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ARTICLE INFO ABSTRACT

Editor: Claudia Romano Crystal-chemical variations of pyroxene (px) and plagioclase (plg) have been analysed by X-ray electron-
microprobe (EPMA) mapping to quantify their actual chemical dispersions. These phases were experimentally

Keywords: crystallised from a basaltic liquid (B;gp, MORB from Iceland) at cooling rates of 1, 7, 60 and 180 °C/h from

aneFics 1300 °C down to 800 °C. Experiments were run at ambient conditions applying defined temperature paths

Cooling rate mirroring characteristic cooling rates from innermost to outermost portions of metre- to centimetre-thick lavas,

Basalt . . . cs . .

Pyroxene dikes and bombs emplaced under submarine to subaerial conditions. As the cooling rate increases from 1 to

Plagioclase 180 °C/h, the run-products become progressively enriched in pyroxene and depleted in plagioclase, while spinel

is invariably low (few area%) and glass is significant only at 180 °C/h. An increase of cooling rate generally leads
to enrichment of Al;O3 and depletion of MgO in px, while the opposite behaviour is observed for plg; these trends
are mirrored by calculated cations (apfu: atom per formula unit) and components. Average variations as a
function of cooling rate are similar to those already observed through classical analysis performed by single point
EPMA. However, the actual chemical distributions of CaO versus MgO, Al,O3 and FeO'"" oxides unveil the
presence of a wider range in pyroxene chemistry. In particular, one px (px-1, CaO-rich, diopsidic type) is present
at all the applied cooling rates; a very low CaO-px (px-2, pigeonite or orthopyroxene type) is detected at 1 °C/h;
and, finally, once more population of px (px-3, CaO-poor diopsidic type) appears at 60 and 180 °C/h. By contrast,
plg analyses yield invariably identical compositions. Textural variations as a function of cooling rate and geo-
thermometric estimations indicate that px-1 crystallised at high-T (or low AT), while plg mainly grew in the
residual melt produced by the saturation of px. If only textures were evaluated, this order of segregation would
like remain unrecognised since px at low cooling rates is smaller than plg. The abundance of phases, their crystal-
chemical features, and their order of segregation can be regarded through a theoretical framework of a time-
temperature-transformation (TTT) diagram. The most significant chemical variations are displayed by MgO
and Al;O3 for both px and plg, which faithfully capture the evolution of cooling conditions. The chemical
compositions of px-1 is close to the thermodynamic equilibrium only at 1 °C/h. As the cooling rates increase, the
px chemistry indicates disequilibrium conditions. Finally, this study shows that as AT/At increases, the most
abundant px (px-1) and plg are forced towards compositions that become progressively closer to those of the
parental liquid.
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1. Introduction

Over the last few decades experimental studies have demonstrated
that crystal-chemical and textural characteristics of minerals grown in
the laboratory are able to record kinetic effects induced by variable
cooling rate (AT/At) or, in HpO-bearing systems, degassing-induced
decompression (AP/At) rates (e.g., Hammer, 2006, 2008; Lofgren
et al., 2006; lezzi et al., 2008, 2011; Fiege et al., 2015; Mollo and
Hammer, 2017; Giuliani et al., 2020a, 2020b, Giuliani et al., 2021,
Giuliani et al., 2022; and references therein). The same kinetic effects
are observed in volcanic rocks from outermost (rapidly chilled) to
innermost (slowly cooled) portions of lavas (Hekinian et al., 2008;
Lanzafame et al., 2013, 2022; McCarthy et al., 2023) or dikes (Ujike,
1982; Chistyakova and Latypov, 2009; Mollo et al., 2011; Lanzafame
et al., 2017; Di Fiore et al., 2023), and during the processes of slow to
rapid decompression-induced degassing experienced by hydrated
magmas during their ascent in volcanic conduits (Loomis and Welber,
1982; Putirka, 2008; Cassidy et al., 2018; Kolzenburg et al., 2020; Di
Fiore et al., 2022). It is thus important to thoroughly quantify these
relationships in laboratory to i) obtain experimental and theoretical
tools enabling the interpretation and reconstruction of solidification
paths experienced by volcanic rocks and to ii) establish the degree of
departure from the equilibrium conditions of crystallisation (Baker and
Grove, 1985; Putirka, 2008; Del Gaudio et al., 2010; Mollo et al., 2010,
2011).

The kinetic effects induced by variable cooling rates are relevant for
the most abundant eruptions on Earth, i.e., the effusive emplacement of
tholeiitic and almost anhydrous basaltic lavas under occasionally sub-
aerial but mainly submarine conditions (e.g., Crisp, 1984; Soule, 2015;
McCarthy et al., 2023). In basaltic lavas, pyroxene (px) and plagioclase
(plg) are typically the most abundant crystalline phases (Deer et al.,
1992; Vetere et al., 2015) and thus prone to register variations in cooling
paths followed in response to heat release from such liquids during their
solidification. For an ideal basaltic liquid slice, the AT/At range depends
on its thickness, thermal state, and type and temperature of the sur-
rounding medium (air, seawater, country rocks); AT/At decreases from
the outer portions of the liquid that are close to the contact with the
surrounding medium, towards its inner portions (Vetere et al., 2015).

