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Frequency, magnitude and mobility of submarine landslide
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Introduction

V Earthquake tsunami
V Frequent events

V Occur along well defined zones (faults)
V Well established PTHA methods

V Submarine landslide tsunamis

V Not so frequent events2(d most frequent tsunami source, likely underreportesl)
better evaluated on the long term, in periods not covered by tsunami DB.

V Do not tend to occur where they did in the past / they are more spatially random
V Not accounted in current PTHA methodologies

V Critical infrastructurd, P;~104- <6 mvents with return periods of 10 kyrs
-1 Myrs.

V The UNuclear Regulatory Commissioonsiders submarine landslides as the most probable tsunat
source to the US east coast.
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Introduction & aim

V Landslide location & geomorphology
V Trigger mechanisms
V Strength characteristics
V Landslide dynamics
V Tsunamigenic potential

V Landslide catalogue%
V PLHA
VPTHA

Moore et al., 1994, Ann. Rev. EPS

Twichell et al., 2009 Mar.Geol. - Volker et al., 2011, SMMTC Gamboa et al., 2021, Sci.Data
c s l C l‘ E’:c:f::na-- R. Urgeles et al., NEAM Regional Online Webinars on Tsunamis Generated3siswoin Sources, Online | 27 November 2025 m' @



EMSS25

VIncreased coverage

V More events
V6954 Scars
V6945 Source areas
V2191 Deposits

V More features & information

V Seed for the world ocean
submarine landslide database

Geo-iNQUIRE

C S l C l‘- E:vgmd“ R. Urgeles et al., NEAM Regional Online Webinars on Tsunamis Generated3sisvan Sources, Online | 27 November 2025
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Landslide Tsunami Hazard
Landslide hazard HL (Guzzetti et al., 2006; NHESS)

H =P(Mx Y%&P(N)xP(S)expresses landslide hazargdd$ the conditional
probability o

VP(MX MYandslide size, the magnitude (A|V) of a landslide greater or equal than a minimum
magnitude, m
V P(N) landslide occurrence in a given region in an established period

V P(S) landslide spatial occurrence given the local environmental setting.

For H, H needs to be propagated for
VLandslide runout
V Tsunami generation
\/ Tsunami propagation  P(HX )fP(RxX 1) NJ

V Tsunami runup
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What matters?

DB driven

VWhere? How deep? P(S) Model driven
VWhich runout?

VHow largeA P(M)
V How fast? (landslide dynamics)

V How often? How manyA P(N)
V How tsunamigenic?

P(HX )KP(Rx 1) NJ

V' Which runout?

N Mar



Where? How deep?A P(S)

V Most landslides occur In
between 1001500 mbsiA
continental slope

200 =
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—A C s l c .‘- E“‘cEnau R. Urgeles et alNEAM Regional Online Webinars on Tsunamis Generated by-8kismic Source§nline | 27 November 2025 m ! @



Where? How deep?A P(S)

Hazard modelsannot predict when a
landslide will occur based on where

Local Global
Geotechnical data|Geotechnical d

Local Global
ata|Geotechnical data|Geotechnical d

o

igital EIevatio]1

Model
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How often?

—r—T—T*

T

AgeA not so important if
we can put an overall time
frame and assume equal
probability in time

Accounting for age uncertainty

Mediterranean subset (n=141)
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How large?A P(M,); How many?A P(N)
V Frequency/magnitude distribution

80°N % submarine landslides DB - B T 10000 —

° its P . - :

I Source area e ‘ _ . L N
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How large? P(M); How many?A P(N)

Waestern Mediterranean

Poison process? |

+ Mediterranean Subduction 70°N - 4
Adriatic Foredeep

V Active/passive margins have different [l i

slopes of the F/M relationship O L e

2 Gulf of Cadiz 50°N
&3 Portuguese Margin

V The larger failure volumes dominate the | . e,
flux, even for active margins TR
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low fast?

V Structured In:
\V Source areas

V Implications for:

V Deposits V Landslide rheology
V Acceleration history
V Tsunami builebip

10

Subaerial

Locat and Lee (2000); De Blasio (2011)
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How fast?

FEERAVEYNERLERIREL

FEEPAVEYNEOLERIREL

3
EUEEIANEYNEALEERREL

53
EIZTERNLERUNENNROLERNLEL
1y

saiid

<4l
<4l

334

EEPIESAEER NS

FEEIAYEYNBOLEEIREE

EEERASYNER ERNALE
g
-
EEEERINZAEELENENEEL

-
]
7]
-
e
-y
<
a3
]
»
»a
x4
-+
=
=
e
»

¥
iy

E3cEd

~UsBeEIZEEE
iat

R-ES
VE3

1000 800 0.005 50 05 2

EEPIY LN L EEER
R RIYEANER EERRALE

EUEEIPINENEROLREENEL

o
2
0
-

1000 800 0.005 50 0.5 45

3
sazEEE

<43

TR0




6360000 -
In!tlal N.“n Wetting Visco HB Int
vield — Yield efficienc sit Exp Friction
Stress  Stress y y P
Pa Pa Pa.s ° SRS
1000 800 0.005 50 0.5 2
1000 800 0.005 50 05 5 B2R0000 1
800
6240000

