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ARTICLE INFO ABSTRACT
Keywords: An extraordinarily powerful, explosive eruption occurred from Hunga volcano in the Tonga island arc on 15
Magmatic vapor January 2022 and generated an eruption column 58 km high. The explosive eruption also generated atmospheric
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gravity waves, extreme runup tsunamis and quite unusual and destructive meteotsunamis. Together these place
this VEI 6 eruption as, globally, one of the largest of the past 300 years.

Based on the oceanic context of Hunga volcano, it has previously been assumed that the eruption was
phreatomagmatic through a fuel-coolant Surtseyan-type interaction, but this is not supported by satellite im-
agery. Similarly, it has been suggested that a caldera-collapse was the eruption trigger, but this is not supported
by bathymetric data or the seismicity recorded during the eruption. Here we develop a new model based on the
observed energetics and time sequence of the eruption integrated with understanding of the internal structure of
active volcanoes and their characteristic high flux discharges of volcanic gas.

It has been shown elsewhere that magma-derived reactive gases (H20, CO3, SO, HCI, etc) aggressively alter
the volcanic rocks in the core of a volcano leading to self-sealing of gas flow to the surface and consequent
changes to deviatoric stress in the structure. Common minerals developed by these reactions include anhydrite
(CaS0y), sulphides and silica (quartz), all of which have been recorded in volcanic ejecta including at Hunga.

We here develop a first order numerical model that quantifies how the free discharge of such gas to the surface
may progressively become choked by these sealing reactions leading to increased internal gas pressure. Hy-
draulic fracture of the seal occurs when the transmitted pressure of the compressed magmatic gas beneath the
seal increases to a value greater than the lithostatic pressure plus the tensile strength of the sealed rock. This
initiates the explosive release of compressed gas whose high-power discharge progressively develops and en-
larges a crater. At the same time, the explosion feeds upon itself by generating larger pressure gradients in the
pressurized gas within the fractured porous rock mass of the core of the volcano. Excavation of the crater may
intersect high level intrusions and produce the pumice rafts that were observed after the eruption. The eruption
itself diminished in intensity as the gas pressure in the reservoir declined.

At Hunga, the eruption excavated an 850 m deep, 2-3 km diameter steep-walled crater. This volume may be
assumed to approximate the volume of fractured porous rock (the control volume of the eruption) whose trapped
gas was mined by the eruption until surrounding gas pressure was depleted. Our numerical model shows that the
calculated potential energy of the trapped compressed gas matches the independent observations of the scale of
the eruption. Sensor data have since shown that gas bubble flares continued for at least 6 months after the
eruption indicating continued depletion of the gas reservoir of rocks surrounding the new crater. The systems-
based, gas-driven model for the Hunga climactic eruption developed here also applies to Plinean-type erup-
tions on subaerial arc volcanoes such as at Pinatubo (Philippines) 1991.
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Nomenclature

Following the 15 January 2022 eruption, publications have often
tended to refer to the volcano as Hunga Tonga-Hunga
Ha’apai (HT-HH). However, the vast bulk of the edifice
is called Hunga whereas HT-HH refer to the small
structures (islands) on the northern rim of the summit
crater. It is both anthropocentric and illogical to
continue to use the label HT-HH for this volcano.

The January 2022 Hunga eruption is frequently referred to as
‘climactic’ assuming the sense of very large. The
definition of this term is, according to Oxford
languages, ‘acting as a culmination or resolution to a
series of events; forming an exciting climax’ as is
appropriate for this eruption.

The terms vapor and gas, as commonly used, are synonymous. A
vapor is a gas phase that is in equilibrium with a
condensed phase (solid or liquid) but has the properties
of a gas. We use the term magmatic vapor to refer to gas
inside a volcano that has been released by a magmatic
system during its evolution and we use the term
volcanic gas for gas discharged from a volcano.

Crater v caldera. Publications about the Hunga eruption have
tended to use the term caldera indiscriminately.
Following (Lipman, 2000) we use the term crater
which, by definition, refers to a geomorphic feature
derived by loss of erupted material and the term caldera
for demonstrable collapse features in volcanic
systems.

1. Introduction

On 15 January 2022, the intra-oceanic Hunga volcano (known as
Hunga Tonga-Hunga Haapai before the eruption; Fig. 1) exploded with
devastating consequences for the Kingdom of Tonga (Tarumi and
Yoshizawa, 2023). The eruption generated a volcanic plume, parts of
which quickly reached 58 km into the atmosphere with most particu-
lates dispersing in layers between 20 and 30 km above sea level (asl).
The fragmental rock fraction collapsing from the plume was dispersed as
relatively high speed, submarine volcaniclastic density currents around
the volcano and caused major damage to telecommunication cables
(Clare et al., 2023). The explosive eruption produced tsunami waves that
devastated local Tonga shores, wreaked havoc around the Pacific and
were recorded right around the globe. The initial tsunami amplitudes
that devastated local Tonga islands have been estimated to exceed 100
m in the vicinity of the volcano (Heidarzadeh et al., 2022; Lynett et al.,
2022; Pakoksung et al., 2022; Purkis et al., 2023). The complex mech-
anism of the tsunami generation, the details of which are still being
investigated, likely involves multiple sources, including cavity forma-
tion and air-pressure waves. The explosive eruption also generated a
major and complex atmospheric disturbance comprising a spectrum of
acoustic gravity waves, including Lamb waves (Matoza et al., 2022),
which generated meteotsunamis around the globe. Uniquely for a major
eruption, the global monitoring of these wave data has provided an in-
dependent basis for estimating the magnitude of the explosive energy of
the 2022 Hunga eruption (Horvath et al., 2023; Matoza et al., 2022;
Wright et al., 2022) suggesting that this eruption was comparable in size
to that of Krakatau in 1883, and possibly larger.

The immediate questions arising from the climactic eruption erup-
tive sequence on 15 January 2022 concern its energetics and triggering
mechanism. The Hunga eruption consisted primarily of a sequence of
explosive events over an initial 30-min period. This sequence followed
major eruptive activity over several weeks prior to January 15th and
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was succeeded a few hours afterwards (Matoza et al., 2022; Zheng et al.,
2023) by another major explosive event. Explosions, by definition, are
the irreversible expansion of gas consequent on disturbance of some
highly condensed energy source (Keller et al., 2014). Examples in the
context of active volcanoes are phreatomagmatic eruptions caused by
the rapid release of dissolved volatiles from shallow ascending magma
(Scheu and Dingwell, 2022), and fuel-coolant eruptions caused by flash
vaporization as water contacts lava (Zimanowski et al., 2015). However,
all of these syn-magmatic mechanisms are constrained in scale through
the specific mass of magma that is involved in a very short time interval,
and the surface area exposed to heat transfer. By contrast, in this paper,
we suggest that the scale of the acoustic-gravity wave energy recorded in
the first 30 min of the Hunga eruption was a measure of the mass of gas
that had been exsolved from the deep magmatic system and trapped
within the volcano prior to the eruption by sealing of the near-surface
rock mass as it fluxed through the volcano. This mass of compressed
gas, was then explosively released to atmospheric pressure following
hydraulic failure of the sealed regime. We provide supporting evidence
for this explosion model from bathymetry and satellite imagery and
incorporate data from ocean drilling of volcanoes elsewhere in the
Tonga-Kermadec arc. We also include evidence of the extent of gas-solid
reactions in the interiors of arc volcanoes that has been provided by
mining of porphyry copper mineral deposits that formed within them
(Henley and Berger, 2013).
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Fig. 1. Regional map showing locations of the Hunga (red star), Havre, and
Brothers (yellow stars) submarine volcanoes in the southwest Pacific Ocean
along the Tonga-Kermadec arc that strikes between New Zealand and the
termination of the Tonga Trench south of Samoa. Hunga volcano
(175.3841°W, 20.5532°S) is located within the Kingdom of Tonga. Base map
was created using Global Multi-Resolution Topography Synthesis
(GMRT; https://www.gmrt.org/GMRTMapTool/; geographic coordinate system
is WGS84). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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2. Data review and analysis

The independent sources of data that are available for an integrated
analysis of the causes of the 15 January 2022 Hunga eruption include
geological and bathymetric data that was accumulated pre- and post-
eruption and a wide range of seismic, oceanographic and atmospheric
data reported from global monitoring networks.

