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Human-enhanced tsunami hazard in
large lakes

Muhammad Naveed Zafar 1,2 , Pierre Sabatier 1, Denys Dutykh 3,
William Rapuc 1,4, Raphaël Paris 5, Andrea Piccin6, Pascal Vuillemin7 &
Flavio S. Anselmetti8

Worldwide, human-inducederosion enhances sediment delivery to lakedeltas,
increasing their susceptibility to collapse. In Lake Iseo, northern Italy, two
millennia of intensified land use tripled sediment flux, oversteepening the
delta and preconditioning it for failure. Here we show from geological records
and numerical simulations that earthquakes in 1117 CE (Mw 6.5) and 1222 CE
(Mw 6.0) triggered major subaqueous delta collapses, generating massive
tsunamis with maximum run-ups of ~50m and ~13m, respectively. Historical
accounts from the Vatican Library and archeological evidence support these
reconstructions. Since the last collapse, eight centuries of human-induced
erosion have rebuilt the delta, leaving shoreline populations highly vulnerable
to future earthquake-triggered failures. A global lake synthesis showed that
human-driven erosion has reached its highest levels since the Industrial Era,
progressively overloading deltas worldwide; thus, similar catastrophic failures
may become more likely in the future. These findings reveal a persistent,
human-amplified mechanism of lacustrine tsunami generation and intensity
with major implications for hazard assessment.

Worldwide, land use has drastically accelerated erosion1–4, result-
ing in increased sediment yield and accelerated delta progradation
in downstream lakes5–7, which are especially vulnerable because of
their steeper slopes, confined basins, and smaller spatial extents.
Paleoenvironmental records show that since the Holocene, human
activities such as agriculture, pastoralism, urban expansion,
deforestation, and burning have been themain drivers of amplified
soil erosion globally8–15, increasing sediment fluxes to deltas by up
to 100-fold in some regions16. These abrupt and extensive sedi-
ment inputs have profoundly reshaped delta morphologies5,
overloaded subaquatic slopes, and weakened structural stability,

making deltas more prone to collapse under seismic and gravita-
tional stress17,18.

Driven by intensified land use, multiple lacustrine delta collapses
have been documented globally17,19–28. However, the role of anthro-
pogenic sedimentation in tsunami hazards remains critically under-
studied, especially in tectonically active regions, where sustained
sediment loading destabilizes deltaic slopes, preconditioning them for
catastrophic failure during seismic events that could generate large
tsunamis24,29–31.

In this work, we examine the tsunamigenic consequences of long-
term human-driven sediment accumulation in Lake Iseo (60.9 km²),

Received: 8 January 2026

Accepted: 21 September 2026

Check for updates

1Environnements, Dynamiques et Territoires de laMontagne (EDYTEM), Université SavoieMont Blanc, CentreNational de la RechercheScientifique (CNRS), Le
Bourget-du-Lac, France. 2Laboratoire de Mathématiques (LAMA), Université Grenoble Alpes, Université Savoie Mont Blanc, Centre National de la Recherche
Scientifique (CNRS), Chambéry, France. 3Mathematics Department, Khalifa University of Science and Technology, Abu Dhabi, United Arab Emirates.
4Department of EarthSciences, DurhamUniversity, Durham,UK. 5UniversitéClermontAuvergne,CentreNational de la RechercheScientifique (CNRS), Institut
de Recherche pour le Développement (IRD), Observatoire de Physique du Globe de Clermont-Ferrand (OPGC), Laboratoire Magmas et Volcans (LMV),
Clermont-Ferrand, France. 6Regione Lombardia, Direzione Generale Territorio e Sistemi Verdi, Milan, Italy. 7Langages, Littératures, Sociétés. Études Trans-
frontalières et Internationales (LLSETI), Université Savoie Mont Blanc, Chambéry, France. 8Institute of Geological Sciences and Oeschger Centre for Climate
Change Research, University of Bern, Baltzerstrasse 1+3, Bern, Switzerland. e-mail: muhammad.zafar.naveed@gmail.com

