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ABSTRACT 35 

 36 

In this study we have used electron microprobe mapping to investigate plagioclase 37 

compositional evolution due to cooling kinetics. We re-analyzed five run-products from a prior 38 

study (Iezzi et al. 2011), crystallized by cooling a natural andesitic melt from 1300 to 800 °C at 25, 39 

12.5, 3, 0.5 and 0.125 °C/min under atmospheric pressure and air redox state. As the cooling rate 40 

decreases, the texture of large plagioclases changes from skeletal to hollow to nearly equant. In this 41 

study, we use x-ray map data to obtain a database of 12275 quantitative chemical analyses. The 42 

frequency of An-rich plagioclases showing disequilibrium compositions substantially increases with 43 

increasing cooling rate. At 25 and 12.5 °C/min the distribution is single-mode and narrow, at 0.5 44 

and 0.125 °C/min is single-mode but very broad, whereas at the intermediate cooling rate of 3 45 

°C/min two distinct plagioclase populations are present. This intermediate cooling rate is fast 46 

enough to cause departure from equilibrium for the crystallization of the An-rich population but 47 

also sufficiently slow that An-poor plagioclases nucleate from the residual melt. We interpret our 48 

findings in the context of time-temperature-transformation (TTT) diagrams, and infer the 49 

crystallization kinetics of plagioclase in the experiments. Compositional trends and our inferences 50 

regarding TTT systematics are consistent with two discrete nucleation events that produced separate 51 

populations of plagioclase (i.e., An-rich and An-poor populations) at 3 °C/min. Using plagioclase-52 

melt pairs as input data for the thermometric reaction between An and Ab components, we find that 53 

plagioclase mirrors very high (near-liquidus) crystallization temperatures with increasing cooling 54 

rate. These results have important implications for the estimate of post-eruptive solidification 55 

conditions. Lava flows and intrusive bodies from centimeters to a few meters thick are 56 

characterized by a short solidification time and a significant thermal diffusion. Under such 57 

circumstances, it is possible to crystallize plagioclases with variable and disequilibrium chemical 58 

compositions simply by cooling a homogeneous andesitic melt. X-ray element maps enrich the 59 

study of plagioclase compositional variations generated under conditions of rapid cooling. 60 
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INTRODUCTION 69 

 70 

Plagioclase is the most common mineral in igneous rocks. Over other crystal phases, 71 

plagioclase has important advantages in preserving records of the chemical and physical evolution 72 

of magmas due to the slow coupled CaAl-NaSi interdiffusion that inhibits the re-equilibration of 73 

growing crystals and favors the retention of original element concentrations (Grove et al. 1984; 74 

Morse 1984; Liu and Yund 1992; Baschek and Johannes 1995). This ensures that plagioclase 75 

chemical and textural zoning can be used for deciphering magmatic events (cf. Putirka 2008) as it is 76 

also highlighted by the rare occurrence of compositionally homogeneous plagioclases in nature 77 

(Smith and Brown 1988; Liu and Yund 1992; Baschek and Johannes 1995; Deer et al. 2007). 78 

Indeed, disequilibrium textures and compositions of plagioclase are frequently studied under natural 79 

and laboratory conditions (Hammer 2006, Iezzi et al. 2008, 2011; Brugger and Hammer 2010; Del 80 

Gaudio et al. 2010; Mollo et al. 2011a; 2011b; 2012a; 2012b; Lanzafame et al. 2013).  81 

Cooling, crystal settling, convection and mixing in magma chambers allow crystallization of 82 

plagioclase phenocrysts with compositions that deviates from equilibrium (Marsh 1988; Singer et 83 

al. 1995; Couch et al. 2001; Pietranik et al. 2006). Disequilibrium crystals (microphenocrysts) can 84 

also solidify when magmas rise to the surface in response to rapid volatile degassing imposed by 85 

decompression paths (Couch et al. 2003; Blundy et al. 2006; Brugger and Hammer 2010; Frey and 86 

Lange 2011). In addition, rapidly cooled plagioclases are observed at the margin of small intrusions 87 

and the outermost portion of lavas (Ujike 1982; Loomis and Welber 1982; Chistyakova and 88 

Latypov 2009; Del Gaudio et al. 2010; Mollo et al. 2012a; 2011b). This latter process has been 89 

experimentally investigated for basic magmas (Hammer 2006; Mollo et al. 2011a), but is still 90 

poorly unconstrained for andesitic melts where plagioclase is by far the most abundant mineral. 91 

Since the cooling rate may dictate the compositional evolution of plagioclase in andesitic lavas 92 

(Tamura et al. 2003; Mattioli et al. 2006), it is important to quantify this process for discriminating 93 

between pre- and post-eruption solidification conditions. 94 

Recently, Iezzi et al. (2011) experimentally investigated the variation of plagioclase textures 95 

in an andesitic melt as a function of cooling rate. In this study, we focus on the compositional 96 

variation of these plagioclases keeping in mind that crystallization kinetics are generally studied 97 

through analytical data collected by selection of single point analyses and/or crystal core-to-rim 98 

analytical profiles (e.g., Singer et al. 1995; Hammer 2008; Mollo et al. 2011a; Brugger and Hammer 99 

