
Magma Dynamics 

Applications of the refined clinopyroxene-based hygrometer from this study to magma 
dynamics at Mt. Etna volcano 

The plumbing system at Mt. Etna is governed by frequent inputs from mantle depths of 
primitive, volatile-rich magmas into shallower crustal reservoirs (Ferlito et al. 2008; Corsaro et al. 
2013; Mollo et al. 2015a). This continuous magma supply causes an almost constant degree of 
differentiation for the erupted products that are systematically buffered to the composition of a 
trachybasalt (Armienti et al. 2004). Despite the apparent uniformity of the trachybasalt eruptions, 
however, volcanic activity is none the less supplied by magma batches that retain subtle differences 
in their P-T paths of ascent (Armienti et al. 2013). Prehistoric eccentric cones at Mt. Etna had 
occasionally erupted primitive (MgO > 7 wt.%) basaltic lava flows (i.e., Mt. Maletto eruption) 
dominated by olivine and clinopyroxene phenocrysts (~7 vol.%) with plagioclase confined to the 
groundmass. At high pressure, most of the volatiles are retained into the magma and/or exsolve very 
slowly allowing efficient degassing and hindering bubble growth, being this latter the parameter 
dictating the volume expansion and acceleration of magma (Gonnermann and Manga 2012). At P > 
400 MPa and T > 1,150 °C, Armienti et al. (2013) found that most of the primitive, deep-seated 
Etnean magmas migrate very slowly with initial ascent velocities of 0.4–4 × 10−3 m/s. These 
primitive magmas tend to preserve their original compositions during slow ascent at depth; in fact, 
fractional crystallization modelling (Corsaro et al. 2013), thermodynamic calculations (Mollo et al. 
2015a) and phase equilibria experiments (Vetere et al. 2015) point out that the segregation of 10–20 
vol.% of phenocrysts at depth is the maximum admissible value to explain the persistent eruption of 
magmas buffered to trachybasaltic compositions.  

Conversely, at shallower crustal levels, Etnean magmas are more differentiated (MgO < 6 
wt.%) and undergo strong degassing and crystallization while travelling from the conduit to the 
surface (Métrich et al. 2004; Spilliaert et al. 2006; Collins et al. 2009). Melt inclusion data 
document as volatile-rich magmas decompressed from 400 to 100 MPa become extensively 
depleted in CO2 (~0.05 wt.%) but still keep a relatively high H2O content (~2.5 wt.%). Coherently, 
the refined hygrometer from in this study predicts that extensive magma fragmentation and 
crystallization of the most energetic lava fountains is accompanied by a substantial degassing (H2O 
< 2.5 wt.%) in the uppermost portions (P < 100 MPa) of the volcanic conduit (Fig. 2d). Similarly, S 
(~0.3 wt.%), Cl (~0.3 wt.%), and F (~0.15 wt.%) start to exsolve from the Etnean trachybasaltic 
magmas at the low pressures of ≤140 MPa, <100 MPa, and ≤10 MPa, being eventually degassed at 
>95%, 22–55%, and ~15% during eruption (Spilliaert et al. 2006). Degassing-driven crystallization
is also the key mechanism controlling the final crystal growth when most of the H2O dissolved in
the melt is rapidly exsolved (Mollo et al. 2015a), in concert with the upward acceleration of magma
in the shallower parts of the plumbing system (Armienti et al. 2013 and references therein). This
applies to lava fountain episodes at Mt. Etna volcano ascending with fast velocities of 0.01–0.31
m/s (Mollo et al. 2015b) that are close to those measured in other open-conduit degassing systems,
e.g., Hawaii (0.01-0.04 m/s; Rutherford 2008; Gonnermann and Manga 2012), Unzen (0.01-0.07
m/s; Toramaru et al., 2008) and Mount St. Helens (0.01-0.15 m/s; Rutherford and Hill 1993). If
volatiles are released to a vapor phase retained in the magmatic suspension, the buoyancy of the
whole magma increases significantly providing explanation for the increasing ascent velocity with
decreasing pressure. Indeed, both rapid decompression and shallow H2O exsolution lead to
expansion-driven acceleration by bubble coalescence with the consequent formation of a sustained
magma fountain above the volcanic vent (Gonnermann and Manga 2012 and references therein).

Differently to primitive, volatile-rich magmas stored in the deeper parts of the plumbing 
system, the crystallization of Etnean magmas travelling in the upper conduit regions is strictly 
controlled by volatile exsolution and degassing. Under such circumstances, the near-equilibrium 
crystal growth condition in the magmatic reservoir shifts to a rapid crystal growth condition from 
the conduit to the surface. This is particularly evident for the crystallization of plagioclase and 
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titanomagnetite phenocrysts that is controlled by strong disequilibrium effects caused by magma 
undercooling and decompression (Applegarth et al. 2013; Giacomoni et al. 2014; Mollo et al. 
2015a). On eruption, the phenocryst and microphenocryst content of magma is up to 50 vol.% but a 
great number of plagioclase and titanomagnetite nucleate and grow by degassing- and cooling-
driven crystallization mechanisms (Applegarth et al. 2013). The crystal-rich nature of Etnean 
products mostly reflects the rapid growth of plagioclase and titanomagnetite upon the effects of 
magma undercooling and fast ascent times in the order of 0.2–7 h (Applegarth et al. 2013). While 
the use of plagioclase-based hygrometers is restricted to the final segment of the volcanic conduit, 
the refined hygrometer from this study has the noteworthy implication that clinopyroxene starts to 
equilibrate at depth recording the entire decompression and degassing path of magmas at Mt. Etna 
volcano (Fig. 2d). 
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