
Vol.:(0123456789)

Natural Hazards
https://doi.org/10.1007/s11069-023-06013-x

1 3

ORIGINAL PAPER

High‑resolution seismic characterization of post‑glacial 
subaqueous mass movements in the Beagle Channel (Tierra 
del Fuego, Argentina): dynamics and tsunami hazard 
implications

Donaldo Mauricio Bran1,2  · Fermín Palma1,2 · Sebastián Principi1,2 · 
Emanuele Lodolo3 · Luca Baradello3 · Jorge Gabriel Lozano1,2 · 
Alejandro Alberto Tassone1,2

Received: 6 September 2022 / Accepted: 27 April 2023 
© The Author(s), under exclusive licence to Springer Nature B.V. 2023

Abstract
Analysis of high-resolution seismic profiles from the central Beagle Channel enabled the 
recognition and characterization of several post-glacial subaqueous mass transport deposits 
in the subsurface of Bahía Ushuaia, offshore the city of Ushuaia (Argentina). These depos-
its are located at different stratigraphic levels and are embedded in the stratified sedimen-
tary sequence within a deep trough, suggesting a recurrent occurrence. Up to eleven depos-
its have been identified, with four major events that involved estimated sediment volumes 
ranging from 12 to 57 million  m3. The latter are associated with megaturbidite deposits 
up to 10 m thick. Two of the largest events postdate the early Holocene unconformity of 
marine transgression. The seismic data suggest a different dynamic behaviour of these four 
main events, with erosional, strongly disintegrating and longer-lasting pre-marine trans-
gression mass transport events compared to the post-early Holocene deposits. Several of 
the deposits appear to have a common origin due to earthquake-induced failures of sub-
merged glaciofluvial deposits or from tributary deltas. In addition, a preliminary analysis 
of the potential generation of tsunami waves associated with the largest submarine failures 
was carried out using numerical models. The results show that at least three of them would 
have the potential to generate dangerous waves with maximum heights of up to 1–2 m in 
the port of Ushuaia and estimated run-up heights between 2 and 8  m. Although further 
detailed analysis is recommended, particularly with regard to a more sophisticated model-
ling approach and refinement of the resolution of bathymetric and topographic data for 
strategic areas.
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1 Introduction

Fjords usually have well-preserved sedimentary sequences, which are important records for 
the study of land–sea interactions during Quaternary glaciation and environmental changes 
that occurred during deglaciation (Syvitski et al. 1987). These flooded, formerly glaciated 
valleys are also known for their high sedimentation, rugged relief and steep delta fronts, 
making them susceptible to generate mass transport deposits (MTDs) (Syvitski et al. 1987; 
Hampton et  al. 1996; Masson et  al. 2006; Bellwald et  al. 2019). Indeed, these deposits 
could account for up to two-thirds of the fjord basin fill (Bellwald et al. 2016). The impor-
tance of studying MTDs lies in their role as transfers of sediments from the land to the 
ocean, their importance as proxies for climate and sea-level changes and for the develop-
ment of palaeoseismic records (Tappin 2010; St-Onge et al. 2012; De Batist et al. 2017). 
In addition, subaqueous mass movements can trigger tsunami waves (Masson et al. 2006; 
Harbitz et al. 2014), which pose a major threat to coastal settlements.

The southern part of Tierra del Fuego is characterized by an archipelago landscape in 
which islands are separated by fjords and channels. In general, studies conducted along the 
flooded valleys of the area have focused on their syn- and post-glacial sedimentary evolu-
tion and deglacial history (Bujalesky et al. 2004; Boyd et al. 2008; Fernández et al. 2017). 
In the Beagle Channel, previous studies have indicated the importance of MTDs for deep-
water sedimentation (Isla et al. 1999; Bujalesky et al. 2004), although no characterization 
of this type of sediment has been carried out in the area to date.

We conducted a high-resolution seismic reflection survey in Bahía Ushuaia, a north-
west-facing bay in the Beagle Channel, to analyse post-glacial depositional processes and 
characterize a series of subaqueous mass transport events preserved in the sedimentary 
sequence of the bay. The data presented here allowed an assessment of their likely sources, 
trigger mechanisms and depositional processes. In addition, a preliminary assessment of 
their tsunami potential was made through numerical modelling. This study represents a 
first approach to the analysis of the geohazards posed by subaqueous mass movements in 
the area and underlines the need for future research.

1.1  Geo‑stratigraphic framework

The Beagle Channel (BC) is a bi-national waterway connecting the Atlantic and Pacific 
Oceans, located south of Isla Grande de Tierra del Fuego (IGTdF) (Fig. 1A). The BC is a 
flooded tectonic valley with estuarine dynamics, with semi-diurnal tides averaging 1.1 m 
in the Ushuaia area (Isla et al. 1999). It has a short fetch to the main south-westerly winds 
with occasional gusts generating small surf waves up to 0.5 m high (Bujalesky 2007).

The BC extends along a major sinistral fault related to the Scotia–South American plate 
boundary, represented in Tierra del Fuego by the Magallanes–Fagnano fault system to the 
north (Lodolo et al. 2003; Menichetti et al. 2008). During the Quaternary, the channel was 
extensively and successively glaciated (Rabassa et al. 2000, 2011) with a maximum extent 
of ice lobes during the Last Glacial Maximum at 25 to 18 kyr BP (Rabassa et al. 2000). 
Glacial retreat began at about 18 kyr BP (Heusser 1993; Hall et al. 2013), while proglacial 
lakes and glaciofluvial systems developed along the ice-free trough (Bujalesky et al. 2004). 
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The marine transgression event and the establishment of the present channel environment 
would have occurred during the early Holocene (Rabassa et al. 1986; Candel et al. 2018).

