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The in situ differential scanning calorimetry (DSC) technique has been applied to investigate the solidification paths of a basaltic liquid. The starting glass was heated up to 1300°C, kept at this superliquidus temperature for 2 h and cooled at rates (ΔT/Δt) of 7, 60, 180, 1000, and 1800°C/h, down to 800 and 600°C. Glass transition temperature (Tg), crystallization temperature (Tx_HR) and melting temperature (Tm) were measured by in situ DSC spectra on heating. Tx measured along the cooling paths (Tx_CR) shows exothermic peaks that change from a single symmetric shape (7 and 60°C/h) to multi-component patterns (180, 1000, and 1800°C/h). The recovered products characterized by field emission gun source of the scanning electron microscopy and electron probe micro-analyzer-wavelength dispersive spectrometers show a phase assemblage of spinel (sp), clinopyroxene (cpx), melilite (mel), plagioclase (plg), and glass. Moreover, crystal size distributions (CSDs) and growth rates (Gmax and GCSD) were also determined. The crystal content slightly increases from 7 to 1800°C/h. Faceted sp are present in all the run products with an amount always <2 area%. Cpx increases from 7 to 1800°C/h, changing its texture from almost faceted to dendritic between 60 and 180°C/h. The area% of mel follows an asymmetric Gaussian trend, while plg nucleates only at 7°C/h with a content <2 area%. The coupling of DSC and SEM outcomes indicate that sp nucleate first, followed by cpx and mel (and/or plg). The increment of ΔT/Δt causes an increase of the CSD slope (m) and crystal population density per size (n0), as well as a decrease of the crystal size, for both cpx and sp. The log-linear CSD segments with different slopes at 7 and 60°C/h suggest multiple nucleation events and crystal growth by coarsening. Gmax and GCSD for cpx and sp directly measured on the actual crystallization time by DSC spectra, both increase with the increasing of ΔT/Δt. The onset temperature of crystallization (Txi) decreases as ΔT/Δt increases, following an exponential trend that defines the uppermost portion of a time-transformation-temperature-like curve. This analytical model allows us to quantitatively model the kinetic crystallization paths of dry basalts.
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INTRODUCTION

Basalts are the most erupted and voluminous products on the Earth surface and their solidification behavior has been the most reproduced process by ex situ laboratory experiments. These latter are generally performed starting from liquidus or sub-liquidus conditions, and quenching the basaltic charges at relative low temperature (T) and/or pressure (P), after different cooling rates (ΔT/Δt) (Cashman, 1993; Lasaga, 1998; Hammer, 2008; Iezzi et al., 2009; Del Gaudio et al., 2010; Vetere et al., 2013, 2015; Mollo and Hammer, 2017) and/or decompression rates (ΔP/Δt) (Hammer, 2008; Applegarth et al., 2013; Fiege et al., 2015; Mollo and Hammer, 2017; Arzilli et al., 2019). Textural and chemical quantifications of the experimental products make it possible to reconstruct the solidification path of a basaltic system. An alternative ex situ approach for investigating nucleation and crystal growth consists of measuring T in basaltic lava flows, sampling the molten portions, and rapidly quenching them in water (Armienti et al., 1994; Burkhard, 2001, 2002, 2003, 2005).

On the other hand, in situ investigations are conducted by different approaches, such as: (1) the direct observation with optical microscopy of crystal nucleation and growth (Sunagawa, 1992; Schiavi et al., 2009; Ni et al., 2014), (2) the use of X-ray and neutron scattering measurements or high-resolution X-ray micro-computed tomography (Baker et al., 2013; Arzilli et al., 2015; Zanatta et al., 2017; Polacci et al., 2018; Tripoli et al., 2019), (3) the measurement of viscosity changes during cooling-induced crystallization of basaltic liquids (Vona et al., 2011; Kolzenburg et al., 2016, 2018a,b, 2020; Tripoli et al., 2019), (4) the measurement of electrical conductivity by impedance spectrometry (Xu et al., 2000; Scarlato et al., 2004; Maumus et al., 2005), and (5) the use of differential scanning calorimetry (DSC) and/or differential thermal analysis (DTA). However, the latter methods are more frequently employed in the field of materials science (Dingwell and Webb, 1990; Shelby, 2005; Zheng et al., 2019) rather than in Earth sciences. Particularly, DSC techniques are the most useful and fastest facility to investigate real-time processes occurring during solidification processes (Lange et al., 1994; Burkhard, 2001; Ray et al., 2005, 2010; Castro et al., 2008; Applegarth et al., 2013; Iezzi et al., 2017; Kolzenburg et al., 2020). DSC allows direct measurements of the heat flux released during an exothermic process (e.g., crystallization), and of the heat flux adsorbed during the endothermic ones (e.g., glass transition and melting). As a result, the DSC spectra (T vs μV/mg) resulting from calorimetric solidification experiments show troughs when the glass transitions (Tg) and melting (Tm) occur, and peaks when crystal nucleation and growth start (Tx). However, despite its effectiveness, in situ DSC techniques have rarely been used to investigate melting and crystallization processes in basaltic materials (Onorato et al., 1980; Lange et al., 1994; Burkhard, 2001; Ray et al., 2005, 2010; Castro et al., 2008; Applegarth et al., 2013; Iezzi et al., 2017), mainly upon heating (glasses) and to a lesser extent on cooling (melts).

