
Ed
ito

r:
J.

Fa
rq

uh
ar
so

n
|T

yp
es

et
te
r:

A.
G.

Ry
an

Su
bm

itt
ed

:2
02

4-
03

-2
2
|A

cc
ep

te
d:

20
24

-0
9-
24

|P
ub

lis
he

d:
20

25
-0
1-2

7

Offshore evidence for volcanic landslide post Last Glacial Maximum at
sub-Antarctic Heard Island, southern Indian Ocean

Jodi M. Foxα,β, Sally J. Watson∗γ,δ, Trevor J. Falloonε, Rebecca J. Careyε,
Joanne M. Whittakerα, Erica A. Spainγ, Robert A. Duncanζ, Richard J. Arculusη, and
Millard F. Coffinα,θ,ι

α Institute for Marine and Antarctic Studies, University of Tasmania, Hobart, Australia.
β National Museum of Nature and Science, Tsukuba, Japan.
γ National Institute of Water and Atmospheric Research, Wellington, New Zealand.
δ Institute of Marine Science, University of Auckland, Auckland, New Zealand.
ε Centre for Ore Deposits and Earth Science, University of Tasmania, Hobart, Australia.
ζ College of Earth, Ocean, and Atmospheric Sciences, Oregon State University, Corvallis, OR 97331, USA.
η Research School of Earth Sciences, Australian National University, Canberra, Australia.
θ School of Earth and Climate Sciences, University of Maine, Orono, ME 04469, USA.
ι Geology and Geophysics, Woods Hole Oceanographic Institution, Woods Hole, MA 02543, USA.

ABSTRACT
Heard Island, an active sub-Antarctic intraplate volcanic island on the Kerguelen Plateau, is mostly covered by glaciers. The am-
phitheatre shaped summit of the active volcanic centre, Big Ben (2813 m), has been interpreted to be the product of a significant
volcanic landslide. Here we present the first offshore geomorphological and geological evidence supporting a volcanic landslide
on Big Ben, including: (1) the seafloor to the southwest of Heard resembling a landslide deposit, covering at least 467 km2, (2)
the spatial correlation between the onshore landslide scar and the offshore deposit and (3) the consistency in lithologies and
compositions of rocks sampled from the deposit with the onshore in situ lithologies. 40Ar/39Ar geochronology constrains the
maximum age of the volcanic landslide to 18.0 ± 1.4 ka, post the Last Glacial Maximum. Finally, we assess the risk of volcanic
landslide at Heard Island in the future.

KEYWORDS: Sector collapse; Kerguelen; Intraplate; Glacier; Debris avalanche; 40Ar/39Ar.

1 INTRODUCTION
Volcanic landslides can be catastrophic events in the life cy-
cle of volcanic islands, influencing the island morphology (e.g.
Piton de la Fournaise, La Réunion [Labazuy 1996]), lava com-
position (e.g. Tenerife, Canary Islands [Carracedo et al. 2010]),
and volcanic plumbing systems (e.g. Fogo, Cape Verde [Watt
2019]). A range of terminology has been used in the liter-
ature to describe landslides on the flanks of volcanoes (e.g.
sector collapse, lateral collapse, flank collapse, slope failure,
and flank failure) and their deposits [Siebert 1984; Glicken
1991; Bernard et al. 2021]. Here we use the descriptive ter-
minology of Bernard et al. [2021] who defined a volcanic land-
slide as the rapid, translation of multiple volcanic units over
a slide surface, produced by the failure of a portion or por-
tions of a volcanic edifice. The volcanic units are transported
in a water unsaturated (but not necessarily exclusively dry)
gravity-driven mass at speeds of 20–100 m s−1, referred to as
a volcanic debris avalanche [Bernard et al. 2021]. The associ-
ated accumulated debris is a volcanic debris avalanche deposit
(VDAD).
Historically, large volcanic island landslide events have only
been observed in volcanic arc settings; however, evidence in-
dicates that such events are commonplace in the geological
history of oceanic intraplate volcanoes [Watt et al. 2021]. This
evidence includes collapse scars and/or their seafloor deposits
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[Siebert 1984; Masson et al. 2002; Oehler et al. 2007]. Bathy-
metric data indicate that volcanic landslides are frequent and
repetitive processes in the construction and destruction cycle
of volcanic islands, occurring every 10s to 100s of thousands of
years [McGuire 1996; Capra et al. 2002; Zernack 2021]. Under-
standing the scale and triggers of past volcanic landslides in
isolated oceanic intraplate settings is important because recent
events have demonstrated the significant regional and global
climatic and human impacts of unexpected volcanic events at
relatively isolated, understudied volcanoes in oceanic settings
e.g. Hunga Volcano 2021–2022 [Lynett et al. 2022; Carter et al.
2023].

Extensive submarine volcanic debris avalanche deposits
have been mapped around 40 oceanic intraplate volcanoes
including the Canary Islands [Krastel et al. 2001], Réunion Is-
land [Oehler et al. 2007], and the Hawaiian Islands [Moore
et al. 1994; McMurtry et al. 2004]. More recently, 182 land-
slides have been compiled in a worldwide database of vol-
canic island landslides across the Atlantic, Pacific, and Indian
oceans [Blahůt et al. 2019; Rowberry et al. 2023]. Regional and
global compilations such as these represent a substantial ef-
fort and enable a broad view of the spatial distribution, scale,
and impact of volcanic island landslides. Yet due to limited
data availability, particularly in the submarine environment,
the full spatial extent and the timing of many volcanic island
landslides remains absent from such compilations.
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Here we present the first submarine geomorphological, geo-
chemical, and geochronological evidence for a volcanic land-
slide at sub-Antarctic Heard Island, southern Indian Ocean,
using multibeam bathymetry data and geological samples col-
lected during the IN2016_V01 voyage of Australia’s Marine
National Facility RV Investigator. We determine the extent,
volume, and timing of the volcanic landslide and evaluate po-
tential triggers. Lastly, we present future implications for land-
slides at Heard Island.

