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as crystal mushes (Bachmann and Huber 2016; Cashman et 
al. 2017), defined as crystal-bearing partially molten sys-
tems in which the crystals are arranged in a framework, with 
melt occupying the remaining space (e.g. Marsh 2002). Fur-
thermore, even at higher melt proportions, magmas almost 

Introduction

Recent geophysical and volcanological evidence suggests 
that magma chambers and, on a larger scale, volcanic plumb-
ing systems, are constituted by melt-crystal mixtures known 
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Abstract
To develop new criteria to distinguish different crystal nucleation mechanisms in silicate melts, we performed crystalliza-
tion experiments using a synthetic hydrous (2 wt% H2O) trachybasalt and combined three-dimensional information from 
synchrotron X-ray computed microtomography with two-dimensional mapping of crystallographic orientation relation-
ships (CORs) using electron backscatter diffraction. Crystallization experiments were performed at 400 MPa by cooling 
the melt from 1300 °C to resting temperatures of 1150 and 1100 °C and maintaining isothermal conditions for 30 min 
and 8 h. Three distinct titanomagnetite (Tmt) populations formed: (1) skeletal crystals, isolated or partially embedded in 
clinopyroxene (Cpx); (2) anhedral crystals, always attached to Cpx; (3) flattened needle-shaped crystals, embedded in Cpx. 
These morphologically different Tmt populations formed in response to one cooling event, with varying nucleation mecha-
nisms and at different undercooling conditions. The clustered three-dimensional distribution of population 2 and 3 Tmt 
grains and the high proportion of Tmt-Cpx interfaces sharing CORs indicate that these Tmt grains heterogeneously nucle-
ated on Cpx. The near-random three-dimensional distribution of (often isolated) population 1 Tmt grains, together with the 
low proportion of Tmt-Cpx interfaces sharing CORs, imply their isolated, possibly homogeneous nucleation, potentially 
followed by heterogeneous nucleation of Cpx on population 1 Tmt. Heterogeneous nucleation in slightly to moderately 
undercooled magmas should affect the sequence of crystallization as well as morphology and clustering of crystals, which 
may actively contribute to the variation of rheological parameters like viscosity. Finally, observed intra- and inter-sample 
variations in Tmt-Cpx COR frequencies indicate the potential for this parameter to record further petrological information.
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always bear some crystals, whose amount, grain size dis-
tribution, and grain shape influence magma rheology and 
can be modified by clustering processes (e.g. Holness et al. 
2017). Therefore, in all magmatic systems, it is of primary 
importance to understand the interaction between crystals, 
in particular the formation of rigid aggregates of many 
individual grains, i.e. crystal clusters. Determining the 
mechanisms of crystal clustering is pivotal for assessing the 
evolution of magmatic systems and, via clusters’ influence 
on rheology, their eruptive style.

Crystal clusters composed of relatively few grains have 
also been referred to as clumps, clots, and glomerocrysts 
(Garcia and Jacobson 1979; Schwindinger and Anderson 
1989; Jerram and Cheadle 2000; Jerram et al. 2003). Here, 
we define crystal clusters as groups of grains that are joined 
by areas of grain and/or phase boundary (e.g. Ferguson et 
al. 2019), formed by crystallization within a magma, or by a 
disaggregation of a pre-existing crystal mush. Crystal clus-
ters constitute one of the main building blocks from which 
igneous microstructures develop (Jerram et al. 2003; Hol-
ness et al. 2023) and can give information about cooling 
history (Bachmann et al. 2002), chemical and mechanical 
magma differentiation (Schwindinger 1999) as well as the 
physical conditions of crystallization (Hammer et al. 2010; 
Ellis et al. 2014; Holness et al. 2017, 2019).

