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Crystallization Kinetics of Alkali Feldspar in Peralkaline Rhyolitic Melts: Implications for Pantelleria Volcano












	 
	ORIGINAL RESEARCH
published: 02 June 2020
doi: 10.3389/feart.2020.00177





[image: image]

Crystallization Kinetics of Alkali Feldspar in Peralkaline Rhyolitic Melts: Implications for Pantelleria Volcano

Fabio Arzilli1*, Paola Stabile2, Alessandro Fabbrizio3, Patrizia Landi4, Bruno Scaillet5, Eleonora Paris2 and Michael R. Carroll2

1Department of Earth and Environmental Sciences, University of Manchester, Manchester, United Kingdom

2School of Science and Technology, Geology Division, University of Camerino, Camerino, Italy

3Institute of Petrology and Structural Geology, Faculty of Science, Charles University, Prague, Czechia

4Istituto Nazionale di Geofisica e Vulcanologia, Sezione di Pisa, Pisa, Italy

5Institut des Sciences de la Terre d’Orléans, CNRS-Université d’Orléans-BRGM, Orléans, France

Edited by:
Catherine Annen, Université Savoie Mont Blanc, France

Reviewed by:
Jenni Barclay, University of East Anglia, United Kingdom
Ian Ernest Masterman Smith, The University of Auckland, New Zealand

*Correspondence: Fabio Arzilli, fabio.arzilli@manchester.ac.uk; arzilli.fabio@gmail.com

Specialty section: This article was submitted to Petrology, a section of the journal Frontiers in Earth Science

Received: 06 February 2020
Accepted: 06 May 2020
Published: 02 June 2020

Citation: Arzilli F, Stabile P, Fabbrizio A, Landi P, Scaillet B, Paris E and Carroll MR (2020) Crystallization Kinetics of Alkali Feldspar in Peralkaline Rhyolitic Melts: Implications for Pantelleria Volcano. Front. Earth Sci. 8:177. doi: 10.3389/feart.2020.00177

Peralkaline rhyolites, associated with extensional tectonic settings, are medium to low viscosity magmas that often produce eruptive styles ranging from effusive to highly explosive eruptions. The role of pre-eruptive conditions and crystallization kinetics in influencing the eruptive style of peralkaline rhyolitic magmas has been investigated and debated considering equilibrium conditions. However, experimental constraints on the effect of disequilibrium in crystallization in such magmas are currently lacking in the literature. Therefore, we performed isobaric cooling experiments to investigate alkali feldspar crystallization kinetics in peralkaline rhyolitic melts. Experiments were performed under water-saturated, water-undersaturated, and anhydrous conditions between 25 and 100 MPa, at 670–790°C and with experimental durations ranging from 0.5 to 420 h. Here we present the first data on crystallization kinetics of alkali feldspar, which is the main crystal phase in peralkaline rhyolitic melts, in order to improve our understanding of the evolutionary timescales of these melts and their ability to shift between effusive and explosive activity. Our experimental results indicate that the alkali feldspar nucleation delay can range from hours to several days as a function of undercooling and H2O content in the melt. Thus, a peralkaline rhyolitic magma can be stored at the pre-eruptive conditions for days without important variations of its crystal fraction. This suggests that crystallization may not necessarily play the main role in triggering fragmentation during explosive eruptions of peralkaline rhyolitic magmas.
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INTRODUCTION

Peralkaline rhyolitic magmas erupt in diverse geological settings, including continental rifts, intra-plate ocean islands, subduction zones, and back-arc basins (e.g., Morra et al., 1994; Barclay et al., 1996; Heumann and Davies, 2002; Lustrino et al., 2004; Macdonald and Scaillet, 2006; White et al., 2006, 2009; Ren et al., 2006; Marshall et al., 2009; Bhushan et al., 2010; Rooney et al., 2012; Parker et al., 2012; Renna et al., 2013; Hong et al., 2013). Recent studies have emphasized that many flood basalt provinces dominated by basaltic lavas are also characterized by the presence of peralkaline and metaluminous rhyolitic rocks (Bellieni et al., 1986; Harris and Erlank, 1992; Ewart et al., 1998, 2004; Ayalew et al., 2002; Bryan et al., 2002; Peccerillo et al., 2003). Particularly, peralkaline rhyolites can dominate over metaluminous rhyolites in some flood silicic provinces (Ayalew et al., 2002). Peralkaline volcanic rocks are volumetrically minor with respect to other rhyolitic compositions on Earth but globally widespread. They are not yet systematically studied in terms of exsolved volatiles budget, ascent dynamics and crystallization kinetics compared to common calcalkaline rhyolites (e.g., Hammer and Rutherford, 2002; Couch, 2003; Couch et al., 2003; Hammer, 2004; Brugger and Hammer, 2010).

Peralkaline rhyolites (both highly peralkaline pantellerites and less peralkaline comendites) are characterized by high silica contents (>68 wt.%) and by a peralkalinity index higher than unity [molar (Na2O + K2O)/Al2O3 > 1, e.g., Macdonald, 1974; Dingwell et al., 1998; Di Genova et al., 2013). Notably, the viscosity of peralkaline rhyolites is relatively low compared with that of calc-alkaline rhyolites. This is due to their alkali-rich compositions that depolymerize the melt structure (Stevenson et al., 1998; Mysen, 2007; Mysen and Toplis, 2007; Di Genova et al., 2013; Stabile et al., 2016). Although hydrous peralkaline rhyolites with concentration of H2O ≤ 4 wt.% have relatively low viscosities (102 to 105 Pa s; Di Genova et al., 2013), their volcanic activity is characterized by a wide range of eruptive styles. These can vary from lava flow to lava fountaining to Plinian-type eruptions associated with pyroclastic flows and ignimbrites (e.g., Schmincke, 1974; Mahood and Hildreth, 1986; Duffield, 1990; Lowestern and Mahood, 1991; Houghton et al., 1992; Stevenson et al., 1993; Webster et al., 1993; Wilding et al., 1993; Barclay et al., 1996; Stevenson and Wilson, 1997; Horn and Smincke, 2000; Gottsmann and Dingwell, 2002).

Recent experimental investigations (Scaillet and Macdonald, 2001, 2003, 2006; Di Carlo et al., 2010; Stabile et al., 2018) and melt inclusion studies (Kovalenko et al., 1988; Webster et al., 1993; Wilding et al., 1993; Barclay et al., 1996; Gioncada and Landi, 2010) have shown that peralkaline melts may be rather H2O-rich (up to 4–5 wt.%; e.g., Lowestern and Mahood, 1991; Scaillet and Macdonald, 2001; Gioncada and Landi, 2010; Neave et al., 2012; Lanzo et al., 2013), in contrast to previous inferences (e.g., Bailey and Macdonald, 1987). Both experimental and volatile studies confirm that peralkaline rhyolite evolution is essentially related to their residence within crustal magma bodies in which crystallization changes the residual liquids towards more peralkaline compositions, enriched in volatiles and many incompatible trace elements.

