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Abstract
Magma ascent during silicic dome-forming eruptions is characterized by significant changes in magma viscosity, permeability,
and gas overpressure in the conduit. These changes depend on a set of parameters such as ascent rate, outgassing and crystal-
lization efficiency, and magma viscosity, which in turn may influence the prevailing conditions for effusive versus explosive
activity. Here, we combine chemical and textural analyses of tephra with viscositymodels to provide a better understanding of the
effusive-explosive transitions during Vulcanian phases of the 9.4 ka eruption of Kilian Volcano, Chaîne des Puys, France. Our
results suggest that effusive activity at the onset of Vulcanian episodes at Kilian Volcano was promoted by (i) rapid ascent of
initially crystal-poor and volatile-rich trachytic magma, (ii) a substantial bulk and melt viscosity increase driven by extensive
volatile loss and crystallization, and (iii) efficient degassing/outgassing in a crystal-rich magma at shallow depths. Trachytic
magma repeatedly replenished the upper conduit, and variations in the amount of decompression and cooling caused vertical
textural stratification, leading to variable degrees of crystallization and outgassing. Outgassing promoted effusive dome growth
and occurred via gas percolation through large interconnected vesicles, fractures, and tuffisite veins, fostering the formation of
cristobalite in the carapace and talus regions. Build-up of overpressure was likely caused by closing of pore space (bubbles and
fractures) in the dome through a combination of pore collapse, cristobalite formation, sintering in tuffisite veins, and limited pre-
fragmentation coalescence in the dome or underlying hot vesicular magma. Sealing of the carapace may have caused a transition
from open- to closed- system degassing and to renewed explosive activity. We generalize our findings to propose that the broad
spectrum of eruptive styles for trachytic magmas may be inherited from a combination of characteristics of trachytic melts that
include high water solubility and diffusivity, rapid microlite growth, and low melt viscosity compared to their more evolved
subalkaline dacitic and rhyolitic equivalents. We show that trachytes may erupt with a similar style (e.g., Vulcanian) but at
significantly higher ascent rates than their andesitic, dacitic, and rhyolitic counterparts. This suggests that the periodicity of
effusive-explosive transitions at trachytic volcanoes may differ from that observed at the well-monitored andesitic, dacitic, and
rhyolitic volcanoes, which has implications for hazard assessment associated with trachytic eruptions.
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Introduction

Understanding and forecasting effusive-explosive transitions
during intermediate-to-silicic volcanic eruptions is a key ob-
jective of volcanology. Such transitions occur frequently
(Cassidy et al. 2018), yet they remain difficult to anticipate.
Shifts between effusive and explosive phases at a given vol-
cano can occur at different timescales, either between several
eruptions or within single eruptive periods (Cassidy et al.
2018). We focus hereafter on this second scenario of rapid
and repeated effusive-explosive transitions during single
events of Vulcanian eruptions. During andesitic, dacitic, and
trachytic eruptions, effusive phases commonly lead to the em-
placement of crystal-rich lava domes or plugs stalling at shal-
low levels of the conduit (Platz et al. 2007; Lavallée et al.
2012; Kushnir et al. 2016; Colombier et al. 2017a; Heap
et al. 2018). Explosive activity and conduit evacuation can
in turn be triggered by the pressurization of underlying vesic-
ular magma, which ultimately yields a downward propagation
of a fragmentation front within the conduit (e.g., Druitt et al.
2002; Platz et al. 2007; Giachetti et al. 2010; Calder et al.
2015), or by over-pressurization of the dome itself (Boudon
et al. 2015). As a result of these transitions, dense, crystal-rich,
dome-derived pyroclasts and highly vesicular, conduit-
derived pumice pyroclasts commonly coexist in the deposits
of Vulcanian eruptions leading to bimodal porosity/density
distributions of the pyroclasts (Formenti and Druitt 2003;
Adams et al. 2006; Mujin and Nakamura 2014; Colombier
et al. 2017a). Crystallization during magma ascent and stag-
nation at shallow levels, is mostly driven by processes related
to decompression, degassing, and/or cooling (e.g., Blundy and
Cashman 2001; Arzilli and Carroll 2013; Zorn et al. 2018).

Effusive-explosive transitions have been proposed to arise
from differences in magma ascent rate (Platz et al. 2007;
Cassidy et al. 2018), degassing conditions (Eichelberger
et al. 1986; Jaupart and Allègre 1991), pre- or syn-eruptive
volatile content (Andújar and Scaillet 2012; Forte and Castro
2019), rheological changes in the magma (Moitra et al. 2018;
Cassidy et al. 2018), and lava-water interaction (Belousov
et al. 2011; Fitch et al. 2017). The emplacement of lava domes
is typically associated with significant gas loss from the mag-
ma by outgassing through connected bubble networks, frac-
tures, or intergranular pore space (Kendrick et al. 2016;
Colombier et al. 2017b; Lamur et al. 2017; Yoshimura et al.
2019). Magma permeability is the dominant factor controlling
the ability of gas to escape from the magma, and its evolution
is both complex and highly transient in lava domes (Mueller
et al. 2005). Rheological changes in the lava dome also have
an important role in controlling cyclic and hybrid eruptive
style (Lavallée et al. 2013). They are principally governed
by the kinetics of crystallization, bubble nucleation and
growth, and variations in volatile content and temperature
(cooling or heating). All these processes may have competing

effects on eruptive style. As an example, an increase inmagma
viscosity may (1) lead to a slower ascent rate, which in turn
may promote gas escape, magma cooling, and effusive activ-
ity, or (2) have the opposite effect of causing gas overpressure
and magma brittle fragmentation, leading to explosive erup-
tion. Finally, ascent rate controls the time available for the
formation of a permeable magma. Faster ascent rates offer less
time for permeable gas pathways to develop, thereby favoring
explosive activity (Cassidy et al. 2018).

Trachytic (and phonolitic) silicate melts differ strongly
from their more widespread, subalkaline counterparts (andes-
ites, dacites, and rhyolites) in several ways. Firstly, they have
lower viscosities at similar conditions of SiO2 content, tem-
peratures, and dissolved H2O than rhyolitic melts due to dif-
ferences in melt compositions (Andújar and Scaillet 2012).
Secondly, trachytic melts are inferred to crystallize faster than
subalkaline compositions, with higher crystal nucleation and
growth rates leading to higher crystallinities and crystal num-
ber densities on a given timescale (Arzilli and Carroll 2013;
Shea et al. 2017). As crystals are known to promote permeable
gas escape at lower porosities (e.g., Blower 2001;
Oppenheimer et al. 2015; Colombier et al. 2017b; Lindoo
et al. 2017; Colombier et al. 2020), one might expect that
the timing and efficiency of outgassing are strongly influenced
by the high rates of crystallization experienced by trachytic
magmas during ascent. Such rapid crystallization may also
promote heterogenous bubble nucleation on crystals (Cluzel
et al. 2008), thereby reducing volatile supersaturation pressure
and promoting earlier degassing in the conduit. Additionally,
water solubility is higher in trachytic melts than in rhyolites,
with water contents exceeding 7 wt% at ~ 200 MPa (Di
Matteo et al. 2004; Martel et al. 2013). Depending on the
ascent rates of trachytic magmas and the diffusivity of dis-
solved water, this high water solubility may lead to preserva-
tion of high water contents even close to the surface (Di
Matteo et al. 2004). On the other hand, slow ascent and high
water diffusivity allow magmas to track near-equilibrium wa-
ter solubility, which is very low at shallow depths (Di Matteo
et al. 2004). Fanara et al. (2013) predicted high water diffu-
sivities and therefore more efficient degassing in trachytic
melts than in their rhyolitic counterparts at high temperature
and high pressures.

In this paper, we combine textural and chemical analysis of
pyroclasts from the 9.4 ka trachytic Vulcanian eruption of
Kilian Volcano (Colombier et al. 2017a) in order to unravel
the mechanisms responsible for effusive-explosive transition
during single Vulcanian episodes. This volcano is located in
the Chaîne des Puys, a dormant magmatic system approxi-
mately 6 km east from the city of Clermont-Ferrand—a prox-
imity which brings with it some concerns regarding volcanic
hazards and risk (Delcamp et al. 2014; Latutrie et al. 2016).
Constraining the eruptive style of Kilian Volcano is not only a
key to unlocking the characteristics of one of the dominant
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types of volcanism at the Chaîne des Puys (Martel et al. 2013),
but also to improve our understanding of eruptive processes
and hazards at monogenetic volcanoes worldwide. More gen-
erally, a better understanding of the dynamics behind effusive-
explosive transitions is of primary importance to better assess
hazards related to cyclic dome-forming eruptions. Although
they are less ubiquitous, and commonly less voluminous, than
subalkaline magmas, trachytic magmas are often associated
with violent explosive volcanic activity (Rosi et al. 1999),
and some trachytic volcanoes are located close to highly pop-
ulated areas (e.g., Campi Flegrei, Italy). Studying the chemical
and textural characteristics of products from past trachytic
eruptions is essential to identify their eruptive style controls,
and to shed light on how they differ from andesitic-rhyolitic
magmas.

