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Abstract: The recent, powerful outburst of the Hunga Tonga Hunga Ha’apai (HTHH) volcano gave rise to various
phenomena, some of which are in the process of explanation; an important one that has not yet been resolved is the
volcanic mechanism that gave rise to the unusually strong eruption. In an attempt at identifying precursors of this type of
explosion, we looked into volcanic structures in the same region, with characteristics similar to the HTHH structure.
Tofua volcano is located in the Tonga volcanic arc, its structure emerges from the sea forming an island; it experienced
explosive volcanism estimated at ~3 ka. Ring fractures and failure of the magma deposit's roof induced the
stratovolcano's collapse and the caldera formation. Using high-resolution, satellite-derived gravity data we explore its
interior to determine the present distribution of materials; with the complete Bouguer Anomaly of the area we perform
3-D gravity inversions to acquire density distributions. We located a toroidal, low-density deposit linked to the ring
fractures developed previous to the stratovolcano’s collapse. The toroidal deposit delimits the perimeter of the collapsed
region. Since we formerly inferred a similar ring fracture zone in the structure of the Hunga Tonga volcano, we speculate
that a similar toroidal deposit may have existed before its January 15, 2022, violent eruption, giving rise to the unusual
dispersion of surficial, low-density regions detected in it.
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1 Introduction

Cataclysmic volcanic eruptions are unusual and involve
phenomena concerning various disciplines in the Earth
Sciences; when they occur in volcanic structures under the
ocean the interaction of magmatic products with seawater
creates powerful disturbances not only affecting the ocean
but also the atmosphere and the stratosphere. The most
recent eruption of this type occurred in one of the struc-
tures of the Tonga-Kermadec volcanic arc: the Hunga
Tonga-Hunga Ha’apai volcano (HTHH) on January 15,
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2022. Determining the conditions of the volcano prior to
the eruption is of major interest, not only to help antici-
pate future similar eruptions but also to understand the
mechanisms involved in the interaction of magma prod-
ucts and seawater.

The objective of the present work is to explore volcanic
structures in the Tonga-Kermadec volcanic arc with con-
ditions similar to those observed in the HTHH volcano,
since the mechanisms that led to the powerful eruption are
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not clearly established. As a first case, we selected Tofua
volcano, with geologic studies describing its structure and
also presenting caldera collapse. The methodology we use
to look at its internal structure consists of performing 3D
gravity inversions to obtain density distributions.

When a magma chamber feeding a volcano gets de-
pleted, the upward pressure sustaining the roof of the
chamber decreases and, under certain circumstances, the
roof and the volcanic structure above, collapse. Scandone
and Lipman analyzed the conditions under which subsid-
ence and collapse occur in volcanic calderas [26, 32].
Studying the characteristics of caldera collapse during
ignimbrite eruptions it was concluded that a ring fault
develops towards the surface of the volcanic structure,
induced by overpressure of the roof of the magma cham-
ber [31]. The model proposed in [9] for the formation of
the caldera of Tofua Volcano includes the development of
ring faults. Until now, no physical evidence has been
provided for their existence.

The Toroidal Volcanic Reservoir of Tofua Volcano, a Possible Predecessor of the Hunga
Tonga Present Structure

Two examples of underwater stratovolcanoes that have
experienced collapses and caldera formation are the
HTHH volcano and the the Tofua volcano, located in the
central Tonga arc (Figure 1), both have lost their upper
structures owing to caldera collapse [9, 15, 38]. Tectonic
and magmatic models for developing the Ton-
ga-Kermadec volcanic arc were presented [36], the geo-
logic characteristics of Tofua Volcano were also reported
[6], as well as the geology, petrography, and geochemistry
of the volcanic islands of Tonga [7]; however, the power-
ful eruption of HTHH on January 15, 2022, compelled
additional information on the structure of this type of
volcano. Some of the effects of this eruption are reported
in [8, 38] regarding tsunamigenic aspects. In [40, 41] the
authors reported about the seismic episodes originating in
the volcano. Seismically induced stratospheric disturb-
ances were reported [39] as well as their modeling [20, 22,