The central segment of the BC undergoes a N-S widening and forms a broad, semi-
circular NW–SE-oriented embayment, known as Bahía Ushuaia (BU) (Fig. 1B). At the tip 
of the bay is the city of Ushuaia, a densely populated area with several buildings and infra-
structure for maritime and air transport along the coast. Smaller settlements are located 
south of BU, along the Chilean coast, such as Puerto Navarino and Puerto Williams (east 
of the study area). The BU has a rugged submarine topography with a deep longitudinal 
NW–SE at the northern edge of the bay (northern trough, Fig. 1), separated from the deep 
southern main channel axis by a shallow sill (< 40 m) (Esteban et al. 2013). The sill is the 
offshore continuation of the Ushuaia Peninsula and constituted by a bedrock high that par-
tially emerges as a small archipelago of islands in the central part of the channel (Fig. 1B).

The BC seismic stratigraphy was adapted from the stratigraphy proposed by Bujalesky 
et  al. (2004) and Bran (2020), in which six seismic units are recognized, although only 
four of them are present on the seismic lines in the study area. The layered basin fill, with 
horizontal to slightly SE dipping reflections, onlap against an acoustically transparent bed-
rock, formed by the Mesozoic metasedimentary rocks of Yaghan and Lemaire Formations, 
or towards a chaotic to hummocky glacial deposits (Unit 1). The basal layered succession 

Fig. 1  A Map showing the location of the study area on Isla Grande de Tierra del Fuego. The dashed line 
represents the maximum extent of glaciers during the Last Glaciation (Hall et al. 2013). The empty circles 
represent the epicentres of earthquakes taken from the Tierra del Fuego Reference Standard Earthquake 
Catalogue (Sabbione et al. 2007; Connon et al. 2021). The transform plate boundary, the Magallanes-Fag-
nano fault system (MFFS), is shown in red. B Central Beagle Channel showing the location of the seismic 
dataset used in this work: boomer (white line), sub-bottom profiler (purple line). The line segments pre-
sented in this article are depicted as red lines. The red rectangle represents the modelling domain. A set of 
synthetic gauges is shown as yellow stars. The bathymetric digital elevation model is from Esteban et al. 
(2013). BU Bahia Ushuaia; PL Playa Larga; PU Peninsula Ushuaia
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(Unit 2) is constituted by medium-to-low amplitude laterally onlapping reflections, inter-
preted as ice-contact glaciolacustrine deposits, which filled the irregular deglacial topogra-
phy. The oldest ages for the glaciolacustrine deposits are ca. 16 cal kyrs BP, obtained from 
lagoonal cores in the northern shore of Navarino Island (McCulloch et al. 2020). The Unit 
3 is constituted by high-amplitude reflections interbedded with semi-transparent layers and 
represents a sequence of gravity flows and turbidites resulting from glaciofluvial-derived 
bottom currents flowing into an ice-distal glaciolacustrine environment from the main inlet 
deltas located at the bay’s head. The transition to the uppermost Unit 4 is interpreted as 
the change from glaciolacustrine to the present-day marine conditions, dated from onshore 
cores and deposits as ca. 8.5 cal kyrs BP (Rabassa et al. 1986; Candel et al. 2018; McCull-
och et al. 2019). The medium-to-high-amplitude parallel reflections with a drape geometry 
depicts fine sediments derived from buoyant over/interflow plumes into a saline environ-
ment. The acoustic fabric becomes semi-transparent towards the head of the bay, depicting 
not only the shallowing of the basement but also the presence of a tabular-shaped trans-
parent to roughly stratified package that corresponds to a submerged glaciofluvial plain, 
observed as a shallow flat area (< 30 m b.s.l) in the bathymetry (Fig. 1). In front of the 
glaciofluvial plain, a slope break with an average inclination of 7° dips towards the deep 
(~ 140 m b.s.l.) basin floor.

2  Methods

2.1  Seismic survey

The sub-bottom profiler data were collected on board the RV Austral during the GTGM-
YTEC Geo01 and Geo02 campaigns in 2018. The hull-mounted parametric echosounder 
Parasound System DS3 (P70) with a fixed primary frequency of 22  kHz and a variable 
secondary low-frequency signal of 4  kHz was used. Acquisition was carried out using 
Teledyne’s Parastore software. Boomer seismic data were acquired in 2009 during a joint 
campaign by IGeBA and OGS using a 150-J electrodynamic transducer (UWAK05 Nautik) 
and a 3 m single-channel streamer (array of 8 hydrophones) with a sampling rate of 50 μs 
and a recording length of 400 ms. Data were processed using Echos software (Paradigm®), 
following these processing steps: amplitude recovery (spherical divergence correction 
and inverse curve decay), time-varying filtering and spiking deconvolution. The seismic 
lines were interpreted using the software IHS Markit Kingdom®. A mean sound speed of 
1500 m/s was assumed for the time-to-depth conversion of the interpreted horizons and the 
calculation of the isopach maps. The bathymetric and isopach grids, morphometric param-
eters, time series and wave height maps were produced using the free and open-source soft-
ware QGIS GIS (http:// www. qgis. org).

2.2  Tsunami modelling

An initial approach to analysing the tsunami potential of the recognized submarine MTDs 
was carried out using numerical modelling. The tsunami modelling includes three stages: 
(i) wave generation, (ii) propagation and (iii) inundation. Initial tsunami wave generation 
was introduced using the semi-empirical equations of Watts et al. (2005), which estimate 
the initial water surface disturbance that would result from a submerged sliding mass. This 
model assumes that the sliding mass is a solid rigid body with a length (b), width (w) and 

http://www.qgis.org
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thickness (T), moving along an inclined slope. The model assumes that most of the sea-
level disturbance is generated during the initial acceleration phase and thus the effects due 
to deformation of the sliding mass are neglected (Watts et al. 2005; Løvholt et al. 2015).

The potential of a submarine landslide to trigger a tsunami depends on its volume, 
water depth and failure mechanism (Tappin 2010). In this work, the water depth and failure 
mechanism were assumed to be the same for all scenarios (T1 to T4). The pre-failure slab 
was assumed to have been located at the slope-break (Fig. 1), given the presence of sedi-
ment susceptible to fail in this area and that it constitutes the presumed provenance sector 
of the analysed MTDs. The submergence depth values are constrained by the numerical 
approach, where the condition d/(b sin θ) > 0.5 must be achieved (with d: submergence 
depth, b: length of the failed mass, θ: slope angle) to avoid part of the slide becoming suba-
erial (Watts et al. 2005), and by the basin floor (140 m bsl). In this case, a submergence 
depth of 70 m in present-day bathymetry conditions was chosen since it is the minimum 
value that fulfils the condition, and it is located at nearly the centre of the slope. While 
the failure mechanism was assumed to be translational rather than rotational, given the 
low thickness to run-out ratio (Mulder and Cochonat 1996), and the characteristics of the 
MTDs described later on in this work. The volumes for the different MTDs were estimated 
from the seismic data.