We propose in what follows that the specific characteristics
of trachytic melts such as water solubility, water diffusivity,
viscosity, and crystal growth kinetics were likely responsible
for rapid changes in magma rheology during the 9.4 ka Kilian
eruption and that these rheological changes, coupled with a
high outgassing efficiency, exerted a primary control on the
kinetics of effusive-explosive transitions at Kilian Volcano.
We illustrate how our findings can be extrapolated to other
trachytic volcanoes, and show that the degree of crystalliza-
tion, viscosity, and efficiency of degassing/outgassing are key
parameters regulating the eruptive style and cyclicity of tra-
chytic eruptions.

Geological setting

Kilian Volcano is one of several trachytic monogenetic edi-
fices belonging to the Chaîne des Puys, France (Fig. 1). It
consists of a crater (enlarged by quarrying) and the partial
remains of a lava dome. The Kilian eruption occurred 9.4 ka
ago (Miallier et al. 2012) and was characterized by a succes-
sion of five eruptive episodes ranging from Vulcanian (dome-
or plug-forming) to sub-Plinian (dome- or plug-free) activity,
possibly preceded by a phreatic opening phase (Boivin et al.
2017; Colombier et al. 2017a). The reader is referred to
Colombier et al. (2017a) for a detailed description of the stra-
tigraphy and related eruptive sequence. Here, we focus on the
Vulcanian episodes that have been recently interpreted to re-
sult from overpressurization of the hot, vesicular magma col-
umn below an outgassed, crystal-rich plug or dome
(Colombier et al. 2017a). Despite their different bulk chemical
compositions, these Vulcanian explosions and their products
shared several similarities with Vulcanian activity at Soufrière
Hills volcano inMontserrat, including similar eruptive scenar-
io, pyroclasts density and porosity distributions, and vesicle
and crystal textures (Formenti and Druitt 2003; Giachetti et al.
2010; Colombier et al. 2017a).

Proximal tephra deposits from the eruption cover a large
part of the Chaîne des Puys, including the top and northern
flank of the Puy de Dôme edifice (1450 m a.s.l) located 800 m
north-east of Kilian crater (Colombier et al. 2017a; Boivin and
Thouret 2014; Portal et al. 2019). A distal tephra layer possi-
bly from Kilian has been identified as far as Soppensee lake in
Switzerland (Lane et al. 2011). VanWyk deVries et al. (2014)
suggested that Kilian crater was created by explosive activity
due to the presence of a shallow magmatic intrusion (i.e.,
cryptodome) on the bulged edifice of Puy Grosmanaux to
the south. Kilian crater is partially filled by the remains of a
200-m-wide, 50- to 100-m-thick, trachytic lava dome that cre-
ates a positive gravity anomaly (Portal et al. 2016; Boivin
et al. 2017). This dome was probably emplaced following
the explosive phases.

The samples analyzed in this study are derived from three
Vulcanian episodes at Kilian Volcano (Colombier et al.
2017a) and were mainly sampled at the Coupe des Muletiers
outcrop located approximately 500mNE of Kilian crater (Fig.
1). A few additional samples were taken from deposits on the
summit of Puy de Dôme volcano, and one in situ dome rock
was sampled from the exterior of the dome remnants in Kilian
crater (Fig. 1). We note that an additional type of massive
trachyte is also associated to Kilian dome although it does
not crop out in Kilian crater (Boivin et al. 2015). This lithol-
ogy has been widely quarried and used for building and orna-
mental purposes at the Gallo-Roman period and is no longer
visible in the crater because it has been covered by quarrying
waste and colluvium (Boivin et al. 2015). This peculiar type of
trachyte will not be discussed in this study as it is also absent
from the tephra deposits and likely represents a late effusive
stage.

Methods

Textural, petro-physical, and chemical analysis

Textural observations were made on scanning electron micro-
scope using back-scattered electron images taken on a
HITACHI SU 5000 Schottky FE-SEM and electron micro-
probes at the Ludwig Maximilian University of Munich and
at the University of Hawai‘i at Mānoa.

We analyzed the compositions of interstitial glass and
microlites in two pumice pyroclasts and six dome pyroclasts
using Electron ProbeMicro-analysis to complement and com-
plete the preliminary dataset of Colombier et al. (2017a).
Glassy areas in some dome pyroclasts were too small to be
analyzed. Microprobe analyses at the Ludwig Maximilian
University were carried out with a Cameca SX-100 instru-
ment. A 10-μm defocused beam at an accelerating voltage
of 15 keV and a current of 5 nA was used in glass analysis
in order to limit Na loss. Calibration was done on the
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following standards: wollastonite (Ca); albite (Na, Si); peri-
clase (Mg); orthoclase (K, Al); Fe2O3 (Fe); Cr2O3 (Cr); ilmen-
ite (Ti); bustamite (Mn); apatite (P); vanadinite (Cl); and an-
hydrite (S). Peak counting time was 10 s for each element (5 s
for background on each side of the peak). For matrix correc-
tion, the PAP routine, implemented in the Cameca PeakSight
software, was used. Another set of analyses was conducted at
the University of Hawai’i at Mānoa using a JEOL Field-
emission Hyperprobe JXA-8500 device, with an accelerating
voltage of 15 kV and a 10-nA beam current. Standards used
were VG2 and STG56 glasses (Si, Al, Fe, Ca), Sphene glass
(Ti), Verma garnet (Mn), Springwater olivine (Mg),
Orthoclase (K), Amelia albite (Na), and Durango apatite (Cl,
P). On-peak count times were 20 s (Si, Ti, Na, Fe, K, P, Mn),
30 s (Ca), and 60 s (Cl, Al) with half of those count times off-
peak for background measurement. The time-dependent in-
tensity correction implemented in the software Probe for
EPMA©was used to track and correct for Na loss and Si gains
when needed. Analytical precision was better than 1% relative

for Si, Al, Mg, Fe, Ca, 3% relative for Na, K, Ti, 10% relative
for P and Cl. Due to the age of the deposits, secondary rehy-
dration by meteoric water caused totals to be lower than
100%. As a result, glasses were normalized to 100% to allow
comparison between different pyroclasts but uncorrected raw
data are available in the Supplementary Material.
Interlaboratory microprobe analysis was carried for practical
reasons, and chemical analysis of the same pyroclast mea-
sured at the Ludwig Maximilian University of Munich and
at the University of Hawai’i at Mānoa yielded similar results.
We also performed additional textural analyses and chemical
mapping of an in situ dome rock at the scanning electron
microscope at the Laboratoire Magmas et Volcans of
Clermont-Ferrand.

Eight pumice pyroclasts and five dome pyroclasts were
selected for X-ray diffraction (XRD). The finely ground sam-
ples were mixed with ~ 17 wt% of silicon (Alfa Aesar Silicon
powder, 99.5% purity) as internal standard for quantitative
Rietveld refinement. For Rietveld refinement, the software

Fig. 1 aMap of the Chaîne des Puys with the trachytic domes shown in
red. bMap showing the locations of samples analyzed in this study. The
blue triangles show sites of sampling of the Kilian tephra at the summit of
Puy de Dôme lava dome (‘Kilian summit’) and on the southern flank of

Puy de Dôme at the Coupe des Muletiers outcrop (‘Kilian Muletiers’).
The white triangle in Kilian crater corresponds to an in situ dome rock
sampled at the exterior of the dome remnants (red area) at the crater rim.
The black dashed line delimits the rim Kilian crater
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Profex 3.10.2 (Döbelin and Kleeberg 2015) was used.
Measurements were performed with a GE X-ray diffractome-
ter (XRD 3003 TT) in Bragg-Brentano geometry in a 2 theta-
range of 10–100 ° by using Cu Ka1 radiation.

X-ray fluorescence whole rock analyses were carried out
on 7 pumice pyroclasts and 4 dome pyroclasts at the Institute
of Geosciences, Johannes Gutenberg University Mainz,
Germany, using a PhilipsMagiXPRO device. Loss on ignition
was determined after heating the sample for 2 h at 980 °C. The
major elements were measured on glass beads, prepared from
a mixture of 0.4-g sample powder and 5.2 g Li2B4O7.

Petro-physical and chemical data were then used as inputs
in SOLVCALC (Wen and Nekvasil 1994) to calculate iso-
therms in a feldspar ternary diagram and in Rhyolite-
MELTS (Gualda et al. 2012) to model crystallization during
magma ascent at equilibrium conditions.

The porosity data used in this study were obtained using an
immersion technique based on Archimedes principle with nega-
tive error bars of 7 vol% corresponding to the maximum differ-
ence observed with the glass beads method (showing systemat-
ically lower values) for most pyroclasts (Colombier et al. 2017a).

Simultaneous thermal analysis

Two pumice pyroclasts and one dome pyroclast were heated
in a STA Netzsch 404C at a heating rate of 10 °C min−1 up to
1000 °C to retrieve the glass transition temperature (Tg) and to
distinguish between the meteoric and magmatic water con-
tents using thermogravimetric measurement of the mass loss
during heating. The error on the glass transition peak is ± 3 °C
(Kai-Uwe Hess personal communication).

These results have been combined with porosity, permeabil-
ity, crystallinity, whole rock and glass analyses, and textural
data from our previous study (Table 1; Colombier et al. 2017a).

Results

Classification of pyroclasts based on textural
observations

In this study, wemainly focus on pyroclasts from the initial and
final Vulcanian phases of the Kilian eruption and include one
pyroclast from intermediate sub-Plinian phases (units U1, K1,
and K2 in Fig. 3 from Colombier et al. 2017a). For simplicity,
we use the same classification as in Colombier et al. (2017a) to
distinguish pumice (> 40% porosity) from dense dome-derived
pyroclasts (< 40% porosity; hereafter referred to as dome
pyroclasts). In reality, there is an overlap in the porosity range
of the two populations. The juvenile pyroclasts analyzed are
mostly lapilli in the grain size fraction 16–32 mm, with a few
larger lapilli of the fraction 32–64 mm (Table 1).

