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Abstract

Despite their generally low volume raction, Fe-Ti oxides have the potential to greatly influence
the eruptive style because they lov.e i1ue supersaturation pressure for heterogeneous bubble
nucleation. Once nucleated, bubb'es ~espond fast to pressure changes, fostering rapid expansion and
explosive behavior. Yet, oxide w ‘crolite quantifications are often absent from data of explosive
products. We used new, 12-an. lyzed, and published data to build a compilation of oxide number
densities (ONDs) and vesic e number densities (VNDs) of trachytic and calc-alkaline products. Four
eruptive styles were selected: 1) Vulcanian explosions from Soufriére Hills volcano, Montserrat,
Lascar volcano, Chile, and Kilian volcano, France, 2) blasts from Mt Pelée volcano, Lesser Antilles,
Mount St. Helens, USA, and Merapi volcano, Indonesia, 3) a sub-Plinian explosion from Merapi
volcano, and 4) lava dome effusions with intermittent collapse from Soufriére Hills and Mt Pelée
volcanoes. Natural samples were separated into two groups according to the dominant texture of the

products of each event: 1) vesicular pumice clasts from explosions with a strong vertical component
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and 2) dense clasts with diktytaxitic textures from dome collapse event and lateral blast. Group 1
samples are either distributed alongside the 1:1 trend between VND and OND that spans from 10" to
10" m™, or have a constant VND of 10'°'** m™ regardless of OND. A large proportion of oxides (55—
100%) touch vesicles. A more variable proportion of vesicles (16—72%) are in contact with oxides
because of syn-explosive growth and coalescence. Group 2 samples have ONDs in the same broad
range as group 1 samples. We also used new and published data to build a compilation of ONDs and
VNDs of five series of experimental decompression of rhyolitic and phonolitic melts. In samples with
OND~VND, most bubbles are in contact with more than one oxide and 64-88% of the oxides are in
contact with bubbles. Such high levels of connectivity suggest thit th * role of oxides in controlling
bubble nucleation has been underestimated. When VND>ONL . nu :leation densities of experimental
vesicles can be reproduced by heterogeneous nucleatior i..nacls, which we used to calculate syn-
explosive decompression rates from VNDs at Merapi, “ouw sre Hills, and Kilian. These rates and
textural evidence suggest that the decompression f 0.  2~companying these Vulcanian and sub-Plinian
explosions is responsible for syn-explosi- e btubble nucleation. We calculated the average pre-
explosive ascent rates necessary to yield .~e observed ONDs at Soufriére Hills and Merapi volcanoes.
The resulting rates, 0.005-20 m/s, ove.l7 p vonsiderably with the range of critical ascent rate inferred
for the effusive—explosive trans’tic~. supporting the hypothesis that this transition is primarily
controlled by oxide microlites in .. = conduit because oxides are a primer for explosive behavior when
present in sufficiently higl nun ber densities. Focusing on the older eruption of Kilian, for which no
observation is available, we infer that pre-explosive ascent rates of >7x10” m/s were necessary for

explosive behavior to occur.

Keywords: Fe-Ti oxides; number density; bubbles; microlite; dome eruption; Vulcanian explosion



1 Introduction

When magma moves upwards into the crust to feed a volcanic eruption, the accompanying
change in pressure causes degassing. The process of degassing starts with bubble nucleation, the
kinetics of which is controlled by the presence or absence of crystals in the melt. Homogeneous
nucleation occurs in pure melts and often requires large pressure changes to induce sufficient volatile
supersaturation. Conversely, heterogeneous nucleation of gas bubbles on preexisting crystals can
occur following significantly smaller pressure drops. Heterogeneo. < nucleation has recently been
proposed to be the dominant mechanism occurring in nature (Sher, 2(17). As a result, attention has
been turned towards studying minerals that are able to lower s. neraturation pressure to the smallest
possible values. Minerals belonging to the solid solution ot 1 >-(i oxides are ideal nucleation sites in
this respect. The least effective Fe-Ti oxide is hematite, whicn reduces supersaturation pressures in
rhyolite at 800 °C from ~200 MPa (homogeneor: nu..c¢ation) to 130 MPa (Cluzel et al., 2008). The
most effective mineral is magnetite becausc it -educes supersaturation pressure to less than 20 MPa
(Gardner and Denis, 2004; Gardner, 200/, Shea et al., 2010) or even less than 5 MPa (Hurwitz and
Navon, 1994), depending on melt compcsit.on and temperature. Magnetite crystals play an important
role in magmatic systems because tuoir large wetting angles cause bubbles to attach to them (e.g.,
Gardner and Denis, 2004). T! = asc.oent of such bubble-magnetite pairs could explain the formation of
iron oxide—apatite dep~sit. by buoyant segregation (Knipping et al., 2015) and could increase the

efficiency of magma mixi~7, by buoyancy-driven stirring (Edmonds et al., 2015).

Magnetite crystals have the potential to greatly influence the style of eruptions involving lavas
that are more viscous than those found in to mafic systems. For example, in the case of a melt at water
saturation, a magma-filled conduit subject to partial dome collapse is subject to a pressure variation in
the order of 5-20 MPa (e.g., Taisne and Jaupart, 2008). This pressure range is similar to the

supersaturation pressures causing heterogeneous nucleation on magnetite. Following Cluzel et al.



(2008) and Caceres et al. (2020), it is thus reasonable to posit that a magma feeding a dome eruption
and bearing large amounts of magnetite microlites would be more prone to nucleate gas bubbles in
response to small pressure changes during an eruption than a magma bereft of magnetite. Once
nucleated in the conduit, bubbles respond fast to pressure changes (e.g., Lensky et al., 2004; Giachetti
et al.,, 2010) and the ensuing volume changes favor rapid expansion, fragmentation, and explosive
behavior. Yet, the hypothesis that magnetite fosters explosive eruptions cannot be tested because of

the lack of natural data published in the literature.

Amounts of magnetite in natural samples has typically been ¢ ~umented by reporting volume
or modal fractions, which are generally small (<5 vol% on a bul ~le-t:ee basis). Bubble nucleation,
however, is sensitive to the number density of nucleation s’ie. ra*aer than to bulk volume or mass
fraction of a given mineral. There are, to our knowleds-e, 1.1tural data on oxide number densities
(OND) at explosive volcanoes for only one sample oin the 1980 blast at Mount St. Helens, USA
(Cashman, 1988), a few samples of Vulcanian ex:'losiuns at Soufriere Hills, Montserrat (Giachetti et
al., 2010; Burgisser et al., 2019), Shinmoed k., Japan (Mujin and Nakamura, 2014), and at Kilian
volcano, France (Colombier et al.,, 201/, Extending the scope from explosive eruptions to the
reservoir-related sample from the Bishop Tuff (Gualda and Anderson, 2007) and to the fully degassed
Tokachi—Ishizawa obsidian lava 'Sanc et al., 2015) does not vastly extend the amount of available
data. This contrasts strongly -vith the hundreds of samples that have given rise to the numerous
published number den.'tie. of plagioclase and/or pyroxene microlite (e.g., Suzuki and Fujii, 2010;

Martel, 2012; Muir et al., 2512).

There are more OND data for decompression experiments of water-saturated magmas (e.g.,
Martel and Schmidt, 2003; Shea et al., 2010), some of them specifically addressing heterogeneous
bubble nucleation in the presence of oxides (Hurwitz and Navon, 1994; Gardner and Denis, 2004;
Gardner, 2007; Cluzel et al., 2008; Caceres et al., 2020). That oxide volume fraction is small has been

used as a common argument to minimize its role in experimental work addressing bubble growth



(Burgisser and Gardner, 2004; Cichy et al., 2011; Fiege and Cichy, 2015).

The paucity of natural data hinders the assessment of the role of oxides in the shallow
vesiculation of ascending magma. Here, we significantly extend existing data by documenting the
OND and vesicle number density (VND) of 105 samples from explosive and effusive products at five
volcanoes. Four eruptive styles were selected to evaluate the conjecture that the transition from
effusive to explosive eruptions is primarily controlled by the presence or absence of oxide microlites
in the conduit. The first style is Vulcanian explosions from Soufriere Hills volcano, Lascar volcano,
Chile, and Kilian volcano. The second style is laterally directed blas) . from Mt Pelée volcano, Lesser
Antilles, Mount St. Helens, and Merapi volcano, Indonesia. The t. ird « tyle is sub-Plinian convective
fountain collapse from Merapi volcano. The last style is lava do.me “ffusion with intermittent collapse
from Soufriere Hills and Mt Pelée volcanoes. Events froi. Soufriére Hills, Kilian, and Merapi
volcanoes have been included in this study also becar<e the pre-explosive conditions of these sample
series (i.e. the pressure and the porosity of each ~ampie in the conduit prior to explosion) have been
determined by prior studies (Burgisser et . 2010; Drignon et al., 2016; Colombier et al., 2017;

Burgisser et al., 2019; Colombier et al., suu.itted).

