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Abstract. Pantelleritic magmas are low-viscosity peralkaline rhyolites which exhibit large differences
in eruptive style (explosive to effusive). The processes that promote fragmentation and explosive erup-
tions of pantelleritic magma remain subject to debate, but undoubtedly variations of magma viscosity
during magma ascent and degassing contribute to differences in eruptive style. Because crystalliza-
tion can significantly influence magma rheology, we present a review of equilibrium and disequilib-
rium crystallization experiments of pantellerites, focusing on the crystallization of the main phases,
alkali feldspar, and (lesser) clinopyroxene. Our analysis of data for several explosive pantelleritic erup-
tions on Pantelleria suggests pre-eruptive pressures of 50-100 MPa, temperatures of 700-800 °C for
water-saturated conditions. Given these conditions, we show that the low pre-eruptive crystal frac-
tions (0.08 to 0.15), temperatures between 700 and 800 °C, and the decrease of melt HO content dur-
ing magma ascent/decompression can promote a significant change in viscosity (up to 108-107 Pa-s),
leading to magma brittle fragmentation and explosive eruptions. Because of their typical range of vis-
cosity, pantelleritic magmas may show greater variations in eruptive style due to differences in ascent
(decompression) rate when compared with metaluminous rhyolites.

Keywords. Alkaline magmas, Alkali feldspar, Clinopyroxene, Crystallization kinetics, Eruptive condi-
tions, Eruptive dynamics.
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1. Introduction

Pantellerites are typically identified as silica-
oversaturated rhyolites with an alkali/alumina molar

* Corresponding author.

ISSN (electronic) : 1778-7025

ratio [(NapO + K,0)/Al, 03] (Peralkalinity Index, P. L.)
higher than the unity, and they are rich in Na with
an excess of Fe over Al [see the trend in MacDonald,
1974, Le Maitre, 2002, Jordan et al., 2021]. They are
often associated with comendites, with slightly lower
SiO, and PI. [e.g., Scaillet and MacDonald, 2003].
Both occur mainly in interplate settings, including
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oceanic islands [Ascension Island; e.g., Jeffery and
Gertisser, 2018] to continental rift zones, as for ex-
ample the Sicily channel rift zone [Pantelleria Island;
White et al., 2009], the Kenyan [e.g., Ren et al., 2006,
MacDonald et al., 2011] and Ethiopian [e.g., Ronga
etal., 2009, Iddon et al., 2018] Rift Valleys, and Mayor
Island [NZ-Taupo Volcanic Zone; Barclay et al., 1996].

Peralkaline rhyolites have lower viscosity than cal-
calkaline rhyolites due to the high alkali content that
strongly depolymerizes the melt structure [Steven-
son et al., 1998, Mysen, 2007, Mysen and Toplis, 2007,
Di Genova et al., 2013, 2017, Stabile et al., 2016, 2017,
2021], and they can shift between explosive and ef-
fusive eruptive behaviour, thus producing a wide va-
riety of eruptive styles, ranging from lava flows and
fountains to Strombolian to sub-Plinian and Plinian
eruptions [e.g., Schmincke, 1974, Mahood and Hil-
dreth, 1986, Duffield, 1990, Lowestern and Mahood,
1991, Houghton et al., 1992, Stevenson et al., 1993,
Webster et al.,, 1993, Wilding et al., 1993, Barclay
et al., 1996, Stevenson and Wilson, 1997, Horn and
Smincke, 2000, Gottsmann and Dingwell, 2002]. Al-
though peralkaline rhyolites were once thought to be
relatively H>O poor [Bailey and MacDonald, 1987],
more recent studies indicate magma water contents
as high as 5-6 wt% H,O [e.g., Kovalenko et al., 1988,
Webster et al., 1993, Wilding et al., 1993, Barclay et al.,
1996, Gioncada and Landi, 2010, Di Carlo et al., 2010,
Lanzo et al., 2013, Romano et al., 2019].

Pre-eruptive magmatic volatile contents and
pre- and syn-eruptive crystallization and degassing
can strongly affect the rheology of magma in the
chamber and during magma ascent, and in turn,
they can influence the volcanic eruptive styles of
magmas. Many variables, including melt compo-
sition, crystallinity, temperature (T), pressure (P),
undercooling (AT = Tiquidus — Tsubligidus), time,
melt water content, oxygen fugacity (fO), and
cooling and decompression rates, can influence
magma crystallization at depth and during as-
cent to surface [e.g., Couch et al.,, 2003, Martel
and Schmidt, 2003, Hammer, 2006, Brugger and
Hammer, 2010, Mollard et al., 2012, Martel, 2012,
Shea and Hammer, 2013, Arzilli and Carroll, 2013,
Arzilli et al., 2016]. Crystallization has commonly
been investigated in pantelleritic melts under equi-
librium conditions [Scaillet and MacDonald, 2001,
2003, 2006, Di Carlo et al., 2010, Romano et al.,
2020], but disequilibrium crystallization kinetics
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deserve additional attention because of possible
consequences for conduit flow processes and erup-
tive dynamics of peralkaline magmas [Arzilli et al.,
2020].

In this review, we provide a comprehensive eval-
uation of the pre-eruptive conditions of volcanic
activities at Pantelleria, which have implications for
rheological and numerical eruption models that in-
vestigate magma ascent and fragmentation of per-
alkaline rhyolitic magmas. The aim of this contri-
bution is to understand the eruptive dynamics of
pantelleritic magmas by studying the phase abun-
dances and chemical compositions of the main
mineralogical phases (i.e., alkali feldspar (Afs) and
clinopyroxene (Cpx)) present in natural products
of the Pantelleria volcanic system. Here, we focus
our attention on equilibrium and disequilibrium
crystallization of alkali feldspar and clinopyroxene
in different experimental and natural pantelleritic
products, from Strombolian eruptions of Cuddia
del Gallo/Randazzo and Fastuca pantellerite and
the Green Tuff Plinian eruption, with the aim of
constraining the pre- and syn-eruptive conditions
of these eruptions. Specifically, we investigate how
different parameters, such as pre-eruptive temper-
ature and crystal fraction of the main mineralogi-
cal phases and (H2O)pel¢ (= concentration of H,O
dissolved in melt) influence the eruptive style of
pantelleritic magma, contributing to reach magma
fragmentation and promoting explosive eruptive
behaviour.