35 1 | 3€|50I000 I 4001009 I440I000 1 480;000 | 520600
1500 1500 0.005 400 0.5
1650 1650  0.005 100 1 5 %]

£ o |
1800 1800  0.005 100 1 5 .

ko)

[}
8000 1650 0.005 100 1 5 o 151

o

@

o 101

>

T o

Actual observation 0 , :

malna _ _ _ _ o -0 50 100 150 200 250 300 350 400 450 500
C S l C " ce - R. Urgeles et alNEAM Regional Online Webinars on Tsunamis Generated by-8kismic Source§nline | 27 November 2025 Tlme step

Cianci
ol Mar



low fast?
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Conclusions

V Despite size and time biases, landslide catalogs offer,
adequate data for assessing landslide tsunami haza

Geotechnical Digital Fault Subamrine

V WhereA Susceptibility mapping data o I catatoaue slonte
V When gnd how largé, Frequency/magnitude relationships Sh)p‘e l
V DynamicshA Runout stability
mc del Frequencymagnitude

relationship
Powerlaw CDF(V,,, )

HA Hy "
V Hazard modelsannot predict when a landslide will

occmtJr based on where landslides have occurred in th
pas

V Synthetic submarine landslide catalogue consistent

W|th . Morphqlogy consistent
V DB grounetruthed landslide susceptibility synthe?((,: I(;aﬁt:a\l;))gue n(X

V Frequency/Magnitude relationship

\ ASpeCt ratio ) Depth-averaged Landslide Rheological
dynamics model data

V Slope/size relationship

V Propaga‘ted into | Landslide D)Ing]DaSZICS aygt, X, y), V(t, X, y),
Vma
V Landslide dynamics (consistent with DB runout statistics) ;

; . . sunami propagation
V Tsunami genesis & propagation

V Offel' pOtentIa| approaCheS to CharaCte”EE PDFg, ") maximumtsumi height at the coastling

minimum tsunami time at the coastline

c S l C .‘- E?:End-- R. Urgeles et alNEAM Regional Online Webinars on Tsunamis Generated by-8kiamic Source§nline | 27 November 2025 ﬁ @



Burning Question(s)
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Landslide tsunamis

Carl Harbit#??3 Finn Lavhol?3 Sylfest Glimsdaf-3
1 - Global Tsunami Model (GTM)

2 - Norwegian Geotechnical Institute (NGI)

3 ¢ International Centre for Geohazards (ICG)
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A Tectonics

A subduction zoned, earthquake tsunamis Map showing landslide tsunamis, volcanic tsunamis, and joint earthquake/landslide

A . . . . tsunami events Source, NCEI, NGDC, NOAA
Margins and slopes, materials, mass flayvéandslide tsunamis

A Two main classes of landslides
A Submarine landslides

A subaerial landslides, including volcano flank collapses;
roughly 1615% of the reported tsunami sources globally
(Harbitz et al., 2014, Nat Haz)

A Canin principle occur on any slope
A Seismicallpassive oactivemargins
A Frequent violent earthquakes induce frequent smaller landslides

A Larger landslides along passive continental margins
A Large sediment transport from rivers and glaciers

A More localcharacterthan earthquaketsunamiswith
potentiallysevereimpactA mightdominatethe localrisk
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earthquaketsunamis




Submarine landslides and tsun

around the globe

Huhnerbach et al., (2004), Mar Geol
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US East Coast database
Lee (2009), Mar Geol

Gulf of Cadiz database,

27. November 2025

Zengaffinen-Morris et al., (2022), JGR
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A The landslides are non-uniformly mapped globally

A Many events date way back in time, dating is often uncertain
i Most major landslides pre-historical

A Avery small fraction of the mapped events are known to be tsunamigenic
A C much data, still large uncertainties

1998 PNG tsunami > 2 000 fatalities
Image courtesy of Jose Borrero

1929 Grand banks tsunami
> 300 km3 1 27 fatalities in Newfoundland
Logvholt et al., (2019), GSL

£5 60
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Subaerial landslides tsunams -, .
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More frequent, high local impact s A

Selected events since year 2000 o oSt Briopmen -

2000 Paatuut  Greenland ~50 Mm3 >50 m ' 2007 Aysen fjord

Courtesy H Fritz, GA
Tech

a)

