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Abstract: Volcanic eruptions on land create hot and fast pyroclastic density currents, triggering
tsunamis or surges that travel over water where they reach the ocean. However, no field study has
documented what happens when large volumes of erupted volcanic material are instead delivered
directly into the ocean. We show how the rapid emplacement of large volumes of erupted material
onto steep submerged slopes triggered extremely fast (122 km/hr) and long runout (>100 km)
seafloor currents. These density currents were faster than those triggered by earthquakes, floods
or storms, and broke seafloor cables, cutting off a nation from the rest of the world. The deep
scours excavated by these currents are similar to those around many submerged volcanoes,
providing evidence of large eruptions at other sites worldwide.



Explosive volcanism poses a wide range of hazards, with more than a third of volcanic fatalities
attributed to fast (up to 100s of km/hour) and high temperature pyroclastic density currents
triggered by: phreatic explosions; pyroclastic fountaining; lateral blasts; caldera- and dome-
collapses; and the vertical collapse of eruption columns where they impact the ground (7, 2, 3, 4,
5, 6). Study of the behavior of pyroclastic density currents on land has revealed a spectrum from
dense to dilute and turbulent modes of flow, across which a range of hazards exists (/,2,3). This
spectrum also relates to other types of particulate density currents, including snow avalanches and
underwater sediment-laden flows called turbidity currents (e.g. 7, 8, 9). Where terrestrially-
initiated pyroclastic density currents reach the ocean, they create different hazards. Such currents
can generate tsunamis, create phreatic explosions as hot currents interact with water, travel over
the sea, and/or rapidly cool and transition into a turbidity current, damaging seafloor infrastructure
and devastating marine biological communities (10, 11, 12, 13, 14, 15).

Repeat terrestrial surveys and sampling after the occurrence of pyroclastic density currents have
enabled reconstruction of flow properties from the resultant deposits to understand the associated
hazards (e.g./6, 17, 18). However, field-scale observations of density currents linked to volcanic
eruptions in marine settings are rare, due to often-remote locations and inaccessibility of in-situ
deposits. The behavior of terrestrially-initiated pyroclastic density currents that cross land to enter
the ocean has only been documented at a single field site following a small (0.19 km?) eruption
(12, 13, 14), while no equivalent study has shown what happens when an eruption directly delivers
volcanic material into the ocean. We address this knowledge gap with new observations of
underwater volcaniclastic density currents triggered during the eruption of the partially-submerged
Hunga Tonga-Hunga Ha’apai (hereafter Hunga volcano) volcano in The Kingdom of Tonga. We
use the term ‘volcaniclastic density current’, which encompasses a spectrum of density currents
linked to a volcanic eruption, from hot gas-supported pyroclastic density currents to cold fluid-
supported turbidity currents.

A key control on the hazard posed by any type of density current is their velocity (9, 19, 20, 21,
22). While recent advances in technology enabled the direct measurement of turbidity currents and
snow avalanches, no velocity measurements exist for underwater volcaniclastic density currents
(9, 19, 20, 21). These limitations are remarkable, considering the distinct hazards posed by partially
or fully-submerged volcanoes, which account for more than three quarters of active volcanoes
worldwide (6). Consequently, our knowledge relies on studies of ancient ocean-entering eruptions
(23, 24), scaled-down laboratory modelling (25), and analysis of geomorphic features around
submerged volcanoes to infer the behavior of past eruptions (26, 27). Fields of large sediment
waves and scours, commonly observed radiating around submerged flanks of volcanoes, are
thought to be diagnostic of catastrophic eruptions (26, 27, 28). However, this hypothesis remains
untested due to a lack of repeat seafloor surveys before and after a large eruption. These
uncertainties severely limit the understanding of the behavior and associated risks at submerged
volcanoes.

We present new observations of voluminous volcaniclastic density currents that were triggered by
the January 15th 2022 eruption of Hunga volcano in The Kingdom of Tonga. This eruption was
the most explosive in over a century and had worldwide impacts (29, 30, 31, 32, 33, 34, 35). The
eruption plume entered the mesosphere (57 km high), tsunamis travelled across the Pacific Ocean
and caused 19-20 m runups in Tonga, while a pressure wave encircled the globe multiple times
(29, 30, 31, 33, 34). More than one hour after the main eruption, Tonga’s only international subsea
telecommunications cable was severed (Fig 1), disconnecting the entire nation from global digital
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communications at a critical time for disaster response (36). Such an incident has wider
implications because subsea cables carry >99% of all international data traffic, including the
internet and trillions of dollars per day in financial transactions (37). The >6 km? eruption expelled
an equivalent volume of material to the annual sediment flux from all the world’s rivers combined,
much of which directly entered the ocean via eruption column collapses (75, 38). The rapid
escalation in explosivity and the resultant hazards were unexpected, exposing a gap in
understanding of many similar, yet un-monitored volcanoes along the Tonga-Tofua Arc and
volcanic settings worldwide (6, 29, 30, 39).

By integrating datasets that document their timing and extent, we determined the behavior of
underwater volcaniclastic density currents triggered by the 2022 eruption of Hunga volcano. These
currents travelled over 100 km and caused extensive damage to seafloor cables from which we
could estimate their velocity, which was up to 122 km/hour. These currents differ markedly from
those triggered by terrestrially-initiated pyroclastic density currents that enter the ocean, and their
velocity is higher than that recorded for other underwater density currents, including those
triggered by terrestrial flood, large earthquakes, or ocean waves (Table 1). The currents created
distinctive scours around Hunga volcano, excavating regions over 100 m deep into the volcanic
edifice (Fig 2); evident by comparing surveys three months after the eruption to pre-eruption
surveys performed in 2016. Bedforms like these are generated by, and thus probably record, large
explosive eruptions.

Extensive damage to seafloor cables

At 03:47 (all times UTC) on 15" January 2022, a low eruptive plume was observed at Hunga
volcano, marking the onset of the main eruptive phase, with a steady narrow plume rising to >10
km height (34) (Fig 1). At 04:15 (Toa), a large explosion occurred (Volcanic Explosivity Index of
5-6 (35)), which transformed the plume. High eruption rates rapidly increased the height and width
of an expanding umbrella-shaped eruption plume (34, Fig S6). The plume reached 16-18 km height
at 04:17. A second major explosion (Top) occurred at 04:21, with further explosions generating
sonic booms until 04:25 (inception of the atmospheric pressure wave). By this time, the umbrella
cloud expanded to at least 120 km-wide and the central plume was >15 km-wide. Plume collapses
into the ocean below the umbrella cloud occurred soon after 04:17, especially from 04:20
onward(Fig S6 (34)). By 04:50-04:55, the central high plume ceased rising and was dispersed by
the wind. However, the eruption continued vigorously with a lower plume (~17-21 km high)
formed beneath the larger 57 km high plume.

Both subsea cables were broken on 15" January, but the timing of this damage lagged after the
two most intense explosions (Toa & Tob) by 9-15 minutes for the domestic (at 04:30) and 83-89
minutes for the international cable (05:44) (Table S1). The timing of these breaks is known to the
nearest minute, based on loss of data transmission, ultimately with complete loss of Internet
capacity when the international cable was severed. The distance of the first point of cable damage
from shore was determined immediately using Optical Time Domain Reflectometry, but the full
extent could not be assessed until a cable repair ship retrieved the intact ends of the cable either
side of the damaged zone. The international cable repair took five weeks, as the closest repair ship
was 2500 km away in Papua New Guinea and over 100 km of replacement cable was required.
Communications were limited across the Kingdom, until the domestic cable was finally repaired,
18 months after the eruption.



