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Monitoring active seafloor processes requires repeated, comparable surveys
to enable change detection. The change detection of the deep ocean floor,
however, is rare due to a paucity of repeat data at an appropriate resolution.
In this study, we use an exceptional suite of bathymetric surveys across a
spatiotemporal range at the submarine Havre volcano, Kermadec arc, Southwest
Pacific, to investigate geomorphic change over 13 years (2002, 2012, and
2015). The integration of bathymetric observations with remotely operated
vehicle (ROV) observations and sampling data refined geomorphic boundaries,
and four geomorphic groups at varying scales are interpreted: (i) large-scale
tectonic and volcanic features, e.g., faults and calderas; (ii) coherent volcanic
products, e.g., lavas; (iii) clastic primary volcanic products, e.g., giant pumice
deposits; and (iv) mass-wasting features and products, e.g., landslide scarps.
Three 25-m resolution geomorphic maps for broad-scale feature change
and high-resolution 1-m autonomous underwater vehicle (AUV) bathymetry
are used to develop a fine-scale geomorphic map that reveals additional
landforms and processes. We integrate bathymetric data with sampling data
and ROV video footage of the seafloor to refine geomorphic boundaries. We
also integrate the results of previous geological studies of Havre to inform
the geomorphic interpretation. Our map reveals a variety of geomorphic
forms from a range of volcanic and mass-wasting processes that aid in the
interpretation of the growth and evolution of submarine volcanoes. One new
observation reveals a significantly larger scale of cryptodome emplacement
than recognized previously recognized, accounting for an additional volume
of 0.0055 km3 to the 2012 eruption products. This emplacement took place
along two linear southern caldera ring faults and likely continued after the
formation of the giant pumice raft on 18 July 2012. A key result is the
extension of the timeline for the emplacement of volcanic products associated
with the 2012 eruption, revealing an additional volume growth of 0.001 km3

on the primary dome (dome OP) between 2012 and 2015. This additional
emplacement is documented in this study for the first time and extends
the known volcanic emplacement timeline from 3 months to a maximum
of 3 years. Our work reveals seafloor modification continuing long after
an observed volcanic eruption event as lingering lava emplacement and
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mass wasting remobilize newly erupted and older products that comprise
the edifice.

KEYWORDS

submarine-eruption change detection, geomorphology, multibeam bathymetry,
remotely operated vehicle, eruption

1 Introduction

Tectonic and volcanic processes sculpt and re-shape submarine
volcanic terrains. Relict forms are modified by fresh events or
ongoing processes, resulting in a mix of geomorphologies at
varying spatial and temporal scales (Thouret, 1999). Growth, or
constructional features (i.e., lava domes and lobes and volcaniclastic
deposits), and decay, or destructional features (i.e., slope failures,
debris avalanches, scarp retreat, and gullies) of submarine volcanic
terrains exhibit distinct geometries and textures (Lipman, 1997;
Thouret, 1999; Branney and Kokelaar, 2002; Favalli et al., 2005;
Whelley et al., 2014;Whelley et al., 2017; Korzeniowska et al., 2018).
These geometries and textures can be used to delineate forms and
geomorphic units, which are crucial for interpreting submarine
volcanic evolution. The paucity of deep-marine bathymetric data
and the often single-pass nature of marine surveys, however, yield
only a static view of a dynamic environment (Wright et al., 2008;
Watts et al., 2012; Paduan et al., 2016; Chadwick et al., 2018).
Without precise, repeated, multi-sensor surveys, change detection
is impossible, and accurately modeling the extent and frequency of
change in seafloor processes and events is limited.

The submarine Havre volcano, on the Kermadec arc in the
Southwest Pacific, is a well-surveyed exception, unlike most
submarine volcanoes (Figure 1). The volcano has been surveyed
numerous times, initially in 2002, most notably in 2012 by the RV
Tangaroa after the largest observed deep-marine silicic eruption
on record, and again in 2015 by the RV Roger Revelle and the
autonomous underwater vehicle (AUV) Sentry.The four bathymetry
datasets provide both low (25 m)- and high (1 m)-resolution
bathymetry over 13 years, encompassing a large-scale complex
eruption that included modification of the caldera and its features.
The Havre volcano data provide a rare high-resolution and high-
density view of a submarine volcanic environment that surpasses
many terrestrial examples in detail and allows a unique view of
submarine caldera evolution.

We examine geomorphometric variables of pre- and post-
eruption multibeam bathymetry across a continuum of spatial and
temporal scales at the Havre volcano to

1. Build large-scale (25 m resolution) geomorphological maps
and a fine-scale (1 m resolution) detailed geomorphological
map, combining high-resolution AUV bathymetry, remotely
operated vehicle (ROV) video footage, and a synthesis of
previous work.

2. Provide a time-series geomorphic analysis and identify the
persistent submarine volcanic geomorphological features.

3. Undertake a change detection analysis to reveal which
areas of the deep-marine caldera have undergone substantial
constructional and/or destructional processes pre-, syn-, and
post-eruption.

2 Geological setting

The Havre volcano is a submarine silicic caldera ∼840 km
northeast of Aotearoa/New Zealand, along the Kermadec Arc
(Figure 1). The Kermadec Ridge lies ∼35 km to the east, while the
rifted back-arc basin seafloor lies ∼10 km to the west. This fabric
abuts the 37 km × 21-km Havre volcano edifice, which is situated
∼1,040 m above the surrounding seafloor at a water depth of∼900 m
and has a constructional volume of 93 km3 (Wright et al., 2006).
The caldera rim proper is near-circular, with a ∼5 km diameter NW-
SE and a 4 km diameter NE-SW, with a slight dominant lengthwise
orientation of 305°. Steep (up to 40° slope) calderawalls, with amean
water depth of ∼930 m (w.d.), encircle a 585-m-deep bowl from the
rim (1,520 m mean w.d.).

The volcano erupted in July 2012, producing a pumice raft
of >400 km2 on the sea surface. The raft volume was calculated
at 1 km3 (up to a dense rock equivalent [DRE] of 0.25 km3)
(Jutzeler et al., 2014). The eruption produced 15 new silicic lava
domes and lobes, emplaced along the southwestern (SW) caldera
wall and southern caldera rim, including a large dome (dome
OP) on the southeast (SE) rim. Volume estimates of 0.21 km3

(DRE) for lavas and domes, of which 0.11 km3 was contributed
by the combined dome OP, and 0.1 km3 (bulk) for giant pumice
(GP) were calculated (Carey et al., 2018; Ikegami et al., 2018). An
earthquake swarm, reaching up to M4.9, was also recorded before
and during the event but was poorly located at the time (Carey et al.,
2014). Mittal and Delbridge (2019) describe a swarm of M >
3.5 earthquakes that accompanied the eruption. A comprehensive
geological background of the Havre volcano is outlined by
Wright et al. (2006); Carey et al. (2018); Ikegami et al. (2018); and
McPhie et al. (2020); the eruptive timeline is well described by
Ikegami et al. (2018).

3 Data and methods

3.1 Bathymetry

Four different multibeam echosounders (MBESs) acquired data
during the four repeat surveys of the Havre volcano (Table 1):
the 2002 pre-eruption survey used a Kongsberg EM 300 (30 kHz)
echosounder on RV Tangaroa (Figure 1A); the post-main eruption
response survey inOctober 2012 used aKongsberg EM302 (30 kHz)
echosounder, again on RV Tangaroa (Figure 1B); and the 2015
targeted survey used both a Kongsberg EM 122 (12 kHz) on RV
Roger Revelle (Figure 1C) and a Reson SeaBat 7125 (400 kHz)
on the AUV Sentry (Figure 1D). Bathymetry data were processed
following the best practices outlined in respective voyage reports
or published articles, including those by Wright et al. (2006) for
2002 data, Wysoczanski et al. (2013) for 2012 data, and the MESH
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FIGURE 1
Digital elevation models of the Havre volcano, from the (A) 2002 RV Tangaroa survey (30-kHz EM 300 MBES, 25 m resolution); (B) 2012 RV Tangaroa
survey (30-kHz EM 302 MBES, 25 m resolution); (C) 2015 RV Roger Revelle survey (12-kHz EM 122 MBES, 25 m resolution); and (D) 2015 Sentry survey
(400-kHz Reson SeaBat 7125, 1 m resolution). Contours at 50-m intervals. Inset in (A) shows the regional location of the Havre volcano, ∼840 km
north–northeast from Aotearoa/New Zealand, along the Kermadec arc, with the exaggerated red square indicating the survey area. Sun illumination at
315°, WGS84 UTM 1S projection.

Voyage Report for 2015 data. Data processing includes standard
sound speed and position corrections and acoustic artifact (“ping
error”) cleaning.