Natural samples give a spatie. 1.7k vetween oxides and bubbles. Their possible genetic link is
often obscured by the many trans, rmations affecting the magma during ascent, evacuation, and final
deposition at the surface. We -~.ected new and published experimental data to aid natural data
interpretation and to uew mu.e the conditions under which oxides can foster heterogeneous bubble
nucleation. We chose published decompression experiments with more oxides than nucleated bubbles
(Cluzel et al., 2008; Shea et al., 2010) and with more bubbles than oxides (Gardner, 2007; Gardner
and Denis, 2004). We present new analysis of three representative samples of experimentally
decompressed rhyolite melts (Burgisser and Gardner, 2004) because they have bubbles and oxides in
equivalent numbers. Finally, we explore implications of these findings at three volcanoes by showing

how oxide nucleation conditions, and thus explosivity, are linked to ascent rate and phase equilibria



relationships.

2 Methods

2.1 Sample selection

We used new data, re-analyzed data, and published data to build a compilation of ONDs and
VNDs of nine sample series from four volcanoes, totaling 105 individual samples. There are eight
new data series. Three series are from Soufriére Hills volcano. One ¢ ¢ them is composed of a selection
of the products of Vulcanian explosions in August—October 1997 stuc‘ed by Burgisser et al. (2010).
The two others are from products of block-and-ash flows gei erat. d by dome collapse on June 25,
1997 (Loughlin et al., 2002) and May 20, 2006 (Lough'.~ e. al., 2010), respectively. One sample
series was produced by the 1993 Vulcanian eruption at I asc.~ volcano (Mattews et al., 1997; Sparks
et al., 1997). Two sample series were erupted by M. el :e: one during the 1929 block-and-ash flows
and the other during the 1902 blast (Marte' et 7 I., 2000). The last two analyzed series are products
from the opening and paroxysmal stages of the 2010 eruption of Merapi volcano, which occurred on
October 26 and November 5, respectiv 2y \.xomorowski et al., 2013; Drignon et al., 2016). There is
one re-analyzed series from the 9 4 “a Vulcanian eruption of Kilian volcano (Colombier et al., 2017;
Colombier et al., submitted). “ew and re-analyzed samples are listed in Table S1 in the
Supplementary Informatio . Puhlished data include products emitted by Vulcanian events on February
11, 2010 (23 samples, Burg sser et al., 2019) and during August—October 1997 (8 samples, Giachetti

et al., 2010) at Soufriere Hills, and during the 1980 blast at Mount St. Helens (Cashman, 1988).

We used new and published data to build a compilation of ONDs and VNDs of five series of
experimental decompression of rhyolitic and phonolitic melts, totaling 49 individual samples.
Published data are from the studies of Gardner and Denis (2004), Gardner (2007), Cluzel et al. (2008),
and Shea et al. (2010). In addition, we analyzed three samples of experimentally decompressed

rhyolite melts (Burgisser and Gardner, 2004). In their study, Burgisser and Gardner (2004) placed
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samples of rhyolitic glass in sealed Au-capsules with distilled water at 825 °C and 150 MPa for five
days in order to saturate the melt with water. A sudden decompression down to 100 MPa nucleated
small bubbles and samples were maintained at the nucleation pressure until bubbles reached
approximately thermodynamic equilibrium with a mean diameter of 35 um. The analyzed sample
(ABG1) was quenched at 100 MPa. For the other two samples, pressure was released in increments to
approximate a constant decompression rate of 0.5 MPa/s (ABG16) and 1 MPa/s (ABG28) until 50
MPa was reached, at which point the samples were rapidly quenched. For simplicity, the
experimentally generated bubbles will sometimes be referred to as vesicles in discussions involving

both natural and experimental samples.

2.2 2D imaging

2.2.1 Acquisition

New natural data were collected over seveial |, ~~.cs and quantification methods slightly varied
according to sample series. Textural charac ~riz .tion of samples from Soufri¢re Hills, Mt Pelée, and
Lascar volcanoes was done by imaging po'*shed sections by SEM with a JEOL JSM-6400 microscope
operating at 15 to 20 kV acceleration vo'iages (ISTO, Université d’Orléans). BackScattered Electrons
(BSE) images were acquired at t'wrec to four different resolutions to ensure that a sufficiently wide
range of object sizes was renres. ited. Three to four SEM images were acquired at each of the
following magnifications: <25, x100, %400, and x800. One exception is that the x400 magnification
was replaced by x200 for ,amples AMO16C and 1448 that were deposited by the Soufriére Hills
block-and-ash flows. For the sample series of Merapi volcano, we used the SEM images at two levels
of magnification (x50 and x2000) that have been described in Drignon et al. (2016), where details of
the acquisition procedure can be found. The Merapi polished sections were imaged using a TESCAN
MIRA 3 XMU SEM operating at 20 to 25 kV accelerating voltage (CNRS-ISTO, Université

d’Orléans) in BSE mode.



One sample from Merapi was imaged by Energy Dispersive Spectroscopy (EDS) as reported in
Drignon et al. (2016). Briefly, the polished section was imaged using a LEO STEREOSCAN 440
(LEICA) SEM operating at 15 kV accelerating voltage (Université Savoie Mont Blanc) to which an
EDS probe QUANTAX EDS (Bruker AXS) was attached. Distribution maps of Si, Fe, Mg, Al, Ca, K,
Ti, and C were acquired at three to four locations per magnification. The magnifications used were

%35, x352, and x2000 and the resolution of each element map was 512x384 pixels.

2.2.2 Processing

All images were treated using the image processing packages 1.nageJ 1.48 (imagej.nih.gov/ij/)
and Fiji 1.52 (Schindelin et al., 2012). Noise reduction was per.~rm:d on the SEM images using
Image] anisotropic diffusion filter. Segmentation of vesicles ~ad oxides was done by manual
thresholding of the lowest and highest levels of gray res) ectively. Plagioclases are difficult to
distinguish from glass, impeding calculation of tot.. crystal volume fractions based on automatic
segmentation (Burgisser et al., 2010). For some Sc 'friere Hills samples and all Merapi samples (Table
S1), we used vesicularities and total crystal v.o'ame fractions (phenocrysts plus microlite) reported in
Drignon et al. (2016) and some crystal voi.me fractions reported in Burgisser et al. (2010). This is
because in both studies, precise segr. nt.“on of plagioclases was conducted by manual outlining the
plagioclases. In all the other SE* images, we set thresholding values that yielded one segmented
phase containing glass, plagio.'as:;, and all other minerals but oxides. We then manually erased the
glass from the threshe’v~d . ~~ge by visual inspection. Unlike the methods of Burgisser et al. (2010)
and Drignon et al. (2016), this method does not yield outlines of every crystal, which does not affect

the accuracy of area fraction but leads to inaccurate size distributions.

Images acquired by EDS were processed with the wavelet “A-trous” filter in Imagel to
decrease the noise level before using the default IsoData thresholding. Objects of interest were
obtained by successive subtractions of Boolean combinations of the binary images (Drignon et al.,

2016). Vesicles were composed of pixels containing C or none of the other elements. Oxides were



composed of pixels containing Fe and Ti but no vesicle pixels.

2.2.3 Analysis

For each sample, segmented SEM and EDS images were used to quantify volume fractions and
number densities of vesicles, oxides, and other crystals following the resolution assembly procedure
of Giachetti et al. (2010). All samples but those of Merapi had similar cut-off values for oxides and
vesicles. Images at x25 magnification were used to characterize objects 1500-8.4 pm across, 100
images were used to characterize objects 267—2.1 pm across, %400 ima_=s were used to characterize
objects 66.8—-0.52 um across, and x800 images were used t2 ~ha.acterize objects 33.6-0.38 um
across. The corresponding cut-off values between these succ ssive magnifications varied between 16
and 100 um, 4 and 16 um, and 4 and 0.6 pm, respective.:’ (<ee Giachetti et al., 2010, for statistical
details on image vs. object sizes). Only crystals wi‘a ~.n equivalent diameter larger than 50 um were
counted, except for AMO36, for which opera’.. 3 «~ed all four magnifications with the same cut-off
values as for oxides and vesicles. For each Mer.~i sample, we cropped one x50 image from the native
resolution of 2048x2048 pixels to ~1345:> 1530 pixels because of the circular shape of the polished
sections. The cropped image was us :d o characterize objects 1500—20 um across. Four x2000 images
were used to characterize obj~cts 63—-0.5 pum across with a corresponding cut-off value varying

between 30 and 60 pm depe:ing on sample.

Object counting and « haracterization of each magnification was done using the Analyze Particle
tool of ImageJ. Our thresholding of SEM images creates false positives of oxides because of the edge
effect at the glass/vesicle interface. In some series where the edge artifacts were strong, we eliminated
many such false positives on the basis of their cuspate shapes by filtering out objects with circularity
<0.3. Number density and volume fraction of the objects were then obtained by combining the
different levels of magnifications as explained in Giachetti et al. (2010). Both ONDs and VNDs are

reported (Table S1) on a bubble- and crystal-free basis (i.e. the number of objects per unit volume of
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glass). Uncertainties on each number density measurement were calculated according to Giachetti et

al. (2010) by assuming that 5% of the number of objects per image were artifacts.

