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Foreword

We would like to extend a warm welcome to all the
participants of the 2™ International Tsunami Field
Symposium Puglia - lonian Islands 2008. This is the second
important tsunami meeting organised within the framework of
the IGCP Project n. 495 “Quaternary Land-Ocean
Interactions: Driving Mechanisms and Coastal Responses”
which is led by Anthony Long from Durham University,
United Kingdom, and Shahidul Islam, University of
Chittangong, Bangladesh.

The 1% International Tsunami Field Symposium was
organised by Dieter Kelletat, Anja and Sander Scheffers in
March 2006when the participants enjoyed an interesting
scientific week along the coasts of Bonaire, Netherland
Antilles.

Only about one year before, the most horrific and deadly tsunami in human history occurred on December
26th, 2004. About 300.000 persons died in Indonesia, Thailand, and other countries facing the Indian Ocean in
Asia and Africa. The tsunami waves caused also tremendous damage of infrastructure facilities and the
environment. Unfortunately, the cause for the incredibly long list of casualties seems to be related to the little
knowledge of the tsunamigenic areas and also of the tsunami propagation and its effects on the coasts. Surely,
the waves were even more destructive due to the ignorance of the tsunami hazard as a consequence of
underrating tsunami risk and vulnerability. There are numerous other tsunami that occurred in the past and killed
thousands of people along many coasts of the world. During the past ten years the number of scientific studies
consecrated to different aspects of tsunami-related research has impressively increased including geological and
geomorphological, geophysical and modelling approaches as well ashiological and ecological, social and human,
economic and juridical and alsoengineeristic and warning aspects. This is all the more important as the scientific
community, the local and national administrations and the potentially affected coastal population must not be
unprepared for the next event.

This is the first time that an international multi-disciplinary official meeting on tsunami science is to be held
both in Italy and Greece. These two countries, both of them facing the lonian Sea,were affected by two (palaeo-)
tsunami which are considered to belong to the most impressive ones in the Mediterranean area: the eruption of
the Santorini volcano around 1620 B.C. caused a tremendous tsunami which destroyed many ancient settlements
in northern Crete. There are also mythological approaches combining eruption, earthquake and tsunami as
potential triggers for the decline of the Minoan civilisation and even for the exodus of the Israelites passing
through the Red Sea. The tsunami which destroyed Messina in Sicily and Reggio in Calabria was caused by
strong earthquakes along the Malta fault scarp not far from the coast in the lonian Sea on December 28, 1908.
Numerous coastal village were destroyed by tsunami inundation; in Reggio, the run-up reached 13 m high and
the tsunami killing some thousands of people.

Recent tsunami studies carried out along the Italian and Greek coasts revealed geomorphological and
sedimentological findings of several tsunami that occurred since the mid-Holocene. In the Mediterranean basin,
around three hundred events have been found by modern research techniques within the framework of
sedimentological, morphological, biological, archaeological and historical investigations. During the
forthcoming symposium, the participants will be introduced to the most significant sites of tsunami landfall in
Apulia and the Lefkada-Preveza coastal zone (lonian Islands).

The book at hand presents extended abstracts of about 50 scientific communications which will certainly
improve our overall knowledge on tsunami dynamics. The book may alsoprovide some references useful for the
management of coastal areas. There is and, in the future, will be a lot of progress in scienceThis is all the more
true for the last ten years which provided an impressive improvement in tsunami sciences. So, even if we must
admit that we are far from considering as final all of our statements, it is necessary that the results of our work
will be considered in all administrative affairs.

We would like thank the INQUA Commission on Coastal and Marine Processes, the INQUA Neotectonics
Subcommission, the AlGeo — lItalian Association of Physical Geography and Geomorphology, the AMK —
German Working Group on the Geography of Coasts and Seas, and the SIGeA - Italian Society of
Environmental Geology for the scientific support of this meeting.
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Finally, we gratefully acknowledge the technical assistance and financial support by the Administration of
the Regione Puglia, by the “Fondazione Cassa di Risparmio di Puglia”, by the Municipality of Ostuni, by the
Provinces of Brindisi, Lecce and Taranto, by GAL — Alto Salento, by the Dipartimento di Geologia e Geofisica
and the Central Administration of the University of Bari and by the Dipartimento di Scienza dei Materiali the
Central Administration of the University of Lecce, by Leica Geosystems S.p.A., Colacem S.p.A. and Geo Data
Service s.r.l. without which this symposium would not have been possible.

The Conference Organizers

Giuseppe Mastronuzzi Helmut Brickner

Paolo Sanso Andreas Vott

Department of Geography, Philipps Universitat zu Marburg, Germany
Department of Geography, Universitit zu Kéln, Germany
Dipartimento di Geologia e Geofisica, Universita degli Studi “Aldo Moro”, Bari, ltaly

Dipartimento di Scienza dei Materiali, Universita del Salento, Lecce, Italy
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Introduction
|U S Welcome to this, the Second International Tsunami Symposium
UNE 0 of IGCP 495 “Quaternary land-ocean interactions: driving

mechanisms and coastal responses”.

IUGS UNESCO PROJECT 495

Previous IGCP projects have been highly successful in improving our understanding of the patterns of sea-
level change and coastal evolution over a wide range of timescales. Indeed, Project 495 has evolved from several
previous IGCP programmes including Project 61 “Sea-level change during the last deglacial hemicycle” directed
by A.L. Bloom (1974-1982), Project 200 “Sea-level correlation and application” directed by Paolo Antonio
Pirazzoli (1983-1987), Project 274 “Coastal evolution in the Late Quaternary” directed by Orson van de Plassche
(1988-1993), Project 367 “Late Quaternary coastal records of rapid change” directed by D.B. Scott (1994-1998)
and Project 437 “Coastal environmental change during sea-level highstands” directed by C.V. Murray-Wallace
(1999-2003). The final meeting of the latter project included a superb meeting and fieldtrip to the Puglia region
of Italy, organized by two of the current hosts of this meeting — Giuseppe Mastronuzzi and Paolo Sanso.

Thirty years on from the first IGCP coastal project, the global sea-level community is now well-equipped to
develop local, regional and global records of relative sea-level (RSL) change. It is also increasingly able to
describe linkages between terrestrial, coastal and marine environments through the application of new techniques
of sediment finger-printing, dating, as well as quantitative models of coastal change, sea-level change and
sediment flux. The aim of IGCP495 is to focus attention on establishing the driving mechanisms of the patterns
we observe and reconstruct. The work has two main dimensions: the vertical component of RSL change and the
lateral dimension of changing shoreline position.

IGCP 495 has several working groups, one of the most active of which is the Tsunami working group. This
group held its first international field meeting on the island of Bonaire (Netherlands Antilles) in March 2006,
organised by Anja Scheffers and Dieter Kelletat, University of Duisburg-Essen, Germany and attended by 21
participants from 10 countries. A special issue including papers from the meeting has been published (Scheffers
and Kelletat, 2006) and a report is available on the IGCP495 web site (see below).

As in previous projects, IGCP 495 has strong links with other international research programmes, notably the
INQUA Coastal and Marine Processes group and, with particular relevance to this meeting, the working groups
that include the Mediterranean Basin (Chair - Ahuva Almogi-Labin), North West Europe (Chair - Roland
Gebhrels) and Short-term sea level changes and coastal vulnerability (Chair - Fabrizio Antonioli).

Since the inception of IGCP 495, there have been four international meetings of the project:

The inaugural meeting was held in Maine, USA, organized by Joe Kelley and Dan Belknap (University of
Maine). The trip provided a wonderful start to the project with a focus on climate-driven sea-level change along
the east coast of North America. The second meeting in 2005 was in the Anyer-Carita, Banten-Sunda Strait area
of Indonesia, organized by Wahyoe Hantoro and colleagues from the Research Centre for Geotechnology,
Indonesian Institute of Sciences (LIPI). The timing of the meeting, so shortly after the Indian Ocean tsunami,
provided an opportunity to review recent research associated with this event and a special issue of Marine
Geology followed (Gehrels and Long 2007).

The third international meeting of IGCP495 in 2006 was held in Balneario Camboriu, Santa Catarina, Brazil,
organized by Rodolfo Angulo and Maria Cristina de Souza (Universidade Federal do Parand) and Dr. Antonio
Klein (Universidade do Vale do ltajai). The fourth international meeting was held jointly with the INQUA
Congress in Cairns. ICGP 495 and the INQUA Commission on Coastal and Marine Processes held the largest
session of the entire conference, spreading across three full days of the meeting. Dr. Sarah Woodroffe and Dr.
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Scott Smithers (Durham University and James Cook University) ran and excellent field trip along the north
Queensland coast. The fifth international meeting will be held in Faro, Portugal by Tomasz Boski, Delminda de
Jesus Moura, Jodo M. A. Dias, Cristina Veiga-Pires and Oscar Ferreira in September 2008. The final meeting of
project 495 is likely to be held in South Carolina, USA in late June 2009, organized by David Scott and Paul
Gayes.

Details of all of the meetings detailed above, including many downloadable copies of field guides, abstracts
volumes and trip reports, as well as other information about the project in general, are available from its web site
at:

http://www.geography.dur.ac.uk/projects/igcp495/Home/tabid/333/Default.aspx

We wish all those attending the Second international Tsunami Symposium an enjoyable and stimulating
meeting and would like to take this opportunity to thank the organizers, Giuseppe Mastronuzzi, Paolo Sanso,
Andreas Vott and Helmut Briickner for all their hard work in organizing what promises to be a superb meeting.

Antony J. Long'*, Shahidal Islam®*

* Project leaders, IGCP 495
'Department of Geography, Durham University, Durham DH1 3LE, UK,
e-mail: A.J.Long@Durham.ac.uk
’Department of Geography, University of Chittagong, Bangladesh, e-mail: shahidulbd @gononet.com
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Armigliato A.", Tinti S.!, Tonini R.", Pagnoni G.', Gallazzi S.!, Manucci A.", Zaniboni F.},
Mastronuzzi G.?, Pignatelli C.%, Sanso P.’

The 20" February 1743 tsunamigenic earthquake
in Apulia, Italy: investigation on the source from
numerical tsunami modelling and geological evidences

"Universita di Bologna, Dipartimento di Fisica, Bologna (Italy), e-mail: alberto.armigliato@unibo.it;
2Dipartimento di Geologia e Geofisica, Universita degli Studi “Aldo Moro”, Bari (Italy),
e-mail: g.mastrozz@geo.uniba.it; c.pignatelli@geo.uniba.it;
30sservatorio di Chimica, Fisica e Geologia ambientale, Dipartimento di Scienza dei Materiali,
Universita degli Studi del Salento, Lecce (Italy), e-mail: paolo.sanso@unile.it;

Keywords: historical tsunamis, numerical modelling, boulders, coastal morphology, Apulia

On 20th February 1743 a strong earthquake The maximum macroseismic intensity (I1X
(M=6.9 according to the CPTIO4 Catalogue) MCS) was recorded in the towns of Nardd and
severely hit the Salento peninsula (Apulia, southern Francavilla Fontana in southern Apulia, where most
Italy) and the Greek lonian Islands (Fig. 1). It was buildings were ruined, and in the village of
felt in a very large area, including Calabria, the Amaxichi, in the Lefkada island.

Messina Straits and Naples.
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Figure 1. Geographical position of studied area. The
black star indicates the 1743 epicentre position according
to CPTI04. Intensities in the most affected sites are taken
from Stucchi et al. (2007).
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The earthquake was responsible for more than
160 victims in Apulia and about 100 in the lonian
islands, Greece. The earthquake generated a
tsunami, the historical accounts on which are quite
scarce. The only available report describes some
tsunami effects in the harbour of Brindisi, where
the sea withdrew (see the Italian Tsunami
Catalogue, Tinti et al., 2004).

The impact of the tsunami waves generated by
the 1743 earthquake along the lonian and Adriatic
coasts of Apulia appears to be well documented
from the geomorphological point of view. The
morphological ~ evidences are  particularly
recognizable along the coastal tract comprised
approximately between Capo Santa Maria di Leuca
(S.M.Leuca) and Brindisi (Fig. 2). It is a ~200 km
long stretch of microtidal coast, where the
morphographic features can vary significantly

(~ 1.5 m runup)

(sea withdrawal)

41°
i,'\}'o::orre Santa Sabina
Brindigf
Taranto
40°
lonian Sea
km
0 20 40
. |
17°

18°

depending on the outcropping lithological units and
on the wave climate. Moving from North to South
along this coastal segment, three different sites are
found that preserve the most evident signatures
(mostly boulders) of the impact of tsunami waves
and in a couple of sites the deposits can be
reasonably attributed to the 1743 event. The sites
are Torre Santa Sabina, Torre Sant’Emiliano and
Torre Sasso (Fig. 2).

In the first one, boulders are arranged either in
small groups or rows composed of a few imbricated
elements coming from the intertidal area; their sizes
suggest weights up to 8 tons. The boulders, that
have been recognized up to 1.5 m above biological
sea level (b.s.l.) and at about 15 m inland, were
probably accumulated due to the superimposed
effects of two distinct tsunamis as well as of storm
waves (Mastronuzzi & Sanso, 2004).

Adriatic Sea

Lecce
o
Otranto

Sant’Emiliano
(~ 13 m runup)

‘ﬁf?’orre Lupo

(~5m runup)|

o
S.M.Leuca

19°

Figure 2. Position of the places (white stars) where the boulder accumulations imputable to the 1743 tsunami have
been observed and characterised. As in Fig. 1, the black star indicates the 1743 epicentre position according to

CPTI104.
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At Torre Sant’Emiliano the best evidences of
the February 20, 1743 tsunami impact are
recognizable: two almost continuous boulder ridges,
about 40 m wide, can be observed, with the
innermost placed at a height of about 10 m above
b.s.l. and the seaward one exposed up to 11.5 m
above b.s.l.. Boulders are up to 75 tons in weight
and are placed at about 13 m above b.s.l.
(Mastronuzzi et al., 2007). Finally, at Torre Sasso
two almost continuous boulder ridges, about 40 m
wide, are present, with the innermost placed at a
height of about 10 m above b.s.l. and the seaward
one exposed up to 11.5 m above b.s.l.. A maximum
weight of about 31 tons was estimated.

The main goal of this study is to put some
constraints on the source of the 1743 tsunamigenic
earthquake by numerical modelling of the tsunami
itself and comparing the results with the above
mentioned geomorphological evidences. To do this,
based on some basic information coming from local
tectonics, we take into account a small number of
seismic sources and for each of them we simulate
numerically the ensuing tsunami, trying to
reproduce the data on runup and inundation length.
More specifically, for each studied fault (basically
chosen from the FAUST database, see Valensise et
al., 2002) we compute the coseismic deformation of
the sea bottom and take it to be identical to the
tsunami initial condition. The subsequent tsunami
wave propagation is computed by means of a finite-
differences  numerical code, UBO-TSUFD,
developed at the Department of Physics of the
University of Bologna, which implements and
solves the Navier-Stokes equations in the shallow-
water approximation and includes the computation
of the tsunami inundation on the coasts. For each
run, we compare the numerical results with the
available geological and historical evidences:
attention is posed especially on the tsunami wave
propagation direction, on the polarity of the first
wave arrivals in some selected coastal stations in
southern Apulia and on the spatial distribution of

the extreme water elevations along the coastlines.
The results are discussed in order to draw some
preliminary conclusions on the most probable
source area and geometry for the 1743
tsunamigenic earthquake.
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Sedimentological characteristics
of the July 17, 2006 tsunami in South Java

Westfilische Wilhelms-Universitit, Geologisch-Paldontologisches Institut, Minster, Germany
2JISAO, University of Washington - NOAA Center for Tsunami Research, Seattle, USA
SDepartment of Geological Engineering, Gadjah Mada University, Indonesia
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With the help of tsunami deposits, tsunami run-
up characteristics and tsunami depositional
processes can be inferred in order to understand
tsunami as a geological process, but also to
recognise tsunami deposits within sedimentary
deposits of different sedimentary environments.

Unique features of such deposits have not been
identified to distinguish them from, for example,
storm or other deposits indicating high-energy
regimes within sandy beach deposits. It is still
unresolved in which water depths and environments
tsunami entrain sediment during run-up.

We report the initial results of a study of the
deposits of the July 17, 2006 Java tsunami (Fig. 1).
The Java tsunami was caused 200 km off the south
coast of Java by a ca. 10 km deep M,, 7.8

earthquake at 15:19 local time. The quake caused a
ca. 200 km trench-parallel rupture and struck the
coast 20 minutes later (Ammon et al., 2006).
Depending on the geometry of coast and beaches,
run-up heights exceeded 20 m at headlands, and
were significantly lower, less than 2 m, along many
straight beaches. The flow depth reached c. 165 cm
at a distance of 150 m from the swash zone.

We surveyed beaches along the central south
coast of Java between Pangandaran and Parangtritis
south of Yogyakarta (Fig. 1), sampled the tsunami
deposits, and measured the maximum run-up
distance of 700 m to the west of Pandangaran.
Quasi-linear debris accumulations document up to
three waves of decreasing inundation and run-up.

The tsunami deposits consist of sand, reach
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Figure 1. Screen shot of simulation of the July 17, 2006 Java tsunami 8 minutes after tsunami initiation (Latif, 2006). The
tsunami caused damages mainly between Pandangaran and the coast south of Yogyakarta. Deposits are best preserved along

the same part of the coast.
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maximum thicknesses of 10 cm, display a weakly
developed fining-inland trend, and taper out
approximately at half the run-up distance.

—y JTC3b
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Figure 2. Grain-size distribution of the basal
lamina of tsunami sample JTC3b near
Cilacap (Fig. 1), measured by digital-optical
analysis (solid line). Deconvolution of the
grain-size  distribution  (dashed lines)
indicates the presence of two-grain
populations with modes differing by
approximately between 0.05 and 0.1 mm.

They commonly have erosive bases and consist
of one to five parallel-laminated and in some cases
graded layers. Bottom layers may contain soil rip-
up clasts eroded from inundated agricultural fields.
Sedimentary structures include small current ripples
produced by backwash flow in morphological
depressions. Larger palm trees were bent inland
during tsunami run-up whereas the less energetic
backwash bent smaller palm trees seaward.

The beach sands underlying the tsunami
deposits are rich in detrital magnetite.
Deconvolution of grain-size distributions of both
beach and tsunami deposits revealed that most
tsunami deposits consist of at least two well-sorted
sandy, normal grain populations, the modes of
which differ by between 0.05 and 0.1 mm (Fig. 1).

Separate grain-size analysis of magnetic and
non-magnetic detritus demonstrates that the two
normal distributions correspond to the magnetic and
non-magnetic fractions. As the composition of
tsunami sands is similar to beach and near shore
marine sands, we conclude that the detritus
constituting the tsunami deposits was derived
locally.

References
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Deposits and effect of tsunamis generated
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The 1996 underwater explosive eruption in
Karymskoye Lake generated multiple tsunamis up
to 30 m high, which strongly eroded shores of the
lake and left various deposits. This event provided a
unigque opportunity to study the effect of tsunami of
explosive origin.

Karymskoye Lake and course of the 1996
eruption

Karymskoye caldera lake is located in an
uninhabited region of the Eastern Volcanic Belt of

Kamchatka Peninsula (Fig. 1). The lake has almost
circular shape with diameter ~4 km, maximum
depth 65m, and contains ~ 0.5 cub. km of fresh
water. The lake is drained by the Karymskaya River.
The surface of the lake has an altitude of 624 m
above sea-level. From November to June the lake is
covered by ice (up to 1 m thick) and show (up to
several metres thick). The shores of the lake are
heavily vegetated by alder bushes. Before the
eruption there were no well-developed beaches
around the lake.

|

|
Studied
are

Figure 1. Shore of the lake affected by the 1996 tsunamis. The beach, (A) cliff; (B) and area with stripped vegetation; (C) were formed
by tsunami erosion. Limit of the tsunami invasion marked by dry bushes; (D) (See text for details).

[15 ]
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The 1996 underwater eruption in Karymskoye
caldera lake started early in the morning on January
2. The total duration of the eruption is estimated as
10-20 hours. The only observation of the eruptive
processes in the lake was made during an overflight
at 15°-16%° LT. By the time of the overflight, the
ice cover of the lake had melted, and an eruption of
Surtseyan type was in progress from a vent ~400 m
off the northern shore. Initial water depth above the
vent is estimated as ~50 m.

Underwater explosions represented separate
vertical outbursts of water-gas-pyroclastic mixture
with initial velocities of 110 m/s. The ejected
material reached heights up to 1 km above the lake
surface, and then collapsed back into the lake
producing base surges (runout up to 1.3 km;
average velocity 12.5 m/s). The eruptive cloud rose
to a convective height of 3 km. Underwater
explosions generated tsunamis, which periodically
forced water from the lake into the canyon of
Karymskaya River, forming pulsing lahars.
Underwater explosions occurred every 4-12 min; in
total about 6 explosions were observed during the
overflight with an average interval of 6 min. Taking
the average observed interval between the
explosions as 6 min, we estimate that 100-200
explosions in all occurred in the lake in the course
of eruption.

Tsunamis

The effect and deposits of the tsunamis were
studied in 7 months after the eruption. The area
affected by tsunamis is marked around the lake by
strong erosion of the shore line, water-damaged
bushes and the tsunami deposits. The degree of the
erosion of the shoreline declines with distance from
the eruption crater. In proximal area the strongest
erosion occurred on the steep northern shore of the
lake adjacent to the crater. The slope was eroded up
to 30 m above the level of the lake, with all plants
and soil more than 1.5 m thick stripped so as to
expose poorly consolidated bedrock. No deposits of
the eruption were found in the eroded area. We
suppose that the shore here was eroded by both
tsunamis and flows of water-pyroclastic mixture
ejected from the crater by the explosions.
Pyroclastic deposit of the eruption adjacent to the
base of the eroded slope is repeatedly interbedded
with layers, 10-20 cm thick, which are rich in clasts
of yellow, altered rock, and pieces of plants eroded
from the slope. Such layers are interpreted as
backwash deposits of the tsunamis.

The action of the multiple tsunamis in many
places around the lake formed new beaches up to
50 m wide (area A on Fig. 1), which are terminated
by new cliffs up to 2-3 m high (area B).

Further from the lake (inland, behind the cliff) is
an area C, up to 50 m wide, where the upper layer
of soil up to 1.5 m thick was eroded and all plants
were washed back into the lake. Along the outer
boundary of the area inundated by the tsunamis
(area D), soil was not eroded and bushes with some
broken branches remained standing, but were killed
by the action of the lake water (warm and acidic
due to eruption). Later they dried and served as a
good marker of the inundation limit. The width of
area D ranges from 1 m to 100 m.

Deposits left by the tsunamis can be divided
into two main classes: those composed of non-
floating material, which was deposited near the
place where it was mobilised, and those represented
by floating objects, which before final deposition
could drift considerable distances.

Two types of deposits of the first class were
discovered:  individual blocks of  poorly
consolidated old tuff and patches of sand. The tuff
blocks 0.1-4 m across originate from newly eroded
cliffs. They are abundant on the NE shore of the
lake, and are almost entirely absent on the southern
shore, which is composed mostly of hard,
unerodible rocks. Blocks are scattered on the
surface of the beaches or incorporated into the
beach deposits below the cliffs (area A). Some
blocks with volumes up to 1.3 m* were transported
by the tsunamis from their source up to 60 m inland
(into areas C and D). Patches of sand are common
in area D, but sometimes can be found in area C.
The patches are usually meters to tens of meters
across and up to 35 cm thick. The sand with
scattered pebbles, fragments of plants and clots of
soil is well sorted (0.7 to 2.1 phi). Sometimes up to
4 parallel layers with thickness 2-6 cm can be
distinguished, which reflect the multiple waves of
tsunami runup and backwash. The composition and
grain size of the deposit reflects the material
mobilised by the tsunami. In the zone near the
crater the deposit comprises mostly fresh basaltic
pyroclasts of the eruption. Further from the crater
the deposit is composed of picked up beach sand.

Deposits of floated material are represented in
areas C and D by scattered well rounded pebbles of
pumice, 2-10 cm in diameter, and branches of
bushes, which are oriented mostly perpendicular to
the direction of tsunami runup. They are most
abundant on the SE shore, which is the result of a
NW wind that blew during the eruption. Here
pumice pebbles comprise patches and bands up to 3
m across and up to 20 cm thick, with openwork
fabric. These resemble deposits of the much larger
scale tsunamis that accompanied the 1883 Krakatau
eruption. Unlike Krakatau, pumice deposited by the
1996 tsunamis was not fresh, but was eroded by the
tsunamis from old pyroclastic deposits.
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In both cases the floating pumice formed
“pumice rafts”, which were cast ashore. In
Karymskoye Lake the rafts also contained abundant
floating bushes.

After deposition on the SE shore, interlaced
branches of bushes formed “wooden rampart” up to
2 m high, 10-15 m wide and several hundred meters
long. Branches of the ramparts are completely
debarked with rounded or splintered, brush-like
ends, that indicates their prolonged beating by
tsunami waves before final deposition.

There are two lines of evidence suggesting that
the largest of the tsunamis occurred at the end of
the eruption. First, the areas eroded by tsunamis are
not covered by ash fall of the eruption. Second, the
composition of floated material deposited on the SE
shore shows that it originates mostly from the
northern shore. Thus several hours during the
eruption were needed for the floating material
washed off from the northern shore to drift across
the lake to be deposited on the SE shore.

The distinctive band of devastation, and the
tsunami deposits, allowed us to measure the runup
height of the tsunamis at 24 points around the lake

(Fig. 2).
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Figure 2. Tsunami runup versus distance from the crater.
Note change in trend ~ 1.3 km from the crater.

Because there were several tsunamis, the
measurements represent the runup of the strongest

event. The highest runup (20-30 m) occurs on the
shore immediately adjacent to the crater.

For the proximal zone, to radial distances (r) up
to 1.3 km, the runup height (R) shows rapid
attenuation with distance as log R = -1.98 log[r] +
2.6. For the distal zone, r >1.3 km, R decays more
slowly as log R= -0.56 log[r] + 1.9. For the most
distant points, tsunami runup was 2-3 m.

Tsunami, a Japanese term that usually describes
extraordinary water waves generated in seas or
large lakes by earthquakes, volcanic eruptions,
landslides and so on. The fast decay of the runup of
the Karymskoye’s tsunamis in the proximal zone
can be a sign that they were not only water waves,
but also flows of water or/and water-pyroclastic
mixture ejected by underwater explosions. In the
distal zone, however, evidence indicates that they
were conventional tsunami waves.
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Introduction

The south Algarve coast of Portugal is an area
rarely subjected to extreme storms or tsunamis,
though both types of events have been recurrent.
The most devastating tsunami that affected the
Portuguese coast in historical times took place in
AD 1755 and several studies discussed sandy
sedimentation associated to that event in Portugal
and elsewhere, in contrast with few reports on
deposition of larger particles. Here, we present first
results obtained in the scope of Project NEAREST
(integrated observations from nearshore sources of

tsunamis: towards an early warning system), on the
characterization of boulder-sized clasts from two
coastal lowlands (Barranco and Furnas) of the
western section of the south Algarve coast and
discuss entrainment and depositional mechanisms
and the location of their source area.

The westernmost section of the southern Algarve
coast is high (circa 40m above mean sea level) and
rocky, sea cliffs cutting resistant Jurassic
limestones and dolomites (Fig. 1).

ot A% el
Figure 1. General overview of the study areas. PB - Praia do Barranco. PFrn - Praia das Furnas. Red lines in [A] and [B]

indicate profiles where boulders have been measured; [C] and [D] — perforated boulders; note endolithic shells (photos:
Google Earth, P.J.M. Costa, C. M. Silva).
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The drainage system consists of few ephemeral
rivulets running in deeply incised canyon-shaped
valleys. In their downstream sections the valleys are
flat-floored and choked with alluvial mud, the
valley bottom resting some 2-3m above mean sea
level. The narrow alluvial floodplains are limited
seawards by beaches, usually made of a thin veneer
of sand covering shingle, in agreement with the
sand-starved character of this coast, and backed by
overwash fans, essentially made of sand and
eventually including scattered boulders, reaching up
to 100m in width.

Barranco and Furnas are narrow flat-floored
canyons, the stream flowing across small
floodplains, which consist of sandy mud and
abundant heterometric angular pebbles, cobbles and
occasional boulders, mixed with lithic and quartz
gritt. Towards the beach the stream deposits spread
into a thin discontinuous gravely fan, resting upon
the alluvial mud and merging with backbeach sand.
Here, the gravel is a mixture of fluviatile and
marine-sourced pebbles to boulders bearing
macrobioerosion features.

Marine boulder deposits

Marine-borne pebbles, cobbles and boulders
found in Barranco and Furnas extend up to 250-
300m inland from the berm crest (Tab.1) above the
spring high-tide line; they were not found at higher
elevations, namely in the confining valley slopes.

Their marine source is evidenced by well
developed  macrobioerosion  sculpturing that
includes ichnofossils  produced by marine
organisms such as clionid sponges (Entobia isp.
bioerosion  structures) and boring bivalves
(Gastrochaenolites isp. bioerosion structures) as
well as numerous in situ and extremely well
preserved skeletal remains of the endolithic shallow
marine Petricola lithophaga bivalve inside their
original borings (Fig. 1D). These features indicate
that each of these clasts has been originally
sculptured and bored in a very shallow, infra- to
low meso-littoral, non depositional and rocky
marine environment, preceding its entrainment and
redeposition inland and also suggest a recent date
for its emplacement. Today, environments with
these characteristics can be found along the western
Algarve littoral.

Most of the endolithic bivalve shells preserved
in situ within the boulders showed both valves still
articulated and clearly protruding outside their
borings, sticking out above the host-rock surface.
Given their fragile nature, this implies the absence
of prolonged activity of downwearing of the
boulders during transport and redeposition. This
suggests simultaneous entrainment of coarse lithic
particles from the shallow sea floor, rapid
shoreward transport as suspended load (with
minimum particle-particle and particle-bottom
interaction, therefore excluding sliding, rolling and
frequent saltation) followed by deposition inland.

Distance

Profile A-axis B-Axis C-axis to coast Volu?fne Weight Ht Hw (m)
(m) (m) (m) (m) (m~) (kg) (m)
P1 0.44 0.30 0.23 253 0.030 78.94 0.19 0.77
P2 0.40 0.33 0.16 234 0.021 54.91 0.29 1.16
0.27 0.26 0.23 234 0.016 41.98 0.16 0.64
0.56 0.30 0.18 234 0.030 78.62 0.23 0.92
P3 0.75 0.55 0.30 221 0.124 321.75 0.40 1.61
0.44 0.33 0.28 221 0.041 105.71 0.19 0.77
P4 0.48 0.25 0.24 212 0.029 74.88 0.15 0.59
P5 0.60 0.30 0.17 203 0.031 79.56 0.24 0.96
0.60 0.40 0.30 203 0.072 187.20 0.24 0.96
P6 0.60 0.50 0.30 183 0.090 234.00 0.34 1.37
0.35 0.25 0.20 183 0.018 45.50 0.17 0.66
P7 0.40 0.18 0.15 171 0.011 28.08 0.13 0.53
P8 0.29 0.22 0.22 162 0.014 36.49 0.13 0.54
P9 1.60 1.00 0.50 156 0.800 2080.00 0.74 2.95
P11 0.48 0.36 0.15 140 0.026 67.39 0.35 1.41
P12 0.45 0.40 0.25 132 0.045 117.00 0.28 1.11
P13 0.76 0.40 0.40 127 0.122 316.16 0.19 0.78
P14 0.90 0.46 0.40 121 0.166 430.56 0.24 0.96
P15 0.80 0.54 0.25 109 0.108 280.80 0.45 1.82
P16 1.15 0.60 0.55 95 0.379 986.70 0.28 1.13

Table 1. Characteristics of boulders of Furnas and minimum height of tsunami (Ht) and wind (Hw) waves required to exceed the threshold

of movement (see text for explanation).
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In order to search for a pattern of spatial
distribution in size, a number of regularly spaced
cross valley profiles were surveyed upstream of the
beach at each site; the number of clasts bearing
macrobioerosion features in each profile was noted
and the largest boulders measured (Fig. 1A, B,
Table 1). The results showed that there is no clear
trend in size variation with distance, whereas the
number of bored clasts is higher in the vicinity of
the beach and rapidly drops further inland. These
results are consistent with their lifting from the
shallow marine zone and inland transportation
excluding size selection and suggest that deposition
was essentially a non-gradational process.

Entrainment and transport of boulders

Noormets et al. (2004) indicated that tsunamis
as well as large swell waves are capable of
quarrying large boulders from the rocky shore,
provided that sufficient initial fracturing is present.
However, wind waves are seldom capable of
emplacing large blocks onto the emerged platform
(due to the rapid disintegration of the waves after
breaking) in contrast with tsunamis, which have
longer duration and attain higher velocities (Goto et
al., 2007 indicate 8 -15ms™ for the 2004 tsunami in
Thailand).

Nott (1997, 2003) presented a set of equations
relating the forces involved in the transport of
submerged boulders in coastal areas. Application of
these equations to the boulders of Barranco and
Furnas indicate that low energy storms have the
capacity to move them. The heaviest particle
detected at Furnas could be moved by a storm with
Hw of only 2.94m (Table 1). Moreover, all boulders
could have been moved by wind waves smaller than
3m.

Komar and Miller (1974) and Soulsby (1997)
addressed the issue of threshold wave height
required to induce motion of particles resting in the
sea floor and compared computed results with
experimental data. Application of Airy wave theory
in combination with the latter solutions to the most
frequent boulder size (B-axis~0.3m) in both
Algarve field sites indicates a threshold wave
height of about 5m at depths of 3m (the same depth
implied in Nott’s approach) and the height should
increase to at least 8m in the case of the largest
boulder (B-axis~1m). This set of results practically
rules out a wind-generated wave origin for the
boulder deposits, in clear contrast with the former
conclusion. The large discrepancies found between
results yielded by the two approaches may reside in
different assumptions on the mode of particle
threshold (sliding or rolling) and on the length
scales of particles and of sea bottom roughness,
issues that are not clearly discussed in those papers,
but that Wiberg and Smith (1987) indicate as

governing significant changes in near-bottom
critical shear stress.

Regardless the physical aspects, it is worth to
note that the wave climate in the Algarve is one of
low-energy. On average, once every winter a SW
storm raises waves with significant height of about
3m and mean period of 7-8s (Capitdo, 1992).
Taking exceedance of threshold of movement
according to Nott’s solutions as implying the
entrainment and landward transport of gravel
particles from the nearshore during storms,
formation of boulder storm-ridges and washovers
with abundant perforated clasts containing in situ
shells of endolithic marine bivalves and other
bioerosion structures should be quite common
during winter along the rocky coast of Algarve, and
this is clearly not the case. In addition, there is a
substantial ~difference between attaining the
threshold of particle movement under waves and
sustaining its continuous transportation upslope in
the direction of wave travel for a distance
exceeding several wavelengths. Based on the
results and discussion stated above, we hypothesize
a tsunami origin for the Barranco and Furnas
boulders.

Conclusions

Boulders accumulated at Barranco and Furnas
lowlands were entrained from the sea floor and
rapidly transported without significant wearing out
before redeposition up to 300m inland by an
exceptionally high energy inundation episode. The
deposit includes numerous bored particles with in
situ shells of endolithic marine bivalves and other
bioerosion structures, that show no trend in size
variation with distance to the shore, though the
number of bored clasts is higher in the vicinity of
the beach and rapidly drops inland. These results
are consistent with their lifting from the shallow
marine zone and inland transportation excluding
size selection and suggest that deposition was
essentially a non-gradational process.

Application of two distinct threshold criteria
resulted in contrasting values of minimum wave
height required for particle entrainment and in
different driving mechanisms (storm versus
tsunami). The low-energy wave regime and nature
of storm washovers in the Algarve coast suggest a
tsunami as the most probable cause for the
emplacement of these boulders.
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Introduction

The Gargano promontory and surrounding sea
have been the objects of several recent geological
and seismological studies. The promontory is
clearly differentiated both geographically and as
seismic activity rate from the foreland of the
Apennines chain that bounds it to the west.
Historical accounts from the 1627 earthquake,
Imax=X, describe extensive destruction with
formation of cracks and liquefaction features from
the Lesina area to San Severo and a strong tsunami

that inundated the northern Gargano coastland, also
observed at the city of Manfredonia, to the east (Fig.
1).

Evidence of these effects may be preserved in
coastal lowlands around Gargano. Reliable
historical records of large earthquakes (M > 6) there
reach ~1,000 years into the past, but the geologic
record preserved in coastal marshes and lakes may
cover much of the late Holocene.

_——
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Figure 1. Damage distribution of the June 30, 1627 earthquake. Intensities are plotted in roman numbers (Boschi et al.,

2000). Areas inundated by the 1627 tsunami are also shown.
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Based on geology, we could provide a longer
time frame to assess the tsunami recurrence and
hazard of the study areas, an assessment now based
on historical information only. We studied the
stratigraphy of coastal wetlands to characterize
better the recurrence and distribution of tsunamis
and liquefaction in the Gargano region. These
features could likely be the result of the 1627
earthquake and previous Holocene events. In doing
this, we studied the upper 5 meters of stratigraphy
in three marshes located on the northern and
southeastern coast of the promontory (Fig. 1).
Preliminary micropalaeontological analysis has also
been performed to describe the depositional
environment of anomalous sand layers.
Radiocarbon dating of nine samples helped us
reconstruct the inundation history of the studied
areas.

Seismotectonic framework

Geological-structural setting

The Gargano promontory is located on the
southern Adriatic coast of the Italian peninsula and
is considered part of the Adriatic block (Adria): one
of the microplates identified in the central
Mediterranean at the collisional border of the
European and African plates. The Gargano
promontory, a structural high area where Mesozoic
strata rise to about 1000 m above sea level (a.s.l.),
is characterized by the presence of several marine
terraces indicating substantial Quaternary uplift of
the promontory. Structural and geomorphic
analyses show that the dominant deformation
structures are the regional E-W strike slip Mattinata
Fault system together with secondary NW-SE strike
slip and dip slip faults.