Lake Askja 2014
Courtesy IMO

p[)[spl Stromboli Italy 4-9 Mm2and 20 >10m

(two Mm?3
slides)
200l Qianjiang China 24 Mm3 39m
ping
Z[0[0y@ Dayantan China 3Mm3 ~50 m
g
2007 Aysen Chile  High number of ~50 m
fiord slides
2 Chehalis Canada 3Mm3 38 m ,
Lake 2015 Taan fjord / Icy Bay
2008 Three China 0.38 Mm3 13 m Courtesy C Larsen
Gauges
2014 Lake Iceland ~20 Mm?3 80 m
Askja
Icy Bay USA 76 Mm3 193 m
2017 Karrat  Greenland ~40 Mm3 90 m N e
fjord S g ‘ Yoy —
EIE]  Bureya Russia 25 Mm3 90 m = =7 \ 4
Baiée China >10 Mm? 54 m et il ' wh L
Anak  Indonesia ~210 Mm3 85m ‘ n i__GIobaI seismic signal from
Krakatau T—
2020 Elliot Canada 13.5 Mm?3 120 m
Creek E
2023 Dickson  Greenland 25 Mm? 200 m W
o B T et sesmt

pl0ylsll Tracy Arm Alaska ~100 Mm?3 500 m
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Slope failure

A The high mobility of submarine landslides may partly be
explained by the large volumes involved and the
landslide/water interaction

Initial sliding

A Material properties, including clay rheology, are of great
importance for the dynamics of most events

Debris flow

Deposits
o _ _ Turbidites
A The quantification of the landslide parameters is

complicated by the transformation of the landslide from a
huge slab to smaller blocks, then to a highly viscous fluid
and¢ in many cases to a turbidity current From Bryn et al. 2005
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1990s laboratory tests @ SAFL® 1CG’ N(:'l @5

A Subaeriak high clay
A Subaqueous high clay

A Subaqueous low clay
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Importance of landslide parameters

A Submarine landslides are
most often subcritical; Fr=U/c < 1

A Wavelength depends on landslide length

A Wave height depends on

A landslide length! f

A wave speed (water depth) /?V_//\
N—"
A landslide height

A Initial acceleration (importance of slope and viscosity)

27. November 2025



Generation mechanisms

66°

8000 BP Storegga slide and tsunami

(Courtesy, S. Gibbons, NGI)
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2014 Lake Askja slide and tsunami
(Courtesy, M. Rauter)
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Landslide tsunami characteristi¢s 1€G" N (5] unesco @ ~
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i GEOHAZARDS Oce, f‘og-mhc oOceanbcene b
and modelling needs S MRS

The 2004 Indian Ocean tsunaatter 20

A Main factors of importance for the generation minutesHarbitz et al. 2006, NGT

I Submarine landslides: volume, water depth, slope, rheology

I Subaerial landslides: impact area and velocity
A Models need to provide tirdependent landslide motion

I Capture rheological properties of the landslide

I Include effect of ambient water

I Link landslide and tsunami models

A Wave characteristics and propagation
differ from earthquake tsunamis

I Higher amplitudes, shorter wavelength, and stronger radial
damping, frequency dispersion

I Needs more sophisticated models than SWE, e.g.: | -
Boussinesq, layered models, CFD =

UNESCO-I0 T v R w 5 PNGT slump- dipole
. b NEAM Regi (o)
Bl 202 N Lgvholt et al., 2015, Royal Soc Lynett et al., 2003, PAGEOPH

I- The 8100 BP Storegga Sli
tsunamiafter 30 minutes

The BlaG@Edid®5
Lavholt et al. 2013, SMMTC

Sowrce |




Still a need to advance the way wep |cG* N (~I s @ .
d 9

test and improve our prediction modets:: L L
Commission or Sustainable opment pr——

NTMHP Benchmark tests - examples

4.4
[AL4

A calibration of prediction models

A For idealized studies, physics, model consistency
A USNTHMP benchmark tests
A Mainly laboratory tests
A https:/mww1.udel.edu/kirby/landslide/
A Kirby et al. 2022, Ocean modelling

A Testing towards field events

. . 2015 Taan fjord

A Tsunami generation does not scale from lab Friction depends on the volume, Courtésy C Larsen

to fleld Lucas et al 2014 Lucas et al., 2014, Nature Comm : '
A calibration of hazard models - — T e 3"

e C ; TR iRl 11 R

A USGS/USC led initiatigevalidation towards \ w A ol

Taan fjordg revealed need for improvement "x.f;;.- X = _j;?’-; ol T
A A range of the most recent wallocumented = .\5' : =

events can be also used T TN e | ol e

(e.g. Greenland, Alaska, Norway, Iceland) T M T ’-','

27. November 2025 NE
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https://www1.udel.edu/kirby/landslide/
https://www1.udel.edu/kirby/landslide/
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frequency
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Landslide Probabilistic Tsunan g :
Hazard AssessmertLPTHA ] ;

10! §

.‘ ,K \
umulative number of events

fit:n=N-V,;3 v,
StdErr = 0.0132, R? = 0.964
O Landslide data Cadiz

165 165 167 168 169 1610 16“ 16“
Landslide mean volume (m?3)

30 150
- Based on past landslide data B 1

|
205 100 S <1 Catania
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Estimating tsunami probability of occurrence

Two alternative pathways to anchor probabilities

™

50 0.1 o~

3

- Based on slope stability

o

o

-
!