2. Pantelleria volcanic system

Pantelleria Island is located in the Mediterranean Sea
south of Sicily (Italy) within the Sicily Channel Rift
Zone [Rotolo et al., 2007, Civile et al., 2008]. The vol-
canic island of Pantelleria is composed of “La Vec-
chia” caldera (114 ka) and the “Cinque Denti” [45.7 +
1.0 ka; Scaillet et al., 2013, Liszewska et al., 2018],
which suggest the presence of magma beneath the
central area of the island [Civetta et al., 1984, Mahood
and Hildreth, 1986, Rotolo et al., 2013, 2017]. Pantel-
leria has a bimodal magmatism association of tran-
sitional to alkali basalts, located mostly in the north-
west sector of the island [Civetta et al., 1988, Rotolo
et al,, 2007], and trachytes-pantellerites which are
more wide spread [e.g., Mahood and Hildreth, 1986,
Civetta et al., 1998, White et al., 2005, 2009, Liszewska
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et al., 2018, Scaillet et al., 2011, 2013, Williams et al.,
2014, Jordan et al., 2018, Rotolo et al., 2021]. There is
a clear compositional gap (Daly gap) between alkali
basalt and peralkaline rhyolite end-members. Two
main hypotheses have been proposed on the origin
of the rhyolitic magmas: (i) low-degree partial melt-
ing of mafic cumulates in the lower crust to form
trachyte, followed by crystal fractionation in shal-
low reservoirs to generate the most evolved pantel-
lerites [Lowestern and Mahood, 1991, Bohrson and
Reid, 1997, Avanzinelli, 2004, MacDonald et al., 2008,
2011, Marshall et al., 2009]; (ii) fractional crystalliza-
tion from an alkali basaltic parental magma [Civetta
et al.,, 1998, White et al., 2005, 2009, Neave et al.,
2012, Romano et al., 2019, 2020]. Rocks of interme-
diate compositions (such as mugearite and benmor-
eite) are rare and, in many cases, are thought to be
the result of magma mixing based on textural ob-
servations [Romengo et al., 2012, Liszewska et al.,
2018]; their rare eruption may represent a physi-
cal (density, viscosity) discrimination in the magma
reservoirs [Civetta et al., 1988, White et al., 2009,
Neave et al.,, 2012, Liszewska et al., 2018]. For in-
stance, according to this last hypothesis, the Daly
gap in Pantelleria compositions can be explained by
the fact that the intermediate melts are not erupted
because felsic magmas (trachytic to pantelleritic)
within the magma chamber behave as a density
filter for high-viscosity and crystal-rich intermedi-
ate magmas [Mungall and Martin, 1995, Peccerillo
et al., 2003]. Moreover, Prosperini et al. [2000] pro-
posed a process of mixing plus fractional crystal-
lization between the less evolved comenditic tra-
chyte and the more evolved pantelleritic sample.
This magmatic interaction process has been specif-
ically considered the force triggering the magmatic
events that produced the Khaggiar lava dome [6-
8 ka; Speranza et al., 2010, Scaillet et al., 2011], which
was followed by intense volcanic activity, charac-
terized by explosive eruptions and lava flows emis-
sions from different effusive centres [Civetta et al.,
1998, Orsi et al., 1991, Scaillet et al., 2011, Neave,
2020].

There exist many debates on pantelleritic
magma genesis and their evolution and eruptive
behaviour [e.g., see Romano et al., 2018, 2020,
and references therein]. Outcrops in Pantelleria
show fall units (pumice fall, welded fall (splat-
ter), etc.) and deposits of pantelleritic magmas,
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which were originated from lava fountains, with a
continuous transition from explosive to more ef-
fusive style [e.g., Jordan et al., 2018]. An impor-
tant question remains as to the mechanisms and
processes triggering this shift in eruptive style
for magmas with almost identical compositions
[Schmincke, 1974, Duffield, 1990, Houghton et al.,
1992, Stevenson et al., 1993, Webster et al., 1993,
Wilding et al., 1993, Barclay et al., 1996, Steven-
son and Wilson, 1997, Horn and Smincke, 2000,
Gottsmann and Dingwell, 2002, Hughes et al.,
2017].

For instance, it is well-known [e.g., Sparks, 1978,
Papale and Polacci, 1999] that the increase in magma
viscosity due to volatile loss can produce the con-
ditions necessary for magma fragmentation and ex-
plosive eruptions [Di Genova et al., 2013]. How-
ever, given the low viscosity of pantelleritic liquids
[Neave et al., 2012], there should be other mecha-
nisms, which trigger the most explosive style. Previ-
ous studies have demonstrated that these peralkaline
rhyolites, at low temperatures, have lower viscosity
than metaluminous rhyolites due to the effect of al-
kalis that strongly depolymerize the melt, decreas-
ing their configurational entropy and the viscosity
[Di Genova et al., 2013, 2017, Stabile et al., 2016, 2017,
2021].

Viscosity effects on the eruption of pantelleritic
magmas are further modelled and discussed by Cam-
pagnola et al. [2016], who presented numerical sim-
ulations on the conduit dynamics of the highly ex-
plosive Green Tuff eruption, the most recent cata-
strophic eruption on Pantelleria Island [Mahood and
Hildreth, 1986, Williams, 2010, Williams et al., 2014,
Jordan et al., 2018, 2021, Rotolo et al., 2021]. The
petrological data and the thermodynamic and nu-
merical modelling indicate that pre-eruptive tem-
peratures of the Pantelleria volcanic system for sev-
eral explosive eruptions could range between 950 °C
(high end-member associated with trachytic mag-
mas) and 720-680 °C (associated with pantelleritic
magmas) [White et al., 2005, Di Carlo et al., 2010,
Campagnola et al., 2016, Liszewska et al., 2018, Ro-
mano et al., 2020].

In the following discussion, we attempt to pro-
vide a more refined picture of the most probable
pre-eruptive conditions for the Pantelleria eruptions,
with a particular focus on the resulting rheological
implications and eruptive behaviour.
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3. Review of equilibrium and disequilibrium
experiments on peralkaline rhyolitic melts

3.1. H,O solubility in peralkaline rhyolite melts

Phase equilibrium studies can constrain the stor-
age conditions of the specific magma system inves-
tigated, providing information on the magma evo-
lution and magma chamber state prior to eruption
[Rutherford et al., 1985, Geschwind and Rutherford,
1992, Gardner et al., 1995, Rutherford and Devine,
1996, Barclay et al., 1998, Cottrell et al., 1999, Di Carlo
et al., 2010, Romano et al., 2018].

In this work, we consider studies on the phase re-
lations as function of pressure, temperature, and wa-
ter content in pantelleritic compositions (Table 1). In
particular, water abundance in rhyolitic magmas can
influence magma physical properties and crystalliza-
tion behaviour [e.g., Hammer, 2004, Gualda et al.,
2012] and in turn, rheological properties and erup-
tive styles [e.g., Roggensack et al., 1997, Huppert and
Woods, 2002, Sparks, 2003, Cashman, 2004, Aiuppa
et al., 2007, Edmonds et al., 2008, Stock et al., 2018,
Stabile and Carroll, 2020]. Much effort has been de-
voted to study water solubility in different silicate
melt compositions, but only a few studies document
water abundance in strongly peralkaline rhyolites
and Fe-rich pantelleritic compositions [e.g., Scaillet
and MacDonald, 2001, Schmidt and Behrens, 2008,
DiCarlo etal., 2010, Stabile et al., 2018, 2020, Romano
et al., 2021].