Nature Communications |        (2026) 17:10531 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

https://doi.org/10.1038/s41467-026-78272-8
http://orcid.org/0009-0005-7430-0123
http://orcid.org/0009-0005-7430-0123
http://orcid.org/0009-0005-7430-0123
http://orcid.org/0009-0005-7430-0123
http://orcid.org/0009-0005-7430-0123
http://orcid.org/0000-0002-9620-1514
http://orcid.org/0000-0002-9620-1514
http://orcid.org/0000-0002-9620-1514
http://orcid.org/0000-0002-9620-1514
http://orcid.org/0000-0002-9620-1514
http://orcid.org/0000-0001-5247-2788
http://orcid.org/0000-0001-5247-2788
http://orcid.org/0000-0001-5247-2788
http://orcid.org/0000-0001-5247-2788
http://orcid.org/0000-0001-5247-2788
http://orcid.org/0000-0001-8258-4545
http://orcid.org/0000-0001-8258-4545
http://orcid.org/0000-0001-8258-4545
http://orcid.org/0000-0001-8258-4545
http://orcid.org/0000-0001-8258-4545
http://orcid.org/0000-0003-4569-5187
http://orcid.org/0000-0003-4569-5187
http://orcid.org/0000-0003-4569-5187
http://orcid.org/0000-0003-4569-5187
http://orcid.org/0000-0003-4569-5187
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-78272-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-78272-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-78272-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-78272-8&domain=pdf
mailto:muhammad.zafar.naveed@gmail.com
www.nature.com/naturecommunications


one of the largest lakes in northern Italy. By integrating geophysical,
sedimentological, historical, and archeological data with advanced
numerical modeling, we reconstruct twomedieval delta collapses and
assess their tsunamigenic potential. This multidisciplinary investiga-
tion highlights how sustained anthropogenic pressure can lead to
repeated delta collapses, which are capable of generating devastating
tsunamis over relatively short timescales. Our findings underscore the
urgent need to incorporate human-driven sediment dynamics into
tsunami hazard assessments in densely inhabited lacustrine environ-
ments, particularly those in tectonically active regions.

Results
The human footprint on Lake Iseo’s Delta
Lake Iseo (Italy) is located at the downstream end of Val Camonica
(Fig. 1), one of the largest valleys of the southern European Alps. The
Lake Iseo catchment (1777 km2) is characterized by steep topography
and is drained by the Oglio River (Fig. 1), which inflows the lake from
the north, supplying substantial sediment that forms a large delta.
Extensive human activity in the catchment is well documented by
archeological, historical, palynological, and paleoenvironmental
studies32–37. Since the Roman period, intensified deforestation, agri-
culture, and pastoralism have significantly increased hillslope erosion,
resulting in a threefold rise in sediment flux to the lake compared with
earlier Holocene background levels32. This abrupt human-driven ero-
sion rapidly built up and steepened the Oglio River Delta at the lake’s

northern margin, overloading subaqueous slopes and increasing their
susceptibility to collapse during seismic shaking17.

The Val Camonica region has experienced moderate to high
seismic activity due to the complex collisional and postcollisional
phases of the Alpine orogeny38. Several destructive earthquakes
have been recorded over the last two millennia39. Notably, two
major medieval earthquakes, the 1117 CE Verona earthquake (Mw
6.5)39,40 and the 1222 CE Brescia earthquake (Mw 6.0)39,41, affected
the Lake Iseo region, with estimated macroseismic intensities of
approximately VI–VII42 and V–VI43, respectively. They triggered
massive subaqueous delta collapses in Lake Iseo17 and induced
minor slope failure, likely along the escarpment between Monte
Isola and the eastern shore44. According to detailed sediment core
and seismic reflection analyses, these delta collapses are recorded
as the thickest mass-wasting deposits (MWDs, or megaturbidites)
in the deep basin of Lake Iseo17. The 1117 CE earthquake produced
an event deposit (MWD7 in Supplementary Fig. 1), which reached a
maximum thickness of ~7m and an estimated volume of
6:2 × 107m3 derived from the interpolated thickness (Fig. 2c). This
exceptional event is linked to approximately six centuries of
human-driven sediment accumulation at the Oglio River Delta
following the last delta collapse in the 6th century (Supplementary
Fig. 3)17. After the collapse of the 1117 CE, continued sedimentation
from ongoing human activity rebuilt and preconditioned the delta
slopes for another collapse, which occurred approximately one
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Fig. 1 | Location and geomorphological context of Lake Iseo. a Location of the
study area in the central SouthernAlps, northern Italy.bTopographicmap showing
the Val Camonica watershed (black dashed line), along with the extent of Lake Iseo
and adjacent basins, the locations of the main cities, and the epicenters of the 1117
and 1222 CE earthquakes. c The detailed bathymetry of Lake Iseo, showing the

location of core SEB18 (core data in Supplementary Fig. 2), some of the seismic
survey lines in white A–C (corresponding seismic profiles in Supplementary Fig. 1),
the onshore core sites collected in this study, the Oglio River Delta, and the loca-
tions of the two medieval delta collapses.

