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Summary

Summary

Defining the timescales of magma storage and ascent beneath active
volcanoes is a fundamental tool in volcanological investigation of the last
decade to constrain pre-eruptive magmatic processes and magma chamber
dynamics, since it is able to provide the basis for volcanic hazard
assessment. This Ph.D. project focuses on the investigation of the deep
portion of the Campi Flegrei Volcanic District plumbing system (crustal-
mantle boundary; ~25 km of depth), in correspondence of which the
presence of a possible crystallization zone has been hypothesized on the
basis of melt inclusion studies, seismic data interpretations, gravimetric and
petrological modelling and experimental data. The Campi Flegrei Volcanic
District, which includes the Campi Flegrei and the islands of Ischia and
Procida, represents one of the most active volcanic areas in the
Mediterranean region and one of the most dangerous volcanic complexes
on Earth owing to the intense urbanization of the area. Many petrological,
geochemical and geophysical surveys were carried out in the Campania
Active Volcanic Area that have helped to define the main architecture and
the development of the sub-volcanic system. Nevertheless, the dynamic
processes that operate during the earliest, deepest differentiation steps of
primitive magmas that fed all Campi Flegrei eruptions are yet poorly
constrained. The knowledge of the dynamics and residence and ascent
timescales of magma at deep levels, indeed, may be the key to understand
the triggering mechanisms of volcanic eruptions, and are essential for
understanding the rates at which magmas are supplied to volcanic
complexes. In this thesis, the investigation of the kinetic and rheological

properties of a K-basaltic magma at Moho depth, together with the
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Summary

partitioning of trace elements between crystal and melts, has allowed to fill
some gaps relative to the knowledge of the deep portion of the Campi
Flegrei Volcanic District plumbing system, providing magma residence
time and ascent timescales, and models for deep magmatic differentiation

processes.
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Introduction

Introduction

State of research in the field

The Campi Flegrei Volcanic District (CFVD, southern Italy; Fig. 1), includes
the Campi Flegrei and Ischia and Procida islands and it represents one of
the most active volcanic areas in the Mediterranean region. This volcanic
area is located near the south-western margin of the Campania Plain, within
a graben linked to the extension occurred along the south-western margin
of the Apennine Mountains during the opening of the Tyrrhenian Sea basin

in the Pliocene-Quaternary (Acocella et al., 1999).

Quaternary

I:I volcanics
I:I Quaternary

deposits
- Pliocene deposits

- Miocene wedge-top
basin deposits

- Apennine Platform
carbonates

- Lagonegro-Molise
Basin Units

N 40° 45'

50 km

Figure 1. Geological sketch map of the Campanian Plain. After Vitale and Isain (2014)

(modified from Vitale and Ciarcia 2013; Orsi et al. 1996).
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Introduction

Its volcanic products, mostly pyroclastic rocks, show a well-documented
compositional variation spanning from rare K-basalt and shoshonite
through latite to predominant trachyte and slightly peralkaline phonolite,
identifying a potassic, mildly alkaline series (Fig. 2; e.g., Armienti et al,,
1983; Civetta et al., 1997; D' Antonio et al., 1999a, 1999b; de Vita et al., 1999;
Melluso et al., 2012; Orsi et al., 1995; Pappalardo et al., 1999). The origin of
the CFVD magmatism has been identified in a K-rich mantle, whose
enrichment, according to the most accredited hypothesis is due to
fluids/melts released by the subducting Ionian oceanic lithosphere, which
was part of the wider Tethys Ocean (Avanzinelli et al., 2009; D'Antonio et
al., 1999a, 1996; Mazzeo et al., 2014; Peccerillo, 2017; Schiano et al., 2004;
Tonarini et al., 2004). The 2 Ma old, calc-alkaline volcanic products found in
Parete and Castelvolturno bore-holes (north-west of Campi Flegrei;
Beccaluva et al., 1991 and references therein) may represent a distinct cycle
of volcanic activity associated to a source different from the one that
originated the recent potassic magmas of the Campania Province. The
change from calc-alkaline to variable K-alkaline rock series, also observed
in other volcanic districts of the circum-Tyrrhenian region (Beccaluva et al.,
2013; Conticelli et al., 2009), provides evidence of the increasingly marked
metasomatic modification of the upper mantle following the recycling of
crustal components via subduction. To date many petrological and
geochemical studies (Peccerillo, 2017 and references therein) have been
addressed to reconstruct the differentiation processes at the origin of the
CFVD igneous rock types (from silica-saturated to slightly silica-
undersaturated, potassic compositions). Nevertheless, to unravel the

differentiation processes affecting the CFVD magmas is not a trivial task.
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Indeed, most of the erupted magmas are characterized by evolved
compositions with their trace-element distributions and isotopic
characteristics masked by shallow processes like fractional crystallization
and mingling/mixing (e.g., Armienti et al, 1983; Civetta et al, 1997;
D'Antonio et al., 1999b; de Vita et al., 1999; Melluso et al., 2012; Orsi et al.,
1995; Pappalardo et al., 1999; Peccerillo, 2017). The least-evolved volcanic
rocks of the whole CFVD are K-basaltic scoria clasts occurring in the
hydromagmatic tuff of the Solchiaro eruption (Procida Island, ~22 ka ago;
Morabito et al., 2014; Fig. 2), like the APR16 sample (D'Antonio et al., 1999a;
De Astis et al., 2004; Mazzeo et al.,, 2014; Perinelli et al., 2019), used as
starting material in the experiments of this thesis. The isotopic composition
of the APR16 is characterized by low %Sr/%Sr ratio (0.70506) and high
WNd/"Nd (0.51273) representing, therefore, the least radiogenic
composition of the whole area reported in literature to date (Mazzeo et al,,
2014). The similarity in geochemical and isotopic features among Procida,
Ischia and Campi Flegrei and between the CFVD and Somma-Vesuvio
products highlights a strong relationship within the Campania Province
magmas and allows to consider the K-basaltic scoria clasts from Procida as
the parental magmas of the recent (<50 ka) volcanic products of the
Campania Province (Civetta et al.,, 2004; Fedi et al., 2018; Mazzeo et al., 2014;

Pappalardo and Mastrolorenzo, 2012).
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Figure 2. TAS classification diagram (Le Maitre et al., 2002) for Campi Flegrei volcanic rocks. Literature
data of Procida Island (ochre coloured field), of Campi Flegrei Volcanic District (green coloured field) and
of Ischia Island (light blue coloured field) are from GEOROC database (http://georoc.mpch-
mainz.gwdg.de/georoc/Start.asp). The grey coloured field represents the high-K calc-alkaline rocks from the
Parete and Castelvolturno bore-holes (north-west of Campi Flegrei). Symbols indicate the anhydrous
(white), damp (grey) and hydrous (black) experimental runs of Perinelli et al. (2019). Black and red crosses
indicate the APR16 and APR16GL starting materials of Perinelli et al. (2019). Alkaline/subalkaline limit

(red dotted line) is after Irvine and Baragar (1971).

It has been known for long time that the timescale of magma
formation, storage and ascent beneath active volcanoes is the key to
constrain pre-eruptive magmatic processes and magma chamber dynamics,
which provide the basis for volcanic hazard assessment (e.g., Blake and
Ivey, 1986; Druitt et al., 2012; Martin et al., 2008; Morgan et al., 2006; Petrone
et al, 2016; Saunders et al., 2012; Sparks et al., 1997). Estimates of these
timescales and knowledge of magmatic processes can be obtained by several

methods (Costa et al, 2020, and reference therein), among which the
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investigation of kinetics of crystal nucleation and growth, dissolution
kinetics, rheological properties and partitioning of trace elements between
crystals and melts.

The kinetics of crystal nucleation and growth are fundamental for the
interpretation of rock textures in terms of thermal history of a magma
during its ascent to the surface and to constrain timescales of magmatic
processes. Indeed, deep-level ascent rates may be the key to understand the
triggering mechanisms of volcanic eruptions and are essential for
understanding the rates at which magmas are supplied to volcanic
complexes ( ; ). In this regard, the
experimental approach is used to reproduce natural processes on a small
scale as reliably as possible. The performance of experiments together with
a series of assumptions targeted at constraining the countless variables
present in nature, provides fundamental data for developing petrological
models aimed at interpreting and predicting what happens in nature. In
particular, as regards the kinetic properties, there are two main
experimental procedures generally used: “static’ and “dynamic”
experiments. As reported by , “static” experiments are
composed of an initial equilibration period followed by rapid
decompression or rapid cooling, executed in a single step or ramp that is
short compared to the duration of the subsequent dwell period. Conversely,
“dynamic” experiments include continuous changes in temperature and/or
pressure, such as multi-step decompression, constant-rate cooling, and
various combinations of dwell and ramp segments. Furthermore, on the
basis of the experimental T-t path, the experiments are also distinguished

into isothermal and sub-cooling experiments. As reported in detail by
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Masotta et al. (2020) in isothermal experiments, temperature is linearly
increased to the target resting temperature (Tws) and the early
clinopyroxene nucleation at T comprised between the glass transition
temperature (T;) and the Trst determines the formation of many small-size
crystals. On the other hand, in undercooling experiments, the Trs is
approached after a short annealing time at temperature above the liquidus
and clinopyroxene growth at T > Trst determines the formation of fewer, but
larger (>100 mm) and compositionally-zoned crystals. While undercooling
experiments reproduce more effectively the natural conditions of
clinopyroxene growth during cooling and/or degassing of magmas,
isothermal ones are more useful to reproduce crystal growth in steady
condition like in a magma reservoir. For this reason, since this thesis is
focused on the investigation of magmatic processes occurring in a deep
magmatic reservoir, static isothermal experiments have been chosen as
experimental procedure.

In this thesis clinopyroxene and amphibole growth rates were investigated
in detail, since they are the predominant phases under the studied
conditions (see next section §Choice of the experimental conditions for details).
Clinopyroxene, indeed, is a common phenocryst in basaltic systems and,
due to its wide crystallization range, it may contain the most complete
record of evolutionary history of a magma. Amphibole, instead, is a typical
phase of mafic to felsic hydrous magmas (Arculus and Wills, 1980;
Cawthorn et al., 1973; Davidson et al., 2007) through which it was possible
to qualitatively and quantitatively infer magmatic crystallization pressure
and temperature as well as magma storage, mixing and ascent processes

(e.g., Rutherford and Devine, 2008; Turner et al., 2013; Zhang et al., 2017).
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However, to date, experimental studies of clinopyroxene crystallization
kinetics in primitive alkaline compositions are few and limited to low
pressure conditions (< 0.5 GPa; e.g., Arzilli and Carroll, 2013; Orlando et al.,
2008; Pontesilli et al., 2019), as well as the investigations on the kinetics of
amphibole crystallization, that are all addressed to investigate calc-alkaline
rocks affinity (i.e., Shea and Hammer, 2013; Simakin et al., 2009; Zhang et
al.,, 2019). In Chapter 1 of this thesis, the cooling rate and the deep-level
ascent rates of K-basaltic magmas were evaluated by combining the
clinopyroxene growth rate determined by high-pressure crystallization
experiments with data from crystal size distribution analyses and
thermobarometry of clinopyroxenes occurring in the most primitive scoria
clasts of the CFVD. The aim, indeed, was to investigate the CFVD magmas
transport at Moho-lower crust depth and provide an estimate of magma
recharge of the deep reservoirs.

Knowledge of dissolution kinetics of minerals is important to provide
constraints on crystal residence times and magma chamber dynamics.
Dissolution is a fundamental process in igneous petrology and it often
occurs, for instance, during xenolith and/or xenocryst digestion by magma
assimilation and transport processes (e.g., Edwards and Russell, 1998).
Among the studies available in the literature regarding the dissolution of
minerals in silicate melts, those focusing on clinopyroxene dissolution are
few and sparse (Chen and Zhang, 2009; Kuo and Kirkpatrick, 1985; Kutolin
and Agafonov, 1978; Scarfe et al., 1980; Van Orman and Grove, 2000; Zhang
et al, 1989) and only those by Scarfe et al. (1980) and Brearley and Scarfe
(1986) report data on clinopyroxene dissolution in alkali basaltic

compositions. The clinopyroxene dissolution rates calculated in Chapter 1
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of this thesis were employed to determine the dissolution times of
phenocrysts from the Campi Flegrei caldera, since the omission of the effect
of the dissolution of the crystals, could lead to an underestimation of the
residence times.

Evidence that the re-activation of volcanic areas is supported by an
input of deeply formed magmatic batches, implies that the eruptive style at
surface is influenced by the physical and chemical conditions of magmas at
depths of the upper mantle. In the case of Campi Flegrei, several studies
have pointed out the geochemical and seismic signature for the presence of
mantle-derived magmas, the rheological properties of which remained
unexplored so far. Experimental studies have provided the pressure
dependence of viscosity first by performing quench experiments in multi
anvil and piston cylinder ( ) although limited to
viscosities > 1 Pa's. More recent experimental studies performed at high
pressure and temperature representative of mantle regions by means of in
situ radiographic techniques combined with high-pressure apparatus have
allowed to explore a wider range of silicate melt compositions like basaltic
( ), trachy-andesitic ( ), albitic (

) and dacitic ( ) melts. To date, experimental
studies on the rheological properties of magmas of interest for the Campi
Flegrei Volcanic District (CFVD; Italy) investigate only differentiated
compositions from latites to trachytes at low (< 0.5 GPa) and atmospheric
pressure ( ; ;

; ). Viscosity data measured in Chapter 2 of this
thesis were used to model i) the mobility and migration rate of APR16 K-

basaltic melt at upper mantle conditions corresponding to a scenario of new
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batches of magma that form in the mantle source and move upward creating
the conditions of re-filling of the chamber at crustal depths; and ii) the flow
regime and magma ascent rate from deep to shallow reservoirs, and up to
the surface.

Finally, a central factor in the evolution of an igneous body is the
partitioning of elements between the melt and the crystallizing minerals.
The study of the factors influencing the partitioning coefficients is of
paramount importance since the latter are frequently used in petrological
and geochemical studies to better understand magmatic processes, like
fractional or equilibrium crystallization, assimilation, and partial melting
(e.g., Mollo et al., 2016). Trace elements partitioning results to be controlled
by several parameters like temperature and pressure (e.g., Blundy and
Wood, 2003; Mollo et al., 2018; Sun and Liang, 2012), mineral composition
(e.g., Blundy and Wood, 1991, 1994; Onuma et al., 1968; Mollo et al., 2016),
melt composition (e.g., Bennett et al., 2004; Gallahan and Nielsen, 1992;
Mysen and Virgo, 1980), redox conditions (Aigner-Torres et al., 2007; Cartier
et al, 2014), and kinetic effects (e.g., Arzilli et al., 2018; Lofgren et al., 2006;
Mollo et al., 2011, 2013). Among these latter only few are relative to
clinopyroxene (Lofgren et al., 2006; Mollo et al., 2013; Shimizu, 1981). In
Chapter 3 of this thesis, trace element partition coefficients between
clinopyroxene and K-basaltic melts were investigated aiming to i) provide
clinopyroxene-melt partition coefficient experimental data for primitive
compositions in the CFVD area; ii) understand the role of the crystallization
kinetics on trace elements partitioning behaviour relevant for deep
magmatic reservoirs, and iii) model deep differentiation of primitive

parental K-basaltic magmas of the CFVD.
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Choice of the experimental conditions

Pressure. The main pressure investigated in this thesis (0.8 GPa) is
representative of the crustal-mantle boundary in the Phlegraean area (~25
km of depth; Di Stefano et al., 2011; Fig. 3). At that depth, the presence of a
possible crystallization zone was hypothesized on the basis of the results of
melt inclusion studies (Moretti et al., 2013; Mormone et al., 2011), seismic
data interpretations (Chiarabba et al., 2008; Di Stefano et al., 1999; Piochi et
al., 2005), gravimetric and petrological modelling (Fedi et al., 2018) and
experimental data (Perinelli et al.,, 2019). Moreover, in Chapter 2 pressures
between 0.7 and 7 GPa are considered to investigate the mobility of the

APR16 K-basaltic melt from the mantle region to the deep reservoir.

Ischia Campi Somma-

Depth  sW  igland Flegrei Vesuvius NE
(km) Prodda gl
jsiand CATCCTA papies
[ R ot e S
upper differentiation/
crust accumulation
S differentiation/
accumulation
lower
differentiation/
crust -
accumulation
24— Moho = “ underplating/
differentiation
upper
mantle

variable degree
and depth
partial melting

H,0-CO; fluxing

MAGMAS CUMULATES
wwsiswe trachyte/phonolite "0 2 leuco-monzonite

s |atite/tephri-phonolite % mela-monzonite

22 gabbro
dunite and

" * olivine gabbro

NOTTO SCALE

sl shoshonite/phono-tephrite
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K-trachy-basalt

Increasing
differentiation degree

Figure 3. Volcanological and petrological interpretative sketch of the low-density

source of the Campania Volcanic Area. From Fedi et al. (2018).
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Temperature and water content. Temperature and water amount of the

experimental runs of Chapters 1.1-1.3 of this thesis (T = 1030-1250 °C and

H20i = 0-4 wt.%) have been chosen to have clinopyroxene as the only

crystallized phase when possible (anhydrous conditions), otherwise as

liquid phase in the presence of other mineral phases (hydrous conditions),

based on the T-H20r content projections of Perinelli et al. (2019), where

phase relations of the APR16 and APR16GL compositions (i.e., the natural

and glassy starting materials used in the experiments) are shown (Fig. 4).
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Figure 4. T vs.H:2O5 in melt phase diagram showing experimental saturation curves (dashed when

estimated), phase assemblages and stability fields for APR16, APR16GL and SCE compositions.

The diagram combines the results from NWA, damp and wet experiments of Perinelli et al. (2019).

NWA solidus temperature of APR16 composition is from Bonechi et al. (2017). Liq: liquid; Cpx:

clinopyroxene; Ol: olivine; Plg: plagioclase; Opx: orthopyroxene; Amph: amphibole. Error bars are

smaller than symbol size. After Perinelli et al. (2019).
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As shown in the T-H2Or¢ diagram of , indeed, the
liquidus temperature is at about 1300 °C in the NWA (no water added) runs
and below 1150 °C for H20r contents higher than 8 wt.%. In the NWA runs,
clinopyroxene is the liquidus phase (1270-1295 °C) followed by olivine and
oxide (Cr-spinel) at 1250 °C and by plagioclase at 1190-1235 °C. In the damp
runs, i.e., 1.5-3 wt.% H20;, olivine begins to crystallize reaching a degree of
crystallization (<15 w.t%) lower than that at NWA conditions (>20 wt.%). In
the wet runs, i.e., 4-6 wt.% H20j, olivine joints clinopyroxene at 1150 °C and
it is replaced by orthopyroxene coexisting with oxide at 1100 °C. By
lowering the temperature (T = 1080 °C), amphibole becomes stable and the
resulting mineral assemblage for temperatures down to 1000 °C is
composed by Cpx + Amph + Ox + Opx. Notably, in the hydrous runs at 1030
and 1080 °C the predominant crystallization of Amph compared to that of
Cpx allowed to estimate its growth rate (Chapter 1.3).

Differently, temperatures of the experimental runs of Chapters 1.4 and 2 are
superliquidus temperatures (1300-1350 °C and 1300-2000 °C, respectively).
As regards Chapter 1.4 (i.e., dissolution kinetics), they were necessary to
avoid the occurrence of the crystallization process which would disturb the
diffusion and dissolution processes ( ); as regards
Chapter 2 (i.e., rheological properties), instead, they were necessary to

perform falling-sphere viscosity measurement via ultrafast imaging (

).
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Aim of the Ph.D. project

The goal of this Ph.D. project is to give a contribution to the scientific debate
about pre-eruptive magmatic processes and magma chamber dynamics
occurring in the deep portion of the Campi Flegrei Volcanic District
plumbing system, providing estimates of timescales of magma storage and
ascent through the experimental investigation of the kinetic and physical

properties of a primitive alkaline basalt at deep levels.

Structure of the Ph.D. thesis

This Ph.D. thesis is divided in 4 chapters:

Chapter 1 includes three papers and a manuscript about crystallization and

dissolution kinetics:

— Chapter 1.1 is a paper published in Bulletin of Volcanology about
clinopyroxene growth rates in a primitive alkaline basalt at 0.8 GPa. The
candidate is the first author and the main responsible for experimental
work, analytical work, data analysis and interpretation, picture
production, and for the writing of the manuscript draft.

—  Chapter 1.2 is a paper published in Minerals about the influence of pre-
existing nuclei on the clinopyroxene crystallization in primitive alkaline
magmas. The candidate is the sole author and the responsible for
experimental work, analytical work, data analysis and interpretation,
picture production, and for the writing of the manuscript draft.

—  Chapter 1.3 is a paper published in Lithos about amphibole growth rates
in a primitive alkaline basalt at 0.8 GPa. The candidate is the first author

and the main responsible for experimental work, analytical work, data
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analysis and interpretation, picture production, and for the writing of
the manuscript draft.
—  Chapter 1.4 is a manuscript (under review in Chemical Geology) about
clinopyroxene dissolution in an alkaline basaltic melt at high pressure.
The candidate is the first author and the main responsible for sample
preparation, analytical work, data analysis and interpretation, picture
production, and for the writing of the manuscript draft.
Chapter 2 is a manuscript (to be submitted) about the rheological properties
of a primitive K-basalt at high pressure and high temperature conditions.
The candidate is the first author and the main responsible for experimental
work, analytical work, data analysis and interpretation, picture production,
and for the writing of the manuscript draft.
Chapter 3 is a manuscript (under review in Geochimica et Cosmochimica Acta)
about the trace element partition coefficients between clinopyroxene and a
primitive K-basaltic melt. The candidate is the first author and the main
responsible for experimental work, analytical work, data analysis and
interpretation, picture production, and for the writing of the manuscript
draft.

Chapter 4 contains the final discussion and conclusions.

Electronic appendixes A-F include the tables and the supplementary

materials of Chapters 1-3.
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Chapter 1.1

Clinopyroxene growth rates at high pressure: constraints
on magma recharge of the deep reservoir of the Campi

Flegrei Volcanic District (south Italy)

Barbara Bonechi!, Cristina Perinelli!, Mario Gaeta?
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5, 00185 Rome, Italy
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Clinopyroxene growth rates at high pressure

Abstract

Clinopyroxene growth rates were experimentally determined in a K-basaltic
rock from Campi Flegrei Volcanic District (south Italy). The primary
objective was to provide constraints on the clinopyroxene crystallization
kinetics at high pressure: we carried out a series of experiments at 0.8 GPa,
1030-1250 °C, 1 < H20 <4 wt.%, with durations of 0.25, 3, 6 and 9 h. Overall,
growth rate reaches a maximum value in the shortest experiments (~3-107
cm-s™), decreasing to ~1-10® cm-s? in the longest duration runs.
Temperature and water content do not seem to significantly affect the
growth rate. Moreover, partition coefficients based on the crystal-liquid
exchange show that mineral chemistry progressively approaches
equilibrium with increasing run duration. Furthermore, to estimate the
magma recharge of the deep reservoirs, we combined the determined
growth rates with data from thermobarometry and from crystal size
distribution analyses of clinopyroxenes in the most primitive scoria clasts of
the Campi Flegrei Volcanic District (CFVD). We obtained a minimum
residence time of ~5 months for the larger clinopyroxene population, and an
ascent velocity of ~0.5:10* m-s™ for the CFVD K-basaltic magma. The
smaller clinopyroxene phenocrysts and microlite populations, however,
suggest that the late stage of Procida magma crystallization took place in

disequilibrium conditions.

Keywords: Crystal growth rate, Alkaline basalt, Clinopyroxene, Crystal size

distribution, Chamber residence time, Campi Flegrei
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Introduction

The kinetics of crystal nucleation and growth are fundamental for the
interpretation of rock textures in terms of thermal history of a magma
during its ascent to the surface and to constrain timescales of magmatic
processes. Crystallization kinetics has been investigated in lunar and
terrestrial basalts (Dowty et al. 1974; Lofgren 1974, 1983; Grove and Walker
1977; Grove and Raudsepp 1978; Walker et al. 1978; Lesher et al. 1999) and
in silicic hydrous systems (Lofgren 1980; Kirkpatrick et al. 1981; Hammer
and Rutherford 2002; Hammer 2006; Zieg and Lofgren 2006; Pupier et al.
2008). However, there are relatively few investigations of alkaline
compositions (e.g., Conte et al. 2006; Agostini et al. 2013; Arzilli et al. 2015).
Clinopyroxene (Cpx) is a common phenocryst in basaltic systems and, due
to its wide crystallization range, it may contain the most complete record of
evolutionary history of a magma. To date, experimental studies of Cpx
crystallization kinetics (e.g., crystal growth rate) in primitive alkaline
compositions are few and limited to low pressure conditions (<0.5 GPa; e.g.,
Orlando et al. 2008; Arzilli and Carroll 2013; Pontesilli et al. 2019). To
constrain clinopyroxene crystallization kinetics at high pressure, we
experimentally investigated the growth rate of clinopyroxene in an alkaline
basalt (APR16 sample; Bonechi et al. 2017) representative of the least-
evolved rocks of the whole Campi Flegrei Volcanic District (CFVD). Both
anhydrous and hydrous experiments were conducted at a pressure of ~0.8
GPa that is representative of the crustal-mantle boundary (~25 km of depth;
Di Stefano et al. 2011) in the Phlegraean area, and the location of a possible
crystallization zone, hypothesized on the basis of melt inclusion studies

(Mormone et al. 2011; Moretti et al. 2013), seismic data (Di Stefano et al. 1999;
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Piochi et al. 2005a, 2005b; Chiarabba et al. 2008) and gravimetric and
petrological modelling (Fedi et al. 2018). Moreover, Perinelli et al. (2019)
demonstrated that early magmatic storage and crystallization at high
pressure (i.e., at the local crust base) contributed to the differentiation of
primitive magmas of the Campania Province. For these reasons, the
experimental data on high-pressure clinopyroxene growth kinetic will be
useful for constraining timescales of magmatic processes in this area. In
particular, the estimation of the magma ascent rate in the CFVD is of
paramount significance in terms of volcanic hazard. Indeed, deep-level
ascent rates may be the key to understand the triggering mechanisms of
volcanic eruptions and are essential for understanding the rates at which
magmas are supplied to volcanic complexes (Armienti et al. 2013; Perinelli
etal. 2018). Thus, to investigate the CFVD magmas transport at Moho-lower
crust depth and provide an estimate of magma recharge of the deep
reservoirs, we assessed the cooling rate and the deep-level ascent rates of K-
basaltic magmas by combining the clinopyroxene growth rate determined
by high-pressure crystallization experiments with data from crystal size
distribution analyses and thermobarometry of clinopyroxenes occurring in

the most primitive scoria clasts of the CFVD.
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Experimental and analytical techniques

Starting material

The starting material used in this work is an anhydrous glass (APR16GL;
Table 1) prepared by melting the APR16 natural powder in a gas-mixing
furnace at 1400 °C and atmospheric pressure for 15 min to reduce all Fe* to
Fe?" using a CO/CO2 gas mixture at the Bayerisches Geoinstitut (Bayreuth,
Germany). The starting material did not contain crystalline phases, as
analysed by both microprobe and image analyses. The APR16 sample (Table
1) is a primitive alkaline basalt found as scoria clast in the deposits of the
Solchiaro hydromagmatic centre located in Procida island (Campi Flegrei,
Italy). It is characterized by 12 vol.% of forsteritic olivine and diopsidic
clinopyroxene phenocrysts in a groundmass of olivine, clinopyroxene,
plagioclase, Ti-magnetite, alkali feldspar and glass (D’Antonio et al. 1999;

De Astis et al. 2004).

Experimental technique

Experiments were performed, at the isobaric pressure of 0.8 GPa, as function
of temperature, water content and time by using the %2 inch end loaded
piston cylinder apparatus at the HP-HT Laboratory of the Earth Sciences
Department (Sapienza University, Rome, Italy). The assembly consists of an
outer CaF2 cell, graphite furnace and MgO crushable spacers. Firstly, the
APR16GL glass was crushed and ground in an agate mortar under acetone
to a grain size < 10 um. Then this glassy powder (40-50 mg) was dried at
110 °C for at least 2 h to remove the moisture before being loaded and
pressed into AursPdzs capsules, along with distilled water for hydrous

experiments, and then welded. For each experiment, the capsule was placed

32



Clinopyroxene growth rates at high pressure

in the MgO crushable spacers and surrounded by powder of alumina (for
no water added experiments) or pyrophyllite (for water added ones).
Temperature was measured using a type D WsRes-W2sRezs thermocouple
and maintained with an uncertainty of +5 °C. The experimental assembly
was first pressurized to the target pressure by a piston-out procedure
( ; ) that applies an overpressure of
~10% of the run pressure and then gradually increases the temperature to
the working temperature, while correcting for pressure drops due to stress
relaxation within the assembly during heating. The heating rate was
imposed at 150 °C/min. The sample was maintained at the pressure and
temperature for a given duration (nominal duration), and then quenched by
turning off the power. The temperature dropped to below 500 °C within <5
s (average cooling rate of 150 °C/s). All the runs were self-buffered; we
estimated fO: through the equation of using
the liquid Fe*/Feiwt mole ratios from Ko Fe-Mg ol/liq calculated following
. This procedure yielded fO:2 values of ANNO +0.12 to +2, in
agreement with those estimated for similar furnace assemblages (

; ). We performed a total of 24 experiments, whose
experimental conditions are reported in Table 2. The experiments were
divided into three series based on the amount of water added to the starting
material. All series were run at a constant pressure and at four different
dwell times (0.25, 3, 6 and 9 h). Experiments of Series 1 (i.e., APR16-C1) were
run at anhydrous conditions (no water added to the starting material,
NWA) and at temperatures of 1200 °C (subseries APR16-C1A) and 1250 °C
(subseries APR16-C1B). Experiments of Series 2 (i.e., APR16-C2) were run

at hydrous conditions (2 wt.% H2O added to the starting material), and at
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temperatures of 1170 °C (subseries APR16-C2A) and 1220 °C (subseries
APR16-C2B). Experiments of Series 3 (i.e., APR16-C3) were run at hydrous
conditions (4 wt.% H20 added to the starting material), and at temperatures
of 1080 °C (subseries APR16-C3A) and 1030 °C (subseries APR16-C3B).
Initial water contents and experimental temperatures were chosen on the
basis of the melt inclusion studies (Moretti et al. 2013) and phase data were
taken from high-pressure anhydrous/hydrous experiments on Procida
alkaline basalt magmas as reported in Perinelli et al. (2019). Finally, because
undercooling (AT = Tliquidus — Texperiment) is one of the critical parameters that
influences the kinetics of magma crystallization, we determined the
effective undercooling (ATe) for each sample. This is defined as the
difference between the equilibrium clinopyroxene liquidus temperature
(Tcpxr) and the experimental temperature (Hammer and Rutherford 2002).
The Tcpx values used to calculate ATett for each experiment were taken from
Procida K-basalt experimental data (Perinelli et al. 2019) and from
calculations using MELTS software (Chiorso and Sack 1995; Asimow and

Ghiorso 1998). Resulting Tcpx and ATert are listed in Table 2.
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Table 2 Experimental run conditions, calculated water contents, phases

assemblage and proportions in run products

Run # T (°C) TCpx. (°C)  ATe (°C)  Time (h)  H,Oi(wt%) Phases H0:(wt%) It % AFe

Series 1
Subseries CIA

APRI6-ClAa 50 1205 45 025 NWA  GI(97)+Cpx(3) 161 175 7
APRIG-CIAD 50 12905 45 3 NWA  GI(75)+ Cpx(25) 090 0.62 -12
APRI6-CIAC 50 1295 45 6 NWA  GI(83)+ Cpx(15) + Ol(2) 2.03 0.83 20
APRIG-CIAd 50 1295 45 9 NWA  GI(90)+ Cpx(10) 195 0.65 -19
Subseries CIB
APR16-C1Ba 1200 1295 95 025 NWA  GI(50) + Cpx(41) + OL(6) + Plg(3) 011 -30
APRIG-CIBb 1200 1295 95 3 NWA  GI(54) + Cpx(33) + OL(6) + Plg(7) 038 -40
APR16-C1Bc 1200 1295 95 6 NWA  GI(57) + Cpx(45) + Plg(2) + Ox(5) 0.64 -7
APRI16-CIBd 1200 1295 95 9 NWA  Gl(45)+Cpx(37) +Ol(3) + Plg(12) + Ox(3) 0.84 -4
Series 2
Subseries C24
APRI6-C2Aa 1270 50 025 2 GI(91) + Cpx(4) + OI(1) + Ox(4) 192 0.02
APR16-C2Ab 1270 50 3 19 GI(68) + Cpx(23) + Ol(4) + Plg(1) + Ox* 1.56 0.66
APRI6-C2A¢ 1270 50 6 21 Gl(65) + Cpx(27) + OI(5) + Plg(3) 247 093
APRI6-C2Ad 1270 50 9 19 GI(80) + Cpx(17) + OI(3) + Ox* 130 025
Subseries C2B
APR16-C2Ba 1170 1270 100 0. 2 GI(65) + Cpx(29) + OI(1) + Plg(5) 161 3.56 19
APR16-C2Bb 1170 1270 100 3 2 Gl(63) + Cpx(30) + OI(6) + Plg(1) 139 077 27
APR16-C2Bc 1170 1270 100 6 2 GI(58) + Cpx(33) + OI(5) + Plg(1) 3.77 0.73

1170 1270 100 9 18 GI(57) + Cpx(34) + OI(2) + Plg(3) + Ox(4) 2.02 0.56
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Table 2 Continued
Run # T (°C) TCpxy (°C) AT (°C)  Time (h)  HO;(wt%) Phases HOr(Wt%)  Sr2 % AFeS
Series 3
Subseries C34
APR16-C3Aa° 1080 1218 138 0.25 4 GI' + Amph + Cpx +Plg + Ox*
APRIG-C3Ab® 1080 1218 138 3 4 GI"+ Amph + Cpx +Plg + Ox*
APRI6-C3Ac 1080 1224 144 6 38 Gl(60) + Cpx(37) + OI(3) 65 062 -10
APR16-C3Ad 1080 1233 153 9 33 Gl(55) + Amph(24) + Cpx(20) + Ox(1) 102 041 -1
Subseries C3B
APRI16-C3Ba® 1030 1224 194 0.25 38 GI"+ Amph + Cpx + Plg + Ox
APR16-C3Bb® 1030 1225 195 3 3.7 GI" + Amph + Cpx + Plg + Ox
APRI16-C3Bc® 1030 1232 202 6 34 GI"+ Amph + Cpx + Opx + Ox
APR16-C3Bd 1030 1216 186 9 42 Gl(40) + Amph(35) + Cpx(24) + Ox(1) 83 018 -1

Notes: NWR natural water rock; Gl glass; Cpx clinopyroxene; Ol Olivine; Plg plagioclase; Amph

amphibole; Ox oxide. TCpx. is the equilibrium clinopyroxene liquidus temperature (°C)

determined on the basis of phase relations experimental data from Perinelli et al. (2019) and on

the calculations by using MELTS software (Ghiorso and Sack 1995; Asimow and Ghiorso 1998).

AT is the difference between the clinopyroxene liquidus temperature and the nominal

temperature of the runs. H20i % of water added to the charge. H2Or as determined by the by-

difference calculation method (respect to the total of EMP analyses). Lr? values from mass balance

calculation. § Percent of relative Fe loss from starting material based on difference between the

starting material and calculated bulk composition of experiment obtained from mass-balance

calculations. *Phases too small for analysis; *crystals present in trace; °in these runs it was no

possible to do mass balance calculation.
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Analytical techniques
The recovered samples were mounted in epoxy resin, ground flat and
polished. Textural aspects of the recovered samples were analysed by
Scanning Electron Microscopy (SEM) using a FEI Quanta-400 equipped for
microanalysis with an EDAX Genesis system at the Earth Sciences
Department (Sapienza University, Rome, Italy). A minimum of eight
backscattered electron (BSE) images were acquired for each experimental
sample in order to accurately measure the nucleation of clinopyroxene and
other crystallized mineral phases (e.g., ; ;
)- Phase compositions were analysed at the CNR-Istituto
di Geologia Ambientale e Geoingegneria (Rome), with a Cameca SX50
electron microprobe equipped with five wavelength dispersive
spectrometers (WDS). Quantitative compositional analyses were performed
using 15 kV accelerating voltage and 15 nA beam current. As standards we
employed metals for Mn and Cr, jadeite for Na, wollastonite for Si and Ca,
orthoclase for K, corundum for Al, magnetite for Fe, rutile for Ti and
periclase for Mg. Counting times were 20 s for elements and 10 s for
backgrounds. Light elements were counted first to prevent loss by
volatilization. The PAP correction method ( ) was
used. Minerals were analysed using a beam diameter of 1 um while for
glasses a defocused electron beam of 10 to 15 pm was used. From chemical
analyses, the water contents of experimental glasses were estimated
according to the by-difference method ( ). We are aware
that this method may result in significant errors in the estimates of H.O
contents in the melts, particularly for H2O-poor glasses (uncertainty of ~0.5

wt.% for H2O melt <1 wt.%; ). However, the obtained H-0
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values are close to those determined by micro-Raman spectroscopy
measurements on residual melts of equilibrium experiments performed on
the same composition, at the same P, T and initial hydrous conditions (see

, for details). Therefore, the H20 calculated using the by-
difference method, with EPM analyses, can be considered to be reliable
estimates of water contents of experimental melts. Finally, phase
proportions were calculated using bulk and experimental phase
compositions and the least squares regression routine implemented in
EXCEL®. Image analysis conducted with Image] software was used to
estimate the fraction of total solids in each experiment. Estimates of crystal
fraction obtained by the latter approach did not produce good results for all
samples due to the difficulty in clearly distinguishing the minor phases from
glass by applying the thresholding process to backscattered images.
However, due to the strong dominance of clinopyroxene in almost all
experiments, it is reasonable to assume that the clinopyroxene crystal
fraction (Cpx-¢) is representative of the crystallinity of each experiment.
Figure S1 in Online Resource 1 displays the comparison of Cpx-¢ values

obtained by the two methods.
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Growth rate calculation
In the SEM images, crystal dimensions were measured using the measure
tool in the Image]® software. The maximum growth rate (Gr) values were
calculated using a common method reported in literature (Burkhard 2002;
Hammer and Rutherford 2002; Couch et al. 2003; Baker 2008; Iezzi et al.
2011):

_ @w)os

G, = &2 (1)

where L and W are the mean length and width, respectively, of the ten
largest crystals for each BSE image (Fig. 1) and t is the duration of the
experiments (s). As also shown in the literature, the main growth event often
occurs at the beginning of the experiment, since diffusion- or interface-
controlled growth normally display lower incremental growth rates as the
system approaches equilibrium (e.g., Arzilli et al. 2015; Couch et al. 2003;
Orlando et al. 2008). Consequently, long-lasting experiments could show an

apparent decrease in GL as time increases.

Fig. 1 Backscattered SEM image of a typical experimental result. L and W are the dimensions (i.e., length

and width, respectively) that were measured to calculate the growth rate.
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Crystal size distribution analysis

For textural analyses, we used ImageJ® software (Abramoff et al. 2004;
Schneider et al. 2012) on BSE images from which binary images of each
mineral were constructed following the procedure described by Philpotts
and Ague (2009). Manual reconstruction of edges of overlapping crystals
was necessary before conversion into binary images. Subsequently, the data
were transferred to the CSDcorrections® software (v.1.6 2018; Higgins 2000,
2002) to perform the 2D to 3D conversion and the calculation of CSD plots
for each mineral type. Following Higgins (1994), a clinopyroxene aspect
ratio of 1:2:2 and a roundness factor of 0.1 were used, and crystals were
assumed to have a uniform shape. Indeed, most of the clinopyroxene
crystals have an aspect ratio (A, long/short dimension) ranging from one to
four with equant habit, while only few crystals have higher aspect ratios (A
~8) with elongate habits, as shown in Fig. 2 and Fig. S2 in Online Resource
1. The APR16-C1A runs reported in Fig. 2 suggest that crystals tend to start
anisotropic (e.g., APR16-ClAa, APR16-C1Ab) and then become more
equant with time (e.g.,, APR16-C1Ad); this is visible in all the runs (Fig. S2
in Online Resource 1). The CSD theory (Randolph and Larson 1971;
Cashman and Marsh 1988; Marsh 1988) assumes that a steady crystal
population grows with a growth rate G (cm's™) producing a number of

crystals n(L) with length L per unit volume. The total number of crystals is:
L

N(L) = fo n(L)dL )

With a characteristic crystal residence time S, the growth rate is:

G=L/S (3)
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and the steady variation of population per size interval dL is:

dn(L) _ _
= /G )
where 1 is the number density of crystals. The integration of Eq. (4)

provides:

n = nyexp(—L/GS) )
that taking the natural logarithm, the relation is:

In(n) = In(ny) — L/GS (6)

where no is the number of nuclei at the time of consideration, which is
represented here by the time at isothermal conditions. On a plot In(n) versus
L the continuous crystallization ideally provides a linear relation with a
slope of — 1/GS, from which G may be evaluated if S is known, or vice versa.
In the same plot, the intercept provides the nucleation density, In(10). The

nucleation rate ] can now be derived from:
J = noG @)

When the natural logarithm of the population density of crystals varies
linearly with the crystal length, CSDs can provide insight into time scales of
magmatic processes (e.g., ; ;

).
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Fig. 2 Length vs. aspect ratio for APR16-C1A runs. We also give the width vs aspect ratio plot (lower inset)

and aspect ratio histogram (upper inset).

Experimental results

BSE images allowed us to identify differences in texture, crystal dimensions
and phase abundances as well as to calculate the growth rates of the
crystallized phases in each of the experimental Series and determine the

Crystal Size Distribution (CSD) formed during the experiments.

Phase relations and crystallinity

The experimental products consist of glass and microlites of clinopyroxene
(Cpx) = olivine (Ol) * plagioclase (Plg) + oxide (Ox) + amphibole (Amph).
Small bubbles dispersed within the residual glasses or grouped along the
capsule walls are frequently observed in the experiments at H:O-

undersaturated conditions, that for the Procida K-basalt magmas occur
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when water content in the melt is < 8 wt.% ( )- These
bubbles were probably trapped within the glassy powder during the
experimental charge preparation, and served as nucleation sites, as testified
by the crystal clusters around them. Phase relations obtained from the three
experimental Series are shown in the diagram T vs water content in the
residual glasses (H20y; Fig. 3). The mineral assemblage as well as the phase
abundances obtained in the long experiments (6 and 9 h) generally matches
those obtained from equilibrium experiments reported by

(see Table S1 in Online Resource 2). For our study, mass balance
calculations indicate variable crystallization degrees within each subseries
of experiments showing, as a general rule, crystallinity increasing with time
(Table 2). Exceptions are the APR16-C1A (NWA, 1250 °C runs) and APR16-
C2A (H20i = 2 wt.%, 1220 °C runs) subseries, in which the initial increase of
crystal fraction is followed by a significant decline in mineral abundance
(i.e., runs at 9 h of dwell time; Table 2). In contrast, crystallization data
determined from backscattered image analyses indicate higher degrees of
crystallization than those determined by mass balance calculations and a
similar crystallinity between runs of 3, 6 and 9 h for both the APR16-C1A
and APR16-C2A subseries (Fig. S1 in Online Resource 1). Image analysis
also shows a good correspondence between the mass balance versus image
analyses for Cpx-¢ values of the APR16-C1B (NWA, 1200 °C runs) and
APR16-C2B (H20i = 2 wt.%, 1170 °C runs) subseries (Fig. S1 in Online
Resource 1). This is probably related to the high undercooling (A Tet ~100 °C)
for both the APR16-C1B and APR16-C2B experimental subseries, which
drives the melt towards a crystallization degree approaching that of

equilibrium conditions ( ; ; ).
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Concerning the APR16-C1A and APR16-C2A subseries experiments, several
lines of evidence suggest that heterogeneous nucleation is the general rule
in all experiments (i.e., preferential nucleation of clinopyroxenes along the
capsule surfaces or around small bubbles, Fig. S3 in Online Resource 1). In
heterogeneous nucleation, the nuclei growing on pre-existing surfaces in the
liquid require less energy to reach the critical size than that required for
homogeneous nucleation ( ), where the appearance of new
crystals is promoted. Thus, for the APR16-C1A and APR16-C2A
experimental subseries, the variation in crystallization degree and phase
relations can be explained by heterogeneous nucleation that promoted
crystallization of a specific mineral phase at the expense of the others or
influenced the crystal-melt distribution along the wall of sample holder
producing chemical inhomogeneities of residual glass that were not

completely equilibrated.
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Fig. 3 Phase relation data from this experimental study plotted in the diagram of temperature vs. water

content in the melt phase (H:0y). The diagram reports experimental saturation curves (dashed when

estimated), phase assemblages and stability fields at 0.8 GPa, for K-basaltic scoria clasts of the Solchiaro

deposit and APR16GL (modified after Perinelli et al. 2019). Black stars are the experiments in which the

crystallized mineral assemblage matches that obtained in the equilibrium experiments of Perinelli et al.

(2019). Phase abbreviations are Liq: liquid; Cpx: clinopyroxene; Ol: olivine; Ox: oxide; PIg: plagioclase;

Opx: orthopyroxene and Amph: amphibole.
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Textural features of the experimental runs

Experimental textures of the three Series show limited variations mainly
linked to the increase of crystal abundance in the charge. In general,
relatively large pools of residual glass (=50 x 50 um in size; Fig. S3-54 in
Online Resource 1) are confined to the boundary of sample holder and
crystal aggregation is observed (Fig. S4-5S5 in Online Resource 1).

Series 1 In the runs of the subseries APR16-C1A (1250 °C, NWA; Fig. S3a in
Online Resource 1), the dominant phase is Cpx while olivine (Ol) crystallizes
only in the APR16-C1Acrun at 6 h (Table 2). The habit and sizes of Cpx vary
with time: subhedral grains with sizes of 5 pm occur in the shortest run
(APR16-C1Aa; 0.25 h), while those that are euhedral in shape and up to 15
pum in size appear in the run with longest duration (APR16-C1Ad; 9 h).
Olivine is euhedral with well-faceted faces and sizes of ~10 um (Fig. 4). The
runs of the subseries APR16-C1B (1200 °C, NWA; Fig. S3b in Online
Resource 1) show a higher degree of crystallization than those of the APR16-
C1A subseries and the mineral assemblage consists of Cpx + Ol + Plg + Ox.
In the run with shortest duration (APR16-C1Ba; 0.25 h), Cpx is present as
subhedral crystals, sometimes forming aggregates. With increasing
duration, Cpx develops euhedral habits with sizes up to 20 um. Similarly,
Plg forms large tabular crystals (up to ~100 um in length and ~30 pm in
width) in the run with longest duration (APR16-C1Bd; 9 h). Olivine and Ox
(present only in the runs at 6 and 9 h) have euhedral habits with sizes of ~25
and 15 pm, respectively. Some Ox crystals are characterized by a Cr-rich
core.

