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Due to their generally low eruptive melt viscosities and concomitant high diffusivities of volatiles, basaltic
magmas degas relatively efficiently. This relative efficiency, combined with variations in style, extent,
timing and length scales of degassing govern the range of eruptive styles observed at basaltic volcanoes.
The result is a surprising complexity of degassing regimes and products in basaltic volcanism. In
particular, the transition between closed- and open-system degassing at low pressure at the percolation
threshold may strongly affect the type of eruption. Here we aim to better understand degassing and gas
percolation processes in basaltic magmas and their implications for eruptive style. Combining new and
literature data, we present a database of vesicle metrics in basaltic rocks including vesicularity, vesicle
number density, vesicle size distribution (and its polydispersivity), vesicle connectivity and permeability.
We combine these textural and petrophysical data with a numerical model of percolation for systems
having polydisperse vesicle size distributions. Using this model, we also evaluate different definitions of
vesicle connectivity inherent to different measurement techniques. Our results show that polydispersivity
exerts a strong control on the percolation threshold of basaltic magmas and consequently on eruptive
style. Intermediate to highly polydisperse bubble networks are more typical of Hawaiian activity and
are characterized by higher values of percolation threshold. This results in delayed coalescence and an
increase in magma vesicularity hindering the formation of large decoupled and buoyant bubbles, which
in turn can promote magma acceleration, fragmentation by inertia below the percolation threshold and
sustained fountaining activity. Bubble populations with lower polydispersivity, typical of Strombolian
eruptions, promote early coalescence prior to fragmentation, which in turn may lead to the formation
of large decoupled slugs or gas pockets and/or plugs at the surface via outgassing. Further, we discuss
the implications of our findings for Plinian, violent Strombolian, Surtseyan, deep submarine and effusive

basaltic eruptions.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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In addition, basaltic eruptions can occur in both subaerial and
subaqueous settings which influences further eruptive phenom-
ena. Interdependent conduit processes and complex feedbacks be-
tween magma properties such as ascent rate, viscosity, crystallinity,
magma-water interaction, ease of gas escape and fragmentation
mechanism control the style of basaltic eruptions and especially
the transition between explosive and effusive activity (e.g., Gior-
dano and Dingwell, 2003; Namiki and Manga, 2008; Moitra et al.,

1. Introduction

Basaltic volcanic eruptions are highly diverse in term of erup-
tive styles and intensities, ranging from effusive to mild explosive
Hawaiian fountaining and Strombolian eruptions, to high intensity
explosive eruptions such as Vulcanian, Subplinian and even Plinian.
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many.
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2018; La Spina et al., 2021). All these processes and properties
are strongly influenced by the conditions of pre- and syn-eruptive
magma degassing.
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The formation of a gaseous phase (dominantly H;O and CO-)
plays an important role in forcing magma to Earth’s surface
and generating basaltic eruptions. Degassing proceeds by volatile
exsolution and subsequent vesiculation via bubble nucleation,
growth and coalescence, potentially continuing until bubble col-
lapse and/or migration and gas escape from the magma (Toramaru,
1989). The kinetics of degassing influence vesicle characteristics
preserved in basaltic rocks such as vesicularity/porosity, vesicle
size distribution (VSD) and polydispersivity, vesicle number den-
sity, vesicle connectivity and permeability.

As noted at the outset, degassing in basaltic magmas con-
trasts strongly with degassing in intermediate to silicic magmas
mostly as a result of the lower melt viscosity (Gonnermann and
Manga, 2007) and the corresponding higher diffusivity of volatiles
in basaltic melts (Sparks, 1978; Dingwell, 1995). Gardner et al.
(1996) propose that the rate of vesiculation is inversely propor-
tional to magma viscosity. The low viscosity of crystal-poor basaltic
magmas increases the ease of coalescence (Nguyen et al., 2013;
Gonnermann and Manga, 2007). Such rapid vesiculation and ef-
ficient coalescence in basaltic magmas can have opposing conse-
quences for eruptive style. Although rapid vesiculation can lead
to magma acceleration and inertial fragmentation (explosive sce-
nario), efficient coalescence can cause the bubble network to tran-
sition from closed- to open-system degassing conditions favour-
ing permeable gas escape (effusive scenario) (Namiki and Manga,
2008). Degassing in basaltic magmas during explosive eruptions
starts in the reservoir and/or during magma ascent, proceeds all
the way to the surface and can even continue after fragmentation
during ejection of magmatic droplets. Similarly, degassing during
effusive phases may continue at the surface in plugs or during
transport and emplacement of lava flows (Cashman et al., 1994).

The transition from closed- to open-system degassing condi-
tions has significant implications for the eruptive style of basaltic
magmas. Closed-system degassing refers to bubble growth without
system-spanning inter-bubble connectivity and therefore without
an onset of permeability. On the other hand, open-system de-
gassing (in a porous network where bubbles remain coupled to
the magma) implies efficient and large-scale bubble coalescence
that creates system-spanning connectivity and permeable path-
ways through the magma column allowing gas to percolate and es-
cape via the conduit walls or any free surface. The divide between
these two end-members occurs at a critical porosity called the per-
colation threshold. This threshold can vary broadly in basaltic mag-
mas depending on the polydispersivity of the VSD, crystallinity,
vesicle shape and presence of cracks, and has been shown to have
a first-order control on the shift between effusive and explosive
eruptions (Colombier et al., 2017, 2018).

