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A B S T R A C T   

We present kinetic partitioning data for trace cations measured in zoned clinopyroxene crystals obtained from a 
variably cooled and decompressed olivine basalt erupted at Mt. Etna volcano in Italy. Supersaturation effects and 
compositional heterogeneities at the interface melt lead to the development of sector zoning, concentric zoning, 
and patchy zoning in clinopyroxene crystals. Apparent partition coefficients between compositionally different 
growth layers and adjacent melts (Di) for isovalent groups of trace elements are tested for internal consistency on 
the thermodynamic basis of lattice strain (ΔGstrain) and electrostatic (ΔGelec) energies of substitutions. The excess 
energy of partitioning (ΔGpartitioning) for trace cations in zoned crystals accounts for a kinetic incorporation 
control leading to large enthalpic effects through distortion of the lattice and changes in the electrostatic forces. 
ΔGpartitioning depends upon the complementary relationship between ΔGstrain and ΔGelec, which is the most 
appropriate thermodynamic description for the accommodation of rare earth elements and high field strength 
elements in the lattice site of zoned crystals. Polyhedral sectors, skeletal forms, and overgrowth zones have Di 
values settled by the number of charge-balanced and -imbalanced configurations taking place in the lattice site as 
a function of aluminium in tetrahedral coordination, and crystal structural changes produced by heterovalent 
cation substitutions. In an energetically unstable macroscopic system ruled by cooling and decompression, 
thermodynamic requirements for the crystallochemical control of Di encompass the attainment of local equi-
librium at the crystal-melt interface via the establishment of small-volume reaction kinetics. The requisite of local 
interface equilibrium is however susceptible to the anisotropic growth velocity of each specific clinopyroxene 
surface, thereby giving reason to different energetic properties of the crystallographic site. This axiomatic control 
requires that transition metal cations partition also in consideration of electronic effects related to the crystal 
field stabilization energy. The overriding implication is that Di values for trace cations having different size, 
charge, and electronic configuration serve as sensitive probes of the different crystal growth mechanisms, surface 
incorporation sites, and arrangements of atoms at the lattice-scale. In this perspective, fractional crystallization 
modeling of 2011–2013 bulk rock data from lava fountains indicates that the compositional evolution of magmas 
erupted at Mt. Etna cannot be described by a unique equilibrium value of Di for a given clinopyroxene-melt 
interface. The leverage of interface kinetics is distinctively dominant along the subvolcanic plumbing system, 
thereby requiring that values of Di differ for structurally and compositionally distinct zones in clinopyroxene 
phenocrysts. To successfully interpret the trace element signature of Etnean magmas, the archetypal constancy of 
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partition coefficient at bulk thermodynamic equilibrium must be in some measure reappraised in favor of the 
establishment of a local interface equilibrium upon highly dynamic crystallization and growth conditions.   

1. Introduction 

Variable cooling, decompression, and degassing mechanisms control 
the textual and compositional evolutions of clinopyroxene phenocrysts 
in volcanic rocks. In spite of these dynamic crystallization conditions, 
the kinetic partitioning of trace cations and their incorporation mech-
anisms in compositionally zoned clinopyroxene crystals have been the 
focus of a restricted range of experimental studies (Kouchi et al., 1983; 
Adam and Green, 1994; McKay et al., 1994; Lofgren et al., 2006; Mollo 
et al., 2013; Bonechi et al., 2021; Di Fiore et al., 2021; MacDonald et al., 
2022). These studies have highlighted a strong crystallochemical control 
on the accommodation of trace cations in the different crystal zones 
when growth kinetics preclude uniform equilibrium crystallization. The 
main reason for such partitioning behavior is that the distribution of 
cations between the M1 (octahedral)- and M2 (eight-fold)-sites of cli-
nopyroxene is highly ordered (Adam and Green, 1994) and under con-
ditions of moderate to rapid growth, elemental partitioning is 
dominated by the intrinsic properties of a single crystallographic site in 
relation to the optimum cation radius and charge for that specific site. 
This principle is complemented and balanced by the entry of highly 
charged trace cations in clinopyroxene via substitution reactions driven 
by changes in the major-element crystal composition (most notably, 
aluminium substituting for silicon in the tetrahedral site; McKay et al., 
1994; Mollo et al., 2013; MacDonald et al., 2022). Furthermore, rapid 
crystal growth rates imposed by extremely fast cooling conditions (i.e., 
100–1000 ◦C/h; Lofgren et al., 2006) or, alternatively, convective mass 
transport in physically perturbed systems (i.e., melt stirring at shear 
rates of 1–10 s− 1; Di Fiore et al., 2021) may overwhelm the crystallo-
graphic control on trace cation partitioning and lead to deviation from 
regular relationships between cation size and partition coefficient. 

The purpose of this work is to understand the most important 
mechanisms governing the incorporation of trace cations into the lattice 
site of clinopyroxene in response to the kinetics and energetics of crys-
tallization typically encountered at subvolcanic conditions. The 
phenomenological aspects related to the partitioning of trace cations 
between zoned clinopyroxene and an alkaline olivine basalt melt cooled 
and decompressed at different rates are experimentally examined, with 
the final scope to reproduce the composite growth history documented 
for natural phenocrysts at Mt. Etna, Italy. This is a noteworthy example 
of open-conduit volcano characterized by a feeding system persistently 
filled with mafic alkaline magmas that migrate upwards through inter-
connected polybaric-polythermal reservoirs and vigorously mix prior to 
eruption at the surface (Ubide and Kamber, 2018; Ubide et al., 2019a; 
Moschini et al., 2021). Clinopyroxene phenocrysts show strong evidence 
of complex zoning patterns that may individually or mutually develop as 
concentric, sector, and overgrowth zones in response to the effect of 
highly dynamic conditions and reaction kinetics far from bulk thermo-
dynamic equilibrium (Downes, 1974; Duncan and Preston, 1980; Ubide 
and Kamber, 2018; Ubide et al., 2019a; Mollo et al., 2015, 2020a). 

Apparent partition coefficients presented here are intrinsically 
related to the kinetic aspects of crystal growth and thermodynamic 
mixing properties of CaMgSi2O6 and CaAl2SiO6 end-member compo-
nents. The appropriate criterion for the description of trace cation par-
titioning requires knowledge of the complementary effects of lattice 
strain (ΔGstrain) and electrostatic (ΔGelec) energies of substitutions 
(Blundy and Wood, 1994, 2003; Wood and Blundy, 1997, 2001). The 
excess energy change (ΔGpartitioning) involved in the accommodation of a 
trace cation with ionic radius and/or charge different from those of the 
cation originally hosted in the lattice site can be expressed through the 
same thermodynamic principles observed under equilibrium crystalli-
zation conditions: ΔGpartitioning = ΔGstrain + ΔGelec (Wood and Blundy, 

2001). In this perspective, the partitioning of trace cations in structur-
ally and compositionally different clinopyroxene zones is locally gov-
erned by the number of charge-balanced and -imbalanced 
configurations that are not compensated by full aluminium occupancy in 
tetrahedral coordination. The validity of this substitution mechanism is 
however mediated by the growth velocity of a given crystalline layer and 
crystal field effects arising from the electronic structure of cations. 
Finally, it is proposed that a set of apparent partition coefficients may 
serve as a suitable proxy for modeling fractional crystallization of 
magmas ascending along the highly dynamic plumbing system of Mt. 
Etna. 

2. Methods 

2.1. Cooling and decompression experiments 

The synthetic starting material used for the experiments reproduces 
the composition of an alkali olivine basalt from a volcanic neck cropping 
out in proximity to the Paternò town (SW foot of Mt. Etna in Italy; 
Tanguy, 1978; Joron and Treuil, 1984; Tanguy et al., 1997; Armienti 
et al., 2007), dated at ~217,000 BP (Condomines et al., 1982). This is 
the most primitive sample erupted during the early magmatic stage of 
Mt. Etna and is considered transitional between tholeiitic and alkaline 
(Tanguy, 1978; Tanguy et al., 1997). According to Kamenetsky and 
Clocchiatti (1996), tholeiitic and alkaline successions reflect multistage 
melting and subsequent metasomatism of an upper mantle peridotite, 
causing systematic transitions in age, mineralogy, and geochemistry of 
erupted products. Mantle depletion in the basaltic component results 
from melt extraction with contemporaneous formation of metasomatic 
zones due to reaction with percolating fluids/melts. This causes the 
temporal shift in Etnean compositions towards alkali basalt with 
increasing involvement of the enriched component in magma genera-
tion (Kamenetsky and Clocchiatti, 1996). 

The starting glass was synthesized at the HP-HT Laboratory of 
Experimental Volcanology and Geophysics of the Istituto Nazionale di 
Geofisica e Vulcanologia (INGV) in Rome (Italy) from a mixture (~10 g) 
of analytical grade SiO2, TiO2, Al(OH)3, Fe2O3, MnO, Mg(OH)2, CaCO3, 
Na2CO3, K2CO3, and P2O5. An Fe-presaturated Pt-crucible with the 
starting mixture was loaded into a 1 atm vertical tube of CO–CO2 gas- 
mixing furnace imposing an oxygen fugacity of 2 log units above the 
Ni-NiO buffer. The temperature was increased to 1100 ◦C in 12 h and 
held constant for further 12 h to attain decarbonation of the mixture. To 
achieve trace element contents analyzable with a high precision, the 
powdered material was subsequently doped with additional oxides 
representative of the most important geochemical groups for rare earth 
elements (0.5 wt% REE), high field strength elements (0.5 wt% HFSE), 
large ion lithophile elements (1.5 wt% LILE) and transition elements 
(0.5 wt% TE). Obeyance of Henry’s Law was guarantee using a 
maximum doping level for trace element oxides not exceeding 3 wt%. 
According to experiments carried out at varying doping levels by Green 
and Pearson (1985) and Beattie (1993), the partition coefficient be-
tween clinopyroxene and melt is always independent of the concentra-
tion for trace element oxides in the bulk composition up to 4 wt%. It 
must be noted, however, that Henry’s Law is obeyed at concentrations 
from ppm to the wt.% levels only in the case of homovalent cation 
substitutions, where the crystallochemical control on trace element 
partitioning is a function of radius and charge (Wood and Blundy, 2014). 
In contrast, heterovalent cation substitutions require local excess charge 
in the crystal structure, with consequent violation of Henry’s law and 
profound dependence of trace element partitioning on the concentra-
tions of other atoms (Wood and Blundy, 2014). After a superliquidus 
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treatment at 1300 ◦C for 2 h in order to obtain a melt homogenization, 
the glass was quenched in deionized water, removed from the Pt- 
crucible, and crushed into a fine powder. No element volatilization is 
expected during superliquidus treatment because gas–melt interface 
devolatilization reactions are hampered by the slow diffusivity of most 
of the trace elements added to the starting material (Zhang, 2010). 
Microprobe analyses performed on glass chips extracted from the top, 
middle, and bottom of the Pt-crucible demonstrated homogeneity and 
the absence of crystalline phases (Table S1). 

The crystallization experiments were carried out with an internally 
heated pressure vessel (IHPV) at the Institute for Mineralogy, Leibniz 
University of Hannover (Germany). The powdered starting material was 
loaded into Fe-presaturated Pt capsules (inner diameter and length of 
2.7 and 20 mm, respectively) containing H2O in excess (Ptot = PH2O) 
added as deionized water for both isobaric (400 MPa) and decompres-
sion (from 400 to 100 MPa) experiments (Table 1). The selected pressure 
range of 100–400 MPa matches with typical magma storage at shallow 
(~3 km) and mid-crustal (~12 km) reservoirs at Mt. Etna volcano (cf. 
Ubide and Kamber, 2018 and references therein). Comparative calcu-
lations based on the Gibbs free energy minimization algorithm (rhyolite- 
MELTS v.1.2.0) developed by Gualda et al. (2012) and the equation of 
state proposed by Duan (2014) were used to quantify the amount of 
water dissolved in the melt (H2Odissolved), the melt’s liquidus temperature 
(Tliquidus), and the saturation temperature of clinopyroxene (Tcpx). Re-
sults indicate that H2Odissolved = 3.1 wt%, Tliquidus = 1,116 ◦C, and Tcpx =

1,093 ◦C at 100 MPa, whereas H2Odissolved = 7.6 wt%, Tliquidus = 1,091 ◦C, 
and Tcpx = 1,068 ◦C at 400 MPa (Table 1). The isobaric experiment 
carried out at 400 MPa (ΔP/Δt = 0 MPa/s) is herein defined as EXP-0, 
while EXP-0.01 and EXP-1 refer to experiments decompressed from 400 
to 100 MPa at slow (DRslow = 0.01 MPa/s) and fast (DRfast = 1 MPa/s) 
rates (Table 1). Assuming a lithostatic pressure gradient of ~0.3 MPa/m 
(cf. Nazzari et al., 2019), DRslow and DRfast corresponds to the slow 
(~0.03 m/s) and fast (~3.3 m/s) ascent velocities of magmas erupted at 
Mt. Etna (Aloisi et al., 2006; Armienti et al., 2013; Mollo et al., 2015; 
Ubide and Kamber, 2018). The use of an Ar-H2 mixture as a pressure 
medium provided the possibility to adjust the required fH2 in the vessel 
to attain fO2 close to the nickel-nickel oxide (NNO) buffer. However, 
within the sample capsule, the redox state was affected by permeation of 
hydrogen through the capsule walls driven by different fH2 between the 
pressure medium and the capsule interior. This controlled the fugacity of 
oxygen inside the capsule through the equilibrium reaction of water 
formation (H2 + 1⁄2O2 → H2O). At the beginning of the experiment, the 
hydrogen fugacity inside the capsule was in disequilibrium with the 
pressure medium. An initial annealing time of 3 h at Tsuperliquidus =

1250 ◦C was used to homogenize the melt and equilibrate the redox 
state, but dynamic redox conditions occurred also during decompression 
and H2O exsolution. According to ferrous-ferric ratio measurements in 
glasses (Mollo et al., 2017) and crystal-melt oxygen barometric esti-
mates (Mollo et al., 2018) conducted on similar decompression run 
products, we can conservatively infer an increase of fO2 up to NNO +
1.5. Mollo et al. (2015) have calculated that the fO2 of Etnean magmas 
ranges from NNO + 1 to NNO + 3, but most of estimates are close to 
NNO + 1 with a standard deviation of ± 0.8, in agreement with the 

experimental redox conditions. After the annealing time, the charges 
were cooled from Tsuperliquidus to Tresting in 670 min at the slow rate of 
0.3 ◦C/min (CRslow) for EXP-0, in 335 min at the intermediate rate of 
0.6 ◦C/min (CRmid) for EXP-0.01, and in 166 min at the fast rate of 
1.2 ◦C/min (CRfast) for EXP-1 (Table 1). The selected Tresting was 
1,050 ◦C, in accordance with direct measurements of the inner tem-
perature of lavas outpoured at Mt. Etna (Armienti et al., 2013). EXP- 
0 was kept at 400 MPa and 1,050 ◦C for 24 h and then isobarically 
quenched at a rate of 200 ◦C/s. Conversely, EXP-0.01 and EXP-1 were 
kept at 400 MPa and 1,050 ◦C for 12 h, isothermally decompressed to 
100 MPa by keeping the pressure constant for additional 12 h (Table 1), 
and finally quenched at a rate of 200 ◦C/s. Because the cooling and 
decompression rates (CR and DR) are responsible for the kinetic growth 
of crystal frameworks under conditions of melt supersaturation (diffu-
sion-limited growth), the annealing time served to reduce the concen-
tration gradients in the melt adjacent to the crystal surfaces via diffusive 
relaxation (interface-limited growth) (e.g., Moschini et al., 2021). Also, 
the degree of undercooling (ΔT) is commensurate to the rate at which 
the system temperature decreases upon cooling and/or the rate at which 
the liquidus temperature of the melt increases by exsolution of dissolved 
H2O upon decompression (Mollo and Hammer, 2017). The early crys-
tallization of clinopyroxene in EXP-0, EXP-0.01, and EXP-1 was driven 
by a temperature-induced undercooling ΔTT = 23 ◦C, calculated as the 
difference between Tcpx and Tresting at 400 MPa (Table 1). For EXP-0.01 
and EXP-1, a further compositionally-driven decrease of Tcpx derived 
from H2O exsolution during melt decompression. According to ther-
modynamic simulations carried out with rhyolite-MELTS, a H2O- 
induced additional undercooling ΔTH2O = 25 ◦C was derived as the 
difference between Tcpx calculated at 400 MPa and Tcpx calculated at 
100 MPa (Table 1). The condition of Ptot = PH2O was denoted by the 
escape of a fluid phase when the experimental capsules were punctured 
with a needle at the end of the runs. The recovered capsules were 
mounted in epoxy and polished for microchemical observations and 
analyses. 

