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Abstract

Small-volume proximal-summit eruptions, sometimes with only little precursors, are common at Piton de la Fournaise (La
Reunion Island, France). Their eruptive style ranges from Hawaiian to Strombolian, but their eruptive mechanisms are still
not completely understood. To gain insight, we combined syn-eruptive field work, textural and geochemical measurements
on the short-lived eruption of July 2015 and we compared it with the 2014 eruption, which opened the ongoing eruptive
cycle at Piton de la Fournaise. Crystal-poor and moderately vesicular components were predominant at the beginning of the
eruptions, during the lava flux peak and the Hawaiian-style activity. Their abundance decreased with time in favour of less
vesiculated and crystal-rich components during the decrease of the lava flux and the Strombolian-style activity. Physical,
textural and chemical characterization of the pyroclasts, as well as thermometry calculations, permit relating the different
texture and chemical features of the eruptive products with the pre- and syn-eruptive processes. Geophysical precursors
detected several weeks before the July 2015 eruption, as well as some evidences of magmatic reheating recorded in bulk
and crystal compositions highlight that the July 2015 magma results from a pre-eruptive mixing between more and less dif-
ferentiated magmas. We finally deduced that the observed syn-eruptive textural variations are related to the same batch of
magma undergoing different cooling and degassing dynamics.
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Introduction
Context

Basaltic systems exhibit a wide range of magmatic eruption
styles, from effusive eruptions generating lava flows (e.g.
Communicated by Gordon Moore. Harris et al. 2007, 2017; Staudacher et al. 2016), Hawaiian
and/or Strombolian-style activities (e.g. Head and Wilson
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These dynamics are strongly dependent on the physicochem-
ical properties of the magma, like its temperature, pressure,
volatiles content and chemical composition (e.g. Tait et al.
1989; Di Muro et al. 2014, 2015, 2016; La Spina et al. 2015;
Mollo et al. 2015; Rae et al. 2016).

Petrographic and textural measurements on basaltic
products can provide critical information regarding the
pre-eruptive storage and magma ascent conditions (e.g.
Kuo and Kirkpatrick 1982; Polacci et al. 2006, 2012; Di
Muro et al. 2014, 2015; Pioli et al. 2014; Gurioli et al. 2015,
2018). However, post-fragmentation effects can obliterate
the primary signature of the magma, especially during high
intensity lava fountain activities (e.g. Mangan and Cashman
1996; Stovall et al. 2011, 2012; Parcheta et al. 2013; Moitra
et al. 2013, 2018; Kawabata et al. 2015; Lindoo et al. 2016,
2017). Piton de la Fournaise (PdF) is one of the most active
volcanoes in the world in terms of eruption frequency, but it
frequently exhibits low intensity Hawaiian to Strombolian-
style activities, allowing efficient and fast natural quenching
of the eruptive products that are not significantly modified
by post-fragmentation expansion phenomena. Recently,
Gurioli et al. (2018) have shown that the textural features of
the pyroclast products from the mild recent activity of PdF
are representative of the fragmentation conditions and thus
can provide information related to (i) the shallow reservoirs
which feed the eruptions and (ii) track the degassing history
of the ascending magmas. These latter authors also provided
a complete dataset of the June 2014 eruption that marked the
beginning of a new and still ongoing eruptive cycle at PdF
after a long quiescence period.

Objectives

Based on the specific case of the 2014-2015 eruptive period
at PdF, the main objectives of this work are focused on (i)
the eruption triggering and the general processes driving a
magmatic system reactivation as well as on (ii) the mecha-
nisms controlling the eruptive styles. More specifically, we
wanted to check if the processes operating at the origin of
the magmatic overpressures triggering such eruptions were
different on the entire period of June 2014—July 2015, and if
the textural signature of the emitted products reveal similar
or different ascent dynamics and degassing histories in the
eruptive dyke.

In this work, we combine macroscopic analysis (compo-
nentry), bulk texture measurements (density, porosity and
vesicle connectivity), microscopic texture measurements
(vesicle size distribution, VSD and crystal size distribu-
tion, CSD), and petrochemical analysis (bulk rock, glass
and crystal compositions) on lava and tephra, of the July
2015 eruption at PdF. We also completed the textural dataset
of Gurioli et al. (2018), adding the CSD of the June 2014
eruptive products. In parallel, these data are integrated with
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componentry measurements acquired on the June 2014, Feb-
ruary and May 2015 eruptions of PdF, also with already
published bulk rock analyses, experimental data (cooling
experiments) and geophysical insights acquired on the June
2014—July 2015 period (ground deformations, magma out-
put rates and seismic spectrograms). All these types of data
are also important to characterize, as they can be eventually
compared to the output of physics-based models to better
constrain physical parameters related to magma storage and
conduit processes.

Geological background
The shallow magma storage system of PdF

With the exception of three eruptions that occurred dur-
ing the twentieth century, the recent volcanic activity of
PdF is confined within the Enclos Fouqué caldera which
corresponds to the most recent big caldera of the volcano
(Bachelery 1981). This caldera is a poly-lobed depression,
100-250 m depth, in the centre of which the cone of PdF
is built (Fig. 1a). According to the seismic data acquired by
the Observatoire Volcanologique du Piton de La Fournaise
(OVPF) monitored by the Institut de Physique du Globe de
Paris (IPGP), the magmatic system feeding the central activ-
ity at PdF extends vertically in the crust between the volcano
top (2.6 km above the sea level) and 7 km below the sea
level (Battaglia et al. 2005; Peltier et al. 2015; Lengliné et al.
2016). Geophysical data suggest that the main shallow mag-
matic storage system is located close to the sea level below
the central cone (Peltier et al. 2008; Prono et al. 2009). Based
on surface deformations, Peltier et al. (2008) interpreted the
summit or proximal eruptions (located close to the central
cone of PdF), with low volume and short time lag between
initiation of the dyke propagation and the beginning of the
eruption, as the drain of small and shallow (above sea level)
volumes located beneath the volcano summit. Geochemical
and barometric data (Di Muro et al. 2014, 2015) as well as
geodetic data (Peltier et al. 2016) support the existence of a
multitude of shallow crustal reservoirs, which represent an
active storage unit below the central cone.

The 2014-2015 eruptions: the beginning of a new
eruptive cycle

Recent activity at PdF produces on average one eruption
every 9 months (Roult et al. 2012), but cycles of frequent
eruptive activity alternate with phases of quiescence last-
ing up to 6 years (Peltier et al. 2008). The April 2007
major caldera-forming eruption represents one of the most
intense and voluminous events of the historical activity
of PdF (Staudacher et al. 2009). This large eruption was
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Fig. 1 a Digital elevation (a)
model (DEM) of PdF and map
of the July 2015 eruption. The
yellow line shows the outline

of the lava flow, the green ones
represent both upper and lower
eruptive fissures and the red line
outlines the main cone. White
dots represent the different
pyroclast sampling sites, and
red ones show the lava sampling
sites. Blue squares and line

on the DEM show the summit
GNSS baseline [SNEG-DSRG].
Dashed black line represents the
central cone of PdF. b Summit
[SNEG-DSRG] baseline evolu-
tion from late 2010 to late 2015
reflecting ground deformation

( modified from Gurioli et al.
2018). Eruptive and intrusive
activities are materialized by
the yellow periods. The vertical
arrow represents the main phase
of deep seismicity (Peltier et al.
2016). The rapid and strong
variations linked to dike injec- Piton Kapor
tions preceding eruptions have (2160.m)
been removed X
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followed by a set of small-volume eruptions and shal-
low intrusions between 2008 and 2011, followed by a
41 months long resting phase, between 2011 and 2014
(Fig. 1b; Peltier et al. 2016). Sudden and quite weak
precursors of new unrest were detected in June 2014:
after 11 days of weak inflation, a new short-lived erup-
tion started on 20 June 2014 (Gurioli et al. 2018). This
event marked the beginning of a new, and still ongoing,
cycle of activity at PdF that produced five eruptions in the
2014-2015 period.

With the remarkable exception of the complex, long-
lasting and large August—October 2015 event (emitted vol-
ume of 45.2 x 10% m?; Coppola et al. 2017), the eruptions
of the 2014-2015 period had relatively simple patterns of
rapid exponential decay in magma output rates or TADR
(time-averaged lava discharge rates; Harris et al. 2007) and
emplaced relatively small volumes of lava (all < 10 x 10 m
and often <2 x 10° m?). Indeed, the first four eruptions of
the 2014-2015 period share relatively similar characteris-
tics in terms of duration, eruption pattern and total extruded
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volume (0.3 x 10°+0.1 for June 2014, 0.8 x 10°+0.3
for February 2015, 6.5 x 10°+2.3 for May 2015 and
1.6 x 10%+0.6 m® for July 2015; Coppola et al. 2017).