Figure la shows the general state of knowledge
concerning water solubility in pantelleritic mag-
mas under water-saturated conditions. In the fig-
ure, we show solubility calculations as a function
of pressure—at 750 °C—for two similar pantellerite
compositions [Di Carlo et al., 2010, Arzilli et al., 2020]
with all plotted results obtained from the thermo-
dynamic models of Papale et al. [2006], Moore et al.
[1998], and Ghiorso and Gualda [2015]. Generally, the
data reflect the well-known strong pressure depen-
dence of water solubility, although we are aware that
the Papale et al. [2006] model tends to slightly over-
estimate water solubility in such melt compositions,
while Moore et al. [1998] better reproduces the solu-
bility data [see Romano et al., 2021]. Overall, the sol-
ubility data demonstrate that water loss from pantel-
leritic melts during ascent can alter the fluid-phase
mass fraction produced, depending on initial magma
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water content and dynamics of degassing (bub-
ble nucleation, growth, coalescence), and possible
eventual fragmentation (for explosive eruptions).

3.2. Liquidus curves of alkali feldspar and
clinopyroxene

Previous petrological studies have worked to bet-
ter define the T-P range and the redox conditions
of comenditic to pantelleritic magmas [Scaillet and
MacDonald, 2001, 2003, 2006, White et al., 2005,
2009, Di Carlo et al., 2010, Romano et al., 2020], as
well as their pre-eruptive water contents [e.g., Gion-
cada and Landi, 2010, Neave et al., 2012, Lanzo et al.,
2013, Romano et al., 2019]. The best-estimate alkali
feldspar and clinopyroxene liquidus curves for two
pantelleritic melts are shown in Figure 1b at temper-
atures of 700-850 °C and P(H,0) of 25-150 MPa. The
two melts differ slightly in composition, with slightly
higher wt% concentrations of FeO and Na,O for the
melt composition used by Arzilli et al. [2020], as well
as a small difference in the PI. of 1.46 vs. 1.40 for the
Di Carlo et al. [2010] study (see Table 1).

Di Carlo et al. [2010] studied the role of different
intensive parameters (P, T, H,O in the melt and fO,
on crystal-liquid equilibria) in a Pantelleria rhyolite
belonging to the Fastuca pumice fall eruptive unit.
Phase equilibria show that clinopyroxene is the first
liquidus phase, followed by alkali feldspar and then
quartz (which is here not reported) over the entire
range of T-H)Op,er investigated by Di Carlo et al.
[2010], with aenigmatite being stable at temperature
<700 °C, at pressures <100 MPa. Slightly different re-
sults on the same composition have been found by
Romano et al. [2020], where the mineralogical as-
semblage is dominated by alkali feldspar, with mi-
nor aenigmatite and clinopyroxene, but also fayalite,
amphibole, and quartz occurring in minor amounts
at lower temperatures. In particular, the crystalliza-
tion of fayalite in peralkaline magmas depends on a
combination of temperature, fO,, and melt peralka-
linity (and SiO, activity) and for Fastuca it is limited
to T between 690-750 °C, for suitable peralkalinity of
melt and fO, [Romano et al., 2020]. These small dif-
ferences between Romano et al. [2020] and Di Carlo
etal. [2010] results, despite the use of nominally iden-
tical starting materials, are most likely due to the high
sensitivity of the phase stabilities to small variation
of intensive parameters, as for instance, the slightly
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Figure 1. (a) Water content solubility calculations (at 750 °C) as function of pressure for pantelleritic
compositions [Di Carlo et al., 2010, Arzilli et al., 2020] obtained by using Papale et al. [2006], Moore et al.
[1998], and Ghiorso and Gualda [2015] solubility models. The purpose of the figure is to illustrate the
H,O-saturated conditions for the selected magma compositions for a given P-T range. See Romano et al.
[2021] for more detailed discussion on water solubility in pantelleritic melts. (b) Phase diagram for alkali
feldspar (Afs) and clinopyroxene (Cpx) under water-saturated conditions at NNO + 0.8 and NNO — 1,2 in
pantelleritic compositions from Arzilli et al. [2020] and Di Carlo et al. [2010], respectively.

Table 1. Summary of pantelleritic data used in this study

Experimental data Natural samples
(wt%)  Arzilli et al. Di Carlo Romano Romano Rotolo etal. Campagnola Gioncadaand
[2020] Cuddia etal. [2010] etal. [2020] etal. [2020] [2007] etal. [2016]  Landi [2010]
del Gallo Fastuca Fastuca Green Tuff Fastuca Green Tuff Cuddia del
(PANO113) Gallo (PANT15)

SiO, 69.13 70.40 69.45 72.60 69.98 69.4 66.3
TiO, 0.54 0.48 0.48 0.52 0.47 0.50 0.39
Al,O3 10.46 10.30 10.15 9.00 9.75 8.40 10.28
Fe, O3 n.a. — — — 8.52 8.60 —
FeO* 8.06 7.52 7.87 6.24 — 8.41

MnO 0.30 0.26 0.21 0.24 0.27 0.30 0.29
MgO 0.09 0.06 0.10 0.51 0.00 0.10 0.05
CaO 0.56 0.52 0.53 0.46 0.55 0.40 0.43
Na,O 6.30 5.67 6.71 7.29 7.02 6.30 6.10
K>0O 4.54 4.74 4.46 2.87 4.43 4.20 4.29
P,05 0.01 — 0.04 0.06 — 0.03

SO, n.a. — — — — —

F n.a. — — 0.20 — —
Cl n.a. — — — — —

Total 99.75 100.00 100.00 100.00 100.00 98.2 99.42

pr! 1.46 1.40 1.56 1.68 1.68 1.77 1.43

Notes: PI! (Peralkalinity Index) = molar (Na,O + K»0)/Al,O3. n.a. = not analysed.
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lower redox conditions investigated in Romano et al.
[2020] compared to Di Carlo et al. [2010]. However, in
these evolved pantelleritic magmas, ferromagnesian
phases are always limited to relatively small abun-
dances and Afs, followed by Qz are the main phases
to crystallize—these are all near-eutectic-type melts
in which incompatible elements can vary widely in
abundance, while major elements show only small
variations.