The importance of AT/At on crystal-chemical and textural features of
crystallising plg and px in basaltic liquids prompted several studies (e.g.,
Baker and Grove, 1985; Del Gaudio et al., 2010; Mollo et al., 2010, 2011,
2013; Vetere et al., 2015; Giuliani et al., 2020a, 2020b, Giuliani et al.,
2022). All of them highlight that progressively higher AT/At leads to
greater degrees of disequilibrium crystallisation marked by a concomitant
enrichment of nominal incompatible elements in the mineral phases
(Lofgren et al., 2006; Hammer, 2008; Mollo and Hammer, 2017; Giu-
liani et al., 2022). Laboratory experiments have shown that high AT/At
rates lead to an increase of "Al, M!Al and Na* in px, while Ca®* and Mg?*
are depleted (Mollo et al., 2010, 2011, 2013; Giuliani et al., 2022). This
corresponds to a decrease of the diopsidic component (Di: MzCaMlMgT’
Sio0g) counterbalanced by an increase of the Tschermak (CaTs:
MzCaMlAlTSiTA106), CaFe-Tschermak (CaFeTs: MzCaMlFe3+TSiTFe3+06)
and jadeitic (Jd: MzNaMlAlTSi206) components. However, some differ-
ences in the crystal-chemistry of px are also observed as a function of the
bulk alkalinity, i.e., alkaline (Mollo et al., 2010) versus sub-alkaline
(Giuliani et al., 2022) basaltic systems.

With increasing cooling rates, experimental data on the alkaline
basalts erupted at Mt. Etna have shown enrichments in Ti, Al, Fe3T, Mg
and Ca in plg corresponding to an increase of anorthite (An: MCa-
TA1ZSi,0g) and a decrease of albite (Ab: MNaTAI'Si30g) and orthoclase
(Or: MKTAITSigog) components (Mollo et al., 2011). On the other hand,
plg crystallised from tholeiitic melts displays less pronounced or even
opposite behaviours (Giuliani et al., 2022). Overall, these findings are
corroborated by investigations on submarine tholeiitic basaltic flows
conducted by McCarthy et al. (2023). They document that px in rapidly
cooled basaltic portions are in fact characterised by enrichments of Ti, Al
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and Na as well as the trace elements Y, V, Ce, Zr, and Sr, and plg becomes
more enriched in An content, FeO and MgO with increasing cooling
rates.

Thus, px and plg are sensitive to kinetic effects such those imposed by
variable AT/At. These effects need to be better characterised in detail,
because these two crystalline phases are by far the most used in petro-
logical modelling (e.g., Putirka, 1999, 2008; Neave and Putirka, 2017).
Furthermore, it should be considered that subjective punctual (or linear)
selection of micro-chemical measurements through Electron Probe
Microanalysis (EPMA) are able to unveil only part of the chemical var-
iations of phases from experimental charges or natural rocks.
Conversely, X-ray micro-chemical EPMA maps are able to capture the
entire chemical distribution of major oxides or cations (lezzi et al., 2014;
Higgins et al., 2021; McCarthy et al., 2023; Wieser et al., 2023). Thus,
the present study re-investigates through EPMA maps both px and plg
grown in four experimental charges solidified from a tholeiitic mid-
ocean ridge basaltic liquid. Experiments were performed by following
a well-defined cooling path from 1300 °C down to 800 °C (quenching),
imposing AT/At of 1 (3 weeks), 7 (3 days), 60 (~ 8 h) and 180 (~ 3 h)
°C/h, at air P and fO, (Vetere et al., 2015; Giuliani et al., 2020a, 2020b;
Giuliani et al., 2022). The new enlarged dataset fully unveils all the
chemical features of px and plg as a function of AT/At. The results ob-
tained here serve as a basis for future studies using the same AT/At but
at conditions of progressively lower fO, and higher P (H;O-free and
-bearing), more silicic bulk systems, as well as for px and plg grown in
response to crystallisation through decompression-induced degassing
(AP/At for HyO-bearing systems).

2. Materials and methods

X-ray EPMA mapping was carried out on four run products solidified
from dynamic experiments performed by Vetere et al. (2013, 2015),
starting from the same tholeiitic liquid labelled B;oo. The starting Bigo
glass composition was prepared using the USGS Icelandic mid-ocean
ridge basalt. It was melted two times at 1600 °C for 4 h, under atmo-
spheric P and fO, (Vetere et al., 2013, 2015). The bulk composition of
the starting Bygo glass is (wt%) SiOz: 47.3(0.5), TiO2: 1.0(0.0), Al;Os:
15.4(0.1), Fe0™": 10.2(0.0), MnO: 0.2(0.1), MgO: 9.4(0.2), CaO: 12.8
(0.2), Nay0: 1.9(0.1), K50: 0.1(0.0), while H20 is 53 ppm and the Fe’t/
Fe3* ratio is 0.386 (Vetere et al., 2015; Giuliani et al., 2022). Four run-
products were then assembled by loading about 50 mg of By glass into
Pt tubes. Subsequently, the sample charges were heated up to 1300 °C,
kept at this temperature for 2 h and then cooled down to 800 °C along
four AT/Atpaths of 1,7, 60 and 180 °C/h at air P and fO,. The quenched
charges were recovered, embedded in epoxy, ground flat, polished, and
carbon-coated for acquiring micro-chemical EPMA maps.

X-ray EPMA-WDS maps were acquired using the electron probe
micro-analyser JEOL-JXA8200, combining EDS-WDS (equipped with
five wavelength dispersive spectrometers with 12 crystals), installed at
the HP-HT Laboratory of Experimental Volcanology and Geophysics of
the Instituto Nazionale di Geofisica e Vulcanologia in Roma (Italy). The
analytical strategy was set following previous studies performed on
similar experimental charges with comparable textures of crystalline
phases (Iezzi et al., 2014), as well as on the same run-products charac-
terised with classical single EPMA analytical point (Giuliani et al.,
2022). Each analytical point in the EPMA maps was acquired under
vacuum using a focused electron beam with a diameter of <2 pm, an
accelerating voltage of 15 kV, and an electric current of 10 nA. The dwell
time per pixel was 120 msec, for total acquisition times between 18 h 40
min and 22 h 33 min. X-ray EPMA-WDS chemical maps were obtained
by stage rastering, keeping the electron beam stationary while the stage
was moved. Each collected EPMA point analysis was acquired with
constant distance in each run-product at a resolution between 1 and 2
pm on run-product portions with areas between 0.25 and 1 mm?
(Table 1).