2.1. Geological setting

Hunga volcano is a ~ 200 km® largely submarine volcanic cone
located 65 km NNW of Nuku’alofa, the capital of the Kingdom of Tonga
on the island of Tongatapu (Fig. 1). The volcano is one of many
predominantly submarine edifices defining the volcanic front of the
Tonga-Kermadec arc (Beier et al., 2017). The Tonga arc is flanked 150
km to the east by the ~10,000 m-deep Tonga Trench, which marks the
subduction locus of the Pacific Plate in this region (Bevis et al., 1995).
The high subduction rate of the Pacific Plate, limited thickness and
pelagic-hydrothermal nature of subducted sediment, and extensive
submarine and subaerial volcanic activity are among the many features
that have attracted multidisciplinary studies of plate convergence

17 December 2021

6 January 2022
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processes manifest in the Tonga-Kermadec arc and adjacent backarc
systems (Conder and Wiens, 2006; Stoffers et al., 2006). Nevertheless,
the detailed temporal history of the volcanoes is essentially unknown
because sampling has been restricted to dredging, coring, and the
limited exposures of subaerial outcrops. The petrogenesis of the active
arc magmas is complex, with a variety of subducted plate inputs to
mantle wedge sources that are variably depleted by prior partial melting
(Cooper et al., 2010). Along the strike of the Tonga arc, tracers of
subducted plate input to the genesis of arc magmas reach a peak at the
latitude of Hunga volcano (Cooper et al., 2022). It is also appropriate to
note that the prevailing stress state of the volcanic front edifices of the
Tonga-Kermadec arc is extensional, as manifest by sub-arc parallel rifts
(Caratori Tontini et al., 2019; Cooper et al., 2010).

Over the last 1000 years, Hunga volcano has experienced several
major eruptions, the most recent at 1040-1180 CE (Zheng et al., 2023).
Remnants of the evolved volcanic cone were preserved in the islands of
Hunga Ha’apai and Hunga Tonga and shoals along the southern rim
(Figs. 2 and 3). More recently, shallow submarine eruptions were
observed in 1912, 1937, and 1988. Activity in 2009 began as submarine
eruptions, progressing to subaerial as pyroclastic deposits added to the
area of Hunga Ha’apai, but these deposits eroded away within ~6

2 January 2022

14 January 2022

Fig. 2. Series of satellite photographs of Hunga Tonga-Hunga Ha’apai (i.e., the above sea level part of Hunga volcano) leading up to the main eruption of 15 January
2022 and presence of discolored seawater surrounding the island(s) that indicates ongoing degassing and hydrothermal fluid discharge. (a) Shows the state of the
volcano on 17 December 2021, 7 days prior to the plume eruption of 24 December. The small volcanic cone, made of deposits from the 2014-2015 eruption, is active
and contains a crater lake, persistent since 2015, that probably contains condensed volcanic gas. Distinct white areas around the base of the cone may be hydro-
thermally altered volcanic rocks, and discolored water near the shoreline is likely the result of hydrothermal fluid discharge through the flanks of the cone or direct
outflow from the crater lake. (b) Shows the volcano on 2 January 2022 and the growth of the volcanic cone from deposits ejected during the eruptive phase that
began 20 Dec 2021. The submarine fluid discharge continued while gas discharge from the cone was subdued. (c) Shows the volcano 6 January 2022 showing
substantial on-going degassing principally from the volcanic cone and the crater lake that was well established. There was an increase in the extent of discolored
seawater around the islands, and this is thought to represent the submarine discharge of ‘magmatic-hydrothermal fluids’ from the flanks of the cone. (d) Shows the
quiescent state of the volcano one day prior to the climactic eruption. The above-sea level portion of the cone has been mostly removed but submarine fluid discharge
continues. a. Image captured by Planet satellite on 17 December 2021 (20211217T210217_PS_2451_RGB_3m).

b. Image captured by Planet satellite on 2 January 2022 (20220102T212849_PS_1003_RGB_3m).

c. Image captured by MAXAR satellite on 6 January 2022 (20220106T215812_WV02_RGB_2m).

d. Image captured by Planet satellite on 14 January 2022 (20220114T210015_PS_2420_RGB_3m).

Scale bar shown for HT-HH in (a) can be used to scale all images.

All images accessed from the Hazards Data Distribution System (HDDS); all dates in UTC.
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Fig. 3. Changes to the seafloor due to the explosive eruption on 15 January 2022: (a) pre-eruption (2016) bathymetry mapped by R/V Falkor during cruise FK160407
(Ferrini, 2022). White polygon outlines the extent of HT-HH island in early January 2022 (e.g., Fig. 2b) and its crater lake, which is outlined by the small white oval
to the east of line B-B'. Depth colour scale and scale bar are the same for (b), white lines A-A” and B-B' show locations of the depth profiles shown in (c) and (d),
respectively; (b) post-eruption bathymetry mapped by USV Maxlimer in July/August 2022 DOI https://doi.org/10.5281/zenodo.10038897 see Supplementary
Material (NIWA-Nippon Foundation TESMaP project, 2023) (c) depth profiles along line A-A’ from 2016 (grey) and 2022 (black); (d) depth profiles along line B-B'
from 2016 (grey, dashed line estimates height of HTHH island built during 2015 eruption and south rim shoal that was too shallow for the R/V Falkor to map in 2016)
and 2022 (black). Yellow polygons in (a) and (b) show remaining above-sea-level extent of the islands, post-eruption. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

months (Global Volcanism Program, 2009). Eruptions in 2014/15 were
also initially submarine prior to forming a persistent subaerial tombolo
between the two islands (Brenna et al., 2022). The major explosive
eruption of 15 January 2022 was preceded by several smaller eruptions
between 19 December 2021 and 13 January 2022, which extended the
tombolo between the islands toward the center of the crater region (see
section 2.3.1 below).

2.2. Bathymetry and satellite imagery

The volcano’s shape and profile pre- and post-2022 eruption, based
on 2016 (Ferrini, 2022) and 2022 bathymetric grids (DOI https://doi.
org/10.5281/zenodo.10038897 - see Supplementary Material) and
satellite images (Fig. 2), are shown in Fig. 3. Relative to the 2016
bathymetric survey, the post-2022 eruption profile shows part of the
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north-eastern rim is now missing and 6.3 km® of material has been
removed from the center of the volcanic cone to produce an 850 m-deep,
2-3 km-diameter crater (see Supplementary Material). The new crater is
sub-circular with a diameter of about 3 km at 200 mbsl (meters below
sea level) and is conical in form, diminishing in diameter to about 1 km
at a depth of 850 m. The form of the new crater appears to replicate the
pre-existing surface topology observed in the 2016 survey. Within the
crater, only minor scree slope formation is observed.

Our analysis of the volume of material removed in the 15 January
2022 Hunga eruption using the post-eruption bathymetry relative to the
previous 2016 survey is given in the Supplementary Material. Satellite
imagery taken immediately prior to the eruption (Fig. 2d) shows, at 10
m grid resolution, that at this time there was no surface volcanic activity,
and that pyroclastic infill had been reduced to only a few metres below
sea level between the two islands. Based on these and other observa-
tions, the volume of material lost during the formation of the new crater
has been calculated to be 6.3 km>. This volume provides a minimum
estimate for the volume of pyroclastic materials ejected during the
eruption, and a volcanic explosivity index (VEI) of 6 (Ringler et al.,
2023). Our analysis also provides cross-sectional area data with 11.5
km? at the 200 mbsl contour diminishing through 8.4 km? at 400 mbsl,
5.8 km? at 600 mbsl to 2.9 km? at 800 mbsl.

