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ABSTRACT

In this study we have used electron microprobe mapping to investigate plagioclase
compositional evolution due to cooling kinetics. We re-analyzed five run-products from a prior
study (Iezzi et al. 2011), crystallized by cooling a natural andesitic melt from 1300 to 800 °C at 25,
12.5, 3, 0.5 and 0.125 °C/min under atmospheric pressure and air redox state. As the cooling rate
decreases, the texture of large plagioclases changes from skeletal to hollow to nearly equant. In this
study, we use x-ray map data to obtain a database of 12275 quantitative chemical analyses. The
frequency of An-rich plagioclases showing disequilibrium compositions substantially increases with
increasing cooling rate. At 25 and 12.5 °C/min the distribution is single-mode and narrow, at 0.5
and 0.125 °C/min is single-mode but very broad, whereas at the intermediate cooling rate of 3
°C/min two distinct plagioclase populations are present. This intermediate cooling rate is fast
enough to cause departure from equilibrium for the crystallization of the An-rich population but
also sufficiently slow that An-poor plagioclases nucleate from the residual melt. We interpret our
findings in the context of time-temperature-transformation (TTT) diagrams, and infer the
crystallization kinetics of plagioclase in the experiments. Compositional trends and our inferences
regarding TTT systematics are consistent with two discrete nucleation events that produced separate
populations of plagioclase (i.e., An-rich and An-poor populations) at 3 °C/min. Using plagioclase-
melt pairs as input data for the thermometric reaction between An and Ab components, we find that
plagioclase mirrors very high (near-liquidus) crystallization temperatures with increasing cooling
rate. These results have important implications for the estimate of post-eruptive solidification
conditions. Lava flows and intrusive bodies from centimeters to a few meters thick are
characterized by a short solidification time and a significant thermal diffusion. Under such
circumstances, it is possible to crystallize plagioclases with variable and disequilibrium chemical
compositions simply by cooling a homogeneous andesitic melt. X-ray element maps enrich the

study of plagioclase compositional variations generated under conditions of rapid cooling.

Keywords: andesite, plagioclase, EPMA map, cooling, crystallization, thermometer

Running title: microprobe mapping of plagioclase
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INTRODUCTION

Plagioclase is the most common mineral in igneous rocks. Over other crystal phases,
plagioclase has important advantages in preserving records of the chemical and physical evolution
of magmas due to the slow coupled CaAl-NaSi interdiffusion that inhibits the re-equilibration of
growing crystals and favors the retention of original element concentrations (Grove et al. 1984;
Morse 1984; Liu and Yund 1992; Baschek and Johannes 1995). This ensures that plagioclase
chemical and textural zoning can be used for deciphering magmatic events (cf. Putirka 2008) as it is
also highlighted by the rare occurrence of compositionally homogeneous plagioclases in nature
(Smith and Brown 1988; Liu and Yund 1992; Baschek and Johannes 1995; Deer et al. 2007).
Indeed, disequilibrium textures and compositions of plagioclase are frequently studied under natural
and laboratory conditions (Hammer 2006, Iezzi et al. 2008, 2011; Brugger and Hammer 2010; Del
Gaudio et al. 2010; Mollo et al. 2011a; 2011b; 2012a; 2012b; Lanzafame et al. 2013).

Cooling, crystal settling, convection and mixing in magma chambers allow crystallization of
plagioclase phenocrysts with compositions that deviates from equilibrium (Marsh 1988; Singer et
al. 1995; Couch et al. 2001; Pietranik et al. 2006). Disequilibrium crystals (microphenocrysts) can
also solidify when magmas rise to the surface in response to rapid volatile degassing imposed by
decompression paths (Couch et al. 2003; Blundy et al. 2006; Brugger and Hammer 2010; Frey and
Lange 2011). In addition, rapidly cooled plagioclases are observed at the margin of small intrusions
and the outermost portion of lavas (Ujike 1982; Loomis and Welber 1982; Chistyakova and
Latypov 2009; Del Gaudio et al. 2010; Mollo et al. 2012a; 2011b). This latter process has been
experimentally investigated for basic magmas (Hammer 2006; Mollo et al. 2011a), but is still
poorly unconstrained for andesitic melts where plagioclase is by far the most abundant mineral.
Since the cooling rate may dictate the compositional evolution of plagioclase in andesitic lavas
(Tamura et al. 2003; Mattioli et al. 2006), it is important to quantify this process for discriminating
between pre- and post-eruption solidification conditions.