All digital elevation models (DEMs) of the Havre volcano were
projected into WGS84 UTM Zone 1S. All DEMs, excluding the
high-resolution (1 m) AUV DEM, were resampled down to 25 m
to fit the coarsest resolution surface, using QGIS v3.16. All DEM
extents were matched and aligned along eastings and northings.
The DEM pixel numbers were also matched to ensure that rasters

were dimensionally divisible to allow for accurate change detection
(Wheaton et al., 2009).

3.2 Magnetic anomaly data

AUV Sentry collected vector magnetic data using an APS three-
axis flux gate magnetometer at an average altitude of ∼50 m above
the seafloor. The three-component magnetic data (x, y, and z)
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TABLE 1 Details of the four repeat surveys over the Havre volcano examined within this paper.

Year 2002 2012 2015 2015 2015

Survey TAN0205 TAN1213 RR1506 RR1506 RR1506

Platform RV Tangaroa RV Tangaroa RV Roger Revelle AUV Sentry ROV Jason

Multibeam echosounder Kongsberg EM 300 Kongsberg EM 302 Kongsberg EM 122 Reson SeaBat 7125 n/a

Nominal frequency 30 kHz 30 kHz 12 kHz 400 kHz n/a

Coverage 915 km2 3,138 km2 331 km2 43 km2 67-km track

were transformed into a total-intensitymagnetic field.Themeasured
magnetic field was then corrected for themagnetic effect originating
from the vehicle itself by fitting the sinusoidal variation in
the magnetic field data observed as the AUV spins during its
descent/ascent to/from the seafloor (Tivey et al., 2003). Following
the magnetometer spiral calibration, residual noise from the
AUV was less than 0.2% of the magnetic anomaly magnitude.
Magnetic anomalies were obtained by subtracting the International
Geomagnetic Reference Field (IGRF; Thebault et al., 2015). The
resulting magnetic anomaly data were then interpolated onto a
20-m-spaced grid using a minimum-curvature algorithm. The
magnetic anomaly grid was then inverted to correct for topographic
effects and the uneven track of the AUV. We used a discrete set
of juxtaposed prisms with 50-m horizontal resolution, with tops
defined by the bathymetric level and bottoms at a constant depth of
2,000 m.The resulting crustal magnetization of each block was then
determined by least-squares linear optimization.

3.3 Derivatives

Spatialanalysis toolboxesinQGISv3.16andSystemforAutomated
Geoscientific Analyses (SAGA) algorithms were used to create
bathymetric derivatives for all four DEMs, including the slope,
standard deviation of the slope, and topographic position index (TPI)
(Conrad et al., 2015) (Figure 2 shows the slope and standard deviation
of the slope). The slope was used to delineate obvious changes in
the slope between large-scale features and contacts or boundaries of
various volcanic products and geomorphological features at all scales.
Broad and fine-scale TPIs were used to note areas of discrete high and
low topography to delineate fault features, ridge lines, and gullies.

The standard deviation of the slope is a robust proxy for seafloor
texture that has been used to delineate various lava products, both
submarine and subaerially (Whelley et al., 2014; Whelley et al., 2017;
Korzeniowska et al., 2018). The textures of giant pumice (GP) are
emphasizedby the1-mresolutionstandarddeviationof the slope layer,
which was used to extract GP coverage maps. Areas with >4 standard
deviationof theslopewerere-classifiedasGPandconverted toabinary
class, and footprintsof theGPareaswere extracted.Polygons>1 mand
<10 mwere retained, with polygons >10 m excluded from the analysis
to remove stacked clasts and limit the analysis to observed maximum
GP sizes (Carey et al., 2018; Ikegami et al., 2018; Mitchell et al., 2019).
Theresultingpolygonswereused as aproxy for individual clasts.Areas
ofknownacousticartifactsorfeatureswerealsoremoved,e.g.,extruded

fresh lavas, caldera walls, and ping errors. The standard deviation of
the slope also emphasizes a known artifact in the 2012 EM 302 data
along the southwestern wall.This artifact was perpetuated through all
analyses; any interpretationwithin thatarea is treatedwithduecaution.

3.4 ROV video footage and temperature
sampling

Approximately 250 h of video footage was collected over 12 dives
during the 2015 survey using the ROV Jason (Figure 3). Stills were
analyzed using both a forward-looking Insite SuperScorpio Sony
Cameraandadownward lookingMISO-OSI16 MPcamera.Thevideo
was analyzed from the three Insite Mini Zeus 1080i Camera video
footages. Water temperature values were recorded underway using
a miniature autonomous plume recorder (MAPR); discrete seafloor
andsub-seafloortemperaturevalueswererecordedusingastand-alone
heat flow (SAHF) meter. Extensive event logs were recorded during
the twelve 2015 ROV dives by onboard scientists and technicians.

Post-survey, voyage event logs were cleaned (removing
erroneous entries, fixing spelling, and consolidating terms) and
re-coded in QGIS to indicate where key features were observed.
These logs helped guide video footage interrogation and geomorphic
boundary refining. Using these logs, we analyzed the video
footage for regional and local topographic, geomorphic, and
lithic composition to verify surface slope, roughness, and textures
observed in bathymetric derivatives.

3.5 Geomorphic change detection

Initial geomorphic change detection (GCD) calculations were
conducted by Carey et al. (2018) and Ikegami et al. (2018), with
volumetric calculations undertaken only on lava and dome regions
between the three datasets. In this section, we expand the GCD
to analyze all three lower-resolution (25 m) DEMs, including both
geomorphic increase and decrease. We estimate and incorporate
a uniform 10-m detection limit threshold into all GCD analyses
to account for assumed sensor differences and vertical uncertainty
in deep water (>1,000 m w.d.) and uncertainty in the three grids
(Brasington et al., 2003; Wheaton et al., 2009; Schimel et al., 2018).
Any observed change that occurs within this 10-m threshold is
deemed untrustworthy and excluded from further analysis; a change
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FIGURE 2
Slope (left column) and standard deviation of slope (right column) derivatives of surveys (A, E) 2002 RV Tangaroa, (B, F) 2012 RV Tangaroa, (C, G) 2015
RV Tangaroa 25 m, and (D, H) 2015 Sentry 1 m DEMs. Geological changes, sensor differences, and artifacts become apparent in the derivatives,
particularly areas with a standard deviation of slope >5 (bright yellow). Sun illumination at 315°, WGS84 UTM 1S projection.
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above this threshold is deemed trustworthy. A detection limit
threshold was chosen as the grids were provided in processed form;
uncertainty estimations were based on known sensor uncertainties
between systems and certainty loss with depth.

Three difference rasters were created to compare the periods
2002–2012, 2012–2015, and 2002–2015. All different rasters
were then overlain with the high-resolution 1-m grid to
determine whether volumetric changes correspond with observable
morphological features in the high-resolution (1 m) DEM. Volume
calculations were made by multiplying the height change (increase
or decrease) per pixel of change. Volume change estimates in areas
with high degrees of slope were treated with caution.

3.6 Geomorphic maps

Geomorphic units of lower-resolution (25 m) DEMs were
delineated in QGIS (v3.16) based on the slope, roughness,
topographic position metrics, and the GCD analysis. Geomorphic
units of the high-resolution (1 m) DEM were identified and hand-
drawn in QGIS based on the slope, roughness, topographic position
metrics, the large-scaleGCD, andobservablemorphological features
cross-referenced with video footage. The fine-scale map units were
also based on a synthesis of previous geological analyses undertaken
by Wright et al. (2006), Carey et al. (2014), Carey et al. (2018),
Ikegami et al. (2018), McPhie et al. (2020), and Murch et al.
(2020). Criteria for allocation to specific geomorphic units, along
with statistical and geometric measures of each unit, are described
in Supplementary Material Table 1. The definitions and naming
conventions of geological facies from the previous literature
(Carey et al., 2018; Ikegami et al., 2018; McPhie et al., 2020)
predominantly remain unchanged, including the alphabetization of
lava lobes and domes.

Four geomorphic groups encompassing both constructional and
destructional processes are interpreted in the large- and fine-scale
maps: (1) large-scale tectonic features, e.g., faults and ridges; (2)
large-scale volcanic features, e.g., calderas and craters; (3) coherent
volcanic products, e.g., lava lobes and domes; (4) clastic volcanic
products, e.g., ash–lapilli–block and GP deposits; and (5) mass-
wasting features, e.g., debris deposits, scarps, and mega-blocks.
Geomorphic units are given in Table 2. The spatial characteristics
of units are given in Supplementary Material Table 1.

The fine-scale map produced from the 1-m AUV bathymetry
allowed us to define broad-scale unit boundaries more precisely,
record geological facies, and interpret geomorphological processes
obscured in the lower-resolution data. The scale of the high-
resolution bathymetry means any geomorphic units that feature
volcanic material <1 m in size, including ash, ash–block–lapilli, or
scree deposits, were largely unresolvable. These deposits are defined
for locations where video footage is available but cannot be robustly
defined elsewhere. Mass-wasting evidence along steep slopes (i.e.,
scarps, scars, and debris deposits) could be delineated in some areas.
Similarly, hydrothermal venting areas were recorded and included
both diffuse and point-source fluid venting, hydrothermally altered
material and sediment, and ecology suggestive of nearby venting
(i.e., extensive bacterial mats) (Figures 3E, J, O, T).

