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Abstract Textural parameters such as density, porosity, pore
connectivity, permeability, and vesicle size distributions of
vesiculated and dense pyroclasts from the 9.4-ka eruption of
Kilian Volcano, were quantified to constrain conduit and erup-
tive processes. The eruption generated a sequence of five ver-
tical explosions of decreasing intensity, producing pyroclastic
density currents and tephra fallout. The initial and final phases
of the eruption correspond to the fragmentation of a degassed
plug, as suggested by the increase of dense juvenile clasts
(bimodal density distributions) as well as non-juvenile clasts,
resulting from the reaming of a crater. In contrast, the inter-
mediate eruptive phases were the results of more open-conduit
conditions (unimodal density distributions, decreases in dense
juvenile pyroclasts, and non-juvenile clasts). Vesicles within
the pyroclasts are almost fully connected; however, there are a
wide range of permeabilities, especially for the dense juvenile
clasts. Textural analysis of the juvenile clasts reveals two ve-
siculation events: (1) an early nucleation event at low

decompression rates during slow magma ascent producing a
population of large bubbles (>1 mm) and (2) a syn-explosive
nucleation event, followed by growth and coalescence of
small bubbles controlled by high decompression rates imme-
diately prior to or during explosive fragmentation. The simi-
larities in pyroclast textures between the Kilian explosions and
those at Soufrière Hills Volcano onMontserrat, in 1997, imply
that eruptive processes in the two systems were rather similar
and probably common to vulcanian eruptions in general.
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Introduction

Silicic volcanic eruptions are driven by the decompression-
induced exsolution of melt-dissolved volatiles. This causes
magma vesiculation, expansion, and fragmentation, followed
by high-velocity discharge of gas and entrained pyroclasts
(e.g., Sparks 1978; Wilson et al. 1980; Jaupart and Allegre
1991; Jaupart 1996; Massol and Jaupart 1999; Slezin 2003;
Gonnermann and Manga 2007). The eruptive behavior at a
given volcano depends on physical parameters, such as mag-
ma decompression rate, vesiculation kinetics, degassing style
(open versus closed), and fragmentation mechanism (e.g.,
Rust and Cashman 2011; Gonnermann and Houghton 2012;
Degruyter et al. 2012; Nguyen et al. 2013 and references
therein). These processes are recorded by physical properties
of the deposits, such as grain size and componentry, and by the
physical and textural parameters of the pyroclasts, such as
density, total and connected porosities, permeability, crystal-
linity, vesicle and crystal size distributions, and vesicle and
crystal number densities, as well as features such as vesicle
shapes and orientations, and relationships between vesicles
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and crystals. The different parameters provide insights into the
physical processes occurring during eruption (e.g., Gurioli
et al. 2015 and references therein). Grain size analysis allows
one to obtain the fragment population characteristics of the
associated explosion, which can support a genetic interpreta-
tion of the pyroclastic deposits (fall versus flow) and a classi-
fication of the volcanic events, when combined with informa-
tion about the dispersal and depositional features of the depos-
it (e.g., Fisher 1964; Walker 1971, 1973; Sheridan 1971;
Sparks 1976; Fisher and Schmincke 1984; Cas and Wright
1987; Wohletz et al. 1989; Freundt and Rosi 1998; Fagents
et al. 2013). Componentry analysis (the categorization of
clasts as juvenile, non-juvenile, and composite fragments,
White and Houghton 2006) provides information on the type
of fragmentation (magmatic versus phreatomagmatic), the
feeding system, and conduit processes (e.g., Wohletz 1983;
Heiken and Wohletz 1985; Sheridan and Marshall 1983;
Barberi et al. 1989; Taddeucci et al. 2002; Eychenne et al.
2015). The density distribution of pyroclasts of similar size
reflects the integrated result of magma vesiculation taking
place before, during, and after fragmentation (e.g., Houghton
and Wilson 1989; Hoblitt and Harmon 1993; Polacci et al.
2003; Kueppers et al. 2005; Di Traglia et al. 2009; Shea
et al. 2010a; Mueller et al. 2011; Barker et al. 2012; Bernard
et al. 2015). Pyroclast porosity, vesicle size distribution, and
vesicle number density provide constraints on the kinetics of
melt degassing and outgassing and, by extension, on decom-
pression history and eruption intensity (e.g., Mangan and
Sisson 2000; Klug et al. 2002; Mourtada-Bonnefoi and
Laporte 2004; Toramaru 2006; Gurioli et al. 2008; Cluzel
et al. 2008; Carey et al. 2009; Shea et al. 2010b, 2011, 2012;
Houghton et al. 2010; Giachetti et al. 2010; Rust and Cashman
2011; Alfano et al. 2012; Rotella et al. 2014). Vesicle connec-
tivity and clast permeability, along with the relative degrees of
vesicle coalescence and collapse, yield information on gas
transport and escape from the magma, largely to fragmenta-
tion (e.g., Klug and Cashman 1996; Melnik and Sparks 2002;
Rust and Cashman 2004, 2011; Wright et al. 2006, 2007,
2009; Platz et al. 2007; Takeuchi et al. 2008; Nakamura
et al. 2008; Schipper et al. 2013; Polacci et al. 2014, Nguyen
et al. 2014). Crystallinity and degree of crystal breakage also
depend on magma ascent history (e.g., Hammer et al. 1999;
Couch et al. 2003; Kennedy et al. 2005; Noguchi et al. 2006,
Clarke et al. 2007; Giachetti et al. 2010; Martel 2012; Befus
et al. 2014).

In this paper, we present a textural characterization of prod-
ucts from the Holocene explosive eruption of Kilian Volcano
in the Chaîne des Puys of central France, in order to under-
stand the processes taking place in the conduit during eruption
and to reconstruct the dynamics of the eruption through time.
The study was motivated particularly by the proximity of
Kilian Volcano, and of the Chaîne des Puys in general, to
the city of Clermont-Ferrand (140,000 inhabitants).

Geological background

The Chaîne des Puys comprises about 80 Quaternary volca-
noes and is one of the youngest products of intraplate alkaline
volcanism in the French Massif Central (Boivin et al. 2009;
Boivin and Thouret 2013; Martel et al. 2013). The chain is
30 km long north-south and 3–4 km wide. Edifices are mostly
scoria cones, with a few maars, tuff rings, and trachytic lava
domes (Fig. 1a).

Kilian Volcano is marked by an elongated 400 × 150-m-
wide and 40-m-deep explosion crater located in the hills of the
Puy des Grosmanaux (Glangeaud 1913; Fig. 1b). The walls of
the crater are composed of trachyte and were enlarged by
quarrying in Roman and Medieval times (Miallier et al.
2013a; Boivin et al. 2015). The crater is the source of a wide-
spread trachytic pyroclastic apron (Fig. 2). Studies by Camus
(1975) and Goër de Herve et al. (1994) divided the deposits
into three phases: (1) a main explosive phase, (2) growth of a
trachytic lava dome over the vent, and (3) explosive destruc-
tion of part of that dome.

