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One of the largest explosive eruptions instrumentally recorded occurred at Hunga volcano on 15 January 2022.
The magma plumbing system under this volcano is unexplored because of inherent difficulties caused by its
submarine setting. We use marine gravity data derived from satellite altimetry combined with multibeam bathy-
metry to model the architecture and dynamics of the magmatic system before and after the January 2022 erup-
tion. We provide geophysical evidence for substantial high-melt content magma accumulation in three
reservoirs at shallow depths (2 to 10 kilometers) under the volcano. We estimate that less than ~30% of the
existing magma was evacuated by the main eruptive phases, enough to trigger caldera collapse. The eruption
and caldera collapse reorganized magma storage, resulting in an increased connectivity between the two spa-
tially distinct reservoirs. Modeling global satellite altimetry—derived gravity data at undersea volcanoes offer a

promising reconnaissance tool to probe the subsurface for eruptible magma.

INTRODUCTION

On 15 January 2022, the largest explosive eruption recorded since
Pinatubo in 1991 (1, 2) occurred at Hunga volcano in the Tonga-
Kermadec island arc (Fig. 1). In historic times, the energy released
by the blast only compares to the VEI 6 1883 Krakatoa eruption (3).
The Hunga eruption produced atmospheric and acoustic waves that
propagated around the globe multiple times (3-6) and created large
ionospheric perturbations (7), a 500-km-radius umbrella cloud ex-
tending as high as 57 km into the mesosphere (8-10), and an un-
precedented amount of volcanic lightning (5). The acoustic-gravity
waves from the explosion generated a global tsunami (11, 12). The
eruption had considerable repercussions across the Kingdom of
Tonga islands due to tsunami impacts, ashfall, and the destruction
of underwater communication cables. While the SO, emissions
were relatively low for an eruption of this magnitude (13) preclud-
ing global cooling, the unusually large amount of water injected into
the stratosphere could be climate forcing and induce surface
warming (14).

The two subaerial islands Hunga Tonga and Hunga-Ha'apai are
the surface expression of a larger ~2-km-high volcano edifice with a
~5-km-diameter summit caldera (Fig. 1B). The paroxysmal 15
January 2022 eruption destroyed a cone that connected the
islands since 2015 and reduced them to two thin slivers of land
(Fig. 2H) (15). Historical eruptive activity at Hunga volcano has
been Surtseyan in style in 2009 (16) and 2014-2015 (17) and con-
fined to the caldera margins (18) (Fig. 1B). The climactic January
2022 eruption came after a 7-year hiatus in activity and a month-
long unrest period, which started on 19 December 2021 and pro-
duced two explosive eruptions with ash plumes spreading to the tro-
popause (10). Repeat high-resolution multibeam bathymetry
surveys show that the caldera floor collapsed by ~600 to 850 m
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following the 2022 eruption with >8 km’ of material being
removed (15).

The well-documented, large magnitude and global effects of the
2022 Hunga eruption contrast with our lack of detailed information
about the volcano subsurface structure and the sparsity of geophys-
ical data available to study its magma plumbing system. Two key
questions are raised by this eruption: Where and how much
magma is stored in the crust under Hunga volcano, and how did
the magmatic system change syn- and post-eruption? The amount
of eruptible material present in a magma chamber is a key param-
eter controlling the size and timing of a future eruption (19, 20). To
understand the physical processes governing the 2022 Hunga erup-
tion, we need to study the magma storage system and assess the state
of the magmatic system before and after the eruption. Here, we use
satellite altimetry—derived marine gravity data to provide con-
straints on the architecture of the magmatic system under Hunga
volcano and explore how the exceptional 2022 eruption changed
the magmatic system. Our findings have important implications
for the assessment of volcanic hazards in the region associated
with Hunga volcano. More generally, these results show that
marine gravity data derived from satellite-altimetry together with
multibeam bathymetry and geophysical inversion methods have
the potential to uncover some key characteristics of magma
storage at other understudied active submarine systems.

Approach: Modeling vertical gravity gradient anomalies

Marine gravity anomalies derived from satellite altimetry have been
used successfully in numerous studies of the ocean seafloor, its tec-
tonic fabric, and seamount detection (21, 22). Free-air marine
gravity anomalies arise due to the gravitational attraction of the sea-
floor bathymetry and density variations within the crust and/or
mantle; their spatial wavelengths reflect the depth of the anomalous
source. Here, we are focusing on anomalies of kilometer-scale wave-
lengths reflecting structures in the oceanic crust. Marine gravity
grids derived from satellite altimetry from (21, 23) (V23.1 to 32.1,
Materials and Methods) are used, and yearly changes in the gravity
anomaly are calculated from 2014 to 2022. No significant change is
observed from 2014 to 2021, before the August 2021 to August 2022
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Fig. 1. Map of Hunga volcano. (A) Tectonic setting of the Tofua volcanic arc, part of the Kermadec-Tonga subduction zone. Main volcanoes (red triangles), Hunga
volcano (yellow circle), plate boundaries (black lines), and velocities relative to the Australian plate (black arrows, millimeters per year) from the MORVEL model (67).
FT, Futuna; NI, Niuafo'ou; TO, Tonga; KE, Kermadec microplates. (B) Pre-2022 multibeam bathymetry of Hunga volcano and topography of the land extent as of September