Pumice pyroclasts are beige-gray in color and range from
highly rounded to highly angular in shape (Fig. 2a, c, d) which
may reflect (i) a mixed mode of tephra emplacement between
PDC and fallout, with more abrasion and rounding for the
PDC pyroclasts (Colombier et al. 2017a) or (ii) different de-
gree of rounding due to variable porosities in this population.
Rare breadcrust textures have been observed in a few, dense
pumice lapilli and bombs. On the other hand, dome pyroclasts
are gray to dark-gray and are essentially angular, with only a
few sub-rounded particles (Fig. 2b). Some of these pyroclasts
show breadcrust textures (Fig. 2e) and banded pyroclasts are
ubiquitous in this population (Fig. 2f).

Pumice pyroclasts contain near-spherical to deformed ves-
icles (Fig. 3a–d). The degree of deformation of the vesicles
seems to intensify with decreasing porosity and increasing
crystallinity (Fig. 3a–d).

The range of textures in the dome pyroclasts population is
highly variable between pyroclasts of similar porosity. We
identify three main populations of dome pyroclasts: (i) a
Type 1 consisting of dome pyroclasts with small isolated ves-
icles and larger coalesced vesicles organized in clusters within
interstitial glassy areas between microlites (crystallinity is
lower than in Type 2 pyroclasts; Fig. 3e–g); (ii) a Type 2
population with pyroclasts characterized by diktytaxitic tex-
tures with a high number density of small interconnected ves-
icles in a nearly holocrystalline matrix, and by the presence of
cristobalite in interconnected vesicle clusters (Fig. 3h–j); (iii) a
Type 3 population including brecciated dome pyroclasts with
banded and sheared textural layers alternating with more brec-
ciated domains consisting of granular patches with variable
degree of sintering (Fig. 3k, l). The banded areas contain large
phenocrysts of feldspar, kaersutite, biotite and occasionally,
cristobalite, and ash particles and the grain size is highly
variable.

Networks of pyroclast-wide cracks are present in all dome
pyroclasts but are more developed in the Type 2 and 3 popu-
lations. We also observed locally interconnected vesicle
chains in pumice and dome pyroclasts (Fig. 4a, b). These
different textural lithologies are present in all the deposits
associated with Vulcanian episodes of the Kilian eruption
(Colombier et al. 2017a).

Finally, the in situ dome rock sample coming from the
external part of dome remnants cropping out in Kilian crater
shows textures similar to that of the Type 2 dome pyroclasts
from the deposits. Similarities include the diktytaxitic texture
with a holocrystalline matrix and absence of glass and the
presence of cristobalite in the interconnected vesicles clusters
highlighted by chemical mapping (Fig. 4f, g).

Chemical analysis and crystallinity

All the pyroclasts are trachytic in bulk rock composition (Fig.
5; Table SM1). No bulk rock oxide concentrations correlate
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with pyroclast type except for SiO2, which is slightly higher in
the Type 2 dome pyroclasts than in the Type 1 and Type 3
dome pyroclasts and pumice pyroclasts due to the presence of
cristobalite (Table SM1). Glass compositions evolve from
dominantly trachytic in the pumice pyroclasts to dominantly
rhyolitic in the dome pyroclasts (Fig. 5; Table SM1).

The principal phenocrysts identified by microprobe are
oligoclase and anorthoclase with minor amounts of
kaersutite, magnetite, ilmenite, apatite, cristobalite, and
zircon. The samples analyzed here lack phenocrysts of
clinopyroxene although previous studies noted the pres-
ence of rare clinopyroxene in Kilian Tephra (Juvigné
et al. 1992; Martel et al. 2013). The microlites are essen-
tially oligoclase to anorthoclase feldspars (Fig. 5) and Fe-
Ti oxides. Oxide nanolites (< 1 μm) are also abundant in
Type 1 and 2 dome pyroclasts and frequently decorate
feldspar microlites (Fig. 4d, e; Colombier et al. 2017a).
We note that rare submicron nano-crystals were also oc-
casionally observed in pumice pyroclasts. The number
density of Fe-Ti oxide nanolites and microlites is consid-
erably higher in dome pyroclasts than in pumice
pyroclasts, as reported for other Vulcanian eruptions
(Mujin and Nakamura 2014).

XRD analysis yields the identity and quantity of crystalline
phases in the pyroclasts (Fig. 6a; Table 2). Phase proportions
in wt% were converted to volume fractions using the known
densities of the glass and crystalline phases. Although Fe-Ti
oxide microlites and nanolites are ubiquitous in these samples
and have a high number density (Colombier et al. 2017a), they
were not detected by XRD implying that Fe-Ti oxides repre-
sent each less than 2 wt% (XRD detection limit) in all
pyroclasts. The crystallinity estimated from XRD ranges from
50 to 94 vol% (Table 2). The most abundant phases are oli-
goclase and anorthoclase (50–87 vol%). Kaersutite is found
only in one Type 1 dome pyroclast (2.2 vol%) and cristobalite
appears mostly in the Type 2 dome pyroclasts (~ 6.5 vol%),
and in smaller amount in one Type 1 dome pyroclast only (~ 4
vol%; Table 2).

Porosity distributions (Colombier et al. 2017a) are bimod-
al, with pumice and dome pyroclast populations centered
around ~ 60% and 25% porosities respectively (Fig. 6b).
The crystallinity of pyroclasts clearly increases with decreas-
ing porosity (or increasing density) (Fig. 6a). The dome
pyroclasts show crystallinities between 68.4 and 93.5 vol%
whereas the pumice pyroclasts contain 49.9–66.7 vol% crys-
tals. The crystallinities obtained by XRD and via 2D image

Fig. 2 The different types of
pyroclasts erupted during
Vulcanian activity at Kilian
Volcano. a Pumices in the 32–64-
mm grain size fraction with beige-
gray color and showing variations
in density and degree of rounding.
(b) Dense, gray to dark-gray
dome pyroclasts in the 32–64 mm
fraction showing a higher
apparent density than pumice
pyroclasts and mostly angular
shapes with only a few sub-
rounded pyroclasts. c Highly
vesicular, well rounded pumice
pyroclast. d Denser pumice
pyroclast with less rounded
shape. e Dense dome pyroclast
with breadcrusted surface. f Type
3 dome pyroclast with banded
texture
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analysis (Colombier et al. 2017a) show the same trend of
increasing crystallinity with porosity, but values of crystallin-
ity measured using image analysis are systematically 30–40
vol% lower than those obtained with XRD (Fig. 6a). We note
that crystallinity is expressed on a vesicle-free basis for both
techniques. XRD analyses carry an inherent error for multi-
component rock samples. Based on the different crystal struc-
tures and symmetries of the involved phases, they have a
different X-ray scattering power, possibly leading to an un-
derestimation of bad diffractor phases with a low scattering
power (e.g., feldspars and/or amphiboles) (Dunn et al. 2010).
However, in the trachytes studied here, the most abundant
crystalline phases are feldspars based on textural and chemical
observations, with only minor amounts of other minerals. A
calibration of the XRD technique for crystallinity quantifica-
tion based on a mixture of varying amounts of feldspar and
glass showed that the error is less than 5 vol% with this meth-
od (Fig. SM3 in the Supplementary Material), which implies
that the discrepancy between XRD and image analysis mostly
arises from issues with the latter technique. Limits to contrast
in the scanning electron microscope images and the fact that
microlites below a certain size cannot be resolved and

quantified may be responsible for this apparent discrepancy
in crystallinity. Rowe et al. (2012) have discussed that two-
dimensional imaging techniques are insufficient for character-
izing crystallinity in samples where the groundmass does not
contain an easily identifiable glassy component, which is the
case here for Kilian samples. D’Oriano et al. (2005) have
pointed out that feldspar composition for trachytic-phonolitic
melts is close to that of the residual liquid and that subsequent
low grey scale contrast of feldspars and matrix glass on BSE
images constitute an obstacle for detailed textural analysis.
This discrepancy between XRD and image analysis is likely
more significant in highly crystal-rich samples such as Kilian
trachytes. Devitrification and the presence of high quantities
of small crystals not quantified during image treatment may be
an additional cause of discrepancy between crystallinities
measured by XRD and image analysis (Rowe et al. 2012; de
Andrade et al. 2017). Regardless of the method, data obtained
by the two techniques show similar features, with Type 1
dome pyroclasts being less crystalline than Type 2 dome
pyroclasts (Fig. 6a; Tables 1 and 2). Interestingly, the crystal-
linity increases with decreasing porosity in the pumice popu-
lation, and the least vesicular pumice has crystallinities

Fig. 3 Textural classification of the Kilian pyroclasts. The four main
types of pyroclasts are shown: pumice pyroclasts (a–d), Type 1 (e–g),
Type 2 (h–j), and Type 3 (k, l) dome pyroclasts. a, b Highly vesicular
pumice pyroclast U1-t-77 with sub-spherical vesicles. c, d Pumice
pyroclasts U1-b-63 and U1-b-71 with lower porosity, higher
crystallinity, and degree of vesicle deformation. e–g Type 1 dome
pyroclasts U1-b-97 and K1-s-2 with low porosity, high crystallinity,

and interstitial glass between feldspar microlites. h–j Type 2 dome
pyroclasts U1-b-96, K1-s-3, and U1-t-6 with diktytaxitic texture and
presence of cristobalite in the interconnected vesicle clusters. Ellipsoids
mark areas where cristobalite is observed. k, l Type 3 dome pyroclast
PB11-1803-2c with granular material in between bands of variable
porosity
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approaching some of the Type 1 dome pyroclasts (Fig. 6a;
Tables 1 and 2). Only one Type 3 banded-pyroclast was mea-
sured and showed the lowest crystallinity in the dome popu-
lation (68.4 vol%).