Recently, lezzi et al. (2011) experimentally investigated the variation of plagioclase textures
in an andesitic melt as a function of cooling rate. In this study, we focus on the compositional
variation of these plagioclases keeping in mind that crystallization kinetics are generally studied
through analytical data collected by selection of single point analyses and/or crystal core-to-rim
analytical profiles (e.g., Singer et al. 1995; Hammer 2008; Mollo et al. 2011a; Brugger and Hammer
2010; Iezzi et al. 2011). Conversely, we have performed X-ray electron microprobe mapping on
relative large areas to guarantee the analysis of the whole spectrum of compositions characterizing

tiny and large crystals (Pownceby and McRae 2007a, 2007b; Prét et al. 2010a, 2010b; Pieczka et al.
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2011; Muir et al. 2012; Shea and Hammer, 2013). Although microprobe mapping is time-
consuming, a lack of spatial information on the distribution of key element concentrations prompted
us to re-analyze the five run-products synthesized by cooling a natural andesitic melt from 1300 to
800 °C at 25, 12.5, 3, 0.5 and 0.125 °C/min under atmospheric pressure and air redox state by lezzi
etal. (2011).

The obtained broad database of plagioclase chemical analyses allows to construct distribution
histograms and frequency curves of An-rich disequilibrium plagioclases. In addition, plagioclase-
melt pairs as input data for the thermometric reaction between An and Ab components (Putirka
2008) allow to model the effect of cooling rate on the prediction of crystallization temperatures; this
has important implications for the estimate of the thermal path of rapidly cooled lava flows and
dikes. The experimental conditions considered here are relevant for dry, aphyric and superheated
andesitic lavas produced during the eruption of degassed and crystal-free magmas (Tamura et al.
2003; Mattioli et al. 2006; Vetere et al. 2013), and for a few meter-thick dikes intruded in cold wall-
rocks. Cooling rates of 25, 12.5 and 3 °C/min are pertinent for the outermost (a few centimeter- and
decimeter-thick) parts of lavas, whereas cooling rates of 0.5 and 0.125 °C/min operates in the
innermost portions (Dunbar et al. 1995; Neri 1998; Xu and Zhang 2002; Burkhard 2005; Harris et al.
2005).

STARTING MATERIAL AND METHODS

The starting material discussed in this study is a calc-alkaline glassy andesitic scoria from
Panarea Island (Aeolian Islands, Italy) previously studied by Dolfi et al. (2007). The rock was finely
ground and ~10 g of powder was loaded in a Pt-crucible and melted two times in air at 1400 °C for
200 min. The obtained starting material did not contain any crystalline phase (see lezzi et al. 2011
for further details). A Deltech DT-31 vertical rapid-quench furnace was used to prepare the starting
glass and to perform the cooling rate experiments. At the beginning of cooling, the starting glassy
material was held at 1400 °C for 40 min, i.e., 234 °C above the melt liquidus temperature of 1166 °C
(see Iezzi et al. 2011 for further details). Successively, the temperature was lowered to 1300 °C in 5
min. Below 1300 °C, five different cooling rates of 25, 12.5, 3, 0.5 and 0.125 °C/min were applied
and the final quenching temperature was 800 °C. A further experiment was run at 1400 °C (dwell
time of 40 min), cooled in 5 min to 1300 °C, and then quenched. The analysis of this run-product did
not reveal crystals and its chemistry was considered the starting melt composition reported here:

Si0, = 58.52 (£0.7), TiO; = 0.59 (£0.06), ALO; = 17.24 (£0.49), Fe;03 = 7.67 (+0.35), MnO = 0.18

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2014.4626 1/29

(£0.04), MgO = 4.14 (£0.17), CaO = 7.73 (£0.33), Na,O =2.46 (+0.07), K,O = 1.97 (x0.01),
P,05=0.15(x0.02), all in wt.%.

The five run-products were re-analyzed with an electron probe micro-analyzer (EPMA)
JEOL-JXA8200 combining EDS-WDS (five spectrometers with twelve crystals) installed at Istituto
Nazionale di Geofisica e Vulcanologia, Roma (Italy). Analyses were performed using accelerating
voltage of 15 kV, electric current of 10 nA and beam size of 1 pm®. X-ray EPMA-WDS chemical
maps were performed by stage rastering, keeping the electron beam stationary while stage moves.
The collected EPMA point analyses were acquired with constant distances in each run-product as
reported in Table 1; hence, each pixel on the images of Fig. 1 corresponds to a resolution of 2 um for
run-products cooled at 25, 12.5 and 3 °C/min and 4 pm for those at 0.5 and 0.125 °C/min (Table 1).
Each point analysis measured the quantities of Al, Na, Si, Ca and K by using the following crystals:
TAP for Na and Al and PET for Si, Ca and K. These five elements were then converted in oxides
using classical analytical EPMA protocols.

