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ABSTRACT

Dynamic cooling-induced solidification experiments were run using six silicate glasses
along the basalt - rhyolite join (Bigo= 100 wt % of basalt, Rigo= 100 wt % of rhyolite), i.e.
B1oo, BsoR20, BsoRao, BaoRso, B2oRso and Rigo; the glasses directly quenched from 1300 °C
after a dwell of 120 minutes (experiment EQ) contain 50-400 ppm H,0, << 1 area% pm-sized
bubble, and Fe**/Fey between 0.34 and 0.46. Experiments were performed in Pt capsules at
room pressure and fO, of air, between 1300 and 800 °C using three different cooling rates of
0.0167, 3 and 30 °C/min; these cooling rates were run two times: E1-E2 experiments at
0.0167°C/min, S1-E3 at 3 °C/min, and E4-E5 at 30 °C/min. In experiments E1 to E5, samples
were annealed for 120 minutes at 1300 °C, whereas in the experiment S1 the samples were
firstly heated for 30 minutes at 1400 °C followed by a dwell time of 2400 minutes at 1300°C
before cooling. In the experiments a preferential crystallization was not observed at the
melt/gas interface. B1oo, BsoR20 and BgoR4o run-products have a low tendency to preferentially
crystallize on Pt walls, while B4oRgo, B20Rso and Rigo are not affected by the presence of Pt
substrata. All run-products show very homogeneous textures, except for BgoR4o and B4oRso at
0.0167°C/min in the E1 experiment. The duplicates of B4oRso and BgR4o at 0.0167°C/min
and Bigo at 30 °C/min show relatively large differences in crystal content (> 4 and < 14
area%). BsRso and BgR4o duplicated run-products have the same amount of early-
crystallized clinopyroxene and spinel, but different contents in lately-formed plagioclase. The
run-products with the same starting composition from E3-S1 (3 °C/min) show a high
reproducibility in terms of crystal shape, size, and amount (< 4 area%). This demonstrates
that the crystallization path is not affected by the different heat treatment above the liquidus
temperature, i.e. the time scale of structural re-equilibration (relaxation) and chemical re-

homogenization are shorter than our experimental time scale. Possible chemical



heterogeneities on a length scale of several micrometers for Rigp and several hundreds of
micrometers for Bjgo can be removed at 1300 °C within 120 minutes. A heat treatment at
1300 °C for 120 minutes significantly reduces the amount of pm-sized bubbles, potentially
responsible for the onset of nucleation and unreveals the intrinsic solidification of silicate
melts. The experimental reproducibility is low when the cooling path intersects the tip of the
time-temperature-transformation (TTT) curves, i.e. when the nucleation rate is near its
maximum (lmax). In that case, even small thermal variations in cooling rate and local
composition can have large effects on phase abundance and crystal size. Dynamic
crystallization experiments can be properly interpreted and compared only if they are
texturally homogeneous and the physico-chemical state of the superheated silicate liquid is
known. The solidification conditions used in this study mirror those of aphyric lavas and

dikes emplaced at shallower crustal levels.
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1. INTRODUCTION

The time-temperature history experienced above the liquidus may have strong influence
on the crystallization path of a silicate melt and, hence, on texture and composition of
crystallised phases. A silicate liquid kept for long times and/or at high temperatures above its
liquidus will show the lowest nucleation rate during successive cooling and will show the
highest incubation time of the first crystallising phase in the sub-liquidus region (Kirkpatrick,
1981; Tsuchyama, 1983; Lasaga, 1997; Pupier et al., 2008; Hammer, 2008). This effect has
been explained by an incomplete re-equilibration of short-range order and/or polymeric
configurations acquired at liquidus or superliquidus conditions that metastably persist during
cooling below liquidus temperatures (Kirkpatrick, 1981; Corrigan, 1982; Tsuchyama, 1983;
Hammer, 2008). On the other hand, microscopic gas bubbles, chemical heterogeneities or
“solid foreign particles” that are not fully eliminated during heat treatments and persist in a
silicate melt at sub-liquidus temperatures may promote crystallization (Dowty, 1980;
Lofgren, 1980 and 1983; Davies and lhinger, 1998; Armienti, 2008; Pupier et al., 2008; lezzi
et al., 2008 and 2011). A superheating above the liquidus is required to remove such memory
effects and to unravel the intrinsic solidification behaviour of natural silicate melts as a
function of composition. However, direct and systematic experimental investigations are not
available and physico-chemical features (bubbles, volatile content, un-melted crystals, etc.) of
a silicate melt before its solidification are generally uncharacterised; this may limit the
interpretation of kinetics data in a single run-product as well as the comparison of
experimental results, even derived by the same initial melt.

Reproducibility and homogeneity of cooling-induced solidified products has been
poorly investigated and crystallization kinetics is not sufficiently explored for natural melt

systems. The few experimental studies reported in the literature mainly focus on basalts, and,



subordinately, on andesites, latites, trachytes and rhyolites (Donaldson et al., 1975;
Kirckpatrick, 1981; Lofgren, 1980 and 1983; Berkebile and Dowty, 1982; Tsuchiyama, 1983;
Couch, 2003; Hammer, 2006; Pupier et al., 2008; lezzi et al., 2011 and references therein).
Runs on SiO,-poor melts at atmospheric pressure and fO, lower than air show that the sample
holder (wire or capsule) and the container material (Pt or Au) can significantly influence the
results of solidification experiments (Dowty, 1980; Lofgren, 1980; Berkebile and Dowty,
1982; Tsuchyama, 1983; Pupier et al., 2008). On the other hand, intermediate (andesitic and
latitic) to evolved (trachytic and rhyolitic) silicate melts appear to be poorly or not affected
by the sample container (Couch, 2003; lezzi et al., 2008 and 2011; Mollo et al., 2012a). This
difference probably relies on the rapid diffusion in silica-poor melts allowing fast transport to
existing nuclei. Additionally, surface tension between the nucleus, the melt and (possibly)
foreign substrates plays a crucial role in nucleation kinetics (Dowty, 1980; Fokin et al., 2003;
lezzi et al., 2008 and 2011). However, the controlling parameter for nucleation and growth
were poorly constrained for these relatively SiO,-rich melt systems.