Further complications for degassing and outgassing in basaltic
magmas compared to their more SiO,-rich counterparts arise from
a common decoupling between the magma and the gaseous phase
via the formation of buoyant meter- to conduit-sized bubbles (sep-
arated flow; Vergniolle and Jaupart, 1986). Changes in the flow
regime from coupled to decoupled have been used to explain
the changes between different types of mildly explosive erup-
tions (Vergniolle and Jaupart, 1986; Taddeucci et al., 2015). For
instance, Vergniolle and Jaupart (1986) distinguish (i) a bubbly
flow regime which consists of a suspension of discrete bubbles
in a continuous liquid, (ii) a slug or intermittent regime in which
coalescence forms cyclically large bubbles occupying the conduit
diameter or (iii) an annular flow regime in which coalescence
forms a continuous gas jet in the centre of the conduit. Link-
ing these regimes to different volcanic settings remains, however,
controversial (Gonnermann and Manga, 2013). The slug regime is
often interpreted as the principal mechanism explaining typical
transient Strombolian activity whereas the bubbly (Parfitt and Wil-
son, 1995) or annular (Vergniolle and Jaupart, 1986) flow regimes
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fit better with continuous lava fountain-forming Hawaiian erup-
tions. More recently, Houghton et al. (2020) discuss that variations
in activity for both Strombolian and Hawaiian eruption types can
be explained by contrasting contributions of both large decoupled
bubbles and a coupled mixture of small bubbles and basaltic melt
(+/- crystals). Large meter-sized and decoupled bubbles are mostly
not preserved at the scale of samples used in the laboratory for
textural analysis and petrophysical measurements as they are lost
at the magma free-surface via passive bursts (outgassing, no ejec-
tion of pyroclasts) or explosive bursts (with ejection of pyroclasts)
(Houghton et al., 2020). An additional complication is that these
different bubble populations may be formed from distinct volatile
species and at different depths of the crust (Allard, 2010). In this
study, we analyse the population of small bubbles that remain cou-
pled to magma and are preserved as vesicles in pyroclasts.

Several studies used vesicle characteristics and permeability to
shed light on vesiculation, closed- vs open-system degassing and
gas percolation in basalts and their parental magma (e.g., Polacci
et al., 2008, 2012; Kawabata et al., 2015; Colombier et al., 2017;
Gurioli et al., 2018; Thivet et al., 2020a,b). In particular, pore con-
nectivity and permeability relationships with porosity have been
used to quantify the percolation threshold of basaltic magmas and
to link degassing to eruptive style (e.g., Moitra, 2015; Colombier et
al., 2017, 2020; Gurioli et al.,, 2018). Numerical simulations have
also been carried out to study the relations between polydisper-
sivity in vesicle sizes and the percolation threshold as well as
the permeability (Vasseur et al., 2020). However, a comprehensive
study unifying these different methods and linking vesicle charac-
teristics to connectivity, permeability and eruptive style of basaltic
magmas is still lacking.

In this study, we present such an approach in order to reconcile
the results of connectivity obtained by different techniques and
link these data to other textural and petrophysical properties such
as vesicle size distribution and polydispersivity, vesicle number
density, crystallinity and permeability. We compile literature data
to create a representative database for these pore metrics to be
used as input in stochastic simulations of numerical samples rep-
resentative of basaltic magmas. Our compilation and simulations
are combined with new He-pycnometry and gas permeameter data
to bracket a full range of degassing scenarios, eruptive styles and
products at basaltic volcanoes worldwide.

2. Methodology
2.1. Terminology

We use the following nomenclature for pore metrics. The
term bubble is used to refer to the dynamic formation of a
free gaseous phase by volatile exsolution and vesiculation in the
basaltic magma. Vesicle refers to the frozen remnant of a bubble
after quenching of the magma into a basaltic rock. Vesicularity is
used as the vesicle content of a rock or as a synonym for bubble
content when applied to a magma. The term pore includes vesicles
and cracks or voids in a basaltic rock. Porosity thus corresponds to
the total pore content of a basaltic rock. In this way, we use the
terms bubble, vesicle or pore connectivity depending on the con-
text. The terms vesicle and vesicularity are used to describe the
porous networks of numerical simulations in which cracks are ab-
sent. We note that pore and porosity are more applicable to data
obtained by He-pycnometry, whereas for X-ray computed tomogra-
phy we use the terms vesicle, vesicularity and vesicle connectivity
as any cracks remain mostly unresolved with this technique. De-
gassing is used as a general term that includes both closed-system
degassing (volatile exsolution and vesiculation) and open-system
degassing (outgassing), where the latter type corresponds to gas
escape from the magma by (i) bubble migration (decoupling) or
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a)

Fig. 1. Photos showing the textural variations in the different types of additional samples analysed in this study. a) Macrovesicular lava from the Hekla 1947 eruption,
Iceland. b) Macrovesicular lava from Myvatn Fires, Iceland. ¢) Macrovesicular lava from Hekla 1845 eruption, Iceland. d) Macrovesicular lava from Piton de la Fournaise, La
Réunion, France. e) Rim of a thin Pahoehoe lobe from the 1949 Llano del Banco vent of the eruption on La Palma, Canary Islands (lava sampled ~500 m from the fissure). f)
Microvesicular lava from Eldgja Ayptaver, Iceland. g and h) Bombs with different vesicle sizes from the 1973 Hawaiian lava fountaining activity at Eldfell volcano, Heimaey,
Iceland. i) Pyroclast from the 3 July 2019 paroxysmal Strombolian activity at Stromboli volcano, Italy. j) Reticulite from the 1500 eruption of Kilauea volcano, Hawaii. k) Scoria
with dense rim and vesicular interior from the 1959 Kilauea Iki eruption, Hawaii. i) FOAMGLAS® synthetic material used in this study.

(ii) permeable flow through an interconnected porous network
(Gonnermann and Manga, 2007).

2.2. Measurements of porosity, connectivity and permeability

Basaltic samples from several volcanoes worldwide were col-
lected to complete the database of porosity ¢, connectivity C
and permeability k. These cover a broad range in eruptive styles,
lithologies and textural features. They include scoria, Pele’s tears,
reticulites, golden pumices, fluidal clasts, fresh and altered pahoe-
hoe and ’'a’a lavas (Fig. 1).

We carried out measurements of porosity and connectivity on
these new samples using a Quantachrome He-pycnometer at the
Ludwig-Maximilians-Universitit (LMU) in Munich, Germany. Dis-
cussion on error quantification with this technique is provided in
the supplementary material.