44].
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Figure 1 a) Location in the Pacific Ocean of the Central Tonga region. b) Location of the Back Arc and the Tonga Trench; the position of the
HTHH and Tofua volcanoes is indicated. c) and d) Closer views of the HTHH and Tofua/Kao volcanoes. The regions protruding
above sea level are shown in green tones. They can also be identified in the topographic profile along a line (not shown) that goes
through the centers of these volcanic edifices. e) Topographic profile between HTHH and Tofua volcanoes; the distance between

them is 96 km—maps from GeomapApp

The January 15, 2022 eruption of the HTHH Volcano
injected about 10% of the water existing in the strato-
sphere [27]. Modeling the plumbing system of the HTHH
Volcano with high-resolution, satellite-derived gravity
data [19], no magma chamber was found in [2] within 6
km depth, instead, the authors located a disordered distri-
bution of surficial, low-density pockets which they identi-
fied with deposits of magmatic material. They also identi-
fied two surface areas covering 12 and 14 km?, potentially
coming in contact with seawater, inducing the strong
evaporation observed. In [2] were also able to identify
inside HTHH volcano a surficial, circular structure that
could be associated with the ring faults in the Tofua Vol-
cano [9].

Analysis of the gravity of the HTHH volcano region
was made [25] before and after the eruption on January 15,
2022, using satellite-derived gravity data [33, 34]; they
reached a conclusion similar to that of [2], determining
that there is a complex, multi-reservoir magma system in
the volcano, with two main, low-density reservoirs., An
example of another volcano fed by two reservoirs is the
Ambrym volcano, in Vanuatu, reported in [24, 28].

The possibility was examined of magma transfer be-

tween two hydraulically connected magma lenses [35].
Looking at basaltic calderas, such as Kilauea [30], and
Piton de la Fournaise [11], it was concluded that eruptive
magma lays in isolated pockets at depths 1-6 km below
the surface and up to 10 km away from the central caldera.
This phenomenon may help explain the collective re-
sponse of the magma pockets observed in the HTHH
Volcano.

2 Materials and Methods

2.1 Satellite-derived Gravity

The calculation of gravity in the GGMplus model uti-
lized here, is carried out by combining satellite, terrestrial,
and topographic gravity data, using massive parallel
computing techniques. First, the most recent gravity data
measured by the GOCE and GRACE satellites are incor-
porated, providing information at spatial scales of ~10000
to ~100 km. Then, data from the EGM2008 model [18],
which covers scales from ~100 to ~10 km in the geoid,
are added [19]. Finally, terrestrial, airborne, and marine
data from the EGM2008 model are integrated, combining
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them with gravimetry calculated from high-resolution
topographic models, using a technique called topographic
gravity, which is derived from high-resolution terrain
models and complements scales from ~10 km to ~250 m
[17, 19]. This integrated approach allows for the genera-
tion of an ultra-high-resolution gravity model with a spa-
tial precision of 7.2 arc-seconds (~200 m in the
north-south direction), and an accuracy ranging from 2 to
5 mGal [19], although this depends on the quality of the
topographic model in the area and the gravimetric data
collected for the model. For example, in Africa, the aver-
age difference is usually 8 mGal compared to ground
measurements.

Topographic gravity is based on a calculation with an
assumed mass density of 2670 kg/m3and provides spatial
scales from ~10 km to ~250 m. The conversion from to-
pography to topographic gravity is performed using the
residual terrain  modeling technique [13], with
high-frequency filtered topography through the subtrac-
tion of a spherical harmonic reference surface, of degree
and order 2160, before direct modeling. In this procedure,
large water masses are converted into equivalent rock
layers using a combination of residual terrain modeling
with the concept of equivalent rock topography [19].
These procedures generate short-scale topographic gravity
that is suitable for extending spherical harmonic gravity
models of degree 2190 beyond their associated resolution
[19].