Clustering of crystals during crystallization of a magma 
can occur by three main mechanisms: (a) heterogeneous 
nucleation, (b) synneusis and (c) passive accumulation. Het-
erogeneous nucleation occurs when a new crystal nucleates 
and grows at the interface between the melt and a pre-exist-
ing substrate; this mechanism is increasingly favoured with 
increasing degree of undercooling (∆T), defined as the dif-
ference between the liquidus temperature of a mineral phase 
(Tliq) and the effective temperature at which the mineral 
phase crystallises (Kirkpatrick 1981). Compared to homo-
geneous nucleation, heterogeneous nucleation is favoured 
because the creation of a crystal-melt interface would be 
energetically more expensive than the creation of the same 
area of crystal-crystal interface. Heterogeneous nucleation 
is assumed to be the main clustering mechanism occurring 
in nature and during crystallization experiments (Walker 
et al. 1976; Lofgren 1983; Hammer 2008; Hammer et al. 
2010; Mollo et al. 2012; Arzilli et al. 2015, 2019; Pontesilli 
et al. 2019; Colle et al. 2023). An important consequence of 
heterogeneous nucleation is that the appearance of a crystal 
phase can influence the timing and mechanism of nucleation 
of another phase, and consequently the order of crystalli-
zation in a rock/sample, especially in conditions far from 
thermodynamic equilibrium (Mollo et al. 2012). Synneusis 
occurs when two suspended crystals drift together and align 
during crystal settling or magma flow, typically attaching 
in preferred orientations that result in a lower interfacial 

energy (Vance 1969; Schwindinger 1999; Wieser et al. 
2019; DiBenedetto et al. 2020; Dyck and Holness 2021). 
Finally, passive accumulation of crystals is the final result 
of settling, with the crystal arrangement determined by the 
combination of gravitational forces, crystal shape, and fluid 
dynamics (Rudge et al. 2008).

These clustering mechanisms are often inferred on the 
basis of microstructural observations. Perpendicular projec-
tion of elongate crystals from an interface in the direction 
of the melt has been invoked as evidence of heterogeneous 
nucleation (Kirkpatrick 1977; Hammer et al. 2010; Arzilli 
et al. 2015; Vetere et al. 2015; Colle et al. 2023). The off-
set of the true centres of clustered, concentrically zoned 
crystals from the mutual boundary has been invoked as evi-
dence for synneusis (Vance 1969; Dowty 1980). Shape pre-
ferred orientation (SPO) in the form of magmatic foliation 
or lineation of minerals, and/or poikilitic and adcumulate 
microstructures are some of the microstructural evidence 
for accumulation processes (Holness et al. 2017, 2023; and 
references therein).

To date, only a limited number of studies have provided 
crystallographic evidence in support of their interpretation 
of clustering mechanism. Variable crystallographic orienta-
tion relationships (CORs, Habler and Griffiths 2017) can be 
observed in crystal clusters formed either by heterogeneous 
nucleation (e.g. Hammer et al. 2010) or synneusis (e.g. 
Wieser et al. 2019; Dyck 2023; Gordon and Wallis 2024). 
These two clustering mechanisms differ in the degree of 
freedom allowed in the relationship between the lattices of 
the touching phases, and thus, in the characteristics of the 
CORs formed. During heterogeneous nucleation, the lattice 
of the pre-existing crystal should guide the nucleation and 
growth of the new phase in a highly restricted orientation, in 
order to minimize misfit with the newly formed lattice (Hol-
ness et al. 2023 and references therein). In synneusis, facets 
of already formed crystals come in contact, allowing small 
rotations of the lattices perpendicular to the interfaces and 
small deviations from exact parallelism of facets.

Regarding rocks formed by passive accumulation, CORs 
have never been studied. Indeed, if the accumulated crystals 
show no SPO or CPO (Wieser et al. 2019; Holness et al. 
2023), certainly CORs are also absent. In contrast, strongly 
foliated or lineated cumulates may also be characterized by 
a CPO (e.g. Holness et al. 2017; Vukmanovic et al. 2018; 
Bertolett et al. 2019). Consequently, CORs might develop 
via passive crystal accumulation but should be both “sta-
tistical” (Habler and Griffiths 2017) and weak, i.e. exhibit 
a large degree of freedom in the misorientation between 
touching crystals.