A linear off-peak correction was used with each pixel scanned per
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Table 1
Analytical conditions of chemical maps and textural attributes of px and plg.
Sample label ~ Cooling rate (°C/h)  Phase assemblage Map area (mm?)  Distance between adjacent analytical points Number of Area%"
(pm) reliable single
analytical point
px plg px plg
33.5 61.7
El 1 plg + px + sp 0.68 1.7 8850 9763 3.9) (5.0)
34.8 61.6
E7 7 plg + px + sp 1.00 2.0 9549 7064 (.6) )
47.0 46.1
E60 60 plg + px + sp 0.25 1.0 12402 3163 .7 24)
51.2
E180 180 px + plg + sp. + glass  0.25 1.0 33440 219 1.4) -

# The abundance of px and plg are from Giuliani et al. (2022).

element corresponding to a full quantitative analysis, attained by cor-
recting the intensity of each analytical point for background, k factors
and matrix effects. The used JEOL software permitted to export point
analyses for each map on the basis of x-y coordinates. The reliability of
chemical compositions obtained with EPMA maps was checked by
analysing 10 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 <1 wt% for all oxides. Thus,
each point analysis or pixel of an EPMA map represents a fully quanti-
tative determination of the major oxide components (Fig. 1S).

Multistep data screening was performed on the acquired data. First,
we retained only the EPMA analyses having totals between 97.5 and
102.5 wt%. The second step of screening was based on the amounts of
major elements and calculated cations (atom per formula unit, apfu)
estimated for the pure phases of plg and px (Deer et al., 1992) and those
estimated previously in the same run products (Giuliani et al., 2022) and
from other experimental studies (Mollo et al., 2010, 2011). Cations,
ferric and ferrous speciation and components (mol%) of plg and px
phases were computed from measured major oxide elements (wt%) to
satisfy charge balance and typical cation occupations of crystallographic
sites by si*t, Ti**, AT, Fe®*, Fe?, Mg2+, Ca?", K* and Na'. The
crystal-chemical formulas of px and plg were calculated on the basis of 6
and 8 oxygens respectively (Deer et al., 1992, 2001; Morimoto, 1988).
This approach corresponds to M2(Na,Ca,Fe? Mg)M!(Mg,Fe?t,Fe3* Al
Ti*MT(ALSi, Ti*"),06 for px (M2- and M1-sites hosting the large and
lowly charged cations with a 8 and 6 coordination, respectively) and to
M(K,Na,Ca,Mg)"(Fe3*,Al,Si)40g for plg. Only analytical points of px with
both T-site and M1, 2-sites occupied by 2 + 0.1 apfu and plg with T-site
with 4 & 0.2 apfu are considered in the following sections.

3. Results

The complete description of textural features of the four run-
products is reported in previous studies (Vetere et al., 2015; Giuliani
etal., 2020a, 2020b). A summary is provided through the back-scattered
SEM micro-photographs displayed in Fig. 1S. In brief, run-products are
characterised by the crystallisation of plg, px, sp. (spinel) and glass, plus
a low amount of melilite in some run-products. According to these
previous studies, px and sp. are ubiquitous in these run products, plg
nucleates only at cooling rates <180 °C/h and glass is significant only at
180 °C/h (Giuliani et al., 2020a, 2022). Sp range between 3.6 and 5.4
area%, plg is the most abundant crystal in experiments performed at 1
and 7 °C/h (61.7 and 61.6 area%), then decreases at 60 °C/h (46.1 area
%) and was not detected as the cooling rate approached 180 °C/h;
finally, px increases from 33.5 to 51.2 area% progressively as the cooling
rate increased from 1 to 180 °C/h (Table 1; Vetere et al., 2015; Giuliani
et al., 2020a).

Generally, crystal size decreases and crystal number density (per
area) increases from 1 to 180 °C/h, while the shape of crystals changes
from faceted to dendritic between 60 and 180 °C/h (Fig. 1S; Vetere et al.,

2015; Giuliani et al., 2020a). The numbers of microchemical de-
terminations attained here using EPMA maps is on the order of a few
tens of thousands for px to several thousands for plg (hundreds for run
products at 180 °C/h; Table 1). Interestingly, plg was not detected in
previous studies at 180 °C/h, but the EPMA maps collected here unveil
its presence (see below).

3.1. Compositional variation of px

Fig. 1 plots px major oxides versus SiO,, displaying extremely vari-
able composition of px in all run products. As AT/At increases, the range
of SiO, shrinks and decreases (42-60 vs 40-55 wt%), TiO, varies from
0 to 4 wt%, AloO3 moves towards slightly higher amounts (0-25 vs 5-25
wt%), the FeO™" range increases and shifts to higher values (0-20 vs
5-30 wt%), by contrast the MgO range shifts to lower values (5-40 vs
0-20 wt%), the CaO range narrows slightly (0-25 vs 2-25 wt%) and
NayO varies from 0 to 6 wt% (Fig. 1). MnO and K0 do not display
significant changes, varying between 0 and 1 wt%. At low cooling rates
(1 and 7 °C/h) the presence of two clusters for MgO (10-20 and 30-40
wt%) and CaO (<5 and 15-25 wt%) is observed, suggesting the coex-
istence of two types of px. The concurrency of MgO-rich and CaO-poor
px populations suggests the presence of enstatite-type orthopyroxene
or pigeonite (see below). Additionally, FeO™" and Al,O3 at low cooling
rate appear to decrease as SiO increases. The average composition of
analytical point clouds of SiOj, AlyO3, MgO and CaO progressively
converge towards the starting composition as AT/At increases (Fig. 1).
These data are reported in Table 1S.