2.2. SEM analysis 

Photomicrographs were collected in reflected light using optical 
microscopy, and in backscattered electron (BSE) mode using field 
emission gun-scanning electron microscope FE-SEM JEOL JSM-6500F, 
equipped with an energy-dispersive spectrometer (EDS) detector and 
installed at the HP-HT Laboratory of Experimental Volcanology and 
Geophysics of the Istituto Nazionale di Geofisica e Vulcanologia (INGV) 
in Rome (Italy). 

2.3. TEM analysis 

Scanning transmission electron microscopy (STEM) imaging and 
chemical analyses were performed at the Bayerisches Geoinstitut, Uni-
versitat Bayreuth (Germany) on a field emission scanning transmission 
electron microscope FEI Titan G2 80–200 S/TEM, equipped with an 
energy dispersive X-ray spectrometer (EDS) with 4 Silicon drift de-
tectors, Bruker Quantax. For the TEM sample preparation, a focused ion 

Table 1 
Experimental conditions. Ptot = PH2O. DR, decompression rate. CR, cooling rate. ΔTT, temperature-induced undercooling. ΔTH2O, H2O-induced undercooling. Tcpx, 
saturation temperature of clinopyroxene. Tresting, final target temperature.  

Run Pinitial tinitial Pfinal tfinal DR 1H2Odissolved fO2 Tsuperliquidus 
2Tliquidus 

2Tcpx Tresting CR ΔTT ΔTH2O 

# (MPa) (h) (MPa) (h) (MPa/s) (wt.%) (Buffer) (◦C) (◦C) (◦C) (◦C) (◦C/min) (◦C) (◦C) 

EXP-0 400 0 400 24 0 7.6 NNO-NNO + 1.5 1250 1091 1068 1050 0.3 23 0 
EXP-0.01 400 12 100 12 0.01 3.1 NNO-NNO + 1.5 1250 1116 1093 1050 0.6 23 25 
EXP-1 400 12 100 12 1 3.1 NNO-NNO + 1.5 1250 1116 1093 1050 1.2 23 25  

1 The amount of H2O dissolved in the melt has been calculated with the equation of state of Duan (2014). 
2 The melt’s liquidus temperature and the saturation temperature of clinopyroxene have been calculated with the code rhyolite-MELTS v.1.2.0 of Gualda et al. 

(2012). 
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milling machine (FEI Scios DualBeam milling) was used. The thickness 
of TEM thin foil was ~150 nm. EDS maps were acquired at a resolution 
of 5–10 nm per pixel and dwell time of 16 μsec per pixel, using a sub- 
nanometer-sized electron beam with <0.09 nA probe current at 200 
kV acceleration voltage. To accumulate statistically significant charac-
teristic X-ray counts in quantitative EDS maps, the total acquisition time 
was about 60–90 min. During the acquisition, an image drift correction 
function was activated to prevent artifacts in the profile. To obtain 
quantitative crystal compositions, Z-number and absorption effects were 
corrected on the EDS spectrum (Van Cappellen, 1990; Van Cappellen 
and Doukhan, 1994). For accurate quantification, a natural pyrope- 
almandine garnet (Pyc-garnet, Prp73Alm17Grs11 in Miyajima et al., 
1999) was used as EDS standard for main elements Mg, Al, Si, Ca, and 
Fe. Other minor elements were quantified with theoretical k-factors (Z- 
number correction) in the EDS system. Selected area electron diffraction 
(SAED) patterns of crystals were investigated with conventional bright- 
field (BF) TEM images and high-angle annular dark-field (HAADF) 
STEM images. 

2.4. Electron microprobe analysis 

Major element compositions of zoned clinopyroxene crystals and 
glasses were determined by an electron probe micro-analyzer (EPMA) 
JEOL JXA-8200 equipped with five wavelength dispersive spectrome-
ters (WDS) and installed at the at HPHT Lab of INGV-Rome. Analyses 
were performed on carbon-coated thin sections under high vacuum 
conditions, using an accelerating voltage of 15 kV and an electron beam 
current of 7.5nA, with a beam diameter of 2.5 μm. Elemental counting 
times were 10 s on the peak and 5 s on each of the two background 
positions, except for chromium, which was measured for 20 s on the 
peak and 10 s on each background position. Corrections for inter- 
elemental effects were made using a ZAF (Z: atomic number; A: ab-
sorption; F: fluorescence) procedure. Calibration used a range of stan-
dards from Micro-Analysis Consultants (MAC; https://www.macstanda 
rds.co.uk): albite (Si-PET, Al-TAP, Na-TAP), forsterite (Mg-TAP), 
augite (Fe-LIF), apatite (Ca-PET), orthoclase (K-PET), rutile (Ti-PET), 
rhodonite (Mn-LIF) and JEOL Cr metal (Cr-PET). Sodium and potassium 
were analyzed first to prevent alkali migration effects. Spot analyses 
defined transects across the crystals with constant spot separation, 
typically of 2.5 μm. Smithsonian augite and MAC augite were used as 
quality monitor standards and for the calculation of accuracy and pre-
cision. Based on counting statistics, accuracy was better than 1–5% 
except for elements with abundances below 1 wt%, for which accuracy 
was better than 5–10%. Precision was typically better than 1–5% for all 
analyzed elements. For mapping, we used 0.5 µm pixel size and 50 to 
150 ms dwell time per pixel, measuring up to 5 elements per analysis 
(one per diffracting crystal). The area of maps ranged between 1 and 5 
mm2 with a resolution of 310 × 242 to 1024 × 1024 pixel2. 

Clinopyroxene major/minor cations and components were deter-
mined from microprobe data on the basis of six oxygens, following the 
calculation scheme described in Mollo et al. (2018). According to the 
recent work of Di Fiore et al. (2021), the total iron was treated as FeOt (i. 
e., Fetotal) because gross uncertainties in the estimate of Fe3+ arise from 
electron microprobe analyses and charge balance models imposing 
perfect stoichiometry (i.e., fictive Fe3+ contents). In addition, Di Fiore 
et al. (2021) found that the stability of fictiveFe3+-bearing components is 
inextricably interrelated to the thermodynamic properties of CaMgSiO2- 
CaAl2SiO6-CaTiAl2O6 multicomponent reciprocal solutions. 

2.5. Trace element analysis 

Trace element compositions of zoned clinopyroxene crystals and 
glasses were determined with laser ablation inductively coupled plasma 
mass spectrometry (LA-ICP-MS), following the mapping technique 
optimized in Ubide et al. (2015). Analyzed trace elements are repre-
sentative of relevant geochemical groups in clinopyroxene: transition 

elements (TE; divalent Ni + Co, trivalent Cr, and tetravalent V), rare 
earth elements (REE; trivalent La-Lu series + Y, where yttrium is 
considered as pseudo-lanthanide), high field strength elements (HFSE; 
tetravalent Ti + Hf + Zr and pentavalent Ta + Nb), large ion lithophile 
elements (LILE; monovalent Li + K + Rb, and divalent Sr + Ba + Pb), 
and trivalent Sc. Scandium is not grouped with other elements because 
its electron configuration does not meet in full the definition of TE (i.e., 
scandium has no d electrons) and may be also associated with REE for 
their similar chemical behavior in ore-forming processes. The analyses 
were carried out at The University of Queensland Centre for Geo-
analytical Mass Spectrometry, Radiogenic Isotope Facility (UQ RIF-lab). 
We used an ASI RESOlution 193 nm excimer UV ArF laser ablation 
system with a dual-volume Laurin Technic ablation cell and GeoStar 
Norris software, coupled to a Thermo iCap RQ quadrupole mass spec-
trometer with Qtegra software. Ablation was performed in ultrapure He 
to which Ar make-up gas with a trace amount of N2 was added for 
efficient transport and to aid ionization. Analyses were conducted using 
a spot size of 7 × 7 µm, repetition rate of 10 Hz, fluence of 3 J cm− 2 and 
translation speed of 7 µm s− 1, with 1 µm overlap between rasters 
(Table S2). This spot size is commonly used for elemental mapping at 
high spatial resolution and shows good accuracy and precision in both 
experimental (Mollo et al., 2018, 2020a, 2020b) and natural system 
(Ubide et al., 2019a). Two analytical runs were carried out to cover all 
elements of interest without compromising spatial resolution, as 
detailed in Ubide et al. (2019a). Prior to analysis, the mass spectrometer 
was tuned with scans on NIST612 glass reference material. Trace 
element maps were produced using the commercial software Iolite v4 
(Paton et al., 2011) in quantitative mode. We used NIST612 as the 
calibration standards and the concentration of CaO obtained with 
electron microprobe as the internal standard for clinopyroxene (22.3 ±
0.1 wt%) and glass (10.3 ± 0.3 wt%). Accuracy and precision were 
monitored using BHVO-2G and BCR-2G as secondary standards (https 
://georem.mpch-mainz.gwdg.de/), being typically better than 10% 
and 5%, respectively, under the same analytical conditions as the un-
knowns (Table S2). Trace element concentrations were extracted from 
crystal zones and glass using the Monocle add–on for Iolite (Petrus et al., 
2017). 

2.6. Micro-Raman analysis 

Micro-Raman mapping of interface glass was performed at the 
EVPLab of Roma Tre University (Rome, Italy) using a Jobin Yvon LAB-
RAM HR800 Horiba micro-Raman spectrometer, equipped with an 
attenuated doubled Nd3:YAG laser (532 nm wavelength) and calibrated 
using a silicon standard. A motorized stage was used to collect individual 
Raman spectra, each being associated with a given point on the sample 
surface. Individual Raman spectra were acquired in rectangular grid 
patterns with a step size of 1 μm. The operating conditions were 600 
grooves/mm grating density, 150 μm confocal hole, 150 μm slit width, 1 
× accumulations, and 20 s acquisition time per point. The laser power at 
the source was 60 mW (0.15 mW on the sample surface). The resulting 
hyperspectral map is 20 × 40 μm. A nominal spatial resolution of ~1 
μm2 is obtained with the 100 × objective. The backscattered Raman 
radiation is collected over the 100–4000 cm− 1 range. The presence of 
H2O is detected by normalizing the water band intensity at 3550 cm− 1 to 
the spectral intensity at 3000 cm− 1 selected as a reference for the 
background signal. This normalization provides information on the 
presence and relative variation of dissolved H2O. Quantitative estima-
tions would require more extensive spectral treatment and calibration 
(e.g., Long correction, baseline subtraction, glass standardization; cf. Di 
Genova et al., 2017) beyond the aim of this work. 
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3. Results 

3.1. Phase assemblage and clinopyroxene morphology 

Clinopyroxene (~15–17 vol%) is the most abundant mineral phase 
in all run products, with minor presence (~4–6 vol%) of olivine. The 
crystal content does not substantially change in isobaric and decom-
pression experiments, showing an almost comparable glass amount 
(~77–81 vol%). Bubbles are also ubiquitous, especially next to the 
capsule walls. 

Reflected light optical photomicrographs (Fig. 1a) show that clino-
pyroxene crystals from the isobaric experiment EXP-0 are characterized 
by polyhedral forms with well-developed planar faces indicative of 
complete textural maturation under the combined effects of CRslow =

0.3 ◦C/min and ΔTT = 23 ◦C. The formation of interface-limited mor-
phologies can be addressed to the annealing time of 24 h, which was 
long enough to impose a steady-state clinopyroxene growth via diffusive 
relaxation phenomena in the low viscosity basaltic melt (cf. Pontesilli 
et al., 2019). BSE photomicrographs (Fig. 2a) highlight that polyhedral 
crystals are sector-zoned, with compositionally different growth layers 
in different crystallographic orientations (i.e., hourglass and prism sec-
tors) as indicated by marked changes in the average atomic number of 
the crystalline regions (i.e., darker contrasted crystalline regions 
correspond to higher BSE intensities and vice versa). 

The morphology of clinopyroxene crystals from the slow decom-
pression experiment EXP-0.01 is generally sub-euhedral (Fig. 1b). There 
is also the intergrowth of two or more individuals with different orien-
tations due to a period of cessation of growth after CRmid = 0.6 ◦C/min 
and a new stage of growth from a newly supplied interface melt as the 

result of DRslow = 0.01 MPa/s (Fig. 2b). Irregular boundaries are asso-
ciated with unsealed, scalloped melt embayments and the entrapment of 
curvilinear melt inclusions (i.e., ME and MI in Fig. 2b, respectively). 
Partial destabilization of the advancing crystal–melt interface is caused 
by kinetic effects resulting from CRmid in combination with DRslow. The 
entrapment of melt inclusions requires a shift from a diffusion-limited to 
interface-limited crystallization regime (e.g., Stewart and Pearce, 2004; 
Blundy and Cashman, 2005; Baker, 2008). After an early stage of rapid 
crystal growth to form melt embayments, a subsequent period of slow 
growth was necessary to seal and isolate the embayments during the 
annealing time. Reaction kinetics at the early stage of growth produce 
skeletal forms as intrasectoral subsectors that are visible in the central 
region of the late-growing hourglass and prism sectors (Fig. 2b). Growth 
sector boundaries are also well identified by the change in orientation of 
a distinctive concentric band that delineates time-equivalent growth 
surfaces in the crystal. Both hourglass and prism faces are enclosed by an 
overgrowth rim showing either planar or irregular boundaries (Fig. 2b). 
The overall growth history of clinopyroxene generates a composite 
zoning pattern which is identified in Fig. 2 as sector zoning (SZ), 
concentric zoning (CZ), intrasectoral subsectors (IS), and overgrowth 
rims (OR). All these textural attributes will be described in detail in 
Section 3.2. 

Reaction kinetics are exacerbated in the fast decompression experi-
ment EXP-1, in which clinopyroxene crystals show elongate shapes with 
skeletal textures and morphological instability caused by rapid growth 
conditions (Figs. 1c and 2c). The planar faces are in part substituted by 
branched protrusions and reentrant faces leading to texturally incom-
plete forms (Fig. 1c). Larger protrusions develop preferentially at the 
corners or on the edges of crystals, whilst smaller protrusions occur at 

Fig. 1. Reflected light optical photomicrographs of clinopyroxene morphologies from the isobaric experiment EXP-0 (a), slow decompression experiment EXP-0.01 
(b), and fast decompression experiment EXP-1 (c). Cpx, clinopyroxene. Ol, olivine, Gl, glass. MI, melt inclusion. ME, melt embayment. 
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the center of the face, in which morphological instability is less favored 
(Fig. 1c). Clinopyroxene crystals attain sub-euhedral habits with 
rounded hollow sections or incomplete C-shapes containing large melt 
pockets (Figs. 1c and 2c). Skeletons from EXP-0.01 are substituted in 
EXP-1 by mottled and patchy textures that originate through the com-
bined effects of CRmid = 1.2 ◦C/min and DRfast = 1 MPa/s. Straight, 
arcuate, or bended slivers are occasionally observed having a brighter 

BSE intensity distinctly different from their host sector (i.e., poly-
crystalline aggregates leading to patchy zoning in Fig. 2c). These slivers 
define domains of irregular growth directions due to strong kinetic ef-
fects and produce clustering or indentation at the boundaries of sector- 
zoned clinopyroxene crystals (Fig. 2c). 