In this work, we combine synchrotron radiation com-
puted microtomography (SR µCT) with Electron Backscat-
ter Diffraction (EBSD) analysis to study heterogeneous 
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nucleation mechanisms in a synthetic hydrous (2 wt% H2O) 
trachybasalt melt, crystallized experimentally at 4 kbar and 
1100–1150 °C in a piston cylinder apparatus. The phase 
assemblage produced shows significant clustering and con-
sists of abundant clinopyroxene (Cpx), with subordinate tit-
anomagnetite (Tmt), amphibole (Amph), and vesicles (Ves). 
We focus on Cpx and Tmt crystals, for which heterogeneous 
nucleation and epitaxial growth of Tmt on Cpx was first 
inferred by the EBSD analysis of Hammer et al. (2010). For 
the first time, we are able to determine the location of partic-
ular boundary segments characterized by the COR, and the 
full misorientation between the two lattices. By combining 
three-dimensional (3D) microstructural information with 
high resolution two-dimensional (2D) imaging and mapping 
of crystal orientation and compositional variations, we are 
able to constrain: (i) the nucleation mechanisms of three dif-
ferent populations of Tmt and (ii) the relative timing of Tmt 
formation compared to the appearance of Cpx crystals. We 
show that the combination of EBSD with 3D X-ray imaging 
by SR µCT allows multiple nucleation mechanisms to be 
distinguished for the same phase during the same cooling 
event, and furthermore, that multiple crystal morphologies 
may arise from a single cooling event.

Methods

Crystallization experiments

Crystallization experiments were performed using as start-
ing material a trachybasaltic glass, synthesized targeting 
the chemical composition of the Monte Maletto Formation 
of Mt. Etna (Italy) (Armienti et al. 1988, 2013). The start-
ing mixture was prepared using analytical grade reagents 
(Masotta et al. 2020) mixed in stoichiometric proportions. 
The reagent mixture was put in a ceramic crucible and 
slowly heated to 1100 °C (for 12 h) to allow complete dehy-
dration and decarbonation. In a second step, the mixture 
was loaded in a Pt crucible pre-saturated with Fe and left at 
1600 °C for 1 h to form a homogeneous melt, then quenched 
to a crystal-free glass by dropping the crucible into a tank 
of deionised water. A representative portion of the synthetic 
glass was analysed by using electron probe microanalysis 
(EPMA) to check for component loss and chemical homoge-
neity, as well as to confirm the absence of residual unmelted 
crystals. The synthetic glass produced had the following 
composition: SiO2 = 47.00 ± 0.19 wt%, TiO2 = 1.72 ± 0.03 
wt%, Al2O3 = 15.7 ± 0.19 wt%, FeO = 10.60 ± 0.09 
wt%, MgO = 8.38 ± 0.10 wt%, CaO = 12.17 ± 0.13 wt%, 
Na2O = 3.10 ± 0.06 wt%, K2O = 1.30 ± 0.04 wt%.

The experiments were carried out in a non-end loaded 
piston cylinder (QUICKpress) installed at the HP-HT 