Prior to repair, cable damage was thought to be caused by local seabed landslides; however, the
extent of damage was far greater than anticipated. More than 89 km of the international cable was
broken and/or buried to a depth beyond recovery, while 105 km of the domestic cable was affected.
Moreover, the international cable was recovered at a distance of 5 km to the north of its originally
laid position, towards the volcano. This incident was the largest length of cable damage since
telegraph cables were buried by the >200 km* Grand Banks landslide offshore Newfoundland in
1929 (40) and the longest single cable repair in the modern fibre-optic era (Fig 1). We did not find
evidence within the resolution of imaging of slope failures on the deep-water volcano flanks
around the cables and surrounding slopes. We therefore relate the cable damage to powerful and
long run-out volcaniclastic density currents triggered by the effective delivery of large volumes of
erupted pyroclastic material directly into the ocean.

Insights into underwater density currents triggered by eruption column collapse

Dense and highly erosive proximal regime: Linear gullies and trains of crescentic scours, incised
up to 100 m, radiate from the caldera (Fig 2), accounting for 3.5 km? of erosion(/5) and
representing an additional removed mass of over 50% of the original erupted volume. Erosional
features include up to 2 km-wide scours and upslope-asymmetric bedforms (30-60 m wave height,
500-2000 m wavelength) seen in pre-eruption surveys, which migrated up to 1.5 km upslope.
Pronounced erosion observed from the post-eruption survey, occurs within a radius of <9.2 km
from the caldera rim and only on the steepest slopes (>10°, locally >40°; Fig 2). Recovery of
material by seafloor coring was not successful on such proximal slopes, presumably due to
presence of competent volcanic rock and/or coarse granular material. Deposition occurs as slope
angles reduce (<10°), where well-defined lobes (up 40 m-thick and 7 km-wide) accumulated
downstream of two of the erosional chutes. As this lobate deposition occurs on relatively steep
slopes, a dense granular current with high basal friction was likely responsible for the proximal
depositional lobes (41, 42, 43). This is in stark contrast to turbidity currents, which typically do
not deposit on steep slopes, or where they do, leave only very thin deposits (44). Indeed, some
turbidity currents only deposit on slopes of less than 0.05° (45).

The intense erosion on steep slopes (Fig 2) caused currents to increase their sediment mass
substantially, thereby enhancing their power and mobility (47). For context, the eroded volume is
0.5 km? greater than the largest known historical volcanic landslide (3 km?; Mt St Helens (47)) and
~1 km? greater than the sediment volume eroded by the longest monitored turbidity current that
travelled >1000 km along the deep-sea Congo Canyon (/9). Stepped trains of upslope-migrating
crescentic scours and large-scale bedforms on steep slopes evidence Froude-supercritical currents
undergoing a series of hydraulic jumps (48, 49, 50). Similar scours and bedforms are a common
feature proximal to the initiation of other large volume particulate density currents, including those
in non-volcanic settings (e.g. 1 km?® earthquake-triggered turbidity current in Kaikoura Canyon
(51)) and are of similar scale to those thought to diagnose past large explosive eruptions on
submerged volcanic flanks (25, 26, 27, 28) (Fig 2H). We confirm this previously-hypothesised
link, showing that multiple radial chutes and bedforms can be formed during an individual
explosive eruption, which has important implications for assessing hazards from seabed
geomorphology at other submerged volcanoes worldwide.

Depositional distal regime: The remaining surveyed area is characterised by widespread,
relatively-featureless blanketed deposition, with an average of +2.8 m elevation change (i.e. net-
depositional). In the valley south-east of Hunga volcano (location of the domestic cable), slopes
rapidly reduce to under 1.5°, and ponded deposition occurred (up to 27 m thick). Even where
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elevation change was not resolvable from repeat seafloor surveys in deep-water, sampling (up to
108 km from the caldera) recovered volcaniclastic deposits emplaced by density currents (Fig 1).
Density current deposits are generally decimeter-thickness and comprise sand-granule-sized
volcanic material that fines upwards, with internal lamination, ripples and sharp bases, and are
geochemically-linked to the 2022 Hunga volcanic eruption (76). Those deposits are overlain by
thinner deposits interpreted as ash fall-out ((53) Fig S2; Table S2). The area around the
international cable was not covered by pre-existing bathymetric data; however, detailed seafloor
backscatter data reveals trains of bedforms (1-2 m wave height, 100-200 m wavelength) within a
valley between seamounts (Fig S1). These bedforms evidence a complex flow pathway as
corroborated by earlier modelling (75). So dramatic was the topographic steering, that the cable
was moved 5 km towards the volcano by the density current (Fig S1).

Contrasting behavior of underwater volcaniclastic density currents

These depositional/erosional patterns contrast with observations from repeat seafloor surveys and
sampling of terrestrially-initiated pyroclastic density currents that entered the ocean offshore
Montserrat in the Caribbean (12, 13, 14). Deposits offshore Montserrat formed in two parts: (i)
coarse-grained ridges up to 60 m-thick within 3-4 km of the ocean-entry point formed by a dense
granular current; and (ii) a broader deep-water lobe, comprising centimeters-thick fine-grained
deposits related to a dilute turbidity current (12, 13, 14). The proximal deposition of ridges offshore
Montserrat contrasts with the erosional chutes, scours and asymmetric bedforms we observe on
Hunga volcano. Further, the lobes at Hunga volcano are much higher relief, thicker (tens of meters
rather than centimeters-thick), on steeper slopes (up to 8-10° cf. <2°), and likely comprise coarser
material, with deposits sampled at least 108 km from the edifice, compared to 40 km offshore
Montserrat (Fig 1). Seafloor cores show coarse granular deposits were deposited at least 80 km
from the Hunga edifice, indicating currents maintained high densities over this distance, also in
contrast with the dilute flow origin for distal finer-grained deposits offshore Montserrat (12, 13,
14).

Fast and long run-out underwater volcaniclastic density currents

Large volumes of pyroclastic material were delivered into the ocean during the eruption at Hunga
volcano, creating dense underflows that were steered down its steep flanks. It is most likely that
the pyroclastic material was predominantly derived from partial collapses of the eruption column,
but we cannot fully preclude that currents may have been fed in part by other eruption processes,
including jetting or fountaining. Initially, these volcaniclastic density currents would have been a
dominantly gas-particle mixture, then transitioned into a water-particle mixture as they cooled and
mixed with seawater (23). We cannot discern the precise extent of that transition, underlining our
broader use of volcaniclastic rather than pyroclastic density current. Volcaniclastic density
currents were initially steered along pre-existing relief into a valley 15 km southeast of the caldera.
In this location, currents impacted the domestic cable side-on, and were deflected to the north and
south (i.e. parallel to the cable) by the topography. Based on the time between the first collapses
of the eruptive column into the ocean (7. & Ty») and cutting of the domestic cable, we calculate a
distance-averaged transit (front) flow velocity of 63-122 km/hour (17.6-38.8 m/s; Table S1). This
observation is remarkable, given the inherent challenges in underwater monitoring, particularly
during an ongoing large eruption.