2010; Iezzi et al. 2011). Conversely, we have performed X-ray electron microprobe mapping on 100 

relative large areas to guarantee the analysis of the whole spectrum of compositions characterizing 101 

tiny and large crystals (Pownceby and McRae 2007a, 2007b; Prêt et al. 2010a, 2010b; Pieczka et al. 102 
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2011; Muir et al. 2012; Shea and Hammer, 2013). Although microprobe mapping is time-103 

consuming, a lack of spatial information on the distribution of key element concentrations prompted 104 

us to re-analyze the five run-products synthesized by cooling a natural andesitic melt from 1300 to 105 

800 °C at 25, 12.5, 3, 0.5 and 0.125 °C/min under atmospheric pressure and air redox state by Iezzi 106 

et al. (2011).  107 

The obtained broad database of plagioclase chemical analyses allows to construct distribution 108 

histograms and frequency curves of An-rich disequilibrium plagioclases. In addition, plagioclase-109 

melt pairs as input data for the thermometric reaction between An and Ab components (Putirka 110 

2008) allow to model the effect of cooling rate on the prediction of crystallization temperatures; this 111 

has important implications for the estimate of the thermal path of rapidly cooled lava flows and 112 

dikes. The experimental conditions considered here are relevant for dry, aphyric and superheated 113 

andesitic lavas produced during the eruption of degassed and crystal-free magmas (Tamura et al. 114 

2003; Mattioli et al. 2006; Vetere et al. 2013), and for a few meter-thick dikes intruded in cold wall-115 

rocks. Cooling rates of 25, 12.5 and 3 °C/min are pertinent for the outermost (a few centimeter- and 116 

decimeter-thick) parts of lavas, whereas cooling rates of 0.5 and 0.125 °C/min operates in  the 117 

innermost portions (Dunbar et al. 1995; Neri 1998; Xu and Zhang 2002; Burkhard 2005; Harris et al. 118 

2005). 119 

 120 

STARTING MATERIAL AND METHODS 121 

 122 

The starting material discussed in this study is a calc-alkaline glassy andesitic scoria from 123 

Panarea Island (Aeolian Islands, Italy) previously studied by Dolfi et al. (2007). The rock was finely 124 

ground and ~10 g of powder was loaded in a Pt-crucible and melted two times in air at 1400 °C for 125 

200 min. The obtained starting material did not contain any crystalline phase (see Iezzi et al. 2011 126 

for further details). A Deltech DT-31 vertical rapid-quench furnace was used to prepare the starting 127 

glass and to perform the cooling rate experiments. At the beginning of cooling, the starting glassy 128 

material was held at 1400 °C for 40 min, i.e., 234 °C above the melt liquidus temperature of 1166 °C 129 

(see Iezzi et al. 2011 for further details). Successively, the temperature was lowered to 1300 °C in 5 130 

min. Below 1300 °C, five different cooling rates of 25, 12.5, 3, 0.5 and 0.125 °C/min were applied 131 

and the final quenching temperature was 800 °C. A further experiment was run at 1400 °C (dwell 132 

time of 40 min), cooled in 5 min to 1300 °C, and then quenched. The analysis of this run-product did 133 

not reveal crystals and its chemistry was considered the starting melt composition reported here: 134 

SiO2 = 58.52 (±0.7), TiO2 = 0.59 (±0.06), Al2O3 = 17.24 (±0.49), Fe2O3 = 7.67 (±0.35), MnO = 0.18 135 
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(±0.04), MgO = 4.14 (±0.17), CaO = 7.73 (±0.33), Na2O =2.46 (±0.07), K2O = 1.97 (±0.01), 136 

P2O5=0.15(±0.02), all in wt.%.  137 

The five run-products were re-analyzed with an electron probe micro-analyzer (EPMA) 138 

JEOL-JXA8200 combining EDS-WDS (five spectrometers with twelve crystals) installed at Istituto 139 

Nazionale di Geofisica e Vulcanologia, Roma (Italy). Analyses were performed using accelerating 140 

voltage of 15 kV, electric current of 10 nA and beam size of 1 μm2. X-ray EPMA-WDS chemical 141 

maps were performed by stage rastering, keeping the electron beam stationary while stage moves. 142 

The collected EPMA point analyses were acquired with constant distances in each run-product as 143 

reported in Table 1; hence, each pixel on the images of Fig. 1 corresponds to a resolution of 2 µm for 144 

run-products cooled at 25, 12.5 and  3 °C/min and 4 µm for those at 0.5 and 0.125 °C/min (Table 1). 145 

Each point analysis measured the quantities of Al, Na, Si, Ca and K by using the following crystals: 146 

TAP for Na and Al and PET for Si, Ca and K. These five elements were then converted in oxides 147 

using classical analytical EPMA protocols. 148 

The microprobe maps sampled representative areas for each run-product (Table 1). These 149 

areas were selected on the basis of previous textural observations by Iezzi et al. (2011) that 150 

underlined as both the crystal amount and the maximum size dimension of plagioclase decrease with 151 

increasing cooling rate. Considering that microprobe maps are time-consuming (Pownceby et al. 152 