2017 from (68).

time interval (fig. S1 and Materials and Methods), which is the focus
of this paper. To isolate the anomalies due to underground density
variations, we model and remove the gravity effect of the bathyme-
try interface using two independent high-resolution multibeam
bathymetry datasets acquired before and after the eruption, in
2016 and May 2022, respectively (Fig. 2, G to I, and Materials and
Methods). The resulting Bouguer gravity anomaly is calculated for a
range of crustal densities. We choose the reference density p,.r of
2750 kg/m? as it minimizes the correlation between the Bouguer
anomaly and the bathymetry grid (fig. S2).

We assume that all gravity changes that happened between
August 2021 (V31.1) and August 2022 (V32.1) are due to the erup-
tive sequence that started in December 2021 and calculate the co-
eruptive gravity changes by subtracting the free-air gravity from the
pre- and posteruptive time intervals (Fig. 2C). We then model the
pre-, co-, and posteruptive residual Bouguer anomaly grids using a
gradient-based mixed-norm inversion method (24) to determine
the subsurface density distribution and its temporal evolution. We
choose to use the vertical gravity gradient (VGG) anomalies (Fig. 2,
D and E) as input to our models as gravity gradients are more sen-
sitive to shorter wavelengths/shallow anomalous masses likely asso-
ciated with magma reservoirs. Moreover, inversions of synthetic
VGG gravity data for a shallow buried source indicate increased

Le Mével et al., Sci. Adv. 9, eadh3156 (2023) 15 December 2023

accuracy in the recovery of the source size and depth (figs. S3 to
S6). By modeling gravity anomalies, we can interpret the resulting
density contrasts to quantify parameters important for addressing
our key questions: the location, depth, volume, and melt proportion
of magma in the crust beneath Hunga volcano (25, 26).

RESULTS

Preeruptive magmatic system

The residual Bouguer gravity anomaly shows gravity lows between
—4 and —10 mgal [or residual Bouguer VGG between —15 and —40
Eotvos (E)] and highs up to 4 mgal (up to 30 E) (Fig. 3). Our three-
dimensional (3D) density model (Fig. 4) reveals three low-density
features, robust across the inversions using different combinations
of model norms (figs. S7 and S8). First, a central low-density body
underlies the caldera and the southern flank of Hunga (A1 herein-
after) and extends between 2- and 6-km depth below sea level (Fig.
4). Second, a larger, low-density body lies under the northern flank
of Hunga (A2 hereinafter) and extends from ~3- to 10-km depth.
Third, a smaller body to the northwest (NW) of Hunga (A3 here-
inafter) extends from ~4- to 7-km depth. A1 and A2 are connected
by a relatively narrow region at ~3-km depth with density contrasts
between —0.05 and —0.1 g/cm’. The density contrast between the
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Fig. 2. Pre-, post-, and coeruptive datasets. (A and B) Marine gravity anomaly derived from satellite altimetry [V31.1 and V32.1, respectively; (21, 23)]. Subaerial island
outlines in gray. (C) Change in marine gravity anomaly between (A) and (B). (D and E) Vertical gravity gradient (VGG) data from satellite altimetry [V31.1 and V.32, re-
spectively; (21, 23)]. (F) Change in VGG between (D) and (E). (G) Preeruptive bathymetry, (H) Posteruptive bathymetry (see Materials and Methods), and (I) change in
bathymetry between (G) and (H) attributed to the January 2022 Hunga eruption. Caldera outline (green dashed line) and Universal Transverse Mercator (UTM) coordinates
(zone 1) tick marks (in kilometers) shown for reference in red.
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Fig. 3. Pre-, post-, and coeruptive Bouguer gravity anomalies. (A) Residual Bouguer gravity anomaly calculated with a crustal density of 2750 kg/m® and sea water
density of 1027 kg/m?, after removing a quadratic polynomial regional trend. (B) Same as (A) but using posteruptive bathymetry and V32.1 of marine gravity anomaly. (C)
Change in residual Bouguer gravity anomaly. (D to F) Residual Bouguer gravity anomaly and anomaly change calculated from the VGG data shown in (D), (E), and (F),
respectively, and modeled in this paper. Caldera outline (green dashed line) and UTM coordinates (zone 1) tick marks (in kilometers) shown for reference in red.

magma and the oceanic crust could be as low as —0.3 g/cm”, assum-
ing an andesitic magma composition similar to the 2009 and 2014~
2015 eruptions (see Materials and Methods).