Despite the higher resistance provided by the surrounding seawater compared to air, the velocities
of volcaniclastic density currents offshore from Hunga volcano fall within the range measured for
pyroclastic density currents on land (e.g.20) (Table S4). The velocities at Hunga volcano are higher
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than previously documented for underwater density currents elsewhere in the ocean, including
turbidity currents triggered by large magnitude earthquakes, river floods and oceanographic
processes (Table 1; Fig 3). The fastest transit velocities for turbidity currents are up to 72 km/hour
(20 m/s; based on cable breaks during the 1929 Grand Banks landslide (40) and the 2006 Pingtung
earthquake offshore Taiwan (37)). The volcaniclastic density currents at Hunga volcano were
steered into deeper water along tortuous paths created by irregular volcanic topography, where
they severed the international cable 70 km from the volcano (Fig. 1). Assuming this current was
the same one that also broke the domestic cable, indicates a transit velocity of 32-51 km/hour (8.9-
14.2 m/s). This is remarkably fast given the distance travelled. However, our data do not enable us
to determine how many currents were triggered at Hunga volcano. It is plausible that damage to
the international cable resulted from currents triggered by eruption collapses considerably later in
the eruption cycle (i.e. after 79, and conceivably after Tys), and in which case these distal velocities
are underestimates.

What explains the fast current speeds?

The sheer mass and manner of delivery of material to the ocean (i.e. direct and rapid vertical entry
of a fast-collapsing plume) at Hunga volcano is distinct to other mechanisms for particulate density
current generation, such as river plumes that enter the ocean laterally, and landslide-triggered
turbidity currents that initiate on far lower angle slopes and where material in the parent flow must
first disintegrate and mix (Fig 3). The dominantly downward rather than lateral trajectory towards
and through the air-ocean boundary, also make the ocean-entry mechanism of dense pyroclastic
material at Hunga volcano distinct from terrestrially-initiated, ocean-entering pyroclastic density
currents such as observed at Montserrat. The pyroclastic density currents that entered the ocean at
Montserrat, first travelled 4 km laterally over land, along the Tar River valley following a dome
collapse (12, 13, 14). Instead, the formative mechanism at Hunga volcano is better described as a
vertical jet or fountain collapse of a gas-particle mixture (52), wherein a huge sediment load of
dense volcanic pyroclasts (up to 2.8 g/cm?(53)) fell vertically from considerable height (several
kms) as the eruption column collapsed into the ocean (Fig 3).

According to the modified Chézy equation (a simplified approach often used to model behavior of
turbidity currents(53)), to maintain the high current velocities observed at Hunga volcano requires
a combination of a steep slope, thick current, and/or high sediment concentrations (expressed as
the ‘depth averaged’ value for a vertical profile through the current (54, 53). Assuming previously-
accepted basal and upper friction values for underwater density currents(54), to attain the high
transit velocities on the edifice flanks requires current thicknesses on the order of tens of meters,
with depth-averaged sediment concentrations of up to 5%, or else even thicker currents (e.g.
hundreds of meters) with lower depth-averaged sediment concentrations (1-2% concyol). Near-bed
sediment concentrations are likely substantially higher than these depth-averaged values (8,55).
These concentrations are particularly high for underwater particulate density currents (e.g.55), as
evidenced by the deposition of lobes on steep (up to ~10°) slopes of the edifice, implying a dense
granular basal layer (41, 42, 43). Currents at Hunga volcano had sufficient inertia to flow upslope
in some areas (and overtop relief of up to 860 m), such as south of the domestic cable break and
to reach the international cable Fig S4&S5). This inertia was provided by their initial velocity and
concentration, and additional entrained mass due to the substantial seafloor erosion. We conclude
that fast velocities proximal to Hunga volcano result from: 1) the potential energy generated from
the direct, vertical entry of dense and large volume pyroclastic fluxes into the ocean; ii) the
extremely steep (up to 45°) submerged edifice flanks, which were the location of the impact zone



for the collapsed material (52); and iii) the additional mass gained by the currents as they eroded
into the edifice flanks.

Implications for hazards assessment

A push to enhance telecommunications links across the South Pacific and Caribbean will
necessitate the crossing of volcanically-active regions by new subsea cable routes with a need to
assess threats posed to remote coastal communities and the international communications
infrastructure that serve them. This requires more extensive seafloor mapping to identify
submerged volcanoes that may experience similar eruptions, while offshore monitoring, such as
using fiber-optic sensing along telecommunications cables (e.g.56, 57), is required to provide
early-warning. We show that volcaniclastic density currents triggered when an eruption collapses
into the ocean can maintain high densities over distances of over 100 km and attain speeds up to
122 km/hour, providing a fundamentally new view of their behavior and associated hazards. We
confirm that bedforms observed on many other shallow submerged volcanoes worldwide can be
produced by powerful eruptions, demonstrating the hazards experienced at Hunga volcano can
occur elsewhere (4, 8, 27). Explosive eruptions from these often un-surveyed and un-monitored,
submerged volcanoes can produce high-energy submarine density currents and warrant far greater
consideration as tsunamigenic sources as well as primary threats to vulnerable coastal communities
and critical subsea infrastructure.
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Figure 1: Extensive damage caused to seafloor cables by volcaniclastic density currents
generated by column collapse at Hunga volcano. (A) Locations and extent of cable damage on
the domestic and international seafloor cables resulting from the volcaniclastic density currents
(pathways shown as arrowed lines) plotted on bathymetric data acquired three months after the
eruption. The thickness of volcaniclastic density current deposits as sampled by multicoring are
depicted as size-scaled solid circles, showing that these currents deposited material at least 108 km
away from the caldera. Actual sampled thickness of volcaniclastic density current deposit is
annotated. Where the base of the density current deposit was not sampled, this is given as >X cm.
(B) Internet capacity shown for typical periods (in grey) compared to the sudden loss of internet
traffic which flatlined at 05:44 on 15" January 2022, when the international cable was broken. (C)
Enhanced timeline of the main eruptive phase of Hunga volcano on January 15% 2022, including
the two major eruptions that caused ocean-entering column collapses. The timing of cable breaks
are marked as stars, showing that they occurred after the main explosive eruptions.
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Figure 2: Sculpting of the seafloor by powerful volcaniclastic density currents on the slopes
proximal to Hunga volcano. (A): Elevation difference map generated between pre- (2017) and
post-eruption (April-June 2022) bathymetric surveys shows localised but major seafloor changes.
The domestic cable is shown as a red line. (B-F): Elevation changes shown for selected locations
in cross-section, including the incision of deep (locally >120 m) gullies and upslope-migrating
crescentic scours on steep (>10°) slopes (B, E & F) and the deposition of thick (up to 40 m) lobes
(C&D) where slopes shallow. (G): Cross plot of change in seabed elevation and local seafloor
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gradient (based on pre-eruption bathymetry) to illustrate how erosion dominates on the steepest
slopes, while deposition is largely restricted to slopes <10°. (H): Comparison of bedform
morphometrics observed on the proximal flanks of Hunga volcano and around the area of the
damage to the international cable with those from a database based on 17 volcanic islands
worldwide (8) to show that the large-scale scours and bedforms plot within the range of those
previously interpreted to relate to large explosive eruptions.
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Figure 3: Density currents triggered by the Hunga volcano eruption are the fastest reported
for any submerged particulate density current to date. (A) Measured velocities and minimum
run-out distances for different underwater particulate density currents, symbolised relative to their
triggers (as detailed in Table 1). Precise runout distances cannot be presented as often the current
ran out beyond the monitoring array or the location of seafloor cables. Schematics (B-E) to
illustrate the inception mechanisms for different submerged density currents, including: (B) Rapid
eruption column collapse, causing vertical plunging of dense pyroclastic material onto an
exceptionally steep slope as seen at Hunga volcano; (C) River flood triggered turbidity currents
that enter the ocean either laterally (where sediment is flushed offshore) or obliquely (where dense
sediment-laden flood water plunges) as observed in the Gaoping and Congo canyons; (D)
Continental slope collapses that are initiated by external ground disturbance, such as large
earthquakes or construction activity, which can initiate on very low angle slopes; (E) Initiated by
subaerial volcanic dome collapse, entering the ocean obliquely as in the case of Montserrat; (F)
Initiated by collapse of volcanic island flanks.
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Table 1: Reported velocities of fast-moving (>4 m/s) submerged particulate density currents
worldwide. Values based on sequential seafloor cable breaks or acoustic monitoring. Also
compared are subaerial density currents including pyroclastic density currents and snow

avalanches.