Bulk rock composition changed during the 2014-2015
eruptions, suggesting initial differentiation followed by a
progressive mixing of the resident, evolved magma with a
primitive magma batch, whose volumetric contribution fur-
ther increased during the large August 2015 eruption (Cop-
pola et al. 2017). The 2014-2015 set of eruptions has thus
been interpreted as the result of a major phase of refilling
and rejuvenation of the shallow PdF plumbing system, which
had been substantially drained away in the caldera forming
2007 eruption (Di Muro et al. 2014; Peltier et al. 2016).
The June 2014 (evolved magma) and the July 2015 (hybrid
magma) events are the focus of this research.

Chronology and field sampling of the July 2015
eruption

Since mid-April 2015, several precursors were observed
(Peltier et al. 2016): deep seismicity was detected below the
central cone, associated with a change in the composition of
the intra-caldera gas emissions (CO, and H,S enrichment in
the summit fumaroles) and an increase of the summit ground
inflation (4 cm along the summit GNSS baseline, 3 months
before the eruption; Fig. 1b). According to the OVPF activ-
ity bulletin of July 2015 (ISSN 2610-5101; https://www.
ipgp.fr/fr/ovpf/bulletin-dactivite-mois-de-juillet-2015), the
July 2015 eruption started on the 31 July at 5:20 a.m. (all
time cited in this paper are in UTC) after an intensification in
the shallow volcano-tectonic (VT) seismicity located below
the volcano central cone (seismicity peaks on the 7, 13, 28
and 31 of July). This eruption was thus preceded by a set
of unambiguous precursors and a longer lasting phase of
pre-eruptive inflation with respect to the smaller and sudden
inflation recorded only 11 days before the June 2014 erup-
tion (Gurioli et al. 2018) as well as relatively weak inflation
preceding the February and May 2015 eruptions (Peltier
et al. 2016; Fig. 1b).

Following the OVPF activity bulletins and field observa-
tions, the July 2015 eruption occurred along two en-echelon
eruptive fissures (upper and lower fissures), corresponding
to the same dyke, which extended from the NE of the 1998
Piton Kapor cone towards the NNE (Fig. 1a). This erup-
tion was located in the N10 rift zone defined by Bachelery
(1981). Lava fountains at the beginning of the eruption were
followed by mild Strombolian explosions towards the end of
the eruption, which formed a set of aligned pyroclastic cones
and fed several lava flows (Fig. 2), some of them spreading
out to the North of the Grandes Pentes area (Fig. 1a). On
the basis of the thermal emission measured by the MODIS
sensor (Moderate Resolution Imaging Spectroradiometer,
MIROVA monitoring system, Coppola et al. 2016), the
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maximum TADR was estimated at 22 +8 m® s~! during the
first hours of the eruption and then declined exponentially
towards the end of the eruptive activity. In comparison, the
TADR of the June 2014 eruption followed a comparable
temporal trend, but its maximum output rate was three times
lower than that of July 2015. From the night between the 31
July and 1 August, the tremor intensity and TADR started to
decrease, mirroring a rapid decline in the magmatic activity
and the closure of some eruptive vents. After several hours
of intensity seismic fluctuation, corresponding to gas piston
events, the tremor disappeared on 2 August at around 7:30
am after 50 h of activity.

The two eruptive fissures did not produce the same activ-
ity during the eruption. (i) The upper fissure was active all
along the eruption and the main part of the activity was
concentrated in this area, especially in the northernmost
cone (which grew progressively during the eruption and is
described as the main cone of the eruption, Figs. la, 2) of
this eruptive fissure. (ii) The lower fissure (towards the NNE;
Figs. 1a, 2a, d) began to form a few hours after the upper
one, during the maximum TADR and its activity stopped
about 1 or 2 h before that of the upper fissure. Neverthe-
less, the transition between Hawaiian and Strombolian-style
activity observed during the eruption was widespread and
happened quite suddenly at the same time along both fis-
sures (Fig. 2).

Thanks to the rapid scientific response of the OVPF and
the DynVolc teams (Harris et al. 2017), as well as relatively
good weather conditions, detailed syn-eruptive sampling
and characterization of eruptive dynamics were performed.
The juvenile samples were collected close to different active
zones and at different times to constrain the eruptive dynam-
ics both in space and time (Fig. 1b and Table S1). The first
sampling site was the main cone of the eruption, at the NNE
extremity of the upper fissure (Figs. 1b, 2). The sampling
of this site was done a few hours after the beginning of the
eruption, when Hawaiian fountaining was still intense and
during the maximum TADR phase. The second sampling
site was the other part of the upper fissure, which was active
throughout the entire eruption. Sampling was done during
the second part of the eruption and the mild Strombolian-
style activity, when TADR was declining. Finally, the third
and last sampling site was the lower fissure, which opened
just after the upper one and its sampling was performed
during the second part of the eruption as well. These three
sampling sites permitted documenting the change in eruptive
style and the decline in eruption intensity (from Hawaiian to
Strombolian-styles). Lava samples were directly taken from
the active lava flows (mainly the one emitted from the main
cone) and gently quenched in water. It is important to note
that most of the lava samples were sampled in the same way
and near their point of emission (Harris et al. 2017). Here-
after, these lava samples will be called typical lava sample.
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Fig.2 Pictures of the different eruptive activity during the July 2015
eruption. a Aerial picture of the whole eruption site (Journal de La
Réunion, JLR 2015-08-01, picture by Hervé Douris). b Aerial picture
of the initial upper fissure at the very beginning of eruption (JLR,
2015-08-01, picture by Guillaume Cazarré). ¢ Aerial picture of the

Laboratory methods

After the eruption, all the samples were brought to the Lab-
oratoire Magmas et Volcans (LMV) at Clermont-Ferrand,
France, to be analysed and then stored at the OVPF and
LMV repositories. A full description of the routine meas-
urements reported below, as well as the raw data presented
in this paper, is available in the DynVolc database (Guri-
oli 2017) and the supplementary material of this paper.

Componentry

Considering that each sampling was done randomly (with no
clasts selection), the samples are representative of the type
of the activity at that moment, without any sample biasing.
Specimen selection can be done afterwards in the labora-
tory. Following the nomenclature of White and Houghton
(2006), clasts were subdivided into three broad components:

B a7 uly 2015

[EOWERTISSUIRE
(WithrStriembolian

main cone (JLR 2015-08-01, picture by Hervé Douris). The most
intense lava fountains can reach several tens of meters in height dur-
ing the maximum TADR. d The TADR is rapidly decreasing and the
Hawaiian activity turns in Strombolian-style activity with the burst of
large bubbles (picture by A. J. L. Harris)

juvenile, non-juvenile and composite fragments. Based on
the Gurioli et al. (2018) nomenclature, juvenile fragments
were then classified based on their macroscopic character-
istics (surface typology, shape and colour).

Bulk texture

Density and helium (He) vesicle connectivity measure-
ments were performed on 208 samples (lapilli, bombs and
lava fragments). Two different methods were used for these
density measurements (Table S2). (i) First, the density was
measured using the water-immersion technique based on the
Archimedes principle described by Houghton and Wilson
(1989) and Shea et al. (2010). This technique is the most
used, and allows us to compare a wide range of data with
a good reproducibility of +40 kg m~ (16) on five repeated
measurements. (ii) Another method was performed using
a density analyser (Micromeritics Geopyc 1360, Fig S1).
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As already briefly presented by Kawabata et al. (2015), the
instrument measures object volume and density of particles
with different sizes and shapes. These density measurements
lead to reproducible data with a maximum standard devia-
tion of +30 kg m™ (16) on five repeated measurements.
For the sake of accuracy, several samples were analysed
using the two methods described above and the data cor-
relate relatively well (Table S2). Moreover, the errors of
these measurements are insignificant in comparison with
the variability of natural porosity in the samples (Gurioli
et al. 2015). The porosity of the samples was then calculated
based on Houghton and Wilson (1989) using a vesicle-free
rock density of 2884 +35 kg m~ (1o). This parameter was
determined by powdering four samples and by measuring
their masses and volumes using the Micromeritics Accupyc
1340 Helium pycnometer (maximum standard deviation
of +3.10°% m3, 16, on five repeated measurements for the
volume measurements). The Accupyc pycnometer was also
used to determine the skeletal volumes of the samples to cal-
culate the He vesicle connectivity for each clast (Table S2),
using the Formenti and Druitt (2003) and Colombier et al.
(2017) methods.