In order to constrain the variation of intrinsic crystallization behaviours of natural
silicate melts as a function of their composition, the role of superheating before cooling and
the degree of textural reproducibility, we performed crystallization experiments on six silicate
melt compositions ranging from basalt to rhyolite: Bigo, BsoR20, BsoRao, BaoReo, B2oRso and
Ri00, Where Bigo= basalt and Rigo= rhyolite (numbers are wt.% in each mixture). These
compositions cover the most part of volcanic rocks. The effect of cooling rate was explored
using rates of 0,0167, 3 and 30 °C/min between 1300 and 800 °C. The results of this study
show that the superheating effect can be eliminated by annealing all these melts at 1300 °C
for 120 minutes before cooling (Fig. 1), the majority of cooling-induced crystallization can be

well reproduced, and the intrinsic solidification behaviour from basalt to rhyolite are strongly



different, being basalt crystal-rich (> 50 area%) at 30 °C/min and rhyolite glassy even at

0.0167 °C/min.

2. STARTING MATERIALS, EXPERIMANTAL AND ANALYTICAL

TECNIQUES

2.1 Starting materials

Six different silicate compositions were prepared along the sub-alkaline join basalt-
rhyolite. We used natural samples from Iceland (Bigo = basalt) and Lipari Island (Aeolian
Islands, Italy, Rigo = rhyolite) to prepare glasses of the end-members (Table 1). About 100 g
of these two rocks were crushed and then melted in a Pt crucible at 1600 °C in air for 4 hours.
For quenching, the basalt was poured on a metal plate. Due to its high viscosity the rhyolite
could be quenched only inside the crucible by putting it into a water bath. The two recovered
glasses were crushed again and re-melted twice at the same conditions, with an intermediate
grinding step, to obtain chemically homogeneous glass materials. About 70 g of each glass
was crushed and sieved to obtain 1:1 mixtures by weight of two different grain sizes ranges
(<200 and 200-500 pm); such mixture minimize the number of small bubbles after
subsequent re-melting. The two powders were then mixed to produce the four intermediate
compositions (BgoR20, BsoRao, BaoRso, B20Rso). Each of these batches was then melted at 1600
°C for 4 hours in air and rapidly quenched (BgoR2o and BgoR40 Were poured on a metal plate,
B4oRso and ByoRgo were cooled within the crucible in the water bath). The procedure was
repeated twice with intermediate grinding to improve homogeneity. Thus, six homogeneous
glass starting materials with systematic chemical variations were obtained. Several glass

fragments of each starting composition were analyzed by EPMA (see below); the average



compositions of the glasses are reported in Table 1 and classified according to TAS (Le
Maitre et al., 2002). Several other glass fragments were used to quantify the H,O amount by

FTIR spectroscopy, and the iron speciation by a modified Wilson method (see below).

2.2 Experimental strategy and techniques.

The effect of cooling rate was systematically investigated using rates of 0.0167 (E1-
E2), 3 (E3) and 30 (E4-E5) °C/min between 1300 and 800 °C. Afterwards the samples were
rapidly quenched. In experiments E1, E2 and E3 all six compositions were used while the
highest cooling rate (in E4 and E5) was only applied to Big (Table 2). For all experiments
labelled with E, the heating rate was 7 °C/min up to 1300 °C and then followed by a dwell
time of 120 minutes at 1300 °C. To characterize ex-situ the physico-chemical state of all the
six melts at the end of this pre-heating, in an additional experiment the samples were directly
quenched from 1300 °C to room temperature in water (experiment EO). In order to investigate
the role of pre-heating, an initial heating for 30 minutes at 1400 °C was followed by a long
dwell of 40 hours at 1300 °C was applied to the above mentioned starting materials using a
cooling rate of 3 °C/min (experiment S1). The reproducibility of the experiments was
checked by duplicates at cooling rates of 0.0167and 30 °C/min (E1-E2 and E4-E5).

To perform the 32 experiments, mm-sized glass fragments were loaded into Pt tubes (4
mm in diameter and 15-20 mm in length). Each capsule contains ~50 mg of glass chips. All
the experiments were run at atmospheric pressure and air redox state.

The experiments E1, E2, E3 and S1 were performed at the Dipartimento di Ingegneria e
Geologia (University G. d’Annunzio, Chieti, Italy), in a vertical rapid-quench Protherm
PTF16/50/450 furnace equipped with a EUROTHERM controller. The temperature was

monitored by two R-type (Pt87Rh13-Pt) thermocouples with an accuracy of £ 3 °C at the



inner side of the ceramic tube and in direct contact with the sample assembly, which consists
of up to six capsules held together with Pt wires. As determined by exchanging the position
of the internal thermocouple, the temperature variation within the assembly is less than 5 °C.
The E4-E5 experiments were run at the Institute of Mineralogy in Hannover (Leibniz
University, Hannover, Germany), using the Pt sample holder of an apparatus normally used
for Karl-Fischer titration (Behrens et al., 1996). Heating was achieved with a high frequency
generator Linn®-HTG 1000/1.3 and controlled by a EUROTHERM(R) type 818
controller/programmer. The temperature was measured with a Pt/Pt90Rh10 (S-type)
thermocouple about 5 mm below the center of the samples which were inserted within Pt
capsules in the Pt sample holder. Closed capsules were used in these experiments to separate
the melt from the argon atmosphere in the apparatus, i.e. to avoid reduction of the melt. After
closing the chamber, the heating/cooling program was launched. Quenching has been
achieved by switching off the high frequency generator and rapidly taking out the sample
holder and rolling it on a metal plate. Due to the high heat conductivity of Pt capsules in Pt
sample holder the temperature drops down to room temperature within less than 5 seconds.
EO experiments were also run in Hannover, but using a tube furnace GERO HTRV
model 100-250. Temperature was monitored by two S-type thermocouples with an accuracy
of £ 3 °C. The first thermocouple was in contact with the sample assembly and the second
one was placed at the inner side of the ceramic tube. All the capsules in each experiment were
located at < 1 cm from the central thermocouple. Temperature variations were less than 5 °C

within the sample assembly.



