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Abstract

Deep subaqueous volcanic eruptions (>500 m below sea level (mbsl)) remain enigmatic due to a lack
of visual observations and difficulty recreating ambient conditions in the lab. Eruptive activity at
West Mata seamount in May 2009 remains one of two deep subaqueous eruptions to have ever
been filmed. A distinct low-intensity eruptive style, termed bubble escape activity, was observed at
Hades vent (1200 mbsl) characterised by the ascent and implosion of 0.2 - 1 m diameter volatile-
filled vapor bubbles (Resing et al. 2011). Video of this volcanic activity is used to constrain simple
numerical models and produce the first subaqueous eruption actualistic model driven by visual

observations.

Bubble escape activity occurs in three stages defined by changing exsolved volatile and lava
behaviour. During Stage 1, vapor bubble ascent in a magma filled conduit drives either ductile or
brittle deformation of the lava surface at the vent, depending on the timescale of lava cooling prior
to bubble escape activity. Fragmentation of the lava during Stage 2 culminates with the vapor

bubble coming into direct contact with the ambient water. At this point, Stage 3, bubbles implode
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through rapid condensation and contraction of the exsolved volatile phase, due to rapid heat loss

from the vapor bubble to the ambient water.

Numerical modelling of exsolved volatile expansion during conduit ascent to vents across the ocean
depth range has identified a transition in exsolved volatile expansion characteristics at 2 - 5 MPa.
This transition would produce a fundamental change in eruption processes, from which the
characteristics and depth range of deep and shallow end members of bubble escape activity are

defined.

Bubble escape activity highlights implosive behavior driven by underpressure that develops during
exsolved volatile contraction as a key, but often overlooked, component of both pyroclastic and
effusive subaqueous volcanism across the entire ocean depth range. This stands in contrast to
overpressure driving subaerial explosive eruptions. The fact that exsolved volatiles can expand,
contract, or maintain an approximately constant volume in subaqueous volcanism also calls for the

careful application of terminology (e.g. explosive) to describe subaqueous eruption processes.

1. Introduction

Marine volcanism accounts for 70% of eruptions on Earth (Crisp 1984). However, most
submarine eruptions go undetected aside from shallow and/or large events that breach the surface
(Morimoto and Ossaka 1955; Carey et al. 2014; Cas and Simmons 2018). Recently, geophysical
instrumentation at cabled submarine observatories have allowed monitoring of submarine eruptions
in unprecedented detail (e.g. Kelley et al. 2014). Despite these advances there is still insufficient data
to develop quantitative models of pyroclastic submarine eruption styles (e.g. Rubin et al. 2012; Cas
and Simmons 2018). This is in part due to the lack of direct visual observations, which has limited our

understanding of submarine pyroclast-forming processes.
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Current submarine eruption models are mostly developed from ancient exposed (Carlisle
1963; Dimroth and Demarcke 1978) and modern in-situ (Gill et al. 1990; Clague et al. 2000)
volcaniclastic sequences, physical experiments (Buttner et al. 2002; Schmid et al. 2010), and
numerical models (Head and Wilson 2003; Cahalan and Dufek 2020). However, significant
uncertainty remains due to limited knowledge of environmental conditions during pyroclast
generation, inability to reproduce ambient deep subaqueous conditions in the lab, and difficulty
modelling without constraints from visual observations and measurements. Greater use of currently

available and future visual observations is therefore critical.

Remotely operated vehicle (ROV) video observations from deep submarine eruptions at NW-
Rota-1 in the Marianas Arc (~500 mbsl; Embley et al. 2006), and West Mata seamount in the NE Lau
basin (~1200 mbsl; Resing et al. 2011) have solidified a paradigm shift in our understanding of deep-
marine eruption styles. In this study, we present a new model of an implosive deep-marine
pyroclast-forming eruption, termed bubble escape activity, during the 2009 West Mata eruption.
ROV video observations are used to constrain numerical models of lava rheology, magma
fragmentation, and exsolved volatile behaviour upon interaction with the ambient water column.
However, data from seafloor samples are not used here since the material cannot be confidently
linked to the specific eruption style in question. The resulting actualistic model, driven by real-time
visual observations, is a first for a subaqueous eruption, helping refine our understanding of

eruption dynamics.

2. Geological setting and the 2009 West Mata eruption

West Mata is located in the northeast Lau Basin, between the Tonga Trench and Lau back arc
(Fig. 1a) (Embley et al. 2014; Chadwick et al. 2019). Its pre-2011 summit at 1159 mbsl rose from a
base at ~2900 mbsl. West Mata erupts boninite (Resing et al. 2011), a hot, high magnesium, H,0

saturated andesite sometimes associated with nascent subduction zones (e.g. Dobson et al. 2006).
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Volcanic activity was observed at the summit of West Mata in May 2009 during the NOAA-
NSF funded NE Lau Event Response expedition aboard the R/V Thompson, TN271 (Resing et al.
2011), primarily using the ROV Jason. This activity was part of an eruption sequence that lasted from
at least April 2007 to February 2011 (Embley et al. 2014; Chadwick et al. 2019). A regional
hydrophone array recorded waxing and waning eruption intensity from January to May 2009, with
the period of observation coinciding with a low in the sound intensity from West Mata (Resing et al.

2011).

The May 2009 eruption at West Mata originated from two vents named Hades (~1200 mbsl)
and Prometheus (~1175 mbsl; Fig. 1b; Resing et al. 2011). Over five days of visual observation non-
steady and steady eruption styles were observed from Hades and Prometheus vents, respectively.
This study focuses on non-steady activity defined by the periodic release of 0.2-1 m diameter (Resing
et al. 2011) lava-skinned bubbles, observed only at Hades vent. This eruption style is referred to here
as bubble escape activity, and was accompanied by episodic diffuse gas venting and effusion of a
350-500 m long pillow lava flow. Hades vent and its associated flow were subsequently destroyed

during the formation of a summit crater and mass wasting in 2010-2011 (Embley et al. 2014).