Microscopic texture

Based on the density distribution and the variability of the
clasts, seven pyroclasts and four lava samples, covering
the texture evolution in time and space of the July 2015
eruption, were selected (Table S3). To perform a detailed
comparison with the products of the June 2014 eruption,
we extended the original dataset of Gurioli et al. (2018) by
adding the CSD data of eight samples (seven pyroclasts and
one lava fragment) of that eruption. Multiple magnification
images were taken to quantify all the petrographic charac-
teristics of both pyroclasts and lava samples from the micron
(25 x and 100 x magnifications realized with the JEOL JSM-
5910 LV scanning electron microscope (SEM) and using
back-scattered electron (BSE) images with an acceleration
voltage of 15 kV) to the centimetre scales (thin section scans
both under natural and polarized light).

All these images were then transformed and binarized in
greyscale to allow Matlab program FOAMS (version 1.0.5;
Shea et al. 2010) to acquire 2D raw data of all the selected
objects (vesicles and crystals) and calculate 3D textural
characteristics of the samples, based on the whole sets of
images. Both for vesicles and crystals, the minimum object
measured was five pixels (equivalent to 6 um at the maxi-
mum magnification 100 X we used with the SEM). VSD and
vesicle number density (Ny,) were measured with FOAMS
(Shea et al. 2010) counting a total of 48,528 vesicles meas-
ured for both the July 2015 and June 2014 eruptions. Vesicle
to melt ratio (V5/V; ) was calculated following Gardner et al.
(1996). This ratio represents the vesicle volume divided by
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the matrix volume. Ny and V/V| parameters are corrected
for the phenocryst content.

Based on 2D measurements of several thousands of crys-
tals, 3D crystal habits (x:y:z) were determined using CSD-
slice database (version 4; Morgan and Jerram, 2006): the
best fit dimensions are 1:4:10 (tabular shape) for plagioclase
crystals and 1:1.5:2.4 (rectangular prism shape) for clinopy-
roxene crystals. Then CSDcorrections software (version 1.6;
Higgins 2000) was used to calculate the CSD, crystal con-
tent and crystal number density (V) of the samples. Based
on SEM image observations, the circularity of the crystals
is fixed at 0.1 and 0.3 for plagioclase and clinopyroxene,
respectively (on a scale of 0 to 1). Olivines and oxides are
too rare in the eruptive products of 2014 and 2015 to be sta-
tistically measured. As the raw data of crystals from FOAMS
are obtained from several nested image magnifications, nor-
malized size frequency data from FOAMS is the most appro-
priate input to use within the CSDcorrections software. This
frequency data calculated from FOAMS (N,, number per
unit of area) were used in the frequency data input section of
the CSDcorrections software. Calculations are corrected for
the vesicle content. Moreover, FOAMS size frequency raw
data are based on the crystal equivalent diameters, whereas
CSDcorrections input does not use this shape parameter.
Thus, the best input measurement to use is the major axis of
the crystal ellipse combined with the phase abundance cor-
rection measured with FOAMS and corrected for the poros-
ity. This procedure is a requirement to correct stereological
conversion of 2D crystal size measurement to 3D CSDs by
combining the FOAMS program output with the CSDcor-
rections software. Based on the work of Cashman (1988),
Marsh (1988) and Higgins (2006), one CSD slope theoreti-
cally defines a specific crystal population, which form dur-
ing a single step of nucleation and growth. Slope changes
permit identifying different crystal populations (the steeper
the slope, the lower is the residence time assuming a con-
stant growth, or inversely the steeper the slope, the lower is
the growth rate assuming a constant residence time). In our
dataset, the slope change was defined by the intercept of the
best fitting lines of the different crystal populations. All the
textural parameters described in this section, as well as the
crystal nucleation density (N°), which is the CSD value at x
(crystal length) =0, are reported in Table S3.

Chemical analysis

Bulk rock analyses (ICP-AES) discussed in this study
have been already published (Coppola et al. 2017; Gurioli
et al. 2018) and were performed on several quenched pyro-
clasts and lavas (Table S4). We compare these data with
our new micro-analyses of July 2015 glasses and crystals
(Table S4). They were carried out for major elements by
using the Cameca SX100 Electron Probe Micro-Analyser
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(EPMA). EPMA analysis of June 2014 products have been
already published in Gurioli et al. (2018). Counting times
were 10 s for each element, with an acceleration voltage of
15 kV and a current intensity of 8 nA. A 10 um beam and a
focused beam were used for the glass and crystal analysis,
respectively. Maximum errors (20; wt%) for each oxides
are +0.87 for SiO,, +0.15 for TiO,, +0.36 for Al,0;,+0.67
for FeO, +£0.17 for MnO, +0.37 for MgO, +0.32 for
Ca0, +0.31 for Na,0O, +0.04 for K,O and +0.16 for P,Os.

We also estimated the equilibrium of each mineral phase
with bulk rock and glass compositions (Table S4). For the
plagioclase (plg), we used the plagioclase/liquid equilibrium
constant of Putirka (2008) calibrated for melts whose
temperature exceeds 1050 °C: Kp(An-—Ab)=
(X Xonto, Xeno)/ heXydo, Xgio ) = 0.27 +0.11, where X
is the molar fraction of the corresponding oxides or albite/
anorthite content within plg and melt. For the clinopyroxene
(cpx), we used the Mg-Fe coefficient distribution
Kp(Mg — Fe) = (Xho Xy )/ (Xpdo Xamo) = 0.28 £0.05 at
equilibrium (Putirka 2008; Brugier 2016). Similarly for the
olivines, we used the Mg-Fe distribution coefficient
Kp(Mg — Fe) = (Xp,o Xyt o)/ (Xpeo Xaty0) from Roeder and
Emslie (1970; Kp=0.30 at equilibrium), Fisk et al. (1988;
Kp=0.306 at equilibrium) and Putirka (2008;
K, =0.30+0.03 at equilibrium). An average Fe**/Fe
ratio of 0.18, calibrated for La Réunion Island basaltic melts
(Pichavant et al. 2016), was used to calculate FeO content of
the liquid phase.

Geothermometry setup and H,0 content
estimations

Recently, Brugier (2016) studied experimentally the evo-
lution of phase equilibria and phase compositions during
the cooling of November 2009 mafic magma in the tem-
perature range 1200-1100 °C. Two sets of experiments
were performed (i) at 50 MPa with 0.5 to 1.6 dissolved
H,O content in the melt that is at the H,0-CO, satura-
tion pressure typically recorded by olivine hosted melt
inclusions at PdF (Di Muro et al. 2014, 2016), and (ii) at
atmospheric and dry conditions. (i) Hydrous experimental
data of Brugier (2016) acquired at 50 MPa and controlled
redox conditions (between NNO and NNO-1.7) are fitted
to define a first hydrous MgO-thermometer (black line
in Fig. $2): T(°C) = 943.7 4+ 27.5Mg0"™ (R?=0.83). (ii)
Experimental data of Brugier (2016) acquired at atmos-
pheric and controlled redox conditions (NNO and NNO-
0.5) are fitted to define a second MgO-thermometer for
sub-surface dry magmatic conditions (blue line in Fig. S2):
T(°C) = 1041.7 + 17.7MgO" (R?=0.75). Then, we are
able to compare these newly calibrated thermometers with
already published ones (Fig. S2).

H,O content within the natural melts of July 2015 erup-
tion are also estimated using the plagioclase—melt hygrom-
eter of Lange et al. (2009).

Results
Componentry

The July 2015 products consist of juvenile fractions which
represent the primary magma involved in these eruptions
(lavas and pyroclasts). Based on the classification of Gurioli
et al. (2018), the July 2015 tephra samples were divided
into four types of juvenile pyroclasts: (i) golden pumice,
(i1) fluidal scoria, (iii) spiny-glassy scoria and (iv) spiny-
opaque scoria. As described by these latter authors, golden
pumice is characterized by very smooth, shiny and brown/
yellow surfaces. Fluidal scoria are characterized by smooth
and shiny dark surfaces. Spiny-glassy scoria show shiny, but
rough and spiny surfaces. Spiny-opaque clasts are character-
ized by dark matt and spiny surfaces.

Figure 3 represents the componentry measurements per-
formed on the first four eruptions of the 2014-2015 period,
as well as their associated TADR (Coppola et al. 2017). The
time distribution of the different eruptive components is not
constant in time and evolved in parallel with changes in
TADR. Samples of the initial phase of these four eruptions
show that the pyroclasts emitted during this initial intense
phase were mostly fluidal clasts. Only one golden pumice
was collected during the initial intense phase of the July
2015 eruption. The scarcity in golden pumice during the
three eruptions occurring in 2015 contrasts with the June
2014 eruption, which emitted a significant amount of golden
pumice during the maximum TADR (Fig. 3a). Additionally,
samples collected in the declining phases of these four erup-
tions (with relatively low TADR and mild Strombolian-style
activity) mostly consist of spiny scoria (both spiny-glassy
and spiny-opaque).