4 Results

4.1 Large-scale geomorphic and geologic
time-series maps of the Havre volcano

The large-scale geomorphic and geologic (Figure 4A) and Havre
volcano maps (Figures 4B–D) show tectonic and volcanic features,
including the volcanic edifice of Havre, the edifice surrounding
Havre rock to the SE, a partial edifice to the NE, the rifted back-
arc terrain to the NW, arcuate balconies (also called “concentric
escarpments” by Wright et al. (2006)), numerous cone-like edifices
(i.e., volcanic cones and small seamounts) distributed across both
the rifted zone and the Havre volcano edifice, igneous ridge crests
[“fissure ridges” as described by Wright et al. (2006)], the terrace
breach feature, and a mega-scarp on the SE [interpreted as a sector
collapse by Wright et al. (2006)].

All large-scale features observable in the lower-resolution
datasets outboard of the outer rim did not change over the
time-series analysis, with no recent observable foundering of
the edifice, new cone growths, or other volumetric changes
(Figure 4D). This stasis is also noted for some features inboard
of the outer rim, including the caldera terrace, outer-rim arms,
intra-caldera ridges (“elongated fissure cone”; Wright et al. (2006)),
and volcanic craters. Several features within the caldera rim show
significant changes (Figures 4B–D). Descriptions of all broad-scale
features outside the caldera rim reflect a synthesis of bathymetric
surveys conducted in 2002, 2012, and 2015.

4.1.1 Regional volcano–tectonic features
Rifted back-arc basin terrain abuts the northwestern (NW)

boundary of the Havre volcano edifice (Figure 4A). The fabric hosts
numerous sub-parallel elongated ridge crests (1,100 m of mean
length), mostly oriented at ∼035°, consistent with the orientation
of faults from the Kermadec back-arc region (Wright et al., 2006).
Here, 32 cone-like volcanic edifices dot the rifted fabric (Figure 4A;
n.b.: some cones lie outside the map frame), ranging from 260 to
1,500 m in diameter (measured lengthwise when elongated). Several
of these are cross-cut by faults, which may indicate that the cones
predate more recent tectonic deformation of the rifted back-arc
basin. Seven kilometers southeast of the Havre volcano rim lies the
edifice edge that hosts Havre and L′ Esperance Rock (Figure 4A).
Here, seven cone-like features dot the edifice, ranging from 650 to
1,740 m in diameter.

4.1.2 Havre volcano
The Havre volcano is quasi-circular, 5.4 km lengthwise from

NW to SE, 4.4 km width-wise from NE-SW, and encircled by two
overlapping caldera rims (Figures 4A, D).The 17-km circumference
inner rim has well-defined boundaries except in the SE, where it is
overprinted by recent volcanism. The W outer arm has a steep face
(up to 35°) toward the inner rim, while the SE arm is bounded to the
south by a gradual slope (∼15°) outboard of the rim (Figure 4D).The
21-km circumference outer rim connects with the inner rim along
its northern boundary and has two well-defined arms extending to
SW and SE (Figure 4D). Along the southern rim between the outer
arms, the caldera boundary is poorly defined and grades smoothly
into the caldera flank (Figure 4D).
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TABLE 2 Summary of the Havre volcano geological and geomorphological features.

Unit/feature Description

2012 giant pumice apron Extensive giant pumice (GP) apron with a SE–NW-oriented footprint, deposited after the 2012 eruption

2012 mega-breccia Lobe of mega-breccia downslope from lava G, H, and I that post-dates the GP deposit

Arcuate balconies Concentric mega-bed forms, radially extending from the caldera down to the volcanic edifice boundary

Ash–lapilli–block apron Deposits of ash, lapilli, and blocks derived from lava extending out from in situ lava

Ash–lapilli–block pumice deposits Blankets of pumice deposits with varying proportions of ash, lapilli, and blocks

Autoclastic lava Lava breccia formed during lava dome growth or lava propagation

Block breccia Monomictic, coarse, well-sorted breccia

Caldera floor Subsided portion of the volcano that was subsequently covered and infilled with later deposits

Caldera rim Topographic margin or escarpment bounding the inner (and outer) caldera walls. A highly active area for the caldera, it undergoes
both constructional processes (lava intrusion and hydrothermalism) and destructional processes (mass wasting and scarp retreat)

Caldera terrace Platformed terrace between the outer and inner caldera rims

Caldera wall Inward-facing steep slopes of the main subsidence zone, i.e., above the subsided floor, between the caldera rim and caldera floor

Caldera wall–radial ridges Steep radial ridges lining the caldera walls

Cone-like edifices Small conical-shaped edifices observed near the primary caldera and within the rifted back arc terrain

Cryptolavas and cryptodomes Intrusive inflation of the caldera walls, with no extrusive component

Faults Linear features within and outside the caldera

Igneous ridge crests Sub-parallel elongated ridges mostly oriented at ∼35°. Higher number density of ridge crests within the rifted back-arc terrain; lower
number density of ridge crests striking SW–NE either side of the caldera, sometimes radial or sub-parallel

Intra-caldera ridge Steep-sided ridge within the caldera bowl, with clear underlying doming and smooth sides

Lava ridges–chaotic domain Ridge-and-basin topography at the lava flow front

Lava ridges–compressional Buckled lava rind

Lava ridges–troughs and valleys Linear and chaotic features across the toe of lava lobe C, including ridges, valleys, and an inner depression

Low-relief domain Slightly raised area of flat topography on the caldera floor, between the chaotic domain to the west and compressional sediment ridges
to the east (McPhie et al., 2020)

Major scarp Major head scarp features along the caldera inner rim; more distinct than other scarp features lining the rim

Mass wasting Remobilization of caldera wall deposits, GP, and scree

Mega-blocks Isolated, or later grouped, blocks scattered across the caldera floor, tens of meters across

Mega scarp Half-circle, ∼2.5 m across, on the outer eastern mid-flank of the caldera

Pre-2012 caldera wall features Several lobate features were observed on the caldera wall, three on the SE and one on the SW, of uncertain origin

Rifted back-arc terrain Rifted back-arc terrain 10 km northwest from the Havre volcano. Characterized by prominent elongate ridges oriented at ∼35° and
several volcanic edifices

Sediment ridges Concentric parallel to subparallel ridges of deformed soft sediment at the leading edge of the lava C slump sheet

Talus and scree aprons Talus and scree aprons surrounding lava lobes on the SW wall

Terrace breach Discontinuity in the outer southwestern caldera terrace rim and upper-to-mid flank

(Continued on the following page)
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TABLE 2 (Continued) Summary of the Havre volcano geological and geomorphological features.

Unit/feature Description

Uncertain giant pumice apron Secondary apron of GP that has a different geometry and unclear source or time of deposit

Volcanic craters Small bowl-shaped craters

Volcanic edifices Approximate base of the volcanic complex elevated from the surrounding seafloor. The ridge fabric deforms (or onlaps) the lower western
portion of the edifice, recorded as younger than the arcuate balconies

Western sheet Slightly elevated caldera floor on the northern side of lava A

For spatial characterization, see Supplementary Table 1. Descriptions of features specific to the Havre volcano were derived from the studies by Carey et al. (2018), Wright et al. (2006),
Pope et al. (2018), Ikegami et al. (2018), McPhie et al. (2020), and Fink (1980). All other descriptive terms are commonly used in the literature for these terrains.

4.1.3 Caldera terrace
Constructional volcanic products line the southern caldera rim

and extend, in places, from the caldera terrace to the caldera floor.
A 10-km2 caldera terrace lies between the inner and outer rims,
encompassing all the boundaries except the northern boundary
(Figure 4B). The terrace maintained a consistent areal extent over
the time series, with no foundering or lava accretion. In 2002, the
terrace hosted two conjoined lava domes, one inside the SE terrace
boundary (550 m basal diameter lengthwise and 120 m relief) and
the second outside the SE outer caldera rim on the caldera flank
(Figure 4B). Abutting the conjoined domes is a partially buried
∼340-m-diameter bowl-shaped volcanic crater; a smaller crater
(0.06 km edifice) lies buried mid-terrace, ∼1 km W of the conjoined
lava domes. An intra-caldera ridge, with 010° orientation, lies NE of
the inboard lava dome. A third volcanic crater (190 m diameter) lies
within the gently sloping (15°) SE side of the caldera wall, at the head
of a calderawall feature of unknown genesis (Figure 4D). A pre-2012
lava dome, referred to as “lava J,” situated on the southern inner rim
of the caldera and spans an area of 0.19 km2 (Figures 4B, C).