Permeability measurements were conducted on dry, cylindri-
cal samples at a confining pressure of 1.0 MPa in a GasPerm
steady state permeameter (GPE-100, Vinci Technologies) at LMU.
The gas flow across the samples was measured with a flowmeter
(range 5-500 cm3.min~!) under various pressure gradients mea-
sured with a relative pressure transmitter (up to 0.69 MPa). Per-
meability was then obtained using Darcy’s law and applying the
Forchheimer or Klinkenberg corrections when necessary (see Heap
et al., 2017 for a detailed procedure).

2.3. Data compilation

We extend the database of Colombier et al. (2017) for ¢ and
C obtained by He-pycnometry on basalts with measurements from

this study and with data from recent studies for basaltic rocks at
different volcanoes worldwide covering a broad range of eruptive
styles (Table SM1 and references therein). This increases the num-
ber of ¢ — C pairs of data for basalts from n =572 in Colombier
et al. (2017) to n = 1187 in this study. Our present study also in-
cludes data obtained by X-ray micro-tomography for effusive and
explosive basalts with different definitions of connectivity (Song et
al,, 2001; Polacci et al., 2008, 2012; Couves et al., 2016; Zahasky
et al,, 2018). Additional permeability data compared to Colombier
et al. (2017) are also included (Table SM1 and references therein).
Data of polydispersivity in vesicle sizes S, vesicle number density
N, and crystallinity ¢y are also compiled from literature data on
basaltic rocks (Table SM2 and references therein). S values were
obtained from literature data of vesicle size distributions measured
by scanning electron microscopy image analysis following Vasseur
et al. (2020) (Table SM2).

2.4. Differences between connectivity definitions

There are many different ways in which pore connectivity can
be quantified. For all definitions, we use a general expression
where connectivity is defined as the ratio of connected porosity to
the total porosity (Colombier et al., 2017). According to variations
in the measurement technique and definition of the connected
pore fraction, we can further distinguish three main definitions. (i)
A He-pycnometry-like definition of connectivity, hereafter referred
to as C-pyc, in which all the pores connected to the exterior of
a sample are counted as connected. (ii) A percolative connectivity,
hereafter referred to as C-percol, for which only the pores con-
nected from one side of the volume of interest to the opposite are
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C-large-cluster

Increasing vesicularity

\4

Fig. 2. 3D volume renderings of the simulations imaged using the software Avizo showing the discrepancies between 3D vesicle networks for the different definitions of
vesicle connectivity C. A single simulation with S = 0.37 was used for illustration. The red and blue-green vesicles represent the ones that are considered as connected
and isolated, respectively, in each definition. Left column: pycnometry-like definition of connectivity C-pyc, for which each vesicle connected to the exterior is treated
as connected. Middle column: percolative definition of connectivity C-percol, with only vesicles connected from one side to the opposite considered as connected. Right
column: largest vesicle cluster definition C-large-cluster, which corresponds to the largest vesicle networks formed by local coalescence but not necessarily percolating. (For
interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)

considered as connected. This definition can therefore be measured
in the three spatial directions of a sample and is more relevant for
comparison with permeability (Colombier et al., 2017, 2018, 2020).
(iii) A third definition corresponds to the largest pore cluster di-
vided by the total porosity and is referred to as C-large-cluster. The
three definitions of connectivity can be quantified using numerical
simulations and X-ray computed tomography (XCT) techniques, al-
though many authors usually quantify C-percol or C-large-cluster
with XCT (e.g., Song et al., 2001; Bai et al., 2010; Polacci et al.,
2008; Couves et al., 2016; Colombier et al., 2018, 2020). Fig. 2
shows 3D vesicle networks of the simulations illustrating the dif-
ferences between the three definitions of connectivity at different
porosities.

C-pyc has the advantage that it can be measured on samples
with a broad range of sizes using He-pycnometry. Helium can pen-
etrate even into the smallest pores (Formenti and Druitt, 2003;
Columbu et al,, 2020) and this method therefore provides highly
accurate quantification of the connected porosity. However, a major
pitfall associated with this technique is that one cannot measure a
connectivity of zero and that measured connectivity can be high
(>0.5) even for a non-percolating system (Fig. 2). On the other
hand, connectivity data obtained using X-ray computed tomogra-
phy also have important errors associated with them due to the

difficulty to resolve inter-vesicle films and cracks in highly vesicu-
lar samples (Song et al., 2001).

Here we use numerical simulation results to compare the dif-
ferent definitions of connectivity for vesicle networks represen-
tative of basaltic rocks and discuss the implications for mea-
surements using He-pycnometry and for percolation processes in
basaltic magmas.

2.5. Numerical simulations

We use a numerical framework developed in Vasseur et al.
(2020) in which samples are generated by randomly placing fully
overlapping spheres with polydisperse size distributions in cubic
domains of different volumes. The geometric approach used in the
model approximates bubbly magmas to a first order. Spheres (de-
fined as vesicles) are randomly placed one by one in a periodic
domain of a given volume until a target sphere volume fraction
(defined as vesicularity) is reached. We achieve target vesiculari-
ties in the range 0.01-0.99 at 0.01 vesicularity steps. Each sphere
size is drawn from a power-law distribution p(R) such that the
probability that a sphere has a radius between R and dR is p(R) =
aR~@*D where « > 3. The shape parameter « is varied across
a wide range and then converted to our polydispersivity metric
S = (R)(R%)/(R3) for which (R") is the nth moment of the distri-
bution and in the case of our power-law distribution is given by
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Fig. 3. Compilation of textural data from literature for basaltic volcanic rocks from Hawaiian, Strombolian, submarine and effusive activity. a) Porosity ¢ as a function of
polydispersivity S (S =1 corresponds to the monodisperse limit of a vesicle size distribution). The solid and dashed curves correspond to the value of the percolation
threshold ¢ in the simulations for small, large and infinite domain sizes. b) Vesicle number density N, (corrected for porosity and crystal content) as a function of porosity.
c) Crystal content (of the melt, corrected for porosity) as a function of porosity. d) Evolution of porosity as a function of distance to the vent for different basaltic lava flows.
The pattern for submarine lavas (blue triangles) with very low porosities contrasts strongly with the trend observed for subaerial lavas, with much higher values of porosity
and an overall reduction of porosity with increasing distance to the vent. e) Compilation of basaltic sample volumes measured by He-pycnometry as a function of porosity.
f) Comparison between the range of total number of vesicles as a function of porosity in the simulations with values from the literature for basaltic scoria analysed by X-ray

computed tomography (Polacci et al., 2008, 2012).