3. Methods

3.1 Video observations

Video was recorded by ROV Jason at 30 frames per second and 1920x1080 resolution using
an inhouse camera produced by Advanced Imaging and Visualization Lab at Woods Hole
Oceanographic Institution based on an Adimec 2000C camera with a Fujinon HA13 x 4.5BERD-S48
lens. Bubbles were outlined on each frame using Adobe Illustrator®, and binary images were
measured in ImageJ (Schneider et al. 2012). Absolute measurements were not possible due to
obscuration of the ROV laser scale by incandescent lava. Therefore, bubble area and height-above-

vent measurements were made in pixels and normalized to the maximum values of individual
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bubble escapes. This approach yields dimensionless values with maximum bubble area or height-
above-vent being 1, and removes variation from differences in camera zoom or distance from the
vent between different bubble escapes. In addition, measurements were only conducted when the
ROV was approximately stationary for a complete bubble escape. To ensure accuracy bubble height-
above-vent was only measured when the ROV was approximately level with the vent. See

supplementary material A for a graphical explanation.
3.2 Calculating magma viscosity

Due to uncertainty in the crystal content, magma viscosity (n) was calculated using
observations of lava deformation. Using equations (8) and (9) from James et al. (2008), equations 1
and 2 here, n and conduit radius (r;) were varied to fit bubble terminal ascent rate (Us) to the

maximum and minimum bubble ascent rates measured in Stage 1,
Us = Fr\/ﬁ (equation 1)
where g is acceleration due to gravity, and Fr is the Froude number given by
Fr = 0.345(1 - e_Nf/34'5) (equation 2)
and N¢is the inverse viscosity
Ny = p2r63/2g1/2/r) (equation 3)

where p is liquid magma density, 2600 kg m™ (Heap et al. 2020). Bubble radii (r») of 0.1 to 0.5
m have been estimated by Resing et al. (2011), n was therefore calculated using a r, of 0.5 m for the

maximum Us and of 0.1 m for the minimum Us:

r, =1, — 331U /2pg (equation 4)

An eruption temperature (Te) of 1155 °C is based on the approximate median for the
estimated range of Bonin Island boninites (from two-pyroxene geothermometry; Dobson et al.

2006).
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The lack of an absolute scale introduces major uncertainties into measurements of ascent
rate and therefore also on viscosity estimates (Equations 1-4). In the analysis presented here we are
therefore limited to discussion of data from the entire bubble population and cannot conduct

comparisons between bubble escapes.

3.3 Bubble Expansion Model

Vapor bubble expansion during isothermal decompression in the final 100 m of ascent to a
vent at water depths of 0-4000 mbsl is calculated using a 1-D numerical model outlined in James et
al. (2008). The model presented by James et al. (2008) is a simplified 1-D numerical model of a single
gas bubble rising through a liquid filled tube that solves for both the height of an expanding bubble’s
nose and the height of the liquid surface over time. These are solved as a function of liquid density
and viscosity, bubble and conduit size, and ambient surface pressure. A full list of initial values is

given in supplementary material B.

3.4 Thermal model

A 1-D transient heat conduction model with forced convective heat loss through the surface
(after Schiesser 1991; Buttsworth 2001) is used to calculate heat loss from lava in contact with
ambient water using python code from (Clarke et al. 2019). For simplification, the lava is assumed to
be dense with no permeability and the model therefore gives a minimum estimate of heat loss.
Using major element compositions and measured dissolved H,O contents of 0.90 to 0.94 wt%
(Resing et al. 2011), the thickness of the quenched rim in the cooling lava is calculated using a
constant glass transition temperature (Tg) of 830 °C after Giordano et al. (2008), assuming a cooling

rate of 10 K s. Additional details and input parameters are in supplementary material C.

3.5 Calculating strain rate during bubble escape

Strain () is calculated as the change in lava bubble wall volume during deformation (4V)

over the pre-deformation lava bubble wall volume (Vy). For simplicity, a constant bubble wall



142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

thickness (d) of 2 cm was assumed. The pre-deformation lava bubble wall volume is estimated as the
volume of a thin cylinder (disc) with a radius, r;, equal to that of the rising vapor bubble, and a height
of d. The volume of the domed lava bubble wall (V;) is calculated as the difference between the
volume of the dome encompassed by the lava bubble wall (V;) and by the ascending vapor bubble
(V2). Vi and V; are calculated using the equation for the volume of a spherical cap, the general form

of which is;

V =mh?/3(3r —h) (equation 5)

where h is the height of the spherical cap, and r is the radius of the sphere (i.e. the vapor
bubble). When calculating V; and V; for both h and r, subscript 1 refers to the volume encompassed
by the lava bubble wall, and subscript 2 refers to the vapor bubble, where ri=r,+ d and h; = h, + d.
Strain is calculated by increasing h in steps to account for vapor bubble ascent to a maximum value
occurring at h=r;. Strain rate (€) can then be calculated using the measured vapor bubble ascent
rates. By assuming a constant d, € are maximum values since deformation will likely result in

thinning of the bubble wall over time. See supplementary material D for a graphical explanation.

4, Results

4.1 The bubble escape sequence

Bubble escape activity is defined as the periodic escape of discrete vapor bubbles from a
magma-filled conduit. The escape of a vapor bubble is split into three-stages based on changes in
exsolved volatile and magma behavior together defined as a bubble escape sequence (Fig. 2). Bubble
escape sequences typically occur in bubble escape series, with multiple rapid bubble escapes, over
0.2 to 4.9 s (Fig. 3). Series are separated by periods of quiescence 3 to 44 s long. In the following

section the characteristics of each stage of the bubble escape sequence are described.