In Figure 1b, we also report the liquidus tem-
peratures of alkali feldspar obtained by Arzilli et al.
[2020] and of clinopyroxene, using the composition
of a peralkaline rhyolitic pumice (PANT15) from the
eruptive fall unit of Cuddia del Gallo. These liquidii
are consistent with those obtained from Di Carlo
et al. [2010] at similar pressures, near water satu-
ration. Although the oxygen fugacity of NNO +0.8
considered in Arzilli et al. [2020] is higher than those
investigated (NNO — 1 to NNO - 2) by Di Carlo et al.
[2010], the liquidii of the alkali feldspar are similar
at pressures lower than 50 MPa (Figure 1b), which
suggest that alkali feldspar is not strongly sensitive
to fO, (which mainly influences melt FeO contents,
and indirectly, SiO, activity). However, at pressures
higher than 50 MPa, the alkali feldspar at NNO + 0.8 is
stable at slightly lower temperatures compared with
experiments at NNO — 1. This temperature difference
at pressures higher than 50 MPa may be related to
compositional difference between the two peralka-
line rhyolitic melts (see Table 1). Moreover, reducing
the redox conditions from NNO + 0.8 to NNO — 1.2
shifts the clinopyroxene liquidus at pressures higher
than 50 MPa to lower temperatures (temperature dif-
ference of ~30 °C). On the other hand, the clinopyrox-
ene liquidus from Di Carlo et al. [2010] shows broadly
the same pattern than the alkali feldspar liquidus
curve, but appearing at higher T (>750 °C). Over-
all, the relative order of crystallization of the main
mineralogical phases is the same and persists over
the P-T range for both melt compositions used by
Di Carlo et al. [2010] and Arzilli et al. [2020].

3.3. Composition of alkali feldspar

The compositions of experimental alkali feldspars
fall in the range of Oryg g7 (Figure 2a). A broad neg-
ative correlation between Or (mol%) and T (°C) is
evident when all the available data are plotted to-
gether (Figure 2a). For instance, for the pantellerites

C. R. Géoscience — Online first, 5th August 2021

in Arzilli et al. [2020], the Or content of alkali feldspar
crystals formed at 670 °C ranges from 47 to 67 mol%
(different melt H,O), while the ones crystallized at
temperatures =720 °C are characterized by a lower
Or content between 31 and 37 mol% (near the binary
Alb-Or minimum). Hence, the alkali feldspar is more
sodic at temperatures between 720 and 790 °C, inde-
pendent of P and H,O dissolved in the melt [Arzilli
et al.,, 2020]. The grey shaded band in Figure 2a in-
dicates the range of Or contents (between 34 and
38 mol%) in natural alkali feldspar crystals obtained
from Cuddia del Gallo (PANT15), Fastuca and Green
Tuff eruption products [Di Carlo et al., 2010, Lanzo
et al.,, 2013, Liszewska et al., 2018, Romano et al.,
2020]. The variation in Or content with temperature
is appreciable only at <700 °C for experiments from
Di Carlo et al. [2010] and Romano et al. [2020].

When we examine variations of Or content with
HyOpel (Figure 2b), the majority of data displays
limited variation with H,Op,e1¢ except for the highest
H,O0 charges which appear to show a general positive
correlation between Or and H,O in the melt. How-
ever, when considering each subset of data relative
to the melt compositions, which are reported from
Di Carlo et al. [2010], Or defines a slight positive cor-
relation with H,O only for H,O > 2.5 wt% at 100-
150 MPa. Whereas an almost horizontal trend is ob-
tained at lower H, O contents for compositions falling
in the range Or,g_39. Overall, the composition of nat-
ural alkali feldspar in pantellerites is well reproduced
at 720-750 °C and (H20)pel¢ in the range 2.5-4 wt%.
Higher or lower temperatures cannot reproduce the
natural alkali feldspar composition (grey band in the
figure).

3.4. Composition of clinopyroxene

Experimental clinopyroxenes have compositions in
the range of Xpe (=molar Fe/(Fe + Mg), with all Fe as
Fe?*) between 0.54 and 0.97 for data reported on GTP
(Green Tuff Pantellerite) and FP (Fastuca Pantellerite)
from Romano et al. [2020], while it varies between
0.84 and 0.99 for data on FP of Di Carlo et al. [2010]
(Figure 3a).

Xre shows a negative correlation with tempera-
ture in the different pantelleritic products. In particu-
lar, at constant HoO ), in GTP clinopyroxenes, a de-
crease in temperature of 50 °C (from 800 to 750 °C)
increases Xge from 0.60 to 0.80, in FP, clinopyroxene



Paola Stabile et al.

Arzilietal, ® 25MPa@3wt %H0) W DiCarlo et al. (2010)
80 (2020) W 50 MPa (20wt % H,0) 70 ¢ Arzilli et al. (2020)
& @® Romano et al., 2020 (GTP)
: zg m: :;‘; x ; :zg; B Romano et al., 2020 (FP) *
0wt % H)
70 i 100 MPa (5.6 wt. % H.0)
v DiCarloetal. M 04-09wt. % H,0 60
(2010) ® 1019w %H,0
60 4 2029W.%HO .
& ¢ 3039WL%HO = L]
e ° A 4050wt.%HO S50 L
g . Romanoetal. ¢ grp (100 Mpa)z g o
= 50 A (2020) B FP (100 MPa) =
o om o ] LI ]
40
40 " n B g § g "W -
v | A O tent
i % - AL "s u = $  °  Chetiersames
q { ] ] ° -« Ir He W o ‘ m 0
a4 30 ® LS [) °
30 e LI W °
a) b)
20 20
650 700 750 800 850 0 1 2 3 4 5 6
T(°C)

HZO melt (wt. %)

Figure 2. (a) Orthoclase (Or) mol% content of alkali feldspars as a function of experimental temperature
(T °C) and (b) H»0 dissolved in the melt in pantelleritic compositions [Di Carlo et al., 2010, Arzilli
et al.,, 2020, Romano et al., 2020]; the total P range considered is between 50 and 150 MPa. GTP in
the legend indicates Green Tuff pantellerite, while FP is Fastuca pantellerite [Romano et al., 2020]. The
grey shaded band indicates the range of Or contents (34-38 mol%) in natural alkali feldspar phenocrysts
[Lanzo et al., 2013].
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Figure 3. (a) Variation of Xz, (=FeO*/(FeO* + MgO) molar), where FeO* is total iron expressed as FeO
of experimental Cpx, with Temperature (°C) at a range of pressures [Di Carlo et al., 2010, Romano et al.,
2020]. The grey bands correspond to the natural compositions of Cpx (GTP = Green Tuff Pantellerite;
FP = Fastuca Pantellerite). (b) Variation of CaO content (wt%) of experimental Cpx with melt water
content (HyOp,er Wt%) at a range of temperatures and pressures [Di Carlo et al., 2010, Romano et al.,
2020]. The grey band corresponds to the average CaO content of Cpx phenocrysts in the starting rocks
(Fastuca and Green Tuff Pantellerite).
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only crystallizes at lower temperature (<800 °C), and
the Xpe ranges from 0.89 to 0.97. The most Fe-rich
clinopyroxene crystals are produced at 680 °C in FP
compositions [Romano et al., 2020]. Similarly, exper-
imental data from Di Carlo et al. [2010] display the
highest Xg, values (between 0.92 and 0.99) at the low-
est temperature investigated of 680 °C. Clinopyrox-
ene compositions synthesized at 750 °C reproduce
the small range of natural clinopyroxene composi-
tions [Romano et al., 2020], while clinopyroxenes ob-
tained by Di Carlo et al. [2010] at temperatures be-
tween 720 and 800 °C better reproduce the natu-
ral clinopyroxene compositions of Fastuca products
(upper grey band in Figure 3a).