2007a; Pret et al. 2010a), we were forced to use a rapid counting time of 120-20 ms on peak and 153 

background, respectively, for each point analysis (as aforementioned the distance between  analytical 154 

point is 2 and 4 μm, Table 1). The area of maps ranged between 1 and 5 mm2 with resolution of 155 

310×242 to 1024×1024 pixel2. A linear off-peak correction was used due to the high abundance of 156 

the chosen elements as major constituents of plagioclase. By correcting the intensity of each point 157 

analysis for background, k factors and matrix effects, digital compositional images in Fig. 1 provide 158 

a complete quantitative analysis for each pixel scanned. The software provided by JEOL Ltd. 159 

allowed to export point analyses for each map on the basis of x-y coordinates. To check the 160 

reliability of exported data, we also analyzed ten single crystals for each run-product using longer 161 

counting times of 20 s on peak and 10 s on background, respectively. Differences between these two 162 

analytical methods are lesser than 1 % for SiO2, Al2O3 and CaO, 1.5 % for Na2O and 5 % for K2O; 163 

thereby, each point analysis, i.e. pixel, into an EPMA map is a quantitative determination of these 164 

five major oxide components (Fig. 1).  165 

A substantial data screening has been performed on the whole data acquired. We considered 166 

to be a quantitative chemical composition of plagioclase only the EPMA point analyses with 43.2< 167 

SiO2 <68.7, 18.3< Al2O3 <36.7, 0< CaO <20.2, 0< Na2O <11.8 and 0< K2O <16.9 wt.% included in 168 

the ternary feldspar doagram (Deer et al. 1997), with the sum of these five oxide components 169 
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comprised between 99 and 101 wt.%. Mineral formula based on 8 oxygens show that: 170 

0.96<Ca+Na+K<1.04 a.p.f.u. and 3.96<Si+Al<4.04 a.p.f.u.. The selection process yielded a dataset 171 

of 12275 analyses reported into the Microsoft Excel spreadsheet available online as supplementary 172 

material. 173 

 174 

RESULTS 175 

 176 

The compositional variations of plagioclase is displayed in Fig. 1, together with the anorthite 177 

molecular variations corresponding to calculated mol.% of CaAl2Si2O8 (Fig. 1b). The textural 178 

variation of experimental run-products previously described by Iezzi et al. (2011) can be further 179 

constrained by chemical maps as follows: (i) plagioclases and Fe–Ti oxides are always present, 180 

whereas clinopyroxene appears at 0.5 and 0.125 °C/min; (ii) plagioclase is the most abundant phase 181 

and its content significantly increases with increasing cooling rate (Table 1); (iii) the crystallization 182 

of plagioclase (and Fe–Ti oxide) starts homogeneously; iv) larger plagioclases are invariably 183 

surrounded by smaller acicular and skeletal crystals depleted in Al2O3 (Fig. 1a) and An (Fig. 1b); (v) 184 

at 25, 12.5 and 3 °C/min, crystal-rich patches are dispersed into the matrix glass where larger 185 

plagioclases grown with skeletal, hollow and irregular shapes (Fig. 1); vi) at 0.5 and 0.125 °C/min, 186 

larger plagioclases, interconnected by a continuous network of crystals, have a near-regular, equant 187 

and tabular shapes (Fig. 1). The crystallographic direction of preferential growth of acicular 188 

plagioclases should be 100 (Iezzi et al. 2011). The textural features of our plagioclases are very 189 

similar to those reported in Lofgren (1974) and (1980) and Corrigan (1982) grown from basaltic 190 

melts, as well as those recently reported in Shea and Hammer (2013) solidified either by cooling and 191 

decompression from an hydrous basaltic-andesite melt with a SiO2 content of 55.65 wt.%.  192 

The plagioclase compositional variation is also presented in Fig. 2. As the cooling rate is 193 

increased, plagioclases are progressively enriched in Al2O3 and CaO, and depleted in SiO2, Na2O 194 

and K2O (Fig. 2). This chemical variation parallels the less differentiated composition of the residual 195 

melt. Due to lower degrees of crystallization with increasing cooling rate (Table 1), residual melts 196 

progressively change from dacite to andesite approaching to the bulk rock starting composition (see 197 

data reported into the Microsoft Excel spreadsheet available online as supplementary material).  198 

 199 

DISCUSSION 200 

 201 

Statistical distributions of plagioclase composition and their possible crystallization 202 

mechanism 203 
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Frequency curves and histograms calculated using 20 bins for each 5 mol.% of An in 204 

plagioclase are plotted in Fig. 3 together with the An content of the residual melt (meltAn) that 205 

increases from 34 to 50 mol.% with increasing crystal content (Table 1). The distribution analysis 206 

highlights that the number, shape and position of An-frequency peaks change as a function of 207 

cooling rate (Fig. 3). We observe that: (i) at 25 °C/min, one single almost symmetric and narrow 208 

peak is found at An87; (ii) at 12.5 °C/min, the peak is still at An87 but the distribution is moderately 209 

asymmetric with a left-shoulder; (iii) at 3 °C/min, a bimodal distribution occurs with two peaks at 210 

An92 and An52, and; (iv) at both 0.5 and 0.125 °C/min, single-mode distributions are found over a 211 

number of compositional classes markedly larger than those measured under faster cooling rates. 212 