The main explosive phase has been dated at 9.40 ± 0.20 ka
using 14C measurements on charred wood within the deposits
(Miallier et al. 2012; BP data calibrated with IntCal09, Reimer
et al. 2009). The deposits are distributed across the central part
of the Chaîne des Puys (Baudry and Camus 1972; Camus
1975; Michon 1996; Boivin et al. 2009, Figs. 1a and 2).
Detailed mapping is complicated by partial erosion, local for-
est cover, and multiple distribution lobes across complex to-
pography (Fig. 2). Moreover, the Kilian deposits are easily
confused with those from Vasset Volcano (Fig. 1a), which
have a similar age, similar chemistry, and mineralogy and a
partly overlapping distribution (Michon 1996; Boivin et al.
2009). The Kilian deposits are 5 m thick at the southern base
of the Puy de Dôme, 1 km from the crater (Fig. 2). They
mantle the Puy de Dôme edifice and are 1 m thick on the
summit, 400 m above Kilian crater. They also mantle the
Puy de Grosmanaux (Fig. 1b) to the east, Puy Besace
(Fig. 1b) to the west, Puy Salomon and Puy Montchié
(13.6 ka old, Fig. 1a, b, respectively) to the south (Miallier
et al. 2013b), and Nid de la Poule (10 ka old, Fig. 1a) and the
lava flows of Puy Pariou (10 ka old, Fig. 1a) to the north
(Miallier et al. 2012). They are underlain by a paleosol pitted
by bomb impact sags. Isolated blocks of trachyte, basalt, and
granite on the surface of Puy Besace (Fig. 1b), 500 m west of
Kilian crater, are interpreted as ballistics. The paleosol beneath
the deposits contains pollen from the beginning of the Boreal
period (Raynal et al. 1998). Possible Kilian tephras have been
identified on the Limagne plain east of the Chaîne des Puys
(Vernet and Raynal 2008; Vernet 2013) and in Swiss lake
sediments (Martini and Duret 1965) to the NE.

Camus (1975) and Camus et al. (1975) suggested that the
main explosive phase of the eruption was caused by
phreatomagmatic activity. Michon (1996) identified four
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stratigraphic units (named DEF1K to DEF4K) and proposed
the following sequence of events: (1) an initial phreatic vent-
opening explosion, (2) explosion of an embryonic dome, (3)
several phreatomagmatic vulcanian explosions, and (4) a large
vulcanian explosion due to the decompression of a large
dome.

The Puy des Grosmanaux was previously thought to be a
simple cinder cone and associated lava flow (dated at about
46 ka by thermoluminescence; Guérin 1983). However, new
Lidar data have shown that the edifice was uplifted to form a
bulge cut by a major set of N-NE-trending faults and a lesser
set of cross faults, the Kilian crater lying on the NW edge of
the bulge (van Wyk de Vries et al. 2014 and Fig. 1c). The
bulge has been attributed to a trachytic cryptodome that in-
truded and uplifted pre-existing strata, then partially vented
through Kilian crater (van Wyk de Vries et al. 2014 and
Fig. 1c). Indeed, a recent geophysical study (Portal et al.
2016) shows the presence of a dense, shallow trachytic body,

200 m width, below the crater of Kilian. The size of the dome
matches the dimensions of the crater so the authors interpreted
the dome as an intrusion filling the underlying conduit.

Magmas of the Chaîne des Puys range from alkali basalts to
trachytes and are related by fractional crystallization (Maury
et al. 1980; Villemant et al. 1981). A recent study based on
phase equilibria, thermobarometry, and melt inclusion analy-
sis determined the pre-eruptive storage conditions of the
Kilian trachyte to be 300–400 MPa, 775 ± 20 °C, and 7–
8 wt% H2O (Martel et al. 2013).

Methodology

We studied and sampled a 5-m-thick succession of
proximal deposits from the eruption preserved in the
BCoupe des Muletiers^ outcrop about 1 km NNE of

Fig. 1 a Geological setting of the Chaîne des Puys (modified from
Boivin et al. 2009). b Lidar-generated shaded relief image of the Kilian
crater on the flank of the Puy Grosmanaux and the studied stratigraphic
section (Coupe desMuletiers) on the southern flank of Puy de Dôme. The
interpretative structural map, extracted from van Wyk de Vries et al.
(2014), of the Kilian area is superimposed. c Cross section over profile
e–f, with the Kilian Crater, to show how the intrusion managed to pierce

the surface on the NW side (probably above the feeder conduit) and
subsequent vulcanian explosions from this conduit excavated the Kilian
crater (modified from vanWyk deVries et al. 2014). The profile c–d is not
shown, but it is reported in Fig. 10c of vanWyk deVries et al. (2014). The
blue line is the hypothetical continuation of the thrusts indicated in the
same figure
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Kilian crater (Figs. 1b and 3a) and now completely
covered by a concrete wall.

The bulk major element composition of the juvenile
clasts was measured by ICP-AES at the Laboratoire
Magmas et Volcans (LMV) of Clermont-Ferrand. Glass
compositions were measured on five clasts of varying
density and crystal content, using a JXA-8500F
hyperprobe at the University of Hawaii with a 10-μm spot
size, 15-kV accelerating voltage, and 10-nA beam current.
The data are reported in Tables 1 and 2.

Bulk samples of the matrix of the eruption products were
collected from a total of eight levels grouped into five stratigraph-
ic units called U1, U2, U3, K1, and K2 from the base to the top
(one to three levels per unit) and then were manually sieved at
half phi intervals (Fig. 3b and Table 3). Particle componentrywas
carried out on the 4–8-mm-size fraction (around the main mode
of the grain size analyses, Fig. 3b), because a sufficient fraction
of clasts for this size was available for a statistically valid ap-
proach (Fig. 3c). For each level, we selected 60 to 163 juvenile
particles within the 16–32-mm fraction for density and
pycnometry measurements (Fig. 3d). This is the smallest
granulometric fraction assumed to be representative of the larger
size class in term of density (Houghton and Wilson 1989) and
has been used in previous textural studies of fallout deposits,
where the main grain size population is confined between 32
and 0.5 mm (e.g., Shea et al. 2010a). In addition, it is ideal for
vesicle connectivity measurements (e.g., Formenti and Druitt
2003; Giachetti et al. 2010; Shea et al. 2012) and for avoiding
possible effects of post-fragmentation expansion.

Textural measurements (density/porosity, connectivity, per-
meability, and acquisition of back-scattered electron detector

(BSE) images) were performed at the LMV. Densities of ju-
venile particles were measured by clast immersion in 200–
400-μm-diameter glass beads, based on a method described
by Shimano and Nakada (2006), Nakamura et al. (2008), and
Silva (2008). The glass bead technique provides a measure of
the total volume of the particles. Dividing sample mass by
volume yields a bulk density, which, when combined with
the pore-free rock density, allows us to obtain the porosity Φ
of the sample (Table 4). The glass bead method was compared
to the water immersion technique of Houghton and Wilson
(1989), which is based on Archimedes’ principle. We ob-
served a good correlation between the two methods (Fig. 4),
although densities obtained with glass beads are systematical-
ly higher than those obtained by water immersion. This is
because the beads occupy the space of any large vesicles on
the outside of the clast, which is not the case in the immersion
method, where the clast is covered with a parafilm. Although
the bead method is less time-consuming than water immer-
sion, it yields higher clast density values if the fragments are
characterized by external vesicles much larger than the beads.
The average error for the Archimedes method is around 3%
(see also Barker et al. 2012), while for the glass beads, it is less
than 10% (Colombier 2013; Shimano and Nakada 2006).

A mean value for the vesicle-free rock density was deter-
mined by powdering clasts of varying bulk densities, measur-
ing the volumes of known masses using an Accupyc 1340
Helium Pycnometer, then averaging. The same pycnometer
was used to measure the connected porosity for each clast
(Table 4) using the method of Formenti and Druitt (2003).
We calculated the pore connectivity by dividing the connected
porosity by the total porosity (Fig. 5a; Shimano and Nakada

Fig. 2 Proximal dispersal of the
Kilian deposits, with approximate
total isopachs (in cm). The
complications north of the Puy de
Dôme are caused by the shadow
effect of the latter edifice on
pyroclastic density currents and
by gravitational slides of units
K1–K2 (see Fig. 3). Red dots =
studied sections by previous field
works. Coordinates are WGS84,
UTM31N
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2006; Farquharson et al. 2015). A full description of the pro-
tocol for density and connectivity measurements is available
a t h t t p : / / w w w o b s . u n i v - b p c l e r m o n t .
fr/SO/televolc/dynvolc/index.php.