2.2 The Bouguer Anomaly

We obtained the high-resolution, satellite-derived data
set GGMplus [19] corresponding to the Tofua/Kao vol-
canic area. The same data set was previously obtained for
the location of the HTHH Volcano [2]. It is well known
that this data set was acquired within a latitudinal belt that

http://www.earthscieng.com

comprises the Earth’s region between £60< this belt con-
tains a major oceanic region that is not fully processed.
Fortunately, the areas corresponding to some islands are
available in limited patterns, which is the case of the vol-
canic structures involved in this study. The process for
obtaining the Bouguer Anomaly (BA) has been repeatedly
described in various publications [1, 2, 4, 14]; we refer the
reader to those publications.

We can summarize the procedure by saying that the
raw dataset is obtained from
http://ddfe.curtin.edu.au/gravitymodels/GGMplus/; using
Gravity Observed (Gops) from it, to calculate the BA ac-
cording to the new gravimetric standard of the USGS [16].
The elevation at each point must be known; we used the
topographic model with a resolution of ~450 m:
https://download.gebco.net/ [42]. For the topographic
correction, we employed the method implemented in the
Oasis Montaj program of Geosoft, which uses the algo-
rithm proposed by Kane [21] and supplemented by Nagy
[29]. Gravimetry data were prepared for inversion through
a Gaussian filter that separates the residual, to highlight
the structures associated with volcanic edifices.

Negative gravity anomalies are often related to volcanic
edifices associated with the presence of magma chambers
and volcanic plumbing systems [1, 3, 14, 37].

2.3 General Characteristics of the BA

A general description of the characteristics of the BA
associated with the Tofua volcano in Figure 2 begins with
a description of its disk-like appearance in the vicinity of
the intersection of lines S1 and S3. We note that the cen-
tral portion of the anomaly has higher gravity values than
its perimetral neighbors, which does not correspond to the
traditional expectation of lower gravity values at the cen-
tral volcano chimney [1, 3, 4, 14].


http://ddfe.curtin.edu.au/gravitymodels/GGMplus/
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Figure 2 Complete Bouguer Anomaly of the Tofua and Kao volcanoes obtained from the GGMplus dataset. The main low-gravity anomaly
corresponds to the former, while the smaller one to the NE belongs to the latter. A faint N-S-directed, low-gravity anomaly con-
nects both. Lines labeled S1-S5 correspond to density cross-sections from the 3D, gravity-inverted model. The rectangle indicates
the limits of the inverted region. The black, rectangular polygon corresponds to the 500 m resolution, 3D inversion. Lines S1-S5
correspond to the cross-sections to be presented below

2.4 3-D Inversion of the BA

The 3D inversion of the BA appears in Figure 3; the final density distribution reproduces the observed BA within 5
percent of the standard deviation of the data; the inversion resolution is 500 m, represented by the element cubes consti-
tuting the model.
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Figure 3 A 3D inversion of the region containing Tofua and Kao volcanoes showing the density distribution at 500 m resolution: In the case
of Tofua, there is a concentric density distribution on the volcanic structure. The depth of the inverted volume is 6 km.
Cross-sections are extracted from this density distribution to describe the volcanic characteristics at various locations and depths.

Blue represents low-density regions; a color-density scale is presented with each cross-section

Horizontal cross-sections of this density distribution are extracted at depths ranging from -1650 to -6000 m (Figure 4)
showing the existence of a circular, low-density region that appears in the -1650 and the -2000 m sections, not showing

in the -3000 and the -6000 m horizontal sections.
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16000 5,

Figure 4 Depth evolution of the 3D density distribution from -1650 to -6000 m. A circular, low-density deposit is present in the -1650 and
the -2000 m horizontal, density sections. The -6000 m horizontal section shows a region of minimum density that is probably the
connection with a lower, feeding deposit. The color scale is valid for the four sections and the scale represents density contrast val-
ues relative to +2.67 g/cm®

density lower than 2.9 g/cm? represented by a blue sur-
face delimiting it in Figure 5; it shows the isosurfaces

3 Results _ _ : .
enclosing density values lower than this one. Higher den-
sity values in the model are eliminated to allow for this