4.1.1 Stage 1 — Vapor bubble ascent
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Stage 1 begins with ductile deformation of lava in the vent into a dome-shape, above an
ascending vapor bubble (Fig. 2a-b). The resulting lava bubble wall ductily deforms, and its pre-
existing quenched surface fractures into polygonal patches exposing underlying incandescent molten
magma (Fig. 4a-b). Quench-patches grow over time as exposed incandescent molten material is
cooled. Stretching of the lava bubble wall by the ascending vapor bubble continually exposes fresh
incandescent lava so an unbroken quenched surface does not develop. The vapor bubble remains
insulated from the ambient water by the lava wall throughout Stage 1, which ends when the wall

breaks and exposes the vapor to seawater (Fig. 4c).

The timescale of Stage 1 ranges from 0.033 to 0.899 s exhibiting a bimodal distribution with
peaks at ~0.1 and 0.4 s (Fig. 5c¢). The groups define long Stage 1A and short Stage 1B bubbles (Fig. 5a-
c). Stage 1A bubbles exhibit well-formed dome shaped lava bubble walls and slower rates of bubble
area increase (Fig. 5a). Stage 1B bubbles have faster rates of bubble area increase (Fig. 5b), and the

lava bubble wall breaks rapidly prior to the development of a dome shape (Fig. 6a-c).

Development of Stage 1A vs. 1B bubbles depends on the vent conditions during quiescent
pre-stage 1 (Fig. 3). Prior to a Stage 1A bubble lava extrusion is ongoing and the quenched surface at
the vent appears thin with cracks exposing underlying incandescent molten material. In contrast,
prior to a Stage 1B bubble no lava extrusion is apparent and the quenched surface appears thicker

with little to no incandescent lava visible (Fig. 6a).

Bubble ascent rates were calculated from measurements of bubble height-above-vent in
Stage 1 (Fig. 5d). At the maximum height-above-vent, vapor bubbles were roughly one diameter
above the vent (Fig. 2d). Assuming a bubble diameter of between 0.2 to 1 m (Resing et al. 2011),

ascent rates of ~0.13 to 1.3 m s* were estimated.

4.1.2 Stage 2 — break-up
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Stage 2 begins when the vapor bubble is exposed to seawater upon lava wall break-up (Fig.
2c and 4c) and ends with initiation of vapor bubble contraction (Fig. 2c-d). Lava bubble wall breakup
begins with the formation of multiple tears in incandescent areas that quickly merge and propagate
to form a path for vapor bubble escape (Fig. 4a-f). Thin molten lava fibers were observed stretching
across a tear that opened over ~0.166 s (Fig. 4e). As the vapor bubble ascends, the void left in the
lava column behind it collapses (Fig. 2d). During Stage 2, vapor bubble area reaches a maximum

value (Fig. 5a-b). The time-scale of Stage 2 ranges from 0.067 to 0.366 s (Fig. 5c).

4.1.3 Stage 3 - contraction

Stage 3 is defined by rapid vapor bubble contraction starting with the formation of white
condensation clouds around the bubble margins (Fig. 7Ai-Bi). At the start of Stage 3 the vapor
bubble has an approximately spherical shape, with initially slow and symmetrical contraction.
However, ~0.133 s after the first condensation clouds develop, contraction becomes vertically
asymmetric as the bubble base rapidly contracts and inverts into a concave shape over ~0.033 to
0.066 s, while the top half of the vapor bubble retains a dome shape (Fig. 7Aii-Bii). A rapid inflow of
seawater upward towards the bubble base, marked by flow lines in the condensation clouds, forms a
mushroom shape vapor bubble (Fig. 7Aiii-Biii). During the latter part of Stage 3, contraction of the
top half of the vapor bubble coincides with the ejection of a vertical jet. The jet is observed through
the motion of the condensation cloud (Fig. 7Aiv and Biv), with an associated increase in measured
ascent rates (Fig. 5d). Jet formation coincides with the formation of a vortex ring and dispersal of
one or more partially-molten bombs (Fig. 2e-h), marking the end of Stage 3. Vapor bubble
contraction in Stage 3 lasts from 0.033 to 0.400 s (Fig. 5c). A buoyant turbulent plume formed after
Stage 3 disperses small pyroclasts and the condensation cloud, which remains visible in the water

column for >10 s, until it rises out of the field of view.

4.2 Modelling
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To better understand the thermal and barometric effects of the ambient deep-marine
environment on bubble escape activity, we construct simple models of thermal expansion and heat

loss from exsolved volatiles and boninite lava when in contact with seawater at a range of depths.

4.2.1 Vapor expansion during magma ascent

Models of vapor expansion pre- and syn-Stage 1 assume isothermal conditions as vapor
bubbles are isolated from cooling by the ambient marine environment. The water saturated state of
boninite magma indicates H,0 is likely the dominate volatile species during the West Mata 2009
activity (Dobson et al. 2006). However, CO; is also considered here to make the results more

generally applicable.