Permeability measurements were performed on 18
pyroclasts selected from units U1, U3, K1, and K2. The larg-
est clasts of known densities and vesicle connectivity values,
covering a broad range of porosity (from 16 to 70%), were
chosen (Fig. 5b). The clasts were cut into rectangular prisms to
enable precise calculation of the cross-sectional area, which is
required to calculate permeability. These prisms were then
embedded in a viscous resin, which was left to harden for
24 h. The sample surface had been previously coated with a
more viscous resin and then wrapped with parafilm to avoid
intrusion of the less viscous resin inside the pores. The coated
samples were placed with a sample holder connected to a
permeameter built in Clermont-Ferrand following Takeuchi
et al. (2008). Changes from the Takeuchi et al. (2008) setup
are that two of the three flow meters with low flow rates were
replaced by an electronic flowmeter with a range of 0–500ml/
min. The last high flow rate meter has a range of 1–16ml/min.
The permeameter allowsmeasurement of the gas flow through

the sample at increasing steps from 0 to 10,000 ml/min. A
pressure meter with a range between 0 and 200,000 Pa was
used to measure the pressure drop across the sample at a given
gas flow. Plotting the gas flow against the pressure drop, we
solved the Forchheimer equation, which is a modified form of
Darcy’s law taking into account the effects of both viscous and
inertial flow during measurements (Ruth and Ma 1992; Rust
and Cashman 2004). The values of the viscous permeability,
k1, obtained with the Forchheimer equation are similar to
those of the apparent (Darcian) permeability, k0, measured
with Darcy’s law (Table 5). We therefore assume that inertial
effects are negligible, and we use the apparent permeability
data to compare with permeability data from the literature.

Vesicle size distributions and crystallinities were measured
by image analysis, combining images at several different
scales (Table 4). The largest vesicle and crystal populations
were imaged at the sample scale using a desktop scanner, by
scanning either the thin section or the sectioned sample itself.
Subsequent higher magnifications (×25, ×100, ×500, and for
one sample up to ×1000) were captured through scanning
electron microscopy (SEM), in BSE mode, using chemical
contrasting (see methodology in Leduc et al. 2015). The

Fig. 3 a The BCoupe des Muletiers^ section. b Grain size histograms. c Componentry data. d Density distributions. n number of juvenile clasts
measured for density in each layer
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images were treated in the Adobe Photoshop software and
used as inputs into the Matlab-based BFOAMS^ program
(Shea et al. 2010a) to obtain vesicle size distributions
(VSDs), vesicle number densities (Nvs), and crystallinities.
Details of the analysis strategy, as well as the stereological
assumptions adopted, can be found in Shea et al. (2010a).
For all thin sections, the smallest size limit, Lmin, was con-
trolled by the image acquisition and fixed at 5 pixels in diam-
eter (1.5 μm). This led to an underestimation of the number of
small vesicles in all the thin sections, except for clast U1_b_96
(Table 4), for which we used a higher magnification (×1000)
due to the presence of nanometric vesicles, for which Lmin is
about 0.5 μm.

Results

Section description

The Coupe des Muletiers sample section is 5 m thick and is
located 1 km NNE of Kilian crater (Fig. 1b). The section is
subdivided into five units, U1, U2, U3, K1, and K2, based on
grading characteristics and the distribution of bomb sag hori-
zons (Fig. 3a). The two lowermost units (U1 and U2) vary
locally in thickness and contain felled carbonized logs. The
uppermost three units (U3, K1, and K2) have more constant
thicknesses at the outcrop scale. Bomb sags are present at the
base of each unit.

Unit U1 Basal unit U1 has three layers. The first layer
(U1_base, Fig. 3) is composed of poorly sorted, normally
graded coarse lapilli and bombs to coarse ash, with an

irregular thickness up to 50 cm. The coarse-grained base is
characterized by angular lapilli, bombs, and blocks, in a pink
ash matrix. The fine-grained top, yellow-brown in color, con-
tains scattered coarse lapilli and charcoal. The grain size dis-
tribution of the layer is asymmetrical with a tail toward the
fine portion (positively skewed) and broad (platykurtic)
(Fig. 3b and Table 3). The second layer (U1_middle, Fig. 3)
is a normally graded, well-sorted, coarse layer of bombs and
blocks fining upward to lapilli size. The irregular thickness
ranges from 50 to 100 cm. Bread-crust bombs are present.
The grain size distribution is positively skewed (Fig. 3b and
Table 3). The uppermost layer (U1_top, Fig. 3) is a darker,
fine-rich, and well-sorted layer up to 75 cm in thickness. Its
grain size distribution is broad and nearly symmetrical
(Fig. 3b).

Unit U2 U2 is composed of a thick, coarse-grained lower
layer (U2_base, Fig. 3b) and a thinner, coarse-ash upper layer
(U2_top). It varies in thickness locally from 10 cm to 2 m.
Both layers are poorly sorted and characterized by broad grain
size distributions, positively skewed to nearly symmetrical.
Bread-crust bombs are present in layer U2_base.

Unit U3 U3 is a thinner layer of well-sorted lapilli and coarse
ash, with a thickness up to 40 cm. The grain size distribution is
positively skewed and broad (Fig. 3b and Table 3).

Units K1 and K2 Unit K1 is up to 35 cm in thickness and is
composed of coarse lapilli and blocks of trachyte, basalt, and
granite in a yellowish matrix; the grain size distribution is
broad and positively skewed (Fig. 3b and Table 3). Unit K2
is up to 1 m thick and is characterized by an oxidized orange

Table 3 Grain size of the Kilian
deposits Sample U1_base U1_middle U1_top U2_base U2_top U3 K1 K2

Φ5 −6.01 −5.42 −4.15 −5.37 −5.32 −4.23 −5.14 −4.35
Φ16 −4.09 −5.26 −3.03 −4.35 −4.42 −3.35 −4.11 −3.46
Φ25 −3.30 −5.12 −2.26 −3.44 −4.09 −3.15 −3.30 −3.32
Φ50 −2.05 −4.05 −1.12 −2.16 −2.36 −2.07 −2.04 −2.43
Φ75 −0.23 −2.41 0.53 −0.21 −1.01 −0.32 −0.14 −1.38
Φ84 0.65 −1.50 0.93 0.83 −0.13 0.57 0.79 −1.06
Φ95 2.63 0.65 2.98 3.63 1.88 2.87 2.81 0.81

Mdϕ −2.05 −4.05 −1.12 −2.16 −2.36 −2.07 −2.04 −2.43
σϕ 2.37 1.88 1.98 2.59 2.14 1.96 2.45 1.20

SK 0.14 0.36 0.04 0.15 0.04 0.34 0.15 0.14

K 0.82 0.61 0.80 0.74 0.68 0.81 0.62 1.15

Lapilli 51.74 83.94 33.71 55.33 61.10 52.75 51.30 71.48

Coarse ash 46.94 15.03 65.43 41.89 37.70 44.57 46.84 27.30

Fine ash 1.32 1.03 0.87 2.78 1.21 2.68 1.87 1.21

Φ5 up to Φ95 percentile,Mdϕ mean diameter, σϕ sorting, SK skeweness, K kurtosis calculated following Inman
(1952), Lapilli percentage of fragments >2 mm in diameter, Coarse ash percentage of fragments <2 and
>0.064 mm in diameter, Fine ash percentage of fragments <0.064

17 Page 8 of 24 Bull Volcanol (2017) 79: 17



matrix of hydrothermally altered ash with scattered angular
coarse lapilli, blocks, and bombs. The grain size distribution is
narrow and positively skewed (Fig. 3b and Table 3). K1 and K2
correlate with two prominent layers in the deposit at the summit
of the Puy de Dôme, where they are underlain by numerous
bomb sags.