4.1.4 Caldera walls and floor
Steep (>40° slope in areas) walls line the caldera bowl, marked

with radial ridges and deep gullies, except for the SE boundary,
which has a mean slope of 20° (Figure 4B). Three lava lobe-shaped
features (age unknown)were recorded in 2002 as a break in slope and
areas of increased roughness at the gently sloping SE caldera wall, at
top- and mid-slopes (Figure 4B). A fourth lava lobe-shaped feature
(age unknown) lies at the SW mid-slope caldera wall, extending
down to the caldera floor (Figure 4B). These features are likely relict
lava lobes; however, they are difficult to interpret in low-resolution
data as caldera walls are active environments with complex fault-
related movement and surface processes. The 4.4-km2 caldera floor
has <5° slope, except in areas where a 650-m-long intra-caldera
ridge protrudes from the southern caldera wall into the caldera
bowl and where a solitary 0.025-km2 mega-block rests on the
floor, ∼560 m from the western wall (Figure 4B). The W caldera
inner rim showed ∼100 m of scarp retreat by 2012, while the NW
caldera floor perimeter also retreated by ∼90 m. In 2012, a second
mega-block (0.021 km2) abutted the previously solitary 0.025-km2

mega-block observed in 2002 (Figure 4B). The caldera rim, walls,
and floor showed no significant morphological changes between
2012 and 2015 (Figures 4C, D).

4.1.5 Lava domes
Features along the inner caldera rim experienced multiple

morphological changes observable in the low-resolution bathymetry
between 2002, 2012, and 2015. The 2012 survey, undertaken in
response to the observed pumice raft, revealed the emplacement of
a 0.9-km2 lava dome, “dome O” (Carey et al., 2018; Ikegami et al.,
2018), on the SE caldera terrace (Figure 4C). The dome, with
a 1,160-m basal diameter lengthwise west to east, overlaps the
pre-2012 inboard conjoined lava dome and the nearby intra-
caldera ridge, while its northern edge descends the SE caldera wall
∼290 m (Figure 4C). The dome has a spoon-shaped amphitheater
∼380 m across its center. The 2015 survey revealed one notable
morphological change: the emplacement of lava P (0.09 km2) in the
dome O amphitheater (Figure 4D).

Five domes (0.07–0.15 km2 area) line the southern inner caldera
rim on the top slopes of the caldera wall: lava domes H, I, K, M, and
N ((Carey et al., 2018; Ikegami et al., 2018) (Figure 4D)), with lava
dome K overlapping the pre-2002 dome (lava dome J). Lava dome
G (Carey et al., 2018; Ikegami et al., 2018) was not discernible in the
lower-resolution bathymetry of 2002, 2012, or 2015. No significant
morphological changes to the caldera terrace, apart from lava P
emplacement, were recorded between 2012 and 2015.

4.1.6 Lava lobes
The post-eruption 2012 survey revealed the emplacement of

several lava lobes on the caldera wall, originating from the SW
top- and mid-slopes, spreading laterally on the caldera floor, as
investigated by Carey et al. (2018), Ikegami et al. (2018), and
McPhie et al. (2020). In the low-resolution 2012 data, these lava lobes
appear to entirely subsume the previously described pre-2012 wall
feature as it is no longer discernible (Figure 4C).The lava lobes show
no significant changes in the low-resolution data between 2012 and
2015 that could not be attributed to the artifact.

4.2 Fine-scale geomorphic and geologic
map of the Havre volcano

The fine-scale geomorphic and geologic map of the Havre
volcano produced from 1-m resolution AUV bathymetry and
ROV video footage has allowed us to resolve deposition
products and emplacement processes to a level of detail not
achievable with low-resolution data (Figure 5). Over 4,070
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FIGURE 4
(A) Geomorphic and geologic map of the Havre volcano region as captured by bathymetry collected in 2012. Arcuate balconies, relict lava domes,
intra-caldera ridges, and vent-like edifices mark episodes of past volcanism outboard of the caldera. Post-2012 eruption products are shown in red.
Descriptions of features are given in Table 2. The Havre volcano as captured by bathymetry observations collected in (B) 2002, (C) 2012, and (D) 2015.
Large-scale features from 2002 (A and B), such as the caldera outer rim and terrace, terrace breach, mega scarp outboard of the rim, and pre-2012
domes on the inner rim and outer eastern rim arm, maintained a consistency of form for over 13 years. Post-2012 eruption products, lava lobes and
domes, and an additional mega-block are shown in (C). The emplacement of lava dome P is shown in (D). Descriptions of features are given in Table 2.
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events recorded during video transects revealed a variety of
geologic and geomorphic features, including mass-wasting features
(scree, rubble, debris, and scarps) (Figures 3A, B, F, G), lava
(Figures 3D,M), lava spines (Figures 3H, S), pumice (Figure 3L),
GP (Figures 3G, L, P, Q, R), breccia (Figures 3C, N), lapilli
(Figures 3D, I), ash (Figures 3G, K, Q, R), scarps, cliffs (Figure 3K),
contacts, boundaries, hydrothermally altered rocks and sediment,
and hydrothermal venting evidence (water discharge, hydrothermal
vents, and microbial and bacterial mats) (Figures 3E, J, O, T).
Dominant geomorphic and geologic units are described below,
focusing on the constructional and destructional differences
compared to the pre-eruption survey. The following sections
discuss the work by Carey et al. (2018), Ikegami et al.
(2018), and McPhie et al. (2020), followed by new observations.

4.2.1 Lava lobes
Lava lobes were emplaced along the mid-slopes of the SW

caldera wall during the 2012 eruption, where lava extruded
into the caldera and flowed downslope following relict gullies
(Figures 5, 6A). Local topographic features of the caldera walls
(steep scarps, caldera wall ridges, and relict lobes) control the
lobe morphologies observed at the mid-slopes and the caldera
floor (Ikegami et al., 2018). Lava A (0.24 km2), B (0.058 km2), C
(0.57 km2), E (0.073 km2), and F (0.34 km2) have narrow upper
lobes and are near-triangular in cross-section; A, B, and C have
compressional ridges along their spines caused by stalled downslope
flow that has buckled the outer lava crust (Fink, 1980; Ikegami et al.,
2018; McPhie et al., 2020) (Figures 5, 6A, B). Late-stage breakout
lobes extend from lobes A and C (Ikegami et al., 2018). Lobes A and
C exhibit a rough outer surface, composed of chaotic, blocky lava
clasts, except on the lower flanks where they are bounded by small
grain-sized talus and scree aprons (Figures 5, 6L). At the caldera
wall base, lava lobes A and C laterally spread into flat, broad lobes
that contact the sedimented caldera floor (Figures 5, 6B). Here, high
surface roughness on flat surfaces is generated by some large lava
clasts and giant pumice clasts. Smooth, steep slopes bound the toe of
lava A, clearly demarcating its contact with the caldera floor, while
sub-parallel compressional ridges cover the entire toe (Figures 5, 6J).

The toe of lava C spreads from a width of ∼170 m at the
caldera floor perimeter to ∼860 m at its widest across the seafloor
(Figure 6B). Linear and chaotic features combine into trough
and valley morphology with an inner depression, as noted by
McPhie et al. (2020). NE of the lava C toe is the basin-and-ridge
morphology of the chaotic domain. Here, the seafloor, from video
footage, exhibits a combination of GP, pumice (<1 m diameter), lava,
and ash. At the flow front of the chaotic domain lies the undeformed
flat topography in the low-relief domain, where the seafloor is
dominated by GP (Figure 6B). Concentric sub-parallel ridges form
the deformed sediment domain. This sediment wave zone front was
discussed in detail by Ikegami et al. (2018) andMcPhie et al. (2020).
Lava C has an obvious contact demarcation on its SE border, while
theNE lava toe front has less defined borders.The intra-caldera ridge
on the southern caldera floor controls the southern boundary of the
lava C chaotic domain (Figure 6A). Lava B is covered at its toe by the
dominant lava C; lava D is covered by both lava C and E (Figure 6A).
Lava F has a small toe demarcated by amoderate slope that abuts the
extensive lava C toe.

This paper also notes that the pre-2012 caldera wall lava
lobe, located mid-slope on the SW caldera wall observed in
2002 (Figure 4A in orange), is still visible in the fine-scale
geomorphology map (Figures 6A,I,J); it was previously observed
as being subsumed by lava in the large-scale, low-resolution
bathymetry maps (Figure 4B) by Carey et al. (2014). This relict
feature formed a barrier and gully from which lava A, exiting above
the relict source, flowedNWand thenNE down the wall (Figure 6J).