Series 2 The mineral phases crystallized in subseries APR16-C2A (1220 °C,

2 wt.% H20s; Fig. S4a in Online Resource 1) are the same as those that
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crystallized in subseries APR16-C1B. Clinopyroxene and Ol are ubiquitous
in these runs, whereas Plg is present only in the runs at 3 and 6 h and Ox is
absent in the run at 6 h. Clinopyroxene shows a subhedral habit in the run
with shortest duration and is euhedral in the other runs, with sizes between
~10 and 20 pm. Olivine crystals are well-faceted with sizes of ~15 um;
occasionally they contain embayments. Plg is euhedral with sizes up to ~40
pm. The runs of the subseries APR16-C2B (1170 °C, 2 wt.% H20i) show a
higher degree of crystallization (Fig. S4b in Online Resource 1) and the
mineral assemblage is Cpx + Ol + Plg + Ox (Table 2). Clinopyroxene, Ol and
Plg crystallize in all the runs, while Ox occurs only in the longest run
(APR16-C2Bd; 9 h). Textural features are very similar to subseries APR16-
C1B.

Series 3 In the runs of subseries APR16-C3A (1080 °C, 4 wt.% H20;; Fig. S5a
in Online Resource 1) and APR16-C3B (1030 °C, 4 wt.% H20;; Fig. S5b in
Online Resource 1), the main phase is Amph, which is ubiquitous. The runs
with the shortest durations (APR16-C3Aa, APR16-C3Ba and APR16-C3ADb,
APR16-C3Bb; 0.25 and 3 h, respectively) are characterized by an extensive
distribution of tiny crystals, most of them smaller than 10 um in size,
frequently occurring in crystalline aggregates (Fig. S5 in Online Resource 1).
Small plugs of glass occasionally occur at the edge of these aggregates, but
they are too small to be accurately analysed. The runs with the longest
duration (APR16-C3Ad and APR16-C3Bd, 9 h) are characterized by the
crystallization of Amph, Cpx and Ox. Clinopyroxene crystals are euhedral,
up to ~5 um in size, and sometimes constitute the core of Amph crystals
(Fig. 5). Amphibole and Ox show euhedral habits with sizes up to ~ 60 and

40 um, respectively.
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An interesting feature concerns Ol crystal, which has a morphology that can
be described as polyhedral, according to the classification of Faure et al.
(2003). Polyhedral Ol crystals contain embayments or cavities, formed
during multiple growth steps (Faure and Schiano 2005); these polyhedral
habits were found in several experimental runs (e.g., APR16-C2Bb, APR16-
C2Bc, APR16-C2Bd). In particular, it was possible to recognize (i) melt
inclusions isolated inside their host crystals, with sizes between 1 and 3 um,
and shapes that can be spherical, sub-spherical or ovoid, up to irregular but
still curvilinear (Fig. 6a); and (ii) open melt inclusions (embayments)
extending to the crystal rim through a narrow or wide neck (Fig. 6b). This
type of texture is sometimes interpreted as resulting from processes
unrelated to the growth of the host crystal (e.g., chemical resorption due to
crystal-melt disequilibria or thermal erosion at the crystal-liquid interface
associated with transport in the magma conduit; Helz and Wright 1992;
Thornber 2001; Pan and Batiza 2002). However, in our experiments, as
found by Faure and Schiano (2005), this embayed texture was formed

during olivine crystal growth under near-equilibrium conditions.

Amph

Fig. 4 Backscattered SEM image of an olivine  Fig. 5 Backscattered SEM images of Cpx
crystal showing a euhedral habit with well-  crystals constituting the core of Amph from

faceted faces from run APR16-C1Ac of Series 1. run APR16-C3Ad of Series 3.
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Melt

inclusion

\ 0)|
“Melt = . =¥
inclusion

Fig. 6 Backscattered SEM images of polyhedral Ol crystals containing embayments formed in
run APR16-C2Bc of Series 2. a Closed melt inclusion isolated inside their host crystals. b Open

melt inclusions extending to the crystal rim through a narrow or wide neck.

Clinopyroxene composition and approach to equilibrium

Chemical compositions of clinopyroxene and glass are given in Table S2 in
Online Resource 2. Clinopyroxene crystals are augitic (Wosw-Ensi-Fsis) and
diopsidic (Wos7-Enss-Fsi0) in composition according to the classification
scheme of Morimoto et al. (1998). Overall, the Mg# of Cpx (calculated as the
molar MgO/(MgO+FeOtt) ratio) varies between 0.76 and 0.88, while the Mg#
of glass lies between 0.52 and 0.77. The Fe-Mg distribution coefficients
between clinopyroxene and melt (Ko(Fe-Mg)®P*1ia = FecpxxMgiiq/MgcpxxFelig,
calculated assuming all Fe as Fe?"in both phases) varies between 0.39+0.05
and 0.30+0.05 for APR16-C1A runs, 1.00£0.10 and 0.29+0.01 for APR16-C1B
runs, 0.43+0.06 and 0.31+0.06 for APR16-C2A runs, and 0.57+0.06 and
0.34+0.04 for APR16-C2B runs. As shown in Fig. 7, all the shortest
experiments, and in particular those of the subseries APR16-C1B and
APR16-C2B, show significant deviation from the equilibrium range (Kp(Fe-
Mg)Cpelia = 0.28+0.08 according to Putirka (2008)), while runs of 3 h or more

increasingly reach equilibrium conditions.
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Fig. 7 Relation between Ko(Fe-Mg)“*"1and time. The duration of each run is indicated with different
symbols: circles for 0.25 h runs, triangles for 3 h runs, diamonds for 6 h runs and squares for 9 h runs.
Series are indicated with different colours: red for APR16-C1, light blue for APR16-C2. Within each

series, subseries are indicated with full (runs at lower temperature) and empty (runs at higher

temperature) symbols. The green field represents the equilibrium range according to Putirka (2008), while
the dotted line represents the average Ko value for Cpx (0.28+0.08; Putirka 2008).
Crystal growth rates

Maximum growth rates determined for clinopyroxene are reported in Table
3, and Fig. 8 shows the relationships between (a) crystal size (L) and
experimental duration, and (b) crystal growth rate (GL) and experiment
duration. In Series 1, we observed an increase in crystal size with increasing
experiment duration. Moreover, Cpx in APR16-C1A runs at 1250 °C are
smaller than in APR16-C1B runs at 1200 °C. As regards crystal growth rates,
the obtained values decrease by about an order of magnitude with
increasing duration of the experiments, decreasing from 107 to 10-*cm-s™as

duration increases from 0.25 to 9 h.
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Fig. 8 Relation between a Cpx size (L) and experimental duration, and b Cpx growth rate (Gr) and
experimental duration (t). The duration of the runs is indicated with different symbols: circle for 0.25 h
runs, triangle for 3 h runs, diamond for 6 h runs and square for 9 h runs. Series are indicated with different
colours: red for APR16-C1, light blue for APR16-C2 and green for APR16-C3. Within each series, each
subseries is indicated with full (runs at lower temperature) and empty (runs at higher temperature)

symbols. In Fig. 8b, the error bars are not shown since they are inside the symbols.

Within each series, Gu calculated from experiments at higher temperatures
are slightly lower than those obtained from experiments at lower

temperatures (Fig. 8b). Growth rates calculated for other phases are in Table
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4. As seen for clinopyroxene, the calculated growth rates of all other phases
decrease with increasing time. For both Ol (Fig. 9a) and Plg (Fig. 9b), Gu
decreases from about 10¢to 108 cm-s™ (Table 4) as time increases from 0.25
to 9 h. For Amph and Ox, we were able to calculate the growth rates only

for the runs with duration > 3 h, and these had values of ~108 cm-s™! (Table

1),
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Fig. 9 Relation between the growth rate (Gr) and the experiment duration (t) for olivine (a) and plagioclase

(b). Symbols are as in Fig. 8. Error bars in Fig. 9b are not shown since they are inside the symbols.
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Crystal size distribution analysis
The CSDs calculated for the APR16GL runs of Series 1 and 2 are shown in
Fig. 10a-d. For the runs of Series 3, it was not possible to perform CSD
analysis due to the small size of the Cpx (which was below the detection
limit). CSD theory predicts that steady-state conditions of continuous
nucleation and growth will produce a linear CSD plot with a negative slope,
while deviations from linearity suggest the involvement of other processes
( ; ; )-
For instance, a turnover at the smallest grain sizes may be due to (i) a
complete cessation of nucleation with continued growth that favours the
growth of the smallest grains in the next largest bin sizes, but with no
replacements produced by nucleation ( ); (ii)
annealing that causes absorption of small grains with balancing growth of
larger ones ( ); and/or (iii) a limitation to the
imaging technique ( ). Another possible deviation from linearity
is an increase of the largest grain sizes that implies an excess of large grains
compared with smaller sizes; this may be due to accumulation or addition
of large phenocrysts ( )- All runs suitable for CSD analysis show
similar curves. In the longest runs (6-9 h), in particular, CSDs yield two best-
fit lines with different slopes: a gentler slope for coarser crystals and a
steeper slope for the smallest crystals (<8 um in size). Moreover, a reduction
in both slope and intercept leads to a counter-clockwise rotation of the CSD
with time (Fig. 10a-d), which indicates an absence of new nucleation (

). Small crystals may also partly or completely dissolve due to their
higher surface energies, which causes their population density to fall below

the log-linear CSD curve ( ). Moreover, by using the growth
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rates calculated in this work for the APR16 runs, we estimated nucleation

rates | (J = noGr) of 10° and 10° mm=3-sin the run with the shortest (0.25 h)

and the longest (9 h) durations, respectively (Table S3 in Online Resource 2).
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Fig. 10 CSD relation between the natural logarithm of the population density of crystals (In(L)) and the
crystal length (L) for the APR16-C1A (a), APR16-C1B (b), APR16-C2A (c) and APR16-C2B (d) subseries.
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Discussion
Chemical and crystal fraction equilibrium of experimental clinopyroxene
and have demonstrated that Fe-Mg
exchange between clinopyroxene and the melt (Kp(Fe-Mg)Pxtia =
FecpxMgiig/MgcpxxFeliq) can be extremely useful for the assessment of
equilibrium conditions. The Ko(Fe-Mg)“*14 calculated for our experimental
runs show that chemical equilibrium was reached at between 3 and 6 h. In
order to observe if the crystal fraction equilibrium is achieved in the same
amount of time as the chemical equilibrium, we plotted clinopyroxene
fraction against experimental dwell time (Fig. 11). In Fig. 11a, we observed
a rapid increase in Cpx-¢, and increase that occurs in the first 15 min, after
which Cpx-¢ remains approximately constant. In the APR16-C1A and
APR16-C2A experiments, however, Cpx-¢ increases for up to 3 h before
approaching a constant value, suggesting an approach to crystal fraction
equilibrium conditions (Fig. 11a). This trend is similar to those obtained in
previous studies ( ; ), in which the
crystal content initially increases rapidly, and then increases less slowly, but
linearly, until it reaches equilibrium. Moreover, evolution towards
equilibrium is also testified by the decrease in the crystallization rate with
time (Fig. 11b). Thus, our experiments show that for Procida K-basalt
magmas, independently of ATef and for H20i < 2 wt.%, the approach to
clinopyroxene equilibrium (both chemical and crystal fraction) occurs after

3 h of dwell time.
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Growth rate dependence on time

As observed in previous studies (e.g., Hammer and Rutherford 2002; Couch
2003; Arzilli and Carroll 2013; Arzilli et al. 2015), time plays a key role in the
crystallization processes of silicate melts. The effective Cpx growth rate
calculated in this work varies by an order of magnitude between the runs
with the shortest and those with the longest durations (Fig. 8b). In
particular, starting from a dwell time of > 3 h, the runs begin to achieve
conditions close to the textural equilibrium, at which point kinetic processes
(i.e., growth and nucleation) begin to slow down. In detail, as shown in Fig.
11a, Cpx crystallization is negligible after 15 min for the two samples with
ATett ~100 °C but continues for up to 3 h for the two samples with ATett ~50
°C. Concerning the sizes of Cpx, instead, for all considered undercoolings,
they show a general increase increasing the dwell time only up to 6 h runs
(Fig. 8a), remaining approximately constant for longer experimental times.
All that suggests that the G. values determined for long-lasting (> 6 h)
experiments are apparent and that, at this point, we are approaching
conditions near to the textural equilibrium (Fig. 11; Arzilli et al. 2015). The
influence of time on crystal growth rate thus appears to be strictly related to
the equilibration time of the growing phases, as observed by previous
studies (e.g., Couch 2003; Couch et al. 2003; Orlando et al. 2008; Arzilli et al.
2015). These authors, indeed, noted that the growth of some mineral phases,
such as plagioclase and clinopyroxene, require different times to reach the
equilibrium conditions. For instance, time has no resolvable influence on
plagioclase at experimental durations longer than 1-2 h, a time which
appears to be sufficient for the Plg-melt system to approach a near-

equilibrium state (Couch 2003; Couch et al. 2003; Arzilli et al. 2015).
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Clinopyroxene may also require longer times (of the order of 20 h; Orlando

et al. 2008).
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Fig. 11 Relation between a crystal fraction (Cpx-@) and time, and b crystallization rate and time.

Symbols are as in Fig. 7.

Differences of clinopyroxene growth rate

There are several studies of clinopyroxene growth (e.g., Baker 2008;
Burkhard 2002, 2005; Orlando et al. 2008), although they are completely
absent for high-pressure conditions (> 0.5 GPa). There is, though a difference
between the pressure values of our study and those available in literature
(e.g., Baker 2008; Burkhard 2002, 2005; Orlando et al. 2008; Oze and Winter
2005; Pontesilli et al. 2019; Shea and Hammer 2013; Simakin et al. 2003; Table
S3 in Online Resource 2). However, the Cpx growth rates (10°-10 cm-s™)
appear to be comparable since they show similar trends in the growth rate
vs dwell time diagram (Fig. 12). In particular, our data combined with
literature data outline three parallel trends. The first is an upper trend which
includes single-step cooling and decompression experiments on a basaltic-
andesite (dwell times of 12-48 h at 995-1025 °C and 65-150 MPa) as reported
by Shea and Hammer (2013). It also includes the dynamic isothermal time-

series experiments on a trachybasaltic composition (dwell times of 0.5-24 h
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at 1100 °C and 400 MPa) reported by Pontesilli et al. (2019) and is
characterized by high growth rates. The second is a low endmember trend
that includes the CSD analyses performed by Burkhard (2002) on re-heated
Hawaiian basalts (crystal residence times of ~0.01-7 h) and by Oze and
Winter (2005) on natural basalts (crystal residence times of ~0.04-9 h). It also
includes the static experiments of Burkhard (2005) on re-heated anhydrous
basaltic glasses (dwell times of 22-576 h at 930-990 °C and 1 atm) and is
characterized by low growth rate values. The third is a middle trend which
includes our static experiments on the APR16 alkaline basalt and the
experiments (dwell times of 3-40 h at 1170 °C and 1 atm) on a K-trachybasalt
from Mt. Etna by Orlando et al. (2008). It is characterized by growth rate
values between the two endmembers. All of the above experiments were
performed at different temperature conditions and H2O contents (Table 54
in Online Resource 2), which are two key factors controlling the viscosity of
magmas (e.g., Pinkerton and Stevenson 1992; Dingwell et al. 1993; Giordano
etal. 2004). Notably, variations in melt viscosity deeply affect the kinetics of
the crystallization process and then the value of Gu (Orlando et al. 2008;
Vona and Romano 2013). Therefore, differences in melt viscosity appear to
be the main factor in explaining the differences between the three trends
observed in Fig. 12. For example, the runs of Shea and Hammer (2013) that
fall in the upper trend (Fig. 12) were performed under saturation conditions.
Hence, the high amount of water, reducing the viscosity and increasing
element diffusivity in the melt, explains high growth rate values in respect
to the runs that are undersaturated. Regarding the runs of the middle and
the lower trends (Fig. 12), instead, the different growth rate values can be

explained by taking into account the effect of chemical composition and
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temperature on the viscosity. The runs of the lower trend, indeed, were
performed using a tholeiitic basalt as starting material. This is characterized
by higher SiO:z and lower Xaai contents than the APR16-basalt of this study
and the Mt. Etna trachybasalt of Orlando et al. (2008), making the tholeiitic
melts of the lower trend more viscous than the alkaline ones of the middle
trend (see below and Fig. 56 of Online Resource 1). This, consequently,
determines the low growth rate values observed for such tholeiitic basaltic
composition (~10° cm-s™), with respect to the Gr values (~10% cm-s™)
obtained for the alkaline basalts of the middle trend (Fig. 12). Furthermore,
the runs of the lower trend were carried out at lower temperatures (~900 °C)
with respect to those of the middle trend (~1100-1250 °C). The high
temperature, as well as the water content, will affect the crystal growth rate
due to its depolymerizing effect, reducing viscosity and increasing element
diffusivity in the melt (Ni et al. 2015). To verify this hypothesis, we
calculated the viscosity of all compositions reported in Fig. 12 at
atmospheric pressure using the EXCEL® spreadsheet of Giordano et al.
(2008). As seen in Fig. S6 in Online Resource 1, at the temperatures
considered here (900-1200 °C), the samples have viscosity values that
confirm our inference, since they match the distribution observed for the
growth rates in the diagram of Fig. 12. However, the growth rates calculated
by Pontesilli et al. (2019) for a trachybasaltic composition (10°-10-% cm-s™)
show values higher than those of the middle trend defined here in Fig. 12.
We expect them to fall in this trend since they have a composition very close
to the K-trachybasalt of Orlando et al. (2008) which is that plotted here. For
this case viscosity cannot explain the different growth rate values between

these two trachybasalts since they show the same viscosity variation trend
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with temperature (Fig. S6 in Online Resource 1). Instead, we suggest that
the difference in Gt is a function of the undercooling and the cooling rate
(e.g., Lesher et al. 1999; Conte et al. 2006; Arzilli et al. 2015). The experiments
performed by Pontesilli et al. (2019), indeed, are characterized by a cooling
rate of 80 °C/min and higher degrees of undercooling (80-120 °C) with
respect to the static low undercooling (AT = 20 °C) experiments of Orlando

et al. (2008).
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Fig. 12 Relation between crystal growth rate (Gr) and experimental duration (t) for this and previous
studies on clinopyroxenes. Literature experimental data are from Burkhard (2002, 2005), Orlando et
al. (2008), Oze and Winter (2005), Pontesilli et al. (2019) and Shea and Hammer (2013). The coloured
fields represent: the upper trend in green, the middle trend in dark orange and the lower trend in light
blue. Coloured fields correspond to different viscosity values (see Fig. S6 in Online Resource 1) that
tend to increase from the upper to the lower trend, as shown by the coloured arrow on the right. The
runs of Pontesilli et al. (2019), which should fall in the middle trend based on viscosity, fall instead in

the upper one due to the higher undercooling and cooling rate.
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Considering, also, the influence of water content on crystal growth rate, due
to its depolymerizing effect that reduces viscosity and increases element
diffusivity in the melt (Hess and Dingwell 1996; Ni et al. 2015), in our
experiments the calculated growth rates at different water contents remain
in the same (order of magnitude) field (Fig. 13). In particular, we note that
growth rates of runs with HoO (i.e., water dissolved in the melt) between 2
and 4 wt.% are slightly higher than those with H20r <2 wt.%, and similar to
those observed by Pontesilli et al. (2019). The very minor influence of water
on crystal growth rate, and consequently on viscosity of our results, and
those of Pontesilli et al. (2019), is probably due to the composition used in
the experiments; being alkaline in both cases. Alkaline magmas are more
depolymerized than calc-alkaline compositions, due to the presence of
alkalis that act as “modifier networks” (Hess et al. 1995). This difference has
been noted in the literature, where the model accounting for non-Arrhenian
variation of viscosity in calc-alkaline magmas has been proved to not apply
to alkaline magmas (Giordano et al. 2006). Moreover, growth rates
calculated in runs with high-water contents in the melt (> 5 wt.%) are lower
than those obtained for runs with lower water contents (1-3 wt.%). As
observed by Bonechi et al. (2019), this is probably due to the dominance on
crystallization of the hydrous phase, amphibole, which grows at the expense
of Cpx that, indeed, never exceeds a size of ~10 um in our experiments (Fig.

8a).
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Fig. 13 Relation between Cpx growth rate (Gr) and water content dissolved in the melt (H20y).
Diamonds represent APR16 runs while triangles are the results of Pontesilli et al. (2019). Colours
indicate different amounts of water content dissolved in the melt: H:Oy< 2 wt.% in light blue, 4 wt.% <

H:Or> 2 wt.% in green, H2Or> 5 wt. % in yellow.

Magma refilling of the deep reservoir of the Campi Flegrei Volcanic District
Measurements of CSD, when combined with experimental growth rate data,
can provide useful information to better constrain the time of magma
crystallization (Cashman and Marsh 1988; Marsh 1988; Piochi et al. 2005b;
Armienti et al. 2007; Brugger and Hammer 2010b; Arzilli et al. 2016). To date,
there is limited kinetic data (crystal growth rate) on alkaline products and
most of them concern feldspar minerals (e.g., Orlando et al. 2008; Agostini
etal. 2013; Arzilli et al. 2015). Here we focused on Cpx growth rate, since (i)
as demonstrated by Perinelli et al. (2019), clinopyroxene is the liquidus
phase of the APR16 composition at high pressure (0.8 GPa), and (i)
thermobarometric estimates obtained from natural less evolved samples of
CFVD indicate an initial stage of clinopyroxene crystallization near the

Moho (~25 km depth; Di Stefano et al. 2011). Moreover, Cpx growth rate

62



Clinopyroxene growth rates at high pressure

data combined with thermobarometric data provide an estimate of deep-
level ascent rate for CFVD primitive magmas ( ). We
assume that a deep episode of magmatic crystallization takes place at low
undercooling, a condition that produces slow crystal growth rates. This
condition has been verified, here, by CSD investigations for clinopyroxene
growth of natural samples. Cpx-CSDs were measured for two K-basaltic
scoria clasts (SCE and SOG samples) collected in the deposit of the Solchiaro
tuff ring (of Procida island). Both SCE and SOG have chemical compositions
very close to that of APR16 sample (Table 1, Table S5 in Online Resource 2,
and Online Resource 3). Note that, parameters used for the CSD analysis of
natural samples were the same as those used for the experimental runs
applied here. CSD results for these two scoria clasts show an upward
curvature (Fig. 14). This indicates the possible involvement of a number of
processes, including changes in the magma cooling rate, crystal
aggregation, magma mixing, or textural coarsening, during the
crystallization history of these samples ( ;

; ; ; ). We
recognize three populations of clinopyroxenes, each of which has an almost
linear distribution (Fig. 14). The first population is of larger phenocrysts
with size > 0.32 mm that can be interpreted as early formed phenocrysts.
The second is of smaller phenocrysts with sizes between 0.04 and 0.32 mm.
The third involves microlites with L < 0.04 mm. The portion of the CSD plot
relative to the larger phenocrysts shows that, on the basis of their
composition and thermobarometric data (see Online Resource 3), they
formed during a crystallization stage at a deep (20-25 km) level. This is

apparent from an almost horizontal slope and a low intercept, which
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suggests that these crystals formed at low and almost constant undercooling
and growth rates (Armienti et al. 1994). Using the growth rate value
obtained here of 2.2:108 cm-s™ (i.e., the average of G values that on the basis
of Kp(Fe-Mg)®rx1id fall in the field representing equilibrium conditions; Fig.
S7 in Online Resource 1), it is possible to evaluate the minimum growth
time. Using this value, a minimum residence time of the largest SCE and
SOG clinopyroxenes can be obtained (Cashman and Marsh 1988; Armienti
et al. 1994). This value is estimated as ~5 months for a Cpx growth of ~3 mm.
Moreover, the ascent rate of primitive CFVD magmas can be assessed by
combining data on Cpx growth rate with thermobarometric data of natural

clinopyroxenes (Armienti et al. 2013).

a) SCE
20 Microlites
—~ L< 0.04 mm
e
€
é 10 Smaller phenocrysts
z Q 0.04 <L<0.32mm Larger phenocrysts
= % L>0.32 mm
R T NENY SETEIRRRY LR
0 1 2 3
L (mm)
b) SOG
20 Microlites
o~ L <0.04 mm
IS
é 10 Smaller phenocrysts
g 0.04 <L <0.32mm Larger phenocrysts
< [ ] L>0.32 mm
NI e e e ®
0 1 2 3
L (mm)

Fig. 14 Relation between population density (In(N)) and length (L) of clinopyroxenes for SCE (a) and SOG
(b) natural samples. Coloured rectangles indicate three different Cpx populations: in orange larger
phenocrysts (L > 0.32 mm); in green smaller phenocrysts (0.04 < L <0.32 mm); in light blue microlites (L
<0.04 mm).
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Clinopyroxene growth rates at high pressure

The range of temperatures and pressures of crystallization estimated for the
larger population of clinopyroxenes obtained here are 1141-1178 °C and 0.7-
0.9 GPa (which converts to a 20-25 km depth assuming an average crustal
density of 2.8 g:em™). According to the approach of Armienti et al. (2013),
for a AT of 37 °C (AT = 1178-1141 °C), a AL of ~0.3 cm (based on the
magnitude of deep growth of clinopyroxene from CSD analyses; Fig. 14) and
a growth rate of 2.2-108 cm-s™, as estimated by our experiments, the cooling
rate during the ascent of CFVD K-basaltic magmas can be estimated to be
0.3-10° °C/s. This value, combined with the dP/dT from thermobarometry
(see Online Resource 3), provides a deep-level ascent velocity of ~0.5-10*
m-s™, which is comparable with the average magma transport rate of 3.6-10
m-s™ estimated for Mt. Etna for depth > 6 km (Armienti et al. 2013).
Nevertheless, the olivine/clinopyroxene ratio (~1) of the SCE and SOG
scoriae indicates, according to the experimental phase relations at 0.2-0.8
GPa (Granati 2016), that the most primitive magmas of CFVD pond at
relatively shallow levels before eruption. This is confirmed by barometric
estimates based on the smaller phenocrysts, whose crystallization onset
occurred at 0.3-0.5 GPa (8-14 km depth; see Online Resource 3).
Consequently, the calculated residence time of the larger Cpx population
(i.e. 5 months at least) multiplied by the magma volume erupted from the
CFVD tuff ring (0.1-1 km3; Mastrolorenzo et al. 2017) could represent the
minimum recharge rate of the large magmatic reservoir, whose top has been
located in the CFVD at a depth of about 8 km (e.g. Rapolla et al. 1989;
Cecchetti et al. 2001; Auger et al. 2001; Zollo et al. 2008; Esposito et al. 2011;

Pappalardo and Mastrolorenzo 2012; Fanara et al. 2015; Fedi et al. 2018).
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Conclusions

Through this work, we have improved knowledge of crystallization kinetics
of clinopyroxene in alkaline basaltic melts, providing new crystal growth
rate data under high-pressure conditions. At the investigated conditions,
clinopyroxene growth rate (Gv) is strongly affected by time, with values that
vary from 107 to 10-# cm-s™ from the shortest (0.25 h) to the longer-lasting (6-
9 h) experiments. By comparing our clinopyroxene growth rate data with
those available in the literature, we observe that viscosity, and composition,
undercooling and cooling rate are the factors that most affect crystal growth
rate. This is a result of their control over element diffusivity in the melt. On
the other hand, pressure appears to have no influence on crystal growth
rate. The experimental Cpx growth rate combined with data from CSD and
thermobarometry of CFVD clinopyroxenes suggests that recharge by
primitive magmas in the deep CFVD reservoirs occurs with a relatively high

ascent rate (~0.5-10%* m-s™).
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Abstract

Aiming to evaluate the influence of pre-existing nuclei on the clinopyroxene
crystallization kinetics, time-series experiments were performed using both
natural and vitrified starting materials. Experiments were carried out at
pressure of 0.8 GPa, temperatures between 1220 and 1250 °C, and dwell
times ranging from 0.16 to 12 h. Clinopyroxene growth rates of the runs
performed using the natural starting material containing pre-existing nuclei
(~2x107to ~6x10-8 cm-s™') are higher than those of the runs performed using
the vitrified one (~3x1077 to ~2x10% cm-s—1). In both cases the growth rates
decrease with increasing time. Conversely, clinopyroxene nucleation rates
are lower in the experiments performed using the natural powder (10 and
10 mm3s™) compared to those performed with the glassy starting material
(10°and 10° mm™-s7!). The nucleation rates tend to decrease increasing dwell
time in all the series up to ~3 h, after which it remains nearly constant.
Finally, the combination of the obtained clinopyroxene growth rates with
the crystal size analysis of natural clinopyroxenes, allowed to estimate the
magma ascent rate and the recharge rate of the Campi Flegrei Volcanic

District deep reservoir.

Keywords: pre-existing nuclei; heterogeneous nucleation; crystal growth rate;

clinopyroxene; high pressure; Procida island
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Introduction

Knowledge of crystallization kinetics in silicate melts is a fundamental tool
in the Earth and material sciences due to the importance of crystallization
processes in both natural and synthetic melts (Tiller, 1977; Davis and
[hinger, 2002). Crystallization consists of two main processes, nucleation
and growth, that are both strongly influenced by composition, temperature,
volatile components (Fenn, 1977; Swanson, 1977; Muncill and Lasaga, 1988;
Davis et al., 1997) and thermal history (e.g., Lofgren, 1983; Kirkpatrick, 1977;
Cashman and Marsh, 1988; Uda, 1994; Mishima et al., 1996). Concerning the
nucleation kinetic, it includes two basic mechanisms: homogeneous
nucleation during which spontaneous new crystals form in the liquid and
heterogeneous nucleation during which, instead, new crystals form on pre-
existing surfaces (Berkebile and Dowty, 1982). This latter has long been
recognized as an important and more efficient means of nucleation of
crystals and bubbles under magmatic conditions (e.g., Fenn, 1977; Lofgren,
1983; Philpotts and Ague, 2009; Hammer et al., 2010; gpi]]ar and Dolejs,
2015). Due to this, it is critical for magma crystallization experiments the
choice to use as starting material powder of raw or vitrified natural samples
or synthetically reconstructed compositions. Glassy starting materials
(synthetic composition prepared from oxide and carbonate reagents or
vitrified natural samples) have the advantage of being completely
homogeneous and able to achieve a state of total chemical equilibrium
(Pichavant et al.,, 2007; Shea and Hammer, 2013); however, the preparation
of these glasses requires multiple fusion cycles at high temperature that
strongly affect the nucleation behavior of aluminosilicate melts (e.g., Walker

et al.,, 1978; Davis and Thinger, 2002; Pupier et al., 2008; Shea and Hammer,
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2013). This is reflected in the experimental products that could be difficult
to correlate to crystallization path of natural magmas. Furthermore, the
nucleation behavior and, consequently, the textures observed in some
experimental products performed using glassy starting material, result to be
also influenced by the thermal path before crystallization (Hammer, 2008;
Masotta et al., 2020). Indeed, as shown by Masotta et al. (2020), in isothermal
experiments the crystallization starts before resting temperature (Trest) is
reached (T < Trest). If the crystallized mineral (cpx in this case) remains within
its stability field, the further heating up to the Trest does not allow the
dissolution of these early crystals (pre-existing nuclei) favoring a texture
formed by many crystals with small sizes (~10 pm). During undercooling
experiments, instead, the sample is initially heated at superliquidus
conditions (generally ~15-30 min of pre-annealing time) before cooling it to
the resting temperature. In this condition the crystallization starts at T > Trest
favoring the formation of few crystals with big sizes (>100 um). Conversely,
natural crushed starting materials are more easily comparable to natural
magmas in terms of crystallization kinetics (Pichavant et al., 2007; Hammer,
2008; Shea and Hammer, 2013); however, they are able to reach only a state
of partial equilibrium since they are not completely homogenous due to the
possible presence of phenocryst cores that may be in disequilibrium with
the groundmass. Considering that both natural and vitrified starting
materials have advantages and disadvantages, several authors (e.g., Lesher
et al.,, 1999; Hammer and Rutherford, 2002; Shea et al., 2009; Shea and
Hammer, 2013) preferred to use natural starting materials because, due to
the virtual presence of nuclei also in aphyric lavas, they yield initial

conditions more akin to those of natural magmas. As observed in the
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literature (e.g., Lofgren, 1983; Mollo et al., 2012; Vetere et al., 2013, 2015;
épillar and Dolejs, 2015; Masotta et al., 2020), the occurrence of pre-existing
nuclei strongly affects the crystallization kinetics (i.e.,, nucleation and
growth). In the presence of pre-existing nuclei, indeed, the low interfacial
energy between them and the nucleating phase concentrates the supply of
chemical elements in the liquid near the new growing crystals, limiting in
this way the formation of new nucleation sites and favoring, instead, the
growth. Many of the works in the literature deal with the influence of pre-
existing nuclei on the crystallization kinetics (e.g., Mollo et al., 2012; Vetere
et al,, 2013, 2015; Shea and Hammer, 2013; Arzilli et al., 2015), but they are
mainly focused on feldspar crystals. Clinopyroxene is a common mineral in
basaltic systems and, due to its wide crystallization range, it may fully
record the evolutionary history of a magma. Therefore, in order to evaluate
the influence of pre-existing nuclei on the clinopyroxene crystallization
kinetics at high pressure, here are reported the results of an experimental
investigation performed using both natural and vitrified starting material,
which is an alkaline basalt (APR16 sample) (Bonechi et al., 2017; Perinelli et
al., 2019; Bonechi et al., 2020a, 2020b) representative of the least-evolved
rocks of the Campi Flegrei Volcanic District (CFVD). The experimental runs
were grouped in two series carried out at the same pressure (0.8 GPa): (i)
natural starting material series that includes the runs performed in this
study at 1225 °C and at dwell times between 0.16 and 12 h; (ii) glassy starting
material series that includes the runs performed by Bonechi et al. (2020b) at
1250 and 1220 °C and at dwell times between 0.25 and 9 h, using as starting
material the vitrified APR16 powder. Among the experiments of Bonechi et

al. (2020b), the APR16-C1A and APR16-C2A series were chosen to be
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compared with that performed in this study due to their similar
temperatures and effective undercoolings. Moreover, using the
clinopyroxene experimental growth rates obtained from natural and
synthetic starting materials and the crystal size distribution analysis of
clinopyroxenes occurring in the most primitive scoria clasts of the CFVD, an
estimate of the deep magma ascent rate and of the recharge rate of the CFVD

deep reservoir was made.

Materials and Methods

Starting Material

The starting material used in this study is a natural rock powder with alkali
basaltic composition (Bonechi et al., 2017; Perinelli et al., 2019; Bonechi et al.,
2020a, 2020b) (Table 1). In particular, the natural sample is a primitive K-
basalt (APR16 sample) found as scoria clast in the deposits of the Solchiaro
eruption (~22 ka; Morabito et al., 2014) located in Procida island (Campi
Flegrei, Italy). The sample consists of 12 vol. % of forsteritic olivine and
diopsidic clinopyroxene phenocrysts dispersed in a groundmass made of
olivine, clinopyroxene, plagioclase, Ti-magnetite, alkali feldspar and glass
(D’ Antonio et al., 1999a; De Astis et al., 2004). The powder, used as starting
material in the runs of natural starting material series, was obtained by
grinding the APR16 rock sample in an agate mortar under acetone. The
glass, instead, was prepared by Bonechi et al. (2020b) by melting for 15 min
the APR16 natural powder in a l-atm gas-mixing furnace (Bayerisches
Geoinstitut, Bayreuth, Germany) at 1400 °C and oxygen fugacity buffered at
the Nickel-Nickel Oxide level using a CO/COz2 gas mixture.
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Experimental Procedure

Experiments were carried out at pressure of 0.8 GPa, as function of
temperature and time by using the %2 inch end loaded piston cylinder
apparatus at the HP-HT Laboratory of the Earth Sciences Department
(Sapienza University, Rome, Italy). The assembly consists of an outer CaF:
cell, graphite furnace and MgO crushable spacers. About 40-50 mg of
powdered starting material was dried at 110 °C for at least 2 h to remove the
moisture before being loaded and pressed into AuzsPd2s capsules and then
welded. For each experiment, the capsule was put in the MgO crushable
spacers and surrounded by powder of alumina. Temperature was measured
using a type D WsReo-W2sRers thermocouple and maintained with an
uncertainty of +5 °C. The experimental assembly was first pressurized to the
target pressure by a piston-out procedure ( ;

) that applies an overpressure of ~10% of the run pressure and
temperature was gradually increased to the resting temperature, while
correcting for pressure drops due to stress relaxation within the assembly
during heating. The heating rate was set at 150 °C/min. The sample was
maintained at the pressure and temperature for a given duration (nominal
duration), and then quenched by turning off the power. The temperature
dropped to below 500 °C within < 5 s with an average cooling rate of 150
°C/s. All the runs were self-buffered; when possible fO: was estimated
through the equation of using the liquid
Fe¥/Fetwt mole ratios from Ko Fe-Mg ol/liq calculated following
This procedure yielded fO2 values of ANNO +0.12 to +2, in agreement with
those estimated for similar furnace assemblages ( ;

). A total of 12 experiments, whose experimental conditions are
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reported in Table 2, were considered in this study. The experiments were
grouped into two main series carried out at a constant pressure and at
different dwell times: experiments of natural starting material series carried
out in this study at temperatures of 1225 °C and dwell times of 0.16, 3, 6 and
12 h; experiments of glassy starting material series performed by Bonechi et
al. (2020b) at temperatures of 1250 and 1220 °C, respectively, and dwell
times of 0.25, 3, 6 and 9 h.
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Table 2 Experimental run conditions, calculated water contents, phases

assemblage and proportions in run products

JRun # T(°C) TCpx. (°C)  ATer (°C)  Time (h)  H,0;(wt%) Phases HO:(Wi%) S %AFe
APRI6-N
APRI6-3B 1225 1280 55 0.16 NWA  Gl+Cpx* OF + Ox* 177
APRI6-1C 1225 1280 55 3 NWA  GI(94) + Cpx(6) + OF + Ox* 096 038 -5
APRIG-35 1225 1280 55 6 NWA  Gl(96) + Cpx(4) + OFF 170 0.14 22
APRI6-2B 122 1280 55 12 NWA  Gl(90) + Cpx(10) + OF 213 o011 35
APRI6-C14
APRIG.ClAa 1250 1295 45 025 NWA  GI(97)+ Cpx(3) 161 175 7
APRI6-CIAD 1250 1295 45 3 NWA  GI(75) + Cpx(25) 090 0.62 -12
APRI6-ClAC 1250 1295 45 6 NWA  GI(83) + Cpx(15) + OI(2) 203 0.83 20
APR16-C1Ad 1250 1295 45 9 NWA  Gl(90) + Cpx(10) 1.95 0.65 -19
APRI6-C24
APRIG-C2Aa 1220 1270 50 025 2 GI(91) + Cpx(4) + Ol(1) + Ox(4) 1.92 0.02 25
APR16-C2Ab 1220 1270 50 3 1.9 GI(68) + Cpx(23) + OI(4) + Plg(1) + Ox* 1.56 0.66 -17
APRI6-C2Ac 1220 1270 50 6 21 Gl(65) + Cpx(27) + OL(S) + Plg(3) 247 093 25
APRI6-C2Ad 1220 1270 50 9 19 GI(80) + Cpx(17) + OI(3) + Ox* 130 025 26

Notes: NWR natural water rock; Gl glass; Cpx clinopyroxene; Ol Olivine; Plg plagioclase; Ox

oxide. TCpxvis the equilibrium clinopyroxene liquidus temperature (°C) determined on the basis

of phase relations experimental data from Perinelli et al. (2019) and on the calculations by using

MELTS software (Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998). AT is the difference

between the clinopyroxene liquidus temperature and the nominal temperature of the runs. H20x

% of water added to the charge. H2Or as determined by the by-difference calculation method

(respect to the total of EMP analyses). Xr? values from mass balance calculation. § Percent of

relative Fe loss from starting material based on difference between the starting material and

calculated bulk composition of experiment obtained from mass-balance calculations. *Phases too

small for analysis; *crystals present in trace; °in these runs it was no possible to do mass balance

calculation; “pre-existing crystals.
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Analytical techniques

The recovered charges were mounted in epoxy resin, ground flat and
polished. Textural features of the recovered samples were analyzed by
Scanning Electron Microscopy (SEM) using a FEI Quanta-400 equipped for
microanalysis with an EDAX Genesis system at the Earth Sciences
Department (Sapienza University, Rome, Italy). At least eight back-
scattered electron (BSE) images were acquired for each experimental run in
order to accurately measure the number of clinopyroxene nuclei and other
mineral phases (e.g., ; ; )-
Phase compositions were analyzed at the CNR-Istituto di Geologia
Ambientale e Geoingegneria (Rome, Italy), with a Cameca SX50 electron
microprobe equipped with five wavelength dispersive spectrometers
(WDS). Quantitative compositional analyses were performed using 15 kV
accelerating voltage and 15 nA beam current. As standards we employed
metals for Mn and Cr, jadeite for Na, wollastonite for Si and Ca, orthoclase
for K, corundum for Al, magnetite for Fe, rutile for Ti and periclase for Mg.
Counting times were 20 s for elements and 10 s for backgrounds. Light
elements were counted first to prevent loss by volatilization. The PAP
correction method was used. Mineral phases were analysed using a beam
diameter of 1 um while for glasses a defocused electron beam of 10 to 15 um
was used. The water contents of experimental glasses were estimated from

chemical analyses according to the by difference method (

)-

Growth and nucleation rate calculation

Crystal dimensions were measured in SEM images by using the measure
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tool of the Image]® software (version 1.50i). The maximum growth rate (GL)
values were calculated using a common method reported in literature (e.g.,
Hammer and Rutherford, 2002; Couch et al., 2003; Iezzi et al., 2011) based
on the dimensions of the largest crystals (i.e., major and minor axes of best

fit ellipse):
G = (L-W)05/t*2 1),

where L and W are the mean length and width, respectively, of the ten
largest crystals for each BSE image and t is the duration of the experiments
(s). As also observed in the literature, most of the growth often occurs at the
beginning of the experiment, since diffusion- or interface controlled growth
normally display lower incremental growth rates as the system approaches
equilibrium (Couch et al., 2003; Orlando et al., 2008; Arzilli et al., 2015;
Pontesilli et al.,, 2019; Bonechi et al., 2020a, 2020b; Masotta et al., 2020).
Therefore, long lasting experiments could show an apparent decrease in GL
with increasing time. The nucleation rate of the Cpx crystallized in the runs
of natural starting material series were calculated following the procedure
reported in Bonechi et al. (2020b), through which the nucleation rate of Cpx
crystallized in glassy starting material series has been calculated. Textural
analyses were performed by using ImageJ® software (Abramoff et al., 2004;
Schneider et al., 2012) on BSE images from which binary images of each
mineral phase were constructed following the procedure of Philpotts and
Ague (2009). Manual reconstruction of edges of overlapping crystals was
necessary before conversion into binary images. Successively, the data were
transferred to the CSDcorrections® software (version 1.6 2018) (Higgins,
2000, 2002) to perform the 2D to 3D conversion and the calculation of CSD

plots for each mineral phase.
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Results

Textural Features of the Experimental Runs

Natural Starting Material Series

In APR16-3B run (1225 °C, 0.16 h; Figure 1a, b) the mineral phases occurring
in the charge are Ol, Cpx and Ox. Olivine size ranges from 10 to 30 um and
shows anhedral and subhedral habit. Clinopyroxene is present in small
quantity and shows anhedral and subhedral habit with size up to 20 pum.
Oxide is present in trace with size up to 20 pm and anhedral shape. The
phase assemblage in APR16-1C run (1225 °C, 3 h; Figure 1c, d) is Cpx, Ol
and Ox crystals and large amount of glass. Olivine size ranges from 10 to 30
um and the habit is anhedral. Clinopyroxene (size up to 50 um) are zoned
and show euhedral habit. Oxide is very small in size (~5 um) with subhedral
to anhedral shape. In APR16-35 run (1225 °C, 6 h; Figure 1e) it was observed
the occurrence of Cpx sometimes characterized by inclusion of rounded Ol
Homogeneous and zoned clinopyroxenes show euhedral habit reaching
sizes up to 80 pum. Finally, the phase assemblage of APR16-2B run (1225 °C,
12 h; Figure 1f) is Cpx and glass. As seen in the APR16-35 run, rare small
olivines (~10 pm in size) are present as resorbed mineral into Cpx grains.
Clinopyroxene are both homogeneous and zoned and show euhedral and
subhedral habits. The size of these crystals is up to 90 um. By analysing the
textural features of Ol and Cpx in the four experiments at 1225 °C (NWA) it
was possible to note that olivine tends to be resorbed from APR16-3B (0.16
h) to APR16-2B (12 h) runs, decreasing in size from 40 um to 5 um, whereas
Cpx increases in size from 20 um up to 80 um. Moreover, it is visible a
change of the habit of both minerals increasing the duration of the

experiments: at 0.16 h Ol and Cpx have both anhedral and/or subhedral
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habit; after three hours Ol habit becomes anhedral while Cpx shows a
noticeable core-rim zoning; after 6 h, instead, anhedral Ol is almost
disappeared, while Cpx has euhedral habit pointing out to a crystal-melt

equilibrium.

Glassy Starting Material Series
Textural features of these two series are described in detail in

. Here a briefly description of the fundamental aspects is reported.
In the runs of APR16-C1A (1250 °C) series the dominant phase is Cpx (Table
2), whose habit and sizes vary with time: subhedral with sizes of 5 pm in the
shortest run (APR16-C1Aa; 0.25 h), and euhedral with sizes up to 15 um in
the longest run (APR16-C1Ad; 9 h). In the APR16-Cl1Ac run (6 h) O],
characterized by euhedral habit and sizes of ~10 um, occurs together with
the Cpx. The mineral phases crystallized in APR16-C2A (1220 °C) series are
Cpx +Ol+ Plg + Ox (Table 2). In these runs Cpx and Ol are ubiquitous, while
Plg occurs only in the runs at 3 and 6 h and Ox is absent in the run at 6 h.
Clinopyroxene has subhedral habit in the run with the shortest duration and
euhedral in the other runs, with sizes between ~10 and 20 um. Olivine and

Plg crystals are euhedral with sizes of ~15 and ~40 pum, respectively.
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a) C2A 1220 °C

Figure 1. Backscattered SEM image of natural starting material runs: (a,b) APR16-3B run (0.16 h) is
characterized by the presence of pre-existing nuclei of Cpx, Ol and Ox with anhedral and subhedral
habit; (c,d) APR16-1C run (3 h) is characterized by the presence of both zoned Cpx grown on the pre-
exiting nuclei and new Cpx, pre-existing Ol and Ox; (e) APR16-35 run (6 h) shows euhedral Cpx with
homogenous and zoned compositions, while Ol is present as resorbing crystal inside Cpx; (f) APR16-
2B run (12 h) is characterized by zoned and homogenous Cpx and resorbed Ol included in Cpx crystals.
For comparison are reported also SEM images of the glassy starting material runs (C1A 1250 °C and
C2A 1220 °C). Modified from Bonechi et al. (2020b).
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Phases Composition

Chemical compositions of Cpx, glass and Ol of natural starting material and
glassy starting material runs are reported in Tables S1 in the Supplementary
Material. Chemical compositions of the other phases crystallized in glassy

starting material runs are reported in

Natural Starting Material Series

Clinopyroxene. Clinopyroxene crystals in natural starting material runs are
classified as diopsides (Wos49EnsssoFss9) according to the classification
scheme of . Some clinopyroxene crystals show core-
rim compositional variations. For example, in APR16-1C and APR16-2B
runs the Cpx core is characterized by higher CaO and lower Al2Os and Na2O
content than those of the rim (Tables S1 in the Supplementary Material). As
highlighted in the previous sections, textural evidences suggest mineral-
melt disequilibrium in the short experiments (< 3 h runs) and also the
chemistry in term of clinopyroxene-liquid Fe-Mg exchange coefficient,
calculated by using the formula (FeO/MgO)“~/(FeO/MgO)tq, is quite in
agreement with textural evidences. The ®P*1Kpremg value in the APR16-3B
run (0.16 h) is 0.43, in APR16-1C run (3 h) is 0.28 + 0.02 for the core and 0.33
+0.02 for the rim, in APR16-35 run (6 h) is 0.33 + 0.06 for the core and 0.32 +
0.02 for the rim, and in APR16-2B run (12 h) is 0.56 + 0.21 and 0.47 + 0.02 for
the core and for the rim, respectively. According to , the
calculated Ko value for APR16-35 and APR16-1C indicate equilibrium
between clinopyroxene and liquid, whereas only in the shortest (APR16-3B)
and in the longest (APR16-2B) experiment the chemical Cpx-liquid

equilibrium has been not achieved (Figure 2). Notably, the Kb calculated for
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the APR16-2B run (12 h) could be due to the significant loss of Fe in the melt

related to the long experimental dwell time.
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Figure 2. Relation between Kp(Fe-Mg)Cpx-liq and time (s). The duration of each run is indicated with
different symbols: circle for 0.16 and 0.25 h runs, triangle for 3 h runs, diamond for 6 h runs, square for 9
h runs and square with internal cross for 12 h run. Series are indicated with different colours: green for
natural starting material, and yellow for glassy starting material. For natural starting material runs are
used empty symbols for Cpx rims and full symbols for Cpx cores. The grey field represents the equilibrium

(2008), while the dotted line represents the average Ko value for Cpx (0.28 +

range according to Put

0.08; Putirka, 2008).