Crystal nucleation and growth in magmas are affected by multiple variables, including: melt composition, temperature (T), pressure (P), undercooling (ΔT = Tliquidus − Tcrystallization), melt water content, oxygen fugacity (fO2), and cooling and decompression rates (e.g., Fenn, 1977; Swanson, 1977; Toplis and Carroll, 1995; Couch et al., 2003; Martel and Schmidt, 2003; Hammer, 2006; Brugger and Hammer, 2010; Martel, 2012; Mollard et al., 2012; Arzilli and Carroll, 2013; Shea and Hammer, 2013; Welsch et al., 2016; Masotta et al., 2020). Pre- and syn-eruptive crystallization plays a key role in controlling the rheology of magmas in the magma chamber and in the conduit. The decrease of H2O dissolved in the magma due to the degassing and the increase of crystal fraction above 0.3 over time can produce a dramatic increase of the magma viscosity, controlling magma ascent, outgassing and the fragmentation process in peralkaline rhyolitic magmas (Di Genova et al., 2013; Campagnola et al., 2016). Therefore, crystallization can have a major role in controlling the shift between explosive and effusive eruptive style of peralkaline rhyolitic volcanic systems, such as the case of Pantelleria Island.

For instance, Pantelleria Island, located in the Mediterranean Sea south of Sicily (Italy), is characterized by highly explosive peralkaline rhyolitic and trachytic eruptions. The Pantelleria eruptive cycle between 180 and 50 ka was dominated by more than eight large ignimbritic eruptions (Mahood and Hildreth, 1986; Speranza et al., 2012), which ended with the Green Tuff Plinian eruption and the formation of the Cinque Denti caldera. The subsequent volcanic activity was mainly dominated by lava flows and mild explosive eruptions (violent to mild strombolian) (Mahood and Hildreth, 1986; Landi and Rotolo, 2015). The most recent activity on the island, dated at 6–8 ka, is associated with the eruptive centers of Cuddia Randazzo and Cuddia del Gallo which emplaced pumice cones and lava flows (Mahood and Hildreth, 1986; Speranza et al., 2010; Gioncada and Landi, 2010; Scaillet et al., 2011; Landi and Rotolo, 2015).

Fast magma ascent rate has been inferred for peralkaline rhyolitic explosive eruptions, ranging between ∼5 and 100 ms–1 (Campagnola et al., 2016). Below 800°C, the attainment of crystal-melt equilibrium in peralkaline rhyolitic melts is reached in ∼300 h (Di Carlo et al., 2010), indicating that disequilibrium crystallization should be ubiquitous in affecting the conduit and eruptive dynamics of peralkaline highly explosive magmatism. However, crystallization in peralkaline melts has only been investigated under equilibrium conditions (Scaillet and Macdonald, 2001, 2003, 2006; Di Carlo et al., 2010). Notably, alkali feldspar is one of the most abundant phases in peralkaline rhyolitic rocks (White et al., 2005; Di Carlo et al., 2010; Gioncada and Landi, 2010; Landi and Rotolo, 2015; Campagnola et al., 2016), but studies of its crystallization kinetics in peralkaline melts under disequilibrium conditions are lacking. For this reason, here we present for the first time new experimental data on the kinetics of alkali feldspar nucleation and growth in peralkaline rhyolitic magmas; these results are fundamental to better understand the eruption dynamics of peralkaline rhyolitic magmatic systems.

Isobaric single-step cooling experiments were performed, using a peralkaline rhyolitic melt composition from Pantelleria Island, under water-saturated, water-undersaturated, and anhydrous conditions. Oxygen fugacities under reducing and oxidizing conditions (NNO −1.15, NNO +0.8, and NNO +1) were investigated. Experiments were conducted at constant pressures (100, 50, and 25 MPa) in order to simulate magma stagnation in a reservoir or in a conduit at pre- and syn-eruptive conditions in order to constrain the conditions and the timescales of crystal formation.



EXPERIMENTAL AND ANALYTICAL METHODS


Starting Materials and Capsule Preparation

The starting material used in the present experimental work is a peralkaline rhyolitic pumice (PANT15) collected from the eruptive fall unit of Cuddia del Gallo (Pantelleria, Italy) (Gioncada and Landi, 2010). The Cuddia del Gallo deposit lies above the Randazzo pumice (Rotolo et al., 2007) and consists of a 4 m-thick fall sequence of coarse pumice interbedded with layers of ash. In the upper part, the pumice fall is locally agglutinated to produce vitrophyric bands. Samples were collected from the basal layer, mainly consisting of light gray pumices with sizes <20 cm.

The bulk composition of PANT 15 pumice is characterized by SiO2 = 68.65 wt.%, Al2O3 = 10.65 wt.%, K2O+Na2O = 10.76 wt.% and the peralkalinity index is 1.43 (Table 1). The total iron is 8.71 wt.%, which is comparable with other peralkaline rhyolites. The pumices of Cuddia del Gallo contain ˜10 vol.% of phenocrysts, including alkali feldspar (anorthoclase, Or30–40, An <1, with 0.3–2 wt.% of Fe2O3) and aenigmatite, associated with minor hedenbergitic clinopyroxene, ilmenite and Ti-magnetite. Quartz crystals are sporadic or absent. The groundmass is glassy or poorly crystallized with presence of mainly feldspar microlites.


TABLE 1. Bulk compositions of Cuddia del Gallo pumice (PANT 15, Gioncada and Landi, 2010) and of the molten pumice (starting glass).

[image: Table 1]Fragments of the natural pumice were ground in an agate mortar under ethanol until a fine grain powder (∼20 microns) was reached. This powder was fused twice at 1200°C in an iron-saturated Pt crucible for 4 h at ambient pressure. The resulting glass was analyzed by electron microprobe (BRGM-CNRS-University of Orléans analytical facility, Orléans, France) to check its composition (Table 1). Comparing the composition of our starting glass (8.06 wt.% FeOtotal) with the whole-rock (8.71 wt.% FeOtotal) analyzed by Gioncada and Landi (2010; Table 1), we note a small difference in FeO (∼7% relative). We interpreted this difference as a small FeO loss, which may have occurred during the melting at 1200°C. The glass was then finely ground to a powder (∼20 microns) and used as the starting material for crystallization experiments.