(R =a/(a —n) for n=1, 2 and 3. We then use an adapted ver-
sion of a Monte Carlo union-find algorithm (Newmann and Ziff,
2001; Vasseur et al.,, 2020) to check for connected sphere clus-
ters and compute the resultant three definitions of connectivity for
each generated sample. During a single simulation the vesicular-
ity is theoretically calculated via ¢ =1 — exp(4m (R3)N, /3) where
N, is the vesicle number density (Torquato, 2013). For each tar-
get vesicularity and given polydispersivity, we run a large number
of simulations anew and average the resultant values of connectiv-
ity.
Simulation features such as spherical vesicles that can freely
overlap and are randomly distributed are of course simplifications
of more complex systems in nature. Other numerical simulations
include the effect of resistance to coalescence, vesicle shape and
spatial arrangement (e.g., Blower, 2001; Giachetti et al., 2019).
First, we propose that resistance to coalescence can be neglected
for low viscosity basaltic melts (Blower, 2001). Second, although
vesicle shape may differ from spherical for some special types of
tephra such as Pele’s hair, spherical vesicle networks are ubiquitous
in basaltic rocks, in part due to the rather short melt relaxation
times. Finally, a preferential spatial arrangement of vesicles dur-
ing vesiculation in the conduit will likely have a limited effect
compared to the heterogeneities observed at the scales of natural
pyroclasts and induced for instance by the influence of variations
in cooling rate during continued vesiculation post-fragmentation

(e.g., Stovall et al., 2011).

3. Results

3.1. Numerical simulations

To match vesicle characteristics in natural samples, we achieve
a broad range of vesicularity, polydispersivity, vesicle number den-
sity and volume of interest in the simulations (Figs. 3a, b and e).
S for natural rocks measured using vesicle size distribution data
ranges from 0.11 to 0.86 - a range that is completely covered by
the simulations (0.07 to 0.96). As N, cannot be directly compared
between simulations and natural samples, we calculate the range
of total number of vesicles N; in basaltic samples of different erup-
tive styles, which is given by Ny = N, V (Figs. 3b and e) where V is
the sample volume and ranges mostly between 10° and 10° mm?>
(Fig. 3e). This calculation yields a range of N; of 10*-10°, 10°-10°
and 103-107 for volcanic rocks from Hawaiian, Strombolian and
subaerial effusive/submarine activity measured by He pycnometry,
respectively. For comparison, our simulations have N; in the range
10°-10% and cannot be directly compared with some large sam-
ples with high number density in the database. Nonetheless, these
simulations are representative of vesicle networks of a large num-
ber of basaltic lapilli and lavas from all eruptive styles studied by
He-pycnometry. In addition, the range of N; is 10>-10* for data on
basaltic scoria measured by X-ray computed tomography (Polacci
et al., 2008, 2012), which is completely covered by the simulations
(Fig. 3f).
The different techniques and definitions used for pore connec-
tivity have a strong influence on the relationships of connectivity
with vesicularity and quantification of the percolation threshold ¢,

(Fig. 4).
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Fig. 4. Connectivity-vesicularity relationships obtained from the simulations for the pycnometry definition (a, d), percolation definition (b, e) and large-cluster definition (c,
f), and for a range of polydispersivities. a-c, Simulations performed in a large domain volume of 1283. d-f, Simulations performed in a small domain volume of 323. The

dashed line illustrates the location of the effective percolation threshold ¢,.

With all definitions we can qualitatively grasp the increase in
¢c caused by decreasing S from 0.96 (near-monodisperse sys-
tem) to 0.07 (highly polydisperse system) (Figs. 3a and 4). That
is, polydispersivity raises the percolation threshold for porous net-
works consisting of spherical, fully overlapping objects as previ-
ously demonstrated (see Vasseur et al., 2020 for a review). The
main differences are observed for the pycnometry-like definition
C-pyc (Figs. 4a and d; Fig. SM5 in the supplementary material)
compared to the percolating (Figs. 4b and e) and largest cluster
(Figs. 4c and f) definitions. With this definition, we never obtain
a connectivity of zero and connectivity can be high even for non-
percolating systems (Figs. 4a and d). This discrepancy gets more
pronounced as the volume of interest and subsequently the total
number of vesicles decrease (Fig. 4d). For the percolating defini-
tion, we also note the presence of non-zero values of C-percol at
porosities below the percolation threshold. This is a finite domain-
size effect, and a percolating cluster can sometimes occur below
the limiting value of ¢. obtained independently from the percola-
tion probability (see data repository in Vasseur et al., 2020). This
method remains amongst the most reliable ones to quantify the
percolation threshold. The largest cluster definition comes close
to the percolating definition above ¢. because the largest clus-
ter generally corresponds to the percolating pathway (Figs. 4c and
f), but also overestimates connectivity of non-percolating systems.
Here again, the discrepancy is higher for the smaller domain size
(Fig. 4f). We also note a special feature of this definition with

an initial decrease of C with ¢ at low porosities (Fig. 4f). This is
simply due to the fact that the largest cluster at low vesicularity
generally is a single large vesicle or a few small coalesced vesicles,
whose proportions decrease with the addition of isolated vesicles
during the simulations.