Previous in situ investigations conducted on chemically complex (natural) silicate melts (Schiavi et al., 2009; Ni et al., 2014; Kolzenburg et al., 2018a, b) simulated only limited cooling rate (ΔT/Δt) conditions and/or restricted thermal ranges of cooling (ΔTc). However, natural basaltic liquids solidify under highly variable ΔT/Δt from liquidus or sub-liquidus regions down to solidus temperatures which are still poorly explored (cf. Giuliani et al., 2020a, b) and are important to correctly interpret the thermal interval of crystallization (ΔTc).

Most of the early experiments on the onset of melt crystallization as a function of cooling rate were not analyzed with scanning electron microscopy (SEM) and/or electron microprobe (EPMA) (Klein et al., 1975; Uhlmann et al., 1975, 1981, 1979; Onorato and Uhlmann, 1976; Onorato et al., 1980), thus preventing quantitative textural and chemical determinations. The only available time-temperature-transformation (TTT) and continuous cooling (CCT) diagrams for basaltic liquids still refer to these pioneering works (Uhlmann et al., 1981; Weinberg and Zanotto, 1989), albeit more recent data have been also reported in literature (Ray et al., 2005; Vetere et al., 2013; Rogez et al., 2017).

In this study, we have combined in situ DSC investigations (on heating and especially on cooling) with ex situ textural analysis conducted on a basaltic melt cooled from liquidus to solidus conditions using a broad range of rates of 7, 60, 180, 1000, and 1800°C/h. The SEM analysis on the obtained run products allows the quantification of crystal content (area%), crystals per area (#/A), crystal size distributions (CSDs), and the growth rates of clinopyroxene (cpx) and spinel (sp). The chemical composition of phases was obtained by EPMA-WDS. The in situ measurement of the thermal crystallization onset (Txi) leads to analytically model the crystallization paths of basalts, at thermal conditions comparable to those observed for naturally cooling magmas (Vetere et al., 2013, 2015; Giuliani et al., 2020b).



DIFFERENTIAL SCANNING CALORIMETRY

Differential scanning calorimetry is the most common method to investigate the kinetics of solidification, particularly referred to the glass stability (GS) and glass-forming ability (GFA) behaviors (Zheng et al., 2019). Although this, DSC is not so used in Earth Sciences, except few investigations (Onorato et al., 1980; Dingwell and Webb, 1990; Burkhard, 2001; Ray et al., 2005, 2010; Castro et al., 2008; Applegarth et al., 2013; Iezzi et al., 2017; Kolzenburg et al., 2020).