Isobaric cooling experiments were performed under water-saturated, water-undersaturated and dry conditions. Gold capsules (18 mm in length, inner diameter 2.6 mm, outer diameter 3 mm) were used as sample containers. Regarding hydrous experiments (at saturated and undersaturated conditions), capsules were filled with a measured amount of distilled and deionized water using a micro syringe, then ∼40 mg of the powdered starting material were added. Water was added in the amount to ensure either water-saturated or water-undersaturated conditions. The amount of water needed to achieve water-saturated conditions was calculated with the water solubility model developed by Papale et al. (2006) (Table 2 and Supplementary Figure 1). Capsules were weighed after each addition of material, then crimped and welded shut by arc-welding, and finally weighed to check for water loss. Welded capsules were heated overnight at 110°C to homogenize the water distribution within the capsule before the experiment and weighed again to check for any leaks. Regarding anhydrous experiments, capsules were loaded only with ∼40 mg of the powdered starting material and then were welded shut by arc-welding.


TABLE 2. Experimental conditions of water-saturated experiments.
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Crystallization Experiments

A total of 14 isobaric cooling experiments were performed under water-saturated conditions (Table 2) with water-pressurized cold seal pressure vessels (CSPV, Nimonic 105) at the Geology Division of the University of Camerino (Italy). The intrinsic redox condition of the CSPV apparatus is close to NNO +0.8 (Di Matteo et al., 2004; Fabbrizio et al., 2006; Fabbrizio and Carroll, 2008). Temperature was measured in the sample position with a K-type thermocouple with an accuracy of ±5°C. Pressure was monitored by a high-pressure transducer or Bourdon-tube pressure gages, considered accurate to ±2 MPa. The sample was heated and pressurized to reach the initial temperature of 880°C (Ti) and the pressure of interest. The pressures investigated are 25, 50, and 100 MPa. The amount of added H2O necessary to obtain water-saturated conditions was estimated with the model of Papale et al. (2006; Table 2 and Supplementary Figure 1). Experiments were initially held for 3 h at 880°C, at pressure of 25, 50, or 100 MPa, to allow the melting and the hydration of the starting material. Then, temperature was rapidly decreased (15°C/min) to the final temperature (Tf = 670, 700, 720, 750, 780, 790, and 820°C), whilst, the pressure was kept constant (Table 2). Experiments were held at the final conditions for several durations that range from 24 to 480 h that allow us to investigate the crystallization kinetics of alkali feldspar (Table 2). The experimental durations of 288 and 480 h were in particular chosen for five experiments in order to reach equilibrium conditions (in agreement with Di Carlo et al., 2010) and, therefore, to constrain the alkali-feldspar liquidus. At the end of the experiments, the samples were rapidly quenched (cooling rate ∼150°C s–1; Dobson et al., 1989) by lowering the magnetically levitated sample holder into a water-cooled chamber at the base of the bomb (Carroll and Blank, 1997; Arzilli and Carroll, 2013).

Isobaric cooling experiments under water-undersaturated and anhydrous conditions (28 and 5 experiments, respectively; Table 3) were performed using an internally heated pressure vessel (IHPV) pressurized by an Ar-H2 mixture at the ISTO-CNRS Orleans (France). The Ar/H2 ratio was fixed by sequential loading at room temperature to reach the desired target fO2 (Scaillet et al., 1992; Di Carlo et al., 2010). The redox conditions investigated are NNO −1.15 and NNO +1. Pressure was recorded by a transducer calibrated against a Heise Bourdon tube gage (uncertainty is ±2 MPa). Three chromel-alumel thermocouples allowed the continuous control of temperature over the hotspot length (∼4 cm). Uncertainties in temperature are estimated to be ±5°C. Samples were pressurized up to the target pressure (25, 50, and 100 MPa) and heated at an initial temperature of 1020°C (Ti). Samples were maintained at the initial conditions for 3 h to allow the melting and the hydration of the starting materials. Five experiments were quenched after 3 h at the initial conditions to verify the absence of crystals at the initial conditions (Table 3). Regarding the single-step cooling experiments, after the melting period at 25, 50, and 100 MPa the temperature was rapidly decreased (15°C/min) to the final temperature (Tf) of 720°C. Experiments were held at the final conditions for several durations that range from 0.5 to 240 h. The samples were rapidly quenched by switching off the power supply.


TABLE 3. Experimental condition of water-undersaturated experiments.

[image: Table 3]After each experiment, the capsule was weighed to check for leaks and opened; only samples showing no weight changes (±0.3 mg) were accepted as successful. All charges were mounted in epoxy and polished before optical examination and carbon coating for electron microprobe/SEM analysis.



Image Analysis

Back-scattered electron (BSE) images of the samples produced under water-saturated conditions were collected using a ZEISS EVO MA10 scanning electron microscope (SEM) at the Istituto Nazionale di Geofisica e Vulcanologia, Pisa, Italy. BSE images of the samples obtained under water-undersaturated and anhydrous conditions were collected using a JEOL WINSET JSM 6400 SEM at the Institut des Sciences de la Terre d’Orléans (ISTO), Orleans, France. For both instruments, the analytical conditions were 15 kV accelerating voltage and 10 nA beam current.

Textural analysis on BSE images was performed using ImageJ software (NIH Image; Abramoff et al., 2004; Schneider et al., 2012) to quantify the crystal fraction and the sizes of alkali feldspar crystals. To measure the areas of alkali feldspar (Afs), glass, clinopyroxene, quartz, oxide, and bubbles, each phase was segmented by using manual bi-level grayscale thresholding based on the grayscale histogram of the image, therefore, the phases were defined in the image by appropriate threshold values (Arzilli and Carroll, 2013). Pre- and post-segmentation smoothing filters were required to both ease and refine the segmentation procedure (Arzilli et al., 2016a). The crystal area fraction (ϕ) of alkali feldspar was calculated on a vesicle-free basis. We refer to the vesicle-corrected sample area as the “reference area” (Ar), and this was obtained by subtracting vesicle areas from the total image area (Hammer et al., 1999). Therefore, the reference area in each BSE image consists of only glass and crystals, thus, all abundances refer to phase proportions in glass plus crystals. The alkali feldspar crystal fraction (ϕ) was obtained from (Hammer et al., 1999):

[image: image]

Crystal dimensions were also measured using ImageJ. The largest 10 crystals in each image were measured (Couch, 2003; Arzilli and Carroll, 2013) because of the interest in determining the maximum growth rate. Growth rate (YL) was calculated using only the largest dimension of each crystal (e.g., Fenn, 1977; Hammer and Rutherford, 2002; Couch et al., 2003). The uncertainty for sizes and growth rate measurements was estimated on the basis of the 10 largest crystals observed in each sample. According to Couch (2003) and Calzolaio et al. (2010), we used the following relationship:

[image: image]

where t is the duration of the experiment. Furthermore, incremental growth rate (YLi) was calculated to study the influence of time on growth process, using the following relationship:

[image: image]

where L2 and L1 are the maximum lengths measured at experimental times t2 and t1, respectively, for two experiments with the same ΔT and different durations.