Vapor bubble expansion is calculated over the final 100 m of conduit ascent for vents
between 0 and 4000 mbsl (0.101-40 MPa) using a 1-D numerical model outlined in James et al.
(2008; Fig. 8a-b; supplementary material A). The model envisages the final 100 m of conduit ascent
of a single large vapor bubble with an initial diameter (L) of 1 m, and an initial bubble pressure (Po)
equal to ambient pressure at 100 m depth in the conduit. Py is calculated using a liquid magma
density of 2600 kg m (Heap et al. 2020) and a water density of 1025 kg m™ (Nayar et al. 2016).
Magma viscosities of 60 to 180 Pa s at T (1155 °C) were estimated for conduit radii of 0.33 and 1.55
m, respectively, based on Stage 1 bubble ascent rates using bubble size estimates of 0.2to 1 m
(Resing et al. 2011). Estimated magma viscosities equate to crystal contents of 0.1 to 10% using the
model of Giordano et al. (2008) and the Einstein-Roscoe equation (Lesher and Spera 2015), with bulk
rock chemistry from Resing et al. (2011). Although this is lower than crystallinity estimates of 22 to
28% from the lava flow (Resing et al. 2011), the value here is derived directly from lava deformation

behavior, and is therefore seen as more accurately describing the lava rheology.

A bubble expansion ratio for the final 100 m of conduit ascent is defined as the ratio of

bubble diameter at the end of Stage 1 (Le), over initial bubble diameter (Lo = 1). Vapor bubble
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diameter at the end of Stage 1 is measured when the difference between bubble head height and

lava surface height (i.e. thickness of the lava bubble wall) is <0.1 m (Fig. 8a).

Expansion ratios (Le/Lo) for minimum and maximum magma viscosities and conduit radii plot
on top of each other across the full 0-4000 mbsl depth range (Fig. 8b). Two end member expansion
regimes are defined with a continuous transition at vent pressures of ~5 to 2 MPa (Fig. 8b). At vent
pressures higher than ~5 MPa (>500 m water depth) vapor bubble expansion in the final 100 m of
conduit ascent is small, with Le/Lo of 1.7 to 1.1. In contrast, at pressures lower than ~2 MPa (<200 m
water depth), expansion increases rapidly with decreasing pressure, with Le/Lo increasing from 2.1 at
2 MPato 13.3 at 0.101 MPa (sea level; Fig. 8b). The expansion regime transition occurs at a
comparable pressure range with the change in H,O and CO, specific volume (reciprocal of density)

during isothermal decompression (Fig. 8c; Zhang and Duan 2010; Lemmon et al. 2015).

4.2.2 Vapor contraction during eruption

Once the vapor bubble encounters ambient water it cools and contracts. Cooling occurs so
rapidly (Fig. 7), that an approximately constant pressure can be assumed. Cooling of H,0 and CO,
from magmatic to ambient temperature at the ambient pressure of Hades Vent (~12 MPa) causes a
98% and 94% reduction in specific volume, respectively (Fig. 7c; Zhang and Duan 2010; Lemmon et
al. 2015). The majority of contraction occurs during and around phase changes in each exsolved
volatile species. At 12 MPa the phase transition from steam to water is instantaneous at 320 °C,
likely accounting for the bulk of vapor bubble contraction at West Mata. The transition from
supercritical fluid to liquid CO; is more gradual from ~130-30 °C. No equivalent data set for the

specific volume of other volatiles for the relevant pressure temperature conditions could be found.

4.2.3 The effect of heat loss on lava rheology

To understand the impact of quenching on lava rheology, heat loss to the ambient

environment is modelled during pre-stage 1 quiescence for Stage 1B bubbles, and during Stage 1A.
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Heat loss analysis is not suitable during pre-stage 1A quiescence as lava extrusion provides a

sustained source of heat preventing penetration of the cooling front.

The lack of visible lava extrusion, or incandescent molten material prior to Stage 1B bubbles
suggests a relatively static conduit. Temperature profiles are calculated for a 10 m lava column with
200 um steps from vent surface at 5, 10, 20, 30, and 40 s after contact with the water, with heat loss
occurring through the vent, assuming insulated conduit margins. A quenched surface of 2.8, 3.9, 4.8,
and 5.6 mm forms during periods of quiescence 10, 20, 30, and 40 s long, respectively (Fig. 9a).
While penetration of the cooling front to 7.2, 10.2, 12.6, and 14.6 mm into the lava column over the
same time produces a lower thermal gradient (~¥36 °C/mm), and a correspondingly broader

rheological transition zone between the quenched rim and molten lava at Te (Fig. 9a).

During Stage 1A the growth of quenched patches over the incandescent molten interior
indicates the lava surface is cooling, however the bubble wall deformation style remains ductile.
Here we calculate syn-eruption heat loss from a 2 cm thick lava bubble wall. Temperature profiles
are calculated in 200 um steps at 0.25, 0.5, 0.75, and 1 s after initial water contact (Fig. 9b). On the
maximum bubble escape timescales of ~1 s, cooling is restricted to the outer 2 mm of the 2 cm thick
lava bubble wall, forming a <0.7 mm thick quenched rim (Fig. 9b). The low penetration of cooling
results in a high thermal gradient (~250 °C/mm) and a sharp rheological boundary between the

guenched rim and bubble wall interior at Te.

4.2.4 Magma rheology and bubble escape strain rates

By comparing estimated strain rate with the calculated glass transition, the rheological
behavior of cooling lava during Stage 1 deformation can be approximated (Fig. 9c). The maximum

strain rate of bubble escape activity at West Mata ranges from ~10! to 10% s,

The glass transition was calculated using Maxwell’s relation 7,, = n/G where t. is the

Maxwell timescale, and G is the shear modulus, taken as ~10° Pa (Dingwell and Webb 1989; Webb
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and Dingwell 1990). The ductile-brittle transition (shown in blue Fig. 9c) occurs around two orders of
magnitude below the relaxation rate (r,2), while the transition to shear thinning occurs
approximately three orders of magnitude below t,? (Dingwell and Webb 1989; Webb and Dingwell

1990; Fig. 9c).