2.3. Sequence of eruptive events and energy release

Review of published atmospheric, satellite and seismic data
(Thompson et al., 2022) shows how intimately related these expressions
of the climactic 15 January Hunga eruption were. Here, we summarise
these data and integrate them with other key data sources such as post-
eruption bathymetry, in order to derive a new understanding of the
cause of the 15 January climactic eruption.

The 2022 Hunga eruption itself comprised several explosive events
(Matoza et al., 2022), which were well-documented through the
Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO). The
eruption had been preceded by a sequence of recorded activities,
including volcanic ash plume formation, over several weeks before the
climactic eruption (Yuen et al., 2022; Zheng et al., 2023). The first
observed activity in the new eruptive cycle that culminated on 15
January 2022, was noted at 20:46 UTC on 19 December 2021 and lasted
until 4 January 2022 (Astafyeva et al., 2022). The volcano was then
quiescent for about 9 days before resuming eruptive activity. An ex-
plosion at 15:20 UTC on 14 January developed an 18 km-high plume.

The climactic eruption sequence commenced at around 04:00 UTC
on 15 January with a relatively small seismic event, interpreted as due to
rock failure. This was followed by increased levels of background signals
recorded by infrasound, seismic, barometric, lightning and hydro-
acoustic time series (Astafyeva et al., 2022; Le Bras et al., 2023; Matoza
et al., 2022). At 04:10 a volcanic ash cloud had reached 18 km and
spread to a 5 km radius (Thompson et al., 2022). Some of this initial
activity disturbed the ionosphere (Astafyeva et al., 2022) and was heard
by people in Nuku’alofa (Borrero et al., 2023; Purkis et al., 2023).

The principle earthquake and explosive events commenced at 04:15
UTC (Fig. 4) and continued for about six minutes. Teleseismic data at
15-50 s resolved four to five sub-explosions during the six minutes of the
escalated seismic crisis (Thurin et al., 2022; Zheng et al., 2023). How-
ever, this group of seismic events was observed as a single atmospheric
event in lower temporal resolution data such as ionospheric and baro-
metric time series (Fig. 4). At 04:20 the ash cloud had reached 30 km and
may have been due entirely to the 04:15 explosion (Thompson et al.,
2022). The cloud reached 55 km at 04:28 coinciding with a maximum in
Lamb wave transmission prior to entering a negative phase at about
04:37 (Thompson et al., 2022). The eruption crisis finally concluded
around 08:31 UTC, four hours after the trigger event. Due to the absence
of seismic stations proximal to Hunga volcano, all seismic records are at
relatively low frequencies so it is not possible to fully resolve the pres-
ence of any high-frequency seismic content which could support the
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Fig. 4. Eruption sequence as inferred from (a) ionospheric (Astafyeva et al.,
2022), (b) tsunamic (Purkis et al., 2023), (c¢) seismic (Tarumi and Yoshizawa,
2023), and (d) Tongan Met Office barometric data as reported by Purkis et al.
(2023). In ¢, labels A to N designate identifiable seismic events. In (d), the
dashed-dotted line shows the original barometric timeline while the solid line is
advanced by 920 s to match the timelines of ground observations in
other panels.

presence of hybrid volcanic tremors (McNutt, 2005).

The generation of a spectrum of acoustic-gravity waves, recorded by
the International Monitoring System and other entities, has provided the
singular opportunity to attempt to constrain the energetics of the 15
January 2022 eruption of Hunga volcano. These data record the scale of
the atmospheric disturbances due to the explosive sequence and
immediately define the eruption as being at least similar in explosive
energy to that of the 1883 eruption of Krakatau. We note, however, that
there is a wide diversity of estimated eruptive energies for the 2022
eruption so that published values cannot be used directly (Matoza et al.,
2022). Estimates based on seismic or tsunamic records (e.g., Donner
et al. (2023), 0.4 EJ; Thurin et al. (2022), 0.001 EJ; Purkis et al. (2023),
0.06 EJ; Vergoz et al. (2022), 0.4-0.8 EJ; Yuen et al. (2022), ~0.2 EJ)
are several orders of magnitude smaller than those estimated from Lamb
or gravity-acoustic waves (e.g., Matoza et al. (2022), 20.8 EJ; Horvath
et al. (2023), ~4.2 EJ (“of the order 1000 Mt TNTequivatent); Wright
et al. (2022), 10-28 EJ; Kulichkov et al. (2022), 0.6 EJ; Diaz and Rigby
(2022), 0.25 EJ), Astafyeva et al. (2022), 0.04-0.15EJ. In order to
progress understanding of the explosion mechanism itself it is useful to
benchmark its energy yield as >4 EJ. Importantly, these estimates, with
the exceptions of Kulichkov et al. (2022), Diaz and Rigby (2022) and
Astafyeva et al. (2022), may indicate that the quantum of energy
released into the atmosphere by the eruption was substantially larger
than the energy that was released into the solid Earth and ocean.

The energy intensity of the Hunga explosion has also been recorded
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by the preservation of abundant damage cracks in ash particles and
comparisons with particles from Krakatoa and Havre volcanoes (Baxter
et al., 2023). These crack arrays preserve shock wave traces through
previously solid material that we suggest to have been present within the
center of the volcano through which the new 850 m deep crater devel-
oped during the eruption. Satellite and meteorological balloon data
acquired for this eruption have also enabled quantification of the
magnitude of water (~150 Tg), sulfur (0.4 Tg), HCl and HBr released
into the atmosphere (Evan et al., 2023; Millan et al., 2022).

3. Discussion

The atmospheric and bathymetric data for the 2021-2022 Hunga
eruption sequence together provide a basis for detailed analysis of the
sequence of events that led to the climactic 15 January Hunga explosion.
Firstly, however, it is necessary to review aspects of the structure and
dynamics of active volcanoes. Most of these models constrain the
behavior of magmas and ‘volatiles’ by invoking plumbing systems map-
ped as conduits and bound by impermeable and solid walls. Yet by
observation, we know the rock masses that constitute a volcano are
highly fractured and porous (Heap et al., 2018) and cannot operate as
closed wall conduits. The upper part of a volcano may more realistically
be modelled as a gas-saturated, fractured porous medium through which
high temperature reactive gas expands from magmatic source to surface.
In such media the overall flux is determined by a function of both the
rock porosity and the high permeability of the fractures (Berre et al.,
2019). Its dynamics are those of an open system gas reservoir con-
strained by its permeability and punctuated by dyke intrusions. As is
also advocated by Girona et al. (2015), this suggests that understanding
eruption dynamics may appropriately be approached through the
chemistry and physics of the gas phase that has been released into the
volcano from a magmatic system rather than restricted to in-magma gas-
melt phenomena in isolation. This gas phase is usually referred to as a
magmatic gas (or vapor) or a volcanic gas in large part depending on
context.

3.1. Physics and chemistry of magmatic vapor plumes inside volcanoes

Water dominates the composition of volcanic gas mixtures (Fischer
and Chiodini, 2015; Giggenbach, 1997) and is accompanied by CO3, SO4
and HCI plus a wide range of minor species, including metals. The me-
dian composition for gas mixtures recovered from high-temperature
(i.e., 800 to 1000 °C) fumaroles on sub-aerial arc volcanoes is 90 mol
% Hy0 (Henley and Hughes, 2016), while CO; is the second most
important component of volcanic gases at around 10 mol%. Gas phase
solute content is typically <1 wt% (wt%) NaClequivalent (Henley and
Seward, 2018) so that first-order models of gas phase dynamics in vol-
canoes may adopt the thermochemical and thermophysical properties of
pure water. On this basis, magmatic gas expansion through a volcano
may be plotted in pressure-temperature space (Fig. 5) with a divergence
point (X) from isentropic (AS = 0) to isenthalpic (AH = 0), where S is
entropy and H is enthalpy. At X, higher permeability allows irreversible
isenthalpic expansion to the surface. Kieffer and Sturtevant (1984) took
a similar approach in considering the thermo- and fluid dynamics of the
1980 Mount St Helens eruption.