DSC technique allows to quantitatively determine in situ the thermodynamic changes occurring during the transformation of a liquid into a solid (cooling) and vice versa (heating). These changes are recorded in terms of differential heat flux, measured as DSC/(μV/mg), between the analyzed sample and a reference standard (Shelby, 2005). In a typical DSC spectrum, the recorded DSC/(μV/mg) is related to T (°C), as shown in Figures 1, 2A and Supplementary Figure S1. The endothermic and exothermic peaks result respectively from the heat absorption and release accompanying phase transformations. When the sample reaches the melting point, the recorded heat flux is lower than that of the standard, resulting in the appearance of an endothermic peak that corresponds to the melting temperature (Tm). A similar peak occurs when the sample passes through the glass transition region (Tg). Contrarily, during the crystallization of the sample, the heat flux from the sample is higher than that from the standard, causing the appearance of an exothermic peak on the DSC spectrum at the crystallization temperature (Tx).
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FIGURE 1. DSC spectra for the basaltic melt, relating the DSC signal based on the differential heat flux (DSC/(μV/mg)) and T (°C). On the left: heating treatment from ambient temperature to 1300°C at 420°C/h. On the right and from top to bottom: cooling rate paths at 7, 60, 180, 1000, and 1800°C/h, respectively. Glass transition temperature (Tg), crystallization temperature (Tx_HR) and melting temperature (Tm) were measured by in situ DSC spectra acquired on heating. Tx was also measured along the cooling path of the melt (Tx_CR). The temperature of the onset of crystallization (Txi) has been computed at 10% of the maximum intensity of the crystallization peaks.
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FIGURE 2. (A) Zoom-in of DSC curves as a function of temperature (T) from Figure 1 and Supplementary Figures S1A–E (blue lines). The fitted components of these peaks are plotted in red and listed in Table 3. Vertical bars show the Y-axis scale. (B) DSC curves as a function of time (t). The fitted components of these peaks are plotted in red and listed in Table 3. Vertical bars show the Y-axis scale.


In this work, Tm and Tg have been identified during the heating processes, while Tx has been measured both on heating (Tx_HR) and along the cooling path (Tx_CR).



EXPERIMENTS AND STARTING MATERIAL

A tholeiitic basalt from Iceland (B100) was used to produce a homogeneous starting glass, following the procedure described in Vetere et al. (2013, 2015). This natural rock is an USGS-international standard known as BIR-1a, which starting composition (wt.%) is: SiO2 = 48.0; TiO2 = 1.0; Al2O3 = 15.6; FeO = 10.2; MnO = 0.2; MgO = 9.4; CaO = 13.2; Na2O = 1.8; K2O = 0.0; P2O5 = 0.1; H2O = 0.005.

The B100 starting glass was powdered and melted twice at 1600°C for 4 h (ambient P and fO2 of air) and, then, rapidly quenched on a metal plate. For each experiment, several mm-sized B100 glass beads were inserted in cylindrical Pt-crucible with a diameter of 6 mm and a length of 4.3 mm. The Pt-charge was lodged in a DSC (Netzsch STA 449F1) installed at the laboratory of SCHOTT Research & Development – North America in Duryea (Pennsylvania, United States) and heated at a rate of 420°C/h from room temperature to the superliquidus conditions of 1300°C (ambient P and fO2 of air; see Table 1). The Pt-charges were kept at 1300°C for 2 h and then cooled at rates of 7, 60, 180, 1000, and 1800°C/h down to 800 and 600°C (Table 1). The solidification path (heating rate, dwell time, and ΔTc) used in this study are comparable with those adopted by Vetere et al. (2013, 2015), that applied cooling rates of 1, 7, 60, 180, 1800 and 9000°C/h. The DSC spectra were fitted with a linear background, while the exothermic and endothermic peaks are reproduced using pseudo-Voigt components, such to reproduce the observed spectra and to minimize the difference between measured and calculated DSC patterns.


TABLE 1. Thermal paths used for in situ DSC experiments and BS-SEM microphotographs used for image analysis.

[image: Table 1]The recovered run products were mounted in epoxy resin and polished to expose a flat surface. Photomicrographs were collected in the back-scattered electron (BSE) mode, using a field emission gun source of the scanning electron microscopy (FEG-SEM) Jeol 6500F (JEOL, Ltd., Tokyo, Japan). The chemical attributes of phases were determined by an electron probe micro-analyzer (EPMA) Jeol JXA-8200 equipped with five wavelength dispersive spectrometers (WDS). Analyses were performed under vacuum using an electron beam of 5 μm, an accelerating voltage of 15 kV, and an electric current of 7.5 nA. The following standards were adopted: Albite (Na, Si, and Al), Forsterite (Mg), Orthoclase (K), Augite (Fe), Rutile (Ti), Apatite (Ca and P) and Chromite (Cr). Sodium and potassium were analyzed first, to limit their possible migration. Both FEG-SEM and EPMA are installed at the HPHT Laboratory of Experimental Volcanology and Geophysics of the Instituto Nazionale di Geofisica e Vulcanologia (INGV) in Rome, Italy.

The textural features of the run products have been quantified by image analysis on several BSE-SEM micro-photos with magnifications from 100 to 5000× (Table 1). The image analysis processing is reported in detail in several previous studies (Lanzafame et al., 2013, 2017; Vetere et al., 2013, 2015; Giuliani et al., 2020b); the quantitative textural data are available in the supplementary excel-spreadsheet. The type, size, and distribution of each crystalline phase were measured, plus the CSD analysis. Crystal size distribution curves were calculated using the CSDcorrections software (Higgins, 2006; Giuliani et al., 2020b).