Olivine. Olivine crystals show a variation in their forsteritic content from ~91
(APR16-35; 6 h) to 87 (APR16-3B; 0.16 h) decreasing the experimental time.
These values suggest a dissolution of Ol that becomes more restitic
increasing the duration of the experiments. Moreover, the forsteritic content
of Ol present in the APR16-3B run (Fos), that is the same value reported by
D’Antonio et al. (1999a) for natural olivines in APR16 sample, confirms that
they are remnant of the natural starting material rather than phases

crystallized during the experiment.
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Glassy Starting Material Series

Clinopyroxene. Clinopyroxene crystals are augitic (WoswEnsaFsis) and
diopsidic (WosEnssFsi0) in composition according to the classification
scheme of . Generally, the Mg# of Cpx (calculated as
the molar MgO/(MgO + FeOrot) ratio) varies between 0.76 and 0.88, whilst
the Mg# of glass varies between 0.52 and 0.77. The Fe-Mg distribution
coefficients between Cpx and melt (Kp(Fe-Mg)“P*ia = FecpxxMgiiq/Mgcpx x
Feliq, calculated assuming all Fe as Fe?"in both phases), varies between 0.39
+0.05 and 0.30 + 0.05 for APR16-C1A runs, and between 0.43 + 0.06 and 0.31
+0.06 for APR16-C2A runs. As illustrated in Figure 2, all the shortest runs
deviate significantly from the equilibrium range (Kp(Fe-Mg)®rxlia= 0.28 +
0.08 according to ), whereas runs of 3 h or more progressively
reach equilibrium conditions. As previously observed for the longest run of
natural starting material series (APR16-2B; 12 h), the slightly deviation from
the equilibrium range of the Ko calculated in the run at 9 h, could be due to
the loss of Fe in the melt related to the long experimental dwell time.

Other phases. Oxide crystals are generally spinels (APR16-C1Ab, APR16-
C2Aa and APR16-C2Ab) and hercynites (APR16-C2Ab). Olivine is present
in the run APR16-C1Ac with a forsteritic content of Foss and in the runs
APR16-C1Aa, APR16-C1Ab and APR16-C1Ac with compositions of Foss-.
Plagioclase grains occurring only in the runs APR16-C2Ab and APR16-

C2Ac are bytownitic and labradoritic in composition.
Textural and chemical evidence of the occurrence of pre-existing nuclei

In the runs of natural starting material series, the use of a natural starting

material containing pre-existing nuclei results in growth around pre-
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existing crystals. Textural and chemical evidence suggest that the Cpx
observed in the APR16-3B run (0.16 h, 1225 °C) are pre-existing Cpx, while
in the other runs the pre-existing crystals constitute the cores of the zoned
Cpx. As regards textural features, the scarce abundance of the Cpx crystals
observed in APR16-3B run (Figure la) and their anhedral and subhedral
habits with size of ~10-20 um, suggest that they are not crystallized during
the experiments but are relic of the phenocrysts present in the natural
starting material. Indeed, in comparison, the Cpx crystallized in APR16-
ClAa run (0.25 h, 1250 °C) obtained using the glassy starting material, are
more abundant and show subhedral and euhedral habit with maximum size
of 10 um. As regards chemical evidences, the Al'V vs AIVT and Na vs AIV!
diagrams (Figure 3), in which both natural starting material and glassy
starting material series and some natural Cpx belonging to the same
deposits of the APR16 sample ( ) are
reported, allowed to identify the presence of pre-existing nuclei. In
particular, the Al'V vs AIV! diagram represents a good indicator of pressure
conditions at which clinopyroxene crystallizes, due to the preference of Al
to occupy tetrahedral and octahedral sites at high T and P, respectively
( ; ). Moreover, it is important to stress that
the Al concentration in Cpx can be influenced not only by pressure, but also
by kinetic effects (e.g., ). Similar function has the
diagram in which AIV' is plotted versus Na, suggested to be a pressure
sensitive element ( )- As possible to see in these diagrams, the
Cpx of the APR16-3B run and the cores of the zoned Cpx of the APR16-1C,
APR16-35 and APR16-2B runs fall in the field corresponding to a pressure <

0.5 GPa as well as the natural Cpx. Conversely, the rim of natural starting
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material series and the Cpx of the glassy starting material series fall in the
field corresponding to a pressure > 0.7 GPa. Moreover, both Al'Y and Na
content allowed to discriminate between pre-existing Cpx and Cpx
crystallized during the experiments, as shown also in Figure 4. In particular,
in the diagrams of Figure 4 (Al'V vs Mg# and Na vs Mg#) these two kinds of
Cpx are separated by a red dotted line, drawn in correspondence of the
higher Al'and Na values (0.06 and 0.02 apfu, respectively) of natural Cpx
(D’Antonio and Di Girolamo, 1994). The pre-existing nuclei, indeed, are
located near the red dotted lines while the rims and the Cpx crystallized in
the glassy starting material series are located far from the lines, showing
higher AI' and Na values. The Cpx cores of APR16-35 (6 h) and APR16-2B
(12 h) runs, however, are slightly different from the cores of APR16-3B and
APR16-1C runs. This difference could be due to the loss of Fe occurred in
their melt during the experiments but also to kinetic effects, as stated by
Pontesilli et al. (2019). These authors, indeed, observed that in time-series
experiments, but also in experiments performed at constant dwell time,
compositional changes in Cpx crystals are function of dwell time, according

to the cation exchange (Si + Mg) — (TAl and Fe®).
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Figure 3. Al vs Al' (a) and Na vs Al"! (b) diagrams. Literature data (black crosses) are from D’ Antonio
and Di Girolamo (1994). The new forming Cpx can be distinguished from the pre-existing nuclei: the former
fall in the high-pressure field (P > 0.7 GPa), while the latter in the low pressure one (P < 0.5 GPa). The
black dotted line bounding the fields of high-low pressure Cpx is an arbitrary limit drawn on the basis of
results of experiments on APR16 composition at 0.2, 0.4 (low-P field) and 0.8 GPa (high-P field) (Perinelli
etal., 2019). The green dotted lines, instead, connect Cpx core and rim. Series are indicated with different
colours: green for natural starting material, and yellow for glassy starting material. The duration of each
run is indicated with different symbols: circle for 0.16 and 0.25 h runs, triangle for 3 h runs, diamond for
6 h runs, square for 9 h runs and square with internal cross for 12 h run. In natural starting material series
empty symbols indicate Cpx rim, while full symbols indicate Cpx cores. Coloured field represents literature

experimental data (Perinelli et al., 2019). Error bars are smaller than symbol size.
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Figure 4. Al"' (apfu) vs Mg# (a) and Na (apfu) vs Mg# (b). Symbols are as in Figure 3. The red dotted line
allows to discriminate between pre-existing nuclei and new forming crystals. This is an arbitrary limit
drawn on the basis of the obtained results of this study and literature data from D’ Antonio and Di Girolamo

(1994).

Clinopyroxene growth and nucleation rates

Maximum growth rates determined for clinopyroxene are reported in Table
3. Figure 5 illustrates the relation between a) crystal size (L) and
experimental time, and b) crystal growth rate (Gr) and experiment time. In
both series it was possible to observe an increase in crystal size with
increasing time, while the growth rates decrease by about an order of

magnitude with increasing duration of the experiments. In the runs of
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natural starting material series, the GL decreases from ~2x107 to ~6x10-8
cm-s™ as duration increases from 3 to 12 h, while in the runs of glassy
starting material series the GL decreases from ~3x107 to ~2x10-8 cm-s™! as
duration increases from 0.25 to 9 h (Bonechi et al., 2020b). Moreover, it is
possible to see that both the sizes and the Gu values of natural starting
material runs are higher than those of glassy starting material ones. The
growth rates obtained for the two series are comparable with those available
in literature for basaltic and trachybasaltic compositions (Burkhard, 2002,
2005; Oze and Winter, 2005; Baker, 2008; Orlando et al., 2008; Pontesilli et
al., 2019). In particular, the growth rates of the glassy starting material runs
show values in agreement with those obtained in the static experiments of
Burkhard (2005) on re-heated anhydrous basalt (dwell times of 22-576 h, T
=930-990 °C and P = 1 atm) and of Orlando et al. (2008) on anhydrous
trachybasalt (dwell times of 340 h, T=1170 °C, P =1 atm and AT = 20 °C).
The growth rates of the natural starting material run, instead, are an order
of magnitude higher than these latter. Their values, indeed, are similar to
those obtained in the dynamic experiments of Pontesilli et al. (2019) on a
anhydrous and hydrous trachybasalt (dwell times of 0.5-24 h, T=1100 °C, P
=400 MPa and AT = 80-120 °C), of Shea and Hammer (2013) on a hydrous
basaltic-andesite (dwell times of 12-48 h, T = 995-1025 °C, P = 65-150 MPa
and AT = 52-155 °C) and of Baker (2008) on a trachybasalt (dwell times of
3.5-14 h, T=1150 °C, P = 1000 MPa and AT =75 °C). Finally, growth rates of
both natural and glassy starting material runs show higher values than
those obtained by Burkhard (2002) on re-heated Hawaiian basalt (~0.01-7 h
of crystal residence times) and by Oze and Winter (2005) on tholeiitic basalt

(~0.04-9 h of crystal residence times). The nucleation rate (J) determined for
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clinopyroxene are reported in Table 4. Calculated nucleation rates for
natural starting material runs vary between 10? and 10 mm=s" from 3 to 12
h, while for the glassy starting material runs vary between 105 and 103
mm~s7! from the shortest (0.25 h) to the longest (9 h) durations, respectively.
Figures 6 and 7a show the nucleation rate vs time and the nucleation rate vs
undercooling (AT) diagrams, respectively. In both diagrams it is possible to
note that Cpx nucleation rates of natural starting material runs are lower
than those of glassy starting material runs. In Figure 6, | tends to decrease
increasing dwell time in all the series: in particular, the nucleation seems to
decrease up to ~3 h, after which it remains quite constant. In Figure 7a,

instead, the nucleation rate decreases increasing the AT.
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Figure 5. Relation between (a) Cpx size (L) and experimental time, and (b) Cpx growth rate (Gr) and

experimental time. Symbols are as in Figure 2. Error bars are not shown when they are inside the symbols.
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Figure 6. Relation between the nucleation rate (]) and the experimental time. Symbols are as in Figure 2.

Black asterisks indicate the single step cooling runs (AT = 52-82 °C) of Shea and Hammer (2013).
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Figure 7. Variation of (a—c) the nucleation rate (J) with the undercooling (ATe) and (d) the growth rate
(Gr) with the undercooling (ATe). In Figure 7a are reported the runs of natural starting material series (in
green), and glassy starting material series (in yellow); symbols are as in Figure 2. Figure 7b shows the
single step cooling runs of Shea and Hammer (2013) for comparison; colours indicate different duration of
the runs: in red the 12 h-runs, in purple the 24 h-runs and in blue the 48 h-runs. Figure 7c, d show the
runs investigated in this study (ATer < 60 °C) and those of Bonechi et al. (2020b) (ATes> 60 °C); symbols
are as in Figure 2. Dotted lines indicate the hypothetical variation of | with ATes (Figure 7c) and of G with
ATy (Figure 7d). Green lines indicate runs obtained using natural starting material while black ones run

obtained using vitrified starting material.
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Discussion

Influence of Pre-Existing Crystals on Nucleation and Growth Rate
Crystallization implies two successive processes: nucleation and crystal
growth. While a rapid cooling suppresses the nucleation process favoring
the formation of a glass, a moderate to slow cooling, instead, allows
nucleation that can be either homogeneous or heterogeneous (Vetere et al.,
2015). In the homogeneous nucleation case nuclei have the same probability
to form spontaneously in any part of the melt, whereas in the second case
nucleation occurs preferentially on pre-existing surfaces (e.g., Dowty, 1980;
Lofgren, 1980; Kirkpatrick, 1981; Cashman, 1991; Hammer, 2008; Zhang,
2008; Mollo et al., 2012a, 2012b; Vetere et al., 2015). As stated by :‘%pillar and
Dolejs (2015), in presence of pre-existing nuclei the interfacial energy
between the nucleating phase and the pre-existing nuclei is lower than that
between the nucleating phase and the melt because of lesser number of
broken bonds between two solid phases. The pre-existing nuclei, therefore,
represent a site of energetically favourable nucleation, which is statistically
preferred due to the structural similarity between the substrates (e.g.,
Lofgren, 1983; Mollo et al., 2012a; Vetere et al., 2013). As observed by Vetere
etal. (2013, 2015), the structural similarities between the pre-existing nuclei
and the nucleating phases concentrate the supply of chemical elements in
the liquid surrounding the new growing crystals, limiting in this way the
formation of new nucleation sites. Moreover, according to Masotta et al.
(2020), element diffusivity in the melt also plays a fundamental role in
determining either new nucleation or growth on pre-existing nuclei. This
influence of the pre-existing crystals on the nucleation has been observed

also in this study. Firstly, the Cpx crystallized in natural starting material
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series are present as big crystals (up to ~80 pm) in smaller quantities than
those crystallized in glassy starting material one, that are small in size (up
to ~20 um) and very abundant (Figures 1 and 3a and Table 2). Moreover, in
the diagrams of Figure 6 it is possible to see that the Cpx of natural starting
material runs show nucleation rates smaller than those of glassy starting
material runs. The presence of these pre-existing crystals, thus, influencing
the nucleation rate, consequently, also affects the growth rate. As shown in
Figure 5b, indeed, the Cpx growth rates of natural starting material runs are
higher than those of the other series. Since the series were performed with
similar time and water content conditions, the only different parameters
able to affect the growth rate are temperature and undercooling (e.g.,

). However, neither can justify the higher growth
rate of natural starting material runs, since both temperature and
undercooling (AT = Tiquidus—T experiment) Of natural starting material series (1225
°C and 55 °C, respectively) are quite similar to those of glassy starting
material series (1250-1220 °C and 45-50 °C, respectively). Indeed,
considering how the nucleation should vary with the undercooling, in
absence of pre-existing crystals, the nucleation values should be slightly
lower than those measured for lower AT (i.e., 45-50 °C) but not so different
as those measured in natural starting material runs (~3 order of magnitude
of difference; Figure 7a). The same interpretation is applicable to the growth
rate (Figure 7d): indeed, in absence of pre-existing nuclei, the growth rate
should be slightly higher than those measured for lower AT (i.e., 45-50 °C)
but with a difference lower than an order of magnitude. The influence of
pre-existing crystals on nucleation and growth rate has also been observed

for plagioclase crystals in the work of , comparing the
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natural rhyolite of Hammer and Rutherford (2002) with the vitrified rhyolite
of Mollard et al. (2012). Therefore, the different values of nucleation and
growth rates in the natural starting material series seems to be linked to the

presence of pre-existing nuclei rather than to the different undercooling.

Influence of Time on Nucleation and Growth Rates

Time is an important factor since it plays a crucial role in the crystallization
processes of silicate melts (e.g., Hammer and Rutherford, 2002; Couch et al.,
2003; Arzilli and Carroll, 2013; Arzilli et al., 2015). As shown in Figure 6, the
runs of this study show a decrease of the Cpx nucleation rate with increasing
the duration of the experiments as well as those (single-step cooling runs)
of Shea and Hammer (2013). J is relatively high during the initial nucleation
event (0.25 and 3 h), from 10* to 10° mm=™s, and rapidly decreases
increasing the dwell time (6 and 9 h) remaining quite constant (10° and 10+
mms7 for glassy starting material runs, respectively). This suggests that
the main event of nucleation occurred within the first three hours of the
experiment, probably in the first minutes at the beginning of the experiment
as observed by Ni et al. (2014) for a basaltic composition through in situ
experiments. According to the results of Bonechi et al. (2020b), the Cpx
growth rate calculated for the natural starting material series follow the
trend of the glassy starting material one, varying by an order of magnitude
between the runs with the shortest and those with the longest durations
(Figure 5b), in agreement with what has been observed in other studies
available in literature (e.g., Burkhard, 2002; Allwardt et al., 2005; Orlando et
al,, 2008; Shea and Hammer, 2013; Pontesilli et al., 2019). In particular,

starting from a dwell time > 3 h, the runs begin to achieve conditions close
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to the textural equilibrium, at which point an overall decay of the growth
rate occurs (Hammer, 2008; Orlando et al., 2008; Masotta et al., 2020). The
influence of time on crystal growth rate, indeed, results to be strictly related
to the equilibration time of the growing phases, as observed by previous
studies (e.g., Couch, 2003; Couch et al., 2003; Orlando et al., 2008; Arzilli et

al., 2015; Bonechi et al., 2020b).

Influence of Undercooling on Nucleation and Growth Rates

Arzilli et al. (2015) comparing plagioclase nucleation rates in a variety of
experimental studies on water-saturated compositions ranging from
basaltic through rhyolitic, noted that nucleation rates of 8-h runs in basaltic
melts increase with increasing ATes (i.e., the difference between the phase
liquidus temperature and the nominal temperature of the runs), whereas the
1-h runs show an opposite trend, because the nucleation process was not
able to be accomplished due to the limited experimental dwell time. The
authors, indeed, suggest that for the same ATet the nucleation could be
completed within 2 h. The increase of the nucleation rate with the
undercooling has also been observed for clinopyroxene by Masotta et al.
(2020) in a trachybasaltic melt in long-lasting runs (dwell time of 24 h).
Although in this study it was possible to calculate the nucleation rates at
0.25 h only for low undercoolings, it is reasonable to assume that the < 3-h
runs behave like the 1-h runs of Arzilli et al. (2020), in accordance with what
stated above. As shown in Figure 7c, the nucleation rate decreases with
increasing the undercooling up to 50 °C while for higher undercooling the
nucleation first increases (up to 100 °C) and then decreases, similarly to the

trend of the runs of Shea and Hammer (2013) (Figure 7b). At effective
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degrees of undercooling < 50 °C, indeed, most phases fail to nucleate
significantly probably due to the dominance of crystal growth (Lofgren,
1983; Shea and Hammer, 2013), rather than to a nucleation lag or incubation
period as typically considered (Gibb, 1974; Sato et al., 1981; Fokin et al.,
2006). Moreover, according to Shea and Hammer (2013), at low
undercoolings (< 50 °C) it is possible to hypothesize the occurrence of a
heterogeneous nucleation due to the high energy barrier required by
homogeneous nucleation. The lack of the latter process in the natural
starting material runs is related to the presence of pre-existing nuclei in the
starting melt, that favor growth over nucleation. For undercoolings > 50 °C
(data from Bonechi et al., 2020b), instead, the nucleation has a bell shape
suggesting that it probably occurs homogeneously (Figure 7c). As regards
the growth rate, crystal growth occurred both on pre-existing crystals as
well as on new forming nuclei during the experiments. As shown in Figure
7d, the growth rate follows a bell-shaped trend with increasing the
undercooling, in agreement with what observed by previous studies (e.g.,
Shea and Hammer, 2013; Arzilli et al., 2015). Moreover, the Cpx growth rates
of the run with pre-existing nuclei (natural starting material series) are
higher than those of the other runs (glassy starting material series) at similar
T and time conditions, according to what previously observed for the
nucleation rate (i.e., pre-existing nuclei in the starting melt favor growth

over nucleation).
Application

In Bonechi et al. (2020b), data of Cpx growth rates have been combined with

thermobarometric data of natural Cpx (SCE and SOG samples) in order to
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provide an estimate of deep-level ascent rate for CFVD primitive magmas.
In particular, they assumed that a deep episode of magmatic crystallization
occurred at low undercooling, a condition verified by CSD investigations of
SCE and SOG samples that highlighted the presence of three main Cpx
population: larger phenocrysts (sizes ~0.32 mm), smaller phenocrysts and
microlites (sizes < 0.32 mm). The range of temperatures and pressures of
crystallization estimated for the larger population of Cpx are between 1141-
1178 °C and 0.7-0.9 GPa (2025 km of depth assuming an average crustal
density of 2.8 g/cm?), suggest together with CSD analysis that this
population formed during a crystallization stage at deep level. According to
the approach of , fora AT of 37 °C (AT =1178-1141 °C),
a AL of ~ 0.3 cm and a growth rate of 2x10-% cm-s™, the cooling rate during
the ascent of Procida K-basaltic magmas was estimated to be 0.3x10-5 °C/s.
This value, combined with the dP/dT from thermobarometry, provided a
deep level ascent velocity of ~0.5x10# m-s™. In this work using the same
crystallization parameters but the growth rate obtained for the natural
starting material series, influenced by the presence of pre-existing nuclei
(1.2x107 cm s™), a deep-level ascent velocity of ~6x10* m-s™ was obtained.
However, the Ol/Cpx ratio (~1) of the SCE and SOG samples suggests, in
accordance with the experimental phase relations at 0.2-0.8 GPa (

), that primitive magmas of Procida pond at relatively shallow level
before the Solchiaro hydromagmatic eruption. This is validated by
barometric estimation on the smaller phenocrysts, whose crystallization
occurred at 0.3-0.5 GPa (8-14 km of depth; Bonechi et al., ). Therefore,
the assessed residence time for the larger Cpx population (i.e., at least 5

months for a G. of 2x108 cm-'s™? and 1 months for a G of 1.2x107 cm-s™)
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multiplied for the magma volume erupted from the CFVD tuff ring (0.1-1
km?3; e.g., Mastrolorenzo et al., 2017) could represent the minimum recharge
rate of the large magmatic reservoir, whose top is situated in the CFVD at
about 8 km of depth (Rapolla et al., 1989; Cecchetti et al., 2001; Auger et al.,
2001; Zollo et al., 2008; Esposito et al. 2011; Pappalardo and Mastrolorenzo,
2012; Fanara et al., 2015; Fedi et al., 2018). Considering the mass balance
model of Fedi et al. (2018), according to which the source of the Campania
Active Volcanic Area has a total volume of about 40,000 km?, an estimated
recharge rate of 0.2-2 km3-year™ (absence of pre-existing nuclei) or 1-10
km?3-year™' (in presence of pre-existing nuclei) suggests that a deep reservoir
of primitive parental magma similar to those had feeding the Campanian
Ignimbrite eruption (39 ka), could be formed in a time interval ranging from
10% to 10° years (absence of pre-existing nuclei) or 10° to 10* years (presence
of pre-existing nuclei). In the case of Solchiaro eruption, the absence of
plagioclase phenocrysts and the primitive composition of scoriae indicate
that the magma does not stop at 8 km or shallower reservoirs but continue
its ascent, going directly to feed the hydromagmatic eruption (De Astis et
al., 2004). Moreover, the composition of the Cpx populations with L < 0.32
mm in the SOG and SCE scoriae indicates that the late stage of
crystallization of the Solchiaro magma takes places in conditions of
disequilibrium probably caused by the eruptive regime of ascent. Thus, by
taking a grain growth of ~0.32 mm and a Gt of 2x107 cm-s™, that as indicated
by Bonechi et al. (2020b) experiments it is suitable for disequilibrium
conditions of Cpx-crystallization, the resulting minimum sin-eruptive time
of magma ascent from ~8 km of depth is on the order of 2 days and it results

to be very similar to the ascent time estimated by Piochi et al. (2005),
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and in their works on feldspar

bearing products of Monte Nuovo eruption (1538 AD). Noteworthy, this

time interval is equivalent to that during which occurred the more intense

precursor phenomena (i.e., earthquakes, uplift, lowering, increase of the
flow of wells) of the Monte Nuovo eruption (

), that is the last of the CFVD and whose VEI (<4) is comparable to that

of Solchiaro eruption ( )-

Conclusions

This study provides constraints on the effect of pre-existing nuclei on
clinopyroxene growth and nucleation rates. In particular, the growth rates
calculated in the run performed using natural starting material with pre-
existing nuclei are higher than those calculated in the runs performed using
the vitrified starting material, while the nucleation rates show the opposite
behavior with lower values for the run containing pre-existing nuclei. These
differences are due to the structural similarities between the pre-existing
nuclei and the nucleating phases that concentrate the supply of chemical
elements in the liquid surrounding the new growing crystals, limiting in this
way the formation of new nucleation sites. Moreover, the influence of time
and undercooling on growth and nucleation rate has been investigated.
Concerning the time, regardless of the starting material, for all the series
both growth and nucleation rates decrease with increasing dwell time from
~107 to ~10® em's! and from 105 to 10 mm™s7, respectively, as time
decreases from 0.16 to 12 h. In regard to the undercooling, instead, the
nucleation rate decreases with increasing the undercooling up to 50 °C while

for higher undercooling the nucleation first increases (up to 100 °C) and then
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decreases. At ATetr <50 °C, indeed, most phases fail to nucleate significantly
probably due to the dominance of crystal growth, as it is possible to observe
for the runs containing pre-existing nuclei. For ATett > 50 °C, instead, the
nucleation has a bell shape as that observed for the growth rate. Finally, the
application of the calculated growth rate, combined with the
thermobarometric estimates and the crystal size analysis of natural samples
from Procida island (CFVD), allow to estimate the recharge rate of the large
magmatic reservoir, whose top has been located in the CFVD at about 8 km
of depth. These data (0.2-2 km3-yearin absence of pre-existing nuclei or 1-
10 kmd3year™ in presence of pre-existing nuclei) suggests that a deep
reservoir of primitive parental magma similar to those had feeding the
Campanian Ignimbrite eruption (39 ka), could be formed in a time interval
ranging from 10* to 10° years (absence of pre-existing nuclei) or 103 to 104

years (presence of pre-existing nuclei).
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Abstract

Amphibole growth rates were experimentally determined at hydrous (3.3-
4.2 wt% H>20), isobaric (0.8 GPa) conditions, variable temperature (1030 and
1080 °C) and dwell time (0.25, 3, 6, and 9 h), using as starting material a
primitive alkaline basalt from Procida island (Campi Flegrei Volcanic
District, south Italy). Amphibole growth rates decrease from 1.5-107 to
2.9-10%cm s as the duration of the experiments increase from 0.25 to 9 h.
Moreover, increasing both temperature and water content leads to similar
growth rate increase at constant dwell time. The comparison between
amphibole and clinopyroxene growth rates determined at the same
experimental conditions reveals for amphibole a faster growth relatively to
the coexisting clinopyroxene, regardless of the dwell time. Furthermore, the
experimental time appears to be a critical parameter for the composition of
synthetic amphiboles; specifically, edenite is the dominant composition in
short experiments (< 3 h), particularly, at low temperature (1030 °C),
whereas the magnesiohastingsitic amphibole becomes progressively more
important shifting towards longer duration and higher temperature run
conditions. The magnesiohastingsite, on the basis of the amphibole-liquid
Fe-Mg exchange coefficient values, results to be the compositional term
representative of amphibole-melt equilibrium at the investigated P-T-H2O
conditions. Finally, experimental growth rates from this study have been
used to investigate the crystallization time of natural amphiboles and
clinopyroxenes from the Oligo-Miocene cumulates of north-western
Sardinia (i.e., Capo Marargiu Volcanic District, Italy), yielding

crystallization times of 1.46-3.12 yr.
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Keywords: Amphibole growth rate, High pressure, Primitive alkaline basalt, Campi

flegrei

Introduction

Amphibole is a typical phase of mafic to felsic hydrous magmas (Arculus
and Wills, 1980; Cawthorn et al., 1973; Davidson et al., 2007). By virtue of
the high physico-chemical sensitivity of amphibole texture and
composition, magmatic crystallization pressure and temperature as well as
magma storage, mixing and ascent processes have been qualitatively and
quantitatively inferred in a number of studies (e.g. Bachmann and Dungan,
2002; De Angelis et al., 2013; Ridolfi et al., 2010, 2008; Rutherford and
Devine, 2008; Rutherford and Hill, 1993; Shane and Smith, 2013; Thornber
et al, 2004; Turner et al, 2013; Zhang et al., 2017). It is also widely
documented that amphibole is stable in hydrous basalts stalling at the roots
of arc crust, influencing the chemical evolution of derivative liquids
obtained by fractionation of amphibole bearing cumulates (e.g., Abd El-
Rahman et al., 2012; Davidson et al., 2007; Foden and Green, 1992; Green
and Ringwood, 1968; Larocque and Canil, 2010; Li et al., 2017; Melekhova et
al.,, 2015). However, investigations on the kinetics of amphibole
crystallization (e.g., growth rate) from siliceous liquids are scarce and all
addressed to investigate calc-alkaline rocks affinity (i.e., Shea and Hammer,
2013; Simakin et al, 2009; Zhang et al., 2019), implying negligible or
misleading interpretation of the timescales on which magmatic processes
act at depth. Indeed, the only experimentally determined growth rates for
amphibole were obtained at 0.1-2.7 GPa and 860-970 °C from hydrous
basaltic to andesitic melts (i.e., Shea and Hammer, 2013; Simakin et al., 2009;

Zhang et al., 2019). In this framework, using as starting material a primitive
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alkaline basalt from Procida island (Campi Flegrei Volcanic District; south
Italy), we investigated the amphibole crystal growth rate at a pressure
corresponding to the crustal-mantle boundary in this area (~25 km of depth;
)- Aimed to this, we performed hydrous (3.3-4.2 wt% H20),

isobaric (0.8 GPa), timeseries (dwell time 0.25, 3, 6, 9 h) experiments at
temperatures of 1030 and 1080 °C. These T were chosen on the basis of
previous high pressure experimental investigations on the APR16GL
composition ( ; ) demonstrating
that for an initial water content in the system of ~4 wt%, amphibole is stable
at T< 1100 °C. At the selected temperatures the undercooling, expressed as
the difference between liquidus and experimental temperatures (AT =
Tiiquidus - Texperiment), is of ~200 and ~150 °C, respectively. The imposed AT
coupled to the variable time at isothermal conditions will also allow to
highlight how, after an early stage of significant undercooling, the
equilibration processes affect the amphibole crystal growth with increasing
the dwell time (i.e., relaxation kinetics; ; ;
)- The calculated growth rates were used to investigate

the crystallization process of natural products from Sardinia. Our findings
may be useful to correctly interpret the textural features of amphibole-
bearing mafic cumulates and rocks, and for a better constraining of the

timescales of magmatic processes at upper mantle-lower crustal depths.

Methods

Starting material
The APR16 sample (Table 1) is a primitive alkaline basalt found as scoria

clast in the deposits of the Solchiaro hydromagmatic centre located in
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Procida island (Campi Flegrei, Italy). Detailed textural and compositional
information about this product are provided by . The
starting material is an anhydrous glass (APR16GL; Table 1) prepared by first
crushing pieces of the natural APR16 sample in a mortar under ethanol, then
by melting the resulting powder at 1400 °C and atmospheric pressure for 15
min and oxygen fugacity buffered at Nickel-Nickel Oxide level by means of
a CO/CO: gas mixture fluxed inside the furnace at the Bayerisches
Geoinstitut, Germany. The melting temperature (i.e., 1400 °C) was chosen
s0 as to be above the liquidus temperature of the APR16 natural sample (i.e.,
1290 °C) at 0.8 GPa as calculated using MELTS program (

; ) and verified experimentally in the
work of . Instead, the imposed fO: conditions for
starting material preparation take into account that at the experimental
conditions (1080-1030 °C and 0.8 GPa) the initial oxygen fugacity is ~\NNO -
1, close to in the range of fO: previous estimates from runs performed with

the same kind of CaF: cell assemblages ( ;

).

Experimental techniques

Experiments were performed at isobaric conditions (~0.8 GPa) as function
of temperature and time by using the % inch end loaded piston cylinder
apparatus at the HP-HT Laboratory of the Earth Sciences Department,
Sapienza University of Rome. Assemblies consist of an outer CaF: cell, a
graphite furnace and MgO crushable spacers. The experimental charges
were prepared loading AuzsPd2s capsules with ~40 mg of APR16GL powder

after that appropriate water amount was added into the capsules by using
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a microsyringe. The H2O/rock ratio was of 1:25 (~4 wt% of H20 added to the
starting material; Table 2). Then the capsule was arc welded while keeping
it cooled to avoid loss of water. The welded capsule was weighed, stored in
a furnace at 110 °C, and then weighed again to confirm the absence of water
leaks. Moreover, to prevent possible loss of Hz the charges were surrounded
by pyrophyllite powder ( )- The ~0.8 GPa experiments were
carried out at 1030 and 1080 °C (i.e., APR16-C3A and APR16-C3B series,
respectively) for different dwell time (0.25, 3, 6 and 9 h). The choice of the
temperature conditions is based on the phase diagram obtained by

. The temperature was measured using a type D WsRes7-W2sRe7s
thermocouple and maintained with an estimated accuracy of +5 °C. We
performed a total of 8 experiments, whose experimental conditions are
reported in Table 2. The experimental assembly was first pressurized to the
target pressure by piston-out procedure ( ;

), that consists in applying an overpressure of ~10% of the run pressure
gradually increasing the temperature up to the working temperature and
correcting for pressure drops due to stress relaxation within the assembly
during heating. The sample is maintained at the pressure and temperature
for a given duration (nominal duration), and then quenched down by
turning off the power. The temperature drops below 500 °C was of < 5 s
(average cooling rate of 150 °C/s). The oxygen fugacity (fO2) was not
controlled, however, an estimation of experimental fO2 was made using the
theoretical model of which is based on the
temperature-and fO:-dependent partitioning of Fe between the AuPd
capsule and coexisting melt. Thus, we measured the post run Fe content in

the sample-holder as closer as possible to the capsule-sample boundary of a
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near-liquidus anhydrous experiment (1295 °C; see Table 2 of Perinelli et al.,
2019) and of 1080-1030 °C longest experiments. Applying the Barr and
Grove (2010) approach the calculated fO2 were of NNO -0.5 for the near-
liquidus run and NNO -0.8 and NNO -1.1 for the longest runs of this study.
Finally, being the undercooling a parameter that influence the kinetics of
magma crystallization, for both amphibole and clinopyroxene we also
determined the effective undercooling (ATer) defined as the difference
between the equilibrium amphibole (clinopyroxene) liquidus temperature
(Tu) and the experimental temperature (Hammer and Rutherford, 2002).
Using as starting material the APR16GL composition we performed the
Rhyolite-MELTS equilibrium crystallization calculations to determine the T.
value of clinopyroxene and amphibole. However, for amphibole the
thermodynamic modelling provided dubious results. This is probably due
to the poor reliability of Rhyolite-MELTS in dealing with hydrous phases,
therefore, we extrapolated the Ti value (1095 °C) on the basis of T vs. H20
in melt phase diagram of Perinelli et al. (2019) reported in Figure A1 in the

supplementary materials. T. and ATt are listed in Table 2.
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Analytical methods
The recovered samples have been mounted in epoxy resin, ground flat and
polished. Textural aspect of the recovered samples was analysed by
Scanning Electron Microscopy (SEM) using a FEI quanta 400 equipped for
microanalysis with an EDAX Genesis system at the Earth Sciences
Department, Sapienza University of Rome and a TESCAN Vega equipped
with EDS (energy dispersive X-ray spectrometry) system at the Institute of
Petrology and Structural Geology (Charles University in Prague). Phase
compositions were analysed at the CNR-Istituto di Geologia Ambientale e
Geoingegneria di Roma, with a Cameca SX50 electron microprobe equipped
with five wavelength dispersive spectrometers (WDS) and at the Institute of
Petrology and Structural Geology (Charles University in Prague) with a Jeol
JXA-8530F equipped with five WDS. Quantitative analyses were performed
using 15 kV accelerating voltage and 15 nA beam current. As standards we
employed metals for Mn and Cr, Jadeite for Na, Wollastonite for Si and Ca,
Orthoclase for K, Corundum for Al, Magnetite for Fe, Rutile for Ti and
Periclase for Mg. Counting times were 20 s per element and 10 s for
backgrounds. Light elements were counted first to prevent loss by
volatilization. The PAP correction method was used. Minerals were
analysed using a beam diameter of 1 mm whereas for glasses a defocused
electron beam from 10 to 15 mm was used. Water contents of experimental
glasses were estimated according to the by-difference method of

. Due to the uncertainty (+0.5 wt% H20) of this approach, the water
content of those glasses with < 1 wt% H0 has been more accurately
measured (+0.15 wt% H20) by micro-Raman spectroscopy (

; , Table 2). Raman spectra were acquired from
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mineral- and/or bubble-free glass portions large enough to be analysed with
a Horiba Lab Ram HR 800 spectrometer at the Department of Science, Roma
Tre University. Data were collected using a 600 grooves/mm spectrometer

grating and CCD detector.

Growth rate calculation

In the collected SEM images, crystal dimensions were measured using the
measure tool in ImageJ® software. Because we are interested in determining
the maximum growth rate following a method reported in the literature
(Couch, 2003 and reference therein), the length (L, cm) and the width (W,
cm) of the 10 largest crystals of amphibole from each experimental products
were measured. The maximum growth rate (Gi, cm-s?) values were
calculated using the following formula (Hammer and Rutherford, 2002 and

reference therein):
GL = (L-W)5/t*2 1),

where t (s) is the duration of the experiments.

Experimental results

Crystal abundance, shape and growth rates

All the experimental products show a high crystallinity (Fig. 1 and Table 2)
as a result of the imposed undercooling (AT = 150-200 °C). Indeed, this
produces strong supersaturation conditions in the K-basaltic melt and
enhances the nucleation kinetics in the sample during the early stage of
experiments (e.g., Cashman, 1993; Hammer, 2008; Hammer and Rutherford,

2002; Iezzi et al., 2011; Lofgren, 1983; Shea et al., 2015; Simakin et al., 2003)
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possibly also influencing the phase modal proportions. Amphibole (Amph)
occurs in seven of the eight experiments, followed by clinopyroxene (Cpx),
orthopyroxene (Opx) and oxide (Ox). Moreover, Amph is always the most
abundant phase, even in the highest temperature experiments (1080 °C)
despite its low ATett of ~15 °C (Table 2) that would suggest abundances
significantly lower than those of Cpx (ATett~140 °C). The large experimental
undercooling can account for this discrepancy considering that reached the
target experimental temperature, it triggered an important nucleation
phenomenon in the sample causing an increase of the water content in the
system, establishing the conditions suitable for the amphibole
crystallization. Notably, the APR16-C3Ac experiment (1080 °C-6 h run), in
which Amph does not crystallize, the different phase relations obtained (Gl
+ Cpx + Ol; Table 2) with respect to the other experiments performed at the
same P-T-H20:i (H20i = nominal content of water added to the charge)
conditions, can be explained considering the lower final water content in the
melt (H20¥). Indeed, in this run the residual melt contains ~6.5 wt% of H20y,
whereas the residual melt of the APR16-C3Ad experiment, performed at the
same P-T-H:Oi conditions and showing a comparable crystallization degree,
has a H2Or amount of ~10.2 wt%. This indicates that probably the H2O in the
APR16-C3Ac charge is partially lost, resulting in insufficient water for the
crystallization of amphibole (Table 3), as also observed in the phase relation
diagram of . Glass is present in all the experimental
runs, but it was analysed only in those with glass portions large enough to
be examined.

Amphibole. In the runs with short duration (0.25-3 h), Amph are clustered

(Fig. 1a and b) with L and W sizes up to 10 um. In the 6 h run, Amph shows

112



Amphibole growth from a primitive alkaline basalt at 0.8 GPa

frequently well-formed outer faces and occurs as < 20 pm sized isolated
grains. Finally, in the 9 h experiments, Amph is euhedral with maximum L
and W size of ~40 and 20 um, respectively (Fig. 1c), sometimes hosting small
Cpx in the inner region of the crystal (Fig. 1d).

Other mineral phases. All the observed pyroxene and oxide crystals have,
respectively, euhedral habit with sizes up to ~5 and 40 um, in agreement
with the experimental results of Bonechi et al. (2019) obtained from the same
starting material at P = 0.8 GPa, T =1170-1250 °C (A Tett =45-100 °C) and H20¢
< 5 wt%. Olivine crystallized only in the run APR16-C3Ac and it is
characterized by euhedral habit and maximum size of 30 um. Finally, in the
0.25-3 h run with high degree of crystallization (Table 2), subhedral to
euhedral plagioclase with dimension < 10 um occurs. Amphibole growth
rates calculated by using equation (1) are reported in Table 3, together with
Cpx and Ox growth rates determined by Bonechi et al. (2019). Amph-Gu.
vary between 1.5-107 cm s (APR16-C3Aa, 0.25 h) to 2.9-10% cm s (APR16-

C3Bd, 9 h), showing an inverse correlation with time.

Phases composition and approach to equilibrium

Amphibole. Chemical compositions of Amph are reported in Table 4.
According to the Hawthorne et al. (2012) classification, all the crystallized
Amph is calcic and its composition varies from magnesiohorneblende and
edenite (Fig. 2a and b) to pargasite and magnesiohastingsite (Fig. 2b and c)
with increasing time.

Other phases. Chemical compositions of the other phases crystallized in the
experimental runs are reported in Table Al. Clinopyroxene compositions

are augitic (Wos-En4i-Fsis) and diopsidic (Wour-Enss-Fsi), whereas the
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orthopyroxene crystals found in the APR16-C3Bc run is enstatitic (Wos-Enzs-
Fs23). Oxide crystals are generally hercynites, while in the APR16-C3Aa run
Cr-rich spinels also occur. Olivine is present only in the run APR16-C3Ac
and is characterized by compositions of Foss while plagioclase grains
occurring in the shorter runs (0.25-3 h) are bytownitic and labradoritic in
composition.
Where possible we calculated the equilibrium conditions between the
mineral phases crystallized in the investigated runs (i.e., Amph, Cpx, Plg
and Ol) and the corresponding melts (Table 4 and A1). As regards Amph,
the calculated Amph-melt Fe-Mg exchange coefficient (i.e., AmPMi4Kpre-mg =
(FeO/MgO)Amph/(FeO/MgO)tid) varies between ~0.3 and ~1, showing an
almost linear decrease with increasing time (Fig. 3). According to the

AmphliqKpFe-Mg value (i.e., 0.28+0.11), only the magnesiohastingsites
crystallized in the runs at 9 h (APR16-C3Ad and APR16-C3Bd),
characterized by the lowest Amph-iaKpFeMe values (0.34 and 0.40, respectively)
attained Amph-liquid equilibrium conditions. Similar Kof¢Mstrend towards
equilibrium with increasing run times has been observed by

also for clinopyroxene phase. As regards the other phases, instead,
Cpx and Plg results to be always in disequilibrium conditions. Particularly,
since Cpx-melt Fe-Mg exchange coefficient (i.e., CpxliaKpfeMs =
(FeO/MgO)<r¥/(FeO/MgO)td) is 0.41+0.01 and 0.43+0.02 in the APR16-C3Ad
and APR16-C3Bb runs, respectively, Cpx result to be in disequilibrium with
the melt, according to the CpxligkpFe-Mg value (i.e., 0.28+0.08).
Similarly, Plg are not in equilibrium with the melt according to the (

) Ko (An-Ab)"s1i4 value (0.1+0.05 for T < 1050 °C). Indeed, plagioclase-

liquid equilibrium (i.e., Ko (An-Ab)*'s1ia) is 0.46 and 0.47+0.02 in the APR16-
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C3Ba and APR16-C3Bb runs, respectively. Different case is the APR16-C3Ac
run (1080 °C, 6 h), in which both Ol and Cpx results to be in equilibrium
with the melt. In this run, indeed, both “P<taKpFeMg (0.36+0.04) and OHiaKpFe-
Mg (0.30+0.01) are in agreement with the Putirka (2008) reference values

(0.28+0.08 and 0.29+0.06, respectively).

Fig. 1. - Backscattered (BSE) images of selected run products, showing the textural variation as a function
of time and temperature. a) clustered Amph with sizes <10 um; b) clustered Amph and isolated grains (sizes
> 10 um); c) euhedral Amph with maximum size of ~40 um; d) euhedral Amph hosting small Cpx in their

inner region. Abbreviation: Cpx: clinopyroxene; Ox: oxide; Amph: amphibole; GI: glass.
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Fig. 2. - Classification diagram of calcic amphiboles (IHawthorne ct al., 2012). Cation abundances are

calculated by using the Ridolfi et al. (2018) “AMFORM Calc” and expressed in apfu (atoms per formula
unit). Runs of APR16-C3A series are reported in green while those of APR16-C3B series in yellow. Circle

indicates 0.25 h runs, triangle 3 h runs, diamond 6 h runs and square 9 h runs. Orange arrow in b) shows

the time-controlled equilibration trend from edenite to magnesiohastingsite.
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Fig. 3. - Amph-melt Fe-Mg exchange coefficient vs time diagram. Only the magnesiohastingsites of the 9 h
runs match the grey field representing the Putirka (2016) equilibrium range (0.28+0.11). Runs of APR16-
C3A series are reported in green while those of APR16-C3B series in yellow. Asterisk indicates edenite (Ed),

plus pargasite (Par) and circle magnesiohastingsite (Mg-Hs). Grey dashed line indicates the linear

regression of the experimental data.