Differences in eruption processes during pre-stage 1A and 1B bubble quiescence results in
two paths in temperature strain rate space, starting at the same initial conditions (Fig. 9c). Lava
extrusion during pre-stage 1A quiescence restricts penetration of the cooling front. The lava thus
remains dominantly at Te, and will deform ductily in response to the strain rate applied in Stage 1,
forming a domed lava wall (path A; Fig. 9c). In contrast, heat loss during pre-stage 1B quiescence
cools a thicker layer of lava, producing a thicker brittle quenched rim underlain by cooled lava (path
B; Fig. 9a). The strain rate applied in Stage 1 therefore induces brittle behavior, not only in the
quenched rim, but also in the underlying lava cooled below ~750 to 850 °C (Fig. 9c). The thicker
brittle layer in Stage 1B bubbles results in brittle fragmentation of the lava surface in response to

strain from the ascending vapor bubble.

5. Discussion

5.1 Bubble escape activity

Bubble escape activity at West Mata is one of two deep subaqueous eruption styles to be
observed in sufficient detail to generate an actualistic model of volcanic processes occurring at high
hydrostatic pressure (Chadwick et al. 2008; Resing et al. 2011). In the following section, the impact
of lava rheology and exsolved volatile behavior on eruption processes during a bubble escape

sequence are discussed.

5.1.1 Magma Rheology
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The effect of quenching on eruption processes during bubble release activity is highly
dependent on the timescale over which heat loss occurs. Lava has a low thermal conductivity (Lesher
and Spera 2015), meaning internal heat transfer is slow. As such, high heat transfer rates across a
magma water boundary (Schmid et al. 2010) only effect the surface of the lava, with the thermal
conductivity limiting deeper cooling (Fig. 9). The effect of quenching over different timescales can be
assessed by comparing the impact of heat loss on lava rheology over the bubble release sequence,

and during pre-Stage 1A, and pre-Stage 1B bubble quiescence (Fig. 9).

Heat loss on eruption timescales produces a thin and weak brittle quenched surface, with a
sharp, high thermal gradient contact with the underlying ductile bubble wall (Fig. 9b-c). Lava
deformation produces both brittle break-up of the quenched rim, and ductile deformation of the
molten interior (Fig. 2). However, the sharp rheological boundary between the quenched rim and
ductile interior acts as a barrier, limiting the impact each has on the behavior of the other (Fig. 9), as
suggested by bubble wall tears that only exist in the underlying incandescent molten lava (Fig. 4).
Therefore, during deformation the thin quenched rim breaks brittlely, but the overall lava rheology

is a function of the ductile interior.

Ejection of molten bombs at the end of Stage 3 further indicates that ductile behavior
dominates for cooling on eruption timescales (Fig. 10). The molten bombs are inferred to result from
the impact between ductile cavity walls that rush inward to fill the space left by the imploding vapor
bubble in Stage 3. This process forms a rapid vertical flow of molten lava (Gekle et al. 2009).
Stretching of the lava as it is ejected leads to its ductile break-up producing the bomb-sized

fragments expelled at the end of Stage 3 (Fig. 10).

Lava extrusion during pre-Stage 1A bubble quiescence continually replenishes hot material
at the vent (Fig. 3). The thermal and rheological profile of lava overlying the vent will thus be similar
to that generated on eruption timescales, with a thin quenched rim and sharp contact with the

underlying molten material (Fig. 9b). Deformation of the lava will therefore produce brittle breakup
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of the quenched rim, while overall lava rheology is controlled by the ductile interior that forms a

domed bubble wall during Stage 1A (Fig. 2).

Prior to Stage 1B bubbles, longer cooling produces a thicker quenched rim and underlying
layer of pre-cooled, high viscosity lava, relative to pre-Stage 1A bubbles. Therefore, deformation by
the ascending pre-Stage 1B vapor bubble causes brittle break-up of the quenched rim and early
exposure of the vapor bubble to the ocean since underlying higher viscosity lava is unable to deform
ductily (Fig. 6). The thicker cooled layer between the quenched rim and ductile interior, formed by
longer term heat loss, therefore plays an important role in controlling the rheological behavior of

lava during Stage 1B bubble escape activity (Fig. 9).

These results question the inferred role of quenching in subaqueous volcanism as a key clast
forming process and controlling factor in magma rheology (van Otterloo et al. 2015), especially for
low-intensity clast forming eruptions in low viscosity magma (Clague et al. 2009). Data presented
here suggest that the timescale of heat loss is the key factor controlling the impact of quenching on
eruption processes. However, due to limitations from the video resolution this discussion is only

informed by lava deformation observed on the centimeter scale and larger.

5.1.2 Exsolved volatile behavior

5.1.2.1 Ascent and non-expansion (Stage 1)

During conduit ascent and Stage 1, the vapor bubble undergoes isothermal decompression
at Te isolated from the ambient water by the lava (Fig. 10). The high ambient pressure, low viscosity
of the West Mata lava, and short time scale of Stage 1, preclude the build-up of overpressure from
exsolution that would drive a sudden expansion in the shallow conduit (Cashman and Sparks 2013).

Behavior of the exsolved volatile bubble prior to contact with ambient water can therefore be
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explained by the expansion characteristics of the major exsolved volatile species (i.e. H,0O and CO;)

under isothermal decompression.

Expansion of the vapor bubble during conduit ascent in Stage 1 is low, due to high ambient
pressures as is evident in the consistent bubble shape through Stage 1 (Fig. 2a-d, 4), and calculated

expansion ratios (Fig. 8b-c).

Limited expansion of exsolved volatiles at a depth of 1200 mbsl, and the lack of significant
bubble overpressure means there is no force driving ‘explosive’ expansion in the shallow conduit or
vent. Lava deformation and fragmentation is therefore driven by the vapor bubble’s buoyant
momentum, resulting from over-stretching of the lava bubble wall of an ascending vapor bubble

undergoing negligible expansion (Fig. 10).