The variations of cations as a function of Si*" and AT/At show
similar features as outlined by Giuliani et al. (2022), but here, it is
possible to discriminate the amount of Al in T- and M1-sites, as well as of
Fe®* and Fe?t in M-sites (Fig. 2S). The increase of AT/At does not affect
Ti and Na; TAl displays a perfect linear anti-correlation with Si**, sug-
gesting that they are the unique cations in the tetrahedral site, "' Al and
MIEe3+ slightly expand their compositional ranges, MFe?" markedly in-
creases its range, M2Ca slightly contracts and MMg shrinks and also shifts
to low apfu amounts (Fig. 2S). The large number of analytical points
fully reveal the actual intra- (into a single crystal) and inter-crystalline
(among crystals of the same phase) chemical compositions of px. The
abundance of each single cation is reported in Fig. 3S. The increase of
AT/At results in a depletion of Si** counterbalanced by an enrichment
of Al in the tetrahedral site, the amounts of the Al"" and M'Al also in-
crease from 0.1 to 0.2 to 0.3-0.4 and from 0.1 to 0.2-0.3 apfu, respec-
tively (Fig. 3S). The Fe3* and Fe?* cations follow complex and non-
monotonic trends, Mg and Ca cations somewhat decrease, with Ca
showing two peaks at 60 °C/h, and Na slightly increases (Fig. 3S).
Importantly, at 1 °C/h, the Mg apfu shows an additional small peak
around 1.6-1.8 apfu (Fig. 3S).
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Fig. 1. Chemical variations of major oxides (wt%) in px as a function of SiO, content and AT/At. Yellow star (left column) is the starting B, oo melt composition. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.2. Compositional variation of plg

Similar to px, the micro-chemical measurements of plg are also
complex, with significant inter- and intra-crystalline variations of oxides
(Fig. 2). The increase of AT/At induces a narrowing of the interval of all
the major oxides and a general decrease of Al,O3 and CaO, counter-
balanced by an increase of SiO and NayO (Fig. 2). Plg obtained at 1 and
7 °C/h has similar CaO (0-20 wt%) and Aly03 (17-35 wt%) ranges. A
general increase is also shown by FeO and even more pronounced by
MgO as AT/At increases; in detail, MgO displays a tail of compositions
between 1 and 7 °C/h (Fig. 2). The amount of K>0 remains very low (<

1 wt%).

These features are mirrored by calculated cations as a function of
AT/At, with general contractions of the interval of Si, Al, Ca (except at
7 °C/h) and Na (except at 7 °C/h) ranges, whereas the ranges of Fe3t and
Mg remain constant between 1 and 60 °C/h and decrease between 60
and 180 °C/h (Fig. 4S). As for px, the very large amount of EPMA
analytical points constrains the compositional variability of plg, but the
most frequent cation abundance can be observed only through a fre-
quency diagram with class size of 0.1 apfu (Fig. 5S). The tetrahedral site
of plg is occupied mainly by Si** and A1**, and they show an opposite
behaviour from 1 to 180 °C/h, with a global, but scattered, increase of



E. Gennaro et al.

Chemical Geology 640 (2023) 121752

E1-1°C/h E7-7°C/h E60-60 °C/h E180 - 180 °C/h
9763 points 7064 points 3163 points 219 points
50 60 70 50 60 70 50 60 70 50 60 70
14 1 1 1 1 1 1 1 1 1 1 1 1 14
. - 12
. - 10
2, L L 8
Y - - 6
< - *# - 4
. - 2
I- . T T I- O
. - 20
@] - - 15
S . ”‘% L 10
. -5
— T T — 0
1 1 1 1 5
| e L,
0 -4 B |
) - v L 2
= o,
- -1
- -0
I_ _ 1 1 I_ 10
- . - 8
ke) - g - 6
%o
3 TR Y
PN B - - e - - 2
0_ T T I_ L T T T L T T I_ L T xl I_ 0
40 1 1 1 1 1 1 1 1 1 1 1 1 40
35 o -1 o . - 35
6’ 30 | - 1 5 - - 30
N
z 257 -1 A . - - 25
20 S . - % - 20
15_ T T T T T T T T T T 15
70 50 60 70 50 60 70 50 60 70

SiOg

Fig. 2. Chemical variations of major oxides (wt%) in plg as function of SiO, content and AT/At. Yellow star (left column) refers to the By starting melt composition.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Si*" and decrease of AI*t; Fe3" contributes to achieving the ideal
amount of 4 cations in the T-site (Table 2S). Similarly, Ca®>* and Na™
follow opposite trends coupled to AI** and Si**, respectively; the more
abundant cation Ca?" decreases from 0.8 to 0.5 apfu, while Na* in-
creases from 0.2 to 0.5 apfu as AT/At increases from 1 to 180 °C/h
(Fig. 5S).

3.3. Px and plg components

Px compositions reveal that Di is the most abundant pole and
monotonically decreases as AT/At increases, En slightly decreases but
with a more scattered trend, whereas CaTs increases (Table 1S). Plg
crystals from the four experimental charges exhibit an anorthite content
of 47 to 72 mol% that decreases as the cooling rate increases, balanced
by the albite content; the amount of orthoclase remains extremely low
(Table 2S).

4. Discussion
4.1. EPMA single spots versus automatic maps

Comparison between single point EPMA analyses and data extracted
from chemical maps is performed in terms of MIA] TAlL Fe?t and Fe3*t
cations to evaluate crystal compositional changes. Cations from EPMA
chemical maps reveal a major variability (standard deviation) in the plg
and px compositions (Figs. 3 and 4) with some exceptions. For px,
average abundances of Mg?", Fe?™ and Al"" overlap between both
methods, but the variability is always larger for the EPMA maps,
whereas Ca?t, Fe3*, TAl and Si** are systematically lower and M!Al is
more abundant when extracted from chemical maps (Fig. 3). For plg, the
main differences between the two datasets are for Na at 1 °C/h, Ca and Si
at 7 °C/h and Al at 1 and 7 °C/h (Fig. 4). Notably, the few and tiny plg
crystals at 180 °C/h have been detected by chemical mapping, allowing
to further expand the plg phase stability as a function of AT/At.
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Fig. 3. Comparisons of average cations (apfu) in px from chemical mapping as a function of cooling rate obtained here by chemical maps (black circles) versus those
obtained by single point analyses (red crosses, Giuliani et al., 2022). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

4.2. Chemical variability of px and plg detected by EPMA mapping

Usually, in the absence of chemical maps, crystal compositional
variations are commonly included in the associated standard deviations
of average values retrieved by single analytical EPMA points or profiles
(lezzi et al., 2014; Cheng et al., 2017; Probst et al., 2018; Higgins et al.,
2021).