LPTHA can largely mimic PTHA for earthquakes:

Latitude (degrees)
N
[~
o

~
» oad r
~ w @
' ' |
. — o,
v (= o
o o

2
1. Generate a synthetic set of landslide sources % 0.001
2. Define annual source probabilities T tongtude degrees) % éf 0.0001
3. Simulate the wave propagation for each landslide source % 1e-05
4. Aggregate probabilities from all simulations to hazard curves * e s
Challenge: Lack of landslide data 13-070.; G 65 1 2 &8 %

Max. offshore surface elevation (m)

27. November 2025




We have only a few extensive
hazard applications

A Cook Strait Canyon, NZane et al. 2016, PAGEOPH)
A Submarine landslides
A Simplified landslide dynamics
A Well constrained geological setting and timing

A Lyngen fjord Northern Norwayigvholt et al. 2020, Landslides)

A Subaerial landslides
Four unstable slopes

A

A Probabilities from rock slope stability analysis
(subjectively established)

A

Uncertainty treatment of generation mechanisms

(impact area and velocity, ruout distance)

A

In both cases, model calibration is needed

27. November 2025
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Early warning and hazard analysisI1CG a0 1 IS @ .

. Y NSO oo Voo
for local communitiesg SEoiveiDs & = BN e =
example from Norwegian fjords i T esarements

b ~ slopes i
A Inter-municipalitalpreparedness center "ﬁ ;gfgsg:;;s
A Rock slope monitoring using a variety offfit-purpose 5”: f
instrumentation systems, e.g. f
A Boreholes, extensometers, weather stations
A InSAR, laser, total stations, GPS
A Seismic network of geophones
A Slope motion mirrored into regional tsunami hazard models g
A Preparedness and early warning systems based on defi - .
rockslide scenarios P |
A Early warning issued a minimum of 72 hours in advance of . i

27. November 2025

Blue i increased
Courtesy:

rockslide release (large rockslides give-faidure signals) Lene Kristensen NVE

(Amppu) Ayooies,

Orange - High e
Redi- Alarm ey )

Large sssscasl tachatiew B3 - | mmitagl




Scaling up: Challenges related t&
hazard, risk analysis, early warning™

Zengaffinen-Morris et al.
(2022), JGR Oceans

ICG
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United Nations Decade
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2030 for Sustainable Development
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Intergovernmental
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Stromboli wave recording
Ripepe and Lacanna

fit: n=N- V3 Ve

O Landslide data Cadiz

(2024), Nature Comm

llllll

=0.0132, R? = 0.964

A Statistical background often lacking, limited, _
or without dating -8
A Slope information limited or non-existing “
i Difficult to constrain volumes and probability § |
I Acquiring data often expensive, and limited to é
local investigations B ol
A Local nature of landslides makes them T
more difficult to survey
A They are not necessarily linked to triggers
or precursors i and tsunami travel times
can be short
A Warning times based on wave

measurements may be too short

27. November 2025
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Other EW systems emerging DI1CG N(~I @’5 .
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discussed at the First Ocean Decade e 01 et s e
Tsunami Programme Conference, Nov 2025
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A smart cables (sensequipped)

A Integrating SMART Capability into EWS,
integrating scientific sensors into dygalirpose infrastructure

A Global initiative supported by the International Telecommunication Unit (ITU), WMO and & Mo
UNESCOOC part of the global environmental monitoring system From C R Cruz at the FIRST CONFERENCE OF
A . . THE OCEAN DECADE TSUNAMI PROGRAMME,
Submarindiber optic cables (ODTP) 10-11 November 2025

A Based on existing and future telecom cables
A canbe part of future SMART and dedicated cables

A use of existing networks of seismic monitoring units placed on the sea floor, change in water
pressure changes cable length, distributed acoustic sensing (DA3iparroptic cables into
distributed strain sensors (detects acoustic frequency strain signals over large distances and
harsh environments), data delivered to shore stations at the speed of light

Frequency [Hz]
[ap] aseyd ‘|ay

A Enables deejpcean tracking (DART buoys are closer to the shore)

2 4 6 8 10 12
Time sice earthquake [hours]

A cabled warning systems are expensive, and cannot be used (alone) in case of short tsunami travel
distance / short warning time July 29 2025 Kamchatka M8.8 mdgast earthquake
tsunami 500 km offshore Hawaii, >4000m depth
FromM Mazur et al. at the ODTEQ-11 November 202¢

UNESC!
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A Landslide tsunamis recognized as an important source for tsunami hazards

To

Landslide tsunami hazard models less developed, partly because of lack of data

A New hazard models will depend on data, either past landslide statistics or slope stability data and
modelsg without it we cannot quantify return periods (only conditional hazard)
A With respect to early warning for all, landslide tsunamis constitute a major challenge:
A There are few fully operational systems today (Norway and Stromboli perhaps the only ones)

Landslide tsunamis are highly local
Wave characteristics differ from earthquake tsunamis, and difficult to test as data are lacking
Need for extensive and expensive instrumentation

