble 2). In the case of M8 earth quakes, fault 7 gen er ated waves
with a height of 1.3 m, fault 8 (1.8 m), 17b (2.4 m), 17 (1.9 m), 18 
(2.2 m), while fault 31 gen er ated waves with a max i mum height
of 2.8 m (Ta ble 2). The cal cu lated max i mum tsu nami wave
height for the Porphyreon area is 2.6 m (sce nario 31).

When con sid er ing his tor i cal earth quakes, it is ev i dent that
spe cific faults still pose po ten tial threats to the Leb a nese coast.
For the 342 CE earth quake, it was the case only for fault 4, lo -
cated south west of the Cy prus coast (Fig. 3A), while for the 348
CE earth quake, the great est threat was as so ci ated with fault 8
(Figs. 3A and 7), which is an oblique-slip fault sit u ated in the
cen tral part of the Levantine Ba sin that gen er ates waves that
prop a gate di rectly to wards the Leb a nese coast (Fig. 7). For the
551 CE earth quake, most faults con trib uted to a po ten tial
threat, but the high est level of con cern is as signed to faults 30,
31, 39, and 41 (Figs. 3B and 7), all of which are as so ci ated with
the Mount Leb a non and Tri poli-Bei rut Thrusts. This find ing
aligns well with Elias et al. (2007) and Salamon et al. (2024),
who sug gested that the 551 CE earth quakes, at trib uted to the
ac tive thrust ing of Mount Leb a non, fol lowed by a tsu nami, re -
sulted in the de struc tion of nu mer ous coastal cit ies of Phoe ni cia 
(mod ern-day Leb a non, cf. Mordechai, 2020).

SEDIMENTOLOGICAL INTERPRETATIONS

The ar chae o log i cal site of Porphyreon is sit u ated in the vi -
cin ity of a beach, within an ex ten sive, low-ly ing coastal re gion
(Fig. 1). The near est hard bed rock ex po sures out crops can be
found ~1 km south and 2 km north of the site (Fig. 4A–C). A dis -
tinct mor pho log i cal bound ary oc curs on the land ward side, po si -
tioned ~3 km east of the ex po sure. Thus, the Jiyeh area ex hib its 
the char ac ter is tics of a small bay, with a low-ly ing ex panse that
may be sus cep ti ble to flood ing dur ing in tense storms, par tic u -
larly in the event of a tsu nami.

Dur ing the ar chae o log i cal res cue ex ca va tions along the
mod ern shore line, a layer of white gravel was ob served and
doc u mented within the cul tural strata (Wicenciak and
El-Tayeb, 2006; Waliszewski and Gwiazda, 2015; Wicenciak,
2016; Figs. 8 and 9). The ex posed pro file, ~84 m long, cap -
tured a sec tion of the slope eroded by storm waves and con -
struc tion ac tiv i ties (Fig. 8). Above and be low this layer, ce -
ramic-bear ing strata con tain ing frag ments of pot tery and other 
ar chae o log i cal ar ti facts were iden ti fied. For clar ity, Arabic nu -
mer als (e.g., layer 6, 7) re fer to ar chae o log i cal stra tig ra phy,
while Ro man nu mer als (I–VII) de note sedimentological sub di -
vi sions within the gravel de posit as il lus trated in Fig ure 10. The 
lay ers de scribed be low (la belled II–VI) cor re spond to the in ter -
nal sed i men tary sub di vi sions in the gravel layer (layer 6), as
in ter preted from the pho to graphic and field doc u men ta tion col -
lected in 2005 (Wicenciak and El-Tayeb, 2006). These lay ers
were iden ti fied based on var i ous tex tural and struc tural fea -
tures and are il lus trated in Fig ure 10.

The gravel layer ex hib its dis tinct in ter nal strat i fi ca tion, as
shown in Fig ure 10B. Just above the ce ramic-bear ing layer 2b
(marked as I in sed i men tary suc ces sion – Fig. 10B), a dis tinct
ero sional sur face can be ob served, ac com pa nied by an ero -
sional lag com posed of large oval, an gu lar to me dium-rounded
cob bles of white rocks, with a max i mum di am e ter of up to 10 cm 
(II). Po si tioned above this is a layer of coarse-grained sands
with poor sort ing, mixed with small rock de bris and highly
crushed ar ti facts (III). This sand layer grad u ally tran si tions into
a gravel layer (IV). Layer IV is com posed of flat, blade- and
disc-shaped white peb bles, aligned with their lon ger axes par al -
lel (see Fig. 10A). Such peb ble shapes are char ac ter is tic of
sed i men ta tion found in ‘peb ble beaches’ (e.g., Krumbein, 1941; 
Wil liams and Caldwell, 1988; Hill, 2022). These peb bles likely
orig i nated from the Cre ta ceous rock ex po sures lo cated to the
north or south of the study area (Fig. 4A–C) and were likely de -
pos ited on the shore by un usu ally high-en ergy waves.

More over, this layer dem on strates a dis tinct bipartition, the
lower part (IV’) ex hib it ing re verse grad ing, while the up per part
(IV”) dis plays nor mal grad ing. Lay ers V and VI are sit u ated
above this di vi sion. Both lay ers are char ac ter ised by poor sort -
ing and a mas sive struc ture. In layer V, small peb bles are ran -
domly em bed ded within the sandy ma trix. Layer VI, sim i lar to
layer III, con sists of coarse-grained sand of very poor sort ing
and an ad mix ture of small rock de bris and highly crushed ar ti -
facts. Layer VII rep re sents the up per ce ramic-bear ing layer 7.
The tran si tions be tween the var i ous sub di vi sions (II–VI) are
com monly in dis tinct and tran sient. The pos si bil ity that the de -
posit rep re sents a de lib er ately ar ranged con struc tion layer was
con sid ered but ul ti mately dis missed. Such an in ter pre ta tion is
un der mined by the ab sence of as so ci ated ar chi tec tural el e -
ments, or ev i dence of ground prep a ra tion, or lev el ling fill ings
un der the de posit which are a com mon oc cur rence on ar chae o -
log i cal sites in the re gion. In ad di tion, the ir reg u lar spa tial dis tri -
bu tion and ex tent and in ter nal struc ture of the de pos its (in clud -
ing gra da tion and lack of com pac tion) are in con sis tent with
anthropogenic for ma tion pro cesses and in stead sug gest de po -
si tion by nat u ral high-en ergy events.