laboratory of Dipartimento di Scienze della Terra of the 
University of Pisa (Italy), using a standard 19–25 mm 
NaCl-pyrex-graphite-MgO assembly. The assembly materi-
als impose oxygen fugacity conditions corresponding to 2 
log units above the Ni-NiO buffer (Masotta et al. 2012a). 
Pt capsules were loaded with the powdered starting glass 
and nominally 2 wt% of deionised H2O (added using a 
micro syringe), before being welded shut and eventually 
inspected for weight loss after heating at 110 °C in an oven. 
Pyrophyllite was used as supporting medium around the 
capsule in order to prevent H2O loss (Freda et al. 2008). 
The length of the capsules (8 mm) and their position in 
the assembly were chosen in order to take advantage of 
the intrinsic temperature gradient of the graphite furnace 
(as determined by an earlier calibration of the temperature 
distribution in the furnace and previous experimental work 
done with the same apparatus; Masotta et al. 2012b; Costa 
et al. 2020). The temperature gradient imposes at the top 
of the capsule a temperature that is about 50–60 °C lower 
than at the bottom, where temperature is measured with a 
factory calibrated C-type thermocouple (yielding a preci-
sion of ± 3 °C). In each experiment, the assembly was cold 
pressurized to 400 MPa and heated at a rate of 80 °C/min 
to reach the temperature of 1300 °C. The experiment was 
maintained at this temperature for 30 min to ensure full 
melting of the starting glass powder and subsequent melt 
relaxation, before cooling (at the same rate of 80 °C/min) 
to the final resting temperatures (Trest) of 1150 and 1100 °C. 
The Tliq of the trachybasalt with 2 to 3 wt% H2O was deter-
mined to be 1160–1180 °C based on PhasePlot simulations 
and previous experimental determination, e.g. Pontesilli 
et al. 2019; Masotta et al. 2020). Based on the measured 
length of the capsules after the experiment, we determined 
the following ∆T conditions: (i) ∆T varying from 10 °C at 
the bottom of the capsule to ca. 60 °C at the top for experi-
ments at 1150 °C, and (ii) from 60 °C at the bottom of the 
capsule to ca. 110 °C at the top for experiments at 1100 °C. 
Experiments were terminated after 30 min–8 h by turning 
off the power supply and maintaining the pressure constant 
during the quench (100 °C/s). Although some experiments 
were also performed at shorter run durations (dwell time), 
we discuss the results of three experiments conducted at the 
following conditions: (a) Trest = 1150 °C and 30 min dwell 
time (abbreviated 1150w-30min), (b) Trest = 1100 °C and 
30 min dwell time (abbreviated 1100w-30min), (c) Trest = 
1100 °C and 8 h dwell time (abbreviated 1100w-8h). Sam-
ple 1150w-30min was measured by SR µCT only. Unfortu-
nately, during sample preparation for the 2D analysis sample 
1150w-30min was lost, preventing further chemical and 
microstructural analysis. Sample 1100w-30min was ana-
lysed through EPMA and EBSD, while sample 1100w-8h 
was analysed by all the techniques described in this work.
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for Si, Fe, Mg, Ca and K. Element distribution maps were 
acquired in beam scan mode, with a 35.5 nA beam current 
and 15 kV accelerating voltage. Map size varied depending 
on the investigated microstructure, while a fixed step size of 
0.33 μm and a dwell time per pixel of 80 ms was applied. 
Relative Mg, Fe, Ca, Na, and Ti concentrations were 
mapped using five wavelength dispersive spectrometers set 
to the corresponding Kα emission wavelengths for each ele-
ment, while Si and Al concentrations were acquired through 
EDX. Inside chemical maps, point analyses were acquired 
and the peak intensity of each element mapped calibrated 
with the respective quantitative concentration using the Fiji 
software (Schindelin et al. 2012).

Electron backscatter diffraction (EBSD) 
measurements

In order to determine the crystallographic orientations of the 
crystals in representative areas and specific spots of interest 
on samples, EBSD scans were collected using a FEI Quanta 
3D FEG-scanning electron microscope (SEM) equipped 
with an EDAX Digiview 5 EBSD camera (elevation angle 
5°), located at the laboratory for field-emission scanning 
electron microscopy and focused ion beam applications at 
the Faculty of Geosciences, Geography and Astronomy, 
University of Vienna (Austria). The OIM Data Collection 
v7.3.1 software was used for EBSD data acquisition, and 
OIM Analysis 8.0 for re-indexing. Beam conditions for all 
EBSD scans were 15 kV accelerating voltage and spot size 
1.0 (~ 4 nA probe current), with a 1 mm SEM aperture, a 
working distance of 14 mm and a beam incidence angle of 
20°. All scans used an EBSD camera binning of 8 × 8 pixels, 
a binned pattern size for Hough transforms of 140 pixels, a 
Hough θ step size of 1° and a 9 × 9 convolution mask. Step 
sizes ranged from 320 nm to 650 nm, always on a hexago-
nal grid. Tmt was indexed as face-centred cubic, Cpx was 
indexed as monoclinic (b-setting), using the lattice param-
eters a = 9.585 Å, b = 8.776 Å, c = 5.26 Å, and β = 106.85°, 
and Amph was indexed as monoclinic (b-setting) using the 
lattice parameters a = 9.871 Å, b = 18.028 Å, c = 5.307 Å, 
and β = 105.24°. After standardizing confidence index val-
ues to the highest for each reconstructed grain using OIM 
Analysis 8.0, the Matlab toolbox MTEX version 5.6.1 
(Bachmann et al. 2010; Hielscher et al. 2010) was used for 
data processing and plotting. Pixels with confidence index 
values below 0.1 were classified as not indexed. Grains 
were then calculated using a misorientation angle threshold 
of 15°. EBSD pixels belonging to grains less than 4 pix-
els in size were removed before recalculating grains with 
the same misorientation angle threshold to obtain the final 
datasets used for analysis. Finally, six iterations of smooth-
ing were applied to the boundary traces using the smooth () 