A regional efforts might become infeasible at present
Most effective for areas with known hazard / slope instability

A Focus on the higiisk landslide prone areas, and expand later

o Do o

T

A Emerging technologies might provide additional probabilities, ML might accelerate forecasting

UNESC!
27. November 2025 NEAM Regiol
Tsunamis Generat
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Panelist

ADr Raphael Parisis a researcher at the
CNRS (French National Center for
Scientific Research) at the_aboratoire
Magmas & Volcans, University Clermont
Auvergne
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5. Volcanic sources in the NEAM region,
eruption-linked wave generation, and
lessons from historical events

Raphaél Paris

Laboratoire Magmas & Volcans
CNRSUniversité Clermont Auvergne
FRANCE

'.; m UNIVERSITE
Clermont Auvergne
Laboratoke Maamas o Velcans




1. Briefpresentationof volcanoeghat might
generatedtsunamis in the NEANggion

2. Types olvolcanoesand types okruptions and
sourcemechanism®f tsunamis

3. Lessongearntfrom pastexamplesof tsunamigenic
eruptions

4. Perspectives fovolcanictsunamihazardassesment

Stromboli 2002



= Vesuviugltaly) ] Stromboli (taly)
— - Activevolcano(lasteruptionin Veryactivevolcanq landslidesand
CampiFlegrei(ltaly) 1944), Small tsunanabserved pyroclastidlows NWflank-> 7 tsunamig
No historicaltsunami, but duringthe 1631eruption sincel916 (last one in 2024)
possibilityof underwater Local warning systespecifically
eruptionsin the caldera e, designedor volcanictsunami ' LS
7,

Gale Tyrhenian
e Sea Aggean

Sea

Toman
. . Se
MediterraneanBasin e
Etna (taly) Kolumbo(Greece
Vulcano(ltaly) Veryactivevolcanq tsunami Submarineactivevolcanq
Activevolcanowith strongunrestsince reportedin 1329 [andslide?) major explosivesruption and

tsunami in 1650

November2021 (laseruptionin 1890),
phreatomagmatiexplosionsjandslide
-> |ocal tsunami in 1988

Santorini Greece

Major explosivesruptionand
regionaltsunamiLateBronze Age,
historicaleruptionsinsidethe
caldera (laseruptionin 1950)

Many activevolcanoesn Italy and Greece past
eruptionsgeneratedtsunamis




Probabilityfor avolcanic
tsunami in theNorth
Atlantic Basinslow, but
local tsunami sources
shouldnot be neglected

"

Oceanislands(CanaryAzores,
Madeira) and thehreat of aregional
tsunamigeneratedby flank collapse

->very high-magnitude butverylow
recurrenceevents(tensto hundreds
of thousandsof yearg

-> nopresentdayevidenceof large
scaleinstability of the flanksof these
islands

->most probable scenario = local
tsunamis due tcliff collapse €.9
Madeira 1930, La Gomera 2020)

North Atlantic Basir|
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Vestmannlslandsand Reykjanesidge
(Iceland

Submarinesruptionsalongthe Mid-Atlantic Ridge
->shallowwater phreatomagmatiexplosions and
local tsunamis.

North
Sea




Possible sources of tsunandadfer from one volcanoto another

Volcano type

. Coastal / island Submarine Shallow-water Oceanic shield
Tsunami source

stratovolcano stratovolcano caldera volcano

Subaerial landslide
Submarine landslide

Underwater explosion

Column collapse

Pyroclastic flow

Atmospheric forcing

Caldera collapse

Volcano-tectonic earthquake

Examples Stromboli, Unzen HTHH, Kick'em Jenny |Rabaul, Krakatau Kilauea, Fournaise
ExamplesNEAMregion Stromboli Kolumbo Santorini Cananyislands
Vulcano Azores

-> All types ofrolcanoesare representedin the NEAMegion



Possible sources of tsunanaigfer from one type oferuption to another

Source mechanisms of volcanic tsunamis

Type of eruption

Example

Gravitational Eruptive Tectonic
Subaerial | Submarine | Underwater | Column | Pyroclastic | Atmospheric | Caldera | Volcano-tectonic
landslide | landslide explosion collapse flow forcing collapse earthquake

Phreatomagmatic eruption

Iceland Azores,

submarine caldera

in shallow waters CampiFlegrei
Explosive paroxysm of a Stromboli
coastal stratovolcano Vulcano
Explosive eruption with no example
dome growth and collapse

Plinia eruption forming a Santorini
subaerial caldera

Plinian eruption forming a | Kolumbo

-> All types of sourceechanism®f volcanictsunamisshouldbe consideredn the NEAMegion

LI B O A O O R |




Volcanidsunamis ~5% of diktedtsunamis

~20volcanictsunamissincethe XVIT centuryin the NEAMegion
-> few damagesyeryfew fatalities

BUT
Recenteventssuchas the 2002 Stromboli tsunamouldhave beerdeadlyif occuringin summer