In both isobaric and decompression experiments, the growth of cli-
nopyroxene is occasionally associated with the crystallization of tiny 

Fig. 2. Back-scattered electron photomicrographs of sector-zoned clinopyroxene crystals from the isobaric experiment EXP-0 (a), slow decompression experiment 
EXP-0.01 (b), and fast decompression experiment EXP-1 (c). SZ, sector zoning. CZ, concentric zoning. IS, intrasectoral subsector as skeleton (EXP-0.01) or patchy 
zoning (EXP-1). OR, overgrowth rim. MI, melt inclusion. ME, melt embayment. Phl, phlogopite. 

Fig. 3. High-angle annular dark-field scanning transmission electron microscopy imaging at top left and energy-dispersive X-ray spectrometer mapping of phlogopite 
microlites attaching onto the external surface of clinopyroxene from the slow decompression EXP-0.01. 
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microlites of phlogopite from melt regions next to the clinopyroxene 
surface and over a maximum length scale of ~10 μm (Fig. 2b, c). These 
microlites show needle shapes, arrange as lamellar patterns, and sys-
tematically emerge from the melt in close proximity to the advancing 
clinopyroxene surface, also including curvilinear melt embayments and 
fully enclosed melt inclusions (i.e., ME and MI in Fig. 2b, c). STEM 
imaging and EDS mapping point out that phlogopite microlites attach 
onto the external surface of clinopyroxene during the growth of a freshly 
deposited crystalline layer and are uni-directionally aligned along their 
major crystallographic axes (Fig. 3). 

3.2. Clinopyroxene zoning patterns 

The composite zoning patterns of two representative clinopyroxene 
crystals (i.e., Cpx 1 and Cpx 2) from the slow decompression experiment 
EXP-0.01 are resolved in Fig. 4 using electron microprobe chemical 
maps and transects (AB and CD). Additional chemical maps acquired for 
two zoned clinopyroxene crystals (Cpx 3 and Cpx 4) from the fast 
decompression EXP-1 are presented in Fig. S1. 

Sector zoning results from compositional differences among adjacent 
time-equivalent crystal regions that grow simultaneously to form crys-
tallographically nonequivalent faces (Fig. 4 and Fig. S1). The interface 
constituting the compositional boundary does not coincide with a 

Fig. 4. Electron microprobe chemical maps and transects of two different clinopyroxene crystals from the slow decompression EXP-0.01.  
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growth surface but rather with a growth sector boundary showing 
intersectoral chemical variations. The geometry of polyhedral faces 
corresponds to the three-dimensional morphological model described in 
Leung (1974) for a natural titanaugite from an alkaline olivine basalt, 
further illustrated in Ubide et al. (2019a, 2019b). Prism sectors {100}, 
{110}, and {010}, designated for simplicity as {h k 0}, grow perpen-
dicular to the c-axis and are preferentially enriched in Al2O3 + TiO2, 
whereas {− 111} hourglass sectors grow along the c-axis and incorpo-
rate higher proportions of SiO2 + MgO (Fig. 4 and Fig. S1). 

Concentric zoning is found only in clinopyroxene crystals from EXP- 
0.01 and EXP-1 due to the combined effects of cooling and decompres-
sion. Time-equivalent growth surfaces form a synchronous and contin-
uous band crosscutting the {− 111} and {h k 0} sectors (Fig. 4 and 
Fig. S1). Planar growth surfaces are better developed in EXP-0.01 (i.e., 
CRmid and DRslow) than in EXP-1 (i.e., CRfast and DRfast) in response to 
sluggish kinetic effects. The change in orientation of the concentric band 
identifies the growth sector boundary that separates two different sec-
tors during the attainment of a more stable face morphology with 
increasing the annealing time (Fig. 4 and Fig. S1). AB and CD transects 
highlight that the concentric band is markedly enriched in Cr2O3 rela-
tive to the hourglass and prism faces. 

A decompression-induced overgrowth rim occurs in close spatial 
relationship with the concentric band and its thickness is variable from 
~20 to ~80 μm depending on the sector orientation (Fig. 4 and Fig. S1). 
The overgrowth rim is highly enriched in Al2O3 and TiO2 as larger 
proportions of incompatible cations are incorporated in the crystal 
structure (Fig. 4 and Fig. S1). Texturally asymmetric and irregular pat-
terns may also develop at the clinopyroxene rim due to more effective 
interface kinetics that produce serrate and cuspate boundaries with 
subparallel orientation (Fig. 4). 

An intriguing textural feature of decompression experiments is the 
occurrence of intrasectoral subsectors (Fig. 4 and Fig. S1), as crystal 
discontinuities consisting of compositionally distinct subsectors that 
occur in different regions of the sector in which they are contained (e.g., 
Paquette and Reeder, 1990). These crystal discontinuities testify to 
changes in the growth mechanism and originate from an early stage of 
rapid crystal growth upon the early effect of CRmid (EXP-0.01) and CRfast 
(EXP-1). Intrasectoral subsectors do not coincide with a growth sector 
boundary but rather appear as Cr2O3-rich skeletal forms in EXP-0.01 
(Fig. 4). The increased degree of melt supersaturation in EXP-1 leads to 
the formation of a composite network of Cr2O3-rich intrasectoral sub-
sectors with the shape of slivers delineated by both narrow and arcuate 
boundaries (i.e., patchy zoning in Fig. S1). Subsequent infilling of these 
pre-existing crystal frameworks produces hourglass and prism sectors, as 
melt relaxation phenomena became more effective over the annealing 
time. Skeletal branches located in the central portion of clinopyroxene 
crystals from EXP-0.01 are completely infilled and associated with the 
textural maturation of polyhedral sectors (Fig. 4). Conversely, the 
backfill process is markedly incomplete for the early-formed crystal 
frameworks from EXP-1, leading to an immature growth morphology 
that is characterized by mottled and patchy domains frequently inter-
rupted by glass pockets (Fig. S1). 

3.3. Clinopyroxene major/minor cations and components 

Fig. 5a shows major-minor cation distributions for the different 
textural attributes resolved for clinopyroxene crystals from isobaric and 
decompression experiments. TSi + M1Mg decrease and TAl + M1Ti in-
crease from EXP-0 to EXP-0.01 to EXP-1, in response to the kinetically- 
induced substitutions [TSi, M1Mg] ↔ [TAl, M1Al] and [2TSi, M1Mg] ↔ 
[2TAl, M1Ti] (Sack and Ghiorso, 1994). Fetotal is systematically anti-
correlated with M1Mg and M2Mg (Table S3) due to the formation of 
ferroan end-member components in the lattice site of clinopyroxene by 
multiple substitution reactions [M1Mg, M2Mg] ↔ [M1Fe2+, M2Fe2+], 
[M1Al] ↔ [M1Fe3+], and [TSi, M1Mg] ↔ [TAl, M1Fe3+] (Sack and Ghiorso, 
1994). 

Decompression experiments show additional textural complexities 
(concentric bands, overgrowth rims, intrasectoral subsectors), with 
compositional variations linked to the increase in both cooling rate and 
decompression rate. For example, the overgrowth rim incorporates a 
higher number of TAl, M1Ti, and M2Na cations from EXP-0.01 to EXP-1 
(Table S3). However, the increase in percentage of M2Na (~18%) re-
mains greatly subordinate to that calculated for TAl (~57%) and M1Ti 
(~65%). Moreover, M2Ca does not substantially change in the different 
zoning patterns of clinopyroxene, showing a minimum percentage 
variation (~2%). 

Sectoral differences between hourglass and prism faces are in the 
order [TSi + M1Mg]{− 1 1 1} > [TSi + M1Mg]{h k 0} and [TAl + M1Ti]{− 1 1 1} 
< [TAl + M1Ti]{h k 0} (Fig. 5a). The compositional data set is also adopted 
to construct frequency curves that are moderately asymmetric, with 
right- or left-shoulders and frequency peak positions shifting towards 
compositions enriched in TAl + M1Ti as a function of isobaric and 
decompression conditions (Fig. 5a). 

Concentric bands incorporate higher TSi + M1Mg contents than those 
measured for {h k 0} sectors, with the counterbalancing effect of lower 
TAl + M1Ti contents (Fig. 5a). Overgrowth rims form an isolated 
compositional group that is characterized by the lowest TSi + M1Mg and 
highest TAl + M1Ti contents. Frequency curves are almost symmetric 
with narrow peaks (Fig. 5a). 

Clinopyroxene compositions plotted in Fig. 5b are expressed as the 
sum of diopside (Di; CaMgSi2O6) and hedenbergite (Hd; CaFeSi2O6) 
components, and the sum of Ca-Tschermak (CaTs; CaAl2SiO6) and CaTi- 
Tschermak (CaTiTs; CaTiAl2O6) components. Changes in clinopyroxene 
components mimic very well the different proportions of TSi + M1Mg and 
TAl + M1Ti cations in the different zoning patterns. As a whole, crystal 
frameworks from isobaric experiment EXP-0 are preferentially enriched 
in Di + Hd, whereas those obtained from decompression experiments 
EXP-0.01 and EXP-1 exhibit lower Di + Hd contents, especially at high 
cooling and decompression conditions (Fig. 5b). The lowest amounts of 
Di + Hd are measured for the overgrowth rims in concert with the 
highest proportions of CaTs + CaTiTs components (Fig. 5b). Sector 
zoning responds to the enrichment and depletion criteria [Di +
Hd]{− 1 1 1} > [Di + Hd]{h k 0} and [CaTs + CaTiTs]{− 1 1 1} < [CaTs +
CaTiTs]{h k 0} (Fig. 5b). 

3.4. Clinopyroxene trace element mapping 

Fig. 6 shows two representative LA-ICP-MS maps for complexly 
zoned clinopyroxene crystals from decompression experiments EXP- 
0.01 and EXP-1, in which major (Al), minor (Na and Ti) and trace cations 
(TE, REE + Y, HFSE, LILE, and Sc) are arranged according to their ionic 
radius, charge, and host crystallographic site. Following the same 
approach adopted by Shimizu (1981), the enrichment factor (εi, where i 
is the element of interest) has been calculated as the ratio of an element 
concentration (Ci) in {h k 0} relative to {− 111} sectors through the 
formula SZεi =

{h k 0}Ci/{− 1 1 1}Ci. This principle has been extended to the 
enrichment factor of cations in concentric zones (CZεi =

CZCi/SZCi) and 
overgrowth rims (εOR =

ORCi/SZCi) relative to their average concentra-
tions in prism and hourglass faces [i.e., ({h k 0}Ci +

{− 1 1 1}Ci)/2]. For 
simplicity, an average enrichment factor has been calculated for groups 
of isovalent cations using data listed in Table S4. 

For cations hosted in the M1-site, SZεHFSE5+ (~3.8) > SZεHFSE4+
(~2.0) > SZεV (~1.6) > SZεSc (~1.1), with the enrichment factors of Cr, 
Ni, and Co close to unity due to the lack of substantial compositional 
variations for these transition cations between {h k 0} and {− 111} 
sectors (Fig. 6). As TAl + M1Ti increase in the coordination polyhedra of 
{h k 0} sectors, smaller and more charged trace cations are preferentially 
incorporated via Tschermak substitutions. Also, SZεREE+Y (~1.5) >
SZεLILE1+ (~1.2) for cations hosted in the M2-site, and SZεLILE2+ is below 
unity. 

The distribution of trace cations in concentric zones is generally 
similar to that observed for {− 111} sectors, so that concentric zones are 
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Fig. 5. Clinopyroxene major-minor element oxides (a) and components (b) from the isobaric experiment EXP-0, slow decompression experiment EXP-0.01, and fast 
decompression experiment EXP-1. Clinopyroxene cations and components have been determined from microprobe data on the basis of six oxygens, following the 
calculation scheme described in Mollo et al. (2018). Inserts show frequency curves that are obtained for cations and components. Di, diopside. Hd, hedenbergite. 
CaTs, Ca-Tschermak. CaTiTs, CaTi-Tschermak. 
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Fig. 6. Laser ablation inductively coupled plasma mass spectrometry maps for clinopyroxene crystals from slow (EXP-0.01) and fast (EXP-1) decompression ex-
periments. Major (Al), minor (Na and Ti) and trace cations (TE, REE + Y, HFSE, LILE, and Sc) are arranged according to their ionic radius, charge, and host 
crystallographic site. TE, transition elements. REE, rare earth elements. HFSE, high field strength elements. LILE, large ion lithophile elements. 
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more reluctant than {h k 0} sectors to incorporate incompatible REE + Y 
and HFSE (Fig. 6). However, Cr, Ni, and Co transition cations concen-
trate at high proportions in the octahedral site of synchronous bands, in 
the order CZεCr (~2.4) > CZεNi (~1.3) > CZεCo (~1.2) and regardless of 
{− 111} and {h k 0} crystallographic configurations (Fig. 6). 

Among all the different textural attributes observed for clinopyrox-
ene crystals, the overgrowth rims from decompression experiments EXP- 
0.01 and EXP-1 are dramatically enriched in trace cations incompatible 
with the lattice site of clinopyroxene (Fig. 6). This compositional change 
accounts for the very high proportion of Tschermak components 
(Fig. 5b) attained by (1) upon kinetic effects controlled by fast cooling 
and decompression rates and (2) the late crystallization stage from more 
differentiated residual melts. As a general rule, ORεHFSE5+ (~2.6) >

ORεHFSE4+ (~1.8) > ORεV (~1.7) > ORεSc (~1.1) for the M1-site, whereas 
ORεREE+Y (~1.8) > ORεLILE1+ (~1.4) and ORεLILE2+ < 1 for the M2-site. 
Values calculated for ORεCr, ORεNi, and ORεCo are also below unity, as 
the melt surrounding the overgrowth rim is greatly depleted in mafic 
components by cooling- and decompression-induced crystallization. 

Together, elemental mapping via LA-ICP-MS (Fig. 6) and electron 
microprobe (Fig. 4) punctuate that the very high concentration of Cr in 
intrasectoral subsectors is conjoined with an increased amount of REE +
Y, HFSE, Sc, and V contents. However, differently from concentric 
zoning, the uptake of Cr in the M1-site of early-formed skeletal forms 
and disequilibrium crystalline frameworks are independent of Ni and Co 
concentrations (Fig. 6). The CD transect displayed in Fig. 4 highlights 
that Cr concentrates in intrasectoral subsectors as [TSi, M1Mg] ↔ [TAl, 

Fig. 7. Diffusion of chemical components in the melt adjacent to a sector-zoned clinopyroxene crystal from the slow decompression experiment EXP-0.01. Back- 
scatted electron image of clinopyroxene and melt (a). Electron microprobe maps (a) and transects (b) of MgO and Al2O3 chemical components. Micro-Raman 
mapping showing H2O concentration gradients in the melt (c). Dbl, diffusive boundary layer. Ffm, far field melt. Cpx, clinopyroxene. Phl, phlogopite. 
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M1Cr], according to the same coupled substitutions [TSi, M1Mg] ↔ [TAl, 
M1Al] and [2TSi, M1Mg] ↔ [2TAl, M1Ti] documented for Tschermak-rich 
crystal zones. 

4. Discussion 

4.1. Melt diffusive boundary layer and clinopyroxene growth rate 

During the kinetic growth of sector-zoned clinopyroxene crystals a 
diffusive boundary layer develops in the basaltic melt next to the cli-
nopyroxene surface (Fig. 7), testifying to supersaturation phenomena 
imputable to the disparity between the rate at which the crystal surface 
advances and the rate of cation diffusion in the melt (Kirkpatrick, 1981; 
Lasaga, 1997; Sunagawa, 2005). A supersaturated melt represents a 
metastable system evolving towards bulk thermodynamic equilibrium 
as relaxation phenomena become increasingly effective by lowering any 
concentration gradient at the crystal-melt interface. Thermodynamic 
equilibrium requires that the rate at which atoms are attached from the 
melt onto the crystalline layer is completely balanced by the reverse 
process of detachment (Kirkpatrick, 1981; Lasaga, 1997; Sunagawa, 
2005). On the grounds of this corollary, the condition of melt super-
saturation corresponds to the driving force for crystallization related to 
the Gibbs potential difference throughout the crystal-melt interface 
(Tsuchiyama, 1985; Kouchi et al., 1983). 