2 VOLCANISM ON HEARD ISLAND
Heard Island is an active, largely unmonitored intraplate vol-
canic island, mostly covered by glaciers, located on the Ker-
guelen Plateau in the southern Indian Ocean (Figure 1A–
C). The Kerguelen Plateau is a mainly submarine, large ig-
neous province produced by voluminous basaltic eruptions
attributed to the activity of Kerguelen hotspot over the last 130
Myr (Figure 1B) [Coffin et al. 2002]. Volcanism at Heard Island
is understood to be the current subaerial expression of the ac-
tive Kerguelen hotspot [Barling et al. 1994]; the most recent
eruption occurring in April 2024. Heard Island’s two main
volcanic centres, Laurens Peninsula and Big Ben (Figure 1C),
have been constructed on a basement of Oligocene Laurens
Peninsula Limestones and Pliocene Drygalski Formation lavas
and volcaniclastic sediments [Stephenson 1964; Barling et al.
1994; Truswell et al. 2005; Duncan et al. 2016]. The Dry-
galski Formation is a succession of submarine basaltic lavas
and associated clastic units form a ~300 m-thick platform now
exposed above sea level [Barling et al. 1994; Fox et al. 2021].
Lavas from the two volcanic centres are known collectively as
the Newer Lavas and are divided into the Laurens Peninsula
Series (LPS) and the Big Ben Series (BBS) based on composi-
tional differences between the two volcanic centres [Barling et
al. 1994]. The Laurens Peninsula volcanic complex comprises
basanitic lavas and trachytic domes [Barling 1994]. LPS lavas
have distinctly lower Sr (87Sr/86Sr 0.7047–0.7059), and higher
Nd (εNd +0.6–+2.0) and Pb isotope ratios (206Pb/204Pb 18.53–
18.83) in comparison to the BBS lavas (87Sr/86Sr 0.7052–
0.7079, 206Pb/204Pb 17.790–18.211, and εNd −0.2 to −4.6)
[Barling et al. 1994]. Big Ben, a stratovolcano complex, is
dominated by basanite, alkali basalt, and trachybasalt [Bar-
ling et al. 1994]. The known volcanic history of the Newer
Lavas, particularly the BBS, is fragmentary due to extensive
ice cover and paucity of data [Duncan et al. 2016; Fox et al.
2021]. The youngest age for the underlying Drygalski Forma-
tion is 720± 78 ka for a sample collected on Laurens Penin-
sula, providing an estimate for the earliest onset of Newer
Lavas volcanism of ca. 798 ka [Duncan et al. 2016]. The
40Ar/39Ar ages of the LPS are 387± 31 ka and 76.6± 5.5 ka
to 5.1± 3.5 ka, and BBS lavas 180± 18 ka, and 53.3± 2.3 ka to
7± 7 ka [Duncan et al. 2016; Fox et al. 2021]. Young (1.9± 3.8
to 13.3± 4.1 ka) basaltic pyroclastic cones are located around
the coast of Heard Island [Fox et al. 2021]. Historical volcanic
activity has been focussed at Mawson Peak, a volcanic cone
located at the summit of Big Ben (2813 m) [Quilty and Wheller
2000; Fox et al. 2021]. The only sample collected from a his-
torical lava (1985 eruption) is basanite in composition [Barling
et al. 1994].

3 HEARD ISLAND MORPHOLOGY AND THE VOLCANIC
LANDSLIDE SCAR

Big Ben’s morphology is characterised by the presence of
ridges radiating from the central summit crater except on the
southern flank [Quilty and Wheller 2000; Fox et al. 2021].The
ridges comprise eroded lavas and pyroclastic deposits on the
western flanks; the remainder have not been examined and
could comprise similar lithologies or be exhumed dykes or
ice-marginal lavas [Stephenson 1964; Fox et al. 2021]. Ex-
tensive glaciers occupy the space between the ridges. The
summit crater is an open horseshoe shape and Mawson Peak
has been constructed overlapping the northwestern rim of the
crater (Figure 1C) [Stephenson et al. 2005]. The absence of
ridges on the southern flank together with the open horse-
shoe shape of the summit crater have been interpreted to be
the product of a sector collapse towards the south of Big Ben
prior to the formation of Mawson Peak [Quilty and Wheller
2000; Stephenson et al. 2005]. Fox et al. [2021] suggested that
the basaltic lavas at Cape Arkona could be remnant lavas not
removed during the collapse. Their 40Ar/39Ar age, 23± 16 ka
[Duncan et al. 2016] provides a potential maximum age for the
volcanic landslide.
Glaciers and the recent retreat of glaciers on Heard Island
have modified and carved the onshore landscape of Heard Is-
land, creating glacial landforms including moraines, cirques,
glacial valleys and ridges, and meltwater lakes, as well as
glacial till deposits [Kiernan and McConnell 1999]. Today,
Heard Island (~368 km2) has 12 major glaciers, some extend-
ing from the summit to sea level [Kiernan and McConnell
1999; Ruddell 2006; Hodgson et al. 2014]. Evidence for the
growth and retreat of glaciers in the vicinity of Heard Island
has relied on historical records and observations, monitoring
of glacial extent onshore [Kiernan and McConnell 1999; Kier-
nan and McConnell 2002; Thost and Truffer 2008], remote
sensing [Thost and Truffer 2008; Cogley et al. 2014], and 100 m
resolution bathymetric compilations [Balco 2007; Beaman and
O’Brien 2011; Hodgson et al. 2014]. Geomorphological ev-
idence suggests past extensive glaciation of Heard and Mc-
Donald Islands and an ice cap on a surrounding portion of
the Central Kerguelen Plateau, likely dating back to the Last
Glacial Maximum (ca. 26.5–19 ka) with an extent of 9585 km2
(Figure 1C) [Balco 2007; Hodgson et al. 2014].

4 METHODS AND SAMPLES
4.1 Bathymetry

In 2016, RV Investigator acquired the first multibeam
bathymetry data around Heard Island, mapping 20 % of the
seafloor within the territorial seas of the Heard Island and
McDonald Islands Marine Reserve. Multibeam data were col-
lected using a hull-mounted Kongsberg EM710 shallow water
(<1000 m) multibeam echosounder, with a frequency range of
70–100 kHz (0.5× 1°). Multibeam bathymetry data were pro-
cessed on board using Caris HIPS and SIPS 8.1 and gridded
at 5 m resolution.
Seafloor backscatter data were processed using the QPS

Fledermaus Geocoder Toolbox (FMGT) and gridded at 15 m
resolution. Swath lines that contained extensive artefacts due
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Figure 1: Heard Island location. [A] The Indian Ocean showing the location of the Kerguelen Plateau and Heard and McDonald
Islands. Bathymetry data is [GEBCO 2023], Mercator projection. [B] Background bathymetry data is [Beaman 2023] 100 m
resolution bathymetry grid of Heard and McDonald Islands, with 100 m contours. WGS84, UTM43S. Black box shows location
of Figure 1C. Purple line shows estimated location of LGM glacial extent from Balco [2007] and Hodgson et al. [2014]. [C]
Bathymetry and topography map of Heard Island and surrounds. Background bathymetry data is from [Beaman 2023] 100 m
resolution bathymetry grid of Heard and McDonald Islands, with 100 m contours. Multibeam data collected on INV2016_V01
[Coffin et al. 2023] is overlain at 5 m resolution. Red lines highlight radial ridges and the margins of the southwest facing
horseshoe-shaped crater [Fox et al. 2021]. Black box shows the location of Figure 3 WGS84, UTM43S. White dots with black
border are dredge locations and names (HD03 and HD04). Orange dashed line indicates alignment of volcanic cones and vents,
faults, and the broader geographic alignment of Big Ben and Laurens Peninsula suspected to be structure-related [Fox et al.
2021].
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to adverse sea state were removed from the final seafloor
backscatter mosaic. Multibeam data were interpreted using
ArcGIS 10.8.2. Geomorphological analyses including the ru-
gosity derivative were performed using the Benthic Terrain
Modeler (BTM) toolbox 3.0 [Walbridge et al. 2018]. Rugosity,
also known as Terrain Ruggedness, measures the small-scale
variation, complexity, and roughness. The rugosity tool pro-
vides a raster that measure the surface area of a neighbour-
hood compared to the planar area as a ratio (where values
nearer to zero have less terrain variation than values closer to
one.

