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Abstract The powerful eruption of Hunga volcano (15‐January‐2022) excavated ∼6.3 km3 of pre‐existing
material, leaving behind an 855 m deep crater. The scientific and humanitarian response to this event was
challenging due to the remote location, safety concerns, and COVID‐19 pandemic restrictions. To investigate
the status of ongoing eruptive/hydrothermal activity, this study used, for the first time, an un‐crewed surface
vessel operated remotely from >16,000 km away to make direct water column measurements within the crater
and map its structure in detail. Intense turbidity and oxidation‐reduction potential (ORP) anomalies located
ongoing activity at sites on the steep inside crater slopes near both remaining islands. Mid‐water acoustic
reflectors indicated ongoing degassing, and positive ORP anomalies suggested gas composition was dominated
by CO2. At least 75% of the crater rim is shallower than 100 m, so any exchange with the surrounding ocean is
limited by the depths of breaches in the rim (185 m between the islands and 290 m on the ENE side). This post‐
eruption bathymetry results in accumulation of emission products within the deep crater. There were no
indications of the ongoing activity visible at the ocean surface, which highlights the limitations and inherent
biases associated with relying on discolored surface water and/or atmospheric disturbances to determine
eruption start/end dates at submarine volcanoes. This study demonstrates the value and need to add repeat
hydrothermal plume and bathymetric surveys to our toolbox for monitoring submarine volcanoes, and the
potential for un‐crewed, remotely operated vessels to contribute significantly to these efforts.

Plain Language Summary The powerful eruption of Hunga volcano on 15‐January‐2022 sent a
plume to space and generated unusual tsunamis. How the eruption impacted the submarine environment was
more difficult to determine. We used a highly innovative, un‐crewed vessel equipped with instruments to
directly measure characteristics of the water within the 850 m deep crater excavated during the eruption and map
the crater's shape in detail. These measurements showed there was ongoing hydrothermal/volcanic activity and
CO2 degassing within the crater 7 months after the eruption. The deepest parts of the crater are isolated from the
surrounding ocean, so products of this activity become trapped within the crater. While the most powerful
eruptions are rare, they can be quite hazardous. The results from this study emphasize the importance of
monitoring submarine volcanoes long after signs of eruptions are no longer visible at the ocean surface or
atmosphere. Operation of the un‐crewed vessel >16,000 km from the study site was a major technological
achievement and the first time that scientists could monitor operations in real time from anywhere around the
globe. The success of this mission demonstrated the potential of this innovative technology to contribute to
broader applications in ocean exploration, monitoring, and event response.

1. Introduction
The 15 January 2022 eruption of Hunga volcano, in the South Pacific island nation Kingdom of Tonga, was a
powerfully explosive eruption (estimated magnitude = VEI ∼ 6, Global Volcanism Program, 2022; Poli &
Shapiro, 2022), that had global impacts and generated an ash plume that reached all the way to space (Proud
et al., 2022). It was the first eruption of this magnitude to occur while a wide range of internationally supported
Earth observing systems were in place and operational. These systems included numerous satellites, ocean and
atmospheric monitoring stations, weather stations, tsunami warning systems, seismometers, tide gauges, ships at
sea, and even human observations, which all rapidly provided a wealth of data about the impacts of the eruption on
the atmosphere (e.g., Matoza et al., 2022; NASA, 2022; Zhu et al., 2022) and surface ocean (Barone et al., 2022).
The eruption generated both local and widespread tsunamis (e.g., Kubota et al., 2022; Lynette et al., 2022) causing
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loss of life (at least 6 confirmed deaths: 4 in Tonga and 2 in Peru) and significant damage. An initial assessment of
damage within Tonga due to ashfall and tsunamis was estimated at US$90.4 million (World Bank, 2022). Less
destructive tsunamis generated by atmospheric Lamb waves (meteotsunamis) were detected globally (Carvajal
et al., 2022; NOAA, 2022). The volcanic cone that had built up during the 2014–2015 eruption, connecting the
once‐separate islands of Hunga Tonga and Hunga Ha'apai (Garvin et al., 2018) and enlarged further when
eruptions began again in December 2021, was completely removed by the 15 January 2022 climactic eruption,
with the above‐surface land mass of each island also significantly reduced (Global Volcanism Program, 2022).

It was more difficult to assess how the eruption impacted the seafloor or what the status of ongoing submarine
volcanic and/or hydrothermal activity might be. Ships with the capabilities required for an event response are a
limited resource. Rapid response cruises can be difficult to mobilize, especially for events in remote locations
(Baker et al., 2012), and there are legitimate concerns for the safety of a fully staffed survey vessel sailing over the
site of a shallow submarine eruption (e.g., Myojin‐sho volcano, Nakano et al., 1954). Responding to the aftermath
of this eruption, for both humanitarian assistance and scientific investigation of seafloor and environmental
changes, was further complicated by restrictions in place at the time due to the COVID‐19 pandemic. The first
expedition that was organized to map the impact of the eruption on the seafloor set sail ∼2.5 months after the
eruption but was forced to turn back when critical equipment was damaged en route (de Ronde, 2022). It was
another month before the first relatively low‐resolution map revealed the giant ∼850 m deep hole that the ex-
plosion left behind (Cronin and Tonga Geological Service, 2022; Stern, 2022).