Minimum Maximum
recorded |Calculated
. Known |Interpreted runout . .
Location . . transit |velocity based
volume (trigger distance .
[km] velocity |on
[m/s]
Submarine particulate density currents including turbidity currents and volcaniclastic
density
Construction
1979 Nice Airport, 5 [activity —slope Seafloor cable
Mediterranean (58) 0.008 km failure during 120 / breaks
airport extension
- Construction
Gioia Canyon, . Seafloor cable
Mediterranean (41) Not known activity — slope 15 4.5 breaks
failure near port
1929 Grand Banks ?r/{ 7.§rzeclirthquake Seafloor cable
landslide, >200 km? | 158 800 19.1
Newfoundland (40) continental slope breaks
failure
2006 Gaoping .
Canyon, Taiwan Not known M 7.0 Pingtung 380 20 Seafloor cable
37) earthquake breaks
1954 Orleansville M 6.7 Seafloor cable
earthquake, Algeria | Not known |Orleansville Not known 20.5
breaks
(60) earthquake
2009 Gaoping Large river flood
Canyon, Taiwan Not known (following 380 10.3 Seafloor cable
breaks
(37) typhoon
2009 GaOng Large river flood Seafloor cable
Canyon, Taiwan Not known ; 650 16.6
(37) during typhoon breaks
Cable breaks
2020 Deep-sea Following large Zggur;(i)gred
Congo Canyon, 2.675km? [river flood during| 1130 8 Doboler
West Africa (19) low Spring tide PP
current
rofiler array
Oceanographic Moored
2015/17 Monterey riooer glalse dto acoustic
Canyon, California | Not known &8 50 7.2 Doppler
along shelf
(55) current
transport
profiler array
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Moored

2019/20 Whittard giceaenrogl?t)?écto acoustic
Canyon, NE Not known | 58 50 8 Doppler
: across shelf
Atlantic (61) current
transport
profiler array

>6.3 km?

(based on
2022 Hunga deposited Eruption column
volcano, Tonga volume on COHI:I s >100 33.8  |Cable breaks
(This study) slopes outside P

of caldera

(15)

Subaerial particulate density currents
Largest snow Radar and
3 : )
avalanches (22, 62) 0.01 km® |Various 3-5 70 pressure plate
measurements
Up to 5.5 km®
. for those withDome or flank
Terrestrial reported  lcollanse or Up to 10s See comments
pyroclastic density P p . P 7-210  |in Table S4
speeds but [phreatomagmatic | of kms
currents . (53)
can exceed |eruption
100s km®

23




Science

AVAAAS

Supplementary Materials for

Fast and destructive density currents created by ocean-entering volcanic eruptions

Michael A. Clare!t, Isobel Yeo'f, Sally Watson?, Richard Wysoczanski.?, Sarah Seabrook?,
Kevin Mackay?, James. E. Hunt!, Emily Lane?, Peter J. Talling®#, Edward Pope*#, Shane
Cronin’, Marta Rib6®, Taaniela Kula’, David Tappin®, Stuart Henrys®, Cornel de Ronde®,

Morelia Urlaub!?, Stefan Kutterolf!?, Samiuela Fonua!!, Semisi Panuve!!, Dean Veverka'?,

Ronald Rapp!?, Valey Kamalov'4, Michael Williams?

"National Oceanography Centre, Southampton, UK

*National Institute of Water and Atmospheric Research (NIWA), Auckland, Aotearoa New
Zealand

3Department of Geography, Durham University, Durham, UK

“Department of Earth Science, Durham University, Durham, UK

3School of Environment, University of Auckland, Auckland, Aotearoa New Zealand
®Department of Environmental Science, Auckland University of Technology, Auckland,
Aotearoa New Zealand

"Ministry of Lands and Natural Resources, Nuku‘alofa, Kingdom of Tonga;

8British Geological Survey, Keyworth, UK

9GNS Science, Lower Hutt, Aotearoa New Zealand

I"GEOMAR Helmholtz Centre for Ocean Research Kiel, Kiel, Germany

""Tonga Cable Ltd, Nuku‘alofa, Kingdom of Tonga

12Southern Cross Cable Network, North Ryde, New South Wales, Australia

3SubCom, Newington, NH, USA

4Valey Kamalov LLC, Gainsville, Florida, USA

Corresponding author. Email: michael.clare@noc.ac.uk (M.A.C.) and i.yeo@noc.ac.uk (I.Y.)
tTThese authors contributed equally to this work.

This PDF file includes:
Materials and Methods

Figs. S1 to S6
Tables S1 to S5

24



Materials and Methods

Field data acquisition

Post eruption bathymetric data acquisition and coring of the density current deposits was
predominantly conducted during the TESMaP expedition TAN2206 of the R/V Tangaroa to the
site in April and May 2022. Bathymetric data covering the central caldera (which was too
dangerous to survey with a crewed vessel) were acquired using the Uncrewed Surface Vessel
(USV) Maxlimer in July — September 2022. Coring was carried out to sample the range of proximal
to distal volcanic products, and to target specific locations and topographic features (including
locations of damage to seafloor telecommunications cables). Tangaroa surveys were designed to
maximise data acquisition efficiency between sampling sites.

Multibeam bathymetric data

Ship-based multibeam bathymetric data (63) were acquired using a Kongsberg EM302 multibeam
echosounder operating at 30 kHz, with 288 beams (432 sounding per swath) and beam widths of
1° along- and 2° across-track. Data were acquired using the Kongsberg proprietary Seafloor
Information System (SIS) acquisition software. Positioning for these surveys was provided by
GPS, differentially corrected by the Fugro SeaStar XP Wide Area Differential GPS (WADGPS),
heave and attitude correction was applied using Applanix POS/MV 320 motion sensor (role pitch
and heading are accurate to 0.02° or better, heave is accurate to £5% of the measured vertical
displacement or £5 cm (whichever is larger) for movements that have a measured period up to 20
s). Data were processed and cleaned using QPS Qimera v2.3.1, then gridded and exported at 50
m. Backscatter mosaics were also produced using Qimera v2.3.1, 3-sigma used to maximise
contrast for the dataset and mosaics exported at the same resolution as the bathymetry (50 m).
Backscatter data provide a useful identification of bedforms in deeper water areas where the scale
of bedforms is close to or at the resolution of the multibeam bathymetric data (e.g. Figure S1).
USV Maxlimer multibeam data were acquired using an EM170 multibeam echosounder which
operates at frequencies between 70 and 100 kHz and comprises 200 beams (400 soundings per
swath) with 1° along- and across-track beam width. Real time heave and attitude data were
acquired using a Seapath 130 with MRU-5+MK-11 motion sensor. USV Maxlimer was operated
remotely from Essex in the UK and a team of surveyors around the world provided real time
support for the multibeam acquisition. As with the ship-based data, multibeam soundings were
imported into QPS Qimera v2.3.1 for processing, then gridded and exported at 50 m.