5.1.2.2 Water contact and initial cooling (Stage 2)

The vapor bubble does not immediately contract upon contact with the ambient water, but
maintains a consistent size through Stage 2 (Fig. 2c-d). The start of vapor bubble contraction is
marked by the formation of condensation clouds. These clouds are likely formed by condensation of
magmatic sulfur, the presence of which during the 2009 West Mata activity is shown by frozen sulfur
droplets adhering to the ROV on recovery and in proximal clastic samples. Sulfur condenses to liquid
droplets at a temperature >444 °C, which freeze between 115 and 153 °C (Young 1975). The
formation of condensation clouds at the start of Stage 3 indicates the temperature of the vapor
bubble during Stage 2 remains >444 °C. Cooling of H,O and CO; from magmatic temperature to ~444
°C produces comparatively little contraction, as it is above the phase transitions for both species (Fig.
7c). Contraction during Stage 2 is therefore small, compared with the dramatic contraction observed

in Stage 3, likely resulting from H,O condensation at ~320 °C (Fig. 10).

5.1.2.3 Bubble implosion through asymmetric cavitation (Stage 3)
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Eruption processes during Stage 3 are driven by rapid contraction of the vapor bubble (Fig.
7), resulting from phase changes due to cooling by the ambient water (Fig. 7c). The formation of
condensation clouds obscure visual observation of vapor bubble collapse processes (Fig. 2 and 6).
However, features common to most vapor bubbles in Stage 3 point to the formation of a high-speed
re-entry jet during contraction, suggesting a bubble collapse mechanism similar to asymmetric

cavitation.

Asymmetric cavitation is a process where underpressure develops in a vapor bubble in a
liquid causing it to collapse (e.g. Supponen et al. 2017). Deformation during vapor bubble
contraction can cause one hemisphere to collapse faster, inverting and forming a high-speed re-
entry jet. The impact of the re-entry jet on the opposite bubble wall generates large shockwaves and
leaves a torus shaped remaining bubble (Plesset and Ellis 1958; Pecha and Gompf 2000; Supponen et
al. 2017). The motion of the high-speed re-entry jet through the torus-shaped bubble forms a vortex
ring ejected in the direction of the jet (Lauterborn 1982). Compression of the remaining torus-
shaped vapor bubble continues until the in-rushing fluid rebounds forming a series of secondary

shock waves (Supponen et al. 2017).

Stage 3 bubble collapses are asymmetric with the lower hemisphere becoming concave (Fig.
7). Asymmetric bubble collapse during Stage 3 is likely caused by deformation of the vapor bubble
from its vertical movement, and proximity to the lava surface (Supponen et al. 2017). Inversion of
the lower hemisphere is associated with the formation of flow lines in the condensation clouds
indicating a rapid flow of water develops into the now concave bubble base (Fig. 7Aii-Biii). At the end
of Stage 3 a fast-moving jet is ejected vertically from the bubble head, followed by a vortex ring (Fig.
7Aiv-Biv). This suggests a high-speed re-entry jet formed from inversion of the bubble base,

traversing the vapor bubble to impact its head in <0.1 s.

Asymmetric cavitation provides a mechanism to generate acoustic signals recorded

proximally to Hades vent during bubble escape activity, associated specifically with bubble collapse
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(Dziak et al. 2015). Experiments and numerical modelling have shown shock waves with peak
pressures at their source in the range of 100’s MPa to 10’s GPa form during asymmetric cavitation
(e.g. Plesset and Ellis 1958; Pecha and Gompf 2000; Supponen et al. 2017). These shock waves would
be recorded as a series of rapidly generated energetic hydroacoustic signals associated with the

bubble implosion.

Caution should be used for any direct correlation between bubble escape activity and
cavitation, as the initial conditions at West Mata lie well outside the range of bubble size and
ambient pressure for any cavitation model (e.g. Supponen et al. 2017). It is also unclear how bubble
collapse driven by thermal contraction of the vapor phase will affect cavitation processes. Bubble
collapse partially enveloped by fluid lava bubble walls will also likely act to dampen energy release
from cavitation (LeBlanc et al. 2013). Nevertheless, comparable initial circumstances, similarities in
observed processes, and consistency with recorded hydroacoustic signals suggests cavitation is an

appropriate model with which to discuss implosive activity in Stage 3.

For simplicity we have considered the escape of individual large vapor bubbles. However,
the majority of bubble escape series consist of multiple bubble escapes in rapid succession (Fig. 3),
pointing to a more complex reality where bubble escape activity is likely driven by closely packed
groups of large ascending vapor bubbles (Parfitt 2004). Despite the simplification, the dynamics of

bubble escape and collapse would remain consistent.

5.2 The depth range of bubble escape activity

The lack of visual observations and difficultly of determining water depth in ancient deposits
has made correlating different styles of subaqueous activity with water depth difficult (e.g. Carlisle
1963; Dimroth and Demarcke 1978). However, bubble escape activity is controlled primarily by the
thermal expansion characteristics of the exsolved volatile bubble. Therefore, through an

understanding of the effect of hydrostatic pressure on vapor thermal expansion characteristics,
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changes in eruption style can be investigated, given similar magma compositions and eruption

intensities (Fig. 8).