To unveil the actual crystal-chemical dispersions displayed by px and
plg, grids or heat maps of oxides (considering a step of 1 wt%) have been
constructed for the chemical oxides with the largest variations, i.e. CaO
vs Al,03, FeO™ and MgO (Fig. 5; Tables 1S and 2S). The heat maps
represent the relative abundance of each px and plg oxide, also
compared with the starting B1 o liquid (Fig. 5). To have a comprehensive

view, the alpaMELTS software package was used to calculate the theo-
retical equilibrium px and plg compositions at 800 °C. Briefly, the
alphaMELTS (V. 1.9) software provides a simple text-based interface to
subroutine versions of the MELTS algorithm (Asimow and Ghiorso,
1998, Smith and Asimow, 2005, Ghiorso et al., 2002, Ghiorso and Sack,
1991) and allows us to calculate equilibrium assemblages along a ther-
modynamic path (for details please refer to: http://melts.ofm-research.
org/ and https://magmasource.caltech.edu/forum/).

One significant result displayed by heat maps is observed at 1 °C/h,
where two px are present (px-1 and px-2); the first and most abundant is
enriched in CaO (px-1), the less common is a CaO-, FeO- and Al;O3-poor
and MgO-rich mineral (px-2) (Fig. 5). This confirms the frequency dis-
tribution of single Ca and Mg cations shown in Fig. 3S. The MgO-rich px
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was undetected in the previous study (Giuliani et al., 2022) and explains
the observed difference in the average Mg cation at 1 °C/h (Fig. 3). The
MgO-rich px contains low amounts of CaO and Al,O3 with average
values close to 3 wt% (calculated for all crystals with CaO < 10 wt%),
whilst MgO and FeO™ averaged around 32 and 5 wt%, respectively
(Table 1S). These chemical compositions may correspond to ortho-
rhombic enstatite, monoclinic clinoenstatite or a low-CaO pigeonite
(Deer et al., 1997). Since the actual distinction between orthorhombic
and monoclinic chain-silicates require diffraction data (Tribaudino and
Nestola, 2002), here this composition is simply referred as CaO-poor or
px-2 (Fig. 5). Irrespective of its orthorhombic or monoclinic structure,
MgO-rich and CaO- and FeO™"-poor px typically crystallises at high-T,
just below the liquidus temperature under equilibrium conditions (Grove
and Juster, 1989; Deer et al., 1997). In line, the px-1 crystals (CaO > 10
wt%) are all monoclinic according to their compositions (Deer et al.,

1997) (Table 1S). The plg grown at 1 °C/h is mainly clustered between
10 and 15 wt% of CaO, with a tail towards low CaO and Al,O3 com-
positions. Mirroring the shift from anorthite to albite, plg is instead
richer in Aly0s, slightly poorer in CaO and markedly depleted in MgO-
and FeO™" (Fig. 5).

At 7 °C/h, there is only one population of px and one of plg. Px
compositions at 7 °C/h range as follows: 15 < CaO < 22, 3 < Al,03 < 10,
10 < MgO < 21 (with a notable tail towards low CaO and high MgO) and
6 < FeO™" < 14 wt%. While plg shows similar features observed at 7 °C/
h, although its CaO and Al,O3 contents are slightly lower than at 1 °C/h
(Fig. 5, Tables 1S and 2S). The px-1 and plg crystallised at 7 °C/h have
thus compositions similar to the px-1 and plg crystallised at 1 °C/h, but
are progressively closer to the starting basaltic liquid (Fig. 5). At 60 °C/
h, again two px populations are recognised; the CaO-rich population is
more abundant (labelled px-1) than the CaO-poor population (labelled
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px-3); the former is similar to px-1 at 1 and 7 °C/h, the second is not
observed in the two run-products solidified at 1 and 7 °C/h (Fig. 5,
Table 1S). The plg at 60 °C/h is more clustered and less abundant than
that crystallised at lower cooling rates, it is also depleted in CaO and
Al;03 compared to crystals formed at 7 °C/h, in agreement with its
relative low area% abundance (Fig. 5, Table 2S). Finally, at the highest
cooling rate of 180 °C/h, the px having CaO and Al;O3 compositional
features similar to the other px-1 (with CaO > 12 wt%) at 1, 7 and 60 °C/
h is far more abundant, whereas the CaO-poor px-3 phase (with CaO <
12 wt%) is very rare and with CaO and Al,O3 contents close to the very

few plg (reported as ellipses in Fig. 5, Table 1S, 2S). Again, the px-1
population is more depleted in MgO and enriched in FeQ™" than the
px-3 population (Fig. 5), while the amounts of CaO and Al,;O3 are further
reduced in plg when compared to the crystals formed at 60 °C/h.

4.3. Textural and chemical features derived by EPMA mapping

Identification of various px and plg populations by heat maps (Fig. 5)
can be correlated with crystal textural features as displayed in Fig. 6. At
1 °C/h, the px-1 crystals are AlyOs-poor (blue), compositionally
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intermediate in MgO (green) and CaO-rich (orange), the px-2 are very
poor in Al,03 (dark blue), MgO-rich (red) and CaO-poor (blue), and the
plg are intermediate to rich in AlyO3 (orange to yellow), MgO-free
(black) and CaO-rich (green-yellow) (Fig. 6). The most abundant px-1
crystals form an almost continuous network of relatively large and
faceted crystals plus tiny and poorly faceted ones, with lengths up to
100 pm and aspect ratio (length:width) ranges from 3:1 to 5:1. The px-2
crystals are more faceted, smaller and nearly prismatic, and yield lower
aspect ratios (Figs. 5 and 6). AlyO3-poor plg is mainly entwined with px-
1 or forms very elongated large crystals (like the largest orange plg) with
lengths of about 100-150 and 500 pm, respectively (Fig. 6).