Article https://doi.org/10.1038/s41467-026-78272-8

Nature Communications |        (2026) 17:10531 2

www.nature.com/naturecommunications


century later during the 1222 CE earthquake and produced a
somewhat thinner layer (MWD6 in Supplementary Fig. 1) with a
maximum thickness of ~2m and a volume of 1 × 107 m3 (Fig. 2f).
This rapid rebuilding is supported by a first-order estimate based
on the mean deep-basin sedimentation rate (~3mm yr−1)17 over the
~18 km2 depositional area (below 210m water depth), which indi-
cates that ~5.7Mm³ of sediment accumulated between the 1117 and
1222 CE events. Although it is lower than the ~10Mm3 mobilized in
1222 CE, this estimate is conservative because it reflects fine-
grained sediment preserved in the deep basin and does not include
coarser sediment stored at the delta front, where the failure ori-
ginated. The accommodation space created by the 1117 CE collapse
likely further enhanced sediment trapping and rapid rebuilding of
the unstable delta wedge. These two events illustrate how increa-
ses in sediment supply from human activities may amplify the
likelihood of delta collapses in seismically active regions.

Reconstruction of catastrophic tsunami events
To assess the tsunami hazards associated with both medieval delta
collapses, we reconstructed the landslides and resulting tsunamis by
quantifying the event deposits and conducting high-resolution
numerical modeling. The reconstruction was based on high-
resolution LiDAR topographic and multibeam bathymetric datasets
acquired in 2002 by Regione Lombardia and the Istituto Nazionale di
Oceanografia e di Geofisica Sperimentale (OGS) within the Italian
National Geological Mapping Program (CARG)45,46. The present-day

high-resolution bathymetry was used as a geomorphological analogue
for the pre-failure delta morphology because sustained sedimentation
following the medieval failures largely infilled the delta front and
obscured the original landslide scars. This was done assuming that
continued sediment delivery after the medieval failures rebuilt the
delta along a similar depositional pathway.

Based on this framework, the post-failure delta morphology was
reconstructed inGIS by removing areas of sediment accumulation and
restoring a plausible failure-scar morphology. This reconstruction was
guided by large-scale bathymetric trends, erosional features, and the
present-day morphology of the Oglio Delta front. Landslide source
volumes were then estimated as the difference between the recon-
structed post-failure surface and themodern bathymetric surface. The
reconstruction was iteratively refined until the estimated source
volumes matched the volumes of the mapped mass-wasting deposits
identified from seismic reflection profiles and sediment-core data in
the deep basin, yielding source volumes of 6.2 × 107m3 for the 1117 CE
event and 1.0 × 107m3 for the 1222 CE event (Fig. 2a, d). We then
simulated landslide dynamics using a viscoplastic rheological model
assuming a single-event failure mechanism. This assumption is sup-
ported by the sedimentological structure of the deep-basin event
deposits, which comprise an erosive sandy base interpreted as a high-
energy remobilization phase, followed by a single upward-fining
depositional episode without evidence for repeated grading or mul-
tiple stacked subevents17. This unit is overlain by thick homogeneous
deposits interpreted as suspension settling associated with basin-wide
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Fig. 2 | Landslide modeling and its validation with geological records for the
1117 CE and 1222 CE events. a, d Initial reconstructed landslide volumes.
b, e Simulated landslide thickness evolution over time. c, f Comparisons between

modeled deposit thicknesses and those interpolated from seismic profiles are
shown for the a–c 1117 CE event and d–f 1222 CE event. Background satellite ima-
gery in (a, d): Google ©2026 CNES/Airbus, Maxar Technologies.
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seiche oscillations47, with an upper fine-clay interval representing the
final stage of suspension settling.