Discussion

Amphibole growth rate dependence on time and temperature

Studies of amphibole growth rate at high-pressure conditions are scarce in
the literature. The only data available are obtained at 0.1-2.7 GPa, 860-970
°C, undercooling between 100 and 600 °C from hydrous basaltic to andesitic
melts (i.e., Shea and Hammer, 2013; Simakin et al., 2019, 2009; Zhang et al.,
2019) and range from 10° to 108 cm s'. Amphibole growth rates from this
study decrease from 1.5:107 to 2.9-10® cm s! with increasing the duration of
the experiments (Fig. 4), since longer runs allow to attain conditions close to

equilibrium under which kinetic processes (i.e., growth) slow down.
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Notably, textural variations, observed starting from 6 h of dwell time, that
from widely dispersed cluster of tiny amphiboles (<10 um in size; Fig. 1a
and b) change in well-formed to euhedral isolated grains (Fig. 1c and d),
point out the recrystallization of the set of small crystals with decreasing of
the crystal density number and increasing of the average and maximum size
over time. This dissolution reprecipitation process may be induced from
small temperature fluctuations unavoidable in experiments of long
durations ( ) and therefore, the GL determined
for long-lasting experiments may be apparent or reflect a recrystallization
process ( ). However, it should be emphasized that the
Amph growth rate calculated in this work varies of about an order of
magnitude between the runs with the shortest duration and those with the
longest one (Table 3). Concerning the effect of water in the system on the
Amph growth rate, Fig. 5 shows that the GL value of Amph in run 1080 °C
(APR16-C3Ad) with 10.2 wt% H20Ok (i.e., water content dissolved in the melt)
is higher than that of crystals in 1030 °C run (APR16-C3Bd) with 8.3 wt%
H:Oy, testifying that melt depolymerization, viscosity reduction, and
element diffusivity increase by increasing both temperature and water
content. Since also show that amphibole growth rate
depends upon time and temperature, we applied their regression equation
calibrated on 1-100 h long experiments, to calculate amphibole growth rate

(Gesp) as a function of temperature and (also) pressure:
Gesp (T, P) = 7.4(+3.8) - 10710 - T + 1.4(£0.2) - 1077 - P — 7.0(£3.5) - 1077 @)

At the isobaric conditions of 0.8 GPa, this method yields growth rate values

of 2.11-10% cm s at 1080 °C and 1.74:10% cm s™ at 1030 °C, keeping in line

118



Amphibole growth from a primitive alkaline basalt at 0.8 GPa

with those experimentally obtained from 3 to 9 h long experiments (2.9-6.4
-10% cm s') mismatching instead the G values determined for the shortest
experiments (1.5-107 cm s). The quite good correspondence of G values
between our medium-long experiments and those calculated by Zhang et al.
(2019) equation probably reflects the action of textural equilibration process
driven by surface energy reduction, that affected our 3-9 h experiments.
Indeed, as stated by Zhang et al. (2019) their experiments have time for
crystals to undergo textural maturation (Ostwald ripening; Voorhees, 1992)
or coarsening (Marsh, 1988) during which smaller crystals, with higher
surface energy, dissolve and larger crystals grow. However, it should be
emphasized that in our study only the longest experiments approach also to

the chemical equilibrium.
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Fig. 4. - Amphibole growth rate (cm-s”) vs dwell time (s) diagram. The yellow area shows literature data:
red crosses indicate Shea and Hammer (2013) growth rate values obtained for AT of ~115-155 °C; light
blue crosses indicate Zhang et al. (2019) growth rates obtained for AT of ~180-300 °C for runs at 0.6-1 GPa
experiments and AT of ~500-600 °C at 2.1-2.6 GPa; magenta crosses indicate Simakin et al. (2019) growth
rates obtained for AT of ~130-180 °C; and purple cross indicates Simakin et al. (2009) one obtained for a

AT of ~150 °C. Symbols for data from this study are as in Fig. 2.
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Fig. 5. - Amphibole growth rate (cm s*) vs final water content in the melt (H20r wt%) and T (°C) diagram,
revealing that the positive correlation is possibly due to melt depolymerization, viscosity reduction, and

element diffusivity increase. Symbols are as in Fig. 4.

Antagonism with clinopyroxene

As for amphibole, clinopyroxene growth rate determined at the same
experimental conditions ( ) decrease from 2.0-10-%to 8.2-10
? cm s with increasing time (Fig. 6; Table 3), paralleling the trend described
by data of for synthetic clinopyroxene crystallized from
the same starting material at P = 0.8 GPa, T'=1170-1250 °C and H20¢ < 5 wt%.
However, these Cpx-GL values are in general slightly higher than those
determined in this study (e.g., ~2.0-10®and ~0.8-10% cm s for a same dwell
time), but it should be noted that the temperatures and the H2O-melt
contents of experiments are, respectively, higher and
lower than our investigated conditions and not suitable for Amph

formation.
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Fig. 6. - The decrease of clinopyroxene growth rate (cm s') with increasing dwell time (s). Literature data

from Bonechi et al. (2019). Symbols are as in Fig. 4.

Thus, the above small differences in Cpx-Gt values can be explained by the
contemporary amphibole-clinopyroxene crystallization in our experiments
and by the strikingly evidences of the faster growth of amphibole relatively
to clinopyroxene (Fig. 7). Such phenomenon is readily explained by the
chemical and structural similarities of these minerals (e.g., Kennedy, 1935;
Wones and Gilbert, 1982), that compete for Mg, Fe, Ca and to a lesser extent
Al and Na. The occurrence of amphibole at high water content, therefore,
not only reduces the abundance of clinopyroxene (Fig. 8), but also the rates

of clinopyroxene nucleation and growth (Fig. 7), as previously observed by

Shea and Hammer (2013).
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Fig. 7. - Clinopyroxene and amphibole growth rate vs dwell time (s) diagram, showing the faster growth of
amphibole (diamonds) relatively to coexisting clinopyroxene (circles). Literature data (orange symbols) from

Shea and Hammer (2013) are in agreement with our observation.
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Fig. 8. - Histogram showing the clinopyroxene (blue) and amphibole (red) modal percentage variation from
0.25 to 9 h runs at both 1030 and 1080 °C. Amphibole becomes progressively more abundant with

increasing time at the expense of clinopyroxene.

Chemical evolution of amphibole with time

Synthetic amphibole from this study shows compositional variability from
edenite to magnesiohastingsite with increasing time (Fig. 2). According to
our chemical data (Table 4), the percentage of amphibole species at different
dwell time (Fig. 9a) shows that edenite is the dominant term in short (<3 h),
low-temperature (1030 °C) runs, whereas the magnesiohastingsite

abundance progressively increases shifting towards longer experimental
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duration and higher temperature. Coherently with the amphibole-liquid Fe-
Mg exchange coefficient values (Fig. 3), magnesiohastingsite is therefore
identified as the compositional term representative of amphibole-melt
equilibrium at the investigated P-T-H20 conditions. Specifically, we
consider the formation of magnesiohastingsitic amphibole as the final
product of a reaction process that begins with the crystallization of
metastable edenite, whose early nucleation is probably promoted by the
pressure conditions. Indeed, the formation of Na-Ca amphiboles is favoured
by the increase of pressure but hampered by the elevated temperatures that
stabilize the pargasite amphibole type ( and reference
therein). Therefore, the variation of Si and AlV in the tetrahedral site with
time (Fig. 9b) depicts the overall tendency of amphibole to preferably
incorporate Al rather than Si in four-fold coordination, mirroring the time-
dependent chemical evolution from more siliceous (i.e., edenite) to more
aluminous (i.e., magnesiohastingsite) species. At the same time, the
Si02/ALO:s ratio of amphibole keeps always constant around the value of 3
(Fig. 9¢), suggesting that the transition from metastable edenite to
magnesiohastingsite is not driven by any change of Si and Al activities in
the melt. observe that a reduction of albite
activity from 1.0 to 0.5, corresponding to a change in plagioclase
composition from albite to andesine, is responsible for the compositional
deviation of coexisting amphibole from edenite to tremolite. Alternatively,
under equilibrium conditions, the crystallochemistry of coexisting
experimental phases potentially acts as a buffer for cation exchange
substitutions between the different amphibole structural sites (

; ; )- On this basis, by
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exemplifying the edenite and magnesiohastingsite activity as a function of

the exchange reaction
(NaaSir) = ((Ca; Mg)amAlr)

where the subscripts indicate the A, M and T sites of amphibole structure,
we can qualitatively conclude that the absence of plagioclase (Table 2) and
the minor abundance of clinopyroxene (Fig. 8) in the 6-9 h experiments drive

the reaction to the right, stabilizing magnesiohastingsite.
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Fig. 9. - a) Histogram showing the time-dependent variation of amphibole species percentage at different
temperature conditions, and b) variation of SiO:/Al:Os ratio, Si (apfu) and Al" (apfu) against time (s).
Edenite is reported in green, magnesiohorneblende in light blue, pargasite in yellow and

magnesiohastingsite in orange.
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Crystallization timing for capo marargiu Oligo-Miocene igneous products
Experimental growth rates from this study have been applied to investigate
the crystallization time of natural amphiboles and clinopyroxenes from the
Oligo-Miocene products of north-western Sardinia (i.e., Capo Marargiu
Volcanic District; CMVD). According to , these
minerals crystallize at P = 0.2-0.7 GPa, T = 960-1140 °C and H20 = 5-6 wt%
during the polybaric differentiation of a primitive basalt towards andesitic
terms by olivine + Cr-spinel + clinopyroxene + amphibole + plagioclase (i.e.,
crystallization sequence) fractionation. Intriguingly, amphibole crystals are
found as millimetre-to centimetre-sized relicts either dispersed in the
groundmass of porphyritic, magmatic enclaves (Fig. 10a) entrapped in
basaltic andesitic domes, or as plutonic textured, plagioclase-bearing crystal
clots disrupted within andesitic dikes, representing the lower (enclave
amphibole) and upper (crystal clots) levels of a crustal-scale cumulitic pile
variably sampled and disaggregated upon eruption of basaltic andesitic to
andesitic magmas ( ). Therefore, they always
show coronas due to resorption under crystal-melt disequilibrium
conditions, where amphibole is replaced by an anhydrous paragenesis of
clinopyroxene + plagioclase + titanomagnetite/ilmenite + low-Ca pyroxene
( )-

Based on , the bimodal distribution of
amphibole from enclaves and crystal clots in the Fe**+Ti* vs. AIV! diagram
(Fig. 10b) implies the calculation of different regression equations. The
intercepts of these lines with the y-axis provide two AlVmax parameters, that
according to the barometric

formulation
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P = (—7.819  0.359) + (16.051 + 0.773) - AVl (3)

testifies to crystallization pressures of 0.91+0.12 GPa and 0.32+0.09 GPa,
respectively, confirming the polybaric nature of these minerals and
providing a slightly higher crystallization pressure for enclave crystals.

also identify three types of clinopyroxenes into the
CMVD porphyritic enclaves, but only the first and the second population
show disequilibrium dissolution features (i.e., spongy texture and rounded
corners) ascribable to crystal recycling and/or uptake from a deep cumulate
region. Specifically, while the Mg#ss.9s Type 1 is a near-liquidus mineral
crystallizing along with early olivine and Cr-spinel, the Mg#7s.s1 Type 2 is
texturally associated to amphibole (Fig. 10a), representing a colder stage of
the magmatic history ( ). An approximate estimation
of the minimum growth time and then, a minimum residence time of the
Type 1 and Type 2 amphiboles can be obtained using a growth rate of 2.9-10-
8 cm s that is the average experimental Gr from 9 h runs (Table 3), and that
on the basis of Ko (Fe-Mg)“P*lid fall in the field representing equilibrium
conditions. We are aware that this GL probably better represent a
recrystallization rate, however, it is in the order of the effective growth rate
determined from amphiboles in the 3 h runs (see Amphibole growth rate
dependence on time and temperature section) and can be confidently used
to provide an estimation of the crystallization time of natural Type 1 and
Type 2 amphiboles. Thus, depending on the crystallographic orientation,
the maximum dimension of the five biggest amphibole crystals measurable
from thin sections ranges from 1.340 to 2.850 cm (Table 5), translating to
crystallization times of 1.5-3.1 yr at a growth rate of 2.9-10% cm s (i.e., the

average experimental growth rate from 9 h runs; Table 3). In turn,
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clinopyroxene measurements yield maximum dimension of 1.375 cm for
Type 1, and 0.380 cm for Type 2 crystals. Crystallization time for Type 1
clinopyroxene (i.e., 2.18 yr) is comparable to that from enclave amphibole
(1.46-2.03 yr; Table 5) only when the 2.0-10% cm s'! growth rate from
amphibole-free experiments of Bonechi et al. (2019) is adopted. In contrast,
the lowest growth rate of 7.4-10° cm s from amphibole-bearing runs (Table
3) is necessary to retrieve a consistent Type 2 crystallization time (i.e., 1.62
yr). In conclusion, these results suggest that at the lower crustal pressures
typical of enclave paragenesis, the bigger, more primitive Type 1 population
crystals coexisting with olivine and Cr-spinel at higher temperature grow
faster than the smaller, more evolved Type 2 clinopyroxene crystals
associated with amphibole at colder conditions, reflecting the coupled effect

of amphibole crystallization and temperature on clinopyroxene growth rate.
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y = -0.3818x + 0.6872 AN
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Fig. 10. - a) A centimetre-sized amphibole crystal as appear in a porphyritic, magmatic enclave from CMVD
(Tecchiato et al., 2018a). Smaller Type 2 clinopyroxene is included in this amphibole megacryst (see text
for further details). Abbreviations are as in Fig. 1b) The bimodal distribution of amphibole from enclaves
and crystal clots in the Fe*+Ti* vs. AlY diagram (Fig. 10b) testifies to different crystallization pressures
(cf. Simakin and Shaposhnikova, 2017), with enclave amphibole belonging to lower crustal environments.

Dutuﬁ'om Tecchiato et al. (2018b).
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Conclusions

New amphibole growth rate data from this study improve knowledge of
amphibole growth kinetics at high pressure (~0.8 GPa). At the investigated
P-T-H20 conditions, amphibole growth rate decreases from 1.5-107 to 2.9-10-
8 cm s with increasing time (from 0.25 to 9 h), temperature (from 1030 to
1080 °C) and water content in the melt (from 8.3 to 10.2 wt%), reflecting
time-dependent equilibration, melt depolymerization, viscosity reduction,
and element diffusivity increase. Comparison between amphibole and
clinopyroxene growth rates provide evidence for the faster growth of
amphibole with respect to clinopyroxene, which we surmise is due to
chemical and structural similarities between these minerals that cause a
“kinetic competition”. According to our chemical data, edenite is the
dominant term in short (<3 h), low temperature (1030 °C) runs, whereas
magnesiohastingsite is progressively more important in longer
experimental duration and higher temperature runs. Coherently with the
amphibole-liquid Fe-Mg exchange coefficient values, magnesiohastingsite
is likely representative of amphibole-melt equilibrium at the investigated P-
T-H20 conditions. The results obtained by applying our growth rate data to
amphiboles and clinopyroxenes from the Oligo-Miocene products of Capo
Marargiu Volcanic District (Sardinia, Italy) suggest that the biggest, more
primitive Type 1 population of clinopyroxenes co-existing with olivine and
Cr-spinel at higher temperature grow over a longer period of time (2.18 yr)
than the smaller, more evolved Type 2 clinopyroxene (1.62 yr) associated to
amphibole (1.46-3.12 yr) at colder conditions, reflecting the coupled effect of

amphibole crystallization and temperature on clinopyroxene growth rate.
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Abstract

In this experimental work, the dissolution of clinopyroxene (cpx) in a K-
basaltic melt from Campi Flegrei Volcanic District (Italy) have been
investigated in terms of diffusive dissolution, dissolution-crystallization,
and melting. The dissolution rate of cpx has been determined through
piston cylinder experiments conducted at pressure of 0.8 GPa,
superliquidus temperature of 1350 °C, and dwell times between 0.5 and 1 h.
The obtained dissolution rates range from 7.9-10°cm s to 6.1-10°cm s as a
function of dwell time. In the dissolution-crystallization experiment (1300
°C; 0.8 GPa; 2 h), the formation of overgrowth rims accompanied by new
cpx crystals suggests that the injection of recharge magmas in basaltic
reservoir may lead to inverse or oscillatory zonation. A high temperature
experiment at 1570 °C was monitored in real time by in-situ radiography
using synchrotron radiation combined with the Paris-Edinburgh press. We
document that kinetic melting of cpx does not occur linearly with time but,
rather, depends on crystal size and shape. The calculated cpx melting rates
of ~5:102 cm s (crystal face) and ~3-10" ecm s (sub-rounded shape) are
systematically higher than those (10°-10¢ cm s') determined by previous
quench experiments conducted at 1 atm. The effective binary diffusivities of
MgO and CaO resulting from dissolution experiments confirm classical
Arrhenian dependence of Dwmgo and Dcio on temperature and anisotropy
with maximum parallel to c-axis. The role of crystal dissolution in the
estimation of magma residence times has been also tested for a natural
magmatic system by interpolating the dissolution rates (~10--10¢ cm s?)
with the textural data of cpx phenocrysts from the Agnano-Monte Spina

pyroclastic deposit at Campi Flegrei caldera (Campanian region, Italy).
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Results from calculations indicate that the time required for partial or
complete resorption of phenocrysts varies from ~0.5 to ~40 h, and that the
effect of crystal dissolution may be relevant to estimate magma residence
times whether significant dissolution occurs during magma mixing

processes.

Keywords: clinopyroxene; dissolution rate; in-situ synchrotron; chemical diffusion;

dissolution-crystallization process; Campi Flegrei

Introduction

Dissolution is a fundamental process in igneous petrology and it often
occurs, for instance, during xenolith and/or xenocryst digestion by magma
assimilation and transport processes (e.g., Edwards and Russell 1998).
Knowledge of dissolution kinetics of minerals is important to provide
information and develop models on the crystal-liquid interaction during
melt transport (Navon and Stolper 1987; Kelemen 1990; Reiners 1998).
Among the studies available in literature on mineral dissolution in silicate
melts, those focusing on clinopyroxene (cpx) are few and sparse (Kutolin
and Agafonov 1978; Scarfe et al. 1980; Kuo and Kirkpatrick 1985; Zhang et
al. 1989; Van Orman and Grove 2000; Chen and Zhang 2009) (Fig. 1), and
only those by Scarfe et al. (1980) and Brearley and Scarfe (1986) report data
on cpx dissolution in alkali basaltic compositions. Crystal dissolution in
silicate melts can be controlled by interface reaction and mass transfer, with
this latter mechanism being both convective (e.g., Kerr 1995; Liang 2003;
Zhang and Xu 2003) and diffusive (e.g., Zhang et al. 1989; Liang 1999).

Crystal dissolution in nature often occurs under convective conditions
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driven by density differences between crystal and melt, or density
differences between interface and far-field melts (e.g., Kerr 1995; Shaw 2000;
Chen and Zhang 2008, 2009). Convective dissolution has been investigated
in some early experimental works (e.g., Donaldson 1985; Kuo and
Kirkpatrick 1985; Brearley and Scarfe 1986) showing that the dissolution rate
does not depends on the crystallographic orientation but scales with dwell
time. However, as pointed out by Zhang et al. (1989) convective dissolution
cannot be used to quantify chemical diffusivities, and the application of
dissolution rate is restricted to natural systems with similar convection
regimes. To overcome this limitation, more recent authors have investigated
the effects of non-convective dissolution (e.g., Watson 1982; Zhang et al.
1989; Finnila et al. 1994; Liang 1999, 2000; Morgan et al. 2006; Shaw 2006),
pinpointing that diffusive mass transfer and dissolution rates are inversely
proportional to the square root of time. Generally, the crystal dissolution
rate is studied by assuming an effectively semi-infinite or infinite reservoir.
However, crystal dissolution measured in a finite geometry (e.g., partially
molten system) can provide useful information about specific magmatic
processes such as melt-rock reactions occurring at the edges of magmatic
reservoirs between melt and cumulitic rocks (e.g., Liang 2000; Morgan and
Liang 2003; Tursack and Liang 2012). Together with dissolution, melting of
crystals is another important process in some geological events, such as
magma production, assimilation of crustal materials, and melting of high-
pressure phenocrysts in ascending magmas (Tsuchiyama and Takahashi
1983). However, there are only a few experimental studies describing
melting kinetics of silicate minerals (Wagstaff 1969; Johannes 1978; Scarfe et

al. 1980; Tsuchiyama and Takahashi 1983; Tsuchiyama 1986). Differently
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from dissolution that is governed by mass transfer and concentration
gradients (e.g., Woods 1992), the melting rate is mostly controlled by heat
transfer and/or rearrangement of atoms at the crystal-melt interface

(Tsuchiyama and Takahashi 1983).
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Fig. 1. T and P conditions of cpx dissolution experiments. Data sources: black cross this study (49 wt.%
Si0); star Scarfe et al. (1980), convective cpx dissolution in alkali basalt (47 wt.% SiO2); triangle Brearley
and Scarfe (1986), cpx dissolution in alkali basalt (49 wt.% SiOx); diamond Zhang et al. (1989), diffusive
diopside dissolution in andesite (56.3 wt.% SiOz); square Van Orman and Grove (2000), diffusive diopside
dissolution in lunar ferrobasalt (47 wt.% SiO2); circle Chen and Zhang (2009) (51.2 wt.% SiO:). Colours
indicate pressure ranges: green 0.5 GPa, yellow 1 GPa, orange 1.2 GPa, red 1.3 GPa, brown 1.4 GPa, light
blue 2 GPa, blue 2.2 GPa, dark blue 3 GPa. The solid red curve is the pure diopside melting curve by Yoder
(1952), Boyd and England (1963) and Williams and Kennedy (1969). The dashed green curve is the
Vesuvius cpx seed melting curve while the dashed black curve is the rough liquidus of the alkaline basalt
used in this study, both estimated by MELTS program (Asimow and Ghiorso 1998; Ghiorso and Sack

1995).
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In this study, we report the results from three different types of experiments:
1) dissolution experiment in a semi-infinite reservoir, 2) dissolution-
crystallization experiment in a finite reservoir, and 3) melting experiment.
Through experiments 1) and 2), we investigated clinopyroxene dissolution
and dissolution-crystallization in an alkali basalt in anhydrous conditions,
at the pressure of 0.8 GPa, superliquidus temperatures of 1300 and 1350 °C,
and dwell times between 0.5 and 2 h. Through experiment 3), we monitored
in real time the cpx melting at 1570 °C and 2 GPa. Data obtained from
dissolution experiments were used to quantify crystal dissolution rates and
cation diffusion rates in a K-basaltic melt. Cpx dissolution rates from this
study were also employed to determine phenocryst residence times and
magma chamber dynamics at Campi Flegrei caldera (Campanian region,

Italy).

Experimental and analytical methods
Starting material and seed placement
The starting material used in this study (Table 1) is a natural rock powder
obtained from a K-basaltic rock (APR16; ) found as
scoria clast in the deposits of Solchiaro hydromagmatic eruption (between
1946 ka and 1443 ka; ) located in Procida island (Campi
Flegrei, Italy). It is characterized by 12 vol.% of forsteritic olivine (ol) and
diopsidic cpx phenocrysts dispersed in a groundmass of ol, cpx, plagioclase
(plg), oxide (ox), alkali feldspar (afs) and glass ( ;

)- The powder, used as starting material in the APR16-D1ADb
run, was obtained by grinding the APR16 rock sample in an agate mortar

under acetone. The APR16GL, used as starting material in the others runs,
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was prepared by melting for 15 min the APR16 natural powder in a 1 atm
gas-mixing (CO-CO2) furnace installed at the Bayerisches Geoinstitut
(Bayreuth, Germany) at 1400 °C and oxygen fugacity corresponding to the
NNO (nickel-nickel oxide) buffer. The experiments were performed using
the “seeding technique” which consisted in placing both the starting
material and a cpx seed in an AuzsPdzs capsule. We selected, as suitable
seeds, natural homogeneous diopsidic cpx crystals (hereafter cpx Ves; Wous-
Enus-Fss and Mg# = 0.90, with Mg# = MgO/(MgO+FeOrt) on molar basis by
assuming all iron as FeOrot) from the 1944 Vesuvius eruption (

) (Table 1). These crystals were chosen because i) they are not in
equilibrium with the APR16 melt ( ), thus simulating
dissolution mechanisms due to the effect of temperature change and mixing
between magmas with different degrees of differentiation, and i) can be
easily hand-picked as idiomorphic single crystals and further worked into
the desired shape. Thus, cpx crystals were cut and ground in small
parallelepiped shapes (~1x1x0.5 mm) and polished. For all the experimental
runs performed with the piston cylinder and the Paris-Edinburgh press, we
used the same procedure to place the seed, with a set up that does not allow
to control convection but guarantees isothermal-isobaric conditions. In
particular, we filled the capsule from the bottom to the top with a thin layer
of powdered starting material, the cpx seed and a further thicker layer of
powdered starting material (Fig. S1 and S2 in Online Resource 1). For each
experiment, the cpx seed was oriented placing it with the c-axis parallel to
the bottom of the capsule in the APR16-D1Aa and APR16-D1Ab runs, and
perpendicular to it in APR16-D1A run, in order to point out possible

anisotropies of the cpx—melt interface reaction. The orientation of the
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crystals was marked by welding a Pt-wire on the outer wall of capsule. This
procedure allowed to recognize possible shifts from the pristine orientation
of crystal during the experiment (see § Analytical methods). In APR16-D1ADb
run, we used a cpx seed with larger dimensions (1.4 x 2.2 x 2.3 mm) than the
other ones, reducing the powdered starting material/cpx seed ratio (Table
2). This latter experimental procedure implies a finite geometry system, and
the chemical system shifts towards the cpx composition. The increase of the
cpx components activity (i.e., chemical components) in the melt phase, due
to variable cpx dissolution, holds to an increase of the liquidus temperature
of the system (according to the depression of the melting point).
Consequently, the system is forced to stay close to the liquidus temperature
and small variations of the melt composition, due to the diffusion of
dissolved components, can produce local crystallization of cpx whose

composition is stable at high temperature (i.e., Mg-rich cpx).

Experimental procedure

Experiments were performed by using the % inch end loaded piston
cylinder apparatus (PC) at the HP-HT Laboratory of the Department of
Earth Sciences of Sapienza - University of Rome (Italy), and the VX-3 Paris—
Edinburgh press (PE) at the 16-BM-B beamline at the Advanced Photon
Source (Argonne National Laboratory, Illinois). Four anhydrous
experiments were carried out with the PC at the isobaric pressure of 0.8 GPa,
dwell times between 0.5 and 2 h, and temperatures of 1300 and 1350 °C,
corresponding to AT of 20 and 70 °C, where AT (Texperiment - Tiiquidus) is the
difference between the nominal temperature of the runs and the APR16

liquidus temperature (Table 2). One of the experiments was failed and
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excluded. Temperature conditions were chosen to be i) higher than the
liquidus temperature of the basalt (i.e., 1280 °C for the APR16 sample at 0.8
GPa, as reported in Perinelli et al. (2019)) to avoid crystallization in the bulk
melt that disturbs the diffusion and dissolution processes, and i) lower than
the melting temperature of the diopsidic cpx at 0.8 GPa (i.e., 1495 °C for pure
diopside, in agreement with Yoder (1952), Boyd and England (1960) and
Williams and Kennedy (1969), as well as 1425 °C for the cpx seed according
to Chiorso and Sack (1995)) (Fig. 1). The PC assembly (Fig. Sla in Online
Resource 1) consists of an outer CaF: cell, graphite furnace and MgO
crushable spacer. The two starting materials were dried at 110 °C for at least
2 h to remove the moisture before being loaded in the AursPd2s capsules.
Temperature was measured using a D-type WsRes-W2sRezs thermocouple
and manually controlled within an uncertainty of +5 °C. Capsules of less 7-
mm long were used in order to maintain the samples in the furnace hot spot.
The experimental assembly was first pressurized to the target pressure by
piston-out procedure (Johannes et al. 1971; Presnall et al. 1978). An
overpressure of ~10% was applied with increasing temperature and
corrected for pressure drops due to stress relaxation within the assembly
during heating. The assembly was heated up to the target temperature with
a rate of 150 °C min". The sample was maintained at the pressure and
temperature for a given duration (nominal duration), and then quenched
down by turning off the power. The in-situ experiment was performed
using the PE press at 2 GPa, 1570 °C and dwell time of 4 s (Table 2). The PE
cell assembly (Fig. S1b in Online Resource 1) mainly consists of boron-epoxy
(BE) gaskets, MgO ring, ZrOz cap, graphite heater, and BN capsule. Graphite

inner capsule was used for silicate melt experiments inside BN sleeve (Kono
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). A ring-shaped BE (boron: epoxy = 4:1 in weight ratio) is used as
gasket with a supporting outer polycarbonate plastic (Lexan) ring. The BE
gasket and ZrOz caps in the assembly provide good thermal insulation for
high temperature experiments. The MgO ring is placed between BE gasket
and graphite heater to increase the stability of the cell assembly and
maintain anvil gap. The MgO ring is also used as the pressure standard,
according to the thermal equation of state by . The pressure
uncertainty is #0.15 GPa. The loaded cell was first brought to the target
pressure by a hydraulic system connected to the Paris-Edinburgh press.
After pressurization, the sample was heated rapidly at a rate of ~100 °C s'..
The temperature was estimated using the electrical power vs. temperature
calibration curve reported in . The experiment was

quenched by shutting down the electrical power to the heater.

Table 2 Experimental run conditions, phase assemblages and clinopyroxene

seed features.

Experimental P T AT Time Cpxseedsize  Cpxseed  Powdericpx seed

Run# Phases

device (GPa) _(°C) °C) (s) (LxWxZ; mm weight () ratio
APRI16-DL PE 2 1570 - 4 Gl 0.60x0.40x0.31 0.0004 nd.
APR16-DIA PC 08 1350 70 3600 Gl+epx*+ol+ox 148x080x046 0.0008 053
APR16-D1Aa PC 08 1350 70 1800 Gl +cpx® 110x093x034 0.0009 0.96
APR16-DIAL PC 0.8 1300 20 7200 Gl+cpx* +cpx 232x219x143 0.0238 059

PE = Paris-Edinburgh press; PC = piston cylinder apparatus; AT is difference between the nominal
temperature of the runs and the APR16 liquidus temperature; *cpx seed used for the experiments;
¥ cpx loss during polishing of the run. Ol and Ox crystallized in APR16-D1A run occur in a small

reservoir present in one side of the capsule.
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Ultrafast X-ray imaging with the Paris Edinburgh press

For the PE experiment, a white X-ray radiography was used to
photomicrograph the interior of the capsule at high pressure. In particular,
the melting rate of the cpx seed in the APR16-D1 run was measured by a
collimated (1.5x1.5 mm) white X-ray beam and radiographic
photomicrographs captured by a high-speed camera (Photron FASTCAM
SA3), located approximately 1.2 m downstream from the PE cell, with 250
frame per second (fps) recording time and pixel resolution of 2.5 um/pixel
( )- The use of thick (100 um thick) Ce-doped LAG provides
sufficiently high brightness for ultrafast X-ray imaging through the PE cell
assembly. Figure S2 in Online Resource 1 is a radiographic
photomicrograph showing the initial position of the cpx seed in the middle
part of the starting sample, and inside the graphite cap at the top of the
capsule. Movie 1

(https://drive.google.com/file/d/16 APRp5k5CwZA32TbLzboFLe3hKty2n0S

[view?usp=sharing) shows, in real time, the melting of the cpx seed in the
APR16 melt at 2 GPa and 1570 °C over a time duration of ~4 s. Since the
contrast between clinopyroxene seed and surrounding melt was not much
marked, in order to highlight it, we adjusted the contrast/brightness of the

collected frames by using the Image] software package.

Analytical methods

The recovered samples were mounted in epoxy resin, ground flat, and
polished. Textural features of the experimental runs were analyzed by
scanning electron microscopy (SEM) using a FEI-quanta 400 equipped for

microanalysis with an EDAX Genesis system at the Department of Earth
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Sciences of Sapienza - University of Rome and a TESCAN Vega equipped
with EDS (energy dispersive X-ray spectrometry) system at the Institute of
Petrology and Structural Geology of the Charles University in Prague
(Czech Republic). We also analyzed the phase compositions by electron
probe micro-analysis (EPMA) using a Cameca SX50 equipped with five-
wavelength dispersive spectrometer (WDS) and installed at CNR - Istituto
di Geologia Ambientale e Geoingegneria in Rome (Italy). A 15 kV
accelerating voltage, 15 nA beam current, and the following standards were
used: metals for Mn and Cr, jadeite for Na, wollastonite for Si and Ca,
orthoclase for K, corundum for Al, magnetite for Fe, rhodonite for Mn, rutile
for Ti, periclase for Mg, apatite for P. Counting times were 20 s for elements
and 10 s for backgrounds. Light elements were counted first to prevent loss
by alkali migration. Raw data were corrected using the PAP method. We
analyzed minerals using a beam diameter of 1 um, and glasses with a
defocused beam from 10 to 15 um of diameter. For each experiment,
multiple compositional profiles were measured by using a Jeol JXA-8530F
equipped with five wave dispersive spectrometers (WDS) at the Institute of
Petrology and Structural Geology. The operating conditions were 15 kV and
15 nA beam current. Standards were quartz for Si, corundum for Al,
periclase for Mg, magnetite for Fe, rhodonite for Mn, calcite for Ca, rutile for
Ti, chromium oxide for Cr, albite for Na, apatite for P. Profiles across cracks
are re-connected smoothly. First, we made preliminary profiles by
measuring points with a distance of 5 um and a beam diameter of 1 pum.
Subsequently, to better define the area at the cpx-melt interface, we made
other profiles parallel and close to the first ones using a distance and a beam

diameter of 1 um. Crystallographic orientations of the polished cpx seeds
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were obtained by electron backscatter diffraction (EBSD) at the Institute of
Petrology and Structural Geology. EBSD patterns were collected with an
accelerating voltage of 20 kV, beam current 6 nA, working distance of 33
mm, and tilt angle of 70°. On each seed, 10 points were analyzed, all of
which produced a good indexed solution for diopside using AZtec software,
with a mean angular deviation <0.5°. Averaged results are shown in Figures
2,3 and S3 in Online Resource 1 as equal-area upper-hemisphere projections

of the crystallographic axes.

Results

Textural and chemical features of the experimental runs

Textural and chemical aspects of the experimental runs are described in the
following two sections: “Dissolution and melting experiments” and
“Dissolution-crystallization experiment”. In the first section we focused on
the APR16-D1A, APR16-D1Aa, and APR16-D1 runs. In the second section,
instead, we focused on the APR16-D1Ab run, that is characterized by a more
complex dissolution-crystallization process. The compositions of minerals
and those of glasses far from the residual seed (at distance x > 500 pum) for
all the runs are reported in Table S1 in Online Resource 3. Compositional
profiles conducted at the interface (x = 0 um) between cpx seed and glass for
the APR16-D1Aa, APR16-D1A, and APR16-D1Ab runs are reported in the
Electronic Appendix in Online Resource 4. The compositional profiles show
that SiO2, MgO, and CaO of the glass increase, whereas TiOz, Al2Os, FeO,
Naz0, and K20 decrease towards the cpx-melt interface. In the far-field melt,
instead, the compositional profiles are flat, and no compositional gradients

can be observed.
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Dissolution and melting experiments

Cpx seed of APR16-D1Aa run (1350 °C; 0.8 GPa; 0.5 h) shows subrounded
edges without reaction texture. This suggests that dissolution occurred
during the experiment according to Tsuchiyama (1986). One side of the
crystal displays some indentations (Fig. S4a in Online Resource 1). Similarly,
in APR16-D1A run (1350 °C; 0.8 GPa; 1 h) the cpx seed shows a subrounded
shape with indentations on one side, in front of which the formation of ol
and ox occurred (Fig. 54b in Online Resource 1), probably linked to the
presence of small inclusions in the cpx seed. As regards the APR16-D1 (1570
°C; 2 GPa) experiment, the radiographic  Movie 1
(https://drive.google.com/file/d/16 APRp5k5CwZA32TbLzboFLe3hKty2n0S

[view?usp=sharing) shows the complete melting of cpx seed. Crystal

melting starts from the edges and the corners of the seed, leading to a round

shape before its complete disappearance.
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Fig. 2. Backscattered image of APR16-D1Aa run. Polished cpx seed is indicated in green. Inside the cpx
seed the crystallographic axes are reported (a in red, b in green, ¢ in blue) following the orientations showed
by the upper-hemisphere projections (inset in the upper side of the figure). As possible to see from these
projections the polished surface is approximately perpendicular to the c-axis (001). In the figure the profiles
along which we measured the variation of the major elements concentration in the melt are indicated with
white lines. An example is reported in the insets on the right, where the concentration profiles of MgO and
CaO are shown. Finally, in the lower left part of the figure is reported a cartoon showing the sizes, the
placement, and the orientation of the seed before and after the experiment. The table reports the initial (i)

sizes, the final (f) sizes and the difference between them (Ar). Cartoon not in scale.
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Fig. 3. Backscattered image of APR16-D1A run. Polished cpx seed is indicated in green. Inside the cpx
seed the crystallographic axes are reported (a in red, b in green, c in blue) following the orientations showed
by the upper-hemisphere projections (inset in the upper side of the figure). As possible to see from these
projections the polished surface is approximately perpendicular to the b-axis (010). In the figure the profiles
along which we measured the variation of the major elements concentration in the melt are indicated with
white lines. An example is reported in the insets on the right, where the concentration profiles of MgO and
CaO are shown. Finally, in the lower left part of the figure is reported a cartoon showing the sizes, the
placement, and the orientation of the seed before and after the experiment. The table reports the initial (i)

sizes, the final (f) sizes and the difference between them (Ar). Cartoon not in scale.
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The composition of the residual cpx seed in APR16-D1Aa run (1350 °C; 0.5
h) does not differ significantly from the original one (Fig. 4). Conversely, the
residual cpx seed in the APR16-D1A run (1350 °C; 1 h) shows higher Mg#
(0.91) and lower TiO:2 (0.29 wt.%), Al20s (1.43 wt.%), and Cr20s (0.22 wt.%)

than the original cpx Ves (Table 1 and Table S1 in Online Resource 3).

X Cpx Ves < APR16-D1Aa seed APR16-D1A seed

< APR16-D1Ab seed © APR16-D1Ab seed rim

[0 APR16-D1Ab group 1-new cpx core [ APR16-D1Ab group 1-new cpx rim

O APR16-D1Ab group 2-new cpx core O APR16-D1Ab group 2-new cpx mantle @ APR16-D1Ab group 2-new cpx rim

APR16-D1Aa (1350 °C, 0.8 GPa, 0.5 h) Wo
APR16-D1A (1350 °C, 0.8 GPa, 1 h) oi l He

T T

APR16-D1Ab (1300 °C, 0.8 GPa, 2h) Augite

Pigeonite

Ersatie T T
/ En Fs

J@Q Diopside

D

Augite

Fig. 4 Clinopyroxene compositions plotted into a magnification of the pyroxene classification diagram
(Morimoto et al. 1998). Wo: wollastonite; En: enstatite; Fe: ferrosilite; Di: diopside, He: hedenbergite. The
inset shows the whole diagram. Cross indicates the Vesuvius cpx, diamonds the cpx seeds, squares the
group 1-new cpx and circles the group 2-new cpx. Empty symbols indicate cpx core, while filled symbols
indicate cpx rim. For group-2-new cpx the lighter filled symbols indicate the mantle while the darker filled
symbols the rim. New cpx unzoned of D1Ab run is not reported since its composition matches that of the

cpx seed rim. Yellow field shows cpx composition from Bonechi et al. (2020b).
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Concerning the experimental glasses, those analyzed far from the residual
seed of APR16-D1A and APR16-D1Aa runs have major oxide concentrations
similar to those of the starting material (APR16GL; Fig. 5), while the
composition of APR16-D1 glass exhibits higher Mg# (0.73) and CaO
abundances (12.9 wt.%) reflecting the complete melting of the cpx seed in
the melt (Movie 1 in

https://drive.google.com/file/d/16 APRp5k5CwZA32TbLzboFLe3hKty2n0S/

view?usp=sharing).
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Fig. 5 Variation diagrams of major element with Mg# for residual glasses far from the residual cpx seeds.
Cross indicates the starting material (SM) and circles the compositions of synthetic glasses. Error bars not

reported are within the symbols size.
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The Fe-Mg exchange between cpx and melt (Kp(Fe-Mg)¥<lic =
FecpxxMgtio/MgepxxFeliq, calculated assuming all Fe as Fe?* in both phases) for
APR16-D1Aa and APR16-D1A runs is 0.26+0.01 and 0.24+0.01, respectively.
These values indicate that cpx seeds are in equilibrium with the coexisting
melt according to the equilibrium criteria (Ko(Fe-Mg)®+1 = 0.28+0.08)
proposed by Finally, in the APR16-D1A experiment, ol and
ox crystallize during cpx dissolution. Ol is characterized by a homogeneous
composition (Foss). Conversely, Ox is compositionally zoned, with core
enriched in Fe203 and MgO relative to the magnesioferritic rim. The Fe-Mg
distribution coefficient between ol and melt (Ko(Fe-Mg)*ia =
FeoaxMgiiq/MgoixFeiiq, calculated assuming all Fe as Fe?* in both phases) is
0.17+0.03, thereby in disequilibrium with the melt according to the criteria

(Kp(Fe-Mg)oHia = (0.30+0.03) proposed by and

Dissolution-crystallization experiment

The APR16-D1Ab run (1300 °C; 0.8 GPa; 2 h) exhibits textural features
resulting from dissolution-crystallization processes. In particular, the large
cpx seed displays smoothed edges on which a 10-50 pm-thick layer (i.e., cpx
seed rim) overgrew (Fig. 6a, b, d). Notably, a precipitation layer with cellular
texture overgrew on the cpx seed rim along the lateral faces of the residual
crystal (Fig. 6d). Moreover, new euhedral cpx crystals with size up to 200
um formed towards the top of the capsule adjacent to the overgrown rim
(Fig. 6a, c). Some of these new cpXx, are zoned and, depending on the crystal
size and zoning pattern, can be divided in two groups: group 1-new cpx are

characterized by large crystals (~100 um in size; Fig. 6a) formed by euhedral
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layer grown on anhedpral cores (up to 30 um in size), that probably represent
restitic of natural starting material. Group 2-new cpx are characterized by
small newly-growing cpx crystals (~20 um in size; Fig. 6¢) showing
concentric oscillatory zoning with euhedral shape.

The overgrown rim is a diopside (WouwEnusFss; Fig. 4) as for the residual
seed, but with higher Mg# (0.93 vs. 0.89) and Al2Os (4.88 wt.% vs. 1.53 wt.%)
and lower SiOz (51.16 wt.% vs. 53.12 wt.%) contents. In the new zoned cpx
crystals both cores and rims are still classified as diopside (Wouss-Ensz7-Fszand
Wous-Enus-Fss, respectively; Fig. 4) but their compositions are distinct from
that of the residual seed. In particular, the cores of the group 1-new cpx have
Mg# (0.88), SiO2 (49.48 wt.%), and CaO (21.15 wt.%) lower than those of the
rims (0.92, 51.21 wt.%, 23.13 wt.%, respectively) (Table S1 in Online
Resource 3). Moreover, the crystal cores are enriched in TiOz, Al2Os, FeO,
Naz0, and Cr20s (Table S1 in Online Resource 3). The group 2-new cpx are
characterized by different oxide contents in relationship with the concentric
oscillatory zonations (Fig. 6 and Table S1 in Online Resource 3). Their core
composition falls in the augite field ( ; Fig. 4) next to the
boundary with diopside, while the mantle and the outer parts are both
diopside. The gradual increase of CaO (from 20.6 to 22.6 wt. %) towards the
crystal rim is counterbalanced by the decrease of FeO (from 3.7 to 2.6 wt.%).
MgO clearly decreases from the core to the mantle (from ~17 to 15.5 wt.%)
and then shows a limited change (MgO =~16 wt.%) in the outermost portion
(~10 mm far) of the grains, while the mantles of these new cpx are enriched
in Al2Os, TiO2, Na20s, and Cr20s3 (Table S1 in Online Resource 3). Notably,
the chemistry of the mantle of the group 2-new cpx and that of the cores of

the groupl-new cpx (i.e., restitic cpx phenocrysts of the APR16-starting
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material) compare well with the composition of the cpx crystallized at 0.8
GPa in equilibrium with the APR16 residual melt, as reported in

(Fig. 4; Table S1 in Online Resource 3). Finally, the composition
of the large unzoned new cpx is diopsidic (WowEna/Fss; Fig. 4) and closely
approaches that of the cpx seed rim and those of the crystal rims from group
1- and group 2-new cpx (Table S1 in Online Resource 3).
The chemical composition of the glass in this run is heterogeneous showing
marked differences between the portion near the top of the capsule
(hereafter identified as APR16-D1Ab) and that in the new-cpx zone (i.e.,
APR16-D1Ab*). Figure 5 shows that the composition of APR16-D1AD glass
is in the trend outlined by the glasses of the dissolution experiments.
Conversely, the APR16-D1Ab* glass shows lower SiO2 (~46 wt.%), TiO2 (~1
wt.%) and Al2Os (~14 wt.%), as well as higher Mg# (0.79) and CaO (~18 wt.%)
than those of the APR16-D1Ab glass (~50 wt.%, ~1.2 wt.%, 0.77, ~14 wt.%,
respectively). Both glass compositions were used to calculate Kn(Fe-Mg)#*
i1 in order to identify the possible equilibrium condition among the different
types of cpx crystallized during this experiment. Using the APR16-D1ADb
glass, the obtained values are: 0.38+0.02 for the cpx seed, 0.25+0.01 for the
cpx seed rim and for the unzoned, new cpx, 0.49+0.03 for the group 1-new
cpx core, 0.28+0.01 for the group 1-new cpx rim, 0.40+0.02 for the group 2-
new cpx core, 0.44+0.02 for the group 2-new cpx mantle, and 0.31+0.01 for
the group 2-new cpx rim. Using the APR16-D1Ab* glass, the obtained
values are: 0.44+0.03 for the cpx seed, 0.29+0.01 for the cpx seed rim and for
the unzoned, new cpx, 0.56+0.04 for the group 1-new cpx core, 0.33+0.01 for
the group 1-new cpx rim, 0.46+0.02 for the group 2-new cpx core, 0.51+0.03

for the group 2-new cpx mantle, and 0.35+0.01 for the group 2-new cpx rim.
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According to the equilibrium range of Putirka (2008), the cpx seed and the
new cpx cores are in disequilibrium with both APR16-D1Ab and APR16-
D1Ab* melts, whereas the cpx seed rim, the unzoned, new cpx, group 1- and

group 2-new cpx rims are in equilibrium with APR16-D1ADb* composition.

Cpx seed rim
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Fig. 6 Backscattered photomicrographs of the APR16-D1Ab run. Insights show a-c) the top, b) the bottom

and d) the side of the capsule. Cpx, clinopyroxene, Rim, reaction rim between cpx seed and glass.
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Dissolution rates
Dissolution rates have been calculated by the difference between initial and
final length of cpx seed before and after the experiment (Ar) divided by the
time duration of experimental run (e.g., ). Data
reported in Table 3 are 7.9-10°cm s for APR16-D1Aa (1350 °C; 0.8 GPa; 0.5
h) and 6.1-10°cm s for APR16-D1A (1350 °C; 0.8 GPa; 1 h).
For the APR16-D1Ab run (1300 °C; 0.8 GPa; 2 h), it was not possible to
directly calculate the dissolution rate due to the effect of crystallization
during the experiment. These dissolution rates are consistent with those
(from 10% to 107 cm s™) obtained by previous authors (e.g.,

) at temperatures (1236-1500 °C), AT (5-125 °C), pressures (0.47-3 GPa)
and dwell time (0.14-2.6 h) comparable with those employed in our

experiments (Table S2 in Online Resource 3).