The dashed line displayed in Fig. 3 is the composition (i.e., An57) of plagioclase in equilibrium with 213 

the andesitic melt at 800 °C (see Iezzi et al., 2011 for further details). As the degree of cooling is 214 

increased, the peak of An-frequency curves shifts towards values higher than the equilibrium 215 

composition (Fig. 3). Notably, at 3 °C/min, the An52 peak is close to the equilibrium value of An57; 216 

in contrast, the An92 peak is close to the maximum disequilibrium composition of An97 (Fig. 3). Such 217 

a compositional variation reflects two crystallization events: at the early stage of cooling, An-rich 218 

plagioclases readily crystallized from the starting andesitic liquid; later, relatively An-poor crystals 219 

formed from the more differentiated melt. At the early-stage the plagioclase crystallization is mostly 220 

dictated by the homogenous nucleation of isolated An97 microlites (Fig. 1b; Fig. 3). At 25 °C/min 221 

and 12.5 °C/min, An-rich microlites start to agglomerate forming relative large and texturally 222 

immature An-rich plagioclases (Fig. 1b).  223 

As the cooling rate decreases to 0.125 °C/min, the early nucleation of An-rich crystals is 224 

followed by several multiple “agglomeration” events. We term this type of crystallization 225 

agglomeration or coalescence according to in-situ crystallization observations by Schiavi et al. 226 

(2009); differently from “coarsening” (Zhang 2008; Higgins 2011), crystal agglomeration does not 227 

imply a dissolution of smaller crystals and the simultaneous growth of larger ones. The plagioclases 228 

re-investigated in this study were interpreted to grow by agglomeration, mainly on the basis of their 229 

crystal size distribution (CSD) evolution (Iezzi et al. 2011); as the cooling rate decreases from 25 to 230 

0.125 °C/min, the CSD of plagioclase progressively rotates counterclockwise and changes from near 231 

straight lines to curves; this CSD evolution has been interpreted by Iezzi et al. (2011) as an 232 

increment of the crystal agglomeration rate as the cooling rate decreases.  233 

The crystallization mechanism, inferred via CSD data by Iezzi et al. (2011), appears to be 234 

corroborated by the nearly absence of zoned plagioclases (Fig. 1b). If the growth of these large 235 

plagioclases was accomplished only by a continuous feeding of chemical species from the 236 

surrounding melt, they should exhibit a certain degree of crystal zonation from Al- and Ca-rich cores 237 
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to Na- and Si-rich rims, in agreement with the imposed experimental decrement of temperature. This 238 

is not the case as indicated by each run-product (Fig. 1a and 1b).  239 

We suggest that the mechanism of attachment could be similar to that observed at a relative 240 

low amount of crystal content by Schiavi et al. (2009) and possibly explained by the emerging 241 

theory of aggregation by self-orientation of sub-micrometric early-formed primary crystals (Teng 242 

2013 and references therein). However, TEM investigations are required to elucidate in full if this 243 

aggregation-based model is applicable to crystals growing from silicate melts; secondary single 244 

crystals grown by orientation aggregation of tiny primary crystals can be only revealed ex-situ by the 245 

presence of peculiar microsturctures at a sub-micrometric scale (Teng 2013). An alternative 246 

explanation for the crystallization of plagioclases displayed in Fig. 1 could also be a dendritic 247 

growth followed by ripening; Welsch et al. (2013) inferred that in olivines the occurrence of narrow 248 

strips strongly enriched in slow diffusing cations (i.e P, Al and Cr) testifies to a dendritic growth; in 249 

the case of our plagioclases, dendritic crystallization followed by a ripening around early-formed 250 

branches should be revealed by thin lines strongly depleted (for early-formed An-rich dendrites) or 251 

enriched (for the melt surrounding An-rich dendrites) in Si. Although this can not be completely 252 

discarded by SiO2 chemical maps (Fig. 1a), since possible early-formed dendrites could be only few 253 

µm in thickness and thus below the resolution of X-ray maps, we prefer the interpretation of crystal 254 

aggregation being the larger plagioclases frequently characterised by the occurrence of small An-rich 255 

and-poor areas (Fig. 1b).  256 

 257 

Metastable nucleation of plagioclase 258 

There is general consensus that Al-rich crystal phases, i.e., plagioclase, clinopyroxene and 259 

spinel, are more favored to nucleate under dynamic conditions as demonstrated by laboratory studies 260 

(Kirkpatrick 1983; Hammer 2006, 2008; Iezzi et al. 2008, 2011; Brugger and Hammer 2010; Del 261 

Gaudio et al. 2010; Mollo et al. 2010, 2011a, 2011b) and chemical data from naturally cooled 262 

magmas (Loomis 1981; Ujike 1982; Pietranik et al. 2006; Chistyakova and Latypov 2009; Mollo et 263 

al. 2011b). In the case of plagioclase, the kinetically-controlled exchange reaction between 264 

Al+Ca+Fe+Mg and Si+Na+K (Fig. 2) is mainly controlled by the increasing compatibility of Al 265 

with respect to Si in rapidly growing crystals (Mollo et al. 2011a and references therein). According 266 

to the nucleation theory, metastable phases that form in dynamic conditions apparently must 267 

overstep a lower energetic barrier than do the thermodynamically stable phases (Kirkpatrick 1983; 268 