Details of the modeling approach and parameter selection are
provided in the Methods section. The temporal evolution of landslide
thickness, from initiation to finaldeposition in thedeepbasin, is shown
in Fig. 2b, e. Both landslides originated at theOglioDelta, but their final
depositional geometries differ slightly. During the 1222 CE event, a
greater portion of the mass propagated farther into the basin com-
pared to the 1117 CE event, likely due to greater accommodation space,
as the 1117 CE deposits had already filled the northeastern deep basin
with substantial sediment a century earlier. Moreover, the 1222 CE
landslide had relatively high water content and a large proportion of
coarse sediment (Supplementary Fig. 2), resulting in a relatively low
shear strength. This allowed the material to travel more rapidly
(Fig. 2e), with most of the sediment reaching farther into the deep
basin. The modeled deposit thicknesses and their spatial distributions
strongly agree with those inferred from seismic profiles and sediment
core data for both events (Fig. 2c, f), thus validating the rheological
assumption andparameterizationof our landslidemodeling approach.

Following this validation, we simulate the resulting tsunamis
based on time-dependent changes inwater depth induced by landslide
motion. We calculated tsunami wave propagation and inundation by
using a nonlinear hydrodynamic model for both events at a 10m
spatial resolution. Details of the tsunami models, Froude number
estimation, and sensitivity analyses of dispersion and landslide

initiation depth are provided in the Methods section. The maximum
tsunamiwave heights over the arrival times for both events, alongwith
the corresponding run-up heights and inundation distances at the
marked locations, are shown in Fig. 3. Our simulations reveal that the
medieval delta collapses in Lake Iseo generated some of the largest
subaquatic landslide-induced tsunamis ever inferred in a lacustrine
setting. The 1117 CE event produced wave heights greater than 50m in
the northern part of the lake (Fig. 3a, c). This massive tsunami wave
inundated nearby shores within just oneminute and propagated up to
~2.7 km inland (Fig. 3d). The subsequent collapse in 1222 CE also gen-
erated a large tsunami (Fig. 3b), with waves peaking at ~13m (Fig. 3c)
and inundation extending up to ~1 km inland (Fig. 3d). Both tsunamis
propagated rapidly across Lake Iseo and were strongly influenced by
Monte Isola, the central island, which acts as a natural barrier, splitting
the waves and partially shielding the cities behind it. Despite this
protection, areas such as Iseo still experienced significant impacts,
with maximum wave heights of ~5.5m (1117 CE) and ~2m (1222 CE),
arriving ~7min after the landslides (Fig. 3).

Historical and archeological tsunami evidence
Our numerical tsunami reconstructions are strongly supported by
historical and archeological evidence. A vivid account from a 12th-
century manuscript48 preserved in the Vatican Library describes the
catastrophic 1117 CE event, which states on folio 184r: “Lacus quoque
adeo excreverunt ut in villis iuxta positis habitantes paucissimi ab hoc
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periculo evaderent. Multa quoque castella et arces cum interitu habi-
tantiummiserabiliter diruerunt.”meaning, “The lake (Iseo) overflowed so
much that very few of the inhabitants of the nearby villages escaped this
danger. Many castles and fortresses also collapsed miserably, with the
destruction of their inhabitants”. Detailed information on individual
buildings is limited, making it difficult to validate the exact tsunami
run-up and inundation. However, archeological evidence from the
Pieve church of Sant’Andrea d’Iseo provides useful constraints46. The
church underwent major reconstruction shortly after the 1117 CE
event, involving both its lower and upper parts. Whether this damage
resulted from seismic shaking, tsunami impact, or both cannot be
determined. Our simulations indicate that the 1117 CE tsunami reached
the shoreline in front of the church with a maximum wave height of
~3.5m and an inundation distance of 165m, sufficient to inundate the
church area.

Additionally, archeological investigations have documented
extensive structural damage around Lake Iseo’s shore following the
1222CE earthquake49, supporting the occurrenceof another important
tsunami event. Together, these historical and archeological pieces of
evidence for both events strongly support our comprehensive
numerical reconstruction, confirming that delta collapses triggered
two exceptionally large catastrophic tsunamis in Lake Iseo over a
century apart.

We also investigated the potential preservation of tsunami
deposits along Lake Iseo’s shoreline. However, extensive human
modification has largely erased natural sedimentary archives. The
only remaining undisturbed site, a peatland at the southern tip
near Iseo, was cored at multiple locations using a Russian corer.
Numerical models, however, indicate minimal wave heights (<1 m)
at this site (Fig. 3) due to wave diffraction around Monte Isola,
which splits incoming waves, resulting in indirect and attenuated
wave propagation toward the southern tip. Consequently, no
identifiable tsunami deposits were found at this site, which is
consistent with the findings of Zafar et al.50, highlighting the
importance of wave height and directivity in controlling the
spatial distribution of tsunami deposits along lake shores. Other
factors, such as localized sedimentation dynamics, erosion, his-
torical peatland exploitation or undocumented disturbances, may
also explain the apparent absence of deposits on land.