The pre-2012 low-relief lava lobes observed in 2002 on the
SE caldera quadrant (Figure 4B) exhibit similar features in the
fine-scale maps (Figure 6D). They have a typical downslope flow
appearance with dendritic zones of high roughness.The largest low-
relief feature begins at the crater rim and is highlighted with areas of
high roughness, resembling small lava lobes and ridges (Figure 6D).
These are confirmed on two of the smaller features, to the west
and north of the larger feature, as small lava emplacements in the
video footage, lying on gentle slopes mantled with poorly sorted
polymictic breccia.

4.2.2 Lava domes
The 2012 lava domes line the southern caldera rim, where

relict lava dome J was emplaced prior to 2002 (Carey et al.,
2018; Ikegami et al., 2018) (Figure 6C). Sub-circular, with rough
surfaces and lava spines (Figure 3H), these domes align with fault
features striking EW along the southern rim (Figure 6K).These fault
features have been interpreted as the surface expression of dikes
controlling the emplacement of the southern wall (Carey et al., 2018;
Ikegami et al., 2018). Lava domes G (0.023 km2), H (0.10 km2), I
(0.095 km2), K (0.062 km2), M (0.022 km2), and N (0.062 km2) all
exhibit rough carapaces relative to the surrounding seafloor, with
video footage confirming the presence of significant lava spines
and lava blocks (Figure 3). The smooth-sided relict lava dome J
(0.10 km2), noted between I and K (Carey et al., 2018; Ikegami et al.,
2018), abuts lavaK.Another relict dome to thewest of J (0.0085 km2)
is buried by lava I, indicating a previously unnamed relict dome
(Figures 5, 6C). In the video footage, lava J also has distinct lava
spines that coincide with the central portion (0.026 km2), which
has higher roughness than its surroundings. Lava dome L, noted
between K and M by Ikegami et al. (2018), is minimally detectable
in the bathymetry, derivatives, or change detection; however, it is
within a circular depression of ∼500 m2 (Figures 5, 6C).

The original dome O is demarcated by steep sides covered
in autoclastic lava breccia aprons. A jagged carapace covers the
central portion of the dome,marked by increased roughness. Nested
within the original dome O’s spoon-shaped amphitheater, observed
in 2012, is a smooth tulip-shaped lava extrusion (lava P) and
a secondary ovoid-shaped lava center with notable lava spines
near its core (Figure 5E). The video footage shows a fresh carapace
and spines with no ash or GP on top.

4.2.3 Cryptodomes
Ikegami et al. (2018) interpreted a feature north and downslope

of lava dome N as a cryptodome, formed by magma intruding
into the surrounding sediments but never surfacing as lava. In
this section, we describe five additional mounds that are likely
cryptodomes (Figures 5, 6C).

The newly identified mounds occur downslope from lava dome
J (0.079 km2); north and downslope of lava dome K (0.064 km2);
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FIGURE 5
Fine-scale geomorphic and geologic map from 1-m resolution bathymetry, showing both large- and small-scale features across the Havre volcano
and resolving features not possible in low-resolution bathymetry. Details are given in Figure 6.
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FIGURE 6
Highlights of the fine-scale geomorphic and geologic map: (A) lava lobes A–F along the southwestern caldera wall; (B) chaotic, low-relief, and
deformed sediment domains of lava C; (C) lava domes I–N along the southern caldera wall, aligning with fault features and underlain by cryptodomes;
(D) pumice, ash, lapilli, and block apron of dome OP; (E) lava dome OP and clastic lava apron; (F) steep caldera wall and remobilized 2012 deposits on
the NW rim; (G) SW uncertain giant pumice apron; (H) eastern outer giant pumice apron; (I) mega-blocks; (J) major scarp above lava A; (K) lava dome
(G, H, and I), looking north downslope to the mega-breccia deposit; (L) mega-breccia deposit; (M) mass-wasting features of the northern caldera wall;
(N) mass-wasting features of the eastern caldera wall. Inset shows approximate locations.
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FIGURE 7
(A) Geomorphic change detection, overlain with outlines of smooth, bulbous features (cryptodomes) associated with the 2012 lava dome
emplacements and additional downslope mounds. White outline: extrusive lava domes; black outline: cryptodomes; dashed outline: downslope likely
cryptodomes. Green arrow shows north. (B) High-resolution image of the circular depression from which lava L was collected.

north and downslope of lava L on the caldera rim (0.025 km2); north
and downslope of lava dome M (0.075 km2); and between the lava
domeM and Nmounds (0.018 km2). All six mounds are notable for
their smoothness relative to their associated adjacent lavas (which
exhibit high roughness) and a distinct change in slope, which well
demarcates their boundaries. Five of the six mounds appear as
areas of notable gain in the geomorphic change detection analysis
between 2002 and 2015 (Figure 7A). The mound beneath J, while
smooth relative to the J dome lava and with a clearly demarcated
boundary, showed no geomorphic change between 2002 and 2015,
suggesting an earlier genesis (Figure 7A). We observed that the GP
density on the cryptodomes of lava domes J–N is lower than the
surrounding seafloor.

Two additional areas of geomorphic increase are also noted: one
north and 150 m downslope of lava L andM (0.19 km2) and another
north and 150 m downslope of lava domeN (0.17 km2) (Figure 7A).
These features exhibit dendritic ridge lines and smooth mounds
at their upslope source and notable geomorphic change between
2002 and 2015. No footage was obtained to determine their surface
expression.

4.2.4 Lava-dome breccia aprons
We observed that aprons of dome OP debris, consisting of sub-

meter facies such as ash, lapilli, and lava block fragments in video

footage (Figures 3D, I, N), are indistinguishable in the 1-m grid.
These coarse and poorly sorted deposits are oriented SE–NW, radial
from the dome center and toward the caldera floor (Figures 6D, E).
The deposits on the two pre-2012 lava domes south of dome OP on
the caldera terrace consist of sub-meter lava blocks (Figure 6E).

4.2.5 Ash and ash–lapilli aprons
We observed an apron of pumiceous ash and lapilli deposits

located around dome OP in the video footage (Figures 3I, Q). This
apron lies stratigraphically above the GP but below the dome
OP debris apron. These deposit facies are unobservable in the 1-
m bathymetry as a distinct texture because the clast sizes are of
the sub-meter scale. For finer-scale mapping of ash and surface
facies, seafloor backscatter at a relevant scale would be required.
As such, sub-meter deposits are not discussed further, although
they are thoroughly explored in the recent literature (Murch, 2018;
Murch et al., 2019; Murch et al., 2020).

4.2.6 Caldera walls
Normal faults strike SW–NE along the upper outer flanks

of the caldera and near the inner rim. Stacked lava sequences
and consolidated deposits form the steep cliffs and ridges of
the caldera wall, while scree and talus form the lower slopes
(Figure 5; Figures 6F, J). Calderawall outcrops and cliffs (Figure 6K),
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demarcated as being >40° slope, comprise ∼16% of the total caldera
wall area. Above the 2012 lava lobes that line the SW mid-caldera
wall (A-E) are layers of sediment, ash, and scoria from previous
eruptions. On the western caldera rim, stacked sequences of dark
and light ash and lapilli layers also record past volcanic eruptions.

4.2.7 Giant pumice deposit
GP coversmost of the caldera floor (∼30 km2), as well as discrete

areas of the caldera walls, terrace, lava domes A–E, and areas further
outside the 1-m surveyed area, with an NW dispersal orientation
(Carey et al., 2018; Murch et al., 2019; Murch et al., 2020) (Figure 8).
The volume of the GP deposit was estimated at 0.1 km3 (Carey et al.,
2018), has an orientation that aligns with the sea-surface pumice raft
observed in 2012 (Jutzeler et al., 2014; Jones et al., 2018; Fauria et al.,
2020), and is assumed to be contemporaneous, originating from
a vent in the location of dome OP that was active before the
emplacement of dome O. The GP clasts are assumed to have settled
out of suspension in the water column, with most pumice drifting
with the dominant NW current.

In this study, we note for the first time a separate GP deposit
(date unknown) on the SW and NE of the 1-m AUV bathymetry
(Figures 5, 8). The mean clast area from the SW deposit is 2.7 m2

(from >4,015 picked clasts), and for the NE deposit, it is 2.9 m2

(from 890 picked clasts). This compares to the 2.9 m2 mean clast
size for the primary GP apron (from 114,000+ picked clasts). The
maximum clast size for the separate uncertain deposit that could
reasonably be associated with a single clast is ∼100 m2, comparable
to that for a primary GP apron. The aspect ratio of the background
GP clasts ranged from 0.6 to 10, comparable to the primary
apron GP clasts. The density of clasts in the primary GP apron
is higher, with multiple stacked clasts making it difficult to pick
individual GP blocks; the density in the separate uncertain GP
deposit is, however, much lower, enabling more individual clasts
to be observed in the bathymetry. No video footage was collected
over the separate uncertain GP deposit to confirm composition,
origin, or timing.