Electron microprobe maps (Fig. 7a) and transects (Fig. 7b) from the 
slow decompression EXP-0.01 show an example of MgO and Al2O3 
chemical variations in the diffusive melt that extends from the far field 
(relaxed) melt unaffected by chemical gradients towards the interface 
(supersaturated) melt, which is adjacent to the crystal surface and 
supplies chemical nutrients to the newly formed crystalline layer (all 
data are reported in Table S5). The thickness of the diffusive fields is in 
the range ~40–80 μm and its length scale is compatible with thin 
diffusive boundary layers reported for naturally cooling systems (see 
Watson and Müller, 2009 and reference therein). Mg cations compatible 
with the crystal lattice are depleted in the melt near the crystal edge, 
whereas Al cations incompatible with the advancing crystal surface are 
enriched in the adjacent melt (Fig. 7a, b). Al2O3 enrichments and MgO 
depletions conform to the coupled substitution [TSi, M1Mg] ↔ [TAl, 
M1Al] governing the compositional evolution of clinopyroxene (Fig. 7a) 
and the early observation that kinetic factors may produce sector zoning 
in clinopyroxene crystals via diffusive effects in the growth medium 
(Hollister and Gancarz 1971; Nakamura 1973; Leung 1974; Dowty 
1976, 1977). Sectoral arrangements (Figs. 2 and 4) and compositions 
(Fig. 5) identical to those presented here have been largely documented 
for natural (Downes, 1974; Duncan and Preston, 1980; Ubide et al., 
2019a, 2019b; Mollo et al., 2020b) and experimental (Masotta et al., 
2020; MacDonald et al., 2022) sector-zoned titanaugite crystals growing 
from mafic alkaline magmas, such as those erupted at Mt. Etna. 

Following the calculation scheme of Putirka (2016), the parameter 
NBO/T is determined as the number of non-bridging oxygens (NBO) per 
tetrahedral (T) cations (Table S5). The calculation also considers the 
amount of H2O estimated by the difference method of Devine et al. (1995) 
as: H2OEMPA = 100 - ΣEMPA, where ΣEMPA is the sum of anhydrous oxide 
components measured in the glass with microprobe. For dissolved H2O 
contents up to ~7.5 wt%, data from recent works on alkaline silicate 
glasses point out that values of H2OEMPA are overestimated by only 
~10% in comparison to more accurate micro-Raman analyses (Bonechi 
et al., 2022; Moschini et al., 2023). The magnitude of NBO/T shows little 
changes from the far field melt (~1.37–1.48) towards the interface melt 
(~1.34–1.55) as the result of two counterbalancing effects: (1) melt 
polymerization as the number of network-modifying divalent cations 
decreases (Fig. 7b) and (2) melt depolymerization as the amount of 
dissolved H2O increases (Fig. 7c). By examining the microprobe analyses 
of interface melts that coexist with clinopyroxene sectors, concentric 
bands, and overgrowth rims, the melt feeding the growth of different 
crystalline layers is constantly buffered to the composition of a basalt, 

with SiO2 ≈ 48.1–51.8 wt% and Na2O + K2O ≈ 3.9–4.0 wt% (Table S5). 
Some arguments suggest that the onset of phlogopite nucleation from 

the diffusive melt is driven by the kinetic growth of clinopyroxene: (1) 
phlogopite is a hydrous mineral bearing abundant hydroxyl groups 
aligned in multiple layers and it seems unlikely that phlogopite develops 
as a quench phase during melt decompression and H2O exsolution, (2) 
phlogopite microlites systematically develop in close proximity of the 
clinopyroxene surface rather than as isolated crystals dispersed in the far 
field melt (Fig. 2b, c), and (3) phlogopite microlites attach onto the 
clinopyroxene surface (Fig. 3), perhaps in response to heterogeneous 
nucleation mechanisms and free energy reduction imposed by the pre- 
existing clinopyroxene substrate. Moreover, whether or not phlogopite 
crystallization occurs, the magnitude and sign of chemical gradients for 
a specific oxide component do not substantially change in the diffusive 
melt. Tiny phlogopite microlites crystallize within a restricted melt re-
gion and show a very low mass fraction relative to that of large clino-
pyroxene crystals. This effect is quantified by estimating the mass 
fraction of crystalline phases from the total volume (V) and density (ρ) of 
clinopyroxene (Vcpx ≈ 8.5 × 10− 4 cm3 and ρcpx ≈ 3.3 g/cm3) and 
phlogopite (Vphl ≈ 7.9 × 10− 9 cm3 and ρphl ≈ 2.8 g/cm3), respectively. 
The resulting mass fraction of phlogopite (Mphl ≈ 1.7 × 10− 6) is about 
five orders of magnitude lower than that (Mcpx ≈ 0.16) of clinopyroxene. 
A direct consequence of this calculation is that the velocity at which the 
clinopyroxene surface advances in the melt is the main mechanism 
controlling interface reactions and the degree of supersaturation, as the 
crystal growth rate largely exceeds the diffusion of cations in the 
decompressed melt by promoting compositional gradients in the glassy 
matrix immediately adjacent to sector-zoned crystals (Fig. 7a). 

Micro-Raman mapping carried out for the quenched glass from the 
slow decompression experiment EXP-0.01 points out that H2O concen-
tration gradients extend in the melt surrounding the clinopyroxene 
sectors (Fig. 7c). H+ behaves as an incompatible element in clinopyr-
oxene and the partition coefficient of H2O between clinopyroxene and 
melt is much lower than unity (i.e., 10− 2–10− 3; O’Leary et al., 2010). 
The advancement of clinopyroxene surfaces is therefore expected to be 
faster than the diffusion length distance of H2O in the basaltic melt, so 
that H2O diffusion gradients develop in proximity of the clinopyroxene 
surface favoring the formation of phlogopite microlites (Fig. 7). For the 
isobaric experiment, the clinopyroxene growth rate is estimated through 
one of the most common methods reported in literature (e.g., Pontesilli 
et al., 2019 and references therein): G = (L × W)/(2 t), where L and W 
are the mean length and width, respectively, whereas t is the annealing 
time and the factor 2 refers to the growth of a half-crystal during face 
advancement. This calculation method returns G = ~2.0 ± 0.2 × 10− 7 

cm/s for clinopyroxene crystals with L and W in the ranges ~0.03–0.06 
and ~0.02–0.03 cm, respectively. Because of the lack of a steady cli-
nopyroxene growth in decompression experiments, it is not possible to 
exactly quantify the growth rate of one crystal surface relative to 
another (cf. Albarede and Bottinga, 1972), as complexly zoned crystals 
result from superimposition of different growth histories for {− 111} 
and {h k 0} sectors, intrasectoral subsectors, concentric bands, and 
overgrowth rims. Using the model of Zhang et al. (2017) and its asso-
ciated calibration error, the diffusivity of H2O in the basaltic melt at 
Tresting = 1050 ◦C corresponds to 26.5 ± 0.5 m2/s in natural logarithm. 
According to the calculation scheme reported in Watson and Liang 
(1995), the square root of H2O diffusivity multiplied by the experi-
mental time returns a mean diffusive transport distance of ~550 ± 150 
μm. By equating the diffusion time with the growth time (cf. Watson and 
Liang, 1995), it results that the velocity at which one hypothetical cli-
nopyroxene surface advances in the basaltic melt should be faster than 
~6.4 ± 1.8 × 10− 7 cm/s. This conservative estimate matches with the 
growth rate of ~10− 7 cm/s experimentally measured by Masotta et al. 
(2020) for sector-zoned clinopyroxene crystals growing from an Etnean 
trachybasaltic melt upon undercooling conditions of 23–32 ◦C. For the 
same melt composition, clinopyroxene growth rates on the order of 
~10− 7 cm/s have been resolved by in situ 4D (three dimensions + time) 
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X-ray microtomography for euhedral crystal morphologies approaching 
their final equilibrium size under small undercoolings ≤20 ◦C (Arzilli 
et al., 2022). In the system CaMgSi2O6-CaTiAl2O6, Kouchi et al. (1983) 
measured growth rates on the order of ~10− 7–10− 6 cm/s for a single 
seed of sector-zoned clinopyroxene suspended in a melt that was 
undercooled at rates ≤25 ◦C, also denoting that {− 111} sector grow 
faster than {h k 0} sector by a factor 2 at undercoolings ≤18 ◦C and by a 
factor 10 at the undercooling of 25 ◦C. 

4.2. Clinopyroxene-melt trace element partitioning 

As illustrated in Fig. 5, clinopyroxene growth kinetics are associated 

with the formation of a diffusive boundary layer at the crystal–melt 
interface from which chemical components are directly incorporated 
into the lattice site (e.g., Leung, 1974; Dowty, 1976, 1977). The struc-
tural and chemical characteristics of the crystal surface are strictly 
controlled by the interface melt supplying nutrients to the advancing 
crystalline layer, whereas in the far field melt all chemical gradients 
cease and the system returns to homogeneous concentrations (e.g., 
Mollo et al., 2013; Lang et al., 2021, 2022). This principle conforms to 
the early definition given by Albarede and Bottinga (1972) for the 
calculation of a partition coefficient, as the ratio between the compo-
sition of a freshly deposited crystalline layer and the composition of the 
melt portion right adjacent to this layer. In addition, the mass fraction of 

Fig. 8. Variation of apparent partition coefficients determined for minor and trace cations hosted in M1- and M2-sites of different clinopyroxene zones as a function 
of aluminium in T-site. Most of error bars are within the symbols and are not plotted for the sake of clarity. 
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phlogopite microlites is orders of magnitude lower than that of clino-
pyroxene, therefore any departure from bulk melt composition is ex-
pected to be marginal and uninfluential for partition coefficients 
calculated using interface melt regions unaffected by phlogopite crys-
tallization. On this basis, back-scattered electron imaging are used to 
carefully resolve phlogopite-free interface melts and perform spot ana-
lyses as close to the clinopyroxene surface as possible, at a maximum 
distance to the interface of ~10 μm. Apparent partition coefficients (Di 
= Icpx/Imelt, where I is the cation concentration on a weight basis) for the 
overgrowth rims have been calculated against the composition of the 
adjacent glass. Di for concentric bands and {− 111} and {h k 0} sectors 
isolated in the inner part of clinopyroxene have been calculated against 
the composition of phlogopite-free melt embayments and melt in-
clusions in close proximity with these crystal layers. All values of Di are 
listed in Table S6 together with their standard deviations. The legiti-
macy and reliability of our partitioning data set will be discussed later in 
Section 4.3 by virtue of thermodynamic and energetic considerations 
based on the change in cation charge and ionic radius. 

Fig. 8 summarizes the variation of some key apparent partition co-
efficients determined for minor and trace cations hosted in M1- and M2- 
sites of clinopyroxene, and representative of different geochemical 
groups. As the amount of TAl increases in the lattice site of crystals from 
EXP-0 to EXP-0.01 to EXP-1, we observe that M1D4+ (i.e., DTi and DZr for 
HFSE4+) and M1D5+ (i.e., DNb and DTa for HFSE5+) increase for cations 
hosted in the M1-site (Fig. 8). Similarly, M2D1+ (i.e., DNa and DLi for 
LILE1+), M2D+3 (i.e., DCe and DY for REE + Y3+), and M2D4+ (i.e., DTh for 
tetravalent actinide series) increase for cations hosted in the M2-site 
(Fig. 8). The net charge on the M2-site is the same in both CaMgSi2O6 
and CaAl2SiO6 end-members, but M2D2+ (i.e., DSr and DPb for LILE2+) 
decreases as the proportion of diopside-like structural sites decreases 
through the mutual substitutions [TSi, M1Mg] ↔ [TAl, M1Al] and [2TSi, 
M1Mg] ↔ [2TAl, M1Ti] (Hill et al., 2000; Adam and Green, 2006; Mollo 
et al., 2013, 2020a). Linear regression analysis indicates that the 
magnitude of Di for small and highly charged cations is tightly correlated 
with TAl (R2 = 0.96–0.99; Fig. 8), responding to charge balance 
compensation mechanisms that enhance the stability of different local 
configurations into the clinopyroxene structure, such as (REE, 
Y)3+MgAlSiO6, Ca(HFSE)4+Al2O6, and CaMg(HFSE)5+AlO6 (Lindstrom 
1976; Ray et al. 1983; Hart and Dunn 1993; Forsythe et al. 1994; 
Lundstrom et al. 1994, 1998; Skulski et al. 1994; Blundy et al. 1998; Hill 
et al., 2000, 2011; Wood and Trigila, 2001). 

Owing to the concurrent increase of aluminium and sodium in the 
clinopyroxene structure (Table S3), additive effects of these two cations 
on Di as the number of charge balance configurations increases in M1- 
and M2-sites cannot be excluded (Lundstrom et al., 1994; Blundy and 
Dalton, 2000; Bennett et al., 2004; Marks et al., 2004). For example, the 
entry of M2Na may favor the formation of Na0.5(REE,Y)3+

0.5MgSi2O6, 
Na0.5(REE,Y)3+

0.5Al2SiO6, Na(HFSE)4+AlSiO6, and Na(HFSE)5+Al2O6 
components (Blundy et al. 1998; Schosnig and Hoffer 1998; Wood and 
Blundy 2001; Bennett et al. 2004; Marks et al. 2004; Francis and Minarik 
2008; Beard et al., 2019). However, thermodynamic calculations based 
on diopside-jadeite melting (or fusion) reactions indicate that the effect 
of pressure on the partitioning of trace cations is almost negligible at P <
500 MPa (Wood and Blundy, 1997; Blundy and Wood, 2003). This 
observation is supported by the small change of M2Na relative to TAl in 
clinopyroxene zoning patterns (see Section 3.4). As previously discussed 
in Mollo et al. (2020a), only a low fraction of charge-neutral local 
configuration is attributable to M2Na as a charge-balancing cation for 
Na-poor crystals from this study (Na2O = 0.17–0.69 wt%) compared to 
Na-rich crystals synthesized from basaltic melts at mantle pressure 
(Na2O = 2.2–13.5 wt%; data from Klemme et al., 2002; Bennett et al., 
2004; Marks et al., 2004) and tephriphonolitic to phonolitic melts at 
crustal pressure (Na2O = 1.0–11.5 wt%; data from Beard et al., 2019). 

The magnitude of DREE+Y and DHFSE calculated for {− 111} and {h k 
0} sectors from the isobaric experiment is lower than that measured for 
decompression experiments and is observed to increase with increasing 

cooling and decompression rates (Fig. 8). Partitioning kinetics of trace 
cations are therefore markedly exacerbated in decompression experi-
ments due to the composite growth history of clinopyroxene. Under such 
dynamic conditions, the formation of Al-O-Al linkages in the short-range 
structural arrangement of the clinopyroxene lattice causes preferential 
incorporation of REE + Y in Tschermak-rich sectors as the valence of 
charge-balancing cations in adjacent sites increases (Wood, 1976; Wood 
and Blundy, 1997). Short-range ordering of tetrahedral Si-Al leads to an 
increased statistical proportion of M2-sites where the local charge of the 
central cation is 3+ rather than 2+ (Wood and Blundy, 2001; Blundy 
and Wood, 2003; Sun and Liang, 2012; Mollo et al., 2013; Scarlato et al., 
2014; Ubide et al., 2019a). At the same time, the mutual substitutions 
[TSi, M1Mg] ↔ [TAl, M1Al] and [2TSi, M1Mg] ↔ [2TAl, M1Ti] enhance the 
entry of highly charged HFSE onto the M1-site of Tschermak-rich sectors 
due to greater ease of charge neutralization relative to low charged 
cations (Wood and Trigila, 2001; Hill et al., 2000, 2011; Mollo et al., 
2018, 2020a; Bonechi et al., 2021; MacDonald et al., 2022). 