Chemical Analysis

Major element compositions of alkali feldspar crystals, formed during isobaric cooling experiments, were analyzed by electron microprobe (EMP). An electron microprobe Cameca SX50 at the BRGM-CNRS of the University of Orléans (Orléans, France) was used for the samples obtained under water-undersaturated and anhydrous conditions. An electron microprobe Cameca SX 50 at CNR Institute for Geosciences and Earth Resources of the University of Padova (Padova, Italy) and a Jeol JXA-8530F equipped with five wave dispersive spectrometers (WDS) at the Institute of Petrology and Structural Geology of the Charles University (Prague, CZE) were used for the samples obtained under water-saturated conditions and the natural alkali feldspar crystals from Cuddia del Gallo products (PANT15). For all instruments, the operating conditions were as follows: 15 kV accelerating voltage, 6 nA beam current, counting times of 10 s on peak and 5 s on background. Alkali feldspar crystals were analyzed with a beam diameter of 5 μm. Na, K, and Si were measured first to minimize effects of alkali mobility under the electron beam (lower Na, K, higher Si). Calibration standards were quartz for Si, corundum for Al, anorthite for Ca, aegirine for Na, sanidine for K, rutile for Ti, fayalite for Fe, forsterite for Mg and tephroite for Mn. The uncertainty is between 1 and 5% for major elements and up to 10% for elements at concentration <0.2 wt.%.

The chemical composition of natural alkali feldspar crystals from Cuddia del Gallo products (PANT15), was analyzed using a Zeiss EVO MA 10 SEM, equipped with an Oxford ISIS microanalytical EDS system at the INGV, Pisa (Italy). The operating conditions for EDS analysis are: 15 kV acceleration voltage, 2 nA beam current and 50 s live time.



RESULTS


Alkali Feldspar Liquidus Under Water-Saturated Conditions

The alkali feldspar liquidus, under water-saturated conditions, was constrained using the results of the single-step cooling experiments reported in Table 2. The mineral assemblage of these experiments and, therefore, the absence and presence of alkali feldspar at different P-T conditions allowed us to define the alkali feldspar liquidus for the PANT15 composition at NNO +0.8 (Figure 1). In the mineral assemblage of the water-saturated experiments, clinopyroxene and titanomagnetite are ubiquitous in all the conditions investigated. Quartz is present at 50 MPa, 720°C and an experimental duration of 195 h. Quartz is also present at 25 MPa and at temperatures of 720 and 790°C for durations longer than 130 h. Alkali feldspar crystals are present at 100 MPa and 670°C, at 50 MPa and temperatures ≤750°C and, at 25 MPa and temperatures ≤790°C. Experiments at 100 MPa and 700°C, 50 MPa and 780°C and, 25 MPa and 820°C indicate that alkali feldspar does not crystallize. Therefore, the liquidus is located between 670 and 700°C at 100 MPa, between 750 and 780°C at 50 MPa and between 790 and 820°C at 25 MPa (Figure 1).


[image: image]

FIGURE 1. Phase diagram for alkali feldspar. The solid line represents the liquidus of alkali feldspar under water-saturated conditions at NNO+0.8. Blue diamonds, alkali feldspar-free charges; red diamonds, alkali feldspar-bearing charges.




Alkali Feldspar Crystallization Under Water-Undersaturated Conditions

The alkali feldspar crystallization, under water-undersaturated conditions, was constrained using the results of the single-step cooling experiments reported in Table 3. Regarding the results obtained at 100 MPa, 720°C, reduced conditions (NNO −1.15) and experimental durations ≤110 h, alkali feldspar was not able to crystallize. Only clinopyroxene formed at durations ≥14 h. Alkali feldspar is present at reduced conditions (NNO −1.15) after 240 h under anhydrous conditions at 50 MPa.

Regarding the results obtained at 720°C, oxidized conditions (NNO +1) and experimental durations ≤220 h at 50 MPa and ≤160 h at 25 MPa, alkali feldspar was not able to crystallize. Alkali feldspar crystallized only after 240 h at 50 MPa with 2 wt.% of H2O.

We note that titanomagnetite is absent at reduced conditions (NNO −1.15), whereas it is present at more oxidized conditions (NNO +1) (Table 3), therefore, fO2 controls the liquidus geometry of titanomagnetite that may be shifted at lower temperature at reduced conditions. Clinopyroxene crystals, instead, are present both at reduced and oxidized conditions with dendritic and spherulitic morphologies.



Nucleation Delay of Alkali Feldspar

The nucleation delay of alkali feldspar was constrained from the experiments performed at 670 and 720°C, under water-saturated and -undersaturated conditions, considering the pressure-time space investigated (Figure 2 and Tables 2, 3).


[image: image]

FIGURE 2. The alkali feldspar nucleation delay as a function of final temperature (Tf), pressure, H2O content dissolved in the melt and experimental duration (texp). (A) Experiments at 670°C under water-saturated conditions. The dashed line represents the onset of nucleation. (B) Experiments at 720°C under water-saturated and undersaturated conditions. The black dashed line represents the onset of nucleation at 25 MPa, whereas the red dashed line represents the onset of nucleation at 50 MPa.


Experiments performed at 670°C under water-saturated conditions indicate that alkali feldspar was not able to crystallize within 130 h at 100 MPa. However, alkali feldspar crystallized within 72 h at 50 MPa and within 24 h at 25 MPa (Figures 2A, 3). In agreement with the liquidus in Figure 1, for water-saturated experiments, when the pressure decreases the undercooling increases. Therefore, the experiments at 670°C indicate that the nucleation delay is smaller at higher undercooling (Figure 2A).


[image: image]

FIGURE 3. Backscattered SEM images of textures obtained from isobaric cooling experiments at 100 MPa, 670°C and ΔT = 27°C. (A) Sample C135: experimental duration of 120 h. (B) Sample C154: experimental duration of 130 h. (C) Sample C136: experimental duration of 192 h. Afs, alkali feldspar; Cpx, clinopyroxene; gl, glass.