The microprobe maps sampled representative areas for each run-product (Table 1). These
areas were selected on the basis of previous textural observations by lezzi et al. (2011) that
underlined as both the crystal amount and the maximum size dimension of plagioclase decrease with
increasing cooling rate. Considering that microprobe maps are time-consuming (Pownceby et al.
2007a; Pret et al. 2010a), we were forced to use a rapid counting time of 120-20 ms on peak and
background, respectively, for each point analysis (as aforementioned the distance between analytical
point is 2 and 4 pm, Table 1). The area of maps ranged between 1 and 5 mm” with resolution of
310%242 to 1024x1024 pixel>. A linear off-peak correction was used due to the high abundance of
the chosen elements as major constituents of plagioclase. By correcting the intensity of each point
analysis for background, k factors and matrix effects, digital compositional images in Fig. 1 provide
a complete quantitative analysis for each pixel scanned. The software provided by JEOL Ltd.
allowed to export point analyses for each map on the basis of x-y coordinates. To check the
reliability of exported data, we also analyzed ten single crystals for each run-product using longer
counting times of 20 s on peak and 10 s on background, respectively. Differences between these two
analytical methods are lesser than 1 % for SiO,, Al;03 and CaO, 1.5 % for Na,O and 5 % for K,O;
thereby, each point analysis, i.e. pixel, into an EPMA map is a quantitative determination of these
five major oxide components (Fig. 1).

A substantial data screening has been performed on the whole data acquired. We considered
to be a quantitative chemical composition of plagioclase only the EPMA point analyses with 43.2<
Si0, <68.7, 18.3< Al,03 <36.7, 0< CaO <20.2, 0< Na,O <11.8 and 0< K,0 <16.9 wt.% included in

the ternary feldspar doagram (Deer et al. 1997), with the sum of these five oxide components
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comprised between 99 and 101 wt.%. Mineral formula based on 8 oxygens show that:
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
of 12275 analyses reported into the Microsoft Excel spreadsheet available online as supplementary

material.

RESULTS

The compositional variations of plagioclase is displayed in Fig. 1, together with the anorthite
molecular variations corresponding to calculated mol.% of CaAl,Si,0s (Fig. 1b). The textural
variation of experimental run-products previously described by lezzi et al. (2011) can be further
constrained by chemical maps as follows: (i) plagioclases and Fe-Ti oxides are always present,
whereas clinopyroxene appears at 0.5 and 0.125 °C/min; (ii) plagioclase is the most abundant phase
and its content significantly increases with increasing cooling rate (Table 1); (iii) the crystallization
of plagioclase (and Fe-Ti oxide) starts homogeneously; iv) larger plagioclases are invariably
surrounded by smaller acicular and skeletal crystals depleted in Al,O; (Fig. 1a) and An (Fig. 1b); (v)
at 25, 12.5 and 3 °C/min, crystal-rich patches are dispersed into the matrix glass where larger
plagioclases grown with skeletal, hollow and irregular shapes (Fig. 1); vi) at 0.5 and 0.125 °C/min,
larger plagioclases, interconnected by a continuous network of crystals, have a near-regular, equant
and tabular shapes (Fig. 1). The crystallographic direction of preferential growth of acicular
plagioclases should be 100 (Iezzi et al. 2011). The textural features of our plagioclases are very
similar to those reported in Lofgren (1974) and (1980) and Corrigan (1982) grown from basaltic
melts, as well as those recently reported in Shea and Hammer (2013) solidified either by cooling and
decompression from an hydrous basaltic-andesite melt with a SiO, content of 55.65 wt.%.

The plagioclase compositional variation is also presented in Fig. 2. As the cooling rate is
increased, plagioclases are progressively enriched in Al,O; and CaO, and depleted in SiO,, Na,O
and K,O (Fig. 2). This chemical variation parallels the less differentiated composition of the residual
melt. Due to lower degrees of crystallization with increasing cooling rate (Table 1), residual melts
progressively change from dacite to andesite approaching to the bulk rock starting composition (see

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

DISCUSSION

Statistical distributions of plagioclase composition and their possible crystallization