Posteruptive magmatic system

To study the effects of the 2022 eruption on the magmatic plumbing
system at Hunga volcano, we use an updated marine gravity dataset
(V32.1, Materials and Methods) compiled up to August 2022 and
posteruptive bathymetry acquired in May 2022 to calculate and
remove the gravity effect due to changes in seafloor topography
caused by the caldera collapse. The difference in free-air anomaly
shows a 12-mgal decrease over the August 2021 to August 2022
time interval (Fig. 2C). After correcting for topographic changes,
the residual posteruptive Bouguer anomaly (Fig. 3, B and E) still
shows three main negative density anomalies. The Bouguer

Le Mével et al., Sci. Adv. 9, eadh3156 (2023) 15 December 2023

anomaly changes are emphasized on Fig. 3 (C and F), and the cor-
responding 3D density model shows a large decrease in density
(-0.6 g/cm3) centered north of the 20142015 eruptive vent and
two areas of increased density around it (figs. S9 and S10). The
model of the posteruptive Bouguer VGG anomaly shows that A2
and A3 remain mostly unchanged, while Al displays a different
ring-like pattern, at similar pre-2022 depths (2- to 6-km depth)
(Fig. 5). The A1l low-density body now lies underneath most of
the outer caldera rim. However, the area directly beneath the
central part of the caldera has returned to a crustal density of per.
Cross sections across our model results show that the connection
between the northern low-density body (A2) and the central one
(A1) is now ~2 km west of previously imaged and cover a wider
area with lower density contrasts of ~—0.2 g/cm’, for all inversion
scenarios (Fig. 5C and figs. S12 and S13).
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Fig. 4. 3D density model of the preeruptive magmatic system. (A) Depth slices and (B and C) cross sections through the density model. Inversion results shown for
model norm [0, 2, 2, 2]. Model results for other tested norm combinations are shown in figs. S7 and S8. Color scale shows the density contrast with respect to a reference
density of 2.75 g/cm3. Caldera outline (green dashed line) and historical vents (stars). Solid lines are optimal sections through the preeruptive low-density anomalies, and
dotted lines are optimal sections through the posteruptive low-density anomalies, to be compared to the posteruptive density model of Fig. 5.

Crustal fluid volumes
We then estimate the crustal volume affected by the low-density
values as they reflect the potential presence of fluids (magmatic
melt and volatiles and hydrothermal fluids/brines) in the crust.
For all three negative anomalies, we calculate the volume enclosed
by three isosurfaces of constant density contrasts, relative to the ref-
erence density: —0.1, —0.2, and —0.3 g/cm” (Fig. 6). The estimated
density contrasts are maximum/minimum values based on the
chosen upper/lower bounds (+0.3 g/cm®) set for each inversion
(Materials and Methods). The larger the imposed density contrast,
the smaller the body needs to be to explain the amplitude of the ob-
served gravity anomaly. During the preeruptive time interval, for
the A1 low-density body, we find median volumes of 27 [95% con-
fidence interval (CI) [23, 31]], 63 (95% CI [53, 73]), and 105 (95%
CI [94, 116]) km? for the density contrasts of —0.3, —0.2, and —0.1 g/
cm’, respectively. Similarly, A2 volume ranges from 43 (95% CI [33,
54]) to 268 (95% CI [244, 292]) km’ and A3 from 5 (95% CI [1, 8])
to 68 (95% CI [61, 76]) km? (Fig. 6). Other regions imaged NW and
southwest (SW) of the caldera have densities higher than the refer-
ence density (density contrasts of 0.2 to 0.3 g/cm’; Fig. 4).

During the posteruptive time interval, the volume estimates for
the core of the anomalies A1 and A2 (—0.3 g/cm’) have decreased by

Le Mével et al., Sci. Adv. 9, eadh3156 (2023) 15 December 2023

66 and 59%, respectively, after the eruption (Fig. 6), indicating mass
loss. On the other hand, the regions with smaller density contrasts
(=0.1 and —0.2 g/cm’, A1 + A2 combined anomaly, Fig. 6) did not
change in volume significantly before and after eruption. These es-
timates illustrate the substantial reorganization of density specifi-
cally below the summit caldera.

To summarize, before the 2022 eruption, there is evidence for
three regions of significant low density directly under, north and
northwest of the caldera, that we interpret as reflecting the Hunga
magmatic system. The eruption caused substantial changes in the
magmatic system including anomalously low-density regions
around the caldera rim, regions with increased density, and a new
low-density connection between the two main reservoirs (Al and
A2). Next, we discuss the interpretation of these density contrast
models in terms of magma system architecture and dynamics.