Melting rate

Radiographic photomicrographs collected during the APR16-D1 run (1570
°C; 2 GPa) made possible to estimate the time taken by the cpx seed to melt
and the process through which it occurred. In particular, by processing the
collected frames, we evaluated the change of the cpx dimensions as a
function of time. Figure 7 shows that the crystal size decreases with
increasing time, following a non-linear trend characterized by apparent
slope increase at around 2.5 s, after which crystal dissolution proceeds until
the complete disappearance of cpx crystal. Due to this different behavior,
we calculated average melting rates of 4.8-102cm s up to 2.5 s and 3.2:10"

cm s after 2.5 s. These calculated melting rates result to be about three
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orders of magnitude higher than that (6.5:10° cm s') estimated by
Tsuchiyama (1986) in quench experiments conducted at 1 atm, 1190-1307 °C,
and 1.5-192 h of dwell time, during gabbroic-xenolith digestion by basaltic

melts.
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Fig. 7 X-ray radiography frames of melting cpx seed (in green) in APR16GL melt at 2 GPa and 1570 °C.
Scale bar 0.2 mm. The diagram reports the variation of the crystal sizes L (light green circles), W (dark

green circles) and their mean value (M; grey circles) with time for each frame (0.5 s interval).
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Discussion
Photomicrographs of experimental runs show that cpx dissolution occurs
by consumption of crystalline faces with the formation of subrounded
shapes and/or indentations (Fig. S4 in Online Resource 1). Radiographic
movie from APR16-D1 run documents that the melting process develops by
symmetric consumption of the crystalline faces. According to our
experimental data, textural changes typical of patchy, sieve or spongy cpx
phenocrysts that often characterize natural magmatic environments, may be
the result not only of mineral dissolution or melting but also of overgrowth
processes ( ; ), as observed for example
in natural plagioclase phenocrysts (e.g., ;

)- In the following paragraphs, melting, dissolution, and dissolution-

crystallization mechanisms are examined and discussed.

Melting experiment

Although experimental temperature (1570 °C) and pressure (2 GPa) of
APR16-D1 run are not representative of magmatic conditions, we note that
this technique offers the possibility to monitor in real time the kinetics of
crystal dissolution. More specifically, the non-linearity of melting process is
characterized by a faster crystal melting with increasing time, as shown in
Figure 7. This acceleration seems to be strictly related to the disappearance
of the crystal euhedrality, with development of a sub-rounded morphology
after 2.5 s. As the cpx volume decreases, the specific crystal surface in
contact with the melt increases, thus reducing the energetic barrier of
melting. As observed by for nanocrystals, the

surface/volume ratio increases with decreasing crystal size. Consequently,

155



Experimental investigation of high pressure clinopyroxene dissolution in a K-basaltic melt

the potential energy of surface atoms increases due to bond losing and the
internal energy of crystal increases. In this scenario, the melting enthalpy
and melting temperature depression as a function of crystal size is
essentially induced by the surface contribution related to the large

surface/volume ratio and breaking bonds (

Dissolution experiments
Evidence of convection-free dissolution
Although the experimental set up used in this study is not able to control
convection, such as those presented in previous works ( ;
), we can evaluate the absence of convection by
employing different approaches. According to , we have
performed four analytical traverses across distinct portions of the cpx seed-
melt interface. These analytical traverses closely overlap attesting the
absence of convection (Fig. S5 in Online Resource 1). Moreover, as observed
by , in absence of convection the dissolution rate is
inversely proportional to the square root of time. At the same P-T
conditions, we note that the measured dissolution rates are inversely
correlated with the square root of time (Fig. 8a), whereas the dissolution
distances (Ar) are proportional to the square root of time (Fig. 8b), in
agreement with a diffusion-controlled dissolution ( ). When
controlled by diffusion, Ar is a function of t, as also mentioned in Eq. 3 of
this study. Therefore, the dissolution rate calculated via Ar/t results to be
purely empirical and dependent on experiment duration. In a perfectly
executed time-series of experiments, for instance, an experiment with twice

the duration of the other would give a dissolution rate 50% lower (Fig. 8a).
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Fig.8 Diagrams showing the absence of convection in the runs of this study: dissolution distance (a) and
Log dissolution rate (b) vs square root of time. Black plus indicates the runs of this study while yellow

diamond those of Zhang et al. (1989).
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Influence of temperature and pressure on cpx dissolution

Cpx dissolution rates from this study are comparatively combined with
those from previous works (Brearley and Scarfe 1986; Zhang et al. 1989; Van
Orman and Grove 2000; Chen and Zhang 2009) and plotted in Fig. 9 as
function of AT (a) and temperature (b). As already demonstrated by
previous authors (Brearley and Scarfe 1986; Zhang et al. 1989; Van Orman
and Grove 2000; Chen and Zhang 2009), T and AT exercise a major control
on cpx dissolution, according to their influence on diffusivity of chemical
species in the melt phase. In particular, the dissolution rate increases with
increasing both AT (Fig. 9a) and T (Fig. 9b). The dissolution rate can be also
modelled by integrating data from this study with those of Chen and Zhang

(2009) and Zhang et al. (1989):

Log Diss.rate = 0.014 - AT — 6.349 (1),

Log Diss.rate = 0.009-T — 17.916 ).

For comparable values of T and AT, we also note that pressure does not
show any apparent influence on the dissolution rate at P < 2 GPa.
Conversely, at P > 2 GPa, the dissolution rate increases with increasing

pressure.
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Chemical diffusion

The knowledge of chemical diffusion coefficients is extremely important to
correctly constrain the time scale of magma dynamics (Cherniak and
Dimanov 2010). The composition of cpx is highly sensitive to P-T and melt
composition feeding the crystal growth (Perinelli et al. 2016, 2018; Mollo et
al. 2018) as well as the diffusion of chemical species in its crystal lattice
(Petrone et al. 2016). Diffusion coefficient (D) in silicate melts is controlled
by several parameters, such as temperature, pressure, melt-water content,
bulk chemical composition, and oxygen fugacity (Zhang et al. 2010).

In this context, we have calculated the effective binary diffusion coefficients
of some major elements in the melt from APR16-D1A and APR16-D1Aa
runs (Table 4), by employing the one-dimensional diffusive dissolution
equation (Crank 1975; Zhang et al. 1989; Chen and Zhang 2009):

C=C,+ (Co—Cm)m 3)

erfc(—a)

C is the variable concentration of the oxide in the diffusive melt, Co is the
concentration of the oxide at the crystal-melt interface, C- is the constant
concentration of the oxide in the far-field melt, x is the distance from the

crystal-melt interface, t is the dwell time, and « is a parameter calculated as:

exp(a?)erfc(—a)Wma = L5 “

Cc—Co

Cc is the concentration of the oxide in the crystal. Following the study of
Chen and Zhang (2009), we have also derived the cpx dissolution distance

(Ar1) as
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Ay = 201‘:)—’: Dt (5),

where pm (2.8 g-cm; ) and pc (3.2 g-em3;

) are the density of the melt and crystal, respectively. D and «
obtained by Eqns. (3) and (4) were substituted into Eqn. (5), in order to
compare the calculated Ar: with the measured Ar (Table 3). This calculation
is independent of direct measurements and provides cross-check to
experimental diffusion profiles. The fitted profiles of SiO2, TiO2, AlOs,
MgO, CaO, Naz0O, and K20 from APR16-D1A and APR16-D1Aa runs are
reported in the Electronic Appendix. According to and

, we observe a bent profile very close to the
cpx-melt interface that can be attributed to the overgrowth of tiny cpx
crystals on the pre-existing crystalline surface at the time of quench (Fig. 10).
The bent part of the profile is indeed consistent with cryptic overgrowth of
cpx, as the interface melt becomes supersaturated with newly-formed cpx
crystals during quench ( ). The composition of this melt layer
near the interface (~1 pm or less) is not part of the normal concentration
profile derived during crystal dissolution. For this motivation, the bent part
of the profile near the interface (~6 um in length) was not considered in our
calculations (cf. ; ). We focused
only on Ca and Mg diffusivity, as these cations are much more compatible
with cpx than Mn, P, Al, Ti, Na, and K. Moreover, the concentrations of MnO
and P20s are extremely low, scattered and not clearly quantifiable. FeO
chemical profiles are also affected by apparent uphill diffusion which can
be treated by a specific diffusion matrix approach ( ) beyond the

scope of this study.
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Fig.10 Backscattered photomicrographs of the experimental run APR16-D1A and analysis across the cpx—

melt interface. BSE photomicrographs shows the cpx-melt interface (on the left) and quench crystals

occurring close to the cpx edge (on the right). From the cpx seed into the basaltic melt (from left to right),

four units can be recognized: the original cpx seed (gray), the quenching-overgrown cpx (narrow bright

area), the cpx-constituent depleted melt due to quench growth (narrow darker area), and basaltic melt

with the normal diffusion profile. Cpx seed-melt interface is at x = 0 um. Cpx analyses were controlled to

test their correct stoichiometry and the analyses including both cpx and melt were discarded.
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Effective binary diffusion coefficients of Mg and Ca

Since diffusion is a thermally-activated process, temperature is the most
critical parameter controlling the chemical diffusivity of cations in minerals
and melts (e.g., Zhang et al. 2010b; Petrone et al. 2016). The effect of pressure
is appreciable only when it changes on the order of several GPa or causes
changes in crystal symmetry and order-disorder cation redistributions
(Dimanov and Wiedenbeck 2006). Chemical diffusion is also a time-
independent process due to fast development of interface reactions within
0.0002-0.2 s (Zhang et al. 1989). Figure 11a-d shows the influence of pressure
and temperature on Dmgoand Dcao for either the K-basalt object of this study
or other melt compositions from literature (Brearley and Scarfe 1986; Zhang
et al. 1989; Chen and Zhang 2009). Pressure does not show any trend (Fig.
11a-b), suggesting no effect on cation diffusion due to melt/cpx volume
changes. Conversely, Dvgo and Dcao are positively correlated with
temperature (Fig. 11c-d). A such temperature dependency is the expression
of an Arrhenian relation D = Do exp(-E/RT), where Do is a constant and E is
the activation energy of diffusion, R is the gas constant and T is the absolute
temperature. Figure 11e-f shows the Arrhenius plots of Dmgo and Dcao from
this study compared with diffusion coefficients from previous works
(Zhang et al., 1989; Kress and Ghiorso 1995; LaTourrette et al. 1996; Morgan
etal. 2006; Chen and Zhang 2009). Since the concentration of SiOz in the melt
phase strongly controls the diffusivity of cations (e.g., Cheng and Zhang
2009), we have compared diffusion coefficients from experiments conducted
on a restricted melt compositional range of 41-57 wt.% SiOx.

Dwmgo and Dcao from APR16-D1A run are similar to those estimated by Chen

and Zhang (2009), while those from APR16-D1Aa run are characterized by
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lower values similar to diffusion coefficients by Zhang et al. (1989).
However, as previously mentioned, while low D values from Zhang et al.
(1989) can be explained by the high SiO2 concentration of the melt, this is not
valid for our experiments conducted on the same k-basaltic composition.
Therefore, since both APR16-D1Aa and APR16-D1A runs were performed
at the same conditions, their different Dmgo and Dcao values can be ascribed
to the different orientation of the cpx seed (Fig. 2 and 3). In particular, the
polished surface of the cpx seed of APR16-D1Aa run (Fig. 2) results to be
approximately perpendicular to the c-axis, while that of the cpx seed of
APR16-D1A run (Fig. 3) is approximately parallel to c-axis. Bearing in mind
the directions of the crystallographic axes in diopside, cpx seed dissolution
in APR16-D1Aa run occurred approximately parallel to the b-axis (010),
corresponding to the consumption of the prism faces. Conversely, the cpx
seed dissolution in APR16-D1A run occurred approximately parallel to the
c-axis (001), with the consequent consumption of the pinacoid faces. In other
words, CaO and MgO diffusion at D//c was faster than that at D//b, in
agreement with the anisotropic diffusion of “#Ca and *Mg observed in

natural diopside (Cherniak and Dimanov 2010, and reference therein).
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Dissolution-crystallization experiment

APR16-D1ADb run is characterized by a dissolution-crystallization process
due to a low APR16-powder/cpx seed ratio (Table 2). As a consequence,
Tiiguiaus of the bulk composition (APR16+cpx Ves) increases to 1384 °C (AT =
-84 °C), as estimated by Rhyolite-MELTS software (

; ). Indeed, Tiiguiaus is lower for experiments at higher
APR16-powder/cpx seed ratios (i.e., 1314-1316 °C, AT = -15 °C on average;
Table S3 in Online Resource 3). Textural and compositional data indicate
that the crystallization process is preceded by a dissolution process (Fig. 6).
Figure 12 and Table 5 show a step-by-step schematic model which
reconstructs the process of early seed dissolution and late formation of new
cpx crystals. At the beginning of the experiment (to), the system is formed by
the cpx Ves and the APR16 starting material which contains some restitic
natural phenocrysts. At t1, the dissolution is triggered by the destabilization
of the cpx seed whose chemistry is in disequilibrium with that of K-basalt at
0.8 GPa ( )- During cpx Ves dissolution, the diffusion of
cations in the melt does not substantially change the far-field melt
composition of APR16, from which new cpx crystal portions (i.e., the core
and mantle of group 2-new cpx; Fig. 12) start to crystallize. Notably, both
core and mantle of group 2-new cpx are in local equilibrium with APR16
melt as testified by the Kn(Fe-Mg)*+/ values (~0.25 for the core and ~0.27 for
the mantle; Fig. S6 in Online Resource 1). At t2, the diffusion of cations in the
melt becomes more effective and the composition of APR16 melt
progressively changes. Accordingly, the chemistry of newly-formed cpx
crystals also changes, leading to the formation of a further type of cpx, either

as single crystals (unzoned new cpx) or overgrowth rims (cpx seed rim,
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group 1-new cpx and group 2-new cpx rims; Fig. 12). At s (corresponding
to the end of the experiment), the bulk system is composed of 1) partially
resorbed cpx Ves characterized by a seed rim, 2) new cpx crystals both
oscillatory and inversely zoned, 3) unzoned new cpx crystals (Fig. 6), and 4)
the inhomogeneous glass. The Mg# value of glass increases from 0.68
(APR16-Mg# value at to) to 0.79 near to the residual cpx Ves or to 0.77 at ~500
um far from it (Table S1 in Online Resource 3). The glass results in
equilibrium with the cpx seed rim and the new cpx rims (Ko(Fe-Mg)#+/i1 =
0.29-0.35; Fig. S6 and Table S1 in Online Resource 1 and 3, respectively). The
effective time lapse during which the dissolution operates (1 step, see
above) is unknown. However, a rough time estimation can be provided by
using literature data on mineral dissolution rates determined at AT between
20 and 40 °C (Fig. 9), and comparable to AT =20 °C of APR16-D1Ab run. At
these conditions, the dissolution rate covers a range of values of three orders
of magnitude (2.5-10° and 1.4-107 cm s7; Fig. 9), and the time required to
dissolve ~0.02 cm of cpx Ves (Fig. 12 and Table 3) varies from ~0.5 to ~1.4 h
using dissolution rates (i.e., 1-10° and 4-10° cm s') compatible with the
experimental dwell time (i.e., 2 h; Table 2). Therefore, the crystallization of
the seed and new cpx rims and unzoned new cpx crystals occurred in a
maximum time of 1.44 h with a growth rate of ~1.35-10°cm s*'. Noteworthy,
this value is lower than those experimentally determined by Bonechi et al.
(2020b) at the same pressure conditions and using APR16GL composition as
starting material (e.g., ~107-10% cm s for dwell time in the range of 0.25-9
h). Conversely, it is comparable with the cpx growth rates (~1-10° cm s™)
obtained from kinetic experiments performed at high cooling rates (i.e., > 80

°C min?; Burkhard 2002; Pontesilli et al. 2019) and high degrees of
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undercooling (i.e., the difference between the phase-in temperature of the
melt and the quench temperature AT* >80 °C; Burkard 2002; Pontesilli et al.
2019). This latter correspondence can be related to the compositional change
of the APR16 melt caused by the dissolution of cpx Ves. The liquidus
temperature of the melt increases from 1280 °C for APR16 to 1332 °C for
APR16-D1ADb* (Table S3 in Online Resource 3). However, the limited
variation of Tiiquidus indicates low-to-moderate undercooling conditions
during steps f2and f3 (maximum AT* = 52 °C), with maintenance of low
degrees of cpx supersaturation in the melt and high cation mobilities
(Hammer, 2008 and reference therein). Despite high crystal growth rates are
more commonly associated with high degrees of undercooling and
development of anhedral to dendritic/skeletal crystal morphologies (e.g.,
Cashman 1993; Conte et al. 2006; Hammer 2008), these conditions were
suitable for the formation of euhedral, unzoned new cpx (up to ~200 mm in

size) in chemical equilibrium with the APR16-D1Ab* melt (Fig. 12).
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Implications to magma dynamics

Mineral dissolution and/or re-crystallization phenomena due to magma
mixing, often produce phenocryst assemblages with disequilibrium textures
and mineral zoning. In this context, intracrystalline cation exchange models
are commonly used to calculate crystal residence times and magma ascent
rates (e.g., Viccaro et al. 2016; Petrone et al. 2018), as well as the time elapsed
between the refilling of a new and more mafic magma into sub-volcanic
reservoirs and eruptions (e.g., Perugini et al. 2015; Ubide and Kamber 2018;
Rossietal. 2019). Only sporadic studies have also considered the role played
by crystal dissolution phenomena during crystal-melt interaction and
crystal growth (e.g., Liang 2003). If magma mixing is accompanied by
crystal dissolution, then it is likely that most of retrieved residence times are
potentially underestimated. The refilling of sub-volcanic reservoirs by a
new magma batch is proposed as one of the major processes capable of
triggering explosive volcanic eruptions due to abrupt changes of the
intensive-extensive variables of the system (e.g., Nakamura 1977; Sparks et
al. 1977; Viccaro et al. 2006). Understanding the timing of volcanic eruptions
is a central issue, particularly to densely populated, active volcanic settings,
such as Campi Flegrei caldera (Southern Italy). Many authors identified in
the eruptive products of Campi Flegrei several textural and compositional
features that can be traced back to mingling-mixing processes (e.g., Orsi et
al. 1995; D’ Antonio et al. 2007; Arienzo et al. 2010; Di Renzo et al. 2011).
Through basalt-phonolite mixing experiments, it has been suggested that
the time-scales of mixing for some recent eruptions (namely, Astroni,
Averno and Agnano Monte Spina) is in the order of tens of minutes

(Perugini et al. 2015). We are aware that P-T conditions investigated in this
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study are quite different from those encountered at shallow crustal depths
where magma mixing takes place (e.g., ; ;

; ). However, our experimental data
may be combined with the textural information gained by using natural cpx
phenocrysts from the pyroclastic deposits of Agnano-Monte Spina eruption
(4100 BP; ) to obtain a rough estimation for the crystal
dissolution time. This approach may be reasonable considering that i) the
pressure has negligible influence on the dissolution rate (see in the above §
Influence  of  temperature and  pressure on  cpx  dissolution), ii)
the investigated T range is high (1300-1350 °C), and iii) the temperature of
basaltic magmas intruding into the shallow reservoirs is high too (T >1150
°G; )- This comparatively approach provides a preliminary
evaluation for the effect of crystal dissolution on mixing time scales, by
calculating the dissolution time of cpx phenocrysts whose morphological
and chemical features testify to magma mixing processes (Fig. 13). The
selected zoned crystals were separated from trachytic crystal-rich pumice.
The mineral composition is diopsidic with maximum values of Mg# (80-89)
restricted to the crystal portions with shapes suggesting crystal-resorption
events (dark gray areas in BSE photomicrographs showed in Fig. 13). These
Mg#-rich crystal portions are relicts of early-formed cpx phenocrysts
(hereafter named AMS-Cpx1) from a more primitive magmas rising from
greater depths (depths > 8 km; and references therein)
and mixing with the resident evolved magma. Relict crystals show
maximum and minimum sizes in the order of ~1 mm and ~150 pm,
respectively. According to the dissolution rates of ~10°-10¢ cm s

experimentally derived for the basaltic end-member of Campi Flegrei
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caldera (i.e.,, APR16 sample), the minimum dissolution time for a resorption
of 150 um ranges from ~25 min to ~4 h. This time interval is slightly higher
than the time scales of mixing of 15+4, 18+5, and 13+4 min proposed by
Perugini et al. (2015) for Agnano-Monte Spina, Averno, and Astroni
eruptions, respectively. It is not possible to know if magma mixing caused
the partial or complete dissolution of larger AMS-cpx1 phenocrysts. For this
reason, we have considered for the calculation a maximum length that
corresponds to largest AMS-cpx1 (0.15 cm; Fig. 13a). This phenocryst results
to be less affected by dissolution. The time required for partial (AL ~0.08 cm
where AL is the difference between the initial and the final crystal length) or
complete resorption (AL ~0.15 cm) of AMS-cpx1 varies from at least ~2 to
~23 h or from ~4 to ~39 h, by assuming dissolution rates of ~10% cm-s™ and

~10 ecm s, respectively.
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x40 100pm

100pm

Fig.13 Selected zoned cpx crystals from Agnano Monte Spina eruption (Campi Flegrei; 4100 BP;
); dark gray areas (Mg# 80-89), indicated with a yellow line, correspond to the portion of grain

whose shape is attributable to crystal-resorption event.
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Conclusions

In this experimental work, we have determined the dissolution rate of cpx
interacting with a K-basaltic composition. Values calculated at pressure of
0.8 GPa, temperature of 1350 °C, and dwell times between 0.5 and 1 h are in
the order of ~10-10 cm s™. By in-situ experiment at 2 GPa and 1570 °C, we
have evaluated the cpx melting rate, showing a non-linear trend over time,
with apparent acceleration after consumption of crystal faces. The melting
rates shift from 4.8:102cm s in presence of crystal faces to 3.2:10"' cm s in
presence of a sub-rounded crystal morphology. The effective binary
diffusivities of Mg and Ca cations show a classical Arrhenian dependence
on temperature and anisotropy with maximum parallel to the c-axis.
Textural features of the quenched runs indicate that the dissolution process
occurs by consumption of crystalline faces independently of the crystal
orientation, leading to rounded shapes and indentations. In the dissolution-
crystallization experiment, the formation of overgrowth rims and new cpx
crystals with different textures and compositions suggests that injection of
basaltic melts in a cold magma chamber may produce crystals with inverse
or oscillatory zonation. This disequilibrium crystallization process is also
related to the dissolution of pristine crystals resident in the magma
reservoir. The growth rate (1.3510° cm s') extrapolated from this
dissolution-crystallization experiment, confirms that dynamic conditions
favor rapid crystal growth rates. By applying the experimental dissolution
rates calculated in this study to products of Agnano-Monte Spina eruption
(4100 BP) at Campi Flegrei caldera (Campanian region, Italy), we have

estimated maximum cpx dissolution time-scale of ~40 h.
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Abstract

Geochemical and seismic surveys are generally used as precursor of the
volcanic hazard as they allow to infer the presence of magmatic bodies in
depth. Volcanic eruptions are, however, shallow phenomena resulting from
density- and viscosity- driven processes that affect the melt migration and
ascent velocity from mantle regions. In this study, we investigated the effect
of pressure and temperature on the viscosity and the atomic structure of
liquid primitive K-basalts representative of the least-evolved magmas of the
Campi Flegrei Volcanic District. Measured viscosities (~0.3-2 Pa-s) along
with modelled rock parameters (e.g., permeability, porosity and mineral
grain size) show that magmas underneath Campi Flegrei are characterized
by a mobility (0.1-1 g cm3-Pa-s) and a migration velocity (1-25 m-y!) higher
than those of basalts from mid-ocean ridges. Our results support current
geochemical and geophysical predictions of Campi Flegrei undergoing
magma recharge in depths in favor of a new period of volcanic activity.
Finally, the viscosity data at the lowest pressure is used to constrain the
ascent velocity of K-basaltic magmas from Procida island within dikes,
estimating the time scale for the ascent of magma from two different paths:
from the deep reservoir (Moho level; ~24 km depth) to the shallower
reservoir located at ~8 km depth, and from the deep reservoir to the surface.

Results show time scales in the order of minutes.

Keywords: viscosity, melt structure, Paris-Edinburgh press, high pressure, magma

ascent velocity, Campi Flegrei
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Introduction

The monitoring of volcanic unrest is of primary importance to predict the
possibility of eruptions that might have dramatic consequences for human
life. Among the most dangerous and, therefore, monitored examples of
volcanic areas, Campi Flegrei is of particular interest because of its multiple
unrest episodes in the recent last 100 years ( )
accompanied by historical large eruptions ( ), and
characterized by geochemical and geophysical observations like long-term
record of degassing fumaroles, perturbation of the hydrothermal circulation
( ), chemistry and high temperatures of groundwaters
( ), and uplift/subsidence cycles the latter of which tightly
associated to changes in the COz/steam ratio of the released fluids (

). All these precursors have been interpreted as due to an increase
in the production of magmatic gases released by shallow plumbing system
( ) sustained by an evolving magmatic body
extending down to sub-crustal depths ( ), the activity of
which follows the last eruption occurred in 1538 AD (Mt. Nuovo;

), and suggest a severe volcanic hazard of the area as
characterized by high density of population (1.5 million; )-
The volcanic hazard has been generally linked with the explosivity of a
volcano due to differentiation processes at shallow conditions. However,
there is evidence that the re-activation of volcanic areas is supported by an
input of deeply formed magmatic batches ( ;

). This, in turn, implies that the eruptive style at surface is influenced

by the physical and chemical conditions of magmas at depths of the upper
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mantle. In the case of Campi Flegrei, several studies have pointed out the
geochemical and seismic signature for the presence of mantle-derived
magmas, the rheological properties of which remained unexplored so far.
To date, several studies have investigated the viscosity of natural (

; ; ) and synthetic magmas
( ; ) at various pressure
conditions from atmospheric to low pressure (~0.4 GPa). Additional studies
have provided empirical numerical models to determine the viscosity of
natural lavas spreading in composition from basalts to trachytes (

), rhyolites and granitic melts ( ). These studies are,
however, applicable mostly at differentiated lavas in open-conduit
scenarios, i.e., the pressure dependence and mantle origin of primitive
magmas is not considered. Experimental studies have provided the
pressure dependence of viscosity first by performing quench experiments
in multi anvil and piston cylinder ( ) although limited to
viscosities > 1 Pa-s. More recent experimental studies performed at high
pressure and temperature representative of mantle regions by means of in
situ radiographic techniques combined with high-pressure apparatus have
allowed to explore a wider range of silicate melt compositions like basaltic
( ), trachy-andesitic ( ), albitic (

) and dacitic ( ) melts. Although such studies
highlight differences in viscosity up to three order of magnitude within a
pressure interval of ~1.5 to ~6.5 GPa for melts that have SiO2 content varying
between 51.7 wt% and 67.51 wt%, none of them can be taken as reference
values to infer the rheological behaviour of mantle-derived magmas on

interest for the Campi Flegrei Volcanic District (CFVD; Italy). In fact, the
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primitive magmas at Campi Flegrei are characterized by less silica content
(~49.3 wt%), more TiO2 (1.33 wt%) and almost twice the alkali abundance
(~4.5 wt% of Na20O + K20; see TAS diagram in Figure S1) than the basaltic
composition used by strictly representative of MOR
basalts. To date, experimental studies on the rheological properties of
magmas of interest for the Campi Flegrei Volcanic District (CFVD; Italy)
investigate only differentiated compositions from latites to trachytes at low
(< 0.5 GPa) and atmospheric pressure ( ;
; ; )

Here, we investigate experimentally the viscosity of a primitive composition
at pressures and temperatures that are representative of the source rock
depth to shed light on the migration rate and ascent velocity of deep
magmas confined to a closed system. At this aim, we investigated the
viscosity of K-basaltic glass (APR16 rock sample; ) as
representative of source magma of the CFVD at pressure of 0.7-7 GPa and
temperatures between 1300 °C and 2000 °C by the falling sphere technique
using the Paris-Edinburgh press combined with in situ X-ray radiography,
an advanced technique of viscosity measurement with ultrafast synchrotron

X-ray imaging.

Results

Viscosity measurements of APR16 K-basalt at HP-T by falling Pt sphere
technique

Viscosity measurements were performed using a glassy powder of the
natural APR16 K-basalt as starting material after being melted at 1400 °C

under controlled oxygen fugacity ( )- The falling-sphere

181



Rheological constraints on the pre-eruptive system of Campi Flegrei

technique (Leblanc et al., 1999) was employed assisted by in situ X-ray
radiography and a Paris-Edinburgh press installed at Beamline 16BM-B
(HPCAT) at the Advanced Photon Source (Kono et al., 2014a). Runs were
carried out at pressures and temperatures of 0.7 GPa/1335 °C, 1.4 GPa/1440
°C, 2.3 GPa/1600 °C, 3.7 GPa/1650 °C, 5.5 GPa/1835 °C, 7 GPa/2000 °C.
Figure 1 summarizes our determined viscosities plotted as function of
pressure and temperature, compared with the few experimental data
available in literature (Sakamaki et al., 2013; Suzuki et al., 2002, 2005; Tinker
et al,, 2004; Wang et al., 2014). The viscosity obtained here varies between
1.7 Pa's at 0.7 GPa/1335 °C and 0.1 Pa's at 3.7 GPa/1650 °C as result of the
combined effects of pressure and temperature. As shown in Figure 1a, our
data interestingly reproduce the same trend observed from MOR basalts by
Sakamaki et al. (2013), but with APR16 being constantly less viscous by
about 0.1 Pa-s. Two isobaric runs at 0.7 GPa showed viscosities varying from
1.1to 1.7 within a AT of 105 °C suggesting a strong temperature dependence
of the obtained viscosity values (Figure 1b).

As already noted by Wang et al. (2014) the response of viscosities to pressure
is dissimilar between polymerized (NBO/T < 1) and depolymerized (NBO/T
> 2) melts. Indeed, while the viscosity of a diopsidic depolymerized melt
(NBO/T = 2; Cochain et al, 2017) increases with pressure, that of
polymerized melts such as MOR basalts (Sakamaki et al., 2013; NBO/T =0.7)
first decrease with increasing pressure (abnormal) to, then, increase linearly.
Similarly to Sakamaki et al. (2013), our data (NBO/T = 0.82) show a pressure
effect on the viscosity considering that in high-P runs the glass-liquid
transition temperature increases as well as the liquidus resulting, therefore,

to lower viscosity values (Figure 1).
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Fig.1 a) Log viscosity vs pressure diagram; b) log viscosity vs temperature diagram. Red circles indicate
MORB (Sakamaki et al., 2013), green circles indicate K-basalt of this study, grey circles indicate Di 25%—
Jd 75% melt (Suzuki et al.,, 2005), grey plus indicate albitic melt (Suzuki et al., 2002), grey diamond
indicate dacitic melt (Tinker et al., 2004). Black arrow shows the P (~4 GPa) and T (~1700 °C) at which

viscosity change trend due to variation in the Al coordination.

Melt structure measurements

The viscosity of a magma is known to reflect changes in the interatomic
distances of the amorphous structure (Kono et al,, 2014b; Yamada et al,,
2011a). Hence, to better understand the rheological properties of APR16 at
mantle-deep crustal conditions, melt structure measurements were
performed immediately after the fall of the Pt sphere using the multi-angle
energy-dispersive X-ray diffraction technique (Kono et al., 2014b; see
Methods for details). To avoid crystallization caused by increasing thermal
pressure of the cell during the 3h of acquisition, these measurements were
performed by increasing slightly the target temperature to keep it above the

liquidus conditions. The structure factors, S(Q), were obtained from the
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measured X-ray diffraction data using the in-house aEDXD analytical
program (see Methods for details) and converted to the pair distribution
function G(r). Figure 2 shows the acquired spectra at 2.3 GPa/1600 °C, 4.6
GPa/1650 °C and 5.4 GPa/1835 °C. The displayed peaks are relative to the
tetrahedral-coordinated cation T-T and T-O interatomic distances. More in
detail, according to previous studies (Sakamaki et al., 2013; Yamada et al.,
2011b), the peaks located at ~1.65, 1.67 and 1.67 A can be assigned to the T-
O bond length, the basic unit of the silicate melt. The distinct peak at r=1.65
A gradually becomes more intense and shifts toward higher r with

increasing pressure (Figures 2).

T-0 T-T
2" T1-0

G (r)

r (Angstrom)

Fig.2 Radial distribution function G(r) of the APR16 melt at different investigated pressures. The peak
positions indicate the average bond length of the atomic pairs in the melt. The peak positions indicate T-O,

T-T and 2" T-O bond length.

Figures 3a-c show the pressure dependence of T-O and T-T interatomic
distances, and T-O-T angle in APR16 K-basaltic melt. In general, the T-O

bond length decreases when depolymerization of the SiOs network
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structure occurs (Yamada et al., 2007, and refernce therein). The reason why
the Si-O distance increased increasing the pressure may be related to the
gradual change in coordination state of Si atoms (Yamada et al., 2007). The
peaks at ~ 3.08, 3.23 and 3.17 A are, instead, corresponding to the T-T bond
length and reflect the distance between TOu tetrahedron units. The T-O-T
angle was calculated using the relationship between T-O bond length and
T-T bond length (T-O-T angle = 2arcsin{[T-T]/2[T-O]}) proposed in case of
corner-sharing TOus tetrahedra forming a 3D framework structure. We
obtained 138° at 2.3GPa/1600 °C, 151° at 4.6GPa/1650 °C and 143°
5.4GPa/1835 °C (Figure 3c). These angles are closely related to the
intermediate-range network structure and, for this reason, a decrease in T-
O-T angle indicates that the atomic structure becomes more compact as

observed also by Yamada et al. (2011b) for the NaAlSisOs albitic

composition.
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Fig.3 Pressure dependence of T-O (a) and T-T (b) interatomic distances, and T-O-T angle (c) in APR16

K-basaltic melt (green circles) and in MOR basalt (red circles) of Sakamaki et al. (2013).
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Discussion

Effect of pressure and temperature on the viscosity

As known in literature, pressure does not have a significant influence on
viscosity, at least up to 2.0 GPa, respect to other parameters like
temperature, but at high pressure (>2 GPa) this influence is evident. The
influence of high pressure on viscosity of silicate melts has been studied by
several authors (Allwardt et al., 2007; Brearley and Scarfe, 1986; Kushiro,
1980; McMillan and Wolf, 1995; Persikov, 1991; Persikov and Bukhtiyarov,
2004). In Figure 1 we plotted our data and those of Sakamaki et al. (2013)
relative to MORB composition, which is the most similar composition to the
alkaline basalt studied in this work. We observed the influence of pressure
on the viscosity with a decrease of viscosity increasing P up to 4 GPa while
for P >4 GPa we noted an inversion of the trend with an increase of viscosity
increasing P. Such rapid densification is consistent with previous studies on
quenched alumino-silicate melts, which showed that Al coordination
number increases rapidly between 3 and 5 GPa (Allwardt et al., 2007). The
same behavior is observable for the MORB, that show values slightly higher.
The temperature dependence of the viscosity is one of the most important
characteristics of magmas since knowledge of this physical property allows
one to quantify their transport capacities and heat and masses transfer
processes under different geodynamic settings in the Earth’s interior
(Persikov et al,, 2017). Some equations of temperature dependences of
viscosity of silicate and magmatic melts have been suggested (Giordano et
al., 2004a, 2008a; Giordano and Dingwell, 2000, 2003; Hui and Zhang, 2007;
Liebske et al., 2005; Richet, 1984; Shaw, 1972; Whittington et al., 2001, 2004).

In APR16-PE3 run we used a double Pt sphere to obtain two different
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viscosity values at the same P but a different T, observing a difference of
~0.4 Pa-s for a variance of ~100 °C. Since temperatures of the runs are super
liquidus temperatures, necessary to observe a regular fall of the sphere
without directional variation, it is very difficult to obtain great amount of
data on T dependence at high pressure. For this reason, we decided to

estimate this effect at atmospheric pressure taking in consideration our

samples, the MORB of and other differentiated
composition typical of the Campi Flegrei area ( ;

; ) by using the calculation
model proposed by . In Figure S2a-b it was possible

to note that viscosity decrease increasing temperature and that viscosity

values are higher for the differentiated compositions.

Migration rate of K-basalts from the mantle source rock beneath Campi
Flegrei

Our data can be used to model the mobility and migration rate of APR16
melts at upper mantle conditions corresponding to a scenario of new
batches of magma that form in the mantle source and move upward creating
the conditions of re-felling of the chamber at crustal depths. Recent
petrographic and geochemical observations of the Campanian Ignimbrite
products of Campi Flegrei supported by thermo-mechanical models of
magma ascent provide evidence of magma chambers located at ~7 km in
depth (e.g., ; ). The location of a shallow
magmatic chambers that cause unrest of the area has been matter of

investigation in the last 3 decades both from the seismological (
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al., 2017; Chiodini et al., 2017) and geochemical point of view (Caliro et al.,
2014; Chiodini et al, 2016; Moretti et al,, 2017). However, there are
geochemical evidence in favor of the potential involvement of deep
reservoir likely associated to subducted sedimentary crust (Allard et al,
1991). Our results represent an integrated set of data that shed light on the
possible role of new raising magma through time as represented by APR16
sample (D" Antonio et al., 1999, 2013; D" Antonio and Di Girolamo, 1994). Our
viscosity measurements allow to model the magma mobility and migration
rate as done by previous authors who performed similar experiments (Kono

etal, 2014a; Sakamaki et al., 2013). We used the equation (McKenzie, 1989),

kgA
pwo = =F @),
with,
_ a2¢n
k= C (3)/

where k is the permeability, a is the characteristic grain diameter, ¢ is the
melt fraction, while n (equal to 3) and C (equal to 1000) are numerical
constants (McKenzie, 1984), ¢ is the gravitational acceleration constant, and
Wy is the melt ascent velocity. In equation (3) for low porosities (¢ < 0.5),
when melt first exceeds the percolation threshold and becomes
interconnected along grain edges (Connolly et al., 2009), is appropriate to
use a quadratic dependence (n = 2 and C = 1600). Conversely, for higher
porosities (¢ > 0.5) the appropriate dependence is the cubic one (1 =3 and C
= 1000; Connolly et al., 2009; McKenzie, 1984). For the permeability and
grain size we used parameters for mantle rocks as proposed in literature

(McKenzie, 1984, 1985). The mobility (Ap/n) and the migration velocity of
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APR16 melt obtained in this study are summarized in Figure 4a-b,
respectively. The study by discussed the mobility of
the basalt melt in the upper mantle and showed that Ap/n changes from 0.03
to 0.58 g:em?3Pa's? at 0-210 km depth. To compare the mobility of K-
basaltic melt with that of MOR basalt, we calculated the mobility of K-
basaltic melts by adopting the density of upper mantle and cumulitic rocks
by as density of solid rock. As shown in Figure 4a, we
obtained a melt mobility of 0.1-1 g-cm=3-Pa!-s* for the runs of this study, that
is higher than those calculated for MOR basalts (0.03 to 0.25 g cm3 Pa! s') of
. Moreover, similarly to MOR basalts of

, melt mobility of APR16 basalt decreases rapidly from 100 to 180

km depth, as a consequence of the coordination change of Al in the melt

with an unusually large compressibility almost five times higher than usual

above and below this depth range ( ). According to the
melt zone model of , which takes into account the
compaction of the solid mantle as the melt migrates ( ),

where mobility is low, melt fraction must be high. For this reason, melt
mobility play a fundamental role in controlling magma transport.
Moreover, we tried to estimate the migration velocity of this alkaline melt
from the source rock (~60-80 km depth; ) to the Moho (~
25 km of depth in the Campi Flegrei area) by assuming three different melt
fractions of 5, 10 and 15 %. Indeed, according to ,in order
to generate the Procida primary magmas, it is necessary ~6% degree partial
melting of the source. As shown in Figure 4b, the obtained values of ~1-25
m-yr! are higher than those estimated beneath mid-ocean ridges (~0.3-7

m-yr'), although a decrease of velocity at shallow depths for each
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simulation tends to flatten for the lower melt fraction percentage (i.e., <5
%).
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Fig. 4 a) Melt mobility and b) migration velocity of K-basaltic and MOR basalts as function of pressure

a) The mobility of alkaline melt was calculated by using viscosity determined in this study and density
of upper mantle and cumulitic rocks by Fedi et al. (2018) as density of solid rock for APR16 basalt. For

MORB we used data from Sakamaki et al. (2013). b) to model migration velocity, we used different melt
fraction (@) from 0.001 to 0.15. Melt fraction is indicated with the scale bar. Circle indicates MORB of
oakar g

Sakamaki et al. (2013) while diamond indicates APR16 basalt of this study.

Ascent rate of K-basalts in the Campi Flegrei Volcanic District
Despite the magma migration underneath a volcano is usually accompanied
by geophysical precursors (e.g., volcano-tectonic earthquakes, tremors, and
deformations), these signals alone are not enough to forecast volcanic
eruptions. In this context, the viscosity data represent a useful tool as they

allow to estimate flow regime and magma ascent rate from deep to shallow

reservoirs, and up to the surface (Misiti et al., 2011, 2009; Vetere et al., 2007).
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This approach has been already successfully used to estimate the ascent

velocities of shoshonitic, latitic and trachytic magmas belonging to the

Campi Flegrei caldera ( ), basaltic magmas of Stromboli
( ) and shoshonitic magmas of Vulcanello (Aeolian Islands;
). On the basis of melt inclusion studies ( ;

), seismic data interpretations ( ;

; ), gravimetric and petrological

modelling ( ), and experimental data ( ;

), has been hypothesized the presence beneath the CFVD
of a deep magmatic reservoir at ~25 km depth (at about Moho depth,

), that corresponds to 0.7-0.8 GPa. From this reservoir the
K-basaltic magma can rise directly to the surface or ponds at shallower
depth. The direct ascent of magma to the surface can generate effusive
eruptions with the emplacements of lava flows as those historically occurred
in the Campi Flegrei Volcanic District (e.g., 1302 Arso eruption, Ischia
island), or hydromagmatic eruptions when magma interacts either
groundwater or surface water. Although these eruptions are classified as
low-magnitude eruptions, they might have dramatic effects in a densely
inhabited area as Campi Flegrei is (~1.5 million of people; ).
The ponding of the K-basaltic magma should occur at ~8 km of depth, as
suggested by thermobarometric estimates on clinopyroxene microlites of
scoria clasts from Procida Island ( ). Therefore, on the
basis of these evidence, we tried to estimate the APR16 K-basaltic magma
ascent velocity for two different paths: the first from the deep reservoir to
the shallower reservoir located at ~8 km depth (hereafter path 1), while the

second from the deep reservoir to the surface (hereafter path 2). For both the
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paths we assumed that the rise of the magma occurs through dikes without
constraining their geometry in depth. Although the dike geometry plays a
key role in controlling the mass flux, however, it does not significantly
influence the average ascent velocity ( )- Assuming
that magma ascent is driven by buoyancy, we calculated the overpressure
AP at ~25 km depth where the K-basaltic melt resides by using the following

equation ( , and reference therein):

AP = Apgh @),

where p is the density, g is the gravitational acceleration, and / is the vertical
lengths of the dike. Ap are the difference between 3150 kg/m?, which is the
seismically and gravity constrained average density of the crustal rocks
beneath the CFVD ( ), and the density of the dry (p = 2730
kg/m3; 0.6 wt.% H20) and hydrous (p = 2643 kg/m?; 2.0 wt.% H20) K-basaltic
melt estimated at 1250 °C (dry) and 1235 °C (hydrous), and 0.7 GPa
following . Temperatures and water contents
selected were chosen as representative conditions of the magma at ~25 km
depth based on experimental evidence ( ) and melt
inclusion studies ( ), respectively. The calculated Ap is 420
kg/m? for the dry melt and 507 kg/m? for the hydrous melt. Concerning the
vertical lengths of the dike (/), they are 17 and 25 km for path 1 and 2,
respectively. Using Eq. (4) and the above parameters, we obtained a AP(dry)
of 70 and 103 MPa and a AP(hydrous) of 85 and 124 MPa for path 1 and path
2, respectively. Since the viscosity value measured in this study at 0.7 GPa
and 1335 °C (10'7¢ Pa s) is an absolute value, it is necessary to correct it

considering the temperature, the water content and the number of crystals
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of the APR16 K-basalt magma in natural conditions. Therefore, considering
temperatures of 1250 °C (dry) and 1235 °C (hydrous), and water contents up
to ~2 wt.%, we calculated viscosity values of 10'° and 10' Pa s for dry and
hydrous conditions, respectively, by using the modified VFT equation of
. Furthermore, taking into account that the APR16 K-
basalt have a maximum crystal content of ~12 vol.% ( ;
), we recalculated the viscosity through the model of
, obtaining 10?2 and 10'¢ Pa s for the dry and hydrous melt,
respectively. Before the calculation of the ascent velocity, it is necessary to
estimate the Reynolds number (Re) within the dike, to know if the magma
moves in laminar (Re <10), turbulent (Re >1000), or transitional (10<Re<1000)
flow regime. In this regard we measured the critical value of the viscosity

(1¢), using the following relation ( ):
ne = [(20Ppw?)/(3hRe,)]M/? ©),

where Re is the critical Reynolds number, p is the density of the melt, w is
the width of the dike. We selected w = 2 m based on the value assumed by

for the Campi Flegrei, and w =10 m as maximum value of
the dike width. We also select 10 and 1000 as representative values of Re.
Considering both dry (H20 = 0.6 wt.%) and hydrous (H20 =2 wt.%) melts,
for a dike width of 2 m the critical viscosities are 10?1 Pa s for Re.= 10 and
1008 Pa s for Rec=1000; for a dike width of 10 m, instead, they are 10%°Pa s
for Rec=10 and 10'° Pa s for Rec= 1000. In the case of the dry melt, these
effective viscosity values are higher than those estimated using Eq. (5) at Rec
=1000 and 10, and w =2 m while the difference is less evident at Rec=10 and

w =10 m. Conversely, in the case of the hydrous melt, the effective viscosity

193



Rheological constraints on the pre-eruptive system of Campi Flegrei

values are lower than those estimated using Eq. (5) at Re.= 1000 and 10, and
w =10 m whit a less evident difference at Rec= 1000 and w =2 m. According
to these data we can assume that the APR16 magma moves within the dike
in a laminar flow regime for water content up to 0.6 wt.% while it switches
to a turbulent flow regime with the increase of the amount of water (2 wt.%).
At this point, we calculated the ascent velocity (u) for the dry and hydrous
magmas by using the relations of Lister and Kerr (1991) for laminar (Eq. 6)

and turbulent (Eq. 7) flows, respectively:
u = (w?/3n)Apg ©6),
u =77 [w®/{n(pghp)*}*7 ghp ).