Discussion
A persistent legacy of tsunami hazard
Land use, the primary driver of increased delta instability at Lake Iseo
during the medieval period, has intensified significantly in modern
times. After a brief decline following the collapse of the 1222 CE,
notably during the Black Death, land use resumed and escalated
sharply from 1661 CE onward, peaking during the Industrial era and
continuing today32 (Supplementary Fig. 3). Thus, over the past eight
centuries, sustained anthropogenic erosion has progressively ampli-
fied sediment delivery to theOglioDelta17,32, increasing its vulnerability
to future collapse under seismic or gravitational forces.

Today, the shores of Lake Iseo are among the most densely
developed in the Italian Alps, with numerous cities, marinas, and
extensive tourist infrastructure. Additionally, Monte Isola, the largest
inhabited lake island in Europe, attracts a significant amount of tourist
activity. A tsunami comparable in magnitude to the catastrophic
events that struck Lake Iseo during the medieval period would cause
severe devastation today, given the region’s dense population and
shoreline development. The simulations suggest that wave run-up
would inundate large sections of the current shoreline, including
urban areas and the inhabited shores of Monte Isola (Fig. 3). Critically,
warning times for near-field locations would be negligible: waves
generated by a collapse of the Oglio Delta would reach the northern
shore in less than one minute (Fig. 3). In more distant areas, an early
warning system might offer a brief window for evacuation to higher

ground, but it would remain insufficient for an effective response
within such a short time frame.

The legacy of intensive agro-pastoral activities in the Italian
Alps32,36,51,52 affected not only Lake Iseo during the earthquakes of the
12–13th centuries but also other major alpine lakes in the region.
Although the southern European Alps have been less systematically
studied than the northern and western Alps are, the presence of very
thick megaturbidites in the deep basins of Lakes Garda53 and Como25

suggests that steep, sediment-overloaded slopes in both lakes also
collapsed during medieval seismic activity, and historical records
confirm catastrophic tsunami activity in the region’s lakes40,48. Today,
the large perialpine lakes of northern Italy (Garda, Como, and Iseo)
feature some of Europe’s most densely developed freshwater shor-
elines, home to more than 370,000 permanent residents54 and wel-
come tens of millions of visitors annually. Ongoing human-driven
erosion in the Italian Alps, which peaked in the 18–19th centuries at its
highest levels since the early Holocene52, together with active fault
systems43, continues to overload steep deltaic slopes, increasing the
likelihood of major tsunamigenic collapses.

This human amplified tsunami hazard is not confined to the
southern European Alps. Numerous other alpine lakes, including Lake
Geneva22,24,29, Lake Sils30, Lake Brienz18,20, and Lake Lucerne21,23, have
experienced recurrent tsunamigenic delta collapses during periods of
intensified human-induced erosion triggered by seismic shaking,
spontaneous slope failure, or external disturbances such as rockfalls.
Over the past several centuries, human-driven erosion, primarily from
agro-pastoral activities, has reached levelsunmatched in theHolocene,
driving substantial sediment accumulation in alpine lake deltas13–15 and
increasing future tsunami hazards.

Similar mechanisms have also been observed outside Europe. For
example, in south-central Alaska, Lakes Eklutna, Skilak, and Kenai host
multiple deltas that have undergone repeated collapse, with the most
recent large tsunamigenic delta collapses triggered by the 1964
megathrust earthquake19,31. In New Zealand, delta collapses have also
been identified as the primary source of repeated lake tsunamis27.

All of these worldwide tsunamigenic delta collapses have been
attributed to sediment overloading from catchment erosion, so the
interplay of land use, sediment overloading, and recurrent seismic or
spontaneous delta failures observed at Lake Iseo is a global issue. Soil
erosion from human activities, as evidenced by a global synthesis of
632 lake-watershed records, is now at its highest level since the
Industrial Era14, thereby overloading deltaic slopes worldwide. Our
multidisciplinary approach supports a holistic hazard assessment of
lacustrine environments. Given that the hidden legacy of human land
use can lead to large tsunamis, communities around Lake Iseo and in
similar lacustrine settings worldwide can better prepare for these low-
probability but high-consequence events. The cascading effects
observed in Lake Iseo serve as both a cautionary tale and a call to
action, underscoring that today’s hazard assessment and land man-
agement strategies will shape the disasters of tomorrow.