We used the total VNDs and ONDs of the Kilian volcano products reported in Colombier et al.
(2017) but adjusted their crystal volume fractions with a combination of XRD analysis and mass
balance to calculate bubble- and crystal-free number densities. The SEM image analysis
underestimated crystal volume fractions because of the high volume fractions (SI Text 1, Colombier et

al., submitted).

2.3 3D imaging

Relationship between oxides and bubbles can be deterni. ~d . 2D by using statistical analysis
of their spatial distribution (Edmonds et al., 2015) but we 4sed the more direct approach of 3D
measurements on representative natural and experimental samples. Six samples from the 1997
Vulcanian explosions at Soufriére Hills and thre- sauuples of experimentally decompressed rhyolite
melts were imaged by Computed micro-"oa0graphy (uUCT) to obtain 3D volumes of X-ray

attenuation levels.

2.3.1 Acquisition

The X-ray p-CT acquisition of the experimental samples were performed following the method
described in Castro et al. (??12,. [he 3D volume of ABGI is the same as that used in Castro et al.
(2012) and the volumes “ AuB16 and ABG28 are the same as those used in Burgisser et al. (2017).
Briefly, scanning was performed with a Phoenix Nanotom 180 (ISTO, Université d’Orléans) with a
molybdenum target, a tungsten filament, a variable operating voltage of 100 to 180 keV, and a
filament current of 50-210 nA. We analyzed small (1-4 mm®) chips of vesicular glass by mounting
them onto carbon fiber rods with thermoplastic adhesive. Samples were rotated over 360° during the
exposure to the X-radiation. Between 1300 and 2300 images of 2304x2304 pixels were collected

during each analysis. Reconstruction of these images into a stack of grayscale images representing
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different phases was performed with a separate PC microcluster running Phoenix reconstruction
software. This piece of software includes a proprietary ring artifact correction procedure based on
averaging and subtraction of blank images taken during acquisition by temporarily removing the
sample from the field of view. The voxel edge length was 2.2 um for ABGI, 1.9 um for ABG16, and

1.5 pm for ABG28.

The p-CT acquisitions of the natural samples were performed at the TOMCAT beamline of the
SLS synchrotron facility (Villigen, Switzerland; Stampanoni et al., 2006) following the procedure
described in Degruyter et al. (2010). The imaged samples were sm:_! volumes of rock immediately
adjacent to those forming the polished sections imaged by SEM to r.nimize the effects of spatial
variability. The beam energy was varied between 20 and 25 2\ S=mples were rotated over 180° and
between 1000 and 3000 projections were taken per scan. « field of view of 5.5x5.5 mm® and a
resolution of 20482048 pixels were used. Reconstr~tions o1 the 3D volumes were done using the
in-house software developed at the synchrotron t~amiue, yielding a voxel edge length of 2.7 um. No

ring artifact correction was needed.

2.3.2 Processing

All volumes were treated using lmagel and Fiji. They were converted to stacks of 8-bit
grayscale images, and were tken -~ropped into cuboids for further analysis. Noise reduction was
performed on most volumez wi.l. the wavelet “A-trous” filter, and with the “anisotropic diffusion”
filter on the remaining vo. 'mes. The filtered image stacks were converted to binary format by manual
thresholding of the highest and lowest levels of gray to segment oxides and vesicles, respectively.
Sub-volumes were cropped so that no sample edge was present in the volume of interest (VOI). This
yielded VOIs of ~1000° voxels for natural samples (Table S2). The small sizes of the experimental
samples (Burgisser et al., 2017) constrained us to use VOIs <600° voxels. Details on 3D rendering

parameters are in Text S2.
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2.3.3 Analysis

Oxides and vesicles were counted using the “Particle Analyzer” tool of the Bonel plugin
(Doube, 2020) of ImageJ. The minimum size of all objects was set to 10 voxels for natural samples.
No scan at higher resolution was available, and the consequences of this lower limit are assessed in
section 2.4. The simple texture of the experimental samples allowed us to tailor the minimum size of
counted bubbles to 27 voxels. Resulting bubble mean diameters in the analyzed VOIs are 25 pum for
ABG]1 and 66 um in ABG 16, which are comparable to the values reported in Burgisser and Gardner

(2004): 3547 and 7148 pum, respectively.

To test whether the VOIs of the experiments had sufficient re~ol.tion to capture the fine end of
the oxide size distribution, we used the ABG28 volume vec...e it was acquired at the highest
resolution (voxel edge length of 1.5 um). The three sam, 'es v ere extracted from the same ~100 cm’
block of obsidian glass and are part of similar decon . 3ssion series that did not nucleate new crystals
(Burgisser and Gardner, 2004). The only source . f differences in the size distributions of the three
samples is natural variability within the orig. | obsidian glass block. The minimum size of counted
oxides was 8 voxels for ABG1 and ABG16. Thanks to a less noisy stack (Fig. S1), oxides in ABG28
were counted with a lower threshold .4 . oxels. Figure 1 shows the resulting size distribution, which
can be used to estimate the numb. - of vxides that were too small to be captured by the pCT scan. We
carried out this extrapolation b, fi'st fitting a power law curve to the fine end of the distribution (15—
400 um’). We then u.c tni~ gt (R’=0.99) to calculate the putative cumulative number of oxides
between 15 pm’ and the single oxide of 0.023 um’ predicted by the power law. Results indicate that
152 oxides <15 pm’ could be present in the ABG28 VOI. As we measured 8553 oxides in that VOI,
the number of oxides could thus have been underestimated by 1.7%. Figure 1 also shows the limits of
the smallest oxides analyzed in the two other samples. Applying the same reasoning to those samples,
our analysis thus captured 83% and 88% of the oxides present in ABG1 and ABGI16, respectively.

This source of positive uncertainty is larger than the one stemming from calculating the standard

12



deviation between VOIs of different sizes (see below).

Calculating number densities in 3D is more straightforward than in 2D. The numbers of oxides,
N,,, and vesicles, N, in the analyzed volumes were divided by the volume of glass (i.e. the total
volume minus that of the vesicles and that of the oxides) to obtain ONDs and VNDs, respectively
(Table S1). This was done only for the experimental samples because their unimodal bubble size
distributions were fully captured within the VOIs. Giachetti et al. (2011) have shown that obtaining
accurate ONDs and VNDs in natural samples requires combining stacks of different resolutions and
an automated de-coalescence of the connected vesicle network. Suci =nalysis is beyond the scope of

our study, and we used their values instead (Table S1).

The level of connectivity between vesicles and oxides is a wneasure of how many oxides are in
close contact with vesicles and vice-versa. In each VOI, o. ides were dilated by 1 voxel and counted to
obtain the number of dilated oxides, N,,,. Dilatio': 1, necessary because when a voxel contains a
vesicle—oxide contact, the contrast in X-Ray a*~nu.tion between the mineral and the vesicle yields an
average value of attenuation that is segmentec. in neither phase. The volume containing the dilated
oxides was combined with the volume ¢~ tai. ‘ng the segmented vesicles so that the result is a volume
containing segmented objects that uc ewwner isolated vesicles, or isolated oxides, or oxide—vesicle
pairs. In other words, the Boolea.. operator or was applied between the volume with dilated oxides
and that with vesicles. As th= ul7 scans had similar resolutions, dilation assumes overall that oxides
closer than about 2 pn1 o vesicles are connected to these vesicles. Objects in the resulting volume
were counted to obtain the total number of objects, V,,;, which comprises isolated vesicles, isolated
oxides, and connected oxide(s) and vesicle(s). The number of connected objects was defined as:
Neow= Nox-d™Nyes-Nior. The levels of connectivity of oxides and vesicles are measured by the ratios
Neon/Now and N,/ N5, respectively. Values >1 mean that each object of the considered phase is
connected to several objects of the other phase. Figure S2 illustrates these two measures of

connectivity and their limitations. Text S3 details the error propagation of the lower detection limit of
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oxides on N,/ N,y and N.opn/ Noes.

To determine whether our VOIs were representative elementary volumes (REVs), we measured
levels of connectivity in VOIs of progressively smaller sizes. To reduce computing time, this was
done by using an object counting method based on object centroids (see Fig. S3 for details). Figure 2
shows the level of connectivity of oxides, N,,../N,., measured in a series of volumes of progressively
smaller sizes. Volumes with >10* voxels for natural samples and >10" voxels for experimental
samples are statistically representative because they are above the size at which fluctuations between
different volumes stabilize. This difference in minimum REV size 1. due to the fact that the largest
natural vesicles are larger than their experimental counterparts. .'igur> 2 shows that all the largest
VOIs (Table S2) are REVs. We thus report the levels of conne cu. 7ity measured on the largest VOIs for
all samples. We used the standard deviation of the three lirge. t VOIs to estimate uncertainties on the
connectivity of natural samples. The minimum er=~r of the experimental samples was also the
standard deviation of the three largest VOIs. The waximum error of the experimental samples,

however, was that due to the lower detection “*n it of oxides (Text S3).

In natural samples, because segr-~nta*on of glass and other crystals in the uCT volumes is
challenging, we opted to use the cry.tal coutents from the SEM analysis. In experimental samples, Fe-

Ti oxide is the only mineral phase .nd is easy to segment.