Past(prehistorica) eruptionsgeneratedargerintensity tsunamis, agomparedto the historicalones
AMinoan (LateBronze Agegruption of Santorini
A Collapse of the Sciagel Fucoin Stromboli ~kyrsago

Volcaniasunamihazardassesmenin the NEAMegionis challengingoecause
C There are no standard operatipgoceduresbetweenvolcanoobservatoriesand tsunami warningenters
C Noadequatemonitoring,with the exception of Stromboli

C Thediversityof volcanoesand eruptions-> diversityof sourcemechanismsnd possible scenarios



Expertelicitationorganizedn 2023

Whatwould be the probabilityto have a tsunami anathichmagnitude of tsunami in the
case of a futureeruptionsat Kolumbosubmarinevolcan®

Volcanic
eruption

—_—

L

Kolumbo volcanic field (25%)

Kolumbo volcano (70%)

—>

—>

|—) Explosive eruption (33%)

Tsunami (11%)

Tsunami (60%)

w3 | Tsunami (65%)

>1m (55%)

>5m (239%)

Wave height on NE Thira

> 10 m (10%)

Movingfrom a deterministicto a probabilisticapproach

Tadiniet al, submitted

Submarine  Pyroclastic Landslide Caldera
explosion flow volume collapse
energy volume flux crater - flanks duration
>3x1014) >10° m*/s >0002 km® <20 min
>56x1014) >106m'/s >1.2 km® < 5min
>26x1016)  >107m¥%s  >0.15km’® < 1min

Databaseof numericalsimulations



Introducinga bayesianEvent Tree for Volcanic Tsunami Hazard Assessment (PVTHA)

Node 1 Node 2 Node 3 Node 4 Node 5 Node 6 Node 7
STATUS PHENOMENA SOURCE AREA SIZE TSUNAMI TARGET AREA >THRESHOLD
Eruption Subaqueous explosion Areal —» Size 1 Area 1

Caldera collapse Area2 ———> Size2 Area 2
\ Area3 ——» Size3 Yes / Area 3 \ Yes

Pyroclastic flow
Unrest

Debris flow Rront Size j No Area k Be
Flank collapse
Inactive

Earthquake Areai3 Size jg Area ke

Arrows indicate potential paths which involve different volcanic states (node 1), phenomena (node 2), source
position and size (nodes 3 and 4), and tsunami generation (node 5).

Blue arrows indicate a possible scenario (among others) generating a tsunami (node 5) and leading to the evaluati
of hazard at a given location (nodes 6) and exceeding a certain threshold of wave height at the shoreline (7).

Collaboration LMV, INGMniv Naples



_ Node3 Node 4 Node 5
SOURCE AREA SIZE TSUNAMI
Eruption Subaqueous explosion Areal ——» Size 1 Area 1
Caldera collapse Area2 ———> Size2 / Area 2 \
Pyroclastic flow Area3 —> Size 3 Yes Area 3 Yes
Unrest
Debris flow Areai Size j No Area k No
Flank collapse
Iractive Earthquake Areai3 Size jg Area ke
GEOLOGY PHYSICS
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AMr Domenico Mangione
IS a volcanic risk
management specialist
employed in the Volcanic
Risk Unit of the Italian
National Civil Protection
Department since 2007
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The tsunami early -warning system at Stromboli

Dr. Domenico Mangione

National Civil Protection Department AN
Volcanic Risk Unit é
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Presidenza del Consiglio dei Ministri
Dipartimento della Protezione Civile




Stromboli volcano

ISOLE EOLIE G

STROMBOLI

ALICUDI

Q

&:tivity type: persistentstrombolian \
Location Sicilia¢ TyrrhenianSea

Height 924 m s.l.m.

Area 12 knv

Activity onset 200.000yearsago
Lastevent 2024 effusive/explosive
Currentvolcanicalert level: YELLOW

@pulation from 400up to >5.000 /

www.protezionecivile.gov.it



Main Institutions and roles

HAZARD ANALYSIS AND EARLY DETECTION

7S
Qfé& ISTITUTO NAZIONALE DI GEOFISICA E VULCANOLOGIA

UNIVERSITA
DEGLI STUDI

FIRENZE

DST

DIPARTIMENTO DI
SCIENZE DELLA TERRA

PREVENTION, ALARM AND RESPONSE

A

PROTEZIONE CIVILE
Presidenza del Cansiglio dei Ministri
Dipartimento della Protezione Civile

www.protezionecivile.gov.it




Tsunamil hazard volcanic sources

Partial collapses of the
Sciara del Fuoco SLOW VOLCANIC DYNAMIC

(magmatic intrusions) (DAYS)

Paroxysmal explosions
lastic i d/ FAST VOLCANIC DYNAMIC
(pyroclastic flows and/or (MINUTES)

subsequent collapses of the

& .
& Sciara del Fuoco)
O
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< (\,,,@‘
&
« ®
A
a © s A SO
) v Ll 9 AN QO S ~ Dop o L] S
Q0 AV NN AN ) ) x G ) & 2) QO Q VIV
N DN NN N NN N N \°*°\I"') NN N DY 6\\0‘5\