DISCUSSION

Interpretation of gravity anomalies and limitations

There are three possible interpretations for a low-density region in
the upper oceanic crust: the presence of magma (magmatic melt and
volatiles), hydrothermal fluids, or sediments. A sediment infill of a
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Fig. 5. 3D density model of the posteruptive magmatic system. (A) Depth slices and (B and C) cross sections through the density model. Inversion results shown for
model norm [0, 2, 2, 2]. Model results for other tested norm combinations are shown in figs. S10 and S11. Color scale shows the density contrast with respect to a reference
density of 2.75 g/cm3. Caldera outline (green dashed line) and historical vents (stars). Solid lines are optimal sections through the preeruptive low-density anomalies, and
dotted lines are optimal sections through the posteruptive low-density anomalies, to be compared to the preeruptive density model of Fig. 4. Orange dashed line is the
outline of the two main low-density anomalies for the preeruptive time interval shown on Fig. 4.

topographic low, for example, a caldera, would create a negative
gravity anomaly with a much shorter wavelength due to its surficial
nature and larger magnitude and display a double polarity VGG
(positive/negative VGG), which are not consistent with our obser-
vations. We therefore discard this hypothesis. The lava composi-
tions of the last two eruptions at Hunga in 2009 and 2014-2015
were typical of basaltic andesite (27). The 2022 deposits also show
an andesitic composition with whole rock SiO, 57 wt % (28). The
estimated density of melt with an average 2009 and 2014-2015
whole rock composition varies between 2.4 and 2.6 g/cm” (Materi-
als and Methods). The presence of andesitic melt in the crust would
then create a density contrast from —0.35 to —0.15 g/cm’ with
respect to our reference density p.r Therefore, assuming the
lowest possible melt density (2.4 g/cm?) and no other fluids are
present, the density contrast isosurface of —0.1 g/cm’ could repre-
sent a crustal region containing up to 28% volume fraction of melt,
the —0.2 g/cm’ up to 57%, and —0.3 g/cm’ up to 85%.
Hydrothermal fluids form when seawater interacts with the
heated crust, due to the presence of a magma chamber, and thus
active hydrothermal systems are often found at submarine volca-
noes. Their presence is evidenced by hydrothermal manifestations
on the seafloor. Active hydrothermal systems have been reported

Le Mével et al., Sci. Adv. 9, eadh3156 (2023) 15 December 2023

and studied at submarine arc volcanoes, e.g., at Brothers volcano
(29, 30) and Clark volcano (31) of the Kermadec arc. Hydrothermal
fluids, depending on their composition, depth, and temperature
have a much lower density than magmatic melt, from ~0.1 to
~1.0 g/cm®, and fill available pore space in the rocks above the
main magma reservoir. Thus, hydrothermal systems (recharge/dis-
charge and reaction zones) are usually found at shallow depths and
confined to the upper few kilometers of the crust (30, 32). Lithic
analysis of the tephra fall shows hydrothermally altered clasts
(~5% of lithic component), providing evidence for a localized hy-
drothermal system.

Long-term magma storage in the crust typically happens around
5- to 7-km depth at arc volcanoes (33, 34). Consequently, we inter-
pret our low-density anomalies as regions with significant accumu-
lation of magma (melt and crystal mush zone) and for the shallower
depths (<4 km), likely a combination of magma and hydrothermal
fluids. Similarly large volumes of stored magma have been estimated
under active, subaerial volcanoes both based on geophysical surveys
and geochemical analyses (35-37). For example, Weber et al. (37)
estimate a magma volume of 350 to 400 km” stored under Toluca
volcano. Following the conceptual models proposed for other tec-
tonic contexts—stacked sills for fast-spreading ridges (38) and the
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Fig. 6. Volume estimates of the main modeled negative density bodies. Pre-2022 estimates (blue) and post-2022 estimates (yellow) presented for the inversion runs
with three different model norm combinations ([1, 2, 2, 2],[1, 1, 1, 1], and [0, 2, 2, 2]) and three different isosurfaces for the central anomaly (A1), northern anomaly (A2),
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median, and orange lines indicate the mean. Symbols not contained in the box plots are outliers. Gray squares on the last panel are the sum of the preeruptive median

volume values of A1 and A2 anomalies from the three model norms.

crystal-rich transcrustal magmatic system for continent and silicic
melt storage (39)—we propose that each low-density body repre-
sents stacked magma lenses or sills that cannot be individually re-
solved by gravity. As a result, our geophysical models may
overestimate melt volumes, as they average both magmatic sills
and the solid crust between them. Only a portion of the total
magma volume is eruptible, often defined as requiring more than
50% volume fraction of melt (40). As for the high-density anoma-
lies, we suggest that they represent previously intruded melt lenses
that have cooled and solidified, resulting in higher density (up to
~3.0 g/cm’). These plutonic rocks thus indicate that former reser-
voirs and feeding systems developed over the life span of
the volcano.