2.4 Measurement iccuracy

The procedure of Giachetti et al. (2010) retrieved vesicle size distributions with great accuracy
because it used 6 overlapping levels of magnification and a step of vesicle de-coalescence (i.e. closing
manually partially retracted walls between neighboring vesicles) to reconstruct these distributions.
This high accuracy was obtained at the expense of a labor-intensive, time-consuming process. One
goal of our analysis procedure was time efficiency, which guided the choice of the number of

magnifications and that of minimizing manual operations during image analysis. The result of these
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choices was to maintain the accuracy of the OND and VND determinations at the expense of a loss in

the resolution of object size distributions.

Figure 3 shows object number densities for one characteristic pumice sample, AMO36, that
were determined using three different segmentation procedures. The first procedure is that of
Giachetti et al. (2010), which yields accurate OND and VND that we use as reference values. The
second procedure (Giachetti et al., 2011) combined 3D pCT data from multiple image stacks with
different spatial resolutions to generate vesicle size distributions. The third procedure is our 4-
magnification levels method, which was applied on AMO36 by three lifferent human operators using

slightly different combinations of segmentation thresholds and cut- *ff v lues between magnifications.

The multiscale 3D data of Giachetti et al. (2011) yield » Vivv similar to that measured on SEM
images, but an OND that is 1.5 log units below that from: SEDM. images (Fig. 3). This has been shown
by Giachetti et al. (2011) to be resulting from the co ar aratively lower resolution of the pCT imaging,
which imposes a lower minimum cut-off valu~ ‘3.4 «um) compared to the SEM image (0.38 um). The
uCT reconstructions thus fail to image the sma..~st oxides, which are present in high number densities
in that sample. The SEM vesicle separ..’on procedure of Giachetti et al. (2011) includes a step of
vesicle de-coalescence, whereas oucs 'aes not. Figure 3 shows that the absence of de-coalescence
does not affect results because the smallest, most numerous vesicles are generally isolated and not
subject to de-coalescence. "~y “ering the SEM image magnifications we used, objects larger than
1.5-3 mm across are expc “teu to be missing from our size distributions (Giachetti et al., 2010). This is
not an issue for the generally smaller oxides, but it strongly affects vesicle volume distribution as
vesicles larger than 1.5 mm occupy up to a quarter of the volume of void (Giachetti et al., 2010).
Cumulated number densities, however, are not affected by the upper size limit because large vesicles
are far less numerous (10°~10'" m™) than smaller ones (10"°~10'® m™). This is visible in Fig. 3, which
shows that the reference size distributions determined by Giachetti et al. (2010) and those obtained

with our method yield similar cumulated number densities. All our analyses involve 4 magnification
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levels, except those of Merapi products and those of the February 2010 Soufriére Hills explosive
products that only involve two magnification levels. It has been shown in Drignon et al. (2016) and
Burgisser et al. (2019) that cumulated number densities in these samples are unaffected by the
artifacts introduced by this information gap because the smallest and most numerous objects are

captured by the highest SEM magnification.

Another issue is that oxides have been shown to be very small in products of explosive
eruptions, reaching nanolite sizes (Mujin and Nakamura, 2014). Compared with the SEM procedure,
the EDS procedure is able to capture smaller oxides because oxides 1 .ve a chemical composition that
is distinct from that of the other minerals. Figure 3 shows that EDS bas'.d images of sample AME10G
with a cut-off limit of 0.1 um yield an OND that is 1 log uni. 4.-%-r than that of SEM images with a
0.38 um cut-off. That more oxides are found at a lower ¢ -oft ‘s consistent with the presence of oxide
nanolites in our samples. This suggests that our 5. M-based ONDs with a 0.38 pum cut-off are
minimum values because Mujin and Nakamv~~ (."14) report oxide nanolites of 0.01-0.02 um. The
pCT reconstructions of natural samples unde. <timate natural ONDs by an additional one order of
magnitude. This is not the case for exp:.“mc.tal samples because the uCT scans capture 83—98% of

the oxides (Fig. 1).

Finally, EDS images with *he .ame 0.38 um cut-off limit as the SEM images yield an OND that
is 1 log unit lower than the. 01 SEM images. This counter-intuitive result is due to our thresholding of
SEM images, which creatc: false positives because of vesicle edge effects that a circularity filter
limits but does not suppress. The remaining false positives (i.e. bubble edges incorrectly counted as
oxides) compensate somewhat the loss caused by the high cut-off value, but do so in a way that is

difficult to quantify.

The intrinsic errors of the different methods are much smaller than inter-operator variability
(Fig. 3). We thus based the overall uncertainties of our number densities on the maximum differences

between the four SEM determinations of Fig. 3, which correspond to +0.13 log units for oxides and
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+0.15 log units for vesicles, and we consider our ONDs as minimum values. We applied those two
levels of uncertainty due to inter-operator variability to all samples analyzed in 2D, regardless of their

origin (new, re-analyzed, or published).

3 Results

3.1 Vesicle types and oxide-vesicle contacts

Vesicles in our natural samples were subdivided in sub-ponulations using the criteria of
Giachetti et al. (2010). There are two main types of small (<30-5C um, vesicles. The first type, S1, is
composed of rounded, isolated vesicles that occur in vesicula - san ples (Fig. 4A), such as the ones
described in Giachetti et al. (2010) and Burgisser et al. (25:9). The second type, S2, is composed of
irregular voids often delimited by crystal faces that occur in «~nse samples with a diktytaxitic texture
(Fig. 4B). A couple of samples feature both typss [<ic. 4C). One sample from Mt. Pelée features
deflated vesicle textures such as narrow, pin-.hed off necks connecting two flattened vesicles (Fig. S4)
associated with bubble collapse (e.g., Ac"ms et al., 2006; Moitra et al., 2013; Pistolesi et al., 2015).
We did not find in our samples bubble crl: pse textures linked to shear-bands (Wright and Weinberg,
2009). There are three types of la-ge “>30-50 um) vesicles. Two of them are composed of deformed
vesicles of equivalent size >300 , m across and circularity <0.2. Type L1 comprises large angular
voids between crystal fr.gmeits that are interpreted to have been formed in response to the
decompression accompanvi ig the Vulcanian explosion (Giachetti et al., 2010; Burgisser et al., 2010;
Burgisser et al., 2019). Type L2 is composed of the remaining vesicles of >300 um, which are
considered as pre-explosive vesicles. Type L3 is composed of 40-300 um, lobate vesicles that result

from newly nucleated S1 bubbles that have undergone some growth and coalescence (Giachetti et al.,

2010).

On the basis of 2D observations, the first small vesicle type S1 has been often associated with
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oxides (e.g., Giachetti et al., 2010) and represents the latest syn-explosive nucleation event. Here we
extend these observations to 3D by looking at the proportion of oxides that are touching S1 vesicles
(or in close proximity of <3 pum) and vice-versa. Figure 5 shows the fractions of oxides and vesicles
that are in close contact with one another. In natural samples bearing S1 vesicles, the level of oxide—
vesicle connectivity ranges from 55% to 100% and the level of vesicle—oxide connectivity ranges
from 16% to 72%. In other words, half to all oxides touch vesicles whereas a smaller and more
variable proportion of vesicles are in contact with oxides. Figure 6A-B shows 2D and 3D renderings
of a representative sample with an oxide—vesicle connectivity of 90% and a vesicle—oxide
connectivity of 16%. It illustrates that most oxides are protrucing mnside vesicles whereas most

vesicles contain no oxides.

Because it is the hallmark feature of the diktytaxiti« tex. ire, S2 vesicles are mostly observed in
samples with that texture, although we observe a co=:uum between the proportions (and shapes) of
S1 and S2 vesicles in our samples (Fig. 4). We n¢ "= that none of the classical shape indicators such as
circularity, elongation, or shape factor QQ (Iv:~dra et al., 2013) could reliably discriminate the two
vesicle types in 2D images. Although in co. *act with oxides (16% of the vesicles of the diktytaxitic
sample of Fig. 5 touch oxides), S2 vr. ~lec are mostly found in low-porosity dome samples and block-
and-ash flow products. One likc'v onigin of these vesicles is reorganization of voids under shear
(Laumonier et al., 2011). Here ve simply assume that the number density of S2 vesicles is not caused
by nucleation and that .. =rc *~ thus no genetic link between oxides and S2 vesicles. This leads us to
consider block-and-ash fiow products separately from those issued from ash fallout or fountain

collapse.

The decompression experiments of Burgisser and Gardner (2004), which involve rhyolitic melt
bearing <0.1 vol.% oxides, provide additional constraints on the relationship between bubbles and
oxides. Figure 5 indicates that ~100% of the bubbles are in contact with an oxide in ABG1. In the two

other samples, 155-215% of the bubbles are in contact with an oxide, which means that bubbles

18



touch, on average, 1.6-2.2 oxides. This connectivity increase is most likely due to bubble growth
because bubble size goes from 25 um in ABGI1 at a quench pressure of 100 MPa to 56-66 pum in
ABG16 and ABG28, which were both quenched at 50 MPa (Burgisser and Gardner, 2004).
Conversely, 64% to 88% of the oxides touch experimental bubbles, indicating a high level of
connectivity (Fig. 6C). As shown below, these levels of connectivity are consistent with the

comparable VND and OND values of this experimental series.