4.2 Samples

Two hummocks within the suspected VDAD south of Big
Ben were dredged during IN2016_V01, HD03 and HD04
(Figure 1, Table 1). Basaltic lavas, basaltic breccias, tuffa-
ceous sandstones, and pumice were recovered (Supplemen-
tary Material 1 Table S1, Figure S1). Samples have a
broad size range (diameter 2–60 cm) and are angular to
rounded. Fresh, non-vesicular to moderately vesicular olivine-
clinopyroxene±plagioclase phyric basaltic lavas are the dom-
inant rock types for both dredges (Figure 2A, 2B, Supplemen-
tary Material 1 Table S1A–E). Reddened, moderately to highly
vesicular basaltic lavas comprise <5 % of the rocks recovered
(Supplementary Material 1 Figure S1F). Basaltic breccias com-
prise pebble- to gravel-sized polymictic basaltic clasts in a ma-
trix of glass, Fe-Ti-oxide, and olivine fragments (Figure 2C,D,
(Supplementary Material 1 Figure S1G and H). Brown, tuffa-
ceous sandstone interbedded with siltstone was recovered
from dredge HD03 only and is composed of smectite, Fe-Ti
oxides, basaltic lithic clasts, and devitrified glass. Rounded
grey-green pumice was recovered from dredge HD03 (Sup-
plementary Material 1 Figure S1I). Five representative, fresh
lavas were selected for further analysis (Table 1). The pumice
was not investigated further because it is macroscopically re-
sembles phonolitic pumice that arrived at Heard Island via a
pumice raft following the 1997 eruption of McDonald Island
[Stephenson et al. 2006], 43 km east of Heard Island.

4.3 Whole rock geochemistry

4.3.1 Whole rock major and minor element analysis
Whole rock major elements for five representative coherent
lava samples (Table 1) were obtained via XRF with a PANa-
lytical Axios Advanced X-Ray Spectrometer at the Centre for
Ore Deposits and Earth Sciences (CODES), University of Tas-
mania (Australia). Whole rock minor elements were obtained
via solution-ICP-MS technique using an Agilent®-7700x in-
strument at the CODES, University of Tasmania, Australia.
Detailed methods are provided in the Supplementary Mate-
rial 1 and Supplementary Material 2.

4.3.2 Sr-Nd-Pb-Hf isotopes
Radiogenic isotope data for two selected samples (Table 1)
were acquired at the University of Melbourne [Maas et al.
2005]. Splits of agate-milled powders (100–140 mg) were
leached with 6M HCl (100 °C, 60 min) and digested at high
pressure (HF, 160 °C, 48 hrs; HCl, 160 °C, 12 hrs). Pb was
extracted on small columns of AG1-X8 (100–200) anion ex-

change, using the HBr-HCl technique. Hf, Nd, and Sr were ex-
tracted from the HBr eluate of the Pb column, using Eichrom
LN-, TRU/LN, and Sr resin, respectively [Münker et al. 2001;
Pin et al. 2014]. Total analytical blanks (~50 pg for Pb and
Hf; ≤100 pg for Nd and Sr) are negligible compared to the
amounts of Pb, Hf, Nd, and Sr processed.
All isotopic analyses were carried out on a Nu Plasma
multi-collector ICP-MS with sample introduction via a low-
uptake Glass Expansion PFA nebuliser and a CETAC Aridus
desolvator. Sensitivity in this set-up is in the range of
130–150 V/ppm Sr, Nd, Pb, or Hf. Instrumental mass
bias in Nd, Sr, and Hf analyses was corrected by normal-
izing to 146Nd/144Nd = 0.7219, 86Sr/88Sr = 0.1194, and
179Hf/177Hf = 0.7325, respectively, using the exponential
law. 143Nd/144Nd, 87Sr/86Sr, and 176Hf/177Hf are reported
relative to La Jolla Nd = 0.511860, SRM987 = 0.710230,
and JMC475 = 0.282160. Results for USGS rock and other
standards are consistent with TIMS and MC-ICP-MS refer-
ence values. Typical in-run precisions (2σ) are± 0.000010
(Nd),± 0.000016 (Sr), and± 0.000008 (Hf). External (2σ) preci-
sions are± 0.000020,± 0.000040, and± 0.000015, respectively.
Mass bias for Pb was corrected using the thallium-doping
technique [Woodhead 2002]. This produces data with an
external precision (2σ) of± 0.04–0.06 % for 206Pb/204Pb and
207Pb/204Pb, and 0.07–0.09 % for 208Pb/204Pb.

4.4 40Ar/39Ar geochronology

We selected one sample from each of the dredge sites (Table 1)
for 40Ar/39Ar age determinations. We obtained high-purity
basalt groundmass concentrates (>99 % purity) by crushing
and sieving (150–250 µm size), then removing phenocryst
phases (ol, cpx, pl) by Frantz magnetic separator and hand-
picking under binocular microscope. We treated groundmass
separates in a series of acid leaching steps: 1N and 6N HCl,
1N and 3N HNO3, followed by ultrasonic washing in triple
distilled water (3X) to remove any remaining fine particles.
We encapsulated between 40 and 20 mg of high purity
groundmass in aluminium foil and interspersed packets with a
standard of known age (FCT-NM-Fish Canyon Tuff sanidine,
28.201±0.023 Ma, 1σ [Kuiper et al. 2008]) and vacuum sealed
the samples with standards in quartz vials. The samples were
irradiated for 30 minutes at 1 MW power (Irradiation 16-OSU-
05) in the TRIGA (CLICIT-position) nuclear reactor at Oregon
State University.
We produced 40Ar/39Ar age data by incremental heat-
ing experiments using an ARGUS-VI mass spectrometer with
25W CO2 laser and associated high vacuum system (see in-
strument description in Supplementary Material 3). Sample
heating occurred in steps (by increasing laser power), fol-
lowing an initial surface degassing, up to fusion. The heat-
ing schedule, based on experience with basaltic compositions
and sample weights, produced 27 gas release steps, which
is sufficient to resolve reliable age information from poten-
tial alteration (Ar-loss) and experimental artifacts (Ar-recoil)
without sacrificing step age precision. We calculated ages
using the corrected Steiger and Jäger [1977] decay constant
of 5.530± 0.097× 10−10 yr−1 (2σ) as reported by Min et al.
[2000] and the Lee et al. [2006] value for trapped atmospheric
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Figure 2: Photomicrographs of representative samples from dredges HD03 and HD04. [A] KP-03-09A (HD03), alkali basalt under
XPL. [B] KP-04-09 (HD04), trachybasalt under XPL. [C] HD03_015, basaltic breccia under XPL. [D] HD04_014, basaltic breccia
under PPL. Red dashed lines outline the boundaries of selected basaltic clasts. For dredge locations see Figure 3A.