These fea tures strongly in di cated that the sed i men tary se -
quence ex am ined (II–VI from Fig. 10B) was formed in a sin gle
depositional event of vary ing in ten sity, po ten tially as so ci ated
with the prop a ga tion of tsu nami or pow er ful storm waves onto
the coastal re gion. Sig nif i cantly, no well-rounded peb bles with
spher i cal shapes were dis cov ered in the strati graphic sec tion
ob served, ef fec tively ex clud ing the pos si bil ity of gravel ma te rial
be ing trans ported through a flu vial en vi ron ment, where pe ri odic 
wa ter courses flow from the east to wards the coast.

ARCHAEOLOGICAL INTERPRETATION

Ar chae o log i cal in ves ti ga tions con ducted be tween 2003 and 
2014 pro vided ev i dence of a set tle ment at the site dat ing back
to at least the 9th to 8th cen tu ries BCE. This set tle ment, and later 
the town of Porphyreon, thrived un til the mid-7th cen tury CE,
serv ing as a lo cal cen tre of trade and pro duc tion. While the ar -
chae o log i cal ex ca va tions at Porphyreon re vealed a multi-
 phase oc cu pa tion se quence span ning from the Iron Age to the
Late An tique pe riod, par tic u lar at ten tion in this study is di rected
to wards a lat er ally ex ten sive (vis i ble along 32 m of an open sec -
tion), 35 cm-thick, gravel de posit (Fig. 9A, B) whose atyp i cal
char ac ter is tics war ranted fur ther in ter pre ta tion, al beit within the
con straints of lim ited post-ex ca va tion doc u men ta tion and the
ab sence of in situ sedimentological sam pling. Al though it
seems that part of the gravel layer was re used in an cient times
as a func tional sur face, sev eral fac tors ar gue against its
anthropogenic or i gin. The de posit ex tends dis con tin u ously
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along a pro file and con sists of well-sorted, nat u rally rounded
peb bles, with in ter nal strat i fi ca tion (in clud ing re verse and nor -
mal grad ing) in con sis tent with de lib er ate con struc tion. Fur ther -
more, no as so ci ated ar chi tec tural fea tures, sub soil lay ers or
prep a ra tion sur faces have been iden ti fied be low it, sup port ing
our in ter pre ta tion of a nat u ral high-en ergy depositional event
rather than a man-made in stal la tion.

The gravel layer was vis i ble in a sec tion (be tween
2003–2014), sit u ated di rectly along the sea shore (Fig. 8A), be -
tween the ar chae o log i cal site (con tain ing res i den tial build ings
and a Byzantine Ba sil ica) ~100 m away, and the pot tery pro -
duc tion zone and the ne crop o lis to the north of the area
(Wicenciak and El Tayeb, 2006). The pro file was ori ented on a
north-south axis, with the sur veyed sec tion be ing 54 m long (of

which 44 m are shown on Fig. 8B). Sim i lar to the an cient res i -
den tial sec tion, this sec tor formed part of a tell, an ar ti fi cial hill
that ac cu mu lated suc ces sive lay ers of nat u ral and
anthropogenic or i gin due to mod ern ag ri cul tural ac tiv ity and
craft ac tiv i ties in an tiq uity. The ex posed strati graphic pro file was 
cre ated con tem po ra ne ously, as a re sult of con struc tion works
to widen the area ad ja cent to the beach and was doc u mented
dur ing res cue ex ca va tion re search con ducted by our team dur -
ing the pe riod of 2003–2014. At its high est point, the pro file
reached a height of over 4 m (north ern sec tion), while at its low -
est point it is ~1.5–0.5 m (south ern sec tion). Five lay ers (9, 8, 7,
2 and 1/cf. Ta ble 3) ex tend along al most its en tire length
(Fig. 8B).
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Fig. 8A – plan of the ar chae o log i cal Porphyreon site in Jiyeh; box – es carp ment along the beach with the part of the site where in
2005 the pro file was ex posed (drawn by M. Puszkarski, Pol ish Cen tre of Med i ter ra nean Ar chae ol ogy, Uni ver sity of War saw); B –
sketch of a cross-sec tion, part of the pro file stud ied (lo ca tion – box on Fig. 8A), 1a – 9 – num bers of iden ti fied ar chae o log i cal lay ers
(for de tails see Ta ble 3), A–F – iden ti fied frag ments of build ing rem nants (see Ta ble 4). To en hance the vis i bil ity of the gravel layer,
the ver ti cal scale of Fig ure 8B has been ex ag ger ated



The gravel layer (layer 6/Ta ble 3), was pre served be tween 8 
and 40 m (Fig. 8B). In its cen tral part it was in ter rupted by a later
struc ture (Ob ject D/Fig. 8B), which chro no log i cally cor re sponds 
to layer 7, which con tained ce ramic ma te rial dat ing back to the
Early Byzantine pe riod (mid-5th to 7th CE; Fig. 11). In an cient
times, part of the gravel layer be tween 13 and 15 m was cov -
ered with mor tar and re used as a func tional sur face. This sug -
gests that the once formed gravel de posit re mained at least par -
tially ex posed and was then in cor po rated into the spa tial or gani -
sa tion of the site. In other parts of the sec tion, the gravel layer
was sealed by later cul tural de pos its (e.g., layer 7), which con -
tained Early Byzantine ce ramic ma te rial. This in di cates that the
de posit was not re moved or re worked to its full ex tent but rather
was in te grated into the oc cu pa tional se quence – in some ar eas
as a re used sur face, and in oth ers as a bur ied and un dis turbed
strati graphic ho ri zon. In the north ern part of the pro file, five lay -
ers were re corded and dated from the Late Hel le nis tic (2nd cen -
tury BCE) to the mod ern pe riod based on the ce ramic ma te rial.

No ta bly, no traces of the peb ble layer (layer 6) were re -
corded in the north ern part of the pro file. This ab sence may re -
sult from later lev el ling or re con struc tion ac tiv i ties, as sug -
gested by the char ac ter of layer 3 and its chro no log i cally mixed
ce ramic as sem blage (Early Ro man to Early Byzantine pe ri ods,
i.e., late 1st c. BCE to 5th c. CE). The spa tially lim ited ex tent of

the gravel de posit (re corded only be tween 8 and 40 m of the
pro file) sup ports the in ter pre ta tion of a high-en ergy de po si tion
re stricted to a local ised im pact zone – po ten tially re sult ing from
a tsu nami wave. Sev eral artefacts were also un cov ered, in di -
cat ing scat tered hu man ac tiv ity dat ing mainly from pot tery.
Based on ce ramic ma te rial from layer 7, it was dated to the
Early Byzantine pe riod (mid-5th to 7th cen tury CE). Other
artefacts found in layer 2C, as well as frag ments of CW34 kitch -
en ware from south Bekaa Val ley were dated to the Late Ro man 
pe riod (3rd–4th cen tury CE).