3.1 The Isosurfaces description,

From the 3D inversion, we isolated the region with a
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Figure 5 Density surfaces enclosing model densities <2.37 g/cm?®. a) Vertical view, showing the low-density toroidal deposit. b) Slanted view
of the same distribution showing its deeper configuration; the bottom reaches 6 km in depth and the digital elevation model (DEM)
is displayed with a selected degree of transparency. Feeding channels to the toroid are located on the W and SE sides of the

a)

distribution (red)
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Contrary to expectations, this density distribution does
not show a central conduit in the volcano, usually corre-
sponding to its chimney, posing essential questions on the
origin of this distribution. A model was proposed [9] in
which an original strato-volcano collapsed after the exten-
sive development of ring faults, and overpressure from a
water-saturated dacite body located under 5 km depth,
which created the overpressure and the ring fault for-
mation, with the subsequent collapse of the structure.
They also report two eruptions, one exhausting volcanic
ash and ignimbrites around the rim of the central collapse,
and the second, called the Hokula pyroclastic eruption,
similarly on the rim of the collapsed portion. The condi-
tions necessary for the occurrence of caldera collapse
during ignimbrite eruptions were explored in [31]. A se-

3.2 The Cross-sections

ries of smaller-scale structures were identified in the
northern fissure zone and concentric to the caldera faults,
as conduits for magma eruption [5].

An estimate of the volume of the low-density materials
contained in the torus can be obtained using the formula
(1) for the volume V enclosed by a toroidal surface:

V= mr’27R
1)

Where r is the radius of the cross-section of the torus,
and R is the distance from the center of rotation of the
cross-section to the center of the cross-section. Approxi-
mate values, for these parameters derived from the
cross-sections, are r=1 km, and R=3 km, from which the
value for the volume is 59 km®.
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Figure 6 Cross-section S1 (Figure 2) extends along an E-W diameter of the circular structure, obtained from the 3D inversion in Figure 3, at
500 m resolution. The topographic profile of the volcano is recognized, and the intersections with the low-density torus are crossed
just below the sea level; the western cross-section is about twice as deep as the eastern one. Between them, high-density regions
represent the collapsed portion of the volcanic cone, where the former chimney is inferred as a lower-density region highlighted by
dashed lines. Outside of the torus, high-density regions conform to the flanks of the volcanic structure. A dashed line on the west
side indicates a low-density feeding path to the toroidal deposit. A vertical, low-density branch rises to the surface on the east side.
The color scale represents density contrast values relative to +2.67 g/cm?®
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Cross-section S1 (Figure 2) intersects the Tofua
structure along a diameter of the circular structure. Figure
5 shows the density cross-section along S1, depicting the
base of the original volcanic cone truncated above sea
level; according to [9] the upper, conical section of the
structure collapsed and sank into the central portion of the
cone. This collapsed portion is represented here by the
central, high-density region, where we infer with two
dashed lines the location of the former volcanic chimney,
identified as a lower-density gap within the collapsed
section. The toroidal cross-sections flank the central,
high-density region, presenting minima located at 750

Line S2

mbsl, suggesting the concentration of eruptive volcanic
materials around such locations. Two, high-density
regions flank the outside of the toroidal region; we
interpret them as part of the original volcanic edifice.
Lateral deflection of the main feeding source is observed
in several volcanic structures; here we see one such
deflection on the E-side, with two minima, one located at
-5.8 km and the other at -3 km, which are likely fed from
the same, deeper source feeding Tofua volcano. Notice
that the lowest density values occur within the toroidal
structure.

W Tofua £
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Figure 7 Cross-section S2 (Figure 2). This cross-section is also obtained from the 3D inversion (Figure 3); it intersects the torus south of S1
and adequately shows the closer positions of the toroidal cross-sections and the high-density regions flanking the volcanic structure.
The vertical, low-density branch is more fully shown, rising to the surface on the east side. The caldera profile is delineated along
this E-W cross-section The color scale represents density contrast values relative to +2.67 glcm®
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Cross-section S2 (Figure 2) intersects the Tofua
structure in the E-W direction, S of S1; the central
collapsed region is not intersected, and the two regions of
the toroidal volcanic deposit. Here, the toroidal
cross-sections appear next to each other, and their
lowest-density regions have minima at depths of -800 and
-1300 m. What was identified as an eastern deflection of

Line S3

the feeding source, appears more clearly defined in this
cross-section, where a feeding channel is observed from
the bottom of the model (-6 km) to the base of the volcano
(-1 km). A branching connection to the toroidal deposit
occurs at -3 km, suggesting this is a feeding trajectory of
magmatic materials.