3.2 Vesicle and oxide number densities

Figure 7 shows vesicle and oxide number densities of all cur s.mples plus samples from the
literature. Figure 7A indicates that the nearly aphyric glasses fr.m e ;periments have number densities
spanning from 10" to 10'® m”. Samples in Fig. 7A car u. avided into three categories: samples
featuring more oxides than bubbles such as the series of Clu. 2l et al. (2008) and Shea et al. (2010),
samples with more bubbles than oxides such as .he ~=.ies of Gardner (2007) and most samples of
Gardner and Denis (2004), and samples wit’: bu’,bles and oxides in equivalent numbers such as those

of Burgisser and Gardner (2004).

Natural samples were divided ‘to “/0 categories according to the dominant texture present in
the samples from individual eru:tive events. The first category (Fig. 7B) is mostly composed of
vesicular pumice clasts from ~rurtions dominated by explosions with a strong vertical component
(Vulcanian events at & fi3re Hills, Lascar, and Kilian volcanoes, sub-Plinian and blasts events at
Merapi and Mount St. He.cas volcanoes). The second category (Fig. 7C) is mostly composed of dense
pumice clasts with diktytaxitic and intermediate, vesicular—diktytaxitic textures from dome collapse
events (Soufriére Hills and Mt Pelée volcanoes) and lateral blast (Mt. Pelée volcano). Overall, number
densities in natural samples are higher than those in experimental samples. Pumice clasts from vertical
explosions have a wide OND range, spanning 10" to 10" m™ and a VND range that clusters around

10" to 10" m” (Fig. 7B). As we assume no genetic link between oxides and S2 vesicles, we only
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report OND of diktytaxitic samples. The sample from the 1980 Mount St. Helens blast appears to be
an outlier with low OND, which is likely due to the abundance of microlites that are too small to be
detected (Cashman, 1988), and will not be considered further in our analysis. Figure 7C suggests that
ONDs from dome collapse events are similar (within about one order of magnitude) to those from
explosive events at the same volcano. The two samples from the 1929 block-and-ash flow at Mt Pelée
are noteworthy. One sample is a pumice clast with 36 vol% vesicles that are rounded, which is a
texture that is commonly found in most vesicular products of block-and-ash flows. The OND and
VND of this sample are almost identical. The second sample is a ¢=nse clast with 12 vol% vesicles
that have a deflated texture with concave shapes, which is comm nly interpreted as having resulted
from outgassing and gas escape. For this sample, we consider. d th it the collapsed vesicles were not
directly linked genetically to oxides because coalescence a..? cullapse modify number densities, and
only reported the OND (5x10'* m™), which is close to th~.c 01 *he more vesicular pumice (1.3x10" m"
3).

For some explosive events at Soufrnii-e Hills, Kilian, and Merapi volcanoes, water content
analyses have been used to retrieve pre-c. nlosive values of porosity and pressure of the analyzed
samples (Drignon et al., 2016; Colombic+ t al., 2017; Burgisser et al., 2019). Although magma can
rise in the conduit prior to a Vulrniai. explosion in a step-wise fashion (Druitt et al., 2002; Jaquet et
al., 2006; Clarke et al., 2007; ann et al., 2013), we tested here the simpler view that oxide microlite
nucleate and grow betv ~en ‘he nmoment magma leaves the reservoir and the moment it reaches its pre-
explosive position. Phase -quilibria experiments have constrained the main storage pressure to ~130
MPa at Soufriere Hills (Barclay et al.,, 1998) and to ~350 MPa at Kilian (Martel et al., 2013).
Estimating reservoir pressure at Merapi is a complex task because the magmas feeding the 2010
eruption were stored at multiple levels and mixed prior to their final ascent towards the surface (Costa
et al., 2013; Nadeau et al., 2013; Preece et al., 2014; Erdmann et al., 2016; Widiyantoro et al., 2018).

Here we follow Drignon et al. (2016) and assume a storage pressure of 300 MPa so that it is slightly
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higher than the deepest conduit storage pressure of our samples while being compatible with the
location of the main reservoir region (Widiyantoro et al., 2018). Figure 8 shows OND as a function of
the pressure difference between the reservoir and the pre-explosive storage location in the conduit.
There is no relationship between OND and reservoir—conduit pressure difference for the Merapi
events. At Soufriere Hills and at Kilian (notwithstanding the limited data), these two parameters are

positively correlated. The choice of the reservoir pressure does not influence these trends.

There is textural evidence that our VNDs track small bubbles nucleated during the explosion
when magma leaves its pre-explosive location to be expelled into the atmosphere. At Soufriere Hills,
Giachetti et al. (2010) and Burgisser et al. (2019) have shown t. at $1 and L3 vesicles, which are
mostly responsible for the VND values in non-diktytaxitic san.~le,, were formed in response to the
decompression accompanying the Vulcanian explosions. More than half (and often more than 80%) of
the oxides touch vesicles (Figs. 5 and 6A-B). In addi*ou, wetiing angles between oxides and vesicle
(Giachetti et al., 2010) are compatible with those hat uave been determined experimentally (Hurwitz
and Navon, 1994). These lines of evidence < ggest that oxides were nucleation sites for the syn-
explosive vesicles. Although our measuren. ~nts indicate vesicle—oxide connectivity of up to 90%, in
most cases only 15-40% of the vesicles *ouch oxides (Fig. 5), indicating large numbers of orphaned
vesicles and highlighting the meay tionsformations affecting magma during ascent and subsequent
evacuation. Pre-existing L2 .=sic'es, for instance, are not expected to be in contact with oxides
because they nucleater he.~re .he oxide microlites. These crystal-rich magmas (the median vesicle-
free crystal content is 45 2%, Table S1) have limited interstitial space in which syn-explosive bubble
growth and coalescence can occur, which changes bubble—oxide association. These transformations
make it unlikely that the near linear relationship between VND and OND for the Merapi eruption
(Fig. 7B) is fortuitous. We suggest instead that the VND is often 0.5 order of magnitude below the
OND because some S1 syn-explosive bubbles underwent coalescence, thereby expanding the coarser

syn-explosive population and lowering VNDs. This offset could even be an underestimate because
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ONDs represent minimum values. The more complex case of Soufriére Hills is discussed in section

4.2.1.

That VNDs are controlled by the sudden decompression accompanying conduit evacuation
allows us to determine decompression rate at both Merapi and Soufriére Hills. When oxides are at
least as numerous as vesicles in a given volume (Fig. 7A), Cluzel et al. (2008) have shown that the
decompression rate needed to generate the observed VND can be calculated using the simplified
nucleation model of Toramaru (2006). The 2010 Soufri¢re Hills samples were thus removed from this
analysis because they have more vesicles than oxides (Fig. 7B). » -essures shown in Fig. 8 were
calculated using the water solubility relationship of Liu et al. (200.). T) circumvent the disadvantage
that this relationship is not invertible while maintaining self- 0. <ic.ency, we calculated the values of
constants, @ and b, by fitting the relationship of Liu ¢t a1 (2005) with the following solubility

relationship relating pressure in MPa, P, to melt water ~oatent 1n wt%, C:
C=aPP (1)

The calculated values (¢=0.3293 and 5=0.5343 for Soufriére Hills and ¢=0.3054 and 5=0.5402 for
Merapi) recover the relationship of Li1 <. a'. (2005) over the pressure range of interest. Following
Cluzel et al. (2008), we assumed a ‘vate, diffusivity of 10" m%/s, a molecular volume of water in the
melt of 3x10* m’, and a wate, magnetite effective surface tension of 0.025 N/m. Temperature and
melt densities of 850 °C aru - *5u kg/m’ were used for Soufriére Hills (Barclay et al., 1998; Burgisser
et al., 2010). Correspondun.z values for Merapi were 930 °C and 2455 kg/m’ (Costa et al., 2013;
Erdmann et al., 2016). Figure 9 shows the resulting decompression rates alongside those at Kilian,
which were obtained by Colombier et al. (2017) using a similar approach. The events at the three

volcanoes yield similar rates of 3—30 MPa/s, regardless of sample position in the conduit.
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4 Discussion

4.1 Experimental samples

The three categories of experimental samples (Fig. 7A) are consistent with the conclusions of
the respective experimental studies. Studies featuring more oxides than bubbles report agreement
between VND and nucleation models (e.g., Toramaru, 1995; Toramaru, 2006) that are mainly
controlled by supersaturation, water diffusivity, melt viscosity, and decompression rate (Cluzel et al.,
2008; Shea et al., 2010). Studies featuring more bubbles than oxides reort little agreement with such
models (Gardner, 2007; Gardner and Denis, 2004). Among the n.-<*ole reasons proposed in those
works for such mismatch, one is consistent with Fig. 7A- “/v./ O] is relatively constant in MCR
rhyolite, and probably reflects the number of sites for n..~lea ion on magnetite (and the few ends of
hematite) that can potentially be used” (Gardner .->07). The study with bubbles and oxides in
equivalent numbers (Burgisser and Gardner. ?0v1) reports remarkably consistent VNDs between
experiments having undergone a manual press. «¢ drop from 155 to 100 MPa in <1 s. Our 3D analysis
reveals that nearly all oxides in these s~mpi~s have a bubble attached to them, and all bubbles are
connected to one or two oxides, sug zo.ting that bubble nucleation continued until all the sites offered
by the oxides were used. Revisitiv other experimental work addressing bubble growth (e.g., Cichy et
al., 2011; Fiege and Cichy, 70.5) by measuring ONDs might thus show that oxide-controlled bubble

nucleation is more perva. ve .an currently thought.