Partition coefficients calculated for concentric bands and {− 111} 
sectors generally overlap (Fig. 8), suggesting that the incorporation 
mechanisms are controlled by the same clinopyroxene structural con-
figurations and partitioning energetics (Hill et al., 2000, 2011; Bennett 
et al., 2004; Mollo et al., 2013, 2020b). In contrast, values of DNi 
(~1.2–1.3), DCo (~1.2), and DCr (~3.5–4.6) from concentric bands are 
systematically higher than those measured for {− 111} sectors and other 
crystal zones (Table S6). Cr, Ni, and Co belong to the first series tran-
sition metals and have high crystal field stabilization energies in octa-
hedral coordination (octCFSE). Following the early suggestion of Duncan 
and Preston (1980), the relation octCFSECr (224.7 kJ/mole) > octCFSENi 
(122.2 kJ/mole) > octCFSECo (61.9 kJ/mole; data from White, 2013) 
strongly controls the uptake of trace cations in the M1-site of concentric 
bands in the order DCr > DNi > DCo. Crystal field effects are particularly 
marked for the incorporation of Cr in M1-site due to its highest octCFSE 
relative to other transition elements (Figs. 4 and 6). Cr occupies only the 
regular M1 polyhedron of clinopyroxene and is reluctant to Jahn-Teller 
effects arising from the removal of orbital degeneracy by polyhedron 
distortions (Jahn and Teller, 1937). Note that in terrestrial magmas 
within the crust Cr predominates as Cr3+, whereas Cr2+ occupies the 
lattice site of minerals from meteoritic and lunar systems (Burns, 1975; 
Akasaka et al., 2019). Thus, the incorporation of Cr in clinopyroxene is 
independent of the effect of fO2 on the crystallization of crustal magmas, 
as Cr2+ is stable only at very low oxygen fugacity conditions and mantle 
pressures (Akasaka et al., 2019 and references therein). 

For a single cooling or undercooling step, the growth rate of clino-
pyroxene linearly decreases as diffusive relaxation proceeds over the 
annealing time, so that the diffusion of cations across the crystal-melt 
interface decreases steadily until it reaches zero (e.g., Pontesilli et al., 
2019). However, this is not the case in our experiments. There is 
compelling circumstantial evidence that Cr-Ni-Co-rich concentric bands 
in our experiments record changes in the environment of growth over 
time (Figs. 2, 4, and 6). More specifically, changes in the velocity of the 
advancing crystal surface and the transport of cations in the melt occur 
by superimposition of different cooling and decompression regimes. As a 
result, the thermodynamic driving force for crystal growth shifts from a 
temperature-dependent ΔTT to a composition-dependent ΔTH2O caused 
by melt decompression and H2O exsolution. The viscosity increase 
accompanying H2O exsolution inhibits the diffusion of crystal-forming 
components, with consequent deceleration of the advancing crystal-
line layer (e.g., Mollo and Hammer, 2017). In the most differentiated 
trachyandesitic products erupted at Mt. Etna, the viscosity increase can 
be locally exacerbated by the late-stage formation of Fe-Ti-bearing 
phlogopite crystals on the walls of lava vesicles (7.9–9.2 wt% FeO and 
3.7–4.5 wt% TiO2; Nicotra et al., 2010). The removal of iron and tita-
nium from the melt is very effective in increasing the melt viscosity (Di 
Genova et al., 2020; Scarani et al., 2022), especially during the 
decompression-induced crystallization process leading to the growth of 
phlogopite from Etnean magmas (Nicotra et al., 2010). Recalling the 
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thermodynamic principles of crystal nucleation and growth, the acti-
vation energy for crystal growth is a proxy for the enthalpy difference 
associated with the transport of structural units across the crystal-melt 
interface (Kirkpatrick, 1975). Therefore, the growth of concentric 
bands over a short length scale of only 15–20 μm can be mutually 
associated with an increase in the activation energy for crystal growth 
by H2O exsolution and formation of an increased number of stronger 
Si–O–Si bonds relative to weaker Si–OH–HO–Si bonds (Kirkpatrick, 
1975). 

Changes in the growth history of a crystalline solution produce 
kinetically-controlled cation substitution reactions in which the excess 
Gibbs free energy of mixing is resolved by large enthalpic effects through 
distortion of the lattice (Ganguly and Saxena, 1987). In this regard, the 
enthalpy of mixing (ΔHmix) of a solid solution is often described by two 
components: (1) a strain energy term arising from the mismatch in size 
when one cation substitutes for another of different size, and (2) a 
chemical energy term resulting from the interactions of the atoms with 
their surroundings in the crystal lattice (Ganguly and Saxena, 1987). The 
contribution of this latter term on ΔHmix is associated either with dif-
ferences in electronegativity and electronic polarization of the 
substituting cations, or with electronic effects accounting for the change 
of ligand field stabilization energy of transition metal cations as a 
function of the composition of the solid solution (Ganguly and Saxena, 
1987). For coupled heterovalent substitutions along the join CaMgSi2O6- 
CaAl2SiO6, the activities of the end-member components approach their 
molar fractions (e.g., aDi ≈ XDi and aCaTs ≈ XCaTs), despite the calori-
metric and structural data suggest charge imbalance within the solid 
solution (Wood, 1979). Therefore, it is expected that both ΔHmix and 
TΔSmix increase of the same magnitude during heterovalent sub-
stitutions, such that ΔGmix of charge balance and imbalance configura-
tions remains ideally the same. In concentric zoning patterns, the 
partitioning energetics of Cr, Ni, and Co (i.e., 3d-cations in relation to 
the electronic energy of orbitals) can be related to the ΔHmix between Di 
and CaTs end-members in clinopyroxene solid solution as (Ganguly and 
Saxena, 1987):  

ΔHmix = (1 − XCaTs)X2
CaTsWDiCaTs + (1 − XCaTs)2XCaTsWCaTsDi +

ΔCFSEmix                                                                                       (1) 

where WDiCaTs and WCaTsDi are the Margules mixing parameters. As the 
metal–oxygen bond distance decreases, the d orbital splitting energy 
separation Δ (i.e., crystal field splitting) of transition metals increases. 
Consequently, the energetic contribution of ΔCFSEmix to Eq. (1) may 
effectively rule the thermodynamic properties of concentric bands in 
response to the strong repulsive forces of electrons in orbitals sur-
rounded by negatively charged O2– anions. The leverage of crystal field 
effects on the crystallochemical peculiarities of concentric bands is 
determined by the cation-oxygen distance and geometry of M1 poly-
hedra (Langer and Andrut, 1996), such as Di ≈ f(ΔCFSEmix) when octCFSE 
attains the highest value. This observation has important ramifications 
for the interpretation Cr-Ni-Co-rich concentric zoning patterns in natu-
ral clinopyroxene phenocrysts and intuitively ascribed to composition-
ally distinct magmas that mix together under open-system 
crystallization conditions (e.g., Ubide and Kamber, 2018; Ubide et al., 
2019a, 2019b; Di Stefano et al., 2020; Mollo et al., 2020b; Petrone et al., 
2022). Cr-Ni-Co-rich clinopyroxene bands can be related to counterin-
tuitive processes driven by the perturbed growth histories of crystals and 
discontinuous accumulation/depletion of cations at the crystal-melt 
interface. Importantly, natural sector-zoned clinopyroxene at Mt. Etna 
shows major element variations (Masotta et al., 2020) and rare earth 
element systematics (MacDonald et al., 2022) indicative of crystalliza-
tion at low degrees of undercooling under sluggish kinetic effects, and 
therefore, concentric zoning in transition metals is a viable tool for 
tracking magma mixing events. Nevertheless, the overriding implication 
of closed-system experiments from this study is that partitioning kinetics 
under strong cooling and decompression regimes can be steadily 

convoluted with the change of crystal growth mechanisms and only 
subordinately controlled by simple stoichiometric mixing between mafic 
(Cr-Ni-Co-rich) and more differentiated (Cr-Ni-Co-poor) basaltic melts. 

Strong disequilibrium effects resulting from the early imposition of 
CRmid and CRfast before melt decompression in experiments EXP-0.01 
and EXP-1 are associated with the uptake of Cr cations in Tschermak- 
rich intrasectoral subsectors, together with the concurrent increase of 
Sc, V, and HFSE in the M1-site (Figs. 4 and 6). Cr concentrates in the 
crystalline layer regardless of crystal field effects, as indicated by the 
lack of concurrent uptake of Ni and Co in the M1-site (Fig. 6). The CD 
transect in Fig. 4 indicates that charge imbalance effects caused by the 
excess of TAl in intrasectoral subsectors are resolved through the 
Tschermak-type substitution [TSi, M1Mg] ↔ [TAl, M1Cr], which involves 
the formation of chromium-aluminium Tschermak component CaCrAl-
SiO6 (Duncan and Preston, 1980; Hill et al., 2000, 2011; Mollo et al., 
2020a, 2020b). As a result, the energetic contribution of ΔCFSEmix is 
overwhelmingly mediated by the rapid growth of Tschermak-rich crys-
talline frameworks, in which Cr cations more readily enter the M1-site of 
CaAl2SiO6 (3 + charge on M1) than CaMgSi2O6 (2 + charge on M1) due 
to charge deficit left by the replacement of TSi by TAl (Mollo et al., 
2013). This extends also to the partitioning of Sc and V in M1-site, which 
accounts for clinopyroxene structural configurations related to the 
Tschermak components CaScAlSiO6 and CaVAl2O6, respectively (Ben-
nett et al., 2004; Hill et al., 2011; Mollo et al., 2020b). V populates the 
M1-site of clinopyroxene mainly as V4+ at the redox state of the ex-
periments and natural Etnean magmas, as derived by the thermody-
namic parameterization of Mallmann and O’Neill (2009) on the 
multivalence state of DV as a function of fO2. This is also confirmed by 
the experimental study of Toplis and Corgne (2002) showing that V5+

becomes the dominant valence state only at fO2 > NNO + 2. When 
crystals grow from supersaturated melts, nucleation first occurs under 
high driving force conditions, which will diminish as growth proceeds. 
Therefore, a crystal which is originally skeletal or dendritic will even-
tually take a polyhedral form bounded by a flat face as melt chemical 
gradients decline over time via diffusive relaxation (Pontesilli et al., 
2019). In the context of our experiments, skeletal and dendritic shapes 
correspond to an early stage of diffusion-limited growth before the 
attainment of a more stable crystal surface under interface-limited 
growth conditions. For hydrous Etnean magmas, the rapid growth of 
skeletal and dendritic clinopyroxene crystals has been calculated to in-
crease up to a maximum of ~10− 5 cm/s by rapid cooling and decom-
pression experiments (Simakin et al., 2003; Pontesilli et al., 2019; Arzilli 
et al., 2019, 2022). Partitioning data from this study suggest that the 
energetic contribution of ΔCFSEmix on the incorporation of highly 
charged cations in the M1-site of sector-zoned clinopyroxene crystals is 
effective only upon slow growth rates, on the order of 10− 7 cm/s. As the 
growth rate increases up to 10− 5 cm/s at the early stage of cooling, the 
interface melt next to the advancing crystal surface becomes dramati-
cally enriched in incompatible Al + Ti cations and depleted in 
compatible Si + Mg cations (Mollo et al., 2010, 2012). This enhances the 
substitution of cations of very different size (i.e., replacement of TSi by 
TAl with ionic radius of 0.26 and 0.39 Å, respectively), with consequent 
large enthalpic effects due to distortion of the lattice and change in the 
coulombic forces that mitigate the contribution of ΔCFSEmix on the 
incorporation reaction. 

As the crystal growth rate and chemical gradients in the melt 
diminish with annealing time, skeletal frameworks are subsequently 
infilled by more relaxed melts. In this late stage, the transition between 
diffusion-limited to interface-limited growth regime leads to the for-
mation of polyhedral morphologies in which trace element sector par-
titioning takes place via the mutual substitution reaction [DiHd]{− 1 1 1} 
↔ [REE + YCaTs + HFSECaTs]{h k 0} proposed in recent works on nat-
ural and experimental sector-zoned clinopyroxene (Ubide et al., 2019a, 
2019b; Di Fiore et al., 2021; MacDonald et al., 2022). The growth rate of 
sector-zoned crystals must be slow to attain planar faces by filling up the 
interstices of earlier-formed dendrites through a layer growth 
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mechanism that is established at low melt saturation conditions. The 
structural configuration of the advancing interface determines the 
geometrical distribution and concentration of cations that are progres-
sively incorporated into the early-formed crystalline surface that will 
eventually build the bulk crystal (Nakamura, 1973; Leung, 1974). 
However, nonequivalence of element partitioning between different 
time-equivalent faces requires that growth rates on adjacent faces differ 
and sector zoning depends on the sensitivity of a specific cation parti-
tioning to growth rate. This is possible because {− 111} and {h k 0} 
sectors have unique cation orientations and configurations of the growth 
surfaces, leading to different degrees of crystal-melt cation substitutions 
during growth (Nakamura, 1973; Dowty, 1976, 1977). From a crystal-
lographic and crystallochemical point of view, sectoral partitioning in 
clinopyroxene depends on the two-dimensional (2D) atomic arrange-
ments of the growing layers (Hollister and Gancarz, 1971; Ferguson, 
1973; Leung, 1974) and is principally controlled by the attachment ki-
netics of SiO3 chains and the adsorption/desorption kinetics of cations in 
the protosites, as partially-completed crystal structures that are more 
flexible than the future M1- and M2-sites (Nakamura, 1973; Dowty, 
1976, 1977; Shimizu, 1981). Therefore, the susceptibility of a given 
sector to crystal-melt cation substitutions is influenced by a local 2D 
nearest neighbor effect, since the overall 3D nearest-neighbor coordi-
nation is essentially unchanged, except for subtle differences of bond 
lengths and site distortion. The protosite concept assumes local equi-
librium between the crystal surface and the surrounding melt and is 
independent on the crystal growth mechanism (Nakamura, 1973), 
which is not clearly defined in literature and may change as a function of 
the degree of undercooling (Kouchi et al., 1983). Differential parti-
tioning between structurally different regions of the crystal surface is 
controlled by the types of protosites, consisting of different coordination 
and geometry of cations within a growth layer (Nakamura, 1973; Leung, 
1974; Dowty, 1976, 1977). Once cations are incorporated in different 
concentrations on nonequivalent growing sectors and then ordered 
under successive layers, adjustments in their concentrations are pre-
cluded by sluggish intracrystalline diffusion rates (Hollister and Gan-
carz, 1971; Dowty, 1976, 1977). 

The {− 111} sector grows along the c-axis and its spatial structural 
distribution consists of parallel planes that expose single layers of M2- 

protosites alternating with double layers of M1-protosites (Fig. 9a). 
The structural arrangement of the {− 111} sector implies that a smaller 
number of protosites are simultaneously exposed along the planar face 
(Nakamura, 1973; Leung, 1974). This favors the incorporation of cations 
structurally important for the lattice site, by minimizing the concen-
tration of unfavorable impurity cations (i.e., non-essential structural 
constituents) in the adsorption layer (Hollister and Gancarz, 1971; 
Nakamura, 1973; Leung, 1974; Dowty, 1976, 1977). In contrast, the 
{100} sector grows parallel to the c-axis and consists of double layers of 
M1-protosites and double layers of M2-protosites (Fig. 9a). Because an 
increased number of protosites are now exposed in the adsorption layer, 
a larger amount of unfavorable impurity cations can be accepted to fill 
this structural arrangement (Nakamura, 1973; Leung, 1974). Incorpo-
ration of impurity cations with different charge and size relative to those 
of the host constituent cation is facilitated by the geometrical flexibility 
of the protosites, whereas charge balance in the lattice occurs through 
the addition of a subsequent adsorption layer parallel to the crystal face 
(Nakamura, 1973; Leung, 1974). The activation energy for crystal 
growth in the system CaMgSi2O6-CaAl2SiO6 increases with increasing 
impurities (mainly Al and Ti) in the lattice site of clinopyroxene (Kirk-
patrick, 1975), giving reason for the fast growth of Si-Mg-rich, Al-Ti- 
poor {− 111} sectors relative the slow growth of Si-Mg-poor, Al-Ti-rich 
{100} sectors (Fig. 9a). Moreover, the ratio between length and width of 
the crystal must be constant at all growth stages to maintain the pris-
matic habit and shape stability (Leung, 1974). Therefore, time- 
equivalent sector boundaries belonging to crystallographically 
nonequivalent faces can retain their planar surfaces via morphological 
stability only if the different faces grow at constant relative velocities 
(Hollister and Gancarz, 1971; Ferguson, 1973; Nakamura, 1973; Leung, 
1974). As summarized in Fig. 9a, there is need that L/W and G{− 1 1 1}/ 
G{1 0 0} are constant, with L > W and G{− 1 1 1} > G{1 0 0} to increase the 
size of the prisms along the c-axis. 