The resulting wave is calculated from a certain characteristic time  (t0) and travel dis-
tance  (S0) of the moving mass. The S0 corresponds to the length between the centre of 
the mass before and after the displacement (pre- and post-failure). Since we do not have 
neither multibeam nor seismic information about the MTD’s scars, the geometrical param-
eters of the failed masses were estimated from the geometries measured from the depos-
its. The width was set equal to that of the slope-break, as this is the maximum width for 
a slab dethatching from this area. The length of the mass was estimated using the equa-
tion S0 ~ 4.48b (Watts et al. 2005) and constrained by the extent of the glaciofluvial slope 
length. The thickness of the failed slab T was estimated volume using the following rela-
tionship: V = b.w.T, constrained by the thickness of glaciofluvial plain (with a maximum 
value of nearly 50 m) and by the average thickness of the deposits, measured in the seismic 
lines.

For the propagation phase, the open-source hydrodynamic model ANUGA was used 
(Nielsen et al. 2005; Roberts et al. 2015), which is written in Python and solves the non-
linear shallow water equation (NLSWE) using a finite volume method. It uses the DE1 
flow algorithm and has been validated with real cases and used to successfully model tsu-
nami (Fernandes and Luis 2009; Jakeman et al. 2010; Wilson et al. 2018). However, this 
approach does not consider wave dispersion. In general, tsunami generated by landslides 
have smaller wavelength-to-depth ratios than earthquake tsunami, implying that frequency 
dispersion plays a role in wave generation and propagation (Glimsdal et al. 2013; Heidar-
zadeh et al. 2014; Løvholt et al. 2015). In this preliminary case, the dispersion effect was 
neglected for simplicity, as the parameters and elevation data used in this work are subject 
to several uncertainties, and only a small local area was included in the modelling. Simula-
tions were run for a total time of 30 min for all scenarios with a time step of 10 s.

Although ANUGA successfully models the process of wetting and drying, when water 
inundates and retreats from coastal area, and this approach is therefore suitable for simulat-
ing tsunami inundation in coastal areas (Davies and Roberts 2015; Roberts et  al. 2015), 
the coarse bathymetric and topographic grids (with cell sizes > 25 m) prevent the genera-
tion of accurate inundation maps and the calculation of realistic run-up heights. There-
fore, the empirical formulas RUP1 of Ward and Asphaug (2003) and RUP2 Ward and Day 
(2008) were applied to estimate the potential run-up values, following the approach used 
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by previous authors (Brune et al. 2010a,b; Schwab et al. 2012; Lindhorst et al. 2014). For 
this purpose, a series of synthetic gauges were placed at the sites of interest (Fig. 1).

3  Subaqueous mass movements in Bahia Ushuaia

The sedimentary succession beneath the seafloor of Bahia Ushuaia is characterized by a 
ponded basin fill, with continuous sub-horizontal to SE dipping reflections that distally 
onlap against a bedrock high (Fig. 2). Within the stratified basin fill, several lenticular bod-
ies with chaotic to semi-transparent acoustic facies are recognized. These deposits have 
the typical acoustic and morphological features that allow them to be interpreted as sub-
aqueous mass transport deposits—MTDs (Moernaut and De Batist 2011). A total of eleven 
MTDs, labelled BU-A to BU-K (from the seabed downward), have been identified within 
the basin, interbedded with the stratified background sedimentation. The MTDs in Bahia 
Ushuaia vary in size, with four large deposits, several metres thick, located closer to the 
head of the basin. In this paper, the focus is on these four largest events (i.e. BU-A, BU-D, 
BU-G and BU-I), because of their larger size, better definition in the seismic data and 
greater importance in terms of the associated hazard, and they are also.

3.1  BU‑I deposit

From bottom to top and from largest to smallest, the BU-I, is an extensive acoustically 
semi-transparent to chaotic body with ponded shape (Fig.  2). The irregular base scours 
deeply into the underlying layered reflections, indicating a highly erosive basal shear sur-
face with several step-ups and step-downs (Figs. 2 and 3). The basal surface, alternately 
cutting older and younger strata, left some layered remnant blocks (Figs. 2 and 4C) and a 
rosary-shaped deposit in plain view (Fig. 5). Within the BU-I deposit, some internal SE-
dipping reflections can be seen, indicating a rough stratification during downward transport 
(Figs. 2 and 4C). Distally, the deposit onlap against a glacial deposit attached to a bedrock 
high at the SE basin boundary, running slightly upwards over the opposing slope (Fig. 4A). 
Laterally, it onlaps against the steep flanks of the trough, which occupies the entire width 
of the basin. BU-I has an average thickness of 9 m, with two depocentres with thickness of 
up to 15 m in the proximal and central parts, decreasing distally. The deposit comprises a 
minimum volume of almost 57 million  m3 (Fig. 5). The run-out measured here from the toe 
of the slope to the furthest point of the deposit reaches 7.3 km. Stratigraphically on top of 
BU-I, there is a sheet-like body with semi-transparent acoustic internal fabric and a con-
tinuous sharp base with high amplitude (Figs. 2 and 4A). This layer has been interpreted 
as a cogenetic megaturbidite deposit (mt3). On the other hand, the bedrock below BU-I is 
characterized by a staircase morphology with some SE-dipping reflections and a normal 
fault affecting the layered basin fill (Figs. 2 and 4).