Our interpretation is limited by the accuracy and resolution of
the satellite altimetry—derived gravity data, which, in turn, are
limited by the sea surface roughness from ocean waves, the
number of datasets available from multiple altimeters, and the
upward attenuation of the gravity field from the seafloor to the
sea surface (23, 41). Using the l-arc min resolution marine
gravity grid, only kilometer-scale wavelength features can be re-
solved. In this study, our temporal constraints are limited by the ac-
quisition dates of the bathymetric surveys and the 1-year time
interval between updated marine gravity models derived from sat-
ellite altimetry. We then assume that all gravity changes observed
between August 2021 and August 2022 are coeruptive changes
that happened during the entire eruptive sequence. Therefore,
this analysis can only detect major changes in the magmatic
system, producing gravity anomalies >2 mgal over a yearly time

Le Mével et al., Sci. Adv. 9, eadh3156 (2023) 15 December 2023

interval, corresponding to relatively large mass movements that
would take place during major eruptions (42).

Thus, we lack a detailed picture of the architecture of the mag-
matic system and mass transfer between the different reservoirs
during the eruptive sequence at Hunga volcano. For example, path-
ways between lenses of melt and to the surface may exist, but the
induced gravity anomaly would be lower than our detectability
limit. The acquisition of shipborne gravity or reflection seismic
data with a tight line spacing, targeting the satellite-derived anom-
alies, would be a complementary dataset to help get a more detailed
picture of the conduit system. Magmatic systems under other sub-
marine volcanoes have been imaged using passive and active seismic
methods. For example, seismic reflection data imaged the fine-scale
melt distribution under Axial seamount (43, 44), 3D velocity
models from tomographic inversions revealed the architecture of
the magmatic systems under the offshore Mayotte (45) and Santo-
rini (46) volcanoes, and full waveform inversion detected a small
magma chamber under Kolumbo submarine volcano offshore San-
torini, Greece (47). While we assume that the gravity changes hap-
pening over the 2021-2022 interval are dominated by coeruptive
changes, posteruptive gravity changes of smaller amplitude could
arise from small residual fluid movement (melt or hydrothermal
fluids re-equilibrating after eruption) or changes to the seafloor
morphology (e.g., landslide and pyroclastic density current depos-
its) as a result of the eruption column and caldera collapse and mag-
matic system readjustments. Last, the gravity-derived density
corresponds to a bulk magma density, and we cannot distinguish
between the individual phases that make up the magma. When in-
terpreting the bulk density estimates, we should keep in mind that
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we expect gradational boundaries within and around the reservoir
with different proportions of each magma phase. The analysis of the
2022 erupted deposits shows a glass-rich and crystal-poor compo-
sition, as was observed for past large-magnitude eruptions at Hunga
with a dominant crystal content <10 to 15% (18). Therefore, melt
will be the dominant component, and volume estimates will repre-
sent maximum values as the presence of crystals will increase the
density of magma, reducing the overall density contrast. While
our gravity dataset cannot resolve the exact fraction of eruptible
melt present in the imaged reservoirs, it brings essential broad con-
straints on the total volume of stored magma and the extent and
depth of the magmatic reservoirs.

Magmatic system dynamics from coeruptive surface and
subsurface changes

Following the January 2022 eruption, a repeat high-resolution mul-
tibeam survey took place in May 2022 and revealed notable geomor-
phological changes at Hunga volcano. The central part of the
caldera floor collapsed by ~600 to 850 m, and the edifice built in
2015 connecting the two islands was removed by the blast (Fig.
2H). Large erosional channels radiating out from the summit
vents indicate that turbulent, underwater, and pyroclastic density
flows traveled as far as 100 km, which could explain the destruction
of underwater communication cables. The rest of the Hunga
volcano edifice remains mostly unchanged (15). On the basis of
deposit sampling, a total of ~9.5 km® of material was ejected by
the 2022 eruption, most of it deposited within 20 km of the
caldera rim or ejected into the atmosphere. On the basis of differ-
encing between the two bathymetric datasets before and after the
eruption, ~8 km” of volume loss can be accounted for. Because of
magma compressibility due to the amount of exsolved gas in the
chamber, we cannot directly equate the estimate of the magma
chamber volume change at depth over an eruptive episode to the
volume of erupted material; the latter is much greater (48).