Synchrotron radiation computed microtomography 
(SR µCT) imaging

Experimental samples 1150w-30min and 1100w-8h were 
removed from the Pt capsule. The two resulting cylindrical 
samples (up to 2.5 mm in diameter and 4 mm high) were 
measured by SR-µCT at the SYRMEP beamline (Zando-
meneghi et al. 2010) of the Elettra synchrotron facility in 
Basovizza (Trieste, Italy), using a filtered polychromatic 
X-ray beam (filters = 1.5 mm Si plus 1 mm Al corre-
sponding to a mean X-ray beam energy of ≈ 27 keV). In 
order to enhance the visualization of the Cpx phase and 
accurately determine the morphology of Tmt crystals, we 
worked in propagation-based phase contrast mode (Polacci 
et al. 2010). The detector used was a 16-bit, water-cooled, 
sCMOS macroscope camera (Hamamatsu C11440-22 C) 
with a 2048 × 2048 pixel chip coupled, through a high 
numerical aperture optics, to a 17 μm-thick GGG: Eu 
scintillator screen. Scans were acquired setting a sample-
to-detector distance of 175 mm. The scans of the whole 
samples were acquired in local area mode, scanning sepa-
rately the upper and lower part of the sample with an effec-
tive pixel size of the camera set at 0.9 μm (corresponding 
to a field of view of approx. 1.8 × 1.8 mm). For each scan 
1800 radiographs (projections) of the sample over a total 
rotation angle of 180° were acquired with an exposure time 
per projection of 1.2 s. The SYRMEP Tomo Project (STP) 
software suite (Brun et al. 2015) was used to reconstruct the 
imaged virtual volumes. In order to maximize the quality 
of the reconstruction and optimize the visibility of the dif-
ferent phases of interest, a single-distance phase retrieval 
algorithm (Paganin et al. 2002) was applied to projections 
prior to tomographic reconstruction setting the delta/beta 
parameter (ratio between the real and imaginary parts of the 
X-ray refraction index of the material) to 17. The STP soft-
ware was used also for ring artefact correction.

EPMA

Cpx, Tmt, Amph and glass major element analyses and 
chemical maps were performed at the Department of Litho-
spheric Research of the University of Vienna, Austria, using 
a CAMECA SXFiveFE EPMA equipped with five wave-
length dispersive spectrometers and one energy-dispersive 
X-ray spectrometer (EDX). All four phases were analysed 
at 15 kV accelerating voltage and beam current of 20 nA. 
A beam diameter of 1 μm was used for Cpx, Amph and 
Tmt spot analysis, while a diameter of 5 μm was used for 
the glass analysis. Peak counting times varied for each ele-
ment: Na = 10 s; Si = 14 s, Al = 10 s; Fe = 22 s; K = 10 s; 
Ca = 20 s; Mg = 20 s; Ti = 15 s; Mn = 24 s. Detection limits 
were: 100–250 ppm for Al, Na, Mn, and Ti; 300–500 ppm 
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at higher temperature and minimum ∆T, (ii) the middle part, 
corresponding to the region at intermediate temperature 
and ∆T, and (iii) the top part, corresponding to the region at 
lower temperature and maximum ∆T.

The (hotter) bottom part of experiment 1150w-30min, 
where ∆T conditions of approximately 10 °C are created, is 
characterized by equant and large (> 100 μm) well-faceted 
skeletal crystals of Tmt (Fig. 1a and c). Moving towards the 
intermediate part of the capsule, the crystallinity increases, 
due to the appearance of relatively large (> 500 μm) fac-
eted skeletal crystals of Cpx (Fig. 1b). Tmt and Cpx crystals 
are very frequently observed in contact, with Tmt occurring 
preferentially at the outer surface of Cpx crystals (Fig. 1c) 
but also, to a lesser extent, internally between individual 
crystal branches. In the (colder) upper part of the capsule, 
characterized by ∆T of ca. 60 °C, the crystallinity increases 
further and both Cpx and Tmt crystals generally decrease in 
size (> 400 μm and 50 μm, respectively), although show-
ing crystal morphologies similar to those observed in the 
middle part of the capsule (Fig. 1b).