Bulk texture

The textural components are marked by distinct porosity dis-
tributions and textures (Fig. 4a). Focusing on the July 2015
dataset, the porosities of the spiny clasts (both glassy and
opaque) vary from 34 to 75 vol% with an average of 54 vol%,
while the porosities of the fluidal clasts vary from 44 to 82
vol% with an average of 72 vol%. Only one golden pumice
sample has a porosity of 79 vol%. The magma emitted dur-
ing the maximum TADR is quite porous, while the magma
erupted during the decrease in TADR is denser. Typical lava
fragments sampled close to the main vent have a density
range between 44 and 58 vol% close to that of spiny clasts.
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However, two lava fragments sampled within the channel,
around 100 m from the emission point, record extreme den-
sity values (82 vol% for the vesicle-rich lava sample and 27
vol% for the dense one). The dense fragment was collected
from the channel margin, while the vesicle-rich one was col-
lected within the channel plug, therefore not representative
any more of the vent conditions (Harris et al. 2019).

Vesicle He connectivity measurements (Fig. 4b) show
that the content in isolated vesicles increases in porous clasts
with bulk porosity > 60 vol%. The July 2015 fluidal clasts
and golden pumice have variable content of isolated vesicles
up to 40 vol%. In contrast, spiny clasts and lavas have less or
no isolated vesicles (from 0 to 15 vol%).
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of the different eruptions are shown by black and red curves respec-
tively, modified from Coppola et al. (2017). Uncertainties are repre-
sented by thin lines

Microtexture

Figure 5 represents an overview of the textures of the differ-
ent pyroclasts and lavas from July 2015 eruption. General
and qualitative information are provided here, being quanti-
tatively detailed in the sections hereafter. (i) Golden pumice
clasts (Fig. 5a) are highly porous and crystal poor. Thin sec-
tions and SEM images show a very low micro-crystallinity,
and micro-phenocrysts (called mesocrysts by Gurioli et al.
2018) are very scarce in these samples. Vesicles are rounded.
(i1) Fluidal scoria samples (Fig. 5b) have variable but still
high porosities and contain slightly more microlites than
the golden clasts, and scarce micro-phenocrysts. Vesicles
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are rounded. (iii) Spiny-glassy scoria (Fig. 5¢) have lower
porosities than the two previous components and a few big
irregular coalesced vesicles occur. Microlites are more abun-
dant and larger, and micro-phenocrysts are still scarce. (iv)
Spiny-opaque scoria (Fig. 5d) porosities are quite similar or
even lower than in the spiny-glassy scoria with several big
coalesced vesicles. Their crystal contents are clearly higher
than in the other types of pyroclasts, but still with low micro-
phenocryst contents. (v) Typical lavas (Fig. 5e) are dense
with intermediate crystal content and show a similar micro-
phenocrysts content as in the pyroclasts. The lavas sampled
down the flow (not shown in Fig. 5), namely the dense one
from the lava flow edges (shear zone) and the vesicle-rich
one from the lava flow centre (plug), have extreme values

60
Bulk porosity (vol%)

80

of porosities and the dense lava contains a larger amount
of microlites than the vesicle-rich lava (Harris et al. 2019).

Vesicle characteristics and size distributions

Figure 6a shows the VSD as a function of the total volume
that the vesicles represent in the measured samples. The
2015 golden pumice VSD shows a single population of
vesicles, ranging from 20 um to 2.5 mm in diameter, with
vesicles of 0.4 mm representing the main mode. A simi-
lar distribution is found in the four fluidal scoria pyroclasts
that contain also a few big rounded vesicles, up to 4 mm
in diameter. Both VSDs of spiny-glassy and spiny-opaque
scoria show a bimodal distribution. The main population of
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Fig.5 General texture of the different July 2015 quenched samples: a
golden pumice, b fluidal scoria, ¢ spiny-glassy scoria, d spiny-opaque
scoria and e typical lava (sampled near the main vent). A is for vesi-

this latter distribution corresponds to small vesicles whose
main size mode coincides approximately with that of the
previous clast types (0.4 and 0.2 mm for the spiny-glassy
and spiny-opaque samples respectively). However, the vol-
ume of this population is about half of the one found in the
fluidal and golden clasts. The second population corresponds
to large vesicles with irregular contours whose size ranges
between 1.5 and 6 mm in diameter. The VSDs of lavas have
asymmetric distribution with a main mode of large vesicles
at 1 mm in diameter and isolated peaks of large vesicles up
to 6 mm. The VSD of the dense lava sample has an asym-
metric distribution skewed towards large vesicles and a very
low total vesicle volume fraction. In contrast, the VSD of
the vesicle-rich lava sample is characterized by a unimodal
population of small vesicles with a mode at 0.6 mm.

Both vesicle number density and vesicle to melt ratios
progressively decrease from the golden and fluidal clasts
to the spiny clasts and lavas, except the vesicle-rich lava
(Fig. 6b). V5/V; values of the 2015 dataset decrease from
the golden pumice (4.6), to the fluidal scoria (between 1.5
and 4.4) and to the spiny scoria (1.2). The V;/V| ratios of
typical lavas are close to 1, with the exception of the vesicle-
rich (4.9) and dense (0.4) fragments. July 2015 Ny, values
decrease from golden pumice and fluidal scoria (between
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cles, B for matrix (glass and microlites), C for micro-phenocrysts, plg
for plagioclase, cpx for clinopyroxene and ol for olivine

2.6 x 10 and 1.5 x 10> mm™>) to spiny scoria (between
1.7 x 10% and 4.1 x 10> mm~>). Ny, for lava samples are

lower than 2.2 x 10> mm™>.

Mineral assemblage and crystal size distributions

The July 2015 pyroclasts and lavas contain plagioclase
(plg), clinopyroxene (cpx) and scarce olivine (ol) in order of
decreasing abundance and size (Fig. 5). Micro-phenocrysts
occur as isolated or clusters of several euhedral crystals of
plg, cpx and scarce ol. Little resorption/dissolution textures
are observed within the 2015 micro-phenocrysts of ol (cf.
100 x BSE image of the typical lava sample on Fig. 5e). Evi-
dences of crystal resorption have not been found in the other
phases (plg and cpx) of the July 2015 magma. Microlite
texture is similar for both eruptions, with both isolated and
aggregated crystals. Aggregates consist of plg microlites
crosscuting cpx grains. Ol is scarce and isolated.

The limit between the microlite and micro-phenocryst
populations on plg and cpx (Fig. 7a) is mostly dependent on
the maximum length of the microlite population that evolves
from a component to another. Ol crystals, smaller in size
than plg and cpx, were too scarce for statistical analysis.
The maximum length of the 2015 plg microlites (equivalent
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to the 3D crystal length) increases from golden pumice
(0.5 mm) to fluidal and spiny-glassy scoria (0.9 mm) to lava
(1.1 mm) and spiny-opaque scoria (1.2 mm); the maximum
length of the cpx microlites increases from golden pumice
(0.1 mm) to spiny-glassy scoria (0.4 mm) to lava (0.6 mm)
and fluidal and spiny-opaque (0.7 mm). We also performed
CSD analysis on some June 2014 eruptive products that
was not presented in Gurioli et al. (2018) and the maximum
length evolution of the June 2014 microlites also shows the
same trend.

July 2015 crystal content varies significantly in the dif-
ferent components (Fig. 7b), while their CSDs change only
little (Fig. 7a). (i) In the golden pumice, few microlites
formed mostly by plg (10 vol%) and scarce cpx (1 vol%)
were observed (plg/cpx microlites volume ratio of 10).
Total crystal content of golden pumice is the lowest of all
the components with only 11 vol% of microlites with very
scarce micro-phenocrysts (< 1 vol%). (ii) Fluidal scoria con-
tain a slightly higher content of microlites (13 to 18 vol%
with an average plg/cpx of 5) and their content in micro-
phenocrysts remain very low (around 1 vol%). (iii) Spiny-
glassy and spiny-opaque have higher content in microlites
(25 and 43 vol%, respectively, with an average plg/cpx of 3)
and micro-phenocrysts are slightly more abundant (4 and 5
vol%, respectively). (iv) Microlite content from typical lava
fragments (excluding the vesicle-rich and dense one) range
from 28 to 34 vol% (average plg/cpx of 3) with 1 to 3 vol%
of micro-phenocrysts. Maximum size of micro-phenocrysts
is the same for all the components (no more than 4 mm),
except for the golden pumice in which big crystals are not
incorporated. CSD of the June 2014 products show that
these products incorporated bigger micro-phenocrysts of
plg and cpx (up to 8 mm) than the July 2015 magma.