In the subsurface, the coeruptive density model shows several
areas experiencing a mass/density increase or decrease (figs. S9
and S10). A variety of magmatic processes can explain these ob-
served gravity changes including the movement of magma or hy-
drothermal fluids between reservoirs, a change in porosity, a
change in melt fraction/crystal content, or syn-eruptive crystalliza-
tion due to rapid decompression of the magma reservoir (fig. S11).
The largest change in density happens slightly to the north of the
2014-2015 and 2022 eruptive vents with a change of —0.6 g/cm’
happening at ~4-km depth (Fig. 7 and figs. S9 and S10). The
large density decrease of previously solid crustal rocks can be ex-
plained by magma recharge—from depth or from lateral magma
movement—following the sudden removal of a large volume of
magma from the main reservoir during the paroxysmal eruption
(fig. S11). Alternatively, the observed gravity decrease could
record the ring faults, and fractured rocks formed during caldera
collapse, possibly filled with hydrothermal fluids; however, these
are likely to produce lower amplitude gravity changes. The post-
eruptive density model shows a ring-shape area of low density
(Fig. 5A). This area is similar in depth as the preeruptive central
magma reservoir, but the lack of anomaly in the center indicates a
return to the reference density. This central area could indicate the
part of the reservoir tapped by the eruption. Underwater gas plumes
extending up to 30 m above the seafloor were identified at the edges
of the caldera during the May 2022 bathymetric survey (49). The
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most vigorous ones align in a ~north-south trend along the
center of the caldera, indicating post-eruption shallow magma de-
gassing. During a repeat survey in October 2022, the activity of these
vents had subsided, and shallow hydrothermal vents remained on
the NW inner caldera wall. These observations are consistent with
our imaged magmatic system with a low-density melt- and volatile-
rich magma body starting as shallow as 2-km depth under much of
the caldera margins.

We hypothesize that the sudden and large evacuation of magma
from the main reservoir (A1) caused the chamber roof (~2-km
thick) to founder. As a result, the caldera collapse outlines the
surface expression of the portion of the reservoir tapped during
the eruption. Experimental results show that the critical erupted
magma chamber volume fraction required to trigger caldera col-
lapse depends mainly on the chamber roof aspect ratio (50). Here,
for an aspect ratio between 0.5 and 0.8 (defined as magma chamber
roof thickness over width), a critical volume fraction between 30
and 40% would be necessary to trigger collapse. Assuming the
magma reservoir with the highest melt fraction is delineated by
the isosurface of —0.3 g/cm’, the volume of stored melt would be
27 km® (95% CI [23, 31] km?). Using the upper end-member esti-
mate of 8 km® for the volume of erupted material yields an erupted
volume fraction of ~30%, consistent with experimental observations
of caldera collapse. The northern and eastern extent of the central
magma reservoir (Al) appears to be structurally controlled as it
aligns with the caldera rim (Fig. 4A). The presence of steeply
dipping ring faults can explain the sharp lateral changes in VGGs
observed around the caldera (Fig. 3). The chamber roof aspect ratio
found in this study (ratio < 1) puts the Hunga caldera collapse into
the piston-like subsidence regime bounded by nearly vertical ring
faults (50), similar to recent caldera collapse observed at Kilauea
(51) and Bardarbunga (52, 53) volcanoes.

A multireservoir magmatic system

This study provides geophysical evidence for a complex, multireser-
voir system at Hunga volcano. The northern low-density body (A2)
extends down to 10 km and could correspond to a secondary
magma reservoir. This reservoir is offset ~5 km to the north com-
pared to the caldera summit and its underlying reservoir (Al). At
arc volcanoes, magma reservoirs are often offset from the main vol-
canic edifice (54-56), and lateral magma flow, sometimes over great
distances, has been observed frequently at basaltic systems and more
rarely at rhyolitic caldera systems (39, 51, 52). A porous mush zone,
adjacent to the main reservoir, was also proposed by (57) to explain
the varying effusion rate during the long-lived 2018 basaltic erup-
tion at Mayotte volcano. Here at Hunga volcano, we image a similar
magmatic system architecture with a main reservoir centered under
the caldera and a secondary offset reservoir/mush zone under the
northern flank. Thermobarometry of the 2009 and 2014-2015 mag-
matic products from Hunga volcano indicates the presence of a
single shallow storage reservoir at 5- to 8-km depth subject to con-
vective mixing, homogenization, and steady-state supply of primi-
tive basaltic andesite (18). These smaller-scale Surstseyan-style
eruptions, similar to the eruptive activity observed in December
2021, would tap the shallower system (A1) as evidenced by the ho-
mogeneous andesite composition of the pyroclastic deposits (18).
Preliminary isotopic measurements and magmatic volatiles analysis
from the 2022 eruptive products indicate that different andesitic
magma sources mingled both before and during the eruption (28,
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58, 59). The large-scale caldera-forming January 2022 eruption,
therefore, would have tapped several parts of the magmatic
system (Al and A2). Our finding of multiple, connected magma
reservoirs underneath Hunga is consistent with this hypothesis.
As the shallow central magma reservoir (A1) fed the eruption, the
pressure would have dropped and allowed magma to flow from the
northern reservoir (A2) and from depth, as illustrated in our inter-
pretive model (Fig. 7). The high SO, emissions recorded during the
month-long unrest—significantly higher than before the 2009 and
2014-2015 events—provide an additional piece of evidence sup-
porting the rejuvenation of the magmatic system before the parox-
ysmal event (13). The tapping of deeper parts of the magmatic
system and possibly magma injection from a deeper, gas-rich
source may also explain the violence of the 2022 eruption (28).