40Ar/36Ar (298.56± 0.31). For all other constants used in the
age calculations we refer to Table 2 in Koppers et al. [2003].
The term “plateau age” refers to the weighted mean age
[Taylor 1997] of multiple, contiguous temperature steps with
apparent ages that are indistinguishable at the 95 % confidence
interval and represent 50 % or more of the total 39Ar released
[Fleck et al. 1977]. We used isochron analyses [York 1968] to
assess if non-atmospheric argon components were trapped in
either sample, and to confirm the plateau ages. A total gas age
(Total Fusion), similar to a conventional K-Ar age, was calcu-
lated by summing all gas fractions for each sample. All cal-
culations used the ArArCALC software [Koppers 2002] v2.5.2∗.
Summaries of experimental data are provided in the Supple-
mentary Material 4. Full data tables, including step % laser
power, age, % radiogenic 40Ar, % 39ArK, and K/Ca, normal
and inverse isochron data, regression statistics, and procedure
blanks are provided in Supplementary Material 5 and Supple-
mentary Material 6.

∗Available from the http://earthref.org/ArArCALC/ website

5 RESULTS

5.1 Bathymetry and seafloor backscatter

The Heard Island landslide scar is delineated by a SW facing
headscarp and adjoining lateral scarps (Figure 3A). Downs-
lope of the headscarp, ~15 km from the modern coast-
line, multibeam bathymetry (including bathymetric deriva-
tives) and seafloor backscatter data (Figure 3A–3C) reveals
the seafloor to be highly irregular with abundant blocky de-
bris (Figure 3A). The seabed is characterised by relatively high
intensity backscatter return compared to the background low
signal return (Figure 3B). The high backscatter and high rugos-
ity region broadly forms a lobate shape (Figure 3C), laterally
expanding from the onshore lateral scarps ~11 km apart to an
offshore width of at least 28.6 km (Figure 3C). The mapped
boundaries of the high-rugosity, high backscatter lobe vary,
with the estimated broadest limits shown in Figure 3A–3C.
The eastern limits of the lobe are characterised by a sharp
contrast between high-rugosity and high backscatter seabed,
compared to the relatively smooth, low backscatter seabed
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Figure 3: The Heard Island volcanic debris avalanche de-
posit (VDAD). Multibeam data (5 m resolution) collected on
INV2016_V01 [Coffin et al. 2023] is overlain on grey-scale
bathymetry data (100 m resolution) from Beaman [2023]. [A]
Multibeam bathymetry. [B] Seafloor backscatter. Black circles
on [A] and [B] show dredge locations. [C] Seabed rugosity on
the SW margin of Heard Island. Dashed black line denotes the
observable limits of the VDAD as indicated by variable blocky
debris, high seafloor backscatter and increased rugosity, com-
pared to adjacent seafloor. The location of Figure 4 and the
profiles presented in Figure 4B, 4C are shown in [A].

to the east (Figure 4A). The northern limit shows a distinc-
tive change from low to high intensity backscatter, but with
fewer blocky deposits and more subdued change in morphol-
ogy (Figure 3B). The western and southern limits are charac-
terised by a gradual decrease in blocky, rugose seabed with
distance from Big Ben (Figure 4A). Individual blocks are up
to 80 m taller than the surrounding seabed and span several
hundred metres across (Figure 4B). Using these data, we esti-
mate the spatial extent of the high-rugosity, high backscatter
lobe ~ 21.5 km long and ~28.6 km wide, with a total estimated
offshore area of 467 km2 (Figure 3A–3D). The average slope
from the onshore headscarp to the estimated proposed sub-
marine limit is 4.5°; the average slope onshore is 12.6° and
offshore is <1° (Figure 4C).

5.2 Whole rock compositions

Whole rock loss on ignition values (LOI < 0.99 wt%, Sup-
plementary Material 2 Table S2) indicate the samples are
fresh, consistent with the absence of petrographic evidence
for seafloor weathering or alteration. Major element compo-
sitions reveal the volcanic rocks from dredge HD03 are tra-
chybasalts and those from dredge HD04 are alkalic basalt,
trachybasalt, and basanite (Figure 5A, Supplementary Mate-
rial 2 Table S2). For the trachybasalts and alkalic basalt, SiO2
and TiO2 have relatively low variability with increasing MgO
(Figure 5B, 5C). Incompatible trace element ratios, e.g. Rb/Ba,
Ba/Nb, and La/Nb (Figure 5D–5F, Supplementary Material 2
Table S2) show little variation with MgO for all dredged sam-
ples. The new whole rock composition data plot mainly with
the basanite and the basalt-trachybasalt groups from the BBS
and do not overlap with the LPS lavas (Figure 5).
The dredged samples have LREE-enriched REE patterns
parallel to and plotting within the range of values displayed
by BBS lavas (Supplementary Material 2 Figure S2A). On a
primitive mantle-normalised diagram (Supplementary Mate-
rial 2 Figure S2B), the dredged samples show the distinctive
enrichment of Ba relative to Nb which is characteristic of the
BBS lavas [Barling et al. 1994].
Sr, Nd, and Pb isotope ratios of the new samples, 87Sr/86Sr
0.7051 and 0.7059, 206Pb/204Pb 18.17 and 18.09, and εNd +0.5
and −1.5 (Supplementary Material 2 Table S2) fall within the
ranges previously reported for the Heard Island Newer Lavas
[Barling et al. 1994] (Figure 6). When plotted with these pub-
lished data, the new isotopic ratios plot with the BBS data
rather than the LPS data (Figure 6). Hf isotopic ratios for
the dredged samples are 176Hf/177Hf 0.2828 and 0.2828 (εHf
2.2278, −0.14145) (Supplementary Material 2 Table S2), con-
sistent with values expected for ocean island basalts. No Hf
isotopic ratios have been published for Heard Island lavas for
further comparison.

5.3 40Ar/39Ar geochronology

We report two 40Ar/39Ar age determinations (Figure 7) and
summarise analytical results in Table 2 (and see Supplemen-
tary Material 4–Supplementary Material 6). Sample KP-03-
10, an olivine-clinopyroxene-plagioclase-phyric trachybasalt
from dredge HD03, produced a plateau age of 38.1± 4.1 ka
(27 step plateau, 100 % of 39Ar released) (Table 2, Figure 7A).
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Figure 4: Details of the VDAD southwest of Heard Island. [A] Inset of themapped region within VDAD showing the relative change
in block density from east to west, particularly on the boundaries of the VDAD. Multibeam data (5 m resolution) collected on
INV2016_V01 [Coffin et al. 2023] is overlain on grey-scale bathymetry data (100 m resolution) from Beaman [2023]. [B] Profile
A–A’ across the debris deposit shows the difference between the flat and smooth seabed, and the chaotic, debris deposit,
downslope from the landslide headscarp. The inferred base of VDAD is estimated with red dashed line [C]. Profile B–B’ onshore
Heard Island to offshore showing the vertical change from the source area (onshore Heard Island) to the deposit area. The region
mapped with multibeam echosounders is labelled, the remaining profile has been obtained from topographic and bathymetric
data from Beaman [2023]. The location of both Profile A–A’ and B–B’ is presented in Figure 3A. For the location of this image,
see Figure 3A.