Magmatic gas released from intrusive centers below volcanoes must
expand throughout the fractured porous rock mass of the volcano to
form a coherent magmatic vapor plume (Henley and McNabb, 1978).
Where the magmatic gas flux is high, the bounding interface between
the gas and surrounding groundwater (seawater for submarine vol-
canoes) is defined by step differences in density, viscosity and wetting
capacity between liquid and gas phases as well as by the availability of
fracture intersections. For water-rich gas mixtures, condensation at the
interface is limited by heat and mass transfer constraints. For low gas
flux then scrubbing occurs into groundwater with little or no surface
expression of the magmatic vapor release other than, in some cases,
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Fig. 5. Projection of isentropic and isenthalpic expansion curves for magmatic
gas released below the Hunga volcano using pure HO as a proxy for volcanic
gas. For details, see text and for further description of phase relationships in
energy-pressure space see Mernagh et al., 2020, Driesner (2007); Driesner and
Heinrich (2007). a) is a projection in pressure-temperature (PT) space in rela-
tion to minimum melt fields for reference magmatic compositions. It shows the
steady isentropic expansion (AS = 0) of released magmatic gas (Path A to B)
with respect to its specific volume through to the surface through the rock mass
above the intrusive source. At X a failure occurs, or the expanding gas enters a
higher permeability regime and expands isenthalpically (AH = 0) to the surface
(Path X to C) with much larger relative volume increase. Also shown in the
figure is the range of pressure and temperature over which the expanding gas
phase deposits salt in a system containing ~1 wt% NaClequivalent and over which
gas-solid reactions deposit anhydrite and sulfides as cementing materials in
feeder crack arrays with a consequent decrease in permeability. The P ordinate
refers to the pressure of HyO. b) Projection of isotherms and isochores of spe-
cific volume onto entropy-pressure space for pure water showing how
magmatic gas expansion does not encounter two-phase conditions until very
low pressures and so may be regarded as single-phase expansion. The dashed
line schematically shows the expansion of the two-phase field of the NaCl-H,O
system with the addition of CO, and salts; the ordinate P then refers to the sum
of Pyao and Pcoo plus other minor gases.

weak discharge of insoluble gases such as helium.

Modern understanding of such magmatic vapor plumes is based on
extensive studies of the exposed interiors of ancient arc volcanoes —
some of which are now recognized as mineable porphyry copper deposits
—(Henley and Berger, 2013; Henley et al., 2022; Mernagh et al., 2020).
Plume dynamics are constrained by the rate of gas release from the
magmatic system, the dynamical permeability structure of the volcano,
and conservation of heat and mass through the system. In a steady state,
sustained gas expansion through the fractured porous rock that consti-
tutes a volcano is adiabatic (Henley and Hughes, 2016) and reversible.
Gas expansion is irreversible near the surface where much more
permeable fracture arrays are available, such as those beneath fuma-
roles. As an illustration, consider the release of 1 wt% water from an arc
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magma at a pressure of 100 MPa (1 kbar, or ~ 3 km depth in the crust)
and 1000 °C. Using steam table data (Wagner and Kretzschmar, 2008),
the volume of the released gas increases five-fold during depressurisa-
tion to ~20 MPa assuming reversible adiabatic expansion through the
mass of fractured porous volcanic rock. If permeability increases at
shallower depths due to, for example, more abundant fracture perme-
ability, expansion becomes irreversible and isenthalpic, with the specific
volume of the gas phase >50 times higher at the surface than the initial
exsolved volume (Fig. 5). For subaerial volcanoes, the occurrence of
high temperature summit and flank gas discharges requires that the
plume gas pressure exceeds the hydrodynamic pressure of surrounding
crustal water that would otherwise flood the system. The balance of
internal and external pressures allows magmatic vapor plumes to
expand or contract in response to changing gas release rates from the
underlying magmatic system as it evolves.

The near surface topology of a plume is affected by superimposed
heat transfer processes. For example, interaction with perched ground-
water regimes and downward flow of gas condensate in a subaerial
volcano are shown in a plume schematic given in Henley and Hughes
(2016). Downward flowing condensate is highly acidic and oxidized due
to interaction with the atmosphere and results in intense solfataric
alteration that may be associated with metal enrichment (Henley and
Berger, 2011). Condensation and oxidation of discharged volcanic gases
at surface also produce acidic volcanic lakes (Henley, 2015). Such a lake
developed between the December 2021 and January 2022 eruptions
(Fig. 2b) and evolved to a gas discharge plume prior to the main erup-
tion. Subaerial solfatare may also have occurred around the cone built
between the two islands at this stage (Figs. 2b and c). As noted in the
Supplement to this paper, a lake was also present in association with
cone formation during the 2014-15 eruption cycle.

Features such as volcanic lakes testify to the sustained flux of vol-
canic gases through the volcano superstructure. Similar evidence of
sustained gas release also occurs beneath the seawater interface in
submarine volcanoes, as determined from visual observations made by
submersible and remotely operated vehicle surveys along the Tonga-
Kermadec arc (de Ronde et al., 2007; de Ronde et al., 2005b; Lupton
et al., 2008; Massoth et al., 2003). These gas release phenomena are also
evidenced by sensor measurements of hydrothermal plumes in the water
columns overlying submarine volcanoes (Sakuno, 2021; Sakuno et al.,
2023) and the recognition of molten sulfur lakes at the summit of some
submarine volcanoes (de Ronde et al., 2007; de Ronde et al., 2015).
Shallow submarine gas discharges occurred from Hunga during the
quiescent period immediately before the 15 January eruption (Figs. 2c
and d) and several months after the eruption >50 bubble flares were
observed, primarily within the crater, as acoustic water column re-
flectors in multibeam data (Ribo et al., 2023). An uncrewed surface
vessel survey 6 months after the eruption deployed various sensors
through the water column to a depth of 300 m that indicated that the
bubbles were most-likely dominated by CO,, providing evidence for
ongoing volcanic activity (Walker et al., 2022).

SO, and HCI are significant components of volcanic gases (Fischer
and Chiodini, 2015), causing the expanding magmatic gas mixtures in-
side volcanoes to be highly reactive. This sustains rapid solid-gas re-
actions involving calcium aluminosilicates, including plagioclase
(Henley et al., 2015; Henley and Seward, 2018). These alteration and
precipitation reactions have been shown to be a principal control on the
total sulfur in discharged volcanic gases due to sub-surface sequestration
of sulfur into anhydrite and sulfide (Henley and Fischer, 2021). The
importance of these reactions is that they seal connected porosity,
including microfracture arrays through which they expand (Henley
et al., 2022), leading to reduction in gas flux and increase in gas pres-
sure. Maintaining permeability then depends on refracturing over a
range of scales due to tectonic stress and to release deviatoric stresses
within the volcanic structure.

A schematic of a magmatic vapor plume sustained by gas release
from deep seated intrusive activity and its expansion through the Hunga
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volcano is provided at true scale in Fig. 6. Also included schematically is
a relatively high permeability central ‘damage’ core (or chimney)
through the volcano that developed during long histories of repetitive
eruption and infill by pyroclastic rocks as proposed for other volcanoes
by Giggenbach (1990) and Reyes et al. (1993),. The high permeability of
this régime vertically channels magmatic vapor flow as well, therefore,
as focusing gas-solid alteration reactions that produce anhydrite
(CaSO4) and sulfide minerals. Choking of gas flux by these reaction
products builds a sealing regime trapping compressed magmatic gas
beneath it. Subsequent failure of this sealing regime is the primary
component of the mechanism for the massive Hunga eruption of 15
January 2022 that we develop below. Seawater convection has been
mapped on the flanks of other oceanic volcanoes and, through the in-
verse solubility of anhydrite, separately causes localized sealing on the
outer carapace of a volcano (de Ronde et al., 2005a).

Taken together these chemical and physical components provide an
alternative context for analysis of arc volcanoes as large scale gas phase
chemical reactors (Henley and Berger, 2013; Henley and Seward, 2018).