RESULTS


DSC Spectra

Differential scanning calorimetry spectra of all the experimental charges are displayed in Figure 1; more details and relative thermal paths are reported in Supplementary Figures S1A–E. At the heating rate of 420°C/h it is found (i) a first endothermic peak corresponding to Tg, (ii) two exothermic peaks corresponding to Tx_HR, and (iii) a further intense endothermic peak related to the attainment of Tm. Tg occurs between 693 and 700°C, averaging 698 ± 3°C [i.e., 42°C above the value of 651°C computed by Vetere et al. (2015); Table 2]. The first and second peaks of Tx_HR are centered between 903 and 925°C (average of 911 ± 9°C) and between 1099 and 1116°C (average of 1104 ± 7°C), respectively (Table 2 and Figure 1). The peaks of Tm vary slightly between 1204 and 1207°C, averaging 1205 ± 1°C [i.e., 20–25°C and just below the value of 1233°C computed by Vetere et al. (2015); Table 2 and Figure 1].


TABLE 2. Tg_HR, Tx_HR, Tm, Tx_CR, Txi, and ΔTi determined by DSC experiments.
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TABLE 3. Data from DSC spectra and calculated crystallization time.

[image: Table 3]At superliquidus conditions, there are no thermal peaks because the melt is fully relaxed (Supplementary Figures S1A–E), whilst one or more exothermic peaks occur at different temperatures as a function of the cooling paths (Figure 1 and Supplementary Figures S1A–E). At ΔT/Δt of 7°C/h, the DSC spectrum shows a first exothermic peak centered at 1129°C, followed by broadband composed of several exothermic peaks between 1062 and 911°C (Figure 1). At ΔT/Δt of 60°C/h, a unique asymmetric exothermic peak occurs at 1110°C (Figure 1). At ΔT/Δt of 180°C, a slightly asymmetric peak is centered at ca. 1095°C (Figure 1), whilst at 1000 and 1800°C/h the corresponding exothermic peaks are broad and composed of several components, which maximum values are in the thermal ranges of 1104–1040°C and 1034–960°C, respectively (Figure 1).

To accurately quantify the onset temperature of nucleation under the effect of cooling rate, the first peaks were fitted, as displayed in Figure 2A. DSC patterns as a function of time are reported in Figure 2B. On cooling, The high-T peaks occurring at ΔT/Δt of 7 and 60°C can be fitted with a single symmetric component, whereas those at ΔT/Δt of 180, 1000 and 1800°C/h are fitted with two, three and four components, respectively (Figure 2A); Table 2 lists these temperatures. The temperature of the onset of crystallization (Txi) has been determined by considering the temperature value at 10% of the maximum intensity of the first peak on cooling and related to crystallization. Txi progressively shifts toward lower values as ΔT/Δt increases (Figure 1 and Table 2). In particular, increasing the ΔT/Δt from 7 to 1800°C/h, decreases the value of Txi from 1141 to 1086°C, as reported in Table 2. The difference between averaged Tm and Txi corresponds to the degree of undercooling (ΔTi), listed in Table 2. Table 3 lists the quantitative attributes of all the fitted components from the DSC spectra.



Texture and Crystal-Chemistry

Figure 3 displays the textural features of the solidified DSC charges. These products contain crystals of spinel (sp), clinopyroxene (cpx), melilite (mel) and/or plagioclase (only at 7°C/h), and glass. Sp crystals display always equant and faceted, hopper shapes. Conversely, cpx at ΔT/Δt of 7°C/h are almost faceted and prismatic, frequently attaching on sp or pre-existing cpx crystals (Figure 3), while cpx obtained at ΔT/Δt ≥ 60°C/h show dendritic forms with fern-like elongated shapes. Mel crystallizes with either elongated H-shapes or razor blade-like aspects (Figure 3).


[image: image]

FIGURE 3. BS-SEM microphotographs of the DSC run products obtained at cooling rates of 7, 60, 180, 1000, and 1800°C/h (from bottom to top) and magnifications of 200, 500, and 1000X (from left to right). Red and black bars correspond to 100 and 10 μm, respectively.