The normal isochron (40Ar/36Ar vs. 39Ar/36Ar) and inverse
isochron (36Ar/40Ar vs. 39Ar/40Ar) ages, using the same
steps, confirm the plateau age and yield 40Ar/36Ar intercepts
that are within analytical error of atmospheric composition
(298.56). The mean square of weighted deviations (MSWD)
for plateau and isochrons are <1, indicating that the ages are

statistically reliable [Schaen et al. 2021]. Sample KP-04-06A a
clinopyroxene-olivine-phyric trachybasalt from dredge HD04
yielded a plateau age of 18.0± 1.4 ka (7 step plateau, 64 % of
39Ar released) (Table 2, Figure 7B). Isochron ages and inter-
cepts confirm the plateau age, and the MSWDs are appropri-
ately low. The lavas from the dredged hummocks returned
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Figure 5: Whole rock geochemistry samples from dredges HD03 and HD04 (this study) plotted with published data for Big Ben
Series (*BBS) and Laurens Peninsula Series lavas from Heard Island [Barling et al. 1994]. [A] Total alkali–silica classification
(solid lines) [Le Maitre et al. 2002] and empirical alkalic–tholeiitic boundary line (dashed line) [MacDonald and Katsura 1964].
[B-D] Selected major elements (wt%) and [E-F] selected trace element ratios versus MgO (wt%).
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Figure 6: Sr, Pb and Nd isotopic compositions for selected samples from dredges HD03 and HD04 (this study) and published
Heard Island lava samples [Barling et al. 1994]. [A] 206Pb/204Pb and 87Sr/86Sr. [B] 206Pb/204Pb and εNd *Big Ben Series.

Figure 7: 40Ar/39Ar geochronology results. Errors on plateau (>50 % 39Ar released) age are quoted at 2σ and do not include
systematic errors (i.e. uncertainties on the age of the monitor and on the decay constant). [A] Sample KP-03-10 is a trachybasalt,
27 step plateau, 100 % 39Ar released, MSWD 0.54. MSWD is an F-statistic that compares the variance within step ages with the
variance about the plateau age. [B] Sample KP-04-06A is a trachybasalt, 7 step plateau, 63.52 % 39Ar released, MSWD 0.89. [C]
Ages of dredged samples plotted with published 40Ar/39Ar ages for Big Ben lavas [Duncan et al. 2016; Fox et al. 2021]. Dredged
samples are similar in age to lavas from the southern slopes of Big Ben, Heard Island e.g. Cape Arkona, South Barrier, Lavett
Bluff (see Figure 3B for locations), and 6 km to the east at Lambeth Bluff.

ages that overlap with dated BBS lavas (Figure 7C) and are
similar in age to lavas from the southern slopes of Big Ben,
Heard Island e.g. Cape Arkona, South Barrier, Lavett Bluff
(see Figure 3B for locations).

6 DISCUSSION
6.1 Evidence for volcanic landslide at Heard Island

We interpret one or more volcanic landslide(s) on the south-
ern sector of Big Ben on the basis of the following evidence:

(1) the presence of a landslide scar onshore Big Ben [Quilty
and Wheller 2000; Fox et al. 2021], (2) morphology of the
seafloor offshore southwest Heard Island is consistent with
a landslide deposit [Bernard et al. 2021], (3) the spatial rela-
tionship between the landslide scar onshore Big Ben and the
landslide deposit [e.g. Krastel et al. 2001], and (4) lithologies
and compositions of rocks sampled from the landslide deposit
are consistent with onshore in situ lithologies of Big Ben.
The Heard Island volcanic landslide had been inferred
by onshore morphological evidence [Stephenson et al. 2005;
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Quilty 2007]. This study represents the first attempt to iden-
tify the offshore spatial extent of the associated debris using
multibeam bathymetry and backscatter data show a region of
high-backscatter and rugosity occupies the shallow submarine
shelf to the southwest of Heard Island, extending ~32 km from
the headscarp, and ~21.5 km from the present coastline (Fig-
ure 3A, Figure 4C). The northern, eastern and western bound-
aries of this region (Figure 3A–3C, Figure 4A) clearly indicate
changes in seafloor morphology and the nature of the seabed,
as inferred by contrasting seafloor backscatter returns. We
interpret this region to be debris associated with the onshore
landslide scar and refer to this region hereafter as a VDAD.
The seafloor within the VDAD is characterised by rela-
tively undulating relief and slope (up to 30° within the VDAD,
compared to <4° across adjacent seafloor), higher intensity
seafloor backscatter, and increased rugosity, compared to ad-
jacent seafloor to the north, northwest, and east, (Figure 3A–
3C, Figure 4A, 4B). The seafloor mapped within the VDAD
is variable, shown by the relatively high density of blocks in
the eastern portion, compared to the western and northern
portions (Figure 4A). This could indicate multiple lobes, asso-
ciated with one or more events. However, due to the relatively
limited surveyed region used to characterise this VDAD (only
~20 % of estimated VDAD area was mapped), it is difficult
to make robust observations about the character of the entire
VDAD. With the current dataset, it is not possible to pursue
a detailed assessment of the deposit structure, delineation of
distinct lobes, number of events, or landslide block orienta-
tion, nor to conclude whether this represents one, or several
landslide event(s).
The high intensity backscatter signature indicates the
VDAD is characterised by a distinct, likely harder and/or
coarser sediment substrate. The broadscale lobate morphol-
ogy of the deposit, along with the onshore scar geometry is
consistent with a southwest failure direction. The debris com-
prises hummocky, undulating terrain, inferred to be intact
fragments of the volcano flank that have been transported
downslope during one or more gravitational events. VDAD
blocks are up to 80 m in height, in some cases several hun-
dred metres across, and lie ~15 km from the modern coastline
(Figure 3D), although there are likely many more beyond the
surveyed region. The preservation of such large blocks sug-
gests that the landslide event(s) was/were sufficiently energetic
to transport these blocks several kilometres over submarine
slopes ≤ 4° (Figure 4C). Furthermore, the presence of such
large landslide blocks in other volcanic island landslides has
been used to indicate minimal block interaction during the
failure event (e.g. Anak Krakatau [Hunt et al. 2021]) and rel-
atively rapid emplacement (e.g. South Kona, Hawai‘i [Moore
et al. 1995]).
Lithologies dredged from the debris blocks within the
VDAD include glassy basaltic volcaniclastic breccias and
sandstones (Supplementary Material 1 Figure S1) texturally
similar to those previously described for the Drygalski For-
mation [Lambeth 1952; Stephenson 1964; Fox et al. 2021].
The geochemical compositions and mineralogy of the lavas
dredged from the VDAD, including isotopic compositions, are
consistent with the published compositions of BBS lavas (Fig-

ure 5, Figure 6) [Barling et al. 1994]. The presence of a mixture
of Drygalski Formation-like volcaniclastic rocks and BBS-like
lavas in a poorly sorted, hummocky submarine deposit adja-
cent to the coast of the Big Ben part of Heard Island is inter-
preted to indicate that they have been transported in a gravity
driven mass flow (debris avalanche) from onshore Big Ben
[Siebert 1984; Bell et al. 2013; Dufresne et al. 2021; Watt et al.
2021; Siebert and Reid 2023].