There is ongoing debate as to whether the new deep hole in the seafloor is a caldera due to seafloor collapse after
magma removal, an explosion crater, or was formed by a combination of mechanisms. By some definitions, the
distinction between “caldera” and “crater” is merely one of size rather than process, so the terms have been used
synonymously. However, the term “caldera” is more specifically used to identify a formation process related to
magma withdrawal and structural subsidence (Lipman, 2000). We choose here to use the term “crater,” as the
more generic term, lacking proof of a definitive formation process related to subsidence for several reasons: the
volume of existing material removed during the eruption (6.3 km3 from the summit and 3.5 km3 eroded from the
flanks) accounts for nearly all the volume of new deposits on the seafloor identified by bathymetric differencing
(Clare et al., 2023; Seabrook et al., 2023); the source (pre‐existing or eruptive) and fate (proximal deposition or
distal dispersion) of the estimated 1.9 km3 in the atmospheric plume (Yuen et al., 2022) are unknown; there is
significant uncertainty in volumes of magma erupted based on estimated changes to an inferred underlying
magma chamber (LeMevel et al., 2023); and the scalloped edges and lack of clear ring fault structures in the post‐
eruption morphology strongly suggests that the powerful explosion was dominantly responsible for the exca-
vation of preexisting material (Henley et al., 2024), which can account for a major portion of the documented
deposits.

During phase 1 of the NIWA‐Nippon Foundation “Tonga Eruption SeabedMapping Project” (TESMaP‐1; April–
May 2022) the R/V Tangaroa comprehensively mapped the seafloor surrounding Hunga volcano at 50 m res-
olution to a distance of 20 km, and to greater distances in select directions, but did not go directly over the
summit's newly excavated crater due to safety concerns (Mackay, 2022; Seabrook et al., 2023; Williams
et al., 2022). Sediment cores and seawater samples were also collected during this expedition, and a camera
system provided seafloor observations to document regional environmental impacts (Mackay et al., 2022;
Seabrook et al., 2023).

Here we present results from TESMaP phase 2 (TESMaP‐2; July August 2022), which utilized the un‐crewed
surface vessel (USV) Maxlimer (SEA‐KIT International; Figure S1 in Supporting Information S1) to investi-
gate the status of ongoing hydrothermal or eruptive activity within the crater, map the distribution of subsurface
plumes, and survey the bathymetry of the post‐eruption edifice with 10 m resolution (Figure 1c; NIWA‐Nippon
Foundation, 2023).

This work is the first time that traditional plume‐mapping methods, which combine vertical cast and tow‐yo
deployments of plume‐tracing sensors, were attempted from an USV operated entirely in “over the horizon”
mode from a command center>16,000 km away. The success of this mission demonstrates the utility and value of
this major technological innovation, and establishes its potential for future application to ocean exploration,
shallow submarine volcano monitoring, and event response missions.
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2. Geological Setting
Hunga volcano is one of about 80 submarine volcanoes that have formed along the ∼2,550 km Tonga‐Kermadec
arc (Figure 1) where the Pacific plate subducts beneath the Australian plate at rates of 6–24 cm/yr (increasing
from south to north; Smith & Price, 2006), and generates abundant seismic and volcanic activity. At least 8 arc
volcanoes (both submarine and subaerial) are known to have erupted since 2000, several of them multiple times
(Table 1, Figure 1a). Most of these volcanoes also had confirmed eruptions during the 20th century. Nearly all of
these eruptions were confirmed and documented because of visually identifiable surface ocean or atmospheric
indicators such as discolored water, pumice rafts, or ash and steam plumes that breached the surface or were
injected higher into the atmosphere (Global Volcanism Program, 2024). About 80% of the submarine volcanoes
along the Kermadec section of the arc are hydrothermally active (Arculus, 2006; Baker et al., 2003, 2019; de
Ronde et al., 2001; Massoth et al., 2007), but their eruptive histories, especially for the deeper sites, are not well
known.

The islands of Hunga Tonga and Hunga Ha'apai are the above sea‐level portion of a conical edifice with a basal
diameter of ∼17 km at a depth of 1,200 m. The most recent major caldera‐forming eruption is estimated to have
occurred around 1100 CE (Brenna et al., 2022). Before the 15 January 2022 eruption, the maximum depth within
the summit crater area was 155 m (Figure 1b; Ferrini, 2022). Comparison of pre‐ and post‐ eruption bathymetry
grids revealed new scour channels along the outer flanks of the volcano and thick deposits from fast‐moving
turbidity currents as the eruption column collapsed into the ocean, sped across the seafloor and destroyed
communications cables that the island nation relied on for connection with the rest of the world (Clare
et al., 2023). However, there was no large‐scale slope failure or mass wasting of the edifice (Seabrook
et al., 2023). Structurally, the flanks of the edifice are essentially unchanged.

2.1. Post‐Eruption Morphology Constrains Plume Distribution

The rim of the newly excavated crater (Figure 1c) has a diameter at the internal 200 m depth contour of ∼3.5 km.
Seventy five percent of the rim encircling the new crater is shallower than 100 m; 43% is shallower than 50 m,
including the remaining islands that rise above sea level. A narrow breach (<1 km distance along the rim) with a
maximum depth of 185 m is located on the north side between the two islands, while another breach on the ENE
side is deeper than 200 m for a distance of ∼800 m, with a maximum depth ∼290 m. Thus, most of the rim is at or
shallower than the thermocline, a proxy for the steep density gradient between the well‐mixed surface layer and
deeper ocean water masses. This geometry ensures that water within the 855 m deep crater is essentially isolated

Figure 1. (a) Regional map showing location of Hunga volcano (yellow star) along the Tonga‐Kermadec arc between New Zealand and Samoa (black dashed line). Small
yellow triangles mark the locations of other arc volcanoes that have erupted since 2000 (see Table 1). (b) Pre‐eruption (2016) bathymetry of Hunga volcano
(Ferrini, 2022). Gray lines are 500 and 1,000 m depth contours. White polygons outline the extent of HT‐HH island in early January 2022 and its crater lake. Yellow
polygons outline the post‐eruption islands. Gray polygons are areas that were too shallow for the ship to map at the time. (c) Post‐eruption bathymetry of Hunga volcano
acquired during TESMaP‐2 from un‐crewed surface vesselMaxlimer (NIWA‐Nippon Foundation, 2023) showing the locations of vertical casts (black circles) and tow
tracklines (thick black lines; see Figure S2 in Supporting Information S1 for greater detail). Gray lines are 500 and 1,000 m depth contours outside the crater, and 500
and 850 m depth contour inside the crater. Yellow polygons outline the post‐eruption islands. Depth colors and scale bar for (c) are the same as shown in (b).
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from the surrounding ocean deeper than ∼200 m, resulting in a reduced density gradient within the crater and
water mass properties that are similar to water outside the crater at this limiting depth (Figure 2; Staudigel
et al., 2004; Walker and de Ronde, 2023).