3.2  BU‑G deposit

Nearly 8 m of sediment separates the top of mt3 from another large MTD (Fig. 2), referred 
to as BU-G. It has a wedge-shaped form, thickening towards the NW, and a chaotic to hum-
mocky internal acoustic structure. Like BU-I, BU-G also has a strongly erosive base, but 
in this case consist of a main frontal ramp where the deposit steps-up from the basal shear 
surface and spreads across the palaeo-lakebed (Fig. 2). The frontal ramp is associated with 
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Fig. 2  A Axial SBP line be-1333 along the Bahia-Ushuaia trough. B Interpreted line drawing. A series of 
stacked lenticular to wedge-shaped acoustically chaotic bodies are intercalated in the layered sedimentary 
sequence of the basin fill. The chaotic bodies correspond to mass transport deposits (top: solid line, bottom: 
dotted line), labelled BU-A to BU-K from top to bottom. Some semi-transparent tabular facies indicate 
megaturbidite deposits, represented by dashed lines and labelled mt1 to mt3. MTDs are present in seismic 
units interpreted as both lacustrine (units 2 and 3) and marine sediments (unit 4). Folded reflections can 
be observed beneath and in front of BU-G. Some of the MTDs can be laterally correlated, based on event 
horizons, and are therefore coloured the same. Note that BU-D acts as a seal for several vertical gas blow-
out regions. The deep BU-J and BU-K are bounded by a fault that affects glaciolacustrine sediments and 
is associated with a steep slope. The acoustic foundation to the northwest is in the form of a staircase. The 
top of the slope, located at almost 150 m b.s.l., marks the transition from the glaciofluvial plain to the basin 
floor



 Natural Hazards

1 3

contorted or wavy reflections in the footwall (Figs. 2 and 4). This possibly reflects a but-
tressing effect exerted by the emerging mass on the unconsolidated basin sediments. The 
wavy sediments are folded over a decoupling surface that appears to be on the same strati-
graphic level as the initial BU-G basal shear surface (Fig. 4), suggesting a mechanically 

Fig. 3  A Boomer seismic line be-32. B Interpreted line drawing. The stacked mass transport deposits onlap 
laterally against the steep and slightly asymmetric flanks of the trough. While the two deeper deposits 
(BU-I and BU-G) show very irregular erosive bases, the upper BU-A and BU-D show sharp conformable 
bases resting over a ~ 5  m thick tabular undisturbed deposit (ud). The top of BU-A shows a hummocky 
topography with several diffractions (d). The top layer of the deposit diverges to the north, indicating that 
the sediments are mainly derived from the delta systems at the head of the bay
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Fig. 4  Detailed sections of SBP lines. A Section from line be-0752, zooming in on the northern part of the 
basin, showing the frontal segments of BU-A, -D, -G and -I. BU-G shows a frontal ramp associated with 
folding in the footwall. In front of BU-D the sediments are also slightly folded. The seabed shows irregular 
topography due to sediment draping of the underlying MTDs, in contrast to the smooth seabed above the 
undisturbed areas. B Section from line be-1610 in the proximal part of the basin. A series of basinward 
reflections is observed at the base of the slope-break. These features suggest the presence of discontinui-
ties in the slope break, parallel to the fault recognized further east, that might have influenced the failure. C 
Section from line be-0841, zoom in on the central part of the basin. The frontal section of BU-I shows step-
ups and -downs, leaving underlying remnant blocks with the unfailed stratified sediments. The megatur-
bidite deposit (mt3) covers the BU-I with a homogeneous thickness and a semi-transparent acoustic fabric. 
The buttressed deposits are located between BU-G and a decoupling surface. Further folded sediments are 
observed at BU-D. Within the glaciolacustrine deposits, below BU-I, a southeast-dipping normal fault is 
evident. This fault runs parallel to the steps observed in B
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weak layer. The MTD is almost 6 km long and has an average thickness of 7 m, with the 
thickest part (12 m) in the proximal section, thinning towards the basin (Fig. 5). In cross-
section, BU-G thickens towards the north (Fig.  3) laterally onlapping against the flanks 
and comprises a minimum volume of 48 million  m3. In the southeast, BU-G merges into 
another lens-shaped MTD (BU-H) (Figs.  2 and 4). Locally, BU-H overlies the BU-G 
deposit (Fig. 4A). In the thickest part of the BU-H deposit, some discontinuous SE-dipping 
reflections are observed, indicating that some degree of overthrusting has occurred. The 
deposits are overlain by a common high-amplitude reflection (Fig. 4) and were detached 
from a similar stratigraphic level before stepping up to the paleo-lakebed bed, namely the 
decoupling surface (Figs. 2 and 4A). Above BU-G and BU-H, there is a tabular, acous-
tically transparent layer with a sharp, non-erosive base, interpreted as a megaturbidite 
deposit (mt2, Fig. 2). The three large MTDs described so far (BU-I, BU-G and BU-H), and 
their associated megaturbidites deposits are contained within the seismic Unit 3 (ice-distal 
glaciolacustrine sediments) and can be thought of as having occurred during similar envi-
ronmental conditions.

3.3  BU‑D deposit

In the proximal section of the basin, stratigraphically above Unit 3, two large lenticu-
lar deposits stand out within the draping marine sediments of Unit 4: BU-D and BU-A 
(Fig. 2). Although these MTDs are smaller than those previously described, they comprise 
large volumes of sediment, BU-D being the largest of the two. BU-D is separated from 
the underlying BU-G by a layer of acoustically stratified sediments almost 4.5  m thick. 
The deposit has a lens shape with an undulating top, an opaque chaotic acoustic facies, an 
erosive basal shear zone and a convex front. What is interesting about the BU-D deposit 

Fig. 5  Isopach maps for the main recognized mass transport deposits of Bahia Ushuaia. Arrows indicate the 
provenance of each MTD
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is that it is quite uniform in thickness (Fig. 2 & 4B), with an average of 10 m. Its length 
reaches almost 3.6 km, and it covers a total area of ~ 3.8  km2 (Fig. 5). In total, it has mobi-
lized almost 41 million  m3 of sediments downslope. In the frontal area, BU-D shows a 
small ramp marking the transition from the MTD to a metre-thick frontal turbidite deposit 
spread along the paleo-seafloor (Fig. 2). Wavy geometries are observed in some places in 
the sediments in front of BU-D, indicating local deformation (Fig. 4A). Some diffractions, 
especially in the frontal part of the deposit, indicate the presence of blocks (Fig. 4C). In the 
south-east, the BU-E deposit is on the same stratigraphic level as BU-D (Figs. 2 and 4), 
suggesting that they were deposited contemporaneously. In addition, some gas-blanking 
structures terminate at the BU-D deposit (Figs. 2 and 4C), suggesting that it served as a 
seal for fluid migration. It shows some upward and downward dipping internal reflections 
that seem to indicate shear surfaces within the deforming mass.