Glass compositions

The glass compositions of pumice and Type 1 dome clasts
form a nearly continuous spectrum of increasing SiO2 and
decreasing Al2O3 and alkali content, likely associated with
extensive feldspar microlite crystallization (Fig. 7). More gen-
erally, elements that are compatible in anorthoclase (Al2O3,
Na2O, CaO) show trends consistent with extensive feldspar
crystallization. By contrast, MgO is incompatible in

anorthoclase, yet also decreases with increasing SiO2. We
attribute this decrease to crystallization of kaersutite contain-
ing ~ 10 wt% MgO on average. Cl is also incompatible in
most crystallizing phases (kaersutite contains only up to
0.15 wt% in these rocks) and should increase in the melt
during crystallization. However, Cl slightly decreases with
increasing SiO2 in the interstitial glass between pumice and
dome pyroclast, suggesting possible loss to degassing (Fig. 7).
The composition of the most vesicular pumice pyroclasts
matches closely the composition of melt inclusions trapped
in amphiboles and plagioclase phenocrysts (Martel et al.
2013), suggesting little crystallization occurred between the
time when inclusions were trapped and the least crystal-rich
pumice pyroclasts were erupted. In addition, SiO2, TiO2, and

Fig. 4 Specific textural features observed in the trachytes. Images a to f
are back-scattered electron images, and images g to i are compositional
maps. a Pumice pyroclast K1_t_1 with fracture-like chain of coalesced
vesicles in the right panel. b Fracture-like chain of coalesced vesicles in
the Type 1 dome pyroclast K2Mul3. c Type 1 dome pyroclast PB11_
1803_2b1 showing trachytic texture with aligned microlites. d Oxide
nanolites in the interstitial glass between feldspar microlites in Type 1
dome pyroclast U1-b-97. Due to limitations in image magnification,
nanolites appear as bright dots only 1 or 2 pixels in width in this
pyroclast and arrows are to guide the eye towards regions with high

nanolite concentration. Note that the nanolites should not be confused
with microlites (larger than 1 μm). e Oxide nanolites in the interstitial
glass between feldspar microlites in the Type 2 dome pyroclast U1-b-96.
Nanolites are commonly arranged as rims around the feldspar microlites
in this sample. f–i Scanning electron microscope images and chemical
map for Si, K, and Ca in the in situ dome rock BPK-1 sampled at the
exterior of the dome remnants of Kilian crater. This dome rock has a Type
2 characteristic diktytaxitic texture with the presence of cristobalite
evidenced in the chemical map of Si (g)
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Fig. 5 Total alkali versus SiO2 diagram showing whole rock
compositions of the pyroclasts (red squares) and glass compositions of
pumice pyroclasts and Type 1 and 3 dome pyroclasts. This diagram was
modified after Le Bas et al. 1986. Glass is absent or rare in the Type 2
dome pyroclasts explaining the lack of data for this pyroclast population.
The solid and dashed curves correspond to the evolution of melt
composition during crystallization modelled using Rhyolite-MELTS at
755 and 795 °C, respectively. The modelled trend was separated

according to magma crystallinity (Φx): 0–40 vol% (red shaded area);
40–70 vol% (typical of pumice population; orange shaded area), and
70–85 vol% (typical of dome pyroclasts; blue shaded area). The inset
on the right represents a feldspar ternary made using the data along
with isotherms calculated using SOLVCALC (Wen and Nekvasil
1994). Ab: Albite; Olig: oligoclase; And: Andesine; Lab: Labradorite;
Byt: Bytownite; An: Anorthite; San: Sanidine. Error bars are smaller
than symbols

Table 2 Crystallinities and glass content obtained by XRD. All other phases represent less than 2 vol % of the samples and were not considered for the
analysis

Sample Sample type Porosity Crystallinity Proportion of phases (vol %)

Anorthoclase Oligoclase Kaersutite Cristobalite Glass χ2

K1_t_63 Pumice 0.54 53.2 26.8 26.3 - - 46.8 1.21

U2_b_29 Pumice 0.6 65.5 36.3 29.3 - - 34.5 1.27

U1_b_63 Pumice 0.57 61.5 23.6 37.9 - - 38.5 1.32

U1_t_3 Pumice 0.44 66.7 37.1 29.6 - - 33.3 1.1

U1_t_77 Pumice 0.75 49.9 26.0 24.0 - - 50.1 1.04

K1_s_1 Pumice 0.6 62.9 27.5 35.4 - - 37.1 1.2

K2 Mul 2 Pumice 0.48 58.1 25.3 32.8 - - 41.9 1.31

K2_1 Pumice 0.6 51.8 14.9 36.9 - - 48.2 1.17

K1_b_61 Dome Type 1 0.18 74.0 35.3 36.4 2.2 - 26.0 1.4

K1_s_2 Dome Type 1 0.27 76.7 32.8 40.0 - 3.9 23.3 2.21

K2 Mul 5 Dome Type 2 0.21 93.5 67.9 19.1 - 6.5 6.5 1.5

U1_t_6 Dome Type 2 0.23 82.9 24.7 51.9 - 6.3 17.1 1.92

U1_t_4 Dome Type 3 0.18 68.4 31.5 36.9 - - 31.6 3.54
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Fe2O3 are higher in the dome glass (Types 1 and 3) compared
to the pumice glass, while MgO, CaO, Na2O, K2O, Al2O3,
and Cl are higher in the pumice glass (Fig. 8). F content in the
glass was below the detection limit (500 ppm). The Type 3
dome pyroclasts (banded and brecciated pyroclasts) have a
similar range in glass SiO2 compared to Type 1 dome
pyroclasts, but with lower average values for alkalis, TiO2,
Fe2O3, and MnO and higher values of MgO, Al2O3, CaO,
and P2O5 (Figs . 5 , 7 , and 8; Table SM1 in the
SupplementaryMaterial). This evolution of glass composition
from vesicular pumice to denser dome pyroclasts likely re-
flects the predominant crystallization of feldspars together
with minor amounts of magnetite microlites.

Chemical mapping revealed a zonation in the feldspar
microlites in the dome pyroclasts, with large microlites

showing more Ca-rich and K-poor cores than rims and smaller
microlites (Fig. 4). Therefore, the large variations in K2O and
CaO observed for feldspar composition in Fig. 7 likely reflect
an evolution in time toward higher and lower values of K2O
and CaO, respectively, during feldspar crystallization. This
observation agrees with the fact that data for feldspar pheno-
crysts formed early in the crystallization process plot towards
the CaO-rich and K2O-poor endmember of the feldspar pop-
ulation (Fig. 7).

Viscosity model

The thermal analysis yielded a glass transition temperature Tg
~ 689 °C (Fig. 9). We then estimated the dry and hydrous melt
viscosity and magmatic water content of the trachytic magma
by combining the viscosity models of Gottsmann et al. (2002)
and Giordano et al. (2004). A detailed description of the pro-
cedure and error estimation is given in the Supplementary
Material. Output of the model yielded a water content of
0.04 wt% and a viscosity of 1011.07 Pa.s at Tg in the pumice
population. The viscosity with this model assuming a similar
water content at eruptive temperature of 775 °C (Martel et al.
2013) for the pumice population yielded ~ 109.38 Pa.s. We
emphasize that these viscosity estimates represent the values
at the time of quenching of the pumice pyroclasts, and viscos-
ity may have been significantly lower during fragmentation if
the water content was higher. At pre-eruptive storage condi-
tions of 300–400 MPa, ~ 8 wt% H2O, and T = 775 °C (Martel
et al. 2013), the model yields a melt viscosity 101.71 Pa.s.

The low modelled magmatic water content in the glass of
the pumice pyroclasts at the time of quenching compares nice-
ly with the results of the thermogravimetric analysis (Fig. 9).
This analysis shows mass loss only below Tg, suggesting the
presence of some meteoric water but no magmatic water in
pumice and dome pyroclasts (Giachetti et al. 2015). We note
that Cl was likely stabilized in the melt phase during this
thermal treatment due to the high iron content preventing vol-
atilization and Cl escape (Dingwell and Hess 1998). Next, we
used the Giordano et al. (2008) model to calculate the melt
viscosity of the Type 1 dome pyroclasts with a rhyolitic glass
composition and assuming a water content of 0.02 (lowest
solubility for rhyolitic composition). This yielded a viscosity
of ~ 1011.69 Pa.s at 775 °C.

Discussion

Origin of the different types of pyroclasts

We hereafter combine information from textural and chemical
analysis with viscosity estimates to shed light on the origin of
the different types of pyroclasts and on conduit stratigraphy
prior to Vulcanian episodes at Kilian Volcano.