Figure 4 and Table 4 report the quantitative abundance of phases. The amount of sp comprises a very low area% of between 0.1 and 1.9, while that of cpx increases from 32.1 to 47.3 area% as ΔT/Δt increases from 7 to 1800°C/h. The abundance of mel is also limited and changes from 5.3 to 8.9 and finally to 1.9 area%, following a broad and asymmetric Gaussian-like trend. Plg occurs only at ΔT/Δt of 7°C/h with an amount of 1.7 area%. Overall the whole glass content monotonically decreases with increasing ΔT/Δt (Table 4), reflecting the slight increase of the total crystal content (Figure 4 and Table 4).


TABLE 4. Phase proportions (area%); standard deviations in parenthesis.
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FIGURE 4. Crystal content (area%) vs ΔT/Δt (°C/h) of in situ DSC experiments compared with ex situ cooling rate experiments from Giuliani et al. (2020b).


The analyses of chemical attributes of phases are reported in Figure 5 and Supplementary Table S1. As the ΔT/Δt increases, all the major oxides of cpx, mel, and glass approach those of the starting composition. In particular, cpx records an increase in SiO2, Al2O3, and Na2O contents, and a decrease in MgO and CaO, while FeO remains almost constant. Intra-crystalline glass follows the opposite trends of cpx, whereas those of sp are limited (Figure 5). The relatively highest (>10 wt.%) chemical variations are recorded for mel: indeed, as the ΔT/Δt augments, SiO2 increases, and both FeO + MgO decrease, whilst Na2O + CaO are almost constant; Al2O3 follows an irregular decreasing trend (Figure 5).


[image: image]

FIGURE 5. Chemical variations of major oxides (wt.%) in cpx, mel, sp, and intra-crystalline glass as a function of ΔT/Δt (°C/h). Average data are listed in Supplementary Table S1.




DISCUSSION

Phase relations and crystal contents from our DSC experiments can be conveniently compared with those from previous ex situ cooling rate experiments conducted by Vetere et al. (2013, 2015) and further analyzed by Giuliani et al. (2020b), run at similar solidification conditions. As shown in Figure 4, the amount of sp in the DSC run products is low (0–2 area%), and comparable with 2–5 area% content quantified by Giuliani et al. (2020b). Also, the amount of cpx in DSC run products increases with increasing ΔT/Δt in a similar manner to that observed in Giuliani et al. (2020b). The cpx contents at ΔT/Δt of 7 and 1800°C/h are practically identical, whilst those at ΔT/Δt of 60 and 180°C/h differ by 5 and 10 area%, respectively (Figure 4). Therefore, the crystallization of sp and cpx is well comparable with the ex situ dynamic experiments run in furnaces.

By contrast, in DSC run products, mel is <10 area%, and plg is low to absent (Table 4 and Figure 4). The different amount of plg between the DSC experiments and those reported in Vetere et al. (2015) and Giuliani et al. (2020b) can be interpreted in the frame of the TTT diagrams (Lasaga, 1998; Shelby, 2005; Wang et al., 2012; Vetere et al., 2013). In a TTT diagram (t vs. T), the nucleation rate (I), the degree of undercooling (ΔT), and the time required to initiate nucleation of a crystalline phase (τ or induction time) are strictly related (Lasaga, 1998; Fokin et al., 2003, 2008; Roskosz et al., 2005; Iezzi et al., 2009). At the apex of the TTT curve, the nucleation rate is strongly variable and has its maximum value (Imax), while τ is minimum. For the basaltic composition investigated here, the ΔT is moderate at temperatures of 1000–1100°C (Vetere et al., 2013). When a ΔT/Δt trajectory is close to Imax, even small thermal (fluctuations and/or gradient) and/or mechanical (flowing and/or deformation) perturbations can produce significant changes of the nucleation of crystalline phases and their rate (Kirkpatrick, 1983; Vetere et al., 2013).