3.5. Crystallization of alkali feldspar and
clinopyroxene

Although the crystallization behaviour of peralka-
line rhyolites is relatively well-understood at equi-
librium, the prediction of the crystallization kinet-
ics under non-equilibrium, time-dependent condi-
tions is still difficult, even though kinetic data can po-
tentially provide new insights about the timescales
of the magmatic processes. Here, we summarize the
current understanding of the crystallization kinet-
ics of alkali feldspar and clinopyroxene under both
equilibrium and disequilibrium conditions in pan-
telleritic magma compositions. Alkali feldspars are
highly sensitive to variations of intensive variables in
volcanic systems, which are recorded by variable tex-
tures and compositional zoning patterns, depending
on the rate of change of intensive parameters pro-
moting crystallization. Recently, several studies have
investigated clinopyroxene crystallization in differ-
ent alkaline magma because clinopyroxene crystal-
lization can also rapidly change the magma rheology,
and chemical zoning of clinopyroxene can provide
information on the magma history [e.g., Ni et al,,
2014, Polacci et al., 2018, Masotta et al., 2020, Pon-
tesilli et al., 2019, Arzilli et al., 2019]. Here, we report
the total crystal fraction (¢ota1), Which represents the
sum of both alkali feldspar and clinopyroxene crystal
fraction, in experimental runs on pantellerites from
Cuddia del Gallo, Fastuca, and Green Tuff [Di Carlo
et al.,, 2010, Arzilli et al., 2020, Romano et al., 2020]
as function of A Tcpy (temperature below the clinopy-
roxene liquidus).
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Results show ¢ between 0.08 and 0.29 for
ATcpx between 10 and 140 °C and (H20)yel; in the
range of 3.3-5.6 wt% for Arzilli et al. [2020] [consis-
tent with melt inclusion water content estimations
in phenocrysts; Gioncada and Landi, 2010]. Con-
sidering both experimental data from Di Carlo et al.
[2010] and Romano et al. [2020], ¢ota1 (clinopyroxene
+ alkali feldspar phenocrysts) ranges between 0.01
and 0.49 for ATcpx up to ~170 °C. The phase abun-
dances along with the total crystal fraction (¢) for
the investigated experimental conditions in Arzilli
et al. [2020] are also reported in Table 2. The experi-
mental durations vary between 24 and 288 h [Arzilli
et al., 2020] and demonstrate long nucleation delay
of alkali feldspar in pantelleritic melts (from several
hours to several days). The nucleation delay of alkali
feldspar under water-undersaturated conditions can
be ~230 h, and the nucleation delay time decreases
with increasing melt H>O content at fixed P and/or
AT. Particularly, under water-saturated conditions,
the nucleation delay of alkali feldspar is <50 h, while
the nucleation delay of clinopyroxene ranges from
minutes to a few hours [Arzilli et al., 2020]. This in-
dicates that clinopyroxene formation timescales can
be significantly shorter than timescales for alkali
feldspar formation upon changes of magmatic P-T
conditions in pantelleritic magmas. Slow feldspar
crystallization/recrystallization time scales are also
observed in plagioclase-bearing basaltic magmas
[Polacci et al., 2018, Masotta et al., 2020, Pontesilli
et al., 2019]. Importantly, we observe that despite
a wide range of AT, the variation of clinopyroxene
crystal fraction is relatively small from 0.02 to 0.10
[Di Carlo et al., 2010, Romano et al., 2020]. This im-
plies that peralkaline rhyolites may spend days in
sub-liquidus conditions without experiencing sig-
nificant changes in crystal fraction due to long nu-
cleation delay times for alkali feldspar [discussed in
more detail in Arzilli et al. [2020]].

4. Discussion

4.1. Pre-eruptive conditions of the Pantelleria
volcanic system
4.1.1. Strombolian eruptions

The strombolian pantelleritic products of Fas-
tuca, Cuddia Randazzo, and Cuddia del Gallo have a
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Table 2. Experimental run conditions and phase abundances for the data reported in Arzilli et al. [2020]

Sample Pressure Temperature H,0 t (h) Phase abundances Total
(MPa) (°C) (Wt%) (Wt%) D
C136 100 670 5.6 192 GI(83), Afs(7), Cpx(10), Ox(<1) 0.17
C144 50 750 4.4 288 Gl(92), Afs(6), Cpx(2) 0.08
C155 50 720 4.4 96 Gl(89), Afs(7), Cpx(3), Ox(1) 0.11
C148 50 720 44 175 Gl(85), Afs(8), Cpx(6), Ox(1) 0.15
C149 50 720 44 195 Gl(83), Afs(10), Cpx(6), Ox(1)  0.17
Cl141 50 670 4.4 72 Gl(71), Afs(20), Cpx(9) 0.29
C146 25 790 33 288 Gl(83), Afs(12), Cpx(3), Ox(2)  0.17
C151 25 720 33 130 Gl(75), Afs(19), Cpx(5), Ox(1)  0.25
C138 25 670 3.3 24 Gl(90), Afs(2), Cpx(8), Ox(<1) 0.10

Gl = glass; Afs = Alkali feldspar; Cpx = Clinopyroxene; Ox = oxides (Magnetite-Ulvospinel
solid solution, Fe-Ti oxides). Phase abundances calculated by multiple linear regression using
known starting composition and crystal compositions analysed by microprobe; total ® means

total crystal fraction (% crystals/100).