There is no evidence in the sequence of significant
pauses in eruptive activity between the eruption of units
U1, U2, U3, and K1. The abundance of hydrothermally
altered material in unit K2 may record a preceding pause
long enough for significant fumarolic activity at the crater.

Componentry

Juvenile particles (hereafter termed pyroclasts) in the
deposit have variable sizes, shapes, colors, and densities
(porosities). We use the term Bpumice^ for pyroclasts
with porosities Φ > 40% and Bdense pyroclasts^ for
those with Φ ≤ 40%, although the transition between
them is gradual. These pyroclasts are trachytes (62–
64 wt% SiO2, Tables 1 and 2) and contain <10 vol%
phenocrysts of Ti-amphibole, biotite, and oligoclase set
in a fine-grained groundmass; apatite, zircon, and titano-
magnetite are also present (Boivin et al. 2015). The
bulk composition is independent of porosity (Table 2),
while the glass chemistry reflects a higher crystallinity
in the dense pyroclasts (Table 1).

The pumices are rounded to sub-rounded, have smooth
surfaces, and are beige-gray in color (Fig. 6a). Dense
pyroclasts have more angular shapes, with a quenched, dense,
vesicle-poor, and occasionally breadcrusted rind, and are dark
gray to black in color (Fig. 6b). Some rare pyroclasts are
texturally brecciated or banded and contain small included
fragments of other pyroclasts (either vesicular or dense) and
accidental debris (Fig. 6c); these are particularly abundant in
unit U1. Theymost likely represent tuffisites that are remnants
of ash-filling veins in the host magma (e.g., Castro et al. 2012;
Saubin et al. 2016).

Non-juvenile clasts include fragments of pre-existing lava/
scoria and granitic basement. Units U2 and U3 are poorer in
non-juvenile fragments and in dense juvenile fragments than
units U1, K1, and K2 (Fig. 3c).

Clast density and porosity

The bulk densities of the pyroclasts range from 330 to
2630 kg m−3, corresponding to porosities of 0 to 82%
(Fig. 3d and Table 4). Units U1, K1, and K2 are characterized
by polymodal density distributions, with a dominant peak for
pumice at ∼1000 kg m−3 and a second main peak, for the
dense fragments at ∼2000 kg m−3. In contrast, units U2 and
U3 show a narrow, unimodal density distribution with a peak
at intermediate density value (1200–1300 kg m−3).T
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Pore connectivity and permeability

Figure 5 shows the pore connectivity and permeability rela-
tionships versus bulk porosity for the dense rocks and the
pumices. Note that for the connectivity, the division of the
clasts into dense clasts and pumices was based on macroscop-
ic observations, so they do not correspond exactly to the po-
rosity threshold at Φ = 40% discussed earlier. Most of the
connectivities, C, are between 0.75 < C < 1 (Fig. 5a and
Table 5), with only a few data points with lower connectivity.
A few data are also observed withC > 1, which is not physical
and is related to the error on the measurement. We consider
these data as highly connected. The range of connectivity for
dense rocks broadens constantly while the porosity decreases,
fromC ∼ 1 at a porosity Φ = 60% toC = [0.5 to 1] atΦ = 10%.
Pumices form a cluster and no clear trend is distinguished.

Apparent permeability values k0 range from 10−16 to
10−11 m2 (Table 5). A plot of porosity Φ versus apparent per-
meability k0 shows a scattered increase of k0 with Φ, for
Φ = 10–40%; in contrast, pumices with Φ = 40–70% display
an approximately constant range of high values (10−13 to
10−11 m2, Fig. 5b). Some dense juvenile clasts are more

permeable than highly vesicular ones. Maximum permeability
is achieved in the Kilian trachyte at porosities of 35–40 vol%.

Microscopic textural features of the Kilian trachytes

Vesicles within the Kilian pyroclasts cover a broad range of
sizes, from 10−4 to 101 mm. Two distinct populations can be
distinguished frommicroscopic observations: Blarge vesicles^
>600 μm in diameter and Bsmall vesicles^ <600 μm in diam-
eter. One dense clast (U1_b_96, Table 4, ρ = 2150 kgm−3) has
a large fraction of very small vesicles, the smallest measuring
<0.1 μm in diameter.

Large vesicles occur mostly in pumices and are rare
in dense pyroclasts. They form rounded voids surround-
ing phenocrysts or angular fractures within phenocrysts.
Small vesicles in pumices have rounded to elongated
shapes and smooth walls (Fig. 6d). The mean size of
this small vesicle population decreases and the elonga-
tion increases as clast density increases in the pumice
population. Small vesicles are organized radially along
interstices between microlites, being mostly intercon-
nected in pumices, and locally stretched either parallel

Fig. 5 a Pore connectivity versus
bulk porosity for dense clasts
(black crosses) and pumices (red
squares). b Apparent
permeability versus bulk porosity
for dense clasts and pumices

Fig. 4 Comparison between
density data of the juvenile clasts
derived from clast immersion in
200–400-μm diameter glass
beads based on a method
described by Nakamura et al.
(2008) and Silva (2008) and those
derived by the water immersion
(Archimede’s) method (Houghton
and Wilson 1989). The mean
error of the measurements is
reported in the text
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or perpendicular to the microlite alignment in denser
pumices. Evidence of vesicle coalescence, as previously
discussed by Klug and Cashman (1996), includes (1)
melt film flattening, thinning, wrinkling, failure, and
retraction at the boundaries between adjacent coalescing
vesicles (Fig. 6d); (2) coalescence of small vesicles into
a central, larger vesicle; and (3) progression radially out
from a central bubble, with surrounding bubbles
deforming and eventually coalescing into it. Only vesi-
cles smaller than 10 μm are well rounded and do not
show signs of coalescence, suggesting that they are iso-
lated. In dense pyroclasts, the small population can be
further separated into very small vesicles that are round-
ed and isolated (Fig. 6e) or coalesced (Fig. 6h, f), and
larger vesicles that have rounded to angular shapes.
These latter are strongly influenced by the presence of
microlites, and form clusters of coalesced vesicles
(Fig. 6e, h, i). Additionally, most small vesicles in all
samples are attached to Fe-Ti oxide grains, suggesting
that they nucleated heterogeneously on that mineral
phase (Fig. 6e, i). There is no obvious evidence of
vesicle anisotropy in the dense clasts. The high pore
connectivity in the pumices results from bubble growth

and coalescence; in the dense pyroclasts, the high inter-
connectivity can be explained by bubble coalescence
enhanced by the presence of crystals and extensive
cracking (Fig. 6e).

The microlite content is higher in the denser clasts (Fig. 6e–
g). Microfractures in microlites occur in all the samples and
are frequently continuous into the groundmass, connecting
coalesced vesicles and increasing pore connectivity
(Fig. 6e). SEM observations reveal that most of the
microfractures in microlites are perpendicular to their length,
although cracks either parallel or with an angle of 45° to the
long axis are also found.

Vesicle size distributions

Vesicle volume distributions are shown on plots of volumetric
percentage versus vesicle diameter (L in mm, expressed as the
diameter of a sphere of the same volume, Fig. 7). The data
from both pumices and dense clasts span a large range of
vesicle sizes, but distributions are shifted toward smaller sizes
for the dense clasts.