Sea level Pre January 15th 2022

Post January bathymetry
2022

Fig. 6. Schematic pre-eruption view of a magmatic vapor plume (orange)
expanding through fractured porous volcanic rocks to the seafloor in Hunga
volcano, prior to eruption. The topography of the volcano is shown before
(blue) and after (green) the eruption as discussed in the text and Fig. 3.
Magmatic gas is sourced in a dynamical magma complex at a depth of a few km
and expands to the surface through the volcano with enhanced flux provided by
fracture arrays around the magma complex and through the core damage
regime (circle symbol) of the volcano that developed from previous eruptions
through the whole history of the volcano. The most recent dyking associated
with gas release is shown as dark red in comparison with the lighter red rep-
resenting a history of development of the sub-volcanic magma complex. Whilst
the magmatism is dominantly as dykes in a trans-tensional arc environment,
sills are also present as part of the general mass transfer of magma (Brenna
et al., 2022; Cashman et al., 2017). For simplicity submarine flank seepages are
not shown here. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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They are continuously-evolving structures punctuated by penetrative
heat and mass flow in the form of intrusive rocks. Their growth and form
generate inherent deviatoric stress instabilities in terms of potential
slope failure (Bak, 2013) and aggressive gas-solid reactions that control
internal gas pressure and flux. It is this dynamical systems approach that
enables analysis of the energetics and time sequence of the Hunga
eruption in contrast to reductionist approaches focused on single
phenomena.

3.2. Eruption mechanism and sequence of the 2022 Hunga climactic
eruption

Seismic data suggests that an initial earthquake and the main
explosive phase of the Hunga eruption occurred within a few seconds of
each other (Thompson et al., 2022). This observation is important when
considering the explosion mechanism itself. Here, we propose that the
climactic Hunga eruption was triggered by hydraulic failure of the
subsurface rock mass and that this failure event was recorded through
the seismic signals emitted from 04:00 to 04:16 UTC. There was pre-
cursor activity, including infrasound wave propagation and large
explosive events, in the month prior to the climactic event (Matoza et al.,
2022). These events indicate that the volcano was perched at a critical
stability state (Bak, 2013) punctuated by small releases of energy and
mass as steam and ash. The subsequent massive explosion and gas
release at 04:15 UTC indicates that the energy state of the volcano had
continued to increase through this precursor period until hydraulic
failure of the sealing regime occurred. This may have occurred at a
number of sites across the volcano and rapidly coalesced as material was
eroded into the discharging gas. At this time the energy state of the
volcano had become supercritical as defined by the escalation of the
masses of eruptive products including gas and particulates into the fast-
growing major ash plume. Mass removal excavates the crater whose
deepening provides positive feedback through releasing higher- and
higher-pressure gas from the porous rock mass. The eruption declines
and ceases when this reservoir of compressed gas becomes depleted and
seawater can then back fill the crater. The occurrence of gas bubble
flares months after the eruption provides evidence for the continued
depletion of this gas reservoir.

3.3. Hydraulic failure inside volcanoes

For a rock mass that contains compressed gas, tensile failure occurs
where the pore fluid pressure exceeds the sum of the least principal
confining stress plus the pore pressure in the rock mass and the tensile
strength of the rock (Cox, 2010; Engelder et al., 1990; Phillips, 1972;
Secor, 1965). Tensile failure data for volcanic rocks (Heap et al., 2022)
provide a useful tensile strength reference value of ~2.5 MPa for po-
rosities of 10 to 30%. Such failure is marked in mineral deposits by
distinctive vein textures as well as breccia bodies. Notably, porphyry
copper deposits that formed in ancient volcanoes are typified by the
presence of breccia bodies and pebble dykes, as well as by the extensive
stockworks of fractures that supported gas flux through them and
consequent mineralisation. These features record a continuous cycle of
tensile failure and sealing by anhydrite, sulfide, quartz and other silicate
minerals (Henley et al., 2022; Mernagh et al., 2020) that occurs in active
degassing volcanoes today as is evident from micro-seismicity (McNutt,
2005). We note that these minerals have been reported in erupted lithic
fragments of Hunga volcano (Hamilton, 2023).

For a system through which reactive volcanic gas fluxes to the sur-
face, the sealing (or choking) of connected porosity by gas-solid re-
actions (Henley and Fischer, 2021; Henley et al., 2022; Henley and
Seward, 2018) leads to increased gas pressure beneath the seal because
the deeper magmatic system continues to release gas at lithostatic
pressure into the volcano. If the increase in gas pressure below the seal
exceeds the effective tensile strength of the sealed rock mass, then
failure is imminent. In volcanic systems, the initial stresses tend to be
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tensile (also called open-mode fractures as these ‘open’ the system, and
precede shear stresses) which are responsible for rock/magma frag-
mentation processes (Heap and Violay, 2021).

Tensile failure provides a highly transmissive path for pressurized
gas to escape through the fractured seal into the lower pressure regime
at shallower crustal levels in the volcano superstructure, or directly to
the ocean and atmosphere. Such rapid expansion may be explosive and,
consequently, able to remove rock mass at, and above, the seal and
further reduce the confining stress. Loss of gas also reduces the gas
pressure near the failed seal so that the gas pressure from the deeper
reservoir to that point increases. It is these responses that, through
positive feedback, build the stress state toward a major explosive event.
Thus, once initiated as a small event, the magnitude of the eruption
continually increases as lithostatic load is removed until the compressed
gas reservoir becomes depleted and the eruption declines (Henley and
Hughes, 2016). The eruption energy may be further amplified by
decompression of gas-saturated rock mass that does not contain con-
nected porosity (Scheu and Dingwell, 2022).

In this context, Fig. 7 provides a schema for pore gas pressure
through Hunga volcano prior to the 15 January eruption. Magmatic gas
is released from an active subsurface magmatic complex, shown here at
about 2 km below sea level, that sustains a gas flux to the surface
through a magmatic vapor plume. Note that the internal gas pressure of
this plume (path aa) is greater than the external pressure of seawater.
The pressure distribution consequent on sealing or choking by alteration
reactions at some depth is shown as path bb in Fig. 7. At this point the
gas pressure gradient has decreased so that quasi-magma source pres-
sure is transmitted from below to the sealed region. This can only be
sustained until the differential between gas pressure and lithostatic
pressure at the seal exceeds the tensile strength of the sealed rock mass.
Increasing gas pressure leads to hydraulic failure, with the compressed
gas phase rapidly expanding toward the surface, removing existing mass
in its path as pyroclastic material. We suggest that this pressure cycle
was initiated, prior to the 19 December 2021 ash plume-forming erup-
tions, by an increase of magmatic activity over several weeks or months
prior to which the volcano had been essentially inactive or weakly
passively degassing. Between 04:00 and 04:15 UTC on 15 January,
isolated hydraulic failures and explosive gas release (“gunshot sounds”)
commenced within the sealed rock mass which had developed in the
upper part of the volcano. The consequent discharge grew rapidly to
develop an ash plume by 04:10 UTC with removal of near-surface mass.
The consequent decrease in load pressure extended downward through
the gas-saturated reservoir of rock within the now developing crater.
Further hydraulic failure was sustained until the fracture array reached a
percolation threshold (Cox et al., 2001) that enabled very rapid release
of the potential energy stored as a reservoir of compressed gas through
the mass of the volcano. Coalescence of gas discharge in this way
encompassed a large volume of compressed gas that expelled upward,
displacing overlying seawater. We suggest that this was manifest as an
extensive ‘bubble’ at the surface whose collapse developed a major
tsunami (Heidarzadeh et al., 2022; Lynett et al., 2022; NOAA, 2022;
Pakoksung et al., 2022; Purkis et al., 2023). We further suggest that the
gas ‘bubble’, including the column of gas in the developing crater below
it, then exploded into the atmosphere, generating a near-surface blast
that released the spectrum of acoustic-gravity waves that accompanied
the eruption between 04:15 and 04:37 UTC. This sequence of ‘balloon’
expansion and collapse at the sea surface has been recorded for under-
water nuclear explosions and is discussed by Best (1991).