Data acquired by TESMaP after the 2022 eruption were compared with data from before this
period, acquired remotely and by two separate expeditions, that were combined to form a single
pre-eruption digital elevation model (DEM). Data were acquired during: 1) Expedition FK160407
(May 2016) by the RV Falkor using a Kongsberg EM302 (64); ii) a small boat survey (November
2015) using a WASSP multibeam echosounder (65); iii) satellite-derived bathymetry (2017) from
Land Information New Zealand as part of the Pacific Regional Navigation Initiative (66). Data
were imported into QPS Qimera v2.3.1 for processing, then gridded and exported at 50 m. For all
surveys, sound velocity corrections were applied using sound velocity probe measurements or
calculated from CTD (conductivity, temperature, depth) casts during acquisition.

Determining elevation changes between bathymetric surveys

In order to evaluate seafloor change before and after the eruption, the 50 m gridded pre- and post-
eruption DEMs were co-registered and then differenced using ArcPro GIS. Other derivatives,
including slope were also generated and volume differences were calculated using the Cut Fill
tool. As typical vertical uncertainties on modern multibeam echosounders are around 1% of water
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depth, in the survey regions this potential vertical uncertainty ranges from 20 cm in the shallowest
water to 20 m in the deepest, although in many of the regions surveyed the actual measured
difference between what appeared to be unimpacted regions of the volcano was <2 m. Thus, the
morphological changes appear to be well characterised by this methodology.

Coring of seafloor deposits

Coring was conducted using the Ocean Instruments MC-800 multicorer system, which were then
subsampled into push-core tubes (80 cm long polycarbonate core liners). All positioning was taken
from the Ultra-Short Baseline (USBL) beacon system. Cores were then cut longitudinally and
parted using a cheese wire to produce a flat surface for imaging and visual core logging. Core
imaging was performed using a Geotek-MSCL line scan Core Imaging System, which provides
high-resolution photographic imagery. This imaging enables acquisition of precise depth-
registered images. The lighting system comprises a computer-controlled high-intensity LED light
array with adjustable lighting angle and light intensity for optimum imaging, particularly for wet
cores. Visual logs include sedimentary structures, grain size and texture. Grain size was visually
characterised through use of a grain size comparator, which has been shown by prior studies to
relate to the coarsest 5% of the grain size distribution (67). Core sample observations were
synthesised in visual sedimentological logs (Fig S2 and S3). Thicknesses of sampled deposits and
core coordinates are provided in Table S2.

We differentiate between different deposits on the basis of their composition, sedimentary textures,
grain size, trends in grain size variations and upper and lower contacts. This enabled us to identify
and interpret four distinct facies within the sediment cores, as follows:

1) Hemipelagic deposits, which comprise ungraded, orange-brown clay-sized material
with localised bioturbation. Hemipelagic deposits are inferred to be representative of
background conditions, forming due to slow and steady fallout of suspended clay and
silt-sized material and is typical of deep sea low energy conditions.

i1) Volcaniclastic density current deposits comprise dominantly sand to granule-sized
volcanic material that generally fines upwards and (where sampled) feature a very
sharp basal contact. Internal structures include abrupt changes in grain size, wavy and
climbing ripple structures and fine laminations in the upper parts of the deposits. Where
the base of the deposits were sampled, they overlie hemipelagic deposits. These
deposits dominantly comprise lapilli (between 4 mm and 32 mm). These coarse grains
comprise mafic scoria and some andesitic lithics with feldspathic phenocrysts and
notable lack of olivine or clinopyroxene in the ground mass. The dominant silt to fine
sand grain size is volcanic glass and scoria. This scoria is vesicular, black (grey),
groundmass-dominated grains. On the basis of visual inspection, there appears to be
limited presence of lithics and weathered materials. Some andesites are present, but the
grains are few and far between. Another notable absence in these volcaniclastic density
current deposits is the complete lack of visually discernible fauna, foraminifera and
other shelled organisms. The sedimentary structures we observe are very similar to
those that have been interpreted as water-entering pyroclastic density currents and the
subsequent turbidity currents they created, including deposits emplaced 6-8 km from
the source vent at the Pavey Ark field study (23) that represents deposits from a very
similar volume eruption (inferred 6 km?®). At more proximal locations at Pavey Ark (<6
km from the interpreted source vent), very coarse lithic fragments, large blocks and
spatter rags were seen (23), however, we cannot determine whether similar deposits
occur at Hunga volcano as it was not possible to sample so close to the volcano.
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1i1) Consistently overlying the volcaniclastic deposits is a thin veneer of orange-brown
oxidised ash-rich deposits that has no obvious internal structure. These deposits are
interpreted to relate to the fall out of ash following the eruption. Continued suspension
and settling of ash was observed by video and sampling of the water column three
months after the eruption (15); hence, we consider this to be a likely explanation.
However, it is possible that this deposit may instead relate to the fall out of ash-sized
material that was suspended by the volcaniclastic density current as a dilute cloud and
subsequently settled out after the deposition of the coarsest load of the current, or that
this relates to settling from a surface plume.

v) Volcaniclastic deposits underlying hemipelagic deposits were sampled at three
locations (36-22, 76-18 and 90-23; Fig S2). These grey, well-sorted deposits comprise
clay to silt-sized volcanic ash and are interpreted to relate to much older volcanic events
(e.g. eruption or flank collapse events).

Density calculation

The solid density of volcanic glass can be determined from its major element chemical
composition, as outlined by Lange and Carmichael (70). Subsequent studies (e.g.69, 71), modified
this technique to include more recent elemental molar volumes. Notably, Vogel et al. (72) have
shown this method to be applicable to glass-rich volcanic ash deposits. Their experiments on
densities of volcanic ash samples determined by both Archimedean densitometry and theoretical
calculations based on major element chemistry showed a strong agreement in results and a
correlation of r> = 0.94 between the techniques. Furthermore, there was a strong correlation
between silica content and density, allowing density to be predicted from silica content. Seabrook
et al. (15) reported whole rock chemical data of nine volcaniclastic density current deposit samples
from five of the cores (locations 31-20, 70-17, 83-04, 90-23 and 96-31) from this study (Figure
S2). Notably, these samples are fine ash dominated samples with few phenocrysts and no visible
lithic fragments, with major element compositions similar to Hunga volcano rock samples reported
by Brenna et al. (68). Furthermore, Seabrook et al. (/5) analysed volcanic ash sampled from the
water column three months after the eruption that overlap in composition with the volcaniclastic
density current material. This suggests that the volcaniclastic density current deposits were sourced
from Hunga volcano, and that they are mostly glass, with only a minor mineral content. Applying
the method described by Luhr (717), the range in density of the samples reported by Seabrook et al
(15) is 2.64 - 2.67 g/cm3, whereas the lacovino and Till (69) method gives densities of 2.62-2.65
g/cm?. These values are similar to densities of 2.68-2.72 g/cm? predicted by Vogel et al.(72), based
on sample silica content. The small discrepancy in results may be due to the errors involved but
could also reflect a small proportion of higher density minerals such as olivine and pyroxene. The
moderately low MgO contents of the samples (3.3 — 3.9 wt. % MgO), however, suggests high-
MgO phases such as olivine and pyroxene (both of which have densities of ~ 3.2 g/cm?) are not
present in sufficient abundance to result in higher densities of the volcaniclastic density current
deposit deposits. We conclude that the maximum density of the core material, based on chemical
composition and likely mineral composition, is 2.8 g/cm?.