In our interpretive model of the Hunga magma plumbing system
(Fig. 7), magma pathways between the two reservoirs could form
shortly before or during an eruption or may exploit a preexisting
feature. On the basis of the short timescales of magma mingling,
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in the order of minutes, derived from volatile diffusion studies,
the formation or reactivation of these pathways could occur
rapidly (58, 59). One of the main changes observed in our 3D
density model results after the eruption is the new and increased
connection between the central and northern storage zones, as illus-
trated by the lower density contrast and wider footprint of the new
anomaly between Al and A2 (Fig. 5C). Our results provide strong
evidence for a change in magmatic connectivity between the two
main reservoirs (Al and A2) following the 2022 eruption. Magma
from the northern reservoir (A2) would have transferred to reser-
voir Al through this newly established pathway. On the contrary,
the third low-density region (anomaly A3) located to the northwest
does not appear to connect to the other reservoirs, and we therefore
assume that it represents an older, solidifying mush zone, no longer
able to feed the A2 reservoir. We therefore hypothesize magma re-
plenishment of reservoir A1 both from deeper sources, not resolved
in our data, and from the adjacent A2 reservoir.
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Implications

This study provides a snapshot of the state of a multireservoir
magma system before and after one of Earth's largest witnessed
eruptions. We show that the magmatic system under Hunga
volcano is spatially complex with a large amount of magma with
high melt content stored in two reservoirs. Even with as much as
66% of the stored magma evacuated or removed during the 2022
eruptive sequence, we estimate that two crustal fluid regions con-
taining up to 85% volume fraction of melt remain. This corresponds
toup to 9 (95% CI [5, 14]) and 17 (95% CI [6, 29]) km?, respectively,
of remaining eruptible magma still stored in two reservoirs. Under-
standing the conditions and configuration of melt storage under
Hunga—depth and volume—is crucial to better assess volcanic
hazards in the Tonga archipelago and will eventually help provide
a more accurate forecast of the size and likelihood of future erup-
tions. On the basis of the location and extent of magma reservoirs
mapped in this study, future shipborne surveys to collect additional
geophysical data should not solely focus over the central, summit
caldera but extend on the flanks. This eruption also illustrates the
potential risks posed by other unstudied submarine volcanoes.
More than 75% of Earth's volcanism happens under the oceans
(60), and most submarine volcanoes lack the instrumentation
needed for effective continuous monitoring. Rare geophysical ob-
servations come from very distal, island-based, networks. When in-
dependent, multibeam bathymetry datasets exist, modeling widely
available satellite altimetry—derived gravity data, which covers most
undersea volcanoes, offers a promising reconnaissance tool to probe
the subsurface for melt. Our approach would thereby help identify
understudied or new active submarine magmatic systems with the
potential to produce similar scale eruption to the 15 January 2022
Hunga eruption.

MATERIALS AND METHODS

Gravity data and analysis

First, we use marine gravity anomaly grids V23.1, 24.1, V25.1,
V27.1, V29.1, V30.1, V31.1, and V32.1 (21) and calculate the
yearly change in anomaly over the study area from 2014 to 2022.
The uncertainty shown on fig. S1 (pink area) is the quadratic sum
of each year’s maximum uncertainty. Overall, the uncertainty de-
creases with time from >6 mgal in 2014 to <4 mgal in 2022 as
more data are acquired. No gravity anomaly change greater than
the uncertainty is observed from 2014 to 2021.

For the 2021 to 2022 time period, we use global satellite altime-
try—derived marine gravity anomaly and VGG grids V31.1 (08/
2021) and V32.1 (08/2022) for the pre- and posteruptive time
period, respectively (21, 61-63). The compilations include gravity
data derived from the following altimeters: Altika, Cryosat LRM,
Cryosat SAR, Sentinel-3A/B, Jason-2, and Cryosat-2 (23). The
mean uncertainty of the marine gravity anomaly, both for the
pre- and posteruptive time intervals, is less than 2 mgal over our
study area (figs. S14 and S15). The gravity effect of the bathymetry
interface is computed using Parker’s expansion (64) up to the fourth
terms, as implemented in gravfft in Generic Mapping Tools (65).
The Bouguer anomaly is calculated for crustal densities varying
from 2200 to 2900 kg/m>. We assume that the best correction
density is the one that minimizes the correlation of the Bouguer
anomaly and topography. Least-square slope estimates (L2 slope
on fig. S2) and Pearson correlation coefficient (r on fig. S2)
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between the Bouguer anomaly and the bathymetry are both mini-
mized for a correction density of 2750 kg/m®, which is chosen as the
reference density for the rest of the study (fig. S2). We obtain the
residual Bouguer anomaly by removing a long wavelength regional
field estimated using a quadratic polynomial (degree 2, six terms).
The quadratic polynomial is preferred over degree 0 and 1 polyno-
mials that oversimplify the regional field and do not model the cur-
vature of the field, and over a bicubic, degree 3, polynomial that is
more complex and could introduce artifacts (figs. S16 and S17).