Any exchange between the contents of the crater and open ocean are limited to the locations and depth ranges of
the breaches, and are likely controlled by complex processes such as the interaction of ocean currents with the
seamount, vertical displacement of isopycnals due to internal tides, or hydrothermal/volcanic venting with
enough buoyancy to vertically transport plumes shallower than the rim depth (Staudigel et al., 2004). If lower‐
intensity hydrothermal and/or volcanic activity persists, the fluxes of heat, particles and chemicals can accu-
mulate within the deep crater (S. Carey et al., 2013; Walker and de Ronde, 2023). Despite having only 300 m of
wire on the USVMaxlimerwinch (see Section 3.2), our survey provided valuable information about the locations

Table 1
Confirmed Eruptions From Tonga‐Kermadec Arc Volcanoes Since 2000

Arc section Name Location Type Month‐year 1900–2000

Tonga Volcano F 18.325°S, 174.365°W Shallow submarine September‐2001 Unknown

August‐2019

Home Reef 18.992°S, 174.775°W Ephemeral island August‐2006 Yes

September‐2022

October‐2023

Late'iki (Metis Shoal) 19.18°S, 174.87°W Ephemeral island October‐2019 Yes

Tofua 19.75°S, 175.07°W Subaerial March‐2004 Yes

December‐2021

Hunga 20.553°S, 175.384°W Shallow submarine to subaerial March‐2009 Yes

December 2014–January 2015

December 2021–January 2022

Volcano A 20.852°S, 175.55°W Shallow submarine 2007 Yes

January‐2017

Kermadec Monowai 25.887°S, 177.188°W Shallow submarine May‐2002 Yes

November‐2002

April‐2003

March‐2005

December‐2006

February‐2008

May‐2009

May‐2011

August‐2012

January‐2014

October‐2014

November‐2016 (no recent data)

Raoul Island 29.27°S, 177.92°W Subaerial March‐2006 Yes

Havre 31.08°S, 179.033°W Deep submarine July‐2012 Unknown

Rumble III 35.745°S, 178.478°E Shallow submarine July‐2008 Yes

Whakaari (White Island) 37.52°S, 177.18°E Subaerial March‐2000 Yes

February‐2001

August‐2012

April‐2016

September‐2016

December‐2019

Note. Eruption dates are from Global Volcanism Program (2024).
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of ongoing venting and accumulation of hydrothermal and/or eruption
products within the crater 6–7 months after the 15 January climactic eruption.

3. Methods
3.1. Remote Operations for a Safe Post‐Eruption Survey

The Tonga Eruption Seabed Mapping Project phase 2 (TESMaP‐2) utilized
the USV Maxlimer, a 12 m X‐class vessel owned and operated by SEA‐KIT
International. The vessel payload included a Kongsberg EM710 multibeam
sonar system for bathymetric mapping and detecting midwater acoustic
backscatter (or water column reflectors, WCR), and this smaller, lighter
vessel was able to obtain high resolution multibeam data within the shallow
areas that were inaccessible to the prior (2016) survey. Unlike autonomous
vessels that have pre‐programmed missions, USV Maxlimer was operated
from SEA‐KIT's Remote Operations Center in Tollesbury, Essex, UK, more
than 16,000 km distant from the study site. Real‐time operational control
specifications and details are available from SEA‐KIT (https://www.sea‐kit.
com). The seafloor mapping and water column (sensor) teams were located at
their homes or offices in seven different countries around the world (UK,
Ireland, Poland, Egypt, Australia, New Zealand, and USA). Real‐time com-
munications using WhatsApp® and web‐based access to vessel status,
weather conditions and other data were available to all participants 24 hr a
day, which were essential for successful remote sensor deployments. Plan-
ning and operational up‐date meetings included all participants and were held
daily (virtually). Only two to three engineers were required to be present in
Tonga to liaise with local officials, and manage physical logistics of the vessel
and scientific payload (including vessel assembly, quality control, mainte-
nance, and some data management tasks).

3.2. Plume Mapping

Direct water column measurements were made possible by the addition of an operator‐controlled winch with
300 m of non‐conducting cable and a custom‐built cage that accommodated two Miniature Autonomous Plume
Recorder (MAPR) instruments (Figure S1 in Supporting Information S1; Walker, 2023). MAPR sensors included
temperature, pressure, turbidity (optical backscatter), and oxidation‐reduction potential (ORP) to measure pri-
mary plume tracers (e.g., Baker et al., 2016 and references therein).

A total of 30 vertical casts and 8 tow‐yo's (total distance traveled = 28 km) were completed between 27 July and
29 August 2022 both inside and outside the crater (Figure 1c and Figure S2 in Supporting Information S1),
resulting in a spatially comprehensive survey of the hydrothermal and/or volcanic plumes in the water column.
Optical backscatter (reported as dimensionless nephelometric turbidity units, or NTU) can be directly related to
suspended particle concentration including, but not limited to, fine ash particles and hydrothermal precipitates,
although the relationship is a function of particle size and composition (Baker et al., 2001). ORP is the measured
electric potential between a platinum working electrode and an Ag/AgCl reference electrode (E, mV; Walker
et al., 2007).