By setting w =2 m, Ap(dry) =420 kg/m?, Ap(hydrous) = 507 kg/m?, n(dry) =
1022Pa s and n(hydrous) =10"Pa s, we obtained the following values: u(dry)
=36 m/s and u(hydrous) =33 m/s. These values are consistent with the ascent
velocities estimated by Misiti et al. (2011) for shoshonitic, latitic and
trachytic magmas of the Campi Flegrei, that vary between 3 and 19 m/s (Fig.
5). Moreover, they result in agreement also with the ascent rate estimated
for Stromboli basalts (Misiti et al., 2009), that is ~32 m/s at T = 1150 °C, H20

=3.76 wt.% and a crystal content of ~10 vol.%.
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@ Campi Flegrei - Misiti et al. (2011)
& This study (dry) € This study (hydrous)

upper crust
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Depth (km)

Upper mantle
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Fig. 5 Comparison among ascent rate estimates for trachyte (Agnano Monte Spina), latite (Fondo
Riccio), shoshonite (Minopoli) by Misiti ct al. (2011), indicated with black circles; diamonds indicate K-
basalt magmas from this study: empty symbol for dry (0.6 wt.% H>0) magma while full symbol for
hydrous (2 wt.% H20) one. Modified after Fedi et al. (2018).

Finally, we estimated the ascent time for K-basaltic magma between 25 and
8 km of depth (path 1) and between 25 km of depth and the surface (path 2)

for dry and hydrous conditions. For the path 1, the ascent times are in the
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order of 7.9 min (dry) and 8.4 min (hydrous), while for the path 2, they are
11.7 min (dry) and 12.4 min (hydrous). As stated by previous authors (

and reference therein), the estimated velocity does not represent
an absolute value but rather an order of magnitude. Indeed, the used model

does not consider some processes, such as i) freezing at the walls, which can

locally increase the viscosity ( ); ii) the variation of the dike
geometry in depth ( ); and iii) possible vesiculation
able to decrease the magma viscosity ( )- The

model used in this study to estimate the ascent velocity is confidently valid
for an open conduit system, as in the case of Stromboli. Indeed, the ascent
of magma from the 7-8 km deep reservoir to the 3 km shallower one in few
minutes, as estimated by , results to be in good agreement
with the seismic surveillance ( ), according to which, at
Stromboli the eruptions triggered by the sudden arrival of new magma from
a deep reservoir show evident precursory signals of a new batch of volatile-
rich ascent magma only few minutes before the occurrence of the paroxysm
( ). In order to observe the behaviour of the ascent velocity
in a closed conduit system, in which w = 0 m, we modelled the ascent
velocity in both laminar and turbulent flow regime as a function of the
width of the dike (from 0 to 10 m) varying the water content of the melt
(from 0 to 4 wt.%), for different T conditions (1150, 1200 and 1250 °C), Ap =
350-600 kg/m?® and ~10-12 vol.% of crystal content (Figure 6). As possible to
see in Figure 6, overall, the ascent velocity tends to decrease with decreasing
the width of the dike, and for the same widths it increases with increasing
water content. Moreover, the width of the dike at which the shift from

laminar to turbulent flow regime occurs, decreases with increasing

196



Chapter 2

temperature for each considered water contents, and for same T it decreases
with increasing water content. Thus, for example, considering a dry melt at
1250 °C and a dike with of 4 m, it will start to rise in a turbulent regime with
u ~32 m/s. If the system is a closed conduit, during the ascent there will be a
decrease in the width of the dike with consequent passage to laminar regime
(w =3 m; u = 26 m/s), after which the ascent velocity will exponentially

decrease until the complete stop (w =0 m).
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Fig. 6 Ascent velocity vs dike width for APR16 melt at a) 1250 °C, b) 1200 °C and c) 1150 °C. For all the
simulations we selected Ap =350-600 Kg/m? and 10-12 vol.% of crystals. Coloured scale bar indicates the
amount of water in the melt. Continuous lines represent laminar flow regime while dotted lines turbulent

one. at the point where the two lines intersect, the transition from laminar to turbulent regime occurs.
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Materials and Methods

Starting material

The choice of APR16 for this study is mainly motivated by the fact that this
sample represent the near-primary melt of the CFVD on the basis of its
geochemical and isotopic features ( )

The APR16 sample, indeed, is a primitive alkaline basalt found as scoria
clast in the deposits of the Solchiaro hydromagmatic centre located in
Procida island (Campi Flegrei, Italy), previously investigated in the
literature ( ; ;

). The starting material used in this work is an anhydrous glass
(APR16GL) prepared by melting the APR16 natural powder in a gas-mixing
furnace at 1400 °C and atmospheric pressure for 15 min to reduce all Fe* to
Fe?" using a CO/CO2 gas mixture at the Bayerisches Geoinstitut (Bayreuth,
Germany). The starting material did not contain crystalline phases, as

analyzed by both microprobe and image analyses.

High-pressure and high-temperature experiments

Experiments were performed using the VX-3 Paris-Edinburgh (PE) press
( ; ) available at the 16BM-B beamline at
the Advanced Photon Source (Argonne National Lab, Illinois;

Figure S3). Our PE cell allowed the compression of large 3.53
mm?sample volumes (up to) at high pressures and high temperatures. Cup
shaped WC anvils with the cup diameter of 12 mm and the bottom diameter
of 3 mm are used to generate high pressures ( ). The cell
assembly design for liquid structure measurement and/or viscosity

measurement mainly consists of boron-epoxy (BE) gaskets, a MgO ring,
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ZrO:z caps, a graphite heater, and a BN capsule. Graphite inner capsule were
used for silicate melt experiments inside BN sleeve (

)- A ring-shaped BE (boron: epoxy =4:1 in weight ratio)
is used as gasket with a supporting outer polycarbonate plastic (Lexan) ring.
The BE gasket and ZrO: caps in the assembly provide good thermal
insulation for high temperature experiments. A MgO ring is placed between
BE gasket and graphite heater to increase stability of the cell assembly and
maintain anvil gap. The MgO ring is also used as the pressure standard by
using an equation of state ( )- Uncertainty of the pressure
calculation using the MgO ring was typically up to 0.15 GPa. The loaded cell
was first compressed to the target pressure by a hydraulic system connected
to the Paris-Edinburgh press. After compression, the sample was heated
quickly (~100 °C/s), and the temperature estimated using a power vs.
temperature calibration curve reported by . Finally,
experiments were quenched by shutting down the electrical power to the

heater.

Ultrafast X-ray imaging

White X-ray radiography is used to image the interior of the cell assembly
at high pressures and is mainly used for travel distance determination for
elastic wave velocity measurements or falling sphere viscosity
measurement ( ). The beamline utilizes two cameras for X-
ray imaging experiments. High spatial-resolution X-ray imaging
measurements are conducted using a CCD camera (Prosilica GC1380H)
placed roughly 30 cm from the sample position (Figure S3). A thin

scintillator (5 um thick Eu-doped lutetium aluminum garnet (LAG)) is used
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with a 45° mirror and a 10 times infinity-corrected objective lens mounted
on a 127 mm long tube. By using the Eu-doped LAG scintillator, it is possible
typically obtain a reasonable image with a 0.5 s exposure time. The other
camera, a high-speed camera Photron SA3, is located approximately 1.2 m
downstream from the PE cell (Figure S3). The use of thick (100 um thick) Ce-
doped LAG provides sufficiently high brightness for ultrafast X-ray
imaging through the PE cell assembly. The pixel resolution of the ultrafast
X-ray imaging is typically 2.5 um/pixel, and the full field of view is larger
than the maximum sample size available in the PE cell (up to 2 mm in both

diameter and height; )

Falling-sphere viscosity measurement

The falling sphere velocity, necessary to determine the viscosity using
Stokes equation, was determined from the collected radiographic images
with the Tracker plugin in the Image] software package. Experimental
measurements of the viscosity were performed using unfocused white X-
ray beam with radiographic images captured by a high-speed camera
(Photron FASTCAM SA3) with 250 and 500 frame per second recording time
(250 fps for the runs APR16-PE5, PE6, PE7; 500 fps for the runs APR16-PE1,
PE2 and PE3). The image resolution of the ultrafast camera used for the
viscosity measurements was 2.5 pm m/pixel. The measured fall velocity of
the Pt sphere was converted into melt viscosity using the general Stokes law,

2 -
— gdsil{’;) pl)% (8)
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including the proper correction factors for the effect of the wall (F) and for
the end effect (E), where v is the terminal velocity (mm-s) of the probing
sphere, ps and pi are the densities (g-cm?) of the Pt sphere at high P and T
(Dorogokupets and Dewaele, 2007) and melt, respectively; d is the diameter
(in mm) of the sphere determined from radiographic image. Particularly,
the diameter of the spheres was measured by using a high-resolution
camera (Prosilica GC1380) with a pixel size of 0.85 um per pixel (Kono et al.,
2014b). A fixed value of 2.8 g'cm™ was chosen for the density of molten
APR16 according to the work by Sakamaki et al. (2013) considering,
however, that a difference up to +1 g ecm? would affect the viscosity value
by 0.02 Pas. In addition, the uncertainty in the diameter of the probing
sphere contributes to errors in viscosity due to the small sphere size. Our
high-resolution X-ray radiography has a +2 um resolution in imaging (Kono
etal.,, 2014b), which causes +2.1-4.1% uncertainty in viscosity. Therefore, the
overall uncertainty in our viscosity determination is <¢9.3%. Supplementary

Movie 1 (https://drive.google.com/file/d/1SNHOTIpK8Bmx11fJeM56-

AzH7SCD6]Q9/view?usp=sharing) shows the falling Pt sphere in APR16

melt at ~ 1.4 GPa and ~ 1440 °C in real time. The radiographic images were
collected during heating of the run until the fall of the sphere could be
observed. Supplementary Figures S4-510 show diagrams of the falling
distance versus time and falling velocity versus distance of the Pt sphere for

the runs of this study.

Melt structure measurements
Liquid structure studies are conducted by the multi-angle energy-dispersive

X-ray diffraction technique. A large Huber stage holding a Ge solid state
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detector (Ge-SSD) allows precise control 20 angle from 2° to 39.5°. For
diffracted X-rays, two slits are located on the diffractometer arm: one near
the sample (around 60 mm from the centre) and the other in front of the
detector (at around 480 mm distance). The detector arm also supports the
Ge-SSD with a liquid nitrogen dewar. The collimation depth control is
important to liquid scattering measurement for discriminating sample
signal from background scattering caused by surrounding materials.
Diffraction patterns were collected at 10 fixed diffraction angles (20 = 3°, 4°,
5°,7°,9° 12°, 16°, 22°, 28°, 35°) to cover a wide range of scattering vectors
(Q). Interference functions and structure factors were calculated using the
scattering intensity and atomic scattering factors. In particular, the factor

structure S(Q) was calculated using the following formula:
@ = {1°°"(@) - X fiF(QY/ B AQY ©)

where I°°"(Q) is the coherent intensity resulting from the correlations of
atoms, f;(Q) is the atomic scattering factors of the i-th atom, and the
summation is taken over the formula unit. Q is scattering vector. The local
structures in real space (Figure 2 and Supplementary Figures S11-513) are
given by the radial distribution function, G(r), as proposed by

, obtained by taking the Fourier transform of S(Q):
G(r) = 2 [7" Q{S(Q) — 1} sin(Qr)dQ (10),

where 7 is the radial distance. More details of this methods are described in
. The peaks position, finally, was obtained by Gaussian

fitting of the peaks.
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Abstract

We present new experimental data on major and trace element partition
coefficients (D) between clinopyroxene and a K-basaltic melt from Procida
Island (Campi Flegrei Volcanic District, south Italy). Time-series
experiments were conducted at 0.8 GPa and 1080-1250 °C aiming to
investigate the role of the crystallization kinetics on trace elements
partitioning behaviour at a pressure relevant for deep magmatic reservoirs.
Results indicate that large ion lithophile elements (LILE) are incompatible
(e.g., Dsr<0.15), light rare elements (LREE; e.g., Dia < 0.20) are always more
incompatible than heavy rare elements (HREE), which in some cases result
to be compatible with clinopyroxene (e.g., Doy = 1.40); high field strength
elements (HFSE) are generally incompatible (Durse < 0.8), while transition
elements (TE) range from slightly incompatible (e.g., Dv = 0.6) to highly
compatible (e.g., Dcr= 63). The calculated D values for LILEs, REEs, HFSEs,
and TEs tend to decrease with the increase of temperature and to increase
with increasing tetrahedrally-coordinated aluminium content, in agreement
with the previous studies. Moreover, we observed the influence of the
growth rate on the partition coefficients, with the highest Dree values
calculated in the runs with the highest growth rate (~107 cm s), due to the
less efficient rejection of incompatible elements during rapid crystal growth,
that in this study is not linked to disequilibrium conditions, but to the
presence of pre-existing nuclei. Finally, the apparent increase in Dree values
with time observed in some runs is not referable to a change in time but
rather to the different degrees of polymerization, expressed as the ratios
NBO/T of these melts, strictly related to a loss of Fe occurred during the

experiments, and thus to a different melt viscosity. Finally, the application
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of the experimental clinopyroxene/melt partition coefficients highlights that
the deepest step of the magmatic differentiation in the Campi Flegrei
Volcanic District is represented by the fractionation of about 20-30% of a

clinopyroxenitic mineral assemblage from a basaltic parental magma.

Keywords: clinopyroxene; trace element partition coefficient; lattice strain model;

order-disorder crystal growth; fractional crystallization

1. Introduction

A central factor in the evolution of an igneous body is the partitioning of
elements between the melt and the crystallizing minerals. The partition
coefficient of an element i (Di) has been defined as its concentration in a
mineral divided by the concentration of that element in the coexisting melt
(Blundy and Wood, 1994; Jones, 1995) and describes the chemical
distribution between coexisting phases under equilibrium conditions. Most
partition coefficients, indeed, are usually investigated presupposing
equilibrium conditions, assuming thus that natural systems are
characterized by chemical homogeneity of melt and crystals and that these
systems evolve slowly enough to allow for continuous re-equilibration
between melt and growing crystals (e.g., Onuma et al., 1968; Higuchi and
Nagasawa, 1969; Philpotts and Schnetzler, 1970; Schnetzler and Philpotts,
1970). However, disequilibrium conditions are not unusual in natural
systems affecting thus crystal-melt partitioning and relative partition
coefficients, as observed by Albarede and Bottinga (1972). The resulting
disequilibrium partition coefficients can be used as sensitive monitors of

magmatic processes such as fractional crystallization, assimilation, mixing
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and partial melting of crustal or mantle rocks (e.g., Leeman and Phelps,
1981; Mahood and Hildreth, 1983; Drexler et al., 1983; White, 2003;
Henderson and Pierozynski, 2012; Arzilli et al., 2018). Indeed, as shown in
several studies, in some natural igneous systems, events of rapid crystal
growth (driven by the undercooling degree) can produce an excessive
accumulation or depletion of elements, depending on their degree of
compatibility or incompatibility, at the crystal-melt interface with a
consequent disequilibrium element uptake during crystal growth (e.g.,
Albarede and Bottinga, 1972; Watson, 1996; Morgan and London, 2003;
Watson and Miiller, 2009; Mollo et al., 2011, 2013; Arzilli et al., 2018) with
respect to under equilibrium conditions (e.g., Morgan and London, 1996;
Lofgren et al., 2006; Mollo et al., 2011, 2013). Therefore, trace elements
partitioning results to be controlled by kinetic effects such as diffusive re-
equilibration and undercooling degree (Arzilli et al., 2018; Shea et al., 2019)
as well as by temperature and pressure (Shimizu, 1974; Green and Pearson,
1983; Ray et al., 1983; Green and Pearson, 1985; Gallahan and Nielsen, 1992;
Jones, 1995; Blundy and Wood, 2003; McDade et al., 2003; Sun and Liang,
2012; Yao et al., 2012; Bédard, 2014; Mollo et al., 2018), mineral composition
(Yagi and Onuma, 1967; Onuma et al., 1968; Colson et al., 1988; Blundy and
Wood, 1991, 1994; Skulski et al., 1994; Lundstrom et al., 1998; Hill et al., 2000;
Bédard, 2010; Mollo et al., 2016), melt composition (Mysen and Virgo, 1980;
Ray et al., 1983; Nielsen, 1985; Gallahan and Nielsen, 1992; Bennett et al.,
2004; Gaetani, 2004), and redox conditions (Aigner-Torres et al., 2007;
Cartier et al,, 2014; Dygert et al., 2020). Furthermore, among the works
focused on the influence of the crystallization kinetics on the partition

coefficients (Albarede and Bottinga, 1972; Morgan and London, 2003;
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; ), only a few are relative to clinopyroxene

( ; ; ). The work of
investigates the kinetics effect on sector-zoned augite phenocrysts

being a clear case of disequilibrium crystallization.

performed equilibrium and dynamic crystallization experiments at cooling
rates in the range 5-1000 °C/h to explore the effects of kinetics on D-values.
, instead, determined trace element partition coefficients
at the interface between clinopyroxene rims and co-existing glasses
resulting from isothermal and cooling rate experiments. The study of the
factors influencing trace element partitioning is of paramount importance
since the latter are frequently used in petrological and geochemical studies
to better understand magmatic processes, like fractional or equilibrium
crystallization, assimilation, and partial melting (e.g., ).
This is because clinopyroxene has crystal-melt REE partition coefficients
approximately up to 4 orders of magnitude higher than other mafic rock-
forming minerals (e.g., olivine and orthopyroxene; ;
), exerting, therefore, a strong control on the overall partitioning
of the crystallising assemblage. In this study, we present a new set of
partition coefficient data derived from synthetic clinopyroxenes in
equilibrium and in disequilibrium with a K-basaltic composition from the
Campi Flegrei Volcanic District (CFVD) as a function of temperature and
time. The investigated pressure condition is of 0.8 GPa that for the CFVD
area represents the depth of the crustal-mantle boundary (~25 km of depth;
). Moreover, for having a comparison term we measured the

trace element concentrations in some natural clinopyroxene phenocrysts
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belonging to some scoria clasts from Procida island. The main aim of this
work, indeed, is to fill the following lacks: i) the scarcity of quantitative
experimental data on the role of the crystallization kinetics on trace elements
partitioning behaviour relative to high-pressure conditions and relevant for
deep magmatic reservoirs; ii) the absence of clinopyroxene-melt partition
coefficient experimental data for primitive compositions in the CFVD area.
Furthermore, based on the evidence relating to the stages of deep
crystallization of the Campi Flegrei Volcanic District parental magmas (Di
Stefano et al., 1999; Piochi et al., 2005; Chiarabba et al., 2008; Mormone et al.,
2011; Moretti et al., 2013; Fedi et al, 2018), we explored the mineral
assemblage involved in the magmatic differentiation at the deepest ponding

level, by using the experimental results of this study.

2. Methods

2.1. Samples description

Synthetic samples were obtained through crystallization experiments
performed by using the % inch end loaded piston cylinder apparatus at the
HP-HT Laboratory of the Earth Sciences Department (Sapienza University,
Rome, Italy) at 0.8 GPa, 1080-1250 °C, 1 < H20 < 4 wt.%, with durations of
0.25, 3, 6 and 9 hours. For these experiments we used two different starting
materials: the APR16 powder and the APR16GL glass (Table 1), both
obtained from a natural primitive K-basalt (APR16 sample) found as scoria
clast in the deposits of the Solchiaro hydromagmatic eruption (~22 ka ago;
Morabito et al., 2014) located in Procida island (Campi Flegrei, Italy). This
K-basalt is characterized by 12 vol.% of forsteritic olivine and diopsidic

clinopyroxene phenocrysts dispersed in a groundmass made of olivine,
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clinopyroxene, plagioclase, Ti-magnetite, alkali feldspar and glass
(D’Antonio et al., 1999; De Astis et al.,, 2004). The APR16 powder, already
used as starting material in the experimental runs of Bonechi (2020) (Table
2), was obtained by grinding the natural APR16 rocky sample in an agate
mortar under acetone. The APR16GL, instead, used as starting material in
the runs of Bonechi et al. (2020b) (Table 2), was prepared by melting for 15
min the APR16 natural powder in a 1 atm gas-mixing (CO-CO2) furnace
installed at the Bayerisches Geoinstitut (Bayreuth, Germany) at 1400 °C and
oxygen fugacity corresponding to the NNO (nickel-nickel oxide) buffer.
Then, the obtained glassy starting material was grinded in an agate mortar
under acetone. Compositions of synthetic clinopyroxenes were compared
with natural clinopyroxene phenocrysts occurring in the SCE and SOG
scoria clasts, belonging to the Solchiaro eruption. The SCE and SOG samples
(Table 1 and Supplementary Material 1) are porphyritic, scarcely
vesiculated rocks containing ~10-20 vol.% of medium-grained olivine and
clinopyroxene phenocrysts (olivine/clinopyroxene ratio ~1). A detailed

description of these samples is reported in Bonechi et al. (2020b).

2.2. Experimental techniques

The detailed experimental procedure is described by Perinelli et al. (2019)
and by Bonechi et al. (2020a, 2020b). Here we report the main aspects. The
assembly consists of an outer CaF: cell, graphite furnace and MgO crushable
spacers. The experimental charges were prepared loading AursPd2s capsules
with ~40 mg of sample powder. For hydrous experiments we added water
in known amounts by using a 1.0 uL microsyringe (Table 2). Loss of H20 by

vaporization during welding was prevented by freezing the crucible with
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nitrogen. The welded capsule was weighed, stored in a furnace at 110 °C,
and then weighed again to confirm the absence of water leaks. Moreover, to
prevent possible loss of Hz the charges were surrounded by pyrophyllite
powder ( ). Capsules of less 7-mm long were used in order
to maintain the samples in the furnace hot spot. Temperature was measured
using a type D WiRes-W2sRezs thermocouple and maintained with an
uncertainty of + 5 °C. The experimental assembly was first pressurized to
the target pressure by a piston-out procedure ( ;

) that applies an overpressure of ~ 10 % of the run pressure and
then gradually increases the temperature to the final temperature, while
correcting for pressure drops due to stress relaxation within the assembly
during heating. The heating rate was imposed at 150 °C/min. The sample
was maintained at the pressure and temperature for a given duration
(nominal duration), and then quenched by turning off the power. The
temperature drop below 500 °C was of <5 s (average cooling rate of 150 °C/s).
All the runs were self-buffered; an estimation of experimental oxygen
fugacity (fO2) was made through the equation of

. To use this equation, where possible, we first assessed the FeO
content of experimental residual glass, and then its Fe?’/Fett mole ratio; to
do this we used the value of iron and magnesium partitioning between
olivine and liquid (Ko Fe-Mg ol/liq) calculated according to the procedure
proposed by . Therefore, the application of

equation residual glass of each experiment, yielded fO:
values between of -1.9 and +0.9 log-bar units with respect the nickel-nickel
oxide buffer. As a whole the estimated range of fO2 value is in agreement

with those estimated for similar furnace assemblages ( ;
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Weaver et al., 2013; Perinelli et al., 2019; Bonechi et al., 2020a). Finally, we
determined the effective undercooling (ATet) that is the difference between
the equilibrium clinopyroxene liquidus temperature (Tcpx) and the
experimental temperature (Bonechi et al., 2020a, 2020b; Bonechi, 2020). The
Tcpx values used to calculate ATett for each experiment were taken from
Procida K-basalt experimental data (Perinelli et al, 2019) and from
calculations using MELTS software (Chiorso and Sack, 1995; Asimow and

Ghiorso, 1998).
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2.3. Analytical techniques

2.3.1. Textural investigations and major element determinations
Back-scattered electron (BSE) images used to investigate textural aspects of
both natural and experimental samples were collected by Scanning Electron
Microscopy (SEM) using a FEI-quanta 400 equipped for microanalysis with
an EDAX Genesis system at the Earth Sciences Department, Sapienza
University of Rome. Major elements were analysed at the CNR-Istituto di
Geologia Ambientale e Geoingegneria di Roma, with a Cameca SX50
electron microprobe equipped with five wavelength dispersive
spectrometers (WDS). Quantitative analyses were performed using 15 kV
accelerating voltage and 15 nA beam current. As standards we employed
metals for Mn and Cr, Jadeite for Na, Wollastonite for Si and Ca, Orthoclase
for K, Corundum for Al, Magnetite for Fe, Rutile for Ti, Periclase for Mg,
Apatite for P. Counting times for all elements were 20 s on peak and half
time on both backgrounds. Light elements (Na, K) were counted first to
prevent loss by volatilization. The PAP correction method was used.
Minerals were analysed using a beam diameter of 1 um whereas to
minimize alkali loss during glass analysis, the beam was defocused to 15
pum. In order to evaluate the accuracy of the analyses, repeated analyses of
three international secondary standard (Kakanui augite, Iceladic Bir-1 and
rhyolite RLS132 glasses from USGS) were made prior to any series of
measurements. The mean precision from the standard value was about 1%
for SiO, 2% for Al203, 5% for K2O, CaO and FeO, and 8-10% for other
elements. Moreover, the analytical precision (2 sigma error) is < 1% for
elements in the concentration range > 10 wt% oxide, 5% for elements in the

range 2-10 wt% oxide and better than 10% for elements in the range 0.5-2
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wt% oxide. From chemical analyses, the water contents of experimental
glasses were estimated according to the by-difference method (

; ). We are aware that this method fully reliable
given the estimation is affected by i) element concentrations not measured
by EMPA and ii) surface charge effects ( ) leading to an
overestimation of H20 concentration. However, the obtained H2O values
are close to those determined by micro-Raman spectroscopy measurements
on residual melts of equilibrium experiments performed on the same
composition, at the same P, T and initial hydrous conditions (see

, for details).

2.3.2. Laser ablation-inductively coupled plasma mass spectrometry (LA-
ICP-MS)

LA-ICP-MS analyses were performed on both natural (SCE and SOG
samples) and experimental samples. LA-ICP-MS analyses of SCE and SOG
natural samples were performed on a quadrupole-based ICP-MS iCAP-Q
instrument (Thermo Fisher Scientific, Bremen) coupled to a modified
NewWave UP 213 laser microprobe (NewWave, USA) installed at Charles
University, Prague. Analyses of natural clinopyroxene crystals were
performed using a circular laser beam of 100 pm diameter, a frequency of
10 Hz and a laser density on the sample surface of 3.5 J/cm?2. External
calibration of the laser ablation analyses was done using Standard Reference
Materials NIST (National Institute of Standards and Technology, USA)
612 with internal standardisation using Si, based on electron microprobe
measurements. The concentration values for NIST of all measured elements

were taken from . The external reproducibility of this
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method was checked on repeated analyses of USGS BCR-2G glass as
reference material (e.g., and reference therein; Table S1 in
Supplementary Material 2). The isotopes used were selected with respect to
their most abundant species, free from isobaric overlap and minimum
interferences. Formation of oxides (MO*/M*) was monitored using U in
NIST 612 directly from ablation and the measured ratios (*>*UO"/?U*) was
below 102. Further details about the analytical protocol and correction
strategy have been described by and
. Detection limits for all elements were calculated as 3o level of the gas
blank (Table S1 in Supplementary Material 2). LA-ICP-MS analyses of the
experimental samples were performed at the Department of Physics and
Geology, University of Perugia (Italy). The instrumentation consisted of a
Teledyne/Photon Machine G2 LA device equipped with a Two-Volume
ANU HelEx 2 cell coupled with a Thermo Fisher Scientific quadrupole-
based iCAP-Q ICP-MS. Analyses of clinopyroxene crystals and glasses were
performed using a circular laser beam of 8-20 um diameter, a frequency of
10-15 Hz and a laser density on the sample surface of 3.5 J/cm? Oxide
formations was measured on the NIST SRM 612 monitoring and
maintaining the ratio ThO/Th below 0.005. The NIST SRM-610 standard
reference material was used as calibrant and Ca, previously analysed by
EPMA, as internal standard. Under these operating conditions precision
and accuracy are better than 10% for most of the elements (
)- In detail, at beam sizes equal or larger than 15 um,
precision (measured as one sigma) and accuracy (expressed as relative
deviation from the reference value) are of the order of 10% (

). At a smaller beam size of 8 um, precision decreases to 15% for
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concentration above 1.7 ug g7 ( ). Accuracy is better or
equal to 10% and 13% at beam sizes of 15 and 10 um, respectively (
)- When the spatial resolution is increased to 8 um, accuracy

remains better than 15% ( )-

3. Results

3.1 Phase relations

Experimental samples investigated in this study are described in detail in
previous works ( ; ;

). Here we briefly report a description of the paragenesis of these
samples given the importance of the coexistence of several phases for the
fractionation of some trace elements, like the presence of plagioclase for the
fractionation of Eu. Overall, the experimental products consist of glass and
microlites of clinopyroxene (Cpx) + olivine (Ol) + plagioclase (Plg) + oxide
(Ox). In particular, the APR16-1C and APR16-35 runs (1225 °C), performed
using the natural starting material APR16, are characterized by the presence
of glass (Gl) and Cpx plus restitic Ol and Ox. In the runs performed at 1250
°C (APR16-C1Ac and APR16-C1Ad), the dominant phase is Cpx while
olivine (Ol) crystallizes only in the APR16-C1Ac run. The mineral phases
crystallized in the runs at 1220 °C (APR16-C2Aa, APR16-C2Ab, APRI16-
C2Ac, APR16-C2Ad) are Cpx + Ol + Plg + Ox. Clinopyroxene and Ol are
ubiquitous in these runs, whereas Plg is present only in the runs at 3 and 6
hours (i.e., APR16-C2Ab, APR16-C2Ac) and Ox is absent in the run APR16-
C2Ac. The runs at 1170 °C (APR16-C2Bc and APR16-C2Bd) show a higher
degree of crystallization and the mineral assemblage is Cpx + Ol + Plg + Ox.

Finally, the hydrous run at 1080 °C (APR16-C3Ac; 6.5 wt.% H2O) shows a
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degree of crystallization similar to that of the runs at 1170 °C and the phases

crystallized are Cpx and Ol

3.2. Texture and chemical composition of experimental samples
Clinopyroxene. Chemical compositions of Cpx are given in Table S2 in
Supplementary Material 2. Overall synthetic Cpx crystals are characterized
by homogeneous composition and euhedral habits (Fig. 1a-c). In particular,
in the runs performed using the glassy starting material (i.e., APR16GL)
habit and sizes vary with time: subhedral with sizes of ~5 um in the shortest
run (e.g., APR16-C2Aa; 0.25 h; Fig.1a) and euhedral with sizes up to ~20 um
in the longest run (> 3 h; Fig. 1b). The runs APR16-1C and APR16-35,
performed using the natural starting material (i.e., APR16 natural powder),
instead, are characterized by euhedral habit and sizes up to ~50 um (Fig. 1c)
(Bonechi, 2020).

1220°C 0.25h \ ! 4 1225°C 6h
. uh B Z

APR16-C2Aa | ~ som APR16-C2Ad | —om APR16-35

Fig. 1. Backscattered (BSE) images of experimental samples. Details of the experimental conditions are
reported at the bottom of each image. Figures a) and b) show the variation of habit and sizes with time in the
runs performed using the glassy starting material (i.e., APR16GL): a) subhedral Cpx with sizes of ~5 um
in the shortest run APR16-C2Aa (0.25 hours) and b) euhedral Cpx with sizes up to ~20 um in the longest
run APR16-C2Ad (9 hours); c) Cpx with euhedral habit and size up to ~50 um crystallized in the APR16-
35 run performed using the natural starting material (i.e., APR16 natural powder). Abbreviation: Cpx:

clinopyroxene; Ol: olivine; Gl: glass.
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These Cpx crystals are augitic (Wos2En41Fsis) and diopsidic (Wos7EnasFsio) in
composition according to the classification scheme of Morimoto et al. (1998)
(Fig. 2a). Overall, the Mg# of Cpx (calculated as the molar
MgO/(MgO+FeOrot) ratio) varies between 0.81 and 0.92, the TiO:2 contents are
between 0.58 and 1.18 wt.% while those of Al2Os are between 5.00 and 9.49
wt.%. The Fe-Mg distribution coefficients between clinopyroxene and melt
(Kp(Fe-Mg)cr<lis = FecpxMglig/MgcpxxFeiiq, calculated assuming all Fe as Fe?*
in both phases), for the longest runs > 3 hours lie in the equilibrium range of
0.28+0.08 (Putirka, 2008) whereas the shortest experiment (APR16-C2Aa)
shows significant deviation from the equilibrium (Table S2 in

Supplementary Material 2).

a) Ca,Si,05 (Wo) b) .
£ 1250°C 0 0.25h X APR16 (D'Antoni
1225°C a3 Phonotephite X APRI16 GL (this
= e
= noc 6" 8
tos'c O on Basaltic T 1080°C
Diopside trachyandesite
9 6l [u] H
Augite § rachybasalt 5,0
) > o
o Diopside | _ Hedenbergite X 4 | | sasante X © T=1250°C
e 3
z
2 Picro-basalt Basalt Basaltic
andesite
Figeante
0
e I Ferosite 4 4 50 55 60
Mg;Si,0; (En) Fe;Si;0; (Fs) SI0, (Wh)
Fig. 2. a) Clinopyroxene compositions plotted into the pyroxene classification diagram (Morimoto et al.,

1998). Wo: wollastonite; En: enstatite; Fe: ferrosilite. The inset show a magnification of the area of interest.
Synthetic samples are indicated with different colours: in orange the runs at 1250 °C, in yellow the runs at
1225 °C, in light blue the runs at 1220 °C, in blue the runs at 1170 °C, in light green the run at 1080 °C.
Duration of the experimental runs is indicated with different symbols: circle for 0.25 hours, triangle for 3
hours, diamond for 6 hours and square for 9 hours. b) Composition of the experimental glasses plotted in
the TAS diagram (Le Maitre et al., 2002). Coloured bar indicates the variation of temperature of the runs
that decreases from red to green. Symbols are as in Fig. 2a. Crosses indicate the APR16 (in black) and the

Q. 2

APRI16GL (in red) starting materials.
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Glass. Chemical compositions of experimental glasses are given in Table S3
in Supplementary Material 2. Glass composition of anhydrous and hydrous
experiments varies from K-basalt to K-trachybasalt up to shoshonite
compositions with decreasing temperature (Fig. 2b). In particular, in the
anhydrous runs, before reaching the temperature at which plagioclase
significantly ~crystallizes, the glass composition is controlled by
clinopyroxene crystallization thus leading to a very limited SiO: increase in
the residual glasses ( ). In the hydrous experiments, the
earlier crystallization of olivine + spinel causes a slightly more marked
increase of SiO2 abundance in the residual glasses (from ~52 to ~53 wt.%;

Table S3 in Supplementary Material 2).

3.3. Trace and REE content
Average compositions of trace elements concentrations analysed by LA-
ICP-MS technique in synthetic clinopyroxene and coexisting glass are

reported in Table 3.

3.3.1. Clinopyroxene

Figure 3 shows the trace elements concentrations in synthetic and natural
clinopyroxene normalized to chondrite C1 after

for LILEs (Large-Ion Lithophile Elements), REEs + Y (Rare Earth Elements
plus Yttrium), HFSEs (High Field Strength Elements) and TEs (Transition
Elements). In this diagram some LIL elements (e.g., Rb and Ba) of synthetic
Cpx crystals display different relative abundances depending on
experimental conditions unlike the REEs that instead, show quite uniform

high contents. In particular, the chondrite-normalised REE patterns have a
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general L/HREE (Light/Heavy rare earth element) enrichment (i.e., Lan/Ybn
= 0.85-1.20, where the subscript N denotes chondrite-normalized values)
with a maximum at Smn (~20-37). The REE profiles from the crystallized cpx
are comparable to each other with the exception of the clinopyroxene in the
APR16-C2Bd charge that shows an evident Eu negative anomaly (Eu/Eu* =
0.58; Eu/Eu* = Eun/(Smn x Gdn)'2), likely due to the crystallization of
plagioclase in this run. Indeed, the lack of plagioclase in the hydrous
experiment APR16-C3Ac, justifies the absence of troughs at Eu (Eu/Eu* =
0.95), despite both crystallization degree and amount of Cpx crystallized in
this experiment are similar to that of APR16-C2Bd run (40 wt.% and 43 wt.%,
and 33 wt.% and 34 wt.%, respectively; Table 2). Finally, tetravalent HFSEs
(i.e., Zr and Hf) have a higher concentration than pentavalent cations (i.e.,

Ta and Nb), while as regards TEs, it is possible to see evident troughs at Co

and Ni.
100 LILE i REE +Y i HFSE i TE
I o a 50 I A Ij
o B "W eed o | :8:571
1 : g e eSes ol g
8 i - I e |
£ ! I I
S | | | ®
s 1 [ | | 5
5 | | | b
- | | |
S | I I
3 041 | 3 1250°C  © 025 | |
© I o 22 I 1A
220
| = e ©° | |
I 1080°c O 9h I I
0.01 | | |
| Cpx normalized to chondrite C1 | |
I after Anders and Grevesse (1989 I I
0 | | L
CsRbTh U Ba PbSr La Ce PrNd SmEuGd TbDy Y Ho ErTm YbLu Ta NbZr Hf ScCo V Ni Cr
Fig. 3. Cl-normalized (Anders and Grevesse, 1989) trace elements abundances for synthetic

clinopyroxenes. Symbols are as in Fig. 2. For comparison we reported CI-normalized trace elements
abundances for natural Cpx (SCE and SOG samples; Supplementary Material 1), indicated with the grey
field.
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3.3.2 Glass

Figure 4 shows the trace elements concentration in the experimental glasses
normalized to chondrite C1 after Anders and Grevesse (1989) for LILEs,
REEs + Y, HFSEs and TEs. Generally, all the experimental glasses match the
trend of the APR16 sample (Mazzeo et al., 2014), with evident troughs at Pb,
Co and Ni. Cl-normalized trace element diagrams are L-MREE enriched
(Lan = 58-90, Lan/Smn = 2.09-2.66, Lan/Ybn = 5.30-8.58) and nearly flat in the
HREE region (Hon/Ybn 1.01-1.48). All the considered glasses have absent or
slightly positive Eu anomaly (Eu/Eu* 0.95-1.10; inset of Fig. 4). Eu/Eu* ratio
decreases with increasing degree of chemical evolution with the lowest
values observed in APR16-C2Bd run (see TAS diagram in Fig. 2b).
Moreover, pentavalent HFSEs (i.e., Ta and Nb) are more abundant than

tetravalent cations (i.e., Zr and Hf), unlike what was observed for Cpx

crystals.
1000 LILE | REE+Y HFSE TE
3 | |
! [ I
100 [samgw: | |
* S VS |
e 1 Y fan = v5 :
5 /! |
c x| |
o
5 1 | I
- l 600 |
2 l |
1) 0.1 |
© |
© : 60 | < |
001 SN |
| S8 |
! I
0.001 | |
1| @ Gormoncoimo v s Tl |
00001 . |=— : I | .
CsRbThU BaPb Sr LaCe Pr Nd Sm EuGd TbDy Y Ho Er Tm Yb LuTa Nb Zr Hf ScCoV Ni Cr
Fig. 4. Cl-normalized (Anders and Grevesse, 1989) trace elements abundances for analysed synthetic

glasses. Symbols are as in Fig. 2. Black crosses indicate data for the APR16 natural samples from Mazzeo
et al. (2014). The inset shows a magnification of REE + Y abundances. Yellow field represents REE
abundances for natural glasses of Campi Flegrei Volcanic District (CFVD) products (data from GEOROC

database; http://georoc.mpch-mainz.gwdg.de/georoc/Start.asp).
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3.4. Partition coefficients

The D-values for the REEs and other trace elements between minerals and
melt (quenched to glass) for the reported experiments are given in Table 4.
Figure 5 shows the partition coefficients between clinopyroxene and melt
for LILEs, REEs + Y, HFSEs and TEs. LILEs are incompatible (e.g., Dsr<0.15,
Dsa < 0.05). LREEs (e.g., Dia < 0.20) are always more incompatible than
HREEs, which in some cases result to be compatible with cpx (e.g., D and
Doy = 1.30-1.40 for APR16-C2Bd and APR16-C2Ad experiments). It should
be noted that any clear relationships are observed between Di variation and
dwell time for LREEs. In general, for MREE and HREE longest duration
experiments (e.g., APR16-35 and APR16-C1Ad) are characterized by lower
partitioning coefficients. In some cases, it was possible to note evident
differences of Di values as function of experimental time, as shown for
instance by Dy behaviour in the runs at 1250 °C, where it results a
compatible element in the 6 h-experiment (APR16-C1Ac; Dpy= ~1) while it
is moderately incompatible in the run at 9 hours (APR16-C1Ad; Doy = ~0.6).
Furthermore, we observed that, except for the APR16-C3Ac run (the most
hydrated run), the Eu behaves to a more incompatible extent than the
adjacent REEs (i.e, Sm and Gd, Fig. 5). Given the low plagioclase
abundance, this behaviour reflects only the Eu*/Eu?* ratio variation caused
by changing the redox conditions. As regards HFSEs, tetravalent and
pentavalent-charged cations are always incompatibles (Db and Dra < 0.1;
Dz: and Drt between 0.2 and 0.8), except for Dur measured in the cpx of the
APR16-C2Bd run (D=t ~1.2). Finally, trace element partition coefficients of

TEs (i.e., Dco, Dcr, Dni, Dse and Dv) range from slightly incompatible to highly
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compatible. In particular, Dco and Dv vary between 0.7 and 3, whereas Dsc,

Dni and Dcrare between 2 and 63.
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Fig. 5. Calculated “*'D values for trace elements in experimental samples. Symbols are as in Fig. 2.
Yellow field represents % Dree values for natural Campi Flegrei Volcanic District (CFVD) products

(data from Pappalardo et al. (2008), Fedele et al. (2009) and Mollo et al. (2016)).

4. Discussion

4.1. Lattice strain model (LSM)

Assuming equilibrium, the cpx/melt partition coefficient is quantitatively
described by the near-parabolic relationship (Brice, 1975; Blundy and Wood,
1994; Wood and Blundy, 1997; Sun and Liang, 2012):

D = Doexp [P (2 (ry — )" = 3 (r0 = 1)) o

226



Trace element partitioning between clinopyroxene and alkali basaltic melt

where Do is the clinopyroxene-melt partition coefficient for the strain-free
substitution; o is the optimum radius for the lattice site; 7 is the ionic radius
of the element of interest in the appropriate co-ordination taken from
Shannon (1976) (Table S4 in Supplementary Material 2); E is the effective
Young’'s modulus for the lattice site (GPa); R is the gas constant (8.3144 ]
mol™ K™); Na is Avogadro constant and T is temperature in K. The effective
Young’s modulus E controls the tightness of the parabola, and Do
determines the apex of the parabola with corresponding ideal lattice site ro.
Cpx crystals are characterized by the general formula XYT20s. The T site
could contain tetrahedrally coordinated Si* and Y'AI**, whereas X and Y
refer to two octahedral sites, a larger M2 site and a smaller M1 site (Sun,
2018). The M1 site is occupied by small cations in VI-fold coordination,
including divalent Ni, Mg, Co and V, trivalent Al, Cr and Sc, tetravalent Ti,
Hf and Zr, and pentavalent cations (e.g., Nb> and Ta%) (Blundy and Wood,

2003; Sun and Liang,

2012; Sun, 2018; Baziotis et al., 2019). The M2 site,
instead, could host larger cations in VIII-fold coordination like monovalent
Na, K and Rb, divalent Fe, Ca, Eu, Sr, Pb and Ba, trivalent REE (La to Lu)
and Y, and tetravalent U and Th (Blundy and Wood, 2003). To apply the
lattice strain model (LSM) to both M1 and M2 sites and fit the
experimentally determined trace element partition coefficients
simultaneously we used the DOUBLE FIT program (Dalou et al., 2018), a
lattice strain model fit by a differential-evolution-constrained algorithm
(Storn and Price, 1997) adapted to be error weighted. When errors are large,
we individually fitted the M1 and M2 sites using the SIMPLE FIT program
(Dalou et al., 2018). In presence of a low number of measured trace elements,

the program failed to produce good fits. Therefore, following Dalou et al.
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(2018), we reduced the parameter space from the default range (Do™!"M?min
and/or DoMI'M2max; EMI'M2min and/or EM"M2max; roM!"™M2min and/or roM!-
M2max) to overcome this limitation. Best-fit parabolas determined for
divalent, trivalent, and tetravalent cations are plotted in Figure 6 and Figure
S1 in Supplementary Material 3. Fit parameters E, Do and ro for trivalent
cations in M2 site are reported in Table 5, together with Ec and r. calculated

following equations from Wood and Blundy (1997):

Tomz) = 0.974 + 0.067XM2 — 0.051X41* (A) @),
Ejs = 318.6 + 6.9P — 0.036T (GPa) 3)

where XX? and X}I* refer to the atomic fractions of Ca and Al on the
clinopyroxene M2 and M1 sites, P is in GPa and T in K. Fit parameters E, Do
and ro for divalent cations in M1 and M2 site, and for trivalent and
tetravalent cations in M1 site are reported in Table 5 and compared with E
and r calculated using the model of Wood and Blundy (1997) for M2% and
that of Hill et al. (2011) for M1#. Following a method reported in the
literature (Aigner-Torres et al., 2007; Padilla and Gualda, 2016), Des* and
Dru?* were calculated using the LSM, based on the measured partition
coefficients of other REE¥, ideally close in ionic radius to Eu®* (i.e., Gd and
Sm), and Sr, respectively. These data were included in the data set of
divalent (Dev*) and trivalent (Des**) cations used for the fitting. For the
fitting of trivalent cations in M1 site, Al in the M1 site was calculated as the
difference between total Al and the AI'V completing the occupancy of the

tetrahedral site. As regards divalent cations, to understand their distribution
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between M1 and M2 sites, we performed a preliminary fitting with
DOUBLE FIT program, observing that i) Mn, Ca, Eu?*, Sr, Pb and Ba
partition only in M2 site; ii) Ni partitions only in M1 site; iif) Mg, Co and Fe,
instead, partition in both M1 and M2 sites. At this point we fitted divalent
cations entering only in M2 site (i.e., Mn, Ca, Eu?, Sr and +Pb). The obtained
lattice strain parameters were used to calculate Dm2of the elements entering
both the M1 and M2 sites (i.e., Fe, Mg, Co). Then, using the concentration of
these elements in the melt we calculated the concentrations of the elements
in M2 and by difference in M1. Finally, we obtained D for these elements
(Table 5) dividing their concentration in M1 with that in the melt. In the
fitting of the divalent cations in M1 site we constrained ro between 0.6 and

0.65 A, based on the work of Purton et al. (1996).
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Fig. 6. Onuma diagrams for clinopyroxene-liquid partition coefficients for mono-, di-, tri-, and tetravalent
cations versus ionic radii (in A; Shannon, 1976) for VI- and VIII-fold coordinated sites along with the
results of the lattice strain fits in M1 and M2 sites for samples (a) APR16-1C (1225 °C, 3 hours), (b)
APR16-35 (1225 °C, 6 hours), (c) APR16-C3Ac (1080 °C, 6 hours) and (d) APR16-C2Bd (1170 °C, 9
hours). The dotted curves represent the fits of the lattice strain model to “'Di values while symbols
represent measured “'Di values. Cations are indicated as follow: monovalent with orange triangles,
divalent with yellow squares, trivalent with blue circles and tetravalent with green diamonds. Ba and V
(yellow empty squares) have not been used in the fit of the LSM for divalent cations. Yellow full squares
indicate Di calculated for M1 and M2 site. Blue full circle represents De. measured in this study, plotted

together with the calculated Dews+ and Dewy values (see text for details).
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4.1.1. Onuma diagrams for divalent, trivalent and tetravalent cations

The partitioning behaviour for cations (Di) with the same valence is
conveniently shown in Onuma diagrams as a function of the ionic radius
( ; ; ),
indicating which elements are compatibles/incompatibles in a given site or
which ones are fractionated between two distinct sites.