Bulk rock, glass, crystals and experimental
analyses

Crystal compositions

We identified three different groups of crystals with distinct
compositions and sizes: (i) the phenocrysts, (ii) the micro-
phenocrysts and (iii) the microlites. Phenocrysts (larger than
1 cm and interpreted as antecrysts in June 2014; Gurioli
et al. 2018) have not been observed in July 2015.

In July 2015 products, micro-phenocrysts of plagioclase
(Any3_g5) are more calcic than the microlites (Ang;_¢g). A
compositional gap is observed between the two popula-
tions (Fig. 8a). Some of the July 2015 micro-phenocrysts
of plg are reversely zoned (from An,s in the cores to Ang,
in the rims; see ¢,—r; and c,—r, couples in Fig. 8a and
Table S4). This reverse zoning has been only observed on
plg micro-phenocrysts.

Cpx crystals of July 2015 (both microlites and micro-phe-
nocrysts) straddle between augite and diopside compositions
within a narrow range of composition (Enyg 44Fsg_14W04,_46;
Table S4). The populations of cpx microlite and micro-phe-
nocryst can be distinguished for their TiO, content and the
percentage of the tetrahedral sites occupied by Al (Fig. 8b),
called Al(z). Micro-phenocrysts have low TiO, content and
Al(z) [between 0.7 and 1.5 of TiO, wt%; between 3 and
7% for Al(z)], while microlites exhibit the highest values
[between 1.5 and 4 of TiO, wt%; between 7 and 17% for
Al(z)]. A change in the slope of the increasing trend of
Al(z) and TiO, content is observed. This trend was already
observed in the other PdF products and attributed to the
effect of enhanced plg crystallization (Al-rich) on the melt
composition (Boivin and Bachelery 2009; Di Muro et al.
2015).

Ol crystals of July 2015 are unzoned and homogeneous
in composition, which correspond to Fo,4 ¢, for micro-phe-
nocrysts and Fo,4 4 for microlites (Fig. 8c and Table S4).

Bulk rock, glass analyses

Magmas emitted by PdF between June 2014 and July 2015
are aphyric transitional basalts (MgO: 6.1-7.1 wt%; K,O:
0.7-0.8 wt%; CaO/Al,05: 0.7-0.8; red box in Fig. 9a;
Table S4). In the frame of the 2014-2015 sequence of
eruptions, the products of June 2014, February and May
2015 events were evolved basalts (Coppola et al. 2017)
from an initial magma input that occurred in November
2009. Hydrous experimental compositions performed by
Brugier (2016) show a marked decrease in CaO/Al,O; at
T <1150 °C (ol crystallization above this temperature, with
the occurrence of ol, cpx then plg below this temperature)
and reproduce relatively well the natural bulk rock compo-
sitions from December 2009 to May 2015 by decreasing
the temperature from 1200 to 1100 °C (Fig. 9b). A reverse
trend is then observed since the July 2015 eruption with a
progressive increase of the CaO/Al203 and MgO content
until the August—October 2015 magmas (Fig. 9a; Coppola
et al. 2017).

Focusing on the July 2015 products, the golden pumice
glass has an average CaO/Al,O; ratio of 0.76 (close to that
of the bulk rock) and an average MgO content of 5.8 wt%
(slightly lower than the bulk rock). This difference can be
explained by the occurrence of a small amount of micro-phe-
nocrysts of ol (ca. 2 wt%) within the bulk rock. MgO con-
tent (controlled by the micro-crystallization of ol) and CaO/
Al,O; ratio (controlled by the micro-crystallization of plg
and cpx) of interstitial glasses decrease from the golden, to
the fluidal, to the spiny clasts (Fig. 9c; Table S4). Microlite-
rich spiny opaque clasts have the most evolved interstitial
glasses (from 4.2 to 5.3 wt% in MgO and from 0.71 to 0.78
for CaO/Al,05). Matrix in lavas have similar compositions
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«Fig.6 a Vesicle size distributions (VSD) of the June 2014 (Gurioli
et al. 2018) and July 2015 selected samples. b Vesicle to melt ratio
(V&/VL) vs. vesicle density number (Ny). The different trends reflect-
ing different mechanisms are represented by the arrows: N for vesicle
nucleation, G for vesicle growth, C for vesicle coalescence and L for
vesicle loss

to the fluidal scoria. The July 2015 tephra glass composi-
tions mimic those found in the June 2014 eruption (Gurioli
et al. 2018).

Phase equilibria

Plg microlites observed in the July 2015 products are in
equilibrium with their matrix (K =0.29 on average), and
most of the plg micro-phenocrysts (included the reversely
zoned plg) are in equilibrium with the hybrid bulk rock
(average K, =0.22). Plg micro-phenocryst of July 2015 with
relatively high anorthite (> Ang,) might be considered as
antecrysts, because they do not fulfil the equilibrium condi-
tions with the bulk rock (like the high Fo olivine in the June
2014 magma). The cpx micro-phenocrysts are in equilib-
rium (Kp=0.24 in average) with the bulk rock as well as the
microlites with their matrix (K, =0.28 in average). Both ol
microlites and micro-phenocrysts are in equilibrium with
their surrounding glass (K =0.28 in average) and bulk rock
(Kp=0.28 in average), respectively.

Temperature and H,0 content

Microlites content of the different eruptive components
increase progressively from the golden pumice to the flu-
idal scoria to finally the spiny scoria. Moreover, the K,O
(incompatible element) content decreases from the bulk rock
(0.74 wt% in average), to the golden pumice (0.89 wt% in
average), to fluidal scoria and lava (0.96 wt% in average), to
finally the spiny scoria (1.07 wt% in average). We thus sug-
gest that (i) the bulk rock represents the microlite-free and
pre-eruptive conditions end member, (ii) whereas the fluidal,
lava and spiny components represent the microlite-rich and
syn-eruptive conditions end member, with golden pumice
representing the beginning of the crystallization of the melt
during the ascent of the magma and the transition between
the pre and syn-eruptive conditions. Using the newly cali-
brated hydrous thermometer to constrain pre-eruptive condi-
tions (Fig. S2), we calculated temperatures from 1171 °C for
the November 2009 most mafic bulk magma composition to
1114 °C for the February and May 2015 bulk magma com-
positions. Calculated June 2014 and July 2015 bulk magma
temperatures are 1124 and 1121 °C, respectively. The aver-
age temperature of the golden pumice magma component,
which is thought to also correspond to pre-eruptive melt
conditions, is 1103 +4 °C (Fig. 10). These bulk magma and

golden pumice temperatures are fully consistent with the
temperature of crystallization of ol and cpx in equilibrium
within the hydrous experiments of Brugier (2016). The tem-
peratures of the other components (fluidal scoria, spiny sco-
ria and lavas), which we considered as mainly degassed, are
calculated using the newly calibrated dry thermometer (Fig.
S2). The average temperature ranges from 1137 +6 °C for
fluidal scoria and typical lavas to 1128 +6 and 1127 +9 °C
for spiny-glassy and spiny-opaque ,respectively (July 2015
eruption). Calculated temperatures of the vesicle-rich lava
(plug of the lava flow) and dense lava (margin of the lava
flow) are, respectively, 1138 +3 °C and 1126 +2 °C.

H,O calculations were performed on plg crystals and
melts on equilibrium (Table S4). (i) Equilibrium between
plg micro-phenocrysts and bulk rock compositions led
to relatively high H,O content of 1.1 +0.3 wt% (using
pre-eruptive parameters of 1121 °C and 50 MPa), which
are consistent with the dissolved H,O content in Brugier
(2016) 50 MPa experiments (0.5 to 1.6 wt%) and with PdF
pre-eruptive conditions (Di Muro et al. 2014, 2016). (ii)
Golden pumice water content can be estimated using the
equilibrium between plg microlites and surrounding glass
compositions. With this assumption, H,O content values
between 0.8 +0.3 wt% have been found using pre-eruptive
parameters (1103 °C and 50 MPa). The H,O contents of
the other eruptive components (fluidal scoria, spiny scoria
and lavas) are estimated using the equilibrium between plg
microlites and surrounding glass compositions, with syn-
eruptive and atmospheric conditions. It leads to an average
H,0 of 0.4+0.3 wt%.

Discussion

Componentry evolution with magma output rates
and eruptive dynamics

Textural and chemical features of the juvenile samples col-
lected during the different eruptions are representative of
the magma at fragmentation. The exception is represented
by the spiny-opaque fragments which are interpreted as
recycled, composite juvenile products (Gurioli et al. 2018).
We also assume that the sampling procedure is statistically
representative of the ongoing eruptive activity at the time
of the sampling. Therefore, we can infer some important
conclusions.