Historical and instrumental seismicity

Despite its location in the supposedly inactive
foreland of the southern Apennine fold and thrust
belt, the Gargano promontory has been affected by
strong local earthquakes in the past. Historical
seismic catalogues (Boschi et al., 2000) include a
large number of earthquakes in the last millennium.
Some earthquakes, in particular those in 1223
(Imax 1X), 1627 (Imax X), 1646 (Imax 1X-X), 1731
(Imax IX), 1875 (Imax VII-VIII) and 1948 (Imax

VII-VIII), were characterized by significant damage.

Two of them (1627 and 1731 eqs) were also
followed by tsunami waves. The Italian seismic
network, implemented in the past twenty years,
shows seismic activity offshore near Gargano
localized along ~ E-W trending structures. Detailed
studies of three seismic sequences in the southern
Adriatic sea between 1986 and 1990 suggest their

association with the Tremiti fault. Thus, both the
Tremiti fault and the Mattinata fault system should
be considered major candidates for the location of
large earthquakes and related tsunamis.

The July 30, 1627 earthquake

On July 30, 1627 around midday a disastrous
earthquake (Imax=X MCS) hit the Gargano
promontory,  with  the  strongest  shaking
concentrated in the northern coastal area between
Lesina and Ripalta (Fig. 1). The shock was
followed by a strong tsunami and four large
aftershocks. Many contemporary sources described
the event, providing a detailed picture of extensive
destruction and many casualties. Fig. 1 shows the
distribution of the macroseismic intensities (Boschi
et al., 2000), and the location of the flooded areas.
The earthquake left more than 5,000 victims and
was felt in a very broad area, as far as the central
Apennines and Sicily. It caused cracks on the
ground surface, subsidence, flooding, and gas
emissions. However no clear evidence for surface
faulting was found. The damage distribution does
not help resolving the ambiguity of the earthquake
source location and leaves open the possibility of an
offshore source. A significant tsunami, intensity 5
on the Sieberg-Ambraseys scale (Ambraseys, 1962)
which means “very strong tsunami”, occurred after
the main shock. The tsunami was particularly
violent on the northern coast of Gargano, between
the Fortore river and the Lesina and Varano lakes.

Observation and data collection

The 1627 contemporary chronicles clearly state
that the July 30 earthquake produced a tsunami
wave that flooded the northern coast of the Gargano
promontory and the Manfredonia harbor to the east,
along with liquefaction features over a wide area.
We identified marshes at the Fortore river mouth in
the eastern part of the Lesina Lake and in the
Siponto farmlands (Fig. 1) where the features that
formed during the 1627 and possibly older
earthquakes may have been preserved in the
stratigraphic sequence.

Fortore mouth area

The Fortore river flows, with a NNE direction, from
the southern Apennines and abuts the Adriatic sea
just west of the Gargano promontory (Fig. 1). At Le
Casette 2 site distinct sand dikes and ball and pillar
structures in a stratigraphy of interbedded sand, silt,
and clay signify earthquake-induced liquefaction.
One convoluted layer is exposed at depths from 25
to 40 cm in a 50-meter reach of the cut-banks of an
abandoned channel. It consists primarily of very
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fine to medium grained sand with thin silty layers,
and presents a total thickness ranging from 10 to 20
cm. Clasts of gray clay, that are sometimes angular
and sometimes stretched parallel to the convoluted
upper and lower contacts, are entrained in the sand
and silt. This layer is graded to finest material both
toward its top and bottom. The presence of coarsest
material in the middle suggests flow of liquefied
sand within it. Both the upper and lower contacts of
this layer are contorted into “ball and npillar
structures”, common in liquefied sand (Obermeier,
1996; Obermeier & Pond, 1999). The most
convincing evidence for liquefaction, however, are
the vertical sand dikes that extrude from the top of
this layer, crosscut bedding and rising to within 5-
10 cm of the marsh surface where they are
overprinted by bioturbation and modern loamy soil.
These dikes are very thin (up to 3 cm thick) and

planar but locally are thicker (5-10 cm) and bulbous.

Taking into account that the upper termination of
the sand dikes reaches the modern soil, we suggest
that this liquefaction is related to the 1627
earthquake, the local best candidate for inducing
strong shaking and high pick ground acceleration
values.

Lesina Lake area

At the lake's northeastern edge (Fig. 1) we
studied five sites located as far as 1 km inland from
the modern shoreline. A convoluted layer shows
evidence of either liquefaction or syn-depositional
soft-sediment deformation at this site. This very
fine, tan silty sand layer locates from 40 to 60 cm
below the modern ground surface. It contains
stretched and broken clay clasts in a matrix of fine
grained sand with horizontal flow structures around
them. The sand is finer on the upper and lower
edges of the layer and coarser in the middle,
features common in liquefied sand deposits
(Obermeier, 1996; Obermeier & Pond, 1999).
Radiocarbon dating of a piece of charcoal from the
top of this layer yields an age of 1450-1640 AD,
providing a limiting maximum age for the
disruption. Moreover, we collected 18 gouge cores
that penetrated up to 5 meters deep. The general
stratigraphy observed consists primarily of peat and
mud with a few thicker clayey and sandy silt
intervals. This stratigraphy is punctuated by 3
anomalous sandy or coarse silty layers. The
uppermost disturbance layer, found at a depth of
70-90 c¢cm, is ~10 cm thick, light brown, medium to
fine sand, with shell fragments concentrated at the
bottom. The second is ~3-5 cm thick, gray, fine
sand with abundant shell fragments, lying
approximately 270 cm deep. The third layer is ~3-5
cm thick, sandy silt that is normally graded (coarser
at the bottom, where shell fragments have been
found) and lies about 340 cm below the surface

(Fig. 2). Each disturbance stratum has a sharp lower
contact, contains shell detritus and sediments
coarser than that above and below it. Four
radiocarbon dates constrain the time of deposition
of two disturbance layers. Dating suggests that the
uppermost disturbance layer (L1) is younger than
1440-1890 AD, with the older age statistically
preferred, and the lowermost sand (L3) was
deposited in the interval 3630-3350 BC.

Figure 2. (a) Picture of the event L3 sand found at Black Panther
site; (b) picture of event S3 sand collected at Mr. Paolo's site.

Siponto area

The area South of Siponto (south of
Manfredonia in Fig. 1), that was once the seaport of
the ancient Roman town of Siponto, was naturally
filled with sediment and is today represented by a
low lying area extending inland roughly 1.0-1.3 km.
As exposed in irrigation ditches and in gouge cores,
the observed stratigraphy consists almost entirely of
brownish black peat. The 5 meters of fine-grained
muddy and peaty deposits are interrupted by 3
coarse-grained layers indicative of high-energy
deposition. The upper layer (“Event S1 layer”)
occurs at depths of 40-60 cm and it consists of
mixed pockets of tan fine-grained sand, silt,
blackish muddy peat. It most commonly has sharp
lower and gradational upper contacts. In 15 of the
27 ditches examined this layer is clearly
distinguishable. Radiocarbon dating of a charcoal
collected just below this sand indicates that it is
younger than 240-420 AD.

The next layer (“Event S2 layer”) typically
occurs at depths of 70-90 cm and it consists of a
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discontinuous 1-3 cm layer of fine- to medium-
grained, gray sand in sharp contact with the
surrounding black peat.

This stratum is visible in 5 of the 9 sections
studied. Two charcoal samples, collected above and
below this deposit yield radiocarbon dates that
bracket its age between 320 and 420 AD. At the
Siponto site two fragments of pottery lie at a depth
of 70 cm and were dated between 400 and 1200 AD
based on the style of pottery, with the older part of
the interval preferred. The third layer (“Event S3
layer”, Fig. 2) consists of normally graded fine- to
medium-grain tan sand. It sharply overlies brown
peat and underlies peaty mud in a gradational
contact. This layer occurs at about 250 cm below
the surface and is only visible in gouge cores. It is
found in all 8 cores that penetrated to this depth.
Dating of charcoal fragments collected above and
below it constrains its age to the interval 2130-1430
BC.

Conclusions

The recurrence and distribution of tsunami
deposits and liquefaction features in the Gargano
region have been explored through field surveys of
irrigation ditch walls and gouge cores. We
identified clear evidence of liquefaction near the
mouth of the Fortore river and close to the eastern
edge of Lesina Lake. Based on the upper
termination of sand dikes and the age of a charcoal
sample collected from the top of a liquefied sand
layer, we claim to have found features related to the
1627 earthquake. Based on field observations and
the constraints given by radiocarbon dating of
selected samples, we believe we have identified
evidence in the gouge cores for three tsunamis that
inundated Lesina Lake and three that submerged
the town of Siponto. We must emphasize that while
detritus of marine macrofossils have been found in

the coarse sand samples, micropalaeontological
analysis does not provide unequivocal constraints to
a tsunamigenic cause. In the Lesina Lake area,
radiocarbon datings suggest an origin from the
1627 tsunami for the uppermost sand layer and
constrain the deposition of the oldest sand between
3630-3350 BC. Thus, a conservative interpretation
provides a minimum average recurrence interval of
about 1700 yr for tsunami inundation in this area. In
the Siponto area, archeological and radiocarbon
ages indicate that the two upper disturbance layers
were deposited in historical time. Dating of
charcoal fragments constrains the age of the oldest
sand layer to the interval 2130-1430 BC.
Accordingly, the average recurrence time for
violent sea inundation at this site is approximately
1200 yr.
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The 1883 Krakatau volcanic eruption has
generated the giant tsunami waves reached heights
of 40 m above sea level (Verbeek, 1885; Symons,
1888; Murty, 1977; Simkin & Fiske, 1983; Bryant,
2001). Sea level oscillations related with this event
have been reported in the Indian, Atlantic and
Pacific Oceans. Main goal of this study is to
analyze all available tide-gauge records (35) of this
event. The location of the tide-gauges is presented
in Fig. 1, and, especially, for Europe — in Fig. 2. All
the records are digitized with time step 2 min and
processed. First of all, the tidal components are
calculated and eliminated from the records. records
are available through the web (Pelinovsky et al,
2004). Filtered tide-gauge records are used to re-

determine the observed tsunami characteristics
(positive and negative amplitudes, wave heights).
Description of data can be found in the paper
(Pelinovsky et al, 2005). Digitized tide-gauge The
results of given analysis are compared with the
results of the direct numerical simulation of the
tsunami wave propagation in the framework of the
linear shallow-water theory using the ETOPE2
bathymetry. Mathematical model and details of
numerical simulations are given in (Choi et al,
2003).

Instrumental data of the 1883 Krakatau tsunami
are compared with instrumental data of the last
2004 tsunami occurred in the same region in Indian
Ocean.
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Figure 1. Locations of the tide-gauge registration of the Krakatau tsunami.
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Figure 2. Registration of the 1883 tsunami in Europe
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According to the results of extensive of Bonaire (Netherlands Antilles) have undergone
geomorphologic research by Scheffers (2002; 2004; several major wave events during the Holocene
2005) and Scheffers and Scheffers (2006) the coasts (Fig. 1).
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Figure 1. Map of Bonaire displaying important littoral landmarks including sampling sites
Lagun, Salifia Tam and Boka Bartol. The positions of tsunamigenic deposits and
geomorphologic influence of hurricane Lenny (1999) were mapped by Scheffers (2005). The
overview of the Caribbean is based on a NASA World Wind image.
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Obviously several high energy wave impacts
such as tsunami and hurricanes significantly altered
the littoral morphology and left traces in form of
boulders and allochthonous coral deposits. Our new
project combines existing evidence of coarse
accumulations with new data of the fine
sedimentary record. By deciphering the Holocene
palaeogeographies of Bonaire's coastal embayments,
we aim to elaborate the contribution of extreme
wave events to nearshore morphodynamics. New
datings from within the stratigraphic context will
improve the chronology of mid- to late Holocene

terraces during Pleistocene sea level lowstands
(Alexander, 1961; Jackson & Robinson, 1994) and
today act as traps for terrestrial and marine
sediments. The locations of Salina Tam, Boka
Bartol and Lagun (Fig. 1) were chosen for sampling
by means of the vibration coring technique (on
land) and gravity coring (on water). At Lagun, a
coring transect was established along the narrow
alluvial plain separated from the embayment by a
fringe of mangroves. Core Bon 4 (Fig. 2),
chronostratigraphically comprising at least the past
7 ka, clearly reflects a fluctuating sedimentation

extreme wave events in the southern Caribbean and regime, implying abrupt changes between
will also contribute to a first local relative sea level continuous and episodic morphodynamics.
Bon 4
Centre of the alluvial plain at Lagun
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Legend: texture and content _| e peat [37] oot @ | terrestrial shell
.. clayey silt fine sand = I bedrock o ] plant fragment h A ground water table
[: loamy silt edged stones l 1 J 2::_;:?: of 14C l o J marine shell stratification
Figure 2. Stratigraphic profile of coring Bon 4 on the distal floodplain at Lagun. "“C datings are displayed
within the 2¢ range. Calibration was carried out according to Reimer et al. (2004).
curve for Bonaire with implications for the entire The first unit overlying the MIS 5e-bedrock

Leeward Islands. The study presented here takes its
cue from the sedimentological and
geomorphological approach of Voétt et al. (2007),
with modifications through the application of high-
resolution geochemical analyses.

Characteristic features of Bonaire's coastline are the
so-called bokas or salifias that are — in some cases —
separated from the sea by large dams of coral
rubble. These coastal embayments are drowned
creek valleys, cut into the lower in-situ limestone

consists of proximal coarse terrestrial facies,
referring to a significantly lowered sea level.

High rates of sea level rise during early and
mid-Holocene times (Fairbanks, 1989) — greatly
overcompensating the late Quaternary moderate net
uplift of the island (Jackson & Robinson, 1994) —
initiated the elevation of the base level as well as
the formation of a nearshore environment with fine
grained and organic-rich sedimentation. Well-
defined intercalations of marine shell debris start at
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438 cm b.s. (below surface) interrupting the
continuous lagoonal sedimentation pattern. Up to
288 cm b.s. the partly interbedded strata seem to
reflect a large number of extreme wave events.
Whether these sandy carbonate layers are due to
tsunami or hurricane impacts still has to be
determined.

Since nearshore peat accumulations strongly
correlate to isochronic sea level stands (Vétt, 2007)
radiocarbon datings of plant remains from Bon 4 at
360-353 (4456-4081 cal BC) and 145-144 cm bs.
(1447-1635 cal BC) are evidence of decelerated late
Holocene sea level rise at an average of 35-40
cm/ka compared to more than 1 cm/a during late

Pleistocene/early Holocene times (Fairbanks, 1989).

An expanded data set will be necessary for setting
up a reliable local relative sea level curve. Similar
to the sedimentary pattern of Bon 4, the
stratigraphic columns of lagoonal and terrestrial
sites at Boka Bartol and Salifia Tam also reveal
intercalations of well-rounded carbonatic sands and
shell hash of varying thickness within a matrix of
lagoonal mud, redistributed from sublittoral

environments during short periods of high energy
wave action. Especially the case of the Ilatter
location emphasizes the relevance of wave
refraction since palaco-tsunami are assumed to have
hit the island from easterly directions (Scheffers,
2004).
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Coastal boulder accumulations were often
mentioned in the literature (e.g. Oak, 1984;
McKenna, 2005; Felton & Crock, 2003), even
though their interpretation remains difficult,
especially along rock coast affected both by storms
and tsunamis. Studies on the geomorphic impact of
such high-energy events are actually of great
interest, since their intensity and frequency are key
issues for the future evolution of coasts in the
framework of the global change.

The west coast of Iceland faces the powerful
storms of the North Atlantic Ocean, with wave’s
heights more than 15 m. A powerful storm

destroyed a Danish trading centre at Basendar in
1799. The probability for past and present tsunamis
to hit this coast is very low. Thus, the boulder
accumulations along the volcanic rock coast of the
Reykjanes Peninsula (southwest Iceland, Fig. 1),
which are described in this paper, are clearly related
to storms. They consist in cliff-top boulders,
clusters and ridges, beaches, and boulder fields.
Plurimetric boulders, up to 80 tons in weight, were
transported and deposited until 65 m inland (6 m
a.s.l.). The maximum limit of boulder deposition
and driftwood were found respectively 210 m and
550 minland (Fig. 1).
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Figure 1. Location, altitude and distance from the shoreline of the boulder accumulations.
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We could not detect any granulometric trend
along the boulder beaches of the Reykjanes except
for the smaller ones.

Several typical associations between storm
deposit type and coastal landform (morphotypes)
can be recognized (Fig. 2).

Coastal morphology is predominant in the
distribution of storm boulder accumulations.
Nevertheless, the heterogeneity of the estimated
minimum wave heights and transport figures
suggests that storm intensity is also important. For
instance, the foreshore slope of the boulder beaches
displays evidences of fresh impacts and boulder
movements, whereas the deposition of plurimetric
mega-clasts requires centennial waves. The
influence of the morphology on the nature and
distribution of storm deposits will differs from one
storm to another. Highest storm waves (> 15 m) are
higher than the cliffs and break on cliff-top
platforms. Thus, the most powerful storms may also
rework the deposits of less intensity storms (e.g.

moderate storms erode the cliff and deposit cliff-top
clasts, then transported landward and laid down as
ridges or clusters by severe storms). Thus, storms
appear as a predominant factor in the geomorphic
evolution of Reykjanes coasts.

These observations also give new insight for the
interpretation of coastal boulder accumulations.
Processes of erosion and deposition by tsunamis are
a rising topic in the literature, and the effects of
recurrent and powerful storms appear neglected.
Indeed, the maximum transport figures of the
largest mega-clasts in Reykjanes (2700-32.000) are
in the range of values estimated for past-tsunamis
on the coasts of Italy (1456 lonian tsunami:
Mastronuzzi & Sans06, 2000), Spain (1755 Lishon
tsunami: Whelan & Kelletat, 2005) and Hawaii
(1946 Aleutian tsunami: Noormets et al., 2002).
Paris et al. (2008) reported transport figures
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Figure 2. Storm boulder accumulations and their geomorphological setting along rocky coasts of the Reykjanes Peninsula (Iceland). There
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respectively less than 13.000 and 45.000 for
shore platform mega-clasts and coral boulders
transported by the 2004 tsunami in Sumatra.

Transport figures exceeding 70,000 and 100,000
were calculated for coastal boulders in the
Netherlands Antilles and in Australia (Scheffers &
Kelletat, 2003), but their actual elevation and
distance from the coastline could have been
different at the time of deposition.

A fundamental distinction between storm and

tsunamis could be their capability of forming ridges.

Indeed, the organisation of coarse clasts into ridges
requires repeated reworking by waves rather than
the single impact of a tsunami front wave (Williams
& Hall, 2004). As far as we know, observed
tsunamis did not leaved boulder ridges. Pleistocene
tsunami conglomerates described in the Canary
Islands by Pérez Torrado et al. (2006) are lenticular
patches attached to the valley walls, rather than
well-formed ridges. The extensive cobble-to-
boulder ridges and ramparts described by Scheffers
(2004) in the Leeward Netherlands Antilles are the
only ridge-like features attributed to tsunamis so far
studied. Finally, more data need to be collected
about the effects of storms along coasts also
affected by tsunamis.

Storm intensity trend is then a key issue in the
future evolution of coasts. After Kushnir et al.
(1997), northeast Atlantic wave heights during cold
season have increased at a rate of up to 0.3 m per
decade since 1962. Wang and Swail (2001) found
highly significant increase of wave heights in the
North Atlantic, especially in winter (10%-35%, i.e.
40-204 cm over the last 40 years), a trend found to
be associated with an intensified Azores high and a
deepened Icelandic low. Alexander et al. (2005)
found a global decrease in average intensity of each
severe storm event in whole Iceland since 1983. In
details, northeastern Iceland shows a large decrease,
and northwestern to southwestern parts show an
increase in ‘storminess’, altough the statistical

significance of the trend is not strong (Alexander,
pers. comm., 2007). Nevertheless, even if
storminess shows a global decrease, the mean
number of severe events recorded at the coast is
increasing: 4.7 storms per year during the 1959-
1982 (n = 107) period and 5,3 storms per year
during the period 1983-2003 (n = 111). Facing the
future global climate evolution and the
reinforcement of atmospheric gradient between
high and low latitudes, storm-induced geomorphic
processes might have even greatest impacts on the
coasts.
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During the geomorphological survey of a The surveyed costal stretch is characterized by
coastal stretch of  the South-western the presence of an abrasion platform cutting an
PeloponneselLakonia, Greece (Federici, Rodolfi & outcrop of strongly dipping stratified dolomite, as
Stocker, 2002, located about 1 km south of the the result of a marine ingression (Kowalczyk et al.,
Archangelos village, Authors brought out the 1992). It is composed mainly of Triassic dolomites
presence of some signs of a likely exceptional event and Jurassic - Lower Cretaceous limestones and
that affected the area. This event can be explained dolomitic limestones (Jacobshagen, 1986).
only taking into account very high levels of the A scattered and partly submerged beachrock,
wave energy reached not so far in the past. probably of Thyrrenian age, lies discordant on it.
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Figure 2. Traces of an ancient tsunami along the Archangelos coast.

Isolated boulders of this beachrock, the volume
of which can reach 2 m?, are found to form an arch
broadly parallel to the actual shoreline, about a
hundred metres from it. Moreover, just out of the
actual abrasion platform, some rounded fragments
of pumice have been found, sometimes enrobbed in
the red soil formed on the colluvial deposits at the
foot of the carbonate reliefs hanging over the coast.

Waiting for the results from the dating of
pumice elements, the Authors propose the hypotesis
that the surveyed situation coud be put in
relationship with the catastrophic volcanic eruption
of Santorini, around the 1500 b.C.
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Sedimentary deposits left by tsunamis are
important indicators of extreme wave inundation.
At a minimum, tsunami deposits record the
existence of the extreme event, and research is
underway to  determine  whether  some
characteristics of the waves, such as height, speed,
or flow history, can also be interpreted from the
deposits. With this goal in mind, there has been
extensive examination of the deposits left after
recent large tsunamis at several sites around the
world. Detailed measurements and observations of
onshore sandy deposits along shore-perpendicular
transects collected soon after the 1998 Papua New
Guinea (Gelfenbaum & Jaffe, 2003) and the 2004
Sumatra (Jaffe et al., 2006; Moore et al., 2006;
Morton et al., 2008) tsunamis have been used to
characterize these tsunami deposits. The deposits
typically begin several tens of meters from the

shoreline and extend hundreds to over a thousand
meters inland. Commonly, the deposits are tabular
in shape, averaging about 10 cm in thickness, and
thinning at the seaward and landward extents. At
many sites, deposit thickness varies with pre-
existing topography, with thicker deposits in pre-
existing lows and thinner deposits at pre-existing
highs (Fig. 1).

To better understand the relationship between
tsunami  deposit thickness and pre-existing
topography we use a process-based morphological
model to simulate the hydrodynamics and sediment
transport of a tsunami inundation. The model is
initialized with offshore bathymetry and onshore
topography measured at Kuala Meurisi on the west
coast of Sumatra and a time series of offshore water
levels (Gelfenbaum et al., 2007).
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Figure 1. Shore-perpendicular transect of topography and tsunami deposit thickness (exaggerated by 10 times) at Jantang along the west

coast of Sumatra, Indonesia
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Figure 2. Time series of modeled suspended-sediment concentration and bed-elevation
change (erosion or deposition) at a topographic low (trough) and adjacent high (crest)

along a shore-perpendicular transect.

The topography along a shore-perpendicular
transect at this site is undulating, with several
ridges and swales with elevation changes of about
0.5 m between crests and adjacent troughs 15-m
apart. Simulated maximum water depths of 12-15 m
at this site coincide reasonably well with measured
values taken in the field. Despite the subtle
topographic changes and large tsunami water
depths, the model correctly predicts the observed
variations in deposit thickness, with thicker
deposits in the troughs and thinner deposits at the
crests. These variations in deposit thickness result
from the minor, yet sufficient, accelerations and
decelerations in the tsunami flowing over the pre-
existing topography. The flow accelerates over the
topographic highs, increasing its capacity to carry
more sediment in suspension, thus eroding the bed.
The flow decelerates over the topographic lows,
reducing capacity to carry sediments, thus
depositing sand on the bed (Fig. 2). The variation in
deposit thickness with topography also depends on
the sediment grain size. Finer sediment will tend to
de-emphasize the effect of the pre-existing
topography, whereas coarser sediment will tend to
emphasize the effect. Results from this study
provide useful insights for interpreting variations in
tsunami deposit thickness that may ultimately help
in the interpretation of tsunami hazards from
geologic evidence.

References

Gelfenbaum G., Jaffe B. (2003). Erosion and
sedimentation from the 17 July 1998 Papua
New Guinea tsunami. Pure and Applied
Geophysics, 160, 10-11, 1969-1999

Gelfenbaum G., Vatvani D., Jaffe B., Dekker, F.
(2007). Tsunami inundation and sediment
transport in vicinity of coastal mangrove forest.
Proceedings of Coastal Sediments 07 May 2007,
New Orleans, LA, 1117-1128

Jaffe B. E., Borrero J. C., Prasetya G. S., Dengler L.,
Gelfenbaum G., Hidayat R., Higman B.,
Kingsley E., Lukiyanto McAdoo, B., Moore A,
Morton R., Peters R., Ruggiero P., Titov V.,
Kongko W. Yulianto,E. (2006). The December
26, 2004 Indian Ocean Tsunami in Northwest
Sumatra and Offshore Islands. Earthquake
Spectra, 22, S3, S105-S136.

Moore A., Nishimura Y., Gelfenbaum G., Kamataki
T., Triyono R. (2006). Sedimentary deposits of
the 26 December 2004 tsunami on the northwest
coast of Aceh, Indonesia. Earth, Planets and
Space, 58, 253-258.

Morton R.A., Goff J.R., Nichol S.L. (2008).
Hydrodynamic implications of textural trends in
sand deposits of the 2004 tsunami in Sri Lanka.
Sedimentary Geology, in press.

GI’S Coast Research Pubblication, 6, 2008



2nd |nternational Tsunami Field Symposium
IGCP Project 495
Quaternary Land-Ocean Interactions: I.INEI S
Driving Mechanisms and Coastal Responses

Ostuni (Italy) and lonian Islands (Greece) 22-28 September 2008 Project 495

Gerardi F.!, Barbano M. S.!, De Martini P. M., Pantosti D.?

Discrimination of tsunami sources (earthquake or landslide)
on the basis of historical data
in Eastern Sicily and Southern Calabria

1Dipartimento di Scienze Geologiche, Universita degli Studi, Catania (Italy),
e-mail: f.gerardi@unict.it; barbano@unict.it;
?Istituto Nazionale di Geofisica e Vulcanologia, Sezione Sismologia e Tettonoﬁ51ca Gruppo di Tettonica

Attiva, Roma (Italy), e-mail: paolomarco.demartini@ingv.it; pantosti@ingv.it

Keywords: historical earthquakes, tsunami, run-up, seismic dislocations, landslides, southern Italy

Coastal areas of southern Calabria and eastern Some of these events occurred along mapped,
Sicily have been affected by large destructive crustal, normal faults; whereas the source of the
earthquake-related tsunamis in historical times. As older events, either offshore or inland, is still
described in the historical reports, devastating debated. The uncertainties in the location of the
anomalous waves followed the 1908, 5 and 6 sources originated also a debate on the origin of the
February 1783, 1693 and 1169 earthquakes (Fig. 1). tsunamis and in particular whether these
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Figure 1. Historical earthquakes followed by tsunamis analysed in this work; epicentres (unfilled circles) from the CPTI4
catalogue (Working group CPTI, 2004) and (filled circles) from the NT4.1 catalogue (Camassi & Stucchi, 1997).
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were related to a seismic dislocation or to a
submarine landslide (e.g. Tinti & Armigliato, 2003;
Ortolani et al., 2005; Tinti et al., 2007; Billi et al.,
2008). We try to contribute to this debate by
applying the method proposed by Okal and
Synolakis (2004) to the 1908, 6 Feb 1783, and 1693
tsunamis. This method has the potential to
discriminate the nature of the tsunami source by
using run-up amplitude distribution in the near
field. The Okal and Synolakis (2004) approach was
initially developed for a rectilinear coastline and for
open oceans; it can be applied also to the southern
Calabria and eastern Sicilian coasts because the
method is for near-field tsunamis and although the
Ionian basin (1-3000m) is not as deep as oceanic
depths, the impact of depths on the model is
negligible on the results as demonstrated by the
Okal and Synolakis (2004).

As a first step in this study, we compiled a
database storing information on the effects of
tsunamis through a detailed analysis of coeval
accounts. Available historical reports for the 1908
event illustrate in detail hit localities, maximum
run-up (Fig. 2a) and inundation areas (Gerardi et al.,
2006); conversely, data for the 1169 and 5 Feb
1783 are so scanty that they could not be used in
the analysis. For the 1693 and 6 February 1783
tsunamis, coeval accounts describe mainly
inundation values. Therefore, we computed the
tsunami run-up values through the Hills and Mader
(1997) equation:

X = (H)" 02 k(1)

where Xax 1S the limit of landward incursion
(m); Hg is the run-up heights; k a constant and the
Manning’s coefficient n represents the roughness of
land, that equals 0.015 for very smooth topography,
0.03 for urbanized/built land, and 0.07 for densely
treed landscape. We used the 1908 observations of
both inundation and run-up in the Hills and Mader
(1997) equation (1) to define the best Manning’s
coefficient n for each sites.

The Manning’s n, so obtained for the localities
affected by the 1693 (Fig. 2b) and 1783 (Fig. 2c)
tsunamis, have been used to compute run-ups from
observed inundation data. Furthermore, to take in
account the large topographic variability along the
coast, we computed maximum and minimum run-
ups by using the two end-members 0.03 and 0.07,
considering that all 1908 data fall into this interval.
As a second step, we sketched an linear profile,
which exemplifies the real shoreline, and plotted
perpendicularly on it run-up observed at individual
locations. The origin of tsunami on the profile is set
at the nearest point with respect to the tsunami
source. In our plotting, we used historical and
computed run-ups values and more linear profile to

take into account of the different strike
characterizing the Calabrian and Sicilian coasts
around the Messina Straits (Fig. 2 a, b, ¢).

For each investigated events, we tried the
empirically best-fit run-up distribution along the
coast using the formula proposed by Okal and
Synolakis (2004):

Uy) =b/ {[(y-c)/al2 +1} (2)

where { are run-up values, “a” is the lateral
extent of sustained run-up along the beach, “b” is
the maximum amplitude run-up on the fitted curve
and “c” is the distance of “b” from the 0, along the
idealized linear shoreline.

We work out several sets of parameters (a, b, ¢),
in the Okal and Synolakis (2004) equation (2) in
order to find the theoretical best-fit curve of
historical and computed run-up values.

The values “a” and “b”, obtained from the best-
fit curves, are used to calculate the dimensionless
parameter I, = b/a, the ratio of the maximum run-up
to its lateral extent along beach. According to Okal
and Synolakis (2004), I, value discriminates the
nature of the source: I, less than 10* is
characteristic of a seismic dislocation source;
whereas, I, is usually greater than 10* in case of
underwater landslides.

To test the influence of the amplitude
distribution of run-up on the coast, we have used a
variety of sources and of idealized linear shorelines
(Gerardi et al., 2008). We present here only the
boundary results derived from this analysis (Fig.
2a,b,c).

From the best-fit to the data set of 1908 tsunami,
we obtained I, = 6.3 « 10” (Fig. 2a). The same
procedure has been applied to the 1783 and 1693
tsunamis; this yielded for the 1783 tsunami I, = 3.6
« 107 (Fig. 2¢) and for the 1693 tsunami I, = 6.6 «
107 (Fig. 2b).

Summarizing, for the 1908 and 1693 run-up
data, the obtained I, values suggest that the tsunami
source is a seismic dislocation (I, smaller than 107).
On the other hand, the I, value obtained for 1783
data suggests that its tsunami source is a landslide
triggered by earthquake shaking (I, larger than 10™).

To model different sources Okal and Synolakis
(2004) also consider other two dimensionless
quantities I; and I3. I; = b/Au scales the maximum
run-up (“b”) on the beach to the amplitude of
seismic slip on the fault (Au). I; = - b/n" scales the
maximum run-up (“b”) on the beach to the
amplitude of initial depression (n°) on the sea
surface. To compute I; and I;, the slip Au and
depression - are inferred from published values.
For the 1908 earthquake we used Au = 2.07 £+ 0.83
(Pino et al., 2000) and for the 1693 earthquake we
used Au =2 m (Gutscher et al., 2006);

GI’S Coast Research Pubblication, 6, 2008



2" International Tsunami Field Symposium, IGCP Project 495

4. + run-up 1908 18 # historical run-up 1783
a: 90km; b: 5.75m; c: 20km 161 . & computed run-up 1783
124 * a: 3.75km; b: 13.5m; c: Okm
14 | ® icily Calabria
_ 104 L G~ 12/
E $ =
- 8 = !
ke - s i s
2 6 *® @ S 8 Okm
: Lo |
x 4 e @
$ N |
24, . & . * 2| !
. e ® %o |
-80 -40 0 40 80 120 160 200 2 0 2 4 6 8 10 12 14 16 18
N Distance along the beach from tsunami source (km) S N Distance along the beach from tsunami source (km) S
(a)
25 . ¢ run-up 1693
| a: 120km; b: 8m; c: -30km
v
20 % v
Fy
P i A A o .
£ 15 R ® SN
e A W -
2% . 28 .
z 104 PR P -
3 L] [ ] ™
o . °
-6 -5.5 -5 -4.5 -4 -3.5 -3 -2.5
04l £ i £ : | Log 1,
-100 -50 0 50 100 150 A 1693 run-up, Au=2m 4 1908 Sicily & Calabria, Au=2m
N Distance along the beach from tsunami source (km) S || m 1783, N35 run-up, n=-10m M1783, N35 run-up, n=-20m
(b) (d)

Figure 2 (a) Run-up profile obtained for the 1908 tsunami using observed run-up data from both the Calabrian and Sicilian coasts. (b) Run-
up profile for the 1693 tsunami obtained by using observed and computed data with different n Manning‘s values. (¢) Run-up profiles for the
1783 Feb 6 tsunami obtained by using observed and computed run-ups with different n Manning‘s values, coastline N35°E. The idealised
coastlines used to construct the profiles are reported in the insets. Stars represent the closest point of the profile to the source. The curves are
the best-fit of the Okal and Synolakis (2004) equation (2). (d) I; or I; vs. I, modified after Okal and Synolakis (2004): black dots are from
dislocation models, grey dots from landslide models, whereas black and grey triangles refer to worldwide observed dislocation and landslide
tsunami data, respectively. Results from the present work are plotted too. It is clear that this representation confirms that the 1693 and 1908
tsunamis are related to a seismic dislocation and that the 1783 6 Feb is referable to an earthquake triggered landslide.

for the 6 Feb 1783 tsunami, we have used an
amplitude of depression n- = 10-20 m (Bosman et
al., 2006).

Plotting the I, and I; values in the logarithmic
diagram obtained by Okal and Synolakis for the
simulations performed in their study, the combined
values I; and I, confirm that the run-up distribution
for 1908 and 1693 data is compatible with tsunamis
generated by a seismic dislocation, as also shown
by numerical modelling (Tinti & Armigliato, 2003;
Gutscher et al., 2006) (Fig. 2d).

On the contrary, combined values of I; and I3
prove that a submarine landslide is the source of the
1783 tsunami, in agreement with historical accounts
describing a huge earthquake-induced rockfall in
the south-western side of Scilla cliff that collapsed
into the sea. Recent off-shore investigations have
also shown off-shore evidence of submarine

landslide just in the area of the sub-aerial one
(Bosman et al., 2006; Bozzano et al., 2006).
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A palaeotsunami database has been developed
for New Zealand. It is the most comprehensive
palaeotsunami database of its kind because it not
only contains physical evidence from geological
studies, but also data from archaeological and
geomorphological sources, and cultural information
from anthropological research and prehistoric
Maori oral recordings (Goff, 2006). From a
geological perspective there are what have been
termed primary (geological) and secondary (non-
geological) data sources, all of which have varying
degrees of validity or reliability. The reliability of
any single piece of data, however, is enhanced by

cross-referencing with other related lines of
evidence from the same time period or area. The
database currently contains about 320 items of
evidence (Fig. 1), relating to between 35 and 40
palaeotsunamis.

These data are now being used to improve our
understanding of tsunami sources, inundation, event
magnitude and frequency, and to guide future
research.

For example, in 2005 a local government
agency stated that “in the wake of the Indian Ocean
tsunami residents will be glad to know that we do
not have a tsunami hazard on our coast”.
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Figure 1. Maps of New Zealand, A) Sites mentioned in the text; B) Existing coverage of the New Zealand Palacotsunami Database
(each site record noted as an item in the database is indicated by a dot on the map).
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10 cm

Figure 2. Photographs of recent findings. A) West Waikato coast — discontinuous pebble veneer overlying eroded soil/root mat dated to 13th
Century. This provides a maximum age for inundation. B) Chatham Islands - fining-upwards sand unit with marine diatom assemblage and
elemental geochemistry indicative of saltwater inundation (rip-up clasts indicated by white ovals).

Geological evidence for palaeotsunamis,
however, record that the coastline in question —
Tasman Bay - has been struck by several large
tsunamis over the past 1000 years (Fig. 1). A
paucity of useful palacoseismic data meant that
suggested possible palaeotsunami sources were
thought to be less than convincing, thus casting
doubt on the original palacotsunami interpretations.
Reference to the recently completed database
indicated numerous archaeological and
anthropological lines of evidence that added value
to earlier palacotsunami interpretations. The
combined evidence for just one of the events is now
sufficiently compelling to strongly argue for a
region-wide palaeotsunami striking the region’s
coast about 500 years ago. The addition of new
archaeological and anthropological information has
changed scepticism of the interpretation of
geological data into recognition of a region-wide
tsunami hazard. It has also shifted the search for a
potential tsunami source from a less convincing
fault scenario between the two main islands to more
realistic local origins to the west of the area. These
findings also add further credence to the
interpretation of earlier events in the region.