mineral assemblage that consists of alkali feldspar,
clinopyroxene, and minor amounts of fayalite, aenig-
matite, amphibole, and quartz [Di Carlo et al., 2010,
Gioncada and Landji, 2010, Lanzo et al., 2013, Landi
and Rotolo, 2015, Romano et al., 2020]. Alkali feldspar
is the dominant crystal phase, and together with
clinopyroxenes, occurs as both phenocrysts (be-
tween 500 pm to mm sizes) and microlites (from a
few microns to 100-200 pwm) [Di Carlo et al., 2010,
Gioncada and Landi, 2010, Romano et al., 2020].
The abundance of phenocrysts is similar among
the strombolian products of Fastuca, Cuddia del
Gallo, and Cuddia Randazzo. The phenocrysts crys-
tal fraction is ~0.15 (alkali feldspar + clinopyrox-
ene). Fastuca samples also contain alkali feldspar
phenocrysts, and alkali feldspar and clinopyroxene
microlites [Romano et al., 2020]. Similarly, alkali
feldspar microlites are present within the ground-
mass of the Cuddia Randazzo products. For most
of the samples, the abundance of alkali feldspar
microlites ranges between 0.56 and 0.66 of total
crystals, while mafic mineral crystal fractions are
~0.05-0.11 [Landi and Rotolo, 2015]. Experimental
temperatures between 720 and 800 °C and pressures
of 25-100 MPa produce crystal fractions (~0.15;
considering alkali feldspar + clinopyroxene) simi-
lar to the phenocryst abundances observed in the
strombolian products of Fastuca, Cuddia Randazzo,
and Cuddia del Gallo. Experiments also indicate
that a crystal fraction of ~0.50 can be produced at
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temperatures between 680 and 750 °C (Figure 4).
Therefore, abundant microlites may be produced
within this range of temperature in the strombolian
eruptions.

Regarding the Fastuca strombolian eruption,
equilibrium experiments indicate that the com-
position of natural clinopyroxene phenocrysts
(Xpe = 0.88-0.90) can be reproduced at tempera-
tures between 725 and 800 °C and pressures between
25 and 150 MPa (Figure 3a). Instead, the composi-
tions of natural alkali feldspar phenocrysts are re-
produced at temperature between 680 and 750 °C,
pressures between 50 and 100 MPa (Figure 2a), and
water contents between 2 and 3.5 wt%. These results
indicate that there is a narrow temperature window,
between 725 and 750 °C, in which clinopyroxene and
alkali feldspar can crystallize at the same conditions.
This implies that either pre-eruptive temperatures
of Fastuca eruption were between 725 and 750 °C or
that magma was cooled down in a magma reservoir
or during magma ascent from 800 °C to temperatures
at which alkali feldspar can crystallize (680-750 °C).
Furthermore, the rare occurrence of amphibole in
Pantelleria rhyolites [Jordan et al., 2018, Rotolo et al.,
2007, White et al., 2009] suggests that this mineral
crystallizes from a wetter and cooler magma storage
region [Di Carlo et al., 2010]. In this way, amphibole
and alkali feldspar would coexist at T > 680 °C for
crystal contents comparable with those observed in
natural pantellerite [Romano et al., 2020].
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Figure 4. Total crystal fraction (®) of Afs + Cpx
as function of ATcpx (°C below estimated Cpx
liquidus temperature). The diagram shows data
for peralkaline rhyolites from Di Carlo et al.
[2010], Arzilli et al. [2020], and Romano et al.
[2020] and data of total ® of main eruptive
pantellerite products [i.e., Fastuca, Cuddia del
Gallo, Green Tuff; Gioncada and Landi, 2010,
Lanzo et al., 2013, Landi and Rotolo, 2015]. See
text for discussion of ATcpx.

Eruptive temperatures =800 °C, as we have
demonstrated in Figures 2, 3 and 4 are not consis-
tent with observations on crystal compositions and
abundances of alkali feldspar and clinopyroxene for
the different strombolian products considered here
(Fastuca, Cuddia Randazzo and Cuddia del Gallo).
This is also supported by the presence of aenig-
matite, which is only stable at temperature of 750 °C
and 50 MPa for dry conditions and 750 °C, 100 MPa,
and wet conditions, as reported from Di Carlo et al.
[2010] and Romano et al. [2020], respectively.

Considering the total crystal abundance of al-
kali feldspar and clinopyroxene (phenocrysts and mi-
crolites) in the strombolian products and the com-
positions of alkali feldspar and clinopyroxene phe-
nocrysts observed in Fastuca eruptive products, we
propose that the more likely pre-eruption conditions
are 680-750 °C, 25-100 MPa under water-saturated
(or near-saturated) conditions.
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4.1.2. Plinian eruption

The Green Tuff Plinian eruption produced an ign-
imbritic deposit that is compositionally zoned, from
pantelleritic at the base to comenditic trachyte at
the top of the deposit. This suggests that the magma
reservoir of the Green Tuff was also compositionally
zoned before the eruption: pantelleritic magma at
the top and comenditic trachyte at the bottom of the
reservoir [Liszewska et al., 2018].

The mineral assemblage of the pantelleritic
magma consists mainly of alkali feldspar, with minor
clinopyroxene and aenigmatite, and traces of fayalite
and quartz. Alkali feldspar represents the main crys-
tal phase (>85 vol.%) of the phenocryst assemblage
in every sample [White et al., 2009]. Microlites are
not present within the Green Tuff pantelleritic prod-
ucts [Campagnola et al., 2016]. The textures of pan-
telleritic pumices erupted from Green Tuff Plinian
eruption are mainly vitrophyric and crystal fraction
of phenocrysts ranges between 0.05 and 0.25 [White
et al,, 2009, Lanzo et al., 2013, Campagnola et al.,
2016, Liszewska et al., 2018, Romano et al., 2019]. Al-
though the observed crystal fraction covers a broad
range, observations on numerous natural samples,
suggest an average crystal fraction of 0.08 is repre-
sentative for the pantelleritic member, with the later
trachytic part of the eruption being more crystal-rich
compared with the earlier pantelleritic part [Cam-
pagnola et al., 2016]. The mineral assemblage of the
trachytic member of the Green Tuff eruption con-
sists of alkali feldspar and clinopyroxene, with minor
olivine, ilmenite, and apatite [Campagnola et al.,
2016, Liszewska et al., 2018, Romano et al., 2020].
Both phenocrysts and microlites are present in the
trachytic magmas. Alkali feldspar is the main phase
(phenocrysts = 0.18 (%vol); microlites = 0.05), whilst,
clinopyroxene is the second main phase in terms of
crystal abundance (phenocrysts = 0.04; microlites =
0.06, according to Campagnola et al. [2016]).