Finally, we show the influence of the total number of vesicles
on the difference between C-pyc and C-percol for the simulations
and for FOAMGLAS® samples at similar value of S (Fig. 5). For the
simulations, we observe similar trends for the different volumes
with an initial increase of the difference as vesicles are added
until the percolation threshold. The maximum difference is ob-
tained at porosities just below the percolation threshold. After the
percolation threshold is reached in the simulations, C-percol in-
creases rapidly concomitantly with an increase in the number of
vesicles and vesicularity, thereby reducing the difference between
the two definitions. FOAMGLAS® samples are highly porous, non-
percolating networks (C-percol=0) and therefore the discrepancy
between the two definitions is expected to be high. Different vol-
umes were analysed by pycnometry, yielding different total num-
ber of vesicles for this analogue material. We observe that the
trend for FOAMGLAS® follows the trend of the simulations for the
maximum difference as a function of N;. Extrapolating this trend
to higher number of vesicles allows us to estimate the value of N;
at which the difference between C-pyc and C-percol becomes zero,
which yields Ny = 4.24 x 107 vesicles (Fig. 5).



M. Colombier, ]. Vasseur, B.E. Houghton et al.

0.7
"X ——32"32"32; $=0.73
\ —=—64*64*64; S=0.73
0.6 | %
N 128+128+128,S=0.73
'\.‘
305 - iy « FOAMGLAS; $=0.79
o Y
g 1 T\ = =—y=-008xIn(x) +
Q B\ 1.0577 (R?=0.99)
o 0.4 [ ] N
2 .y \
6] I o8 \,
§ 0.3 - 3 A
o 4B | \
2 ¥ | \
a 0.2 A 1 l\.\.
\
B- " Ny
0.1 1 ] \
| \
| \
0 \ — \
1 100 10000 1000000 100000000
N;

Fig. 5. Evolution of the difference between C-pyc and C-percol as a function of
the total number of vesicles N; used in the simulations with S = 0.73. Data for
large, intermediate and small domain volumes are represented. The initial increase
in the difference between the connectivity definitions corresponds to vesiculation
in a non-percolating vesicle network, in which addition of vesicles leads to an in-
crease of the fraction connected to the exterior (increase of C-pyc) but in which
C-percol remains at zero. The maximum difference occurs just before the perco-
lation threshold. At ¢ > ¢, C-percol increases rapidly and the difference between
C-pyc and C-percol therefore decreases. The difference between these two defini-
tions is also shown for non-percolating vesicle networks in FOAMGLAS® samples of
different sizes. We quantified vesicle number density of 107 mm~3 and a polydis-
persivity of S =0.79 (similar to the simulation data shown here) for this material
based on analysis of XCT images (A. Ryan and J.K. Russel, pers. comm.) using FOAMS
software (Shea et al., 2010). The black dashed line represents a logarithmic fitted
relationship between the maximum difference and N; for both simulations and the
FOAMGLAS® material. This logarithmic trendline allowed us to estimate the min-
imum value of N; required to have no more difference in connectivity data near
percolation using either C-pyc and C-percol, which yields N; = 4.24 x 107 vesicles
for a vesicular network of similar polydispersivity.

3.2. Database of C vs ¢

Fig. 6 shows the evolution of pore connectivity C-pyc (Figs. 6a
and b) and permeability (Fig. 6¢) with porosity for the database
of basaltic volcanic rocks compiled from the literature. Non-
permeable foams including FOAMGLAS® (Ryan et al., 2019a,b;
this study) and foamed rhyolitic obsidians with low N; (Francisco
Caceres, pers. comm.) are also included for comparison.

As already discussed by Colombier et al. (2017), data for Hawai-
ian activity show a broader range of connectivity and extend to
lower values of C-pyc than data for Strombolian eruptions. Strom-
bolian pyroclasts exhibit two main trends that appear to be cor-
related to the intensity of their respective eruptions. Mild Strom-
bolian eruptions produce pyroclasts that cluster at lower porosities
than for high intensity Strombolian eruptions for a similar range of
connectivity (Fig. 6). Pyroclasts from Plinian eruptions show similar
porosity-connectivity ranges as those from Strombolian eruptions
with high average C-pyc values.

Data for lava flows show a similar broad range of C as the pyro-
clasts from Hawaiian activity, but for a lower porosity window. We
note that individual trends are distinct from this overall pattern,
and the broad range of connectivity at low porosities is mostly ob-
served for lavas from Pacaya volcano (Schaefer et al., 2015; Soldati
et al,, 2016).

Synthetic impermeable foams (FOAMGLAS®) plot at high poros-
ity and at lower connectivity than the natural products (Fig. 6).
However, decreasing the size of these synthetic samples increases
connectivity from 0.12 to 0.33, which approaches the lower values
measured in natural samples (Fig. 5 and 6).
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The trend of permeability vs. porosity behaves similarly with a
broader range of permeability for pyroclasts from Hawaiian activity
than for other explosive basaltic styles, and both a reduction of av-
erage k and a scattering of data towards low porosities for lavas. It
is important to note that these permeability measurements mostly
include samples that have a high connectivity (with the exception
of some lavas, all samples have C > 0.8), and likely samples with
a lower connectivity may plot at lower permeability or even be
impermeable.

3.3. Comparison with simulations

Natural rocks are compared with the trends of C-pyc vs ¢ from
the simulations for large (Fig. 6a) and small (Fig. 6b) volumes,
since N; is unknown for most samples of the database. First, we
observe that the simulated values of C-pyc vs ¢ straddle 99% of
the basaltic rocks from explosive activity (Figs. 6a and b). The
comparison suggests that most of the C-¢ trends for pyroclasts
of Hawaiian and violent Strombolian activity correspond to lower
average values of S (more polydisperse systems and higher ¢)
compared to pyroclasts from mild explosive Strombolian activity.
In comparison, low porosity lavas do not fit the simulation trends.

3.4. Comparison with tomography data

Fig. 7 shows a comparison of C vs ¢ trends obtained by XCT
against those of our simulations. We also observe here that pyro-
clasts from Strombolian are on average better fitted by the simu-
lated intermediate to high S trends (more monodisperse systems)
and consequently low ¢.. We note that connectivity of Strom-
bolian pyroclasts extends to much lower values when measured
with tomography as compared with He-pycnometry measurements
(Figs. 6 and 7). This may be due to (i) the overestimation of
pycnometry-based connectivity as discussed in this study or (ii) a
lack of pixel resolution to resolve small vesicles and micro-cracks,
which could lead to an underestimation of connectivity using to-
mography techniques. Here, we also observe that lava flows are not
fitted by the simulations as in Fig. 6. Instead, the simulations of Za-
hasky et al. (2018) considering micro-porosity provide a better fit
to the lava flow trend. Again, micro-cracks may not be resolved
using XCT, affecting the measurement of the true percolating con-
nected fraction of these lavas.