We hypothesize that during in situ DSC experiments the temperature oscillations were extremely low or even absent, indeed lower than those experienced by charges run by Vetere et al. (2013, 2015). This resulted in unfavorable conditions for the crystallization of a SiO2- and tetrahedral connected-rich crystal, like plg. Indeed, extremely stable thermal and/or mechanical conditions favor the metastable nucleation of mel, a sorosilicate with lower SiO2 amount, and poorly connected tetrahedra. It is a note of worth that mel solidified also in the B100 experimental charges solidified ex situ at ΔT/Δt > 60°C/h, by Vetere et al. (2013, 2015), although with a smaller content. These considerations attest that the plg phase is stable only at low ΔT/Δt, where kinetics conditions are moderate to low, in agreement with Lange et al. (1994), and is more reluctant to nucleate than mel (Kirkpatrick, 1983; Vetere et al., 2015). Thereby, mel oversteps plg due to its lower SiO2 content and degree of polymerization (Kirkpatrick, 1983; Lasaga, 1998; Zhang et al., 2003; Iezzi et al., 2009, 2014). On these bases, the common presence of plg in natural tholeiitic rocks could be also related to the presence of thermal and mechanical perturbations (Chakraborty, 1995; Lasaga, 1998; Vetere et al., 2013), while the rarity of mel in basaltic rocks (Deer et al., 1992) is due to the relatively high SiO2 content of these magmas and the inevitable presence of thermal and mechanical perturbations. All these hypotheses are corroborated by recent findings by Tripoli et al. (2019) and Kolzenburg et al. (2020) on the role of mechanical perturbations on nucleation in solidifying basaltic liquids. They reported that flowing and stress on solidifying basaltic melts promote gradients in chemical potential, enhance the diffusion rates, and, consequently, increasing the crystallization (nucleation and growth) rates and reduced the incubation time. This also favors the kinetic crystallization of metastable phases, rather than the thermodynamically favored ones (Tripoli et al., 2019).

Thereby, we suggest that in the DSC facility used in this study, contrarily to those observed in Giuliani et al. (2020b), the thermal and/or mechanical fluctuations were extremely low or even absent, disfavoring the chemical diffusion of elements. Such conditions did not favor the nucleation of plg, especially at moderate to high cooling conditions. In turn, mel nucleated under disequilibrium condition. Noteworthy, poor tetrahedral-connected cpx phases crystallized in the DSC apparatus and in Giuliani et al. (2020b) with similar behaviors (Figure 4).

Moreover, DSC experiments at ΔT/Δt of 1000 and 1800°C/h indicate also that cpx heterogeneously nucleates on sp, whereas mel develops around cpx-rich areas (Figure 3). Owing on these textural and chemical outcomes, the crystallization sequence in the analyzed basaltic composition is sp, cpx, mel, and ±plg, in line with the interpretation of Vetere et al. (2015) and Giuliani et al. (2020b). This also agrees with the observation that the oxide amounts of mel and glass are anti-correlated (Figure 5); hence mel metastably crystallizes in the melt left behind the growth of sp and cpx. Finally, being the mel amount in the DSC charges very low (<10 area%, Table 4), sp and cpx highly reproducible, the representativeness of these DSC experimental outcomes is reliable, especially at high T below the liquidus.

The crystal sizes of cpx, sp, and mel decrease as a function of ΔT/Δt (Table 5). As ΔT/Δt increases from 7 to 1800°C/h, the measured crystal size range decreases from 635-2 to 38-1 μm, from 89-1 to 7-1 μm, and from 359-1 to 14-1 μm for cpx, sp, and mel, respectively (Table 5). Notably, the crystal sizes measured for sp and cpx from in situ DSC experiments are also comparable to those quantified by ex situ cooling rate experiments analyzed by Giuliani et al. (2020b) (Figure 6).


TABLE 5. 2D maximum (Lmax), minimum (Lmin) and averaged (Lav,) crystal lengths, CSDs parameters (m and n0), maximum (Gmax) and average (GCSD) growth rates.
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FIGURE 6. 2D – crystal size (major axis of the equal-area ellipse) and shape (slope of the linear regression) of cpx (left column) and sp (right column) from in situ DSC experiments as a function of ΔT/Δt. Data from Giuliani et al. (2020b) are also reported for comparison. The maximum, minimum, and average size for each experiment are listed in Table 5.