mechanism
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Frequency curves and histograms calculated using 20 bins for each 5 mol.% of An in
plagioclase are plotted in Fig. 3 together with the An content of the residual melt (""An) that
increases from 34 to 50 mol.% with increasing crystal content (Table 1). The distribution analysis
highlights that the number, shape and position of An-frequency peaks change as a function of
cooling rate (Fig. 3). We observe that: (i) at 25 °C/min, one single almost symmetric and narrow
peak is found at Ang7; (ii) at 12.5 °C/min, the peak is still at Ang; but the distribution is moderately
asymmetric with a left-shoulder; (iii) at 3 °C/min, a bimodal distribution occurs with two peaks at
Ang; and Ansp, and; (iv) at both 0.5 and 0.125 °C/min, single-mode distributions are found over a
number of compositional classes markedly larger than those measured under faster cooling rates.
The dashed line displayed in Fig. 3 is the composition (i.e., Ans7) of plagioclase in equilibrium with
the andesitic melt at 800 °C (see lezzi et al., 2011 for further details). As the degree of cooling is
increased, the peak of An-frequency curves shifts towards values higher than the equilibrium
composition (Fig. 3). Notably, at 3 °C/min, the Ans, peak is close to the equilibrium value of Ansz;
in contrast, the Ang, peak is close to the maximum disequilibrium composition of Ang; (Fig. 3). Such
a compositional variation reflects two crystallization events: at the early stage of cooling, An-rich
plagioclases readily crystallized from the starting andesitic liquid; later, relatively An-poor crystals
formed from the more differentiated melt. At the early-stage the plagioclase crystallization is mostly
dictated by the homogenous nucleation of isolated Ang; microlites (Fig. 1b; Fig. 3). At 25 °C/min
and 12.5 °C/min, An-rich microlites start to agglomerate forming relative large and texturally
immature An-rich plagioclases (Fig. 1b).

As the cooling rate decreases to 0.125 °C/min, the early nucleation of An-rich crystals is
followed by several multiple “agglomeration” events. We term this type of crystallization
agglomeration or coalescence according to in-situ crystallization observations by Schiavi et al.
(2009); differently from “coarsening” (Zhang 2008; Higgins 2011), crystal agglomeration does not
imply a dissolution of smaller crystals and the simultaneous growth of larger ones. The plagioclases
re-investigated in this study were interpreted to grow by agglomeration, mainly on the basis of their
crystal size distribution (CSD) evolution (Iezzi et al. 2011); as the cooling rate decreases from 25 to
0.125 °C/min, the CSD of plagioclase progressively rotates counterclockwise and changes from near
straight lines to curves; this CSD evolution has been interpreted by lezzi et al. (2011) as an
increment of the crystal agglomeration rate as the cooling rate decreases.

The crystallization mechanism, inferred via CSD data by Iezzi et al. (2011), appears to be
corroborated by the nearly absence of zoned plagioclases (Fig. 1b). If the growth of these large
plagioclases was accomplished only by a continuous feeding of chemical species from the

surrounding melt, they should exhibit a certain degree of crystal zonation from Al- and Ca-rich cores
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to Na- and Si-rich rims, in agreement with the imposed experimental decrement of temperature. This
is not the case as indicated by each run-product (Fig. 1a and 1b).

We suggest that the mechanism of attachment could be similar to that observed at a relative
low amount of crystal content by Schiavi et al. (2009) and possibly explained by the emerging
theory of aggregation by self-orientation of sub-micrometric early-formed primary crystals (Teng
2013 and references therein). However, TEM investigations are required to elucidate in full if this
aggregation-based model is applicable to crystals growing from silicate melts; secondary single
crystals grown by orientation aggregation of tiny primary crystals can be only revealed ex-situ by the
presence of peculiar microsturctures at a sub-micrometric scale (Teng 2013). An alternative
explanation for the crystallization of plagioclases displayed in Fig. 1 could also be a dendritic
growth followed by ripening; Welsch et al. (2013) inferred that in olivines the occurrence of narrow
strips strongly enriched in slow diffusing cations (i.e P, Al and Cr) testifies to a dendritic growth; in
the case of our plagioclases, dendritic crystallization followed by a ripening around early-formed
branches should be revealed by thin lines strongly depleted (for early-formed An-rich dendrites) or
enriched (for the melt surrounding An-rich dendrites) in Si. Although this can not be completely
discarded by SiO, chemical maps (Fig. 1a), since possible early-formed dendrites could be only few
pum in thickness and thus below the resolution of X-ray maps, we prefer the interpretation of crystal
aggregation being the larger plagioclases frequently characterised by the occurrence of small An-rich

and-poor areas (Fig. 1b).

Metastable nucleation of plagioclase

There is general consensus that Al-rich crystal phases, i.e., plagioclase, clinopyroxene and
spinel, are more favored to nucleate under dynamic conditions as demonstrated by laboratory studies
(Kirkpatrick 1983; Hammer 2006, 2008; Iezzi et al. 2008, 2011; Brugger and Hammer 2010; Del
Gaudio et al. 2010; Mollo et al. 2010, 2011a, 2011b) and chemical data from naturally cooled
magmas (Loomis 1981; Ujike 1982; Pietranik et al. 2006; Chistyakova and Latypov 2009; Mollo et
al. 2011b). In the case of plagioclase, the kinetically-controlled exchange reaction between
Al+Cat+Fe+Mg and Si+Na+K (Fig. 2) is mainly controlled by the increasing compatibility of Al
with respect to Si in rapidly growing crystals (Mollo et al. 2011a and references therein). According
to the nucleation theory, metastable phases that form in dynamic conditions apparently must
overstep a lower energetic barrier than do the thermodynamically stable phases (Kirkpatrick 1983;
Lasaga 1997; Zhang 2008; Iezzi et al. 2008, 2009 and 2011).