Calculating current velocities

We determine the range of possible current velocities for a number of different plausible scenarios.
In each of these we infer a start time, a distance travelled, and an arrival time. Start times are based
on the intervals during which partial collapse of the eruption column was observed. To bound our
calculations, we consider earliest and latest possible start times (TO0) that span from TOa (at 04:15
UTC) when a possible low pyroclastic density current cloud was observed to TOb (at 04:21 UTC)
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when the main plume started to collapse and pyroclastic material was observed to enter the sea
(34). The distance travelled by the currents is based on numerical modelling of density currents in
Seabrook et al. (/5). which includes more direct as well as more tortuous pathways to also provide
upper and lower bounds on the derived velocity. Finally, we take the arrival time at the subsea
cables based on the timing of reported loss of communication on each of the cables (73), which is
accurate to the minute.

Comparison with other subaerial pyroclastic density currents

In order to place the velocities calculated for the volcaniclastic density currents in a wider context,
in Table S2 we present a summary of previously reported flow speeds and volumes for pyroclastic
density currents on land.

Estimation of current properties: Thickness and sediment concentration

We infer estimates of depth-averaged sediment concentration using the modified Chézy
formulation, assuming different current thicknesses, and based on observed slope angles
(measured from multibeam bathymetric data) and calculated current speed (based on cable breaks)
(Table S5). This simplified depth-averaged approach is commonly applied to determine properties
for turbidity currents(e.g. 54, 74). It is important to acknowledge that the modified Chézy
formulation we use was not developed for modelling very dense flows (where grain to grain
interactions occur), nor does it account for density stratification, nor temperature effects that may
modify the density of the flow. As a consequence, this approach simply provides some first order
estimates of plausible ranges of flow properties for the density currents offshore Hunga volcano.
Future depth-resolved modelling may enable more realistic estimates of flow properties.

Using the modified Chézy formulation, the depth-averaged velocity, U, is derived through:

RCgH;sin®
 Cu+E,

2

where R is the submerged specific gravity of the sediment in seawater, taken here as the value for
andesite (1.8). C is the depth averaged sediment concentration of the density current, g is the
gravitational acceleration, Hy is the height of the velocity maximum above the seafloor (25% of
the total current thickness), S is the slope gradient, O is the slope angle, £\, is the water entrainment
coefficient across the upper current interface (0.072sin©/1000) and Cd is the basal friction
coefficient (here assumed as 0.005 based on Konsoer et al. (54). R is derived as:

— Po-Pr
Pr

R

where p, is the density of the grains and pris the density of seawater.

We can solve the modified Chézy equation to determine plausible ranges of current thickness and
sediment concentration using the velocity calculated from cable breaks. Cable breaks provide a
measure of the maximum frontal velocity of a density current, which has been shown to be
approximately five times that of the depth-averaged current velocity (74). We therefore solve this
equation for a depth-averaged velocity of 7.8 m/s (i.e. one fifth of the maximum calculated transit
current velocity of 38.8 m/s). The derived flow thicknesses from this simple modelling do not
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relate to the resultant deposit thicknesses, as much of the flow will likely bypass and the location
and rate of deposition is controlled by local topography, flow speed and other variables not
accounted for in this modelling.
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Fig S1: Evidence of seafloor current >70 km from Hunga volcano as shown by cable damage
and displacement and bedforms. (A) Seafloor backscatter acquired a Kongsberg EM302
multibeam echosounder, showing evidence of small-scale bedforms that are typically observed in
settings affected by turbidity currents. The original location of the international cable is annotated.
(B) Bathymetric cross section to illustrate the valley which provided a topographic steer to the
density current, which is interpreted to have damaged and relocated the international cable as
shown. (C & D) Bathymetric profiles illustrating small-scale upstream asymmetric bedforms that
provide evidence of seafloor working by a sediment density current. (E) Multicore 83-04 acquired
at location as shown in Panel A that sampled part of a sediment density current deposit that is rich
in pyroclastic material, but which did not reach the base of the deposit.
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Fig S2: Seafloor cores used in this study. Top panel shows core locations (red circles) over pre-
eruption bathymetry shown as colour wash with 500 m contours in white. Lower panels show
visual core logs annotated with volcanic deposits interpreted to result from the 2022 eruption (dark
grey), background sedimentation (yellow) and pre-2022 eruption deposits (light grey). Grain size
was visually characterised through use of a grain size comparator, which has been shown by prior
studies to relate to the coarsest 5% of the grain size distribution (67).
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Brightness-enhanced (by 50%) core photographs to enhance sedimentary textures
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Fig S3: Enhanced photographs of sediment cores to show sedimentary features more clearly.

Shown here is a replication of the core logs from Figure S2 but with the photographs brightened
artificially by 50% to enhance the detail that cannot easily be seen for very dark sediments. Grain
size was visually characterised through use of a grain size comparator, which has been shown by
prior studies to relate to the coarsest 5% of the grain size distribution (67).
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Fig S4: South-west coring transect reveals elevation gained by volcaniclastic density
currents. (A) A four-times vertical exaggerated three-dimensional rendering of the bathymetry
annotated with the locations of the south-west transect of seafloor coring locations. The core name,
the thickness of volcaniclastic density current deposits sampled, and the water depth (WD) are
each location are labelled at each of the three coring locations along the transect. (B) The
bathymetric profile along the transect B-B’ shown in Panel A with core locations annotated.
Density currents were capable of travelling upslope, from around 1600 m to at least 740 m water

depth.
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Fig S5: Bathymetric profiles along inferred pathways of volcaniclastic density currents. (A)
The inferred pathway of a current that initially travelled south-westward from Hunga volcano. (B)
The inferred pathway of a current that initially travelled southward. Inset figures show those
inferred flow pathways and the locations of the seafloor cables overlain on the bathymetric data
(as presented in more detail in Fig. 1). Currents initially travelled downslope, but then traversed
across several hundred meters of positive relief for part of their journey.
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Images of the eruption plume taken approximately 10 km NE of Tongatapu by Branko Sugar (South
Sea Charters, Nuku'alofa)

Fig S6: Photographs taken in the immediate aftermath of the eruption by Branko Sugar
from South Sea Charters, Nuku'alofa, using a mobile phone. Images which have had the
contrast or colors enhanced to make features in the eruption plume clearer are denoted by a yellow
diamond. Red arrows point westward. The images at 17:11 local time (04:11 UTC) show the very
first small explosive event and the beginning of the formation of minor regions of column collapse
can be observed on the western side of the plume (yellow squares). These collapses are relatively
small, similar to those observed during the first phase of this eruption that started in December
2021, and occur on the western side, away from the domestic telecommunications cable. Following
the larger explosion at 17:15 local time (04:15 UTC) the column grows substantially and large
volumes of material begin to collapse from the margins into the ocean (yellow squares). While the
first collapses of the larger column are seen at 17:15 local time (04:15 UTC), it can also be
observed in images taken at 17:18 (04:18 UTC), 17:19 (04:19 UTC) and 17:24 (04:24 UTC). In
these images collapse does not appear to be limited to the western side, although the eastern side
is hazier in the images and harder to make out. We are not in possession of images taken beyond
17:24, but it is likely column collapse continued beyond the period shown here.
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Table S1: Calculated velocities for the volcaniclastic density currents based on distance to
and timing of cable breaks. The ranges presented are based on the collapse of the eruption column
into the ocean during different stages in the main eruptive phase, either during TO0, (at 04:15 UTC)
when a low collapse cloud was observed or TOy, (at 04:21 UTC) when the main plume started to
collapse. As the precise current pathways are not known, the distance is measured along different
plausible current pathways (based on previous modelling of pathways (/5) shown in Fig 1). The
timing of cable breaks is known to the nearest minute with the domestic cable being cut at 04:30

UTC and the international cable at 05:44 UTC.