These observations expand the footprint of the GP apron;
however, its full extent is unknown as it extends beyond the 1-m
bathymetry coverage.Wewere also unable to determine whether the
uncertain GP apron has the same source (dome OP) as the primary
GP apron (Figure 8). We observe, however, that the deposition
pattern of the background GP deposit aligns with the break of slope
of the caldera terrace (Figures 6G, H; Figure 8). The primary GP
apron and surrounding ash blanket have settled on flat topographic
areas, giving a ringed appearance to the primary GP apron and
background clast deposit (Figure 8). The background GP deposit
has few clasts within the terrace boundary and higher density on
the SW downslope of the Havre edifice. The NE background GP
deposit has a lower density of clasts than the SW group (1,200 versus
5,400 individual clasts, respectively); however, it also has a similar
association with the edifice downslope.

4.2.8 Scarps, mega-blocks, and mega-breccia
A major arcuate scarp (∼600 m in length) is situated 260 m

above lava A along the SE caldera rim (Figures 5, 6A). The
first mega-block of 17 mega-blocks (clasts ranging 35–160 m
across lengthwise) lies ∼1,300 m downslope from the major scarp
above lava A, while the furthest lies 2,240 m from the head

scarp (Figure 6B). Most (13 of 17) of these mega-block “hills”
(McPhie et al., 2020), including the original mega-blocks(s)
recorded in the large-scale 2002, 2012, and 2015, lie on an area
elevated ∼3 m from the surrounding caldera floor, with lobate
toes along its northern perimeter [“western sheet;” McPhie et al.
(2020)] (Figure 6I). Five mega-blocks abut the chaotic domain
(McPhie et al., 2020) of the lava C toe, while one lies on top of this
region. One mega-block is situated 150 m apart from the others,
lying near the base of the western caldera wall on top of mass-
wasting deposits. Onemega-block lies on the boundary between the
lava C chaotic domain and the low-relief domain. Two mega-blocks
lie 2,801 m from the primary group, abutting the northern edge of
the deformed sediment domain (Figure 6B).

A second major arcuate scarp (∼640 m in length) is situated
300 m above lava domes B, C, D, and E (Figure 6I). Lava domes
G, H, and I are bounded on the north by a third major scarp
∼610 m in length, as recorded by Ikegami et al. (2018) and
McPhie et al. (2020) (Figures 6C, I, K, L). The start of a poorly
sorted deposit of 375+ mega-breccia blocks (all >1 m across) was
observed ∼540 m downslope from the second scarp, between
lava lobe F and the southern intra-caldera ridge, extending
∼1,450 m from the major scarp at lava G, H, and I (Figure 6L).
The mega-breccia deposit lies on the surface of both lava
lobe F and talus and scree aprons bounding the SE side
of lava C.

4.2.9 Mass wasting of the caldera wall mid- and
lower slopes

We observe that mass-wasting features (head scarps, lateral
scarps, debris deposits, and scars) dominate the lower flanks of
the northern and NW caldera walls (Figure 5; Figure 6M). ROV
footage here confirms the lack of a GP, with a jumbled pile of talus
(<1 m diameter) and ash deposits (Figures 6A, F, K). These poorly
sorted debris aprons are finer than the 1-m bathymetry; however,
the overall movement of material downslope is observable at the
base of the caldera walls (Figure 5; Figure 6M). Evidence of mass
wasting was previously noted as small andesite pebbles observed
on the seafloor at a slump toe (Wright et al., 2006). We also note a
smaller area ofmasswasting on the easternwall, with numerous sub-
parallel sediment lobes and ripples observable in the bathymetry.
Video footage confirms the remobilization of fine-grained sediment
and areas of well-sorted pumice blocks (Figures 6B, G, L).

4.3 Geomorphic change detection

The geomorphic change detection (GCD) recorded a total area
of 24.7 km2 that experienced a geomorphic height increase and
an area of 5.1 km2 that experienced a height decrease between
2002 and 2012 (Figure 9A). This translates to a 0.6-km3 volume
estimate of material gained and a 0.1-km3 volume estimate of
material lost. A much smaller area of geomorphic height increase
(3.7 km2) was recorded between 2012 and 2015. This translates to
an estimated volume gain of 0.1 km3. A large area of deficit was
also recorded in the 2012–2015 analysis; however, this aligns with a
grid artifact from initial data collection in 2012 and is not a genuine
geomorphic change (Figure 9B). The geomorphic change recorded
between 2002 and 2015 is a more realistic representation. Here, an
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FIGURE 8
GP distribution map showing primary GP apron and separate uncertain GP deposit. The bottom detection algorithm artifacts of the AUV bathymetry
are emphasized in the GP apron on the caldera floor.

8.6 km2 area of geomorphic increase and 11.47 km2 of geomorphic
decreasewere recorded, translating into an estimated volume growth
of 0.3 km3 and a volume deficit of 0.23 km3.

Lava lobes and domes in total comprise a total volume of
0.2 km3, with half (0.1 km3) attributed to the combined dome OP
emplacement; these volumes accord with calculations made by
Carey et al. (2018) and Ikegami et al. (2018). Most notably, an
additional volume growth of 0.001 km3 was recorded on dome OP,
occurring after the 2012 survey (Figures 9B, E). This change aligns
with the tulip-shaped growth emplacement of dome P in the spoon-
shaped amphitheater of domeO, as discussed in Section 4.2. Profiles
and contours of dome OP also support this volume change between
2012 and 2015 (Figure 10A). Growth patterns between 2002 and
2012 extend radially from the boundary of dome OP downslope

toward the caldera floor in an NW orientation (Figure 9A); these
are reduced in the 2002–2015 analysis (Figure 9C). The smooth-
flanked pre-2012 lava dome J, between K and M, shows evidence of
volume deficit on its northern side: an area of 0.03 km2 underwent
an estimated 0.005 km3 volume deficit between 2002 and 2012
(Figures 7, 9C).

Growth patterns between 2002 and 2012 also trace the full
extent of lava C laterally spread toe across the caldera floor,
including the ridge-swale chaotic domain and the soft sediment
deformation domain (Figure 9A). The toe, including chaotic, low-
relief, and deformed sediment domains, has an extent of 0.94 km2,
translating into a volume of 0.014 km3. In addition to the 0.03-
km3 volume of lava C proper (Carey et al., 2018), this results
in a total volume estimate for lava C-transported materials of
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FIGURE 9
Geomorphic change detection maps of low-resolution bathymetry, overlain high-resolution bathymetry to highlight areas of change. (A) 2002–2012;
(B) 2012–2015; (C) 2002–2015. (D) Voluminous constructional growth areas across the lava lobes and domes from the 2002–2012 analysis. Arrow
indicates travel direction from major scarps to deposit areas; (E) observable additional volume (yellow orange) across dome P and across the flanks of
dome O from the 2012–2015 analysis; (F) extensive areas of geomorphic decrease are detected on the northern wall from the 2002–2012 analysis,
with no corresponding deposit area observable; (G) less extensive areas of geomorphic decrease are detected on the eastern caldera wall from the
2002–2015 analysis.
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FIGURE 10
Profiles across features of interest: (A) lava dome OP growth; (B) eastern caldera wall; (C) northern caldera wall; and (D) geomorphic change detection
plot of 2002–2015 showing geomorphic increase and decrease. Y-axis shows the volume of change at specific depth bands, ranging from −225 m
(decrease) to >250 m (increase). Dome OP growth is highlighted due to the significant change in height in the >200-m growth bands.

0.044 km3. These growth patterns are less obvious in the 2002–2015
GCD (Figure 9C). Notably, no volume change was observed for
the western sheet (McPhie et al., 2020) in any of the three GCDs
(Figure 5; Figure 9). An additional 0.0055-km3 geomorphic volume
gain was also estimated downslope and inboard of lava domes
K, M, and N (Figures 9A, C), aligning with pre-2012 lobe-shaped
features along the southern caldera wall. Nearby, growth was
also recorded ∼400 m NE of the major scarp that bounds lava
G, H, and I (Figures 9A, C).

The largest degree of geomorphic decrease was observed along
the northern caldera wall, with a total area of 2.6 km2 undergoing
change between 2002 and 2015 (Figures 9F, 10C), translating into
a volume estimate of a 0.08 km3 deficit. No equivalent volume of
deposition that corresponds to this deficit was observed within
the caldera bowl, although evidence of remobilization and mass
wasting is noted in the 1-m bathymetry (Figure 6M). A notable
area of geomorphic decrease (0.17 km2), translating into a 0.005-
km3 volume deficit estimate, was also observed immediately
upslope of lava A occurring prior to 2012, as discussed by
McPhie et al. (2020) (Figures 9A, D).This deficit lies beneath amajor
scarp (see Section 4.4.2), and themega-blocks resting on the caldera
floor downslope from the scarp comprise an area of 0.065 km2.