Previous studies indicate that a thermal gradi-
ent was present within the magma reservoir at pre-
eruptive conditions: the pantelleritic magma at the
top was colder (700-750 °C) than the trachytic mem-
ber (900-950 °C) in the lower part of the reservoir
[Campagnola et al., 2016, Liszewska et al., 2018]. Wa-
ter contents range from 1 wt% in the trachytes to
4 wt% in the pantellerites [Liszewska et al., 2018].
Previous studies also estimated ~100 MPa as pre-
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eruptive pressure, which correspond to depths of
3-4 km [Campagnola et al, 2016, Liszewska et al.,
2018]. This depth is consistent with geophysical stud-
ies [e.g., Mattia et al., 2007], which place the top of
the magma reservoir at 4 km beneath the caldera.
This implies that at ~100 MPa, and with 4 wt% of
H,0 the pantelleritic magma was likely near water-
saturated conditions (see Figure la) prior to erup-
tion, particularly if we consider that the Papale et al.
[2006] model may slightly overestimate H»O solubil-
ity in pantelleritic magmas (as suggested by Romano
etal. [2021]).

The composition of natural clinopyroxene phe-
nocrysts (Xge = 0.78-0.80) of Green Tuff pantelleritic
products can be reproduced experimentally at tem-
peratures between 750 and 850 °C at ~100 MPa (Fig-
ure 4a,b), whereas the compositions of natural al-
kali feldspar are reproduced at temperature of 750 °C,
100 MPa, and 3-4 wt% of H,O. Therefore, crystal-
lization of the pantelleritic magma may occur near
water-saturated condition before the Plinian erup-
tion.

As we observed for the Fastuca products, clinopy-
roxene can crystallize at higher temperatures (750
850 °C) than alkali feldspar. However, the pre-
eruptive temperatures of the Green Tuff pan-
telleritic products under water-saturated condi-
tions cannot be higher than 750 °C, as the al-
kali feldspar is the main phase in terms of abun-
dance. This is also confirmed by the experimental
results of Romano et al. [2020], which show alkali
feldspar is present only at temperatures <750 °C at
100 MPa and 4 wt% of H,O, whereas at tempera-
tures =800 °C alkali feldspar is not able to crystal-
lize. This implies that either pre-eruptive tempera-
ture of the pantelleritic magma was at ~750 °C or
that the magma cooled down in a magma reser-
voir from 850 °C to ~750 °C forming clinopyrox-
ene first at higher temperatures and then alkali
feldspar at lower temperatures, before the Plinian
eruption was triggered; these scenarios should be
further investigated, as they have implications on
the triggering of the eruption and the eruption
styles.

Experimental results suggest that at ATcpx be-
tween 3 and 170 °C and experimental duration be-
tween 24 and ~500 h, pantelleritic melts can pro-
duce crystal fractions (considering alkali feldspar and
clinopyroxene) between 0.02 and ~0.50. Figure 5
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shows calculated magma viscosities and crystal frac-
tions for different melt water contents, at tempera-
tures ranging from 700-850 °C (see figure legend for
details). In general, low ATcpy (<75 °C) can promote
a total crystal fraction similar to the natural pantel-
leritic products of Green Tuff Plinian eruption which
are shown with green arrow in Figure 5 [Lanzo et al.,
2013, Campagnola et al., 2016, Romano et al., 2020].
For ATcpx higher than 75 °C, experimental crystal
fractions are higher than those observed in the Green
Tuff pantelleritic products. One condition in Figure 5
corresponding to ATcpx = 170 °C (25 MPa, 670 °C)
shows a (ot Of 0.10, which is similar to that of
the Green Tuff pantelleritic products, but the ratio of
clinopyroxene to alkali feldspar is too high and not
representative of the natural samples. This is due to
the combination of low temperatures (670 °C) the
high ATcpx, which are not likely pre-eruptive con-
ditions of Green Tuff Plinian eruption. Based on the
chemical compositions of clinopyroxene and alkali
feldspar, the likely pre-eruptive temperatures of the
pantelleritic magma is ~750 °C (Figure 5b), which
implies relatively small ATcpx (<75 °C). Small ATcpx
may promote a nucleation delay of alkali feldspar
crystals. Magma stagnation at small ATcyy for a few
days prior to the triggering of the eruption may
only produce a limited amount of crystallization.
This indicates that although the pantelleritic mem-
ber spends days rather than hours at sub-liquidus
conditions, it may not produce drastic changes in (al-
kali feldspar) crystal fraction [Arzilli et al., 2020]. In-
stead, the trachytic magma at the bottom of the reser-
voir is more crystallized than the pantelleritic mem-
ber, as trachytic magmas can reach faster the equi-
librium crystal fraction [Arzilli et al., 2018, 2020]. The
injection of hotter mafic-intermediate magma into
the cooler reservoir destabilized the system, heat-
ing the trachytic magma (whose phenocrysts are
partially resorbed but with no evidence of physical
and chemical mixing) and triggering the Green Tuff
eruption [Landi and Rotolo, 2015, Romano et al.,
2018, Liszewska et al., 2018, Neave, 2020]. Thus,
we propose that the Green Tuff pantelleritc magma
was stored for days at pre-eruptive temperature of
~750 °C, pressure 100 MPa, and under near water-
saturation conditions and was erupted suddenly af-
ter the injection of hotter magma into the reservoir
without having time for significant changes in crystal
volume fraction.
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Figure 5. Effect of crystal content on liquid (magma) viscosity as function of water content (from dry
conditions to 6 wt% H,0) at different magmatic temperatures of (a) 700 °C, (b) =750 °C, (c) —800 °C, and
(d) —850 °C. The arrows in the figures, starting from the natural phenocryst content (average) of the main
eruptive products (Green Tuff or GTB, Cuddia del Gallo/Randazzo, Fastuca eruptions or FP/CUDDIA), in-
dicate the different paths of rising magmas. The grey dashed line indicates the fragmentation level cor-
responding to a viscosity value of 10® Pa-s. The viscosities of crystal-bearing and vesicle-free suspensions
have been estimated by using the Mader et al. [2013] equations as function of crystal fraction, of a strain

rateof y =1s7!

In the following, we present and discuss the differ-
ent effects of the initial temperature, Hy Oy, crystal
fraction, and crystal aspect ratio of alkali feldspar and
clinopyroxene on the rheology and dynamics of the
pantelleritic magma of the Pantelleria volcanic sys-
tem.
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, and a mean crystal aspect ratio of rj, = 8. See text for discussion.

4.2. Syn-eruptive conditions and rheological im-
plications

Viscosity () calculations on dry and hydrous pantel-
leritic magma compositions (Cuddia del Gallo, Fas-
tuca, and Green Tuff) can help understand better the
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interactions between magma rheology and eruptive
styles. Brittle magma fragmentation occurs when a
critical viscosity-dependent strain rate is exceeded
[Papale, 1999]. Melt composition, crystal fraction,
and vesicularity all influence the bulk magma vis-
cosity [e.g. Giordano et al., 2008, Vona et al., 2011,
Mader et al.,, 2013]. The bulk magma viscosity in-
creases as the magma crystallinity increases and dur-
ing degassing as magma water content decreases
[e.g., Giordano et al., 2008, Vona et al., 2011]. This
favours approaching brittle magma fragmentation
conditions. Regarding peralkaline rhyolitic explosive
eruptions, magma fragmentation still remains an un-
clear process [Di Genova et al., 2013, Campagnola
etal., 2016, Hughes et al., 2017].