Minimum | Maximum
Distance Minimum Maximum velocity velocity
along velocity velocity based on | based on
current based on based on inception | inception
Current pathway pathway inception at | inception at at Toa at Top
scenarios [m] Toa [mM/s] Top [mM/s] [km/hr] [km/hr]
Damage to domestic cable
F1A: E path 15867 17.6 29.4 63.5 105.8
F1B: SW path 18271 20.3 33.8 73.1 121.8
Damage to international cable
F2A: SE path 70071 13.1 14.1 47.2 50.7
F2B: S path 47133 8.8 9.5 31.8 34.1
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Table S2: Summary of seafloor samples. The samples were recovered using a multicore,
detailing core locations and recovered thicknesses of ash fall and density current deposits linked
to the January 2022 Hunga volcano eruption. Where thickness values of >X c¢m are shown, this is
where the base of the deposit was not recovered and extends below the depth limit of sampling.

Core | Latitude | Longitude | Water | Core | Ashfall+ | Ashfall | Density
site depth | recovery | density | deposit | current
name [m] [em] current | thickness | deposit
deposit [em] [cm]
thickness
[cm]
76-18 | -20.9160 | -175.1985 740 254 2.45 0.5 1.95
70-17 | -20.8123 | -175.2670 | 1376 11.2 >11.2 0.0 >11.2
22-16 | -20.7047 | -175.2922 | 1555 42.5 >42.5 0.5 >42.0
31-20 | -20.6763 | -175.5322 | 1718 33.8 >33.8 1.0 >32.8
65-30 | -20.3915 | -175.5720 | 2068 32.2 >32.2 4.5 27.7
87-21A | -20.7338 | -175.6398 | 1860 18.5 >18.5 5.8 >12.7
83-04 | -20.9177 | -175.6472 | 2000 22.0 >22.0 3.0 >19.0
36-22 | -20.8772 | -175.8988 | 2330 62.0 38.0 4.0 34.0
90-23 | -20.9525 | -176.0388 | 2412 69.5 30.5 7.5 23.0
96-31 | -21.1357 | -176.1310 | 2411 61.5 48.5 1.5 47.0
95-24 | -21.0385 | -176.3230 | 2449 314 6.5 2.0 4.5
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Table S3: Descriptions for sediment cores logged in this study. These descriptions supplement
visual core logs provided in Figure S2.

Core Recovered | Descriptive comments
location | length
(cm)
90-23 69.5 cm 0-1 cm Brown-orange fine clay with evidence of oxidation.

0-6 cm Grey-brown clay to very fine silt.

6 cm Notable change in yield strength and water saturation.

6-7.5 cm Very fine wisp of black volcaniclastic silt.

7.5-16.4 cm Graded interval of very fine sand to silt to clay-fine silt.
Grey-brown colour with mostly discontinuous laminations remaining
mostly structureless.

16.4-28.0 cm Boundary as grain-size break from structured sand to
graded but structureless sand-silt. Interval has ripple-laminated very

fine sand. Ripples are distorted with possible flame structures.

28.0-29.3 cm Dark grey fine volcaniclastic sand with onlapping ripple
laminations.

29.3-30.5 cm Interval of fine-medium sand, black volcaniclastic lens.
Interval to base of Hunga 2022 deposit.

30.5-40.8 cm Interval of orange-brown clay with heavy bioturbation.
There is a patchy fabric to the sediment with uneven distribution of
sand particulate throughout.

40.8-46.6 cm Boundary to very fine silt stringer demarking upper
boundary of interval. Interval of very fine silt orange-brown
laminations of orange-red colour.

46.6-54.0 cm Interval has subtle discontinuous laminations.

54.0-62.0 cm Interval of grey-brown clay-silt.

62.0-69.5 cm Interval od grey-brown clay-silt to core base.
96-31 61.5 cm 0-1.5 cm Interval of orange to brown-grey clay.

1.5-32.0 cm Interval of graded, water saturated grey clay-to-fine silt.
There are wisp of discontinuous silt laminations throughout, often
convoluted.

32.0-34.0 cm Interval of laminated silts, graded.
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34.0-43.0 cm Graded and laminated black, ripple convoluted
volcaniclastic sand.

43.0-48.5 cm Ripple laminated, black volcaniclastic ungraded from
base of Hunga 2022 deposit.

48.5-57.0 cm Interval of orange-brown to brown-grey bioturbated
clay.

57.0-59.8 cm Interval of laminated orange-brown clay, where the
laminations are red, potentially iron-stained.

59.8-61.5 cm Grey-black silty clay.

22-16

42.5 cm

0-0.5 cm Orange-brown clay-silt above a basaltic sand.
0.5-37.0 cm Interval of ungraded uniform, black, volcaniclastic, fine
sand. Deposit interval has crude discontinuous laminations

throughout.

37.0-42.0 cm Interval of convolute laminations within dark
volcaniclastic sand with layers of more oxidised brown-grey silt-sand.

42.0-42.5 cm Brown-grey clay below sand.

87-21A

18.5 cm

0-1.4 cm Interval of brown-grey clay to very fine silt lighter in colour
than below.

1.4-5.4 cm Interval has bioturbation containing silt-sized particulate.
Above 3.0 cm there are subtle contortions. The interval has evidence
of fine <1 mm-scale laminations below 4.4 ¢cm, above which the
sediment is generally structureless and massive.

5.4-5.8 cm Interval formed structureless sediment.

5.8-13.0 cm mm-thick stringer of black volcaniclastic sand.
13.0-14.3 cm Interval of near-continuous laminations <1 mm thick.
14.3-18.5 cm Interval is very fine sand but with notable clay content.
Here there are >1mm scale laminations, with evidence of climbing

ripple sets. There a potentially a post deposition deformation structure
present as a set of contortion.

83-04

22.0 cm

0-0.2 cm Orange clay.
0.2-3.0 cm Graded brown-grey clay-silt.

3.0-4.0 cm Grey-brown clay.
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4.0-5.4 cm Structureless black volcaniclastic sand.

5.4-5.5 cm Clay-silt layer.

5.5-8.0 cm Interval of convolute laminated black volcaniclastic sand.
8.0-8.8 cm Interval of clay-silt.

8.8-16.0 cm Upper bound of grain-size break to rippled clay-silt with
potential flame structure. Interval was a very well sorted, structureless,
black sand. Weak upwards fining.

16.0-16.8 cm Laminated brown-grey clay with grain size break.

16.8-18.0 cm Coarsening-upwards volcaniclastic sand with upper
bound terminating in a grain size break.

18.0-22.0 cm Interbedded fine black volcaniclastic sand and clay
laminations containing ripples and distorted ripples in places.

65-30

32.2 cm

0-1.0 cm Interval of orange-brown clay with silty bioturbation.

1.0-4.5 cm Brown-grey clay with fine bioturbation infilled with silt
particulate.

4.5-10.0 cm Very fine brown-grey clay with indistinct discontinuous
laminations.