Methods
Modeling of the Iseo Delta collapse and tsunami
Tsunamis generated by delta collapses in Lake Iseo were modeled in
two stages using a one-way coupling approach. First, the dynamics and
time evolution of the landslide were simulated using the landslide
model. Second, the simulated landslide evolution was converted into
time-dependent bathymetric changes that served as inputs to the
tsunami model. The tsunami model accounts for these time-varying
lake-bed deformations, which are transferred directly to the overlying
water column, leading to the generation and propagation of tsunami
waves. In this framework, the influence of landslide motion on the
water column is explicitly considered, whereas feedback from the
generated waves onto the landslide dynamics is neglected. However,
hydrodynamic effects such as viscous drag and added-mass forces are
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incorporated into the landslide modeling stage prior to coupling with
the tsunami model.

Landslide modeling
We simulated delta failure using the two-layer, depth-averaged (2HD)
viscoplastic debris-flow model BingClaw, which applies a
Herschel–Bulkley rheology and is specifically developed for cohesive
subaqueous landslides55. BingClaw has been extensively validated
against geological observations, including the 8150 BP Storegga
landslide56 and subaqueous landslides in French Alpine lakes47,57. The
model represents the failed mass as two layers: an upper plug layer, in
which the sedimentmoves en blocwithout internal shear deformation,
and a lower shear layer, where deformation occurs once the applied
shear stress exceeds the yield strength. Mass balance equations are
solved over the entire depth (both layers), whereas momentum
equations are solved separately for each layer via a Godunov-type
finite-volume scheme. For a detailed description of BingClaw, see Kim
et al.55.

Landslide dynamics and runout are controlled by several para-
meters that describe the rheology of the flow. We chose the rheolo-
gical parameters that gave the best match to the observed runout
distance, as well as to the thickness and spatial distribution of the final
deposits, guided by the sensitivity analysis of Kim et al.55. Runout dis-
tance is most sensitive to yield strength55. In the present study, yield
strength values were constrained via observational runout distances
from seismic profiles (Fig. 2c, f). The sediment density and water
content were obtained directly from the core data. The simulation of
the 1117 CE slide used a yield strength of 25Pa and a bulk density of
1600kg=m3, whereas the 1222 CE slide used a yield strength of 7Pa and
a bulk density of 1650kg=m3. The lower yield strength for the 1222 CE
slide reflects its higher water content and greater proportion of coarse
sediment (Supplementary Fig. 2). All other parameters, including the
non-Newtonian fluidity index, n (0.5), addedmass (0.1), frictional drag
(0.01), pressure force (1.0), and reference strain rate (100 s−1), were
held at the fixed values following Kim et al.55 and Zafar et al.47,57. By
using all these parameters, we perform landslide simulations and
determine the time-dependent runout distance of the slide until it
reaches its final depositional position in the deep basin. This output
will be used in further tsunami modeling.

Tsunami modeling
Time-dependent bathymetric changes from the landslide model were
used to drive wave generation in the tsunamimodel. We used the two-
dimensional depth-averaged nonlinear shallow-water equation
(NSWE) model, GeoClaw58, to simulate tsunami wave propagation and
inundation. GeoClaw is an open-source, widely used tsunami model
that has been validated against the National Tsunami Hazard Mitiga-
tion Program (NTHMP) benchmark problems59 and applied to
numerous events with comparisons to tide gauges60 and geological
data, including those from lakes47,50,57. GeoClaw employs a shock-
capturingGodunov-typefinite-volume scheme61,62 on rectangular grids
with adaptive mesh refinement and handles wet/dry interfaces effec-
tively during inundation. For a detailed description of GeoClaw, see
LeVeque et al.63. Rectangular computational grids with a cell size of
~10m were used to simulate tsunami wave propagation and inunda-
tion, with a Manning roughness coefficient of 0.03. The present-day
reference lake level (185.44ma.s.l.) wasused, as there is no evidenceof
significant lake-level variations during the last ~2 kyr, also considering
the nearly constant extent of the marsh area (Torbiere d’Iseo) at the
southern edge of Lake Iseo.