Regarding the number and type of protosites exposed on each face 
per unit cell volume, four M1 3/6 protosites are exposed on the slow 
growing {100} sector and only one M1 4/6 protosite is exposed on the 
fast growing {− 111} sector (where 3/6 and 4/6 are the number of 
bonds in the first coordination sphere crossing the crystal surface of least 
bonding; Nakamura, 1973; Dowty, 1976, 1977; Shimizu; 1981). The 

Fig. 9. Schematic illustration of crystal growth principles governing the structurally different regions of a sector-zoned clinopyroxene (a). Figure redrawn after 
Nakamura (1973) and Leung (1974). L, crystal length. W, crystal width. G, growth rate of {− 111} and {110} sectors. Enrichment of cations in sector-zoned cli-
nopyroxene crystals from the isobaric experiment EXP-0, slow decompression experiment EXP-0.01, and fast decompression experiment EXP-1 as a function of the 
ratio of the ionic charge (Z) of the cation divided by the ionic radius (r) squared (b). The enrichment factor is calculated as the ratio of an element concentration in {h 
k 0} relative to {− 111} sectors, according to Shimizu (1981). Experimental enrichment factors are compared with the natural data set of Ubide et al. (2019a) 
obtained for phenocrysts from Mt. Etna. 
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higher number of protosites exposed in the slow growing {100} sector 
explains its greater predisposition to retain trace cations with high 
charge and small size relative to the fast growing {− 111} sector. Shi-
mizu (1981) outlines that the enrichment of cations is proportional to 
the ratio of the ionic charge of the cation divided by the ionic radius 
squared, as a measure of the strength of the Coulomb interaction be-
tween a given cation and the protosite. The stronger the Coulomb 
interaction, the higher the ionic potential, the higher the retention of 
cations absorbed in the M1-site. Ubide et al. (2019a) found the same 
relationship for titanaugite phenocrysts at Mt. Etna, and experimental 
crystals obtained from EXP-0 under slow cooling and isobaric conditions 
compare very well with the natural data set (Fig. 9b). In contrast, growth 
kinetics are exacerbated in experiments EXP-0.01 and EXP-1 due to an 
increased cooling rate and the concurrent effect of melt decompression. 
This causes crystal morphological instability via melt chemical pertur-
bations and change in the velocity of the sector surface (Kouchi et al., 
1983). As a result, the compositional difference between basal and prism 
sectors decreases and the enrichment factor also decreases (Fig. 9b). This 
trend is especially evident for HFSE4+ and HFSE5+ because these ele-
ments are more susceptible to the increased proportion of structural 
configurations important for the accommodation of highly charged 
cations relative to Mg, as the major host cation in the M1-site (Mollo 
et al., 2018). 

4.3. Lattice strain parameterization 

In line with previous studies on clinopyroxene partitioning ener-
getics (Wood and Blundy, 2001; Blundy and Wood, 2003; Brooker et al., 
2003; Mollo et al., 2020b), partition coefficients for monovalent (DLi, 
DNa, DK, DRb, and DCs; M2D+1), divalent (DMg, DCa, DSr, DPb, and DBa; 
M2D+2) and trivalent (DREE+Y; M2D+3) cations hosted in the M2-site are 

investigated to extrapolate thermodynamic parameters governing the 
magnitude of ΔGstrain. These three groups include at least five partition 
coefficients for isovalent cations, which is a prerequisite necessary to 
quantitatively constrain partitioning energetics through regression 
analysis of data by minimizing the error of the fit. The lattice strain 
model of Blundy and Wood (1994) has been employed to relate M2D+1, 
M2D+2, and M2D+3 with the crystallochemical properties of the host 
crystal: 

Di = D0exp

⎧
⎪⎪⎨

⎪⎪⎩

− 4πENA
[r0

2 (ri − r0)
2
+ 1

3(ri − r0)
3 ]

RT

⎫
⎪⎪⎬

⎪⎪⎭

(2)  

where NA is the Avogadro’s number 6.022 × 1023 mol− 1, R is the uni-
versal gas constant 0.0083145 kJ/mol, and T is the temperature in 
Kelvin. The control of lattice strain on Di reflects the ability of a rela-
tively rigid crystal site to accommodate misfit trace cations with charge 
Zi and ionic radius ri (from Shannon, 1976) different to those of the host 
major cations normally resident on the crystallographic site. The 
parameter r0 is the strain-free ionic radius and the excess of strain energy 
depends on insertion of cations that are bigger or smaller than the op-
timum radius of the site. The produced lattice strain is proportional to 
the apparent Young’s modulus E and its effect on the curvature of the 
partitioning parabola (e.g., opening of the parabola limbs increases with 
increasing site elasticity and decreasing E). For the fictive exchange 
between major and trace cations, M2D+1, M2D+2, and M2D+3 are 
maximum at ri/r0 = 1, whereby the substituting trace cation enters the 
crystal lattice without strain. At this minimum energetic condition, r0 
intersects the apex of the parabola at the strain-free (or strain- 
compensated) partition coefficient D0, defining the height of the curve. 

Through a Levenberg–Marquardt-type, non-linear least-squares 

Fig. 10. Example of strain parabolas obtained for the fast decompression experiment EXP-1. Partition coefficients calculated for suites of isovalent cations hosted in 
the M2-sites of different clinopyroxene zones are plotted against the cation ionic radius (r). Most of error bars are within the symbols and are not plotted for the sake 
of clarity. See all plots obtained for the isobaric experiment EXP-0, slow decompression experiment EXP-0.01, and fast decompression experiment EXP-1 in Sup-
plementary Material 7. 
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fitting routine, the best-fit values of D0, r0, and E are derived by 
weighting the fits using the standard deviations of measured partition 
coefficients (see data in Table S6). All plots of partition coefficient 
against ionic radius for suites of isovalent cations from isobaric experi-
ment EXP-0 and decompression experiments EXP-0.01 and EXP-1 are 
presented in Fig. S2. An example is displayed in Fig. 10 for partitioning 
data from EXP-1, where values of M2D+1, M2D+2, and M2D+3 lie on 
parabola-like curves in accordance with the cardinal study of Onuma 
et al. (1968), which laid the groundwork for several predictive models 
reported in literature (e.g., Wood and Blundy, 1997; Sun and Liang, 
2012, Beard et al., 2019; Mollo et al., 2018). Crystal solid solutions are 
less compressible than the more disordered and flexible structure of the 
melt, thus the lattice strain parameterization has the advantage of 
eliminating most of melt compositional effects on mineral–melt parti-
tioning (Blundy and Wood, 1994). 

Onuma curves for M2D+1, M2D+2, and M2D+3 from hourglass {− 111} 
and prism {h k 0} sectors, concentric bands, and overgrowth rims are 
comparatively displayed in Fig. 10. Partitioning parabolas become 
tighter with increasing TAl and/or the cation charge for the same iso-
valent group, because there is a strong crystallochemical control of cli-
nopyroxene on the excess of strain energy under both equilibrium 
(Wood and Blundy, 2001; Blundy and Wood, 2003) and kinetic growth 
(Mollo et al., 2013) conditions. The main mechanism responsible for the 
apparent stiffening of the lattice is related to the different ionic radius of 
aluminium and silicon in the T-site of clinopyroxene. Al-O bonds are 
longer than Si-O bonds and the replacement of TSi by TAl shortens the 
cation–oxygen bond distance of the M2 polyhedron by increasing the 
resistance of the site to local deformation (Hill et al., 2000; Mollo et al., 
2020a). 

It worth mentioning that all fits derived by Eq. (2) are in very good 
agreement with measured partition coefficients (Fig. 10 and Fig. S2), 
irrespective of the clinopyroxene zoning pattern examined and the 
experimental conditions adopted (see regression statistics in Table S6). 
Partition coefficients for the trace cations are approximated to within 
±10% by our fits to the lattice strain model. This supports the recog-
nition that kinetically-controlled cation substitution reactions affect 
M2D+1, M2D+2, and M2D+3 through charge balance mechanisms analo-
gous to those observed during equilibrium partitioning, as outlined in 
Mollo et al. (2013). Kinetic incorporation of trace cations in the lattice 
site proceeds by the attainment of a local interface equilibrium, as small- 
volume reaction kinetics develop at the crystal-melt interface by a 
steady-state diffusive mass transport in high-temperature, low-viscosity 
basaltic melts (Mollo et al., 2013; Lang et al., 2021, 2022). Adherence of 
M2D+1, M2D+2, and M2D+3 to parabolic variations confirms the reliability 
of our partition coefficients, by excluding any sort of contamination due 
to random incorporation of small amounts of a diffusive melt and 
phlogopite microlites into the crystalline material during LA-ICP-MS 
analysis. As assessed by Kennedy et al. (1993), Lofgren et al. (2006), 
and Mollo et al. (2013), such trapping processes would yield partition 
coefficients which are independent of cation charge and radius. By 
simulating a very low percentage (4%) of glass and phlogopite 
contamination for clinopyroxene, the fictive pattern obtained for iso-
valent cations does not return regular Onuma relationships (see the 
comparative diagram in Fig. S3). In contrast, the alignment of partition 
coefficients from this study correlates well with partitioning parabolas 
examined under the rational of thermodynamic principles and deter-
mined for chemically homogeneous bulk systems under equilibrium 
crystallization conditions (e.g., Brooker et al., 2003). 

Fig. 10 shows that M2D0
+3 < M2D0

+2 for TAl-poor {− 111} sectors and 
concentric bands analyzed under fast cooling and decompression con-
ditions, whilst M2D0

+3 > M2D0
+2 for TAl-rich {h k 0} sectors and over-

growth rims. This cross-over denotes that the height of the Onuma 
parabola is markedly controlled by the incorporation of aluminium in 
tetrahedral coordination and the increased probability for REE + Y to 
enter a locally charge-balanced site (Wood and Blundy, 2001). It is 
worth noting that the relation M2D0

+3 > M2D0
+1 remains unchanged for all 

the clinopyroxene compositions (Fig. 10), attesting the negligible role of 
M2Na relative to TAl on the incorporation reaction of REE + Y during 
crystallization of basaltic magmas at low-P (Mollo et al., 2018). The 
entry of M2Na is ineffective as a charge-compensating cation because the 
replacement of M2CaTAl with M2NaTSi is subordinate to charge imbal-
anced configurations resulting from the accommodation TAl in the lat-
tice site (Adam and Green, 2006; Bennett et al., 2004). An opposite 
relationship of M2D0

+3 < M2D0
+1 is documented only at mantle pressure in 

response to the small partial molar volume of jadeite and its preferential 
dissolution in clinopyroxene at high-P (Blundy and Dalton, 2000). 

In Fig. 11, D0, r0, and E from Eq. (2) are plotted as a function of the 
most important crystallochemical parameters of clinopyroxene, in 
conjunction with an internally consistent data set reported in the review 
of Mollo et al. (2020b). This comparative data set refers to chemically 
homogeneous TAl-rich clinopyroxene crystals equilibrated with a pho-
notephritic melt (P = 300 MPa, T = 1150 and 1180 ◦C, and fO2 = NNO 
+ 1), using the same experimental apparatus and regression approach 
presented in this work. As TAl increases in clinopyroxene, values of 
M2E+1, M2E+2, and M2E+3 from kinetic experiments linearly increase 
(Fig. 11a) and, comparatively, values of M2r0

+1, M2r0
+2, and M2r0

+3 lin-
early decrease (Fig. 11b). These concurrent variations closely match 
those observed for the equilibrium partitioning data set of Mollo et al. 
(2020b) and extend the control of major cation configurations on the 
elastic property and coordination polyhedra of clinopyroxene to kinetic 
growth conditions. The enhanced stability of Tschermak components is 
accompanied by the entry of a highly charged central cation in the co-
ordination polyhedron, which lowers the anion repulsive forces between 
two oxygens and produces shortening of the coordinating cation–oxygen 
bond distances of M1- and M2-sites (Blundy and Dalton, 2000; Blundy 
and Wood, 2003). Crystallochemical effects increase the resistance of 
the lattice site to local deformation by increasing the Young’s modulus 
(Fig. 11a) and produce a net positive charge at the coordination poly-
hedron that more readily attracts the coordinating oxygen anions 
around the lattice site by lowering the strain-free ionic radius (Fig. 11b) 
(cf. Hill et al., 2000; Wood and Trigila, 2001; Dygert et al., 2014; Adam 
and Green, 2006; Mollo et al., 2013, 2020b; Di Fiore et al., 2021). 

In Fig. 11c, M2D0
+1 and M2D0

+3 from both kinetic and equilibrium 
partitioning experiments depict analogous trends with increasing TAl 
due to the major control exercised by lattice strain energetics on the 
incorporation of monovalent and trivalent cations in the M2-site. M2D0

+2 

from kinetic experiments is almost insensitive to TAl. In contrast, the 
data set of Mollo et al. (2020b) shows a marked declining trend for 
M2D0

+2 (Fig. 11c) because clinopyroxene crystals with lower M2Ca con-
tents are in equilibrium with melts progressively depleted in CaO. As 
discussed earlier, the net charge of major divalent cations hosted in the 
M2-site does not change in the CaMgSi2O6-CaAl2SiO6 solid solution 
during the growth of complexly zoned clinopyroxene crystals. This ex-
plains why the stoichiometric amount of M2Ca in zoned crystals shows an 
almost negligible variation within ~2% (Table S3). Similarly, M2Ca 
profiles across {− 111} and {h k 0} sectors and recharge bands of natural 
clinopyroxene phenocrysts at Mt. Etna are virtually flat, with no 
observable partitioning effects (see Fig. 3 in Ubide et al., 2019a). The 
constancy of M2Ca in different clinopyroxene zones is offset for the de-
pendency of M2D0

+2 on TAl under kinetic growth conditions. It follows 
that larger divalent trace cations (i.e., Sr and Pb) are less favorably 
incorporated in the coordination polyhedron (Fig. 8), in response to the 
electronic polarization of the coordinating oxygen anions around the 
lattice site and the consequent decrease of the strain-free ionic radius 
(Fig. 11b). 