For viscosity calculations, we consider the pre-
eruptive temperatures of the Pantelleria volcanic sys-
tem, the melt water content, the crystal fractions (¢),
and the crystal aspect ratio (r,). We use the model of
Di Genova et al. [2013] for the prediction of the initial
viscosity of peralkaline silicate melts as a function of
temperature and water content. Assuming a pre- to
syn-eruptive temperature of 700-850 °C, HoO )¢ be-
tween 0 and 6 wt%, and pressure of 25-100 MPa, we
calculate the viscosities of pantelleritic liquids at this
range conditions (Figure 5).

To investigate how the presence of crystals can in-
fluence the rheology of peralkaline rhyolitic magmas,
the viscosities of crystal-bearing and vesicle-free sus-
pensions have been estimated by using the Mader
et al. [2013] equations using a strain rate of y = 1 s~
and a mean crystal aspect ratio of r,, = 8. For sim-
plicity here, a strain rate of 1 s™! has been consid-
ered assuming that the crystallization occurs at near-
equilibrium conditions, while the crystal aspect ratio
represents the average value between alkali feldspar
and clinopyroxene obtained from crystallization ex-
periments performed by Arzilli et al. [2020] under a
wide range of ATcpx (3-170 °C). Viscosities are re-
ported in Figure 5(a—d) as a function of the crys-
tal fraction (alkali feldspar and clinopyroxene phe-
nocrysts) for a given eruptive temperature (700-750—
800-850 °C, Figure 5a—d) and H, O varying from 0
(dry conditions) up to 6 wt%. We consider 0.3 wt% of
H, O the residual water content at the exit of the vent,
following the modelling of Green Tuff eruption [Cam-
pagnola et al., 2016].

Overall, the viscosity increase is not linear with
crystal fraction and it becomes steep for ¢ values
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>0.35, approaching infinite values for further ¢ in-
creases [a consequence of the form of viscosity-
crystal fraction relationship used by Mader et al.
[2013]]. At a given temperature, the decrease of
HyOperr during magma ascent can change the vis-
cosity by up to 6 log units (Figure 5). At viscosities
higher than 10° Pa-s (grey dashed line corresponding
to the fragmentation level in Figure 5), brittle frag-
mentation may be invoked in agreement with mod-
elling results obtained by Campagnola et al. [2016]
and the rheological calculations reported by Hughes
etal. [2017].

The pre-eruptive conditions of the strombolian
cases (Fastuca, Cuddia Randazzo, and Cuddia del
Gallo—red paths in Figure 5) can promote crystalliza-
tion of phenocrysts and microlites of alkali feldspar
and clinopyroxene at temperatures of 680-750 °C.
The high total crystal fraction (phenocrysts and mi-
crolites) observed in the strombolian products may
be produced during magma stagnation and slow as-
cent prior to the triggering of the eruption. As shown
in Figure 5 large undercoolings and several days at
pre-eruptive conditions are needed to produce high
crystal fractions of alkali feldspar [Arzilli et al., 2020].
The pre-eruptive conditions proposed for the strom-
bolian eruptions and crystal abundance observed in
the natural samples can increase viscosity during
magma ascent (Figure 5a,b) at ) > 10% Pa-s, which is
sufficient to lead to brittle fragmentation.

Regarding the Green Tuff Plinian eruption (green
paths in Figure 5), the pre-eruptive conditions of
the crystal-poor pantelleritic member are likely
a temperature of <750 °C, a pressure ~100 MPa,
and water-saturated conditions (in agreement with
Campagnola et al. [2016] and Liszewska et al. [2018]).
Despite the crystal content of the pantelleritic prod-
ucts being relatively low (on average 0.08), magma
viscosity can reach values higher than 10° Pa-s close
to the surface (0.3 wt% of H,0) at temperatures
<750 °C (Figure 5a,b), which implies that brittle frag-
mentation may be promoted. At a temperature of
800 °C, magma viscosity can reach a value of 10° Pa-s
only at the surface with a crystallinity of 0.08 (Fig-
ure 5¢). At temperature of 850 °C this viscosity thresh-
old is not reached (Figure 5d); therefore, it is unlikely
that brittle fragmentation and explosive eruptions
are promoted at temperatures =800 °C. This result
is in agreement with previous studies [Campagnola
et al., 2016, Hughes et al., 2017], however, our simple
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model considers only the effect of crystals, temper-
ature, and magma water content at the equilibrium
conditions, whilst, the effect of decompression rate,
adiabatic cooling ascent rate, strain rate, vesicular-
ity, and outgassing during magma ascent should
be considered [La Spina et al., 2021]. For example,
Hughes et al. [2017] suggest that bubble overpressure
driven by rapid decompression and strain localiza-
tion around crystals may also promote brittle magma
fragmentation.

In conclusion, we note that crystal abundance
does not play a fundamental role in changing the vis-
cosity of the pantelleritic magma for the Green Tuff
Plinian eruption, in agreement with Campagnola
et al. [2016] and Hughes et al. [2017]. This contrasts
with basaltic compositions, where fast syn-eruptive
crystallization has been proposed as a driving mech-
anism triggering fragmentation and highly explosive
eruptions [e.g., Sable et al., 2006, 2009, Arzilli et al.,
2019, Bamber et al., 2020]. The pantelleritic mag-
mas may favour highly explosive eruptions reach-
ing viscosity of 10® Pa-s even with a low crystallinity
at <750 °C (Figure 5). Therefore, the tendency of
such magmas to fragment brittle or to flow effusively
may be strongly controlled by temperature (Figure 5)
and/or rapid decompression and strain localization,
as suggested by Hughes et al. [2017]. Another pro-
cess that should be considered is the crystallization
of nanolites during fast perturbation of undercool-
ing [Mujin and Nakamura, 2014, Di Genova et al.,
2020]. Nanolites may form during fast magma as-
cent in iron-rich peralkaline rhyolitic magmas, and
their formation could change the magma viscosity by
several orders of magnitude [Di Genova et al., 2020].
All these hypotheses indicate that the complexity of
pantellerite eruptive phenomena should be further
investigated with more experimental and modelling
studies to better understand the fragmentation pro-
cess and the highly explosive eruptions in peralkaline
rhyolitic systems.
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