Experiments at 50 MPa and 720°C show that alkali feldspar was able to form after 240 h under anhydrous and water-undersaturated conditions (0 and 2 wt.% of H2O), but under water saturated conditions, alkali feldspar crystallized within 96, 175, and 195 h (Figures 2B, 4). Experiments at 25 MPa and 720°C also show that alkali feldspar was not crystallized within 130 h under anhydrous and water-undersaturated conditions (0, 1, and 2 wt.% of H2O). However, alkali feldspar formed within 130 h under water-saturated conditions (Figures 2B, 5).


[image: image]

FIGURE 4. Backscattered SEM images of textures obtained from isobaric cooling experiments at 50 MPa and 720°C under water-saturated and -undersaturated conditions. Experiments under water-saturated conditions (H2O = 4.4 wt.%): (A) Sample C155: experimental duration of 96 h and ΔT = 33°C; (B) Sample C148: experimental duration of 175 h and ΔT = 33°C; (C) Sample C149: experimental duration of 195 h and ΔT = 33°C. Experiments under water-undersaturated conditions (H2O = 2 wt.%): (D) Sample C43: experimental duration of 160 h; (E) Sample C49: experimental duration of 220 h; (F) Sample C121: experimental duration of 240 h. Afs, alkali feldspar; Cpx, clinopyroxene; Qz, quartz; gl, glass.



[image: image]

FIGURE 5. Backscattered SEM images of textures obtained from isobaric cooling experiments at 25 MPa, 720°C and experimental duration of 130 h. (A) Sample C63: experiment at anhydrous condition. (B) Sample C65: experiment under water-undersaturated condition H2O = 1 wt.%. (C) Sample C133: experiment under water-undersaturated condition H2O = 2 wt.%. (D) Sample C151: experiment under water-saturated condition H2O = 3.3 wt.%. Afs, alkali feldspar; Cpx, clinopyroxene; gl, glass.




Crystallization Kinetics of Alkali Feldspar

The crystal fraction (ϕ) and the growth rates (YL and YLi) of alkali feldspar were quantified from experiments performed under water-saturated conditions and the data are reported in Figure 6 and Supplementary Table 1. Experiments at 100 MPa and 670°C (ΔT = 27°C) indicate that alkali feldspar is not able to crystallize after 130 h and its crystal fraction can reach 0.07 after 195 h; for these conditions the onset of nucleation and growth should be between 130 and 195 h (Figure 2A). Experiments at 50 MPa and 720°C (ΔT = 33°C) indicate also that the alkali feldspar crystal fraction can increase from 0.07 to 0.09 at durations between 96 and 195 h, implying that the growth process is still active at these conditions. Considering similar experimental durations, the crystal fractions obtained at ΔT = 33°C are similar to that calculated at ΔT = 27°C, whereas, ϕ increases up to 0.19 as ΔT increases at 88°C (Figure 6). At large ΔT (138°C) ϕ is 0.02 after 24 h.


[image: image]

FIGURE 6. Crystal fraction of alkali feldspar (ϕ) as function of the experimental duration (texp).


Our results indicate that YL ranges between 9 × 10–9 and 3 × 10–8 cm s–1 (Supplementary Table 1). Considering the incremental growth recorded in the experiments at 50 MPa (between C155 and C148 and, between C148 and C149) and at 100 MPa (between C154 and C136), the incremental growth rate (YLi) ranges from 2 × 10–8 to 3 × 10–8 cm s–1 (Supplementary Table 1). This indicates that at durations between 100 and 200 h the alkali feldspar crystals are able to grow at constant rate, favoring the increase of crystal fraction (Figure 6). This implies that the equilibrium is not reached yet at these conditions.



Composition of Alkali Feldspar Crystals

The alkali feldspar crystals formed during the experiments both under water-saturated and -undersaturated conditions are characterized by orthoclase (Or) content between 31 and 67 mol% (Figure 7 and Supplementary Table 2). The Or content of alkali feldspar crystals formed at 670°C ranges from 47 to 67 mol%, instead, the alkali feldspar crystallized at temperatures ≥720°C is characterized by Or content between 31 and 37 mol%. Therefore, the alkali feldspar is more albitic at temperatures between 720 and 790°C, independently of the pressure and the amount of H2O dissolved in the melt.
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FIGURE 7. Orthoclase (Or) content of alkali feldspars as a function of the final temperature (Tf) and H2O content dissolved in the melt. Data obtained in this study through isobaric cooling experiments are indicated in red. Data obtained from Di Carlo et al. (2010) are indicated in black. The gray shaded band indicates the range of Or contents (34–38 mol%) in natural alkali feldspar crystals obtained from Cuddia del Gallo products (PANT15).


Regarding the alkali feldspar phenocrysts analyzed from the natural samples PANT15 of Cuddia de Gallo (Pantelleria, Italy), the Or content ranges from 34 to 38 mol% (Figure 7).



DISCUSSION


Alkali Feldspar Nucleation Delay in Peralkaline Rhyolitic Melts

The degree of undercooling, which is controlled by pressure, temperature, and melt H2O content, plays a fundamental role in controlling the crystallization of magmas (e.g., Hammer and Rutherford, 2002; Couch et al., 2003; Arzilli and Carroll, 2013). However, ΔT is not the unique variable in controlling crystal nucleation and growth. In fact, crystallization is a process that moves from disequilibrium conditions and approaches equilibrium through time (thus ΔT will decrease with time as crystallization proceeds). Therefore, the time needed to reach equilibrium plays an important role in the textural and rheological evolution of a magma.

Crystal nucleation can only be favored when temperature and pressure conditions fall below the liquidus and a system is undercooled. Nucleation is promoted at large ΔT, as the activation energy for the formation of a crystalline nucleus decreases with increasing undercooling (Kirkpatrick, 1981, 1983). However, one aspect of this process that is still poorly understood and not quantified is the nucleation delay to a given undercooling that is imposed on the system. From a volcanological point of view, ΔT can change after a perturbation of the system. For example, the arrival of fresh magma can induce heating and decrease ΔT, instead, rapid decompression and degassing (magma ascent) can increase ΔT. The time needed for magma to crystallize in response to a perturbation of the system is important, as crystal incubation time plays a fundamental role in controlling crystallization (Iezzi et al., 2008, 2014), magma crystal fraction and its rheology at pre- and syn-eruptive conditions. Several recent studies suggest that the injection of hotter trachytic magmas into cooler peralkaline rhyolitic magmas may play a major role in triggering an eruption (Landi and Rotolo, 2015; Romano et al., 2018; Neave, 2020). This scenario implies that peralkaline rhyolitic magmas are heated at pre-eruptive conditions (Neave, 2020) with consequent decrease of ΔT. Our experimental results indicate that the decrease of ΔT (reaching conditions close to the liquidus of alkali feldspar) promotes a further delay of alkali feldspar nucleation (up to 5 days). For example, the stagnation of a hydrous peralkaline rhyolitic magma at 100 MPa and small ΔT for a few days (Figure 2A) prior to the onset of the eruption may happen without crystallization, which can result in a small amount of crystallization during magma ascent. Therefore, if a rapid triggering of the eruption occurs, caused by magma injection in a peralkaline rhyolitic magma, crystallization may be inhibited, affecting dramatically the magma rheology. Instead, the rapid magma ascent during highly explosive eruptions may also inhibit crystallization in felsic magmas as crystal nucleation needs more time to be activated (Mollard et al., 2012), whereas, for basaltic magma crystallization can be fast enough to change the magma rheology (Arzilli et al., 2019). Within this context, the competing influence of ΔT and time needed for nucleation should be systematically investigated in peralkaline rhyolitic magmas, in order to understand whether or not crystallization can be promoted over short timescales at large ΔT during rapid magma ascent. Overall, our results indicate that in a peralkaline rhyolite under water-saturated conditions the alkali feldspar nucleation delay decreases from days to hours with increasing ΔT (Figure 2A). Therefore, the undercooling could play an important role in controlling the extent of the alkali feldspar nucleation delay.