3.4  BU‑A deposit

Directly overlying BU-D is BU-A, a lenticular, acoustically chaotic deposit with a similar 
extent than -D (~ 3.8  km2), but with a much smaller thickness (~ 3.5 m) (Fig. 5). The total 
volume of sediments mobilized by the BU-A reaches 13 million  m3. The basal shear sur-
face of BU-A is the top of the BU-D, meaning that the BU-A spread over the undulating 
topography resulted from the previous deposit, resulting in an irregular shape. BU-A is lat-
erally correlated with the smaller MTDs BU-B and BU–C to the southeast by continuous 
top reflections of high amplitude (Figs. 2 and 4). The overlying sediments and the present-
day seafloor show an undulating relief influenced by the MTDs at depth.

The provenance of the largest deposits (BU-I, BU-G, BU-D and BU-A) is thought to 
be in the NW, at the head of the bay, based on the NW-thickening of the deposits and the 
internal acoustic fabric and the presence of downlaps (Fig. 2). Although no clear signature 
of the source areas was evident in the seismic lines, the presence of basin ward steeply dip-
ping reflections, the staircase-like morphology and the faults at the slope break, constitute 
elements that could have increase instability and control failure (Fig.  4B). On the other 
hand, the smaller, south-easterly MTDs were generated by events that failed from either the 
steep southern or northern flanks of the trough (Fig. 5).

3.5  Tsunami modelling

A numerical modelling was carried out as a first approximation to explore the tsunami-
genic potential of the identified subaqueous mass movements. The hypothetical scenario 
assumes the occurrence of a subaqueous landslide in the present-day bathymetry of Bahia 
Ushuaia caused by a collapse at the front of the glaciofluvial slope (Fig. 1). The volumes 
of the slope failures for each scenario were approximated to those estimated for each of 
the MTD described in the previous section (Table  1): T1, T2, T3 and T4 associated to 
BU-A, BU-D, BU-G and BU-I, respectively. This provides an insight into the rupture scale 
required to trigger a potential tsunami in that sector of the trough.

3.6  Initial wave properties

Table 1 shows the modelling results for the four hypothetical landslide-triggered tsunami 
scenarios in Bahia Ushuaia. The initial 2D wave heights (η2D) for the T3-T4 scenarios 
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give wave heights between 15 and 19 m above the centre of mass of the landslide with 
wavelength values close to 3 km. The T2 scenario associated with the BU-D event shows 
an initial tsunami wave with a height of 12.67 m and a wavelength of 2.5 km. The T1 sce-
nario shows more conservative results with lower wave heights, but with the same wave-
length, as the latter depends on the distance of the mass movement.

3.7  Tsunami propagation

The tsunami wave simulation shows maximum 3D heights (between 1 and 5 m) above the 
centre of mass of the failed mass and along coastlines, with a significant near-field effect 
(Fig. 6). While scenarios T2 to T4, associated with failures that generated the BU-D, BU-G 
and BU-I deposits, show potentially significant waves, especially in the coastal areas of 
Ushuaia (Fig. 6), scenario T1, which represents a failure with a volume similar to BU-A 
deposit, would produce waves of a few centimetres in size, barely noticeable on the shore-
line. Wave propagation appears to be controlled by the Bridges archipelago; however, a 
positive sickled-shaped wave propagates in a south-westerly direction along a bathymet-
ric depression between the Bridges and Eclaireurs Islands and along the northern shore of 
Ushuaia Trough (Fig. 7).

The first tsunami wave would have reached the entire central coastal region of BC 
within the first 15 min after the landslide. The arrival times of the first wave at the BC 
coast are similar for all scenarios, but only the time series for scenarios T4 and T2 are 
shown in Fig. 7, as these scenarios represent the events related to the largest deposit (BU-I) 
and the most recent large deposit (BU-D) with more realistic parameters (see discussion).

Table 1  Input modelling 
parameters used for each scenario 
and calculated parameters of the 
generated landslides and initial 
waves

b length of the sliding mass; w width of the sliding mass; T thickness 
of the sliding mass; d depth of the centre of mass of the mass before 
failure; V: volume of the sliding mass; σ: average slope value for the 
sliding plane; S0: characteristic sliding distance; t0: characteristic slid-
ing time; v0: terminal velocity; a0: acceleration of the sliding mass; λ 
wavelength of the tsunami wave; η2D: initial wave height above the 
centre of mass; η3D: characteristic 3D tsunami amplitude above the 
landslide

T1 T2 T3 T4

b (m) 737 737 1004 1116
w (m) 1200 1200 1200 1200
T (m) 14 47 40 42
d (m bsl) 70 70 70 70
V  (Mm3) 12.61 41.45 48.46 56.80
σ (°) 7 7 7 7
S0 (m) 3299.38 3299.76 4494.68 4996.07
t0 (s) 96.24 96.24 112.33 118.43
v0 (m/s) 34.28 34.28 40.01 42.19
a0 (m/s2) 0.36 0.36 0.36 0.36
λ (m) 2520.76 2520.76 2942.14 3101.91
η2D (m) 3.78 12.67 15.88 19.02
η3D (m) 1.21 4.09 4.60 5.31



Natural Hazards 

1 3

Fig. 6  Maximum wave height (H max) after 30  min. The location of the synthetic gauges is shown in 
Fig. 1. T1, T2, T3 and T4 represent the different modelling scenarios, with sizes of the failed mass associ-
ated to BU-A, BU-D, BU-G and BU-I deposits, respectively