4. Discussion

We first focus our discussion on the comparison between the
connectivity definitions obtained by different techniques and data
interpretation in a volcanological context. We then discuss the role
of polydispersivity on the percolation threshold and basaltic vol-
canic eruptions, and finally the implications for eruptive processes
associated with the spectrum of basaltic eruptive styles.

4.1. Polydispersivity, connectivity and percolation threshold in basaltic
rocks

He-pycnometry data show high connectivity for most basalts
investigated here. However, a pitfall of this definition is that it
treats all the pores connected to the exterior of the sample as con-
nected. Therefore, even impermeable basaltic samples for which a
percolating connectivity is zero may have an apparent connectiv-
ity higher than 0.5 with this definition. This explains the paucity
of published data with C-pyc lower than 0.5 that may lead to the
biased interpretation that basaltic volcanic rocks show consistently
high pore connectivity. This conclusion agrees with previous stud-
ies that showed that this definition is less relevant for comparison
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Fig. 6. Pycnometry-like connectivity C-pyc and permeability k as a function of porosity ¢ for natural basaltic rocks and comparison with the simulations for different domain
volumes and for a range of polydispersivities. This compilation includes rocks from both effusive and explosive eruptions and with a variety of eruptive styles. a) C-pyc vs
¢ data from the database on basaltic products, compared with the simulations performed in a large domain volume. b) C-pyc vs ¢ data compared with the simulations
performed in a small domain volume. In a and b, non-permeable foamed obsidians and FOAMGLAS® samples are also shown for comparison. The dashed line corresponds
to the location of the percolation threshold. In a and b, data from Colombier et al. (2020) correspond to impermeable bubble networks formed by experimental vesiculation
in magma analogues with crystal contents ¢y of 0.14-0.48. c) k vs ¢ data from the database for basaltic products. Altered lavas are also included for comparison and plot at
the low permeability bound of the trend.
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Fig. 7. Connectivity obtained by X-ray computed tomography (C-XCT, including both
C-large cluster and C-percol definitions) as a function of ¢ for data on natural
basaltic rocks and comparison with different percolation models (Zahasky et al.,
2018; this study). The data for explosive pyroclasts were obtained with the largest
cluster definition of connectivity (Polacci et al., 2008, 2012), therefore we plot the
simulation results corresponding to the same definition. For lava flows, connectivity
was obtained either using the largest cluster (Song et al., 2001) or the percolation
definition (Couves et al., 2016; Zahasky et al., 2018). The trend of Zahasky et al.
(2018) was obtained from their Fig. 7 by dividing the effective porosity by the total
porosity to derive connectivity for their 2 grid cell width microporosity median.

with permeability and quantification of ¢. (Colombier et al., 2017,
2020).

We show that the discrepancy between the pycnometer-like
definition of connectivity and definitions which are closer to a per-
colation model (C-percol and C-large-cluster) increases when the
total number of vesicles N; in the sample decreases (either for low
N, samples, small analysed volumes or a combination of both). For
N; > 4.24 x 107, we expect little difference between data using
these connectivity definitions (Fig. 5). We recommend the con-
sideration of this discrepancy when interpreting connectivity data
measured by He-pycnometry.

Despite these discrepancies, trends of C-¢ obtained by He-
pycnometry remain highly informative of processes happening
during different types of basaltic eruptions. Regardless of the defi-
nition used, this study shows that vesicle size distribution, and in
particular the polydispersivity of the VSD, has a strong influence
on the percolation threshold, C-¢ relationships and consequently
on the eruptive style of basaltic magmas. Lower values of S (more
polydisperse systems) lead to higher values of ¢, (Fig. 3a). This
may result in a later onset or absence of system-spanning coales-
cence, and a delayed onset of connectivity and open-system de-
gassing (outgassing) prior to basaltic eruptions. On the other hand,
high values of S promote lower ¢., and may also promote out-
gassing in the conduit. We discuss in the next sections how this
observation can be interpreted to explain the difference between
Hawaiian and Strombolian eruptions.

The C-¢ relationships for a range of S and ¢, from the sim-
ulations straddle all the data envelope for explosive basaltic rocks
of Strombolian, Hawaiian and Plinian activity (Fig. 6). This implies
that the percolation threshold likely varies significantly for these
explosive types. Although these trends suggest that the percola-
tion threshold is strongly influenced by the polydispersivity of the
VSD, we note that additional factors such as crystallinity, bubble
deformation and cracking also have a strong influence on bubble
coalescence and percolation (Parmigiani et al.,, 2017; Lindoo et al.,
2017; Colombier et al., 2020). Most of the data for lava flows do
not fit the simulation trends. This indicates that some additional
processes are responsible for the C-¢ trends observed in these
lavas (see section 4.2).
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It remains important to stress that degassing during low inten-
sity explosive activity should be considered at two distinct scales
linked to the conditions of conduit flow (Houghton et al., 2020): (i)
a large scale of meter-sized bubbles that are decoupled from and
ascend faster than the magma, resulting in either passive burst-
ing and outgassing at the surface without ejection of pyroclasts or
explosive bursting with ejection of pyroclasts resulting in Strombo-
lian or Hawaiian activity and (ii) a smaller scale of bubble popula-
tion that corresponds to the small vesicles preserved in pyroclasts.
This latter population (1076-10~2 m) is generally coupled to the
magma column and may strongly influence magma acceleration,
explosive potential and eruptive style (Namiki and Manga, 2008).
Next, we discuss for specific cases how our data may potentially be
upscaled from the processes occurring in the small coupled popu-
lation (bubbly flow) preserved and analysed in basaltic rocks to the
kinetics of large decoupled bubble formation and consequences for
the eruptive style of Strombolian and Hawaiian eruptions.