At 7 °C/h, the px-1 crystals are AlyOs-poor (blue) and MgO-rich
(green/blue) whilst plg crystals are AlyOs-rich (yellow/green) and
MgO-free (black) (Fig. 6). In contrast to crystals formed at 1 °C/h, the
shapes of px-1 and plg crystals are both strongly elongated with aspect
ratios >5:1, and occasionally they develop moderate dendritic edges;
px-1 and plg crystals have lengths up to 100 and 500 pm (Fig. 6),
respectively. In turn, between 1 and 7 °C/h the aspect ratio increases for
both px-1 and plg, while the crystal compositions become closer to the
initial starting liquid (Fig. 6). At 60 °C/h, the px-1 crystals correspond to
the more prismatic and large crystals with faceted to irregular edges,

with the highest content of CaO (orange) (Fig. 6).

By contrast, plg and px-3 crystals are entwined and discriminable
mainly in MgO and to a lesser extent in Al,O3 maps, whereas they are
indiscriminate in CaO maps due to their very similar compositions
(Fig. 5). Px-1 crystals have lengths from about 25 to 100 pm, whilst
acicular px-3 and plg crystals are extremely narrow with a width of less
than a few pm and lengths up to 100-150 pm (Fig. 6). Px-1 crystals at
180 °C/h have curvilinear and fern-like dendritic shapes, and are
immersed in a glassy matrix; px-3 and plg crystals are scarce, extremely
tiny and with overlapping CaO and Al;O3 compositions (Fig. 5) and thus
unidentifiable at the map resolution (Fig. 6).

4.4. Crystallisation paths of px and plg

In line with the px and plg abundance from 1 to 9000 °C/h reported
in Giuliani et al. (2020a) and Vetere et al. (2015), and with the textural
relationship between spinel and px observed at high rates, the authors
proposed that px nucleated after spinel, then plg crystallised after px.
Additionally, px and plg estimates performed by Giuliani et al. (2022),
using the thermometers proposed by Putirka (2008), unveiled that only
px cores were close to equilibrium with the initial tholeiitic liquid,
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whereas plg was always in disequilibrium with the starting B, oo melt. The
same test to discern between equilibrium and disequilibrium by using
thermometric models by Putirka (2008) was repeated here. Results show
that only a very small amount of px-1 (crystal cores) is in equilibrium
with the initial basaltic melt, while plg is always in disequilibrium.
Moreover, as the cooling rate increases from 1 to 60 °C/h, the fraction of
px-1 with a theoretical equilibrium P™Kdge, (=0.27 + 0.03;
Putirka, 2008) is progressively less abundant, while at 180 °C/h px-1
crystals are in disequilibrium. The equilibrium px crystals return temper-
atures ranging from 1160 to 1220 °C (i.e., just below the estimated
liquidus temperature of 1233 °C; Vetere et al., 2015 and Giuliani et al.,
2020a).

It can thus be concluded that px-1 nucleated and typically grew
earlier than plg in all run- products (Fig. 6). Hence, plg and px-3 have
crystallised from the residual melt after px-1 crystallisation; in contrast,
px-2 at 1 °C/h probably nucleated at very high temperatures together
with px-1 (see above discussion). As a function of the amount and
chemistry of px-1 and the cooling rate path, px-3 and plg were both able
to crystallise almost simultaneously at 60 °C/h. Conversely, at 1 and
7 °C/h only plg solidified after the crystallisation of px-1. Since the sizes
of px-1 crystals at 1 and 7 °C/h are comparable or smaller than those of
plg, they could be interpreted to crystallise after plg. Indeed, in natural
tholeiitic flows McCarthy et al. (2023) proposed that the larger plg
invariably precipitates before the smaller px. However, here it is clearly
demonstrated that smaller and/or less equant pyroxenes (px-1 and px-2)
mainly grew before larger and more equant plg (Figs. 5 and 6). In
addition, px-1 crystals solidified at 60 °C/h display less elongated shapes
than those at 7 °C/h (Figs. 5 and 6).

These outcomes indicate that textural data unverified by chemical
compositions may lead to erroneous interpretations of solidification
paths. By contrast, the coupling of textural and chemical attributes
(Figs. 5 and 6) allows a more robust appraisal. In parallel, sizes and
shapes can be compared adequately only for the same phases, whereas
comparing different crystalline structures, such as px and plg, may be
inappropriate. A more confident interpretation of solidification paths is
attained by the observation of natural specimens collected from the
outermost (rapidly cooled) to innermost (slowly cooled) portions of
lavas, pillows, dikes and bombs, or cooling rate experiments reproduc-
ing natural solidification conditions.

An additional important ramification is that px-1 and plg composi-
tions approach to the starting liquid composition when AT/At increases
(Figs. 1, 2 and 5). This effect reduces the atomic rearrangements
required when the ions pass from the liquid to the solid state, especially
for those cations having more energetic bonds with oxygen anions, such
as Si (Kirkpatrick, 1981, 1983; Vetere et al., 2015). As a consequence,
px-1 crystals are less reluctant to incorporate Al when the cooling rate
increases, thus approaching to equilibrium px-1 composition computed
by alphaMELTS (Fig. 5) only at 1 °C/h. More mobile cations as Ca, Mg
and Fe are incorporated in the lattice site to maintain the charge-
balance.