2.3 Analytical techniques.

All the recovered run-products have been mounted in epoxy, ground flat and polished,
such to expose the centre of the melt body as well as the contacts to air and to the capsule
walls. The phases with at least an available diameter comprised between 1 and 3 um were
characterized with a Jeol FE-SEM 6500F equipped with an energy dispersive x-ray (EDX)
microanalysis system at the HP-HT laboratory of INGV. Representative BSE images on each
section were recorded with the SEM at magnifications of 150X, 400X, 800X, 1500X and
3000X. Area% of the different phases was determined for all images showing well resolved
crystals. Typically, the considered BSE images represent areas of ~10° pm? up to ~10° pm?.
At least four BSE images recorded in different parts of the section were evaluated to check
for homogeneity. In some cases a larger number of 8 to 36 images were studied to improve
statistics (see Table 2). Image analysis was performed by the Image-ProPlus 6.0 software, to
count area% of each phase as a function of their grey levels. Based on differences in grey
levels, area% of glass, clinopyroxene, spinel, plagioclase phases were quantified. We did not
apply a stereological correction, in order to avoid any mathematical manipulation of data. At

the end, about 300 BSE images were considered.

2.4 Water content and iron speciation.

To measure the water contents of the starting glasses, absorption spectra were
recorded in the mid-infrared (MIR) using a Bruker IFS88 FTIR spectrometer coupled with an
IR-Scopell microscope (operation conditions: MCT narrow range detector; globar light
source and KBr beamsplitter for MIR). Spectral resolution was 2 cm™ in the MIR and 50-100

scans were accumulated for each spectrum. The spot size applied in analyses was



approximately 100x100 pm. The analysed area was checked optically before FTIR
measurements to avoid any bubbles, cracks or impurities. The evaluation of the IR spectra
requires the knowledge of the density and the thickness of the glass section. Doubly polished
glass plates of 50-300 pum thickness were prepared from the experimental products. The
thickness of each section was measured with a digital micrometer (Mitutoyo; precision + 2
pm). The density of the glasses was calculated after KIGR (2000) and results are reported in
Table 1.

For determination of ferrous-ferric ratios, the modified colorimetric method by Wilson
(1960) was used (Schuessler et al., 2008). From 6 to 9 mg of chips of the starting glasses
were dissolved with concentrated HF to which a solution of ammonium vanadate in 5 M
sulphuric acid was added. The released ferrous iron reacts with \V°* forming V** and ferric
iron (reaction Fe** + V°* = Fe®" + V*"). The initial redox state of the glass is preserved in the
solution as the reaction products are more stable with respect to oxidation in air than ferrous
iron. We added saturated hot boric acid (353 K) instead of beryllium sulphate as proposed by
Wilson (1960) to neutralize excess HF and to bring eventually formed fluorides back into
solution after complete sample dissolution at room temperature. Using an ammonium acetate
buffer, the Fe** is regenerated by adjusting a pH value of ~5. For the colorimetric analysis
2:2’bipyridyl was added which forms a stable complex with Fe?*. To quantify the
concentration of this complex we have used the characteristic absorption band at 523 nm.
Measurements of concentrations of ferrous Fe and total Fe were made on the same solution

using UV/VIS spectrometer Zeiss Specord S10. Results are reported again in Table 1.



3. RESULTS

Four major phases are present in the run products: glass, clinopyroxene, spinel and
plagioclase (Table 2); in few run-products, minor amounts (<< 1 area%) of olivine,
orthopyroxene and melilite were also found. Run-products contain few mm-sized bubbles,
probably due to trapped air. On the other hand the total amount of pm-sized bubbles
dispersed in matrix glasses are always << 1 area%.

The textural features of each run-product in comparison to the duplicates are shown in
Figures 2a (E1-E2 experiments at 0.0167°C/min), 2b (S1-E3 experiments at 3 °C/min), and
2¢ (E4-E5 experiments at 30 °C/min). In Rigo melts, crystals were observed only at cooling
rates of 0.0167and 3 °C/min, with amounts ~ 1 area% and so these samples are not displayed
in Fig. 2. Crystal size and content progressively increases from Rigp to Bigo compositions for
a fixed cooling rate. In each bulk composition, a decrease in crystal content and average
crystal size, and a preference of dendritic shapes (Figures 2a, 2b and 2c) occur as cooling rate
increases.

The homogeneity of each run product was evaluated using the BSE images recorded in
different regions of the samples. Criteria for homogeneity are the fraction of phases
quantified by image analyses, as well as crystal size and shape evaluated qualitatively on
BSE images (Figures 2a, 2b and 2c). As a rough threshold we consider samples with standard
deviations of area% of phases < 4 as homogeneous (H) and those with higher variations as
inhomogeneous (IN). Using that criterion, the majority of run-products show a homogeneous
texture at the millimetre scale. Samples which are classified as inhomogeneous vary mainly
in plagioclase size and content. In sample BsRg from E1, some regions are free of
plagioclase while others have large fractions, resulting in a large variation of 20.0 + 12.6

area% (Table 2). As a consequence, the amount of glass largely change, i.e. 67.1 £ 10.9



area%. Sample BgoR4o from E1 also shows significant variation in plagioclase (40.4 = 7.2
area%) associated with variations in clinopyroxene and glass content (Table 2). The
homogeneity criterion describes the bulk of samples.