Crystal size distribution curves of cpx and sp are displayed in Figure 7 and compared with those reported in Giuliani et al. (2020b). These curves allow to make three-dimensional consideration about textures: they are computed using the 2D crystal sizes (maximum and minor axis), image area (μm2), crystal shape and phase abundances (area%); the stereological conversions are implemented in the software used to compute the CSDs (Higgins, 2006). Results show that with increasing ΔT/Δt, the slope (m) and crystal population density per size (n0, corresponding to the y-axis intercept) of cpx-CSD trajectories increase (Figure 7 and Table 5). These data well match with those reported in Giuliani et al. (2020b) for ΔT/Δt of 180 and 1800°C/h. Conversely, CSDs compared at ΔT/Δt of 7 and 60°C/h show lower crystal sizes for the experimental charges analyzed by Giuliani et al. (2020b) due to the significant crystallization of plg. CSD curves obtained for sp from DSC experiments do not show a clear evolutionary trend as a function of ΔT/Δt and they poorly match with data from Giuliani et al. (2020b) (Figure 7). Overall, cpx- and sp-CSD curves on the run-product cooled in the DSC at ΔT/Δt of 7 show both two log-linear segments with different slopes (Figure 7), accounting for multiple nucleation events and subsequent crystal growth by coarsening. The minimum slope corresponding to a maximum crystal size relates to the first nucleation event, further nucleation pulses at lower temperatures follow (Pupier et al., 2008; Giuliani et al., 2020b). The other CSDs instead show a nearly unique log-linear evolution (Figure 7).


[image: image]

FIGURE 7. Crystal size distribution (CSD) of cpx computed by CSD Corrections (Higgins, 2000) and relative crystal content (area%). Data are listed in Tables 4, 5.


These considerations agree with the very rapid crystallization, on the order of minutes, measured in situ by Polacci et al. (2018) using X-ray tomography. They rapidly cooled a natural basalt from 1250°C (superliquidus condition) to 1170 and 1150°C (low to moderate ΔT), maintaining the final temperature for 4 h. During the annealing at 1150 and 1170°C, it is possible to identify at least three discrete nucleation events for sp and cpx. Also, Polacci et al. (2018) observed the heterogeneous crystallization of cpx on sp. Similarly, DSC spectra from this study display discrete exothermic peaks of crystallization (Figure 1 and Supplementary Figures S1B–E), except for the charges at 7°C/h, showing a complex and broad DSC multicomponent band at a relatively low thermal range (911–1062°C), that suggests the attainment of a continuous crystallization process (Figure 1 and Supplementary Figure S1A). In line with this, a long tail at large crystal sizes (>300 μm) along with low m and n0 values (Figure 7) characterize the CSD curve of this experiment. Possibly, the exothermic multicomponent band and the long CSD tail observed at ΔT/Δt of 7°C/h are both determined by crystal coarsening phenomena. It is thus possible to assume that nucleation occurs mainly by a rapid pulse during cooling and that mainly, at low rates, crystal coarsening becomes a dominant solidification process.

Calculation of the maximum growth rate (Gmax) uses the maximum lengths (Lmax) of five longest crystals (Burkhard, 2002; Hammer and Rutherford, 2002; Couch, 2003; Iezzi et al., 2011; Giuliani et al., 2020b). In particular, the average Lmax has been divided by the actual crystallization time (t) measured from the DSC spectra (Figures 1, 2B and Table 3). The average growth rate (GCSD) has been also determined by interpolating m (Table 5) with t, as GCSD = −1/mt (Zieg and Marsh, 2002; Giuliani et al., 2020b). The values of Gmax and GCSD from this study are reported in Table 5 and plotted in Figure 8, together with the Gmax and GCSD from Giuliani et al. (2020b). Both the Gs of cpx and sp obtained from DSC experiments are systematically higher than those measured by ex situ cooling rate experiments (Figure 8), due to a more accurate and reliable estimate of t from DSC spectra (Figures 1, 2B and Table 3). Generally, Gmax and GCSD increase as a function of ΔT/Δt, with the only exception of GCSD of sp derived at ΔT/Δt between 60 and 180°C/h (Figure 8).


[image: image]

FIGURE 8. Variation of the maximum growth rate (Gmax; top) and the average CSD growth rate (GCSD; bottom). Data from DSC experiments (Table 5) are compared with those reported in Giuliani et al. (2020b).


The values of Txi (Table 2) vs. ΔT/Δt are reported in Figure 9, showing a decreasing exponential evolution that highlights the faster decrease of Txi at higher kinetic conditions, with respect to low ΔT/Δt. Results of data fitted using linear regression a high correlation too. Importantly, these experimental data and the fitting exponential equation have been used to reconstruct the uppermost portion of a TTT curve of the basaltic melt solidifying at ambient conditions (Figure 10). According to Vetere et al. (2015), a cooling rate of 9000°C/h prevents the crystallization (crystals < 2 area%) of a basaltic liquid. Since dynamic stress conditions in volcanic systems enhance the nucleation process (Kouchi et al., 1986; Vona and Romano, 2013; Kolzenburg et al., 2018a, b, 2020; Vetere et al., 2020), the TTT data from this study represent the conservative expression of a kinetic crystallization process governed by cooling rate.