Bathymetry datasets

Bathymetry datasets are independent from the satellite-derived
gravity data and acquired from multibeam echosounders. The pre-
eruptive bathymetry data are a multibeam bathymetric mosaic from
the National Centers for Environmental Information (NCEI) at the
National Oceanic and Atmospheric Administration (NOAA) with
3—arc sec resolution. Most of the lines around Hunga volcano are
from the R/V Falkor 2016 survey (FK160407) using a Kongsberg
EM302 multibeam echosounder. The surveys within the caldera
were carried out in November 2015 using a WASSP multibeam
echosounder by S. Cronin on the vessel Pacific Rose. The posterup-
tive high-resolution multibeam bathymetric data were acquired in
May 2022 during a research cruise led by S. Cronin on the
Tongan Vessel Pacific Horizon, using a WASSP multibeam
echosounder. The same WASSP instrumentation was used for a
repeat survey led by S. Cronin and M. Ribo on the Tongan Vessel
Pacific Dawn in October 2022. Before calculating the terrain correc-
tion, we apply a low-pass Gaussian filter (SD of 2 km and width of
12 km) to the bathymetry to filter out small wavelength content that
is not present in the gravity data due to upward attenuation of the
gravity field from the seafloor to the sea surface (fig. S18). The
bathymetry grids are then downsampled to 1 arc min to match
the gravity data sampling resolution.

Gravity data inversion

Both the forward simulations and inversions are implemented with
the SimPEG (24) open-source package. The composite objective
function contains the data misfit and model regularization terms
in a Tikhonov framework. The inverse problem is then solved
using a mixed ¢p,q norms regularization with p,q € [0, 2] generating
more compact or smooth models (66) and is optimized iteratively
using a gradient-based Gauss-Newton algorithm. Depth weighting
is applied in SimPEG to counteract the natural (1/z%) decay of the
gravity kernel function. We discretize the model space using an
octree mesh of base cubic cell size of 450 m and 5-km padding
on each side. The reference model is set to 0 g/cm’ everywhere,
while the starting model has a density contrast of 1 x 10~* g/cm’
over the entire domain. Residuals between observed and modeled
VGG anomalies are shown on figs. S19 to S21. Histogram of resid-
uals show a single or double distribution with the mean centered on
0 and residuals always smaller than 1.5 E. We show the 3D density
models resulting from the inversion with model norm combination
[0, 2, 2, 2] as it consistently yields the lowest misfit. To provide a
range of magma volume estimates and calculate uncertainties, we
use the inversion results from the three different norm combina-
tions [1, 2, 2, 2], [1, 1, 1, 1], and [0, 2, 2, 2] that best recovered
the source parameters in the synthetic test. To estimate the expected
density of magma at depth, we conduct MELTS thermodynamic
equilibrium simulations (isobaric) for the average oxide
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compositions of 2014-2015 and 2009 tephra samples from (27). We
find densities between 2.4 and 2.58 g/cm® at 108 MPa (~4-km
depth) and between 2.42 and 2.6 g/cm3 at 216 MPa (~8-km
depth), for a water content from 1 to 4 wt %, respectively, and
melt temperatures 1000° to 1200°C. These values are consistent
with preliminary thermobarometry results, indicating temperatures
of 1110° to 1130°C and pressures of 150 to 200 MPa (28). On the
basis of this estimate, we choose the lowest bounds for our pre- and
posteruptive gravity inversions to be —0.3 g/cm” (with respect to the
reference density of 2.75 g/cm®). The upper bound is set to 0.3 g/
cm’, to account for plutonic rocks of density up to 3.05 g/cm’.

Synthetic tests

We compute forward gravity simulations of a 4 km-by—4 km block
located at 6-km depth with a density contrast of 0.5 g/cm” on a finite
volume mesh (figs. S3 and S5). We then invert the synthetic data
with added gaussian noise (1% of max. gravity value) using nine
norm combinations (figs. S4 and S6). Smoother norms (figs. S4
and S6, A to C) result in very small density contrasts over a large
area, while more compact norms (fig. S4 and S6, D to I) recover
the shape of the blocky source better. The latter are appropriate to
represent the storage of melt in the crust, where we expect a clear
interface between the density contrasts caused by melt and host
rock. The inversion of synthetic VGG data (g,.) yields more accurate
source depth estimates than the inversion of the gravity anomaly
(g.); hence, we use the VGG datasets for all the gravity inversions
shown in this study.

Supplementary Materials
This PDF file includes:

Figs. S1 to S21

Legends for data S1 and S2

Other Supplementary Material for this
manuscript includes the following:
Data S1 and S2
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