A slight enrichment in spinel content at the interface with the Pt capsule compared to
the bulk was sometimes but not always observed from Bio to BgoR4o compositions. It is not
clear whether the relatively higher abundance of spinel, that is a typical early-formed phase,
is due to chemical heterogeneities near the capsule wall or to preferred nucleation at the
melt/Pt interface (see below). In Table 2 experiments are discriminated with respect to spinel
enrichment at the melt/Pt interface by A (absent) or P (present). It is worth noting that only
the rim of few micrometers of run-products near the noble metal is affected by such
behaviour. Furthermore, an enrichment of phases was never observed around pm-sized
bubbles or at the melt/air interface. These interfaces do not act as preferential nucleation sites
in our experiments, in perfect agreement with the conclusion carried out by Mollo et al.
(2012a). On the other hand, early-formed spinel was sometimes observed to be surrounded by
clinopyroxene, i.e. in B4oRg melts from S1 and E3 (cooling rate of 3 °C/min), indicating that
heterogeneous nucleation of clinopyroxene plays a role in these experiments (Fig. 2b).

The textural reproducibility of experiments run under the same cooling rate, i.e. E1-E2,
S1-E3 and E4-E5, was evaluated by comparing area% of crystals, as well as the crystal size
and shape (Table 2 and Figures 2, 3, 4). A good reproducibility was found in the majority of
run-products solidified under the same cooling rate, with differences in crystal content < 4
area% (Table 2). However, the duplicated run-products BgoR4o and B4oRgp in the E1-E2 have
differences in crystal content of 6.1 and 13.6 area%, respectively, whereas the difference is
9.4 area% between the two run-products in E4-E5 (Table 2). The two B4oReo Samples largely
differ in plagioclase content (E1: 20.0 + 12.6 area%; E2: 2.3 + 1.2 area%). Considering the

inhomogeneity of the sample from E1, this observation points to a difficulty in plagioclase



nucleation, frequently observed in rapidly cooled basaltic melts (Del Gaudio et al., 2010;
Mollo et al., 2011). Crystallization problems of plagioclase are probably also the reason for
the poor reproducibility of the B1go Samples from E4-E5. Plagioclase is expected to as a stable
phase during cooling but was not formed at the high cooling rate of 30 °C/min (as well as at a

cooling rate 3 °C/min).

4. DISCUSSION

The run-products from S1-E3 give clear evidence that heat treatment for 2 hours at
1300°C is sufficient to remove any memory effect in rhyoltic to basaltic melts for the given
experimental conditions. However, a crucial question remains: what super heating conditions
are required to destroy specific sites for heterogeneous nucleation within the melt? One
possible issue is an incomplete structural (SRO: short range order) rearrangement inherited
by a silicate melt above its liquidus. The time scale t of structural re-equilibration

(relaxation) of silicate melts can be estimated by the Maxwell relation

G Q)
where 7 is the viscosity of the melt and G is the shear modulus; G varies by less than a
factor of ten with a mean value of 10 GPa (Dingwell and Webb, 1990; Moynihan, 1995;
Dingwell, 1995; Richet, 2002; Webb, 1997 and 2005). For a silicate melt, the measured
macroscopic (viscosity) relaxation reflects the exchange of Si among silicate species in the
melt. From a molecular perspective, relaxation of Si is the slowest of all cations in a silicate
liquid. This implies that other chemical species re-equilibrate faster than Si-bearing ones

(Stebbins, 1995; Webb, 1997 and 2005; Richet, 2002; Dingwell, 2006).



Using data from literature (Hess and Dingwell, 1996; Giordano and Dingwell, 2003;
Zhang et al., 2003; Misiti et al., 2009), the structural relaxation time was estimated
considering the water contents reported in Table 1 in the viscosity calculation. In Figure 5
and 6 data are plotted based on viscosity equations for rhyolite from Zhang et al. (2003) and
for Etna basalt from Giordano and Dingwell (2003). Computation of viscosity after Hess and
Dingwell (1996) for rhyolite and after Misiti et al. (2009) for Stromboli basalt agree within
0.2 log units with these calculations at the corresponding liquidus temperatures. Assuming G
=10 GPa, the time needed for complete relaxation at 1300 °C is 10™*° and 10 seconds for
B1oo and Rigo, respectively. Even at their respective liquidus temperatures z is low as 0.6
seconds for the rhyolite (1000 °C) and 10 seconds for the basalt (1200 °C). Relaxation times
for the other four melt compositions are intermediate. These estimates demonstrate that the
superheating effect cannot be ascribed to un-relaxed short range features “recorded” by a
silicate melt above its liquidus; in other words, the melt structure at the liquidus temperature
can be considered independent from the thermal-time path experienced at the superliquidus
region, even for extremely fast variations of temperature.

Another important factor that must be considered for the possible role of heat treatment
on successive crystallization behaviours is the presence of chemical inhomogeneities, distinct
phases in the melt, and differences between liquidus temperatures and superheating treatment
of the starting materials from 370 °C (B1oo) to 560 °C (R100). INhomogeneities can originate
from compositional variations already present within the starting glasses as well as from
surface contaminations of the glass fragments used in the experiments. Ghost boundaries
observed frequently in crystallization experiments, i.e. nucleation at the contacts of former
glass grains, can be explained by such chemical inhomogeneities (Roskovz et al., 2005). If
these inhomogeneities or distinct phases are soluble in the melt, the time and length scale of

re-homogenisation can be estimated from diffusivities of network forming cations such as Al



and Si. Diffusion coefficients for such species are correlated to viscosity by the Eyring

relationship (Chakraborty, 1995):