Fig. 6 a Crystallinity (vesicle-free) vs. porosity in the pyroclasts. Orange
stars, blue crosses, and blue open squares represent data obtained by 2D
image analysis for pumice pyroclasts, Type 1 and Type 2 dome
pyroclasts, respectively (Colombier et al. 2017a). Orange circles, blue
triangles, dark blue diamonds, and open diamonds represent XRD data
from this study for pumice pyroclasts, Type 1, Type 2, and Type 3 dome
pyroclasts, respectively. b Porosity histogram showing the dome and
pumice populations overlapping
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Pumice population

Glasses within the most vesicular pumice pyroclasts are similar
in composition to melt inclusions measured in feldspar and am-
phibole phenocrysts by Martel et al. (2013). This similarity sug-
gests that microlites did not significantly modify the melt com-
position in the pumice population after phenocryst formation.

Scanning electron microscope observations and XRD
analysis indicate that crystallinity increases with decreas-
ing porosity of the pumice pyroclasts. Furthermore, the
crystallinity in the least vesicular pumice pyroclasts ap-
proaches values measured in some of the Type 1 dome
pyroclasts (Fig. 6a). These pumice pyroclasts were there-
fore likely emplaced in an intermediate region below the

Fig. 7 Compositions of whole
rocks, interstitial glasses, melt
inclusions, and crystals. The
interstitial glass compositions are
for pumices, Type 1, and Type 3
dome pyroclasts. Glass is absent
or rare in the Type 2 dome
pyroclasts. Error bars are smaller
than symbols
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dome, which experienced greater extents of decompres-
sion, cooling, degassing, and therefore more crystalliza-
tion than deeper in the conduit. Alternatively, pumice
pyroclasts with higher microlite content may originate
from the conduit margins where (i) lower temperatures
promote crystallization or (ii) preferential, strain-induced
degassing (Shea et al. 2014) may have accelerated
degassing-induced crystallization. These transitional
zones might explain the overlap in crystallinity and po-
rosity between the pumice and dome populations (Fig. 6).

High porosity pumice pyroclasts likely originate from
deeper and more central zones of the conduit and experi-
enced significant syn- and post-fragmentation vesiculation
and possibly outgassing (Giachetti et al. 2010; Giachetti
et al. 2015). This scenario would be consistent with the
low magmatic water content modelled and measured in
the pumice pyroclasts. Evidence for post-fragmentation
vesiculation is also recorded by the presence of bread-
crust textures at the surface of bombs and lapilli
(Colombier et al. 2017a).

Type 1 dome pyroclasts

These dome pyroclasts are less crystalline than those of Type
2 but are more crystalline than most of the pumice and Type 3
pyroclasts. The melt composition during magma ascent was
initially similar to that of pumice and melt inclusions and
subsequently evolved by crystallization of mostly feldspar
and minor amounts of kaersutite and magnetite. Measured
glass compositions show more heterogenous and depleted Cl
contents compared to the pumice population. Depleted and
heterogenous Cl contents in volcanic rocks have been reported
elsewhere and attributed to (i) leaching or devolatilization of
Cl by escaping steamwith subsequent degassing to the surface
(e.g., Soufrière Hills volcano; Harford et al. 2003; Horwell
et al. 2013; Schipper et al. 2019), (ii) outgassing (Yoshimura
et al. 2019; Schipper et al. 2019), (iii) devitrification in rhyo-
litic melts (Schipper et al. 2019), or (iv) groundmass crystal-
lization in a slowly cooling magma (Signorelli and Carroll
2002). The latter process can be ruled out as groundmass
crystallization of microlites with low Cl content would have

Fig. 8 Evolution of interstitial
glass composition with whole
pyroclast porosity. Orange
circles: pumice glass. The dashed
boxes show the range of
porosities observed in the
heterogenous Type 3 dome
pyroclasts
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the inverse effect of increasing the Cl content from pumice to
dome pyroclasts. We thus propose that permeable gas and
fluid transport are likely responsible for the heterogeneous
and depleted Cl concentrations in the dome pyroclasts at
Kilian. We note that a low Cl content was measured locally
in two pumice pyroclasts, indicating that a similar process
may also have occurred to a lesser extent and in more local-
ized areas in the pumice population.

The presence of networks of large interconnected vesicle
clusters and the high permeability (~ 10-12 m2; Table 1) of
Type 1 dome pyroclasts indicates that permeable gas escape
likely occurred in this population (possibly aided by forma-
tion of cracks). Additional permeability measurements
would be required to better explore differences between the
four pyroclast populations. Cristobalite is generally rare in
Type 1 samples but was observed in one pyroclast, with low-
er concentrations than those found in the Type 2 pyroclasts.
The low cristobalite abundance relative to Type 2 pyroclasts
in turn suggests more limited or later occurrence of
outgassing and fluid transport.Apopulationof small isolated
vesicles coexists with the large vesicle clusters, previously
attributed to a late stage event of syn-eruptive bubble nucle-
ation and growth event (Colombier et al. 2017a). This late
stage of bubble nucleation may have proceeded heteroge-
neously on feldspar and Fe-Ti microlites (Shea 2017; Pleše
et al. 2018). The low connectivity and size of these small
bubbles mean that this second vesiculation event likely had
a small influence on permeability and outgassing compared
with macropores.

Type 1 pyroclasts can be considered as a gradual transition
between pumice pyroclasts and Type 2 rocks in terms of tex-
tures, composition, crystallinity, and the presence and amount
of oxide nanolites and cristobalite (Figs. 3, 4, and 6; Table 2).
As discussed above, pumice pyroclasts are inferred to repre-
sent hot vesicular magma beneath the lava dome. We argue in
the next section that the Type 2 pyroclasts likely arise from the
upper part of the dome (talus and carapace). We therefore
propose that the Type 1 population corresponds to a transi-
tional region in the interior of the dome above the underlying
hot and less viscous magma and beneath the diktytaxitic
carapace.

Type 2 dome pyroclasts

These pyroclasts display diktytaxitic textures, and are more
crystal-rich than the Type 1 pyroclasts at a similar porosity
with scarce glassy areas only recognized through XRD anal-
yses (Fig. 6). The presence of this texture suggests either (i)
more extensive crystallization, (ii) gas-filter pressing that may
remove the highly viscous melt from these parts of the dome
or (iii) dissolution of the glass through intense leaching.

Cristobalite microlites are present within scanning electron
microscope and microprobe images in all Type 2 pyroclasts
(Fig. 3; Tables 1 and 2). Cristobalite is almost systematically
located in interconnected macro-pores that resemble the vesi-
cle clusters observed in the Type 1 dome pyroclasts but with
more irregular shapes due to higher crystallinities and smaller
size indicative of more advanced pore collapse (Fig. 3). Thus,

Fig. 9 Results from the simultaneous thermal analysis showing the
quantification of the glass transition temperature using differential
scanning calorimetry (a) and the mass loss related to meteoritic water
content using thermogravimetric analysis (b). No significant water loss

is observed after Tg is crossed, consistent with the results of the viscosity
model indicating lowmagmatic water content. The raw data are presented
without baseline correction due to the weak signal during analysis
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cristobalite likely crystallized in the connected porous net-
work of these dome pyroclasts. Cristobalite is frequently
found in dome rocks with diktytaxitic textures from other lava
domes and lavas such as at Lewotolo volcano, Soufrière Hills
volcano in Montserrat, Volcán de Colima, Cordón Caulle,
Merapi or Mount Taranaki (e.g., de Hoog et al. 2005;
Williamson et al. 2010; Lavallée et al. 2012; Schipper et al.
2015; Kushnir et al. 2016; Preece et al. 2016; Zorn et al.
2018). Cristobalite has also been recognized in other Chaîne
des Puys trachytic domes at Chopine and Puy de Dôme vol-
canoes (Boudon et al. 2015; Deniel et al. 2020). The presence
of cristobalite is often taken as an evidence for prolonged
residence time in the dome during outgassing (Kendrick
et al. 2016) although cristobalite precipitation itself is believed
to be a rapid process (typically in the order of few hours;
Williamson et al. 2010; Damby et al. 2014). Cristobalite for-
mation has been attributed to gas filter pressing (Kushnir et al.
2016), devitrification (e.g., Horwell et al. 2013; Schipper et al.
2015, 2017) and/or precipitation from silica-rich fluids perco-
lating through the dome (Horwell et al. 2013; Boudon et al.
2015; Kendrick et al. 2016). In our case, the fact that
cristobalite is always observed in the connected macro poros-
ity suggests that it was formed by permeable transport of Si-
rich fluids during outgassing and possibly hydrothermal activ-
ity at shallow levels.

The increase in bulk SiO2 in Type 2 dome pyroclasts
(Table SM1) suggests that silica was transported into this re-
gion of the dome from external sources outside the magmatic
system, as proposed by Horwell et al. (2013), or from inner
regions of the dome. The presence of cristobalite and
diktytaxitic textures are characteristics of external regions of
lava domes, and are typically found in the carapace or talus
region (Boudon et al. 2015; Kushnir et al. 2016; Heap et al.
2018). We propose that the source of SiO2 arises from
leaching of Si-rich melt areas from the Type 1 interior region
of the dome and subsequent transport to the external carapace
or talus region. Leaching may proceed via corrosion through
magmatic H2O and/or acid solutions/vapors such as HF
followed by scavenging of alkalis and Si present in the glass
and crystalline phases, and subsequent entrainment in Si-rich
fluids (Horwell et al. 2013; Schipper et al. 2015). This scenar-
io can therefore be seen as intermediate between a “bulk trans-
port” and a “local redistribution” of silica (Horwell et al. 2013;
Schipper et al. 2015) in the case of Kilian with a process in
which the vapor source comes from the dome itself (in agree-
ment with local redistribution) but involves some transport
and causes change in the bulk SiO2 content (compatible with
bulk transport).