A search of the database indicated that the SE
corner of the South Island, the Otago region, may
have also experienced palacotsunami inundation
during the last 1000 years or so (Fig. 1). The data in
this case were limited to some poor primary and
secondary information from Long Beach and Katiki

Point. In the former location archaeologists noted
that a prehistoric coastal Maori settlement had been
abandoned in the 15™ Century (radiocarbon dated to
AD 1460+/-58) and that many of the artefacts on
the surface appeared to have been “washed by the
sea” (Leach & Hamel, 1981). In the latter location,
a discontinuous pebble layer overlies an abandoned
prehistoric coastal Maori settlement. Abandoned
occurred sometime in the 15" Century (Trotter,
1967). Similar discontinuous pebble layers have
been recognised in numerous New Zealand sites as
being one of a suite of criteria indicative of past
tsunami inundation (e.g. Nichol et al., 2003). A
preliminary study was therefore carried out to
assess the palacotsunami record for the region.
Examination of the Otago coastline revealed a
geomorphology consistent with tsunami inundation.
This tsunami geomorphology consisted of a number
of elements including dune pedestals, hummocky
topography, parabolic dune systems, and post-
tsunami features resulting from changes in the
nearshore sediment budget (Goff et al., 2007).
Additional  geological,  geomorphological,
archaeological, and anthropological data were also
gathered. A similar discontinuous pebble veneer
was evident at Long Beach. It has long been
hypothesised that these veneers represent a remnant
lag of the original deposit (Nichol et al., 2003).
In the case of Long Beach much of the original
deposit remains as a predominantly sandy unit with
pebble “floaters” overlying the prehistoric Maori
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occupation site and adjacent land (Goff et al., in
press). This geological evidence sits within the
wider geomorphological evidence mentioned above
(Goff & Lane, in press). Similar geomorphological
evidence was also noted at sites such as Tautuku,
Taieri Mouth, Shag River, Pleasant River and
Blueskin Bay (Anderson, 1981; Goff et al., 2007).
Archaeological evidence for site abandonment
either as a result of inundation (e.g. Pleasant River)
or probable co-seismic subsidence (e.g. Shag Point)
have also been reported (Goff et al., 2007,
McFadgen, 2007) (Fig. 1). There are several Maori
oral recordings from the region, one of which refers
to a wise man’s guardian whale called Matamata or
Tu-te-raki-hua-noa. One day the whale appeared
off Moeraki (Katiki Point) (Fig. 1) and the children
cursed it. Angry at this insult, its owner sent a tidal
wave which drowned them. The creek they were
standing by had been fresh water till then but it has
been brackish ever since (Beattie, 1919).
Genealogical estimates place this event around the
15th Century. Recent numerical modelling has
determined that the most probable tsunami source
for this event is the Puysegur subduction zone to
the SW of the South island (Fig. 1). In this instance
geological and geomorphological data validate the
numerical model output (Lane et al., 2007; Goff &
Lane, in press).

Ongoing and future research in New Zealand is
now focused on two key areas. First, studies are
being carried out in regions not conventionally
believed to be exposed to a significant tsunami
hazard, but which have numerous secondary data
citations. In particular this includes sites on the
western side of the North Island such as Taranaki
and west Waikato (Fig. 1). Second, there are
several areas with a high historical tsunami hazard
that have little representation in the palaeotsunami
database. This includes the Chatham Islands, 800
km E of the main islands. Preliminary results from
both sites have produced notable geological
evidence for palaeotsunami inundation (Goff, 2007;
Goff, unpublished data) (Fig. 2).
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The Euro-Mediterranean region has been
affected along the time by several strong tsunamis
(Maramai et al, 2004). The analysis of tsunami
catalogues allow to establish the main tsunamigenic
sources and reveal that most of the events were
local, nevertheless there are some important
tsunamis that propagated regionally, involving
more than one country. In this study we analysed
four tsunami events, the best documented for each
one of the most prone areas and to be considered as
benchmarks in the Euro-Mediterranean region in
the frame of the work carried out by the
ICG/INEAMTWS group.

For all the four events a careful analysis of
bibliographical and historical sources has been
performed in order to obtain a detailed picture of
the effects and, where possible, a reconstruction of
the inundation and runup values.

The selected events are one for each of these
regions, namely AT (eastern Atlantic Ocean), M3
(western Mediterranean, including Spanish and
north African events), M2 (central Mediterranean
that is Italy, France and eastern Adriatic coasts) and
M1 (eastern Mediterranean, including Greek,
Turkish and Marmara Sea coasts). They are the
most representative and can be either the strongest,
the best documented or the most remarkable,
considering the extension of its propagation. All of
them were generated by earthquakes.

In particular, the case study representative for
the NE Atlantic area (AT) is the Lisbon 1755 event,
one of the most destructive tsunami ever occurred
in the European region, causing severe damage and
a lot of victims and propagated as far as the south-
eastern coast of England (Andrade, 1992; Baptista
etal., 1997, 1998, 1998a). For this event travel time,
run-up and wave height distribution have been
reconstructed both in the near and in the far-field.

The May 21, 2003 Algerian event is
representative for the Western Mediterranean
region (M3). This is a strong earthquake located in

the sea very close to the Algerian coasts, generating
a tsunami not destructive but propagated regionally
with effects observed along the Balearic islands
coast (Alasset et al, 2006; Bounif et al., 2004;
Meghraoui et al., 2004). Run-up and inundation
values reported at the Balearic islands and travel
time at the Italian and French coasts are presented.
For the central Mediterranean (M2) the
representative event is the December 28, 1908
Messina tsunami, definitely the most important
Italian tsunami which caused destruction and many
victims along the Sicily and Calabria coasts. In
most places the first sea movement was a
withdrawal followed by an inundation with two or
three waves (Baratta, 1909, 1910; Martinelli, 1909;
Platania, 1909; Tinti et al, 2001). Measured run-up
and inundation values along the Sicilian, Calabrian
and Maltese coasts are reported. The July 9, 1956
Cyclades tsunami, locally very strong affecting all
the Aegean islands and propagating as far as Crete,
has been selected as representative for the eastern
Mediterranean area (M1) (Ambraseys, 1960;
Dominey-Howes, 1996; Galanopoulos, 1957;
Papadopoulos et al., 2005). Reconstructed run-up
and wave height distribution are presented.

For some localities struck by the selected
tsunamis a reconstruction of the inundated areas
was performed and, where possible, an hypothetical
inundation lines was superimposed to the present
day territory maps in order to identify vulnerable
structures.
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For tsunami risk analysis information about the
number of exposed people and about the land-use in
the endangered areas are important input
parameters. Data on people distribution could help
to manage the evacuation planning and mitigate the
people loss by tsunami. Land-use and potential
damages are relevant for rehabilitation management

The aim of the paper is to present
methodologies and tools to generate the above
mentioned missing information before a disaster
happens. Based on this, governmental authorities
can prepare and calculate how many people are
living in the affected area, how many people could
be evacuated, and how to perform adequate land
use planning to mitigate the disaster impact. For the
disaster response phase, the local government will
be supported to plan and manage the evacuation
process more efficiently. For the recovery phase,
government will be provided by estimates on the
amount and type of potential damages.

This research analyzes the estimation of people
at risk and potential land-use damage estimation by
tsunamis in the South Coast of Java, Indonesia.
Combinations of numerical modelling and
Geographic Information System (GIS) approaches
have been applied in this research. There are three
scenarios for tsunami simulations generated by
earthquake magnitude Mw 8.5 with different
locations of the epicentres.

TUNAMI-N1 model has been applied to
determine the tsunami wave height in the coastal
area. Validation of tsunami modelling has been
performed using Aceh Tsunami 2004 data.

Inundation modelling was applied to the study
area and the results were combined with the people
distribution map and land-use data to estimate
people at risk and land-use damage by tsunami.

People distribution maps during day time and
night time were derived.

The results of this research will be integrated in
an information system, which in future can be
applied on the level of the local government to
better mitigate the impact of tsunami disaster and
provide tools for an improved tsunami risk
assessment for decision makers at the local level.

Method

To reach the described goals four
methodological steps have been developed. The
first is the tsunami inundation modelling. A
combination between Tunami N1 (Imamura, et al.
(2006)) and modification of Federici, et al. (2006)
formula was conducted in this research.

This means that tsunami modelling results,
which are valid for the calculation of expected
wave heights at the coastline, are combined with
empirically derived relationships, which are newly
developed to calculate the tsunami inundation.

Tsunami wave heights at coastlines have then
been used as input in the Federici formula to
calculate the inundation area. The modification of
the Federici formula is replacing the land use
condition as a reducing tsunami wave factor with
tsunami wave height and inundation reduction
caused by distance from the coast.

[ 51 ]
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The maximum wave heights from TUNAMI-N1
are used as input values (Ru) to inundation
modelling using the Federici formula as shown in
equation (1):

W=¢Ru-Z @)
Where,
€ = Roughness parameters
Ru = Maximum wave height at the coast
V4 = height of the ground (from DEM SRTM)
IfW>0 inundation pixel =1 wet
IfW<0 noinundation pixel=0 dry

Validation of proposed inundation calculation
was done based on inundation mapping using post
disaster Landsat data (USGS, 2004). The validated
model was then used to calculate the potential
inundation area in the study area. The second part is
deriving the people distribution maps in study area.
Generally population distribution is representative
for administrative units, far too coarse to adequately
calculate amount of people affected. An
improvement of spatial resolution of population the
database is presented here. The population data
from census sources are commonly made available
per political or administrative unit (Schneiderbauer,

2007). In Indonesia, the people distributions data is
represented at village level. In fact, people are
doing activity in certain land uses within the
representative census data at village level. The
combination of people distribution data from census
and detailed land use information (derived from
Indonesian topographic map at 1: 25.000 scale) is
used to disaggregate and down-scale population
distribution. For example, distribution of people in
a settlement area in one village will be different
than in a paddy field area in that village which is
not reflected in census population data. The
proportion (weighting) of people in the different
land-use areas is needed in this analysis. This is a
critical value to estimate people distribution based
on detailed land use information (Gallego, 2007).
For the south coast of Java, this proportion is
calculated based on people activity during day and
night time within the assigned land use classes. The
distribution factors to calculate population
distribution at day and night time per land use is
derived from national statistical data (BPS, 2006).
Hereof percentages of people working in certain
land use classes (e.g. agriculture, industry) are
derived and have been used as weighting /
distribution factor. This data also will be used to
calculate the land use damage estimation.

Figure 1. The validation of tsunami inundation base on Federici, et al. (2006) modification.
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(a) Cianjur Scenario 1

Exposed People

(b). Cilacap Scenarnio 2

(c). Trenggalek Scenario 3

Landuse Damage Estimation
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Figure 2. The result of inundation modelling in the most danger districts, total number of exposed people and land damages estimation

In a third step, the newly derived people density
information and land use 1: 25.000 scales data were
combined (overlaid) with validated tsunami
inundation modelling to derive exposed people and
estimate land use damaged in 12 districts in South
Coast of Java.

The last and fourth step is a conceptual study to
design and implement a risk information tool. It is
designed to help local government and reflects the
needs of local decision makers handling a simple
and robust tool. The tool shall deliver the
possibility for the local government to extract
information relevant for disaster management
planning.

The data that were used in this work are the
Digital Elevation Model (DEM), which is based on
the Shuttle Radar Topography Mission (SRTM), for
tsunami inundation modelling. For the exposure
analysis the topographic maps of South Coast of
Java, scale 1: 25.000 (Bakosurtanal) and statistical
data (Statistical Bureau Indonesia, 2006) were used.

Results and Discussion

The result of the validation is shown in Fig. 1.
The proposed modifications of Federici formula for
the calculation of tsunami inundation deliver a
similar pattern compared to the inundation area
from USGS.

Based on this result the Tunami N1 software has
been run with three scenario of tsunami source in
Indian Ocean. There are 3 different epicentre
locations used to calculate the wused tsunami

scenarios: epicentre’s location at 108.192 E,
9.27565 S as scenario 1; at 108.896 E, 9.11123 S as
scenario2; and at 109.619 E, 9.02594 S as scenario
3. The result of inundation modeling in the most
danger districts, total number of exposed people
and land use damage estimation in that three
scenarios are shown in the Fig. 2. As can be seen in
Fig. 2, the Districts of Cianjur, Cilacap, and
Trenggalek are the most affected areas according to
estimation results for scenario 1, scenario 2, and
scenario 3 respectively. According to the results for
scenario 1 the district of Cianjur has 16 villages
affected by tsunami inundation.

The village of Jayagiri is showing highest
number of people at risk. According to the results
presented for scenario 2 the district of Cilacap has
53 villages potentially affected by tsunami
inundation with the village of Cilacap at highest
risk. In scenario 3 the district of Trenggalek shows
15 willages potentially affected by tsunami
inundation with the village of Tasikmadu at highest
risk (Fig. 2).

The land-use damage estimation presented here
allows quantifying loss of resources and potential
monetary losses due to tsunami impact. According
to the estimation results from scenario 1, District of
Cianjur has 1,858.3 ha paddy field potentially
destroyed by tsunami inundation (see Fig. 2).
Assuming 4 tons/ha productivity per crop-season,
this district will lose 7,433 tons paddy or
approximately 7.43 billon rupiah (equal with $US
826,000) at this moment. The example calculation
for paddy field can now be extended to the total

| 53 |
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loss from all land use including the budget
calculations for its rehabilitation (Fig. 2).

Finally, the integration of the results into a risk
information tool for local decision makers was
performed. The derived information is supplied to a
risk information tool conceptually developed for 12
districts at the south coast of Java.

The tool is user friendly designed and prepared
for standard personal computers available at local
governmental institutions.

The tool shall help local government to get
information of exposed people and land use
damages estimation. In a next step, this tool will be
further developed based on user requests.
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Huge earthquake on December 26™ 2004 which
is followed by giant tsunami attacked Nangroe
Aceh Darussalam-Indonesia through two directions,
namely Uleelheue and Lhoknga. Two directions
tsunami  run-up collided approximately in
Lampisang village, District of Peukan Lambada
which has still essentially flow depth and strong
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Three weeks after the event, International
Tsunami Survey Team (ITST) was formed and
performed rapid field survey to record Tsunami
wave run-up, flow depth, and its direction in several
locations.
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Figure 1. The Focus Study Area and Its Inundation.

| 55 |

GI’S Coast Research Pubblication, 6, 2008


mailto:widjo@webmail.bppt.go.id
mailto:lavigne@univ-paris1.fr

2" International Tsunami Field Symposium, IGCP Project 495

FLOWDEPTH VS. MANNING ROUGHNESS VARIATIONS
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Figure 2. The Flow-depth Vs Roughness Variations.

Furthermore, one year later, the small team of
local researcher had chance to investigate and make
interview witnesses in locations which had tsunami
run-up from two directions were met.

This paper will describe the result of the field
survey in particularly the event of the colliding two
tsunami run-ups and its quantitative parameter,
such as flow depth, colliding points, number of
incident wave, and arrival time. In addition, by
using shallow water wave equation with leap-frog
scheme of Tunami N3 model and moving fault of
source parameter published by Tanioka, the
numerical simulation has been conducted. The
result of the numerical simulation namely, tsunami
run-up height, travelling time, distance and area
penetration were compared with the result of the
field survey which was performed.

The comparison of the results show that,
however the numerical method has still some
problems in determination of bottom roughness
value, by giving reasonably value, it has
comparatively good agreement with field survey
result.
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During the last decade many papers have
appeared devoted to the occurrence of high energy
marine episodes associated with sedimentological,
palaentological o geomorphological features.

Currently the most complete record of Holocene
high energy marine events comes from the Gulf of
Cadiz (SW Iberia) (Fig. 1). These studies focused

on the recognition and description of different
deposits from high energy events which have been
interpreted as having occurred from tsunamis.

A revision of these data reveal that only few of
these events left clear evidence that can be
considered of tsunamigenic origin.
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Figure 1. Location of sites cited in text with geological record of high energy event in the Gulf of Cadiz (SW

Spain).
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Spit barrier erosion.

Age | Sedim. or geomorphological features | Reference Interpretation Data support

Dofiana spit barrier / Guadalquivir Marshland

5500-3500 calBP

5309 calBP Fines deposit with shell fragments, breaching of the spot|(Ruiz et al. 2005, Céceres et al., Tsunami Correlation with others
barrier, cherniers development authors

4500-4200 Spit barrier breaching (Lario et al.,1995; Lario, 1996) Storm surge

calBP

4200-4100 Deposits with marine fauna in the estuary (Ruiz et al. 2005) Tsunami & storms [ Correlation with others

CalBP authors

4200-4100 Cherniers development and fines deposits (Céceres et al., 2006) Tsunami Correlation with others

calBP authors

3900-3700 Cherniers development and spit barrier breaching + (Ruiz et al. 2005, Caceres et al., Tsunami Correlation with others

calBP erosion at the bottom of the lagoon and in old cherniers authors

2500-2000 calBP

2600-2500 Sand layer with marine fauna between estuarine (Lario, 1996; Lario et al., 2001, Tsunami Historical seismic

calBP deposits, erosional limit, high magnetic susceptibility. catalogue

2700-2400 Spit barrier erosion and breaching (Lario et al., 1995, Lario, 1996) Storm surges Climatic instability
calBP

2400-2200 Silt and sand with marine and estuarine fauna. Spit (Ruiz et al., 2004) High energy event

calBP barrier breaching (storm? tsunami?)

2400-2250 Spit barrier erosion and breaching (Céaceres et al., 2006) Tsunami Correlation with others
calBP authors or seismic

catalogue

ca.2000 calBP [Cherniers development

(Ruiz et al., 2004)

High energy event

fragments and increase in magnetic susceptibility

2020-1990 Erosion at the bottom of the lagoon, marine fauna and |(Céceres et al., 2006) Tsunami Correlation with others

calBP cherniers development authors or seismic
catalogue

1559-1510 Bioclastic sandy silts on erosive surface (Ruiz et al., 2006) Tsunami Historical seismic

calBP catalogue

Punta Umbria spit barrier/ Tinto-Odiel marshland

5700 calBP Sands with micro- and macro- marine shells (Ruiz et al., 2007) Storm

2700-2400 Spit barrier breaching and reorganisation of the back- (Lario, 1996) Storm surge

calBP barrier drainage system

Valdelagrana spit barrier/ Guadalete marshland

€a.7000 calBP |Input of coarse sediment (sands), marine shells (Lario, 1996) Storm

fragments and increase in magnetic susceptibility
ca.5600 calBP |Input of coarse sediment (sands), marine shells (Lario, 1996) Storm

4 times), marine shell fragments, armed mounted clasts,
erosional lower limit

2700-2400 Spit barrier breaching and reorganisation of the back- (Lario et al., 1995; Lario, 1996; High energy event
calBP barrier drainage system Dabrio et al., 1999)
2300-2200 Washover fans, repeated fining upward sequence (2 to |(Luque et al., 2002) Tsunami Concluding characteristics
calBP 3 times), marine shell fragments, armed mounted clasts, of the deposits
erosional lower limit
1755 Washover fans, repeated fining upward sequence (3 to |(Dabrio et al, 1998; Luque et al., Tsunami Concluding characteristics

of the deposits. Dated by
historical documents and
historical maps

SW coast of Cadiz

2150-1825 Bolonia. Coarse sand with bioclast (Alonso et al., 2004) Tsunami Correlation with the Baelo
calBP Claudia earthquake
ca.50 AD Carteia, Algeciras. Coarse sandy layer, fining upward (Arteaga Cardineau and Gonzéalez [High energy event, |Dated by roman

sequence, mounted clast, bioclast, calcareous rodolites, | Martin, 2004) probable a tsunami |archaeological remains.
erosional lower limit Near concluding
characteristics of the
deposits
17552 Cabo de Trafalgar. Large orientated rock blocks (Whelan y Kelletat, 2003, 2005; Tsunami associate
Alonso et al., 2004) with the 1755
Lisbon earthquake
1755? Los Lances beach, Tarifa. Washover fans (Alonso et al., 2004) Tsunami associate [No sedimentological data
with the 1755
Lisbon earthquake
1755 Conil. Washover fans (Luque et al., 2004) Tsunami associate |Dated by historical

with the 1755 documents and historical
Lisbon earthquake |maps

Table 1. Geological record of Holocene high energy episodes in the Gulf of Cadiz coast with possible origin of the event

Even though there is evidence of some occurrences
of tsunamis in the area during the Holocene, the
geological record does not definitely distinguish
storm from tsunami events.

There are some geological features common to
both types of events such as breaching of the spit
barriers with formation of washover fans, fining
upward sequences, erosional limit or presence of

marine shell remains. The record of such features
indicates only that thses deposits have high energy
marine origin. There are some other characteristics
of the sedimentary record that more definitely
attribute the event to a tsunami episode, such as the
presence of some fining-upward sequences
presence of mud clast, presence of mud laminae,
high variation in grain size (from clays to boulders)
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or presence of clay layer on the top (as a cap). Also,
there is other geomorphological evidences will be
associated with a tsunami event: reorganisation of
the barrier-estuary systems with extensive flooding,
breaching of the spit barrier, presence of multiple
washover fans and complete reorganisation of the
drainage system (Andrade, 1992; Goff et al.,
2004;Tuttle et al., 2004; Kortekass & Dawson,
2007, Morton et al., 2007).

Data available from Gulf of Cadiz, summarized
in Table 1, show that even though there is evidence
of some occurrences of tsunamis in the area during
the  Holocene, the sedimentological and
geomorphological record does not definitely
distinguish storm from tsunami events. Some of
them only will be associated with a high energy
event of marine origin that will be also produce by
an storm surge episode. In order to calculate
recurrence interval both from severe storm surges
and from tsunami events more detailed studies
should be completed.

For now the occurrence or high energy marine
event in this area during the Holocene is
summarized as:

€a.7000 calBP: High energy event, storm?

€a.5600-5300 calBP: High energy event, storm?

€a.4200-4000 calBP: High energy event

ca.2700-2400 calBP: High energy events:
probably tsunami during climatic instability period
with severe storms. The event present features all
along the coast. Concluding record of tsunami in
Valdelagrana (Luque et al., 2003) probably present
in other areas of the Gulf of Cadiz.

€a.2000 calBP: High energy event. Probably
tsunami (maybe the same that the last one,
problems in dating)

ca.1500 calBP: High energy event 1755 AD:
Lisbon earthquake tsunami. Even though historical
data describe the occurrence of the tsunami in some
sites, there is not always a geological record. Lack
in concluding dates from this record in some areas.
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What effect coastal geomorphology has on
tsunami deposition and erosion is an open question
in tsunami geology. Although historical accounts
suggest that large tsunamis can produce significant
geomorphic changes to coastlines (c.f. Konno et al.,
1961, Umitsu et al., 2007), these changes are
difficult to quantify without pre-tsunami
measurement. We were fortunate to have a large

tsunami occur in the midst of a multi-year field
project. Our observations allow us to address
persistent questions in tsunami geology: What role
does geomorphology have on erosion and
deposition? How do erosion and deposition
compare, e.g., in volume? When during the tsunami
does erosion take place? Does a tsunami produce
long-term, recognizable geomorphic change?
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Figure 1. A. Historical seismicity of tsunamigenic earthquakes on the Kuril-Kamchatka trench, after Fedotov et al. (1982). B.
Tectonic setting of the region, after Apel et al. (2006). Numbers represent mm/yr motion of the plates. C. Runup measurements from
the post-tsunami survey in middle Kuril Islands, 2007. Scale lines are each 5 m elevation.
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Herein, we are able to specifically address the
relationship between erosion and deposition for
sandy coastal plains with high-relief bedforms, such
as beach ridges.

The 15 Nov 2006 middle Kurils earthquake
(Mw 8.1 — 8.3) occurred in the Kuril-Kamchatka
subduction zone (Fig. 1) and produced a large
tsunami. Our nearfield measurements of tsunami
runup average 10 m and range up to 22 m (Fig. 1).
A more recent earthquake and tsunami occurred in
the middle Kurils on 13 Jan 2007 (M,, ~8.0), but
field evidence indicated the 2007 tsunami was
significantly smaller.

In summer 2007, we reoccupied coastal sites we
visited in summer 2006, and conducted a post-
tsunami survey (Levin et al., 2008). Our colleagues
and we documented inundation (local maximum
inland distance of the tsunami) and runup (elevation
a.s.l. at inundation) at 130 locations over a distance
of ~200 km in the nearfield (Fig. 1).

We investigated in detail two areas previously
visited— northern Simushir (Dushnaya Bay) and
southern Matua islands (South and Ainu bays). We
quantified erosion by reoccupying four 2006
topographic profiles as well as reconstructing
stripped soil and tephra stratigraphy and comparing
before and after photos. We also measured and
sampled tsunami deposits on these and other 2007
profiles.

In Dushnaya Bay, a broad, open embayment on
the Pacific side of northern Simushir, tsunami
effects were closely linked to coastal

geomorphology. One profile, from the central part
of the bay (Fig. 2A), illustrates how the tsunami
affected broad open regions. This Dushnaya profile
recorded a small wave— runup of only 7 m and
inundation of 125 m over sandy beach ridges;
erosion here was subtle. In general, geomorphic
change in Dushnaya Bay was subtle and present
mainly near the shoreline. The few examples of
erosion are back-beach cliff retreat, superficial
sediment removal on sand dunes (which lacked
coherent soils), and small-scale scouring associated
with focused water withdrawal. Tephra stratigraphy
enables an estimate of cliff retreat of ~ 3 m in one
section of Dushnaya Bay, suggesting around 10
m?*/m volume of sediment loss.

On the unvegetated beach of the Dushnaya
profile (Fig. 2A), at least 5-7 m*m was relocated.
Deposition was spatially more extensive than
erosion; average extent of deposits throughout the
bay was within 8 m of maximum inundation. In
general, maximum water inundation and maximum
sediment inundation are virtually coincident for
sand-dominated profiles. Measurements of the
deposits along Dushnaya Bay profiles record 0.4 to
3.0 m¥m of deposition.

The implication of the before and after
Dushnaya profile is that there was greater erosion
than deposition in total, even though erosion was
subtle.

On Matua Island we studied two adjacent bays
in detail, each also visited in 2006— South Bay and
Ainu Bay.

A. Dushnaya Bay central Key C. Ainu Bay north
— 2006 profile
=— 2007 profile
DEPOSITION
(no deposit)

B5cm | {srvennennnn -
EROSION :
T
Sm

| Scale
50m

10:1 vertical exag.

(no deposit)

first vegetation

D. Ainu Bay south
B. South Bay

(contamination)

(no deposit)
............ i

i runup

e
lake
(2006)

first vegetation

Figure 2. Before and after profiles from Dushnaya Bay, Simushir Island and South Matua Island. A. and B. are cases of low runup and C.
and D. of high runup. The zone labeled “contamination” in the deposition survey of D is due to an adjacent dam break that contributed many
large cobbles and big zones of soil stripping around 250 m that added large amounts of cinders.
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South Bay is a wide beach-ridge plain facing the
Pacific Ocean, similar to central Dushnaya Bay but
with higher relief beach ridges (Fig. 2A,B). Ainu
Bay is about 1 km wide, oriented perpendicular to
South Bay, and composed of a few young sandy
beach or dune ridges fronting a low-relief marsh
(Fig. 2C,D). The scale and effects of the 2006
tsunami were distinctly different in these two bays,
with Ainu Bay being much more dramatic. Herein
we examine one profiles from South Bay and two
in Ainu Bay (Fig. 2B,C,D). In South Bay, runup
was low (5-8 m), and inundation of 100-200 m,
with little tsunami erosion (similar to Dushnaya
Bay). In Ainu Bay, runup was typically 14-20 m,
with inundation up to 400 m, generating massive
erosion.

Comparison of profiles from 2006 and 2007 in
South Bay (Fig. 2B) shows a significant difference
in the active beach, but with a similar pattern to
Dushnaya Bay. Around 50 m®m was eroded from
the beach, while only a volume of 3.4 m*m of sand
was deposited. The tsunami also ripped turf blocks
off the back-beach scarp all along the bay. Erosion
otherwise was limited— a few pieces of flagging
tape and some blocks of turf from excavations from
were virtually undisturbed. Elsewhere in South Bay,
the tsunami removed soil locally on seaward-facing
sides of beach ridges, though sediment removal was
shallow and vegetation generally unaffected.

A direct comparison of before and after in Ainu
Bay shows that the tsunami removed 30-60 times
more sediment than it deposited on land.
Approximately 300 m*/m of sediment was removed
from North Ainu Bay and only 4.8 m*m of
sediment was deposited. In South Ainu Bay, 175
m*m of sediment eroded and 6.3 m*m was
deposited. The profiles show that the back-beach
eroded landward 25-50 m, with entire beach ridges
removed or reduced in size, and troughs between
ridges deepened (Fig. 2C,D). Farther landward,
there are many zones of soil stripping, both large
and small— the tsunami exploited rodent networks
and cinder layers to strip the surface. There are also
scours and gullying associated with concentrated
inflow or outflow, including a dam break. Erosion
was slightly more extensive than deposition;
erosion could be found up to 5-10 m and deposits
up to 10-15 m of maximum inundation.

Our comparison of tsunami deposition and
erosion shows that the volume of erosion can far
exceed deposition. This is in distinct contrast, for
example, to Gelfenbaum and Jaffe’s (2003)
estimation of twice as much sand deposited as
eroded terrestrially from the 1998 Papua New
Guinea tsunami. Umitsu et al. (2007) suggests a
possible explanation when they theorize that greater
elevation differences, such as on beach-ridge plains
as compared with lower-lying delta plains, give the

tsunami more power to erode, especially during
outflow. Kuril Island geomorphology is much
higher-relief than that in Papua New Guinea
(although the PNG profiles are no higher than about
3 m, estimates of tsunami flow depth are up to 10 m
(Gelfenbaum & Jaffe, 2003) — on the order of
Kuril Island runup). Our observations indicate that
the assumption that deposits represent a significant
fraction of total sediment eroded is not valid for
beach ridge plains.
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Evidence of catastrophic mega-blocks is
presented for the Algerian coastal zone from Tipaza
to Dellys including the epicentral area of the 2003
Zemmouri tsunamigenic earthquake (Mw 6.8) (Fig.
1).

Detachment of large boulders from the seashore
zone and their deposition inland are among the
main morphological effects of tsunami on rocky
coasts. The estimated size, weight (volumetric
mass) and distance from the shoreline of more than
100 boulders allow us to characterize the nature of
the hydrodynamic waves responsible for their
transport. The boulders, weighing up to ~200 tons,
are scattered along ~150 km of rocky headlands and
pocket beaches, isolated or in groups (Fig. 2), and
are of subtidal and supratidal origin.

Boulders covered by biogenic encrustations
show morphological features which suggest
detached, reversed and reworked pieces. We used
the formulas of Nott (2003) for the physics of

36.8

36.6 it

boulder movement, in particular equations for the
joint bound and the submerged scenario, to
calculate wave heights responsible for the boulders
deposition. Statistical and hydrodynamic analyses
indicate that large boulder transport requires either
~30-m-high waves or 5 to 10-m-high waves for
catastrophic storm or tsunami events, respectively.
Bio-indicators allow us to date these high-energy
events to AD 400 — 600 and ~ AD 1700, implying a
tsunamigenic origin.

In  order to detect other typical
geomorphological and hydrological features related
to high-energy flooding events along the Algerian
coast satellite and aerial images are used. The areas
prone to present and past flooding are observed and
mapped. The recognition of these areas has been
made taking into account the traces of erosion and
abrasion. Often these zones are associated with
irregular coastal ponds and lakes.

Basement Pliocene and Miocene
B volcanic rock

Mitidja deposits

Pre-Neogene I Marine terraces (pleistocene)

Figure 1. Geographical position and geological context of the studied area, including boulder accumulation sites (yellow circle).
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Figure 2. A view of example of boulder accumulation at Tipaza, (A) Boulder accumulation with “a” axes orientation (B) Detachment zone
(Subtidal and supratidal) (C) cross section showing the local lithological units.

The Algerian coast experienced large
earthquakes in the past and some of them are
associated with tsunami (Ambraseys 1982, Harbi et
al; 2007; Alasset et al; 2006).

Tsunamis derive from either the Algerian
offshore area, southern Spain or the Balearic
Islands. The historical seismicity induced by active
offshore tectonic structures along the Algerian coast
explains the origin of tsunamis in southern Europe
(Jijel 1856, Gouraya 1891, ElI Asnam 1980).
Bearing in mind the regional seismotectonic context
of the western Mediterranean sea, the tsunami
events of 1522, 1680 and 1804 might also have
been generated in southeast Spain (Soloviev et al.,
2000). According to Gracia et al. (2007) the 50-km-
long offshore extension of the NE-SW trending
Carboneras fault is a potential source of large
magnitude earthquakes (Mw ~ 7.2), possibly
responsible for the 1522 tsunami. Therefore, major
earthquakes in the western, Mediterranean sea,
particularly in the offshore area of SE Spain, may
generate  tsunamis responsible for  boulder
deposition on the North African coast.

In conclusion, this study shows that the scatter
of large boulders along the Algerian coastline
attests to at least two major tsunamis in the western
Mediterranean during the last 1600 years.
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Along the ionian side of Salento peninsula 2000; Mastronuzzi et al., 2006). This coastal sector

(Apulia - Southern Italy), the rocky coastal area of
Torre Squillace, between the Taranto and Gallipoli
towns, is characterized by presence of a boulders
field (Fig. 1a).

This singular accumulation was caused by
impact of catastrophic wave (Mastronuzzi & Sanso,

is a rocky headland shaped on algal calcarenite
units correlable to Tyrrenian, they overlie
Pleistocene clayey sands (Mastronuzzi & Sanso,
2000; Mastronuzzi et al., 2006); here, the boulders
are arranged in isolated position and/or embricated
in a row of two elements (Fig. 1b).
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Figure 1. a) Geographical position of studied area; b) Morphological profile of Torre Squillace headlands.
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Figure 2. a) biggest boulder in Torre Squillace locality (Southern Apulia, Italy); b) 3D model of biggest boulder.

The biggest boulder (Fig. 2a) of this deposit is
located 40 m inland, at 2 m above mean sea level
(a.m.s.1.) and surrounded by 3 pieces.

In this work we have performed Laser Scanner
surveys (Boehler & Marbs, 2002, 2003) in this
coastal area in order to understand the origin of the
biggest boulder. Field observation suggest that
these four elements constituted a singular unit; their
morphology and proximity could be attributed to
the bigger boulder breakage. In fact, we suppose the
dynamic of the transport of the bigger boulder in
three consequently steps:

i) the catastrophic wave detached the boulder

from intertidal/adlittoral zone;

ii) boulder surfing on the wave due to the water

turbulence;

iii) wave energy decreasing due to the bedrock

friction and subsequent fell of boulder.

Three-dimensional reconstruction by Laser
Scanner (Fig. 2b) was carried out in order to verify
our hypothesis. The 3D model allowed to calculate
linear distance between the four elements and also
the surface morphology of the parts that seem to tie

in. Another result consists in the accuracy in
defining shapes and volumes of each boulder.
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The processes involved in depositing a
perplexing sand unit at the head of Sinclair Inlet
(Fig. 1), in the metropolitan Seattle region [Puget
Sound], likely include a locally generated tsunami
but may also include sand volcanoes, debris flows,
or both. The inlet’s short fetch and protected
location limit the likelihood that storms or wave
action generated the deposit.

The steep and complex bathymetry and
topography of the densely populated Puget Sound
region, coupled with an active fault system, make

ault

this region susceptible to tsunamis, of which
historic examples have been landslide-generated.

For example, a landslide following the 1949
Tacoma earthquake generated a locally damaging,
2-m tsunami in Hood Canal. However, in the
prehistoric record, there is evidence of larger and
potentially more damaging events.

Evidence for one ore more earthquakes and
subsequent tsunami(s) about 1100 years ago has
been documented around Puget Sound (Fig. 1).
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Figure 1. Map of Puget Sound showing the location of the Seattle
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Figure 2. Model of tsunami generated by a Mw 7.3 earthquake on the Seattle fault. Snapshots in minutes after initial uplift and water

elevation is in meters. From Koshimura et al., 2002.

The best-documented earthquake, estimated to
be a magnitude 7 or larger (Bucknam et al., 1992)
caused widespread land level change along the
Seattle fault zone (Fig. 1) around A.D. 900-930.
Uplift linked to the earthquake of up to 7 m on
marine terraces is located 12 km to the east of the
Gorst field area (Fig. 1). Another fault south of the
field area, the Tacoma fault, has been mapped using
LIDAR and dated to have ruptured between A.D.
770 and 1160 (Sherrod et al., 2004).

The tsunami(s) generated by these ruptures
deposited sands and silts that are preserved in low-
lying marshes in various locations in Puget Sound
(e.g. Atwater & Moore, 1992, Bourgeois & Johnson,
2001, Jovanelly & Moore, 2005) (Fig. 1).

South of the Seattle fault but within the zone of
coseismic  deformation  lies  Sinclair  Inlet
(47°31'35.98"N, 122°41'46.11"W). Modelling of an
earthquake on the Seattle fault (Fig. 2) indicates
high wave heights along Sinclair Inlet (Koshimura
et al., 2002).

A branch of Puget Sound 22 km west of Seattle,
Sinclair Inlet contains at its head an intertidal
mudflat that is fringed by partly urbanized tidal
marshes, alder swamps, and higher, forested areas.
Much of the valley at the end of the inlet has been
developed. The undisturbed marshes and swamps
contain a sand layer of wvariable thickness
interpreted to have been at least partially deposited
by a tsunami.To determine the extent and source of
the deposit at Gorst we are employing various
standard field and laboratory methods. Field
methods include mapping the extent and thickness
of the deposit by coring and excavations. Sediment
peels and field descriptions are taken to document
sedimentary structures. We are measuring grain
size in the lab using a settling column to look for
grain size trends in the deposit, such as fining or
coarsening upward, and to aid in correlation
between locations.

In remnant wetlands in the field area, outcrops,
cores and pit excavations reveal an abrupt upward
change from tidal flats to freshwater forest that

probably resulted from uplift during the Seattle
fault earthquake or possibly an earthquake on the
Tacoma fault (pending radiocarbon dating).

The forest peat grades upward into salt marsh
peat of the modern depositional environment,
indicating subsidence since the uplift event. A
complex sand unit lies between the tidal-flat facies
and the forest peat (Fig. 3); we interpret at least the
lower part of this sand body as a tsunami deposit.