Tofua
S N
IR

5000 7500
092 011 005

0000

g/cm3

Figure 8 Cross-section S3 (Figure 2) extends along an N-S diameter of the circular structure, obtained from the 3D inversion in Figure 3; this
cross-section is similar in structure to S1, confirming the circular geometry of the upper layers. A feeding channel appears now on
the S portion, showing two deposits, with their respective centers at 5.5 km bsl, rising to the S section of the torus. The N portion
shows another wide, region with intermediate density values approaching the volcano's surface. The caldera profile is delineated
along this N-S cross-section. The color scale represents density contrast values relative to +2.67 g/cm®

Cross-section S3 (Figure 2) intersects the Tofua
structure in the N-S direction along a diameter; the result
is similar to that obtained along line S1. The collapsed
portion of the volcano appears as a high-density zone with
the inferred chimney trajectory indicated by two dashed

http://www.earthscieng.com

lines. The low-density distributions corresponding to the
intersection with the toroidal deposit show a depth of 2
km, while their minima are at — 1 km. The central,
collapsed portion is separated from the high-density
region to the N by the toroidal section; in the case of S1, it
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appeared directly connected to it. A deep, low-density
section presents minima centered at -5.5 km; it appears to
directly feed the southern portion of the toroidal volcanic

Line S4

S

78130008 'v

7810000N
T8 20008
76160008
78180008

deposit. The 3D views in Figure 4 confirm the connection
along this location.

Kao

1000 =

10000 7500 5000 2500 0

Figure 9 Cross-section S4 is located E of the toroidal structure (Figure 2) sampling a close, low-density region, and Kao Volcano to the N.
The former feeds an unnamed volcanic structure whose summit is located at 500 m bsl, with a well-defined cone. The magmatic
deposit feeding Kao Volcano is quite superficial and is connected to the broad, mid-density channel feeding the whole section. The
color scale represents density contrast values relative to +2.67 g/cm®

Cross-section S4 (Figure 2) does not intersect the Tofua
structure; it runs in the N-S direction E of S3, crossing the
SE portion of the Tofua structure and the NW portion of
the Kao volcano. The purpose of this cross-section is to
explore the characteristics of the gravity minimum that
appears SE of the main Tofua anomaly; it reveals that a
low-density channel rises vertically from the bottom of

the cross-section to the surface feeding a volcanic cone
whose summit lays 500 m bsl. A very surficial,
low-density concentration under Kao volcano shows two
minima at -800 m. Both structures appear to be fed by the
same deep reservoir, below -6000 m, as suggested by the
extent of the medium-density region between the two
structures.

http://www.earthscieng.com
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Figure 10 Cross-section S5 is located E of the toroidal structure (Figure 2) sampling Kao Volcano to the N. The two low-density minima
observed in S4 under Kao volcano, coalesce here into a single, low-density chamber with a minimum at -1000 m, fully surrounded
by high-density regions. The color scale represents density contrast values relative to +2.67 g/cm®

The objective of cross-section S5 (Figure 2) which runs
in the N-S direction E of S4, is to further explore Kao
volcano's characteristics. The low-density anomaly is
directly located in the upper portion of the volcanic
structure, occupying most of its volume.; the minimum of
this volcanic deposit is located at -1 km depth. From this
low-density distribution, it would intuitively appear that
Kao offers a greater eruptive probability than Tofua.