An anal y sis of the layer sys tem led to the con clu sion that
layer 6, con sid ered a prob a ble trace of the palaeotsunami, di -
rectly rests on lay ers 2b and 3 (Fig. 8B), which were dated by
pot tery to no later than the 3rd–4th cen tury CE (layer 2b) or
3rd–5th cen tury CE (layer 3). Fur ther more, ce ramic ma te rial
found above and be low layer 6 places its for ma tion be tween the 
3rd/4th and the 7th cen tu ries CE. Un for tu nately, no ra dio car bon
dat ing has been con ducted for the gravel layer, due to the ab -
sence of pre served or ganic ma te rial. The chro no log i cal at tri bu -
tion of this de posit is there fore based ex clu sively on the ce ramic 
as sem blages from the di rectly over ly ing and un der ly ing lay ers.
Al though this con sti tutes a lim i ta tion, the di ag nos tic char ac ter of 
the ce ramic types al lows for a rel a tively re li able chro no log i cal
frame work.
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T a  b l e  3

List and de scrip tion of lay ers 1a–9 in Fig ure 8B

 AM – am pho rae; TFW – ta ble fine wares; CW – com mon wares



DISCUSSION

This sec tion syn the sises his tor i cal, geo log i cal and ar chae o -
log i cal ev i dence to eval u ate the plau si bil ity of tsu nami im pact at
Porphyreon, with par tic u lar fo cus on the 551 CE event. By cor -
re lat ing nu mer i cal mod el ling re sults with doc u mented seis mic -
ity and site-level ev i dence, we aim to clar ify the most likely sce -
nario for mid-sixth-cen tury dis rup tion.

Cor re la tion of nu mer i cal mod el ling with his tor i cal data.
Ac cord ing to our mod el ling re sults (see Figs. 7 and 12) 12 out of 
the 42 ana lysed cases in volv ing M7 earth quakes could po ten -
tially have im pacted the densely ur ban ised south ern coast of

Cy prus and the south-east ern Med i ter ra nean coast. Among the 
earth quake events ana lysed, sce nar ios 30 and 31, both as so ci -
ated with the Mount Leb a non Thrust, show the great est align -
ment with his tor i cal data. These events could be cor re lated with
the 551 CE earth quake, which we pro pose as the most prob a -
ble cause of de struc tion at Porphyreon. This cor re la tion is
based on the spa tial prox im ity of fault seg ments 30 and 31 to
the Porphyreon site, the match ing height and reach of the mod -
elled tsu nami wave (up to 2.6 m), and the con sis tency of the
event’s date with the ar chae o log i cal gap and gravel layer at the
site. It is sup ported by ar gu ments re gard ing the ex tent of the
tsu nami and the prox im ity of the fault to cit ies such as Berytus,
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Fig. 9A – gen eral view of the ar chae o log i cal Porphyreon site, marked as a box on Fig ure 8B (in 2005), white ar row points to the grav -
elly sec tion stud ied be fore cut ting and clean ing; B – the close-up of the sec tion stud ied; note the white-gravel layer in side the ce -
ramic-bear ing higher and lower lay ers; for de tails of the boxed ar eas see Fig ure 10
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Fig. 10A – elon ga tion of the lon ger axes of the flat peb bles, num ber in bracket – iden ti fied ar chae o log i cal lay ers 
from Figure 8B; B – de tails of the grav elly suc ces sion stud ied; I–VII depositional lay ers iden ti fied within 

ar chae o log i cal lay ers num bered 2b, 6 and 7

For ex pla na tion and in ter pre ta tion – see text. The length of the ver ti cal scale is 30 cm

Fig. 11. Char ac ter is tic ce ramic ves sel forms and types to al low dat ing of lay ers 2b, 3 and 7 in the sec tion stud ied

The ce ramic ves sel forms found in lay ers 1 to 5 date to the pe riod from the Early Ro man to Early Byzantine pe ri ods (late 1st c. BCE to 5th c.
CE). Layer 7, cor re spond ing to the ac cu mu la tion of ma te rial above peb ble layer 6 pro posed as a tsu nami trace, con tained ves sels dat ing
back to the Early Byzantine pe riod (mid 5th to 7th CE). Layer 6, visu al ised on the strati graphic pro file, there fore sep a rates two groups of ves -
sel forms of dis tinctly dif fer ent dates
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Sidon and Tyre, where ar chae o log i cal and his tor i cal data cor -
rob o rate that earth quake trem ors were ex pe ri enced (Daraw -
cheh et al., 2000). Elias et al. (2007) state that the ev i dence
sup ports the in ter pre ta tion that the earth quake event in 551 CE
was tsunamigenic. In ad di tion, the epi centre of the 551 CE
earth quake cor re lates with the lo ca tion de scribed by
Ambraseys (2009; rep re sented in our mod els as faults 30 and
31). Plassard and Kogoj (1981), Ambraseys and Synolakis
(2010) and Salamon et al. (2024) also cor re lated the 551 CE
earth quake to the Mount Leb a non Thrust; how ever, they lo -
cated it in the north ern part of the slip (cor re spond ing to our
model sce nar ios 33 and 36). Based on his tor i cal data de scrib -
ing the oc cur rence of the 551 CE tsu na mis, our in ter pre ta tion
pres ents a more plau si ble sce nario com pared to that pro posed
by Plassard and Kogoj (1981) and Ambraseys and Synolakis
(2010). How ever, Faysal et al. (2023) high lighted that the Lat a -
kia Ridge, with its prom i nent seafloor fea ture, may well be the
most ac tive struc ture off shore Leb a non and was likely the
source of the 9 July 551 CE tsunamigenic earth quake. How -
ever, these as sump tions are based on 3D seis mic in ter pre ta -
tion of the ma jor and mi nor faults off shore Leb a non, with out
mod el ling the ex tent of the tsu nami im pact. More over, Faysal et 
al. (2023) con cluded, based on an anal y sis of ex ist ing lit er a ture, 
that the tsu nami that oc curred in 551 CE was caused by an
earth quake with a mag ni tude of 7.2. In con trast, our mod el ling
in di cates that for the faults as so ci ated with Lat a kia Ridge to
gen er ate a tsu nami wave height above 1 metre in the
Porphyreon area, it would have to have a mag ni tude above 8.