Below the liquidus temperature, nucleation requires random compositional fluctuations of

molecular units in the melt and stable nuclei can form only when the local arrangement of these units
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attains a critical dimension (Roskoz et al. 2006a, 2006b; Zhang 2008). Since compositional
fluctuations in the melt imply the rearrangement (breaking and formation) of chemical bonds,
probabilistic fluctuations of molecular units with strong chemical bonds (i.e., network-forming
cations) are less abundant and can explore a limited compositional space, i.e., the compositional
difference between the initial liquid and the final structural arrangement (Roskosz et al. 2006a,
2006b). The opposite occurs for chemical elements that rapidly diffuse in the melt (i.e., network-
modifiers cations). The energetic barrier of nucleation roughly scales with the number of 'Si-O
bonds and to a less extent of 'YAl-O bonds, i.c., the degree of polymerization and the average bond
strength (Kirkpatrick 1983; Dingwell 2006; Iezzi et al. 2008, 2009, 2011).

Using major oxide analyses of crystal and liquid, we have calculated the difference ("'€™"A)
between the chemistry of plagioclase and that of the andesitic bulk composition. Results reveal that
PlemeliASiO, decreases by 27 % with increasing cooling rate; in contrast, P¢™"AALOj; increases by
78 %. The systematic enrichment of Al,Os in plagioclase (Fig. 2) parallels the higher mobility of Al
in the melt relative to that of Si (Mysen and Richet 2005; Zhang 2008). This implies that, although
the tetrahedral framework structure is the same, SiO,-rich crystals are delayed with respect to SiO,-

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

Time-temperature-transformation (TTT) diagram

The structural re-equilibration of a silicate melt depends on the relaxation time 7 that, in turn,
results from the Maxwell relation, ¢ = /G, where # is the viscosity of the melt and G is the shear
modulus. The latter yields a mean value of about 10 GPa (Dingwell 1995; Webb 2005). The
macroscopic relaxation (i.e., viscosity) of a natural silicate melt mainly reflects the SiO, variation of
the melt itself due to its longest time to re-equilibrate relative to that of other oxides (Webb 2005;
Dingwell 2006). As recently demonstrated by Vetere et al (2013), the relaxation time is orders of
magnitude lower than rapid cooling rates (10'-10* °C/min) obtained in laboratory. At temperature of
1300 °C and time duration of 2 hours, the chemical diffusion is relatively rapid leading to a complete
chemical homogenization of the melt before nucleation (Vetere et al. 2013). This implies that the
crystallization path can be interpreted by means of time-temperature-transformation (TTT) diagrams
(Uhlmann et al. 1979; Lasaga, 1997, Vetere et al. 2013), especially at the early stage of
crystallization. Conversely, the crystallization of successive crystals is less interpretable by TTT
diagrams due to the occurrence of heterogeneous substrata and the relative slow diffusion of
chemical species around early formed crystals (Vetere et al. 2013).

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

2009), some important parameters control the shape and size of the TTT diagram, i.e., the nucleation
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temperature (7), the nucleation rate (/), the degree of undercooling (AT), and the incubation time (7).
In particular, Thax is defined as to the temperature at which the nucleation rate is maximum (/pmax)
and the incubation time is minimum (Tmin). Tmax, Imax @nd Tmin are controlled by the energetic
competition between thermodynamic and kinetic barriers (i.e., chemical diffusion) as well as by the
composition of the melt (Lasaga 1997; Fokin et al. 2003). It is worth stressing that TTT diagrams
have never attracted considerable attention in Earth Sciences and, due to the paucity of data, only
qualitative information can be retrieved by our experiments (Vetere et al. 2013). In particular, Fig. 4
shows a schematic reappraisal based on three different TTT diagrams ideally comprised between the
melting (or liquidus) temperature (71,) of the andesitic bulk composition and the glass transition (7;)
temperature. As the temperature decreases (or the degree of undercooling increases), the nucleation
rate first increases to a maximum value and then progressively decreases (Fig. 4); notably, this
behavior determines the classical asymmetric Gaussian shape of the TTT diagram, i.e. the so-called
“nose shape”. Fig. 4 highlights that successive TTT curves (red, blue and green curves) show lower
values for 7, and /..., whereas T, and 7,;, increase, i.e. the breadth in 7" of the nose shape decreases
(Lasaga 1997; Fokin et al. 2003; Iezzi et al., 2009; Vetere et al. 2013 and references therein). These
variations are due to the more differentiated composition of the residual melt (Fig. 3) as the degree
of crystallization increases (Table 1). We therefore assume that the TTT diagram in red represents
the andesite initial composition (Fig. 4), whereas TTT diagrams in blue and green indicate the
residual melts resulting after different nucleation events or pulses. As a function of the imposed
cooling rate, the crystal growth of plagioclases summarized in Fig. 4 virtually occurs in the time
comprised between two adjacent TTT curves (Vetere et al. 2013). The cooling rates of 25, 3 and
0.125 °C/min at which the plagioclase shows major compositional variations (Figs. 1, 2 and 3) are
also depicted in Fig. 4 using dashed lines.