Although this aspect is beyond the scope of our study, we stress
that the amount, nature and timing of volatile exsolution will dif-
fer strongly for different eruptive styles. In general, a more impor-
tant role of CO, is assumed for deep degassing (Allard, 2010) or
for subaqueous eruptions (e.g., Schipper and White, 2010; Wallace
et al,, 2015), which may also have implications for bubble popula-
tions and vesicle metrics in basaltic rocks.

4.2. Implication for the eruptive style of basaltic eruptions

We now discuss the link between textural and petrophysical
properties of basaltic tephra and lavas, and the eruptive style of
basaltic eruptions. It should be kept in mind that the eruptive
styles represent end-members and that in nature a continuum may
exist between these end-members.

4.2.1. Hawaiian eruptive style

Different types of tephra from Hawaiian activity were analysed
here, ranging from Pele’s tears, fluidal scoria, golden pumice to
reticulites. These clasts show the broadest variations of ¢, C, S
and consequently ¢, for explosive basaltic eruptions. There is a
significant number of tephra from Hawaiian eruptions with low C-
pyc compared to other types of basaltic eruptions. These tephra
have on average lower values of S and consequently higher values
of ¢. compared to Strombolian clasts. We stress that this result
holds true for two independent datasets of natural samples ob-
tained with different methods (quantification of S based on vesicle
size distribution in Fig. 3a and C-¢ trends in Fig. 6).

The high percolation threshold impedes system-spanning vesic-
ulation in the conduit and favours the presence of small bubbles
that remain coupled to the magma. This is consistent with a model
of Hawaiian eruptions in which degassing is partly dominated by
a bubbly flow with coupled small bubbles (Houghton et al., 2020;
La Spina et al, 2021). In addition, high ¢, values maintain high
porosities without permeable gas loss in the conduit. Such high
porosity in the absence of outgassing may in turn promote accel-
eration, inertial fragmentation and sustained lava-fountaining ac-
tivity in such low viscosity basaltic magmas (Namiki and Manga,
2008).

A clear overall trend of increasing C with ¢ is observed for
the tephra of Hawaiian activity. This can be interpreted as a post-
fragmentation vesiculation pattern in which the values of C and ¢
represent different amounts of quench and vesiculation after frag-
mentation (Stovall et al., 2011, 2012). Rapidly quenched particles
(i.e., Pele’s tears), and the margins of larger pyroclasts, preserve
low ¢ and C representative of the state of magma at fragmenta-
tion, whereas slow cooling allows significant vesiculation and an
increase of C with ¢ (i.e., larger clasts or interior of transitional
rim-to-core clasts; Stovall et al., 2011, 2012; Porritt et al., 2012).
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In such a scenario, the state of the magma at fragmentation would
correspond to C-pyc values of ~ 0.5 or lower, with corresponding
¢ values near or below the percolation threshold. An additional
process in which some dense clasts and rims are formed by post-
fragmentation bubble shrinkage due to surface tension, thereby
causing a densification from a high porosity foam is also plausible
(Namiki et al., 2018) and may form a reversed trend of decreasing
connectivity with porosity.

We postulate that the porosity at fragmentation is close to
the percolation threshold during Hawaiian basaltic eruptions with
rapidly quenched particles (i.e. small particles or rims) preserving
textures close to this state at fragmentation. Porosity and connec-
tivity of larger clasts further evolve by post-fragmentation vesicula-
tion and bubble shrinkage producing the variety of clasts observed
in the deposits. ¢, may even represent the transition between ef-
fusive and explosive activity during hybrid eruptions displaying
simultaneous Hawaiian fountaining (explosive; ¢. reached after
fragmentation) and lava flows (effusive; ¢ reached before frag-
mentation).

4.2.2. Strombolian

The ¢-C trends (Figs. 6 and 7) and values of polydispersivity
(Fig. 3a) suggest a lower average percolation threshold for pyro-
clasts of mild Strombolian activity compared to that from Hawaiian
activity. We note that low porosity samples (¢ < 0.4) that are com-
mon in the deposits of mild Strombolian activity (Fig. 3) are only
represented by few datapoints in the database of connectivity. Bub-
ble coalescence (in the context of the small, coupled bubble popu-
lation) may hence occur at lower vesicularity in the conduit during
mild Strombolian eruptions. This can have two different, comple-
mentary implications for eruptive style. (i) On the one hand, this
promotes permeable outgassing at the top of the conduit and for-
mation of a shallow, highly degassed, viscous plug. In addition, the
lowered vesicularity limits the potential for acceleration and iner-
tial fragmentation. (ii) On the other hand, lower values of ¢. in
the conduit may promote early and extensive bubble coalescence,
possibly leading to the formation of large conduit-scale bubbles
(slugs/gas pockets). A combination of plug and slug/gas pocket for-
mation is currently widely accepted to drive most Strombolian
eruptions (e.g., Oppenheimer et al., 2020). This second scenario
should however be nuanced by an alternative process to form large
decoupled bubbles by growth and local coalescence deep in the
conduit, without necessarily the formation of a percolating porous
network. In addition to the higher values of S, pyroclasts from mild
Strombolian activity generally have higher crystal contents com-
pared to Hawaiian tephra. This also promotes a reduction of the
percolation threshold (e.g., Lindoo et al., 2017; Parmigiani et al.,
2017; Colombier et al., 2020).

We note that Strombolian eruptions are highly variable in type
and intensity, and that there may be a continuous spectrum be-
tween mild Strombolian and Hawaiian activities, as well as be-
tween high-intensity Strombolian and Vulcanian eruptions (Gior-
dano and De Astis, 2021). Although such consideration is beyond
the scope of our study, we note that high-intensity and paroxys-
mal activities at Stromboli volcano produce golden pumice clasts
which form a distinct cluster in the ¢-C plot (Fig. 6), which sug-
gests lower average values of S and higher values of ¢. for these
eruptions compared to mild Strombolian activity. This fits with the
postulation of Métrich et al. (2010) that propose that paroxysms
are generated mostly by closed-system degassing (no percolation),
whereas mild Strombolian activity is dominated by open-system
conditions.