Fig. 7  Timeseries of the simulated scenario for the BU-I failure over a time period of 20 min. The different 
maps depict the sea-level elevation or depression (stage η) at different intervals within the modelling time. 
The wave propagation after the initiation at Bahia Ushuaia, the arrival times and shapes at each gauge can 
be observed. Note the positive sickled-shaped front in a southwesterly direction. The Ushuaia shoreline is 
characterized by a leading depression followed by a nearly 2 m high offshore wave. For gauges labels refer 
to Fig. 1
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At the head of the bay, an initial sea-level drop is followed by a 1–2-m-high positive 
wave that first hits Playa Larga with and moves anticlockwise along the shore (Fig.  7). 
This is also shown by the synthetic tide gauges in the port of Ushuaia and off Playa Larga 
(Fig. 8) with maximum heights of 1.3 and 0.70 m for T4 and T2, respectively. The gauges 
also show a series of trailing waves following the initial larger wave, probably due to reflec-
tions in the bay. The south-eastward wave propagates along the main axis of the trough 
towards Punta Segunda and reaches the main channel after 6 min. Off the coast of Punta 
Segunda, the maximum height of the wave generated is between 0.50 and 0.75 m for the 
scenarios related to the larger failures.

The southern and southwestern fronts propagate at a slower speed due to the shallower 
bathymetry determined by the bathymetric rise associated to Ushuaia Peninsula. On the 
southern Chilean coast, the wave would reach the Rosa site first, with a maximum offshore 
height of almost 0.40 m for scenario T4 and 0.3 m for T2. At the Mejillones gauge, on the 
other hand, the first arrival time is slightly delayed compared to Rosa, but has a greater 

Fig. 8  Time series (water level heights) at the locations corresponding to the synthetic gauges. The colours 
of the lines correspond to the individual MTDs events
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height of almost 0.8 cm. Some trailing waves follow the first arrival with similar ampli-
tudes. In Puerto Navarino, on the southern coast of BC, the first wave shows an estimated 
arrival time of 8  min with a maximum height of about 0.20  m. The third arrival wave 
shows a larger amplitude than the first. This could be related to resonance and wave ampli-
fication due to the morphology of the coast.

3.8  Estimated run‑ups

A series of estimates for run-up values were made at selected sites. As the formula RUP2 
(Ward and Day 2008) considers more parameters, it is assumed to provide a more realistic 
estimate of emergence than the simplified formula RUP1 (Ward and Asphaug 2003). The 
largest run-up heights, with values large enough to pose a hazard to coastal areas, are found 
at the Playa Larga and Punta Segunda gauges on the Argentine side and at the Mejillón 
gauging station on the Chilean coast, with run-up values > 7 m for scenario T4 and > 5 m 
for scenario T2 (Table 2). These locations are in the main direction of wave propagation 
and represent exposed coasts with steep offshore slopes. On the other hand, Ushuaia, Rosa 
and Navarino have moderate run-up heights, between 4 and 6 m for scenario T4.

In the event of a subaqueous landslide occurring on BU, the northern coastline of BC, 
from Ushuaia to Punta Segunda, shows the greatest potential tsunami hazard, with the 
greatest wave heights and run-ups, followed by the eastern half of the Chilean coast. The 
proximity to the tsunami source, the exposure to the tsunami wave propagation direction 
and the steep bathymetric slopes likely plays a critical role in determining the hazard. The 
locations in the western section of the central Beagle Channel have a lower potential tsu-
nami hazard for a wave triggered in the BU, with the coastline west of the Ushuaia Penin-
sula having lower wave heights.

4  Discussion

4.1  Relative age and distribution

The results of this study confirm the role of gravitational processes as one of the most 
important sedimentary processes for the relocation of sediments from coastal areas to 

Table 2  Estimated Run-up values for selected locations, using the empirical equations of -RUP1- Ward and 
Asphaug (2003) and -RUP2- Ward and Day (2008)

Gauge d (m b.s.l.) σ (°) Hmax(m) RUP1 (m) RUP2 (m)

BU-I BU-D BU-I BU-D BU-I BU-D

ush 28 1 1.06 0.78 2.04 1.6 4.54 3.84
lar 20 6 1.28 0.75 2.22 1.45 8.40 6.59
seg 31 4 0.75 0.41 1.58 0.98 7.38 5.62
mej 32 4 0.75 0.45 1.58 1.53 7.5 5.93
ros 31 6 0.41 0.29 0.98 0.74 6.82 5.82
nav 33 4 0.21 0.1 0.57 0.32 5.3 3.28
cau 20 1 0.22 0.1 1.16 0.29 1.95 1.36
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deeper areas of Bahia Ushuaia within the BC, where these massive chaotic deposits are 
interbedded with the stratified background sedimentation. In fact, several post-glacial 
MTDs are found in the Bahia Ushuaia, some of which were of considerable dimensions, 
that have remobilised at least 170 million  m3 of sediments, constituting nearly a quarter 
of the basin fill, estimated in 676 million  m3. These deposits have similar acoustic charac-
teristics (both SBP and boomer seismics) to other recurrent mass transport deposits docu-
mented in comparable fjord and lacustrine environments (e.g., Schnellmann et  al. 2002; 
Bellwald et al. 2016; Wils et al. 2018).

The MTDs are distributed throughout the sedimentary sequence of BU and are interbed-
ded within seismic units interpreted as background sediments from both glaciolacustrine 
(Units 2 and 3) and marine environments (Unit 4). Accordingly, the younger event deposits 
contained in Unit 4, such as BU-A and BU-D, occurred after the marine transgression, 
which took place in the early to mid-Holocene, ca. 8.5 cal kyr BP (Rabassa et al. 1986; 
Candel et al. 2018; McCulloch et al. 2019). On the other hand, the older and larger event 
deposits (e.g., BU-I and BU-G) are found between unconformities attributed to the top of 
glacial sediments and the base of the marine transgression. This places the oldest events 
between ca. 17 kyr and 8.5 kyr, a time when the central BC was ice-free under glaciolacus-
trine conditions (Rabassa et al. 2000; Hall et al. 2013; Candel et al. 2018; McCulloch et al. 
2019). No recent mass transport deposits were observed along the present-day seafloor of 
Bahia Ushuaia.