p,-XT @
A-

S

where D, is the diffusivity, k is the Boltzmann constant, T is the absolute temperature,
is the characteristic jumping distance (typically around 3 A in silicate melts), and 7 is the
viscosity. The diffusion length

x = 2Dyt ®)

can be considered as the minimum homogenisation distance in a melt within a time ft,
for a given diffusivity and, hence, given temperature T. Using the viscosity data calculated
for Bigo and Rigo end-member melt compositions (see before), we constructed a diagram
relating the diffusion length of the least mobile cations, i.e. Si and Al, with time and
temperature (Figure 6). A dwell time of 120 minutes at 1300 °C used for E3, as well as for
El, E2, E4 and E5 experiments, allow a re-homogenisation for Bigo and Rigp end-member
melts over distances of about 350 and 1.5 um, respectively (Figure 6). On the other hand, the
heat treatment of 30 minutes at 1400 °C and subsequent of 40 hours at 1300°C in the
experiment S1 will homogenize compositional variations in Bigg and Rigo liquids over about
1250 and 8 pum, respectively (Figure 6). The high reproducibility of run-products crystallised
in S1-E3 experiments demonstrates that possible presence of chemical heterogeneities within
rhyolitic melts are smaller than 2 pm. It is worth noting that we can expect marked
differences in the run-products when using a fine-grained glass powder as starting material,
i.e. a preferred nucleation at former contacts of glass grains.

The above considerations are restricted to heterogeneities which can be dissolved in the

melt. Insoluble particles or bubbles may survive even to long term annealing and may act as



heterogeneous nucleation sites (Dowty, 1980; Lofgren, 1980 and 1983; Davies and lhinger,
1998; Pupier et al., 2008; lezzi et al., 2008 and 2011). The physico-chemical state of the six
starting compositions at the end of the pre-heating were directly investigated after a dwell
time of 2 hours at 1300 °C (EO0) by rapidly quenching each sample in a water bath.
Spectroscopic, chemical and image analyses show: a) Fe**/Fe, between 0.34 and 0.45, b)
dissolved water amounts below 400 ppm (Table 1), c) absence of any solid (un-melted)
particles and d) an amount of << 1 area% of um-sized bubbles in the melt. Therefore, only
pm-sized bubbles could eventually act as heterogeneous sites in these melts, according to
former experimental results (Davis and Ihinger, 1998; Muller et al., 2000; Pupier et al., 2008;
Sycheva, 2009; Schiavi et al., 2010). However, we did not observe in our experiments a direct
and significant effect on crystal nucleation due to the presence of a low amount of pum-sized
bubbles in the melt. On the other hand, assuming that the very low amount of pm-sized
bubbles affect the initial nucleation of crystals, it is here possible to depict a general
conclusion; the high reproducibility of the corresponding run-products in the S1-E3
experiments demonstrates that this amount of um-sized bubbles after a long heat treatment
(S1) and after 120 minutes at 1300 °C (E3) are the same.

Our experimental observations on run-products from S1-E3, heat treated before cooling
as in our study (1300 °C per 120 minutes), agree with the pioneering conclusion by Gibb
(1974): “The extent to which this basaltic liquid can be supercooled without the
crystallization of plagioclase is independent of the time it is held above the liquidus or the
temperature in excess of the liquidus to which it is heated”. As concerns the possible effect of
the temperature difference between the liquidus temperature and the experimental starting
temperature, Tsuchyama (1983) shows that superheating effects on nucleation in the diopside-
anorthite system is lacking at about 40 °C above the liquidus (regardless the time duration), or

at any fixed superliquidus temperature and experimental duration longer than 45 minutes.



These experimental observations, reported by Tsuchyama (1983), suggest that the
“superheating effect” was related to kineticS necessary to eliminate foreign sites, possibly to
reduce as much as possible the amount of pum-sized bubbles. Results from Tsuchyama (1983)
have been recently corroborated by those from Mollo et al. (2012b). The authors have
investigated the cooling kinetics of a trachybasalt from Mt. Etna volcano (Sicily, Italy) whose
liquidus temperature is 1211 °C, at atmospheric pressure. Two different pre-heating
treatments were performed by using a superliquidus temperature of 1250 °C and 1400 °C (39
°C and 189 °C above the liquidus) for 30 and 180 minutes, respectively. Then the melt was
cooled under two different rates. By comparing run products, the authors did not observed
significant variations, for example, no delay of crystal nucleation and no change in phase
assemblage and phase proportion. Consequently, foreign sites that can induce crystal
nucleation did not survive to thermal pre-treatments. In this view, the present study extents
results from Tsuchyama (1983) and Mollo et al. (2012b) to a large range of melt
compositions, providing that ”’superheating effects” vanish over a time scale of at least to 2
hours.

A preferential crystallization of spinel near Pt substrata has been observed for all the
run-products with composition between Bigy and BgoRaso, wWhereas BgoRg and Rig
compositions are unaffected by the sample container (Table 2). This is consistent with
previous crystallization experiments indicating that SiO,-poor melts are more susceptible
than SiO,-rich melts to nucleate on sample holders, especially at low fO, conditions (Davis
and lhinger, 1998; Pupier et al., 2008; Swanson, 1977; Fenn, 1977; Couch, 2003; Martel and
Schmidt, 2003; lezzi et al., 2008; Mollo et al., 2012a). The higher tendency of the SiO,-poor,
Fe-rich liquids for a slight preferential crystallization of spinel on Pt substrata, as observed in
our run-products (Table 2), possibly relies on an enrichment of iron and its fast diffusion in

these melts driven by solubility of this element in Pt (especially at low fO, conditions) or by



heterogeneous nucleation on the Pt interface without a presence of an iron chemical gradient
towards the rim of run-products (Berkebile and Dowty, 1982; Lasaga, 1997; Zhang, 2008).
However, whatever the reasons for this experimental observation, the high homogeneity of
crystal distribution in the SiO-poor, Fe-rich sample charges (Table 2) indicates that only
small rim portions near the Pt walls for these run-products (Fig. 2) are affected by preferential
crystallization of spinels; in turn, the inner and intermediate portions of these run-products
nucleate homogeneously.