When the GCD analysis from 2002–2012 is applied to themega-
blocks, they translate into a 0.0006 km3 volume addition. The other
scarp noted on the southern caldera rim, bounding lava domes G,
H, and I on their northern side (Figure 9D), shows no comparable
geomorphic decrease in the GCD. The observable mega-breccia
has an area of 0.03 km2; these clasts are too small to compare
to the GCD (25 m resolution). A small 0.004-km3 volume deficit
between 2012 and 2015 was also recorded on the eastern caldera
wall between several prominent ridges; evidence of remobilization
and mass wasting is noted below this area of geomorphic decrease
(Figures 9G, 6N). Most of this estimated erosion formed post
October 2012 as there is little observable evidence of mass wasting
along the eastern caldera wall between 2002 and 2012.

4.4 Hydrothermal observations and data

Our analysis of the video footage reveals that 11 of the 12
ROV dives show evidence of hydrothermalism in a variety of forms
(Figure 11): fluid venting, “chimlets” (small spires of sulfur-colored
deposits; Figure 3E), mass bacterial mat growth, and hydrothermally
altered sediments and rocks (Figures 3J, O, T).The dive on the eastern
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wall showed no hydrothermal evidence. Active hydrothermalism was
observed in 7 of the 12 ROV dives in 2015 as active fluid discharge
or shimmer (Figure 11). Fluid flow was observed in several different
environments, including the margins of lava flows, at cracks along
the caldera rim, and in the center of lava domes. This highlights the
diversity of heat and fluid gradients across the caldera.

A maximum temperature of ∼69°C was recorded by the
temperature probe at lava dome N, where one of the more active
fluid expulsions was observed in 2015 (Figure 11B). This active vent
field was the location of fluid expulsion and numerous chimlets and
miniature Fe-oxidizing bacterium-blanketed chimneys (Figure 3E)
with a dominant colony of crabs (unknown species). These 10–20-
cm tall spiers rise from a centimeter-thick yellow deposit (likely
Fe-oxidizing bacteria) that lies on top of ash deposits. Active fluid
expulsion, in the form of observable shimmer (due to contrasts
in the refractive index, temperature, and/or salinity anomalies) or
liquid flow, was observed across the apex of dome P, near the
bounding scarp of both lava domes I and G, mid-slope of the
western caldera wall, and on the inner rim of the northern wall.
Active fluid venting was also recorded acoustically in 2012 as a
197-m tall flare in water-column backscatter data of the EM 302
echosounder (Figure 11C) (Lamarche et al., 2016). This acoustic
flare was aligned with lava dome N (Figure 11B). Evidence for past
hydrothermal activity was observed as altered lavas in the northern
section of the caldera wall (Wright et al., 2006) and elevated 3He
concentrations (de Ronde et al., 2007).

4.5 Magnetic data

The crustal magnetization distribution shown in Figure 12 is
characterized by large values (up to 10 A/m) on the north wall of
the caldera. A broad circular structure with similar large values is
observed extendingnorthward from the lava lobes to the caldera floor,
encompassing the areas of positive geomorphic change. DomesO and
P have smaller magnetization, i.e., not exceeding 2 A/m. An area of
significantly low magnetization (<0.3 A/m) is observed in proximity
to the large region of geomorphic deficit located at the base of the
N caldera wall. Other areas of significantly low magnetization (<0.3
A/m) are observed north and west of domes O–P.

5 Discussion

Nesting low- and high-resolution data provides insights into
submarine eruption processes and the evolution of the Havre
volcano. The 1-m AUV bathymetry has been crucial in identifying
constructional volcanic products and destructional mass-wasting
features, which are not detectable with lower-resolution data. Low-
resolution data over multiple years have helped examine broader
geomorphic changes.

5.1 New insights into the processes,
products, and timescales of the 2012 Havre
silicic caldera eruption

The 1-m resolution bathymetry maps have shown smooth,
bulbous mounds associated with the northern sides of lava domes

K–L–M, which we interpret as shallow intrusions, or cryptodomes.
These newly discovered cryptodomes are comparable to the partially
intrusive mechanism described for lava dome N by Ikegami et al.
(2018). The smooth texture of the bulbous mounds reflects
the intrusion into and subsequent uplift of the unconsolidated
water-saturated sediment pile. The interactions between high-level
intrusions with water-saturated sediment could be expected to
trigger explosive magma–water interactions and associated clastic
products and features. One newly identified feature on the seafloor
is a small circular depression around the site where lava L was visited
and sampled by the ROV in 2015. It is plausible that this circular
depression is a crater, although more video and sediment analysis is
required to test this idea. Giant pumice clasts are observed on top
of the extrusive components of domes K–L–M–N; however, the GP
density on the observed sediment above the cryptodomes of these
domes is lower. These observations suggest that the GP clasts were
remobilized downslope as the intrusions grew, indicating a post-GP
deposition timing for the cryptodome growth.

In addition to cryptodomes associated with domes K–L–M–N,
we suggest the geomorphic height increase of mounds,
∼150 m downslope and inboard of lavas K, L, M, and N
(Figures 7, 9C), are cryptodomes. Although volcanoclastic
deposits or mass wasting from lava domes K, M, and N may
contribute some of the 0.0055-km3 volume addition, the high
aspect ratio of these bulbous and even flat-topped mounds
matches those of K–M–N that spread laterally downslope
(Figures 7, 9C). We observe a lower GP density on these interpreted
cryptodomes, which also suggests that these cryptodomes grew
post-GP emplacement.

The domes/cryptodomes of K–L–M–N and wholly intrusive
cryptodomes 150 m downslope indicate structural controls on
emplacement, with similarly oriented caldera wall faults and dikes
in the upper and mid-slope region of the southern caldera wall. The
intrusive component of all domes K, L, M, and N is asymmetrical
and always on the downslope side, indicating that dike-related
intrusion was pushing the southern caldera wall northward at a
shallow level to accommodate intrusive growth. In contrast, no
cryptodomes were observed on the SW side of the caldera near the
vents of lavas A–E, perhaps related to the effusion rate, structure, or
lithology of the caldera and walls or complex history.

These newdiscoveries indicate that the 2012Havre silicic caldera
eruption included more significant shallow-level intrusion than has
been identified in the past. The volume of the new cryptodomes
was∼0.0055 km3, which is approximately equivalent to the extrusive
volume of domes K, L, M, and N. Their emplacement likely
took place prior to and after the deposition of the GP apron,
inferred to be from 18 July 2012. The longer-term cryptodome
growth along faults in the caldera walls identified in this paper
highlights that submarine caldera eruptions can be of long durations,
similar to terrestrial analogs, and that walls could be unstable
during growth.

An extended timeline of intrusion and lava effusion for this
eruption is also indicated by the observation of domeP growth filling
the spoon-shaped cavity of dome O between the post-eruption
October 2012 survey data and the survey in 2015. This late-stage
emplacement of dome P extends the known volcanic emplacement
timeline from3 months (Carey et al., 2018) to amaximumof 3 years.
The presence of fresh spines and the absence of ash or lapilli on dome

Frontiers in Earth Science 19 frontiersin.org

https://doi.org/10.3389/feart.2024.1463257
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Spain et al. 10.3389/feart.2024.1463257

FIGURE 11
Locations with evidence of hydrothermal activity or influence (A), either active fluid expulsion (observed in video footage or as acoustic flares in
water-column backscatter), hydrothermally emplaced ecology (microbial mats), or hydrothermally altered sediments (sulfur-colored). (B) Location of
acoustic flare observed in 2012, escaping the seafloor at lava M, next to the most active hydrothermal area observed in 2015, at lava N. (C) 2012
acoustic flare in MBES data. The seafloor is shown in red, with the acoustic flare rising in green blue from a bathymetric mound.
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FIGURE 12
Crustal magnetization map from the inversion of Sentry magnetic data. Outlines of lava lobes and domes are given in white. Caldera structures are
given in black.

P suggest that it was emplaced after all ash in the water column
had been deposited. Such prolonged, low-volume dome growth is
common after paroxysmal eruptions of terrestrial arc volcanoes
(Thouret, 1999; Gómez-Vazquez et al., 2016; Burchardt et al., 2019).
The absence ofGP clasts ondomeP suggests that any deposited clasts
were eithermoved downslope frommassmovement or buried by the
subsequent lava emplacement.