The distributions in the most vesicular (>70%) pumices are
bimodal, with a dominant mode of small vesicles and a

Table 5 Summary of the permeability analysis on 18 juvenile clasts of a broad range of density

Sample Unit Φc Φtot Φiso Φ
Archimedes

Density
(kg m−3)

C ko (apparent) k1 (Darcian or viscous ) k2 (non-Darcian or inertial)

U1_b_
103

U1_base 21 22 1 21 2086 0.94 1.8E−13 1.7E−13 1.8E−09

U1_b_
110

U1_base 16 17 2 17 2191 0.90 7.2E−16 4.5E−16 –

U1_b_63 U1_base 56 57 1 57 1135 0.98 2.5E−12 4.1E−12 1.9E−07
U1_b_71 U1_base 47 50 3 50 1320 0.93 1.3E−12 2.1E−12 8.5E−08
U1_m_2 U1_

middle
19 20 1 21 2096 0.95 3.9E−16 4.4E−16 –

U1_m_3 U1_
middle

43 44 1 49 1341 0.98 6.2E−13 7.5E−13 2.3E−06

U1_m_4 U1_
middle

26 27 1 28 1914 0.96 1.4E−13 2.9E−13 1.4E−08

U1_t_6 U1_
middle

– – – 23 2033 – 1.6E−12 1.5E−13 4.1E−09

U2_b_29 U2_base 54 55 1 60 1045 0.98 2.7E−12 2.0E−12 3.2E−07
K1_b_3 K1_base 28 28 0 34 1748 1.00 8.7E−12 1.5E−11 4.0E−07
K1_t_1 K1_top 68 70 2 73 713 0.97 7.7E−13 9.1E−13 4.0E−08
K1_t_64 K1_top 13 13 0 13 2297 1.00 2.7E−15 2.0E−15 1.2E−12
K1_t_63 K1_top 49 51 2 54 1214 0.96 1.5E−13 1.7E−13 1.2E−08
K2 Mul 1 K2 67 68 1 70 781 0.99 2.3E−12 2.5E−12 9.8E−08
K2 Mul 3 K2 30 32 2 39 1608 0.94 3.0E−12 3.1E−12 2.3E−08
K2 Mul 4 K2 34 36 2 39 1618 0.94 1.4E−12 1.5E−12 9.1E−08
K2Mul5 K2 16 16 0 21 2086 1.00 6.6E−13 9.2E−13 1.1E−08
K2_3 K2 16 17 1 20 2109 0.94 3.4E−13 5.2E−13 2.7E−09

Connected (Φc), bulk (characterized with the glass bead method; Φtot), Archimedes bulk porosity (ΦArchimedes) and isolated (Φiso) porosity, density, pore
connectivity in fraction (C), apparent permeability (k0), viscous permeability (k1), and inertial permeability (k2). The porosity used in the k vs.Φ plot is the
Archimedes-derived bulk vesicularity
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subordinate mode of large vesicles. For pumices with inter-
mediate porosities (50–55%), the large population either
forms a tail on the small population or is absent (e.g., clast
U1_b_63). The vesicle volume distributions of the dense
clasts are characterized by unimodal distributions, and large
vesicles are almost absent. Two types of distributions are ob-
served in these dense clasts (Fig. 7): clasts U1_b_96 and
K1_t_64 have modes at small L and positive skewness; clasts
U1_b_97 and K1_b_61 have modes at larger L and negative
skewness.

The cumulative number density distributions for all sam-
ples show distinct trends for pumices and dense pyroclasts
(Fig. 8). Pumices have distributions characterized by similar
curves, with slope breaks at L ≈ 10–20 μm shown by the solid
vertical line in Fig. 8a. For a vesicle diameter larger than 10–
20 μm, the distribution defines a linear trend that obeys a
power law behavior (PL, Fig. 8, see also similar trends in
Giachetti et al. 2010). Measuring the slope of this linear trend
enables us to obtain the fractal dimension D for each clast
(Table 4). Pumices have fractal dimensions of 3.45 and 4.20,

with an average of 3.73. Distributions of the smallest vesicles
(<10–20 μm) deviate from this power law distribution and
define an exponential (EXP, Fig. 8) trend.

Cumulative number density distributions for the dense
pyroclasts do not fall on a single trend (Fig. 8a). We thus
represented the individual distribution for each dense clast
(Fig. 8b–e). Dense pyroclasts U1_b_96 and K1_t_64 both
exhibit similar power law trends with high fractal dimensions
(D = 3.88 and 3.73, respectively) for vesicles larger than 1–
5 μm; the trends for smaller vesicles are exponential. In con-
trast, the break in slope for dense clasts U1_b_97 and
K1_b_61 lies at a significantly higher value of L (∼50 μm).
For vesicles with L < 50 μm, distributions define a power law
with low fractal dimensions (D1 = 2.13 and 2.66, respective-
ly), whereas larger (>50 μm) vesicles follow a power law but
with extremely high values of D (D2 = 9.11 and 5.00,
respectively).

The Nvs of dense pyroclasts and pumices fall within a
limited range (0.4–5 × 106 mm−3, Table 4). The only excep-
tion is the dense clast U1_b_96, which has a much higher Nv

Fig. 6 Juvenile fragments of Kilian deposits. a Pumice fragment. b
Dense fragment. c Brecciated fragment. SEM images of textures in the
Kilian pyroclasts. d A pumice (U1_m_77). e Dense clast U1_b_97. The
white arrow shows a microcrack connecting clusters of vesicles. f
Brecciated texture formed by the alternation of dense and more

vesiculated portions (U1_b). g Intermediate texture with elongated and
slightly angular vesicles (U1_b_70). h Dense clast U1_b_96 rich in very
small vesicles. iMagnification of h, showing association of small vesicles
and Fe-Ti oxides
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(∼108 mm−3, Table 4). These number densities (Table 4) were
corrected for crystallinity and thus correspond to the number
density of the melt.

Oxide microlite size distribution

Our measurements of crystal size distribution focused solely
on Fe-Ti oxide microlites, the objective being to check wheth-
er the oxides could have acted as nuclei for heterogeneous
nucleation of the very small vesicles. This was possible only
in clasts in which oxides stood out with sufficient contrast on
BSE images. The oxide size distributions are overlain on the
VSD plots of Fig. 7. Oxide volume fractions have been mul-
tiplied by 100 for pumices and 10 for dense clasts to allow
comparison. In dense clasts, the ranges of oxide sizes corre-
spond to the ranges of vesicle sizes, whereas vesicles are
shifted to larger size in pumices.

The number densities of Fe-Ti oxides, Noxides, measured
with FOAMS is lower than, or of the same order of magnitude
as, Nv (Table 4). However, we underestimate their number
density due to (i) the lower intersection probability for oxide
microlites or nanolites compared to larger vesicles (Sahagian
and Proussevitch 1998) and (ii) the minimum size of objects
counted by FOAMS (5 pixels). A higher magnification would
have been necessary for each clast to take into account more
oxides. Finally, despite the high spatial resolution of most
SEMs, there are potentially numerous nanometer-sized oxides
that could be difficult to image (e.g., Mujin and Nakamura
2014). Noxides in clast U1_b_96 is significantly higher than
for other Kilian clasts, with nanometric oxides revealed by
SEM images. However, despite the previously mentioned dis-
crepancies, a clear positive correlation exists between Noxides

and Nv, both parameters being lowest in (microlite poor) pum-
ices and highest in (microlite rich) dense clasts (Fig. 9a).