Divalent cations. Values of Do, ro and E for divalent cations in M1 and M2 site
as fitted to the experimental data are given in Table 5. For divalent cations
in M1 site we obtained Do** = 6.07 + 2.02, E>* =499 + 45 GPa, and ro** = 0.62 +
0.01 A (Fig. 6 and Fig. S1 in Supplementary Material 3). V2 was excluded
from the fitting since it falls outside the parabola, probably due to its
presence as V5. The LSM parameters for the M2 site are Do** = 2.50 + 0.37,
E* = 256 + 26 GPa, and r* = 1.08 = 0.01 A (Fig. 6 and Fig. SI in
Supplementary Material 3). The partitioning of divalent cations into M2
provides a good illustration of the control on partitioning by site size
energetics. The linearized regressions for Fe, Ca, Eu?, Sr and +Pb? produce
good fits. Among these divalent cations, Ca?, that dominantly occupies the
M2 site in clinopyroxene ( ), is the cation closer to
the parabolas' apex and Sr is more compatible than Ba. However, the Ba
position is far from the fit curve of divalent cations. This anomalous
behaviour is probably due to the large ionic radius that produces a
displacement of the nearest-neighbour ions in the charged region with an
electrostatic work of substitution (# 0) in spite that of Ba is a fully charge-
balanced substitution in the M2 site.

Trivalent cations. Among trivalent cations TEs (i.e, Cr and Sc) are

compatible, LREEs are all incompatible, while HREEs are both compatible
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and incompatible. Among REEs Dy and Er show the highest distribution
coefficients, which tend to decrease with increasing the ionic radius
(towards La). Because the HREEs (Dy through Lu) are more compatible than
LREEs, clinopyroxene is slightly enriched in HREEs. The LSM parameters
for the M1 and M2 sites are Do** =47 + 18 and 0.85 +0.27, E3*=1456 + 113 and
311 + 10 GPa, and r0* = 0.66 = 0.01 and 1.03+0.01 A, respectively. The values
of r0* and E* in the M2 site match within the range of previous studies on
basaltic compositions (o= 1-1.05 A, E =325-441 GPa; Hill et al., 2011; Dalou
etal., 2012; Mollo et al., 2016; Baudouin et al., 2020). Similarly, Do* and E for
the M1 site display similar values compared to other basaltic compositions
ones (Hill et al, 2000; Dalou et al., 2012). Figure 6 and Figure S1 in
Supplementary Material 3 show that our apparent partition coefficients for
REEs lie on parabola-like curves of Onuma diagrams (Onuma et al., 1968),
similar to the trajectories found by Pappalardo et al. (2008), Fedele et al.
(2009) and Mollo et al. (2016) for differentiated magmas at Campi Flegrei.
From these diagrams, also, it is possible to note the different partitioning
behaviour of Eu, which occurs as both 2+ and 3+ cations, depending on fOx.
Particularly, if all Eu is present as Eu® Dzu lies along the parabola defined
by other REE*, whereas if Eu is present as Eu*, Deu lies along the 2+
parabola defined by Mn, Ca, Sr, +Pb (Aigner-Torres et al., 2007). In all the
runs of this study Deulies along or close to the parabola defined by other
REE?®. In particular, Deulies along the parabola in the APR16-C3Ac run (Fig.
6c), slightly below the parabola in APR16-1C, APR16-35 and APR16-C1Ac
runs (Fig. 6a, b and Fig. S1 in Supplementary Material 3), and far below the
parabola in the APR16-C2Bd runs (Fig. 6d). The Eu-anomaly is due to the

presence of some Eu? in the melt, which is much less compatible in the M2
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site than Eu®* because of its larger size (Shearer et al., 2006). Moreover, in the
APR16-C2Bd run, it is evident a clean-cut difference between Deus+
calculated and Deu measured (Fig. 6d). This latter indeed is much lower
(~0.6) than Deus+ (~1) due to the crystallization of plagioclase in this run. The
height of the parabola varies as a function of the crystal composition
(Blundy and Wood, 1994, 2003) and the physical conditions of the system
(Wood and Blundy, 2001; Sun and Liang, 2012). In the experimental runs the
peak position can be alternatively higher or lower than 1 as a function of
AlV content and temperature, in agreement with the observation that these
parameters have opposing effects on trace element partitioning (Sun and
Liang, 2012). For instance, we noted that the increase of Al'V content, at a
given temperature and under similar water content conditions, causes an
increase of Do, and a decrease of ro and E (Fig. 7). As a consequence, the
parabolic patterns of Dree move upwards and shift toward left, resulting in
amore open parabola (Fig. 7a). This suggests that the increase in Al'V content
has a greater effect on the Drree than on Diree. In fact, HREEs are more easily
accommodated in clinopyroxene than LREEs (McKay et al., 1994; Lofgren et
al., 2006; Mollo et al., 2013), since their smaller ionic radius can better
compensate for the enlargement of the tetrahedral site induced by the
replacement of Si with Al (Hill et al, 2000). Consequently, partition
coefficients of HREEs, which are on the left side of the parabola, increase
with the increase in Al content, while partition coefficients of light and
middle REEs (LREE and MREE), which are on the right side of the parabola,
decrease slightly as the parabola shifts to the left, but increase as the
parabola becomes more open, as previously observed by Sun and Liang

(2012). Furthermore, even if it was not possible to discriminate the only
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effect of the temperature in our runs, we believe that for a constant
composition an upward movement of the parabola (e.g., APR16-C3Ac and
APR16-C2Ac, APR16-C1Ad and APR16-C2Bd; Fig. 7b) may be due to a
decrease in temperature, following the observations of Sun and Liang
(2012). Moreover, together with tetrahedrally coordinated Al and
temperature, also the undercooling (AT = Tliquidus - Texperiment) influence the
partitioning of trace element, as shown in Figure 7b. In particular, the
increase of the undercooling moves the parabola upwards as observed for
AlV content.

Tetravalent cations. The partition coefficients for Ti, Hf and Zr have been used
to obtain E, Do, and ro for the tetravalent cations. Best fits to the data yield
Do =3.35 + 1.54, E* = 2600 + 536 GPa, and ro** = 0.657 + 0.004 A (Fig. 6 and
Table 5). The inferred values for E (~1950-3100 GPa) are consistent with the
large values expected for small, highly charged cation sites (~800-2400 GPa;
Lundstrom et al., 1998; Baudouin et al., 2020). Th* and U* fall off the Ti-Hf-
Zr regression suggesting that their ionic radii (1.05 and 1.00 A, respectively)
are too large for incorporation in the M1 site (Lundstrom et al., 1998). The
ro** of the M1 site is very similar to that calculated in previous studies (ro*

~0.65-0.67 A) (Hill et al., 2000; Mollo et al., 2016, 2018; Baudouin et al., 2020).
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increase in undercooling moves the parabola upward like the Al" content, while the increase in temperature

shifts the parabola downward.

235



Chapter 3

4.2 Factors influencing trace element partitioning

As general rule, partitioning coefficients tend to decrease with the increase
of temperature (Wood and Blundy, 1997) and the effect of pressure at P <2
GPa may be negligible for trace element partitioning between clinopyroxene
and mafic melts (Sun and Liang, 2012; Mollo et al., 2016). As regards the
influence of the chemical composition, it has been observed that in Cpx the
tetrahedrally-coordinated aluminium content has a great influence on trace
element partitioning (Lindstrom, 1976; Ray et al., 1983; Hart and Dunn,
1993; Forsythe et al, 1994; Lundstrom et al., 1994; Skulski et al., 1994;
Lundstrom et al., 1998; Blundy et al., 1998; Hill et al., 2000; Wood and Trigila,
2001; Francis and Minarik, 2008; Sun and Liang, 2012; Yao et al., 2012; Mollo
et al,, 2013; Sun and Liang, 2013; Scarlato et al., 2014; Mollo et al., 2016).
Nevertheless, the magnitude of the T, P and composition effects on the
partitioning of trace elements between minerals and melts is not correctly
assessed without considering the kinetic effect.

In the literature, the few works investigating the influence of kinetics
processes on Di values are generally focused on the effect of the cooling rates
(Albarede and Bottinga, 1972; Watson, 1996; Lofgren et al., 2006; Mollo et
al., 2013) and time (Arzilli et al., 2018), showing an increase of REE partition
coefficients with increasing cooling rates or with decreasing crystallization
times and, consequently, with increasing growth rates. Thus, since growth
rates are fast at the beginning of the crystallization process and then
decrease with increasing time (Vetere et al., 2013; Arzilli and Carroll, 2013;
lezzi et al., 2014; Vetere et al., 2015; Arzilli et al., 2018; Bonechi et al., 2020b;
2020a; Bonechi, 2020), we would expect a decrease of Di values with

increasing time until equilibrium conditions are reached. As possible to see
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in this study, at static conditions (i.e., no cooling rate), Dree values seem to
increase with increasing time (Fig. 8), with Dree values calculated in long-
duration experiments higher than those calculated in short duration ones,
showing thus a behaviour apparently opposite to what would have been
expected. This is noticeable considering the group of runs APRI16-
1C/APR16-C1Ac/APR16-C2Ad (respectively 3, 6 and 9 hours long),
characterized by similar T and AT conditions and similar AI'Y and H20O
contents (Table 2 and Table S2 in Supplementary Material 2), that are the
parameters that most affect the partition coefficients. In particular, we
observed an increase in Dree values from 3 (APR16-1C) to 9 hours (APR16-
C2Ad) experiments, more evident in the right side of the three parabolae
(i.e., where the LREEs fall). Along this side, the parabolae tend to widen to
the right and upwards as time increases, as confirmed by the increase of ro
(from 1.0297 t0 1.0301 A; Table 5) and the decrease of E (from 325 to 304 GPa;
Table 5) with increasing time. Conversely, there are no appreciable
differences for the apical zone (where the HREEs fall) in the 3 and 6 hours
experiments. This variation in the shape of the parabolae makes the effect of
time on the D values stand out more clearly for the LREEs that fall on the
flanks rather than for the HREEs that fall in the apical area. Indeed, Dsree
values of the runs at 3 and 6 hours are very similar despite their different
duration, and this similarity can be explained by considering their different
growth rates. Notably, the APR16-1C run (3 hours) is characterized by a
growth rate (1.6:-107 cm s') higher than that of the other runs with the same
duration (e.g., 3-10% cm s), as a consequence of the use of natural powder
containing pre-existing nuclei as starting material, as described in the work

of . Therefore, the high growth rate of this run yields Dree
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values higher than those expected for runs at 3 hours, but similar to those
measured in the run at 6 hours (APR16-ClAc). This agrees with
observations made in previous studies (Watson, 1996; Lofgren et al., 2006),
according to which, during rapid crystal growth the less efficient rejection
of incompatible elements leads to higher D-values. Moreover, the greater
similarity in Drree than in Diree in APR16-1C and APR16-C1Ac runs is due
to their different diffusivities, that decrease as the REE size decreases
(Zhang et al., 2010), since slow-moving elements (HREE) result more
enriched compared with fast moving elements (LREE), as observed for
instance during disequilibrium growth (Arzilli et al., 2018). The increase in
Dree values with time observed in this work, which would seem to contrast
with what was observed in the literature, actually is not referable to a change
in time but rather to the different non-bridging oxygens per tetrahedrally
co-ordinated cation ratio (NBO/T; Mysen et al., 1982, 1985) of the considered
experiments, that seems to inhibit the effect of increasing time which would
tend to decrease the partition coefficient values. As stated in the literature,
melt composition affects the melt structure, and thus trace element partition
coefficients, that generally decrease with decreasing melt polymerization
(i.e., increasing the NBO/T ratio) (Mysen and Virgo, 1980; Gaetani, 2004;
Huang et al., 2006; Mollo et al., 2016; Michely et al., 2017), while in some
cases this influence seems to be negligible in comparison to the effect of
mineral chemistry (Beard et al., 2019; Baudouin et al., 2020). Indeed, as
observed by Gaetani (2004), the influence of melt structure is significantly
evident when NBO/T < 0.49. In this study, despite the NBO/T ratio varies
between 0.6 and 1 (Table 2), we observed the influence of this parameter on

REE partition coefficients. As shown in Figure 8, there is a negative
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correlation between Dree and NBO/T ratio, described by the following

equations for a representative LREE (4), MREE (5) and HREE (6) element:

NBO

Dyg = —1.54 22+ 1.72 (R? = 0.98) @),
Dguse = —2.45 x 2+ 2.73 (R? = 0.92) ),
Dpy = —454 22 + 458 (R? = 0.99) 6),

where R? is the coefficient of determination. In particular, the highest Dres
are those measured in the APR16-C2Ad run characterized by the lowest
NBO/T (0.70). The NBO/T ratio represents the degree of polymerization of a
melt and thus yields information about its viscosity (

). The lower NBO/T ratio of the APR16-C2Ad run with
respect to that of the other two runs (0.82 and 0.78 for APR16-1C and APR16-
Cl1Ac, respectively) suggests its higher viscosity. High viscosity values
imply a lower diffusion of the elements with a consequent increase of D
values due to the inability of diffusion to keep pace with the crystal growth
rate ( ). Moreover, the low NBO/T ratio calculated for the
APR16-C2Ad run can be explained by considering its higher loss of Fe (-27
% AFe; Table 2) occurred during the experiment with respect to that
occurred in the APR16-Cl1Ac and APR16-1C runs (-20 and -5 % AFe,
respectively; Table 2). This difference, that suggests a different melt
viscosity between the runs, highlights the strong influence of this latter
parameter on the partitioning of trace elements between cpx and basaltic

melt.
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Fig. 8. Plot of clinopyroxene-liquid partition coefficients for REEs vs ionic radius (A). The curves represent
the fits of the lattice strain model to %*D;i values while symbols represent measured %*'""Di values for Dy
(HREE), Eu** (MREE) and Nd (LREE) in the APR16-C2Ad (1220 °C; in light blue), APR16-C1Ac (1250
°C; in orange) and APR16-1C (1225 °C; in yellow) runs. Horizontal arrow indicates the diffusivity decrease
from LREEs to HREEs, while vertical arrow indicates NBO/T increase and viscosity decrease with
decreasing time (from APR16-C2Ad to APR16-1C). On the right side of the figure are reported plots of

partition coefficients for Dy, Eu** and Nd vs NBO/T, in which it is possible to see the negative correlation
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4.3 Deep differentiation of primitive parental K-basaltic magmas of the
CFVD
The partitioning of trace elements between crystals and melts provides an
important petrogenetic tool for understanding magmatic processes. Trace
elements in volcanic rocks tend to fractionate into specific minerals and
therefore are useful in formulating models for magmatic differentiation.
Nevertheless, phenocrysts formed in deeper magmatic reservoirs are
frequently cannibalized during their ascent in the plumbing system (e.g.,
)- In these cases, the experimental phase
assemblages obtained from high pressure experiments, as those obtained in
this study on the Campi Flegrei primitive compositions (Table 2), represent
a powerful tool to validate geochemical models. In the Campi Flegrei
Volcanic District mafic products (shoshonitic basalts, trachybasalts,
basanites and tephrites) are poorly represented with respect to the
differentiated compositions (trachyte or phonolite) that are the largest part
of the magma volume erupted (several hundreds of cubic kilometres; e.g.,
; )- This suggested that a huge volume of
magmas should be differentiated by ponding at variable depths within the
crust, producing cumulates joint to the most evolved magmas that have fed
the volcanism of the Campania Plain over the past ca. 1.8 Ma (
and references therein). A first step of differentiation has been

supposed at upper mantle-crustal boundary (i.e., at the Moho = ~25 km of

depth; ) on the basis of the results of melt inclusion
studies ( ; ), seismic data
interpretations ( ; ;

) and gravimetric and petrological modelling ( ). As
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shown in , a stage of high-pressure crystallization is also
revealed by the estimate of T-P crystallization conditions of clinopyroxenes
phenocrysts from the less differentiated CFVD products indicating
crystallization temperatures and pressures between 1140 and 1220 °C and
between 0.6 and 0.9 GPa, respectively. combining
gravimetric data with petrological modelling suggest that a first step of
differentiation of the Campi Flegrei primary magmas may occur as a result
of the underplating at the Moho level. In this deep reservoir K-trachybasalt
melts could be originated after about 30 wt% fractionation of gabbrous
cumulates. On the other hand, our experimental results along with those
reported in indicate that at pressure corresponding to
the Moho depth plagioclase has a limited role in the differentiation of K-
trachybasalts from parental APR16-like magmas. Indeed, residual melts of
trachybasalt can formed after the fractionation of 20-30% of a
clinopyroxenitic mineral assemblage (Table 2 of this study and Table 2 in

) in a range of temperature that depending on water
content (1 up to 3 wt%), varies from 1250 and 1150 °C. The role of plagioclase
in the deep differentiation process has been evaluated applying the Excel©
spreadsheet program for modeling geochemical differentiation of magma
proposed by to calculate the concentration of
selected elements in remaining trachybasaltic melts, during the fractional
crystallization of a primitive parental K-basaltic magma (Fig. 9).
Calculations were performed by using: 1) the partition coefficients
clinopyroxene/melt determined in this study and 2) a fractionate mineral
assemblage formed by clinopyroxene + olivine + plagioclase. Modelling

results indicate that significant amounts of plagioclase crystallization (>10
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wt%) did not fully reproduce the composition of CFVD trachybasalts,
particularly for the HREEs (Fig. S2 in Supplementary Material 3).
Particularly, by increasing the percentage of plagioclase in the fractionated
solid, a slight increase in incompatible elements is observed, including the
HREEs. Moreover, it is clearly seen that the increase in plagioclase fails to
model the Sr. This is a key aspect since Sr is compatible in plagioclase and
compatibles elements are much more sensitive than incompatible ones to
low degrees of fractionation. On the contrary, the fractionation of 15-26 wt%
of clinopyroxene + 2-6 wt% of olivine, according to what resulted from
crystallization experiments in which the residual melts had a trachybasalt
composition (Table 2 of this study and Table 2 in Perinelli et al., 2019), well

mimics the trace element pattern of natural trachybasalts (Fig. 9).
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Fig. 9. Primitive Mantle normalized (McDonough and Sun, 1995) trace elements patterns for primitive
basaltic (APR22; D" Antonio et al., 1999) and trachybasaltic (APR19; D’Antonio et al., 1999) rocks, and

the predicted composition of differentiated melts obtained after 20 and 28 % of fractional crystallization of
APR22 basalt assumed as primitive parental K-basaltic magma. The reported degrees of fractionation (FC)
reflect the crystallized phase assemblage and proportions determined for runs APR16-C2Ad (Cpxaz+Ole)
and AR16-C2Ab (Cpxes+Olu+Plgw) that produced trachybasaltic residual glass. The modelled
compositions were calculated by using the Excel© spreadsheet program of Lrsoy and Helvaci (2010) (see
§4.3 for details). Normalized patterns for Campi Flegrei Volcanic District basalts and trachybasalts

(D" Antonio et al., 1999a; Pappalardo et al., 1999; De Astis et al., 2004), indicated with red and green field,

respectively, are shown for comparison.
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5. Conclusions

This study provides new experimental data on trace element partition
coefficients between clinopyroxene and a K-basaltic melt, showing the
influence of temperature, chemical composition and also kinetic effects like
growth rate and order-disorder crystal growth. Particularly, the rapid
growth of clinopyroxene under disequilibrium conditions and/or in
presence of pre-existing nuclei under near-equilibrium conditions causes
less efficient rejection of incompatible elements (e.g., REEs), since
disordered crystal growth is the preferred process during the crystallization,
yielding higher Dree than those calculated in presence of lower growth rates,
generally under equilibrium conditions. Since growth rates are fast at the
beginning of the crystallization process and then decrease with increasing
time, Di values should decrease with increasing time. Therefore, the increase
in Dree values with time observed in some runs of this work is not related
to a change in time but rather to the different NBO/T ratio. The low NBO/T
ratio calculated in the run with longer duration (9 hours) is linked to its
higher loss of Fe with respect to the other run at 3 and 6 hours, pointing out
the strong influence of melt structure and thus of melt viscosity on the
partitioning behaviour of trace elements between cpx and basaltic melt.
Finally, by using the partition coefficients clinopyroxene/melt determined
in this study, geochemical data modelling applied to natural less evolved
products of Campi Flegrei Volcanic District, indicate that the differentiation
process at mantle-crustal boundary depth is controlled by fractionation of
clinopyroxene >> olivine mineral assemblage and that K-trachybasalts can
derive from parental APR16-like magmas after the fractionation of about 20-

30% of a clinopyroxenitic cumulate.
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Chapter 4

Concluding remarks

In this thesis, the investigation of the kinetic and rheological properties of a

primitive K-basaltic magma in the deep portion of the CFVD plumbing

system allowed to improve the knowledge of the pre-eruptive magmatic

processes and magma chamber dynamics, and to provide estimates of

magma residence and ascent timescales. Particularly, the following

conclusions have been drawn:

1.

248

As regards the kinetic properties (Chapter 1), at 0.8 GPa, 1170-1250 °C
and H20 < 4 wt.%, clinopyroxene growth rate results to be strongly
affected by time, with average values that vary from 107 to 10 cm-s™
from the shortest (0.25 h) to the longer-lasting (6-9 h) experiments. The
growth rates calculated in the run performed using natural starting
material with pre-existing nuclei are higher than those calculated in the
runs performed using the vitrified starting material, while the
nucleation rates show the opposite behavior with lower values for the
run containing pre-existing nuclei. These differences are due to the
structural similarities between the pre-existing nuclei and the
nucleating phases that concentrate the supply of chemical elements in
the liquid surrounding the new growing crystals, limiting in this way
the formation of new nucleation sites. At 0.8 GPa, 1030-1080 °C and H20
> 4 wt.%, the growth rate of amphibole, which is the dominant phase,
decreases from 1.5-107 to 2.9-10-% cm s with increasing time (from 0.25
to 9 h). Comparison between amphibole and clinopyroxene growth

rates provides evidence for the faster growth of amphibole with respect
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to clinopyroxene, which is due to chemical and structural similarities
between these minerals that cause a “kinetic competition”. This "kinetic
competition” and consequently the different growth rates observed for
the coexisting clinopyroxene and amphibole, could be attributed to a
different element diffusivity; however, further targeted experiments
are needed to firmly support this assumption. This competition also
explains why the growth rates of clinopyroxene calculated in the high
water content runs (H20¢ > 4 wt.%) turn out to be lower than those
calculated in the low water content runs (H20r < 4 wt.%). In fact, crystal
growth rates should be higher in the presence of high amount of water
given its depolymerizing effect on the melt. By the comparison with
growth rate data available in the literature, viscosity, composition,
undercooling and cooling rate are the factors that most affect crystal
growth rate, while pressure appears to have no influence on it. The
experimental Cpx growth rate combined with data from CSD and
thermobarometry of CFVD clinopyroxenes suggests that recharge by
primitive magmas in the deep CFVD reservoirs occurs with a relatively
high ascent rate (~0.5-10* m-s™). The estimated recharge rate (0.2-2
km3year in absence of pre-existing nuclei or 1-10 km*year™ in
presence of pre-existing nuclei) suggests that a deep reservoir of
primitive parental magma similar to those had feeding the Campanian
Ignimbrite eruption (39 ka), could be formed in a time interval ranging
from 10* to 10° years (absence of pre-existing nuclei) or 10° to 10* years
(presence of pre-existing nuclei). Moreover, in the dissolution-
crystallization experiment, the formation of overgrowth rims and new

cpx crystals with different textures and compositions suggests that
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injection of basaltic melts in a cold magma chamber may produce
crystals with inverse or oscillatory zonation. This disequilibrium
crystallization process is also related to the dissolution of pristine
crystals resident in the magma reservoir. The growth rate (1.35-10-° cm
s1) extrapolated from this dissolution-crystallization experiment,
confirms that chemical dynamic conditions favour an increase in the
crystal growth rate. Finally, the application of the calculated
experimental dissolution rates to products of Agnano-Monte Spina
eruption (4100 BP, Campi Flegrei), results in maximum cpx dissolution
time-scales of ~40 h, and that the effect of crystal dissolution may be
relevant to estimate magma residence times whether significant
dissolution occurs during magma mixing processes. Indeed, if magma
mixing is accompanied by crystal dissolution, then it is likely that most
of retrieved residence times are potentially underestimated.

As regards the rheological properties (Chapter 2), measured viscosities
(~0.3-2 Pars) along with modelled rock parameters (e.g., permeability,
porosity and mineral grain size) show that magmas underneath Campi
Flegrei are characterized by a mobility (0.3-3 g cm®Pa'ls!) and a
migration velocity (3-32 m-y™"') higher than those of basalts from mid-
ocean ridges. Moreover, despite the magma migration underneath a
volcano is usually accompanied by geophysical precursors (e.g.,
volcano-tectonic earthquakes, tremors, and deformations), these
signals alone are not enough to forecast volcanic eruptions. In this
context, the viscosity measured at the lowest pressure (0.7 GPa; ~ the
depth of deep reservoir), corrected for temperature, water and crystals

contents, was used to estimate magma ascent rate and time from the
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deep reservoir (~25 km depth) to the shallower reservoir located at ~8
km depth (path 1), and from the deep reservoir to the surface (path 2).
For both paths, it has been estimated an ascent velocity of 36 and 33 m/s
for dry and hydrous conditions, respectively. For the path 1, the magma
ascent times are in the order of 7.9 min (dry) and 8.4 min (hydrous),
while for the path 2, they are 11.7 min (dry) and 12.4 min (hydrous).

In Chapter 3, partition coefficient data derived from synthetic
clinopyroxenes in equilibrium and in disequilibrium with a primitive
K-basaltic composition from the CFVD were provided since their
usefulness in petrological and geochemical studies to better understand
magmatic processes, like fractional or equilibrium crystallization,
assimilation, and partial melting. The increase in Dree values with time
observed in some runs of this work is not related to a change in time
but rather to the different NBO/T ratio. Indeed, since growth rates are
fast at the beginning of the crystallization process and then decrease
with increasing time, Di values should decrease with increasing time.
The low NBO/T ratio calculated in the run with longer duration (9
hours) is linked to its higher loss of Fe with respect to the other run at 3
and 6 hours, pointing out the strong influence of melt structure and
thus of melt viscosity on the partitioning behaviour of trace elements
between cpx and basaltic melt. Finally, the modelling of a fractional
crystallization process of primitive parental K-basaltic magmas,
performed by using the partition coefficients determined in this study,
highlights that significant amounts of plagioclase crystallization (>10

wt.%) do not fully mimic the composition of CFVD trachybasalts,
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which, on the other hand, results to be well reproduced by the

fractionation of 15-26 wt.% of clinopyroxene + 2-6 wt.% of olivine.
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Appendix A

Table 1 Composition (wt.%) of APR16 rock sample, APR16GL starting

material, SCE and SOG rock samples.

Sample APR16 APR16GL SCE SOG
SiO2 48.89 49.30 47.62 47.78
TiO2 1.23 1.33 1.23 1.23

AlLO3 15.65 1531 1533 15.43

FeOrot 8.08 7.79 8.19 8.24
MnO 0.14 0.14 0.14 0.15
MgO 8.89 9.31 9.78 9.75
CaO 11.64 12.02 11.89 11.59
NaxO 2.88 2.86 2.69 2.83
K20 1.52 1.60 1.58 1.67
P20s 0.31 0.33 0.29 0.29
Sum 99.99 99.23 99.65 99.88
LO.IL 0.61 nd 0.26 0.28

Mgt ! 0.66 0.68 0.68 0.68

Notes: [MgO/(MgO + FeOrr)] molar, assuming all Fe?* and Fe** as FeOt. Chemical composition
of APR16 is from ; APR16GL composition is from ; SCE

from . SOG from this study.
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Tables Chapter 1.1

Table 3 Calculated growth rate values for clinopyroxene

Run# T Time HO: L (e St. dev. W tem) St. dev Glmms) St dev (cms™
0 @ (wt%) (cm) (em)

Series 1

Subseries CIA

APR16-ClAa 1250 900 161 64810 4410% ERER L 6810 250-107 28-10™
APR16-C1AD 1250 10800 233 1.17-10* 2110 5.30-10* 9.8-10-" 36410 6.810"
APR16-ClAc 1250 21600 203 13510 1510 5.86-10% 1510 2.06-10% 810"
APR16-Cl1Ad 1250 32400 185 143.10% 2.1-10% 87810 1210% 17310% 20-10™
Subseries CIB

APR16-C1Ba 1200 900 b3} 1.05-10% 1410% 48610 1610% 386107 T0-10™"
APR16-C1Bb 1200 10800 292 1.52-10* 2510 98510 2.5-10% 3.6710% 1110
APR16-C1Be 1200 21600 72 1.85-10 1610 1.50-10 4410 3.8610" 6.8-10"
APR16-CI1Bd 1200 32400 02 193.10* 2310% 132107 3910 246107 3210
Series 2

Subseries CI4

APR16-C2Aa 1220 900 152 84010 1110% 40510 9210% 324007 5210
APR16-C2Ab 1220 10800 136 10710 2310 4.04-10* 6510 3.04-10% 3810
APRI16-C2Ac 1220 21600 247 1.68-10 1310 793104 300 26710% AR
APR16-C2Ad 1220 32400 130 170-10* 1610* 922.10% 2010% 193.10* 210"
Subseries CIB

APR16-C2Ba 1170 900 161 998-10* 21-10% 42010 810 3.60-107 4610
APR16-C2Bb 1170 10800 139 1.57-10 1010 6.06-10* 3610 45210 110"
APR16-C2Bc 1170 21600 377 1.80-10" 1010 7.94.10% 3510 2.7710% &0
APR16-C2Bd 1170 32400 202 197.10* 1810* 117-10% 6.1-10% 23410 010"

295



Appendix A

Table 3 Continued
T Time H.0 St dev. St dev.
Fun # L {cm) W (cm) G (om-s") St.dev (cm-s™)
Q) @ (wt3e) (cm) (cm)
Series 3
Subseries C3d
APR16-C3Ab 1080 10800 53g10™ 5.0-10% 335010 52-10% 20110 o107
APR16-C3Ac 1080 21600 6.3 74510™ 1810 42810™ 5710 13110 25-10™
APRI16-C3Ad 1080 32400 102 4410 1710 4.26-10™ 4810 74310 410"
Subseries CiB
APRI16-C3Be 1030 21600 6.43-10™ 7810 53510 6010 13810 13-10™
APR16-C3Bd 1030 32400 33 37010 6.6-10* 5.00-10™ 3410 82410 33101

Notes: NWA natural water rock; H2Or as determined by the by-difference calculation method
(respect to the total of EMP analyses). L and W are the length and the width of the crystals. G.

is the calculated growth rate. St. dev. Standard deviation

296



Tables Chapter 1.1

Table 4 Calculated growth rate values for olivine, plagioclase, amphibole

and oxide
X T Time H.0, St. dev. - St dev. . .
Run # 1) = (W) Phase L (cm) (o) Wicm) (cmm) Giiems)  Stdeviems')
Series 1
Subseries CI4
APR16-C1Ba 1200 800 221 ol 248-10° 340" LEent 010 121-10™ 24107
Plg 138-10" 2310 g4z-10™ 9.4-10 601107 6.3-10
APR16-C1Bb 1200 10800 282 [} 2.96-10 1810™ 1.01-10™ 8.00-10™ 27-10™
Plg 1.78-10" 40107 823-10™ 360-10" 22-107
APR16-C1Be 1200 21600 2n Plg 1.95-10" 3110 9.98-10™ 8.5-10™ 3.23-10" 37-107
Ox 1.41-10" 1810 1.06-10 2.83-10" 34107
APR16-C1Bd 1200 32400 202 Ol 22810 5310 12710 263-10™
Plg 782-10" 2210 271-10 71110
Ox 187107 2410 L3410 26210
Series 2
Subseries C24
APR16-C2Aa 1220 900 192 0ol 44710 5410 27510 4110 1.9510" 23-107
APR16-C2Ab 1220 10800 136 ol 1.48-10 4510 6.89-10™ 46710 12-10
Plg 435610 7.0-10% 20310 141107 22-10™
APR16-C2Ac 1220 21600 247 ol 14910 20-10% 11810 1110 30710 30-107
Plg 33610 1110™ 13510 1310 536 10™ 9.7-10"
APR16-C2Ad 1220 32400 130 o] 13510 2510 13410 2010 222°10™ 16107
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Table 4 Continued
Run# T Timery HO Phase L{em)  Stdev(em) Wim) Stdev(em) Gi(ems) St dev(cms?)
0y (%)

Subseries C28

APRI6-C2Ba ue s 161 Pl 214107 4310%  85710%  1000% 795107 10107

APRI.C2Bb 170 10800 139 Ol e7810% 76107 B4410% 57109 421107 30107

APRI6.C2Be 10 21600 37 Ol 13910%  2510% 112109 1810% 28810 45107
Pl 41010% 16107 190107 1L10% 64610 24107

APRI6.C2Bd 170 32400 202 o L1810%  9710% 104107 171-10% 11107
Pl 15910 000 75010% 1.6610™ 12107

Series 3

Subsertes C34

APRIGC3Ab 108 10800 Amph  25910%  6810%  75010% 2010 64510% 1410"

APRIGC3AC 1080 21600 65 O 45210 B410% 215107 4910% 72110 74107

APRI6-C3Ad 1080 32400 102 Amph 32610 1310 4110 29910 1010™
ox  30910% 8710 110e 434107 510"

Subseries C38

APRIGC3Be 103 21600 Amgh 19010 25104 67710 263-10% 18107
O §6810%  1040% 80010 193-10% 23107

APRI6-C3Bd 1030 32400 823 Amh 33210 6090% 104107 2940%  28610” 4010™
Ox 1.53-10" 2710 142:10" 2610 228-10 40-10™

Notes: NWA natural water rock; Ol olivine; Plg plagioclase; Amph amphibole; Ox oxide. H:2Or as
determined by the by-difference calculation method (respect to the total of EMP analyses). L and W
are the length and the width of the crystals. Gu is the calculated growth rate. St. dev. Standard

deviation.
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Table 1 Composition (wt.%) of APR16 rock sample and APR16GL starting

material.

Sample APR16 APR16GL
SiO2 48.89 49.30
TiO2 1.23 1.33
ALO3 15.65 15.31
FeOrot 8.08 7.79
MnO 0.14 0.14
MgO 8.89 9.31
CaO 11.64 12.02
NaxO 2.88 2.86
K20 1.52 1.60
P20s 0.31 0.33
Sum 99.99 99.23
LO.L 0.61 nd
Mg# ! 0.66 0.68

Notes: [MgO/(MgO + FeOut)] molar, assuming all Fe?* and Fe* as FeOuwt. Chemical composition
of APR16 is from ; APR16GL composition is from
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Tables Chapter 1.2

Table 3 Calculated growth rate values for clinopyroxene

Run # AOMV Time (s) %MM,V L (cm) mm.omw,\. W (cm) mm.am%. G (cm-s™) w%m,_\v
APRI6-N

APR16-3B 1225 600 1.77 155109 6.3-10%  9.00-10%  1.4-10% - -
APR16-1C 1225 10800 0.96 437-10% 5910 27010 6510  1.59:1077 3.0-10%
APR16-35 1225 21600 1.70 4.64-10 1.510% 28310  5810%  8.34-10% 1.9-10%
APR16-2B 1225 43200 2.13 6.01-10% 2.0-10% 41610  8.0-10% 5.76-10 1.4-108
APRI6-CIA

APR16-ClAa 1250 900 1.61 6.48-10% 4410  3.13-10%  6.8:10%  2.50-10" 2.9-10%
APR16-C1Ab 1250 10800 233 1.17-10%  2.1-10% 53010  9.810-%°  3.64-10% 6.8-10°
APR16-C1Ac 1250 21600 2.03 1.35-10 1510  586-10%  1.510%  2.06-10 2.8-10%
APRI16-C1Ad 1250 32400 1.95 1.43-10% 2,110 87810  1.2-10% 1.73-10%% 2.0-10%
APRI16-C24

APR16-C2Aa 1220 900 1.92 8.40-10 L1109 4.05-10% 9210  3.24.1077 5.2-10%
APR16-C2Ab 1220 10800 1.56 1.07-10% 23109  4.04-10% 6510  3.04-10 3.9-10
APR16-C2Ac 1220 21600 2.47 1.68-10 1310  7.9310%  3.010%  2.67-10% 5.1-10%
APR16-C2Ad 1220 32400 1.30 1.70-103 1610  922.10%  2.0-10% 1.93-10%8 2.2:10%

Notes: NWA natural water rock; H:Or as determined by the by-difference calculation method (respect to the total of EMP analyses). L and W are the length and the
width of the crystals. Gu is the calculated growth rate. St. dev. Standard deviation
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Table 4 Calculated nucleation rate values for clinopyroxene.

Run # T (°C) Time (s) Ln ng (mm™) ny (mm*) J (mm?sT)
APRI6-N

APRI6-1C 1225 10800 19.6 3.25108 517102
APR16-35 1225 21600 17.86 571107 4.7610'
APR16-2B 1225 43200 18.02 6.70-107 3.8610!
APRI6-CIA

APR16-ClAa 1250 900 2578 1.57-10" 3.93-10°
APR16-C1Ab 1250 10800 26.84 4.53-10" 1.65-10°
APR16-C1Ac 1250 21600 24.8 5.90-10" 1.21:10*
APR16-C1Ad 1250 32400 25.05 7.57-10" 1.31-10*
APRI6-C24

APR16-C2Aa 1220 900 224 5.35-10° 1.85-10*
APR16-C2Ab 1220 10800 24.13 3.00-10" 1.32-10*
APR16-C2Ac 1220 21600 23.09 1.06:10" 2.96:10°
APR16-C2Ad 1220 32400 23.13 1.10-10" 2.1310°

Notes: Ln no is the natural logarithm of nucleation density, no is the nucleation density and ] is the

nucleation rate. Nucleation density and rate were calculated trough the equations: no = exp(In(no))

and ] =no*G, respectively. Ln no as derived by CSD Corrections 1.6 program (

Data for APR16-C1A and APR16-C2A from

).
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Tables Chapter 1.3

Table 1 Composition (wt%) of APR16 rock sample and APR16GL starting

material

Sample APR16 APR16GL
SiO, 48.89 49.3 (0.46)
TiO, 1.23 1.33 (0.03)
ALOs 15.65 15.31 (0.14)
FeOyo 8.08 7.79 (0.13)
MnO 0.14 0.14 (0.05)
MgO 8.89 9.31(0.07)
CaO 11.64 12.02 (0.09)
Na,O 2.88 2.86 (0.05)
K,O 1.52 1.60 (0.02)
P,0s 0.31 0.55(0.02)
Total 99.23 99.31 (0.29)¥
LO.IL 0.61 -

Mgt * 0.66 0.68

*[MgO/(MgO+FeOwr)] molar, assuming all Fe? and Fe** as FeOrr. Chemical composition of APR16

is from

; APR16GL composition is from

. YFor APR16GL

the analysis is normalized to 100 but the original total is reported. Standard deviation is reported

in parenthesis.
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Table 3 Growth rate calculations for amphibole, clinopyroxene and oxide.

Run# TeC Time (s) H.OMwt%) Phase L (em) W (cm) G (s’ G St dev (cm's")
APRI6-C3A
APRIG.CIAn 1080 200 Amph 42610 150-10% 134107 002107
) Amph 25810 75010 64510 14010
APRIGCIAL 1080 10800 13
Cpx 53810 3.5010% 20110 0.07-10%
APRIG-C3Ac 1080 21600 65 Cpx 745-10% 42810 131-10% 0.25-10%
Amph 32610% 11610 29910 100104
APRIG-CIAL 1080 32400 102 Ox 3.0810" 25710% 434107 15010
Cpx 54410 426 10% 743107 0.84-10”
APR16-C3B
Amph 150-10* 67710% 26310 0.18-10%
APRIG-C3Be 1030 21600 Ox 26310 8.00-10% 193-10% 023-10%
Cpx 64310% 55510 13810% 013104
Amph 332107 10410 28610 040-10%
APRIG-C3Bd 1030 32400 83 Ox L5310 14210 22810 040-10%
Cpx 570-10% 50010% 82410% 03310

Notes: Hz0r as determined by the by-difference calculation method (respect to the total of EMP

analyses). L and W are the length and the width of the crystals. Gu is the calculated growth rate.

St. dev. Standard deviation. Growth rate data of Cpx and Ox from Bonechi et al. (2019). Amph =

amphibole; Cpx = clinopyroxene; Ox = oxide minerals.
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Tables Chapter 1.3

Table 4 Electron-microprobe analyses and crystal-chemical formulas of

amphibole crystallized in the experimental runs.

_dmphibole

R # C3Aa C3Ab C3Ad C3Ba  C3Bb  C3Bc C3Bd

B S A N WS A A A N VA N A N M
Si0. 4507 4201 4200 4636 4242 4077 4285 4075 4743 4705 4LI3 4079 4365 51 4045
TiO. 219 230 137 177 168 258 172 192 122 119 397 am 2383 212 2125
ALO, 1427 1438 1477 1317 1361 1424 1396 1342 1406 1408 1377 1298 1773 1495 1393
Fe0 756 1002 1055 878 72T 843 930 769 915 836 1086 980 T 1002 9l
MnO 0.16 011 014 018 0.16 011 014 012 012 013 015 013 011 009 015
MeO 1346 1338 1328 1035 1416 1475 1474 1603 1085 1182 1216 1412 1055 1376 1454
Ca0 1230 1176 1121 1037 1148 1148 1208 1166 1181 1206 1173 1244 118 1185 11388
Na.0 226 233 249 1.93 257 226 127 212 199 1.80 1.74 1456 173 231 232
K0 120 141 138 161 141 134 126 13 135 16 140 12 132 120 108
P.0s 017 0.10 012 033 0.03 000 0.03 0.00 0.16 012 014 0.00 0.05 007 0.00
Total: %903 9901 9860 OTIT 9780 9611  SES3 9531 9813 9843 GRED 0695 9790 9009 9579
Mg# 0.76 07 069 068 078 076 074 079 068 07 067 072 070 07 074
Al pn e 02 077 045 03 088 073 046 040

Mg- Me- Me- Mg Mg Me-

Species Ed Hs Par Hb Par Mg-Hs Par Hs Ed Ed Hb Hs Par Par Hs
Mg# = [MgO/(MgO+FeO)] molar ratio, assuming FeO = FeOuwt AmPMiaKpremg

(FeO/MgO)Amph/(FeO/MgO)liq calculated according to Putirka (2016). Abbreviations: Ed

edenite; Mg-Hb = magnesiohorneblende; Par = pargasite; Mg-Hs = magnesiohastingsite.
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Table 4 Continued
Run# C3Aa C3Ab C3Ad C3Ba C3Bb C3Bc C3Bd
Amph  Amph  Amph  Amph  Amph  Amph  Amph  Amph  Amph  Amph  Amph  Amph  Amph  Amph  Amph
1 2 3 4 1 2 1 2 1 1 1 2 3 1 2
Si 65135 61538 6.1313  6.8240 6.1432 6.0546 62040 6.0645 69403 6.8395 62312 6.0893 63582 6.1477 6.0341
Al 14865 1.8462 1.8687 1.1760 1.8568 19454 17960 19355 10597 11605 17688 19107 16418 18523 19659
Ti 0.0000 0.0000 00000 00000 00000 00000 00000 00000 00000 00000 00000 00000 00000 0.0000 0.0000

SumT  8.0000 80000 80000 80000 80000 80000 80000 8.0000 80000 8.0000 80000 8.0000 80000 8.0000 8.0000

Al 09385 0.6358 06727 14447 (.8093 05476 05850 04181 13645 12581 0.6286 03727 14021 0.6967 04828
Ti 02378 02536 02825 01951 02914 02880 01873 02149 01340 01301 04415 04169 03096 02311 02530
Cr 00000 00000 00000 00000 00121 00112 00000 00141 00000 00000 00000 00163 00101 00000 0.0079
NitZn 00000 00000 00000 00000 0008 00057 00000 00042 00000 00000 00000 00007 00030 00000 00025
Fe® 00000 04210 03449 00000 02310 04184 03474 05093 00000 00000 02715 03492 00000 03430 04641
Mz 28924 20656 28800 22623 30560 32663 31805 35603 23671 25615 26790 31428 22012 29666 32323
Fe* 09120 0.8063 00432 10760 (.6499 06284 07789 04479 11200 10406 10708 0.8870 09706 0.8695 0.6724

Mn 00193 00134 00167 00220 00191 00140 00172 00146 00144 00160 00184 0.0164 00133 00109 00183

AC 00000 00957 01490 00000 00696 01796 00963 0.1835 00000 00000 01097 02021 00000 0.1178 01333
Ca 19009 18449 1733% 14286 17820 18204 18736 18165 18520 18784 18360 17979 18503 18356 18667
Na 00891  003%4 00971 03714 (1484 00000 00300 00000 01480 01216 00344 00000 01497 00466 00000
Ca 00000 00000 00000 00000 00000 00057 00000 00428 00000 00000 00000 01913 00000 00000 00319
Na 05330 06012 06079 01780 05724 06504 06080 06409 04163 03857 04626 04215 03375 06006 06707
K 02226 02640 02368 03005 02607 02544 02320 02557 02524 03004 02629 02453 02460 02210 02063

SumA 07555 08652 08647 04785 08330 09106 08399 09395 06687 06861 07255 08581 05835 08216 09089

OH 13022 10182 14826 12023 15369 14759 16218 13818 09066 10840 11966 12892 11766 1.5643
F 01040 04335 00286 00209 00000 00000 00572 00000 00000 00000 ©.0925 0.0000 0.0000 0.0000
cl 00098 0.0047 00074 00109 00000 00000 00000 00000 00000 00000 00055 0.0000 0.0000 0.0000
o 03840 03236 04814 07659 (4631 05241 03209 04182 10934 09160 07054 07108 08234 04357
sumW 20000 20000 20000 20000 20000 20000 20000 20000 20000 20000 20000 2.0000 2.0000 2.0000

AMFORM (an excel worksheet for amph-formula calculation developed by Ridolfi et al., 2018)
formula (apfu) reports the final formula calculated from the corrected composition. Fe*, + Fe?,
WO? and WHO" values are according to the default method (eq. 3 and 4c; Ridolfi et al. 2018). AC

represent the total content of Fe?, Mg and/or Mn that is located in B.
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Table 5 Crystal size and estimated crystallization time for natural

amphibole and clinopyroxene from the Oligo-Miocene Capo Marargiu

Volcanic District (Sardinia, Italy; ).
ROCKTYPE SAMPLE MINERAL SECTION L (cm) GROWTH RATE (cm-s1) CRYSTALLIZATION TIME (yr)

Amph ~ (001) 1340 29-10% 146
CM40.1 7.4:10% 162

Type 2 Cpx ~(110) 0380
2.0-10° 0.60

Enclaves

M4l Amph ~ (001) 1.860 29-10° 203
74-10° 5.89

CM42 Type 1 Cpx ~(001) 1375
2.0-10% 218
Crystal clots E1 Amph ~(110) 2855 29-10% 312
Crystal clots E7 Amph ~ (010) 2.700 29-10% 205
Crystal clots CM4TB Amph ~ (110) 1505 29-10% 165
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Table 1 Composition (wt.%) of APR16 rock sample, APR16GL starting

material and cpx Ves.