These results suggest a simple, testable hypothesis to assess the likelihood of heterogeneous
bubble nucleation. If, given a set of decompression conditions (melt composition, decompression rate,
etc.) in a bubble-free, oxide-bearing melt, the OND is higher or equal to the VND predicted by
heterogeneous nucleation models, the final number of nucleated bubbles will be consistent with model
predictions. Conversely, if the decompression conditions are such that the VND predicted by

heterogeneous nucleation models is higher than the OND, the final number of nucleated bubbles
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cannot be predicted accurately. Figure 7A hints that the OND could act as an upper limit to VND up to
a certain degree of supersaturation above which nucleation is able to produce more bubbles than the
number of available oxides. This has important implications for the interpretation of natural samples,

which are explored in the next section.

One piece of evidence supporting that hypothesis can be found in the series of heating and
decompression experiments from Plese et al. (2018), Plese et al. (2019a), and Plese et al. (2019b).
These studies report heterogeneous bubble nucleation in andesitic melts seeded with plagioclase,
clinopyroxene, and oxides. Nucleation occurred first on plagioc se and/or clinopyroxene and,
surprisingly, last on oxides. The melt-referenced OND of these sam)les ranges from 3.3x10' to
1.3x10" m” assuming a crystal content of 30 vol% for all s.n.>lec (Plese et al., 2018). The VND is
not reported in the heating experiments of Plese et al. (20 8) v >cause of segmentation issues (P. Plese,
pers. comm. 2019). Using the reported bubble and s>muie volumes and assuming an average bubble
size of 10 to 100 um based on the pCT images, ~ur rough estimate of the melt-referenced VND is
3x10"'=7x10" m™. Using the reported bulx ¥ ND in pure melt regions and assuming an average
porosity of 1020 vol% based on the uCT i..nages, our rough estimate of the melt-referenced VND in
the decompression experiments of P'~$e ~ al. (2019a) is 8x10'> — 8x10"* m™. In both series, every
sample has a VND that is alw~vs larger than its OND, suggesting that oxides were present in
insufficient numbers to provid> monomineral nucleation sites for the bubbles. Nucleation was thus
prone to occur on the ~the- raases that were present. This interpretation does not undermine the
finding that plagioclase with rough surfaces have better nucleation properties than previously
envisioned (PleSe et al., 2018). Instead, it provides an alternate explanation of why oxides were the

last occupied nucleation sites in both experimental series.

4.2 Natural cases
Fe-Ti oxides are subject to fast re-equilibration during decompression because of cooling,
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changes in redox state and melt water loss (e.g., Andersen and Lindsley, 1988; Venezky and
Rutherford, 1999; Devine et al., 2003; Ghiorso and Evans, 2008). Although the decompression
threshold for bubble nucleation is lower for magnetite than, for instance, hematite (Cluzel et al.,
2008), the end-members of the solid solution are not separated in our data. This warrants further
investigation by using, for instance, element mapping (Muir et al., 2012; Drignon et al., 2016) instead
of SEM imaging to distinguish between the ONDs of hematite, ilmenite, and magnetite. For
simplicity, in the following discussion, we ignore that several bubbles can nucleate on the same
crystal, increasing the final VND by at most 0.5 order of magn: vde (Gardner and Denis, 2004;
Edmonds et al., 2015), and that other phases can cause heterogenec us n 'cleation, which also increases
the VND (Hurwitz and Navon, 1994; Plese et al., 2018). V'e al.o keep in mind that ONDs are

minimum values because our analysis cannot identify nanc . s wiat are <380 nm.

Despite these limitations, the observation that *»e VNDs at Soufriére Hills, Kilian, and Merapi
result from a narrow range of high decompressic raws regardless of pre-explosive storage pressure
(Fig. 9) is compatible with the 0.1-10 MPu's propagation rate of the fragmentation front given by
conduit flow model simulations of short-1. 'ed Vulcanian eruptions at Soufriére Hills (Mason et al.,
2006). The fragmentation front that ‘ie;upts the magma column and feeds the explosion is
accompanied by a decompressira freat that either is collocated with that fragmentation front, or
propagates downward into the nart of the conduit that is still intact (Burgisser et al., 2011). Combined
with the presence of -..m-.¥nlssive vesicles and high levels of oxide—vesicle connectivity, Fig. 9
suggests that such decom.;.ession front is responsible for syn-explosive bubble nucleation in these
Vulcanian and sub-Plinian events. The new bubbles and the associated expansion favor fragmentation,
regardless of whether decompression is collocated with fragmentation. Further interpretation of these
rates is not easy because the conversion from decompression rate to fragmentation speed depends on
the fragmentation mechanism (Toramaru, 2006; Burgisser et al., 2011; Miwa and Geshi, 2012) and on

the magma physical properties (Alatorre-Ibargiiengoitia et al., 2011; Richard et al., 2013). This result,
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however, allows us to posit that a minimum OND is needed in the conduit for the decompression front
to nucleate bubbles. Conversely, if oxides are too sparse, the front does not create enough bubbles and
magma expansion stops, which is likely to end explosive conduit evacuation. The first-order
consequence of this conjecture is that conditions for nucleation were adverse at great depths at
Soufriere Hills (<50 MPa above the reservoir, Fig. 8) but were propitious at all depths at Merapi. This
partly explains the much deeper evacuation at Merapi. In the next section, we bring together pieces of
evidence that support the hypothesis that transition from effusive to explosive eruptions is controlled

by the absence or presence of oxide microlites in the conduit, respec: ‘vely.

4.2.1 Oxides as controls of the effusive—explosive transition

Oxide equilibria conditions are much better known tha 1 ti.>*- nucleation behavior in reaction to
decompression. If a mineral phase has reached saturatior wh ther precipitation occurs by nucleation
or by growth depends on the instantaneous level of dZ,:quilibrium (e.g., Hammer, 2008; Andrews and
Befus, 2020). When ascent conditions are smov‘h (1.e. devoid of stalling or acceleration), larger
disequilibrium levels are easier to achieve a. ~nallow depth. It is thus possible to relate the largest
microlites to the deepest levels of nucle.*ion, whereas more numerous, smaller microlites and

nanolites appear at shallow levels (M _'i.. <t al., 2011).

The Toramaru et al. (201"8) ~ucleation model relates OND to ascent rate as a function of the
initial conditions (pressure =~ 1..olt water content) for microlite nucleation. This model was used by
Murch and Cole (2019) ¢~ tne Soufriére Hills plagioclase microlite with a modest level of success.
Their results highlighted that model validity is restricted to nucleation-dominated decompression
conditions, which are unlikely to be fulfilled in the case of lava dome samples that have undergone
complex ascent paths with stalling and/or accelerations. With this limitation in mind, in the next part
of this section, we determine the most likely depth of nucleation-dominated appearance of oxides at
both Soufriére Hills and Merapi, and then use the model of Toramaru et al. (2008) to deduce ascent

rates from our ONDs.
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The ONDs at Merapi volcano cluster around 10'°~10" m™, regardless of the conduit-reservoir
pressure (Fig. 8). This suggests that oxide microlites nucleated early in the ascent process, which is
expected because oxide phenocrysts were present in the reservoir (Costa et al., 2013; Preece et al.,
2014; Erdmann et al., 2016). The positive relationship between OND and reservoir—conduit pressure
difference at Soufriere Hills suggests instead that oxide microlite nucleated continuously during
ascent. This is consistent with nucleation of oxide, clinopyroxene, and plagioclase during
experimental decompression of magmas having the composition of the most evolved groundmass of

Soufriere Hills dome products (Couch et al., 2003).

The derivative, d¢/dP, of the equilibrium crystal volume fracion ¢, with respect to pressure, P,
is a measure of how much a parcel of magma is prone to nucl :a.. ~». To take feldspar crystallization in
the Soufriere Hills magma as a proof of principle, rhyoli*=-M LTS 1.2 (Gualda et al., 2012, detailed
initial conditions are given in Supplementary Text € predicts a power law increase of plagioclase
volume fraction with decreasing pressure that stai:- at ~70 MPa. This is compatible with the inference
that the most abundant plagioclase microlite. = ppear at ~6—10 MPa (Clarke et al., 2007; Murch and
Cole, 2019). Here we use d¢/dP to determn.. the origin of the most abundant oxides at both Soufriere

Hills and Merapi.

The magmas feeding th~ 210 Merapi eruption were stored at various levels before being
assembled and erupted. We ..~w . cfine the single storage pressure used to build Fig. 8 by considering
the three starting cona.“ons proposed by Erdmann et al. (2016) for the rhyolite-MELTS
decompression. The deep reservoir and the recharge magma decompressions are thus starting at 200
MPa (Supplementary Text S4). Shallow reservoir decompression starts at 100 MPa, even if pre-
explosive conduit storage pressures larger than those values were reported by Drignon et al. (2016)
and in Fig. 8. The initial conditions of the rhyolite-MELTS decompression of Soufri¢re Hills magma

are the same as for Fig. 8 (Supplementary Text S4).