The ¢-C plot points toward high values of connectivity for py-
roclasts from Strombolian activity with the pycnometry method
(Fig. 6) but not systematically with the XCT data (Fig. 7). This dif-
ference may be explained by (i) the presence of micro-cracks that
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are not resolved by XCT and contribute to the total pore connec-
tivity of these pyroclasts or (ii) the difference between the connec-
tivity definitions used.

4.2.3. Plinian eruptions

Vesicle metrics for Plinian basaltic eruptions reveal similar
ranges of porosity, pore connectivity and permeability as for py-
roclasts from Strombolian eruptions (Figs. 3 and 6; Moitra, 2015).
The main characteristics of basaltic tephra from Plinian activity are
the overall high crystallinity and high N, values (Fig. 3; Sable et al.,
2006). Violent basaltic eruptions such as sub-Plinian to Plinian are
usually attributed to rheological shifts due to extensive microlite
crystallization rather than differences in degassing and percola-
tion processes. Microlite crystallization results in an increase of
the magma viscosity and may promote gas overpressure and brit-
tle fragmentation in basaltic magmas (Moitra et al., 2018; Arzilli et
al., 2019; Heinrich et al., 2020). Other factors that promote basaltic
Plinian eruptions are a fast decompression rate, a relatively low
magma temperature and high pre-eruptive crystal content (Arzilli
et al,, 2019).

4.2.4. Lava flows

As discussed above, basaltic lavas do not fit the vesiculation
trends and likely represent more of a scattered densification trend
with overall reduction of porosity with distance. Fig. 3d shows a
compilation of ¢ data as a function of distance for basaltic lava
flows at different volcanoes worldwide (Table SM2). The key mes-
sage here is that subaerial basaltic lava flows can have a similar
range of porosities as for explosive basaltic ejecta close to the vent.
However, despite data scatter, the range of porosities shows an
overall decrease with increasing distance from the vent. We also
observe a scattered decrease and broadening in connectivity and
permeability associated with this decrease in porosity (Fig. 6). Re-
duction of porosity, connectivity and permeability with distance
may be caused by outgassing and pore collapse, as well as by
Ostwald ripening. A reverse trend may occur locally during slow
emplacement and cooling potentially leading to bubble expansion
and coalescence causing an increase of vesicularity in time in the
lava flows (Cashman et al,, 1994). On the other hand, the forma-
tion of micro-cracks may increase pore connectivity by connecting
isolated bubbles. We note that additional nucleation and growth of
isolated bubbles would increase the porosity but decrease connec-
tivity, causing further scattering in the data. C-¢ trends dominated
by micro-porosity are consistent with the model of Zahasky et al.
(2018), which describes the evolution of C with ¢ in the presence
of micro-porosity (Fig. 7).

4.2.5. Submarine activity

The absence of connectivity data for basaltic submarine lavas
and tephra impedes significant interpretation for the role of poly-
dispersivity on the percolation threshold for these eruptive activi-
ties. However, we can use the N, and S data to discuss vesicula-
tion processes and implications for the eruptive style of submarine
eruptions.

First, the similar range of porosity, polydispersivity and N, for
Surtseyan and Strombolian eruptions (Fig. 3) suggests that vesicu-
lation for these shallow to emergent subaqueous eruptions is sim-
ilar as for a subaerial case pointing to a low percolation threshold,
outgassing and plug/slug dynamics in the conduit. The similarities
in vesicle metrics between Surtseyan and subaerial basaltic explo-
sive eruptions further suggest that the initial fragmentation may
not systematically involve interaction of magma with external wa-
ter but can also be driven by vesiculation.

Deep (here defined as >500 m depth) explosive basaltic erup-
tions are characterized by high values of S (near-monodisperse
systems), a range of porosity from 0 to 0.6, low N, values and low
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crystal contents (Fig. 3). This suggests a low percolation thresh-
old allowing the formation of large bubbles by coalescence and
causing slug dynamics and deep Strombolian activity. However,
some magma droplets containing small isolated vesicles may be
quenched at porosities below the percolation threshold due to in-
teraction with seawater.

Finally, deep effusive basaltic eruptions are characterized by
very low porosities, high values of S and low N, (Chavrit et al.,
2012; Jones et al., 2018, 2020; Fig. 3). Such systems, therefore,
likely did not reach the percolation threshold and their products
mostly consist of low porosity magmas with small isolated vesicles
resulting from CO; degassing (i.e., Fig. 1b in Jones et al., 2020). The
limited coalescence in this case therefore impedes the formation of
large bubbles, slug dynamics and explosive activity.

Although there are no data for pore connectivity of submarine
basaltic eruptions, we point that microcracks formed by thermal
stress due to rapid quenching when lava interacts with seawater
will likely increase vesicle connectivity, even if bubble coalescence
is absent or limited.

5. Conclusions

The broad variety in eruptive styles of basaltic volcanic erup-
tions is strongly influenced by the dynamics, timing and length
scales of vesiculation, gas percolation or escape, and bubble col-
lapse. Vesicle metrics of basaltic rocks reveal important informa-
tion about the percolation threshold of their parental magmas
and implications for eruptive style at basaltic volcanoes. The large
database presented here, coupled to numerical simulations, and
consideration of different connectivity definitions and their size
dependence help to shed light on degassing processes in basaltic
melts. We conclude that polydispersivity in bubble sizes exerts a
strong control on the percolation threshold of basaltic magmas
and hence may strongly influence eruptive style, effusive-explosive
transitions and fragmentation processes. Future work should fur-
ther explore the effects of crystals, bubble deformation, and crack-
ing on gas percolation. Detailed studies of vesicle metrics on py-
roclasts produced during closely monitored basaltic eruptions may
complement the present work and help to better understand and
predict transitions in eruptive style at basaltic volcanoes world-
wide.
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