4.5. TTT diagrams

The proposed sequence of crystallisation can be interpreted in the
light of time-temperature-transformation (TTT) diagrams (Johnson,
1996; Lasaga, 1998; Shelby, 2005; Wang et al., 2012; Vetere et al., 2013;
lezzi et al., 2014). This theoretical background relates the nucleation
rate (I), degree of undercooling (AT), and nucleation induction or in-
cubation time (z*), i.e., the time required to initiate nucleation of a
crystalline phase (Lasaga, 1998; Fokin et al., 2003; Rusiecka et al., 2020;
Di Fiore et al., 2021). Here, it is possible to quantify the phases using
EPMA-maps (Figs. 5 and 6). The nucleation rate I (number of nuclei in
the unit volume per second, #/(Vxt)) of silicate melts is variable, as it
changes by many orders of magnitude, from the liquidus to the glass
transition regions (Tg here T at viscosity of 102 Pa s; Lasaga, 1998;
Fokin et al., 2003; Roskosz et al., 2005; Iezzi et al., 2009; Vetere et al.,

10

Chemical Geology 640 (2023) 121752

2013). At the tip of a TTT curve, the nucleation rate is close to its
maximum value I« and to the lowest 7i,; consequently, as a function
of the cooling rate, a silicate liquid will pierce a TTT curve at a certain
temperature below its liquidus (i.e., AT corresponding also to specific
values of I and 7). It is important to stress that for chemically complex
magmatic silicate liquids, quantitative TTT curves are unavailable and
mineral phases from magmas have stoichiometries commonly different
from the parental melt (lezzi et al., 2009; Vetere et al., 2015).

Fig. 7 shows TTT curves mirroring the cooling rates investigated
here. The sluggish 1 °C/h rate intersects the TTT curve at high-T or low
AT, at a significant 7; sp. precipitates first and induces the (perhaps
heterogeneous) formation of px-1 crystals as proposed previously (Vet-
ere et al,, 2015; Giuliani et al., 2020a); again, px-2 co-precipitates
together with px-1 or slightly earlier (see above). Noteworthy, the
composition of px-1 (CaO-rich and Al;03-poor) is close to one of the px
computed by alphaMELTS (Giuliani et al., 2022), whereas that of px-2
(CaO-poor and MgO-rich) is similar to the second px computed by
alphaMELTS, although it is poorer in MgO and richer in FeO (Figs. 2S,
5). With respect to the starting liquid composition and neglecting the
presence of spinel, the appearance of these two pyroxenes, covering 33.5
area%, produces a significant depletion in MgO and enrichment in Al;03
in the residual glass, whilst CaO and FeO™" are less affected (Figs. 2 and
10). Thus, this residual melt pierces a second TTT curve where plg is able
to nucleate and grow. The relatively limited chemical variability of px-1,
px-2 and plg (Figs. 1 and 5) reflects crystallisation mainly due to discrete
pulses, in agreement with crystallisation evolution tracked in-situ by
DSC (differential scanning calorimetry) or observed in real-time by X-
ray microtomography (Giuliani et al., 2020b; Polacci et al., 2018). At
7 °C/h, the scenario is similar to the 1 °C/h run-product, but the two
populations of px-1 and plg are both closer to the starting composition,
and px-1 chemistry is rather different from the CaO-rich pyroxene
computed by alphaMELTS (Figs. 1, 5 and 6).

At 60 and 180 °C/h, the amount of px-1 increases and intersects the
TTT curve at higher AT (low-T) and shorter 7 than what observed at 1
and 7 °C/h (Table 1S, Fig. 6). Since these px-1 crystals contain less MgO
and more Al;O3 than those found at 1 and 7 °C/h, the corresponding
residual melts become respectively more enriched in MgO and depleted
in Al;03 than at 1 and 7 °C/h (Figs. 1, 5 and 6). At 60 °C/h, the residual
melt was able to nucleate and grow some amounts of tiny and elongated
px-3 and plg, whereas at 180 °C/h only a very limited amount of px-3
and plg crystallised. At 60 °C/h, the TTT curve referring to the resid-
ual melt resulting from the first pulse of nucleation of sp. and px-1 is
intersected close to its nose, i.e., at I,y and to the lowest 7,i,, Whereas at
180 °C/h the curve is intersected far away from its nose (Fig. 7). The
progressive residual melt enrichment in MgO and depletion in Al,O3
determines the composition of plg and px-3 crystals (Figs. 5 and 6). It is

Temperature

\/

Fig. 7. Qualitative and schematic TTT diagrams referring to the crystallisation
path of px and plg (see text).
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important to highlight that both the 60 and 180 °C/h run-products are
characterised by the presence of a glass phase, together with low
amounts of melilite (Vetere et al., 2015; Giuliani et al., 2020a).

4.6. Px-1 and plg evolution as a function of cooling rate

The crystal-chemical data provided by EPMA mapping expand the
range provided by the previous point analysis (Giuliani et al., 2020a)
and can thus be used to gain more reliable insights into the effects of
cooling kinetics. This is firstly achieved by discriminating px-1 from px-
2 and px-3 populations (Figs. 5 and 6). Then, the most abundant px-1
and plg populations can be compared with the most similar
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experimental and natural crystals solidified at variable cooling rates in
basaltic systems of similar bulk compositions. Experimental px and plg
reported in Mollo et al. (2010, 2011) were solidified from an Etnean
trachybasalt at 30, 126 and 180 °C/h, at ambient P and fO; of NNO + 1.5
and quenched at 1100 °C. The phase assemblage consists of sp., px, plg,
and residual glass. A more suitable comparison to natural basaltic rocks
is instead provided by the recent work of McCarthy et al. (2023). This
study deals with px and plg crystallised as the groundmass of drilled
submarine aphyric to highly phyric basaltic flows, containing a variable
amount of plg and olivine phenocrysts, plus spinel and rare glass. The
cooling rates at which px and plg grew were estimated using textural
features and numerical modelling (McCarthy et al., 2023), with the
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Fig. 8. a. Average oxide variations for pyroxene as function of cooling rate. Data are from this study, from previous experiments in a trachybasaltic system (green
triangles, Mollo et al., 2010) and from natural basaltic flows (ranges in the blue boxes, McCarthy et al., 2023). Regressions correspond to px-1 average compositions
from this study. b. Average oxide variations for plagioclase as function of cooling rate. Data are from this study, from previous experiments in a trachybasaltic system
(green triangles, Mollo et al., 2011) and from natural basaltic flows (ranges in the blue boxes, McCarthy et al., 2023). Regressions correspond to plg average
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Fig. 8. (continued).

intention to establish three different cooling intervals of <10, between
10 and 100, and > 100 °C/h.