The two experiments performed at 1100 °C (1100w-30min 
(Supplementary Figure S1) and 1100w-8h, Fig. 1d) produced 
comparable microstructures: the (hotter) bottom portions of 
each experiment (Fig. 1f and Supplementary Figure S1c), 
where ∆T = 60 °C, are characterized by large skeletal Cpx 
crystals up to 800 μm in size and large skeletal Tmt grains 
up to 285 μm. The Cpx crystals in the 8 h sample are more 
euhedral compared to the 30 min experiments. The 1100 °C 
samples also show a slight, but less dramatic, increase in 
crystallinity from the (hotter) bottom to the (colder) top por-
tion of the sample. The (colder) top parts of these samples, 
where ∆T is ca. 110 °C, are characterized by higher number 
of smaller (100–300 μm), more dendritic Cpx and smaller 
anhedral Tmt (< 50 μm), always in contact with Cpx grains 
(Fig. 1e and Supplementary Figure S1d).

Titanomagnetite populations

Image analysis from synchrotron radiation µCT scans 
allowed a precise and complete reconstruction of Tmt crys-
tals in samples 1150w-30min and 1100w-8h in 3D. In spite 
of the different experimental conditions, three populations 
of Tmt can be distinguished in all samples, based on the 
dominant crystal habit and microstructural relationship with 
Cpx:

Population 1 (Skeletal, isolated or not completely embed-
ded in Cpx) Population 1 crystals have skeletal habi-
tus with well-defined external facets, characterized by 
six skeletal branches disposed in an octahedral arrange-
ment. Skeletal Tmt crystals are mostly equidimensional 
(Fig. 2a-b) and can reach sizes up to 285 μm (maximum 

function of MTEX. This does not alter the misorientation at 
boundary segments.

Image processing and analysis

The processing of 2D images acquired through optical 
microscopy or EPMA chemical mapping has been per-
formed through the Fiji open source software (Schindelin 
et al. 2012). Each image obtained was transformed to grey 
levels (0 is black and 255 is white) and scaled. A 2D median 
filter was used to remove noise.

The SR-µCT reconstructed volumes were processed with 
the Dragonfly software (version 2020.2 ORS, Canada; non-
commercial license for academic use). A 3D median filter 
has been firstly applied and then the Wizard tool, which uses 
a combination of random forest and neural network algo-
rithms to create trainable models capable of segmenting the 
Cpx, Tmt and vesicles. In the analytical work we focussed 
on the Tmt crystals. More specifically we separated crystals 
with different morphologies into three populations using a 
semi-automatic segmentation, as detailed in chapter “Tit-
anomagnetite clustering parameters”. A single VOI (vol-
umes of interest) of a significant portion of the samples with 
size 1100 × 1100 × 1840 µm3 and 1090 × 1090 × 1440 µm3 
for sample 1150w-30min and 1100w-8h respectively has 
been selected to give an overview of the general features of 
both samples. To increase the representativeness of different 
regions of each analysed volume, we selected 4 different 
VOIs for sample with size of 600 × 600 × 600 µm3 (sample 
1100w-8h) and 3 different VOIs with size 500 × 500 × 500 
µm3 (sample 1150w-30min). For a meaningful description 
of the VOI all segmented Tmt crystal with size < 8 µm3 have 
been excluded from the quantitative analysis. We also used 
Dragonfly for 3D visualization of reconstructed and pro-
cessed images through volume rendering procedures. The 
segmented volumes were analysed to extract the following 
parameters for the Tmt crystals: volume size, spatial dis-
tribution of the centroids (defined as the arithmetic mean 
position of all the points in the volume of a geometric fig-
ure) and Feret diameters (defined as the distance between 
the two parallel planes restricting the object perpendicular 
to that direction).

Results

Microstructural features

We describe the microstructural features of the three experi-
ments dividing each experiment in three regions, corre-
sponding to the parts of the capsule at different temperature 
conditions: (i) the bottom part, corresponding to the region 
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the branch (or branches) that should extend in the direc-
tion of the touching Cpx crystal.