Sample APR16  APRISGL  Cpx Ves*
Si02 48.89 4930 (0.46)  53.27(0.33)
TiO: 1.23 133(0.03) 0.0 (0.03)
ALO; 1565 1531(0.14)  2.19 (0.13)
FeOut 8.08 779(0.13)  3.36 (022)
MnO 014 0.14(005)  0.08 (0.0
MzO 880 931(0.07)  16.79(0.17)
Ca0 1164 12.02(0.08)  24.63 (0.18)
Nax0 2.88 286(0.05)  0.14 (0.01)
K0 1.52 1.60 (0.02) -
P10s 031 0.55 (0.02) ;
Cn0s . - 027 (0.14)
LOL 0.61 -

Total 99.23  99.31 (0.20)F 101.39
Mg#! 0.66 0.68 0.89

TL (°C) 1280 1290

Wo 43
Ex 46
Fs= 6

[MgO/(MgO+FeOrt)] molar, assuming all iron as FeO. APR16 composition from D’ Antonio et al.

(1999); APR16GL composition from Perinelli et al. (2019). Compositions are normalized to 100.

Standard deviation is reported in parenthesis. *Representative analysis of cpx from this study.

Abbreviation: Cpx clinopyroxene; Wo wollastonite; En enstatite; Fs ferrosilite. T liquidus

temperature (Perinelli et al., 2019).
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Table 3 Clinopyroxene dissolution rates.

Run# P (GPa) T(°C) Tmme(s) Ar(cm) An(cm) Dissolution rate (cms?)  St.Dev. (cms!)
APR16-D1Aa 08 1330 1800 0.014 0.018 7.89-10¢ 1.60-107
APR16.DIA 08 1330 3600 0.023 0.072 6.11-10¢ 2.00-107
APR16-D1Ab 08 1300 7200 0.016 - - -
APR16-D1% 2 1370 4 0.078 - 1.73-102 3.20-10%

Ar clinopyroxene dissolution distance calculated by subtracting the final clinopyroxene length
from the initial length (both measured under scanning electron microscope). Ar: is calculated by

using Eqn. (3) reported in the text. St. Dev. standard deviation. *melting rate of cpx seed.

Table 4 Effective binary diffusivities (102 m? s!)

Run# T (*C) P (GPa) Time (5) TiO:  ALO: MgO Ca0 Nax:0 K0
APR16-
DiAa 1350 08 1800 - 39 57 18.1 69 54

a2 22 3D a8 147

APRI16-

DiA 1350 0.8 3600 165 18.8 209 364 277 253

24 (18 (13 (3D 23 (18

Diffusivities values are the mean of the values measured along three different profiles for each

run. St. deviation is reported in brackets.
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Table 5 Experimental conditions and dissolution-crystallization of steps of

the APR16-D1Ab experiment.

Experimental conditions

Starting material

Cpx seed (a low pressure cpx from 1944 Vesuvius eruption) — APR16
(powdered natural rock with restitic cpx+ol)

Pressure 0.8 GPa
Temperature 1300=C
Powder/cpx seed weight ratio 0.59
Estimated liquid 1p. of
APR16+cpx seed bulk composition 1384 =C
(Mg# = 0.83)*
Total duration 2h
Timing of experimental processes
Time cpx seed APRI6 powdered rock
L} Instability of the cpx seed Dissolution + restitic cpx crystals
Cation diffusion
in the melt iz Crystallization of the core + mantle
. . limited and does of group 2-new cpx (~10 um) in
~05h group pE 1
f1 Dls?:}og.:twn of not change the local equilibrium with the APR16
~HHe em APR16 composition (Mg# ~0.68)
composition
Cation diffusion produces progressive change of APR16 composition
(Mg# changes from ~0.63 to ~0.80)
& —15h Overgrowth rims develop on 1)
End of cpx seed dissolution and group I-new cpx cores and on )
formation of the overgrowth rim restitic APR16-cpx.
Formation of new unzoned cpx
1) ~70 pm-thick of rims developed
a quench ~30-um-thick cpx seed rim on both type of zoned new cpx;
developed 2 unzoned new cpx have reached a
maximum size of ~200 pm

Notes: * the APR16+cpx seed bulk composition has been calculated on the basis of the powder/cpx

seed ratio. Liquidus temperatures are determined by the MELTS code (

)
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Online Resource 1

PC cell assembly a)
|:| Fluorite cvlinder (CaFs)
. Graphite farnace
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1mm b)
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Fig. S1. Sketch of the experimental assembly in the piston cylinder apparatus (a) and in the Paris Edinburgh

press (b). In (a) the zoom-in shows the position of the cpx seed inside the AuzsPd2s capsule.

Fig. 2. Radiographic photomicrograph of the APR16-D1 run in which it is possible to observe the cpx seed

APR16GL
starting
material

(indicated in green) before the experiment.
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Fe0 73

bas ©10)
et}

D1Ab_T2

Starting cpx seed Cutting plane

NZ
L
L
W,
CLlmm) Wimm) Z(mm)  Limm) Wimm) ar(mm)
232 219 143 216 203 0.16

Bottom

Fig. S3. Backscattered image of APR16-D1Ab run. Polished cpx seed is indicated in green. Inside the
cpx seed the crystallographic axes are reported (a in red, b in green, c in blue) following the orientations
showed by the upper-hemisphere projections (inset in the upper side of the figure). As possible to see from
these projections the polished surface is approximately perpendicular to the c-axis (001). In the figure the
profiles along which we measured the variation of the major elements concentration in the melt are
indicated with white lines. An example is reported in the insets on the right, where the concentration
profiles of MgO and CaO are shown. In this run, since it represents a finite geometry, diffusion
coefficients are not measured. Finally, in the lower left part of the figure is reported a cartoon showing the
sizes, the placement, and the orientation of the seed before and after the experiment. The table reports the

initial (i) sizes, the final (f) sizes and the difference between them (Ar). Cartoon not in scale.
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Cpx seed

Cpx seed

Cpx seed

Cpx seed

Glass

50 ym 50 ym

D ——— L c———
500 UM D1Aa 1350°C 0.5h 500 pm D1A 1350 °C 1h

Fig. S4 Backscattered photomicrograph of the experimental runs: a) APR16-D1Aa (1350 °C, 0.5 h) run;
b) APR16-D1A (1350 °C, 1 h) run; cpx clinopyroxene, ol olivine, ox oxide. The red rectangle shows an

enlargement of the interface crystal-melt.

a) 10.5 D1Aa o traverse 1 b) 12 D1A otraverse 1
O traverse 2 Otraverse 2
xX ® be ' Crack
CE) 9.5 g 10 “
=) =)
= =
8 1 1 1 1 1 1 1 ) 8 L . L 1 L L J
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400
Distance (um) Distance (um)

Fig. S5 Diagrams showing the absence of convection in the runs of this study. a-b) MgO concentration
profiles for the APR16-D1Aa (a) and APR16-D1A (b) runs; four traverses were measured across the
sample section. Coloured dashed lines indicate the presence of cracks along the traverse 3 in D1Aa run (in

green) and along the traverse 4 in D1A run (in yellow).
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Group 2-new cpx  D1Abrn

mek inclusion

Group 2-new cpx  D1Abrun

El
&
<
Hl
&

14

300 305 31% ‘a|5 320 325 3 260 270 280 250 300

istance (ym) Distance (pm)
—+—DiAbglass  —=—D1Ab" glass

—8—D1Ab" glass —+—APR 16 composition

—$—APR16 composition  —e—D1Ab glass:

Fig. S6. Variation of »"uKpr.mgas a function of distance (um) from core to rim in group 2-new cpx. The

green area represents the equilibrium range according to Putirka (2008), while the red dotted lines indicate

the mean equilibrium range of 0.28+0.08 (Putirka 2008). Partition coefficients were calculated using the

APR16-D1Ab and APR16-D1Ab* glasses and the APR16 composition.
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Online Resource 3

Table S1 EPMA analyses of cpx, glass, olivine and oxide of the experimental runs

Clinopyraxene

APRI6D1A2 APRIGDIA APRIGDIAb
Cpiseed StDev.  Cpuseed  StDev. Cprseed  StDev. Cpiseedrim St.Dev. Newcps StDev. NewCpucore StDev. NewCprim  StDev. NewCpicore St.Dev. NewCpimanfle StDev. NewCpitim  StDev.
Unzoned Group 1 Group 1 Group2 Group 2 Group 2

4 ) 4 [ 6 § § 5
50, 280 048 5351 021 047 066 5082 0.2 4948 063 5121 079 3146 012 4920 050 014 017
TiO; 042 003 029 002 009 0.13 032 003 07 011 040 011 052 011 082 o 031 003
AlO; 238 007 143 002 049 075 134 0.13 14 065 503 080 146 081 654 056 581 024
Fe0 33 008 313 008 065 080 225 009 417 035 254 027 i 017 in 042 265 008
MnO 008 002 008 002 003 003 007 001 0.0 002 009 002 0.13 002 01 002 005 003
M0 671 031 1708 013 033 052 1644 044 101 1649 030 063 1548 055 1589 007
ca0 ne 017 BN 016 034 048 238¢ 026 032 2313 042 049 2128 018 264 011
Na0 01 004 0.08 001 006 007 023 004 003 030 006 005 044 004 039 0.0
K0 oot 00 0.00 001 000 000 002 001 000 001 001 000 001 000 001 0.00
Cry0s 040 00 02 003 002 006 020 016 020 023 017 007 0.68 010 031 010
Total 100.00 9935 947 9928 9836 9947 9944 9864 987 98.40

090 091 090 083 093 088 092 089 088 091

026 001 024 001 038 002 025 oot 025 001 049 003 028 001 040 002 044 00 031 001

044 003 029 001 028 001 036 004 033 001 046 002 031 003 033 001

Wo 43 47 47 9 4 % 8 4“4 I 8
En 47 8 4 8 4 4 8 50 47 4
Fe 5 5 5 3 4 7 4 6 7 5

Mg#= [MgO/(MgO+FeO,,)] molar, assuming all iron as FeO

St. Dev. standard deviation
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Table S1 Continued

Olivine Oxide
APR16-D1A APRI16-D1A
Ol core rim
2 St. Dev. 3 St. Dev. 2 St. Dev.
Si0, 42.58 0.13 SiO, 0.09 0.02 0.30 0.26
ALO; 0.08 0.02 TiO, 0.26 0.09 0.23 0.18
FeO 6.27 0.28 ALO; 1.69 0.35 1.75 0.72
MnO 0.17 0.01 FeO 33.39 2.97 71.97 2.11
MgO 50.60 0.11 MnO 0.17 0.01 0.14 0.01
CaO 0.54 0.07 MgO 56.33 2.76 14.09 1.25
CaO 0.07 0.01 0.28 0.07
Cr,04 0.05 0.03 0.08 0.03
Total: 100.38 Total: 92.88 88.84
Fo 93
O Dre g 0.17 0.03

St. Dev. standard deviation

o_,__n__cu:«zw = Fe, xMg;/Mg, ¥ Fey; (calculated assuming all Fe as Fe** in both phases)
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Table S2 Clinopyroxene dissolution rates of previous works present in literature

P(GP) T(C) TIL(°C) AT(C) Time(s) Ar(cm) Dissoltion rate (cms)

Brearley and Scarfe (1936) 0.3 1250 1225 25 1800 0.004 22210
05 1250 1225 25 3600 0.004 11010
05 1250 1225 25 7200 0.012 16716
05 1300 1225 75 1800 0.007 389-10°%°
0.5 1300 1225 75 3600 0.02 5.56-107%%
0.5 1300 1225 75 7200 0.034 17210
12 1300 1273 25 3600 0.001 278107
12 1300 1275 25 7200 0.001 13910
12 1350 1275 75 1800 0.003 1.67-10°°
12 1400 1273 125 600 0.006 1.00-10°
12 1400 1275 125 1200 0.012 1.00-10%
12 1400 1275 125 1800 0.015 83310
12 1400 1275 125 3600 0.019 52810
3 1450 1390 60 600 0.003 5.00-10%
3 1450 1390 60 1800 0.001 5.56-107
3 1450 1390 60 3600 0.005 13910
3 1450 1390 60 7200 0.006 833107
3 1500 1390 110 600 0.015 250-10%
Zhang et al. (1989) 105 1303 1253+ 52 1190 0.004 9.55-10°
105 1303 1253+ 52 590 0.0026 202108
13 1363 1273+ 9 1780 0.0142 7.98-10°%¢
215 1375 1370% 5 1810 0.0056 3.09-10°%¢
Van Orman and Grove (2000) 13 1350 9250 0.0127 137107
1 1350 3600 0.0178 19410
13 1450 1000 0.0358 3.58-10%
Chen and Zhang [2009) 0.47 1271 1251% %0 1807 0.0037 20510
093 1362 1270% 7} 732 0.0049 6.69-10°
142 1446 1337+ 109 732 0.0158 109
0.47 1321 1231% %0 613 0.0067
095 1394 1270+ 124 733 0.0138
19 1422 1400+ 2 494 0.0044 891-10°%°
142 1368 1337+ 31 732 0.0031 12310
047 1236 1231% 5 2404 0.0011 1581077

A F iz the difference between the nominal ternperature of the runs and liquidus ternperature [ 7).
=7 | has been calculated by using MELTS software [Asimow and Ghiorso 1398, Gualda et al. 2012)
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Table S3 Compositions and liquidus temperature of the bulk starting materials formed by APR16/APR16GL + cpx Ves, as

calculated for each experiment. Tliquidus of compositions of APR16-D1Ab and APR16-D1Ab* are also reported.

Sample

APR16-D1A" APR16-D1Aa* APR16-D1Ab°

APR16-D1Ab  APR16-D1Ab*
(APR16GL+cpx Ves) (APRI16GL+cpx Ves) (APR16+cpx Ves)

SiO,
TiO,
ALO;
FeO,y
MnO
MgO
CaO
Na,O
K;0
P,0s

Mg#

T jiquiaus at 0.8 GPa (°C)

49.48 49.42 50.67 49.86 45.87
1.28 1.30 0.90 1.22 1.08
14.65 14.85 10.20 15.09 14.01
7.58 7.64 6.25 5.01 5.28
0.14 0.14 0.12 0.15 0.12
9.68 9.57 12.09 9.26 11.26
12.64 12.46 16.91 14.31 18.09
2.72 2.76 1.77 3.09 2.57
1.52 1.54 0.91 1.63 1.33
0.31 0.32 0.19 0.39 0.40
0.69 0.69 0.78 0.77 0.79
1316 1315 1384 1326 1332

§ The recalculated composi

ions of starting materials take into account the powder/cpx seed ratio as reported in the Table 2. 7'jiqiqus at 0.8 GPa

of the calculated compositions were estimated by MELTS program (Asimow and Ghiorso 1998; Gualda et al., 2012)
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Compositional profiles in the glass
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Fig. Al1. Compositional profiles of run APR16-D1Aa (1350 °C, 0.8 GPa, 0.5 h). The vertical axes are
major oxides concentrations in wt.%. The horizontal axis is the distance from the clinopyroxene seed to

the surrounding glass. Dashed vertical lines indicate the clinopyroxene-glass interface.
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Fig. A2. Compositional profiles of run APR16-D1A (1350 °C, 0.8 GPa, 1 h). The vertical axes are
major oxides concentrations in wt.%. The horizontal axis is the distance from the clinopyroxene seed to

the surrounding glass. Dashed vertical lines indicate the clinopyroxene-glass interface.
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Fittings to the compositional profiles
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Fig. A4. Fittings to the compositional profiles of run APR16-D1Aa (1350 °C, 0.8 GPa, 0.5 h). We
corrected the values along the cracks, and we performed the calculation using the mean values of the

profiles.
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Fig. A5. Fittings to the compositional profiles of run APR16-D1A (1350 °C, 0.8 GPa, 1 h). We

corrected the values along the cracks, and we performed the calculation using the mean values of the

profiles.
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Table S1 Chemical composition of synthetic basalts from this and previous studies

APR16 (natural rock) APR16 (glass) MORB (Sakamaki et al. 2013) Agee (1998) |ontani and Maeda (2001)| de Grouchy et al. (2017)
Si0, 4889 4876 51.70 4940 5181 48.80
[ TiO- 123 132 - 143 - -
A0, 1565 15.15 1580 1559 1595 1470
FeO 808 770 9.90 9.03 997 -
MgO 8.89 9.21 8.10 8.50 7.86 10.20
MnO 014 013 - 017 - -
Ca0 1164 1189 1150 1086 1169 2270
Na,O 288 283 250 31 272

K0 152 159 - 011 -

PO, 031 032 - 028 -
Lu,0, - - - - - 360
LO. 061 -

[ Total (wi%) 99.84 98.91 99.50 98 48 100.00 100.20

Table S2 Experimental conditions and result of viscosity measurements in this study.

Run P (GPa) | T(°C) | sphere material | sphere diameter (mm) fp.s. terminal velocity viscosity (Pa-s)
APR16-PE3_top 07 | 1440 Pt 0.0867 23 0.0507 1.118(20.083)
APR16-PE3_bottom 07 | 1335 Pt 01122 21 0.0507 1.756(:0.009)
APR16-PE2 14 | 1440 Pt 01326 21 0.0825 0.481(20.065)
APR16-PET 23 | 1600 Pt 0.0952 21 0.0848 0.206(:0.075)
APR16-PE7 37 | 1650 Pt 0.0510 21 0.0383 0.147(0.058)
APR16-PEG 56 | 1835 Pt 0.0833 50 0.1500 0.432(20.018)
APR16-PES 7 2000 Pt 01137 50 02320 0.333(20.022)

Table S3 Experimental conditions of melt structure measurements in this and previous studies.

Run P(GPa) | T(°C) | T-Olength(A) | T-Tlength (A) | 2" T-Olength () | T-O-T(%)
APR16-PE1 23 1600 165 3.08 4.05 137.92
APR16-PE7 45 1650 167 3.23 428 150.51
APR16-PEG 54 1835 167 317 4.07 143.28

Sakamaki et al. (2013)

MOR basalt™ 19 1527 167 3.20 420 14670
MOR basalt™ 4.3 1627 165 315 424 14532
MOR basalt™ 55 1727 170 310 412 13150

de Grouchy et al. (2017)

AnD_Amb1 00 17 162 - - -
AnD_A1b 08 1297 1.58 - - -
AnD_A2b 24 1397 161 - - -
AnD_A3b 35 1447 1.59 - - -
AnD_Adb 48 1497 1.59 - - -
AnD_ASb 65 1597 1.60 - - -
AnD_A6b 80 1797 161 - - -
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Table S4 Chemical composition of experimental runs

APR16-PE1 (o] APR16-PE2 a APR16-PE3 a APR16-PE6 a APR16-PET a

Si0; 52.06 0.80 49.73 0.57 52.55 0.43 50.26 0.36 49.39 0.01
TiO, 1.03 0.12 1.35 0.06 1.27 0.12 1.29 0.07 1.43 0.02
Al,O5 19.30 0.44 17.75 0.33 19.78 0.42 15.55 0.03 16.50 0.03
FeO 2.80 0.04 8.44 0.36 8.36 0.46 6.13 0.03 7.08 0.02
Mg0 4.17 0.22 5.29 0.43 1.78 0.21 8.96 0.10 9.00 0.06
MnO 0.09 0.01 0.14 0.04 0.14 0.06 0.17 0.02 0.14 0.01
Ca0 6.81 0.23 8.85 0.35 8.01 0.72 11.91 0.09 8.82 0.02
Na,0 4.59 0.12 3.94 0.1 4.46 0.18 2.94 0.10 3.35 0.09
K,0 2.77 0.12 2.38 0.22 2.42 0.17 1.63 0.05 2.14 0.10
P>0s 0.17 0.02 0.45 0.06 0.40 0.03 0.30 0.03 0.44 0.02
Total (Wi%) 93.79 98.32 99.17 99.13 98.29

Note: o is the standard deviation
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Supplementary figures
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Fig. S1. Portion of the total alkali (Na20+K20) vs silica (SiO:) diagram (TAS, Le Maitre et al., 2002),

illustrating the composition of the APR16 K-basalt (this study) and those of the basalt of Sakamaki et al.

(2013), Ohtani and Maeda (2001) and Agee (1998). Green diamonds indicate volcanic products from the

Campi Flegrei Volcanic District, while the orange ones tholeiites (GEOROC database; http://georoc.mpch-

mainz.gwdg.de/georoc/Start.asp).
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Fig. S2. Log wviscosity vs T (top) and 10000/T (bottom) at atmospheric pressure for differentiated

compositions of Campi Flegrei (Giordano et al., 2004a; Giordano and Dingwell, 2003; Misiti et al., 2011),

APR16 K-basalt of this study and MORB of Sakamaki et al. (2013). Data were calculated using the Excel

spreadsheet of Giordano et al. (2008b).
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Fig. S3. A photograph (a) and schematic drawing (b) of the Paris-Edinburgh press experimental setup at

the 16-BM-B beamline, HPCAT, at the Advanced Photon Source. Two cameras (Prosilica GC1380H and

Photron SA3) are installed for X-ray imaging experiments. Fig S3b from Kono et al. (2015).
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Fig. S4. Diagrams of the falling distance versus time (top) and falling velocity versus distance (bottom) of
the Pt sphere (diameter of 113 um) for the run at 2.3 GPa and 1600 °C (APR16-PE1).
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Fig. S5. Plots of the falling distance as function of time (top) and falling velocity versus distance (bottom)
of the Pt sphere (diameter of 155 um) for the run at 1.4 GPa and 1440 °C (APR16-PE2).
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Fig. S6. The falling distance as function of time (top) and velocity (bottom) of the Pt sphere (diameter of
107 um) in run at 0.7 GPa and 1440 °C (APR16-PE3 top).
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Fig. S7. Falling distance versus time (top) and velocity (bottom) of the Pt sphere (diameter of 146 yum)
recorded for the run at 0.7 GPa and 1335 °C (APR16-PE3 bottom).
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Fig. S8. The falling vertical distance (top) and velocity profile (bottom) of the Pt sphere (diameter of 124
um) for the run at 7 GPa and 2000 °C (APR16-PES5).
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Fig. 89. The falling distance versus time (top) and velocity profile (bottom) of the Pt sphere (diameter
of 126 um) for the run at 5.6 GPa and 1835 °C (APR16-PEG6).
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Distarce (um)

“Ta) 2ips

Fig. §10. (top) The falling distance of the Pt sphere (diameter of 70 um) for the run at 3.7 GPa and 1650

°C (APR16-PE7) as function of time. (Bottom) Falling velocity profiles are shown at a) 21 fps and b) 12.5

fps.
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Fig. S11 a) Multi-angle energy dispersive X-ray diffraction (MA-EDXD) spectra from APR16-PE1 run;

b) the effective primary beam estimation for a selected energy range; c) total structure factor S(q) composed

of the fragmented structure factor scaled with respect to the highest angle fragment. The solid line is

obtained after error-weighted spline-smoothening of the overlapped structure factor fragments; d)

structure factor S(q) and e) reduced pair distribution function G(r).
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LY

=

i

Fig. S12 a) MA-EDXD spectra from APR16-PE6 run; b) the effective primary beam estimation for a selected
energy range; c) total structure factor S(q) composed of the fragmented structure factor scaled with respect
to the highest angle fragment. The solid line is obtained after error-weighted spline-smoothening of the

overlapped structure factor fragments; d) structure factor S(q) and e) reduced pair distribution function G(r).

Fig. S§13 a) MA-EDXD spectra from APR16-PE7 run; b) the effective primary beam estimation for a
selected energy range; c) total structure factor S(q) composed of the fragmented structure factor scaled
with respect to the highest angle fragment. The solid line is obtained after error-weighted spline-
smoothening of the overlapped structure factor fragments; d) structure factor S(q) and e) reduced pair

distribution function G(r).
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Fig. S14. Mossbauer spectrum of APR16 starting glass used for our experiments.

Fig. §15. a) optical microscope image of APR16GL starting material and b) back-scattered electron image
of APR16-PE6 run (1835 °C, 5.6 GPa). From both images, the chemical and textural homogeneity can be

inferred.
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Trace element partitioning between clinopyroxene and
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Table 1 Composition (wt.%) of APR16 rock sample, APR16GL starting material, SCE

and SOG rock samples
Sample APR16 APR16GL SCE SOG
SiOs 48.89 49.30 (0.46) 47.62 47.78
TiO2 1.23 1.33 (0.03) 1.23 1.23
ALO3 15.65 15.31 (0.14) 15.33 15.43
FeOrot 8.08 7.79 (0.13) 8.19 8.24
MnO 0.14 0.14 (0.05) 0.14 0.15
MgO 8.89 9.31 (0.07) 9.78 9.75
CaO 11.64 12.02 (0.09) 11.89 11.59
Na,O 2.88 2.86 (0.05) 2.69 2.83
K20 1.52 1.60 (0.02) 1.58 1.67
P20s 0.31 0.55 (0.02) 0.29 0.29
Total 99.99 99.31 (0.29)8 99.65 99.88
L.OL 0.61 - 0.26 0.28
Mg# ! 0.66 0.68 0.68 0.68

Notes: 1[MgO/ (MgO + FeOtot)] molar, assuming all Fe?* and Fe* as FeOwt. Chemical composition
of APR16 is from ; APR16GL composition is from SCE
and SOG from § For APR16GL the analysis is normalized to 100 % but the

original total is reported. Standard deviation is reported in parenthesis
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Table 3 Continued

Py 0120019 0.14 (0.05) bdl bal bdl bdl bdl bdl bdl bdl
11 (0.5) . bdt bal 0.8 (0.1) bdl bdl bl bal bdl
se 119 21) 113 (5) 80 (10) 27 (8) 87 (27) 110 (13) 88 (5 112(19) bdl 155 (14)
28(1) 30 (1) 40(1) 40 (2) 40 (1) 27(3) 23 (1) fEe) 19 (1) 22(1)
v 248 (23) 764 (86) 120 (16) 174 (49) 133 (17) 237 (43) 263 (41) 385 (36) bdl 505 (30)
190 () 162 (4) 201 (5) 194 (4) 184 () 182 (4) 180 (6) 217 (4) 157() 198 (1)
o 3220 (708) 4460 (605) 4435 (343) 2390 (1259) 2210 (44) 1740 (600) 1100 (/20) 1200 (196) bdl 1400 (230)
’ 80 (12) 96 (9) 7723) 571 318(2) 3517 310 163 (3) bal 28(12)
o 28(2) 15(3) 22(5 32 26 (11) 13(7) 19(4) 21(9) bdl 150)
34(2) 12(1) 24(1) 25(1) 27(1) 19(1) 17¢1) 17(1) 10 (1) 15 (1)
N 139 (12) 14 (18) 377 60 (6) bl HIE) bl ol odl 137 (26)
. 43 (9 131 15(2) 26 (2 3 1201y 8(2) 9 (1) bal 9 (1)
v 152) 17 (1) 172) bdl bdl bl bl bl bdl bl
19.8(03 20.2(0.3) 18 (1) bal bal bdl bdt bl bal bdl
L 1.9 (0.4) 18(02) bl 15 (0.3) bal 26(10) bt 39(17) bdl 47(12)
2 15.6 (03 16.01 (0.24) 17.1(05 17.8 (0.3 14.7 (0.2 209 (0.9) 33Q2) 18 (1) 20) 252)
e 73(17) 87(0.7) 67(03) 53(3.4) bdl 78(23) bl 112(3.5) bdl 13(2)
34.5(0.5) 35.1(0.6) 36(1) 37(1) 30(1) 20 574 37(1) 452(05) 1902
e 1.4 (0.3) L3(00) L8 (0.3) L1(0.4) bdl 16(0.7) 14(0.2) 21(0.3) bdl 26(0.3)
44(0.1) 450.0) 45(02) 5.2(0.1) 3.9(03) 5(0.5) 7.8(12) 49(02) 5.1(02) 5.9(0.3)
e $5(15) 7.9(0.7) 11 72(21) bdl $3(42) 72(0.9) 40G) bdl 16(3)
181 19.4 (0.5) 20(1) 2 17(1) 2402) 35(4) 22) 20 25(2)
o 3020060 3.03(0.4) 34(0.6) 33(0.2) bl bl bl bl bdl 35(2.2)
45(0.3) 47(03) 4.89 (0.03) 5.9 (0.6) 4.4(06) 5401 7.7(0.8) 5.3 (0.6) 5.4.(0.4) 6.1(1.5)
o 05 (01 0801 05(02) bdl bdl bl 0500 ol bdl LI(0.4)
15(0.1) 15(0.1) 1.6(0.2) 1.9 (0.6) 1.5 (0.2) 1.8(0.2) 25(02) 1.9 (0.3) 1.6 (0.5) 1.9(0.2)
od 37(0.4) 35(03) 31(0.2) 27(02) bdl bl bl S1(L6) bdl S8(20)
45(0.2) 4.4(0.3) 4.6(0.4) 5.5 (0.6) 4.1(0.4) 4.8(0.7) 63(0.3) 5.3 (0.3) 4.4(0.5) 5.8(1.2)
033007 057 (0.05) bl 0.44(0.0) bdl bal 038 (0.05) bl bdl 11(0.3) 0.68 (0.05)
0.63 (0.04) 0.66 (0.05) 0.66 (0.01) 0.74(0.16) 059 (0.08) 0.86 (0.09) 1.02(0.23) 0.76 (0.13) 0.72 (0.11) 0.88(0.17) 0.73 (0.11)
By 33(04) 3.52(0.03) 39(12) 26 (0.8) bdl bl 58(0.4) bdl 4707 24(03)
Y 38(0.2) 39(02) 38(0.0) 45(0.4) 3.6(03) 49(0.4) 41(0.4) 42(08) 42(02) 42(03)
| 0EH00D 0.66 (0.05) 076 (021) bl bl 039 (0.33) bl bdl 089 (0.39) 084 (0.12)
0.75 (0.05) 0.77 (0.04) 0.81(0.1) 092(0.18) 065 (0.08) 0.93 (0.16) 081 (0.14) 0.80 (0.14) 090 (0.12) 0.90 (0.12)
= 158 (0.27) 175 (0.18) 1.53(0.34) 112(0.17) bdl bal bl bdl 262(0.95) 2.14(0.12)
212 (0.13) 204 (0.15) 2.04 (0.19) 231(029) 1.94 (0.18) 222 (0.19) 2.14(02) 2.09 (035) 2.15(03) 2.1 (034)
Tm 020009 022 (0.03) 0.19 (0.08) bdl bdl bl bl bdl bl 032(0.04)
027 (0.02) 0.29 (0.04) 028 (0.02) 036(0.05)  0.25(0.03) 032 (0.03) 031 (0.04) 030 (0.05) 0.28 (0.09)
o 12402) 1.43(0.16) bl bl bl bl bl 1.73 (029)
1.78 (0.15) 1.87 (0:21) 1.91(0.38) 234 (0.17) 2.07 (0.44) 201 (0.2 226(03) 1.78 (0.68)
0.17 (0.02) 021000 bl bal bl bl bl .26/(0.03)
L aa70n 027 (0.02) 0.29 (0.06) 036(006)  0.28(0.08) 0.33 (0.03) 0.49 (0.12) 033 (0.04) 031 (0.03) 0.4(0.09) 031 (0.05)

Notes: cpx = clinopyrosen; standard deviation is reported in brackets

For single analysis Int2SE

, analytical error) is reported also in brackets but ia italic; bdl = below detection Limit.
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Table 4 Continued

Co 0.83 (0.07) 1.25(0.23) 082 (021) 1.32(0.08) 0.95 (0.40) 0.68 (0.38) 1.12 (0.24) 121 (0.52) 2.87(0.35) 171 (0.78)
Coun 0.64 11 071 115 0.46 0.9 0.93 267 1.54
Coun 018 0.14 02 0.17 02 022 028 0.19 017
Ni 321(0.71) 620 (2.81) 238(1.17) 233(028) 431(0.43) 156 (2.3) 15(2)
Y 0770 (0.105)  0.848(0.031)  0.886 (0.122)
La 0.119 (0.026)  0.110 (0.012) 0.082 (0.001) 0.124 (0.005) 0.20 (0.01) 0.18 (0.01) 0.150 (0.098)
Ce 0213 (0.051)  0.191(0.021)  0.187 (0.009)  0.138(0.081)  0.187 (0.006) 0.282 (0.008) 0254 (0.011) 0248 (0.015)
Pr 0326 (0.074)  0295(0.032) 0397 (0066)  0.213 (0.005) 0312(0.031)  0.181(0.027) 0424 (0.015) 0.441(0.022) 0360 (0.029)
0.451(0.082)  0.406(0.035) 0535 (0.069)  0.309 (0.096) 0340 (0.023) 0208 (0.025)  0.638 (0.048) 0.638 (0.045) 0489 (0.028)
Sm  0.670(0.143)  0.649(0.095) 0688 (0.129)  0.641 (0.061) 0902 (0.027) 0768 (0.1
Eu  0637(0.080) 0.540(0.059) 0.587 (0.128) 0313 (0.025 0575 (0.056)  0.839 (0.139)
Ew 0.137 0.132 0.140 0.193 0.179 0.111 0.169
Ew 0.756 0.720 0.772 0.718 1071 1.032 0.877
Gd 0819 (0.134) 7(0.088) 0.668 (0.036)  0.495 (0.055) 0.955 (0.055) 1.008(0.203)  0.968 (0.233)
To 0.831(0.122)  0.872(0.106) 0.395 (0.127) 0.376 (0.085) 1.2 (0.25) 0.926 (0.155)
Dy  0.865(0.111) 0.896(0.054)  1.021(0319)  0.388 (0.047) 1.398 (0.135) 1.12(0.05) 1.04 (0.14)
Ho  0.849(0.104) 0859 (0.078) 0941 (0285) 0.636 (0.110) 0989 (0.132) 0933 (0.182)
Er 0749 (0.134)  0.859(0.078) 0.752(0.181)  0.487 (0.061) 122(0.17) 1.01 (0.17)
Tm  0.752(0.124) 0774 (0.149)  0.676 (0.289) 1.14 (0.39)
Yo 0.699(0.135)  0.764 (0.120) 72 (0.405)
Lu  0625(0.110) 0733 (0.070) 0.831 (0.164)

Notes: standard deviation is reported in brackets. Dy and Dy, and Eu®* and Eu?* partition coefficients were recalculated following the procedure described in section 4.1.
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Supplementary Material 1

Phase relations, texture and chemical composition of natural samples
Natural SCE and SOG rocks contain ~10-20 vol.% of medium-grained
olivine and clinopyroxene phenocrysts, dispersed in a microcrystalline
groundmass made of olivine + clinopyroxene + plagioclase +
titanomagnetite + glass.

Natural clinopyroxene (Cpx) phenocrysts of SCE and SOG samples show
sub-rounded edges, sometimes with olivine overgrowth, glass-bearing
spongy cellular textures, and patchy zoning (Fig. 1a-c). The composition is
diopsidic (Wou-s1 Enaoss Fse9; Table S2 in Supplementary Material 2). The
Mg# value (Mg# = MgO/(MgO + FeOrot) assuming all Fe? and Fe® as FeOtot)
of large crystals (from 350 um up to 3 mm in size) ranges between 0.85-0.88,
the TiO:z contents are between 0.61-1.02 wt.% while those of Al2Os vary in a
wide range in the zoned crystals (3.89-5.31 wt.%). Cr20s content in this

population of clinopyroxenes is from 0.62 to 0.94 wt.%.

Figure 1 Backscattered (BSE) images of experimental and natural samples. a) Natural Cpx in SCE
sample characterized by glass-bearing spongy cellular texture. White dotted line marks the edges of
the crystal; b) Cpx with sub-rounded edges and olivine overgrowth in a microcrystalline groundmass
made of Ol + Cpx + Plg + Ox + glass; c) imagination of the groundmass in which it is possible to

recognize oriented Plg, Cpx and Ox. Abbreviation: Cpx: clinopyroxene; Ol: olivine; PIg: plagioclase.
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Clinopyroxene trace elements content

Average compositions of trace elements concentrations analysed by LA-
ICP-MS technique in natural clinopyroxene are reported in Table 1.
Cl-normalized trace elements for natural Cpx from SOG and SCE samples
show trends for LILEs, REEs +Y, HFSEs and TEs similar to those of synthetic
Cpx of the experimental runs (Fig. 3 in the main text). Evident differences
between these Cpx are observed in the fractionation of LILEs and HFSEs.
Indeed, natural SOG and SCE Cpx are more enriched in LILEs and
pentavalent HFSEs than synthetic ones. In particular, Cl-normalized
patterns for SOG and SCE are L/HREE-enriched (i.e., Lan/Ybn = 1.43-2.04
and 1.42-3.73, respectively) with a maximum at Nd (up to ~46 and 27,
respectively). Furthermore, in both samples no Eu anomalies are evident
(Eu/Eu* =0.85-0.94 and 0.90-0.96, respectively). Normalized patterns of both
SOG and SCE Cpx are characterized by evident troughs at Pb, Nb, Co and

Ni, in agreement with what observed for synthetic Cpx.
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Table 1 Trace elements for natural clinopyroxene crystals

Clinopyroxene
Natural Cpx

S0G-4 a S0G-7 g S0G-S a 50G-10 a SCE-3 o SCE-§ a
LILE
Rb 235 1712 175 205 575 3.03 442 4.01 0.24 0.29 4.16 427
Sr 7 8 118 39 22 21 9 20 71 4 99 30
Cs 0.09 0.08 0.07 0.08 015 0.05 017 0.16 0.03 0.02 021 021
Ba 14 8 14 12 3l 16 21 1% 225 2.03 3|4 41.08
Fb 0.89 031 0.73 048 2.10 3.06 305 4.62 0.39 0.13 143 0.92
HFSE
Ir 57 1 66 26 43 7 35 g 30 12 40 5
Nb 0.91 0.33 081 0.63 159 0.64 0.84 0.63 023 0.08 131 121
Hf 117 027 230 1.00 152 022 130 0.19 133 0.62 1.69 0.13
Ta 0.08 002 008 0.03 0.10 0.03 0.06 0.03 0.04 0.01 0.10 0.07
Th 021 0.0% 019 011 036 018 025 018 007 0.02 0.30 026
U 0.05 0.03 0.05 0.04 0.12 0.06 007 0.06 Q.03 0.03 0.10 0.07
REE+Y
T 2 5 26 El 14 1 14 2 11 4 135 2
La 4.22 143 518 172 3.16 0.7 232 0.80 194 033 341 132
Ce 13 6 19 6 i 1 799 2.54 1.53 136 11.11 3.29
Pr 184 09y 337 118 169 022 137 0.26 146 0.23 200 0.32
Nd 16 5 21 1 10 1 8.51 172 868 183 11 2
Sm 4.90 139 627 208 308 024 281 0.66 290 0.76 336 0.62
Eu 1.58 047 191 0.63 0.95 0.05 0.94 0.36 0.96 022 117 0.16
Gd 554 139 662 160 in 0.36 326 032 30 0.83 3.97 0.74
Tb, 0.79 019 093 0.36 054 0.04 047 0.02 053 0.14 0.64 0.10
Dy 4.22 1.08 5.08 194 283 0.16 262 012 253 0.80 331 045
Ho 0.80 0.1% 0.92 031 0.51 0.03 049 0.05 045 0.13 0.39 0.09
Er 1.98 0.4% 2.24 0.78 142 0.05 129 0.16 118 041 130 0.17
Tm 0.26 0.07 029 0.10 017 0.02 0.16 0.02 015 0.06 020 0.03
Tb 163 043 194 0.71 107 0.07 112 0.32 0.94 0.36 128 0.14
Lu 0.22 0.06 0.24 0.09 013 0.01 0.14 0.01 013 0.04 0.16 0.01
TE
Sc 101 13 118 39 107 3 113 g 56 1 108 13
v 233 35 287 104 231 14 232 12 235 63 239 12
Cr 1231 832 663 381 1701 544 6812 827 4483 1440 5330 2974
Co 30 1 37 10 3 2 31 2 29 2 30 1
Ni 143 25 162 54 173 14 21 8 185 20 177 18

Notes: o standard deviation.
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Table S1 Detection limits for all trace elements and analyses of USGS BCR-2G glass

Instrument ICP MS: iCAP Q (Thermo. Genmany) + UV laser probe UP213 (NEWwave Research, USA) installed at Charles Universit. Facutty of Science, Prague 2

dsScablace  SIVabce $Crabace S3Cosbace 60Niabace $SRbablace 8Scablace 89Y ablace 90Zcsblace 93Nbablace 133Cs ablace 137Ba abace 139La ablace 140Ce shace 141Pr ablace 146Nd sbace 147m ablace

L ppm 1000 0080 0300 0095 0450 0150 0095 0045 0150 0025 0010 0075 0005 0020 0005 0015 0020

Reference material

BCR2G (u=5) pom 3185 095 1650 3769 1341 4699 35460 3503 19213 1362 L4 67644 2487 5347

168 08 006 235 144 3

D 178 2767 111 247 177 144 4

151Eu ablace 157Gd ablace 159Tb ablace 163Dy ablace 165Ho ablace 166Er ablace 169Tm ablace 172Ybablace 175Luablace 178Hfablace 181Taablace 208Pbablace 232Thablace 238U ablace

0.004 0.010 0.003 0.020 0.003 0.015 0.003 0.025 0.005 0.010 0.010 0.105 0.010 0.005
2.01 6.95 1.07 6.41 132 3.57 0.53 3.51 0.54 4.96 0.82 10.54 6.28 1.71
0.11 047 0.08 050 0.11 025 0.04 023 0.04 039 0.03 035 0.11 0.09
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Table S2 Electron-microprobe analyses of synthetic and natural clinopyroxenes. All Fe as FeO

ci
Nat
o APRIGIS o APRIGCIAc 6 APRIGCIAd o  APRIGC2Aa o  APRIGC2Ab o APRIGC2Ac o APRIGC2Ad o APRIGC2Bd o APRIGCIAc o SCE o 50G o
1225 1250 1250 1220 1220 1220 1220 n7 1080
6 6 9 025 H 6 9 9 6
17 203 195 192 156 247 13 202 65
6 6 6 3 3 4 4 4 6 4 4
066 sis 033 5136 5154 073 51.96 L4 142 50.05 048 5104 035 044 5021 SL83 035 5004 045
0.04 082 0.26 0.69 0.58 012 076 026 025 099 022 078 0.08 013 095 06l 010 014
145 644 089 6.06 500 081 563 176 305 9.42 317 617 047 270 713 38 038 041
032 253 0.40 419 442 048 452 0.54 091 442 087 402 054 1.40 37 04l 038
0.05 on 0.03 010 0.09 0.03 0.08 0.02 0.03 015 0.03 012 004 0.03 007 002 001
021 1668 054 16.65 16.63 049 16.26 084 227 1420 198 16.49 0.18 La1 1558 042 145 033
Lo 2137 06 2079 2064 041 2128 048 148 2044 085 2139 078 0.67 2141 284 035 2414 042
0.08 041 0.05 050 0.50 0.07 041 0.09 0.28 082 031 048 006 030 056 026 011 024 010
0.00 002 0.00 0.07 0.06 002 0.07 0.05 032 02 018 0.05 0.02 0.09 on
04 02 o0& 013
10023 10052 99.66 10114 10039 10081 10066 10065 10053 100.75 10061
092 08 087 086 086 085 058 082 081 08 085
002 032 0.02 030 005 033 0.04 043 0.06 033 0.08 031 0.06 037 005 035 0.07 036 001
si 184 187 187 186 181 184 188 183
Ti 0.02 002 0.02 0.02 0.03 0.02 0.02 0.03
Al 029 027 024 029 0.40 026 031 017 023
Cr 0.00 0.00 0.00 0.00 0.00 0.00 o 0.00 0.03 0.02
Fe' 0.03 0.00 0.00 0.00 0.00 0.04 0 0.02 002 0.06
Fe on 0.08 014 013 013 0.08 016 0.09 0.08
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.8 090 087 084 076 0.89 077 084 019
Ca 0.0 082 082 079 079 083 084 093 095
K 0.00 0.00 0.00 001 001 0.00 0.00 0.00
Na 0.033 0.029 0.043 0.057
Al 0.163 0.126 0.137 0.192
Al 0.129 0114 0.156 0209
Wo 4 46 4 4 45 45 4 45 4 47 4 50
En a8 a8 I 2 a8 a8 s a8 45 3 s 2
Fe § 4 7 7 7 7 8 7 10 10 6 8

iming all Fe* and Fe™ as Fe0,,

1 the toal of EMP analyses); N = nuber of nalyses
uted assuing al Fe as Fe® i both phases).
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Table S4 Ionic radius of the elements reported in the Onuma diagrams taken from

Shannon (1976)
Site Fold coordination = Valence Cations  Tonic radius (A)

Ni 0.69
Mg 0.72
. Co 0.74
Divalent e 078
v 0.79
Mn 0.83
Al 0.53
Trivalent Cr 0.61
Sc 0.74
Ti 0.6
Tetravalent Hf 0.71
Zr 0.72
Na 1.18
Monovalent K 1.51
Rb 1.61
Ni 0.83
Mg 0.89
Co 0.90
Fe 0.92
Mn 0.96
Ca 1.12
Divalent Eu 1.25
Sr 1.26
Pb 1.29
Ba 1.42
La 1.16
Ce 1.14
Pr 1.13
Nd 1.11
Sm 1.08
Eu 1.06
Gd 1.05
Trivalent Tb 1.04
Dy 1.03
Y 1.02
Ho 1.01

Er 1
Tm 0.99
Yb 0.98
Lu 0.97

U 1
Tetravalent Th 1.05
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a) APR16-C1Ac
007 o
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Fig. S1. Onuma diagrams for clinopyroxene-liquid partition coefficients for mono-, di-, tri-, and tetravalent

cations versus ionic radii (in A; Shannon, 1976) for VI- and VII-fold coordinated sites along with the

results of the lattice strain fits in M1 and M2 sites for samples (a) APR16-C1Ac (1250 °C, 6 hours), (b)

APR16-C1Ad (1250 °C, 9 hours), (c) APR16-C2Aa (1220 °C, 0.25 hours), (d) APR16-C2Ab (1220 °C, 3

hours), (e) APR16-C2Ac (1220 °C, 6 hours), (f) APR16-C2Ad (1220 °C, 9 hours). Symbols are as in Figure

6.
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- —3— APR22 (D'Antonio et al., 1999)
APR19 (D'Antonio et al., 1999)
100 ®— 20% FC (APR16-C2Ad run)
EX0 A ——e—— 20% FC with 4 % Plg
[ \ /4 ®— 20% FC with 7% Plg
- \¢ 20% FC with 9 % Plg

20% FC with 10% Plg

Rock/Primitive Mantle
S

20

RbBa Th K Nb Ta La Ce Sr Nd Zr Hf Sm Eu Ti Gd Tb Dy Y Er Yb Lu

Fig. S2. Primitive Mantle normalized (McDonough and Sun, 1995) trace elements patterns for the predicted
composition of differentiated melts obtained after 20% of fractional crystallization from the K-basaltic parental
magma (APR22). The differentiated melts are obtained using the crystallized phase assemblage determined
for runs APR16-C2Ad (Cpx(17)+0OI(3)) plus the addition of plagioclase (from 5 to 20%) with the crystallizing
mass (20%) constant. The inset shows Sr pattern decreasing with increasing the amount of plagioclase. The

modelled compositions were calculated by using the Excel© spreadsheet program of Ersoy and Helvaci (2010).
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