Fig. 7 Vesicle (black) and Fe-Ti
oxides (red) volume distributions
in Kilian pyroclasts
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Calculation of decompression rates

Using the calculated Nvs, we can estimate the decompression
rates using the decompression rate meter of Toramaru (2006)
expressed as follows:

NV≈34X SAT
16πσ3MB

3kBTP2
SAT

� �−2 VMPSAT

kBT

� �−1=4 P2
SATkBTX SATDH2OH2O

4σ2MB
dP=dt
�� �� Þ

−3=2

;

 

ð1Þ
where XSAT is the water concentration at the initial saturation
conditions (number of H2O molecules per volume melt), PSAT
the initial pressure at saturation,DH2O is the diffusivity of H2O in
the melt, VM is the volume of a water molecule in the melt, σMB

is themelt-bubble interfacial energy (=surface tension for liquids,
typically expressed in N/m), kB is the Boltzmann constant, and T
is the temperature. Rather than choosing the high initial storage
pressures associated with phenocryst phase equilibria (Martel
et al. 2013), we opted for an initial pressure PSAT = 50 MPa
consistent with shallow storage conditions preceding vulcanian
eruptions (assuming volatile-rich magma stalled for a given pe-
riod prior to and during plug/dome formation, as shown by the
microlite crystallization). These pressure conditions are similar to
those inferred by Burgisser et al. (2010, 2011) for 1997 Soufriere
Hills magmas based on groundmass glass H2O measurements.
We used the inferred magma temperature of T = 775 °C (Martel
et al. 2013). Water concentration at the initial pressure was cal-
culated based on H2O solubility in trachyte melt from Di Matteo
et al. (2004) and H2O diffusivity estimated by extrapolating the
model of Fanara et al. (2013) to lower temperatures. Values of
surface tension usedwereσ∼0.025N/m,which assumes bubbles

Fig. 8 Vesicle equivalent diameter (L) vs cumulative number density for a all the samples and b–e specific samples. Full explanation in the text

Fig. 9 a Number densities of isolated vesicles (black crosses) and of
oxides (gray open diamonds). b Melt microlite content as a function of
clast density in Kilian pyroclasts (red diamonds) and in Soufrière Hills
pyroclasts (blue open circles; Clarke et al. 2007)
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nucleated heterogeneously on Fe-Ti oxides (Cluzel et al. 2008).
The decompression rates obtained range between 4.0 and
11.5MPa s−1 (Table 6).We note that using surface tension values
for homogeneous nucleation resulted in unrealistic values of de-
compression rates (≥100 MPa s−1), supporting the notion that
bubbles within Kilian magmas probably nucleated heteroge-
neously. The sampleU_b_96was excluded from this calculation,
because of the very high Nv.

Discussion

Mode of tephra emplacement

The Kilian deposit is interpreted as the product of at least five
explosions, each unit being the product of a single explosion
(i.e., a single continuous eruptive pulse). The presence of
bomb sags at the base of each unit records ballistic showers
accompanying the onset of each explosion. The two basal
units (U1 and U2) have features indicative of emplacement
by pyroclastic density currents and include poor sorting, local
variations in thickness, and the presence of felled carbonized
logs. The absence of U1 and U2 at the summit of the Puy de
Dôme is consistent with the inability of the density currents to
surmount the high topography. In contrast, the topmost three
units (U3, K1, and K2) have features consistent with a larger

component of fallout, including better sorting, relatively con-
stant thickness at the outcrop scale, and (in the cases of K1 and
K2) presence atop the Puy de Dôme. The decrease in thick-
ness and grain size from the base to the top of the whole
sequence suggests a series of explosions of decreasing erup-
tive intensity with time, with the first two involving a larger
component of lateral emplacement than the last three, as
shown by their distribution (Fig. 2) and variations in thickness
(Fig. 3a). However, syneruptive gravitational slide deposits
formed during late ash fall episodes (K1-K2), with partial
reworking of U1 and older pyroclastic deposits, complicated
the distribution of the whole sequence of the Kilian deposits
(Fig. 2).

Nature of the explosions and origin of the dense pyroclasts

The explosions generated pyroclasts with a wide range of
densities. Density distributions for units U1, K1, and K2
(combined in Fig. 10) are wide and bimodal, with a low-
density mode around 800–1100 kg/m3 and a high-density
mode around at 2000–2500 kg/m3. In contrast, units U2 and
U3 are each unimodal with a mode at 1200 kg m−3.

The trachytic pumice and dense trachytic clasts are both
considered to be juvenile since their chemical compositions
(Table 2) and phenocryst associations are identical, and they
grade texturally into one another (Fig. 6 and Tables 1 and 2).

Table 6 Calculated
decompression rates for the Kilian
products for heterogeneous and
homogeneous nucleation

Conditions T = 775 °C T = 775 °C
Pi = 50 MPa Pi = 50 MPa
Heterogeneous nucleation
(σhet = 0.025 N m−1)

Homogeneous nucleation
(σhom = 0.065 N m−1)

Sample Unit dP/dt (MPa s−1) dP/dt (MPa s−1)

U1_b_
28

U1_base 5.19 35.07

U1_b_
63

U1_base 7.91 53.49

U1_b_
70

U1_base 9.15 61.88

U1_b_
96

U1_base n/aa n/aa

U1_b_
97

U1_base 8.08 54.64

U1_m_
77

U1_
middle

7.26 49.10

U2_b_
29

U2_base 8.52 57.59

K1_b_
61

K1_base 11.49 77.65

K1_t_6 K1_top 4.02 27.15

K1_t_
63

K1_top 6.10 41.26

K1_t_
64

K1_top 10.03 67.79

Model assumptions are explained in the text (surface tension)
a Vesicles in sample are partially unrelated to bubble nucleation
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From the most vesicular to the least vesicular clasts, the
microlite content increases (Figs. 7 and 9b and Table 1), and
the large vesicle population present in pumices disappears
(Fig. 7). The high microlite content of the densest clasts, and
the anti-correlation between porosity and microlite content
(Fig. 9b), is consistent with derivation of the dense trachytic
clasts by decompression-induced outgassing of the gas-rich
magma. Rare breadcrusting (Fig. 6b) on some of the dense
clasts also attests to their magmatic origin.

Pyroclasts with a wide range of densities are generated in
explosive eruptions by several factors (see Gurioli et al. 2015
for a review); however, two main mechanisms have been pro-
posed for the vulcanian dense clasts: (1) vertical eruption of

gas-charged magma from beneath an outgassed magmatic
plug or lava dome (Morrissey and Mastin 2000; Formenti
and Druitt 2003; Houghton et al. 2004; Adams et al. 2006;
Giachetti et al. 2010) or (2) lateral decompression of a dome/
cryptodome containing an outgassed margin and less
outgassed interior (Hoblitt and Harmon 1993; Belousov
et al. 2007; Neill et al. 2010; Bernard et al. 2015; Boudon
et al. 2015). Comparison of the Kilian pyroclast density dis-
tributions with published data from other eruptions (Fig. 10)
shows that pyroclasts in units U1, K1, and K2 resemble those
from the 1997 vulcanian explosions of Soufrière Hills
Volcano, Montserrat (Formenti and Druitt 2003; Giachetti
et al. 2010), and from episode IV of the 1912 Novarupta

Fig. 10 Total density distribution
histograms for Kilian, Soufrière
Hills Montserrat (SHV) August
1997 (Belousov et al. 2007),
Novarupta 1912 (Adams et al.
2006), Mount St Helens (MSH)
1980 (Hoblitt and Harmon 1993),
Bezymianny (BE) 1956
(Belousov et al. 2007), Kelut
1990 (Mueller et al. 2011),
Augustine 1986 (Mueller et al.
2011), Chachimbiro (Bernard
et al. 2015), Puy Chopine
(Boudon et al. 2015), and
Chaiten 2008 (Alfano et al. 2012)
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eruption (Adams et al. 2006), both in the wide range and
bimodality of their distributions. In contrast, the unimodal
distributions of units U2 and U3 more resemble those from
the subplinian eruptions of Augustine 1986, Kelut 1990
(Mueller et al. 2011), and Chaiten 2008 (Alfano et al. 2012),
although in those cases, the modes lie at lower densities than
those of U2 and U3. A shift of the vesicular mode toward
higher densities has been attributed to a decrease of eruption
intensity (Mueller et al. 2011) and/or because the presence of
high abundance of crystals in Kilian products in respect to the
aphyric pumice of Chaiten, for example. We conclude that the
Kilian pyroclasts most resemble those from vulcanian to low-
intensity subplinian explosions at other volcanoes. Explosions

U1, K1, and K2 took place from conduits plugged by (and
partially lined by) degassed magma and/or lava, whereas U2
and U3 took place from conduits with plugs too thin to gen-
erate a discrete population of dense pyroclasts. The presence
of abundant pumice in the Kilian deposit distinguishes it from
the deposits from lateral explosions of domes/cryptodomes,
which lack of pumice (Fig. 10).