Lasaga 1997; Zhang 2008; Iezzi et al. 2008, 2009 and 2011).  269 

Below the liquidus temperature, nucleation requires random compositional fluctuations of 270 

molecular units in the melt and stable nuclei can form only when the local arrangement of these units 271 
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attains a critical dimension (Roskoz et al. 2006a, 2006b; Zhang 2008). Since compositional 272 

fluctuations in the melt imply the rearrangement (breaking and formation) of chemical bonds, 273 

probabilistic fluctuations of molecular units with strong chemical bonds (i.e., network-forming 274 

cations) are less abundant and can explore a limited compositional space, i.e., the compositional 275 

difference between the initial liquid and the final structural arrangement (Roskosz et al. 2006a, 276 

2006b). The opposite occurs for chemical elements that rapidly diffuse in the melt (i.e., network-277 

modifiers cations). The energetic barrier of nucleation roughly scales with the number of IVSi-O 278 

bonds and to a less extent of IVAl-O bonds, i.e., the degree of polymerization and the average bond 279 

strength (Kirkpatrick 1983; Dingwell 2006; Iezzi et al. 2008, 2009, 2011).  280 

Using major oxide analyses of crystal and liquid, we have calculated the difference (plg-meltΔ) 281 

between the chemistry of plagioclase and that of the andesitic bulk composition. Results reveal that 282 
plg-meltΔSiO2 decreases by 27 % with increasing cooling rate; in contrast, plg-meltΔAl2O3 increases by 283 

78 %. The systematic enrichment of Al2O3 in plagioclase (Fig. 2) parallels the higher mobility of Al 284 

in the melt relative to that of Si (Mysen and Richet 2005; Zhang 2008). This implies that, although 285 

the tetrahedral framework structure is the same, SiO2-rich crystals are delayed with respect to SiO2-286 

poor ones under kinetically-controlled conditions (Kirkpatrick 1983; Iezzi et al. 2008).  287 

 288 

Time-temperature-transformation (TTT) diagram 289 

The structural re-equilibration of a silicate melt depends on the relaxation time τ that, in turn, 290 

results from the Maxwell relation, τ = η/G, where η is the viscosity of the melt and G is the shear 291 

modulus. The latter yields a mean value of about 10 GPa (Dingwell 1995; Webb 2005). The 292 

macroscopic relaxation (i.e., viscosity) of a natural silicate melt mainly reflects the SiO2 variation of 293 

the melt itself due to its longest time to re-equilibrate relative to that of other oxides (Webb 2005; 294 

Dingwell 2006). As recently demonstrated by Vetere et al (2013), the relaxation time is orders of 295 

magnitude lower than rapid cooling rates (101-102 °C/min) obtained in laboratory. At temperature of 296 

1300 °C and time duration of 2 hours, the chemical diffusion is relatively rapid leading to a complete 297 

chemical homogenization of the melt before nucleation (Vetere et al. 2013). This implies that the 298 

crystallization path can be interpreted by means of time-temperature-transformation (TTT) diagrams 299 

(Uhlmann et al. 1979; Lasaga, 1997; Vetere et al. 2013), especially at the early stage of 300 

crystallization. Conversely, the crystallization of successive crystals is less interpretable by TTT 301 

diagrams due to the occurrence of heterogeneous substrata and the relative slow diffusion of 302 

chemical species around early formed crystals (Vetere et al. 2013).  303 

According to the nucleation theory (Lasaga, 1997; Fokin et al. 2003; Zhang, 2008; Iezzi et al. 304 

2009), some important parameters control the shape and size of the TTT diagram, i.e., the nucleation 305 
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temperature (T), the nucleation rate (I), the degree of undercooling (ΔT), and the incubation time (τ). 306 

In particular, Tmax is defined as to the temperature at which the nucleation rate is maximum (Imax) 307 

and the incubation time is minimum (τmin). Tmax, Imax and τmin are controlled by the energetic 308 

competition between thermodynamic and kinetic barriers (i.e., chemical diffusion) as well as by the 309 

composition of the melt (Lasaga 1997; Fokin et al. 2003). It is worth stressing that TTT diagrams 310 

have never attracted considerable attention in Earth Sciences and, due to the paucity of data, only 311 

qualitative information can be retrieved by our experiments (Vetere et al. 2013). In particular, Fig. 4 312 

shows a schematic reappraisal based on three different TTT diagrams ideally comprised between the 313 

melting (or liquidus) temperature (Tm) of the andesitic bulk composition and the glass transition (Tg) 314 

temperature. As the temperature decreases (or the degree of undercooling increases), the nucleation 315 

rate first increases to a maximum value and then progressively decreases (Fig. 4); notably, this 316 

behavior determines the classical asymmetric Gaussian shape of the TTT diagram, i.e. the so-called 317 

“nose shape”. Fig. 4 highlights that successive TTT curves (red, blue and green curves) show lower 318 

values for Tm and Imax, whereas Tg and τmin increase, i.e. the breadth in T of the nose shape decreases 319 