Absolute ORP values are subject to significant drift and hysteresis due to several factors (e.g., time required for
electrodes to come to equilibrium with their environment, electrodes constantly moving through an environment
that is not at equilibrium, and rapid response to reduced chemical species paired with slow “recovery” to pre‐
response values). As such, ORP anomalies (ΔE, mV) are qualitative indications of relative chemical differ-
ences between water masses, but have become reliable indictors of proximity to sources of hydrothermal venting
and other seafloor settings where reduced chemical species are introduced into the water column (e.g., volcanic
eruptions and methane seeps).

ORP responses can also qualitatively shed light on some aspects of the chemical composition of plumes. ORP
values decrease rapidly in the presence of reduced chemical species, such as Fe2+, H2S, and H2 that are out of

Figure 2. Temperature profiles from all vertical casts and tows showing
water temperature within the crater is the same as external water at ∼200–
250 m depth, indicating that exchange with surrounding ocean water is
controlled by the average depth at the ENE crater rim breach.
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equilibrium with the surrounding seawater (Baker et al., 2016; Walker et al., 2007). Several factors contribute to
the oxidation rate of these species, but Fe2+ and H2, for example, are known to oxidize, or be biologically utilized,
rapidly (e.g., Kadko et al., 1990; Statham et al., 2005), resulting in spatially limited ORP anomalies that indicate
nearby sources. By contrast, ORP values increase in the presence of CO2 but do not respond at all to CH4 (Figure
S3 in Supporting Information S1). It is important to note that the electrodes respond to the combined chemistry
and reactivity of all redox species that may be present. In the majority of hydrothermal plumes, regardless of
geological setting, ORP anomalies are negative, with Fe2+ or H2S most likely dominating the signal. ORP
anomalies with extremely rapidly decreasing voltages have been seen in plumes over submarine eruptions where
very high concentrations of dissolved hydrogen were measured (Baker et al., 2011; Baumberger et al., 2014,
2020). Positive anomalies have been seen at a few locations where CO2 could be attributed to dominating the
response, for example, at Maug caldera in the Mariana arc where ΔCO2 was enriched up to 119 μM, H2S was not
detected, and iron was nearly 100% in the particulate oxidized phase, even though total dissolvable iron con-
centrations were high (Figure S4 in Supporting Information S1; Resing et al., 2009). Positive ORP anomalies
were also observed in areas of hydrothermal discharge in volcanic Lake Rotomahana (New Zealand) where CO2
was strongly degassed (Mazot et al., 2014; Walker et al., 2016).

Negative anomalies are calculated as the difference between the value at the time voltages began a sustained
decrease and the minimum value reached. To make direct comparisons of ORP profiles between casts with
increasing ORP anomalies, ORP values were normalized to a constant surface value (arbitrarily chosen) and
labeled En. Positive ORP anomalies were calculated as the difference between the maximum En value (which
usually coincided with NTUmax) compared to the designated background cast where plume anomalies outside the
crater were minimal (station 3–6; see Supporting Information S1 for further details).

Acoustic WCR are usually interpreted as gas bubbles because they are very efficient reflectors given the density
difference between water and gas. WCR formed the basis for imaging the flux of CO2 from NW Rota‐1 while it
was erupting in 2010 (Chadwick et al., 2014) and have been used to map methane seeps on continental margins
(e.g., Merle et al., 2021). Real‐time observations of midwater acoustic WCR from USV Maxlimer and pre-
liminary locations of acoustic reflectors (later summarized by Ribo et al. (2023)) that could potentially indicate
volcanic degassing at Hunga volcano helped guide our sampling locations.

4. Results
4.1. Plume Distributions Inside the Crater

Particle concentrations were elevated everywhere within the crater below ∼125–150 m water depth, with average
NTUmax ∼ 0.8, an order‐of‐magnitude greater than the well‐mixed surface layer (i.e., shallower than ∼50 m)
where NTU values were 0.08–0.09. The upper limit of the widespread particle plume within the crater coincided
with the lower boundary of the thermocline, indicating emissions were generally not energetic enough to be
transported vertically through the steeper density gradient to shallower depths at that time. A turbidity anomaly in
the surface layer was seen at only one station offshore Hunga Ha'apai (station 1–10, NTUmax = 0.17 centered at
35 m, with no corresponding ORP anomaly) and may not have been directly related to active venting (e.g.,
particulates derived from erosion of the nearby island), although that station was where one of the most intense
plume signals was observed from ∼125 m to the deepest point of the cast (160 m).

Our survey was completed during 3 missions, with 11 days between the first and second missions, and 17 days
between the second and third missions. During this time, there was no significant deepening of the top of the
turbid layer that would suggest cessation of hydrothermal or eruptive input and subsequent settling of particles,
removal by advection, or flushing of crater contents by intrusion and replacement with external water. Spatial
differences in turbidity maxima were greater than temporal differences. This suggests that inputs at discrete
locations generally balanced overall losses, which requires constant replenishment through ongoing venting
during this 28‐day timeframe.

Locations of ongoing venting were identified by intense particle plumes (NTUmax > 1.0) and ORP anomalies (ΔE
to − 70 mV) on the steep inside walls near both Hunga Tonga and Hunga Ha'apai islands (Figure 3). Each of these
areas also had apparent WCR. The source of venting near Hunga Ha'apai was located ∼500 m east of the island's
shoreline at a depth of about 170–200 m, near the starting position for Tow‐3 (Figure 3a and Figure S2 in
Supporting Information S1). The sharply sloping seafloor (60°–70°) and proximity to the island made for
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challenging operating conditions since the instrument cage did not have an altimeter and we needed to rely on the
multibeam (center beam) depth to determine how much wire could be safely payed out from the winch. This
introduced uncertainty for the lower depth limits of the plume and altitude at the deepest point of the cast because
depth under the instrument cage could change rapidly over the steep slope if the vessel position changed by mere
meters (we prioritized safety for the vessel and equipment). However, turbidity and ORP anomaly distributions in
vertical casts and portions of tows located within ∼500 m of these stations were consistent with a 170–200 m
depth range for the source(s) of venting in this area.