The major differences among the present work and those on tra-
chybasalt (Mollo et al., 2010, 2011) and natural basaltic lavas (McCar-
thy et al., 2023) rely on the different compositions of silicate liquids in
which px and plg grew, their low fO, conditions, the presence of low to
moderate glass fractions and the estimation of cooling rates for natural
rocks. In the limit of these differences, mineral major oxides are
compared in Figs. 8, b. Note that the px (px-1) and plg reported in Mollo
et al. (2010, 2011) are obtained by classical single analytical EPMA
points, whereas cooling rates in McCarthy et al. (2023) are inferred to
correspond to three ranges.

Px-1 crystals from this work and clinopyroxenes in synthetic tra-
chybasalts and natural tholeiites (Mollo et al., 2010; McCarthy et al.,
2023) show the same monotonically decreasing and increasing trends of
MgO and Al,Os, respectively, whereas all other oxides present more

12

scattered and/or limited variations (Fig. 8). For plg, MgO follows a
monotonic but increasing trend, while AloO3 decreases and is more
scattered (crystals obtained at 7 and 60 °C/h are similar, Fig. 8b); all
other oxides depict less defined trends, different from those reported by
Mollo et al. (2011) and McCarthy et al. (2023). It is important to note
that in our experiments, the Al;O3 trend in plg is opposite to that
observed in both previous studies (Fig. 8b). This can be explained by the
absence or very low presence of glass at 1 to 60 °C/h. Thus, plg crystals
grown after the crystallisation of px-1 (and also px-2 at 1 °C/h) are able
to incorporate almost all Al;O3 from the residual melt(s).

Hence, it is important to establish the sequence of crystallisation of
px and plg in advance, before considering and quantifying kinetic ef-
fects. According to the results provided for the main population of px in
all of those three basaltic melts, their cooling rate can be more robustly
reconstructed using the regression analysis of MgO and Al,O3 (Fig. 8a).
Nonetheless, the lowest amount of Al,O3 measured in natural samples
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(McCarthy et al., 2023) will determine a lower estimate of cooling
conditions. For plg, MgO is the unique oxide that shows the same
increasing trend for all of the tested data sets and is thus more adequate
to be used for retrieving cooling conditions according to the equation
reported in Fig. 8b. Again, this equation, if applied to the plg reported in
Mollo et al. (2011) and McCarthy et al. (2023), will compute cooling
rates different from those experimentally used or inferred for natural
conditions.

The oxide, cation and component variations in both px-1 and plg
(Fig. 5, Tables 1S and 2S) as a function of cooling rate indicate a decrease
of diopside and enstatite mainly counterbalanced by an increase of the
Tschermak component as well as of the albite endmember. Px-1
compositional evolution again testifies a progressive departure from
equilibrium conditions, according to the empirical tests provided in
Mollo et al. (2013). If not considering the effects of cooling kinetics,
geothermometer estimations on px (px-1) will provide unreliable con-
ditions of crystallisation.

5. Concluding remarks

A detailed analytical approach based on EPMA mapping allows us to
discriminate in detail the compositional evolution of silicate crystal
phases during their solidification at variable cooling rates. Compared to
classical single analytical EPMA spot analyses, the chemical maps pro-
vide new insights of the crystal-chemical features of crystallised phases
and the relationship between textural features and crystal chemistry
during the entire sequence of crystallisation.

Crystal-chemical characteristics of early nucleated phases scale with
the magnitude of kinetic effects. Silicate crystals with a relatively low
amount of Si (px) are more favourably crystallised and tend to occur
prior to the formation of Si-rich mineral phases (plg). An increased
cooling rate has the effect that nucleating phases are less able to depart
from the SiO, content of the parental liquid and forces the concomitant
incorporation of Al,O3, while the other oxides (FeO, MgO, CaO, NaO
and K30) are used to maintain the crystal-chemical attributes of px and
plg. Further, the abundance and crystal-chemistry of the first high-T
(low AT) nucleating phase (px) determines the chemical evolution of the
residual melt where further phases are forced to solidify (plg). This
notion, although still not tested in depth, is probably relevant to any
other natural and chemically complex silicate systems.

The experimental conditions used here (fO2 and P of air, HyO-free)
promote a relatively high amount of Fe>*. More reducing conditions
(and thus lower Fe*") and higher Pyso will increase chemical diffusivity
and facilitate the attainment of equilibrium compositions of px and plg
under the same experimental cooling rates imposed here. Since the px-1
compositions at 1 °C/h are similar to those calculated by theoretical
equilibrium crystallisation (coupled to the presence of a low-CaO px), this
indicates that 1 °C/h is just slightly higher than the cooling rate able to
precipitate equilibrium px crystals. For systems richer in SiOy than B¢y,
the cooling rate(s) necessary to attain equilibrium composition(s) of the
early nucleating phase(s) will be markedly lower than 1 °C/h. In turn,
disequilibrium compositions of phases, especially at low P30 and oxi-
dised conditions (typical of sub-marine and subaerial domains), reflect
geological relevant scenarios.

The crystallisation of px affected by cooling kinetics in the basaltic
melts considered in the present study was resolved by means of MgO and
Al,03 major component trends. For plg, MgO is the most suitable oxide
to retrieve cooling conditions. Finally, TTT (time-temperature-trans-
formation) diagrams allow us to track and interpret the solidification
path of basaltic silicate liquids typical of volcanic terrestrial and extra-
terrestrial rocks.
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