Based on its stratigraphic position, the sand unit
formed at or about the time of uplift. The unit
consists mainly of silty fine sand up to 1 m in
thickness but also can contain fine to medium sand
and pebble sized rip-up clasts of silty clay (Fig. 3).

The unit has a sharp contact with shelly mudflat
deposits below and a sharp to gradational contact
with overlying peat. We found the sand unit, along
0.5 km of the upper inlet’s shoreline, beneath
modern tidal marshes and alder swamps.
Preliminary diatom analysis shows the unit contains
diatoms from a brackish environment. The unit can
contain at least three parts (Fig. 3): a basal subunit
that fines upward from medium and coarse sand to
fine sand and silt; a thin, discontinous (less than 1
cm thick) clay bed, commonly with flame
structures; and a capping subunit up to 50 cm thick
that is dominated by silty fine to medium sand but
which also contains locally derived pebbles.

The lowest portion of the unit is interpreted as a
tsunami deposit due to its association with land-
level change and its fining-upward texture. The
upper two parts of the unit are of more ambiguous
origins. The middle, clay layer represents a period
of low shear stress, possibly a lull in tsunami waves
or a quiet period between two events. The top silty
layer could have its origin in a later tsunami wave,
tsunami return flow, sand volcanoes, or a debris
flow from upstream. To clarify the origin of the top
part of the sand unit we made excavations up
stream along Gorst Creek. A possibly related sand
unit lies 0.8 km inland. Its thickness is in the range
0.2-1.0 m as observed thus far in creek banks and in
pits at a nearby park.
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Figure 3. Three walls of an excavation in a salt marsh showing stratigraphic evidence for uplift and three parts of the sandy deposit.

The unit lies above a sandy loam that contains
charcoal and fill from a homestead built nearby.
Unlike the sand that borders the inlet, the unit in the
park contains trough cross-bedding.

We are investigating the relationship between
this deposit and the silty sand deposit in the tide
flats.

Preliminary diatom analysis did not reveal any
diatoms in this deposit.

Further work continues in the park and in creeks
draining into the inlet to trace out the extent of the
deposits and look for clues to the origin of the
sediment. Tracing the deposits will enable us to
map changes in thickness of the upper part of the
sand unit possibly indicating the direction of the
source. Also, further investigations might reveal the
shoreline at the time of uplift allowing us to
constrain the amount of uplift and provide
additional material for dating.

Ultimately, this work will allow us to evaluate
models for tsunami propagation in the greater
Seattle urban area.
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All around the coastal perimeter of Southern They are represented by raised coastal
Apulia (Italy), which represents the southernmost sediments, extended wave cut platforms and/or
part of the emerged Adria foreland (Fig. 1), there abrasional surfaces, or sea cave alignments,
are  morphological and/or  sedimentological associated with notches or algal encrustations (i.e.:
evidences of previous sea level stands. Ferranti et al., 2006; and references therein).

12°E 15°E 20°E

Adriatic
Sea

>

Santa Sabina L

% . Vlora Bay . ‘Z\
¥

O

10\

Otranto-Leuca
coastal sector

40°N

lonian Lemada

Sea area

GRFEEGE

Figure 1. Studied area and localization of mean tsunami deposits in South Adriatic Apulia and lonian Islands.
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This assemblage of coastal landforms testifies a
Middle and Late Quaternary geological evolution
conditioned by the superimposition of the sea level
costal dynamics on the generalized uplift of the
region due to the SW-NE convergence of the
Calabrian arc and Dinarides-Albanides-Hellenides
chains, and the NW-SE convergence of Eurasia and
Nubia (i.e.: Caputo et al., 2008; Di Bucci et al.,
2008 and references therein).

MIS 55 marine sediments and landforms
associated with this eustatic sea level high stand,
show decrease in elevation from North to South
along the lonian coast, whereas in the south-
easternmost part of Apulia they are located in
correspondence with the eustatic elevation (i.e.:
Belluomini et al., 2002; Mastronuzzi et al., 2007a).
In contrast, along the Adriatic coast, MIS 5.5
marine deposits can be found at lower elevation
than the eustatic level (Mastronuzzi & Sanso, 2002;
2003).

Middle-Upper  Pleistocene marine  coastal
sands/calcarenites crop out along the Adriatic side
of Apulia and preserve evidence of seismites
(Moretti & Tropeano, 1996; Moretti, 2000).
Moreover, along the entire coastal perimeter the
Lower-Middle and Upper Pleistocene sediments are
affected by rare faults, characterized by small
displacement, and widespread extension joints,
frequently organized in sets (Fig. 2) (Caputo et al.,
2008; Di Bucci et al., 2008).

All these data suggest that since the Middle
Pleistocene this region has been affected by mild
brittle deformation associated with a general
although differentiated uplift along the lonian side
and possibly with subsidence along the Adriatic
one. In particular, from the quantitative analysis of
the joints sets, at least three deformational events of
regional significance have been inferred. The last
one, that is characterised by a sort of “doming”, is
not older than the Late Pleistocene and possibly
reflects the active stress field still pervading the
entire study area. The mild deformation
documented, joined with the lack of major, active,
emergent faults (e.g. like the Mattinata fault in the
Gargano Promontory) and the scarce historical and
instrumental  seismicity, do not favour the
hypothesis of large seismogenic sources within the
study area, whereas the occurrence of moderate
earthquakes cannot be ruled out.

However, the entire coastal perimeter of our
study area is characterized by morphological
evidences of palaeotsunami impact. Some of these
palaeotsunamis -  constrained  thank to
morphological surveys, absolute dating and
historical investigations -, show a good time
correlation with strong earthquakes characterised
by epicentres located in the eastern part of the
Adriatic Sea (Mastronuzzi & Sanso, 2000; 2004).

Figure 2. Evidences of joints in the Late Pleistocene calcarenite
outcropping at Punta Penne near Brindisi (ltaly).

New morphological studies carried out along
the coasts of Montenegro, Albania and Greece,
improved the knowledge of the tectonic behaviour
of this part of Adria. In particular, the coasts of
Kerkira Island (Corfl) show many evidences of
relevant coseismic uplift occurred about 3.0-3.5 ka
BP (uncalibrated age) and more recently (Fig. 3)
(Pirazzoli et al., 1994; Mastronuzzi et al., in prep).

On the other hand, sedimentological and
morphological studies carried out on and near
Lefkada Island allowed the identification of
different tsunami events occurred 3.0-3.5 ka BP and
more recently (Vo6tt et al., 2006; 2007; 2008).
Finally, ridges of megaboulders have been
identified along the lonian coast of Salento between
Otranto and Leuca (Fig. 4), and ascribed to the
strong earthquake occurred on February 20th, 1743
with epicentre generically located in the lonian Sea
between the lonian Islands and Salento
(Mastronuzzi et al., 2007b).

All these data suggest that many of the
earthquakes that generated tsunamis impacting the
Adriatic coasts of Apulia could be generated to the
South of the Otranto Straits, possibly near Kerkira
and Lefkada Islands.

Due to the overall geodynamic setting of the
region and considering the particular high potential
associated with reverse faults cutting the sea bottom,
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Figure 3. The uplifted beach rock of the southernmost point of Kerkira (Greece).

Figure 4. Boulders emplacements near Torre Sant’Emiliano near Otranto (Italy).
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In the Mediterranean Sea the development of
cyclonic storms is a very usual phenomenon
(Petterssen, 1956). Recent studies have reported
that some extreme events most likely increase in
frequency and/or severity during the last 21st
century due to change in the mean and/or variability
of climate (Fita et al., 2007; Meehl et al., 2007). In
particular, sea storms and gales associated to
cyclonic storms seem to enforce becoming more
extreme (e.g. Ernst & Matson, 1983; Rasmussen &
Zick, 1987; Reale & Atlas, 1998; Pytharoulis et al.,
1999). The formation of small scale hurricane-like
cyclones are more frequently from statistical point
of view; these events are storms, characterised by a
life maximum of 2-3 days, attain hurricane intensity
and can severely affect coastal area (Emanuel,
2005; Monserrat et al., 2006; Fita et al., 2007).

This implies additional coastal risk specially
due to change in the style and density of occupation
and utilization of the coastal zone within
Mediterranean coastal area.

An analysis of major sea storms which struck
the coast of Salento peninsula in the period from
1980 and 1999 has been carried out. Sea storms
have been classified in function of coastal damages
by means of an appropriate evaluation scale

al damages, Salento peninsula, Mediterranean Sea

characterised by 6 different damage classes (Tab. 1).

Results have been plotted as a bar chart whose
orizzontal-axis reports the 20 years time period
while vertical-axis reports damage degree. Wind
directions are represented with different bar colours
(Fig. 1).

A number of 27 sea storms occurred along the
coast of Salento peninsula and three of them caused
severe damages (Degree 5). The historical
chronicles don’t report coastal damages (class 0)
caused by five sea storms in the same period.

The analysis points out that the severe sea

storms are mainly produced by south-east and
south-west winds; minor damage have been
produced by events related to W, N and NW winds.
During the analyzed time period, NE and E winds
did not caused any sea storm event.
Sea storms occurred more frequently from 1982 to
1984 and from 1994 to 1997 while during last years
they have been fewer and less powerful. Most
severe sea storms occur in November, December
and January.

The collated data show that the most damaged
costal sites by sea storms are Gallipoli (12 events),
S. M. di Leuca and Tricase Porto (5 events) e Porto
Miggiano (3 events).

Class Darmage
0 | No coastal damages occur during sea storms; sea storms is instrumentally registrated
1 During sea storms, slight navigation discomforts occour
2 During sea storms, the vessels in the harbours suffer slight damages
3 The intensity of sea storms cause severe damages to vessels
4 Some clinched vessels come to sink and slight damages occour to coastal buildings
5 | Several clinched vessels come to sink, and severe damages occur to coastal buildings

Table 1. Six different classes of coastal damages in function of sea storms impact.
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Figure 1. Sea storms trending along the Salento coast in the period between 1989-1999; x axis
represents the sea storm time in month; y axis represents the frequency of the sea storm for
each month.
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The geomorphological analysis allows four
tracts with same bearing to be defined along the
coastline of Salento: the Casalabate-Capo d’Otranto
tract, NNW-SSE oriented and exposed to NE
winds; the Capo d’Otranto-S.M. di Leuca, NNE-
SSW oriented and exposed to SE winds; the S.M.di
Leuca-Gallipoli tract, NW-SE oriented and mainly
exposed to SW winds; the Gallipoli-Punta
Prosciutto tract, NNW-SSE oriented and exposed to
the SW and NW winds as well.

The analysis of wind climate and coastline
orientation points out the coastal tracts from
S.Maria di Leuca to Punta Prosciutto are those ones
mostly prone to sea storms.

The realized data base comprises extreme sea
storm events, wind climate and geomorphological
features. These data can be usefully used by
planners for the determination of coastal risk in the
Salento peninsula and for the definition of
mitigation plans.

References

Ernst JA.,, Matson M. (1983). A Mediterranean
tropical storm?. Weather, 38, 332-337.

Fita L., Romero R., Luque A., Emanuel K., Ramis
C. (2007). Analysis of the environments of seven
Mediterranean tropical-likestorms using an
axisymmetric, nonhydrostatic, cloud resolving
model. Nat. Hazards Earth Syst. Sci., 7, 41-56.

Meehl G.A., Stocker T.F.,, Collins W.D.,
Friedlingstein P., Gaye A.T., Gregory J.M.,
Kitoh A., Knutti R., Murphy J.M., Noda A.,
Raper S.C.B., Watterson I.G., Weaver A.J. and
Zhao Z.-C., (2007). Global Climate Projections.

In: Climate Change 2007: The Physical Science
Basis. Contribution of Working Group | to the
Fourth Assessment Report  of  the
Intergovernmental Panel on Climate Change
[Solomon S., Qin D., Manning M., Chen Z.,
Marquis M., Averyt K.B., Tignor M. and Miller
H.L. (eds.)]. Cambridge University Press,
Cambridge, United Kingdom and New York,
NY, USA.

Milella M., De Santis V., Pignatelli C.,
Cacciapaglia G., Selleri G., Fozzati L.,
Mastronuzzi G., Sanso P., Palmentola G. (2008).
Sensibilita della costa pugliese ad ondazioni
estreme. Atti del Convegno Nazionale * Coste:
prevenire, programmare, pianificare” Maratea
15-17 Maggio 2008.

Monserrat S., Vilibic 1., Rabinovich A. B. (2006).
Meteotsunamis:  atmospherically  induced
destructive ocean waves in the tsunami
frequency band. Nat. Haz. Earth Syst. Sci., 6,
1035-1051.

Petterssen S. (1956). Weather Analysis and
Forecasting. 2nd McGraw- Hill, New York.
Pytharoulis I., Craig G. C., Ballard S. P. (1999).
Study of the Hurricane-Like Mediterranean
Cyclone of January 1995. Phys. Chem. Earth

(B), 24(6), pp. 627-632.

Rasmussen E., Zick C. (1987). A subsynoptic vortex
over the Mediterranean with some resemblance
to polar lows. Tellus, 39A, 408-425.

Reale O., Atlas R. (1998). A tropical-like cyclone in
the extratropics. International Centre for
Theoretical Physics preprint, Trieste, Italy. No.
1C98007.

GI’S Coast Research Pubblication, 6, 2008






Ostuni (Italy) and lonian Islands (Greece) 22-28 September 2008

2nd |nternational Tsunami Field Symposium
IGCP Project 495
Quaternary Land-Ocean Interactions:
Driving Mechanisms and Coastal Responses

Project 495

Molfetta M. G.!, Petrillo A. F.!, De Girolamo P.?, Pratola L.,
Di Risio M.%, Bellotti G.%, Aristodemo F.*, Panizzo A.’
Three-dimensional large scale experiments on
tsunamis generated by landslide along
the coast of a conical island

IDIAC-LIC, Technical University of Bari, Bari, Italy, e-mail: m.molfetta@poliba.it;
2DISAT-LIAM, University of I’Aquila, I”Aquila, Italy, e-mail: mditisio@ing.univaq.it;
SDSIC, University of Rome TRE, Rome, Italy, e-mail: bellotti@uniroma3.it;

‘DDS, Univetsity of Calabtia, Arcavacata di Rende, Italy, e-mail: aristodemo@dds.unical.it;
SDITS, University of Roma “La Sapienza”, Rome, Italy, e-mail: andrea.panizzo@uniromal.it

Keywords: Tsunami generation and propagation, experimental modeling, landslide, conical island

This paper describes new three dimensional
large scale experiments carried out at the Research
and Experimentation Laboratory for Coastal
Defence (LIC) of the Technical University of Bari
(ltaly), aimed at reproducing water waves generated
by subaerial landslides sliding down the flank of a
conical island. The generated waves in such a
situation propagate both offshore and along the
curvilinear shoreline.

The research efforts in landslide generated
waves has increased in the last decades due to
events occurred around the world: the 1958 Lituya
Bay event and 2002 Stromboli island one (Tinti et
al., 2005), just to mention two of them. Many
laboratory experiments have been carried out in
order to gain insight about the properties of the
landslide generated waves. Most of these studies
(Wiegel 1955; Heinrich 1992; Watts 1997, 1998,
2000; Grilli & Watts 2005; Fritz et al. 2003a,
2003b) have focussed on two-dimensional layouts

(1 horizontal, 1 wvertical direction) and have
provided fundamental information on the process.
Panizzo et al. (2005) have studied waves generated
in a three-dimensional layout but they employed a
flat bottom: their results can be applied to describe
the generation process but not the interaction of the
waves with the coast. Enet et al. (2003), Enet &
Grilli (2005,2007), Liu et al. (2005) and Di Risio et
al. (2008) have more recently presented three-
dimensional investigations, reproducing landslides
sliding along sloping plane beaches. Although
several researches have previously addressed
landslide generated waves, the only physical model
experiments involving tsunamis attacking islands
are those by Briggs et al. (1995).

However this pionieristic research reproduced
waves attacking the island from offshore, i.e. the
waves were generated elsewhere, potentially by an
earthquake.

Figure 1. Picture of the conical island placed at the center of the wave tank (left). and a particular of landslide model placed on the ramp

(right).
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Figure 2. Runup time series - left panels — (figura_2_1.JPG) and surface elevation time
series - right panels (figura_2_2.JPG) collected during one of the experiment. The
small circle on each plot reproduces the coastline, the arrow indicates where the
landslide enters the water and the line (on the left panels) specifies the position of the
considered runup gauge and the dark square (on the right panels) specifies the position

of the considered wave gauge.

For the case of the Stromboli island, for
example, the waves are generated along the coast of
the island itself by a large landslide (volume of
about 18x10° m®) along the flank of the volcano
named “Sciara del Fuoco”, and the generation-

propagation-inundation phases cannot be decoupled.

For the first time, the experiments described herein
are aimed at reproducing water waves generated
directly on the flank of the conical island and at
measuring both shoreline displacements and
radiating waves. The experimental results can be
used as benchmark for theoretical and numerical
models as the landslide and the island shapes can be
easily reproduced. Furthermore the experimental
findings can be considered to be of practical interest
as they allow insight about the celerity and the
height of the wave run-up occurring around the
island, a crucial point for the preparation of
evacuation maps and for the set up of early warning
systems.

The experiments are carried out in a wave tank
30 m long, 50 m wide and 3.0 m high. The
maximum water depth is 0.8 m. PVC sheets
sustained by steel bars represent an impermeable

beach with slope of 1:3 (see Figure 1) very similar
to the “Sciara del Fuoco” flank of the Stromboli
island. The conical island diameter at the ground
level is of 9.0 m. The landslide is represented by a
rigid fibreglass elliptical body (length 0.8 m, width
0.4 m, maximum height 0.05 m) with a total
volume of 0.0084 m®. The density of the landslide
model is 1.83 kg/m® for a total mass of 15.4 kg.

Experiments were carried out by keeping
constant the landslide properties (i.e. density and
shape) and by changing the water depth (ranging
from 0.60 m up to 0.80 m) and the falling height of
the body (ranging from 0.30 m up to 0.60 m,
measured as the distance along the island flank
between the lower part of the landslide in its initial
position and the undisturbed shoreline). It is
important to stress that water depth was also varied
in order to change the radius of the undisturbed
shoreline that ranged from 2.10 m up to 2.6 m.

The experimental data collected during the tests
consisted of (i) time series of surface elevation in
the tank, (ii) time series of shoreline position and
(iii) time series of accelerations of the landslide
model in order to reconstruct its motion.
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A series of 22 resistance wave gauges are used
to measure the instantaneous surface elevation in
the tank and 16 run-up gauges embedded into the
PVC of the island flanks measure the displacements
of the instantaneous shoreline. A capacitive
accelerometer (Metra-Mess CB41) has been placed
inside the landslide in order to measure the
acceleration during its motion along the slope.

Runup gauges and offshore wave gauges time
series (Figure 2) are analyzed in order to detect the
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A compilation of historical testimonies of
tsunami flooding of the Portuguese Algarve coast
was combined with a geomorphological
characterization of that coast to produce a data base
on locations prone to inundation by such high
energy events. Field work has been undertaken in
the lowland areas identified by this methodology
between Sagres and Lagos in order to characterize
the correspondent geological evidences. Results
indicate that some locations vulnerable to
inundation failed to preserve any sedimentological
trace of extreme marine inundation. However, the
completeness of the data base on these events
significantly increases when the historical record is
added by geological information. The sedimentary
signature of tsunami inundation of the studied
coastal section is varied and it may have been
severely damaged by the intense anthropogenic
activities that characterize the Algarve coast.

Introduction

The work presented here is currently being
developed under the European Project NEAREST
(Integrated observations from NEAR shore sourcES
of Tsunamis: towards an early warning system),
which aims the identification and characterization
of potential tsunami sources in the Gulf of Cadiz
and the improvement of the current knowledge on
the recurrence intervals of these extreme events.

Tsunami deposits can be used to provide an
indirect record of former extreme marine events
(Dawson, 1999). To obtain a recurrence interval of
large earthquakes from such records it is necessary
to explore, identify, characterize and date
sedimentological evidences of tsunami flooding.

The nature of the onshore sedimentary signature
of a tsunami depends firstly of adequate sediment

supply from the nearshore. Sediments deposited
there have different characteristics, varying with
location and wave parameters: overtopping of
coastal dunes or barriers may result in the formation
of extensive sand overwash deposits (Dawson &
Shi, 2000); small boulders originally sitting in the
shallow meso and upper infralittoral zones may be
incorporated within sheets of tsunami-deposited
sand, as reported by several authors (e.g. da Silva et
al., 1996; Hindson et al., 1996; Hindson & Andrade,
1999); in addition, tsunami deposits may also be
represented by accumulations of large boulders,
including megaclasts (Dawson & Shi, 2000).

Successive tsunami waves may result in the
erosion of the deposit of the previous tsunami wave,
leading sometimes to complete removal and
obliteration of the record shortly after its formation.

This is additionally complicated by the
occurrence of episodes of backwash that follow the
landward inundation (Dawson, 1999). Thus,
preservation of such records in the sedimentary
column also requires the existence of
accommodation space and that no significant post-
depositional sediment removal occurred, promoted
by either natural causes (e.g. stream or overland
flow) or human activity (e.g. cleaning and eventual
replacement of topsoil or repeated ploughing for
agriculture).

Deposition of tsunami sediment in low-energy
coastal basins such as lagoons or estuaries with
high sedimentation rates provides the most
favourable contexts to preservation.

Few coastal locations prone to tsunami
inundations meet all conditions required for
producing a complete long-term record of tsunami
activity, and in most cases the geological record
should be regarded as incomplete and biased to
extreme events.
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Nevertheless, space may be used as a
replacement of the missing time information, and
the survey of a sufficiently long section of coast
may Yield a compilation of diachronic features that
taken together fairly mirror the time-series of
generating events. This principle has been used to
build a surveying framework of the Algarve coast
of Portugal.

Work Development

The Sagres-Lagos 30 km-long section of the
Algarve coast was chosen as a study area given the
existence of sedimentary record of the 1755 Lisbon
tsunami in the lowlands of Boca do Rio and
Martinhal (e.g. Andrade, 1992; Dawson et al.,
1995; da Silva et al., 1996; Hindson et al., 1996;
1999; Hindson & Andrade, 1999; Andrade et al.,
2004; Kortekaas & Dawson, 2007).

The work involved several steps, beginning with
a literature review. For this propose, eyewitness
testimonies of tsunami impacts in the Algarve coast
reported in the literature, which respect essentially
the 1755 event, were collected and analysed (e.g.
Relagam, 1756; Pereira de Sousa, 1919; Costa et al.,
2005; GITEC tsunami catalogue). The outcome was
a compilation of card files for each place referred in

the documentary  sources, containing the
transcriptions of the testimonies, relevant
observations on the local and regional contexts,
material deposited and supporting references.
Subsequently, a geomorphological analysis of the
coast was undertaken, using geological and
topographical maps, aerial photographs and satellite
images, to identify and rank sites offering
preservation potential of deposits resulting from
extreme marine flooding events. To keep the work
within reasonable limits, we considered only the
coastal section up to 1km away from the shoreline,
less than 10m above mean sea level (MSL) and
displaying evidence of active low energy deposition.
After merging together the documentary and
geomorphological data, a final guide-document was
produced and eight coastal sites elected for field
survey (Fig. 1): Sagres, Martinhal (Fig. 1A),
Barranco and Zavial (Fig. 1B), Furnas and Figueira
(Fig. 1C), Boca do Rio (Fig 1 D) and Luz (Fig. 1E).

Field surveys conducted in 2007 and 2008 to
explore these areas for depositional evidence of
tsunami flooding lead to the identification of
several high-energy sand and boulder deposits
displaying characteristics compatible with such
events.
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Figure 1. Geographical location of study area. A — Sagres and Martinhal; B — Barranco and Zavial; C — Furnas and Figueira; D — Boca do
Rio; E — Luz. Topographic maps adapted from 1GeoE (2005), sheets 601, 602 and 609.
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These materials were found either embedded
within  lagoonal/estuarine muddy  sediment
(Martinhal, Zavial, Boca do Rio), or sitting upon
the present-day surface (Barranco, Furnas), and
they were described in the field and sampled. First
results are summarized in Table 1, and are
expressed as “confirmed” whenever indisputable
sedimentary record of tsunami inundation exists,
“possible” when attributes of features are
compatible with tsunami emplacement and “absent”
if no traces at all have been found.

. . Extreme
Historical .
. Marine
Location Record of .
Flooding FIoodlng
Deposit
Sagres fort yes Absent
and village
Martinhal yes Confirmed
lowland
Barranco no Possible
lowland
Zavial no Possible
lowland
Furnas no Possible
lowland
Figueira no Absent
lowland
Boca do Rio yes Confirmed
lowland
Luz lowland no Absent

Table 1. Summary of studied locations, historical and
depositional records.

Three out of eight locations displaying
favourable conditions to the preservation of record
of tsunami impacts show at present no clear
geological evidence of such flooding, including one
site (Sagres) where, a description of the 1755
tsunami impacts exists. In this case the
morphological setting on top of a >30m-high
promontory added by restoration works following
the quake and intensive use of the surface since the
18™ century, may well explain the disappearance of
any sedimentary evidence (boulders, according to
descriptions) left by the 1755 event. If the absence
of eye-witness testimonies is quite easily explained
given the non-existence of resident people in
Figueira lowland, the absence of geological traces
may well associate with: a) complete removal of
any flood sediment by the backwash, enhanced by
the narrowness and steep slope of the valley
confining the lowland or b) extensive reworking of

alluvial sediment for farming- the lowlands are in
that region the only usable land for agriculture.

The village of Luz is an interesting example of
inexistence of both eyewitness and geological
records of tsunami flooding (only descriptions of
damage by the 1755 earthquake exist), though its
geomorphlogical setting almost excludes the
possibility of no tsunami impact; extensive human
occupation of the lowland added by intensive
agriculture could be responsible for the inexistence
of sedimentary record in this case.

Barranco and Furnas show  peculiar
accumulations of perforated marine boulders
extending up to 300m inland; these were most
probably emplaced by a tsunami inundation (cf.
Costa et al., 2008) and constitute the sole evidence
of such a high energy event in these areas. In the
case of Zavial, a single patch of marine sand with
limited lateral extension may represent the remnant
of a larger sand deposit left by the 1755 event; the
extensive reworking of the surface for agriculture,
may explain the obliteration of most of the original
sediment layer. The inexistence of testimonies in
these locations may be ascribed to the same reason
invoked in the case of Figueira.

Final remarks

The reconstruction of the inundation history of
any region founded on either the historical and/or
geological records will most probably produce
incomplete data-series, and the results found so far
in one test region of the Algarve suggest that about
25% of the locations prone to inundation may fail
to produce any record at all. The results indicate
that geological evidence may be useful in
completing historical information gaps resulting
from the inaccuracy of witness descriptions or
absence of observers, giving a more complete
picture of the impacts. The geological signature is
varied in nature even at a small spatial scale and it
may be severely damaged by the intense
anthropogenic activities that characterize the
Algarve coast. Further completion of the data base
under construction in the scope of the NEAREST
project including relevant bathymetric,
morphological and geological data and it’s
processing in GIS environment, associated to lab
analyses of the deposits, are expected to highlight
reasons explaining the distribution of the geological
record of tsunamis in the Algarve.
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The recurrence interval for large magnitude
earthquakes in Italy is generally longer than 1000
years (e.g Valensise & Pantosti, 1992; Pantosti et
al.,, 1993; Galadini & Galli, 2004), and largest
earthquakes usually have repeat times of the same
order as the length of the available historical
records. Although the Italian catalogues report
earthquakes which occurred in a long time span
(461 BC — 2002 AD) (Boschi et al., 2000; Working
group CPTI, 2004), the historical data on the
earthquake effects are generally sparse at least until
the 13-14th century events.

During the 4™ century AD southern Calabria
and eastern Sicily were hit by an earthquake
documented by archaecoseismic analyses, which was
interpreted by Guidoboni et al. (2000) as the
predecessor of the well-know 1908 earthquake,
located in Messina Strait, whereas Galli and Bosi
(2002) interpreted this event as the precedessor of
the 1783 earthquake.

The purpose of this paper is to find further
evidence of these earthquakes in Messina area by a
multi-disciplinary study aimed to recognize and
date historical and paleo-earthquakes. For this goal
we have analyzed historical, archaeological and
geological information of excavations performed at
Capo Peloro near the Torre del Faro village (Fig. 1)
in the Torre degli Inglesi (English Tower), built on
an abandoned Roman tower.

Historical earthquakes and tsunamis

There is a little evidence of earthquakes during
the first millennium in the area surrounding the
Straits of Messina; for the events in 91 BC, 17 AD,
around the middle of the 4™ century AD (Guidoboni
et al., 1994, 2000), and 853 AD (Guidoboni et al.,
1994; Boschi et al., 2000) no reliable information of
damage is available.
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Figure 1. (A) Tsunami inundation in Eastern Sicily: lines with different grey tones and patterns and small striped rectangles indicate the
inundated coastal areas. (B) Topographic map of the Ganzirri peninsula with the location of Torre degli Inglesi (arrow) near Capo Peloro,
and the village of Torre Faro on the southern coast (from IGMI 1:25000 scale topographic maps) (after Pantosti et al., 2008).
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Figure 2. A) View of the archaeological excavation on the NW side of Torre degli Inglesi. The main building phases (i to iv) are visible with
the relative chronology. Different patterns highlight the major relationships between features of different age. Labels Fig. 2b and 2¢ indicate
the view of photographs shown in the relative figure (after Pantosti et al., 2008). B) View of the NW wall of the studied excavation at Torre
degli Inglesi. Numbers refer to stratigraphic units described in the text, white triangles are location of dated charcoals. Measured and
dendrochronologically corrected ages of samples (Stuiver et al., 2006) are reported as yr BP and 2c intervals, respectively; C) NE wall;
dashed black line highlights a fracture probably related to the 1908 earthquake (modified from Pantosti et al., 2008).

Between the end of the fifteenth and the end of
sixteen centuries four events damaged some
localities near the Messina Straits and the first
observation for Torre del Faro refers to the 1509
earthquakes (Boschi et al., 2000). At Torre del Faro
the two shocks of 5 and 6 Feb 1783 caused strong
damage and the upper part of the Torre degli Inglesi
collapsed (Vivenzio, 1783). The earthquake of 28
December 1908 caused four cracks in the new
lighthouse of Capo Peloro; cracks E-W and N-S,

and a large fracture E-W which caused disjunction
and relative lowering of the northern wall of the
Torre degli Inglesi (Baratta, 1910), were also
observed.

In the area of Messina Straits tsunamis were
observed after the 1169 and 1693 south-eastern
Sicily earthquakes, after the two shocks of 5 Feb
and 6 Feb 1783, and after the 1908 earthquake. In
the Ganzirri Peninsula, where Torre degli Inglesi is
located, there is description for only the two most
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recent tsunamis with reference to the village of
Torre Faro.

At Torre Faro the 6 Feb 1783 tsunami flooded
the shore for about 400 steps (~ 400m) inland
depositing a large amount of silt and dead fishes
(Sarconi, 1784). No direct mention of Torre degli
Inglesi is found, but Hamilton (1783) reports that
the same warm waves that had caused so much
damage to Scilla, having surpassed the tip of
lighthouse land at Capo Peloro, swallowed 24
people. Conversely, the 1908 tsunami inundation
decreased substantially to the north of the town of
Messina and produced a wave that, according to
Baratta (1910), flooded inland at Torre Faro only
Sm.

Archaeological data

The Torre degli Inglesi is a quadrangular base
defence tower located about 40 m from the present
shoreline, at an elevation of about 5 m a.s.l. (Fig.
1B). According to archaeological evidence studied
by the Superintendence of the Archaeological
heritage of Messina, the main building phases (Fig.
2a) of the Torre degli Inglesi, can be summarized as
follows: (i) between the 1% century BC and 1%
century AD construction of the Roman Tower; (ii)
between 3"-16" century destruction (by an
earthquake? a fire?), abandonment and rebuilt of a
new undefined structure; (iii) 16" century
construction of the Torre degli Inglesi; (iv) end of
19™ century construction of facing walls. Finally,
the tower was restored after the 1908 earthquake.

Geological evidence

On the basis of the detailed survey of the
deposits exposed in the archaeological excavation
(Fig. 2 b and c), we found two layers (units 90 and
1) completely different from the deposits exposed
at the site and nearby. In fact, these are composed
by clean, gray, silicoclastic sands, rounded cobbles
and pebbles, substantially contrasting the dark
organic colluvia rich in wastes, related to human
activity. Micropaleontological analyses confirmed
the different origin of the deposits composing units
90 and 1 that are likely marine. The nature of these
deposits, coupled to their sharp erosional contacts
and their relative infrequency (i.e., if these were
storm deposits these should be more frequent),
allow us to interpret these layers as paleotsunami
deposits (Pantosti et al., 2008).

Radiocarbon dating was performed on 6
charcoals (Fig. 2 b), sampled in the lower bioclastic
sandy layer (Unit 90) and in the sandy layers just
below and above the same layer, to constrain the
age of the lowermost tsunami sand (Pantosti et al.,
2008); while the samples (Fig. 2 c) collected in the
artificial levelling deposits into two levels to the left

and to the right of the fracture, well predate the
younger tsunami deposit, that underlies the facing
walls of the 19" century (Fig. 2).

Combining archeological, historical and
radiocarbon data we may associate the oldest
tsunami layer (unit 90) to the 17 AD earthquake, for
which no knowledge and information reported by
historical sources existed about tsunamis till now.
Conversely, the youngest layer (unit 1) is likely
related to the 1783 Feb. 6 earthquake that is well
known of the triggered tsunami (Pantosti et al.,
2008). No evidence for the famous 1908 Messina
tsunami was found.

Conclusion

The sedimentological and archaeological
stratigraphy and dating at the site of Torre degli
Inglesi contain evidence of the effects of three,
possibly four earthquakes, two of which produced
also large tsunami inundation. These are:

* The sandy layer (unit 90) deposited by a
tsunami between 0 and 125 AD that may be
associated to the 17 AD earthquake.

* The pillar and beams of a new construction
intervening on the Roman structure but cut by the
16th century tower indicating the abandonment of
the Roman tower and re-built of a new structure.

The age of the fill around the tower containing
wastes, pottery and charcoal (destruction layer?) is
found consistently at AD 135-335 suggesting that
the event of destruction occurred in this period of
time. This event may be correlated to the 4th cent.
event (Guidoboni et al., 2000).

* The sandy layer (unit 1), just below the end of
19th century facing walls that was probably
deposited by the Feb 6, 1783 tsunami.

* The north-eastern striking fracture, cutting
both the deposits and artefacts, described in the
historical accounts for the 1908 earthquake.

These results call for a reconsideration of the
historical seismicity of the area and especially on
their attribution to seismic sources. This is
particularly true for the 17 AD and 4th cent. events
for which limited knowledge exists.

In fact, different authors interpret the 4th cent.
events as ancestor of the 1908 or 1783 event
providing indication on the repetition of large
events on the causative faults; whereas the 17 AD
earthquake is considered a minor shock, roughly
located in the northern side of Mt. Etna with an
maximum intensity of VIII-IX MCS and Maw =
5.14 (Working group CPTI, 2004) and information
on related tsunami is not reported by historical
sources.

Revising these interpretations on the light of the
results of this work is critical for the re-assessment
of the seismogenic significance of the faults around
the Messina Strait.
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With wave heights of 30 m, runups reaching 51
m a.s.l. and inundation until 6 km inland (Lavigne
et al., 2006), the December 26, 2004 tsunami in
Sumatra was one of the largest tsunamis in recorded
human history. Both inflows and outflow produced
extensive  erosion, sediment transport and
deposition in a few minutes, along hundreds of
kilometres of shoreline, and from shallow waters to
several kilometres inland (Umitsu et al., 2006;
Fagherazzi & Du, 2008; Paris et al., 2008). Thus,
large tsunamis are major geomorphic crises. When
buried and preserved, tsunami deposits become the
geological records of past tsunamis (and most of the
time, it is the only record identified). Studies of
recent tsunami deposits provide a better
understanding of the sedimentary signature of
extremely energetic events, to reconstitute historical
tsunamis and to better assess tsunami hazard. The
interactions between the tsunami itself (flow depth,
velocity and direction), the topography and the
sediment source seem to dictate the spatial
distribution and characteristics of tsunami deposits.
A suite of diagnostic characteristics allows palaeo-
tsunami deposits to be identified and differentiated
from other deposits such as storm deposits (e.g.
Dawson, 1994; Goff et al., 2001). These criteria
have been confirmed and completed through recent
works on 2004 tsunami deposits in Indonesia,
Thailand, Sri Lanka and India (e.g. Bahlburg &
Weiss, 2006; Goff et al., 2006; Moore et al., 2006;
Singarasubramanian et al., 2006; Szczucinski et al.,
2006; Hori et al., 2007; Paris et al., 2007;
Srinivasalu et al., 2007; Choowong et al., 2008a-b).

Despite considerable progress over the last
fifteen years, we cannot deduce actually the

magnitude (or “size”) of past tsunamis after their
deposits.

Developing such quantitative tools requires a
better understanding and modelling of sediment
transport and deposition by tsunamis of distinct
magnitudes. As pointed out by Huntington et al.
(2007), “inverse models of flow from tsunami
deposits and forward models of deposits from flow
are relatively new and still under development” (e.g.
Jaffe & Gelfenbaum, 2007; Noda et al., 2007).

In our previous publications, we presented
descriptions and interpretation of coastal erosion,
boulder and sand deposition induced by the 2004
tsunami in the Lhok Nga Bay (Paris et al., 2007 &
2008), located to the West of Banda Aceh
(northwest Sumatra).

The aim of this new contribution is to model
sediment transport and deposition by the 2004
tsunami in the same area, after new field data
collected in August 2006 (side-scan sonar and
diving survey), analysis of nannofossils in tsunami
deposits, and numerical modelling of the tsunami
(provided by the CEA in the framework of the
Tsunarisque project).

The very high values of threshold shear
velocities (Fig. 1) suggest that most of the
sediments deposited inland (Fig. 2) came from
offshore, from fine sands to coral boulders. The
volume of beach eroded by the tsunami (ca.
150.000 m3) represents less than 10 % of the
sediments deposited inland (ca. 1.500.000 m3).