This interpretation is reinforced by comparison of the
Kilian pyroclasts with those from other silicic eruptions on
the plot of permeability versus porosity (Fig. 11). Despite
the simplifications of, and problems inherent in permeability
models based on percolation theory, the explosive and
effusive trends of Mueller et al. (2005) are also shown as

Fig. 11 Bulk porosity vs. apparent permeability together with data from
previous studies based on permeability measurements of silicic tephras
(Melnik and Sparks 2002; Klug et al. 2002; Bernard et al. 2007; Platz

et al. 2007; Nakamura et al. 2008; Yokoyama and Takeuchi 2009, Bouvet
de Maisonneuve et al. 2009; Heap et al. 2014)

Fig. 12 a Pore connectivity
(expressed as a fraction) versus
bulk porosity of Kilian pyroclasts
compared with effusive (blue
crosses) and explosive (blue open
circles) andesites from the
literature (Formenti and Druitt
2003; Mueller et al. 2005; Platz
et al. 2007; Bernard et al. 2007;
Giachetti et al. 2010; Farquharson
et al. 2015). b Explosive andesite
samples plus Kilian pumice. c
Effusive andesite samples plus
Kilian dense clasts
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general guides in this figure. However, it must be noted that a
unique percolation threshold at Φ approaching 30% for the
explosive rocks is very simplistic (e.g., Rust and Cashman
2011). Consequently, a significant number of effusive rocks
are displaced toward higher porosity values at a given perme-
ability value, compared to the effusive field (e.g., Wright et al.
2009). The Kilian pumices fall in the field of pumices from
plinian (Klug et al. 2002; Nakamura et al. 2008; Bouvet de
Maisonneuve et al. 2009) or vulcanian (Melnik and Sparks
2002; Bernard et al. 2007) eruptions, and they overlap the
explosive trend predicted by the percolation theory (Mueller
et al. 2005). On the other hand, the dense Kilian pyroclasts
resemble those of dense samples of lava domes from
Montserrat, Montagne Pelée, Unzen, Mount Taranaki/
Egmont, Colima, and Asama, sampled either in situ or in
block and ash flow deposits (Melnik and Sparks 2002;
Bernard et al. 2007; Platz et al. 2007; Scheu et al. 2008;
Yokoyama and Takeuchi 2009; Heap et al. 2014), and they
follow the effusive trend of Mueller et al. (2005). Very similar
information can be observed in Fig. 12a, where we show the
pore connectivity relationship with porosity for Kilian
pyroclasts, separated macroscopically into dense clasts and
pumices. In addition, we compare our data to those from the
literature on andesitic pumices (Fig. 12a, b) and dense rocks
(Fig. 12a, c) from domes, lavas, and block and ash flows
(Formenti and Druitt 2003; Mueller et al. 2005; Platz et al.
2007; Bernard et al. 2007; Giachetti et al. 2010; Farquharson
et al. 2015). We observe that the dense trachytes nicely en-
compass the field of the dense andesites, confirming that they
also derived from a shallow degassed dome. On the other
hand, the trachytic pumices form a cluster with similar ranges
of connectivity and porosity as for andesitic pumices.

The distinct permeability and connectivity trends for effu-
sive rocks compared to the explosive rocks might be ex-
plained by two processes both leading to outgassing: (i) a
hysteresis cycle with an initial vesiculation stage and the

formation of a connected and permeable porous network,
followed by gas escape, bubble collapse, and further densifi-
cation leading to a reduction of permeability with porosity
(Rust and Cashman 2004) or (ii) an increase of permeability
with porosity at a very low percolation threshold by a combi-
nation of bubble coalescence and fracturing in a highly crys-
talline magma (Bernard et al. 2007, Wright et al. 2006). The
onset of connectivity and permeability can occur at a much
lower percolation threshold in the case of high crystallinities
that favor bubble coalescence (e.g., Blower 2001;
Oppenheimer et al. 2015) or in the presence of abundant
cracks (Mueller et al. 2005), both criteria being encountered
in the dense pyroclasts (Fig. 6e–i). From the observed tex-
tures, we propose that the dominant process leading to
outgassing seems to be a combination of bubble coalescence
enhanced by the high crystallinity of the dense clasts, com-
bined with extensive fracturing. However, a hysteresis with
bubble collapse cannot be completely discarded here despite
the absence of textural evidence.

Bubble nucleation and growth

The size distribution spectra of vesicles provide time-
integrated records of nucleation, growth, and coalescence (±
collapse) of bubbles during magma ascent, fragmentation, and
eruption. Kilian pyroclasts of all porosities contain a popula-
tion of small vesicles (mode 1–600 μm); the most vesicular
samples also contain a second distinct population of much
larger vesicles (mode 600–5000 μm), which is absent in the
dense clasts (Fig. 7). In one dense clast (U1_b_96), the small
vesicle population extends to smaller dimensions (mode < 1–
20 μm). A key observation in interpreting the origin of these
two populations is that the small population is present both in
magmas derived from the shallow, outgassed levels of the
conduit (dense pyroclasts) as well as in magma derived from
deeper levels (pumice). This suggests that the small vesicle
population has a common origin in pyroclasts of all porosities
and is related to the sudden decompression accompanying
explosion onset.

The population of large vesicles in the pumices, on the
other hand, may (1) come from a rapid episode of vesicle
coalescence from the small, syneruptive population or (2)
may be pre-eruptive vesicles formed by bubble growth and
coalescence during slow viscous ascent prior to explosion
onset. We favor the second explanation, since it is unclear
how syneruptive coalescence could generate such discrete
mode of very large vesicles.

The number densities (Nv) of each vesicle population are
consistent with these interpretations. Experiments on silicic
melts have shown that Nv immediately following bubble nu-
cleation is a function of magma decompression rate (e.g.,
Mourtada-Bonnefoi and Laporte 2004; Toramaru 2006;
Cluzel et al. 2008). Hence, the higher the Nv, the higher the

Fig. 13 Schematic interpretation of the Kilian eruption
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decompression rate experienced by the melt during bubble
nucleation, although coalescence will subsequently cause Nv

to drop. Nv for the small population is ∼106 mm−3 in all
pyroclasts except in dense clast U1_b_96, in which it is two
orders of magnitude higher (Table 6). This implies that the
decompression rate driving the nucleation of small vesicles
was very high, consistent with a syn-eruptive origin. On the
other hand, Nv of large vesicles is much lower (10−2 mm−3,
Table 6), consistent with nucleation during slow viscous as-
cent and coalescence prior to explosion onset. An important
observation is that the small vesicles in Kilian pyroclasts are
almost always attached to Fe-Ti oxide microlites, emphasizing
the importance of heterogeneous bubble nucleation in the tra-
chytic melt. Fe-Ti oxides are the main mineral phase that acts
as an energetically favorable nucleation site for gas bubbles
(Hurwitz and Navon 1994). This is particularly striking in the
dense clasts, in which most nanometric to micrometric vesi-
cles are associated with Fe-Ti oxides on SEM images. The
number density of Fe-Ti oxides, Noxides, measured with
FOAMS is lower, or of the same order of magnitude as Nv

(Table 4), but is probably underestimated as explained earlier.
Noxides in clast U1_b_96 is significantly higher than for other
Kilian clasts with nanometric oxides revealed by the SEM
images, explaining the high Nv of very small bubbles in this
sample. The good correspondence between the oxide and ves-
icle size modes in dense clasts (in which bubble expansion is
not important) also emphasizes the importance of heteroge-
neous nucleation (Fig. 7). Significant bubble growth has
decoupled the modes of oxides and vesicles in pumice.