The vertical, low-density channel in the S portion
persists but does not reach the surface. The large,
medium-density region between the volcanoes remains;
however, its direct connection with the low-density, Kao
anomaly is no longer observed.

http://www.earthscieng.com

4 Discussion

The powerful eruption of the Hunga Tonga Hunga
Ha’apai volcano (HTHH) on 15 January 2022, located 96
km SW of the Tofua volcano [10, 12, 23, 27, 39, 40],
injected 10 percent of the whole water content of the
stratosphere, reaching 53 km in altitude during the
eruption [27, 43]. The most direct explanation for the
production of this extraordinary, intense water vapor
production is the interaction of volcano magmatic
products with seawater, which in turn requires a large
surface contact area to achieve the high evaporation rate
required.
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The volcanic interior of the HTHH volcano was
explored from the gravity viewpoint [2] finding that
instead of a magma chamber feeding a chimney, there was
a disorderly distribution of low-density regions on the
volcano’s surface, identifying two areas, one of 12 km? on
the W side of the structure and the other of 14 km?on the
E side. In [2] also identified a low-density ring of density
<2.26 g/lcm®, located between depths of -1190 and — 670
m which, following the model proposed in [9], was linked
to the existence of ring fractures. Using also gravity
analyses [25], the authors concurrently resolved that there
is a complex, multi-reservoir magma system in the vol-
cano, with two main, low-density reservoirs. If the
toroidal deposit existed at some time in the HTHH
volcano, as suggested by the findings in [2], we may
speculate that a subsequent eruption, of the many
experienced by this volcano, almost completely destroyed
the torus, leaving only fragments circularly distributed in
the region it occupied, which appear to be periodically
reactivated.

With the present results, a possible explanation for the
existence of these two areas in HTHH Volcano may
follow the description in [9], arguing that a series of ring
fractures occurred along with the collapse of the main
cone in HTHH volcano. We submit that the ring fractures
were exposed to the magma feeders, as is observed in the
case of Tofua volcano (Figures 8 and 9), since they find a
smaller resistance to the injection of the magmatic
components, creating a deposit with a toroidal shape,
similar to the one obtained for Tofua volcano.

If the assumption is correct, in the case of HTHH
Volcano portions of the low-density toroidal deposit were
scattered in chaotic patterns by the eruption, which when
lumped together became the two, low-density regions
reported above of 12 and 14 km? Considering that the
low-density regions reported by these authors are mainly
located within 2 km depth, and multiplying by the areas
reported above, we obtain a volume of low-density
materials of 52 km®, that compares with the estimated
volume for the torus of the Tofua volcano: 59 km* The
model presented here for the dispersion of the surficial,
low-density regions of the HTHH Volcano would not
appear viable without the discovery of the toroidal,
magmatic deposit of Tofua Volcano. Although additional
confirmation is required for its validation, this model
provides a working platform for disciplines other than
gravity, from which additional support can be obtained.

5 Conclusions

Here, we discovered a toroidal deposit associated with the
Tofua volcanic structure, which we identify with the ring
fracture zone created by the collapse of its magmatic cham-
ber. Since it corresponds to a low-density region, we infer
that the toroidal volume, weakened by the ring faults, was
invaded by magmatic materials, resulting in the observed
toroidal deposit. After confirming its structure and describing
its characteristics, we proceeded to extend the structural
analysis of the Tofua Volcano to the HTHH Volcano.

Identifying a toroidal magmatic deposit associated with
a volcanic structure departs from the traditional concept of
a magma chamber or magma deposit. Here we have
confirmed its existence by analyzing the density
distribution with depth of the 3D inverted gravity field,
obtaining an isosurface from the 3D density distribution,
and looking at various density cross-sections obtained
from such distributions.

We link the toroidal, low-density distribution in the Tonga
volcano with a possible, similar construct in the HTHH
volcano; both structures are submarine volcanoes of the Tonga
volcanic arc and both experienced caldera collapses. Since the
spreading of low-density regions in the HTHH volcano will
likely remain chaotic, and the volcano experiences repeated,
explosive eruptions, a recurrence of the effects observed in the
2022 eruption can be expected. The possibility also exists that
the Tofua volcano may experience an eruption that would
destroy its toroidal deposit, perhaps reproducing the conditions
prevailing at the HTHH volcano. Finally, the question arises
of determining how common is, in structures with caldera
collapses of the Tonga-Kermadec volcanic arc, the occurrence
of toroidal magma deposits.

The analyses performed on Tofua and HTHH
volcanoes, based on the inversion of high-resolution,
satellite-derived gravity, has been previously applied to
other volcanic structures, some reported here, and others
reported elsewhere. The methodology can be applied to
any volcanic structure where this type of data is available.
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