Statistical analysis combining sedimentologic
and hydraulic data allow distinguishing several
kinds of tsunami deposits and correlations with the
characteristics of the tsunami.
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Figure 1. Maps of threshold shear velocity values (U*) calculated for the 2004 tsunami off Lhok Nga (Northwest Sumatra,
Indonesia). Low values appear in blue and high values in red. A: 30 minutes after the main earthquake, the tsunami wave train
approaches Lhok Nga. U* at the wave front are already high enough to mobilize submarine sediments. B: at 40 minutes, the tsunami
has invaded the Lhok Nga Bay and very high U* values are observed at the coast, especially around the fringing reef in Lampuuk.
C: at 55 minutes, the outflow (backwash) begins, but is channelized by gullies, river beds and coral reefs. A large zone of low U*
values in the south part of the bay corresponds to voluminous deposits identified by side-scan sonar surveys. D: at 75 minutes, the
extent of the outflow reaches its maximum and very high U* values suggest that a large volume of sediments were reworked and re-
deposited offshore.
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Figure 2. 2004 Tsunami flow heights and direction,

related boulder

accumulations and thickness of sandy deposits in Lhok Nga Bay (modified after

Lavigne et al., 2006, and Paris et al., 2008).

The outflows (or backwash) may also have
reworked significant volumes of sediments, re-
deposited offshore, especially where inflow
deposition was limited by steep slopes near the
coast (Fig. 1).

Side-scan sonar images clearly show zones of
voluminous backwash deposition, coinciding with
zones of low threshold velocity values (Fig. 2).

Thus, a key issue in distinguishing large
tsunamis from others may be their geomorphic and
sedimentologic impact offshore. The methodology
presented here should be applied to next tsunamis
in order to progress toward a quantitative model of
sediment transport and deposition by tsunamis.
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When tsunami waves approach the coastline,
their features change in two different zones: in the
near-shore zone and in the overland zone that they
will flood. In the near-shore zone the tsunami surge
characteristics are influenced by several local
factors as width of the continental shelf, the energy
focusing effects, the bathymetry and the actual
coastal geometry. Moreover, the impact of a
tsunami on coastal belts is greatly influenced by
coastal topography and in particular by the
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coastline geomorphology. A shoaling effect occurs
on a tsunami wave running in a semi enclosed sea
and its height increases. This last one can also be
increased when impact of the tsunami is
concentrated on headlands or when tsunami wave
travelling into bays having wide entrances that
become progressively narrower.

When the tsunami wave reaches coastline, it
may: 1 — flood the landscape without breaking, like
a rapidly rising sea level; and/or 2 - arrive as a train
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Figure 1. Geographical localisation of the investigated area.
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of breaking waves; and/or 3 - become a turbulent
water-hammer usually named bore.

The overland propagation of the tsunami surge
is influenced by local topography and roughness
degree. This latter induce a non-uniform spatial
distribution of the sea water flow inland due to
coastal morphology, the type of the land use, the
density of vegetation, the type and the density of
the buildings.

Water level during tsunami inundation is
directly connected to the interaction between soil
surface micro-topography and the energy of the
flow.

In order to obtain inundation limit Hills and
Mader (1997) introduced an emphirical formula:

Xmax= (Hpr)1.33 0k

where: Hgp is wave height at the shoreline; n is
Manning’s coefficient, k = 0.06 for many tsunamis
(see: Bryant, 2001). To obtain ‘n’, a semi-empirical
equation was developed by Manning in order to
simulate open channel water flow. Kay (1998)
establishes that n is influenced by morphological
features and channel vegetation texture; these
characteristics cause difficulty to determine it with
a sufficient accuracy degree. Furthermore, the value
of n is not constant with time in the same channel
due to weed growth and variations of flow
conditions over time (Asal, 2003). As consequence,
it is possible to obtain an evaluation of the present
overland roughness, but it is extremely difficult to
infer the past Manning number related to the
tsunami impact on the coastal area.

The Hills and Mader (1997) formula is tightly
connected to roughness coefficient that is function
of small scale features of the surface flooded.
According several studies on open channel flows
(Aberle et al., 1999; Smart et al., 2002; Smart,
2004) the roughness characteristics of the channel
bottom are very well correlated with the standard
deviation of the bottom surface, so it is possible to
use in situ gathered data to calculate Manning’s n
for given flow conditions.

Smart (2004) provides an equation linking
directly Manning’s n to the flow conditions and to
the bottom surface characteristics:

1 Zg
n_Ki/E "R
Ja (z, (z

0 —In| =% |-1
R R

where: « is the Von Karman constant; R is the
flow depth and Zo is the standard deviation of the
bottom surface. It is important to note that with this
approach the n value is not absolute but, with a

given bottom surface, it diminishes with the
growing of the flow depth.

According to the author, this equation is used
for a flow with no lateral limits; the case of a
tsunami flooding. Our purpose was to test a method
to evaluate a possible future tsunami inundation by
the Hills and Mader formula using a Manning’s n
calculated with the Smart equation on the base of
terrestrial laser scanner captured micro-topography
data. Tsunami hydrodynamic features are those
derived by the study of their deposits.

The selected area for this test is the rocky
promontory of Baia d’Argento, located no far from
the city of Taranto along the Ionian coast of the
Apulia region (Southern Italy) (Fig. 1).

The coastal sector at south of Taranto is
characterised by a number of stair-case arranged
marine terraces. The entire coastal sector is marked
by deep inlet corresponding to fluvial erosive
incision produced during the last glacial time with a
sea level about 140/150 m lower than present
(Mastronuzzi and Sanso, 1998).

Baia d’Argento rocky headland is a low lying
coastal area with maximum elevations of 11 m
above present sea level (a.s.l.) and has a slightly
undulating surface with a mean sloping of about 6-
7%. Starting from coastline it is possible to divide
them in three different zone: 1 — a terrace surface
about 120 m wide; 2 — a ridge of calcareous boulder
leaning on a step placed between 2 and 5 meters
(a.s.l.) represent a morphological indicator of
tsunami impact; 3 — a steeper terrace that reach the
top approx 11 m (a.s.l.) (Fig. 2a).

The lowernmost terrace is bare of vegetation, is

quite flat and bordered seaward by a trottoir approx
3 m wide that marks the biological sea level (sensu
Lalorel and Laborel Deguen, 1994) and a surf
bench marked by spitzkarren and rockpools.
Adlitoral zone is characterised by an elevate
roughness and a convex profile. Here, surface
micro-topography shows small karstic landforms,
shaped on the sub-aerially exposed calcareous
sandstones are represented mainly by potholes,
which became increasingly deeper and wider
toward the coastline. In the spray zone potholes are
coalescent, giving place to pinnacle-like forms
(Spitzkarren) separated by wide, flat depressions.
Calcarenite bedrock presents very long fractures
that become wider toward to the coastline.
Baia d’Argento headland is characterised by the
presence of sub-vertical longitudinal and transverse
fractures resulting from cliff evolution influenced
by rock properties and the effects of sea storms on
the basal clays. Several of these fractures are
parallel to shoreline; some of these are also oriented
to SE in relation with more frequent sea storm
direction. In this work the field survey has been
performed with a HDS3000 by Leica Geosystems.
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Figure 2. a) Points cloud representing Baia d’Argento headland surface; b) Morphological profile of Baia d’Argento headland obtained by

Laser Scanner survey.

The scanner consists of a laser beam generator,
a horizontal axis rotating mirror forming a 45°
degree with the beam direction and a servomotor
making the whole instrument to rotate around the
vertical axis; this setting gives the scanner a field of
view of 360°x270°. The position of a single point is
taken by measuring the angle of incidence and the
time of fly of the beam; these two values are used
to calculate the cartesian coordinates referred to the
centre of the scanner. The instrument can capture
4000 points per second over a maximum range
between 200 and 300 m according the reflectivity
of the scanned object.

During the field survey seven scans have been
performed, three of which covering the whole study
area while the remaining four were taken on a
restricted part of the surf bench at the toe of the
boulder ridge. Five markers were positioned in the
survey area in order to overlap all the scans; the
exact positions of the three markers were surveyed
by GPS in differential static mode to georeference
the point cloud.

The laser data were managed with Cyclone 5.3
software; in order to overlap the scans (registering)
by the marker points and to georeference the point
cloud by importing the right geographic coordinates.
Then within the high point density area at the toe of
the boulder ridge a square of 100 m* was chosen
(this dimension being representative, according us,
of the roughness characteristics of the surf bench):
the whole amount of points in this subset is about
900.000 (about 1pt/cm2). These points have been
converted to DXF format to be imported in ArcGIS
environment where a conversion to ‘“shapefile”
(.SHP) was performed.

In order to determine roughness of this terrace
we used a Leica HDS3000 terrestrial Laser Scanner
to capture a point cloud of studied area and an
Ashtech Z-Xtreme Differential GPS to obtain
geographical coordinate to georeferencing the point
cloud.

Therefore, there is a considerable local
roughness variation, hence the studied areas have
been subdivided in buffers with constant length and
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inland depth; this is an approximation useful to
simulate open channel flow.

A DEM of the square area was built using the
Kriging interpolator (cell size: 1 cm).

Since the data needed to be cleaned by the
general slope of the area, the average surface was
calculated using the trend tool (same cell size) in
order to perform the detrending of the DEM; the
latter was accomplished using the raster calculator
tool subtracting the cell values of the average
surface from the real surface ones. The standard
deviation of the resulting raster has been used in
equation .
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The most dramatic effect of tsunami impact
along the coastal areas is its capability to produce
widespread inundations. Different coastal area in
the world are very close to tsunamogenetic area, so
catastrophic waves can reach coastal communities
in a short span of time eluding the warnings system.
To know the possible limit of tsunami inundation is

important in the alert planning, in the evacuation
areas identifying and first aid management.
Tsunami flooding, usually, occurs in low-lying
region and implies erosion, transport and mixtures
of debris/sediment deposit inland; in particular,
deposits accumulated by palaco-tsunami, can be
used to recognise past events.

N

STUDIED
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£D

Klein
Bonaire

1] 2000 4000 meters
T

Figure 1. The studied area along the eastern coast of Bonaire (Netherland Antilles).
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Fo (drag force moment) = [0.5 * gw * Cp * (asc) * vZ] s c/2
Fu. (lift force moment) = [0.5 * gw » Cr * (a*b) * v2] = b/2

Fi (inertia force moment) = gw * Ci * (a*bsc) * i

Fr (restraining force moment) = (pb - gw) * (a*b*c) * g* b/2
B

Flow direction

Tsunami wave

Joint bouded boulder

flow direction

FL= lift force
FD= drag force
Fr FR= restraint force

Figure 2. Hydrodynamic of tsunami wave approaching rocky coast: A) Moment forces schemes acting on a rocky boulders; B) Mathematical
equations that represent moment forces, where p,, = density of the water 1.02 g/cm’, p, = density of the boulder (2,5 g/cm® for Washikemba),
Cp = coefficient of drag = 2 (Helley, 1969), C, = coefficient of lift = 0.178 (Einstein & EIl Samni, 1949), C; = coefficient of inertia = 2 from
experimental data by Noji et al. (1985), g = gravitational constant, i = instantaneous flow acceleration, v = flow velocity, the velocity of a

tsunami in deep water is v = Vgh.

Recent studies highlight as tsunami waves are
able to detach megaclasts weighting up to hundreds
tons from intertidal/adlittoral zone and to transport
them onshore at different distances and altitudes
above sea level (i.e.: Hearty, 1997; Bryant & Nott,
2001; Scheffers, 2002; Noormets et al., 2004;
Williams & Hall, 2004; Kelletat & Scheffers, 2005;
Robinson et al., 2006; Hall et al., 2006). When
boulders are present along the rocky coasts it is
possible to evaluate the intensity of past
catastrophic waves; in fact, hydrodynamic
equations realized by Nott (1997; 2003) permit to
calculate minimum wave height necessary to
entrain and transport boulders landward.

This study suggests a methodology to evaluate
tsunami inundation limit using both mathematical
and morphological approach. In order to test this
model has been individuated the coastal site of
Boka Washikemba on the eastern side of Bonaire
island (Netherland Antilles) (Fig. 1). Here, a
detailed analysis of boulders features has been
performed.

Boka Washikemba is shaped on a Pleistocene
reef; starting from coastline it is possible to
recognize three different zones:

- the first one is constituted by a cliff exposed to
a trade wind; the intertidal zone close to the cliff
shows a well-developed bench with constructive
ledges (Scheffers, 2005);

- the second one is characterized by very
developed karren and rock pools;

- the last one is a wide surface terrace elevated
up to about 4 meters above mean sea level and
extended for about 500 meters landward; on this

surface there is a boulder field weighting up to 180
tons.

The boulder dimensions, density of boulder rock,
axis alignment, the initial position of the boulders
were estimated during surveys.

These features permit to define the pre-transport
settings extremely important to choose the
opportune hydrodynamic equation useful to
calculate tsunami heights (Noormets et al., 2004;
Nott, 2003).

The boulders field in Boka Washikemba shows
a decreasing sorting starting from coastline and
moving inland. Isolated mega-boulders are
emplaced at about 50 m from present coastline.

Often, the boulders with same size are aligned
and alongated about parallel to shoreline; the
smallest boulders, placed about 400 m inland, seem
to indicate the inner limit of the inundation. Some
megaclasts show well preserved bioerosive rock
pools from the supratidal belt and in certain cases
are characterised by pieces of notch that indicate an
intertidal provenience.

The Washikemba deposit shows the imprints of
the impact of numerous sea storms, hurricanes and
tsunami; so, it has been necessary focused the
surveys on features indicative of tsunami impact.

Morphological and sea climatic studies,
permitted to use boulder sizes to suppose the limit
between storm and tsunami impact (Scheffers,
2002; Mastronuzzi et al., 2006); therefore, the
estimation of the tsunami wave has been performed
only on biggest boulders.

When tsunami wave hit a rocky platform edge

two phases can occur: i — the detachment of
boulders; 11 - the emplacement of boulders. The first
phase can occur through two modalities: 1 - a
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violent impact that destroy the boulder in numerous
pieces; 11 - the boulder is detached and it surfs until
it fell down quite vertically; often, this kind of
transport can broken it in little pieces placed very
near between them. On the base of this
consideration surveys are focused on this type of
broken boulders.

When a tsunami strikes a boulder, a set of
moment forces acts on a boulder; these moment
forces are: 1 - drag force; ii - lift force; iii - inertia
and restraint force (Fig. 2).

Once surveyed boulders dimension (a = the
major axis, b = medium axis, ¢ = minor axis) and
rock density, it has been necessary establish the
initial position of each surveyed boulders. In the
case of Washikemba coasts, boulders derive from
the submerged or just emerged part of the cliff;
generally they expose directly a face to the wave
impact. The difference between our model and that
of Nott (2003) is represented by the number of
sides along which boulders are jointed (4 in the
Nott hypothesis and 3 in the Caribberan cases) and,
consequently, drag works. In the Nott’s scenario,
the only face exposed to the wave impact is the
upper one and that is the only area; consequently it

is the only face on which the wave forces can act on.

In the cases studied to move a boulder quite
disjoined from the rocky surface and placed approx
in the inter-tidal zone is necessary that:

Hr>[0.5 ¢ (po- pw/ pu)]/ CL (1)

We applied this formula to biggest boulders (see
Table 1) recognised in Washikemba area and we
calculated a tsunami height Hr > 11 m

Measure of the maximum flooding

Some assumptions have been adopted in the
following elaborations: 1 - to calculate the inland
penetration of the tsunami wave it has been utilised
the Hills and Mader (1997) formula:

Xmax = (HT)L33 n-2 k (2)

where: Hgp is wave height at the shoreline; n is
Manning number, k = 0.06 for many tsunami (see:
Bryant, 2001); ii - to determine inundation limit it
has been utilised the value of the tsunami heights H
obtained y the analyses of the transported boulders;
il - to obtain ‘n’, a semi-empirical equation was
developed by Manning in order to simulate open
channel water flow. The value of n is not constant
with time in the same channel due to weed growth
and variations of flow conditions over time (Asal,
2003). As consequence, it is possible to obtain an
evaluation of the present overland roughness, but it
is extremely difficult to obtain past Manning
number when the tsunami hit the coastal area.

The Hills and Mader (1997) formula is strictly
dependent to roughness coefficient that is function
of small scale features of the surface flooded. Using
Manning’s equation and considering morphology
and material of which the channel is constituted,
some roughness coefficients have been calculated
empirically (Chow, 1988). These values have been
integrated with some observation obtained during
post-event survey performed in numerous locality
hit by December 26, 2004 tsunami. These surveys
put in evidence that some types of vegetation have
been responsible to the deceleration of flow
velocity of tsunami wave (Tanaka et al., 2007).

Karsification and fracturation degree of sloping
rocky coasts condition Manning number around the
value of 0,052 (www.thwa.dot.gov). Therefore,
there is a considerable local roughness variation,
hence the studied areas have been subdivided in
buffers with constant length and inland depth; this
is an approximation useful to simulate open channel
flow.

The Hills and Mader formula (1997) gives good
estimation for coastal area characterised by
overland flat profile.

Therefore, it is important to know the sea water
quantity that effectively cause the inundation, this
value is represented by water column that reaches
the top of the cliff. The wave heights obtained are
referred to the boulder transported inland; if a
boulder is detached from cliff edge (joint bounded
scenario) the height of the water column flooding,
can be obtained from this relationship:

He = Hy — Altitude of the cliff (3)

In fact, at the edge of the cliff — where the
boulders initially were placed - the tsunami wave
height had to be the minimum able to transport the
biggest block. The rampart roughness causes the
tsunami wave height decreasing landward and the
wave height tend to zero inland. The tsunami wave
must be not smaller then minimum wave able to
move the biggest boulder.

Moreover, it is possible to deduce:

a) a boulder is dislodged from intertidal zone by
a minimum tsunami wave of about Hr;

b) the minimum lift force need to win the
restraint force of this boulder is due to a wave of
Hr; therefore, when this boulder is dropped and
broken the wave height must be lesser to Hr;

¢) since a tsunami could be considered a fast sea
level rise (Mderner, 1998), the tsunami wave height
could be constant for little tracts;

d) the biggest boulder was deposited (and
broken in very near pieces) when tsunami wave
reduced the energy inland and than the inundation
limit must take into account this point.

So, when the boulder is emplaced, the tsunami
wave continue to flood but the energy tend to
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Block ID a—axis (cm) b — axis (cm) ¢ — axis (cm) Weight (tons) distance to coastline (m) Hr
7.2 850 410 170 149,25 100 6,9
7.3 530 390 200 103,25 140 8,1
7.7 540 400 230 124,20 110 9,4
7.9 600 440 290 178,20 70 11,8
7.11 520 450 260 152,10 80 11

Table 1. Main features of some boulders of boka Washikemba: axis dimensions, weight, distance to coastline, tsunami height calculated
using a density of rock p, = 2,5 g/cm’, a density of water p,,= 1,02 g/cm’ and a lift coefficient C, = 0,178.

decrease; it is possible to calculate the inundation
limit from this point - 70 m landward - where the
biggest boulder has been emplaced using a wave
height Hpp = 11,8 — 4 = 7,8 m. Using (3) we obtain
a limit of the tsunami inland penetration X.x = 410
m.

In Washikemba area, this obtained inundation
limit is often testified by the limit of pseudo-soil
stripping and by the accumulation of smallest
boulder.
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Many rocky coasts show large lithic boulders -
isolated, sparse, arranged in field or in berm - on
rocky platforms, and sometimes on top of cliffs tens
meters high (i.e.: Williams & Hall, 2004; Hall et
al.; 2006; Nott, 2006; Mastronuzzi et al., 2006).
Extreme waves like sea storms and/or tsunami can
transport and deposit boulders. One of the most
important differences between storm and tsunami
waves is their respective abilities to transport

produced (Nott 1997; 2003; Noormets et al., 2004).
Nott (1997,  2003)  implemented  some
hydrodynamical equations that permit to calculate
minimum wave height able to initiate the transport
of boulders; the hydrodynamical equations take into
account the size of the boulders, boulders shape,
boulders density, axis alignment, the initial position
of the boulders. Pignatelli et al. (in prep) are testing
these hydrodynamical equations with new boundary

boulders at the shore. In order to establish a hypothesis.
methodology that permit to differentiate storm and
tsunami impact, hydrodynamic equations have been
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Figure 1. Topographic map of studied area.
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Aim of this work is evaluate the accuracy of
these hydrodynamical equations starting from a real
case occurred some years ago. In particular, we
verify the hydrodynamical equations on a shore
protection structures in order to define coastal
sectors subjected to sea storms and/or tsunami risk.

The studied area is placed on Adriatic coast of
Apulia (Southern Italy) between Bari and Brindisi
town. (Fig. 1). On the 23-24 December 2003 and 15
January 2004, two exceptional sea storms occurred
in the southern Adriatic Sea. These events damaged
considerably the harbour of Torre a Mare (Bari).
The harbour is mainly constitute by a breakwater
elongated for 107 m in 304° N direction; this one is
formed by 24 concrete blocks (3,7x1,6x1,5m) and
by 5 blocks in cement (5,1x1,6x1,5 m), having

rectangular parallelepiped shape. Considering that
technical reports concerning harbour buildings
suggest a medium volume weight of about 2,4+2.7
g/cm’™ the first one are 22 tons in weight and the
second ones reach about 33 tons. Blocks are
connected by means of mortise and tenon joints that
permit to align the entire structure.

The impacting sea storms produced the shifting
and fracturing of a Torre a Mare breakwater; during
this events only the concrete blocks have been
moved by waves and a shifting of about 1 meters
towards inland has been recorded (See Fig. 2). So,
the breakwater has been damaged only in the
central section; only 12 blocks have been moved
from the initial position.

Figure 2. Breakwater along the harbour of Torre a Mare. A. Block shifted; B. Schemes of the breakwater first (B1) and after (B2) wave

impact.

In order to -evaluate these phenomena,
mareographic data (essentially sea and wind
climate) related to those days have been analyzed.
An evaluation from RON - Rete Ondametrica
Nazionale records of Monopoli buoy covering the
days 23/12/2003, 24/12/2003 and 15/01/2004 of
offshore waves has been carried out.

The Monopoli buoy recorded in 23-24
December 2003, about 26 events showing offshore
wave heights more than 3 m, with a extreme value
of about 4,75 m. On 15 January 2004 the pitch roll
recorded 7 events of offshore wave height more
than 3 m height and a pick value of about 4,58 m.

For these days wind direction and intensity have
been obtained from data recorded in the wind
station of RMN - Rete Mareografica Nazionale of
Bari.

During these days the main wind directions
were: 30° - 45° N (23-24 December 2003) and 105°
- 110° N (15 January 2004). Winds intensity were:
maximum intensity 20 knots (23-24 December
2003 and 15 January 2004).

In order to calculate the height of wave
necessary for the block shifting, Pignatelli et al. (in
prep) hydrodynamic equations have been applied,
the equation used is:
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Figure 3. Wind generation wave approaking Torre a Mare harbour.

Hs=1[b (pp—pw/pw) =2 (C;- 1)/ g] /
0.5-[(b/c)-Cp+(c/b)-Cp] (1)

Where:

= H, = is height of the storm at the
breakwater point;

= a, b, ¢ = are respectively maximum-,
medium- and small-axis of each block;

= p,= density of blocks assumed 2,5 g/cm?;

=  py = density of sea water assumed 1,02
g/em’;

= (C; = coefficient of inertia = 2 from
experimental data by Noji et al. (1985);

= (Cp = coefficient of drag = 2 (Helley,
1969);

= Cp = coefficient of lift = 0,178 (Einstein &
El Samni, 1949);

= g =gravitational constant;

= {i = instantaneous flow acceleration;

To estimate the minimum wave height able to
initiate the movement of blocks of the breakwater,
we assumed all the shifted blocks, 12 elements, as a
unique block. The size of this new block are: a =
44,40 m, b = 1,60 for the height, c = 1,50 m.

Applying (1) equation, we obtain a wave height
Hs =1,86 m.

Waves approaching the coast find a decreasing
water depth which is used in analytical models with
different seafloor slopes; these last ones allow to
introduce different empirical coefficients into deep
or shallow water wave models. The result is an
empirical theory that relies greatly on wave
experiments. Apart from the sea surge related to the
duration of offshore wind, and wave height of
waves approaching the coast in micro-tidal areas,
their refraction and reflection are conditioned by
local  seafloor bathymetry and  shoreline
configuration.

The calculated value has been compared to that
estimated by mean the empirically based wave data

supplied by Monopoli buoy and according to the
equation proposed by Sunamura (1992):

Hy/H, = (tan )** (Hy/Lo) >

where H, is the breaking wave height; Hy is the
wave height in deep water; B is the slope of sea
bottom; L, the wave length in deep water. From
Sunamura’ s equation we have estimated a wave
height at the breaking point of H, = 2.1.Using
extreme waves recorded at Monopoli buoy and data
on the coastal slope in front of studied areas it was
possible to estimate the height of the breaking
waves. Usually, waves break if the ratio between
wave height (Hy) at breaking point and water depth
(Wy), Hy/Wy, is approx 0.71-0.78 (Keulegan &
Patterson, 1940). For a horizontal bottom, this ratio
is smaller: 0.44-0.6 (Massel, 1997), while steeper
bottom slopes show ratios between 0.78 and 1.03
(Galvin, 1972). From the comparison of wave
heights calculated, data recorded from Monopoli
buoy and wave trending nearshore (Tab. 1), it is
possible to conclude that wave height calculated
(Hs = 1.87 m) can be considered reliable only with
opportune boundary condition: i — impacting wave
train responsible for the blocks movement
perpendicular to breakwater; ii — quite regular
bottom in front of the breakwater; iii - twelve
element behaviour as a unique block. In
conclusions the Pignatelli et al. equation derived by
Nott 1997 and 2003 equations is validated using the
Sunamura hydrodynamic theory.

H, Ly B H,

4.76 m 1.08 6° 2.1m

Table 1. The parameters of extreme waves occurred in 23-24
December 2003.
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A results of the study of inundation mapping of Tsunami inundation for predicting the effects of
Tsunami that struck the East Coast of India on Dec Tsunami form the basis for the paper.
26, 2004 and the mathematical modelling of
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Figure 1. Map showing 26th December 2004 Tsunami Inundation.
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Methodology of inundation mapping of 26th Dec
2004 Tsunami

The line of maximum inundation was marked
with the help of water mark left by the tsunami
waves (Fig 1). Run up elevation was also measured
by taking across shore profiles up to the line of
maximum inundation using Real Time Kinematic
Global Positioing Sysytem (RTKGPS).

To understand the effect of Tsunami on
landforms and vice versa pre and post tsunami
coastal geomorphic maps were prepared using
aerial photos and satellite images (IRS P6 LISS I1I)
taken before and after 26" Dec 2004.

To identify the affected cadastral parcel, 44
cadastral maps were procured from the Department
of Survey and Land Records, Govt. of Tamilnadu
and overlaid with the map of maximum inundation
and geo referencing of the maps was done by
collecting lat- long positions of the selected points
(for each map) in the ground using RTKGPS and
survey of India Bench Mark stones.

To collect information about the effect of
Tsunami on land use pattern, land use map was
prepared and overlaid with the map of maximum
inundation.

All these maps were digitized and overlays were
made in GIS environment. Since profiling across
the coast has been carried for every 200-300 m
interval, contours of the area were also drawn and

Figure 2. Predicted Inundation for Tuticorin.

run up elevation in the contour map was determined
by overlaying maximum inundation map over this.

The composite maps showing the extent of
inundation in relation to Geomorphology, Landuse,
cadastral land parcels and elevation contours were
prepared.

Methodology for modelling

Numerical modelling is an excellent tool for
understanding past events and simulating future
ones. Since the source parameters that triggered the
December 2004 tsunami are well known numerical
model are first set to capture the past event. Since
accurate measurements on inundation and run-up
are available for coastal Tamil Nadu, the model
results are validated using field observations
collected immediately after the tsunami.

Since the predictions of the models are directly
related to the quality of the data used to create the
bathymetry and topography of the model area,
considerable time, resource and effort were made to
collect high resolution bathymetry and elevation
data of the coastal areas.

The model results were calibrated and validated
using field observations. The model once validated
can be used for creating different scenarios of
extreme inundation and run-up by varying the
source parameters that actually the trigger the
tsunami.
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Results of inundation mapping

The salient features of the inundation are given
below.

The maximum inundation limit in the study area
is observed around the mouth of the rivers Gadilam,
Uppanar and Vellar and the minimum is observed
around Rasapettai and Tammanampettai where the
height of the beach ridge occurring along the
shoreline ranges between 5-7 m.

In many places inundation has been blocked by
beach ridges while the creeks and inlets occurring
at the sides allowed the water to encircle the beach
ridge.

Run up elevation measured from the
watermarks on the walls of the buildings ranges
from 3 to 4m from MSL. The composite map
containing contour lines and extend of tsunami
inundation indicates the coincidence of the line of
maximum inundation with 2.5 to 3.5m contour.

The composite map containing land use pattern
and extent of tsunami inundation indicates that the
barren lands with low elevation have permitted free
flow of tsunami while the areas covered by
vegetation and sand dunes restrict the inundation
process. The phenomenon is observed around
Velingarayanpettai, Samiyapettai, Kumarapettai,
Madayapallam and Reddiarpettai.

The composite map containing geomorphology
and extend of inundation shows that beach ridges
and sand dunes restrict the inundation process while
swales, creek and other inlets permit free flow.
Beach ridges occurring at the berm crest have been

breached at many locations and through which
inundation has taken place. In some places beach
ridges are not breached or washed away but
encircled by water due to the inundation of tsunami
through creeks and pooled down in the adjoining
swales landward side. The process can be typically
noticed around Singarathope and Pudukupam. The
people of Singarathope escaped from the fury of
tsunami only because the village is located on such
a beach ridge.

The school in the Pudukuppam village also
escaped as it occurs on a beach ridge.

The death toll due to tsunami is found to be
maximum only where settlements are close to the
shore and the beaches are not bounded by ridges,
open without any plantation. The high casualties
noticed in Samiyapettai (25 deaths) and
Pudukuppam (99 deaths) is due to the fact that
house are in close proximity to the sea, the beaches
are not bordered by beach ridges.

Results of modelling

On the basis of the model prediction,
vulnerability maps are prepared in 1: 5000 scale for
entire coastal areas of the country which will be
useful in disaster management and mitigation
activities. These maps help in defining the limits of
construction of new essential facilities and special
occupancy structures in tsunami flooding zones. A
typical inundation map prepared based on 26"
December 2004 for Tuticorion is shown Fig. 2.

[ 111 ]
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Earthquake magnitude of Mw 7.9 — Mw 8.4 was two scenarios (Mw 8.4 and Mw 8.2) along 4 hours

shocking Province of Bengkulu in West Sumatera,
Indonesia on September 12, 2007, as reported by
BMG-Indonesia, USGS, and GFZ-Potsdam.

simulation with time step 1 second. Bathymetry
data with 1 minute-arc resolution is derived from
GEBCO.

This paper is our research documentation which
is our modelling results as our quick response to
Bengkulu earthquake based on a preliminary
estimation of earthquake magnitude (Mw. 8.4) and
epicentre (101.00°E, 3.78°S) provided by USGS.

We employ TUNAMI-N1 model to our domain
model which has grid resolutions 1,852 meters, for

We also used water level data derived from real
time tide gauge data at stations Padang (IODE-
VLIZ, 2007), Cocos Island (UHSLC, 2007), and
DART Buoy No. 23401 (NOAA, 2007) for sea
surface wave verification.
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Figure 1. Tsunami modelling results from earthquake Mw
8.4 and its verifications
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Figure 2. Tsunami maximum wave height modelling results from earthquake Mw 8.4 and its verifications.
This verifications data is provided by Jose Borrero et al (2007).

Our modelling results show tsunami wave
propagate from its source location then mainly hit
Bengkulu and its surroundings, also minor part of
Padang. Maximum wave height in Bengkulu and
surroundings were varying between 0.5 meters and
5.3 meters.

In general, tsunami wave between modelling
results and observations data has similar form, but
there’s slightly lag of arrival time and differences in
wave-form. The best fit of our results is at Padang
stations, and then nearly fit at Cocos Islands, which
both of them is scenario 1 with earthquake Mw. 8.4.
at DART buoy station, from both scenarios,
tsunami wave from modelling results is earlier than
observations data.

If we compare to the preliminary field survey
results of Jose Borrero et al (2007), the maximum
wave height in Lais is similar (4.2 meters), but
slightly overestimates in Muara Maras and, while
slightly underestimates in Tais and Pasar Seluma.
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Sediments sample collection was done on eight
triangulated stations between Poombukar and
Nagoore, Tamil Nadu, East Coast of India from
Dec. 2003 to 16™ Dec. 2004. After the surprise
attack of Tsunami during December 2004 the study
of sediments by means of continued sampling from
7" January 2005 has been done (Fig.1).

The intensity of tsunami and the impact of the
same can be adjudged from the fact that at
Poombukar upper sandy layer of about 3m
thickness has been completely removed exposing

pattern, Visher’s log-normal distribution, Heavy mineral

Kottucherimedu reflect the complete removal of
dune of 7m height has been cleanly washed off in
such a way, one could not recognized the place of
dune after tsunami. From such drastic landform
changes, one can easily surmise the influence of the
tsunami on the coastal sediments. As there is no
record about the occurrence of Tsunami in the
historical past and no scientific study has been
carried out to any of the past Tsunami, it is decided
to utilize this golden opportunity of recording the
nature of sediments and the variation during pre and

the underlain layer of sticky clay and at post-Tsunami.
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Figure 1. Location map.

Because of the availability of one-year record
of triangulated stations’ samples just before the
Tsunami on a coast in which the highest damages
are incurred, the study has been continued.

The sediments were analyzed for grain size
with the interval of half phi in all stations, from low
tide to dune. The same has been statistically
evaluated using both graphic and moment measures,
Binary plots Folk & Ward (1957), Mason & Folk
(1958), Friedman (1961; 1967; 1979) and
Rajamanickam (1983) CM diagram (Passega, 1964)
and Visher’s lognormal distribution (Visher, 1969)
were prepared. They were showing a very
characteristic shift in the nature of sediments.

In the coastal stretch from Poompuhar to
Nagoor, surface sediment samples had been
collected at an interval of 5 km on 16™ December
2004 and 7" January 2005. However, wherever
marshy ground near river mouths and bad land

topography block entered on-to the beach, sampling
had not been done.

In places where strong lithological differences
by virtue of its grain size, black sand enrichment or
mixing of other detrital materials were observed,
sampling was done in less than 5 km intervals.

Using a hand held Magellan GPS, geographical
co-ordinates were fixed for the sample locations.
Beach samples were washed and dried. After
coning and quartering, carbonates, organic matter
and ferruginous coatings were removed from the
samples by treatment with 1:10 HCI, 30 %by
volume H,0, and SnCl,, respectively. The dry
samples were sieved at Ro-Tap sieve shaker for 15
minutes.

Heavy mineral separation was carried out for all
the fractions of each sample from (-16 to +270)
using the heavy liquid bromoform as per the
standard procedures prescribed by Milner (1962).
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Figure 2. Frequency distribution of sediments.
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The sediment population of clay plus silt has
shown a raise in the percentage of distribution in
post-Tsunami sediments when compared to pre-
Tsunami sediments. The frequency distribution of
the grain size study has brought out no difference in
the distribution of modal population of being poly
modal in nature during both pre and post-Tsunami
conditions (Fig.2). However, one has found the
shift in the primary peak, in such a way that the
post-Tsunami sediments are presenting a shift
towards fine. The textural statistics distribution (eg.
standard deviation and skewness) clearly projects
synchronous distribution of uniform nature of poly
modality pre and post tsunami in the studied area
(Fig.3A & B). The CM pattern characterizes the
presence of graded suspension in both conditions
supporting same source of Holocene sediments
from the offshore (Fig. 3D). The Visher’s sub-
population distribution has projected the significant
change in the percentage of different populations,
not only in adjacent beaches but also from low tide
to high tide & dune in the same traverse.

The distribution of grain sizes from the
statistical evaluation of texture has projected the
presence of grain sizes variation from station to
station, though they are very closely placed to each
other in spite of receiving the same quantum of
Tsunami impact. Variation in structural statistics
from station to station is presented in a graphic
pattern. The binary plot of sorting vs skewness high
tide (Fig. 3C). One can easily observe the drastic
shift from pre-tsunami to tsunami whereas the
rebuilding of beach after one year in the form of

2006 pattern, one makes to feel the rapprochement
by running almost close to 2003.

The statistical parameters are brought in binary
form as in case of standard deviation Vs. skewness
plot, one can observe that the samples of 2003 and
2006 are seen in the zone whereas the samples of
2005 are found to have been separated out from
these two. When the samples are plotted in CM
pattern the pre-tsunami samples suggest the
dominance of rolling and suspension by being
present in the PQ section whereas the samples of
2005 confirm the presence of high turbulence by
occupying the zone of NOP. When the samples of
2006 are plotted they are also found still in NOP
sector. It suggests that the sediments have not
reached the level of pre-tsunami conditions in the
distribution of sediments. The role of coastal
landforms and relief of near shore bathymetry are
presumed to have influenced the same.

The surface structures of the grains indicate
concoidal fracture, pitted surface, breakage blocks,
furrows, ridge structures, mechanical V shaped pits,
upturned plates, fracture plates with shell structures,
percussion figures, curve structures and block
formation. These features reflect the mechanical
impact during the transportation. Features like
triangular pits, pitted surface, irregular inundation,
adhering particles, overlapping structure, irregular
crescentic surface and braided features suggest the
chemical action undergone in the depositional basin.
Over and above the presence of concoidal features
with rounded edges irregular shapes with etching,
wavy surfaces with breaking, rounded pitted

[ 17|
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surface fracture face, V shaped pits in the limenite
grains suggest the strong integrated beach shore
environment.

When one considers the data through Visher’s
table sub-population the zones in the beach like low
tide, high tide and berm, behave characteristically
different from pre-tsunami to post-tsunami. In
depositional site at Poompukar the low-tide
saltation population distinctly shifts to higher
percentage whereas suspension population and
surface creep are much reduced from pre-tsunami.