Positive feedback on the eruption occurred from 04:15 UTC as rock
mass was progressively removed, progressively excavating the 850 m-
deep crater observed in the post-eruption bathymetric survey. In this
supercritical phase rock and gas removal led to runaway changes in
pressure gradients thereby building the power of the eruption. It is
during this excavation period that limited volumes of silicic melt, pre-
sent as dykes, may have been encountered which then decompressed to
form pumice that, as a relatively minor component of the pyroclastic
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Fig. 7. Compressed gas-tensile failure or core blow-out model for the Tonga eruption. a) summarises the spatial relations between sub-volcanic intrusions that
release magmatic gas which then expands through the high permeability damage zone in the core of the volcano to sustain a magmatic vapor plume as described in
the text. Gas-solid reactions progressively result in sealing of connected porosity to form a ‘Sealing regime’. b) shows pressure-depth relations for an expanding gas
relative to lithostatic and hydrostatic (seawater) pressure. Path aa is the unrestricted expansion path of the magmatic gas phase through the plume to discharge at the
surface. Path bb shows the evolved path following sealing or choking of the gas expansion, leading to high pressure at and beneath the sealing regime. The tensile
strength of the altered and sealed rock (T) then defines a critical stress state above which hydraulic fracturing occurs when total gas pressure exceeds the sum of the
lithostatic and equivalent tensile strength. Path cc shows the gas pressure at failure when the system has become supercritical, and fracturing starts to explosively
release compressed gas. This stage feeds upon itself through increased pressure gradients around the point of failure but eventually the eruption wanes as the large-
scale gradient tends to the original state (aa) as the gas reservoir becomes depleted. The figure is necessarily schematic.

yield, was observed subsequently as pumice rafts. The cessation of the
eruption commenced when the gas pressure within the volcano became
depleted and the residual gas pressure could be accommodated by
existing porosity, as is the normal case for exploitation of a petroleum
gas reservoir. This terminal phase was marked by the progressive
collapse of the atmospheric plume over a period of several hours
following the main phase of the eruption.

3.4. Gas-driven explosive eruptions

Explosive gas release in igneous and magmatic systems has previ-
ously been suggested for Plinean eruptions such as Mt. St Helens in 1980
(Burnham, 1985). Burnham’s second boiling mechanism was based on a
closed system model centered on crystallization and vesiculation of a
specific mass of water-saturated magma to develop an impervious solid
carapace that failed hydraulically as internal gas pressure increased.
Hedenquist and Henley (1985) independently developed an open system
model for hydrothermal eruptions such as at Waiotapu, New Zealand
where mineral deposition in the fractures that fed hot springs trapped
COq-rich vapor that was released from the underlying geothermal sys-
tem. Hydraulic failure of these seals resulted in hydrothermal explo-
sions. A similar sealing model (<10 km® pyroclastic) for minor
phreatic eruptions such as Galeras (Colombia) in 1993 was proposed by
Fischer et al. (1994) and by Christenson et al. (2010) for the 2007
eruption of Ruapehu’s (New Zealand) Crater Lake. Thiery et al. (2010)
and Girona et al. (2015) have since applied these approaches to the
modelling of phreatic and magmatic hydrothermal eruptions and
introduced the useful term ‘gas-driven eruptions’ into the literature
(Caudron et al., 2019). We formally adopt this term now for the much
larger Hunga climactic eruption. However, we stress that the model
developed here is at whole-of-volcano scale and does not involve direct
heat transfer between magma and a fluid phase.

We propose that the major atmospheric disturbances generated by
the 15 January 2022 Hunga eruption were due to the explosive release
of compressed gas which had been trapped within the body of the vol-
cano into the atmosphere, producing a massive air blast. We now
consider how such a large mass of gas might be released over a short
time, and what its pressure and temperature were before the

commencement of the climactic explosive sequence. Our first order
approach is based simply on the well-known Gas Laws and the First Law
of Thermodynamics. It assumes that the initiation of the eruption was by
hydraulic fracture of a choked or sealed gas reservoir within the volcano,
and that the consequent isenthalpic expansion of compressed volcanic
gas from high to low pressure occurred explosively.

The principal driving component of any volcanic explosion is the
pressure-volume-temperature (PVT) expansion energy of the com-
pressed gas in the reservoir of connected pore space (the magmatic
vapor plume) within the whole volcanic structure. When released, some
of this potential energy partitions into fragmentation and kinetic energy
components which constitute the pyroclastic yield of the eruption. The
remainder may be classed as excess energy which, for Hunga, was
expressed primarily as acoustic-gravity waves, including Lamb waves
(Matoza et al., 2022), as the compressed gas exploded and displaced the
atmosphere at sea level. Some excess energy will, in general, support
thermal forcing of the atmospheric eruption column, but this portion is
not dominant in this case. A small proportion was also expressed as
tsunamic waves centered on the volcano.

The energetics of the 15 January eruption may therefore be simply
constrained using the First Law of Thermodynamics. First, we define a
control volume as the region within which sudden and irreversible
compressed gas expansion and rock displacement occurs (Fig. 7). We
suggest that the excavated crater defined by the 2022 bathymetric sur-
vey defines this control volume for the 2022 eruption sequence. During
the eruption sequence we consider that the mass flux of magmatic gas
into the control volume was negligible, so that the mass of compressed
gas sealed within it then defines the maximum amount of potential
energy release (AE), including thermal energy, that controls the erup-
tion, since,

AE = E; — E; = mghy +m,c,, AT, 1
where subscripts i and f refer to initial and final states, mg and m, are the
masses of compressed gas (subscript g) in the porous rock (subscript r),
hg is the specific enthalpy of the gas, ¢, is the specific heat capacity of
the rock and AT, is the temperature difference between the gas-saturated
porous rock and the atmosphere.
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We first make an estimate of the required energetics if only the
release of compressed gas was involved. Neglecting the second term on
the right-hand side of Eq. (1) and assuming that AE was of the order 1EJ,
then the mass of compressed gas must be at least.
my ~ % ~ 10‘8/3500 x 10° ~ 3 x 10" kg (2)

4

This estimate assumes the specific enthalpy of the compressed gas is
approximately 3500 kJ/kg at the assumed initial conditions of T = 600
°C, Pg ~ 21 MPa, and that the vast majority of this enthalpy is converted
into work energy as the gas is released to atmospheric pressures (e.g., via
an explosive isenthalpic expansion into the atmosphere (Anderson and
Crerar, 1993)). For the above initial conditions, the specific volume of
the compressed gas is v ~ 0.015 m°®kg!; therefore, the compressed gas
volume prior to the explosion would be about 4.5 km®. For this gas-only
model, this volume is unreasonable given that the control volume was
about 6.5 km?®,

The preceding estimate prompts calculation of the role of thermal
energy from the rock mass in the explosive eruption. Prior to the erup-
tion, we assume that the rock is heated to the local temperature of the
trapped compressed gas by hydrothermal circulation through the porous
matrix. Given the range of depths that the erupted rock volume occupies
initially, we estimate a representative bulk temperature for the rock to
be 600 °C. Thus, if the volume of rock that is to be removed by the
eruption is V;, we estimate the overall release of thermal energy during
the eruption by writing Eq. (1) in the form,

Ve

Ve

AE he + V,(1 — ®)p,c, AT 3)

where p, is the density of the rock, ¢ is the connected porosity and the
temperature decrease of the rock AT (< AT,). Taking ¢ = 10%yolume, the
first term of this equation equals about 0.15EJ. The second term pro-
vides the potential thermal energy transfer from the rock as it cools
toward the local ambient temperature, which will tend to depend on
both location and time. For example, if the immediate expansion of the
compressed gas is isenthalpic, we would expect its temperature to
decrease rapidly in the first instance to approximately 500 °C at atmo-
spheric pressure. With a temperature difference of approximately AT =
100 °C between the rock and surrounding gas, c,r = 840 J K 'kg!and
pr = 3000 kg m 3, the thermal energy associated with the second term
(i.e., that would be released locally from the erupted rock) is about 1.5
EJ, which is consistent with the energy that would be required to pro-
vide about 1 EJ for the atmospheric disturbance and waves. This
approach demonstrates the importance of rapid heat transfer from the
rock to the decompressed gas phase, which is sustained by rock frag-
mentation to provide a relatively large surface area of hot rock. Heat
transfer also occurs during mass transfer and expansion of the particu-
late rock-gas mixture in the jet phase of Plinean volcanic eruptions
(referred to as a pseudo-gas by Kieffer and Sturtevant (1984)). More-
over, there is a remaining temperature differential between the erupted
rock and the surrounding atmosphere (which we estimate to be an
average of almost 500 °C if the atmosphere is about 20 °C); thus the
potential remains to release up to a further 7.5 EJ in thermal energy by
heat transfer from the fine-grained erupted volcanic rock into the gas
phase in the developing volcanic ash plume.