The larger MTDs are found in the proximal section of the trough (Fig. 5). The location 
as well as the shape and acoustic properties of the deposits indicate that they originated as 
failures from the southeastern slope of the thick glaciofluvial plain at the head of the bay 
(Fig. 1), with a direction of movement towards the southeast. In this area, meltwater dis-
charge from the Olivia and Grande rivers provided considerable amount of sediments sus-
ceptible to be remobilised and increased the slope load. Synsedimentary faults parallel to 
the slope break, as observed in the lowermost glaciolacustrine sediments, may have acted 
as preconditioning factors, suggesting that the failure could have initiated by creep (Mulder 
and Cochonat 1996; Fanetti et al. 2008) and ultimately triggered by an external factor.

On the other hand, the smaller deposits in the southeastern section of the trough (Fig. 4) 
originated as failures both the northern and southern flanks (Fig. 5) that may be associated 
with sidewall fan deltas fed by small tributaries reaching the trough from the north, or with 
the failure of hemipelagic sediment pockets deposited along the steep southern flank. It 
is possible to point out that the BU exhibits some form of MTD recurrence, at least fol-
lowing the deglaciation of the area, an aspect that is common in fjord head deltas (Stacey 
et  al. 2018), where the failures occur under cyclic loading (e.g., Prior et  al. 1986). The 
BU deposits are sandwiched between ~ 5 and 10-m thick packages of stratified sediments 
(Fig. 2).

4.2  Triggering

The largest BU-I deposit is located above a basin-wide unconformity, which becomes 
erosional towards the margins and that marks a significant change in the acoustic fab-
ric between units 2 and 3. This change suggests an advance of coarser sandy/silty glac-
iofluvial-derived bottom currents, laterally associated with large incisions now observed 
as palaeochannels in the area (Bujalesky et al. 2004), over finer and thinner deposits. We 
interpret the occurrence of BU-I event during a drop in the lake level, which may have 
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conditioned slope stability in the basin. The BU-G deposit is also located within unit 3 and 
could also be associated with this environment.

As mentioned earlier, some MTDs share a common top horizon (Fig. 2), suggesting that 
these deposits likely result from coeval failures. This is the case at BU-A/B/C, BU-D/E 
and BU-G/H. The synchrony of some of the failures is also confirmed by the occurrence of 
megaturbidite deposits above the MTDs. Coeval slope failures are indicative of a regional 
trigger, usually an earthquake (Syvitski and Schafer 1996; Schnellmann et al. 2002; Praet 
et al. 2017; Wils et al 2018). However, also climatic events may trigger coeval slope fail-
ures (Tappin 2010). As the area is located near a plate boundary with moderate seismic-
ity, with several historical high-magnitude earthquakes (Pelayo and Wiens 1989; Sabbione 
et al. 2007), it can be assumed that the above-mentioned coeval landslides were most likely 
triggered by seismic shaking. Moreover, recent findings of faulted deposits within the BC 
sediments, with ruptures younger than the marine transgression event (Bran et al. 2023), 
indicate that the channel is tectonically active, with deformation linked to the present-day 
transform plate boundary. This suggest that some of the MTDs events could have had a 
local seismic trigger. More data are needed however to link the slope failure events with 
specific source faults. The recognition and dating of recurrent synchronous MTDs pro-
vide a valuable opportunity for paleoseismological studies and seismic hazard assessment 
related to seismogenic structures on southern Patagonia (Waldmann et al. 2011; Wils et al 
2018).

4.3  Classification and dynamics

Based on the acoustic architecture, motion and shape of slope failures, Mulder and Cocho-
nat (1996) have proposed a classification for offshore mass movements. In general, an ini-
tial subdivision can be made between the older, pre-marine transgression (BU-I and -G) 
and the Holocene deposits (BU-A and -D), as they differ in shape, degree of erosion and 
internal acoustic structure. These differences suggest different movement dynamics and/
or sediment properties. The older BU-I shows a highly eroded basal surface and appears 
as a highly disaggregated deposit, as evidenced by the internal downward dipping reflec-
tions and the ponded shape with distally onlapping reflections. Basal scouring in BU-I, 
extending almost 8 m into the underlying deposits, indicates a violent, high-energy event. 
Together with the semi-transparent to chaotic acoustic fabric, indicating matrix-supported 
deposition, this led to the interpretation of the BU-I as originated from a non-cohesive 
debris flow. However, for the BU-G, it is possible to interpret an initial frontally confined 
(Moernaut and De Batist 2011) slide phase that exerted a buttressing effect on the basin 
floor sediments, which resulted in local folding. The slide later transitioned into a highly 
mobile debris flow that emerged frontally and spilled over the contemporaneous basin 
floor. We interpret that both events involved poorly consolidated sandy-silty glacial or gla-
ciofluvial sediments that resulted in long (≥ 6 km) ponded acoustically chaotic deposits. 
Moreover, basal erosion implies that the MTD events reworked and incorporated basin-
floor sediments during movement, implying that the calculated final volume of depos-
its might overestimate the initial evacuation volume (e.g., Prior et  al. 1984; Hilbe and 
Anselmetti 2014).

On the other hand, the lenticular BU-A and-D deposits are less erosive, have frontally 
emerging sharp bases, homogeneous thickness and steep convex fronts. These features 
indicate lower energy at the base of the events and a higher degree of cohesion within 
the sediment than in the older events. We interpret these deposits as the result of failures 
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with translational movement along a defined basal shear surface. In both cases, these are 
frontally emerging slides that have different volumes but similar lengths, suggesting that 
sediment properties may have controlled their propagation into the basin rather than the 
size of the failure. In addition, the opaque chaotic acoustic fabric, which has higher ampli-
tudes than the older deposits, suggests a higher clay content. This fits with environmental 
changes in the Beagle area during the early to mid-Holocene, which include the establish-
ment of a marine environment, but also a wetter climate with an increase in vegetation 
cover and the recession of glaciers into the inner cirques (Menounos et al. 2013; Candel 
and Borromei 2016; Candel et  al. 2018). Similar results are described by Lowag et  al. 
(2012) in the post-glacial sedimentary record of Windermere Lake, where MTDs were 
associated with the Younger Dryas deterioration event, which involved higher mobility and 
less consolidated deposits compared to Holocene mass transport deposits. This illustrates 
how climatic controls on erosion and denudation within the catchment influence the sedi-
ment budget during source-to-sink depositional processes, which ultimately translates into 
different types of mass movements as observed in Bahia Ushuaia.