Figure 10 shows the volume fraction of crystals produced/dissolved per unit of pressure as a
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function of pressure for Fe—Ti oxide phases in the Soufriére Hills and Merapi melts. It suggests that
the transition from (no) growth to nucleation occurs in the Soufriére Hills conduit at ~20 MPa for
magnetite and ~50 MPa for ilmenite. Magnetite nucleation at Merapi is expected to occur at ~10,
~100, or ~200 MPa, depending on the host magma. These calculated stability domains are compatible
with the observed oxide compositions at both volcanoes (Supplementary Text S4; Devine et al., 2003;
Costa et al., 2013). The resulting nucleation pressures can thus be used as an input into the Toramaru

et al. (2008) decompression meter to determine ascent rates.

We calculated ascent rates for each sample with the Torama . et al. (2008) model using the
OND of that sample and the nucleation pressures and corresporn ling melt water contents deduced
from Fig. 10 (Supplementary Text S5). Figure 11 shows the fr. meacy distribution of ascent rates at
both Soufri¢re Hills and Merapi. Overall, Fig. 11 suggests thc¢ ascent rates on the order of 0.005-20
m/s were necessary to produce the observed ONDs. A <iinilarly wide range of ascent rates is obtained
if, instead of considering one OND per sample, ¢ ‘e uscs the typical spread of ONDs in the microlite
size range found in the eruptive products ‘F.gs. S5-7). The main control of these rates is the
nucleation depth, which is particularly nou.-eable in the case of Merapi (Fig. 11B) owing to the very

different origin depths between the three v .pted magmas.

Keeping in mind that our es ‘mates are average rates between the nucleation depth and the pre-
explosive location, whereas ma_.a ascent is a dynamic process, the rates of Fig. 11 greatly overlap
with the critical ascent ra > rauge of 0.005-0.25 m/s for the effusive—explosive transition compiled by
Cassidy et al. (2018) who included Soufriére Hills in their compilation. This overlap is not a
consequence of shared methodologies because the ascent rates in Cassidy et al. (2018) were estimated
using methods that are independent from the oxide microlite decompression meter of Toramaru et al.
(2008). Effusive activity is thus far more likely to occur at rates <0.005 m/s, which coincide with rates
at which oxide nucleation is unlikely to happen in the conduit. A corollary prediction is that lava dome

eruptions have small ONDs at depth.
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A robust test of the hypothesis that the effusive—explosive transition is controlled by the
distribution of OND in the conduit would be to measure the OND of a deep sample of an effusive
eruption. Unfortunately, as shown by Fig. 7C, lava dome samples have all reached near-surface
conditions where numerous oxides can nucleate in response to cooling, making the formal verification
of this hypothesis difficult. There is, however, indirect experimental evidence that oxides do not
nucleate at depth during effusive eruptions. Considering that the Soufriere Hills magma contains
oxide phenocrysts inherited from the reservoir (e.g., Devine et al., 2003), Martel and Schmidt (2003)
have shown that slow decompression from reservoir level to 5C MPa in more than 5-15 days
(<0.003-0.009 m/s) causes oxide crystallization to occur by grow h intead of nucleation. A conduit
filled with slowly rising magma will thus contain the oxide ca. 2o i1 herited from the reservoir, which
is not numerous enough (OND<10"' m™, Figs. S5-7) tc a.* a. systematic bubble nucleation sites.
Even if other Fe-bearing minerals are present, only le ge (>20 MPa) pressure fluctuations could
trigger heterogeneous nucleation in such a conduit. 1. o the other hand, the magma rises fast enough
to reach the range of ascent rates at which t ans’.ional and pulsatory effusive and explosive activities
are likely, the local decompression rates ~re also sufficient to yield the high ONDs observed in the
conduit. Enough new oxides will be adiec to the crystal cargo for the magma to nucleate bubbles

when pressure fluctuations are as “m. 'l as 5-20 MPa/s.

It is thus not accidentai “hat 'ne critical ascent rates at which transitional effusive and explosive
activities occur overlar *ho. = a* which new oxides are nucleated in the conduit. Oxide microlites are a
primer for explosive beha or (Caceres et al., 2020) because they considerably lower the threshold of
pressure changes needed for heterogeneous bubble nucleation (Shea et al., 2010). This strongly
supports the conjecture that the OND has to be above a given threshold for the decompression front
(section 4.2) to nucleate bubbles. Conversely, it also suggests that if insufficient amounts of oxides are
present in a given part of the conduit, no bubbles will nucleate when the decompression front arrives.

The resulting lack of bubble-rich magma ready to expand (Burgisser et al., 2011) stops the explosion
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from propagating downward, aborting it. One exception to the latter scenario is if the burden
evacuated is large enough to foster homogeneous nucleation and rapid gas expansion, such as in the

case of a cryptodome suddenly exposed to atmospheric pressure (e.g., Mount St. Helens in 1980).

Overall, this reasoning gives a new meaning to the critical range of ascent rates observed by
Cassidy et al. (2018); the critical range is defined by the rates at which oxides nucleate in the conduit.
We thus propose that the presence of oxides at depth is a major control of the effusive to explosive

transition.

Here we explore two consequences of the posited relationship v ~tween OND and explosivity.
First, the 2010 Soufriére Hills explosion features near constant V1™ regardless of the OND. This
could be partly due to heterogeneous nucleation on other phcves such as pyroxenes, or to the presence
of nanolites. This is also reminiscent of the experimc ts "vith VND>OND, in which a similar
saturation density occurs (Fig. 7A). Leaving nano’ite, aside, this suggests that the decompression
magnitude was too high for the number of oxi~'~s | -esent and that bubble nucleation was more erratic
because it depended on a poorly understooa nd spatially heterogeneous combination of available
nucleation sites, decompression mac~itul>, and decompression rate (Gardner, 2007). Our
interpretation of the PleSe et al. (20 o, experiments suggests that syn-explosive bubbles nucleated on
the other minerals because oxide. were not numerous enough to provide monomineral nucleation

sites. This implies that oxide< wor the last occupied nucleation sites in that Vulcanian event.

The second consequ.1ce bears on the interpretation of older eruptions for which no observation
such as dome growth rate is available but for which pre-eruptive conditions are known. This is the
case of the 9.4 ka BP Vulcanian eruption of Kilian volcano (Martel et al., 2013; Colombier et al.,
2017; Colombier et al., submitted). Its trachytic composition differs strongly from the more calc-
alkaline magmas of Soufriere Hills and Merapi. As a result, oxides nucleate at 2050 MPa (Fig. 12A).
Figure 12B shows that the measured ONDs resulted from ascent rates lying in the 0.01—-1 m/s range,
which is within that of the critical ascent rates compiled by Cassidy et al. (2018). It also implies that
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below ~7x10” m/s no magnetite microlite would crystallize in the conduit before reaching the cooling
dome, making this ascent rate the minimum threshold value for the transition between effusive and

explosive behavior.

5 Conclusions

We used new, re-analyzed, and published data to build a compilation of oxide number densities
(ONDs) and vesicle number densities (VNDs) of samples from explosive and effusive products at five
volcanoes, totaling 76 new determinations and 31 determinations fro « the literature. Natural samples
were from products of Vulcanian explosions at Soufriere Hills, Las ar, and Kilian volcanoes, of
laterally directed blasts at Mt Pelée, Mount St. Helens, and Mec -api volcanoes, of a sub-Plinian event
at Merapi volcano, and of lava dome effusion with inte m1. =nt collapse at Soufriére Hills and Mt

Pelée volcanoes.

Natural samples were separated into twn g, ~ups according to the dominant texture present in
the samples from individual eruptive events. .”«e first group is mostly composed of vesicular pumice
clasts from eruptions dominated by explnsio.’s with a strong vertical component (Vulcanian events at
Soufriere Hills, Lascar, and Kilian vi~anues, sub-Plinian and blasts events at Merapi and Mount St.
Helens volcanoes). Samples frou. that category are either distributed within 0.5 log unit of the 1:1
trend between VND and OND .»at spans from 10" to 10'” m™, or have a constant VND of 10'°~10'%?
m” regardless of ONL. A lz.ge proportion of oxides (55-100%) touch vesicles whereas a more

variable proportion of vesicles (16—-72%) are in contact with oxides.