The magnitude of the total explosion energy released to the atmo-
sphere in the 15 January Hunga eruption has been estimated as between
about 0.1 and > 20 EJ. This range may be accommodated in this schema
by adjustment, primarily, of the assumed porous rock control volume
and its effective porosity; here we have initially constrained the control
volume to that of the final state crater. Taking the 20.8 EJ high-end
estimate of Matoza et al. (2022) would imply that the control volume
was larger and/or that the effective porosity was proportionately larger.

The early stages of the eruption comprised several explosive events,
some of which were recorded as ‘gunshot’ sounds. This phenomenon is

10

Journal of Volcanology and Geothermal Research 451 (2024) 108077

consistent with bursts of gas at different locations across the 11.5 km?
surface area of the developing vent. Such compartmentalization of the
explosive sequence by interplay of subsurface gas pockets (Girona et al.,
2019), is suggested by the scallop-shaped, semi-circular features on the
inner southern wall of the crater (see Fig. 3b). These coalesced to form
either the major “bubble” mound, similar to the gaussian initial condi-
tions of Heidarzadeh et al., 2022 and NOAA, 2022; or breakthrough
cavity with rim waves (Lynett et al., 2022; Pakoksung et al., 2022; Purkis
et al., 2023) for tsunami generation. All the tsunami models reference
here estimate at least 100 m-high waves and/or 100 m-deep water
cavity are needed to explain the tsunami amplitudes and flooding on
nearby Tonga islands, which is consistent with the observations pre-
sented here, but may need to be revised upward in future assessments. It
was the breakthrough of the fast-expanding gas through the water layer
that generated the tsunami wave locally and the atmospheric blast heard
around the world. Alvarez and Camacho (2023), based on satellite
gravity data, have suggested that sub-surface Hunga contains several
lower-density rock compartments. The scale of the evolving crater-
forming (or emptying) eruption suggests to us that multiple hydraulic
failures were generated as pressure waves rapidly spread. Zheng et al.
(2023) identified 3 separate seismic events with similar force-equivalent
evolution history in the 300 s period immediately after the main ex-
plosion and suggested that these may be ascribed to a model of ‘magma
hammer’. This model however assumes a closed conduit volcano model
and the direct involvement of magma in the overall explosive event but,
we suggest, is precluded by the spatial scale of the eruption and its
continuation beyond this short time. It is, however, possible to consider
that these signals were due to a similar compartmentalization of the
decompression of gas—or by that stage a higher density pseudo-gas
containing particles (Kieffer, 1984)—in the upper part of the devel-
oping vent. Such compartmentalization is a likely consequence of the
relative rates of shock wave propagation through the heterogenous
porous gas-saturated rock mass with resonating sequences of
compression-decompression resulting in fine scale fragmentation, in
similar fashion to efficient blasting techniques in modern mining. It is
useful to note here that the popular, but closed system, ‘pressure cooker’
model for volcanic eruptions is simply an analogy - unless of course the
safety valve is welded shut! More illustrative of the explosive power of
gas explosions are the catastrophic and deadly boiler explosions on
steam powered Mississippi riverboats (Lloyd, 1856) as well as destruc-
tive steam engines explosions (https://www.vintag.es/2020/02
/steam-locomotive-boiler-explosion.html) in the early decades of
steam locomotion.

Other evidence for the explosion model that is developed here in-
cludes the quiescent period observed by satellite immediately prior to
the eruption. We interpret this period as indicating the completion of the
sealing process in the core of the volcano so that surface discharges
ceased. Underwater seepages continued due to the increased pressure
below the sealed region (Fig. 2c).

The mass of water-dominated gas calculated by our first order model
is 5.3 x 10'° kg which compares well with the 1.4 to 1.5 x 10'! kg
estimate of total water released into the atmosphere (Evan et al., 2023;
Millan et al., 2022; Xu et al., 2022). However, as noted by these and
other authors, there is an apparent deficit in total sulfur emission of the
Hunga eruption relative to other volcanic eruptions, such as Pinatubo in
1991 (Carn et al., 2022; Millan et al., 2022; Xu et al., 2022) and that this
deficit appears to be characteristic of underwater eruptions. It has been
suggested (Legras et al., 2022) that the apparent deficit in SO5 emission
was a consequence of rapid, in-plume conversion to sulfate aerosol.
These authors estimated an emission of 187 kt of SO, during the erup-
tion. Using a median value for the SO content of arc volcanic gases of
1.25 mol% (Henley and Hughes, 2016) and our estimate of the mass of
volcanic gas involved in the initial explosion, we estimate ~220 kt SO,
would have been emitted. The difference between these two values is
consistent with the suggestion of loss of SO by reaction with feldspars in
the volcanic rock mass (Henley and Fischer, 2021; Henley et al., 2015;
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Henley and Seward, 2018; Renggli et al., 2019) to form anhydrite during
the choking or sealing of the volcano prior to the 15 January eruption.
Experimental studies have shown that these gas-solid reactions are fast,
such that sealing occurs rapidly within a high temperature fractured
porous rock mass, as may be inferred for the smaller 2016 phreatic
eruption of White Island (Christenson et al., 2017). Estimates of the rate
of SO4 scavenging by rhyolite-gas reaction have been provided by Casas
et al. (2019). For Hunga in this context, it is noteworthy that a petro-
graphic study of post-eruption non-juvenile lithic pyroclastics (Hamilton
(2023) reported that hydrothermal alteration was common, and that the
observed secondary minerals include anhydrite/gypsum, pyrite, chal-
copyrite and quartz. Such alteration is consistent with the occurrence of
gas-solid reactions attending SO5 streaming through the volcano’s core
prior to eruption. These observations, and the apparent sulfur-deficit in
the volcanic plume, are also consistent with the observed discharge of
discolored water from the inner and outer flank of the tombolo imme-
diately prior to the eruption (Fig. 2d). Such discharges have been
observed elsewhere on submarine volcanoes and shown to be due to the
generation of alunite and native sulfur as well as sometimes being
associated with pyrite chimneys (de Ronde et al., 2005a; de Ronde et al.,
2011). Anhydrite deposition from heated seawater circulating within
the outer carapace of the volcano may have contributed to the overall
sealing process prior to the eruption.

We suggest that the eruption model outlined above quantitatively
accounts for the Hunga eruptive sequence and energy release, but it is
appropriate to briefly consider other models that have been proposed.
As an intra-oceanic volcano, the Hunga eruption was quickly ascribed in
media reports to a fuel-coolant, phreatomagmatic type explosion
involving direct interaction of seawater with lava at around 1000 °C.
The limiting parameters for such explosions are the surface area over
which the heat transfer occurs, the mass of coolant and the heat of
evaporation of the coolant. For water, the latent heat of vaporization at
high temperatures (or a low salinity seawater liquid phase) is 3000 to
3500 kJ/kg (Wagner and Kretzschmar, 2007). On this basis, the explo-
sive energy of a 4.2 EJ eruption would require the maximum possible
instantaneous heat transfer from at least 1.7 km® of magma to 1.2 km® of
seawater. For sufficiently rapid heat transfer, the length scale of prior
fracturing of the magma, as a lava, is of the order of one centimeter over
the entire volume of the interaction and implies unreasonably high
connected porosity. Again, satellite data provide no evidence of the
generation of a large near surface lava lake prior to the eruption.