Figure 3. 3‐d view of Hunga volcano crater particle plumes (NTU, color filled contour panels). Greyscale bathymetry is vertically exaggerated by a factor of 1.5.
Negative oxidation‐reduction potential (ORP) anomalies (ΔE, pink and purple lines) and data points (black dots) overlay the NTU contours. Map insets in the upper
right corner of each panel show the location of the transects (white lines) and viewpoint (white dots) for each scene. Color scales for NTU and ΔE are the same for both
panels and are shown in (b). Yellow triangles are preliminary locations of water column reflectors. Thin black line overlain on the greyscale bathymetry is the 850 m
depth contour inside the crater. (a) Transect aligned with Tow 3 (see Figure S2 in Supporting Information S1) between the islands. White arrows show the locations
of the NTU and normalized ORP profiles shown in the lower left and lower right corners, respectively. The locations of the islands are represented by gray lines
and labels “HH” and “HT” for Hunga Ha'apai and Hunga Tonga, respectively. Lower left inset includes data from stations 1–10, 2–3, and the initial downcast from Tows
3 and 6 (see Figure S2 in Supporting Information S1). Lower right inset includes data from stations 1–7, 2–10, 2–11, 2–12, and the initial downcast for Tow 4.
(b) Transect aligned with Tow 4 (see Figure S2 in Supporting Information S1) along the east side of the crater. White arrow shows the orientation of the NTU and ORP
profiles shown in the lower left corner, which are aligned with the Tow 4 transect (dark blue, red) and the center of the crater (light blue, pink), respectively (stations 1–6
and 1–12). The location of Hunga Tonga is represented by the gray line labeled “HT” above the bathymetry.
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The most intense plume signals near Hunga Tonga were located 500–800 m
south of the island (Figure 3a and Figure S2 in Supporting Information S1).
Two of the four vertical casts in this area showed a plume maximum layer
(based on ORP anomalies) between 175 and 260 m where ΔEmax = − 33 mV,
but for the other two casts the ORP values decreased continuously from
∼200 m to the deepest reach of the casts (∼295 m). The particle plume at these
stations was similar to the distribution seen throughout most of the crater (i.e.,
increasing deeper than ∼150 m, and reaching maximum NTU values of 0.8–
1.0 at 200 m and below, with no layered structure; Figure 3a and Figure S4 in
Supporting Information S1). These stations were adjacent to the steep, inside
crater wall descending from Hunga Tonga island (30°–70°) but located where
the seafloor depth ranged from 350 to 650 m. The plume distributions thus
suggest a venting source deeper than 270 m in this area. The tow transect
between the islands (Tow‐3, Figure 3a) shows the depth difference between
plumes originating near each island.

The third area with intense turbidity inside the crater was near the ENE wall
breach (Figure 3b). The most intense turbidity seen during the expedition
(NTU = 1.75) occurred in the deepest 20 m at station 1–6 (cast maximum
depth = 283 m). This particle plume did not have a negative ORP anomaly
associated with it, but instead had a positive anomaly (ΔE = +7.5 mV).
Several WCRs were reported in this area, which along with the positive ORP
anomalies suggest active degassing dominated by CO2.

Significant positive ORP anomalies (up to ΔE = +10 mV) were correlated
with turbidity maxima along, and south of, the transect defined by Tow 2
(Figure 4 and Figure S2 in Supporting Information S1). Negative ORP
anomalies were only observed along the north inside crater wall near the
islands, as described above. These data suggest, that ongoing hydrothermal
and/or volcanic activity was occurring near (and possibly between) the
islands, but that CO2 degassing dominated elsewhere within the crater.

Carbon dioxide is one of the most common magmatic gasses and is often
emitted at submarine hydrothermal and eruptive vents (e.g., Chadwick,
Cashman, et al., 2008; Lupton et al., 2006). Chadwick et al. (2014) observed
CO2 bubbles emerging from the eruptive vents at NW Rota‐1 detach from the
syneruptively generated sulfur‐rich plumes and rise higher in the water col-
umn before eventually dissolving. Our observations provide evidence that
CO2 appears to behave similarly at Hunga. Positive ORP anomalies were seen
near the top, or above, the particle plumes near the islands (Figures 4b and 4d)
suggesting that CO2 bubbles rise separately to these levels before dissolving,
while the particle plume is coupled with other dissolved components that
evoke a negative ΔE (Figure 3a).

4.2. Plume Distributions Outside the Crater

The widely dispersed midwater particle plume surrounding the flanks of
Hunga volcano seen during the April/May 2022 TESMaP‐1 study (∼200 m

water depth where filtered samples contained ash; Seabrook et al., 2023) was still present 2–3 months later during
TESMaP‐2. Our survey confirmed that this plume originated within the crater and exited from the crater at both
breaches, more prominently from the deeper breach on the ENE rim (Figure 5, Movie S1). Outside the crater near
the ENE breach, the plume NTUmax (1.75) occurred at 250 mwith an abrupt lower limit decreasing to background
(NTU ∼ 0.09) beneath the sharp gradient. This clearly demonstrates the control that the crater rim has on the
distribution of the regional plume outside the crater (Figure 5). The plume immediately outside the crater had a
positive ORP anomaly (ΔE = +3.3 mV) coincident with the increased turbidity. The plume, located within the
depth range of 125–275 m (NTUmax centered at 230 m), was diluted as it advected away from the breaches:

Figure 4. Distribution of oxidation‐reduction potential (ORP) anomalies at
Hunga volcano during the TESMaP‐2 plume survey. (a) Map view shows
ΔE inside and outside the crater, regardless of depth. The depth of the
greatest magnitude ΔE usually coincided with maximum NTU, but could
vary (see text). Negative ΔE values are plotted at locations of anomalies
from both vertical casts and tows. Positive ΔE are shown for vertical casts
only. The thin black line in each profile plot (b–d) is the vertical cast to the
south of Hunga volcano where the regional plume was the weakest, which
was used as the “background” station (white “+” symbol in (a) is the same as
station 3–6, Figure S2 in Supporting Information S1). The transect aligned
with Tow 2 is shown by the dashed black line. Stars are preliminary locations
of water column reflectors (i.e., bubble flares; those near the islands have
been enlarged for better visibility). Green polygons show the locations of the
islands. (b) Profiles of normalized ORP (En) for vertical casts near Hunga
Ha'apai island with expanded x‐axis scale to more clearly show the positive
anomalies which were shallower than the particle plume and negative
anomalies (see Figure 3a, lower left inset). (c) Normalized ORP profiles for
vertical casts where ΔE > +5 mV within the crater (red symbols in (a)).
(d) Profiles of normalized ORP for vertical casts near Hunga Tonga island
with expanded x‐axis scale to more clearly show the positive anomalies (see
Figure 3a, lower right inset).
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NTUmax ∼ 0.5 at distances of 1–2 km to the north and east of the volcano, ∼0.4 to the west, and only ∼0.1 to the
south. The positive ORP anomaly magnitudes of the plume decreased similarly.

The presence of the plume dispersing outside the crater during TESMaP‐1, three months after the 15 January 2022
eruption, and again during TESMaP‐2, is additional evidence that ongoing activity at Hunga volcano persisted for
at least 7 months after the 15 January 2022 eruption. Without continual replenishment, we would expect this
plume to have decayed or disappeared completely due to dilution, advection by regional currents, and/or the
settling of particles within this period of time (e.g., as seen at West Mata; Walker et al., 2019).

5. Discussion
5.1. Volcanic Versus Hydrothermal Activity

It is not possible from these data alone to determine if the sources of the plumes mapped during the TESMaP‐2
water column survey were volcanic, hydrothermal, or a combination of both. Eruptive activity does not always
accompany hydrothermal activity, but hydrothermal plumes have always been detected at known submarine
eruptions, and the spatially limited plume anomalies (NTU ∼1; ΔE << 0) near the islands were similar in in-
tensity to plumes over the summits of NWRota‐1 andWest Mata when eruptions were directly observed (Walker
et al., 2008, 2019). The colocation of WCR, positive ORP anomalies near the upper limits of particle plumes
(indicating separate gas phase CO2 emissions), and intense anomalies of NTU and ΔE << 0 were consistent with
what was observed at NW Rota‐1 while it was erupting (Chadwick et al., 2014). However, many volcanoes
quietly degas for long periods of time between eruptions, and the distribution of positive‐only ORP anomalies
elsewhere within the crater indicates this was likely happening at Hunga as well.

The extent and physical characteristics of the regional plume outside the crater during TESMaP‐2 were com-
parable to what was seen during TESMaP‐1 when ash particles were identified in filtered water samples from the
plume (Seabrook et al., 2023). This is additional evidence that there was an eruptive component to the ongoing
activity, though probably with a relatively low emission rate. It is not surprising that surface expression of the
activity (i.e., discolored water) was not present during either survey because the strongest plume signals were
deeper than the thermocline, and the plumes within the crater during TESMaP‐2 did not appear to have enough
buoyancy to reach the surface.

Figure 5. Oblique 3d view (vertical exaggeration = 1.5) of the particle plume inside and outside the crater. Transects shown
are tows 1, 2, 3, 4, 6 and 7 (Figure S2 in Supporting Information S1). White arrows at black lines locate the profiles shown in
the lower right inset. Profiles in the lower right inset are as follows: dark blue and red = outside crater near breach in E wall
(initial downcast of Tow 2); light blue and pink = inside crater near breach in E wall (station 1–5); thin black and gray
lines = reference station (3–6) outside and south of the crater. The tow transects and profiles confirm the regional plume
originated within the crater, and demonstrate the control the crater rim has on the distribution of the regional plume.
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5.2. Duration of Eruptions

Volcanic activity at Hunga volcano was no longer observable above the ocean surface shortly after the 15 January
2022 climactic event, but many earthquakes (Mw 4.5–5) were detected through 24 January 2022 (Global
Volcanism Program, 2022). Similarly, for the March 2009 eruption, acoustic monitoring of the region from
January 2009 to April 2010 found that signals consistent with volcanic activity began 7 hr before the first satellite
observation and 14 hr before the first eyewitness reports. Visual and acoustic observations led to the assessment
that the explosive aspect of the eruption was over within ∼2–3 days; however, acoustic signals indicated that
some degree of unrest persisted for at least an additional 3 months through June 2009 (Bohnenstiel et al., 2013).

Discolored water was evident surrounding the merged Hunga Tonga‐Hunga Ha'apai island nearly continuously
between the end of the 2014/2015 eruption and beginning of the 2021/2022 eruption (Figure S5 in Supporting
Information S1), showing that hydrothermal discharge continued between eruptive phases, either through the
porous tephra cone, from submerged vents on its shallow flanks (including vents located on the west side of
Hunga Ha'apai where the 2009 eruption occurred), or as direct outflow from the crater lake. Changes in the color
of the crater lake (ranging from light brown/gray to dark green), and intensity and extent of the discolored water
surrounding the island suggest the discharge flux and chemistry was variable (e.g., Urai & Machida, 2005),
possibly indicating the influence of magmatic vapor pulses on the hydrothermal system (de Ronde et al., 2005;
Stucker et al., 2022). Reactive magmatic gasses (e.g., CO2, SO2, HCl, etc.) interact with volcanic rocks and
seawater to create mineral deposits that can block porous pathways for gas to escape. Henley et al. (2024),
modeled the powerful 15 January 2022 explosive eruption as the result of catastrophic expansion of magmatic
gasses that had become trapped and over‐pressurized within the edifice. Once the pressure exceeded the strength
of the surrounding rock and sealed pathways, the Plinian eruption was inevitable.