Sim i lar to Sieberg (1932) and Antonopoulos (1980), we
have found no ev i dence that the earth quake of 348 CE would
gen er ate a tsu nami ca pa ble of reach ing Berytus (see Fig. 7 and 
Ta ble 2). Based on our mod els, it should be emphasised that in
sce nario 8, con sid er ing a M8 earth quake, a tsu nami wave
reached Tyre and Sidon with suf fi cient en ergy to cause sig nif i -
cant im pact on this area. Both the sce nar ios de scrib ing the
events of 342 CE and ~300 CE did not in di cate the pos si bil ity of
a tsu nami threat en ing the coast of Leb a non. How ever, one of
our sce nar ios for 342 CE yields very sim i lar re sults to the mod -
el ling of the 1222 CE earth quake (Yolsal et al., 2007), dem on -
strat ing the ap pli ca bil ity of our mod el ling ap proach in pre dict ing
and de ter min ing geohazards as so ci ated with his tor i cal tsu nami
im pacts.

In ad di tion to the mod elled sce nar ios, we also con sid ered
other ma jor cat a strophic events, such as the 365 CE earth -
quake off the coast of Crete. How ever, we did not model this
event since it was in cluded in the mod els pro posed by Eng land
et al. (2015) and Ott et al. (2021). Ac cord ing to their sce nar ios, it 
can be con cluded that such an event did not im pact the
Porphyreon site. For the other tsu nami ep i sodes in ves ti gated, it 
was chal leng ing to es tab lish a con sis tent ex pla na tion that
aligned the mod elled earth quake sce nar ios with the pres ence
of the gravel layer and ob served dam age at Porphyreon. Some
cases showed cor re la tion with his tor i cal tsu nami events, while
in oth ers, Porphyreon’s in un da tion was re corded, but lacked
con fir ma tion in the epigraphic re cord or cor re la tion with known
his tor i cal events. Among the sce nar ios con sid ered, those as so -
ci ated with the Cy prus subduction zone align with the ob served
de struc tion at the site. How ever, events of such scale would
have af fected the en tire re gion. To date, no his tor i cal in di ca -
tions have been found of an event in which such a large por tion
of the coast line was in un dated.

Tsu nami or i gin of the gravel layer. While our pri mary hy -
poth e sis fa vours a tsu nami or i gin, we also con sid ered al ter na -
tive ex pla na tions such as storm surge de po si tion or
anthropogenic infill. How ever, the in ter nal sed i men tary struc -
tures – in clud ing grad ing, an ero sional base, and the lack of
com pac tion – do not align with typ i cal storm de pos its or con -
struc tion lay ers. Fur ther more, the ab sence of ar chi tec tural el e -
ments, pre pared ground sur faces, or con sis tent spa tial pat tern -
ing re duces the like li hood of hu man agency. None the less, we
ac knowl edge that with out di rect sedimentological anal y ses,
these al ter na tive sce nar ios can not be ruled out en tirely. Given
all the above con sid er ations, we can not ex clude the pos si bil ity
that the event de scribed here was caused by a tsu nami not
men tioned in any writ ten source of the pe riod. We also al low for
the pos si bil ity that such an event oc curred as a re sult of a cat a -
strophic tor ren tial storm, but our geo log i cal in ter pre ta tion of the
re cord makes such a pos si bil ity highly un likely in our opin ion
based on cur rent ev i dence with pre served sed i men tary fea -
tures that better match tsu nami-re lated pro cesses.

De spite the lack of more de tailed sedimentological anal y -
ses, our in ter pre ta tion is that the ob served se quence (see sec -
tion ‘Sedimentological in ter pre ta tions’) was formed in a sin gle
depositional event of vary ing in ten sity, po ten tially as so ci ated
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with the prop a ga tion of a tsu nami wave onto the coastal re gion.
The gravel layer ex hib its fea tures sim i lar to those in ter preted as 
Ho lo cene tsu nami-re lated coastal beach and dune de pos its, as 
de scribed by re search ers such as Nichol et al. (2003),
Nanayama and Shigeno (2006), Hawkes et al. (2007), Mor ton
(2008) and Yu et al. (2020). These fea tures in clude a sharp ero -
sional basal con tact, an up wards-fin ing and up wards-coars en -
ing se quence, sand sheets, gravel fab ric, and a sheet of gravel
with cob ble-sized clasts. How ever, Shanmugam (2012) ar gued
that there is no def i nite ev i dence for tsu nami-re lated de pos its in 
the coastal-beach en vi ron ment. Ac cord ing to Shanmugam
(2012), in com ing tsu nami waves (land ward) and out go ing
back wash flows (sea ward) can trig ger a va ri ety of pro cesses,
mak ing it chal leng ing to es tab lish re li able sedimentological cri -
te ria for dis tin guish ing palaeo-tsu nami de pos its in var i ous en vi -
ron ments. How ever, this in ter pre ta tion re mains hy po thet i cal in
the ab sence of di rect sedimentological ev i dence.

The hy poth e sis that the gravel layer orig i nated from river
flood ing can be rea son ably ex cluded. Had such a flood oc -
curred in 551 CE, it would likely have caused wide spread de -
struc tion to over ly ing struc tures, in clud ing the Byzantine Ba sil -
ica yet no such dam age is ev i dent in the ar chae o log i cal re cord.
More over, the ab sence of ma jor river sys tems in the im me di ate
vi cin ity sig nif i cantly weak ens this in ter pre ta tion. While a pe ri od i -
cally ac tive braided stream could the o ret i cally have de pos ited
such sed i ments, this would im ply a re cur rent geomorphological
pro cess rather than a sin gu lar event. In that case, one would
ex pect re peated ep i sodes of de po si tion and de struc tion, which
are not re flected in the ar chae o log i cal or strati graphic re cord at
the site.