The second group is mostly composed of dense pumice clasts with diktytaxitic and
intermediate, vesicular—diktytaxitic textures from dome collapse event (Soufri¢re Hills and Mt Pelée
volcanoes) and lateral blast (Mt. Pelée volcano). Samples from that category have ONDs in the same
broad range as their more explosive counterparts. Their VNDs were not measured because their

diktytaxitic textures suggest that vesicles are gaps between crystals with no genetic link to oxides.
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We compiled new and published data of ONDs and VNDs of five series of experimental
decompression of rhyolitic and phonolitic melts, totaling 3 new samples and 46 samples from the
literature. Number density data suggest that samples can be divided into three categories: those
featuring more oxides than bubbles, those with more bubbles than oxides, and those with bubbles and
oxides in equivalent numbers. In this last category, experimental bubbles touch, on average, 1.6-2.2
oxides (i.e. most bubbles are in contact with two oxides whereas the other bubbles are either isolated
or touching one oxide) while 64-88% of the oxides are in contact with bubbles. These high levels of
connectivity suggest that the role of oxides in controlling bubble n 'cleation in these decompression
experiments has been underestimated. When oxides are at least : s nu nerous as vesicles in a given
volume (i.e. when OND>VND), heterogeneous nucleation mc {els ‘e.g., Toramaru, 1995; Toramaru,
2006) are able to reproduce the nucleation density of vesi .. a, a function of supersaturation, water
diffusivity, melt viscosity, and decompression rate. Wh.n o."ides are less abundant than nucleated
vesicles at the final pressure (i.e. when ONL <. NT)), these models are unable to reproduce
experimental data. In that case, comparativ :ly "auch larger supersaturation pressures are needed to

achieve the same VND as when OND>V, 'D.

Building on the textural evidence tiat VNDs track small bubbles nucleated during conduit
evacuation, we calculated the d-con, ression rates responsible for the VNDs at both Merapi and
Soufriere Hills. They fall wis~in 1ue same range as those at Kilian volcano (3—30 MPa/s), and are
compatible with the fr7 _mc ~tat.on front propagation rates given by conduit flow model simulations at
Soufriere Hills (Mason et -.«., 2006). Combined with the presence of syn-explosive vesicles and high
levels of oxide—vesicle connectivity, this suggests that the decompression front accompanying these
Vulcanian and sub-Plinian explosions is responsible for syn-explosive bubble nucleation. This result
allows us to posit that a minimum OND is needed in the conduit for the decompression front to
nucleate bubbles. Conversely, if there are not enough oxides, the front does not create enough bubbles

and magma expansion stops, bringing explosive conduit evacuation to an end.
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We used rhyolite-MELTS and the Toramaru et al. (2008) nucleation model to calculate the
average ascent rates necessary to yield the observed ONDs at Soufriere Hills and Merapi volcanoes.
The resulting rates, 0.005-20 m/s, greatly overlap with the range of critical ascent rate inferred for the
effusive—explosive transition (Cassidy et al., 2018). This overlap is not fortuitous; oxides nucleated in
the conduit have been proposed to be a primer for explosive behavior (Caceres et al., 2020) because
they require a very small pressure drop for heterogeneous bubble nucleation to occur. Our results thus
suggest that a conduit filled with slowly rising magma will only contain the oxide cargo inherited
from the reservoir. In the cases included in this study, this circo was not numerous enough
(OND<10"" m™) to act as systematic bubble nucleation sites. Evin i1 other Fe-bearing minerals are
present, only large (>20 MPa) pressure fluctuations could trigy er hi terogeneous nucleation in such a
conduit. If, on the other hand, the magma rises fast enru." o reach rates at which the effusive—
explosive transition is likely, our results show that the lor al a. ~ompression rates are also sufficient to
yield the high ONDs observed in the conduit. fuil‘ciont quantities of oxide microlites have then

crystallized for the magma to nucleate bubb’ :s w.en small pressure fluctuations occur.

We thus propose that the presence ~f oxide at depth is a major control of the effusive to
explosive transition. The OND has *o L= ibove a given threshold so that the decompression front
accompanying magma disruptior and .vacuation nucleates bubbles. Conversely, if, in a given part of
the conduit, insufficient oxide. are present, then bubbles do not nucleate even when the fragmentation
front arrives. Applied “» i\ rlder eruption of Kilian, our results suggest that ~7x10” m/s is the
minimum threshold value _r ascent rate for the transition between effusive and explosive behavior at

that volcano.
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Figure Captions

Figure 1: Three[ldimensional cumulative (open circles) and non[Jcumulative (gray bars) oxide
size distributions in experimental sample ABG28. The two vertical black lines indicate

the lower limits of detection of the other experimental samples.

Figure 2: Oxide connectivity (fraction of oxides connected to vesicles) as a function of VOI
size. The counting method in each VOI used object centroids (see Fig. S3 for details).
VOIs of natural samples >10® voxels are statistically rep “sentative of connectivity. VOIs
of experimental samples >10" voxels are statistica.'v r:presentative of connectivity.

Dimensions of the largest VOIs are given in Tablz _?

Figure 3: Vesicle number density (VND) as a functio. of oxide number density (OND) of two
characteristic samples that were studi>. vsing different methods. Intrinsic errors are

smaller than the symbols.

Figure 4: Representative SEM ana ‘hresholded images of natural products. Our procedure
distinguishes four type. ~f -yjects (vesicles, oxides, other crystals, and glass). SEM
images occupy the v, ner eft parts and thresholded images occupy the lower right parts.
Horizontal white -c2.e bars are 100 um long. A) Vesicular texture (AMO36B). B)

Diktytaxi.ic “ex...e (AMO16C1). C) Intermediate texture (1448).

Figure 5: Levels of oxide—vesicle (x-axis) and vesicle—oxide (y-axis) connectivity reported as
proportion of objects in contact. Insets illustrate four pairs of connectivity levels (black
squares are oxides and gray disks are vesicles). Open triangles represent natural samples
sorted by texture: diktytaxitic (“dik.”) and pumiceous (“other”). Black triangles represent

experimental samples. Errors smaller than symbols are not shown.
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Figure 6: Representative 3D and slice renderings from puCT scans of experimental and natural
products. A) Grayscale slice of natural sample AMO29. Vesicles are dark gray; glass and
plagioclase share a similar medium gray shade; pyroxene and amphibole share a similar
shade of light gray, and oxides are white. Scale bar is 1 mm. B) Natural sample AMO29.
Oxides are red, glass and other minerals are blue, and vesicles are transparent. Scale bar
is 100 um. C) Experimental sample ABG16. Vesicles are blue, oxides are red, and glass

is transparent. Scale bar is 50 pm.

Figure 7: Vesicle number density (VND) as a function of oxi> number density (OND) of
natural and experimental samples. Vertical lines re~. ~sc... diktytaxitic samples for which
only ONDs are reported. A) Experimental dat.. Errors associated to the Burgisser and
Gardner (2004) samples are smaller than .“e symbols. B) Eruptions dominated by
vertical explosions. SHV stands for So ifr.ére Hills volcano samples and BAF stands for
block-and-ash flow samples. Ver...al «-rors bars of the Kilian samples extend from the
VND of the full vesicle populau-n (open squares) down to that including only the
smallest vesicles (Colombi~. ~t a.., 2017). Black error bars indicate typical errors (see the
Methods section). C) Frup“ions dominated by dome collapse. Black error bars indicate

typical errors.

Figure 8: OND =s & fun tion of the pressure difference between the reservoir and the conduit.
Pre-explosive _onduit storage pressures for Soufriére Hills (SHV, triangles) are from
Burgisser et al. (2010) for the 1997 explosions, from Burgisser et al. (2019) for the 2010
explosion, and from Table S1 for the 2006 block-and-ash flow. Pressures for Kilian
(squares) are from Colombier et al. (2017) and pressures for Merapi (circles) are from

Drignon et al. (2016). Errors on pressures were omitted for clarity.

Figure 9: Syn-explosive decompression rates from VND as a function of pre-explosive storage
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pressure for Soufriére Hills (SHV), Kilian (Colombier et al., 2017), and Merapi

volcanoes. Errors were omitted for clarity.

Figure 10: OND (top axis) and crystallization rate (bottom axis) as a function of pre-explosive
storage pressures. A) Data from two series of Vulcanian events (1997 and 2010) at
Soufriere Hills volcano. Crystallization curves are given for magnetite and ilmenite. B)
Data from two events (Vulcanian on Oct. 26 and sub-Plinian on Nov. 5) at Merapi
volcano. Magnetite is the only precipitating oxide. Crystallization curves are given for

each of the three magmas involved in the eruption (deer su.llow, and recharge).

Figure 11: Frequency distribution of ascent rates stern “ing from the Toramaru et al. (2008)
decompression meter (Text S5). Ascent rites are calculated from individual OND
determinations at the melt water contents an « mic.olite nucleation pressures indicated. A)

Soufriere Hills volcano. B) Merapi ve.ica..z.

Figure 12: Ascent dynamics at Kilian voi.2no. A) OND (top axis) and magnetite crystallization
rate (bottom axis) as a fur.ct on of pre-explosive storage pressures. Initial conditions of
the rhyolite-MELTS 11s a. ~ given in Supplementary Text S4. B) Frequency distribution

of ascent rates steri.mn. from the Toramaru et al. (2008) decompression meter (Text S5).
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Highlights

Measures of oxide microlites number densities in products of silicic eruptions are
scarce.

We measured oxide and vesicle number densities in experiments and at five
volcanoes.

Heterogeneous nucleation models only work when oxides are at least as numerous
as vesicles.

Ascent rates needed to nucleate oxides overlap those characteristic of the effusive—
explosive transition.

The appearance of oxides in the conduit is a primer for explosive behavior.
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