4.4  Tsunamigenic potential

One of the most important effects of subaqueous mass movements is their capacity to gen-
erate tsunami waves, and thus their potential threat to coastal communities near the failure 
zone. The results presented in this paper are preliminary and should be considered as a first 
approximation, as the modelling approach and the lack of accurate bathymetric and seis-
mic data from the slope areas where the MTDs originated from carry several limitations. 
The largest initial waves occur in the T3 and T4 scenarios, with values of more than 15 m. 
However, the initial wave is largely dependent on the volume of the failed mass (Brune 
et al. 2010a,b; Tappin 2010), so overestimating this volume in the calculation could result 
in a higher wave. Another important factor controlling the height of the initial wave is the 
failure submergence depth (Tappin 2010; Grilli and Watts 2005). In this case, however, 
there is a constraint imposed by the numerical approach, resulting in a potential underes-
timation of the wave height, given that shallower failures are likely to generate hazardous 
waves. Although wave height is assumed to be determined mainly by the initial accelera-
tion phase (Watts et al. 2005; Løvholt et al. 2015), the MTDs studied in this paper show 
several signs of deformation, particularly the oldest deposits that have been interpreted 
as originated from debris flows, or at least have transitioned into this type of movement 
involving disaggregation. Therefore, a fixed-rigid approach would involve some inaccura-
cies that could lead to an overestimation of the resulting wave height. All in all, the values 
obtained for the T1 and T2 scenarios are considered more realistic than the values for older 
events.

Nevertheless, the results indicate that at least three of the investigated deposits in Bahia 
Ushuaia resulted from events that had the potential to generate local hazardous tsunami 
waves. The resulting local wave heights are comparable to real and modelling cases of tsu-
nami related to submarine landslides in fjords and lakes (e.g., Watts et al. 2003; Lindhorst 
et al. 2014). The thick megaturbidite deposits over the MTDs are another indication of the 
possible generation of tsunami waves associated with the largest failures at BU. Megatur-
bidites are formed by the deposition of suspension plumes resulting from large submarine 
landslides and associated tsunami and seiche waves (Schnellmann et al. 2005; Waldmann 
et al. 2011).
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Historical tsunami events have been mentioned in Tierra del Fuego along the coast of 
the Strait of Magellan (Lomnitz 1970) after the Mw 7.5 and 7.75 earthquakes of 1949 
(Lomnitz 1970; Pelayo and Wiens 1989). However, tsunamigenic deposits are rare in Tierra 
del Fuego, with only a single Holocene event deposit reported from the Atlantic coast of 
Tierra del Fuego (Bujalesky 2012), possibly related to an earthquake-triggered tsunami on 
the Scotia Arc (Dragani et al. 2009; Bujalesky 2012). No direct evidence of a tsunami has 
yet been found in the Beagle Channel. A number of elevated marine sediments have been 
found at several locations along the southern and northern BC coast (Gordillo et al. 1992; 
McCulloch et al. 2019; Bjoerck et al., 2021), corresponding to elevated palaeocoastlines. 
Nevertheless, the tsunamigenic significance, at least for some of the sites along the BC, has 
not been thoroughly investigated. Ancient oral tales of the region’s native people, the Yah-
ganes, refer to a catastrophic flooding episode that may be related to the occurrence of a 
tsunami in the Beagle Channel (Isla and Bujalesky 2004). Settlement of the southern Fue-
gian archipelago by early humans would have begun during the early Holocene (Zangrando 
et al. 2018), spanning a time interval that makes it possible for the story to be rooted in 
one of the Holocene mass transport deposits recognized at Bahia Ushuaia. Further research 
should therefore be conducted to investigate the occurrence of past tsunami in the Fuegian 
archipelago. In addition, more data are needed to better constrain the modelling param-
eters, in particular high-resolution topographic and bathymetric grids and a more sophisti-
cated modelling approach, especially including a deforming mass during initial formation 
and dispersive effects during propagation (Heidarzadeh et al. 2014), to make an accurate 
assessment of the landslide-induced tsunami hazard in the Beagle Channel.

5  Conclusions

A series of subaqueous MTDs have been identified within the post-glacial sedimentary 
succession of central Beagle Channel. The basin fill shows a recurrence of large MTDs that 
involves individual minimum volumes up to 57 million  m3, and a total volume of remo-
bilised sediments ranging 170 million  m3. This constitutes a quarter of the total basin fill. 
Using seismic data, it is possible to differentiate between highly disintegrative Pleistocene 
to early Holocene erosive flows and shorter more cohesive Holocene deposits.

The large MTDs were derived from failures of the thick glaciofluvial deposits located 
at the head of Bahia Ushuaia and are associated with up to 10  m thick megaturbidite 
deposits. In this area, sediment loading is controlled by the meltwater discharge of Olivia 
and Grande rivers. Smaller events originated from side-wall tributary deltas and hemipe-
lagic slope sediments. Most of the mass movement deposits bear evidence of having been 
triggered by earthquakes associated to the transform plate boundary, with possible local 
sources. This work reveals that the Beagle Channel is highly prone to large subaqueous 
mass movement events and more research should carried out within the channel, consider-
ing areas with failure recurrence or sectors with unstable sediments susceptible to collapse.

In addition, a preliminary analysis of potential tsunami wave generation associ-
ated with the largest subaqueous failures were carried out using numerical modelling. 
Results suggest that at least three of them would have the potential to generate hazard-
ous waves with maximum heights that can reach up to 1–2 m in the Ushuaia’s harbour, 
with estimated run-up heights ranging from 2 to 8 m. Although the numerical modelling 
approach employed in this work carries several limitations, it constitutes a benchmark 
for tsunami hazard assessment in the area. Further detailed analysis is recommended, 
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especially regarding a more sophisticated modelling and a refinement of the bathymetric 
and topographic data resolution for strategic areas.
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