The chronological evolution of the componentry of
the material emitted during the first four eruptions of the
2014-2015 period mirrors the progressive TADR decrease
(Fig. 3) and the eruptive dynamics evolution (Fig. 2). (i)
Vesicular fluidal scoria (800 kg m™>; Fig. 4a) is preferentially
emitted at the beginning of the eruptions, correlated with the
TADR peaks and with mild lava fountains (Hawaiian-style
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activity; Fig. 2a, b, ¢). (ii) Denser spiny scoria (1300 kg m~;
Fig. 4a) emissions preferentially occur afterwards and at the
end of these eruptions, correlated with the TADR decrease
and a Strombolian-style activity; Fig. 2d). Thus, the vesi-
cle content within the eruptive products decreases with the
decreasing of TADR, eruptive intensity and time.

The four components (Fig. 5) are not systematically
ubiquitous in the studied eruption products (Fig. 3). The
vesicular golden pumice (800 kg m~) are in fact only pre-
sent in the June 2014 eruption and just one single fragment
has been found in the July 2015 deposits. These golden
pumice occurred during the TADR peak at the beginning
of the eruptions. During the June 2014 eruption, a 100%
crystallized and dense (1800 kg m™?) lava was extruded
as well. Gurioli et al. (2018) interpreted these features
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as derived from a second boiling mechanism which seg-
regated the exsolved gas (golden pumice) and the crys-
tals (lava) within the shallow reservoir and triggered the
eruption. Therefore, the highly vesicular golden pumice
occurrence is not necessarily linked with the eruptive
intensity, as the June 2014 eruption was relatively low in
terms of TADR and emitted volume compared to the other
eruptions (Fig. 3). On the other side, the fact that these
end-member products (vesicular and crystal-free golden
pumice vs. dense and crystal-full lava) are no longer
observed in the following eruptions of February, May and
July 2015 eruptions evidence the occurrence of different
trigger mechanisms than the June 2014 eruption as well
as different cooling conditions of the shallow reservoirs.
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for the June 2014 (grey dots, Gurioli et al. 2018) and July 2015 erup-

Pre-eruptive shallow magmatic reservoir conditions

Natural and experimental melt compositions (Fig. 9, b)
coupled with micro-phenocrysts sizes (Fig. 7a), contents
(Fig. 7b) and compositions (Fig. 8) of juvenile fragments
are the main direct measurements to gain information on
the pre-eruptive conditions of the eruptions. First, experi-
mental melt composition evolution from Brugier (2016)
support the idea of Coppola et al. (2017) and Gurioli et al.
(2018) that the June 2014 magma, as well as the February
and May 2015 magmas, are chronologically inherited from
the differentiation of the November 2009 parental magma
(Fig. 9b). However, Coppola et al. (2017) highlight the fact
that the MgO content and CaO/Al,Oj; ratio of the July 2015
bulk rock composition (6.44 wt% and 0.77, respectively) is

TiO, (Wt%)

tions (black crosses). Each ¢ and r represent a couple of core and rim
compositions on a same crystal

slightly higher than those of the May 2015 one (6.18 wt%
and 0.74; Fig. 9a). Therefore, these authors interpret the July
2015 bulk rock composition as representative of a hybrid
magma resulting from a process of magmatic rejuvenation
of the shallow system of PdF. Again, these observations sug-
gest that the June 2014 and the July 2015 eruptions were
triggered by different pre-eruptive processes.

Two crystal populations are clearly visible on the CSD
performed on the eruptive products of both June 2014 and
July 2015 eruptions (Fig. 7a). The first crystal population
of relatively small size (< 1.2 mm) and high slope repre-
sents the microlite population and will be discussed in the
section hereafter. The second crystal population represents
the micro-phenocrysts, with lower CSD slopes and larger
sizes and may give us some indications of the pre-eruptive
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tion and by progressively cooling from 1200 °C until 1100 °C with
a constant pressure of 50 MPa and controlled redox conditions. The
experimental temperatures and the different present phases with their
compositions are also reported. ¢ Bulk rock and glass compositions
(CaO/AL,O5 vs. MgO) of the June 2014 (Gurioli et al. 2018) and July

2015 samples
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processes. The following observations suggest that the July
2015 magma exhibited a partial pre-eruptive rejuvenation.
(i) Some of the July 2015 plg micro-phenocrysts record
reverse zoning (Fig. 8a) and (ii) rare plg micro-phenocrysts
have been measured with a very high anorthite content
(Angs; Fig. 8a) that may be inherited from a new relatively
low differentiated magmatic input. (iii) The incapability of
the hydrous experiments to reproduce calcic plg composition
may also suggest that they result from a magma hybridiza-
tion process, which was not experienced by the experiments.
(iv) Slightly higher forsterite contents of the July 2015 ol
micro-phenocrysts are observed compared to those of June
2014 (Fig. 8c) and (v) rare resorbed features are observed
on the July 2015 ol micro-phenocrysts (Fig. 5e), which is
consistent with the input of a relatively hot (1144 °C) mafic
magma into a dominantly cold (1114 °C) differentiated
magma. Finally, (vi) we suggest that the surprisingly high
temperature range measured in the July 2015 lava matrix
actually records the pre-eruptive hybridization processes.
Again, all these results are coherent with the idea of Cop-
pola et al. (2017) that suggest that the July 2015 magma is
the result of a mixing between 65-75% of a differentiated
magma and 25-35% of less differentiated magma. Moreover,
the cooling hydrous experiments of Brugier (2016) confirm
that the natural evolved basalts emitted between December
2009 and May 2015 are formed by progressive cooling and
crystallization of a former magma recharge occurred in
November 2009 (Fig. 9b). CSDs also suggest that the June
2014 micro-phenocrysts are larger (up to 8 mm in length)
than the July 2015 one (4 mm in length), which is in agree-
ment with a more mature and relatively crystal-richer shal-
low reservoir for the June 2014 eruption.

On the other hand, the new hydrous MgO-thermometer,
calibrated for pre-eruptive magmatic conditions (50 MPa
and dissolved H,O from 0.5 to 1.6 wt% within experimental
samples; black line in Fig. S2) leads to relatively low pre-
eruptive temperatures of 1103 (golden pumice) to 1121 °C
(bulk rock) for July 2015, mostly because the H,O content
dissolved in the pre-eruptive magmas tends to decrease the
magma temperature. Moreover, H,O calculations with the
plg micro-phenocrysts/bulk rock equilibrium lead to rela-
tively high H,O content in the natural samples (0.8 to 1.5
wt% +0.3, 1.1 wt% in average) that show that the micro-
phenocrysts form under undegassed (saturated) and pressur-
ized conditions, by cooling-driven crystallization.

Syn-eruptive conduit processes

Micro-texture as VSD (Fig. 6a), microlite sizes (Fig. 7a),
contents (Fig. 7b) and compositions (Fig. 8), as well as glass
compositions (Fig. 9c) are the most relevant parameters that
we can measure from the eruptive products to track the syn-
eruptive conduit processes.

First, VSDs show an initial unimodal vesicle population
within the golden pumice and fluidal scoria (Fig. 6a), which
represent vesicle nucleation and growth mostly within the
eruptive dyke during the initial phases of both June 2014
and July 2015 eruptions, when the TADR were still rela-
tively high and coupled with Hawaiian-style activity. In the
June 2014 golden pumice, vesicle nucleation also occurs
before the eruption as Gurioli et al. (2018) interpreted this
highly vesiculated component as the product of a pre-erup-
tive second boiling mechanism. Then, the VSDs within the
spiny-scoria and typical lavas are characterized by two dif-
ferent modes. These latter modes represent an episode of
vesicle nucleation and growth (for the small size vesicles,
occurring in the golden pumice and fluidal scoria as well),
followed in time by the formation of large vesicles (up to
1 cm in diameter) by coalescence. This coalescence phase
is probably enhanced by slow ascent of the magma in the
conduit, coinciding with low TADR and Strombolian-style
dominantly effusive activity. Moreover, we observe within
the pyroclasts two positive correlation trends between Ny,
and V/V;, with distinct slopes (Fig. 6b). These two trends
are mostly explained by bubble coalescence associated with
gas loss. Vesicle coalescence within the collected samples
is also highlighted by the He vesicle connectivity meas-
urements (Fig. 4b) where vesicles of the spiny scoria and
lavas are more connected (0 to 15 vol% of isolated vesi-
cles) than in the golden pumice and fluidal scoria (0 to 40
vol% of isolated vesicles). All these observations explain
the transition between an initial closed degassing system
dominated by relatively high TADR and high magma ascent
rates (producing golden pumice and fluidal scoria) with an
open system degassing dominated by relatively low TADR
and low magma ascent rates (producing spiny scoria). This
interpretation is also coherent with the decrease of Nv from
golden to spiny fragments that should reflect a decrease of
the decompression rate (Toramaru 2006; Table S3): consid-
ering all the vesicles of each erupted component and assum-
ing that they form in the conduit (which may not be accurate
for the June 2014 golden pumice), the model permits to cal-
culate maximum decompression rates at the beginning of the
eruptions during Hawaiian-style activities (0.08 MPa s~! for
the July 2015 golden pumice), whereas lower decompression
rates are calculated for latter Strombolian-style activities
(between of 0.03 and 0.05 MPa s~! for spiny-glassy sco-
ria of the July 2015 and June 2014 eruptions respectively).
These decompression rates are typically similar than those
estimated in basaltic eruptions with dyke radius around 1 m
(Shea 2017).