In te grat ing ar chae o log i cal and seis mo log i cal ev i -
dence. The com par i son be tween seis mo log i cal and ar chae o -
log i cal data con cern ing the an cient city of Porphyreon re veals
sev eral in con sis ten cies. The strati graphic pro file cited in this
study ap pears clear and sug gests the pos si bil ity of a cor re la tion 
be tween the ar chae o log i cal data and the 551 CE earth quake
and sub se quent tsu nami se lected for its po ten tial im pact on the
Porphyreon area, and their align ment with his tor i cal and geo -
log i cal ev i dence. This anal y sis con trib utes to a better un der -
stand ing of the set tle ment’s evo lu tion. Tsu nami wave height
mod els in di cated that, in some sce nar ios, waves may have
reached heights of up to 2.6 m. Con se quently, it is plau si ble that 
the en croach ment of tsu nami waves onto the shore line could
have caused the de struc tion of a coastal set tle ment such as
Porphyreon. Layer 6 at Porphyreon is in ter preted as re sult ing
from the 551 CE tsu nami; how ever, ev i dence of tsu nami im pact 
is not uni formly dis trib uted across the site, par tic u larly in ar eas
with res i den tial build ings and the Ba sil ica. This in con sis tency
may be at trib uted to sev eral fac tors:

– local ised depositional pat terns: tsu na mis of ten de posit
ma te ri als un evenly, in flu enced by lo cal to pog ra phy and
pre-ex ist ing struc tures, which may pro tect cer tain ar eas
while ex pos ing oth ers to more sig nif i cant de po si tion;

– ex ca va tion lim i ta tions: the scope of our ar chae o log i cal
ex ca va tions was lim ited, and it is pos si ble that tsu -
nami-re lated de pos its were pres ent but not un cov ered in 
the ex ca vated sec tions;

– post-depositional dis tur bances: sub se quent hu man ac -
tiv i ties, such as re build ing, or nat u ral ero sion pro cesses, 
could have dis turbed or re moved sed i men tary ev i dence
of the tsu nami, par tic u larly in ar eas with sig nif i cant later
con struc tion;

– vari abil ity in tsu nami in ten sity: the in ten sity and im pact of 
the tsu nami waves may have var ied across the site, po -
ten tially leav ing less de tect able traces in some ar eas.

Given these con sid er ations, more ex ten sive re mote sens -
ing and geo phys i cal sur veys and ar chae o log i cal ex ca va tions
are needed to fully un der stand the im pact of the 551 CE tsu -
nami across the en tire site. More over, the large sur viv ing frag -
ments of Porphyreon’s res i den tial build ings (Fig. 8A), sit u ated
at a height of ~10 m a.s.l. and at a dis tance of no more than 100
m from the sea shore, show no clear signs of de struc tion. Sim i -
larly, the Byzantine Ba sil ica, which func tioned in the 5th–6th cen -
tu ries CE di rectly on the sea shore at a height of only 4 m a.s.l.,
also lacks ar chi tec tural ev i dence of tsu nami-re lated de struc -
tion. To date, no ar chi tec tural traces in dic a tive of seis mic dam -
age (e.g. wall cracks, col lapsed struc tures or sub se quent re -
build ing) have been doc u mented in the ex ca vated sec tors. This 
ab sence of ev i dence may also re flect later hu man mod i fi ca tions 
of the ar chae o log i cal lay ers, par tic u larly dur ing the Byzantine
pe riod. These trans for ma tions are well doc u mented stratigra -
phically, though with out clear ar chi tec tural ev i dence of
post-seis mic re pair or re build ing. No writ ten re cords spe cif i cally
de scrib ing tsu nami-re lated de struc tion at Porphyreon have
been pre served, though his tor i cal sources doc u ment coastal
dam age in other Phoe ni cian cit ies fol low ing the 551 CE event.
In stead, the ar chae o log i cal re cord re veals an in trigu ing gap be -
tween an ear lier set tle ment that func tioned on the same site un -
til the 2nd–3rd cen tu ries CE and the Late An tique set tle ment con -
structed atop its re mains dur ing the late 4th and 5th cen tu ries CE. 
The aban don ment of the ear lier set tle ment and sub se quent re -
con struc tion could cor re late with the pos si ble ef fects of the 4th

cen tury CE earth quakes, rather than the well-doc u mented 551
CE event.

Ho lo cene shore line up lift. There has been long-stand ing
schol arly dis cus sion re gard ing the shore line up lift in Leb a non
and the pro cesses re spon si ble for it (e.g., Sanlaville, 1977;
Pirazzoli et al., 1991; Elias et al., 2007). Some re search ers be -
lieve that it is re lated, among other things, to Ho lo cene sea-level 
fluc tu a tions (Sanlaville, 1977), while oth ers link them to the tec -
tonic ac tiv ity (e.g., Elias et al., 2007), in clud ing the 551 CE
earth quake  and sub se quent seis mic events.

A sig nif i cant con tri bu tion to this dis cus sion is the study by
Morhange et al. (2006), which iden ti fied two main Ho lo cene re -
gional crustal up lift phases over the past 6000 years along the
Leb a nese coast: (i) an up per shore line at ~+1.2 to +1.4 m,
which lasted from ~4,050 BCE to 1,050 BCE and (ii) a lower
shore line at +0.8 ±0.4 m, de vel oped be tween 750 BCE and the
6th cen tury CE, co in cid ing with the so-called “Early Byzantine
Tec tonic Par ox ysm” (sensu Pirazzoli, 1986). A rel a tive sta bili -
sa tion to mod ern sea lev els took place ~1,000 CE (Morhange et 
al., 2006). These up lifted coastal fea tures have been in ter -
preted by Morhange et al. (2006) as re sult ing from the ac ti va -
tion of the Yammouneh and the Roum-Tri poli thrusts, as well as 
slip along trans verse faults. Build ing on this, Faysal et al. (2023)
ar gued that the re gional up lift doc u mented by Morhange et al.
(2006) may be better ex plained by the re sults of the ma jor tec -
tonic role of the Lat a kia Ridge in the east ern Med i ter ra nean,
and sug gested that the up lifts doc u mented in Morhange et al.
(2006) could be due to the transpressional struc tures mapped
by Faysal et al. (2023) mapped along the Leb a nese mar gin,
and that the last up lift, con tem po ra ne ous with the 551 CE earth -
quake, may have re sulted from an earth quake that could have
been trig gered along the Leb a nese mar gin by a ma jor event
that oc curred along the Lat a kia ridge. How ever, our re sults in di -
cate that faults other than those as so ci ated with the Lat a kia
Ridge were re spon si ble for gen er at ing the 551 CE tsu nami. For
this rea son, the course of this event and its up lift mech a nism in
our opin ion is ques tion able and that is why we have not in -
cluded it in any of our anal y ses.
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Morhange et al. (2006) also note re gional up lift in ten sity, re -
port ing a de crease near Bei rut and in creases again in the Saida 
re gion (+0.5 m) com pared to north ern Leb a non. This pat tern is
par tic u larly rel e vant to our site: the Byzantine Ba sil ica at
Porphyreon, which is to day lo cated di rectly on the sea shore at
an el e va tion of just 4 m a.s.l., shows no signs of tsu nami-re lated 
de struc tion. This ob ser va tion al lows us to con strain the max i -
mum in un da tion height of the tsu nami in this area. Even ac -
count ing for pos si ble up lift of up to 0.5 m, the max i mum in un da -
tion of the tsu nami could only have reached ar eas sit u ated be -
low 3.5 m a.s.l. Tak ing all these fac tors into ac count in clud ing
the ab sence of struc tural dam age to the Ba sil ica, the lim ited
max i mum up lift in the Porphyreon area –0.5 m, and our mod el -
ling re sults for tsu nami wave based on our mod el ling was 0.1 m
(342 CE), 0.5 m (348 CE) and 2.6 m (551 CE) we con clude that
our pro posed tsu nami sce nario for the 551 CE event is highly
plau si ble.