This origin in the exterior of the dome is further suggested
by the presence and high number density of Fe-Ti oxide
nanolites in the Type 2 dome pyroclasts (e.g., Fig. 4e).
Nanolite crystallization has been attributed to late stage crys-
tallization in shallow regions, and cooling and oxidation as

proposed by Mujin and Nakamura (2014) for Shinmoedake
volcano (Japan). We note that these nanolites likely formed
substrates for heterogeneous bubble nucleation, causing very
high bubble number densities in some dome pyroclasts
(Colombier et al. 2017a; Shea 2017; Cáceres et al. 2020).

Based on all these observations, we propose that these
Type 2 dome pyroclasts originate from the exterior of the
dome (carapace and talus), in which significant cooling, crys-
tallization, and hydrothermal activity took place. This inter-
pretation is further supported by the highly similar diktytaxitic
texture and presence of cristobalite in connected vesicle clus-
ters revealed by chemical mapping in the in situ dome rock
corresponding to the external part of the dome remnants sam-
pled at the rim of Kilian crater (Fig. 4f, g).

Type 3 dome pyroclasts

These pyroclasts display bands of distinct porosities enclosing
variably sintered grains. These bands often consist of macro-
fractures containing microphenocrysts, phenocrysts, and ash
particles. The sizes of the particles in the sintered zones differ
strongly. Sintered pyroclasts are most likely relics of parts of
the dome intersected by tuffisite veins, which may have acted
both as fragmentation and outgassing pathways (e.g., Stasiuk
et al. 1996; Tuffen et al. 2003; Kolzenburg et al. 2012; Castro
et al. 2014; Kendrick et al. 2016; Saubin et al. 2016).

Although typical of crystal-poor rhyolitic magmas, evi-
dence of sintering in tuffisite veins has also been recently
recorded in crystal-rich magmas (Kendrick et al. 2016).
Sintering involves welding of ash particles in a ductile man-
ner, but solid-state sintering has also been shown experimen-
tally as a plausible mechanism (Ryan et al. 2018). Tuffisite
veins can be generated in new fractures or use pre-existing
veins (Kendrick et al. 2016). Sintering reduces both porosity
and permeability with time (Wadsworth et al. 2017; Heap
et al. 2019). Variable degree of sintering due to different P-
T-t conditions can accordingly lead to a broad range of values
of porosities and permeabilities in the tuffisite pyroclasts.
Hence, tuffisite veins can initially promote outgassing during
fracturing and ash-jetting stage, yet also cause dome
overpressurization during the ash accumulation and sintering
stages.

Fractures hosting tuffisites generally form via multiple
fragmentation events and gas- and ash-explosions, as ob-
served at Colima volcano (Kendrick et al. 2016) and during
Vulcanian activity at Chaitén volcano (Saubin et al. 2016).
We noted the presence of tuffisite pyroclasts in all the deposits
associated with Vulcanian phases. We can therefore propose
that each Vulcanian episode during the Kilian eruption was
preceded by repeated fragmentation events, possibly includ-
ing gas- and ash-explosions.

The variable degrees of sintering in different pyroclasts
may reflect sintering at different temperature conditions in
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the different parts of the dome. Sintering in the colder cara-
pace and talus regions likely occurred at lower temperature,
therefore welding was less efficient, and tuffisite preserved a
granular, brecciated aspect (Fig. 3k, l). On the other hand, the
degree of welding was higher in the interior of the dome,
causing the fractures to seal almost completely, leading to
the banded textures.

The glass in the non-granular groundmass of Type 3
pyroclasts is similar to that of Type 1 dome pyroclasts, but
with peculiar chemical signatures (e.g., Fig. 5, 7, and 8). This
may be explained by a lower crystallinity of Type 3
pyroclasts, as suggested by the XRD data (Fig. 6).

Controls on eruptive style during trachytic Vulcanian
eruptions

We discuss the processes promoting outgassing versus over-
pressure and the implications for effusive-explosive transi-
tions at Kilian Volcano before comparing crystallization and
outgassing processes in Kilian trachyte to other silicic
magmas to unravel the peculiarities of trachytic Vulcanian
eruptions.

Conduit stratigraphy during the dome-forming phases
of Kilian Volcano and comparison with other volcanoes

The textural and chemical transition from pumice to Type 1 to
Type 2 dome pyroclasts provides insights into the stratigraphy
of the conduit prior to Vulcanian episodes. As we infer the
replenishment of conduit prior to a Vulcanian eruption to oc-
cur in a single batch of magma ascent (Wright et al. 2007), we
propose that the differences in crystallinity between the
pyroclast types reflect differences in location in the conduit
rather than residence time (as proposed by Couch et al. 2003).
The high crystallinity of Type 2 dome pyroclasts can be ex-
plained by (i) decompression to shallower depths, (ii) greater
cooling, and (iii) more extensive degassing leading to the for-
mation of a highly viscous carapace. The parent magma of
Type 1 “glassy” dome was emplaced underneath this cara-
pace, with more limited decompression and likely absence
of cooling causing less crystallization. Finally, the parental
magma of the pumice pyroclasts resided deeper in the conduit
at the time of Vulcanian excavation, with less decompression
than in the Type 1 dome, causing lower crystallinities. The
Type 3 magma was likely emplaced by granular sintering
following gas and ash explosions and ensuing settling of the
ash particles in the fractures. We propose a schematic repre-
sentation of the dome growth at Kilian in Fig. 10.

We note that similar vertical pyroclast transition from pum-
ice to glass-bearing dome and more crystal-rich dome was
also observed for Soufrière Hills volcano (SHV) in
Montserrat (Couch et al. 2003). Couch et al. (2003) specify
that the glassy dome samples have crystallinities and

compositions intermediate between the pumice and crystalline
dome samples at SHV. They also show that cooling only plays
a role in the outermost parts of the dome (carapace). This
similarity in lithology is additional evidence that the 9.4 ka
Kilian Vulcanian phases were analogous to Vulcanian activity
at Soufrière Hills volcano in terms of conduit stratigraphy, as
proposed by Colombier et al. (2017a).

The model of conduit proposed here with an outermost
crystal-rich carapace at Kilian Volcano contrasts with other
models of plug/dome forming eruptions that commonly infer
lower crystallinity in the carapace due to faster quenching
(Shea et al. 2017; Zorn et al. 2018). On the other hand, simi-
larities with previous eruptive scenarios exist. Kushnir et al.
(2016) and Heap et al. (2018), for instance, also attribute the
diktytaxitic textures observed in the Type 2 pyroclasts to a low
permeability cap in the carapace and talus regions.

Outgassing vs. pressurization in crystal-rich trachytic magmas

The products of the Kilian eruption suggest that outgassing
was significant in the magma column prior to each Vulcanian
phase. Outgassing was likely promoted by enhanced bubble
coalescence in a crystal-rich magma (e.g., Oppenheimer et al.
2015; Lindoo et al. 2017; Colombier et al. 2020), brittle frac-
turing (Lamur et al. 2017), and by fracture-like and intergran-
ular connected pore space in tuffisite veins (Type 3 dome
pyroclasts; Heap et al. 2019). The dominant pathways of gas
escape and fluid transport occur along interconnected vesicle
clusters and tuffisite veins, and extensive precipitation of
cristobalite appears to have been restricted to the exterior of
the dome. We note that the usual development of shear frac-
tures was rarely observed at the scale of the tephra, but likely
had an important role on large-scale outgassing in the trachytic
dome (Gaunt et al. 2014). Outgassing also occurred in the
dome interior and the pumice parental magma prior to the
eruption through connected vesicle networks, and occasional-
ly led to the formation of cristobalite in the dome interior. The
low magmatic water contents in the pumice pyroclasts also
indicate important pre- or post-fragmentation degassing/
outgassing in this population (Giachetti et al. 2015).
Permeable gas escape in the pumice may occur through coa-
lesced bubbles and bubble chains resembling fracture-like ge-
ometries described elsewhere in crystal-rich volcanic rocks
and magma analogues (e.g., Oppenheimer et al. 2015;
Parmigiani et al. 2016; Colombier et al. 2020; Heinrich et al.
2020).

Pressurization in the conduit prior to the Vulcanian epi-
sodes may be explained by a low magma permeability reduc-
ing gas escape and promoting the buildup of fragmentation,
possibly triggering fragmentation. A low permeability may be
caused by (i) late bubble coalescence and outgassing in the hot
vesicular magma underneath the lava dome, (ii) bubble col-
lapse and isolation of the porous network in the dome, (iii)
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sealing of the pores by cristobalite, or (iv) granular densifica-
tion during sintering. Several studies suggested that occlusion
of pore space by vapor-phase precipitation of cristobalite can
cause a reduction in permeability, promoting gas pressuriza-
tion and destabilization of the dome and explosive activity
(Horwell et al. 2013; Boudon et al. 2015). The Type 2 dome
pyroclasts containing cristobalite have a permeability ranging
between 10-16 and 10-12 m2 (Colombier et al. 2017a) implying
that the presence of cristobalite is not systematically linked
with complete densification in the Kilian domes. We propose
that additional processes such as sintering, compaction, pore
collapse, and/or limited pre-fragmentation coalescence (e.g.,
Okumura et al. 2013; Kendrick et al. 2016; Wadsworth et al.
2017; Von Aulock et al. 2017; Ryan et al. 2018) also contrib-
uted to the reduction of permeability within the conduit.