10.0-17.6 cm Ungraded very well sorted brown-grey clay with
laminations above a sand stringer.

17.6-21.5 cm Graded brown-grey clay.
21.5-24.2 cm Graded and laminated grey silt above ripple laminations.

24.2-25.2 cm Interval of ripple laminated clay and black volcaniclastic
sand.

25.2-32.2 cm Graded black-grey volcaniclastic fine-to-medium sand.

95-24

31.4 cm

0-2.0 cm Orange-brown clay.

2.0-6.5 cm Water saturated orange-brown clay above a 1 mm black
volcaniclastic silt layer.

6.5-17.5 cm Bioturbated orange-brown clay with distributed silt.
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17.5-24.5 cm Interval of orange-brown clay, which is very well sorted
with fine <1 mm-scale laminations with red staining.

24.5-31.4 cm Orange-brown clay which is very well sorted and
contains discontinuous laminations.

70-17

11.2 cm

0-1.8 cm Injected volcaniclastic black sand.

1.8-4.5 cm Brown-grey clay with a <1 mm-thick layer of fine volcanic
sand at 2.8 cm.

4.5-6.0 cm Very coarse volcaniclastic sand with an upper bound to a
clay.

6.0-8.0 cm Interval of coarse volcaniclastic sand coarsening upwards.

8.0-11.2 cm Fining upwards very coarse, black volcaniclastic sand. No
notable bioclasts.

31-20

33.8 cm

0-1.0 cm Orange-brown clay.
1.0-6.6 cm Well-sorted black volcaniclastic medium sand.
6.6-7.0 cm Interval of fine grey silt.

7.0-13.8 cm Black volcaniclastic medium sand with distinct
coarsening-upwards fabric to upper bound.

13.8-33.8 cm Weakly graded black volcaniclastic sand containing
mixture of scoria and glass. Relatively well sorted.

36-22

62.0 cm

0-1.0 cm Orange-brown clay.

1.0-14.5 cm Fine laminated grey clay with <1 mm-thick black silt
stringers at 4.0 cm and 7.0 cm.

14.5-21.5 Laminated fine silt graded to clay with discontinuous
laminations.

21.5-23.0 cm Very well sorted black volcaniclastic sand.
23.0-24.0 cm Brown-grey clay.

24.0-31.0 cm Ungraded, black volcaniclastic sand with convoluted
ripple laminations.

31.0-38.0 cm Very well sorted, black, volcaniclastic sand with sharp
base above an orange-brown clay.

38.0-56.0 cm Orange-brown bioturbated clay.
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56.0-62.0 cm Fine clay interval, structureless and grey in colour.

76-18

254 cm

0-0.5 cm Orange-brown clay

0.5-1.2 cm Graded black volcaniclastic sand with horizontal
laminations.

1.2-2.4 cm Black volcaniclastic sand with distinct ripple laminations.

2.4-13.0 Pale white-orange bioturbated clay with sporadic distributed
basaltic grains.

13.0-21.2 cm Lower interval of white-orange bioturbated clay.
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Table S4: Documented velocities of pyroclastic density currents on land, reporting additional

information where is available on volumes.

m? (on land)
total pyroclastic
density current
deposits, 35 -

Volcano Date Velocity and Supporting data | Comments
volume
Mt. St. Helens (75) | March 27, | ~130-210 m/s | Photographic Initial internal
1980 and satellite velocities (max
2.5 km? (dome | observations observed head
volume) with max speed | velocities 100 -
inferred as 110 m/s initially
1.43*speed of remaining > 90
head /s for several
minutes).
210 m/s is a peak
gjection velocity.
Mt. St. Helens (76) | May 18, 175 (initial Numerical Initial blast
1980 blast velocity) — | simulation velocities resulted
40-50 m/s in very high initial
velocities which
Magma and slowed to 150 m/s
non-juvenile after 60s and 40-
material 50m/s after 120s.
assumed to be
incorporated at
the source (90
x 10° m3 and
60 x 10° m?® of
dense rock
equivalent,
respectively)
Mt. St. Helens (77) | 7 August | 30 m/s Photographic Smaller current,
1986 and satellite flow front speed
observations
Pinatubo (78,79) 1993 Few m/s Visual Secondary
observations/ pyroclastic
5.5 km? inferred from currents caused by
explosions collapse of
ignimbrite sheet
Soufriere Hills (80) | August4- | 83 — 60 m/s (80 | Field Initial speeds for
12 and — 120 m/s observations/film | dome collapse
September | internal recordings flows, slowing to
22 - velocities) 10 m/s or less (90
October m/s observed for
22,1997 | 1.8-32x10° surges)
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45 x 10° m?
material that

formed the
pyroclastic
density current
Soufriere Hills (75) | 26 79 — 54 m/s Field Internal speed
December observations/film | (observed frontal
1997 1.8-3.2x10% | recordings with | speeds 38 — 57
m? (on land) max speed ms™!)
total pyroclastic | inferred as
density current | 1.43*speed of
deposits, 35 - head
45 x 10° m?
material that
formed the
PDC
Unzen (81,82) November | 28 — 14 m/s Field Small dome
1990- observations and | collapse
November | 1 x 10 m3 time lags pyroclastic
1991 Dense Rock between the start | density currents
Equivalent of the seismic (frontal speeds)
tremor and the
destruction of
equipment.
Etna (83) 1986- 33 -14m/s Field Small eruptions
2006 observations and | (frontal speed)
reports,
photographs and
video footage,
footage of the
monitoring video
cameras
Popocatépetl (84) 22 30-7m/s Video footage Lower number is
January minimum speed
2001 5.71 x10° m? (frontal speed)
total non Dense
Rock
Equivalent
deposit volume
Ontake (85,86) 27 8 —28 m/s Video footage Phreatic
September Frontal speed
2014 0.036 -0.072 % Up to 28m/s
106 m? estimated from
pyroclastic deposit
density current characteristics
deposits
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Merapi 2010
(87,88)

29
October—
23
November
2010

128 m/s fastest
velocity

non- Dense
Rock
Equivalent
deposit volume
is ~36.3 x 10°
m? with 70%
deposited
during a single
eruptive phase
4-5 November

Damage to a
station at a
known distance
from source

None

Kuchinoerabujima
(89)

29 May
2015

42 m/s

1.1x10°,

3.8 x 10* and
3.6 x 10* m?,
respectively in
the Zones e, d,
and c, total
Dense Rock
Equivalent
2.4 x10%kg

Monitoring
cameras

Phreatomagmatic,

average speed
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Table S5: Inference of flow properties for different assumed depth-averaged sediment
concentrations on different slope angles based on application of the Chézy equation. The
slope values shown are representative of the slopes found along the course of the volcaniclastic
density currents, with slopes of 10-20° degrees occurring on the edifice flanks, and slopes of 1-5°
representing conditions further from the volcanic edifice. Upper values for concentration are based
on inferences from prior studies of turbidity currents (74) and collapsing eruption plumes (52).

Depth-Averaged Height of velocity
Sediment maximum above
Concentration, C | Slope [degrees] seafloor, Hf [m] Flow thickness [m]
20 5 21
10 11 42
1% 5 21 84
2 52 208
1 104 416
20 3 10
10 5 21
2% 5 11 42
2 26 104
1 52 208
20 1 4
10 2 8
5% 5 4 17
2 10 42
1 21 83
20 <1 2
10 1 4
10% 5 2 9
2 5 21
1 10 42

47