In the case of depositional sites, the berm
projects distinct low in saltation population and
surface creep population during post-tsunami and
characteristic raise in the suspension population. In
other zones, there is not much variation in the
distribution of sub-population. The observations
suggest that grain size variations during post and
pre-tsunami bring out a characteristic change in the
berm and low tide whereas high-tide zone remains
stable.

The study area from Poombukar to Nagoore,
Central Tamil Nadu, East Coast of India, is popular
for the distribution of Heavy mineral placers but of
fine grain in nature unlike the coarse placers of
southern Tamil Nadu Coast. The main minerals are
Garnet, lmenite and Zircon. They are present to the
tune of 30 % by weight in the total sand.

Immediately after the Tsunami when the
sediments are analysed for heavy mineral placers,
the assemblage of minerals remain almost the same
but the percentage distribution of these minerals are
found to vary appreciably. For example, in
Poombukar the sand recorded 49 % of Pink Garnet
instead of 13 % by weight during pre-Tsunami.

Likewise, in Nagoore colourless Garnet is
noticed to jump from 1.8 to 21.7 % during post-
Tsunami while opaque is observed to vary from 20
to 29 %. When the individual mineral ilmenite is
taken into account, it is giving a drastic shift from
0.5 to 20.0 % during post-Tsunami (Table 1). The
table shows the shift in the IImenite distribution
from pre- to post-tsunami. This clearly reflects the
strong shift in the southern station when compared
to northern stations. It is attributed to the possible
influence of nearshore bathymetry in the prevailing
slope during the tsunami period.

When the distribution of heavy minerals in those
selected eight stations is scanned there is a marginal
variation between the Northern and Southern
stations. The stations in the middle portion have
shown an appreciable raise to the tune of 3 folds.
From the distribution of mineral assemblage, the
existence of distributional variation for the energy
levels in the advancing. The table 3 shows variation
of heavy mineral in the beach region between pre-
and post- tsunami. It is clearly seen that there is no
shift in the assemblage, but only in the relative
abundance. In the shift ratio to flaky constituents to

the granular constituents one can easily make out
the energy variation prevailing in the respective
beach. Low and high energy level variation is
noticed alternatively within the adjacent stations.
This type of variation reflects the interaction of near
shore bathymetry with coastal landforms. The
presence of more flaky constituents in Chandrapadi
and Kottucherimedu register low energy and also
presence of materials like that. Tsunami waves
could be noticed to have low and high-energy
presence in the adjacent stations. Total assemblage
of heavy minerals has reflected the same source for
both pre and post-Tsunami sediments. The Tsunami
sediment distribution is confirming that the source
of heavy minerals must have been the existing
offshore rather than the terrestrial supply.

The depositional and erosional sites have

reflected the domination of flacky constituents in
the depositional sites or other words the heavy
heavy minerals like opaque is found to project a
reduction in the percentage. Wherever, inlets are
present, the domination of the heavy heavy mineral
percentage is noted to shoot high.
Taking into account the nature of heavy minerals
present and the surface texture of Garnets and
llmenites, The depositional trend can be tracked in
the actual tsunami profile. The break in the nature
of sediment distribution as in the case 2004-05 and
sudden raise in the percentage of flaky as in the
case of Nagoore post-tsunami sediments will be
utilized to track the paleo-tsunami records.

Further, the basic data collected about the
texture and mineralogy of the sediments
immediately after tsunami and comparison with the
immediate past conditions of the respective beach
may be very useful in recognizing the existence of
the past tsunami event in the vertical sampling.
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Tsunamis have most often been seen as events
which deliver high energy levels and significant
changes in coastal morphology. In many cases
tsunamis are identified out of very peculiar deposits,
such as pebble sheets (Regnauld et al, 2008) or
boulder accumulations. Though the impact of these
accumulation on coastal evolution has not been
studied very often. Two open questions are at stake.
The first one is to decide wether tsunami do
actually force coastal evolution or if they are just
events, which modify some aspects of the landscape
but do not actually interfere with coastal trends that
are forced by sedimentary processes such as
longshore drift and sediment supply...The second
deals with the relative importance of storms and
tsunamis (Einsele et al, 1996).

This communication aims at presenting some
examples of boulder deposits and gravel landforms
which may originate from a tsunami but which
more probably are under the present control of
severe storms.

Our field work is located on some remote
islands off Brittany ( the Moléne Archipelago, with
Banneg and Ouessant islands). These are islands are
comprised of granite (with some local outcrops of
schists) and are low laying plateaux surrounded by
coastal cliffs. They are 1km (Banneg) and 5 km
(Ouessant) long and are located on top of a very
large submarine rocky platform (about 20m deep).
Their western coast are directly exposed to the
Atlantic waves. During severe storms waves 16 to
18 m high have been recorded. Though average
waves have a significant height of about 1.5 meter.

On Banneg Island the boulders are located
between 7 and 14,5 m of altitude, on top of a west
facing cliff. There are grouped into six clusters. The
largest cluster is 60M long and 20 m wide. Each

cluster has the shape of a wall as if the boulders
were deposited in lines (or crescent) more or less
parallel to the cliff edge. They form continuous
boulder ridges. Inside of the clusters the boulder are
imbricated and have a sea ward dip. The average
boulder size is about 0.8x0.6x0.4 m (i.e. about 0.6
tons). The largest one is 5.3x3.9x0.5 m and weights
about 32 tons. All the boulder have an angular
shape and show no sign of having been rounded.
There is a relation between the decreasing size of
the boulder and the distance to the cliff top.

In Ouessant the boulders are located on the two
western peninsulas of the island, facing NW. They
are laying between 5 and 11 m of altitude on top of
sea facing slopes. They are only found on
headlands and are not seen in bays : all bays are
occupied by gravel barriers/beaches. The barriers
are comprised of blocks which may reach
0.6x0.6x0.6 m. Though most of the blocks are
about 0.4x0.3x0.2m. They all are rounded. The
boulders are set in heaps (not in lines) and display a
very heterogenous set of sizes. The largest is
1x1x0.9 m and is 10m inland at 5 m above M.S.L.
The average size is about 0.5x0.5x0.4 m. They are
not rounded. There is a clear difference between the
boulders and the gravel barrier. The blocks which
build up the barrier are rounded and rather small.
The boulders building up the walls or the heaps are
never rounded and are bigger. The first hypothesis
which may provide an explanation is that gravel
barrier are wave/storms constructed features when
boulders are linked to some other processes. A
tsunami is a very likely possibility.

In Brittany there is one deposit which has been
said to be the result of the 1755 tsunami. It has been
found by Haslett et Bryant (2007) in southern
western Brittany in Baie des Trépasseés.
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Gravel Barrier in Pern

Figure 1. Shows a barrier in Ouessant (the Pern barrier). It has retreated on its western end, where it merges with a low cliff. Some
boulders are present in land but they are not rounded and do not come from the destruction of the barrier. This later has gained
material and has prograded sea ward in its center. It has also gained enough material to extend farther in land and to gain almost one
meter in altitude. This shows that storms are able to mobilise great quantity of rounded boulders and to use them for barrier building.

It is a burried layer inside of a marsh and it
doesn’t show a very distinct signature from that of a
palaeo storm deposit. Though it is a single layer
inside of a long core. The basic assumption by
Haslett and Bryant is the following one : the
“deposits” are unique. If they were laid by storms
several such layers would be found along the core.
This argument is highly efficient. In south Brittany
there are several places (Sucinio for instance)
where cores show several storm layers. In Northern
Brittany (le Verger) cores do show several storm-
related layers (there are three, dated to 2630, 240
and 113 BP).In Baie d’Audierne (Nérizélec ) three
storm layers are known (2890 2390 and 810 BP). In
Baie des Trépassés there is only one event when
many storms would be expected there as it is well
exposed to the west. Therefore Haslett and Bryant
have good reasons to write that the single event is
more likely a tsunami than a storm.

In this case it is possible to hypothetise that one
large single event has existed in Brittany and it
could be the 1755 tsunami. Chronicles do report it
and C* datations by Haslett and Bryant fit with this

time range. The problem is to decide if this tsunami
has also been responsible for the blocks in Banneg
and Ouessant (Fichaut & Suanez, 2008). In March
2008 a very severe storm hit western Brittany,
during high spring tides. Field work in Ouessant
and Banneg after this storm has shown that many
blocks have been reworked and that new ones have
been added to the previous heaps. The gravel
barriers have undergone over-topping and over-
washing. They have gained material on their
landward side and on their sea ward side. Locally
they have gained in height.

The large boulders originate from the submarine
abrasion platform and apparently bypass the gravel
beach. The are deposited inland of it. Other rocks
on the photo are in situ tors. This storm seems to
have had two different consequences. On one hand
it has reworked the barriers (and beaches), which
have gained and lost material (with a null balance)
and have significantly changed their morphology.
On the other hand the storm has been able to move
isolated large ( and very large) boulders.
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Figure 2. Shows some of the new (and old) non rounded boulders, which are not part of a barrier.

They have been extracted from the submarine
areas and have been pushed inland outside of the
ordinary location of gravel/ boulders structures
(beaches or barriers) .This observation leaves
entirely open the question of the origin of the
boulders. It is very possible that some of the
gigantic blocs have been triggered by the 1755
tsunami (or by an other tsunami). But once they
have been moved, each violent storm moves them
again. But , obviously severe storms may have the
same effect. They can remove blocks from the
submarine platform and displace them several tens
of meter inland. Therefore, though we cannot (and
do not ) exclude the possibility of a tsunami along
these coasts, we do infer that the tsunamis have no
large morphological effects and that the coast is
storm dependent, not tsunami dependent.
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Outcrop evidence and shallow drilling in costal
areas proved sedimentary evidence for paleo-
tsunamis along a 50 km long segment of the
Atlantic coast of southern Spain. We studied the
coast between Barbate and Tarifa (Fig.1), both on
top of rocky cliffs as well as in lagunas and along
sedimentary beaches (Marismas de Barbate and
Zahara de los Atunes, Los Lances N of Tarifa).
Also, we focussed on bays (Bolonia,
Valdevaqueros), which are most probably sheltered
from direct tsunami wave action. However,
reflections of the waves may occur and may hit
these bays. In these bays, the Roman villages of
Baelo Claudia and Mellaria, respectively, have been
situated (e.g. Silva et al., 2005, 2006, 2008).

~10m Bolonia (Baelo Claudia)

Al

.
Mellaria
Los Lances

Earlier works provide evidence for the 1755
Lisbon tsunami at the Valdelagrana spit bar near
Cadiz, where wash-over fans have been recognized
(Luque et al., 2002). Also, Luque et al. (2002)
found evidence for an older, Roman tsunami (2.300
yr BP) in the same area. Whelan and Kelletat
(2005) described larger boulder deposits at the
Cape Trafalgar, and attributed those to the 1755
Lisbon tsunami. The same deposits were interpreted
by Gracia et al. (2006) as tsunamites, and they
described a run-up height (vertical run-up) of > 19
m in that area.

Further south in the Bolonia Bay, Alonso et al.
(2003) described wash-over deposits in the Arroyo
de Alpariate with an age of 2.150-1.825 yr BP.

B

Ibgrian Peninsula

Gibraltar ﬁ

_N_
] 5 10 15km '
—— i

Figure 1. A. Topographic map of the study area in southern Spain and studied localities; arrow indicate direction of tsunami waves of
the 1755 Lisbon event, numbers give vertical run-up (modified from Gracia et al. 2006). B. The study area in southern Spain.
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Figure 2. A: Coastal cliff between Barbate and Zahara de los Atunes, dark layer on top of the Cretaceous-Eocene Betic substratum is a
tsunami event and represent most probably back flow deposits, possibly that of 1755. Height about 4.5 m above mean sea level. B.
detail of the location C: channeled back flow with coarse-grained basal deposits. D: imbricated clasts in the back flow indicate
paleocurrent towards the sea (left). E: shell debris and conglomerates in the back flow sediments.

Later, Becker-Heidmann et al. (2007) have
dated huge sand deposits (at about 4 m above mean
sea level) and interpreted those as tsunami
sediments. However, the charcoal yielded ages of
455 — 475 £35 BP, and are approximately 300 years
older than the Lisbon event. Possibly, the charcoal
has been reworked during wave action. Other
tsunami deposits in the Bolonia Bay were described
by Gracia et al. (2006), which constitute “block
fields”.

These block fields have unfortunately not been
dated. Near Tarifa, in the Marismas of the Rio Jara,
historical damage of buildings (bridges) and
geomorphological and geological mapping of
Gracia et al. (2006) evidenced as well deposits -
here wash-over fans - of the Lisbon tsunami. Also,
these deposits were not dated.

Here, we describe new findings of tsunami
deposits along the coast between Barbate and Tarifa.

Also, we give an outline of the future research.

Marismas de Barbate: The marshlands of
Barbate have only little elevation of about 0 to 1 m
above mean sea level and are flooded permanently
by the tide. This ideal tsunamite reservoir was
probed with percussion coring with an open
window sampler. We reached depths of > 5 m.
After core description the same site was drilled with
a sampler with PVC liners for lab analyses. Cores
provided evidence for tsunamigenic layers.
Laboratory analyses (see below) are currently in
progress.

Beach section between Barbate and Zahara de
los Atunes: The 5 km long rock cliff has been
mapped, leveled, sampled (including sediment
lacquer films). We have surprisingly found only
one layer on top of the basement at the cliff, in
varying altitudes between 1 and 4,5 m above mean
sea level (Fig.2A).

GI’S Coast Research Pubblication, 6, 2008



2" International Tsunami Field Symposium, IGCP Project 495

The basement is Cretaceous to Eocene flysch
deposits or OIS 5 terraces (Tyrrhenian) of approx.
125 kyr. The dark sandy layer of about 1 m
thickness constitutes a fining-up sequence with a
coarse-grained base with conglomerates, shell
debris and charcoal (Fig.2E). These deposits are
channeled (Fig.2C) and clasts are imbricated
(Fig.2D), paleo-flow direction is towards the
Atlantic. As the beach sands are white to yellowish
(Fig.2A), and the layer is dark, organic- and clay
mineral-rich, but sandy, we interpret this layer as a
back flow. Paleo-current directions endorse these
observations and the evidence that only one layer is
preserved.

Presumably, former tsunamites were eroded due
to multiple wave action and the cliff was “cleaned”
to the basement by the waves. The tsunamite has
reworked the dark clayey marshlands of Barbate
and was deposited as a mixture of beach sands,
boulders and shell and the clayey marsh deposits
during the back flow of the last major wave. The
Flandrian transgression had a maximum at about
7.000-6000 yr BP and reached altitudes of 3-4 m
above the present sea level and cannot account for
these deposits. Our interpretation of the principal
sediment-depositing mechanisms  effective in
tsunami surges is based on field observations of
deposit geometry and internal sedimentary
characteristics, which are clearly not related to a
beach.

Bolonia Bay: Here, we investigated the Roman
ruins of Baelo Claudia. As mentioned above several
indicators of tsunami deposits have been published.
We are currently investigating deposits in the ruins,
which may be tsunami-reworked “post-Roman”
colluvium (Silva et al., 2008). Also, the deposits
described by Becker-Heidmann et al. (2007) are
under examination. The “block fields” of Garcia et
al. (2006) are related to small creek mouths into the
Atlantic, we regard these as storm deposits
reworking fluvial pebbles. They are only found near
the creeks and in heights of 2-3 m above the mean
sea level along the beach.

Valdevaqueros Bay (Mellaria): In this bay the
rests of the Roman village of Mellaria are exposed,
they are not excavated and covered by 2 m of sandy,
clayey sediments. The laguna of Valdevaqueros
yields dark organic-rich marshy sediments, which
may possibly be reworked during wave action. We
have drilled a profile perpendicular to the coast up
to 4 m depth. Laboratory analyses (see below) are
currently in progress.

The locality of Mellaria is not the one indicated
by Gracia et al. (2006), who put the village in the
Los Lances bay. Mellaria was a Roman fishery
village directly at the coast.

Los Lances area (Tarifa): The marshlands of the
Rio Jara north of Tarifa are called Los Lances. Here,
wash-over fans of the Lisbon tsunami (without age
constraints) and damage of a bridge have been
described (Gracia et al., 2006). We have drilled a
profile perpendicular and parallel to the coast up to
5 m depth. We have found similar intercalations of
tsunamites downhole, which are interpreted as
either an expression of repeated earthquake activity
or tsunami-like waves induced by submarine slides.
Laboratory analyses (see below) are currently in
progress.

Future works will include: Sedimentological
analyses (sieving, washing, laboratory core
description)

Geophysical investigations
susceptibility on cores)

(Micro)paleolontogical studies (foraminifera,
shells)

Clay mineralogy of tsunamites

Characterisation of organic matter (biomarker
studies, terrestrial vs marine)

Dating of the sediments (radiocarbon, mainly
charcoal and shells)

Geoarcheological studies in Mellaria and Baelo
Claudia (“post-Roman” deposits)

(magnetic

In conclusion, we have found several different
distinctive features of tsunamigenic deposits along
the Spanish Atlantic coast, which are characterized
by:

- clast-supported, polymodal, boulder-bearing
basal deposits composed mostly of well-rounded
clasts and fewer angular clasts, partly imbricated

- normal grading or crude normal grading

- lateral changes in characteristics of
depositional facies are common and abrupt
(channels)

- clay to sand-sized, bioclastic (and Roman
ceramic)-rich matrix is poorly sorted, implying that
soft sediments eroded at the lower erosional surface
contributed to the tsunami deposit

- mixed sources of sediments (beach and
marshes).

These features are interpreted as:

- non-cohesive and sediment-loaded subaquatic
density flows

- deposits of successive waves in the tsunami
wave train

- back flow or back wash deposits are
characterized by the incorporation of sediments
derived from mixed sources within the tsunami
deposits, such as angular clasts from nearby
subaerial settings, rounded clasts reworked from
beach gravels, and shell debris and yellowish beach
sands eroded from older, and unconsolidated,
shoreface deposits.
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Shallow drilling in the laguna and saline of the
Cabo de Gata area proved sedimentary evidence for
paleo-tsunamis along the Spanish Mediterranean
coast. Several coarse grained intervals with fining-
up and thinning-up sequences, rip-off clasts, broken
shells of lamellibranchs and planktic foraminifera

show erosive bases are interpreted as tsunamites
(Fig. 1).

The coarse-grained intervals show up to three
sequences divided from each other by a silty layer,
as so-called mud drape (Fig. 2).

Iberian
peninsula

Albuferas de Almeria

Gulf of Almeria

Cabo de Gata

I Pliocene-Quaternary
- Neogene volcanics
% MNeogene sediments
2= Betic basement

- major faults
~  minor faults
2¢ B¢ syncline, anticline

—a_  reverse faults
2° 00~ 8] 5 10 15 km

—

L -.Cabo de Gata

e0 =

submarine slides

Figure 1. A. Geological sketch map of the study area in the Gulf of Almeria, position of the
Carboneras Fault Zone (CFZ), and the location of the rupture and epicenter of the 1522 Almeria
earthquake (stars). PF = Palomares Fault, CAFZ = Corredor de las Alpujarras Fault. B. Study area in
Spain. C. Satellite image of the Gulf of Almeria with localities and fault strands of the CFZ.
Bathymetry (in meters) taken from Sanz et al. (2003). Position of the different strands of the
Carboneras Fault Zone, note a submarine silde scar in front of the Salinas of the Cabo de Gata.
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fining up sequence

Figure 2. A. Drilling in the Salinas of the Cabo de Gata. B. Detail of core CD G-2, between 69 and 81 cm
depth a sequence with erosive base, shell debris, fining-up and thinning is interpreted as tsunami deposit
(three cycles — tsunami train), age of the layer below the deposits 680 + 30 yr BP. C. Detail of core CDG-2,
between 92 and 121 cm depth, erosive base, shell debris and rip-off clasts is interpreted as tsunami deposit,
age of the layer below the deposits 850 + 35 yr BP.

These intervals are interpreted as a tsunami train
and correspond to three individual waves.

Radiocarbon dating of sediment and shells
reveal evidence that these layers can be ascribed to
deposition during the 1522 Almeria earthquake.
The 1522 Almeria earthquake (M > 6.5) affected
large areas in the western Mediterranean and
caused more than 1000 causalities. The epicentral
area was probably offshore in the Gulf of Almeria
(southern Spain) along a 50 km long sinistral strike-
slip fault, the Carboneras Fault Zone (CFZ, Fig.1A,
C). The potential for tsunami generation along a
strike-slip fault is generally small, therefore we
assume that seismic shaking triggered submarine
slides in the Gulf of Almeria and the Cabo de Gata
spur, which then caused tsunami waves and due to
the geometry of the Gulf also reflections.

We focused our investigations on the Salinas of
the Cabo de Gata (Fig.1C). The laguna is situated at
the foot of the San Miguel volcanic hills. Salt
production facilities occupy 500 ha, 300 of which

are flooded, favoring the entrance of the sea by
gravity. The laguna has a depositional history of
about 6000 years BP (Reicherter and Becker-
Heidmann, 2008), the sediment logs allowed us to
distinguish three periods of the evolution of the
laguna. The initial stage is an alluvial fan phase,
which commenced already during Pleistocene times,
followed by an intermediate beach phase from
approximately 5000 yr BP to 3000 yr BP, from than
on a marsh laguna developed. The early period is
characterized by alluvial fan deposits (Harvey et al.,
1999), which consist of reddish unsorted coarse-
grained gravels, sands and intercalated paleosols.
Sedimentary source is the volcanic Cabo de Gata
range, hence, clastic material is exclusively made
up of volcanic rocks and some Neogene carbonates.
The alluvial fan sequences are cyclic and show
fining-up cycles, mostly terminated by a soil
development. Upsection, sands with intercalated
clays are developed, which point to open marine,
and hence beach-like conditions between 5000 to
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3000 yr BP. After approximately 3000 years BP a
hyper-saline environment typical for a laguna
developed with organic-rich clayey and evaporitic
layers (i.e. gypsum). In these well-stratified cyclic
deposits of the laguna-stage several sandy and
coarse-grained layers are intercalated, partly well
sorted sand layers are interpreted to be aeolian
dunes. Several other coarse-grained intervals with
fining-up and thinning-up sequences contain rip-off
clasts (Fig.2B, C), shells of lamellibranchs and
foraminifera. AMS **C- dating of the layer directly
below provided an age of 68030 yr BP, taken into
account an erosive base and, hence, some missing
(eroded) deposits, we interpret this layer being
deposited during a tsunami event accompanying the
1522 earthquake of Almeria.

We have also found another intercalation of
tsunamites downhole (850+35 yr BP, 92-121 cm
depth), which are interpreted as either an expression
of repeated earthquake activity or tsunami-like
waves induced by submarine slides triggered by
seismic shaking in the Gulf of Almeria. Our
evidence suggests a definite tsunami potential and
hazard for offshore active and seismogenic faults in
the western Mediterranean region.
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Deposits formed by extreme waves, such as
those from large swells, storms, or tsunamis, leave
a sedimentary record that can be useful in
elucidating the type and characteristics of the
depositional event. The island of Hawaii has been
impacted by both storms and tsunamis (Goff and
others, 2006) over the last century and is an ideal
location to study deposits produced by such events
(Fig 1). Basalt flows of known age occur along the
southeastern coast of the island of Hawaii and are
mantled by several types of extreme wave deposits.

These deposits (Fig. 2) can be characterized as:
1) Scattered gravel fields and occasional thin sand

sheets that extend up to several hundred meters
inland. The gravel ranges in size from granules up
to boulders (nearly 4 m a-axis) and consists of both
angular (common) and rounded (rare) basalt
fragments with occasional marine debris such as
coral and shell material. The gravel field deposits
are attributed to deposition from the locally
generated 1975 Kalapana tsunami, and 2) Shore-
parallel ridges composed mostly of basalt sand
and/or gravel with variable amounts of carbonate
detritus. The gravel tends to be mostly well rounded.
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Figure 1. Map of study area on SE Hawaii showing ages of recent lava flows (geology from Wolfe & Morris, 1996).

[131]

GI’S Coast Research Pubblication, 6, 2008


mailto:brichmond@usgs.gov
mailto:bjaffe@usgs.gov

2" International Tsunami Field Symposium, IGCP Project 495

Figure 2. Oblique aerial photograph showing shore-parallel gravel ridge and isolated boulder field deposits (arrows) near
Apua Point, SE Hawaii). The boulders rest on a 1973 lava flow and are within the inundation zone of the 1975 Halape

tsunami

The ridges range in elevation from about 1 to 3
m and are tens of m wide. They occur either on
elevated basalt platforms (1.0-6.5 m above sea
level) where the ridges are set back from the cliff
edge and separated from the edge by a narrow,
sediment-free zone, or, as a supratidal extension of
a pocket beach. No major tsunamis have impacted
this area since November 1975 and there is
photographic evidence that indicates the ridges
have formed since the 1975 tsunami and are
therefore the product of wave deposition during
storms or long distance swell events. Results from
this study provide useful information in

differentiating between storm and tsunami deposits
in coarse clastic sediment.
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The coast of the island of Bonaire, Netherlands
Antilles, contains numerous coarse-clast deposits
formed during the Holocene by extreme wave
events such as tsunamis and hurricanes (Scheffers
2005, Morton and others, 2006). A field mapping
survey was conducted to determine the areal extent,
spatial distribution, and origin of a mixed sand,
pebble, cobble, and boulder sized sedimentary
deposit at Boca Olivia, NE Bonaire (Fig. 1).

The deposit, which rests on an older Pleistocene
reef platform approximately 4 to 7 m above present
sea level, appears to have been formed by one or
multiple extreme wave events (i.e. tsunamis or
storms), or a combination of these events over time.

To characterize the deposits, size measurements
and orientations were recorded for approximately
600 boulders and georeferenced using GPS and
high-resolution aerial photographs collected using a
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Figure 1. Location map of Bonaire in the southern Caribbean and the primary field site at Boca Olivia.
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Figure 2. Diagram showing the a-axis orientation for approximately 500 boulders at Boca Olivia, NE Bonaire. Base photomosaic is from

imagery collected with the kite cam in November, 2006.

specially designed kite and digital camera system.
In addition, topographic profile transects and
geologic field observations were recorded. Boulders
were mapped over nearly 5 kilometers of coastline
with most measurements concentrated along
roughly 500 meters in the Boca Olivia area (Fig 2).
Boulders were observed up to 250 meters inland
from the shoreline and ranged in volume from 0.01
m® to 74 m®. Approximately 80% of the boulders
measured were smaller than 1.0 m®. The extent and
spatial distribution of the boulders at Boca Olivia
are similar to tsunami deposits described in Hawaii
(Goff and others, 2006), and differ from shore-
parallel ridge complexes described elsewhere on
Bonaire. Mapping and analyzing spatial
distributions of sedimentary deposits formed by
past extreme wave events will help develop a
greater understanding of the potential tsunami and

extreme storm risk for the Caribbean and other
parts of the world.
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Identification of sedimentary deposits on
elevated coastal limestone platforms on Jamaica
raised questions of origin of these deposits
(Robinson et al., 2006; Rowe et al. in press). Based
on form and distribution, these deposits were
classified into three main categories; debris ridges,

perched beaches and isolated boulder strews.
During the period 2004 to 2007 the south coast of
Jamaica was impacted by five hurricanes, all of
which reached category 4 in the neighbourhood of
Jamaica and three of which reached category 5 near
the island (Figure 1).
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Figure 1. Tracks of five hurricanes passing south of Jamaica are Ivan, September 2004, Emily, July 2005, Wilma,
October 2005, Dean August 2007 and Felix September 2007. Width of track indicates intensity: widest, category 5,
medium width, category 4, narrowest, less than 4. In addition to the named boulder sites (dots) on the map of Jamaica,
the boulder revetment described in the text lies on the Palisadoes peninsula south of Kingston (arrow).
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These storms generated surges and wave run-up
reaching as much as 5 m above sea-level and
penetrated inland to distances exceeding 200 m in
places, and surge and waves breaking over 12 m
high cliffs in other places. Hurricanes Ivan and
Dean generated the most onshore debris. These
processes deposited sediments ranging from sand
and coral fragments to large boulders and have
provided additional insight on the emplacement and
transport of debris on shore. Five sites were
examined (labeled dots on Figure 1) that include
boulders occurring naturally. A sixth site was
serendipitously made available when a boulder
revetment, constructed to protect the road from
Kingston to the airport, was destroyed by hurricane
Dean (arrow on Figure 1).

As part of the study we examined methods of
estimating boulder mass, as there appear to be few
published accounts of such methods. Previously we
used an approach based on limiting parameters of
geometric shapes using a relative density for
limestone of 2.5 (Robinson et al. 2006). Here we
developed two approaches. The first is based on
volume and relative density determinations (water
immersion) using small samples taken from the
boulder localities. The second develops volume
reconstructions using a graphics programme, based
on oriented, calibrated field photographs of large
boulders. Constants for both methods were
developed to correct the notional volumes provided
by measuring the standard a, b, and ¢ axes of large
boulders in the field.

For the water immersion method the mean
volume correction constant is 0.40 (standard
deviation 0.09). This was multiplied by the mean
relative density of the limestones, as determined
from the samples, (2.0) to calculate the boulder
masses in Figure 2 and in the text. The second
photographic method provides a similar correction
factor but is still undergoing review. The mean
relative density of 2.0 for the late Pleistocene
limestones of which the boulders are composed,
varies slightly from locality to locality, but are all
substantially less than the figure of 2.5 used in
Robinson et al. (2006), and in some publications on
Bonaire (e.g. Scheffers, 2002).

At Galina the boulders were moved by earlier
hurricanes, Allen (1980) and Gilbert (1988). At
least one (4.5 t; Figure 2) was emplaced from the
lower part of the six metre high cliff or as a loose
block in the sea on the evidence of serpulids and

barnacles dated as post-1950 (Robinson et al. 2006).

The others were moved varying distances by Allen
as indicated.

At Homers Cove some of the numerous
boulders present have been moved repeatedly by
storms (Figure 2). At least one (26 t) was emplaced
about six metres onshore by hurricane lvan and

another (12.2 t) by hurricane Dean (Figure 2). One
of the largest measured (50 t) was moved 8.5 m by
Ivan. At West End nearly all the boulders present
were reported to have been moved during hurricane
lvan.

Total distances from the shoreline are indicated
on Figure 2. Further work on boulders emplaced at
these localities is in progress by one of us (D-AR).
Hurricane Wilma emplaced small (0.5 to 1 t)
boulders in a hotel on a cliff top at West End while
the storm centre was over 600 km to the west
(MGU 2008), as well as forming perched
imbricated coral rubble beaches near Homers
Cove. .

At Southsea Park the largest boulder measured
(18 t) was reported to have been moved a few
metres by hurricane lvan, when surge, run-up and
waves breaking over the cliff top inundated the area
for about 40 m inland (MGU, 2008).

At Manchioneal the largest onshore boulder
encountered in Jamaica (80 t) was moved about 2
metres during hurricane Dean. It is now located on
the limestone platform, 55 m from the top of the 12
m high cliff at this locality. On the cliff face there
are scars from other blocks wrenched off by the
storm, but none of these were seen on the platform
surface.

On the Palisadoes peninsula, Kingston, a
revetment was constructed on the ocean side of the
peninsula by piling boulders, up to some 4-5 t each,
to protect the road to the airport.

This followed massive washovers
accompanying hurricane Ivan and, to a lesser extent,
hurricane Emily.

In August 2007 Hurricane Dean destroyed the
revetment, scattering many of the boulders for
distances up to 50 m into the harbour. The sand loss
from the 2 m high dunes along the peninsula
subsequently allowed frequent minor washovers to
recur during spring tides accompanied by NE
tradewind-generated swells. Hurricanes Emily and
Felix produced extensive washovers on Palisadoes
but contributed little in the way of fresh debris.

The distribution of boulders on Grand Cayman
was summarized in Robinson et al. (2006, figures 6
& 7) and ones that were probably moved in
hurricane lvan have been added to Figure 2.

We conclude that storm surge, wave run-up and
waves breaking over cliff tops from severe
hurricanes are able to move the largest coastal
boulders (up to 80 t) yet encountered in Jamaica.

At Homers Cove two boulders, of 26 t and 12 t
were emplaced on the limestone platform after
being torn from the cliff face, respectively, by
hurricanes lvan and Dean. It is not known whether
the largest boulders seen were originally emplaced
by other giant wave mechanisms, such as tsunamis,
and merely moved by hurricanes.
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Shore distance (m) Mass (t) Elevation (m) Remarks
JAMAICA
GALINA
152 597 MOVED SEVERAL METRES IN ALLEN
102 6,36 VERMETIDS INDICATE RECENT EMPLACEMENT
50 4,03 MAY HAVE MOVED SEVERAL METRES IN ALLEN
25 448 EMPLACED DURING ALLEN OR GILBERT
91 0,19 POSSIBLY MOVED IN ALLEN
[MANCHTONEAL
55 ] 7974 | JMOVED 2 m DURING DEAN
| 142 | |PROBABLY EMPLACED TN VAN
HOMERS COVE
1 12,20 EMPLACED DURING DEAN
11,36 REPORTEDLY EMPLACED IN A 1932 HURRICANE
4,14 MOVED BY IVAN
5,51 MOVED BY IVAN
177 EMPLACED IN 1933 HURRICANE MOVED FURTHER BY IVAN
2,35 EMPLACED IN 1933 HURRICANE MOVED FURTHER BY IVAN
2,77 EMPLACED IN 1933 HURRICANE MOVED FURTHER BY VAN
3,16 EMPLACED IN 1933 HURRICANE MOVED FURTHER BY IVAN
2,04 EMPLACED IN 1933 HURRICANE MOVED FURTHER BY VAN
7,67 EMPLACED BY GILBERT
443 EMPLACED IN 1933 HURRICANE
about 30 m 50,40 MOVED 8.5 m DURING IVAN
about 6 m 26,40 EMPLACED BY VAN
SOUTHSEA PARK —
11 T 1773 | [MOVED BY VAN, UNAFFECTED BY DEAN
[WEST END
70 0,62 MOSTWESTEND BOULDERS WERE MOVED BY VAN
64 0,53
64 0,46
51 2,28
53 189
43 15,40
41 3,62
41 2,30
32 4,26
20 8,30
24 6,22
44 1,93
39 3,39
25 2,23
34 1,07
40 5,26
34 3,07
31 6,73
32 3,83
31 1,95
36 7,22
36 536
21 3,48
42 8,14
48 6,52
49 1,71
34 4,71
70 0,12 CONCRETE BLOCK FROM SHORELINE STAGE DESTROYED IN IVAN
63 1,03
GRAND CAYMA
[BLOWHOLES | T
53 2652 | 85 [FARGEST MEASURED AT BLOWHOLES, EMPLACED N IVAN?
PEDRO
22 5,39 8,0 OVERTURNED PROBABLY BY VAN
19 1,39 8,0 OVERTURNED BY IVAN
76 0,08 14,0 OVERTURNED BY VAN

Table 1. Tabulated list of boulders known to have been either moved or emplaced onshore by recent hurricanes on Jamaica and Grand

Cayman.

Our documented repeated boulder movements
imply that the Transport Figure used by Scheffers
& Kelletat (2003) has little value as a measure of
energy expended, except for known single event
emplacements.

Our evidence suggests that the transport history
of many, or most Jamaican boulders is complex,
consisting of progressive movement across the
coastal platforms by repeated storm action, perhaps
extending back some 4000-5000 years, when

sea=level reached more or less its present elevation.
Cumulative movements into zones where storm
surge and inundation were reduced in intensity, and
coastal forest vegetation increasingly inhibited
further movement, have resulted in the boulders
forming the debris ridges characteristic of the
present coastline (Rowe et al. in press).

[ 137 |
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The southwestern Spanish coast is a low-
probability tsunamigenic zone (Reicherter, 2001).
The oldest four historical tsunamis occurred
between 218 BC and 209 BC and their effects have
been documented in the southern coasts of Spain
(Galbis, 1932; Campos, 1991), Nevertheless, the
geological record of these high-energy events is
still poorly known (Luque, 2002; Ruiz et al., 2004;
2005). The Guadalquivir River (560 km long) is
partly blocked in the lower reach by sandy barriers,
resulting in a large estuary (1800 km?). On the
southwestern sector (Fig. 1), this estuary includes
the Doflana National Park, one of the largest
wetlands (50,720 ha) in Europe. This area is a
UNESCO  World Heritage.  The  main
geomorphological features of this area have been
analyzed by Rodriguez Ramirez (1996), with the
delimitation of the fluvial levees flanking the river
and its former courses. They are orientated mainly
in north-south and west-east directions. These clay-
rich levees have a variable width (300-1500 m) and
length (up to 3-5 km), reaching heights of 0.8-1 m
above the adjacent marshes. The “hills” (1-2.5 m
above the marsh level) are occupied by sandy
littoral ridges with a SW-NE orientation (e.g.,
Vetalengua) and some levees overlain by
characteristic accumulations of bivalves, with beach
ridge morphologies (Fig. 1). These hills are
elongated (3-6 km), with a narrow width (20-30 m)
and thickness (0.5-0.7 m).

The geomorphological mapping and new data
obtained from two short cores (Fig. 1. A-B)
collected and dated in the Vetalengua area (Ruiz et
al.; 2004; Rodriguez-Ramirez et al., 2004) permit to
reconstruct the palaeogeographical evolution of this
area in the last 2400 years and to explain the

present geomorphologic features. Grain-size
distribution, mineralogy, macrofossil, microfossil
and radiocarbon analysis (mollusc shell) of selected
samples was carried out. Five phases are
distinguished (Fig. 1):

Phase 1 (> 2400 cal. yr BP or > 218 BC). Near
the base of core A, the scarce ostracode assemblage
extracted (Cyprideis torosa, Loxoconcha elliptica,
Leptocythere castanea) and the presence of
numerous roots are indicative of a low marsh
environment, adjacent to a brackish lagoon (salinity
< 25-30%,). These species characterize the inner,
shallow areas of recent lagoons with marine
connection, located near the lagoon shore and close
to a river mouth. This palaeogeographical
reconstruction coincides with the first historical
description of this estuary, the Roman Lacus
Ligustinus.