I I | I
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
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Medium -short term volcanic early

Partial collapses of the

Sciara del Fuoco
(magmatic intrusions)

SLOW VOLCANIC DYNAMIC

VERY HIGH
ERUPTIVE ACTIVITY

Monitoring
parameters
RED on very high values

WWW.HT ULEZIUIIEGIVIIE.BUV.IL

(DAYS)

VERY HIGH STROMBOLIAN

EXPLOSIVE ACTIVITY,

ASSOCIATED WITH:

» Effusive vents opening
along the Sciara del Fuoco feeding
lava flows

= Displacement of emerged and
submerged sectors of the Sciara del
Fuoco flank involving very large
volumes?, caused by magma
intrusion

STROMBOLI -~ VOLCANIC ALERT LEVEL SYSTEM

ALERT VOLCARC ONGONG
LEVEL ACTIVITY STATUS OR EXPECTED HAZARDS

L QUIESCENT No ervptive acthvity and normal
GREEN degassing from the sumimet oraters.
LOW TO MEDIUM LOW OR
ERUPTIVE ACTIVITY X ACTAITY, EVENTUALLY
ASSOCATED WITH:
" » Shart-lived (hours) tva overflows
Wtﬁzﬁ"f?&n wong the Scéra del Funco
YELLOW of the trater aroa

low to madium
vitlues Sl or edium volumes

HIGH

STROMBOLAN
B NCAN APTAINTY DUTMTY A Y

«Tephra fallout {ranging from centimeters to meters in size)
in the summit area, eventually affecting the hiking trails

«Ash fallout affecting the downwind sectors with disruptions to the
populated areas, streets and infrastructures

«Rock falls or debris avalanches along the Sciara del Fuoco, propagating

hundreds of meters into the sea

«Tsunami waves affecting island'’s coastal areas and
infrastructures, Other Aeolian Islands and coastal areas of the
Southern Tyrrhenian might be affected as well, depending on the

.ca._nsedbvlara-sainteracﬁm

= Magma intrusion outside of the
Sdiara del Fuoco, eventually followed
by the opening of eruptive vents.

size of the tsunami
explosions along the Sciara del Fuoco coastine
Faﬂ%.ntoftigsizedbalisﬁcsnuvread\
several hundred meters from the coast ’
=Emission of toxic gases from the lava sea-entry

«In case of magma intrusions outside of the Sciara del Fuoco, lava flows
could affect populated areas, streets and infrastructures <

= Extensive wildfires could propagate very quickly towards populated
areas.

.
arior of the Sciars del Fuoco vong

-warning system

QA

FROTEZIONE CIVILE

POSSIBLE IMPALYT SCENARIOS

Toxic gas emissions may reach downwing sactors

«Tophra fallout franging from stod 2l
in the cratee anea and. eventually, up to Pzzo sopra La Fossa
oHock falls or debris slides along the Sciara del o
propagating tens of meters into the sea.

. fallout (ranging froon centameters 1o decimters i st

Inthe summit an, eventualy affecting the hiing triks

« Rock falls or debris mvaanches slong the Scan del Fuoon,
propegating tens of miters into the sea
Hydro-magmatc eqlosions along the Sciara del Fuoco coassing
'umwmmwabgmummm
severtl hundrod enetirs from Bhe oot
« Wikifires coulo wery quchly - arvas

al

-ﬁvﬂmd&ﬁb«nhhmumv .

. fubout from cartmeters to meters i stos)
s e

ofish Poout the comtwire sectoes with ciseugions 0 the
mmm%um

«Rock falls or debris avalanches the Scira del Fuoc, propagating
mmmuuﬂ
-W“Mﬁmuﬁ arwas ard
infrastractures, Other lands and coastal reas of the
Southerm Tyrrhenian rmght be aMected as wel, depending on the
size of the tsunami
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cased by veraction. o sioed haflsties iy nsch
several hundred meters from e coust
o s of gy FErusions outsicke of the Sckara del Fuon e flows

coukd affect popuiatid amwis, streets and nfrastrocsres.
«Extonsie witdfires could propagate very Quckly towards popuated
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=== \/ery short -term volcanic early

Paroxysmal explosions
(pyroclastic flows and/or

subsequent collapses of the
Sciara del Fuoco)

FAST VOLCANIC DYNAMIC
(MINUTES)

www.protezionecivile.gov.it

-warning system

«Based on one tiltmeter managed by Universita di Firenze
wf-orecast: between 1 and 5 minute, based on the size of eve
ubirens automatically activated: Stromboli a@ahostra

und followed by a message in Italian/English (2 m 30 sec

| 10:17:15

auolso|ds3

. . /'.
Ta- -ggmlnutl L

:' (Ripepeet al., 2021) {
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Volcanic tsunamis early -warning system

Scag 1
Scagi 2 *

Punt
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Splaggla Linga

A 8 sirens in Stromboli
A 2 in Panarea
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DEGLI STUDI DST