Studies of recent eruptions at other nearby volcanoes in Tonga (Home Reef, Late'iti and Volcano”F”; Brandl
et al., 2019; Mantas et al., 2011; Vaughan et al., 2007; Yeo et al., 2022), attributed discolored water seen in
satellite images to increased hydrothermal venting before and after the times when eruptions were confirmed by
steam/ash/tephra plumes or pumice rafts above the surface. The accumulation of deposits sufficient to create
ephemeral islands at these sites must obviously have begun while these summits were still submerged, bringing
into question the start and end dates based on subaerial plume observations alone. We suggest that the deter-
mination of actual eruption start/end dates at shallow submarine volcanoes may be biased by the perceived
requirement for observable pumice rafts or plumes injected into the atmosphere. Acknowledging this bias is
especially important when considering the activity state of submarine volcanoes for hazard risk assessment. Since
not all signs of submarine eruptions reach the surface, it is important to consider what improvements can be made
to currently available monitoring and detection capabilities.

5.3. Monitoring Submarine Volcanoes

Methods for monitoring and identifying submarine volcanic eruptions during the past few decades has taken
several forms, each with limited effectiveness due to different temporal and spatial scales for detecting events or
accessing data. Shallow submarine eruptions have been confirmed in real time by surface expressions visible to
humans (including aerial surveys by planes or drones) or satellite observations (e.g., discolored water, pumice
rafts, floating lava “balloons,” or plumes that breach the surface), which, as noted above, may not accurately
define the start and end times of eruptions. Deeper eruptions have been discovered serendipitously when hy-
drothermal or deep particle plumes with unusual physiochemical characteristics were encountered (Baker
et al., 1987, 2011; Resing et al., 2011; Walker et al., 2008), or inferred from analyses of deep ash plume decay
(Walker et al., 2019). Seismic networks have detected eruptions (e.g., Baker et al., 2012; Feuillet et al., 2021;
Watts et al., 2012; Wright et al., 2008), but existing networks are unable to detect smaller magnitude earthquake
swarms at distant volcanoes that can precede eruptions or linger as the energy of the eruptions diminishes (Fox
et al., 1993). Military acoustic arrays were at one time accessible for civilian use (Dziak et al., 2012; Fox &
Dziak, 1998; Fox et al., 1993), but more recently, hydroacoustic monitoring has relied on deployed hydrophones
without real‐time access to data (e.g., Dziak et al., 2008, 2012), and the events may be located further than the
optimum operational ranges for the arrays' abilities to ascertain source locations with certainty (e.g., Bohnenstiehl
et al., 2014). Tsunami warning systems currently focus on earthquake‐initiated events, and satellite observations
are restricted to detecting surface ocean or atmospheric anomalies, similar to direct human observation, but more
effective for remote areas (e.g., Mantas et al., 2011; Urai & Machida, 2005). Repeat bathymetric surveys detect
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mass wasting, lava flows, and other deposits, but the time difference between surveys is often on the order of years
(e.g., Caress et al., 2012; Chadwick, Wright, et al., 2008; Chadwick et al., 2018, 2019; Embley et al., 2014;
Herrera et al., 2023).

One of the first seafloor observatories was installed at Axial volcano (NE Pacific) in 1996. It has provided a
wealth of data spanning two eruption cycles (1998–2011–2015) and enabled scientists to predict the approximate
timing of future eruptions based on inflation rates and magnitude (Chadwick et al., 2012). Since 2015, data from
this observatory have been accessible in real‐time, but installations such as this are uncommon and would be
expensive and difficult to maintain for monitoring many submarine volcanoes, especially along remote volcanic
arcs.

Once discovered, there are still many challenges to conducting thorough investigations of submarine eruptions,
but when responses have been possible, valuable information has been obtained about eruptive styles, duration,
and rates (Rubin et al., 2012), impacts to ocean chemistry (e.g., Baker et al., 2011; Baumberger et al., 2014;
Resing et al., 2011), and ecological impacts (e.g., Barone et al., 2022; Fraile‐Nuez et al., 2012; Herrera
et al., 2023; Spietz et al., 2018). The directly observed eruptions at NW Rota‐1 (500–550 m, Mariana arc) and
West Mata (1,200 m, NE Lau) were nearly continuous over the span of multiple years, though with relatively low
eruption rates and no visible impact at the ocean surface (Chadwick, Cashman, et al., 2008; Embley et al., 2014;
Schnur et al., 2017), but Havre volcano (720–1,220 m, Kermadec arc) produced an extensive pumice raft and brief
atmospheric plume during an eruption thought to last just a few days (R. J. Carey et al., 2014).

Physical and chemical impacts to the ocean due to submarine eruptions, such as multi‐year post‐eruption
invigoration of hydrothermal venting, are effectively investigated by utilizing hydrothermal plume surveys
(e.g., Baker et al., 1987, 2012, 2019, and references therein). Magmatic gas flux measurements are key parameters
at most subaerial volcano observatories where measurable changes have been observed before, during and after
eruptions (e.g., Aiuppa et al., 2023; McGee et al., 2008). Repeat hydrothermal plume surveys at submarine
volcanoes can provide similar, crucial data for understanding the activity status of submarine volcanoes and
identifying changes that may be occurring. For example, plume surveys at Brothers submarine volcano (Ker-
madec arc) have shown the influence that pulses of magmatic vapor have on the intensity and chemistry of
hydrothermal discharge (de Ronde et al., 2005; Stucker et al., 2022; Walker and de Ronde, 2023).