Phase 2 (~ 2400-2200 cal. yr BP or ~218-209
BC). Between 2400 and 2200 cal. yr BP, two
erosive periods occurred in this area, both recorded
in core A. A first period deposited a bioclastic, silty
bed (25 cm thickness) with numerous fragments of
bivalves (mainly Cardium edule) and gastropods
over the previous marshes. This bed has an erosive
base and presents high proportions of quartz (75 %),
with feldspars and phyllosilicates as accessory
components. This event may be assimilated to the
tsunamis that occurred at 218-216 BC in this area
(Campos, 1991). In a second period, a tsunami (or
tsunamis) brooked the Dofiana spit and opened a
new communication with the sea, with the
generation of washover fan deposits represented in
the upper part of core A. These washover fans were
formed by azoic fine sands (88 % quartz) and
proceed from the erosion of the Dofiana spit, which
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has a similar mineralogical composition. These
sands are deposited over the previous bioclastic
layer without any intermediate  deposits.
Consequently, this event may be assimilated to the
following historical tsunamis recorded in this area
(210-209 BC; Campos, 1991). This bioclastic bed is
disposed almost perpendicular to the Dofiana spit
and show a SW-NE direction, with a southeastern
corner that coincides with a clear erosive rupture on
the dune systems of this spit. In this corner, the
Dofiana spit shows a remarkable slimming of its
width, passing from almost 5 km (to the
northwestern) to 2.5 km (to the southeastern).

Phase 3 (2200-1700 cal. yr BP). This area was
progressively isolated, with the creation of a
shallow, freshwater lagoon. Massive grey clayey
silt was deposited in the bottom lagoon (core B:
100-80 cm depth), with low percentages of sands (<
5 %). The main components of these fines
sediments were phyllosilicates (61%), calcite (23%)

and quartz (10%). Microfauna is characterized by
abundant populations of the freshwater ostracod
Cypridopsis vidua, together with scarce oogonia of
characeans (Chara sp.). In addition, the scarce
macrofauna is dominated by marine bivalves
(Donax, Diluvarca, Spisula), pulmonate gastropods
(Melanopsis sp.) and fragments of other marine
groups (scaphopods, briozoans and spines of
echinoderms).

The following 20 cm of core B (80-60 cm
depth) show a similar lithology, but they are
characterized by the absence of marine faunas and
the presence of fragmentary specimens of Cardium
edule and Melanopsis sp. The ostracod population
is progressively scarcer toward the top, with
Cypridopsis vidua as dominant species together
with other freshwater ostracod species (llyocypris
gibba, Herpetocypris chevreuxi, Cyprinotus
salinus).

m Lacus
Marshes Lagopn Ligustinus
margin  (brackish
lagoon)
Silts and clays
> 2400 cal. BP
1] Sandy
ridge

Fr}ashwaier Guadalquivir
agoon i
licio” jj’_ River
-0
2300-1700 cal. BP C
[1] Sandy Bioclastic [2]
. .
fege fidge Guadalquivir
o o @“Wn*ﬂ AWe ¥ by mfﬂfr
% T
.',L& IEE
~1700 cal. BP o
1] Sandy Bioclastic Levee [2]
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Figure 1. The River Guadalquivir estuary and the studied area. H,., are Holocene regional phases
of spit progradation. 1-2, morphological section and morphosedimentary evolution from 2400 cal.

BP to present. A & B, short cores.
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In addition, numerous rests of plants and
sulphurs were also observed in the upper
centimetres, where characeans disappear. These
features indicate an increasing subaerial exposure,
which causes the sulphur formation. This exposure
is a negative factor for the ostracod development
and may explain the ostracod decrease. The
disappearance of marine faunas may be due to the
restriction of the tidal connection. Between 60 and
50 cm depth, this core is formed by sandy silt. They
have moderate phyllosilicate contents (46 %) and
quartz (21%) dominates over calcite (16%).
Fragments of bivalves and gastropods are frequent
and explain the aragonite percentages (8 %).
Ostracods are very rare (C. vidua, I. gibba). This
facies represents the transition to subaerial
conditions, with the predominance of pulmonate
gastropos  (Melanopsis).  Consequently,  the
sedimentological and faunal features of this core
reveal a continuous process of emersion in a
shallow, freshwater lagoon located near the Dofiana
spit.

Phase 4 (~1700 cal. yr BP). A new high-
energy event was registered, with the presence of a
large bioclastic ridge consisting of both lagoon
(Cardium) and marine (Diluvarca, Donax, Spisula)
disposed over the freshwater lagoon deposits in the
upper 50 cm of core B. This ridge has a lateral
extension up to 4 km, being constituted by
bioclastic silts with important percentages of sands
(up to 20 %). These sediments exhibit a crude
lamination and an erosive base that separated them
from the underlying levels. Fragments of reworked
marine bivalves (Diluvarca diluvii, Donax vittatus,
Spisula solida) and gastropods (Lemintina
arenaria) are very abundant near the base, being
represented mainly by juvenile specimens (< 2 cm
length). This abundance of bioclasts explains the
high percentages of aragonite (34 %) in comparison
with phillosilicates (20 %), feldspars (20 %) and
quartz (16 %). In this basal zone, freshwater
ostracods are absent The upper centimetres of the
core are characterized by similar sediments, but
they contain freshwater ostracods, sulphurs and
fragments of plants. The abundance of bioclasts
explains the high percentages of aragonite (34 %),
which is dominant over phyllosilicates (20 %),
feldspars (20 %) and quartz (16%). The presence of
freshwater species may be due to a temporal
inundation of this area after the high-energy event.

Phase 5 (1700 cal. yr BP-Present). A
continuous infilling was observed, with the growing
of the fluvial levees and the presence of several
freshwater lagoons separated by sandy or bioclastic
ridges, which are caused by the high-energy events
indicated previously.
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The Herodotus Histories report on a series of
large waves and sea withdrawals occurring in 479
BC during the Persian-Greek war. Large portions of
the Persian troops perished by drowning near
Potidaea, western Chalkidiki peninsula (e.g.
Papazachos & Papazachou, 1989) (Fig. 1A, Fig.
2A). Therefore, Herodotus’s report is regarded as
the first description of a historical tsunami (e.g.
Bolt, 1978). Our Greek-German project involves
the extraction and study of sediment cores from
coastal deposits of the Thermaikos Gulf in Northern
Greece, in order to identify paleotsunami deposits
and to correlate them to the activity of faults from
the North Aegean Basin (Fig. 1B). We concentrated
on three localities along the eastern coast of the
Thermaikos Gulf between Thessalonica and
Chalkidiki peninsula. These areas are exposed
towards the South, where the possible tsunami
source is situated. Spit bars and lagunas serve as
archives for tsunamites as their topography allows
the conservation of a tsunami record. Furthermore,
we probed two sites on the western shore of the bay.

About 200 m of cores were drilled during the
field campaign in fall 2007, which have been
analyzed and sampled in the lab (Fig. 1C).
Sedimentological analyses include sieving, washing,
and laboratory core description. Magnetic
susceptibility on cores has been measured and
micropaleolontogical samples have been picked
(foraminifera, shells) (Fig. 1C).

As a preliminary result, we have found several
coarse clastic layers intercalated in fine-grained
laguna deposits. Those have erosive bases, show
fining-up and thinning up sequences, and include
shell debris and rip-up clasts of laguna sediments.

Multiple intercalations of these layers downhole are
interpreted as either paleotsunamis of repeated
earthquake activity or tsunami-like waves induced
by submarine slides triggered by seismic shaking in
the Thermaikos Gulf.

In a second campaign in fall 2008 will help to
intensify our net of tsunami information, with
drilling and — for the first time — tsunami trenching,
along the northern Aegean coast. Other future tasks
are:

Clay mineralogy of tsunamites;

Characterization of organic matter (biomarker
studies, terrestrial vs. marine);

Dating of the sediments (radiocarbon, mainly
charcoal and shells);

Geoarcheological studies in Potidea, Kassandra
(deposits of the Greek epoch);

This project aims to: a) to verify whether a
tsunami occurred in 479 BC, b) to identify whether
other unknown tsunami deposits can be traced in
the Thermaikos Gulf coastal sediments, c) to assess
the tsunami hazard, d) to assess the seismic hazard
by calculating the recurrence interval of the oblique
normal fault located in the southwestern part of the
North Aegean Basin, indirectly through the tsunami
recordings.

Recent offshore studies have underpinned the
possibility of a tsunami generation that could affect
the Thermaikos Gulf, caused by an activation of an
oblique normal fault located in the western part of
the North Aegean basin (Fig. 2B).
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Figure 1. A. Working area in the Thermaikos Gulf in the northernmost part of the Aegean Sea. B. Tectonic setting of the North Aegean
Basin (NAB). C. Core-log of B-20 in Sozopoli, stratigraphy, magnetic susceptibility and grain size variation (clay/silt <63 um, sand 63 pm-2
mm and gravel >2 mm). D. (a) sketch map of the different seismic sources used for the tsunami modelling. (b) GPS rates show a remarkable
difference of velocity values northwards and southwards of the NAB. Based on the measurements of McClusky et al. (2003) and references
therein, the slip-rate difference between the islands of Thasos and Limnos is 1622 mm/yr. Source 1 represents a ~55 km long oblique normal
fault segment, accommodating a vertical and horizontal displacement that might generate a M=7.1 event, producing a maximum vertical
offset of up to 3-4 m, posing also a tsunami threat apart from submarine landslides. The other seismic sources mainly represent strike-slip
faults. The dominant structure is a 160 km long NE-SW trending fault (source 6), comprising a multi-rupture segment.
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Figure 2. A. Tsunami modelling of the propagating wave fronts including all seismic sources and data (by Jean Roger): length 160 km,
width 5 km, dip 60°, coseismic slip 4m, and rake 180° of the fault plane. B. Photo and details of core B-20 from the southernmost
location (Sozopoli, see Fig.1A) with a sandy interval within laguna deposits, about 25 km NW of the place of the Herodotus
descriptions. This interval is interpreted as a paleo-tsunamite with a coarse-grained erosive base forming a distinct fining-up sequence
including rip-up clasts and open marine shell debris. C. Drill logs of all Sozopoli cores. The section is approximately 100 m from the
parallel beach at the eastern part of the Thermaikos Gulf. Evidence for one high-energy event (up to 24 cm thick layer) in 2 cores close
to the beach and also in a more distal drill hole.
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The geodynamic framework in the study area is
dominated by the western termination of the North
Anatolian Fault Zone with steep normal faults with
strike-slip, separated in several segments, which can
host an M 7 earthquake associated with a vertical
displacement of approx. 3 m (Papanikolaou and
Papanikolaou, 2007) (Fig. 2C).
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Historical records show that the island of
Jamaica in the northwestern Caribbean has been
affected by significant tsunami impacts during the
period 1688-1907 (Lander et al., 1999, 2002). Some
of the largest of these are now known to have been
generated close to the island (Fig. 1), most probably
through nearshore submarine landsliding (Lander et
al., 2002), but significant events have also
originated further a field along the active tectonic
zones of the eastern Caribbean. Notable
documented tsunami impacts in the island’s history
include those at Port Royal on the south coast in
1692 and at Annotto Bay on the north coast in 1907
(Lander et al., 2002). In addition wave-emplaced
boulder fields along the island’s northern and
western coastal margins (Robinson et al. 2006) may
reflect the impact of larger pre-historical tsunami
events during the Holocene.

Miller (2005) produced the first generalised
tsunami hazard map for the island and showed that
significant areas of existing and proposed coastal
development are potentially at risk from small to
moderate tsunami wave impacts (Fig. 2). This paper

reports on the first two years of a PhD project
aimed at characterising the nature of the tsunami
hazard and risk in one of these areas — along the
island’s SW coastal margin where a number of
communities with contrasting demographic and
socio-economic profiles are potentially at risk (Fig.
1). The work has included:

- mapping of (wave-emplaced) boulder
assemblages along parts of the coastal margin, to
extend work of this nature conducted elsewhere on
the island;

- coring of low-lying (morass) coastal areas to
seek sedimentary traces of historical tsunami/storm
surge events;

- use of a Geographical Information System
(GIS) to model possible tsunami run-up distances in
low-lying coastal areas and possible impact on
communities
- a questionnaire survey of local people’s
perception of (and response to) tsunami hazard, in
relation to the perceived threat posed by other
natural hazards such as hurricane.
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Figure 1. Map of fieldwork locations in Jamaica and historical tsunami events (after Miller, 2005).
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Figure 2. Generalised tsunami hazard map of Jamaica.

The paper reports on progress to date and, in
particular, on the findings as they pertain to the
communities at risk within the study area. The
applicability of the work to other parts of the island
is also considered.
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Out-of-size landforms occurring in a coastal
landscape can be used to prove the occurrence of
paleotsunamis. This is especially true for regions
dominated by a low-energy wave climate, such as
Salento coast which is marked by the presence of
large boulder accumulations. Boulder
accumulations studied along the rocky coast of
Salento suggest the occurrence of three recent
tsunamis, most likely related to the strong
earthquakes of the 5" December 1456 (Mastronuzzi
& Sansd, 2000), 6" April 1667 (Mastronuzzi &
Sansd, 2004), 20™ February 1743 (Mastronuzzi &

The growing urbanization of the coastal area
raises the risk linked of low frequency - high
magnitude events, like tsunamis. These phenomena
are rarely taken into account by planners, with the
exception of particular high-developed areas where
the high frequence and intensity of these
phenomena have imposed the realization of
structures and procedures for the mitigation of the
tsunami risk.

Consequently, an interactive application that
can be accessed on the web has been developed to
raise awareness of the phenomenon of tsunami.

Sanso, 2004; Mastronuzzi et al., 2007

= MapServer Tsunami Application - Windows Internet Explorer

& ,.@v 4]y, Esunami rile ¢ | [43][x e
Fle Modfics Visusizzs  Preferti  Stumenti 7

P s - ) »
U @ | @ MapServer Tsunami Application | S~ Bl - @ - [ Pagna - £ Strumenti -

(R R P — Historical Tsunami along the coast of Salento

o Y

The recent tsunamis that hit the coast of Asia (December 26, 2004 and July 18, 2006) led fo a greater interest in and understanding of these natural events. In
particular, these + is that have devastated much of the coastal area of the Indian ocean causing thousands of victims, have highlighted our lack of knowledge of
tsunamis and their impact on the environment and coastal communities.

Even for the Mediterranean and the coast of Salento the risk of tsunamis is not ¢ negligible. Infact, the catalogues compiled in recent decades, and geomorfological
studies made on the coasts show that many events have affected our areas, and some of them have had disastrous consequences.

This Web site has been developed with MapServer and is a prototype for:

eepening knowledge into the phenomenon of tsunami

o
/ O \\ roviding a map of vulnerability of the coast of Salento

listing various warning and prevention systems

Site developed by Francesce Biance in collaboration with Dr. K.
Content by Prof. P.Sanso’ and Prof. & Mastronuzzi
This site has been optimized for Internet Explorer

4 Risorse del computer E00% -

Figure 1. Home page of historical tsunami along the coast of Salento.
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Figure 2. Vulnerability of Salento coasts to tsunami action.

A WebGis software has been used to produce
this application. GIS is the acronym that stands for
Geographic Information System; it is a set of tools
for collecting, storing, retrieving at will,
transforming and displaying spatial data from the
real world for a particular set of purposes (Burrogh
P.A., 1986). A WebGIS is a GIS application made
available through a common web browser. The
software that has been used is MapServer: it is an
Open Source development environment for
building spatially-enabled internet applications; it
allows you to create "geographic image maps", i.e.
maps that can direct users to content. MapServer
was originally developed by the University of
Minnesota with support from NASA, which needed
a way to make its satellite imagery available to the
public.

The prototype produced (Fig. 1) contains
several information on the phenomenon of tsunami
(what they are and how they are generated) along
with a catalog of tsunami that occurred in the world
and in Italy. Moreover a number of photos about
boulder accumulations studied in Salento and a map

of vulnerability (Fig. 2) of the coast of Salento are
provided.
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Coastal boulder deposits had never found
specific scientific interest in earlier years. They
only came into discussion with the developing of
paleo-tsunami field research more than 20 years
ago, but this discussion is still highly controversial
regarding the processes involved (storms or
tsunamis). Some authors argue that former storms
my have had much more power than those of
today’s categorie 5 hurricanes, which has been
rejected by others because of physical restrictions.
Task forces to inspect modern strong tsunamis
nearly exclusively deal with fine sediments, and so
do review articles on “tsunami deposits”. While
tsunamis cannot be excluded for any kind of coastal
deposits, storms may well be, in particular if the
clasts are too large for storm-wave dislocation.

The situation now is that we observe a large
group of coastal researchers in the section of
‘tempestologists’ as well as a rising number of
fellow scientists in the group of ‘tsunamiists’
(similar to the ‘neptunists’ and ‘plutonists’ among
geologists around 1800 AD). In this dispute on
storm or tsunami transport of very large boulders
(20-50 t and more) field work from Ireland and
northern Scotland has been published (Williams,
2004; Williams & Hall, 2004; Hansom, 2004; Hall
et al., 2006) with observations on mega-clasts along
steep and high coastlines, deposited up to 50 m asl
in places (so-called cliff-top mega-clasts) by
extreme storm waves, as the authors conclude.

All the deposits (with clasts up to several
hundred tons in weight in the lower parts and
several tons near 50 m asl) are said to be modern in
age and in harmony with contemporary storm
processes. Williams (2004) additionally argues that
cliff retreat and coastal abrasion, is, on average, 0.4

m/year, or 1 km since the lron Age. No one,
however, argues with objective physical
calculations for boulder transport, or supports his
arguments by direct observation of extremely large
boulders transported by storm waves at high places
and far from the shoreline — evidently because this
kind of observation does not exist!

Jonathan Nott (2003) has tried to fill the gap by
equations concerning boulder movements from a
subaerial, submerged or joint-bound position. The
equations result in wave heights deserved ‘to
overturn boulders’ of certain forms and weights.
For the joint-bound scenario (which is the normal
case in cliff destruction in Ireland and Scotland) he
generally found that a storm wave has to be 4 times
as high as a tsunami wave to result in the same
transport. Although Nott’s calculations are a first
approximation to the general problem, this certainly
is an important step forward in the question of
boulder transport by waves, and it gives weight to
arguments of the “tsunamiists”, because for the
transport of a 50-t boulder storm-wave heights
would be required that simply do not exist on our
planet. The overall aim must be to find the
threshold of boulder sizes transported by storm
waves, and the level from which storms definitely
have to be excluded, even at deep-water coasts with
plunging cliffs. Certainly there will be some
overlap of both categories, but at the end figures for
practical use in field geology and geomorphology
may arise.

During decades of field work along exposed
coastlines of the world, the present authors never
have  found  (or  overlooked?)  massive
accumulations of large boulders, evidently late
Holocene in age, after big storms or hurricanes
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except for single boulders of limited size. Where
we have found extremely large boulders up to
several hundreds of tons outside of the surf, far
inland and high above the shoreline, which could be
dated as Holocene littoral deposits, we concluded
that they were moved by tsunamis. The distribution
of absolute data from these deposits has shown their
rarity in the Late Holocene in comparison with
regularly occurring hurricanes or other extreme
storms.

Our research is based on the extended literature
on the coastal geomorphology of Ireland and
Scotland as well as on historical documents on
storm events in this region. Valuable information
concerning environmental change could be gained
from publications on the coastal archaeology from
Neolithic up to Medieval times.

Assuming strong abrasion in the order of
0.4m/year like Williams (2004), means, that older
coastal forms and deposits must have disappeared
or constantly reworked by moving onshore over a
wide area. There are, however, a lot of arguments
against strong abrasion during the last millennia,
like a large number of shell middens from Neolithic
times directly at the coast, Neolithic and Bronze
Age coastal settlements (Skara Brae on the Orkneys
and Jarlshof in southern Shetland) still preserved,
nearly 200 Promontory Forts from Iron Age times
(2500-2000 BP) on steep coastal headlands, boats
houses from Viking times immediately at the upper
part of winter storm surf, or Medieval castles and

monasteries built on stacks, very exposed and
nearly inaccessible but still existing. Arguments
against a strong Late Holocene abrasion can also
gained from the existence of coarse coastal deposits
like boulder ridges and boulder clusters, which not
only show all signs of an intensive weathering at
their crests and landward slopes, but also are
covered by vegetation, soil or even peat as
documents for a longer persistence at the same
place. Numerical age dating with ages from the 18"
century back into Bronze Age times (see Figure 1)
support the conclusion, that most of the boulder
deposits are not in harmony with modern storm
wave regimes. These are important facts because
they allow to compare the modern situation of
bathymetry, exposure and general topography with
conditions hundreds or thousands of years ago. The
age of a deposit, however, says nothing about the
processes responsible. We agree with Williams &
Hall (2004) and Hall et al. (2006), that the high
boulder deposits and very large boulders occur
where water depth and exposure both are great.

However, boulders up to more than 100 tons in
weight can also be found at protected places with
shallow water conditions and at sheltered sides of
islands like in the case of the Galway-Aran region
in central western Ireland (Fig. 1).

Another argument against the storm wave
hypothesis for the coarse coastal deposits in
western Ireland and Scotland is the fact, that, the
extremer the storms, the larger the areas affected.
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Figure 1. Distribution of boulder ridges including heights and boulder weights as well as ages at the Aran Islands and Galway Bay, central

west coast of Ireland.
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The deposits to discuss, however, are restricted
to single places (e.g. Esha Ness on mainland
Shetland, Annagh Head in county Mayo, or the
Galway area in central western Ireland), and even
along exposed deep water coasts nearby, boulder
deposits are missing (e.g. along the Connemara
coast immediately north of Galway Bay).

From all field observations (boulder ridges in
very high positions, apart from the modern
coastline, with extremely large clasts) and datings
(clustering in particular for medieval times and the
18™ century) we only can conclude, that several
tsunamis of different energy and a more regional
impact occurred during the last millennia. The
tsunami history of the northern Atlantic Ocean is
just in the beginning of its deciphering (see also
Bondevik et al., 2005; Dawson et al, 2006; Haslett
& Bryant, 2007).
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Eastern Sicily is one of the most seismically 1693 and 1908 events (Postpischl, 1985; Boschi et
active areas of the central Mediterranean. Normal l., 1995). Several earthquake-generated tsunamis
faulting accommodates WNW-ESE oriented struck the lonian coast of south-eastern Sicily in
extension, active along the Siculo-Calabrian rift historical times (AD 365, 1169, 1329, 1693, 1818,
zone (Fig. 1a; Monaco & Tortorici, 2000). 1908, 1990; Soloviev et al., 2000; Tinti et al., 2004).
In eastern Sicily the normal faults are mostly According to published geological data and
located offshore and controls the lonian coast from numerical modelling, the seismogenic source of
Messina to the eastern lower slope of Mt. Etna, most of these events should be located in the
joining southwards to the system of the Malta Messina Straits and in the lonian offshore (the
Escarpment. It is marked by a high level of crustal Malta Escarpment) between Catania and Siracusa
seismicity producing earthquakes with intensities of (Monaco & Tortorici, 2007 and references therein).

up to XI-XIl MCS and M ~ 7, such as the 1169,
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Figure 1. a) Tectonic sketch map of the Siculo-Calabrian rift zone (from Monaco & Tortorici, 2000). b) Geographical position of the
studied area.
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Figure 2. a) Photomosaic of the Ognina section (see Fig. 1 for location) showing the three main stratal units and their spatial relationship; b)
line drawing showing the main depositional surfaces and log position of the Fig. 3; c) detail of the Stratal Unit 1, showing the two component
sub-units and the contact with the overlying Stratal Unit 3; d) Plain-parallel lamination characterising the Stratal Unit 2; ) and f) details of
the Stratal Unit 3; g) sedimentary dikes of sands infilling pre-existing open fractures within the calcareous bedrock, indicating high-energy

sediment injection.

The effects of the 1169, 1693 and 1908
tsunamis are still recognizable in the Siracusa
coastal area where boulders up to 182 ton in weight,
encrusted by dated marine organisms, were
removed and transported inland at a distance of up
to 70 m (Scicchitano et al., 2007). New tsunami
deposits have been discovered in the narrow
embayment of Ognina, located about 20 km south
of Siracusa (Fig. 1). These deposits fill the back
edge of a ria incised within Miocene limestones and
are composed of three main stratal units
characterized by distinct sedimentological features
(Fig. 2). The two lower units, formed by cross-
bedded sands and laminated clays, recorded the
development of a small confined beach-barrier
depositional system, influenced by frequent high-
energy events. The upper unit, represented by
chaotic coarser sediments, can be attributed to a
destructive marine event. Absolute dating and
archaeological determinations allow to correlate the
latter deposit to a tsunami wave triggered by the
1693 A.D. catastrophic earthquake.
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Introduction

Eastern Sicily has been affected in historical
time by large earthquakes (CPTI Working group,
2004) and, in particular, its southern sector, also
inundated in 1693 and 1169 by devastating
tsunamis. The Augusta Bay area is one of the
locations where the information available from
historical reports on tsunami effects (hit localities,
inundated areas and run-up distribution) stimulated
our curiosity in searching for the geological
signature of tsunami. In this paper we present the

evidence of multiple tsunami deposits found within
onshore sedimentary deposits, together with
preliminary results of a marine
geophysical/geological study of the shallow
offshore. A tentative correlation between onshore
and offshore records is also discussed. The research
was carried out through a multi-theme approach
consisting of historical studies, geomorphological
and geological surveys, coring campaigns,
laboratory analyses (paleontological, radiometric,
X-Ray, petro-geochemical petrophisical, magnetic,
etc.).

Figure 1. (A) Location map of the study area. (B) Augusta site: picture of the OSA-S6 core yellowish bioclastic layer (below);
macro and micro paleontological assemblage from the same layer (above).
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Onshore data

We mainly concentrated our study on marshes
or lagoons because in these environments the
preservation potential of episodic events such as
tsunami deposits in the sedimentary sequence, is
high as well as the possibility of finding datable
material. The preliminary work was based on a
detailed geomorphological study of the Augusta
Bay coast, through aerial-photographs and satellite
image interpretation, in conjunction with field
surveys. Augusta and Priolo were selected as the
most favorable sites based on geomorphological
and historical evaluations (De Martini et al., 2006;
Gerardi et al., 2006) (Fig. 1a).

In both sites we carried out coring campaigns
using both hand auger equipment and a vibracoring
(gasoline powered percussion hammer). A first
stratigraphic and sedimentological description,
together with photographs of the core deposits were
performed directly in the field (Smedile et al., 2006;
2007). Once an interesting stratigraphic sequence
was found, we were properly equipped to collect
100 cm long undisturbed sample (within specific
pvc tubes) down to 5 m maximum depth.

Micropalentological analyses were carried out
on samples collected in all the performed cores, to
detect the possible marine component of a tsunami
deposits within a marsh/lagoonal sequence (e.g
planktonic foraminifera, that are exclusive of the
marine realm, and/or benthic forams exclusive of
peculiar marine depth range). Tephra identification
and radiocarbon analyses were used to constrain the
age of the sediments, to estimate sedimentation
rates and to correlate potential paleotsunami
deposits with historical earthquakes. Magnetic and
X-ray analyses were also performed on selected
cores to look for susceptibility variations and
peculiar small-scale sedimentary structures (e.g.
sharp contacts, convoluted layers, etc.).

Augusta site. We collected 9 cores down to a
maximum depth of 4.3 m, at a maximum distance
from the sea of 460 m. The stratigraphic sequence
is mainly composed by fine-grained sediments,
ranging from clay to silt, with the exception of
some gravel layers (up to 10 cm thick) and one

peculiar bioclastic deposit found at 190 cm in depth.

The micropaleontological analyses show the
occurrence of a high energy event (bioclastic layer)
within a brackish lagoonal environment (Fig. 1b).

In detail, the yellowish bioclastic layer found at
about 190 cm depth is composed by few entire
gastropods (Hydrobia spp., Pirenella conica),
abundant shell fragments (mollusks, corals and
echinoderms), few ostracods, often broken benthic
(Ammonia spp., Bolivina sp., Cassidulina laevigata,
Cibicides  lobatulus, Haynesina germanica,
miliolidae, Pullenia bulloides, Rosalina spp.) and

few badly preserved planktonic (Globigerina spp.,
Globigerinoides  spp., Globorotalia inflata,
Turborotalita quinqueloba) foraminifera (Fig. 1b).

This layer was found within a gray to dark-gray
fine silt deposit (20-30 cm thick) characterized by
abundant ostracods (Cyprideis torosa), several
entire gastropods (Hydrobia spp., Pirenella conica)
and few species of benthic foraminifera (Ammonia
parkinsoniana, A. tepida, Haynesina germanica). It
showed a sharp, possibly erosional, basal contact.
The erosional character of this bioclastic layer
coupled with striking micropaleontological results
allowed us to interpret it as a tsunami deposit, with
a high level of confidence.

Radiocarbon dating was performed on 3
samples, collected just above, within, and below
this bioclastic layer; these ages gave coherent
results, constraining the paleotsunami age to the
interval 1000-800 BC. Being this age interval very
narrow, it points toward a sharp change, such as a
sudden inundation rather than a gradual transition
to higher energy environment. Priolo site: We
collected 17 cores down to a maximum depth of 4.2
m, as far as 530 m from the sea. The stratigraphic
sequence is composed mainly by fine sediments,
from clay to silt, with two distinctive bioclastic
layers (A and B found at 10-15 and 30- 40 cm
depth, respectively), one detritic deposit (C at 90
cm depth) and one peculiar sand layer (D at 160 cm
depth). Combining micropaleontological and X-ray
analyses we found that: a) the entire stratigraphic
sequence appears characteristic of lagoonal
environment; b) both bioclastic layers show a sharp
basal contact, as well as an anomalous
concentration of shell fragments and entire
gastropods (all arranged in a chaotic pattern); c) the
B layer shows an increment in the benthic
foraminifera specific diversity; d) the detritic
deposit C (2-3 cm thick) shows a anomalous
assemblage made by macromammal bone
fragments together with rare and badly preserved
benthic  (Cassidulina  carinata, Cibicidoides
pseudoungerianus, Melonis barleeanum, Planulina
ariminensis) and planktonic (Globigerinoides sp.)
foraminifera; e) the marine microfauna of D layer
appear well preserved, differently from the
association characterizing the fine to very fine
deposits above and below. Thus, we interpret the
four layers A-B-C-D as tsunami deposits, although
with different level of confidence. We assign to A
and B a medium-high level, whereas a lower level
of confidence should be attributed to the detritic
deposit C and the peculiar sand layer D. Moreover,
magnetic, petro-chemical and morphoscopic
analyses on a normally graded black volcanic
coarse sand found in 6 cores at about 70 cm of
depth, allowed us to correlate it with the 122 BC
Etna tephra (Coltelli et al., 1998).
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Figure 2. Chirp-sonar profile over the MS-06 core location. On the left, magnetic susceptibility of the MS-06 core, close-up containing
photograph and X-ray image of the 122 BC tephra on the upper and lower right, respectively.

Radiocarbon dating was performed on 2 shell
specimens: the uppermost one collected just below
the A bioclastic layer, while the second comes
directly from the lowermost tsunami sand.
Combining tephrostratigraphic and C14 data, we
may estimate an average sedimentation rate of 0.35-
0.45 mm/yr for the past 4000 yrs. Moreover, we
tentatively associate the A and B bioclastic deposits
to 1693 and 1169 historical tsunamis, respectively.
The age of the C and D layers, found at 90 and 160
cm depth, could be constrained in the time intervals
570-122 BC and 2100-1635 BC.

Offshore data

Since marine environment is in general more
preservative than the littoral one, showing a
sedimentary record more continuous and potentially
highly sensible to anomalous events like
earthquakes and tsunamis, we decided to follow our
tsunami markers in the shallow offshore on the
Augusta Bay

Unpublished seismostratigraphical data from the

Augusta offshore showed the presence of a main
reflector, within a transparent, homogeneous unit as
thick as several tens of meters below the sea bottom.
Due to its acoustic character (amplitude and
continuity) and its position within the sedimentary
sequence we considered this reflector as a good
target for further investigations as potential
signature of an historical tsunami. About 200 km of
high resolution chirp-sonar and bathymetric profiles,
together with one 7 m long piston core (MS-06)
were collected in the area to better constrain this
hypothesis (Fig. 2).

The MS-06 core was collected at 70 m of water
depth, few kilometers from the Augusta site, at the
foot of a small morphological step. Stratigraphic
analysis confirmed the presence of a homogeneous
sequence of fine-grained dark gray deposits
interrupted at -3 m by a volcanic sandy layer, 3-4
cm thick. Time to depth conversion of the seismic
profile, as well as geometrical corrections carried
out to compensate the effect of differential
compressions within the core during the sampling
using a specific software (Dal Forno & Gasperini,
2008), allowed us to correlate the volcanic sandy
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layer to the prominent reflector observed in the
seismic profiles.

Magnetic petro-chemical and morphoscopic
analyses of the ash fall deposit enabled a correlation
of this level with the 122 BC plinian Etna eruption
(Fig. 2). MS-06 sedimentation rate was derived
from radiocarbon datings, magnetostratigrapy and
radioactive tracers (*°Pb and '*Cs), the latter

method only for the uppermost part of the sequence.

Results from these independent methods were in
good agreement suggesting sedimentation rates
ranging from 0.7 mm yrs™ to 2 mm yrs'1 for the
past 4500 yrs.

The benthic foraminifera paleoenvironmental
analysis highlighted at least six peaks marked by
high percentages of displaced epiphytic specimens
(species which grows common in vegetated
substrates like the Posidonia prairies) from the
infralittoral zone. This anomalous distribution of
the microfauna was also confirmed by high amount
of vegetal remains in the washed fraction and by
corresponding darker stripes in the X-Ray films.

These peaks could be interpreted either as the
primary effect of tsunami waves (back-wash) or as
secondary effects of significant posidonia
remobilization due to earthquake shaking, that
made available an extra amount of material from
the uppermost infralittoral zone.

More cores and extra C14 datings are needed to
substantiate these preliminary interpretations and to
contribute to the discrimination of the causative
sources (local vs regional) responsible for the
evidence collected so far.

Conclusions

The study of onshore costal deposits in selected
sites of the Augusta Bay allowed us to recognize
two tsunami deposits at Priolo associated to the
1693 and 1169 earthquakes. We also collected
interesting evidence for three paleoinundations
occurred about 570-122 BC (Priolo), 1000-800 BC
(Augusta) and 2100-1635 BC (Priolo).

The study of the uppermost sedimentary
sequence offshore Augusta Bay suggests the
presence of at least six anomalous peaks in the past
4500 yrs, possibly triggered by tsunamis or
earthquakes. A distinctive reflector and its gentle
seaward deepening was also detected as the well
known Etna tephra (122 BC) and so used as
stratigraphic marker.

Identification and characterization of geological
evidence of historical- and paleo-tsunamis (useful
to obtain tsunami recurrence time, maximum
inundation distance, elapsed time since the last
tsunami event, etc) may have a significant
relevance for Civil Protection applications. These
data are also directly usable in the field of tsunami
scenario and modeling, especially taking into

consideration the fact that the Augusta Bay area has
an important role as main national industrial and
military site.
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The coasts of Peru are greatly endangered by
tsunami events. The subduction of the Nasca Plate
below the South American active margin triggers
strong submarine earthquakes that are capable of
causing tsunami. Even though there is no
voluminous riverine sediment input from the Andes
along the coasts of Peru, submarine mass
movements on the continental slope can occur due
to seismic events. The greatest historical tsunami
impacts are the two Arica tsunamis on 24"
November 1604 and 13" August 1868, and the
Chile tsunami on 22" May 1960 (Berninghausen,
1962; Lockridge, 1985). The greatest local tsunami

events of the last 15 years are the Chimbote
tsunami on 21% February 1996 (with a 5 m runup;
Kulikov et al., 2005) and the Camana tsunami on
23 June 2001 (with a 9 m runup; Jaffe et al., 2003).
The latest event was the tsunami of 15" August
2007 which was triggered by a magnitude 8.0
earthquake located 150 km SSE of Lima (USGS,
2007). The highest runup of 10 m occurred at the
Paracas Peninsula (Fritz et al., 2007).

In order to learn about the tsunami history of
Peru, we visited about 1400 km of the Peruvian
coastline from Chimbote in the north to Boca del
Rio in the south (Fig. 1).

Chimbote
Puerto Casm

—10°

Lima
PACIFIC OCEAN

—15°

0

80°

— 20° |

75°

BRASIL N

Figure 1. Study locations along the coast of Peru.
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Figure 2. Outcrop in the marsh of Boca del Rio probably
showing the sandy deposits of the two Arica tsunamis in
1604 and 1868.

The encountered sediments were dated by using
optically stimulated luminescence. This
contribution  presents  preliminary data of
sedimentology and age determination of these
deposits.

Tsunami deposits are present as (1) layers of
coarse sand, optionally with shell fragments or
pieces of rock, (2) shell layers, (3) heavy mineral
accumulations and (4) mud caps or mud balls.

At Puerto Casma a 2 cm thick coarse sandy
layer with an erosive base cuts into the finer
grained beach sediments. Heavy minerals occur
above the erosional contact. Shell fragments and
pieces of rock of up to 1 cm are incorporated.
Normal graded shell layers of up to 17 cm in
thickness are present at Vila Vila. Biggest shells are
9 cm in diameter, biggest incorporated stones 7 cm.
Unfortunately these deposit cannot be proven to be
of tsunamigenic origin due to the lack of additional
sedimentary structures and unsuccessful electron
spin resonance dating.

A possible back-wash sediment was found at
Punta de Bombom where a irregular brownish mud
layer of 4-6 cm occurs within the beach sand and
thins out seawards. In a distance of 18 m from the
sea, the layer ends and gives way to mud balls with
a maximum diameter of 5.5 cm. These balls could
be consistent with tsunami rip up balls caused by
the back-wash. The muddy material was very likely

derived from agricultural fields adjacent to the
beach. The sediments of the 2001 Peru tsunami
were studied by Jaffe et al. (2003) within the
Camana region. We revisited these locations and
realized that the preservation potential of these
sediments seems to be very low. Only some
remaining mud caps resembling the tsunami deposit
were left. All other structures seem to have
disappeared due to erosion or bioturbation. At
Tunel, a small settlement 30 km south of Camana,
an eyewitness reported a ca. 10 m high wave that
followed a 200 m withdrawal of the sea on an
afternoon in June 2006. The water reached about
350 m inland, flooding a street and houses for
approximately one hour. People were injured by
floating debris. Unfortunately no distinctive
sediments have been preserved. Since this tsunami
seems to be a very local one, we assume a local
submarine slide to have been the trigger.