Froude number estimation
The initiation of tsunamis is primarily determined by the landslide
volume and its initial frontal area. However, the characteristics and
intensity of tsunami waves and their interactions with underwater

landslides are also strongly affected by the Froude number (Fr)64,65,
which is defined as the ratio of the landslide’s velocity to the speed of
longwave gravity waves, is given by:

Fr =U=
ffiffiffiffiffiffi

gh
p

ð1Þ

where U : =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2 + v2
p

represents the landslide’s velocity magnitude.
The symbols ‘g’ and ‘h‘ denote the gravitational acceleration and the
depthof thewater, respectively. Themost efficient tsunamigeneration
occurs near resonance when Fr � 166.

We calculated the Froude number for the 1117 CE event over the
first 200 s of the simulation. The temporal evolution (Supplementary
Fig. 5) reveals that during the initial acceleration phase of delta col-
lapse, Fr reached a maximum of ~0.9, approaching the resonant con-
dition (Fr � 1). This indicates efficient energy transfer from the
landslide to surface waves and, consequently, the most efficient tsu-
nami generation. After ~20 s, Fr rapidly decreased to ~0.6 and then
gradually declined during runout, reflecting reduced tsunami genera-
tion efficiency as the landslide decelerated and propagated into
deeper water.

Dispersive sensitivity analysis
To examine dispersion effects, we applied the dispersive tsunami
model BoussClaw developed in the framework ofmodified Boussinesq
equations, as suggested by Schäffer et al.67 and Schäffer andMadsen68.
BoussClaw retains accurate dispersion for shorter-wavelength waves
by incorporating dispersion terms in the momentum equations via
operator splitting: the shallow-water equations are solved with a high-
resolution finite-volume scheme, followed by dispersive terms solved
with a finite-difference scheme. Wave breaking is represented by
switching to the shallow-water equations when the wave-
height–to–water-depth ratio exceeds 0.8. Further details are provided
in Kim et al.69.

We compared the numerical results from both the nondispersive
NSWEmodel and theweaklydispersive Boussinesqmodel to assess the
influence of frequency dispersion on tsunami waveforms. Surface
elevations versus distance were extracted along a transect to capture
the leadingwave at t = 3:56 min (Supplementary Fig. 4c), and synthetic
gauge time series were analyzed (Supplementary Fig. 4d). Both out-
puts showed similar waveforms and arrival times for the two models,
indicating negligible dispersion. The wavelength, ~5:5km (Supple-
mentary Fig. 4c), is approximately 22 times the maximumwater depth
of 250m. We also evaluated the Stokes–Ursell number70, which mea-
sures the relative importance of nonlinear and dispersive effects. It
characterizes whether wave dynamics are dominated by nonlinear
(U≫1) or dispersive (U≪1) effects71 and is defined as follows:

U =
η
h

� � L
h

� �2

, ð2Þ

where h is the water depth, η is the wave height, and L is the wave-
length. Using a maximum water depth of h � 250 m, a wave height of
η � 5 m, and a wavelength of L � 5:5 km, we obtained a nonlinearity
parameter of η=h � 0:02 and a dispersion parameter of
ðh=LÞ2, j, 0:002. Their ratio yields a Stokes–Ursell number of U � 10.
Together, these results indicate that the tsunami wave was nonlinear
and effectively nondispersive in this setting. Consequently, we used
only the NSWE model for the analysis of tsunami inundation.

Landslide initiation depth sensitivity analysis
The tsunami simulations presented in Fig. 3 are based on the most
plausible reconstructed source geometries (Fig. 2) given the present-
day delta morphology. However, to evaluate the sensitivity of tsunami
generation to landslide initiation depth, we also tested two alternative
source scenarios, S1 and S2, for the 1117 CE event, in which the failed
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mass was initiated from depths of 45m and 75m along the delta front,
respectively. Scenario S1 produced a maximum tsunami height of
~22m, whereas Scenario S2 produced a maximum height of ~11m
(Supplementary Fig. 6).

Data availability
The simulation data generated in this study have been deposited in the
Figshare repository under https://doi.org/10.6084/m9.figshare.
30417256.v172. This repository includes all necessary output files and
scripts to run and reproduce our simulation results.

Code availability
In our study, simulations were conducted using three numerical
models. The mass movement model BingClaw can be found in the
Zenodo repository https://doi.org/10.5281/zenodo.1107088773. The
non-dispersive model GeoClaw is available on the Clawpack website
(https://www.clawpack.org/geoclaw)74. The weakly dispersive wave
model BoussClaw is accessible at the Zenodo repository https://doi.
org/10.5281/zenodo.1107089875.
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