PROTEZIONE CIVILE
DIPARTIMENTO DI
FIRENZE | scienze beLLaTerRA

Presidenza del Consiglio dei Ministri
Dipartimento della Protezione Civile

~ -~ e-mails
EARLY DETECTION
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Regional civil protection

Messina Prefecture

v

v

Municipality

. 4

Coast guard

www.protezionecivile.gov.it | ALERTING




Response
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National civil protection plan

www.protezionecivile.gov.it

DPC-DPC_Generale-P~UIIC_SRV-0016513-31/03/2023 -~ Allegato Utente 1
Procedure “early warning" per esplosioni parossistiche ¢ maremoti a Stromboli

PROCEDURE CONNESSE
ALD’ATTIVAZIONE AUTOMATICA DEI
SISTEMI SPERIMENTALI DI EARLY-
WARNING PER ESPLOSIONI
PAROSSISTICHE E MAREMOTI
GENERATI DA ATTIVITA VULCANICA A
STROMBOLI

Standard operating procedures



PROTEZIONE CIVILE
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A RISCHIO VULCANICO
VOLCANIC RISK

PERICOLO ESPLOSIONE PAROSSISTICA

PAROXYSMAL EXPLOSION HAZARD

www.protezionecivile.gov.it




Key priorities

High performance
monitoring and early
detection, data
transmission
infrastructure and
cybersecurity

www.protezionecivile.gov.it

~_

TSUNAMI

EARLY
WARNING
SYSTEM

Update of the civil
protection plan
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New findings on the Kolumbo system near Santorini
and its implications for hazard assesment

Nomikou Paraskevi T,
K 'f;) National and Kapodistrian
#5 University of Athens
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Greek Volcanoes

e

Thefour active
volcaniccentresof
the Aegean arc and

another ten
inactive volcanic
centresactivated
during Oligoceneg,
Middle Pleistocene
following its
southward
migration across
the Aegean Sea are
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M) described with
emphasis on their
tectonic signature.
They are all
localized within
neotectonicand
active tectonic
grabens, resulting
from the backarc
extension of the
Hellenic arc and
trench system
throughout its Late
Eoceng; Present
evolution.

Rovden & Papanikolaou (2011)



R/V ENDEAVOR: 2015
EALNAUTILUS: 2010, 2011
R/V MARCUS LANGSETH: 2015
R/V POSEIDON: 2006, 2017 2019
YPAPANTI shuttle boat: 2015
OCEAN LINK: 2019
R/V EUROPE: 2022 2023 2025
E/V FILIA: 2022, 2023
JOIDES Resolution: Dec 2022Feb 2023
MARIA MERIAN: Dec 2024, April 2025
DISCOVERY: March 2025
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e HELLENIU REPUBLIC

W Synthetic Morphology of the region [ Nationa) and Kapoditrian \\‘)

5 University of Athens
MULTI-MAREX = St GEOMAR

v L = - ‘ Topography
10S R 1000

750
500
250 -
Om -~
-250
-500
-750

AMORGOS
Ny \
.5

-

ANHY

DROS

._“'

(Nomikou et al., 2019Preineet al., 2022and MSM132 scientific pardy

Most conesof the KolumboVolcanicChainare monogeneticeruptive centres generallyassociatedvith the rapid ascentof smallbatches
of relatively primitive magmawith bulk volumesof lessthan 0.2 km?® denserock equivalent(Nomikouet al., 2012). TheO 2 Y Bk @
pronouncedsummit craterssuggestonly mildly explosiveformation, and the absenceof slopefailure scarsindicate minor tsunamigenic
potential(SchindeleF. et al. 2024).



Multi-channel reflection seismic profiles D) The shallow subsurface is disrupted by variouslgidmetre-scale

Highly faulted basement of th&nhydrosblock fault zones thatontrol the location of fluid escape structures on the
. Kolumbo Volcanic Chain T 200 - seafloor, evidenced by the linear alignment of volcaoemtresof the
. d it 0 25 . " \
Anhydros Basin vciz VST ves e B g;m;g;gggo;mf KVC, both of which form on southeatdipping faults.
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Tectonic Map(based on Multchannel reflection seismic profiles, C. Berndt and MSM132 scientific party, Isken et al., 20z
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The Anhydros block is a
tited block that likely
represents a large relay
ramp structure between
the boundingAmorgosand
SantorintAnafi faults
(Crutchleyet al. 2023

(Nomikou et al.,
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1956 Amorgos Earthquakes

The exceptional
event of the
1956 twin
Amorgos
earthquakes of
magnitude 7.5
and 7.2 affected
the wider area
and produced a
large tsunami.



AMORGOS




a)

Video =

3Dview of o e varim stume (ooshmoent the}
the Amorgos
fault scarp

EL

Thehighestwaves
in the
Mediterraneansea
for thepast2
centuries

Leclerc et al., 2024 (Nat.Comm.)







no distinct
boundary
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