Vapor bubble expansion during isothermal decompression in Stage 1 is inversely related to
ambient hydrostatic pressure, producing two end member expansion regimes: a deep low expansion
regime, and a shallow high expansion regime (Fig. 8). In the deep low expansion regime, at vent
pressures higher than 5 MPa (500 m water depth), vapor bubble expansion in the shallow conduit
and during the transition to the water column is similarly restricted (Fig. 8b). As such, were the
bubble escape activity observed at West Mata in 2009 to occur at any water depth greater than 500
m, the behavior of an ascending vapor bubble would remain fundamentally the same (Fig. 8).
Theoretically, if volatiles were infinitely available for exsolution, there is no lower depth limit to this
regime as both H,O and CO; contract when cooled, even when supercritical (Fig. 8). However, at
higher ambient pressures the higher solubility of H,O means activity would likely be driven by CO,,

while vapor bubble size would be reduced (Clague et al. 2009).

In the shallow high expansion regime, at vent pressures less than 2 MPa (200 m water
depth), shallow conduit vapor bubble expansion becomes increasingly significant (Fig. 8), meaning
Stage 1 and 2 would become progressively dominated by bubble expansion as water depth became
shallower. However, since vapor bubble contraction in Stage 3 is driven by rapid heat transfer,
bubble collapse would still occur so long as the vapor bubble remains entirely underwater,
irrespective of pressure (Fig. 7c). Bubble escape activity would only end once the vapor bubble
breached the sea surface, allowing vapor to escape and expand before collapsing due to rapid heat

loss in the water column.

Bubble escape activity as aa eruption mechanism is controlled by vapor
expansion/contraction characteristics in a low viscosity lava (Fig. 10). As such the depth transitions
defined here would not necessarily translate to every subaqueous eruption style. Higher viscosity

lava would slow the ductile escape of exsolved volatile bubbles, while at higher volatile fluxes the
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formation of a jet would prevent wholescale implosion of the volatile phase. Magma water

interaction could also induce expansion through heating of ambient water (Bittner et al. 2002).

5.3 Implosive subaqueous volcanism

Rapid collapse of the vapor bubble during Stage 3 points to a previously under-appreciated
style of volcanism we term implosive activity, which is restricted to the subaqueous environment
(Moore 1975; Portner et al. 2015). The rapidity of the vapor bubble collapse in Stage 3, along with
the formation of shock waves justifies use of the term implosion to describe this process. Indeed, the
lack of rapid expansion of the vapor bubble prior to contact with water means that no aspect of

bubble escape activity can be called explosive (Martin et al. 2000).

Volcanic implosions were described by Moore (1975), and although they have been largely
overlooked since, implosive behavior is likely a common feature of subaqueous eruptions that may
generate a notable pyroclastic fingerprint on the seafloor (Portner et al. 2015). Significant
contraction of both H,0 and CO,when cooled from magmatic to ambient temperatures (even at
supercritical conditions; Fig. 7c), and rapid heat transfer to the ambient water will quickly form large
underpressures. This means, wholescale implosion of the exsolved volatile phase is likely during

unsteady gas flux activity.

Since vapor implosion is dependent on rapid heat transfer, there is also no depth limit to
such behavior (Fig. 7c). Implosive behavior is therefore likely a key aspect even of shallow
subaqueous eruptions. For example, sea surface effects of shallow underwater explosion
experiments bear striking similarities to Surtseyan eruptions; first forming a spray dome, followed by
rooster tail jets, often with initial clean water jets followed by darker jets containing fragmented
material (e.g. Morimoto & Ossaka, 1955). Underwater explosion experiments have shown these

processes result from the explosive formation of a vapor bubble that subsequently rapidly expands
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and contracts as it ascends through the water column, until it breaches the water surface or
condenses (e.g. Costanzo, 2011). The similarities suggest the rapid cyclic expansion and contraction
of an explosively generated vapor bubble ascending through shallow water maybe key in driving
Surtseyan eruptions. This indicates the importance of implosive behaviour even for eruptions at only
tens of meters water depth. Visual observations of collapsing pillow lavas and descriptions of
concussive events painful for nearby divers also demonstrates energetic implosive behavior is not
restricted to the collapse of large vapor bubbles during pyroclastic eruptions, but may also occur

during purely effusive activity (Moore 1975).

Observations of implosive behavior here cover only the escape of individual large vapor
bubbles from a low viscosity magma. It is less clear how implosive behavior might manifest in a
higher viscosity lava, or for smaller rapidly emitted vapor bubbles. However, hydroacoustic evidence
of bubble collapses (Dziak et al. 2012), along with observation of oscillatory behavior around the
vent during subaqueous activity at NW Rota-1 (Embley et al. 2006; Chadwick et al. 2008), likely

indicate some form of implosive activity occurred there too.

Oversight of implosions in subaqueous volcanism points to a lack of insight into the dynamic
interaction between subaqueous volcanism and the ambient environment resulting from a dearth of
visual observations (Moore 1975; Portner et al. 2015; Rubin et al. 2012; Cas and Simmons 2018).
Future studies should consider implosions as a potential part of any subaqueous eruption model.
Moving forward, acoustic signals generated by implosion of a vapor bubble, or pillow lava may also
provide an important tool for studying and monitoring subaqueous volcanism (Dziak et al. 2012;

Dziak et al. 2015).

6. Conclusions
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Video observations of bubble escape activity at West Mata in 2009 offer a uniquely detailed
window into a deep subaqueous pyroclast-forming eruption style. Results here demonstrate the
dramatic impact of the ambient water column on eruption processes in the deep-sea environment,
dominantly through the thermal expansion/contraction characteristics of exsolved volatiles. The
high ambient pressure prior to contact between the exsolved vapor and ambient water means the
overpressure driving explosive expansion in subaerial volcanic systems is essentially removed. As
such it is inappropriate to apply the term ‘explosive’ to bubble escape activity, and perhaps also

most other pyroclast-forming styles of deep-sea volcanism.