Our experimental results at 720°C, considering experiments at 25 and 50 MPa (Figure 2B), also indicate that the water content can play a role in controlling the nucleation delay. Figure 2B indicate that the transition between water-undersaturated and water-saturated conditions, with an increase of water content dissolved in the melt, can decrease dramatically the alkali feldspar nucleation delay. A reduced nucleation delay may be due to the effect of water in reducing the melt viscosity and increasing diffusion rates within silicate melts (e.g., Watson, 1994).



Crystallization Kinetics of Alkali Feldspar: Peralkaline Rhyolite vs Trachyte

Trachytic and peralkaline rhyolitic magmas are frequently the felsic endmembers of the bimodal mafic-felsic magmatism in continental rifts and oceanic island settings. For instance, the coexistence of these two magmas is observed in the Green Tuff ignimbrite, one of the most catastrophic highly explosive eruptions on the island of Pantelleria (Mahood and Hildreth, 1986; Campagnola et al., 2016). Both trachytic and peralkaline rhyolitic magmas tend to form alkali feldspar as the main crystal phase. Instead, in calc-alkaline magmas, alkali feldspar is less abundant or absent as plagioclase is the dominant feldspar phase. Although alkali feldspar is the most abundant phase in trachytic and peralkaline rhyolitic melts, the crystallization kinetics are different between these two melt compositions (Figure 8). For instance, textural analyses performed by Campagnola et al. (2016) on Green Tuff volcanic products reveal that alkali feldspar phenocryst content varies significantly from 0.05 in the peralkaline rhyolitic pumices (Member A) to 0.18 in trachytic pumices (Member H). Cooling and decompression experiments performed by Arzilli and Carroll (2013) and Arzilli et al. (2016b) on trachytic melts indicate that the nucleation delay of alkali feldspar is constantly shorter than 2 h when ΔT, pressure and H2O content are varied. The nucleation delay of alkali feldspar in peralkaline rhyolitic melts can range from several hours to several days (Figure 2). This implies that nucleation in trachytic melts responds more rapidly to changes in pressure and temperature at subliquidus conditions compared with peralkaline rhyolitic melts. The experimental data reported in Figure 8 indicate that alkali feldspar crystal fractions obtained by cooling and decompression experiments in trachytic melts (Arzilli and Carroll, 2013; Arzilli et al., 2016b) increase as ΔT and the experimental duration increases. Particularly, considering experimental durations between 2 and 16 h and ΔTs between 10 and 140°C, trachytic melts can produce an alkali feldspar crystal fraction that ranges between 0.15 and 0.95. In a similar range of ΔT, but with experimental durations between 24 and 288 h, peralkaline rhyolitic melts are able to produce an alkali feldspar crystal fraction between 0.02 and 0.20 (Figure 8). This indicates that despite the fact that peralkaline rhyolitic melts spend more time (days) than trachytic melts (hours) in subliquidus conditions at similar ΔTs, the former are not able to produce a dramatic change in crystal fraction. The implications of this result are important from a rheological perspective at pre- and syn-eruptive conditions.


[image: image]

FIGURE 8. Crystal fraction of alkali feldspar (ϕ) as function of ΔT. The diagram displays a comparison between alkali feldspar crystal fraction obtained in this study (Peralkaline rhyolite in redish squares) and ϕ obtained by cooling and decompression experiments in trachytic melts (bluish squares) (Arzilli and Carroll, 2013; Arzilli et al., 2016b).




Implications for Pantelleria Volcanic System

The results obtained from the isobaric cooling experiments performed in this study can be used to investigate the possible pre-eruptive conditions of the Pantelleria volcanic system, simulating the stagnation of a peralkaline rhyolitic magma at 100, 50, and 25 MPa. Previous studies established that the shallow magma reservoir of the Pantelleria volcanic system should be located at ∼4 km depth (∼100 MPa) (Civetta et al., 1998; Mattia et al., 2007; Civile et al., 2008; Di Carlo et al., 2010; Gioncada and Landi, 2010). Therefore, the experiments at 100 MPa may represent the shallow magma reservoir conditions, whereas, 50 and 25 MPa may represent conduit conditions.