CONCLUSIONS

Based on 135 earth quake sce nar ios for >M7 events, dis trib -
uted across a to tal of 42 faults lo cated in the south-east ern
Med i ter ra nean, we in fer the fol low ing pat terns of tsu nami risk: 
for the 342 CE earth quake, only the fault south west of the Cy -
prus coast could po ten tially have posed a cred i ble threat to the
Leb a nese coast; for the 348 CE earth quake, the great est haz -
ard can be as so ci ated with an oblique-slip fault in the cen tral
part of the Levantine Ba sin. In the case of the 551 CE earth -
quake, mul ti ple faults rep re sent po ten tial tsu nami sources, but
the great est risk ap pears linked to faults as so ci ated with the
Mount Leb a non and Tri poli-Bei rut thrust sys tems.

In our study, nu mer i cal mod el ling re sults were in te grated
with sedimentological ob ser va tions and ar chae o log i cal data.
Based on the char ac ter is tics of the gravel layer em bed ded
within the cul tural lay ers at the Porphyreon, it was de ter mined
that the sec tion stud ied was formed dur ing a sin gle high-en ergy
depositional ep i sode of chang ing in ten sity, likely as so ci ated
with tsu nami waves prop a gat ing onto the land area. The cal cu -
lated max i mum tsu nami wave height mod elled for 551 CE
event in the Porphyreon area reached 2.6 m. Ac cord ingly, the

551 CE tsu nami is con sid ered to be the most plau si ble trig ger
for the for ma tion of the gravel layer ob served within the cul tural
strata of the Porphyreon ar chae o log i cal site. Al though the tsu -
nami or i gin of the de posit can not be con clu sively con firmed due 
to the ab sence of di rect sedimentological and geo chron ol ogi cal 
data, the strati graphic and ar chae o log i cal con text sup port it as
the most plau si ble sce nario cur rently avail able. Should ac cess
to the site be come fea si ble in the fu ture – pend ing im prove ment 
of po lit i cal sit u a tion in the re gion – fur ther re search in cor po rat -
ing di rect sedimentological sam pling and geo chem i cal anal y sis
will be es sen tial to fur ther eval u ate the tsu nami hy poth e sis
against al ter na tive depositional sce nar ios, in clud ing storm-in -
duced and anthropogenic pro cesses.

Our nu mer i cal mod el ling re sults also pro vided some rel e -
vant in sights to fu ture risk as sess ment. Tec tonic zones pre vi -
ously as so ci ated with high-mag ni tude seis mic ac tiv ity may con -
tinue to pose sig nif i cant threat to coastal pop u la tions. No ta bly,
there is no his tor i cal doc u men ta tion of a tsu nami event as so ci -
ated with the Cy prus subduction zone that re sulted in wide -
spread coastal in un da tion. Nev er the less, the po ten tial for such
an event should not be dis missed par tic u larly given that this
zone ex tends fur ther into Tur key and Syria, where a dev as tat -
ing 7.8 mag ni tude earth quake oc curred on 6th Feb ru ary 2023.

Ac knowl edge ments. The re search pre sented in this ar ti -
cle is based on an ar chae o log i cal pro ject con ducted by a Pol -
ish-Leb a nese team rep re sent ing the Uni ver sity of War saw, the
Pol ish Acad emy of Sci ences, and the Gen eral Di rec tor ate of
An tiq ui ties, con ducted be tween 2003 and 2014 in Porphyreon,
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Fault Mag Length [km] Width [km] Strike [degrees] Dip [degrees] Depth [km] Depht to top [km] Rake [degrees] Slip [m] Shear modulus [10^10] note max slip [m] slip 
confirmation