6.2 Volume of the VDAD

The volume of the excavated debris transported is obscured
and challenging to calculate from the onshore scar dimensions
alone because much of Heard Island is covered by glaciers.
Using multibeam data, we show the minimum submarine area
of this landslide deposit covers at least 467 km2. Although it
is likely the deposit extends beyond the limited surveyed re-
gion, particularly in the inferred southwest failure direction,
where the seafloor steeply deepens from ~100 m on the Cen-
tral Kerguelen Plateau to over 1000 m (Figure 1B, 1C, and Fig-
ure 3A). We suggest that our estimated 467 km2 area of the
VDAD is likely to be a minimum size estimate of the true de-
posit boundaries for two reasons: (1) the data resolution can-
not detect blocks or features smaller than four-cell sizes (i.e.
20 m), meaning that the finer debris transported along with
the larger blocky debris is not resolvable using ship-mounted
multibeam, (2) the limited swath coverage provides only a few
locations where we can define the boundaries of the VDAD,
and there may be unaccounted for debris deposited beyond
the mapped region.
Although it is difficult to estimate VDAD thickness without
subsurface information, Profile A–A’ (Figure 4B) suggests the
minimum deposit thickness is ~60 m (excluding rafted blocks)
and the maximum thickness (including blocks) is ~120 m. The
resulting range of approximate deposit volumes based on spa-
tial measurements in this study is between 14–28 km3 (where,
volume = (area× thickness)/2). It is important to note that the
deposit thickness is highly variable across the mapped region
(Figure 4B), with little known about the distribution of finer
debris below the limits of detection of these datasets. This
is consistent with observations of other (non-volcanic) mass-
transport deposits globally, where deposit thickness is docu-
mented to be a poor indicator of landslide size due to lateral
variation [Moscardelli and Wood 2015]. The observable size
(area and length) of the Heard Island VDAD as measured from
available multibeam data, fits within the highly variable di-
mensions of other documented submarine landslides from in-
traplate volcanic islands globally (Figure 8) [Blahůt et al. 2019].
However, a more comprehensive and targeted marine geo-
physical survey is required to improve volume estimates and
reconstruct VDAD geometry.

6.3 Timing of the Heard Island volcanic landslide

Determining the precise ages of pre-historic landslides is chal-
lenging due to a paucity of suitable material to analyse, and if
the VDAD is geologically young, a limited number of suitable
techniques available [Grosse et al. 2022]. Even the best age
estimates for landslides typically yield minimum and maxi-
mum age ranges, representing the youngest and oldest possi-
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Figure 8: Plot of documented submarine landslide deposits from volcanic islands globally [Blahůt et al. 2019]. The dimensions
of the Heard Island VDAD, as presented in this study, is shown by red star.

ble date range respectively for the landslide event(s) to have
occurred [Urlaub et al. 2013]. Direct dating of landslides has
been achieved by cosmogenic dating of the landslide surface
or by 40Ar/39Ar dating of basal frictional melt zones [Legros
et al. 2000; Jicha et al. 2015]. At Heard Island the opportu-
nity to date the landslide surface is not available due to the
landslide scar now being occupied by the Abbotsmith, Lied,
and Gotley glaciers. We determined the 40Ar/39Ar ages of
two Big Ben sourced lava clasts from within the VDAD. The
youngest age, 18.0± 1.4 ka, represents an indirect maximum
age for the landslide, assuming a single event. The landslide
is younger than the undated Mawson Peak cone that over-
laps the landslide scar [Stephenson et al. 2005]. There are no
other dated or undated field relationships that would assist to
refine the timing of the landslide further. The age of the land-
slide could be further refined by additional 40Ar/39Ar of the
existing samples from the VDAD, collecting additional rocks
samples from the VDAD for 40Ar/39Ar dating and 14C dating
of organic material in the VDAD sediments.

6.4 Potential factors that initiated the Heard Island volcanic
landslide

Multiple events or processes can individually, or together, pre-
condition a volcano for, and/or trigger a volcanic landslide
[Delcamp et al. 2018; Roverato et al. 2021]. These include
intrusion of shallow magmatic bodies (with or without erup-
tion), evacuation of magma from the edifice (eruption or with-
drawal), structural setting, slope instability, earthquakes, and
climate change [Cas and Wright 1987; Carrasco-Núñez et al.
2011; Acocella 2021]. In the context of Big Ben, it is difficult
to fully evaluate the role of most of these factors due to the
extensive ice and snow cover and the paucity of relevant field
observations.
Details regarding timing, frequency and styles of eruption
at Big Ben are not well known making the role of magmatic
and eruptive history in causing a volcanic landslide challeng-
ing to assess. The size and preservation of Big Ben has been
interpreted to indicate an estimated age of onset of volcanic
activity as ca. ≤1 Myr [Clarke et al. 1983]. However, the oldest