Pre-eruptive temperatures of Pantelleria eruptions are still debated (White et al., 2009; Di Carlo et al., 2010; Lanzo et al., 2013; Landi and Rotolo, 2015; Campagnola et al., 2016), yet recent geochemical and petrological investigation estimated a temperature range of 680–800°C (White et al., 2009; Di Carlo et al., 2010; Lanzo et al., 2013). Numerical simulations with a conduit model performed by Campagnola et al. (2016), which investigated the conduit dynamics of the highly explosive Green Tuff eruption, suggest that peralkaline rhyolitic magmas could shift between explosive and effusive eruptions, mainly as a function of the pre-eruptive temperature. Our experimental results indicate that the Or content of alkali feldspar decrease as the temperature increases (Figure 7), in agreement with Di Carlo et al. (2010). We note that the results obtained from Di Carlo et al. (2010) at more reduced conditions (NNO-1 to NNO-2) show the same relation between Or content and temperature that we obtained in our crystallization experiments at NNO +0.8. This suggests that the Or content may not be influenced by fO2 (and consequent effects on melt FeO content), but mainly by the temperature. Accordingly, the alkali feldspar is more albitic at temperatures between 720 and 790°C, with Or content of 31–37 mol%. Figure 7 also indicates that the Or content of alkali feldspar crystals formed at temperature of 720–790°C in hydrous peralkaline rhyolitic melts is similar to that of alkali feldspar formed from the Cuddia del Gallo magma. The alkali feldspar crystals analyzed in the Green tuff products (Lanzo et al., 2013) and in the Randazzo pumices (Gioncada and Landi, 2010) have also similar range of Or content (31–38 mol%) to that of Cuddia del Gallo. Instead, alkali feldspar crystals formed at 670°C are characterized by high Or content (up to 67 mol%), which is too high to meet the chemical composition of the natural alkali feldspar of Cuddia del Gallo. This inverse relationship between Or content and temperature (Figure 7) has been observed and discussed in other compositionally similar systems (e.g., Scaillet and Macdonald, 2003; Di Carlo et al., 2010; Romano et al., 2018) and it is related to the temperature, An content, and the H2O content dissolved in the melt. The experiments performed in this study indicate mainly the effect of temperature on the Or content in alkali feldspar, whereas, the effect of H2O is less obvious. Our experimental results based on the relationship between T and Or content support the pre-eruptive temperatures estimated from Di Carlo et al. (2010) regarding the Fastuca eruption (a sub-Plinian eruption, according to Orsi et al., 1989), which range between 720 and 740°C for pre-eruptive pressure of about ∼100–120 MPa (4–5 km depth). Numerical modeling performed by Campagnola et al. (2016) also indicates that pre-eruptive temperature of the peralkaline rhyolitic explosive eruptions should be ∼750°C. This suggests that the pre-eruptive temperatures of the Pantelleria volcanic system, which might promote explosive eruptive styles, lies in range between 720 and 750°C (considering water-saturated conditions).

As observed in many products erupted explosively at the Pantelleria Island, the alkali feldspar crystal content is ubiquitously low (Campagnola et al., 2016; Hughes et al., 2017; Clarke et al., 2019). This evidence may be explained invoking the alkali feldspar nucleation delay that can slow down crystallization in natural peralkaline rhyolitic magmas (Figure 2). In fact, low crystal fractions are also observed in our experiments, which suggest that a peralkaline rhyolitic magma within the Pantelleria plumbing system may be stored at pre-eruptive conditions (50–100 MPa) for a few hours/days and then suddenly erupted. This relative short time at sub-liquidus conditions might coincide with the transient incubation stage of nucleation, which may inhibit or form only a small amount of alkali feldspar crystals (for example in Green Tuff volcanic products, phenocryst content is 0.05, whilst, microlites are absent). Although, peralkaline rhyolitic magmas are characterized by low crystal cargo (∼0.10 in total where alkali feldspar and clinopyroxene phenocrysts are the dominant fraction), they are able to reach magma fragmentation, erupting explosively (Gioncada and Landi, 2010; Campagnola et al., 2016; Di Genova et al., 2017; Hughes et al., 2017). Therefore, crystallization may not have a major role in controlling the shift between explosive and effusive eruption style of peralkaline rhyolitic volcanic systems, such as the case of Pantelleria Island.

A limitation of the interpretation of the data for the Pantelleria volcanic system may be related to the fO2 conditions investigated. The oxygen fugacity considered in this study may not be representative of the Pantelleria magmatic system, as previous fO2 estimates made by White et al. (2005, 2009) and Di Carlo et al. (2010) indicate relatively reducing conditions for Pantelleria peralkaline rhyolites (NNO-1 to NNO-2). Oxygen fugacity may affect the liquidus geometry of the phases present in peralkaline rhyolitic melts, as we noted for titanomagnetite in this study. However, the liquidus temperatures of alkali feldspar obtained in this work at 100 and 50 MPa (Figure 1) are similar to those obtained from Di Carlo et al. (2010) at the same pressures near to the water saturation. This similarity implies that the geometry of the alkali feldspar liquidus in peralkaline rhyolites may not be strongly sensitive to fO2. In support of such an assertion are the phase equilibria obtained on less peralkaline (comendite) rhyolites by Scaillet and Macdonald (2001). These authors have established the phase relationships of three peralkaline rhyolites from the Kenya rift under two contrasted fO2, either reduced (NNO −1.6) or oxidized (NNO +3.5). The results show clearly that a change of fO2 by five orders of magnitude does not affect the liquidus curves of tectosilicates. However, more work is needed to rigorously address the role of oxygen fugacity on peralkaline rhyolite crystallization.



CONCLUSION

This study shows the role of ΔT and water in controlling the alkali feldspar nucleation delay in peralkaline rhyolitic melts. Our results indicate that the nucleation delay can reach up to a few days under small ΔT, whereas, it decreases from days to hours with increasing ΔT and H2O content dissolved in the melt. Small ΔT can drastically reduce the crystallization in natural peralkaline rhyolitic magmas, and it explains the low crystal content observed in the present experimental study and in previous works (e.g., Campagnola et al., 2016; Hughes et al., 2017; Clarke et al., 2019). We infer that a peralkaline rhyolitic magma can be stored at the pre-eruptive conditions at constant temperature and pressure for a few days without dramatic variations of its crystal fraction before the triggering of the eruption.

Our experimental results indicate, with respect to the Or content of the alkali feldspar crystals, a pre-eruptive temperature range between 720 and 750°C within the Pantelleria plumbing system and a pre-eruptive pressure near 100 MPa, at near H2O-saturation, which corresponds to a shallow magma reservoir (in agreement with previous studies, e.g., Civetta et al., 1998; Di Carlo et al., 2010; Gioncada and Landi, 2010; Campagnola et al., 2016). These pre-eruptive conditions may promote explosive eruptive activity in the Pantelleria volcanic system. In fact, despite the low crystal content, peralkaline rhyolitic magmas in the Pantelleria volcanic system provide clear evidence of their ability to reach fragmentation and shift from effusive lava flow to explosive activity (Barclay et al., 1996; Campagnola et al., 2016; Di Genova et al., 2017; Hughes et al., 2017), and from Strombolian to Plinian style. The overall results provide new constraints on disequilibrium crystallization timescales in peralkaline rhyolitic magmas and improve our understanding of the rheological behavior at pre- and syn-eruptive conditions of peralkaline volcanic systems.
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FIGURE 1 | H2O solubility in peralkaline rhyolitic melt as a function of pressure, calculated following Papale et al. (2006). The maximum amount of H2O estimated by model of Papale et al. (2006) as a function of pressure is considered the H2O content dissolved in the melt to reach the water-saturated conditions in this study.

TABLE 1 | Experimental results for alkali feldspar crystallization kinetics in peralkalinerhyolitic melts.