(Lasaga 1997; Fokin et al. 2003; Iezzi et al., 2009; Vetere et al. 2013 and references therein). These 320 

variations are due to the more differentiated composition of the residual melt (Fig. 3) as the degree 321 

of crystallization increases (Table 1). We therefore assume that the TTT diagram in red represents 322 

the andesite initial composition (Fig. 4), whereas TTT diagrams in blue and green indicate the 323 

residual melts resulting after different nucleation events or pulses. As a function of the imposed 324 

cooling rate, the crystal growth of  plagioclases summarized in Fig. 4 virtually occurs in the time 325 

comprised between two adjacent TTT curves (Vetere et al. 2013). The cooling rates of 25, 3 and 326 

0.125 °C/min at which the plagioclase shows major compositional variations (Figs. 1, 2 and 3) are 327 

also depicted in Fig. 4 using dashed lines.  328 

According to Iezzi et al. (2011), the critical cooling rate of the andesitic melt is 37 °C/min 329 

and each cooling rate above this value do not intercept the TTT diagram (in red), causing the 330 

solidification of a glassy product (Fig. 4). At 25 °C/min, the TTT diagram (in red) is intercepted 331 

below the value of Imax (Fig. 4). Consequently, the degree of crystallization is low (i.e., 10 vol.%; 332 

Table 1) and the plagioclase shows minor compositional variations (i.e., An80-96; Fig. 3) due to the 333 

fast cooling kinetics. Although plagioclase crystals form under high degrees of undercooling (i.e., 334 

below Tmax), their composition is drastically enriched in Al and depleted in Si accounting for the 335 

kinetically-controlled cation re-distribution reaction (Mollo et al., 2011a). 336 

At the intermediate cooling rate of 3 °C/min, two TTT curves are intercepted above and 337 

below the value of Imax, respectively (Fig. 4). The first TTT line (in red) is intercepted at the early 338 

stage of cooling favoring the nucleation of An90-96 plagioclases (Fig. 3). As the crystallization 339 
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proceeds, the melt becomes depleted in anorthite and its more evolved composition is represented by 340 

the second TTT diagram (in blue) depicted in Fig. 4. Plagioclase crystals from this melt have 341 

anorthite contents lower than those measured at the early stage of crystallization accounting for high 342 

temperature conditions (Fig. 4). This explains the bimodal compositional distribution showing two 343 

different peaks at An92 and An52, respectively (Fig. 4).  344 

At 0.125 °C/min, several TTT curves are intercepted and, therefore, the nucleation initiates at 345 

low degrees of undercooling, i.e. remarkably above Tmax (Fig. 4). The number of nucleation events 346 

progressively increases as the cooling proceeds and the melt becomes more differentiated. As 347 

expected, plagioclases showing the lowest anorthite content (Fig. 3) crystallize only when the most 348 

differentiated melt is intercepted (see the green TTT diagram in Fig. 4). The resulting An-frequency 349 

curve is peaked at the lowest anorthite content and distributed over a great number of compositional 350 

classes (Fig. 3).  351 

These three different crystallization paths, qualitatively summarized by the use of TTT 352 

diagrams, highlight that, under rapid cooling rates, the first nucleation event occurs at high degrees 353 

of undercooling (Kirkpatrick et al. 1983; Lasaga, 1997; Lesher et al. 1999). Under relatively low 354 

temperatures, the ion mobility is limited and Al-rich plagioclases are more favored with respect to 355 

Si-rich crystals. Kinetically-controlled conditions lead to the nucleation of metastable plagioclases 356 

significantly below the liquidus temperature. However, these crystals show compositions 357 

comparable to those of equilibrium when plagioclases crystallize near liquidus conditions. 358 

 359 

Thermometric implications 360 

Thermometers derived through the plagioclase-liquid exchange reaction between albite and 361 

anorthite components are based on the observation that the anorthite concentration in plagioclase 362 

increases with increasing temperature (Putirka, 2005 and references therein). Here we have tested 363 

one of these thermometers using as input data the multiple compositions of the plagioclase and the 364 

composition of the residual melt. This strategy is supported by the following considerations: (i) the 365 

composition of the residual melt is mostly controlled by the final crystal content rather than 366 

chemical gradients; (ii) the most suitable plagioclase-based thermometer has an error of temperature 367 

estimate of 36 °C; (iii) if local equilibrium is attained between the crystal rim and the coexisting 368 

melt, this equilibrium condition cannot be appreciated within the uncertainty of the thermometer; 369 

(iv) large, compositionally heterogeneous plagioclases growth by agglomeration of single crystals 370 

(iv) by using these heterogeneous compositions as input data for the thermometer, it is possible to 371 

determine the thermal path of the cooling system driving successive nucleation events. Results are 372 

reported in the Microsoft Excel spreadsheet available online as supplementary material. The chosen 373 
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activity model has been derived by new global regression analyses yielding the following 374 

thermometric equation (Putirka, 2005; 2008): 375 
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(R2 = 0.93 and SEE = 36 °C)       (Eqn. 1)    379 
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Mineral components of Eqn. 1 are calculated as cation fractions according to 381 
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temperature estimates obtained through the thermometer significantly change from 1030 °C to 1170 383 