Magma ascent and rheological changes during the 9.4 ka
eruption

The eruption started with ascent of a low viscosity, trachytic
magma with a temperature Ti ~ 775 °C and an initial water
content of 8 wt% from a depth corresponding to a lithosthatic
pressure of 300–400MPa (Martel et al. 2013). These conditions
imply an initial melt viscosity of 101.71 Pa.s. Magma ascent
from this reservoir was marked by a (i) significant increase in
melt viscosity up to 1011.07 Pa.s at the time of quenching of
vesicular magma (that is, at the glass transition temperature Tg)
in the conduit at shallow levels, and (ii) a dramatic loss of H2O
from 8 wt% to 0.04 wt% inferred from the viscosity model and
thermogravimetric analysis. Before quenching to the glass tran-
sition, the viscosity of the trachytic melt in the pumice

population assuming isothermal decompression at 775 °C was
109.38 Pa.s. We note that fragmentation of the vesicular magma
may have occurred at or above Tg giving a temperature range of
689–775 °C. Decompression-induced crystallization and the
ensuing rise in melt SiO2 contributed to increasing the melt
viscosity significantly. Melt viscosity calculated using the
Giordano et al. (2008) model is even higher in the dome core
due to more extensive crystallization and evolution towards
rhyolitic composition (Fig. 5) with a value of 1011.69 Pa.s at
775 °C. In addition, the high crystal abundances in the magma
likely increased the magma bulk viscosity significantly. We
suggest that these strong rheological changes, coupled to effi-
cient outgassing, were responsible for Vulcanian activity at
Kilian Volcano.

Such extensive crystallization (Fig. 6) and water loss esti-
mates agree with previous studies suggesting that both of
these processes are relatively rapid in trachytic melts (e.g.,
Arzilli and Carroll 2013; Fanara et al. 2013; Shea et al.
2017; Arzilli et al. 2020). Effusive and explosive events in
andesitic and rhyolitic magmas are typically associated with
ascent rates lower and higher than approximately 3.6 MPa h-1,
respectively (Cassidy et al. 2018). We compiled crystallinity
data as a function of depth from isothermal decompression
experiments of crystallization at decompression rates that are
faster and slower, respectively, than the explosive-effusive
limit of 3.6 MPa h−1 (Hammer and Rutherford 2002;
Szramek et al. 2006; Mollard et al. 2012; Arzilli and Carroll
2013; Martel and Iacono-Marziano 2015). We find an in-
crease in the range and maximum value of crystallinity at
shallow depth (< 3 km) with decreasing decompression rate
for rhyolitic and basaltic-andesitic starting compositions (Fig.

Fig. 10 Conceptual model showing the textural and chemical evolution
as a function of conduit stratigraphy during effusive-explosive transitions
at Kilian Volcano. The sketch illustrating dome emplacement is not to
scale although the contours of the dome and pre-existing topographywere
inspired from geophysical studies in the area (Portal et al. 2016) and
numerical models of endogenous dome growth (Harnett et al. 2018).
The possible evolution of magma crystallinity and melt SiO2 content

based on the XRD and microprobe data are illustrated as a function of
vertical position above the conduit. The color code was chosen to
illustrate the relative temperature variations (grey: colder; orange:
intermediate; red: hotter). Tuffisite veins are unrealistically wide for
illustration. A cryptodome intrusion causing an uplift of the Puy
Grosmanaux scoria cone and possibly associated to Kilian eruption
(Van Wyk de Vries et al. 2014) is here omitted for simplicity
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11). We also find that the range of experimental microlite
content at fast decompression rates and at shallow depth (<
3 km) straddles the natural data for sub-Plinian to Plinian
explosive eruptions and obsidian flows with microlite content
typically lower than 50 vol% (Fig. 11; Fig. 12e). On the other
hand, microlite contents for slow decompression experiments
at shallow range from 5 to 100 vol% and match data for
volcanic rocks from Vulcanian eruptions and crystal-rich lava
domes and plugs (Figs. 11 and 12e). This suggests that slow
ascent rates are required for the effusive emplacement of
crystal-rich lava domes/plugs, potentially followed by
Vulcanian activity. Interestingly, the crystallinity in rapidly
decompressed trachyte is higher than in rapidly decompressed
basaltic-andesites and rhyolites with high crystallinities
reached at shallow depth (Fig. 11; Fig. SM1 in the
Supplementary Material). This may imply (i) that the
effusive-explosive limit may be shifted to higher decompres-
sion rates for trachytic magmas and (ii) that initially fast tra-
chytic magmas can lead to effusive or transient Vulcanian
eruptive style due to efficient microlite crystallization during
magma ascent followed by stagnation of the magma column
favoring outgassing, cooling, and further crystallization. We
note that the crystallinity profiles for experiments presented in
Fig. 11 are also influenced by additional parameters such as

variable temperatures, dwelling time at final pressure, and the
experimental procedure to reach this final pressure (single-
step vs. continuous decompression; Gaunt et al. 2020).
However, the decompression rate appears to be a major con-
trol of the near-surficial crystallinity range attained.

We compare these dynamic, disequilibrium crystallization
experiments to crystallinity profiles as a function of depth cal-
culated at equilibrium conditions (i.e., independent of kinetics)
using Rhyolite-MELTS (Gualda et al. 2012). The model was
run using a representative average starting bulk composition
(excluding the Type 2 dome pyroclasts with cristobalite, see
Table 2), and storage conditions of 350 MPa, 8 wt% H2O and
assuming isothermal decompression with a range of tempera-
ture of 755–795 °C (see Martel et al. 2013). The isothermal
assumption was based on the fact that cooling was limited to a
maximum of 100 °C before crossing the glass transition tem-
perature and that heating related to latent heat of crystallization
or friction is limited or localized to zones of high strain locali-
zation (Blundy et al. 2006; Lavallée et al. 2015). Rhyolite-
MELTS runs yield crystallinities similar to the natural case
for Kilian trachytes at deep (storage) and surficial (dome cara-
pace) conditions (Fig. 11). The modelled values also compare
nicely with some decompression experiments at shallow
depths. However, the crystallinity profile calculated by

Fig. 11 Evolution of crystallinity with depth from storage region to
atmospheric pressure during the Kilian dome-forming, Vulcanian
phases. The experimental data correspond to isothermal decompression-
induced crystallization experiments on basaltic-andesitic and rhyolitic
melts with fast (> 3.6 MPa h−1) and slow (< 3.6 MPa h−1)
decompression rates, respectively, and on trachytes at fast
decompression rate (> 3.6 MPa h− ). Equilibrium crystallization
conditions are shown with a modelled crystallinity profile using
Rhyolite-MELTS at 755 °C and 795 °C and by crystallization
experiments at storage conditions of Martel et al. (2013). The shaded

areas correspond to the depth-crystallinity conditions for the storage
region (Martel et al. 2013; Colombier et al. 2017a), the pumice
population, and lava dome (few hundred meters thick and with its
surface at atmospheric pressure). A hypothetical range of depth is
illustrated for the magma underlying the lava dome (pumice population)
by matching the minimum and maximum crystallinity observed in the
pumice pyroclasts with similar experimental values obtained for trachytes
byArzilli and Caroll (2013). Error bars for crystallinity are given in figure
SM1 in the Supplementary Material
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MELTS at intermediate depth (3–8 km) is significantly larger
than the values obtained by decompression experiments. As a
result, we interpret the crystallinity trends of the Kilian magma
primarily in light of experimental data.

We infer that the Kilian magmas experienced high initial
decompression rates (due to the initial low magma viscosity
and high water content) which favored disequilibrium condi-
tions. The fast crystallization of trachytic magma was never-
theless high enough for crystallization to keep pace with this
rapid ascent, yielding high final crystallinities at a shallow
depth in the conduit (< 2 km; Fig. 11). Crystallization

progressively hindered ascent and caused magma stalling at
the level of the plug or dome and of the underlying vesicular
magma. Assuming that the decompression rate of the volatile-
rich trachytic magma was similar to the experimental rate of
trachytic melt at 7–60 MPa h−1, we obtain a time scale of 5 to
57 h for replenishment of the conduit and shallow emplace-
ment of the dome and underlying vesicular magma. These
ascent rates are considerably higher than those estimated for
other Vulcanian eruptions at Soufrière Hills (Montserrat) and
Guagua Pichincha (Ecuador) volcanoes (~ 0.5–2 MPa h−1;
Druitt et al. 2002; Wright et al. 2007).