Microlite growth during melt outgassing also influenced
bubble growth, sizes, shapes, and distributions (e.g., Belien
et al. 2010). In our study, microlite size range seems to occur
between 10 and 100 μm, which corresponds nearly to the
main small vesicle mode in pumices. This suggests that ex-
pansion of the small bubbles was spatially limited by the
microlites.

Comparison with other eruptions

Products of the Kilian Volcano (KV) bear many similarities to
those of the 1997 Vulcanian explosions of Soufrière Hills
Volcano (SHV), Montserrat in 1997, which have been de-
scribed in a number of publications (Druitt et al. 2002;
Formenti and Druitt 2003; Clarke et al. 2007; Giachetti et al.
2010, 2011; Burgisser et al. 2010). The similarities include (1)
repeated, short-lived explosions accompanied by ballistic
showers; (2) pyroclasts with a wide range of porosities, rang-
ing from dense (plug/dome-derived) to pumiceous (conduit-
derived); (3) populations of large, pre-eruptive vesicles and
small, syneruptive vesicles; (4) heterogeneous nucleation of
syneruptive bubbles on Fe-Ti oxide grains; and (5) eruption
through an existing lava dome. Differences between the two
eruptions are (1) the different magma compositions (trachytic

at KV, andesitic SHV), (2) the number of major explosions
(∼5 at KV, ∼80 at SHV), and (3) the scarcity of well-defined
breadcrust bombs with glassy rims at KV. The presence of
abundant pumice and close similarity of products to those at
SHV lead us to rule out a dominant role of water-magma
interaction in the Kilian explosions (Camus 1975; Camus
et al. 1975; Michon 1996), except perhaps in any minor open-
ing phase. Like at SHV in 1997, the main Kilian explosions
were magmatically driven. The combination of product char-
acterization with detailed eruption measurements now allows
us to exploit the Montserrat analogy (Giachetti et al. 2010) in
reconstructing events at KV. It must of course be kept in mind
that the section of Coupe des Muletiers, although significantly
more developed than any other known outcrop, probably may
not record all the eruptive events.

Reconstruction of events prior to and during the 9.4-ka
eruption

The Kilian eruption took place from the NW margin of an
uplifted and faulted area (Puy Grosmanaux, Fig. 1b) that has
been attributed to an underlying cryptodome (van Wyk de
Vries et al. 2014 and Fig. 1c). Prior to the eruption, 775 °C
trachytic magma ascended slowly from a reservoir at 300–
400 MPa (Martel et al. 2013). The first vulcanian-subplinian
explosion (U1) began when the overpressure of the magma
column beneath the degassed plug or dome reached a critical
threshold that caused the explosion (Druitt et al. 2002; Melnik
and Sparks 2002). This rapid decompression of the magma
caused heterogeneous nucleation of a high number density of
small bubbles on Fe-Ti oxide grains, followed by rapid de-
compression growth. The fragmentation front descended into
the conduit, ejecting first the dense fragments of the plug, then
more vesicular magma from progressively deeper in the con-
duit. The dense plug fragments were ejected immediately into
the atmosphere, where they quenched rapidly, impeding a
significant growth of the bubbles. Bubble growth in the plug
fragments was also limited due to the high abundance of
microlites. In contrast, the longer time between decompres-
sion and eruption quench enabled greater growth of
syneruptive bubbles in the pumiceous magma deeper in the
conduit. Conduit drawdown progressed until conditions were
no longer suitable for fragmentation. Although this depth can-
not be estimated, it is notable that the proportion of dense to
pumiceous pyroclasts remains approximately constant up
through unit U1 (Fig. 3c). Hence, the explosion reamed out
the upper conduit in a way that outgassed magma (plug, con-
duit sidewalls) and gas-rich, deeper magma were ejected in
approximately constant proportions. Fragments of non-
juvenile lava and basement granite may have been eroded
from the conduit walls and/or picked up off the ground from
older ejecta by pyroclastic density currents. The explosion
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generated a 2-m-thick reversely to normally graded layer at
the Coupe des Muletiers location.

Following the first explosion, at least four more major ex-
plosions occurred, separated by pauses of unconstrained du-
ration. Decreasing thickness and maximum grain size up-
wards at the Coupe des Muletiers (Fig. 1a, b) suggest that
these four explosions were less intense than the first one and
that overall the explosion intensity decreased with time.

The first two explosions generated currents with a signifi-
cant lateral component, which resulted in empacement of py-
roclastic density current deposits (Fig. 2). The last three ex-
plosions generated significant fallout on the summit of the
pre-existing Puy de Dôme lava dome immediately to the
north. Explosions U1, K1, and K2 discharged abundant dense
pyroclasts, as well as pumice, generating deposits with bimod-
al density distributions. This implies that these explosions
were preceded by the formation of a plug that capped the vent
and that the magma ascended slowly enough to allow shallow
outgassing through permeable pathways. Explosions U2 and
U3, on the other hand, generated pyroclasts with unimodal
density distributions and little dense juvenile debris, suggest-
ing that the decompression rate must have been too fast prior
to these explosions to allow extensive shallow outgassing. A
low abundance of ejected non-juvenile clasts also character-
ized explosions U2 and U3 (Fig. 3c), suggesting limited con-
duit wall rock erosion, perhaps due to lower pre-explosion
pressure buildup.

Our interpretation is that the eruption evolved in three
stages (Fig. 13): (1) the magma ascent was slowed by the plug,
which generated a strong overpressure that caused a powerful
explosion from beneath a well-developed plug (U1), (2) loss
of the plug, in turn, allowed downward propagation of the
decompression wave to generate the more vesicular (less crys-
talline) material of U2 and U3, and (3) a waning phase of slow
magma ascent and two weak explosions (K1, K2) from be-
neath thick plugs.

Conclusions

1. The 9.4-ka Kilian eruption took place on the edge of a
cryptodome and involved five main explosions with ac-
companying ballistic showers.

2. The eruption evolved in three stages: (1) strong overpres-
sure of the magma column beneath the degassed plug or
dome that reached a critical threshold that caused the pow-
erful explosion of a well-developed plug, (2) the loss of
the plug allowed downward propagation of a decompres-
sion wave that produced two less-powerful explosions
from beneath much thinner plugs, and (3) a waning phase
of slow magma ascent and two weak explosions from
beneath thick plugs.

3. The three plug-confined explosions discharged trachytic
pyroclasts of a wide range of porosities, with bimodal
density distributions similar to those from vulcanian ex-
plosions elsewhere; pyroclasts from the other two explo-
sions have unimodal density distributions at intermediate
values, more typically produced by subplinian events.

4. Pyroclasts of all densities contain a population of small
vesicles with exponential cumulative size distributions
and high number densities interpreted to have formed
during rapid explosion-driven decompression. Incipient
coalescence of these syneruptive bubbles formed a coarse,
power-law tail on the distribution of this population. An
additional population of large, low-number-density vesi-
cles probably formed deep in the conduit during slow
viscous ascent of the magma prior to each explosion.

5. Connectivity and permeability relationships with porosity
confirm that dense clasts arose from outgassing and effu-
sive activity and originated from a shallow plug. We pro-
pose that coalescence, enhanced by the high crystallinity
in the plug, combined with pervasive fracturing, was most
likely responsible for increasing the permeability and
allowing subsequent outgassing in the dense plug, in
agreement with the observed textures. On the other hand,
an initial vesiculation followed by gas escape, bubble col-
lapse, and resulting reduction of permeability is also com-
patible with our results.

6. The eruption and its products bear many similarities to the
1997 explosive eruptions and their products at Soufrière
Hills Volcano, Montserrat.
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