°C. An important outcome from Fig. 5 is that, with increasing cooling rate, predicted temperatures 384 

monotonically approach to the plagioclase saturation temperature of 1165 °C calculated by the 385 

MELTS code (Ghiorso and Sack 1995). Crystals and melts show disequilibrium compositions over 386 

an ever-changing temperature comprised between the liquidus and final temperature of the crystal 387 

growth (Fig. 5). Consequently, the temperatures predicted by the thermometer are distributed over a 388 

wide thermal range (Fig. 5). Histograms calculated using 7 bins for each temperature interval 20 °C 389 

are plotted in Fig. 6 showing that: (i) at 25 °C/min, the thermometric estimate yields an almost 390 

constant value of 1160 °C; (ii) at 12.5 °C/min, the peak is still at 1160 °C but a few data indicate 391 

crystallization at 1040 °C; (iii) at 3 °C/min, the temperature estimates is comprised between 1160 392 

and 1120 °C and; (iv) at both 0.5 and 0.125 °C/min, the majority of the data suggest crystallization 393 

temperatures of 1120 and 1080 °C, respectively. To shed light on the relationship between 394 

plagioclase composition and temperature estimate, we have drawn in Fig. 7 three different Ab-An 395 

plagioclase loop binary diagrams by using (i) equilibrium data calculated by the MELTS code and 396 

(ii) cooling rate data obtained at 0.125 and 25 °C/min. The bulk rock calc-alkaline composition is 397 

An53 and corresponds to the starting liquid plotted in Fig. 7. Under equilibrium crystallization 398 

conditions, the tie line passing through An53 intercepts the liquidus loop at 1165 °C yielding 399 

plagioclase composition of An74 (Fig. 7). As the temperature decreases to 800 °C, the residual melt 400 

composition approaches to An28 (Fig. 7). Conversely, at the slowest cooling rate of 0.125 °C/min, 401 

the anorthite in plagioclase decreases from An96 to An34 yielding crystallization temperatures 402 

around a thermal range from 1080 to 1030 °C (Fig. 7). The binary loop topology results to be 403 

flattened minimizing the temperature difference between liquidus and solidus to a value of 50 °C. A 404 
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similar loop shape is obtained at the fastest cooling rate of 25 °C/min (Fig. 7). However, the convex 405 

upward liquidus and the convex downward solidus are shifted toward higher temperatures (Fig. 7); 406 

as a consequence, the plagioclase crystals show a more restricted compositional variation of An60-96 407 

within a temperature interval of 20 °C only. This implies that the residual melt composition (An50) 408 

closely matches to that (An53) of the calc-alkaline bulk rock (Fig. 7), in agreement with the lowest 409 

crystal content measured at 25 °C/min (Table 1).  410 

Since the Ab-An binary loop diagram is based on the assumption of equilibrium partitioning 411 

between crystal and melt, any form of disequilibrium would alter the shape of the loop (Fig. 7). In 412 

fact, under dynamic crystallization conditions, chemical elements do not fractionate at the 413 

equilibrium proportion and distribution coefficients progressively depart from the equilibrium value 414 

(e.g., Mollo et al., 2011a and references therein). Moreover, our data highlight that the degree of 415 

crystallization progressively decreases with increasing cooling rate (Table 1). Therefore, increasing 416 

degrees of undercooling leads to the formation of more primitive melts coexisting with plagioclase 417 

crystals progressively enriched in anorthite (Fig. 3). In light of this disequilibrium due to cooling 418 

kinetics, plagioclase-based thermometers estimate crystallization temperatures higher than predicted at 419 

equilibrium (Fig. 6). Results from our chemical maps highlight that the disequilibrium composition 420 

of plagioclase can serve to decipher the thermal history of rapidly cooled melts. Fig. 7 shows that 421 

equilibrium plagioclase crystals grow over a temperature range of 365 °C comprised between the 422 

liquidus (1165 °C) and the final solidus (800 °C) temperature of the system. Conversely, at 0.125 423 

and 25 °C/min, the plagioclase compositional variation records lower thermal paths of 50 and 20 424 

°C, respectively (Fig. 7).  425 

This has important implications for the estimate of post-eruptive solidification conditions. 426 

Lava flows and intrusive bodies from centimeters to a few meters thick are characterized by an 427 

intense heat loss, a short solidification time and a strong thermal diffusion (Ujike 1982; Pietranik et 428 

al. 2006; Chistyakova and Latypov 2009; Del Gaudio et al. 2010; Mollo et al., 2011b). Under such 429 

circumstances, plagioclase-based thermometers could provide erroneous temperature estimates of  430 

crystallization. This conclusion can also be potentially extended to magma ascent processes where 431 

rapid kinetic conditions are induced by depressurization accompanied by volatile release. As 432 

pointed out by Blundy and Cashman (2008) and Brugger and Hammer (2010), rapid decompression 433 

paths determine high degree of undercooling and plagioclase microlites do not maintain chemical 434 

equilibrium with melt and are more anorthite-rich than equilibrium plagioclase. This suggests that 435 

interpretations of magma ascent processes in nature require comparisons with dynamic rather than 436 