1 8 55,6422 13,9105 125 80 39,6992 26 10 22 6,80 12 0

1 7,0 55,64 13,91 125 80,0 39,7 26 10,0 0,8 6,8 12 1

1 7,5 55,64 13,91 125 80,0 39,7 26 10,0 4,0 6,8 12 1

2 7,0 60,23 15,06 288,8 35,0 32,6 24,0 100,0 0,7 6,8 12 1

2 7,5 60,23 15,06 288,8 35,0 32,6 24,0 100,0 3,1 6,8 12 1

2 8,0 60,23 15,06 288,8 35,0 32,6 24,0 100,0 18,0 6,8 12 0

3 8 45,3149 11,1952 284,9 30 30,5976 25 90 34 6,80 12 0

3 7,0 45,31 11,20 284,9 30,0 30,6 25,0 90 1,0 6,8 12 1

3 7,5 45,31 11,20 284,9 30,0 30,6 25,0 90,0 5,5 6,8 12 1

4 7,0 56,16 14,04 286,5 25 26,9 21,0 90,0 0,8 6,8 12 1

4 8 56,1569 14,0392 286,5 25 26,9332 21 90 25 6,80 12 0

4 7,5 56,16 14,04 286,5 25 26,9 21 90 4,5 6,8 12 1

5 8 46,5938 11,6485 87,5 25 18,9229 14 63 46 4,4 12 0

5 7,0 46,59 11,65 87,5 25 18,9 14 63 1,5 4,4 12 1

5 7,5 46,59 11,65 87,5 25 18,9 14 63 11,0 4,4 12 1

6 8 42,3557 10,5889 80,7 25 31,4751 27 80 35 6,80 12 0

6 7,0 42,36 10,59 80,7 25,0 31,5 27 80 1,4 6,8 12 1

6 7,5 42,36 10,59 80,7 25,0 31,5 27 80 7,0 6,8 12 1

7 7,5 54,68 14,47 291,5 70 33,6 20 170 0,8 6,8 12 1

7 7 54,681 14,4694 291,5 70 33,5968 20 170 ? 6,80 12 0

7 8,0 54,68 14,47 291,5 70 33,6 20 170 4,0 6,8 12 1

8 7,0 74,65 18,66 44 80 34,4 16 30 0,4 6,8 14 1

8 7,5 74,65 18,66 44 80 34,4 16 30 2,8 6,8 14 1

8 8,0 74,65 18,66 44 80 34,4 16 30 14,0 6,8 14 1

9 8 51,6923 12,9231 295,4 25 14,4615 9 125 65 2,60 12 0

9 7,0 51,69 12,92 295,4 25 14,5 9 125 2,5 2,6 12 1

9 7,5 51,69 12,92 295,4 25 14,5 9 125 11,0 2,6 12 1

10 7,5 32,3544 8,0886 304,3 35 32,6394 28 120 11 6,80 10 0

10 8 32,3544 8,0886 304,3 35 32,6394 28 120 61 6,80 10 0

10 7,0 32,35 8,09 304,3 35 32,6 28 120 1,9 6,8 10 1

11 7,0 56,92 14,23 98,6 20 20,9 16 70 1,0 4,4 12 1

11 8 56,9171 14,2293 98,6 20 20,8667 16 70 30 4,40 12 0

11 7,5 56,92 14,23 98,6 20 20,9 16 70 6,0 4,4 12 1

12 7,5 34,3298 8,5824 274,9 30 24,2912 20 80 15 4,40 10 0

12 8 34,3298 8,5824 274,9 30 24,2912 20 80 82 4,40 10 0

12 7,0 34,33 8,58 274,9 30 24,3 20 80 2,6 4,4 10 1

13 7,5 30,3629 7,5907 270,1 25 25,208 22 85 13 6,80 10 0

13 8 30,3629 7,5907 270,1 25 25,208 22 85 68 6,80 10 0

13 7,0 30,36 7,59 270,1 25,0 25,2 22 85 2,8 6,8 10 1

14 7,5 31,1252 7,7813 232,1 70 35,312 28 -20 12 6,80 10 0

14 8 31,1252 7,7813 232,1 70 35,312 28 -20 68 6,80 10 0

14 7,0 31,13 7,78 232,1 70 35,3 28 -20 2,6 6,8 10 1

15 7,5 29,5104 7,3776 331 75 32,1262 25 160 13 6,80 7 0

15 8 29,5104 7,3776 331 75 32,1262 25 160 72 6,80 7 0

15 7,0 29,51 7,38 331,0 75 32,1 25 160 2,8 6,8 7 1

16 8 22,1449 5,5362 326,9 75 30,3476 25 145 130 6,80 7 0

16 7,5 22,1449 5,5362 326,9 75 30,3476 25 145 24 6,80 7 0

16 7,0 22,14 5,54 326,9 75 16,0 25 145 6,5 4,4 7 1

17 7,0 (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) 0,1 6,8 (17a, 17b) 1

17 7,5 (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) 0,8 6,8 (17a, 17b) 1

17 8,0 (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) (17a, 17b) 4,0 6,8 (17a, 17b) 1

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,) 1

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,) 1

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,) 1

19 7,0 57,33 14,33 154,4 45 24,1 14 -160 1,3 4,4 12 1

19 8 57,3292 14,3323 154,4 45 24,1345 14 -160 30 4,40 12 0

19 7,5 57,33 14,33 154,4 45 24,1 14 -160 6,0 4,4 12 1

20 8 24,902 6,2255 33,6 25 22,63101 20 110 158 4,40 7 0

20 7,5 24,902 6,2255 33,6 25 22,63101 20 110 28 4,40 7 0

20 7,0 24,90 6,23 33,6 25,0 22,6 20 110,0 5,0 4,4 7 1

21 8 22,7771 5,6943 39,4 30 20,8471 18 130 188 4,40 7 0

21 7,5 22,7771 5,6943 39,4 30 20,8471 18 130 36 4,40 7 0

21 7,0 22,78 5,69 39,4 30 20,8 18 130 6,0 4,4 7 1

22 8 11,4714 2,8678 42,6 25 21,212 20 70 - x 4 0

22 7,5 11,4714 2,8678 42,6 25 21,212 20 70 138 4,40 4 0

22 7 11,4714 2,8678 42,6 25 21,212 20 70 27 4,40 4 0

23 8 11,5155 2,8789 50,8 25 21,2167 20 80 - x 4 0

23 7,5 11,5155 2,8789 50,8 25 21,2167 20 80 130 4,4 4 0

23 7 11,5155 2,8789 50,8 25 21,2167 20 80 26 4,4 4 0

24 7,5 10,7971 2,6993 55,8 25 21,1408 20 80 148 4,4 4 0

24 7 10,7971 2,6993 55,8 25 21,1408 20 80 28 4,4 4 0

25 7,0 47,83 11,96 263,8 80 31,8 20 165 1,2 6,8 12 1

APPENDIX 1

Summary of fault parameters used for modelling



25 8 47,8304 11,9576 263,8 80 31,7759 20 165 28 6,8 12 0

25 7,5 47,83 11,96 263,8 80 31,8 20 165 6,5 6,8 12 1

26 8 20,008 5,002 262,5 80 26,926 22 170 170 6,8 7 0

26 7,5 20,008 5,002 262,5 80 26,926 22 170 28 6,8 7 0

26 7,0 20,01 5,00 262,5 80 26,9 22 170 5,0 6,8 7 1

27 8 13,3549 3,3387 28,9 25 11,411 10 100 - x 4 0

27 7,5 13,3549 3,3387 28,9 25 11,411 10 100 164 2,6 4 0

27 7 13,3549 3,3387 28,9 25 11,411 10 100 30 2,6 4 0

28 7,5 6,50102 1,6253 16,2 25 16,6869 16 80 - 4,40 1 0

28 8 6,50102 1,6253 16,2 25 16,6869 16 80 - 4,40 1 0

28 7 6,50102 1,6253 16,2 25 16,6869 16 80 80 4,40 1 0

29 7 9,46083 2,3652 26,5 25 10,9996 10 90 58 2,60 1 0

30 7,0 (30a, 30b, 30c) (30a, 30b, 30c) (30a, 30b, 30c) (30a, 30b, 30c) (30a, 30b, 30c) (30a, 30b, 30c) (30a, 30b, 30c) 2,6 (30a, 30b, 30c) 12 1