The presence of isolated vesicles in golden pumice and
fluidal scoria suggest also that these erupted products are
naturally quenched in a relatively hot surface environ-
ment (lava fountaining thermal environment), whereas the
spiny scoria are quenched in a colder environment (colder

@ Springer



26 Page 18 0of 24

Contributions to Mineralogy and Petrology (2020) 175:26

a)June 2014 . b)July 2015
) (a) Strombolian-style (b)July
= Hawaiian-style activity Strombolian-style
g activity with fluidal and Hawaiian-style activity
<'| with fluidal and spiny scoria activity with fluidal and
> | goldenpumice  Fluidal scoria occurrence and with fluidal scoria spiny scoria
—
g occurrence occurrence crystallized lava occurrence occurrence
§ 1 t ) t 1
R »-|--- >
TADR and overpressure decreasing with time TADR and overpressure decreasing with time
g < 8
0 : g ¥ < § 3 ¥
a ES s . oS 283 o3 5 ) S 283
v 3 g% 5  Variableamountof §& $5% £ 2§ \Variableamountof §% ERE
E=2RY] S £3 microcrysts =3 S% Y st g microcrysts 28 SS Y
g9 £E g3 §5 IES §< 7] 82 §E SEg
1 o § E -§ = Plg (Ansa:—ss) § € E 238 \‘é g S5 Plg (An63—69) § ] § 238
£3| §2 £f  m@>9 3¢ 88 | &¢ 58 P> 5§ 28%
S S = = S < .9
28| £3 28 OlfFo,,) | 23 fg | =2 g o,,) 3% S8
9 2 S £ = 2 3 28
v s 2 S 2 = S
< 3 I RS
Injtial magmatic ascent from the shallow reservoirg without significant degassing and microcrystaliization
[
Q
o g o | O 4 3
2| s 15 | i SRS | ¢
o) c8 53 £2 3 [] - £8
v E &3 g 23 R
=T 2 = 25 . - - gy
g < 8 S8 3 e s o U® ERS
=] 8 g S 0 ° Iy O
S =
[V
1 —
ling-dri
&8 6.55 wt% MgO _ IC°° ina-driven 644 wt% MgO 1vol% | Plg(An,,)
o 0.78 CaO/ALO Micro- | Plg (An,, ) Melt | 977 CaO/ALO, of micro- | Cpx (Allz) < 7)
9 Melt o phenocrysts | Cpx (Al(z) < 9) 1.1H,0wt%
v 0.7 H,0 wt% " e phenocrysts | Ol (Fo,, )
1124°C (1vol%) | Ol (Fo,, ) 1121°C
g h f the edifi fiel i
g, c ange o the edi ce stress fie d causing a Rejuvenation with less a differenciated magma
=4 second boiling mechanism and an increase of the ; - -
k) . - - causing the pressure increase of shallow magmatic system
= internal pressure of the shallow magmatic reservoir

- 1
(c) -
Hawaiian
s Lo
. .0(‘ e
- S
% el . %
< @ | Hawaiian £
® 54 s
= and . £ mGolden pumice
& Strombolian <
§ é M Fluidal scoria
'é 4 -2 ot . .
2 % B Spiny-glassy scoria
£ o
° o
o -}
S
3 6%, 3
Strombolian %,
A INEPSCH
and effusive oy,
2 - 4

Log,, viscosity (Pas)

@ Springer



Contributions to Mineralogy and Petrology (2020) 175:26

Page 190f24 26

«Fig. 10 Comparison of the eruptive models of a the June 2014 and
b the July 2015 eruptions. The shades of yellow represent a micro-
lite-free matrix, whereas the shades of grey represent a microlite-rich
matrix. ¢ Eruptive dynamics with associated products integrated in
the Gonnermann and Manga (2013) model, considering basaltic vis-
cosities, magma mass discharge rates and ascent velocities

Strombolian explosions environment) where brittle mecha-
nisms may occur (rock cracking that connect the vesicles).

Similarly to decompression rate meter of Toramaru
(2006), we applied the N water exsolution rate meter of
Toramaru et al. (2008; Table S3). Calculated water exso-
lution rates are decreasing from the golden pumice (2.1
and 2.2 X 10 wt% s~! for the July 2014 and June 2015
eruptions respectively) to spiny-glassy scoria (2.8 and
5.8 x 107* wt% s~! for the July 2015 and June 2014 erup-
tions, respectively) and typical lavas (3.7 x 107 wt% s~!
for the July 2015 eruption). On the other hand, and thanks
to pre-eruptive seismic spectrograms (Aki and Ferrazzini
2000; Battaglia et al. 2005; Peltier et al. 2005; Roult et al.
2012), we can estimate an average initial magma residence
time within the dyke of 40 min and 55 min for the June 2014
and July 2015 eruptions, respectively (Fig. S3). Thus, total
exsolved H,O contents from the melt are increasing from the
Hawaiian (between 0.5 and 0.7 wt% for the both eruptions)
to the Strombolian products (between 0.9 and 1.4 wt% for
spiny-glassy scoria of the June 2014 and July 2015 erup-
tions, respectively) and typical lavas (1.2 wt% for the July
2015 eruption).

The microlites population (which is volumetrically domi-
nant) is identifiable in the CSD thanks to its higher slope and
smaller size (Fig. 7a). These microlites are in equilibrium
with their surrounding matrix, with relatively low anorthite
content for plg (Ang; ¢o; Fig. 8a), high Al(z) and TiO, con-
tent for cpx (> 8 and > 1.5 wt%, respectively; Fig. 8b) and
low forsterite content for ol (Fo,,_;7; Fig. 8c). Eruptive tem-
perature estimated by using the dry MgO-thermometer (blue
line in Fig. S2) leads to syn-eruptive temperatures between
1116 and 1139 °C for July 2015 depending on the compo-
nents. Most of these syn-eruptive temperatures are higher
than the pre-eruptive temperature estimations, because this
calibration is based on totally degassed melts and because
latent heat of crystallization due to the micro-crystalliza-
tion may also play a role. However, we hypothesize that
the higher temperature range measured in the lava matrix
actually reflects the pre-eruptive hybridization processes.
H,O content calculations with plg microlites/matrix equi-
librium leads to variable, but lower H,O content (between
0.1 and 0.8 wt% of H,0, 0.4 wt% in average) compared to
the pre-eruptive conditions. This supports the hypothesis
that plg and cpx microlites form under variable and par-
tially degassed and sub-surface conditions, by degassing-
driven crystallization within the dyke. We also suggest that

ol microlites form by cooling-driven crystallization under
relatively low melt temperatures (< 1130 °C) and under
atmospheric conditions. Moreover, the maximum lengths
(as well as width, which is not measured by the CSD) of
microlites and crystal number density (table S3) globally
increase with decreasing vesicularity, which is coherent with
a progressive increase of the residence time of the magma
in the eruptive dyke.

When a magma is decompressed and is migrating towards
the surface, degassing models (Lesne et al. 2011; Di Muro
et al. 2016; Shea 2017) suggest that basaltic melts start their
main exsolving and heterogeneous nucleation phase around
1 km below the surface. Thus, according to these degassing
models and for magmatic reservoir deeper than 1 km, vesicle
nucleation and associated degassing-driven crystallization
(Applegarth et al. 2013) may not start at the very beginning
of the magma ascent towards the surface. During the June
2014 and July 2015 cases, this delay may be represented by
the compositional gap between the micro-phenocrysts and
the microlites (Fig. 8).

Finally, the crystal nucleation densities N° are quite stable
for each eruption, except for the spiny-opaque components
where they drastically increase for plg. This supports the
idea that the spiny-opaque scoria are juvenile, but recycled
products because plg microlites may form within the erup-
tive vents after the fragmentation. Their low vesicle content
and evidences of bubble coalescence (irregular contours
associated with low Ny, and V5/V|) also highlight subsurface
degassing that may occur during a recycling mechanism.
Concerning lava samples, we were able to evidence bubble
segregation mechanism within the lava flow, highlighted by
the sharp increase in the V/V ratio from the typical and
dense samples to the vesiculated one (Fig. 7), correspond-
ing to vesicle gain because of the bubble nucleation and/or
segregation at the surface.