Instead, we conclude that significant magmatic underpressure during gas-charged marine
volcanism can trigger implosive eruption styles. Rapid vapor cooling and contraction once in contact
with the ambient water means implosive behavior is not only possible, but likely the norm, especially
for eruptions with an unsteady gas flux. The strong control that thermal expansion/contraction
characteristics of exsolved volatiles exert on processes during bubble escape activity can also give
insight into changes in eruption style resulting from differing vent depths. For bubble escape activity
end member deep and shallow expansion regimes are defined with a broad transition at ~5 to 2

MPa.
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Figure captions

Fig. 1 — (a) Regional map showing the location of West Mata seamount in the northeast Lau
Basin, insert is regional map indicating the location of West Mata seamount along the Tonga-
Kermadec arc. (b) Detailed view of West Mata seamount showing the locations of Hades (H) and

Prometheus (P) vents.

Fig. 2 — A set of video frames demonstrating the stages of a single bubble escape sequence.
During Stage 1 (a and b) the lava bubble wall ductily domes over the ascending vapor bubble. In
Stage 2 (c and d) the lava bubble wall tears, exposing the vapor bubble to the surrounding seawater.
Rapid contraction of the vapor bubble occurs in Stage 3 forming condensation clouds (e and f). The
end of Stage 3 is marked by the ejection of a molten bomb and is followed by heating of the ambient
water along with an upward moving convective vortex ring (g and h). Upward momentum of the ring

generates a convective thermal that entrains pyroclast fragments.

Fig. 3 —(a) A 20 second timespan showing three bubble escape series. The bubble areas of
each sequence are normalized to the largest bubble of a series. The difference between a bubble

release series and a bubble release sequence is marked in bubble escape series 4 (c and d). Active
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lava extrusion continues throughout the entire 20 seconds considered here, including periods of
quiescence between series (b). Bubble escape series 2 is led by a long Stage 1A bubble escape

(circle), with short Stage 1B bubbles (triangles) following.

Fig 4 — Video frames showing lava bubble wall break-up from the end of Stage 1 (a) to the
start of Stage 2 (b-f). Tears always form in the underlying molten lava, (inset in c) and have little
effect on the overlying quenched patches. Fibers of molten lava can occasionally be observed
forming across opening tears in the molten lava bubble wall (insert in e). Tears in the molten lava

bubble wall cease to form once there is a path for the vapor bubble to escape (f).

Fig. 5 - Bubble area time series for long Stage 1a (a) and short Stage 1B (b) bubbles. The start
of Stage 2 and 3 are indicated by the orange and red circles respectively. (c) The length of each stage
measured for Stage 1A and 1B bubbles. (d) Normalized height-above-vent (Height/Heightmax) vs.
time plots for three bubble escapes showing both bubble height during the bubble escape sequence

(filled circles) and condensation cloud height post Stage 3 (empty squares).

Fig. 6 — A sequence of frames showing a Stage 1B bubble escape. (a) prior to Stage 1 the lava
is overlain by a thick quenched crust with no lava extrusion. (b-c) the ascending vapor bubble during
Stage 1 cracks the quenched crust, (d) and the lava fragments soon after deformation exposing
vapor bubble to the ambient water. (e-g) contraction of the vapor bubble occurs rapidly starting
from the bubble base which rolls up into the bubble head forming a vertical jet. (h) A vortex ring
forms from the collapsing vapor bubble that disperses entrained fragments and the condensation

cloud.

Fig. 7 —Videos frames showing the Stage 3 collapse of the vapor bubble for two different
bubble escape sequences (A and B). (Ai and Bi) Vapor bubble collapse starts with initial slow
symmetric contraction and the start of condensation cloud formation. (Aii and Bii) Bubble
contraction becomes asymmetric and speeds up. (Aiii and Biii) Formation of condensation cloud

flows lines mark the ingress of seawater into the vapor bubble base. (Aiv and Biv) Bubble contraction
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ends with the condensation of all visible vapor along with the ejection of a water jet from the bubble
head, seen through the motion of the condensation clouds. (c) Exsolved volatile volume vs
temperature at a pressure of 12 MPa for H,0 and CO; with phase changes indicated. Data for H,O at
temperatures <1000 °C and for CO; at <826 °C comes from Lemmon et al. (2015). Data for higher

temperatures are from Zhang and Duan (2010).

Fig. 8 — (a) Results of numerical model from James et al. (2008), showing bubble expansion
over the final 100 m of conduit ascent for vents at water depths of 0, 10, 50, 100, and 1200 (Hades
vent) m. (b) Vapor bubble expansion ratios calculated for the final 100 m of conduit ascent using the
results from the numerical model from James et al. (2008), for vent depths between sea level and 4
km water depth. Results from the maximum (blue dashed line) and minimum (red solid line)
estimates of magma viscosity plot on top of each other. (c) Exsolved volatile specific volume
(1/density) vs pressure under isothermal conditions for H,O and CO; with phase changes indicated.

Data from Zhang and Duan (2010).

Fig. 9 — Thickness of the quenched rim and cooling front calculated from heat loss modelling
of a 10 m thick column of lava over the period of pre-stage 1 quiescence (a) and a 2 cm thick molten
lava bubble wall over the period of Stage 1 (b). (c) Strain rate vs. temperature diagram showing the
estimated conditions of lava deformation during Stage 1 bubble escape activity, where X. is magma
crystallinity. Path A and path B are calculated for the effect of quenching 2 mm below the contact
surface between lava and seawater on Stage 1A and pre-stage 1B quiescence timescales

respectively.

Fig. 10 — Schematic diagram outlining the proposed model for bubble escape activity. The
exsolved volatile behavior, lava rheology, and any fragmentation is shown at each step along with
the position of each Stage of the bubble escape sequence. Interpretative diagrams indicate the

proposed eruption processes occurring throughout.
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