30 8 (30a, 30b, 30c) (30a, 30b, 30c) (30a, 30b, 30c) (30a, 30b, 30c) (30a, 30b, 30c) (30a, 30b, 30c) (30a, 30b, 30c) 70 (30a, 30b, 30c) 12 0

30 7,5 (30a, 30b, 30c) (30a, 30b, 30c) (30a, 30b, 30c) (30a, 30b, 30c) (30a, 30b, 30c) (30a, 30b, 30c) (30a, 30b, 30c) 12,0 (30a, 30b, 30c) 12 1

31 7,0 (31a, 31b, 31c, 31d) (31a, 31b, 31c, 31d) (31a, 31b, 31c, 31d) (31a, 31b, 31c, 31d) x (31a, 31b, 31c, 31d) (31a, 31b, 31c, 31d) 2,0 (31a, 31b, 31c, 31d) 12 1

31 7,5 (31a, 31b, 31c, 31d) (31a, 31b, 31c, 31d) (31a, 31b, 31c, 31d) (31a, 31b, 31c, 31d) x (31a, 31b, 31c, 31d) (31a, 31b, 31c, 31d) 11,0 (31a, 31b, 31c, 31d) 12 1

31 8,0 (31a, 31b, 31c, 31d) (31a, 31b, 31c, 31d) (31a, 31b, 31c, 31d) (31a, 31b, 31c, 31d) x (31a, 31b, 31c, 31d) (31a, 31b, 31c, 31d) 59,0 (31a, 31b, 31c, 31d) 12 0

32 8 13,201 3,3002 189,8 25 19,3947 18 90 - 4,4 4 0

32 7 13,201 3,3002 189,8 25 19,3947 18 90 18 4,4 4 0

32 7,5 13,201 3,3002 189,8 25 19,3947 18 90 99 4,4 4 0

33 7,0 28,47 7,12 36,7 25,0 28,0 25 90 2,5 6,8 7 1

33 7,5 28,47 7,1175 36,7 25 28,008 25 90 14 6,8 7 0

33 8 28,47 7,1175 36,7 25 28,008 25 90 78 6,8 7 0

34 7,0 29,78 7,45 88,1 60 21,4 15 -170 3,5 4,4 7 1

34 8 29,7824 7,4456 88,1 60 21,4481 15 -170 115 4,4 7 0

34 7,5 29,7824 7,4456 88,1 60 21,4481 15 -170 20 4,4 7 0

35 7,0 39,60 9,90 68,6 60 28,6 20 -165 1,3 6,8 10 1

35 8 39,596 9,899 68,6 60 28,5728 20 -165 40 6,8 10 0

35 7,5 39,60 9,90 68,6 60 28,6 20 -165 7,1 6,8 10 1

36 7 12,5655 3,1414 8,7 25 9,32761 8 90 40 2,60 4 0

37 7 13,4302 3,3576 258,7 70 13,1551 10 165 29 2,60 no deformations 4 0

38 7 12,2695 3,0674 56,8 25 16,2963 15 90 21 4,40 4 0

39 7,5 23,3355 5,8339 54,8 25 17,4655 15 90 32 4,4 7 0

39 7,0 23,34 5,83 54,8 25,0 17,5 15 90 6,0 4,4 7 1

40 7 15,3025 3,8256 34 25 16,6168 15 90 14 4,40 4 0

40 7,5 15,3025 3,8256 34 25 16,6168 15 90 75 4,40 4 0

41 7,0 32,04 8,01 79,1 35 4,6 0 50 5,2 2,6 10 1

41 8 32,0414 8,0104 79,1 35 4,59458 0 50 160 2,6 10 0

41 7,5 32,0414 8,0104 79,1 35 4,59458 0 50 29 2,6 10 0

42 7,0 27,96 6,99 250,7 80 26,9 20 170 2,8 6,8 7 1

42 7,5 27,9646 6,9911 250,7 80 26,8849 20 170 14,5 6,8 7 0

42 8 27,9646 6,9911 250,7 80 26,8849 20 170 80 6,8 7 0

17a 7,0 84,14 21,03 236,3 25 28,9 20 30,0 0,3 6,8 14 1

17a 7,5 84,14 21,03 236,3 25 28,9 31 30,0 1,8 6,8 14 1

17a 8,0 84,14 21,03 236,3 25 28,9 31 30,0 9,0 6,8 14 1

17b 7,0 106,65 26,66 258,4 25,0 36,3 25 70,0 0,2 6,8 14 1

17b 7,5 106,65 26,66 258,4 25,0 36,3 25 70,0 1,0 6,8 14 1

17b 8,0 106,65 26,66 258,4 25,0 36,3 25 70,0 9,0 6,8 14 1

18a 7,0 52,06 13,00 208,2 43 28,9 20 -10 1,0 6,8 12 1

18a 7,5 52,06 13,00 208,2 43 28,9 20 -10 5,0 6,8 12 1

18a 8 52,0618 13 208,2 43 28,866 20 -10 25 6,80 12 0

18b 7,0 65,56 13,00 237,4 30 31,5 25 20 0,8 6,8 12 1

18b 7,5 65,56 13,00 237,4 30 31,5 25 20 4,0 6,8 12 1

18b 8 65,5637 13 237,4 30 31,5 25 20 19 6,80 12 0

18c 7,0 55,07 13,00 261,1 27 30,9 25 70 0,9 6,8 12 1

18c 7,5 55,07 13,00 261,1 27 30,9 25 70 5,0 6,8 12 1

18c 8 55,0711 13 261,1 27 30,9019 25 70 22 6,80 12 0

18d 7,0 243,50 13,00 243,5 25 30,5 25 90 1,1 6,8 16 1

18d 7,5 243,50 13,00 243,5 25 30,5 25 90 6,0 6,8 16 1

18d 8 243,5 13 243,5 25 30,494 25 90 29 6,80 16 0

30a - 18,178 8 26,6 25 21,3809 18 90 - 6,80 - 0

30b - 17,6982 10 356,9 25 22,2262 18 90 - 6,80 - 0

30c - 6,0435 8 18,4 25 21,3809 18 90 - 6,80 - 0

31a - 18,4301 8 352,2 25 17,3809 14 90 - 4,4 - 0

31b - 11,9994 10 23,4 25 18,2262 14 90 - 4,4 - 0

31c - 9,13854 10 52,8 25 18,2262 14 90 - 4,4 - 0

31d - 7,02091 8 4,1 25 17,3809 14 90 - 4,4 - 0