of the small number of lava samples dated is 180± 18 ka [Dun-
can et al. 2016] (Figure 7C) indicating Big Ben could be much
younger than this estimate although sampling is spatially bi-
ased due to ice cover. Volcanic sequences that are exposed
comprise mainly layers of basaltic lavas with little evidence of
intercalated pyroclastic deposits suggesting a predominantly
effusive history. Historically, witnessed eruptions have been
mainly low level effusive, and less commonly, low level ex-
plosive activity focussed at Mawson Peak [Fox et al. 2021].
The internal structure and plumbing system of Big Ben is un-
known and there is no data to suggest past internal movement
of magma has resulted in slope deformation or instability or
existence of significant layers of pyroclastic deposits that could
act as slide planes. The paucity of data means that magmatic
and volcanic activity cannot be excluded as a factor in pre-
conditioning or triggering a landslide.
Regionally, the Kerguelen Plateau, has been deformed by
extension [Houtz et al. 1977; Coffin et al. 1986]. Extensional
regimes provide a tectonic environment where normal and
transcurrent faults can develop [Lagmay et al. 2000; Delcamp
et al. 2015]. Slip on normal or transcurrent faults is impli-
cated in initiating volcanic landslides with the transport di-
rection of the landslide occurring perpendicular to the orien-
tation of the fault e.g. K̄ılauea, Hawai‘i [Cannon et al. 2001;
Yamazaki et al. 2021] and Mount Meru, Tanzania [Delcamp
et al. 2015]. Inferred sub-parallel northwest-southeast strik-
ing faults on Heard Island together with the alignment of vol-
canic cones and vents and the broader geographic alignment
of Big Ben and Laurens Peninsula suggests that there could be
a structural control on the location of volcanism (Figure 1C)
[Fox et al. 2021]. The volcanic landslide scar on Big Ben is
oriented perpendicular to this alignment, as is predicted if the
landslide was initiated by movement on one of these faults
[Delcamp et al. 2015].
Slope instability at Heard Island could be the product of sev-
eral processes including overloading of slopes with new lava,
hydrothermalism, basal erosion by ocean waves, periglacial
activity and glacial retreat in response to climate change.
Average magma discharge rates at Heard Island are low
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0.0002 km3 yr−1 [Fox et al. 2021] but could have been higher
at the time of the landslide, contributing to slope instability.
Hydrothermalism at volcanoes weakens rock mass strength,
pre-disposing steep slopes to failure [van Wyk de Vries et al.
2000; Heap et al. 2021]. There is scant evidence of hydrother-
mal activity at Big Ben. Historically, two short-lived, suspected
episodes of hydrothermal activity have been reported on the
lower flanks and fumaroles were reported at the summit of
Mawson Peak in 1983 [Fox et al. 2021]. There are no re-
ports of hydrothermally altered stratigraphy. However, in-
teractions between lava and ice can produce hydrothermally
altered lavas and clastic rocks; these could be present but ob-
scured. Fumaroles [Stephenson et al. 2006] and submarine gas
venting have been observed at McDonald Islands [Spain et
al. 2020] providing evidence for at least one active hydrother-
mal system in the region. Heard Island is significantly im-
pacted by dynamic erosion in response to the prevailing west-
erly winds and ocean currents [Green 2000; Kiernan and Mc-
Connell 2008]. If similar atmospheric and ocean conditions
were present at the end of the LGM, the oblique orientation
of the south coast of Big Ben to these winds and currents
could have contributing to slope instability by undercutting
the southern flank. The influence of periglacial processes on
slope instability at Heard Island in the past is unknown but
suspected to be minimal post LGM due to retention of exten-
sive ice and glacier cover [Kiernan and McConnell 2008]. In
present day, periglacial processes on Big Ben are active but
somewhat limited due to the relatively small area of land ex-
posed, the short exposure time (for most areas likely <200 yr),
and the low altitudes and hence relatively high ambient air
temperatures, where land is exposed [Kiernan and McConnell
2008].

The maximum age for the Heard Island volcanic landslide
falls towards the end of the Last Glacial Maximum (LGM).
Globally, significant volcanic landslides have occurred over
the last 30 kyr, just after local glacial maxima that ended with
rapid deglaciation [Capra 2006]. Deglaciation of volcanic edi-
fices pre-disposes volcanoes to collapse due to the loss of ice
buttressing, local de-loading and glacial isostatic adjustment
induced seismicity [Capra et al. 2013; Conway et al. 2016].
Changes to fluid circulation and pore fluid pressure inside the
edifice induced by glacial melt, increased humidity and rainfall
can also create further slope instability during and after glacial
retreat [Capra 2006]. Changes in sea level at the end of glacial
maxima have also been implicated in causing volcanic land-
slides although there is no strong evidence for this in intraplate
settings [McMurtry et al. 2004; Coussens et al. 2016; Roberti et
al. 2020]. The southern hemisphere experienced rapid climate
change at ca. 17.7 ka accompanied by significant synchronous
glacial retreat in New Zealand and Patagonia and changes to
ice distribution in Antarctica [McConnell et al. 2017]. During
the LGM a grounded ice sheet extended 70 km to the north
and west of Heard Island, and 30 km to the south and east, ev-
idenced by well-developed cross-shelf troughs and moraines
(Figure 1B) [Balco 2007; Hodgson et al. 2014]. The ice sheet
has since retreated to onshore Heard Island where ~70 % of
the land surface is covered in glaciers originating from the up-

per slopes of Big Ben and one glacier near the summit of Mt
Dixon on Laurens Peninsula [Ruddell 2006].
Globally, evidence for a link between glacial/interglacial cy-
cles and cycles of volcanic processes, including increased fre-
quency and size of volcanic eruptions, exists in a range of
tectonic settings (e.g. divergent boundary and mantle plume,
Iceland [Van Vliet-Lanoë et al. 2019], continental intraplate,
France and Germany [Nowell et al. 2006], and volcanic arc,
Izu-Bonin Arc [Schindlbeck et al. 2018], Garabaldi Volcanic
Belt, Canada [Wilson and Russell 2020], Southern Andean Vol-
canic Zone, Chile [Watt et al. 2013]). However, there is insuf-
ficient data to support this link for oceanic island intraplate
mantle plume settings in general and Heard Island specifically.
The known volcanic history of Heard Island and the glacial
history of both Heard Island and the surrounding region is
not sufficiently detailed to make robust conclusions regard-
ing spatial or temporal links between the two. It is possible
that the combination of the structural setting and rapid rates
of deglaciation post the LGM initiated the Heard Island land-
slide. However, other contributing factors cannot be excluded
based on the currently available data.

6.5 Past impacts of volcanic landslide at Heard Island

Volcanic landslides can trigger eruption, dissect and/or modify
existing plumbing systems, and result in changes to lava com-
position [Guillou et al. 1998; Martínez et al. 2018; Watt 2019].
The current focus of volcanic activity at Heard Island, Maw-
son Peak, is offset from the centre of the pre-volcanic landslide
summit crater and overlaps its margins and the landslide scar
(Figure 3C), indicating post-landslide modification of the up-
per portion of Big Ben plumbing system and emergence of
a new vent. Holocene pyroclastic cones around the coast of
Heard Island are younger (1.9± 3.8 to 13.3± 4.1 ka) than the
maximum age of the volcanic landslide and could reflect the
emergence of new, relatively short-lived volcanic focal points
post-collapse [Fox et al. 2021] but there remains insufficient
data regarding the relative or absolute age of the landslide to
support this interpretation. Changes to Big Ben lava composi-
tion post-volcanic landslide is not apparent with the available
datasets [Stephenson 1972; Barling et al. 1994; Fox et al. 2021],
however sampling is biased by ice cover.
Volcanic landslides in marine or lake settings can generate
tsunami [Schindelé et al. 2024] (e.g. Mombacho, Nicaragua
[Freundt et al. 2007], Stromboli, Italy [Tinti et al. 2006], and
Anak Krakatau, Indonesia [Grilli et al. 2021]). The direction
of transport of the Big Ben landslide together with its vol-
ume suggests that any tsunami generated could have reached
Antarctica or other far field locations. A landslide of similar
size on the northern flanks of Big Ben could generate tsunami
that reaches the Kerguelen Islands or, if on the eastern flank,
the southwest coast of Australia. The next step in assessing
past and future impacts of volcanic landslide at Heard Island
is to numerically model the tsunami that could have been pro-
duced by the volcanic landslide although this will be compli-
cated by incomplete source and deposit volumes and the likely
presence of ice blocks as well as rock in the debris avalanche
material.
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6.6 Future volcanic landslide risk at Heard Island