Fig. 12 Compilation of porosity
and bulk, microlite, and
phenocryst contents for silicic
volcanic rocks of different
eruptive styles. a–c All
compositions are included. d
Only microlite data for trachytes
and phonolites are shown. e
Frequency histogram showing the
distribution of microlite content
for the different eruptive styles
and highlighting the absence of
low microlite content at Kilian
compared to sub alkaline
Vulcanian eruptions. N is the total
number of pyroclasts analyzed
from the different studies
included in the frequency
histogram. To allow comparison
between all the different studies,
microlite contents were corrected
from phenocryst content and
porosity when needed and
therefore correspond to
groundmass microlite contents.
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Generalization to trachytic volcanic eruptions

Small to moderate volume trachytic eruptions are often char-
acterized by shifts in eruptive style such as dome-forming to
Vulcanian styles (Kilian episodes U1, K1, and K2; Colombier
et al. 2017a), Vulcanian to sub-Plinian styles (Kilian episodes
U2 and U3; Colombier et al. 2017a), phreatomagmatic to
Strombolian to Vulcanian (Monte Nuovo upper member,
Phlegrean Fields, Italy; D’Oriano et al. 2005; Piochi et al.
2008), and obsidian dome- or plug-forming to Strombolian
and Vulcanian styles (Pu’u Wa’awa’a, Hualālai volcano,
Hawaii; Shea et al. 2017). On the other hand, large-volume,
highly explosive eruptions of trachytic magma like the Plinian
phase of the Campanian Ignimbrite eruption in the Phlegrean
Fields, Italy, or the Povaçao ignimbrite in Azores, also occur
(Rosi et al. 1999; Gottsmann et al. 2002; Polacci et al. 2003).
This broad spectrum of eruptive style for trachytic magmas,
even during a single eruption, is likely related to (i) the low
viscosity of trachyte compared to rhyolite (Giordano et al.
2004; Andújar and Scaillet 2012), (ii) a slightly higher melt
water diffusivity of trachytic magma compared to rhyolitic
composition (Fanara et al. 2013), and (iii) the faster crystalli-
zation kinetics of trachytic magmas (e.g., D’Oriano et al.
2005; Arzilli and Caroll 2013; Shea et al. 2017; Arzilli et al.
2020). These idiosyncrasies cause first-order rheological
changes in the magma and affect ascent rate, closed-system
degassing, outgassing efficiency, and fragmentation behavior.

We compiled crystallinity and porosity data from the liter-
ature on intermediate to silicic volcanic rocks with a broad
range of compositions and eruptive style (Fig. 12;
Christiansen and Lipman 1966; Hammer et al. 1999;
Nakamura 2006; Adams et al. 2006; Mastrolorenzo and
Pappalardo 2006; Clarke et al. 2007; Lavallée et al. 2007;
Noguchi et al. 2008; Piochi et al. 2008; Castro and Dingwell
2009; Miwa et al. 2009; Castro and Dingwell 2009; Neill et al.
2010; Giachetti et al. 2010; Burgisser et al. 2010; Shea et al.
2012; Scott et al. 2012; Miwa et al. 2013; Innocenti et al. 2013;
Nguyen et al. 2014; Rotella et al. 2014; Cassidy et al. 2015;
Preece et al. 2016; Hughes et al. 2017; Latutrie et al. 2017;
Colombier et al. 2017a; Shea et al. 2017; Rangel et al. 2018;
Zorn et al. 2018; Cáceres et al. 2018; this study). We separated
the crystallinity datasets in terms of crystallinity, groundmass
microlite content, and phenocryst content. When using the
bulk and microlite contents (but not phenocryst contents), this
compilation allows discrimination between pyroclasts of
Plinian origin, Vulcanian origin, crystal-rich domes or plugs
(and associated block-and-ash flows), and crystal-poor obsid-
ian-bearing domes and flows. This implies that microlite con-
tent controls the crystallinity trends observed.

The tephra from Vulcanian eruptions range from relatively
microlite-poor (microlite content < 50 vol%) pumice
pyroclasts similar to those of Plinian eruptions to microlite-
rich dome and plug material, with an anticorrelation and a

kink in the crystallinity–porosity trend (Fig. 12b,e). The
Kilian trachytes show a similar pattern but correspond to the
upper bound of microlite content of this Vulcanian trend (Fig.
12b,e). In particular, microlite-poor pyroclasts (microlite con-
tent < 40 vol%) which are ubiquitous in the case of
subalkaline Vulcanian eruptions are absent at Kilian
Volcano. In general, we noticed that trachytic and phonolitic
vesicular pyroclasts from Vulcanian to Plinian activity have a
broader range of microlite content and are frequently
microlite-richer than their subalkaline counterparts at a given
porosity, which likely reflects the propensity of alkaline
magmas to crystallize faster during ascent (Fig. 12b).

Comparing the datasets of microlite content for trachytic and
phonolitic compositions offers valuable insights into potential
end members of eruptive styles involving these compositions
(Fig. 12d). A Vulcanian trachytic eruption involves the forma-
tion of a crystal-rich plug or dome via extensive crystallization
and outgassing—a process which is possible even at ascent
rates faster (i.e., higher than 3.6 MPa h−1) than those inferred
for dome-forming eruptions involving rhyolitic and andesitic
compositions. In a scenario in which ascent is significantly
faster and/or the temperature is higher, trachytic magmas may
ascendwithout significant crystallization and erupt effusively as
low viscosity obsidian plugs, domes, or flows, provided that
outgassing is sufficiently efficient (Fig. 12d; Iezzi et al. 2008;
Shea et al. 2017). On the other hand, at conditions of ascent rate,
outgassing, and crystallization intermediate between the
Vulcanian eruptive style observed at Kilian and obsidian-
forming eruptions, trachytic magmas may switch between
Strombolian and Vulcanian styles, as observed at Pu’u
Wa’awa’a volcano (Shea et al. 2017). In such case, the tephra
also displays a bimodal porosity distribution (Shea et al. 2017)
and an anticorrelation of crystallinity with porosity (Fig. 12d).
Finally, conditions for sub-Plinian to Plinian eruptions may be
met for a range of microlite content from ~ 0 (e.g., Campanian
Ignimbrite) to up to > 40 vol% (e.g., Kilian intermediate phases,
Vesuvius) depending on ascent rate, melt viscosity and
outgassing efficiency. The key observation of this compilation
is that the eruptive style for a given trachytic or phonolitic mag-
ma will largely depend on the balance between the initial lower
viscosity compared to subalkaline magmas and the faster crys-
tallization of microlites in the conduit during magma ascent.

Implications for the cyclicity of trachytic-phonolitic Vulcanian
eruptions

As discussed previously, trachytes are characterized by a
broad spectrum of eruptive styles, with frequent effusive-
explosive transitions that depend mainly on ascent rate, tem-
perature, initial volatile content, crystallization kinetics, and
outgassing efficiency prior to eruption. In particular, high as-
cent rates may be compensated by rapid crystallization caus-
ing magma stagnation and transient, cyclic Vulcanian
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eruptions. Although these eruptions bear many similarities
with Vulcanian eruptions involving andesitic and dacitic
magmas (e.g., Soufrière Hills), we suggest that the main dif-
ference may be the shorter time for conduit replenishment in
the case of trachytic magma. This may influence the cyclicity
of these Vulcanian eruptions, with likely shorter intervals be-
tween explosive pulses than observed at well-monitored an-
desitic and dacitic volcanoes. We concur with the postulation
of D’Oriano et al. (2005) that the balance between low viscos-
ity and high crystal growth rates may shorten the time required
for pressure build up during crystallization of evolved alkaline
magmas. This, coupled to the paucity of observed trachytic
and phonolitic eruptions, has implications for the hazard as-
sessment of future activity at alkaline volcanoes.

Conclusion

This study is an attempt to shed light on the effusive-explosive
transitions during Vulcanian episodes of the 9.4 ka eruption of
Kilian Volcano, Chaîne des Puys, France and on trachytic
eruptions in general. The principal conclusions are as follows:

& Initial effusive activity at Kilian Volcano was induced by
rheological changes due to extensive microlite crystalliza-
tion causing a magma viscosity increase of up to more
than 10 orders of magnitude, and efficient closed- and
open-system degassing.

& Outgassing occurred via bubble coalescence, brittle frac-
turing, and through tuffisite veins sintered following gas-
and ash-explosions.

& Effusive activity transitioned to explosive Vulcanian epi-
sodes due to pressurization of the dome or of the underly-
ing vesicular magma. Processes likely to have promoted
overpressure and fragmentation during the explosive
phases include limited pre-fragmentation bubble coales-
cence and outgassing in the hot vesicular magma under-
neath the lava dome, bubble collapse and reduction of
permeability in the dome, sealing of the pores by
cristobalite, and granular densification during sintering.

& The conduit prior to each Vulcanian explosion was strat-
ified as reflected in the pyroclasts population with a tran-
sition from crystal-rich dome pyroclasts (carapace and ta-
lus regions) to glass-bearing dome pyroclasts (dome inte-
rior) and to pumice pyroclasts (underlying vesicular mag-
ma). This lithologic sequence and conduit stratigraphy are
similar to those observed at Soufrière Hills volcano,
Montserrat.

& Specific properties of trachytic magmas such as high wa-
ter solubility, high water diffusivity, rapid crystal growth,
and low viscosity yield a wide spectrum of rheology and
degassing conditions. This promotes a broad range of
eruptive style and frequent effusive-explosive transitions.

Although trachytic eruptions can jeopardize highly popu-
lated areas, the eruptive processes at these volcanoes remain
less constrained than their subalkaline counterparts due to the
paucity of direct observations of trachytic eruptions. Future
studies will be necessary to better constrain the kinetics and
coupled effect of vesiculation and crystallization processes
and associated textures during decompression of trachytic
magmas.
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