Only the BgoR4o and BRgo run-products from E1 show an inhomogeneous distribution
of crystals and both compositions are the lowest reproducible in the E1-E2 experiments
(Table 2). Additionally, the two Bigo run-products from E4-E5, albeit highly homogeneous,
are the least reproducible in clinopyroxene content with a difference of about 10 area%
(Table 2 and Figure 4). Hence, the homogeneous distribution of crystalline phases inside
sample charges is a necessary, although not sufficient, criterion to assess the reproducibility
of crystallization experiments. Now, the question is: why only these particular combinations
of melt composition and cooling rate are so sensitive to the crystallization path?

A theoretical background to explain this behaviour is provided by time-temperature-
transformation (TTT) diagrams. The TTT curves represent experimental products with a
certain degree of crystallization produced by annealing at constant temperature for various
times. If data are available for different degrees of crystallization, it is possible to correlate
the nucleation rate (1), degree of undercooling (AT), and induction time (z*), i.e. the time
required to initiate nucleation of a crystalline phase (Lasaga, 1997; Fokin et al., 2003). In
general, the nucleation rate of silicate melts can span ten to twenty orders of magnitude in a
1300-800 °C thermal range; moreover, the variation of nucleation rate progressively
increases when approaching to In.x (Lasaga, 1997; Fokin et al., 2003: Hersum and Marsh,

2006; Roskovz et al., 2006). The nucleation rate is close to its maximum value Iy.x When a



cooling rate intersects a TTT curve around its tip (Figure 7; Fokin et al., 2003; lezzi et al.,
2009). A graphical summary of these concepts is displayed in Figure 7 for SiO,-rich (in red)
and SiO,-poor (in blue) melts. Here, the TTT curves represent the onset of crystallization for
a given undercooling and time. The silica-rich melt may be either a pure melt or a residual
melt after partial crystallization, provided that heterogeneous nucleation on early-formed
crystals is negligible.

Using these schematic TTT curves, three general cases of high (H), intermediate (I) and
low (L) cooling rates can be distinguished. At the high cooling rate (H) the TTT curve is not
intersected for any of the melts under investigation and the melt solidifies to a glass. Based
on our experiments, this is the case for cooling rates >>30°C/min. At the intermediate
cooling rate (I) the TTT curves of SiO,-rich melts are still not touched while for the SiO,-
poor melt (for instance Bigo) the TTT curve is readily intersected. This is the case for a
cooling rate of 30 °C/min and, hence, it can be concluded that this rate is close to the critical
cooling rate (CCR) for Bigo. At slow cooling (L), i.e. 0.0167°C/min, for all melt compositions
the TTT curves are intersected due to the presence of crystals (Table 2 and Figures 2), but for
the most SiO,-rich composition only for short time. This rate corresponds to the CCR of a
melt such as Rig. As a function of the initial melt composition, the TTT curves can be
intersected at high temperature (small AT), i.e. significantly above the temperature of Iyax.
Under this condition, only few nuclei are formed and the growth rate is fast (Lasaga, 1997).
As a consequence the crystallized products are composed of early-formed large crystals. The
trend of increasing crystal size with decreasing cooling rate observed here (Fig. 2) is
consistent with this scenario.

By contrast, when a cooling rate intersects a TTT curve around its tip (Fig. 7), the
nucleation rate is close to Imax and even a small variation in the local temperature may have a

strong effect on the initial number of forming crystals (nuclei); this can explain the large



variation in abundance of small plagioclase crystals in BgoR4o and B4oReso run-products from
E1-E2. In these two duplicated experiments, after the crystallization of spinel and large
clinopyroxene as a result of the intersection of a cooling rate L with the TTT blue line above
Imax, the produced residual melt represented by the TTT red line can be intercepted around its
tip to produce plagioclase nuclei (Fig. 7). The number of nuclei will strongly depend on the
time for which the system remains within the TTT loop. The same is the case for the time
available for the crystal growth. Hence, large variation in crystal number and size can be the
result of small variations in cooling rate and melt composition (induced by small thermal
gradient) and, as a consequence, the reproducibility can be poor. A similar explanation is
plausible for the low reproducibility of E4-E5 run-products; in Figure 7 this is represented by
a cooling rate L that intercepts the blue line (B1oo) at its tip. In agreement, the comparison of
clinopyroxene in Bjgo run-products from E4-E5 and plagioclase in BgoR4o run-products from
E1-E2 evidence a low but detectable difference of the crystal number per area% (Figures 2a
and 2c), possibly related to the proposed scenario. An even more cogent difference in
plagioclase number density and amount is that of B4oRgo in E1 in comparison with E2 (Table
2); moreover, the BgoRs and BgoRgo run-products from E1 have an inhomogeneous
distribution of plagioclase (Table 2), which is indicative for the presence of a thermal
gradient when approaching the TTT curve of the residual melt (TTT red line in Figure 7). It is
also possible that some textural inhomogeneities are present in one of the two Bjg run-
products from E4-E5, but the very small size of these crystals prevents a direct inspection
(Fig. 2c). To summarise, the difference of clinopyroxene plus spinel crystallization in B
(from EA4-E5) reflects a situation depicted by an intermediate cooling rate that intercepts the
tip of a TTT curve of a SiO,-poor melt (Fig. 7), whereas the textural difference of lately
crystallized plagioclase microlites in BgoRs and BgRee samples (from E1-E2) is

schematically represented by a low cooling rate (black straight line named L in Figure 7).