Another model that has been suggested in discussions of the Hunga
eruption is caldera collapse (e.g., Kulichkov et al., 2022). There is,
however, no specific evidence for this to have occurred and Alvarez and
Camacho (2023) have specifically suggested that 500 m resolution
gravity data do not indicate the presence of a magma chamber to 6 km
below the volcano. Moreover, the coincidence of the morphology of the
post-2022 eruption crater with pre- eruption morphology suggests there
has been no significant collapse. Tilted roof blocks of rock, or step faults
that would be indicative of roof collapse are also not evident in the
bathymetry. Similarly, the bathymetry does not indicate any major flank
collapse features outside the crater rim, nor are there any newly formed
volcanic cones outside the volcano flanks. A large breach in the north-
east rim of Hunga (Fig. 3) may be the result of the blast from the
intense gas-driven explosion or due to scouring and erosion consequent
to the large density currents that occurred during collapse of the vol-
canic plume.

3.5. The Hunga eruption in a wider context

The Hunga eruption had a pyroclastic yield equivalent to that of
several other major Plinean eruptions throughout Earth history. The
singularity of this eruption was the wide range of quantitative energetics
data that was obtained for the cataclysmic phase of the eruption. Our
ability to monitor the generation of acoustic-gravity waves worldwide
that have enabled estimates to be made of the magnitude of its explosive
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energy. For example, the scale of wave propagation from Hunga
matched and likely exceeded that of the 1883 Krakatau eruption. Our
analysis suggests that the Hunga eruption was a consequence of hy-
draulic failure and explosive pore gas release to locally generate an
extreme runup tsunami, and a near surface air blast that generated the
acoustic-gravity wave response in the atmosphere which then contrib-
uted to tsunami generation in the Pacific and globally. The increase in
gas pressure within the volcano and its explosive release was a conse-
quence of magma-derived gas flux through the volcano and the sealing
capacity of minerals formed by gas reactivity with the volcanic host
rocks. As such, the Hunga eruption sequence was independent of its
oceanic setting and its promulgation was like that of sub-aerial Plinean
eruptions. An implication of the model is that large submarine eruptions
can occur at any seawater depth because the driving pressure is trans-
mitted from the deep magma source regime and not from the higher-
level intrusions derived from it. For a deep sea eruption, the gas blast
itself, however, may dissipate before reaching the surface, as appears to
have been the case for the 2012 Havre eruption (Manga et al., 2018) that
was manifest only by widespread pumice rafts at surface. The detailed
analysis of the 1650 tsunamigenic Kolumbo (Greece) eruption (Karstens
et al., 2023) also provides a record of cascading energetics that we
suggest may be similar to the gas-driven model discussed in this paper.
In this case flank failure may have been the immediate trigger that
released the internal gas pressure that had developed within the
volcano.

A key feature of the Hunga eruptive sequence was the cessation of
significant surface activity for a short period immediately before the
Plinean explosion. Similar eruptive behaviours have been traced
through many eruptions that have impacted the course of human history
(Oppenheimer, 2011). It is well documented for the 1991 eruption of
Pinatubo, with a sequence of steam eruptions prior to a major precursor
eruption and a quiescent pause immediately before the VEI 6 eruption
that dispersed over 10 km?® of pyroclastic material (Fischer et al., 1994;
Newhall and Punongbayan, 1996). The acoustic-gravity wave propa-
gation of this eruption was, however, an order-of-magnitude less than
that of Hunga. The Mount St Helens Plinean eruption in 1980 was also
preceded by a sequence of steam-blast activity and seismicity (Chris-
tiansen et al., 1981) and the Tambora eruption of 1815 similarly
commenced through a series of minor to major episodes including
“cannon fire” prior to its VEI7 cataclysmic eruption. This eruption was
reported to have been audible almost 5000 km away. More recently,
periods of diminished fumarolic activity were recorded by Yamaoka
et al. (2016) prior to the several eruptions of Mt. Ontake (Japan) in
2014. Indeed, periods of quiescence associated with long period seis-
micity appear to be a characteristic of what, here, we interpret as
gas-driven eruptions from small to climactic scale.

We therefore suggest that the common source of major explosive
energy for Plinean eruptions is the energy stored in compressed, magma-
derived gas within the bulk of a volcano, and that climactic eruptions are
triggered by hydraulic failure of alteration-sealed volcanic rocks. Mag-
matism is not considered to be the immediate, direct cause as is generally
assumed for both for these, and for lower magnitude, phreatic and
phreatomagmatic eruptions.

4. Summary and conclusions

The scale of the explosive energy released (> > 4 EJ) by the 15
January 2022 climactic eruption of Hunga volcano has been estimated
from the amount of ejected material (>6.3 kms), mass eruption flux
(~5 x 10° kg s’l), height of eruption column (58 km), atmospheric
gravity waves, earthquakes, and meteotsunami. In turn this indicates
that it was similar in scale or larger than the 1883 eruption of Krakatoa,
Indonesia. Understanding the cause of such an eruption is crucial to
building sensible monitoring programs for risk mitigation both in the
vicinity of Hunga and other volcanoes around the world. Previous
models have assumed magma-seawater interaction, but heat transfer
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considerations show this to be untenable and direct evidence is not
provided by satellite data. Suggestions of caldera collapse are similarly
unsupported by bathymetry or by the seismic record of the eruption.
Rather, the direct evidence for the cause of the cataclysmic explosive
eruption lies within its time sequence through the eruption cycle
commencing several weeks earlier and the observed energy release into
the atmosphere.

In this paper we have taken a systems approach to develop an
alternative model based on these data and fundamentals of gas phase
heat and mass transfer in volcanoes. Explosive eruptions at this scale
require the very rapid release of some store of potential energy which
here we argue is the compressed magmatic gas sealed into the core of the
volcano remote from its magmatic source. It is now well established that
fast reactions occur between the SOz and HCI contents of magmatic
gases to produce minerals including anhydrite, quartz and sulfides as
they expand from source to surface through the fractured porous rock
mass of a volcano. Their formation leads to choking of flow paths and
potentially sealing of the gas flux through the volcano. In turn this re-
sults in rapidly increasing gas pressure beneath the sealed region to a
critical point where hydraulic failure of the seal is inevitable. It is such
hydraulic failures that enable irreversible gas expansion to occur as was
seen as the explosive gas blast into the atmosphere on 15 January 2022.

At Hunga the hydraulic failure triggering step was also accompanied
by release of seismic energy release and tsunami wave phenomena. The
trigger also initiated the major ash plume that grew to a height of 58 km
as it continued to mine gas and rock as the new 2-3 km diameter crater
was excavated to a depth of 850 m. This stage of explosive activity feeds
upon itself through rock removal and increased gas pressure gradients
within the volcano. This supercritical state continued through the
excavation of the new crater which at Hunga extended to 850 mbsl until
the internal reservoir of compressed magmatic gas became too depleted
(see Graphical Abstract) and the volcano returned to a quiescent state.

These same sealing minerals (e.g. anhydrite, sulphide) have been
identified in the extinct volcano-hosted, intensively explored and mined
occurrences of base and precious metal deposits (porphyry copper de-
posits) that have formed in arc-type volcanoes for over 400 million
years. They have also been recorded in the ejecta of many explosive
eruptions of Pacific Ring of Fire-type volcanoes, including Hunga.

We here suggest that such a mechanism of gas-driven eruption is
characteristic of Plinean-type eruptions whether in oceanic or subaerial
volcanoes. Development of the conditions that may lead to Plinean scale
catastrophic energy cascades, consequent on the failure of such mineral
seals, is hard to predict. The occurrence of a quiescent pause in gas
discharge or seismicity during an eruption cycle, as at Hunga, Pinatubo
and Vesuvius, may be a warning of the possibility of an imminent gas-
driven eruption, but we emphasize here that hazard monitoring for all
volcanoes requires a consistent, long term, whole-of-volcano approach
underpinned by gas monitoring, seismic and acoustic data.
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