Implications on the eruptive styles and comparison
with other basaltic systems

Pre- and syn-eruptive processes, controlling the volatile and
crystal contents of the magma which govern the magma
viscosity (Giordano and Dingwell 2003) and fragmentation
mechanisms (Edmonds and Wallace 2017), are dependent
on the geometry of the magmatic systems and magma paths
towards the surface that are more or less different from one
volcano to another (Michon et al. 2015; Peltier et al. 2015).
At PdF, pre-eruptive magmas contain a moderate content in
dissolved water (up to 1.4 wt%; Di Muro et al. 2014, 2016)
and are generally stored within multiple and relatively shal-
low levels, between a few hundred meters (multitude of
small magma pockets) up to 3 km (main reservoir) below
the summit craters (Peltier et al. 2008, 2015, 2016). In
contrast, pre-eruptive Kilauea magmas have slightly lower
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water content (less than 1 wt%; Gerlach 1986; Wallace and
Anderson 1998) and are stored within two main reservoirs
located between 2 and 3 km below the summit caldera
(Edmonds et al. 2013; Peltier et al. 2015). At Etna, pre-
eruptive magmas are stored within multiple levels spanning
a wider range of depth (from 1 to 10 km deep) than PdF and
Kilauea (Patane et al. 2008; Aloisi et al. 2011; Bonaccorso
et al. 2013; Peltier et al. 2015) and contain relatively high
water content (up to 2.3 wt%; Métrich and Rutherford 1998;
Giordano and Dingwell 2003).

During the June 2014-July 2015 period at PdF, we sug-
gest that the efficient syn-eruptive degassing, the moderate
micro-crystallization, the relatively low volume of erupted
magmas and the lack of an important continuous re-filling
of fresh, volatile-rich magma do not allow the formation of
sustained and energetic lava fountains. In contrast at Kilauea,
although there is a relatively low content of dissolved water
in the melt, major basaltic eruptions, implying relatively
large magmatic supplies and volumes, are generally asso-
ciated with relatively high decompression rates, low syn-
eruptive degassing and low degassing-driven crystallization,
generating sustained and intense lava fountains (e.g. Head
and Wilson 1987, 1989; Mangan and Cashman 1996; Parfitt
2004; Stovall et al. 2011, 2012; Parcheta et al. 2013; Holt
et al. 2019). At Etna, petrological and geochemical investiga-
tions suggest that the initial volatile-rich magmas associated
with relatively efficient degassing processes towards the sur-
face can sometimes lead to crystal-rich and viscous magmas
near the fragmentation level (Métrich and Rutherford 1998),
generating violent Strombolian activities (Polacci et al.
2019). On this volcano, syn-eruptive transitions between
Hawaiian-style and more violent activities have also been
largely documented, but contrary to PdF, these transitions
were mainly from Strombolian-style to Hawaiian-style activ-
ity (e.g. Polacci et al. 2006; Sable et al. 2006; Corsaro et al.
2017; Pompilio et al. 2017; Edwards et al. 2018). According
to these latter authors, this evolution is marked by the same
textural signatures of the emitted products as in our study,
where the degassed Strombolian products are more crystal-
line and less vesiculated than their Hawaiian counterparts.
In the early 2000, the volcanic system of Etna was fed by a
magmatic system progressively more degassed whose vola-
tile exsolution caused bubble coalescence and the formation
of slugs that burst into the typical Strombolian explosions,
fragmenting a melt having experienced prolonged residence
at depth (Polacci et al. 2006). The transition to fire fountain
activity occurred when coalescence became so efficient as
to produce a foam of gas bubbles that eventually collapsed,
rose in the conduit as a gas core surrounded by a moder-
ately vesiculated liquid annulus, and erupted explosively as
vigorous jets of gas and liquid magma (Polacci et al. 2006;
Andronico and Corsaro 2011). Alternatively, Houghton et al.
(2004), Sable et al. (2006) and Pompilio et al. (2017) suggest
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that the transition between weak intracrater Strombolian
activity and paroxysmal phases with several kilometer-high
sustained columns could be related to different proportions,
within the conduit, between high (microlite-rich) and low
(microlite-poor and gas rich) viscosity magma portions.
In both cases, the contrasting textures of the pyroclasts are
not genetically related to each other. In our case at PdF, we
suggest that the eruptive dynamics evolution is controlled
by distinct processes with respect of those described in
these latter papers, at least in eruptions in which moderate
Hawaiian-style activity precedes Strombolian-style activity
(Fig. 10). In these cases, the textural variation is related to
the same batch of magma undergoing different cooling and
degassing histories.

Conclusions on the eruptive models
and fragmentation implications

From all the observations and interpretations brought by
this multi-disciplinary work, we are able (i) to reconstruct
the pre-eruptive conditions of the PdF shallow magmatic
system for the June 2014-July 2015 period, (ii) to quantify
the implications for the syn-eruptive processes within the
eruptive dykes and (iii) to correlate the previous points with
the eruptive dynamics and emitted products (Figs. 10a, b).
The reactivation of the shallow plumbing system of PdF
in June 2014, followed by the beginning of its rejuvena-
tion since early 2015, imply several changes in the shallow
magmatic reservoirs at PdF. The June 2014 evolved magma
was reactivated by internal magmatic processes. This reac-
tivation was probably triggered by a second boiling and a
gas/crystal segregation (golden pumice vs. crystallized
lava) within the magmatic volume that increase the internal
overpressure of this reservoir at the origin of the eruption
(Gurioli et al. 2018). This is consistent with low intensity
precursors and weak inflation rate preceding the eruption
(Peltier et al. 2016). On the other hand, the July 2015 erup-
tion resulted in a less physically stratified magma (scarce
golden pumice and absence of fully-crystallized end-mem-
ber) inherited from a mixing between a differentiated magma
and a less differentiated one. This new magmatic input of
pristine magma is consistent with a relatively strong summit
ground inflation preceding this eruption (Peltier et al. 2016).
Pre-eruptive reservoir conditions more or less impact the
syn-eruptive processes that occur within the eruptive dykes.
In June 2014, the pre-eruptive gas segregation accumulated
a foam, which probably provoked an annular dominated flow
within the dyke (Jaupart and Vergniolle 1988, 1989; Vergn-
iolle and Jaupart 1990). However, Hawaiian-style activity is
also observed without significant golden pumice emission,
as in the July 2015 eruption. Less continuous conduit gas
flow as churn flow (Houghton and Gonnerman 2008), asso-
ciated with a high vesicle nucleation rate, can also produce
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mild lava fountains and might occur during the fluidal scoria
emission. Finally, we suggest that discontinuous slug flow
(open system degassing) is the most relevant flow regime for
Strombolian phases at the end of the PdF eruptions.

Estimated initial residence time durations within the
eruptive dyke, thanks to the seismic spectrograms, are
coherent with shallow reservoir depths estimated between
1.3 and 1.7 km below the volcano top by Peltier et al. (2016).
Estimated decompression rates from 0.08 (annular and
churn flows) to 0.03 MPa s™! (slug flows) are also coher-
ent with melt inclusion saturation pressure measured by Di
Muro et al. (2014 and 2016). According to the Gonnermann
and Manga (2013) model (Fig. 10c), these decompression
rates, which can be related to corresponding TADR, are in
agreement with theoretical Hawaiian-style activity assum-
ing typical basaltic viscosities (Villeneuve et al. 2008;
Rhéty et al. 2017; Kolzenburg et al. 2018) and with esti-
mated vertical migration of dyke by Peltier et al. (2005) of
about 2 to 3 m s~! (assuming a pressure gradient of around
42 MPa km™"). Increasing the residence time within the
dyke (equivalent to a decrease of the ascent velocity and
to a decreasing TADR), associated with an increase of the
viscosity because of the increasing microlite content, is also
consistent with Strombolian-style activity associated with
effusive emission.

New thermometers are also calibrated in this paper con-
sidering pre-eruptive and syn-eruptive conditions that help
(1) understand the effect of pressure and dissolved gas on
the magma temperature evolution before and during an
eruption, and (ii) discriminate cooling-driven crystalliza-
tion from degassing-driven crystallization. Focusing on the
pre-eruptive (micro-phenocryst population) and syn-eruptive
(microlite population) crystals, it appears that these two pop-
ulations are very distinct both in terms of CSD and composi-
tions. Further interesting topics including (i) determining the
delay between the cooling-driven and degassing-driven crys-
tallizations, and (ii) quantifying the residence time of the
magma within the dyke for each eruptive styles (based on the
CSD theory) should be the new objectives of such research,
as these parameters can involve important implications in
terms of volatile content and viscosity at the fragmentation
levels. (iii) Interesting perspectives of work could also be
to compare the acquired petrological data in this study to
model conduit physics.
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