4.4. Electrostatic parameterization 

The electrostatic model developed by Wood and Blundy (2001) is 
complementary to the early lattice strain model proposed by the same 
authors (Blundy and Wood, 1994) and considers the crystal lattice as a 
dielectric and elastic continuum medium. While a fully charge-balanced 
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isovalent substitution causes only excess of lattice strain and has no 
electrostatic energy penalty, a charge-imbalanced heterovalent substi-
tution requires that electrostatic work is done when a trace cation 
entering the lattice site without strain has charge Zi different from that of 
the major resident cation Z0 (i.e., optimum charge). Following this 
principle, D0 for each isovalent group of trace elements shows a para-
bolic dependence on Zi (Blundy and Wood, 2003; Wood and Blundy, 
2001). When both ri/r0 and Zi/Z0 are equal to 1, the apex of the parabola 
corresponds to D00 and the substitution reaction occurs without 
inducing either elastic strain or electrostatic work. The electrostatic 
energy penalty caused by insertion of a ‘wrongly’ charged trace cation 
into a crystal lattice is proportional to the radius (ρ) of the region over 
which the excess charge is distributed and the dielectric constant (ε) of 
the undisturbed matrix lattice. The overall description of ΔGelec is 
analogous to the parabolic relationship developed for the lattice strain 
model (Wood and Blundy, 2001): 

Di = D00exp

{
− NAe2

0(Zi − Z0)
2

2ερRT

}

(3)  

where e0 is the charge on the electron (1.6 × 10− 19C) and the electro-
static work of substitution (J mol− 1) is embodied in the exponential term 
of Eq. (3). To extend the fit of the electrostatic parabolas to four cation 
charges and calculate the electrostatic parameters with a reasonable low 
uncertainty (see data in Table S6), DTh is used as a proxy for D0

4+ in 
accord with other works on the modeling of strain-free cations 
substituting into the M2-site of clinopyroxene (Wood and Blundy, 2001; 

Brooker et al., 2003; Mollo et al., 2013, 2020b). All plots of electrostatic 
parabolas from EXP-0, EXP-0.01, and EXP-1 are presented in Fig. S2, and 
Fig. 12 shows an example of the parabolic pattern described by D0

1+, D0
2+, 

D0
3+, and D0

4+ from EXP-1. The apex of each parabola moves upwards as 
the number of TAl cations increases in the lattice site and D00 is corre-
spondingly displaced to higher values (Fig. 12). Changes in the peak 
position for different clinopyroxene zones reflect the variation in opti-
mum valence of the M2-site in the CaMgSi2O6-CaAl2SiO6 solid solution 
(cf. Mollo et al., 2020b). Because the tightness of D0-Z parabolas is 
inversely proportional to ερ, it follows that both limbs in TAl-rich {h k 0} 
sectors and overgrowth rims are closer than those of TAl-poor {− 111} 
sectors and concentric bands (Fig. 12). The curvature of electrostatic 
parabolas is mostly controlled by the difference between D0

3+ and D0
1+, 

which progressively increases up to 117% with increasing TAl and rea-
ches a maximum value for the overgrowth rim from EXP-1. The height of 
the electrostatic parabola depends on the marked increase of D0

3+ rela-
tive to D0

+2 and the cross-over for D0
3+> D0

2+ (Fig. 12), which is caused by 
fast cooling and decompression conditions as trivalent trace cations are 
much more easily incorporated in the crystallographic site of clinopyr-
oxene crystals. 

Fig. 13 shows the electrostatic parameters calculated for the kinetic 
experiments from this study in comparison with the equilibrium data set 
of Mollo et al. (2020b). Two opposite trends are observed for the region 
of electrostatic energy ερ as a function of TAl (Fig. 13a), outlining that 
electrostatic effects do not operate equally throughout the crystal 
structure of chemically homogeneous and zoned clinopyroxene crystals. 
The increasing trend for the equilibrium partitioning data of Mollo et al. 

Fig. 11. Strain parameters calculated for the isobaric experiment EXP-0, slow decompression experiment EXP-0.01, and fast decompression experiment EXP-1 are 
plotted against aluminium in T-site. Experimental data are aligned as described in Fig. 8. Diagrams show the Young’s modulus E (a), optimum ionic radius r0 (b), and 
strain-free partition coefficient D0 (c). Most of error bars are within the symbols and are not plotted for the sake of clarity. Strain parameters from this study are 
compared with those reported in Mollo et al. (2020a, 2020b). See the text for details. 
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(2020a, 2020b) is determined by the concurrent increase of Ca and TAl 
in the lattice of clinopyroxene. Ca has a great polarizability (Shannon, 
1993) leading to the increase of ε with increasing TAl (Fig. 13a). On the 
other hand, the declining trend depicted by kinetic partitioning data 
implies that the electrostatic energy of substitution is dominated by the 
concentrations of charge-balancing cations in adjacent structural sites 
(Fig. 13a). The dielectric constant ε represents the electrostatic response 
to the introduction of a material between charged particles. The lower 
the dielectric constant, the lower the asymmetric charge distribution in 
the interstitial material, the lower the induced polarization of the ma-
terial caused by charge excess. Therefore, the proportion of trace cations 
incorporated by charge-balanced configurations increase at the expense 
of the proportion of charge-imbalanced configurations (Wood and 
Blundy, 2001; Blundy and Wood, 2003). In Fig. 13b, trends depicted by 
the optimum charge Z0 concurrently increase due to the TAl-rich nature 
of clinopyroxene and its preference for the uptake of REE + Y cations. 
The larger the charge mismatch between Zi and Z0 (ΔZ), the smaller the 
partition coefficient. Focusing on the 2+ charge of Ca as the major 
cation hosted in the M2-site, it is calculated that ΔZ increases from 0.2 to 
0.6 under both equilibrium and kinetic growth conditions, thus 
explaining the greater preference of TAl-rich lattice sites for the incor-
poration of trivalent rather than divalent trace cations. On the other 
hand, Fig. 13c shows contrasting trends for D00, as already observed for 
the antithetical ερ-TAl relation derived for equilibrium and chemically 
zoned clinopyroxene crystals (Fig. 13a). The increase of D00 under ki-
netic growth conditions denotes that the statistical proportion of M2- 
sites with charge − 3 rather than − 2 increases with increasing TAl (i.e., 
the negative sign indicates the effective charge on an empty structural 
site; Wood and Blundy, 2001; Blundy and Wood, 2003). Therefore, the 
average energy of heterovalent substitutions is mainly related to the 

concentrations of charged sites in the structure and there is a lower 
energy penalty to be paid for inserting trivalent trace cations in clino-
pyroxene with increasing D00. Kinetically-induced Tschermak sub-
stitutions likely increase the TAl-TSi disorder in zoned clinopyroxene 
crystals, thereby favoring local charge-balanced configurations, such as 
REE + YAl(Al2)O6, via the preferential formation of Al-O-Al linkages in 
the short-range structural arrangement of the lattice (Wood and Blundy, 
2001). By viewing the crystal lattice as an isotropic dielectric medium, 
the proportion of charge-imbalanced configurations carrying an elec-
trostatic energy penalty is expected to decrease because of a reduction in 
the overall coulombic potential energy of the M2-sites and the enhanced 
accommodation of trivalent cations in the lattice by charge-balanced 
configurations (see Section 4.5 below). 

4.5. Partitioning energetic considerations 

For a more comprehensive understanding of the crystal-chemical 
control on the partitioning of trace cations during kinetic growth con-
ditions, it is essential to consider the electrostatic work done by placing a 
cation in a charge-imbalanced site and the allied electrostatic energies of 
substitutions resulting from the replacement of TSi for TAl (Wood and 
Blundy, 2001; Blundy and Wood, 2003; Hill et al., 2011; Mollo et al., 
2018, 2020b). To this end, the isovalent group for REE + Y is carefully 
considered here, as the incorporation of these cations strictly controls 
the height of electrostatic parabolas (Fig. 10). Assuming for the moment 
that ΔGelec = 0 when REE + Y cations enter the M2-site of the correct − 3 
charge by a fully charge-balanced substitution, the thermodynamic 
equilibrium constant Kex

3+ for the exchange reaction of trivalent cations 
between clinopyroxene and melt is given by: 

Fig. 12. Example of electrostatic parabolas obtained for the fast decompression experiment EXP-1. Partition coefficients calculated for divalent cations hosted in the 
M2-sites of different clinopyroxene zones are plotted against the cation charge (Z). Most of error bars are within the symbols and are not plotted for the sake of clarity. 
See all plots obtained for the isobaric experiment EXP-0, slow decompression experiment EXP-0.01, and fast decompression experiment EXP-1 in Supplementary 
Material 7. 
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K3+
ex =

acpx

amelt
=

[REE + Y]cpx

[X]3+[REE + Y]melt (4)  

where [X]3+ (see Table S6 for the equation) corresponds to the pro-
portion of lattice sites charge-balanced by a cation of + 3 charge, as 
calculated in Wood and Blundy (2001). The activities of REE + Y in 
clinopyroxene and melt are approximated to the molar concentration of 
trace elements as acpx = [REE + Y]cpx/[X]3+ and amelt = [REE + Y]melt, 
respectively. By rearranging Eq. (4), we obtain that M2D0

+3 is: 

M2D+3
0 = K3+

ex [X]
3+ (5)  

At the same time, however, heterovalent Tschermak substitutions 
require that REE + Y cations may also concentrate on M2-sites of un-
balanced ‘wrong’ charges (i.e., 0, − 1, − 2, and − 4). According to the 
electrostatic model of Wood and Blundy (2001), the probabilities of the 
different charged configurations can be expressed as [X]0+, [X]1+, [X]2+, 
and [X]4+ (see Table S6 for the equations), so that the total concentra-
tion of REE + Y in clinopyroxene contains a term for each type of M2-site 
multiplied by the relative probability of a REE + Y cation occupying that 
type of site. This thermodynamic quantity is expressed as ϕ and repre-
sents the electrostatic work done on transferring one mole of REE + Y 
from silicate melt to the M2-site of clinopyroxene through charge- 
balanced and -imbalanced configurations: 

M2D+3
0 = K3+

ex

⎧
⎪⎨

⎪⎩

[X]3+ +
(
[X]2+ + [X]4+

)
e

(
− ΔGelec

RT

)

+[X]1+e

(
− 4ΔGelec

RT

)

+ [X]0+e

(
− 9ΔGelec

RT

)

⎫
⎪⎬

⎪⎭
= K3+

ex ϕ (6)  

Unlike for the isovalent substituents, the energy released as the ions 
move to accommodate a trace cation of different charge in clinopyrox-
ene must be always greater than zero due to the polarization of the 
lattice (Purton et al., 1997). Regression analysis of M2D0

+3 against ϕ for 
zoned clinopyroxene crystals yields ΔGelec of 32 kJ (Fig. 14a), which is 
close to the value of 28 kJ derived for equilibrium partitioning data 
(Wood and Blundy, 2001; Mollo et al. 2018, 2020b). Notably, the 
amount of tetrahedrally-coordinated aluminium cations in clinopyrox-
ene from kinetic (TAl = 0.08–0.26 apfu) and equilibrium (TAl =
0.03–0.23 apfu) experiments varies within the same range, suggesting 
the effect of analogous electrostatic compensation forces when the sur-
plus energy is distributed through the lattice of compositionally similar 
crystals. 

The interdependence between M2D0
+3 and ϕ displayed in Fig. 14a is 

not only a proxy for the relaxation energy for charged defects but also a 
direct consequence of crystal structural effects related to the shortening 
of the M1-O distance via the coupled substitution [TSi, M1Mg] ↔ [TAl, 
M1Al] (Mollo et al., 2020b). The structural term Vc/VM1 has been 
quantified through a structural energy model where Vc and VM1 are the 
unit-cell and M1-site volumes, respectively (see Ottonello et al., 1992 for 
further details). It follows from Fig. 14b that an increasing solution of 
Tschermak components in clinopyroxene leads to the expansion of Vc 
and contraction of VM1, with consequent distortion of clinopyroxene 
polyhedra due to heterovalent substitutions. As a result, ϕ (Fig. 14a) and 
Vc/VM1 (Fig. 14b) concurrently increase with increasing M2D0

+3, proving 
that the leverage of any crystallographic effect in clinopyroxene is 
thoroughly embodied in the proportion of charge-balanced and 
-imbalanced configurations (cf. Mollo et al. 2020b). 

Apart from the above considerations, it is worth mentioning that the 
effect of melt chemistry cannot be entirely deconvoluted from the 

Fig. 13. Electrostatic parameters calculated for the isobaric experiment EXP-0, slow decompression experiment EXP-0.01, and fast decompression experiment EXP-1 
are plotted against aluminium in T-site. Experimental data are aligned as described in Fig. 8. The diagrams show the region of electrostatic energy ερ (a), optimum 
charge Z0 (b), and electrostatic-free partition coefficient D00 (c). Most of error bars are within the symbols and are not plotted for the sake of clarity. Electrostatic 
parameters from this study are compared with those reported in Mollo et al. (2020a, 2020b). See the text for details. 
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structural change of the crystal lattice (Gaetani, 2004; Huang et al., 
2006; Schmidt et al., 2006; Qian et al., 2015; Bonechi et al., 2021). The 
partitioning of REE + Y is mainly controlled by the structural arrange-
ments of silicic melts with NBO/T < 0.49 (Gaetani, 2004; Huang et al., 
2006), whilst the basaltic diffusive melt from this study does not 
differentiate towards silicic compositions and the interface melt next to 
the crystal surface shows little NBO/T variations on the order of 
1.34–1.55 (see Section 3.5). By incorporating this structural parameter 
in the activity of REE + Y in the melt as amelt = [REE + Y]melt/NBO/T (e. 
g., Mollo et al., 2016, 2018), it follows that Eq. (6) can be reformulated 
as: 

M2D+3
0 = K3+

ex
ϕ

NBO/T
(7) 

Regression analysis of our kinetic partitioning data indicates that the 
NBO/T parameter is thermodynamically implausible for the description 
of subtle melt changes and no statistically significant correlation is 
found between M2D0

+3 and the activity term ϕ
NBO/T (R

2 = 0.00 in Fig. S4). 
The thermodynamic treatment of Schmidt et al. (2006) confirms that a 
regular solution model for the effect NBO/T on REE + Y partitioning can 
be successfully formulated only over a broad melt compositional 
change, such as the gabbroic-granitic transition. The same conclusion 
has been reached for the modeling of M2D0

+3 between clinopyroxene/ 
orthopyroxene and depolymerized picritic/basaltic melts (Sun and 
Liang, 2012, 2013; Yao et al., 2012). 

Even though the NBO/T parameter is not a perfect descriptor for the 
structural configurations critically important to accommodating REE +
Y in basaltic melts (cf. Bennett et al., 2004), the electrostatic work done 

on placing a trace cation in the melt can be parameterized by calculating 
the average melt-charge Z0 as: 

Z0 =
Σ
(
Xmelt

cation × charge
)2

Σcharges
(8)  

where Al3+ and Si4+ are excluded from the calculation according to Hill 
et al. (2011). The activity of REE + Y in the melt is now [REE + Y]melt/ 
ΔZ2 and Eq. (6) can be reformulated as: 

M2D+3
0 = K3+

ex
ϕ

ΔZ2 (9)  

Because M2D+3
0 is tightly correlated to the activity term ϕ

ΔZ2 (R2 = 0.98 in 
Fig. S4), the magnitude of the electrostatic force between two charged 
cations in the melt serves as a rigorous descriptor for the thermodynamic 
partitioning reaction of REE + Y. More importantly, D00 linearly de-
creases with increasing ΔZ2 (Fig. 14c), as the number of highly charged 
cations in the interface melt increases with increasing cooling and 
decompression rates. This applies well only to diffusive melts from this 
study and no statistically significant correlation between D00 and ΔZ2 is 
calculated for the equilibrium melts derived by Mollo et al. (2020b) 
(Fig. 14c). From the review of Zhang (2010) on diffusion data in silicate 
melts, diffusion requires a species to detach from the original site, 
meaning breaking the bonds between the species and surrounding par-
ticles, and then move from the old site to a new site. For highly charged 
cations (i.e., +3, +4, and +5 charges), which are bonded strongly to 
other species, the detaching is rate determining for the diffusivity. In 
contrast, low charged cations (i.e., +1 and +2 charges) with weaker 

Fig. 14. Strain-free partition coefficients M2D0
+3 calculated for the isobaric experiment EXP-0, slow decompression experiment EXP-0.01, and fast decompression 

experiment EXP-1 are plotted against the crystal electrostatic work ϕ (a) and the crystal volume change Vc/VM1 (b). Electrostatic-free partition coefficients D00 
calculated for the isobaric experiment EXP-0, slow decompression experiment EXP-0.01, and fast decompression experiment EXP-1 are plotted against the melt 
electrostatic work ΔZ2 (c) and the configurational term [X]3+/([X]0++[X]1++[X]2++[X]4+) (d). Most of error bars are within the symbols and are not plotted for the 
sake of clarity. Strain and electrostatic parameters from this study are compared with those reported in Mollo et al. (2020a, 2020b). See the text for details. 
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bonds detach more easily and diffuse more rapidly (Zhang, 2010). As the 
crystal growth rate increases upon the effect of cooling and decom-
pression, fast-diffusing cations with low charges are more easily rejected 
away from the advancing crystal surface to return to homogeneous 
concentration in the diffusive melt, whilst slow-diffusing cations with 
high charges concentrate in the interface melt feeding crystal growth (cf. 
Mollo and Hammer, 2017). Therefore, the electrostatic work on the melt 
contributes to a substantial degree on the partitioning energetics of REE 
+ Y and their incorporation in chemically zoned crystals. Using the 
standardized regression coefficient (SRC) method described in Mollo 
et al. (2018), it is found that the influence (I) exerted by ΔZ2 on D00 
(SRCΔZ2 = 0.97 and IΔZ2 = 51%) is comparable to that measured for the 
control of ϕ on D00 (SRCϕ = 0.95 and Iϕ = 49%). In contrast, the elec-
trostatic work on the melt (SRCΔZ2 = 0.53 and IΔZ2 = 64%) is subordi-
nate to the electrostatic work on the crystal (SRCϕ = 0.95 and Iϕ = 36%) 
for the equilibrium data set of Mollo et al. (2020b). 