5. CONCLUSIONS

The outcomes attained in this study and the open questions raised up from these results
can be summarized as follows:

1. a weak preferential nucleation at only few microns from the Pt substrate has been
observed for all the run-products with composition between Bigo and BgoR4o, Whereas
between B4oRgo and Rioo compositions the nucleation results are unaffected by Pt walls;

2. all the six bulk compositions cooled at identical rate, but run with a huge difference
in superheating path (S1-E3), are always reproducible as demonstrated by phase proportions;

3. depending on the bulk composition, some cooling conditions are more sensitive than
others to give less reproducible results;

4. due to the importance of the bubble size and the composition of trapped gas in
determining crystal nucleation, future experiments are necessary to better asses these aspects;

5. experimental TTT diagrams are of paramount importance to quantify the nucleation
rate and related induction time of chemically complex silicate melts;

6. results from solidification experiments can be appropriately interpreted and
compared among them only if dissolved H,O contents, bubbles and unmelted solid phase
amounts, as well as iron speciation are determined before inducing crystallization processes;

7. from basaltic to rhyolite melts the intrinsic ability to produce a glass (glass-forming
ability) is larger than 3 order of magnitudes (> 30 and < 0.0167 °C/min, respectively) (Fig.
3).

The experimental conditions used here are not directly relevant for many natural
processes since nearly anhydrous and extremely oxidised starting liquids are involved.

However, due to the similar effects of high temperature and long time in eliminating the



preferential nucleation sites above liquidus conditions, rationally we can infer that natural
silicate liquids superheated few °C above their liquidus from months to years would
minimize the number of heterogeneous sites showing a re-homogenisation process similar to
that observed in our silicate liquids (Fig. 6). Similar silicate liquids in natural environments

can be aphyric lavas and dikes at shallower crustal levels, for instance in mid-ocean ridges.
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TABLES

Table 1. Chemical compositions of the six glass starting materials.

Footnotes: major components are in weight %, H,O is in ppm, and density in g/cm®.
TAS refers to the classification scheme of Le Maitre et al. (2002); standard deviation are

reported in parentheses.

Table 2. Experimental conditions and textural features of run-products.

Footnotes. Area and sd data are in %; *: presence of small amounts (<1 area%) of
extraneous phases such as orthopyroxene, olivine and melilite; sd: standard deviation
computed on at least four representative BS-SEM images; H and IN indicate the
homogeneous and inhomogeneous distributions of crystals inside a run-product, respectively;
LP and A indicate a low preferential nucleation (mainly for sp) and the absence of
preferential nucleation on Pt-capsules, respectively; cpx, sp, plg and min refer to:

clinopyroxene, spinel and plagioclase and minutes, respectively.



FIGURE CAPTIONS

Fig. 1. Schematic thermal paths used in this study; it has been especially drawn to
highlight the different heat treatment of the experiment S1(red path) compared with E1, E2,
E3, E4 and E5 (blue path) before cooling. The liquidus temperatures of Bigy and Rigo end-

member melt compositions are also reported.

Fig. 2. Comparisons of textural features by means of back-scattered FE-SEM images;
duplicated run-products, i.e. same starting composition and cooled with the same cooling
rate, are compared at the same magnifications. Rigo run-products are not shown because are
almost glassy, i.e. crystal content <1 area%. a) The E1-E2 duplicated run-products solidified
from Bigo, BsoR20 and ByoRgp Starting compositions show similar textural features, whereas
BsoR4o and ByoReo exhibit similar textures for spinel and clinopyroxene but different for
plagioclase. b) The S1-E3 run-products show similar textural features, albeit their different
heat treatments before the cooling rate of 3 °C/min. c) The two duplicated Bigo run-products

from E4-E5 show similar textural features.

Fig. 3. Comparison of the crystal content (area%) for the experiments E1-E2 (left), S1-
E3 (central) and E4-E5 (right). In the limit of their standard deviations, only B1go from E4-E5,

BsoR4o from E1-E2 and B4oReo from E1-E2 differ in the crystal content (see also Table 2).

Fig. 4. Comparisons of clinopyroxene plus spinel content (area%) for duplicated run-
products from E1-E2 (left), S1-E3 (central) and E4-E5 (right) experiments. In the limit of
their standard deviations, only the duplicated Bigo run-products from E4-E5 have different

crystal contents (see also Table 2).



Fig. 5. Relaxation times computed via the Maxwell relation (see text) for Bioo (blue
line) and Ripo (red line) end-member melts as a function of temperature; the liquidus

temperatures of these two melts are also indicated.

Fig. 6. Diagram of the minimum diffusion length vs time for different temperatures,
constructed by the use of the Eyring relationship (see text). The blue and red lines correspond

with Bigo and Rigp melts, respectively.

Fig.7. Schematic temperature—time-transformation (TTT) diagrams for hypothetical
silicate melts. The red curve represents a silica-rich melt and the blue curve a silica-poor
melt. Tpiq: liquidus temperature, Ima: maximum nucleation rate, H: high cooling rate, I

intermediate cooling rate and L: low cooling rate.
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TABLES

Table 1. Chemical compositions of the six glass starting materials.

label SiO, TiO, Al,0; Fe,0; MnO MgO CaO Na,0 K,O0 P,0s total H,O Fe2+/Fetotdensity TAS

48.02 098 1559 11.37 0.18 9.42 13.20 1.79 0.04 0.06 100.65 53
%" (0.40) (0.08) (0.19) (0.25) (0.04) (0.11) (0.14) (0.05) (0.01) (0.02) (0.67) (13)

o p 5301 080 1499 9.49 015 7.58 1079 218 102 0,02 10004 157
8729 (0.30) (0.06) (0.12) (0.17) (0.04) (0.10) (0.16) (0.07) (0.03) (0.02) (0.36) (7)