TABLE 2 | Chemical compositions of alkali feldspar.
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Oxide PANT15 pumice (wt.%) PANT15 starting glass (wt.%)

SiOy 68.65 69.13
TiOo 0.40 0.54
Al, O3 10.65 10.46
FeO* 8.71 8.06
MnO 0.30 0.30
MgO 0.05 0.09
Ca0 0.45 0.56
NapO 6.32 6.30
KO 4.44 4.54
P20s 0.03 0.01
Total 100 100
(Original Total) (96.57) (99.75)
Trace ppm ppm
Sr 8 n.d.
Zr 1833 n.d.
Nb 374 n.d.
Ba 76 n.d.

FeO, total iron as FeO. n.d., not determined. The bulk composition analysis
of PANT 15 pumicen was performed by ICP-AES and ICP-MS (Gioncada and
Landi, 2010). The starting glass of our experiments was analyzed with the electron
microprobe. The compositions were normalized to 100%; in parentheses the
original analytical totals are reported.
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Sample T; (°C) T; (°C) P (MPa) tm (S) texp (s) texp (h) *H,0 (wt.%) ANNO AT Phases

C143 880 700 100 10,800 1,728,000 480 5.6 +0.8 a.l.Afs gl+Cpx+TiMag

C135 880 670 100 10,800 432,000 120 5.6 +0.8 27 gl+Cpx+TiMag

C154 880 670 100 10,800 468,000 130 5.6 +0.8 27 gl+Cpx+TiMag

C136 880 670 100 10,800 691,200 192 5.6 +0.8 27 gl+Cpx+Afs+TiMag
C145 880 780 50 10,800 1,036,800 288 4.4 +0.8 a.l.Afs g+Cpx+TiMag

C144 880 750 50 10,800 1,036,800 288 4.4 +0.8 3 gl+Cpx+Afs+TiMag
C155 880 720 50 10,800 345,600 96 4.4 +0.8 33 gl+Cpx+Afs+TiMag
C148 880 720 50 10,800 630,000 175 4.4 +0.8 33 gl+Cpx+Afs+TiMag+Qz
C149 880 720 50 10,800 702,000 195 4.4 +0.8 33 gl+Cpx+Afs+TiMag+Qz
C141 880 670 50 10,800 259,200 72 4.4 +0.8 83 gl+Cpx+Afs+TiMag
C147 880 820 25 10,800 1,036,800 288 3.3 +0.8 a.l.Afs g+Cpx+TiMag

C146 880 790 25 10,800 1,036,800 288 3.3 +0.8 18 gl+Cpx+Afs+TiMag+Qz
C151 880 720 25 10,800 468,000 130 3.3 +0.8 88 gl+Cpx+Afs+TiMag+Qz
C138 880 670 25 10,800 86,400 24 3.3 +0.8 138 gl+Cpx+Afs+TiMag

Ti, initial (or melting) temperature; Tf, final temperature; P, pressure; tm, melting time; texp, experimental time; AT, the undercooling degree. *H20 (wt.%) represents the
amount of water needed to reach the saturation, which was calculated using the polynomial fit by Papale et al. (2006). Afs, alkali feldspar; Cpx, clinopyroxene; TiMag,
titanomagnetite; Qz, quartz; gl, glass.





OPS/images/feart-08-00177-t003.jpg
Sample T; (°C) T; (°C) P (MPa) tm (S) texp (8) texp (h) H,O (wt.%) ANNO Phases

C5 1020 1020 100 10,800 - = 1.0 -1.15 al

C21 1020 720 100 10,800 1800 0.5 1.0 —-1.15 gl

C29 1020 720 100 10,800 50,400 14 1.0 -1.15 gl+Cpx

C33 1020 720 100 10,800 396,000 110 1.0 —1.15 gl+Cpx

C22 1020 720 100 10,800 1800 0.5 2.0 —1.15 gl

ca27 1020 720 100 10,800 50,400 14 20 —1.15 gl+Cpx

C34 1020 720 100 10,800 396,000 110 2.0 —-1.15 gl+Cpx

C23 1020 720 100 10,800 1800 0.5 3.0 —-1.15 gl

C28 1020 720 100 10,800 50,400 14 3.0 —-1.15 gl+Cpx

C35 1020 720 100 10,800 396,000 110 3.0 —1.15 gl+Cpx

G120 1020 720 50 10,800 864,000 240 0.0 —1.15 gl+Cpx+-Afs
C36M 1020 1020 50 10,800 - — 1.0 +1.00 gl

C39 1020 720 50 10,800 50,400 14 1.0 +1.00 gl+Cpx+TiMag
C42 1020 720 50 10,800 576,000 160 1.0 +1.00 gl+Cpx+TiMag
C37M 1020 1020 50 10,800 = = 2.0 +1.00 gl

C40 1020 720 50 10,800 50,400 14 2.0 +1.00 gl+Cpx+TiMag
C43 1020 720 50 10,800 576,000 160 2.0 +1.00 gl+Cpx+TiMag
C49 1020 720 50 10,800 704,000 220 2.0 +1.00 gl+Cpx+TiMag
G121 1020 720 50 10,800 864,000 240 2.0 +1.00 gl+Cpx+-Afs
C38M 1020 1020 50 10,800 - - 3.00 +1.00 gl

C41 1020 720 50 10,800 50,400 14 3.00 +1.00 gl+Cpx+TiMag
C44 1020 720 50 10,800 576,000 160 3.00 +1.00 gl+Cpx+TiMag
C53 1020 720 25 10,800 64,800 18 0.0 +1.00 gl+Cpx+TiMag
C134 1020 720 25 10,800 432,000 120 0.0 +1.00 gl+Cpx

C63 1020 720 25 10,800 468,000 130 0.0 +1.00 gl+Cpx+TiMag
C78 1020 720 25 10,800 576,000 160 0.0 +1.00 gl+Cpx+TiMag
C45M 1020 1020 25 10,800 = = 1.0 +1.00 gl

C52 1020 720 25 10,800 64,800 18 1.0 +1.00 gl+Cpx+TiMag
C64 1020 720 25 10,800 468,000 130 1.0 +1.00 gl+Cpx+TiMag
C65 1020 720 25 10,800 468,000 130 1.0 +1.00 gl+Cpx+TiMag
C46M 1020 1020 25 10,800 - - 2.00 +1.00 gl

C51 1020 720 25 10,800 64,800 18 2.00 +1.00 gl+Cpx+TiMag
C133 1020 720 25 10,800 468,000 130 2.00 +1.00 gl+Cpx+TiMag

Ti, initial (or melting) temperature; Tf, final temperature; R pressure; tm, melting time; texp, experimental time; AT, the undercooling degree. Afs, alkali feldspar; Cpx,
clinopyroxene; TiMag, titanomagnetite; gl, glass.
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