To untangle the effects of charge-balanced and -imbalanced config-
urations on the incorporation of REE + Y in the M2-site and clarify the 
opposite D00-TAl trends displayed in Fig. 13c for equilibrium and kinetic 
growth conditions, the configurational term [X]3+/ 
([X]0++[X]1++[X]2++[X]4+) is considered. This term describes how the 
proportion of charge-balanced (i.e., the concentration of REE + Y on 
sites of correct charges − 3) and -imbalanced (i.e., the concentration of 
REE + Y on sites of wrong charges 0, − 1, − 2, and − 4) configurations 
change in the lattice site of clinopyroxene. In Fig. 14d, values of D00 are 
plotted against [X]3+/([X]0++[X]1++[X]2++[X]4+) showing once again 
two contrasting trajectories. For complexly zoned clinopyroxene crystals 
from this study, D00 is observed to increase with increasing the likeli-
hood of charge-balanced configurations relative to that of charge- 
imbalanced ones (Fig. 14d). Moreover, by comparing the diagrams in 
Fig. 14c and Fig. 14d, it is apparent that the lower the electrostatic work 
on the melt, the higher the number of charge-balanced configurations 
that may locally occur in the clinopyroxene structure as REE + YAl 
(Al)2O6 (cf. Wood and Blundy, 2001). This comparison legitimates the 
supposition that most of the electrostatic energy through the lattice of 
zoned clinopyroxene crystals is mediated by the average melt-charge 
and the electrostatic forces acting among cations distributed in the 
diffusive boundary layer. A supposition confirmed also by the weak 
influence that ΔZ2 exercises on D00 derived from equilibrium parti-
tioning data of Mollo et al. (2020b) (Fig. 14c). Under equilibrium 
growth conditions, the number of charge-balanced configurations is 
independent of the average melt-charge and may straightforwardly 
decrease relative to the energetics of the various charge-imbalanced 
configurations by lowering the magnitude of the electrostatic charging 
D00 (Fig. 14d) as TAl replaces for TSi (Fig. 13c). 

4.6. Implications to magma dynamics 

In their review study, Wood and Blundy (2014) emphasize that the 
geochemical evolution of magma (e.g., fractional crystallization) was 
generally modeled in the past by assuming the crystal-melt partition 
coefficient to be constant and independent of the P-T-X conditions at 
which crystals formed. This crude approximation resulted from either 
the lack of appropriate experimental data or the simplest solutions for 
the differential equations describing magma differentiation and related 
processes. For the crystallization of clinopyroxene upon variable 
magmatic conditions, several partitioning models specific to REE + Y 
have been developed in relation to the assumption of bulk thermody-
namic equilibrium (i.e., conventional Berthelot-Nernst partition co-
efficients) and the application of lattice strain principles (Wood and 
Blundy, 1997; Sun and Liang, 2012; Mollo et al., 2018; Beard et al., 
2019). However, in situations where trace element abundance varia-
tions are large in zoned clinopyroxene crystals, the use of models 
restricted to only REE + Y and based on bulk thermodynamic equilib-
rium may limit the possible ways in which magma differentiation pro-
cesses can be investigated. 

In this perspective, natural clinopyroxene phenocrysts from Mt. Etna 
show complex zoning patterns determined by the different physico-
chemical conditions encountered by magmas within a highly dynamic 
plumbing system, in which mafic recharge magmas rising from depth 
are injected into more differentiated reservoirs (e.g., Corsaro et al., 
2009; Kahl et al., 2011; Ubide and Kamber, 2018). Thermodynamic 
calculations of Armienti et al. (2013) and Mollo et al. (2015, 2018) 
pointed out that the crystallization of clinopyroxene controls most of the 
concentration of REE + Y, HFSE, TE, and other trace elements during the 
geochemical evolution of Etnean magmas from the Moho transition zone 
to the shallowest part of the volcanic conduit, and experimental parti-
tion coefficients of the REE + Y showed magma evolution at the volcano 
is controlled by clinopyroxene crystallization at low degrees of under-
cooling (MacDonald et al., 2022). The stability field and weight fraction 
of clinopyroxene are much greater than those of olivine, whereas 
plagioclase and titanomagnetite crystallization takes place only at 
shallow crustal levels upon the effect of abundant decompression-driven 
volatile exsolution (e.g., Armienti et al., 2013; Mollo et al., 2015, 2018). 

In the period from January 2011 to April 2013, several sequences of 
intermittent paroxysmal eruptions occurred at the newly-formed sum-
mit crater of Mt. Etna, named New South East Crater (NSEC). Cyclic 
fountaining activity was triggered by the arrival of hotter and volatile- 
rich magmas into the multi-level central conduit (Viccaro et al., 2015; 
Giuffrida and Viccaro, 2017; Giacomoni et al., 2018). The fractional 
crystallization of clinopyroxene was punctuated by replenishment 
events at pre-eruptive conditions of P ≈ 210–260 MPa, T ≈

1070–1080 ◦C, and H2Odissolved ≈ 2.2–2.4 wt% (Mollo et al., 2015; 
Moschini et al., 2021). Clinopyroxene phenocrysts are markedly zoned 
(i.e., TiO2 ≈ 1–3 wt%, Al2O3 ≈ 3–9 wt%, and MgO ≈ 11–15 wt%; data 
from Giacomoni et al., 2018), whereas erupted bulk rocks have rela-
tively differentiated trachybasaltic compositions (i.e., SiO2 ≈ 47–49 wt 
%, MgO ≈ 4–6 wt%, and Na2O + K2O ≈ 5–7 wt%; data from Viccaro 
et al., 2015). For these bulk rocks, Fig. 15 shows that the concentration 
of La plotted against TiO2, Sc, Th, Co, and Eu depicts distinct evolu-
tionary paths as a function of the compatibility/incompatibility of the 
element of interest relative to the fractionation of clinopyroxene, except 
for disequilibrium overgrowth rims. 

The Rayleigh fractional crystallization model is employed to quan-
titatively assess the role played by kinetic partitioning between clino-
pyroxene and melt on the trace element signature of 2011–2013 
magmas: 

Cl = C0F(Di − 1) (10)  

where Cl is the trace element concentration in the residual melt, C0 is the 
concentration in the starting composition, and F is the fraction of melt 
remaining. The value of Di corresponds to partition coefficients deter-
mined for {− 111} and {h k 0} sectors and overgrowth rims from all of 
our experiments (isobaric experiment EXP-0 and decompression exper-
iments EXP-0.01 and EXP-1). Stepwise calculations are performed by 
varying the mass fraction of clinopyroxene from 2% to 28%. The starting 
composition used for these calculations corresponds to the bulk rock 
analysis of a primitive magma erupted in 2002, which is suggested as the 
progenitor of the post-1971 eruptions at Mt. Etna on the basis of major- 
trace elements and Sr-Nd isotopes (Corsaro et al., 2009). Modeled 
fractional crystallization vectors are compared in Fig. 15 with the bulk 
rocks of natural rock samples. Partition coefficients calculated for 
{− 111} and {h k 0} sectors capture very well the geochemical vari-
ability of 2011–2013 eruptions by fractionating a relatively low mass of 
clinopyroxene, whereas fractional crystallization vectors obtained for 
the overgrowth rims do not match with the natural compositions 
(Fig. 15). Perhaps the partitioning data set retrieved from clinopyroxene 
rims is more suitable for modeling groundmass glasses quenched at the 
syn-eruptive stage under strong saturation conditions, such as those 
driving the rapid growth of clinopyroxene and plagioclase microlites 
within the uppermost segment of the volcanic conduit. Although no 
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trace element concentrations are available in literature for 2011–2013 
groundmass glasses to investigate the final step of melt solidification, it 
results from Fig. 15 that the evolutionary history of magmas is very 
complex and their trace element inventory cannot be expressed with a 
single equilibrium partition coefficient (cf. Marks et al., 2004). This 
argument extends also to the experimental values of DEu derived for 
{− 111} and {h k 0} sectors that reproduce quite well the concentration 
of Eu in Etnean magmas. The variation of DEu in response to the effect of 
fO2 on the relative proportions of Eu2+ and Eu3+ in the melt phase has 
been investigated for both terrestrial and extraterrestrial basaltic sys-
tems (Shearer et al., 2006 and references therein). However, the appli-
cability of DEu as an oxygenbarometer is settled by a range of magmatic 
and mineralogical variables, including clinopyroxene and melt compo-
sitions, crystallization sequence, and crystallization kinetics. In partic-
ular, Shearer et al. (2006) outline that the coupled substitution [TSi, 
M2Ca] ↔ [TAl, M2REE + Y] accommodates REE + Y in clinopyroxene at 
the expense of Eu2+. According to these authors, the growth rate and site 
configuration of clinopyroxene growth surfaces have a control on the 
fractionation of Eu2+ from Eu3+ in the lattice site, especially for depo-
lymerized basaltic melts. Therefore, the influence of fO2 on Eu incor-
poration in clinopyroxene must be placed within a crystallochemical 
context, in accord with the finding that a range of DEu values is required 
to successfully model the intrinsic variability of Eu concentrations in 
2011–2013 magmas (Fig. 15). It follows that complementary kinetic 
effects due to cooling and decompression regimes may deeply affect the 
partitioning energetics of cation substitutions by changing the sign and 
magnitude of fractional crystallization vectors. Differently from what 
occurs upon the effect of a linear cooling rate where kinetic effects are 
insufficient to change the ability of a trace cation to be compatible or 
incompatible within the lattice site of clinopyroxene (cf. Mollo et al., 

2013), the new experimental data set presented here shows that com-
bined cooling and decompression regimes may change the compatibility 
of one cation (i.e., DTi > 1 against DCo < 1) relative to another (i.e., DTi 
< 1 against DCo > 1) for the different zones of clinopyroxene crystals 
(Fig. 15). This leads to the conclusion that the intracrystalline behavior 
of trace elements in zoned clinopyroxene phenocrysts is mainly gov-
erned by equilibrium-limiting kinetic effects due to sequences of magma 
cooling and decompression. Kinetics of trace element partitioning reflect 
local equilibrium concentrations between the surface of the growing 
crystal and the coexisting melt but not the bulk thermodynamic equi-
librium of the solidifying system. Equilibrium thermodynamics always 
stresses the search for absolute energy minima when the degree of su-
persaturation is zero (i.e., no chemical concentration gradients) and the 
steady-state melt concentration at the crystal surface approaches the 
relaxed far-field melt composition. In chemically and physically dy-
namic subvolcanic environments, however, the application of this 
archetypal theorem is unlikely for the formation of phenocrysts char-
acterized by composite growth histories. Also clear from Fig. 15 is that 
the kinetics of trace element partitioning should be considered for a 
more comprehensive understanding of the compositional evolution of 
magmas across subvolcanic systems, especially when textural com-
plexities and intracrystalline heterogeneities are susceptive to 
polybaric-polythermal crystallization regimes. 

5. Concluding remarks 

An olivine basalt from Mt. Etna (Italy) has been variably cooled and 
decompressed in laboratory to investigate the kinetic control of super-
saturation and diffusive relaxation on the partitioning of cations be-
tween complex zoning patterns in clinopyroxene and the adjacent melt. 

Fig. 15. Compositional evolution of bulk rock data from 2011 to 2013 eruptions at Mt. Etna. The concentration of La is plotted against TiO2, Sc, Th, Co, and Eu. 
Fractional crystallization vectors obtained from the application of Rayleigh fractional crystallization equation are also plotted in figure as straight lines. Partition 
coefficients determined for {− 111} and {h k 0} sectors and overgrowth rims from all of our experiments are used for the modeling. A primitive magma erupted in 
2002 is selected as putative starting composition (cf. Corsaro et al., 2009). Stepwise calculations are performed by varying the mass fraction of clinopyroxene from 
2% to 28%. 
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The crystal morphology evolves from skeletal to hopper to polyhedral 
due to changes in the growth conditions, from diffusion-limited to 
interface-limited crystallization regimes. By combining cooling and 
decompression stages, experimental clinopyroxene crystals attain a 
composite growth history with textural attributes similar to those 
documented for zoned phenocrysts originating in dynamic subvolcanic 
systems (e.g., sector zoning, patchy zoning, and concentric zoning). 
Apparent partition coefficients calculated for rare earth elements and 
high field strength elements indicate that cation incorporation reactions 
can be rationalized by the complementary contribution of lattice strain 
and electrostatic energies of substitutions. These two thermodynamic 
quantities control the type and number of charge-balanced and -imbal-
anced configurations available to accommodate trace cations in 
different clinopyroxene zones. The thermodynamic description of trace 
cation incorporation requires that reaction kinetics at the crystal-melt 
interface are energetically more favored by (1) charge neutralization 
as silicon is replaced by aluminium in tetrahedral coordination (2) 
crystal volume changes via heterovalent cation substitutions, and (3) the 
electrostatic work done on transferring the trace cations from melt to the 
crystal site. The incorporation of transition metal cations into the lattice 
site of clinopyroxene is also ascribed to changes in the growth velocity of 
the advancing crystalline layer due to the mutual effects of cooling and 
decompression. This causes that the excess enthalpy of mixing along the 
join CaMgSi2O6-CaAl2SiO6 becomes a function of the crystal field sta-
bilization energy of transition metal cations in octahedral coordination, 
leading to substantial Cr, Ni, and Co enrichments in the crystalline layer. 
The range of apparent partition coefficients from this study are used to 
quantitatively assess the role played by clinopyroxene fractionation on 
the trace element pattern of magmas erupted at Mt. Etna. Modeling 
results outline that the trace element signature of Etnean magmas is 
intrinsically related to the kinetic aspects of crystal growth. 
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Appendix A. Supplementary material 

The data of the starting melt composition, clinopyroxene and glass 
chemical analyses, partition coefficients, lattice strain and electrostatic 
parameters for EXP-0, EXP-0.01, and EXP-1 are provided as part of the 
Supplementary Material. Composite zoning patterns of two representa-
tive clinopyroxene crystals from EXP-1 and simulations of the effect of 
melt and phlogopite contamination on the clinopyroxene-melt parti-
tioning parabolas are illustrated. Thermodynamic fitting of strain-free 
partition coefficients as a function of melt structure and melt 

electrostatic work are given. Supplementary material to this article can 
be found online at https://doi.org/10.1016/j.gca.2023.10.012. 
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