Assessing the future risk of landslide at Heard Island is chal-
lenging because there are characteristics of the island that are
not typical of other oceanic island volcanoes and because not
all potential pre-conditioning and triggering factors can be as-
sessed (see discussion Section 6.4). Heard Island is unusual for
an oceanic volcanic island in that there is only evidence for one
significant volcanic landslide during its history ca. <1 Myr)
[Clarke et al. 1983; Stephenson et al. 2005; Fox et al. 2021].
Hotspot volcanoes in the oceans have typically experienced
multiple landslides during similar time frames (e.g. Réunion
Island [Oehler et al. 2007], Canary Islands [Ferrer et al. 2021]).
Heard Island is understudied and evidence for multiple land-
slide events may be revealed by collection of additional on-
shore and off-shore data. Alternatively, there are characteris-
tics of Heard Island’s setting and volcanic evolution that may
mean it is less vulnerable to frequent landslides than other
hotspot volcanoes. Heard Island has a very low magma dis-
charge rate of 0.0002 km3 yr−1 [Fox et al. 2021] compared
to other basaltic intraplate volcanic islands over the past mil-
lion years e.g. Hawai‘i (0.14–0.21 km3 yr−1 [Jicha et al. 2012;
Jourdan et al. 2012; Garcia et al. 2017]), Piton des Neiges, Réu-
nion Island (0.01 km3 yr−1 [de Voogd et al. 1999]), and Canary
Islands (up to 1 km3 yr−1 [Carracedo et al. 2007]). The low
magma discharge rate at Heard Island does not produce overly
loaded and unstable slopes that are seen at these locations and
may account for the disparity in the frequency of landslides
and reduce the risk of future volcanic landslide.
Heard Island is also atypical for islands arising from man-
tle hotspots that have experienced volcanic landslides because
it is located in a relatively shallow (<200 m) marine environ-
ment on the Kerguelen Plateau and does not rise from abyssal
depths. Despite its size, it has not subsided, but rather has
been uplifted and nearly all Big Ben volcano is exposed above
sea level [Stephenson et al. 2005; Fox et al. 2021]. The lack of
gravitational potential offshore compared to all other islands
created by mantle hotspots and the buttressing provided by
glaciers [Pánek et al. 2021] likely decrease the vulnerability to
volcanic landslide.
Heard Island is experiencing significant glacial retreat, po-
tentially increasing the risk of future volcanic landslides.
Glacial retreat on Heard Island has been accompanied by sig-
nificant changes to subglacial streams and ice marginal pro-
cesses which can enhance erosion and slope instability. In
addition to exposing steep cliff faces, erosion rates can in-
crease as meltwater volume and velocity increase. Although
not well quantified, evidence for active changes in hydrology
on Big Ben in response to glacier retreat includes expanding
proglacial lagoons, widening and re-positioning of meltwa-
ter channels and streams, and changed sediment deposition
and erosion patterns [Kiernan and McConnell 2002; Thost and
Truffer 2008]. Future risk of slope instability and subsequent
landslide at Big Ben can only increase if the current rate of
glacial retreat continues.
Changes in atmospheric and oceanic circulation patterns in
response to climate change concentrate heat in the high lati-
tudes of the southern hemisphere [Roemmich et al. 2015; Gao
et al. 2017; Bakke et al. 2021]. The relatively high rates of

glacial retreat at Heard Island have been attributed to global
climate change [Pendlebury and Barnes-Keoghan 2007]. His-
torical accounts and photographic evidence reveals that the
glaciers on Heard Island were much larger in the recent past
(ca. 1850s) when almost all Heard Island glaciers extended
to the shoreline [Budd 2000]. Glacial retreat and thinning has
accelerated over the past 30–50 years [Budd and Stephenson
1970; Allison and Keage 1986; Kiernan and McConnell 2002;
Hall 2004] producing a >30 % reduction in the volume of the
glaciers since that time [Ruddell 2006; Thost and Truffer 2008;
Cogley et al. 2014]. Average temperatures in the sub-Antarctic
have risen much more quickly than the global average and
are forecast to continue to rise [Nel et al. 2023]. This has re-
sulted in the long-term decline of glaciers in the sub-Antarctic
including those on other sub-Antarctic volcanic islands [Cog-
ley et al. 2014]. Further rising temperatures and subsequent
glacial retreat will increase the risk of minor and major vol-
canic landslides on Heard Island and other volcanic islands in
similar settings.
Data that would aid in a more quantitative assessment of
future risk of volcanic landslide at Heard Island should be
centred around understanding the past spatiotemporal distri-
bution of seismicity, volcanism and ice, both at Heard Island
and in the surrounding region, and the timing and number
of past volcanic landslides at Heard Island. Full coverage of
multibeam bathymetry data around Heard Island extending
to areas of known or suspected glacial morphological fea-
tures on the seafloor together with sediment coring of sub-
merged moraines would help define regional ice extent and
timing. On-shore, mapping of glacial geomorphology, 14C
dating of moraines and cosmogenic dating of glacial errat-
ics and glacially striated bedrock would assist with assessing
timing and extent of glacial retreat and advance. Additional
work designed to resolve detail regarding the timing and types
of volcanic events and processes (eruptions, hydrothermalism,
volcanic landslide) will also be important.

7 CONCLUSIONS
This study provides the first geologic and geophysical evi-
dence for a large VDAD offshore Heard Island, corresponding
to an onshore scar on the southwestern flank of Big Ben vol-
cano. The Heard Island landslide represents one of only very
few documented km-scale volcanic landslide events within the
sub-Antarctic zone and is an important morphological pro-
cess in the evolution of Heard Island. Results show that the
Heard Island landslide initiated on the subaerial portion of Big
Ben volcano and transported blocky debris downslope, at least
21 km from the present-day coastline. The estimated volume
of the submarine VDAD is between 14–28 km3, which could
have been deposited in one or multiple landslide events.
The new 40Ar/39Ar ages presented here (38.1± 4.1 ka and
18.0± 1.4 ka) provide the first maximum age, 18.0± 1.4 ka, for
the previously un-dated Heard Island volcanic landslide. If
the timing is contemporaneous with the end of the LGM, it
suggests that de-glaciation could be a preconditioning or trig-
gering factor for the landslide. Glacier retreat at Heard Island
and elsewhere in the sub-Antarctic is predicted to continue
in response to climate change and could result in increased
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frequency of volcanic landslide and associated hazards. How-
ever, the structural setting of Heard Island may also be im-
portant and there is insufficient data to assess the influence
of other contributing factors such as hydrothermal alteration,
magmatic, and eruptive processes.
Although Heard Island lies within the remote southern In-
dian Ocean, a km-scale volcanic landslide, such as the one de-
tailed in this study, may have generated tsunami able to reach
distant coastlines. Numerical modelling of tsunami wave
propagation triggered by this landslide would assist in under-
standing the potential far-field impacts, beyond morphological
changes to the volcano and immediate surrounding seafloor.
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