Most tsunami sediments described in this study
are relicts of the two regional tsunami that hit the
Chimbote and Camana regions in 1996 and 2001,
respectively. The oldest tsunami sediments, most
likely connected to the two Arica tsunami of 1604
and 1868, occur at Boca del Rio close to the
boarder to Chile.
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20 years after the publication of key initial
studies on sandy tsunami deposits from the Scottish
and western north American coasts the
palaeotsunami research community has expanded
considerably. The field now incorporates not only
geologists and geomorphologists but computer and
mathematical modellers, geophysicists, chronology
experts,  palaeontologists,  hydrologists and
ecologists. The 20 year anniversary of these initial
studies presents a good opportunity to reflect on the
progress made in the field, evaluate some recent
criticisms and highlight knowledge gaps for future
study.

Introduction - the early days

Until the late 1980’s the study of tsunami
predominantly involved seismologists, numerical
modellers, geophysicists and historians. In
particular, historians played a valuable role by
providing detailed documentary information on
former tsunamis from around the world (Dawson &
Shi, 2000). Often, historical accounts would
provide estimates of  frequency-magnitude
relationships for past tsunami events and hence
provide information on future tsunami risk for
different areas. Geologists paid little attention to
tsunami records in recent coastal stratigraphy until
1987 and 1988, when two papers were published
one from the United States west coast (Atwater,
1987) and another from the Scottish coast (Dawson
et al., 1988). The paper by Atwater (1987) linked
prehistoric earthquakes with geological evidence
from the outer coast of Washington State, U.S.A.
This evidence included sheets of marine sediment
visible in coastal stratigraphic sequences that were

interpreted as prehistoric (palaeo-) tsunami deposits.

Around the same time Dawson et al. (1988) in a
study of uplifted coastal sedimentary sequences in
Scotland, described an unusual sand deposit which
they linked to a prehistoric tsunami event. They

hypothesized the event was the result of the
Storegga slide, one of the world’s largest submarine
slides that took place approximately 7100 **C years
ago on the continental shelf edge west of Norway.

The last 20 years

Although geological investigations of former
tsunami remain a relatively new research area, the
last twenty years has seen a plethora of academic
papers on the topic. A wide range of sedimentary
evidence from different locations has been
attributed to a series of former tsunami (see reviews
by Dawson & Shi, 2000; Goff et al., 2001; Bryant,
2001; Scheffers & Kelletat, 2003; Kortekass &
Dawson, 2007). Many authors have argued that
tsunami are frequently associated with the
deposition of continuous and discontinuous
sediment sheets across large areas of the coastal
zone, provided that there is an adequate sediment
supply (e.g., Dawson, 1999; Goff et al., 2001).
Although tsunami deposits are mostly characterised
by sheets of sediment, they are also frequently
represented by boulder accumulations (see reviews
of Scheffers & Kelletat, 2003; Kelletat, in press). In
addition, microfossil assemblages of diatoms and
foraminifera contained within tsunami-deposited
sandsheets may provide additional information on
the nature of onshore transport of sediment from
deeper water (Dominey-Howes, 1996; Hemphill-
Haley, 1996). Other aspects such and mineralogy
(Switzer et al, 2005) and sediment chemistry
(Chague-Goff, et al., 2000; Chague-Goff & Goff,
1999; Szczucifiski et al, 2005) may also be affective
proxies for tsunami dynamics.

Distinguishing between storm and tsunami
deposits in sandsheets

The generation, propagation and run up of
tsunami and storm surge are characteristically
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different. Tsunami waves propagate away from the
source region where disturbance of the water
column generates waves with small amplitude, long
period and long wavelength that travel at high
velocity (Geist, 1999).

At the coast tsunami waves slow in velocity and
rise in amplitude before inundating the coastline
with high velocity. In contrast severe low pressure
systems such as tropical cyclones can induce long-
wavelength, low-amplitude sea surface
displacements called storm surges. A storm surge
migrates with the storm and is the a result of a
combination of wind stress and falling atmospheric
pressure (Mclnnes & Hubbert, 2001). The water
elevation (inundation) caused by storm surges at a
coastal location involves four components: (1) the
storm surge, (2) storm waves, (3) wave setup and
(4) the astronomical tide (Cheung, et al. 2003).

In the open ocean the wavelength and amplitude
can be similar for storm surge and tsunami with
both being markedly longer in wavelength than
wind generated waves. The difference in velocity,
wave set-up, period and water volume at the coast
mean tsunami and storm surge can be differentiated
in terms of velocity, period and repetition of
inundation, likely bed shear stress and back flow
characteristics. For example Dawson (1994) and
Dawson & Stewart, (2007) proposed that it is the
unique characteristics of tsunami run-up wave
behaviour (with respect to storm waves) that
produces a distinctive style of sedimentation across
the coastal zone, although this has recently been
challenged by Bridge (in press). The long period
between tsunami waves (often 20 minutes to more
than an hour) mean the time period between
inundation of a coastline can vary from hours to
days (Dawson, 1994). This long period often allows
for alternate periods of tsunami inflow and outflow
which can deposit sedimentary beds that contain
distinct sedimentary features indicative of
alternating  landward and  seaward  flow
(Nanaymama & Shigeno, 2006).

Sandsheets found in low energy back-barrier
environments are often indicative of washover
deposition by storm surge, large waves or tsunami
(Witter et al. 2001). Differentiating between these
deposits in geological sequences can only be
accomplished by developing well-defined facies
models that incorporate mineralogical and
sedimentological features from deposits of known
origins. Recent research into modern tsunami and
storm events (Goff et al 2001; Nanayama et al.
2000; Gelfenbaum & Jaffe, 2003; Sedgwick &
Davis, 2003; Switzer et al. 2004; Switzer & Jones,
2008a; Morton et al., 2007) has provided several
key identifiable and differentiating sedimentary
features that may assist the investigation of older
sequences. In particular storm and tsunami deposits
can be reportedly differentiated by comparing and

contrasting the contact with the underlying
sediments (recently challenged by Bridge, in press);
the range of identifiable source sediments; the
degree to which the sediments are sorted; the
presence and thickness of graded beds; and
evidence for directional flow changes (Kortekaas,
2002; Switzer & Jones, 2008b).

In back barrier environments storms overwash
events are usually non-erosional events that cause
little erosion of the back barrier substrate. In direct
contrast tsunami deposits often contain rip-up clasts
of the underlying stratigraphy (Gelfenbaum & Jaffe,
2003; Kortekaas, 2002). Direct contrasts also exist
in sediment source, with storm deposits eroding
mainly beach face and dune material whereas
tsunami erode material from a much larger range of
environments (Nanayama et al., 2000; Switzer et al.,
2005; Switzer & Jones, 2008b). Other diagnostic
criteria such as sediment sorting characteristics and
the presence and nature of graded beds, are
inherently related to the source area of sediments.
Differential sorting and graded beds require a range
of grains sizes; it is apparent that in some cases a
restricted grain size range can make it difficult to
use these criteria with any interpretive confidence
(Switzer & Jones, 2008b). Finally the presence of
sedimentary features that indicate uni-directional or
bi-directional flow has been cited as definitive of
storm or tsunami with storms characterised by uni-
directional flow (Nanayama et al., 2000; Nanayama
& Shigeno, 2006).

There are no globally applicable tsunami criteria
obtainable  from  sedimentological  studies
(Kortekaas, 2002; Switzer and Jones, 2008b). What
can be compiled for the many deposits attributed to
tsunami is a suite of sedimentary features or
commonalities, often called signatures (Bryant,
2001; Kortekass, 2002; Goff et al., 2001, 2004;
Kortekaas & Dawson, 2007; Switzer & Jones,
2008b). These signatures must be considered in
terms of the local setting as they are very much site
dependant. Palaeo-washover deposits can only be
attributed to an event type through careful analysis
of spatial features such as the elevation, lateral
extent and run-up of the deposit along with
sedimentary features such as grading, the presence
of intraclasts, and particle size distribution of the
sediments. These analyses when combined may
lead to a suite of evidence that can point to storm or
tsunami as the likely depositional agent.
Unfortunately when considered alone many of the
characteristics are equivocal. In fact most of the
signatures presented, including the presence of
marine diatoms (Hemphill-Haley, 1996; Dawson &
Smith, 2000) or increases in particular elemental
concentrations (Chague-Goff & Goff, 1999; Goff &
Chague-Goff, 1999; Chague Goff et al. 2000; Goff
et al., 2001) only indicate the marine origin of the
sediments and inundation by ocean water. Hence
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storm surges, sea level change or regional
subsidence may show similar sedimentological
characteristics (Witter et al., 2001).

Recent work by Witter et al. (2001), Kortekaas
(2002), Switzer et al. (2004), Switzer (2008b) and
Bridge (in press) have recognized the equivocal
nature of many so called tsunami signatures found
in sandsheets. This stated, there remain many cases
in the literature where a tsunami or storm origin is
stated with little consideration given to alternative
interpretations. Although work continues on the
differences between tsunami and storm deposits,
their preservation and recognition in the geological
record remains subject to much uncertainty and
conjecture.
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The northwestern Greek coast between the
Ambrakian Gulf and the southern Peloponnese is
exposed to the highly tsunamigenic Hellenic Trench
where the African Plate is being subducted by the
overriding Aegean Plate (Sachpazi et al., 2000;
Doutsos & Kokkalas, 2001).

Tsunami catalogues show that the eastern lonian
Sea is characterized by the highest number of
tsunami events reported from all over the Eastern
Mediterranean. The  statistical  re-occurrence
interval for tsunami events is 8-11 years only
(Soloviev et al., 2000; Schielein et al., 2008).

-

Figure 1. High-energy event deposits at the western coast of Paliki Peninsula on Cefalonia Island and location of Cefalonia in NW Greece.
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In 2005, for the first time for northwestern
Greece and the lonian Islands, a series of (palaeo-
)tsunami deposits were discovered (V6tt et al., 2006,
2007a, 2007b, 2007c, 2008a; May et al., 2008).
These sediments, partly interrelated, attest to
multiple tsunami landfall since the mid-Holocene.
Tsunamite types comprise dislocated mega-blocks
both on land and under water, washover fan
deposits (chevrons), runup/backwash layers, a
breakthrough channel and suspension deposits in a
near-coast freshwater lake environment. Recent
studies along the shores of the quiescent lagoonal
waters of the nearby Sound of Lefkada revealed
geo- and bio-scientific evidence of multiple tsunami
influence since, at least, around 3000 cal BC and
document strong impact on the long-term coastal
evolution (Vott et al., 2008b). Tsunami findings
from the inner sound correlate well with those
known from the Preveza-Lefkada outer-sound area.

A number of comparative studies were carried
out in order to bring these results in a wider supra-
regional context.

The area around Cape Gerogombos shows a
cliff-top stripe which runs parallel to the present
coast. The stripe is 150-200 m wide and void of soil
or vegetation. It is characterized by different zones.
Zone |, closest to the sea, is made up of bedrock
which is completely free of any loose material.

The adjacent zone Il shows dislocated mega-
blocks (boulders) and zone I11, following landward,
thick rubble ridges out of smaller blocks and stones.

The elevation of the stripe ranges from 10-15 m
a.s.l. near the cliff, up to 20 m a.s.l. further inland.
Dislocated mega-blocks encountered in zone Il are
up to 10 m® large and partly arranged in the form of
imbrication trains. The blocks derive from the
(supra-)littoral zone as indicated by rock pool
structures and show an inclined, locally even
upside-down position.

Here, we present selected results from the
Cefalonia case study. On Cefalonia Island,
geomorphological research was carried out on the
western coast of Paliki Peninsula.

We found mega-blocks up to 5-10 m® large at
elevations of up to 10 m a.s.l., partly characterized
by imbrication and locally occurring as imbrication
trains. High-energetic dislocation is documented by
the fact that bio-erosive rock pools found in the
massive limestone blocks were tilted or even
rotated upside-down (Fig. 1). Impact of extreme
events is also reflected by thick rubble ridges,
several dozens of meters long, which were
encountered at elevations of up to 20 m a.s.l.

Most bizarre is a 2.5 m-thick conglomeratic
tsunamite out of gravel clasts of different size
including numerous fossil fragments found at
around 2 m as.l. at the western coast of Paliki
Peninsula (Fig. 2).

The conglomerate is made up of several layers with
a seaward inclination of 10-15° and is adhesively
stuck on the adjacent limestone cliff. Its uppermost
part lies at 3.20 m a.s.l.

Figure 2. Tsunamigenic conglomerate encountered at the western coast of Paliki Peninsula on Cefalonia Island. The
block is broken off the tsunamite covering an area of approximately 400 m?. The block’s left side shows the
underlying limestone bedrock, its right side the high-energy deposit. The camera cap is 6.7 cm in diameter.
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The sequence shows a number of
sedimentological features characteristic for tsunami
deposits such as (i) a distinct erosional
unconformity at its base, (ii) rip-up clasts of the
underlying material incorporated into the high-
energy deposits, (iii) a distinct layering as well as
(iv) an upward increase in sorting and (V) a general
fining-upward sequence. Radiocarbon dating of
three macrofossils encountered in the conglomerate
yielded dates of around 24,000 cal BP, 22,000 cal
BP, and 16,000 cal BP. X-ray diffraction analyses
showed that the dated material is not re-crystallized
and the ages have to be considered as reliable
(maximum) ages. The conglomerate thus is of late
Pleistocene or even Holocene age.

The conglomerate shows features typical of
tsunami  deposits such as (i) an erosional
unconformity at its base, (ii) numerous incorporated
rip-up clasts of the underlying bedrock, up to 0.5 m
in diameter, (iii) a clearly laminated overall
structure, (iv) well sorted to very badly sorted grain
size distribution, and (iv) a fining-upward and
thinning-landward appearance (for detailed lists of
criteria see Dominey-Howes et al., 2006; Kortekaas
and Dawson, 2007; see also Moore et al., 2006;
Hawkes et al., 2007; Morton et al., 2007; Paris et al.,
2007 for characteristics of the 2004 Indian Ocean
tsunami). Three radiocarbon dates of macrofossil
remains out of the conglomerate, accomplished by
Prof. Dr. P.M. Grootes, Leibniz-Labor fir
Altersbestimmung und Isotopenforschung,
Christian-Albrechts-Universitdt zu Kiel, rendered
around 24,000 cal BP, 22,000 cal BP, and 16,000
cal BP. X-ray diffractometric analyses of the
samples yielded around 99% aragonite. Thus, major
re-crystallization of the fossil carbonate can be
excluded meaning that the given ages are to be
considered as reliable dates. Taking into account
that the high-energy conglomerate contains a lot of
reworked older material and fossils, we consider
16,000 cal BP as maximum age of the event.

This tsunamite finding offers two intriguing
scenarios both of which have not yet been discussed
for the Mediterranean: (i) if the 16,000 cal BP age
is correct, the palaeo sea level stand at that time
implies a tsunami runup of at least 70-80 m; (ii) if
the true age is Holocene, the 2.5 m-thick deposits
document tremendous high-energy input and
subsequent cementation sometime during the past
millennia. Further detailed analyses will be carried
out within the framework of a tsunami research
project during 2009-2011 focussing the eastern
lonian Sea.

Moreover, vibracores were retrieved from along
the shores of the inner Argostoli Gulf to the east of
Paliki Peninsula in order to look for distal effects of
tsunami impact. Vibracore LIX 1 in the Livadi
coastal plain revealed a sequence of more than 4 m
of strongly consolidated, probably allochthonous

middle sand including numerous gravel and large
bedrock fragments on top of well sorted in-situ fine
sandy to silty foreshore deposits. Vibracore LIX 2,
drilled some 800 m to the northeast of LIX 1 in the
same coastal plain, yielded a layer of ex-situ
unsorted sandy gravel including numerous marine
shell fragments in between silty mud of an
autochthonous swampy environment.  Similar
stratigraphies were found, for instance, in core
KRA 3 in the Koutavos coastal plain near Argostoli
where a palaeosol sequence shows an erosional
unconformity at its top and is covered by a 40-cm-
thick stratum of unsorted sand and gravel including
bedrock and ceramic fragments. This unit is
followed by muddy silt of a swampy environment.

Our cores thus corroborate high-energy impacts
on the Argostoli Gulf during the Holocene which
are probably associated to those tsunami events
which left their sediments along the outer Paliki
coast. However, detailed vibracore studies and
dating efforts are required to clarify the extent and
characteristics (runup, inundation) of tsunami
influence on Paliki Peninsula and the adjacent
Argostoli Gulf.

This paper gives the first report on tsunami
evidence from Cefalonia Island, the most touristy of
all lonian Islands. Considering our results, tsunami
hazard in the eastern lonian Sea must not be
underestimated and risk assessment plans are highly
required.

References

Dominey-Howes D.T.M., Humphreys G.S., Hesse
P.P. (2006). Tsunami and palaeotsunami
depositional signatures and their potential value
in understanding the late-Holocene tsunami
record. The Holocene, 16/8, 1095-1107.

Doutsos T., Kokkalas S. (2001). Stress and
deformation patterns in the Aegean region.
Journal of Structural Geology, 23, 455-472.

Hawkes A.D., Bird,M., Cowie S., Grundy-Warr C.,
Horton B.P.,, Shau Hwai A.T., Law L.,
Macgregor C., Nott J., Eong Ong J., Rigg J.,
Robinson R., Tan-Mullins M., Tiong Sa, T.,
Yasin Z., Wan Aik L. (2007). Sediments
deposited by the 2004 Indian Ocean Tsunami
along the Malaysia-Thailand Peninsula. Marine
Geology, 242, 169-190.

Kortekaas S., Dawson A.G. (2007). Distinguishing
tsunami and storm deposits: An example from
Martinhal, SW Portugal. Sedimentary Geology,
200, 208-221.

May S.M., Voétt A., Bruckner H., Brockmiller S.
(2008). Evidence of tsunamigenic impact on
Actio headland near Preveza, NW Greece. In:
Gonnert G., Pfliger B., Bremer J.-A. (Eds.),
Von der  Geoarch&ologie  Uber  die

GI’S Coast Research Pubblication, 6, 2008



2" International Tsunami Field Symposium, IGCP Project 495

Kistendynamik zum Kistenzonenmanagement.
Coastline Reports, 9, 115-125.

Moore A., Nishimura Y., Gelfenbaum G., Kamataki,
T., Triyono R. (2006). Sedimentary deposits of
the 26 December 2004 tsunami on the northwest
coast of Aceh, Indonesia. Earth Planets Space,
58, 253-258.

Morton R.A., Gelfenbaum G., Jaffe B.E. (2007).
Physical criteria for distinguishing sandy
tsunami and storm deposits using modern
examples. Sedimentary Geology, 200, 184-207.

Paris R., Lavigne F., Wassmer P., Sartohadi J.
(2007). Coastal sedimentation associated with
the December 26, 2004 tsunami in Lhok Nga,
west Banda Aceh (Sumatra, Indonesia). Marine
Geology, 238, 93-106.

Sachpazi M., Hirn A., Clément C., Haslinger F.,
Laigle M., Kissling E., Charvis P., Hello Y.,
Lépine J.-C., Sapin M., Ansorge J. (2000).
Western Hellenic subduction and Cephalonia
Transform: local earthquakes and plate
transport and strain. Tectonophysics, 319/4,
301-3109.

Schielein P., Zschau J., Woith H., Schellmann G.
(2008). Tsunamigeféahrdung im Mittelmeer —
Eine  Analyse  geomorphologischer  und
historischer Zeugnisse. Bamberger
Geographische Schriften, 22, 153-199.

Soloviev S.L., Solovieva O.N., Go C.N., Kim K.S.,
Shchetnikov N.A. (2000). Tsunamis in the
Mediterranean Sea 2000 B.C. — 2000 A.D.
Kluwer, Dordrecht, The Netherlands, 237 pp.

Voétt A., Briickner H., Brockmiller S., May M.,
Fountoulis 1., Gaki-Papanastassiou K., Herd R.,
Lang F., Maroukian H., Papanastassiou D.,
Sakellariou D. (2008a). Tsunami impacts on the
Lefkada coastal zone during the past millennia
and their palaeogeographical implications. In:
Papadatou-Giannopoulou H. (Ed.), Proceedings

of the International Conference Honouring
Wilhelm Dérpfeld, August 6-9, 2006, Lefkada,
in press.

Vott A., Brickner H., Brockmiller S., Handl M.,
May S.M., Gaki-Papanastassiou K., Herd R.,
Lang F., Maroukian H., Nelle O,
Papanastassiou D. (2008b). Traces of Holocene
tsunamis across the Sound of Lefkada, NW
Greece. Global and Planetary Change (in press).

Vott A., Briickner H., May M., Lang F., Herd R.,
Brockmiiller S. (2007a). Strong tsunami impact
on the Bay of Aghios Nikolaos and its environs
(NW Greece) during Classical-Hellenistic times.
Quaternary International (available online —
http://dx.doi.org/10.1016/j.quaint.2007.02.017).

Vott A., Brickner H., May M., Lang F,
Brockmiiller S. (2007b). Late Holocene tsunami
imprint on Actio headland at the entrance to the
Ambrakian  Gulf.  Méditerranée,  revue
géographique des pays méditerranéens, 108, 43-
57.

Vott A., Bruckner H., Georg C., Handl M.,
Schriever A, Wagner H.-J. (2007c).
Geoarchéologische  Untersuchungen  zum
holozénen Landschaftswandel der Kistenebene
von Palairos (Nordwestgriechenland). In: Lang
F., Schwandner E.-L., Funke P., Kolonas L.,
Jahns S., Vott A. (Eds.): Interdisziplinare
Landschaftsforschung im  westgriechischen
Akarnanien. Archdologischer Anzeiger, 1/2007:
191-213. Berlin.

Vott A., May M., Briickner H.,Brockmiiller S.
(2006). Sedimentary evidence of late Holocene
tsunami events near Lefkada Island (NW
Greece). In: Scheffers A., Kelletat D. (Eds.),
Tsunamis, hurricanes and neotectonics as
driving mechanisms in coastal evolution.
Zeitschrift fur Geomorphologie N.F., Suppl.
Vol., 146, 139-172.

GI’S Coast Research Pubblication, 6, 2008


http://dx.doi.org/10.1016/j.quaint.2007.02.017

2nd |nternational Tsunami Field Symposium
IGCP Project 495
Quaternary Land-Ocean Interactions: I.Illé S
Driving Mechanisms and Coastal Responses

Ostuni (Italy) and lonian Islands (Greece) 22-28 September 2008 Project 495

Wassmer P.!, Schneider J.-L., Lavigne F.!, Paris R.?

Sedimentary signature of the December 26" 2004 tsunami
along the north eastern shore of Banda Aceh:
anisotropy of magnetic susceptibility (AMS) contribution
to a better understanding of the tsunami wave train dynamic

1Laboratoire de Géographie Physique UMR 8591 CNRS - Université Panthéon-Sorbonne (Paris 1),
Meudon Cedex. e-mail: wassmerpat@aol.com; lavigne(@univ-paris].ft;
2UMR 5805 EPOCH CNRS, Université de Bordeaux 1, Talence Cedex
e-mail: jl.schneider@epoch.u-bordeauxl.fr;
3Géolab UMR 6042 CNRS-Université Blaise-Pascal, Clermont-Ferrand Cedex 1
e-mail: raparis@univ-bpclermont.fr

Keywords: Sedimentary signature, Tsunami, Anisotropy of Magnetic Susceptibility, Wave train dynamic,
Sumatra, Indonesia

The tsunami that struck the Indian Ocean shores with disastrous consequences for the northern
on December 26, 2004 was triggered by an littoral of Sumatra close to the epicentre, where
earthquake of exceptional magnitude (Mz = 9.15) more than 170,000 people died.
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Figure 1. Location map of the Banda Aceh region. 1: coastal plains flooded by the tsunami; 2: non
flooded coastal plains; 3: uplands. Insert 3D-map showing the Sumatra Island, the studied area, and
the epicentre of the 26/12/2004 earthquake.
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This event is an unprecedented human disaster but
offers a unique opportunity to improve our
knowledge of such devastating natural hazards. The
environmental impact of huge tsunamis like this
one, with waves heights reaching up to 34 m on the
south-western coast and 15 m on the north-western
coast of Aceh Province (Lavigne et al., 2006),
varies with coastal morphology.

On the coast of Banda Aceh, only the lowest areas,
i.e. 20 to 30 m above sealevel, were scoured. Due to
conditions causing a wave trap, however, a

maximal height of 51 m was recorded in the small
bay of Labuhan (Lavigne et al., 2006). In other
locations such as Lhok Nga Bay and Banda Aceh
Bay, the extremely flat topography allowed wave
penetration as far as 5 km inland.

The district of Kajhu, located northeast of
Banda Aceh (Fig. 1), is a wide flat area where the
ten waves constituting the December 26, 2004
tsunami wave train totally uprooted the trees,
planed off the sea front dunes, destroyed all the
buildings.

The topography was locally modified by the
turbulent wave front and then buried by a layer of
sediment translocated from the beaches and dunes
of the seafront.

An investigation led on 150 holes dug to the
previous soil, with a 7 m mesh size on a sub
horizontal surface shows a variation of the deposit
thickness from 0 to 71 cm and indicates that the
sediments levelled the former topography.

In order to better understand the link between
wave dynamics and sediment facies in that
particular context, the sedimentary deposits were
studied in the light of direct and indirect evidence
concerning the number and behaviour of the waves
involved (tree trunks oriented by the waves,
eyewitnesses testimonies).

Profiles were excavated along transects realized
according to the main wave direction. Sediment
translocation was practically instantaneous during
the event.

Stacked layers of hormal graded sequences have
commonly been reported in the context of tsunami
deposits (Dawson et al., 1996; Dawson and Shi,
2000; Hawkes et al., 2007; Hori et al., 2007;
Morton et al., 2008).

However, this study reveals a sharp facies

differentiation between the deposits located near the
shoreline (proximal zone) and those located far
inland (distal zone). Near the sea, the deposits were
found to be coarse and ungraded, whereas inland
the frequency of stratified normal graded sequences
increases (Fig. 2).
1: fine-grained grey sand; 2: roughly laminated
grey sand; 3: medium-grained beige sand; 4: beige
medium- to coarse-grained sand; 5: coarse-grained
sand; 6: thin layer of fine black sand; 7:
rustcoloured thin layer; 8: pre-tsunami brownish
soil; 9: pre-tsunami brownish soil with abundant
roots; 10: identified sequences; 11: samples; 12:
distance from the former shoreline.
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Figure 2. Sedimentary differentiation exhibits progressively more accentuated stratification and grading within the

tsunami deposits along a landward transect from the coastline.
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Sedimentary profiles coordinates:

Log 1: 46 N 0763815 / UTM 0620350;
Log 2: 46 N 0764049 / UTM 0620318;
Log 3: 46 N 0764202 / UTM 0620272;
Log 4: 46 N 0764300 / UTM 0620224.

As many as seven sequences were observed.
Each one corresponds to the sediment mass brought
by one wave. These deposits are well preserved
because the power generated by the movements
from and to the sea (end of the run-up and
beginning of the backwash movements) was too
low in this distal zone to enable removal of the
material deposited by the previous waves (Wassmer
et al., 2007). The respective roles of the run-up and
backwash on the sedimentary signature were also
studied. Only the first wave was followed by a
backwash but the second wave which was the
strongest, wipped out the previous deposited
sediments. The following waves pushed inland
during about 45 minutes without intermediary
backwash. After the last wave, the retreat occurs.
Slow in the distal zone, the speed of the water
increased seaward allowing the erasing of the
previous deposited material (Wassmer et al., 2007).
As macroscopic fabric is poorly developped in the
deposits, we have conducted a study of the
anisotropy of the magnetic susceptibility (AMS) in
order to test the possible contribution of this
method to a better understanding of the tsunami
wave train dynamic. AMS allows assessment of the
overall fabric of the deposits. It is an aid to
reconstruction  of  transport  direction and
mechanisms (Schneider et al., 2004). AMS studies
have not been applied previously to tsunami
deposits. The goal of this approach is to obtain data
about wave train flow in terms of dynamics and
directions. Undisturbed and oriented samples used
for this study were collected in the fied on vertical
profiles using 19 mm cubic plastic box. In each
identified layer, a box was pluged horizontaly in the
moist sediments (with unconsolidated material, the
sampling must be done in humid conditions). As it
can be seen on Fig. 3 profile, five fining upwards
sequences can be observed.

Samples were taken in each sequence at the base
(coarser material), and at the top (finer material).
Measurements of the AMS were done with a
Kappabridge KLY-2 device. Magnetic
susceptibility was measured for each sample in 15
directions in order to determine the ellipsoid of
AMS. The geometry of the AMS ellipsoid (Hrouda,
1982; Tarling & Hrouda, 1993) can be established
by the characteristics (azimuth and plunge) of its
main axis (Kimax, Kint, Kmin). Kmax generally parallels
the mean long axis of the magnetic particles, and is
often imbricated in respect to the vector of transport,
even if Hamilton and Rees (1970) shown that, in

some cases, rolling effects can induce an orientation
of the K« axis perpendicular to the flow direction.
For each sample, anisotropy rate P (Kpax/Kmin),
foliation rate F (Ki/Kmin) and lineation rate L
(Kmax/Kint) have been calculated.

Figure 3. Sedimentary profile n° 5 (see Fig. 1) Showing five
stratified fining upward sequences.

The petrofabrics can be visualized by binary
diagrams, in which F and L are reported. The
results show a clear differentiation for each
sequence between the base, where the measure
indicates that traction was the main process when
the material emplaced, and the top, where
decantation dominated during the emplacement of
the fine upper material. This confirm the previous
observations and the link between observed
sequences and sediment mass brought by waves
within the tsunami wave train.

Each fining upward sequence reflects the
progressive slowing down of a single wave. The
traction predominates during the emplacement of
the coarse material while decantation of the fine
sediments occurs when the water, at the end of the
uprush, is quite at rest. Unfortunately the K.« axis
plunge is generally insignificant and, as it can be
related to errors during sampling, it cannot be used,
on this site, as a flow indicator.
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The term “chevron” was originally used for with Quaternary stage 5e, the last interglacial sea-
large, v-shaped, sublinear to parabolic landforms on level highstand, which was 4-6 m higher than
islands in the eastern, windward Bahamas. The present.

paleo-activity of these forms is generally associated

DD _200m
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i

Figure 1. Large bed forms in eastern Washington State (above, shown at same
scale) and southern Madagascar (below, with inset). Sketch outlines of bed forms
(upper right) are also all shown at the same scale. Images are from Google Earth.
Above: a—parabolic dunes in the Palouse region, eastern Washington, just east of
the Columbia River; b—giant current ripples near Spokane, eastern Washington;
c—qgiant current ripples in the Palouse region of eastern Washington. Below:
d,e—coast of southern Madagascar showing “chevrons,” sand streaks, and
barchans (enlarged inset).
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These features have been variously interpreted as
eolian bed forms, as storm-related features, and as
large-wave (possibly tsunami) deposits (Hearty et
al., 1998; Kindler & Strasser, 2000, 2002; Hearty
et al., 2002).

In any case, it is clear from cross-bedding
within these features that they are deposits
associated with bed-load transport; all these
Bahamas forms are composed of locally generated
carbonate grains principally of sand size (0.063 — 2
mm diameter). In scale and geometry, they
resemble modern shallow-water bed forms on the
Bahamas platform associated with “spillover” of
currents focused between islands (cays). They also
resemble parabolic dunes, most of them
demonstrably eolian, from around the world.
However, the Bahamas chevrons typically do not
repeat regularly, with predictable wavelengths, as
ripples and dunes do. Since the introduction of the
term “chevron” for large v- or u-shaped bed forms,
the term has also been adopted by several authors
(e.g. Bryant, 2001 and earlier papers; Kelletat &
Scheffers, 2003; Abbott et al., 2007) to describe
large-scale coastal bed forms in Australia,
Madagascar, and elsewhere. These authors interpret
these *“chevron” bed forms as mega-tsunami
deposits of Holocene age and suggest that they

point to oceanic asteroid impacts (e.g., Masse,
2007). They liken the forms to giant swash marks
and tend to reject an eolian, parabolic-dune
interpretation based on associated larger clasts and
incorporated marine fossils, though definitive cases
are lacking.

Are these features parabolic eolian dunes, mega-
tsunami bed forms, or something else? Recently, in
a brief essay, Pinter and Ishman (2008) challenged
the interpretation of “chevrons” as mega- tsunami
deposits, based essentially on the principle of
Occam’s rule, arguing that an eolian interpretation
is simpler and more reasonable.

We argue herein that they are NOT mega-
tsunami deposits by taking a physical approach of
modeling tsunami  behavior and evaluating
sediment-transport conditions under which these
features formed. While our strongest argument is
that these chevrons are not mega-tsunami deposits,
we also agree with Pinder and Ishman (and others)
that these features are mostly eolian, parabolic
dunes.

In order to assess the mega-tsunami
interpretation, we summarize the basic physical
characteristics of the “chevron” bed-form cases
where such an interpretation has been invoked, in
particular, Australia and Madagascar (Fig. 1).
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Figure 2. Modeled tsunami propagation from a point source located in the area specified by Masse (2007) and suggested in abstracts by
others (e.g., Abbott et al.). Time lines of wave crests in white, with wave approach at right angles. Orientation of large bed forms shown in

black (see also Figure 1d.e).
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Authors who have worked in the Bahamas have
not invoked impact-generated tsunamis. Bed-form
parameters of interest include: orientation (provides
transport direction; not tabulated), bed-form height
(provides minimum flow depth), component grain
size (for modeling sediment transport), and
elevation of the “chevrons” above sea level (for
maximum flow depths). For elevation above sea
level, we do not take into account that for the
earlier Holocene, e.g., sea level was 10s of m lower
than present. Few of these bed forms have been
dated.

Impact-tsunami assessment

We initially choose the southern Madagascar
case as an example to test the tsunami hypothesis
by modeling tsunami behavior—at what angle
would the tsunami approach the coast? Long axes
of the bed forms are assumed to be (or to have
been) parallel to the flow. We modeled a tsunami
with a circular source located at the proposed
impact site (Fig. 2).

We wused an initial wave shape that
corresponds to a small impact in deep water (as in
Ward & Asphaug, 2000; also see Weiss &
Wunnemann, 2007). The source wave was
propagated over regional bathymetry, using MOST
code (Titov & Synolakis, 1998). In modeling, we
considered only relative wave amplitudes, as we
were more interested in the pattern of wave
approach to the coast. From our analysis, it is clear
that modeled wave approach is inconsistent with
chevron orientation.

Sediment transport assessment

The authors cited above have postulated that
chevrons are bedforms developed under flow
conditions of mega tsunamis, e.g., tsunamis
generated by meteoritic impacts.

If these structures are regular bedforms with
cornice  structure, which all on-the-ground
described cases are, then they must have been
developed in flow that met physical conditions
allowing bedload transport. That is, the Rouse
number p = Ws/kU~ must exceed 2.5. With the help
of the Rouse number, we can test the postulate that
“chevrons” are tsunami deposits, that is, do bedload
conditions exist in overland flows of the scale
suggested? For the postulated flows and given grain
sizes, we investigate transport regimes by varying
flow depth, roughness, and Froude number. In our
analysis, none of the conditions specified generate
pure bedload transport (p > 2.5), which is the
condition for ripple and dune stability. Most of the
conditions specified result in pure suspended load
transport (p < 0.8). For example, if we take a
“chevron” made of 1 mm sand, having a bedform

height of 10 m (therefore a minimum flow depth of
20 m) and assume a roughness of 1 m, the Rouse
number for F = 1 is 0.7 and for F = 2 is 0.4. Many
of the “chevrons” are found at elevations of more
than 50 m (up to 200 m) above sea level. If these
“chevrons” really were subaqueous, under such
flow depths bedload transport is not possible.
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The tsunami catalogue has been recently created
for the Caribbean Sea (Lander et al, 2002;
HTDB/ATL, 2002; O’Loughlin & Lander, 2003;
NGDC, 2006) and in particular, for the Lesser
Antilles (Zahibo & Pelinovsky, 2001, 2006). In the
past 500 years this region has had devastating
tsunamis that caused damage in many states of the
Caribbean Basin. According to Lander et al (2002),
totally 91 waves reported might have been tsunami.
Of these, 27 are judged by the authors to be true
verified tsunamis; and the additional nine are
considered to be very likely true tsunamis. The
tsunami list for the 20" century contains 33 events,
thus one every three years.

The present paper has a goal to revise the
historical data of tsunamis for the French West
Indies (Guadeloupe, Martinique, St Martin and
several small islands) using all available
publications and results of numerical simulations.

In this paper only true and almost true events
are represented, which classification corresponds to
the validity 4 (“Definite tsunami. Tsunami did
occur.

Data corroborated or deemed valid information”)
and 3 (“Probable tsunami. Likely or probable
tsunami occurrence. Reliable observations for
corroboration are few”) according to the definition
of O’Loughlin and Lander (2003). Totally, eighteen
events are selected as true and almost true. Ten
events have been generated by underwater
earthquakes in the Caribbean (06.04.1690,
24.04.1767, 30.11.1823, 30.11.1827, 11.01.1839,
07.05.1842, 08.02.1843, 18.11.1867, 16.03.1985,
21.11.2004); seven events - by the volcano
eruptions (05.05.1902, 08.05.1902, 18.05.1902,
30.06.1902, 26.12.1997, 12.07.2003, 20.06.2006),
and one is a teletsunami from Portugal after the
Lisbon earthquake (01.11.1975). The geographical
distribution of tsunami events is presented in Fig. 1,
and the detailed information of tsunami
characteristics for Guadeloupe Department is
presented in Fig. 2.

Data of the tsunami field surveys after the
Montserrat volcanic eruption occurred in 2003 and
in 2006, Les Saintes earthquake in 2004, and
Martinique earthquake in 2007 are presented.

46%
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Figure 1. Geographic distribution of tsunamis in French West Indies.
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