static (phase equilibrium) experiments (cf. Brugger and Hammer 2010). The use of microprobe 437 

mapping to obtain statistical distribution of plagioclase compositions may be important to quantify 438 
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magma thermal and pressure gradients and to discriminate between equilibrium and disequilibrium 439 

processes. 440 

 441 

IMPLICATIONS 442 

 443 

Microprobe investigations conducted by selection of single point analyses and by crystal 444 

core-to-rim analytical profiles do not fully represent the chemical processes driving the nucleation 445 

and growth of plagioclase, and possibly other volcanic crystals, under dynamic crystallization 446 

conditions. Due to the slow coupled CaAl–NaSi interdiffusion, the re-equilibration of crystals is 447 

inhibited and growing plagioclases record any compositional variation of the melt. Under fast 448 

cooling rate conditions, plagioclases enriched in anorthite are metastably crystallized at high degrees 449 

of undercooling due to the weaker Al-O bond than Si-O bond. Conversely, under slow cooling rate 450 

conditions, successive and repeated nucleation events cause crystallization of An-poor crystals that 451 

approach equilibrium compositions such as An56 for our investigated andesitic melt (Fig. 3). Using 452 

chemical mapping, we have found the presence of two discrete plagioclase populations (i.e., An-rich 453 

and An-poor) at the intermediate cooling rate of 3 °C/min. The most important outcome from this 454 

study is the occurrence of a wide spectrum of plagioclase compositions obtained from a single 455 

(superheated) homogeneous andesitic melt cooled at different rates. TTT diagrams can be used to 456 

explain the compositional variability of plagioclase as the result of successive and repeated 457 

nucleation events from a more differentiated melt (Fig. 4). Moreover, the disequilibrium 458 

composition of plagioclase can serve to decipher the thermal history of rapidly cooled melts (Fig. 7). 459 

Plagioclase-based thermometers may determine the variable thermal gradients driving the 460 

solidification path of rapidly cooled rocks and leading to the formation of An-rich crystals. 461 
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 676 

Table 1. Analytical conditions of chemical maps.  677 

cooling rate  
(°C/min) 

area  
(μm2) 

sampling  
distance (μm)

number 
of points

crystal  
content (vol.%) 

25 61 × 103 2 1.656 10 

12.5 338 × 103 2 824 20 

3 143 × 103 2 1.320 28 

0.5 637 × 103 4 4.110 78 

0.125 5.413 × 103 4 4.365 80 
 678 

 Footnote: the crystal content of each run products measured by Iezzi et al. (2011) is also 679 

reported in table. The number of point analyses refer to the plagioclase compositions matching with 680 

those reproduced by the ternary feldspar system (i.e., 43.2< SiO2 <68.7, 18.3< Al2O3 <36.7, 0< CaO 681 

<20.2, 0< Na2O <11.8 and 0< K2O <16.9 all in wt.%). These compositions were also selected in 682 

order to have the sum of oxide components comprised between 99 and 101 wt.%. 683 
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Figure captions 697 

Figure 1. Microprobe maps of SiO2, Al2O3 and CaO (a), and Na2O, K2O and An (b) 698 

measured in each experimental run-product. Large and tiny plagioclase crystals are indicated in the 699 

An maps. 700 

 701 
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Figure 2. Chemical variations of Al2O3, CaO, Na2O and K2O as a function of SiO2.  Five 702 

different diagrams are presented in figure for each cooling rate run. 703 

 704 

Figure 3. Distribution histograms and An-frequency curves of plagioclase. Histograms were 705 

calculated using 20 bins for each 5 mol.% of An. The composition of plagioclase in equilibrium 706 

with the andesitic melt (i.e., An57) is also depicted using the dashed line. This composition comes 707 

from plagioclases equilibrated at the final quenching temperature of 800 °C. The anorthite content 708 

values for the melt composition are also reported.  709 

 710 

Figure 4. TTT diagrams relating nucleation rate (I), temperature (T), and induction time (τ).  711 

Tm is the melting or liquidus temperature, whereas Tg is the glass transition temperature (at 1012 Pa 712 

s). Three different cooling rate conditions of 25, 3 and 0.125 °C/min are also reported in figure. As 713 

the cooling rate increases, plagioclase are progressively enriched in anorthite due to successive 714 

nucleation events. 715 

 716 

Figure 5. As the cooling rate is increased, each temperature estimated by using plagioclase-717 

based thermometer approach to the plagioclase saturation temperature of 1165 °C. 718 

 719 

Figure 6. Histograms calculated using 7 bins for each temperature interval 20 °C. Generally, 720 

the temperature estimate progressively increases with increasing cooling rate. However, at 3 721 

°C/min, the temperature estimates is comprised between 1160 and 1120 °C resembling the different 722 

crystallization events that produce An-rich plagioclases at the early stage of cooling and An-poor 723 

crystals from the more differentiated melt.  724 

  725 

Figure 7. Three different Ab-An plagioclase loop binary diagrams are obtained by using (i) 726 

equilibrium data calculated by the MELTS code and (ii) cooling rate data obtained at 0.125 and 25 727 

°C/min. The bulk rock calc-alkaline composition is An53 and represents the starting liquid plotted in 728 

figure. 729 
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