Water column surveys and sampling can also be useful tools for monitoring the recovery and evolution of
ecosystems after volcanic eruptions. At Hunga volcano, ongoing activity, whether volcanic or hydrothermal, and
accumulation or removal of the crater contents will influence the physical and chemical conditions within the
crater and affect the reestablishment of flora and fauna in this entirely new habitat created by the eruption. If water
within the crater continues to remain isolated and accumulate CO2, acidity and density will increase (e.g., S.
Carey et al., 2013, references therein) further inhibiting vertical circulation and exchange with the surrounding
ocean. Ecosystem recovery could be limited to microbial species that can tolerate more acidic conditions, as seen
at Kolumbo volcano where pH has been measured as low as ∼5 (Santorini volcanic field, Greece; S. Carey
et al., 2013; Kilias et al., 2013), or lead to death of intolerant species that inadvertently become trapped, such as at
Vailulu'u (American Samoa; Staudigel et al., 2006). Comparing the ecological recovery within the newly
excavated crater, where more hostile or extreme conditions may persist, to the new habitat created by thick ash
deposits outside the crater and exposed to open ocean conditions (Seabrook et al., 2023), will provide valuable
new information about the impact of this eruption, specifically, and the resilience of deep‐sea ecosystems to
dramatic disturbances more generally (e.g., Herrera et al., 2023). This site, and others like it (e.g., Kolumbo
volcano, Greece), may also be considered ideal natural laboratories for studying ecosystem responses and
resilience to increased ocean acidification due to climate change (Mandalakis et al., 2019).

The increased availability and advances in autonomous and remotely controlled vehicles, such as USVMaxlimer,
will expand our capabilities to monitor submarine volcanoes efficiently, effectively and safely, to improve our
understanding of volcanic processes along with their potential hazards, and possibly provide capabilities for early
detection of hazardous eruptions.

6. Summary
This study showed there was ongoing activity at Hunga volcano 7 months after the powerfully explosive 15
January 2022 eruption. Hydrothermal and/or volcanic venting was identified by intense particle and chemical
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anomalies located along the steep inside walls of the crater near the remnants of both islands. CO2 degassing
appeared to dominate elsewhere within the crater. Water within the crater is isolated from water masses outside
the crater, with exchange limited to the breaches in the crater rim located between the islands on the northern side,
and SE of Hunga Tonga on the ENE side. The shallow rim (<100 m) surrounding the other 75% of the crater
circumference ensures that both dissolved and particulate products of ongoing activity are trapped within the
crater. With time, increases in turbidity and acidity may create an extreme, and possibly hostile, environment to
many species, which will impact ecological recovery.

Outside the crater, the plume was detected in all directions within the 150–300 m depth range. It was most intense
adjacent to the ENE breach and to the north of the volcano. This is consistent with the plume originating within the
crater, escaping through the breaches, and then being advected by regional currents around the summit. When this
plume was first observed during the TESMaP‐1 expedition (3–4 months post‐eruption), fine fresh ash fragments
were found in filtered seawater samples (Seabrook et al., 2023). The similarity of the intensity and distribution of
this regional plume between April 2022 and August 2022 suggests that the level and style of activity did not
diminish significantly during that time interval.

Infrequent but extremely powerful explosive eruptions of submarine volcanoes can pose significant hazards both
near and far from the volcano. Many of the volcanoes along the Tonga sector of the arc are near populated areas
that can, and have, experienced significant impacts from eruptions. Since the 15 January 2022 eruption of Hunga
volcano, Home Reef, located 180 kmNE of Hunga, has erupted at least twice (September 2022 and October 2023;
Global Volcanism Program, 2023). The start of the September 2022 eruption was noted as 10 September when
satellite images showed a steam plume and emergence of new volcanic deposits above sea level. However,
satellite images also showed discolored water at this location beginning in late May 2022, which likely indicated
the actual start of the eruption since new material needed to be deposited below sea level before Home Reef could
emerge as a new island. Assessments of start and end times of shallow submarine eruptions is likely biased by the
assumption that an eruption is not in progress if there are no dramatic indicators at or above the ocean surface.

Additional investment in infrastructure, analytical capabilities, and research is needed to improve monitoring
systems for accurate reporting, and potential prediction of hazardous submarine eruptions. For example, the
installation of optimally placed hydroacoustic and seismic arrays that deliver real‐time data to local hazard
managers and the development of warning systems that recognize volcanogenic tsunamis would be beneficial.

Autonomous platforms are increasingly affordable, energy efficient, and available, and are already playing a
major role in monitoring changing ocean conditions globally. The novel application of remotely controlled un‐
crewed vessel technology, used for the first time in this study, to conduct truly over‐the‐horizon bathymetric
and water column surveys >16,000 km away from the study site was remarkably successful. Major advantages
included (a) reduced risk to personnel and equipment, (b) an estimated 98% reduction in the amount of fuel that a
typical survey vessel would use, and (c) fewer personnel were required to travel from around the world to crew the
vessel (i.e., additional fuel savings). This study is an important demonstration of the potential of this innovative
technology to contribute to broader applications in ocean exploration, monitoring, and event response.

7. Inclusion in Global Research Statement
Fieldwork was conducted mere months after communities in the Kingdom of Tonga were severely impacted by
one of the most powerful explosive volcanic eruptions of the last 300 years. The Kingdom of Tonga granted
permission to conduct operations within their territorial waters and were supportive of the effort to understand the
submarine impacts of this major volcanic eruption. The Ministry of Lands and Natural Resources approved the
Research Permit and provided logistic support during operations. We appreciate the participation of all in-
dividuals involved given the difficult post‐eruption conditions complicated further by COVID‐19 pandemic‐
related concerns and restrictions.

Data Availability Statement
The MAPR data used in this study (Walker and de Ronde, 2024) is available for FAIR sharing and download at
https://www.marine‐geo.org/doi/10.60521/331769. The data in Table 1 is available via the Eruption data base of
the Global Volcanism Program at https://volcano.si.edu/search_eruption.cfm.
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