According to lezzi et al. (2011), the critical cooling rate of the andesitic melt is 37 °C/min
and each cooling rate above this value do not intercept the TTT diagram (in red), causing the
solidification of a glassy product (Fig. 4). At 25 °C/min, the TTT diagram (in red) is intercepted
below the value of /. (Fig. 4). Consequently, the degree of crystallization is low (i.e., 10 vol.%;
Table 1) and the plagioclase shows minor compositional variations (i.e., Anggge; Fig. 3) due to the
fast cooling kinetics. Although plagioclase crystals form under high degrees of undercooling (i.c.,
below T4y, their composition is drastically enriched in Al and depleted in Si accounting for the
kinetically-controlled cation re-distribution reaction (Mollo et al., 2011a).

At the intermediate cooling rate of 3 °C/min, two TTT curves are intercepted above and
below the value of I, respectively (Fig. 4). The first TTT line (in red) is intercepted at the early

stage of cooling favoring the nucleation of Angyos plagioclases (Fig. 3). As the crystallization
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proceeds, the melt becomes depleted in anorthite and its more evolved composition is represented by
the second TTT diagram (in blue) depicted in Fig. 4. Plagioclase crystals from this melt have
anorthite contents lower than those measured at the early stage of crystallization accounting for high
temperature conditions (Fig. 4). This explains the bimodal compositional distribution showing two
different peaks at Ang, and Ansy, respectively (Fig. 4).

At 0.125 °C/min, several TTT curves are intercepted and, therefore, the nucleation initiates at
low degrees of undercooling, i.e. remarkably above 7, (Fig. 4). The number of nucleation events
progressively increases as the cooling proceeds and the melt becomes more differentiated. As
expected, plagioclases showing the lowest anorthite content (Fig. 3) crystallize only when the most
differentiated melt is intercepted (see the green TTT diagram in Fig. 4). The resulting An-frequency
curve is peaked at the lowest anorthite content and distributed over a great number of compositional
classes (Fig. 3).

These three different crystallization paths, qualitatively summarized by the use of TTT
diagrams, highlight that, under rapid cooling rates, the first nucleation event occurs at high degrees
of undercooling (Kirkpatrick et al. 1983; Lasaga, 1997; Lesher et al. 1999). Under relatively low
temperatures, the ion mobility is limited and Al-rich plagioclases are more favored with respect to
Si-rich crystals. Kinetically-controlled conditions lead to the nucleation of metastable plagioclases
significantly below the liquidus temperature. However, these crystals show compositions

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

Thermometric implications

Thermometers derived through the plagioclase-liquid exchange reaction between albite and
anorthite components are based on the observation that the anorthite concentration in plagioclase
increases with increasing temperature (Putirka, 2005 and references therein). Here we have tested
one of these thermometers using as input data the multiple compositions of the plagioclase and the
composition of the residual melt. This strategy is supported by the following considerations: (i) the
composition of the residual melt is mostly controlled by the final crystal content rather than
chemical gradients; (ii) the most suitable plagioclase-based thermometer has an error of temperature
estimate of 36 °C; (iii) if local equilibrium is attained between the crystal rim and the coexisting
melt, this equilibrium condition cannot be appreciated within the uncertainty of the thermometer;
(iv) large, compositionally heterogeneous plagioclases growth by agglomeration of single crystals
(iv) by using these heterogeneous compositions as input data for the thermometer, it is possible to
determine the thermal path of the cooling system driving successive nucleation events. Results are

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

thermometric equation (Putirka, 2005; 2008):

4 pl
= 6.4706 +0.3128 In| —— :f |- 8.103(x 2% )+ 4.872(x 22 )
T(K) xzs (e, Fxee) ‘
+1.5346 (X 2 ) +8.661(X 72 F —3.341x 102 (P(kbar )) +0.18047 (H ,0™" )
(R?=0.93 and SEE = 36 °C) (Eqn. 1)