The source of the newly identified background GP deposit
and its dispersal direction remain unclear (Figure 8). Possibilities

include (1) a non-Havre volcano source; (2) a Havre pre-2012
eruption product; (3) a later deposit from the Havre 2012 pumice
raft as ribbons of the raft were observed moving back over
the caldera weeks later (Jutzeler et al., 2014); and (4) a deposit
derived from sedimentation of water-logged 2012 GP from the
mid-water column that had a different current direction. We were
unable to speculate on the most likely option for the genesis and
timing of the background GP deposit without the analysis of the
physical samples or the video footage. ‘
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5.2 New insights into syn- and
post-eruption mass-wasting processes and
volcano evolution

We propose the small-scale geomorphic deficit noted along the
eastern caldera wall occurred after the 2012 survey and before the
2015 survey and is the result of mass-wasting remobilizing material
from the calderawall to the floor.Geomorphic change ismost obvious
when comparing the 2002 and 2015 datasets and closely traces the
caldera wall ridges and gullies observed in the 1-m AUV bathymetry
(Figure 9G). An M3.5 earthquake occurred on 29 March 2013,
∼1.5 km N of this zone of deficit (International Seismological Centre,
2022). Although the eastern deficit has no comparable geomorphic
deposition zone, a large portion of this geomorphic is likely within the
<10-m detection limit threshold (Figure 10B), particularly at the toe.
Here, mass-wasting lobes and sediment waves in the 1-m bathymetry
provide evidence of remobilization.

The mega-breccia deposit on the southern caldera wall, draped
on top of lava F and the lower western slopes of the intra-caldera
ridge, provides an updated timeline for the emplacement of F relative
to G, H, and I (Figure 6L). The proposed mechanism that generated
the mega-breccia is the intrusion of a rhyolite dike beneath G, H,
and I, which destabilized early dome growth and triggered collapse
across the major scarp (McPhie et al., 2020). As a portion of the
mega-breccia rests on top of lava F, the emplacement events of G, H,
and I occurs post-date F, separated by an interval of time. The steep
and linear headwall scarp makes it likely that the collapse occurred
after the emplacement of these domes.

The source for the mega-blocks on the southwestern portion of
the caldera floor (excluding the original solitary block) has been
proposed to be the major scarp upslope, observed as a geomorphic
deficit area upslope of lava A (McPhie et al., 2020) (Fig. j). We
support this hypothesis, given that the volume of deficit and volume
ofmega-blocks are comparable, and the direction of flow aligns with
the scarp. As no mega-blocks rest on top of lava A or C and the
lava shows flowmorphology around the blocks, themega-blocks are
inferred to pre-date the lava lobe emplacement.

Weproposetwofactorscontributingtothevolumedeficitobserved
along the northern caldera wall between 2002 and 2015, including (1)
a high degree of slope across the steep cliffs introducing elements
of inaccuracy from the multibeam echosounders (depth and system
dependent), particularly the initial 2002 bathymetry survey and (2)
subtle mass wasting of material that comprises the caldera wall.

The EM 302 (2012), EM 122 (2015), and Reson SeaBat 7,125
(2015) bathymetry is comparable in this area (Figures 9F, 10C);
however, a minimum ∼40 m deficit from the 2002 bathymetry
was observed. Areas of high slope are known to yield inaccurate
bathymetric values (Lurton, 2003). A 6-m bathymetric difference on
the caldera floor was previously noted, with the 2002 and 2015 low-
resolution grids both offset ∼6 m from the 2012 and 2015 1-m AUV
bathymetry. Bottom detection algorithms vary significantly between
systems, affecting their ability to locate the seafloor in the presence
of multiple stacked clasts of GP. Given the comparable bathymetry
from 2012 to 2015, the older multibeam echosounder used in 2002
may have been unable to accurately rectify this area of high slope.

While mass-wasting features noted in the 1-m bathymetry,
such as head scarps, lateral scarps, scars, and debris deposits,
reveal that extensive remobilization of material along the steep

caldera wall area likely contributes to some of the observable
deficit, no corresponding area of deposition is noted on the caldera
floor. A portion of the erosion deposit that corresponds to these
mass-wasting features may be spread across the caldera floor but
obscured due to the 10-m detection limit threshold applied in
GCD processing; however, this would not account for the 0.08-
km3 volume deficit. However, crustal magnetization in this region
(Figure 12) shows a broad area of very low values (<0.3 A/m).
This could represent an expression of the chaotic redistribution of
magnetized blocks following remobilization along the caldera wall.
This breaks down the coherent orientation of themagnetized blocks,
inducing a random distribution of the blocks and a significant
reduction in the crustal magnetization (Lerner et al., 2022).

5.3 Hydrothermal activity

The most active field of hydrothermalism observed in the video
footage aligns with the dominant WE fault features that pierce lava
N (Figure 11B). This vent field lies ∼270 m from the location of the
only active fluid expulsion evidence noted in the 2012 survey (from
the 197-m-tall acoustic flare in the 30-kHz echosounder). This flare
resembles thosewithagasphase, suggestiveofCO2 gasor liquid-phase
CO2 or sulfur, as observed by Konno et al. (2006); Linke et al. (2014);
Nakamura et al. (2015); and Stucker et al. (2017), which would have a
high enough impedance contrast to seawater to be observable.

Evidence of hydrothermalism observed across all videos and
terrain during the 2015 survey indicates that hydrothermalism
is widespread across the Havre volcano. The hydrothermalism
observed in 2015, however, suggests a diffuse or ephemeral system,
lacking voluminous black smokers or associated endemic biota
(e.g., Bathymodiolus mussels, stalked barnacles, and alvino caridina
shrimps) commonly observed at other caldera volcanoes along
the Kermadec arc (de Ronde et al., 2007; Wysoczanski and Clark,
2012). Furthermore, in proximity to the observed vent fields, we do
not find clear evidence of magnetic “burn holes” in the magnetic
anomaly data (Figure 12), i.e., localized areas of demagnetization
caused by a hydrothermal alteration (Caratori Tontini et al., 2019).
The broad area of observed negative magnetic anomalies shown
in Figure 12 is likely too large to be caused by hydrothermal
alteration effects, particularly considering the limited hydrothermal
manifestations observed on the northern caldera wall. On the other
hand, the area of lobes A–F, where several active hydrothermal
manifestations occur, shows intense magnetization values.This may
indicate that the current active hydrothermal system at the Havre
volcano may be young, possibly post-2012 eruption, where the
hydrothermal system may have not altered a significant volume
of rocks yet as the time scale of such an effect on magnetic data
is >∼100–1,000 years (Caratori Tontini et al., 2019). However, the
demagnetized areas located west and north of domes O–P lie in
proximity to hydrothermal manifestations. These regions were not
affected by the 2012 eruption, and they could be related to the
presence of a pre-existing and still ongoing hydrothermal system.

We have no pre-2015 video footage, so we were unable to
speculate whether the Havre volcano hydrothermal system is
persistently diffuse or whether the 2012 eruption disrupted a
formerly fulsome hydrothermal system. Re-surveying the area using
towed or ROV cameras would shed light on the colonization
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or recolonization habits of these vents or their change in the
flow regime.

6 Conclusion

The morphology of the Havre volcano is the product of a
complex interplay of constructive volcanic eruption and deposition
events, with destructive mass wasting and remobilization of the
caldera walls, floor, lavas, and sediments.The 1-m AUV bathymetry
provides the context for understanding areas of mass wasting that
could not be resolved in the lower-resolution bathymetry.

Integrating repeat MBES/magnetics/video footage data and
synthesizing previous work, we

1. Developed the first fine-scale geomorphic map of the Havre
volcano caldera;

2. Determined that dome P was emplaced after the 2012 post-
eruption survey, not during the initial eruption as originally
thought, extending the eruption timeline from 3 months to a
maximum of 3 years.

3. Revealed an additional apron of giant pumice outside the
primary apron, which indicates either a previously unknown
deposit or a wider depositional area than previously calculated.

4. Determined additional cryptodome growth for domes K,
L, and M; newly formed cryptodomes 150 m downslope of
domes J–M, which indicate dike-related intrusion on another
EW fault on the mid-southern caldera wall; and, lastly, the
scarcity of GP on the sediment blanket above the cryptodomes,
suggesting intrusion and remobilization occurred post-GP
deposition.

5. Proposed a small-scale mass-wasting remobilizing material
from the caldera wall to floor along the eastern caldera wall,
occurring after the 2012 survey and before the 2015 survey.

Geomorphic change detection in deep-marine terrains is rare
and fraught with accuracy and precision limitations due to depth
and sensor arrangements. In this study, however, we leveraged high-
resolution 1-m bathymetry to improve confidence that the change
detection revealed genuine products and processes of the caldera.
High-resolution bathymetry does not solve all problems posed by
low-resolution data as proximity to the seafloor often reveals more
complicated questions to resolve. Fine-scalemaps, however, enhance
our interpretation of obscured seafloor processes and provide a
more nuanced understanding of submarine volcanic evolution.
Repeated, high-resolution surveys provide essential context for
submarine volcanic eruptions. In the future, applying change
detection approaches to water-column acoustic data, using echo-
integration snapshots of near-seabed and midwater reaches, will
improve our understanding of hydrothermal system evolution over
time, further improving our fine-scale and nuanced understanding
of deep-marine volcanic systems.
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