5 5797 065 1462 773 013 581 846 259 199 004 9999 204
%0749 (0.44) (0.06) (0.27) (0.16) (0.03) (0.08) (0.13) (0.07) (0.05) (0.02) (0.46) (8)

o p 6273 046 1405 602 012 401 607 295 302 0.02 9945 238
07 (0.54) (0.05) (0.17) (0.15) (0.04) (0.05) (0.14) (0.07) (0.04) (0.02) (0.73) (4)

5 6791 029 1350 410 011 218 363 329 399 002 9910 334
2079 (0.38) (0.05) (0.21) (0.20) (0.03) (0.09) (0.13) (0.07) (0.06) (0.02) (0.36) (20)

o 7397 012 1348 229 008 044 136 375 489 003 10041 250
% (0.67) (0.06) (0.17) (0.16) (0.05)(0.05) (0.08) (0.17) (0.08) (0.02) (0.84) (85)

0.387 -

0.385
(0.02)
0.458-
0.440
(0.02)
0.438-
0.430
(0.02)
0.416-
0.412
(0.02)
0.437-
0.412
(0.04)
0.340-
0.344
(0.02)

2.757 basalt

basaltic

2.672 .
andesite

2.600 andesite

2.525 andesite

2.454 dacite

2.368 rhyolite

Footnotes: major components are in weight %, H,O is in ppm, and density in g/cm®.
TAS refers to the classification scheme of Le Maitre et al. (2002); standard deviation are

reported in parentheses



Table 2. Experimental conditions and textural features of run-products.

experimental labels
heating rate (°C/min)

dwell temperature (°C)

Dwell time (min)
cooling rate (°C/min)
quenching temperature
(°C)
textural
features
phases

duplicated run-products

different heat treatment

41

duplicated run-
products

E4
7

1300

120
30

800

H, LP

area sd

E5
7

1300

120
30

800

H, LP

area sd

BlOO

BSORZO

BGOR40

BaoReo

BZORSO

R100

cpX
sp
plg
glass
crystals
textural
features
phases
cpX
sp
plg
glass
crystals
textural
features
phases
cpX
sp
plg
glass
crystals
textural
features
phases
CpX
sp
plg
glass
crystals
textural
features
phases
cpX
sp
plg
glass
crystals
textural
features
phases

El
7
1300
120
0,0167
800
H, LP
area sd
36.3 3.9
4.5 1.8
59.2 4.0
0.0 0.0
100.0 0.0
H, P
area sd
26.2 0.2
1.0 0.6
488 3.9
240 3.8
76.0 3.8
H, P
area sd
215 6.0
1.8 1.0
40.4 7.2
36.3 6.6
63.7 6.7
IN, A
area sd
114 4.3
15 0.9
20 12.6
67.1 10.9
329 10.9
IN, P
area sd
8.4 1.4
0.3 0.1
0.0 0.0
913 14
8.7 0.4
H, A
area sd

E2
7
1300
120
0,0167
800
H, LP
area sd
36.2 3.8
2.4 14
614 3.9
00 0.0
100.0 0.0
H, P
area sd
243 1.9
33 1.0
50.2 4.0
223 25
777 25
H, P
area sd
17.3 4.0
21 07
382 42
424 3.8
576 3.9
H, A
area sd
15.7 3.7
13 04
23 1.2
80.7 3.3
19.3 3.3
H, A
area sd
100 2.0
1.7 1.5
00 0.0
883 27
11.7 27
H, A
area sd

S1
7
51400 -
1300
530 - 2400
3
800
H, LP
area sd
56.4 5.0
40 - 2.3*
0.0 0.0
396 28
60.4 2.8
H, P
area sd
47.3 3.4
1.2 0.8
0.0 0.0
515 2.6
48.5 2.6
H, A
area sd
303 1.9
3.0 1.0
0.0 0.0
67.7 2.8
333 3.0
H, A
area sd
3.3 2.9
0.3 0.3
0.0 0.0
96.4 3.3
3.6 3.3
H, A
area sd
0.0 0.0
0.6 0.2
0.0 0.0
994 0.3
0.6 0.3
H, A
area sd

E3
7
1300
120
3
800
H, LP
area sd
51.2 1.4
54 1.2*
0.0 0.0
43.3 1.6
56.7 1.6
H, P
area sd
459 1.9
2.6 1.4
0.0 0.0
51.6 1.3
48.2 2.1
H, P
area sd
28.5 2.7
1.4 1.2
0.0 0.0
70.3 4.0
29.7 3.8
H, A
area sd
3.4 1.9
0.4 0.3
0.0 0.0
96.2 2.3
3.8 2.2
H, A
area sd
0.0 0.0
0.2 0.1
0.0 0.0
99.8 0.2
0.2 0.1
H, A
area sd

53.3
3.0
0.0

43.7

56.3

2.2
0.7
0.0
2.3
2.6

61.0
4.7
0.0

34.3
65.7

2.0
1.2
0.0
2.0
2.1
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cpX 060 00 00 00 00 00 00 0.0
sp 15 02 10 02 00 00 00 0.0
plg 060 00 00 00 00 00 00 0.0
glass 985 05 990 0.6 1000 0.0 100.0 100.0
crystals 15 02 10 02 00 00 00 0.0

Footnotes. Area and sd data are in %; *: presence of small amounts (<1 area%) of extraneous phases such
as orthopyroxene, olivine and melilite; sd: standard deviation computed on at least four representative BS-SEM
images; H and IN indicate the homogeneous and inhomogeneous distributions of crystals inside a run-product,
respectively; LP and A indicate a low preferential nucleation (mainly for sp) and the absence of preferential
nucleation on Pt-capsules, respectively; cpx, sp, plg and min refer to: clinopyroxene, spinel and plagioclase and
minutes, respectively.
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Highlights

constraints for the interpretation of dynamic solidification experiments
interpretation of the superheating effect on successive nucleation features
reproducibility of textures in dynamic cooling experiments

intrinsic nucleation and solidification properties of natural silicate melts
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