Mineral components of Eqn. 1 are calculated as cation fractions according to

| | I I | :
X B = %o /(X + X Rhoy X By ) a0 X =Xl XL+ X000, X1, ). Fig. 7 shows that

temperature estimates obtained through the thermometer significantly change from 1030 °C to 1170
°C. An important outcome from Fig. 5 is that, with increasing cooling rate, predicted temperatures
monotonically approach to the plagioclase saturation temperature of 1165 °C calculated by the
MELTS code (Ghiorso and Sack 1995). Crystals and melts show disequilibrium compositions over
an ever-changing temperature comprised between the liquidus and final temperature of the crystal
growth (Fig. 5). Consequently, the temperatures predicted by the thermometer are distributed over a
wide thermal range (Fig. 5). Histograms calculated using 7 bins for each temperature interval 20 °C
are plotted in Fig. 6 showing that: (i) at 25 °C/min, the thermometric estimate yields an almost
constant value of 1160 °C; (ii) at 12.5 °C/min, the peak is still at 1160 °C but a few data indicate
crystallization at 1040 °C; (iii) at 3 °C/min, the temperature estimates is comprised between 1160
and 1120 °C and; (iv) at both 0.5 and 0.125 °C/min, the majority of the data suggest crystallization
temperatures of 1120 and 1080 °C, respectively. To shed light on the relationship between
plagioclase composition and temperature estimate, we have drawn in Fig. 7 three different Ab-An
plagioclase loop binary diagrams by using (i) equilibrium data calculated by the MELTS code and
(i1) cooling rate data obtained at 0.125 and 25 °C/min. The bulk rock calc-alkaline composition is
Anss and corresponds to the starting liquid plotted in Fig. 7. Under equilibrium crystallization
conditions, the tie line passing through Ans; intercepts the liquidus loop at 1165 °C yielding
plagioclase composition of Any4 (Fig. 7). As the temperature decreases to 800 °C, the residual melt
composition approaches to Anyg (Fig. 7). Conversely, at the slowest cooling rate of 0.125 °C/min,
the anorthite in plagioclase decreases from Angs to Anis yielding crystallization temperatures
around a thermal range from 1080 to 1030 °C (Fig. 7). The binary loop topology results to be

flattened minimizing the temperature difference between liquidus and solidus to a value of 50 °C. A
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similar loop shape is obtained at the fastest cooling rate of 25 °C/min (Fig. 7). However, the convex
upward liquidus and the convex downward solidus are shifted toward higher temperatures (Fig. 7);
as a consequence, the plagioclase crystals show a more restricted compositional variation of Ang g6
within a temperature interval of 20 °C only. This implies that the residual melt composition (Ansg)
closely matches to that (Ans3) of the calc-alkaline bulk rock (Fig. 7), in agreement with the lowest
crystal content measured at 25 °C/min (Table 1).

Since the Ab-An binary loop diagram is based on the assumption of equilibrium partitioning
between crystal and melt, any form of disequilibrium would alter the shape of the loop (Fig. 7). In
fact, under dynamic crystallization conditions, chemical elements do not fractionate at the
equilibrium proportion and distribution coefficients progressively depart from the equilibrium value
(e.g., Mollo et al., 2011a and references therein). Moreover, our data highlight that the degree of
crystallization progressively decreases with increasing cooling rate (Table 1). Therefore, increasing
degrees of undercooling leads to the formation of more primitive melts coexisting with plagioclase
crystals progressively enriched in anorthite (Fig. 3). In light of this disequilibrium due to cooling
kinetics, plagioclase-based thermometers estimate crystallization temperatures higher than predicted at
equilibrium (Fig. 6). Results from our chemical maps highlight that the disequilibrium composition
of plagioclase can serve to decipher the thermal history of rapidly cooled melts. Fig. 7 shows that
equilibrium plagioclase crystals grow over a temperature range of 365 °C comprised between the
liquidus (1165 °C) and the final solidus (800 °C) temperature of the system. Conversely, at 0.125
and 25 °C/min, the plagioclase compositional variation records lower thermal paths of 50 and 20
°C, respectively (Fig. 7).