[image: image]

FIGURE 9. Txi versus ΔT/Δt (°C/h) according to data reported in Table 1, Figures 1, and Supplementary Figures S1A–E. As the cooling rate increase, the onset temperature of crystal nucleation decreases. The dotted black line refers to a linear regression fit. The dashed red line refers to an exponential regression fit.
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FIGURE 10. Thermal path and Txi versus t for each run product. The values of Tm and Tg were computed as the average of Tm and Tg (Table 2). The Txi trajectory reproduces the uppermost portion of a TTT curve. Circles: measured data. Stars: calculated data by the equations reported in Figure 9. Triangles: the temperatures computed using the heating rates from this study and Iezzi et al. (2017). All numbers into the plot are expressed in °C/h.




CONCLUSION

We present a complete and quantitative characterization of a basaltic melt solidifying from liquidus to solidus conditions, monitored in situ via DSC heating/cooling experiments, able to track the thermal evolution and crystallization path of the system. Direct measurement of the onset temperature of crystallization makes possible to define the nucleation and growth processes in an interval of 911–1129°C, at atmospheric pressure and fugacity of air. Textural analysis of cpx and sp shows that both m and n0 of CSDs increase with increasing ΔT/Δt, while the crystal size ranges decrease. These data point out that the sp nucleation favors those of cpx; at the slow kinetic condition, cpx formation happens by multiple nucleation events, followed by crystal coarsening.

The Txi depicts a decreasing exponential trend as a function of cooling rate; under low kinetic conditions, the onset of nucleation starts after a long time at high temperature (low ΔT), as expected from theory. The Txi values measured and/or computed using the founded analytical function define the uppermost part of a TTT-like trend, making it possible to quantitatively model the crystallization path of a basaltic melt solidifying at ambient conditions.
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G values are obtained as Gmax = Lmax/t and Ggsp = —1/mt (Zieg and Marsh, 2002). Lmax is the average of the maximum lengths of five longest crystals, m is the average
CSD slope, and t is the time of crystallization. In Giuliani et al. (2020b), t was computed considering the time needed to cool the starting composition from 1233 (T)
to 800°C (Ty). For the DSC run products, t has been directly measured on the crystallization peaks (Figure 2B), considering the crystallization time intervals reported in
Table 3, i.e., 1677-1927 min (7°C/h), 498-525 min (60°C/h), 3568-385 min (180°C/h), 314-323 min (1000°C/h), 250-259 min (1800°C/h).
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All data are in °C, except AT/At in°C/h. Calculated values of Tq and T, are reported in Vetere et al. (2015). Glass transition temperature (Tg), crystallization temperature
(Tx_HR), and melting temperature (Tm) were measured by in situ DSC spectra acquired on heating. Tx was also measured along the cooling path of the melt (Ty_cr), while
Tx has been measured at 10% of the maximum intensity of the first crystallization peak. The degree of undercooling (AT;) was calculated as Tm average — Ty.
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AT/At (°C/h) Peak Center (°C) FWHM % area Area Center (min) FWHM % area Area Time of crystallization (min)
7 1 921 38 215 0.08 1784 90 15.2 0.56 2300
2 978 90 53.4 0.21 2478 229 6.8 0.25
3 1048 27 8.5 0.03 3100 793 54.1 2.00
4 1128 10 16.6 0.06 3582 358 23.8 0.88
Total 100 0.39 100 3.70
60 1 1107 17 100 1.2 496 16 100 1.11 575
Total 100 1.2 100 1.11
180 1 1094 35 96.8 2.56 363 2 1.1 0.01 26.5
2 1116 12 3.2 0.08 371 12 98.9 0.89
Total 100 2.64 100 0.90
1000 1 1039 54 80.6 11.16 315 1 3.6 0.03 8.9
2 1078 25 16.0 222 316 1 8.3 0.08
3 1101 16 3.4 0.47 319 4 88.1 0.83
Total 100 13.84 100 0.94
1800 1 716 50 8.39 1.00 251 1 17.7 0.03 8.9
2 766 85 13.7 1.63 252 1 45.6 0.09
3 973 89 57.2 6.81 256 2 14.9 0.03
4 1031 54 20.6 2.46 257 1 21.8 0.04
Total 100 11.90 100 0.19

Individual peaks were fitted by pseudo-Voigt approximation with peak energy and full width at half maximum (FWHM) as seed values.
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