This has important implications for the estimate of post-eruptive solidification conditions.
Lava flows and intrusive bodies from centimeters to a few meters thick are characterized by an
intense heat loss, a short solidification time and a strong thermal diffusion (Ujike 1982; Pietranik et
al. 2006; Chistyakova and Latypov 2009; Del Gaudio et al. 2010; Mollo et al., 2011b). Under such
circumstances, plagioclase-based thermometers could provide erroneous temperature estimates of
crystallization. This conclusion can also be potentially extended to magma ascent processes where
rapid kinetic conditions are induced by depressurization accompanied by volatile release. As
pointed out by Blundy and Cashman (2008) and Brugger and Hammer (2010), rapid decompression
paths determine high degree of undercooling and plagioclase microlites do not maintain chemical
equilibrium with melt and are more anorthite-rich than equilibrium plagioclase. This suggests that
interpretations of magma ascent processes in nature require comparisons with dynamic rather than
static (phase equilibrium) experiments (cf. Brugger and Hammer 2010). The use of microprobe

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

Processes.

IMPLICATIONS

Microprobe investigations conducted by selection of single point analyses and by crystal
core-to-rim analytical profiles do not fully represent the chemical processes driving the nucleation
and growth of plagioclase, and possibly other volcanic crystals, under dynamic crystallization
conditions. Due to the slow coupled CaAl-NaSi interdiffusion, the re-equilibration of crystals is
inhibited and growing plagioclases record any compositional variation of the melt. Under fast
cooling rate conditions, plagioclases enriched in anorthite are metastably crystallized at high degrees
of undercooling due to the weaker Al-O bond than Si-O bond. Conversely, under slow cooling rate
conditions, successive and repeated nucleation events cause crystallization of An-poor crystals that
approach equilibrium compositions such as Anse for our investigated andesitic melt (Fig. 3). Using
chemical mapping, we have found the presence of two discrete plagioclase populations (i.e., An-rich
and An-poor) at the intermediate cooling rate of 3 °C/min. The most important outcome from this
study is the occurrence of a wide spectrum of plagioclase compositions obtained from a single
(superheated) homogeneous andesitic melt cooled at different rates. TTT diagrams can be used to
explain the compositional variability of plagioclase as the result of successive and repeated
nucleation events from a more differentiated melt (Fig. 4). Moreover, the disequilibrium
composition of plagioclase can serve to decipher the thermal history of rapidly cooled melts (Fig. 7).
Plagioclase-based thermometers may determine the wvariable thermal gradients driving the

solidification path of rapidly cooled rocks and leading to the formation of An-rich crystals.
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Table 1. Analytical conditions of chemical maps.

cooling rate area sampling number crystal
(°C/min) (umz) distance (um) of points content (vol.%)
25 61 x 10° 2 1.656 10
12.5 338 x 10° 2 824 20
3 143 x 10° 2 1.320 28
0.5 637 x 10° 4 4.110 78
0.125 5.413 x 10° 4 4.365 80

Footnote: the crystal content of each run products measured by lezzi et al. (2011) is also
reported in table. The number of point analyses refer to the plagioclase compositions matching with
those reproduced by the ternary feldspar system (i.e., 43.2< Si0, <68.7, 18.3< Al,03 <36.7, 0< CaO
<20.2, 0< Na,0 <11.8 and 0< K,0 <16.9 all in wt.%). These compositions were also selected in

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

Figure captions
Figure 1. Microprobe maps of SiO,, Al,O; and CaO (a), and Na,O, K,O and An (b)
measured in each experimental run-product. Large and tiny plagioclase crystals are indicated in the

An maps.
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Figure 2. Chemical variations of Al,03, CaO, Na,O and K;O as a function of SiO,. Five

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

Figure 3. Distribution histograms and An-frequency curves of plagioclase. Histograms were
calculated using 20 bins for each 5 mol.% of An. The composition of plagioclase in equilibrium
with the andesitic melt (i.e., Ans;) is also depicted using the dashed line. This composition comes
from plagioclases equilibrated at the final quenching temperature of 800 °C. The anorthite content

values for the melt composition are also reported.

Figure 4. TTT diagrams relating nucleation rate (/), temperature (7), and induction time (7).
T, is the melting or liquidus temperature, whereas 7, is the glass transition temperature (at 10" Pa
s). Three different cooling rate conditions of 25, 3 and 0.125 °C/min are also reported in figure. As
the cooling rate increases, plagioclase are progressively enriched in anorthite due to successive

nucleation events.

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

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

Figure 6. Histograms calculated using 7 bins for each temperature interval 20 °C. Generally,
the temperature estimate progressively increases with increasing cooling rate. However, at 3
°C/min, the temperature estimates is comprised between 1160 and 1120 °C resembling the different
crystallization events that produce An-rich plagioclases at the early stage of cooling and An-poor

crystals from the more differentiated melt.

Figure 7. Three different Ab-An plagioclase loop binary diagrams are obtained by using (i)
equilibrium data calculated by the MELTS code and (ii) cooling rate data obtained at 0.125 and 25
°C/min. The bulk rock calc-alkaline composition is Ans3 and represents the starting liquid plotted in

figure.
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