Population 2 (Anhedral, attached to Cpx) Anhedral Tmt 
crystals of this population are the most abundant in 
terms of number and total volume, in all three samples 
(Fig. 2c-d). The size of the crystals comprising this 
population varies between 2 μm and 100 μm, and they 
typically represent the smallest Tmt grains at a given 
position in each capsule. It is worth noting that all Tmt 
grains of this population are in contact with a Cpx 

Feret diameter calculated by Dragonfly software). They 
are larger than the Tmt grains of the other populations 
at the same location in each capsule. When Tmt crys-
tals of population 1 touch Cpx grains the complete six-
branched skeletal Tmt morphology is preserved even 
when partially or fully embedded inside a Cpx. How-
ever, in some cases the central portions of population 1 
Tmt grains are in contact with a Cpx, and they show the 
formation of just 4 or 5 of the crystal branches, lacking 

Fig. 1 (a) and (d) volume 
rendering of representative 
VOIs in the experimental 
samples 1150w-30min (VOI 
size: 1100 × 1100 × 1840 μm) 
and 1100w-8h (VOI size: 
1090 × 1090 × 1440 μm) respec-
tively. Voxel size is 0.9 μm. Cpx 
grains are grey; Tmt grains are 
light grey; Vesicles are dark grey; 
glass is translucent. Figure 1b and 
c are reconstructed slices after 
image processing from the top 
and central portions of sample 
1150w-30min, respectively. 
Figure 1e and f are reconstructed 
slices after image processing 
from the top and bottom portions 
of sample 1100w-8h, respectively
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(mean Feret diameter) and 2 and 30 μm (minimum Feret 
diameter) (Fig. 4e-f). These flattened needle-shaped 
crystals are almost completely embedded in Cpx, but 
they almost always show a melt/Tmt interface at the 
needle tip. Similar to Tmt population 2, Tmt population 
3 also show regular spacing of neighbouring crystals in 
the range between 5 and 30 μm (Figs. 2e-f and 3d-f).

Clinopyroxene and Titanomagnetite chemistry

BSE images and EPMA data (Fig. 3a, d) show that most 
Cpx crystals in the two samples are characterized by den-
dritic zoning, comprising two chemically distinct domains: 
(1) an Al2O3- and TiO2-rich domain (brighter portions of 
Cpx in BSE [Fig. 3a, d] and TiO2 elemental maps [Fig. 3b, 
e]) and (2) a SiO2- and MgO-rich domain (darker portions 
of Cpx in BSE [Fig. 3a, e], or brighter portions in the MgO 
elemental map [Fig. 3c, f]). In sample 1100w-30min, the 
SiO2 + MgO rich zones are only a few µm thick, comprising 
thin infillings between bright branches or thin outer rims on 
Cpx. In sample 1100w-8h, the Cpx crystals are generally 
larger and the zoning is more pronounced, with SiO2 + MgO 

crystal, without being completely embedded. The small, 
anhedral crystals usually decorate the edges and the tips 
of larger Cpx crystals, sharing with Cpx a planar or an 
irregular/rounded interface. In the less-undercooled/
hotter portion of the samples, population 2 Tmt grains 
can also develop a skeletal, externally faceted shape in 
the direction of the melt outside the Cpx (Fig. 3a-c). 
Regular spacing in the range between 10 μm and 30 μm 
is observed between neighbouring population 2 Tmt 
grains residing on the same Cpx crystal (Figs. 2c-d and 
3a-c). A subtype of this population can be identified in 
samples 1100w-30min and 1150w-30min. These grains 
are characterized by an elongated shape with max size 
up to 100 μm, but they are not embedded in the Cpx 
crystal and, similar to other Tmt grains of population 2, 
they radiate from the edges or from the exact centre of a 
dendritic Cpx crystal.

Population 3 (Flattened needle-shaped crystals, embedded 
in Cpx) Flattened needle-shaped Tmt crystals of 
population 3 are characterized by a high aspect ratio, 
where the longest dimension (maximum Feret diam-
eter) can reach up to 120 μm, whereas the other two 
dimensions are in the range between 10 and 50 μm 

Fig. 2 Three different Tmt populations found in 
all three experimental runs; in the left column 
are the reconstructed slices after image process-
ing of Cpx (grey) and Tmt (coloured); in the 
right column are the 3D rendering pictures of 
the Tmt grains of the three different populations 
in the proximity or in contact to the nearest Cpx 
crystal. (a-b) the green skeletal grains repre-
sent Tmt of population 1 (rendered VOI size: 
600 × 600 × 315 μm); c-d) the pink anhedral 
grains represent Tmt of population 2 (rendered 
VOI size: 300 × 200 × 150 μm); e-f) the cyan 
elongated grains represent Tmt of population 3 
(rendered VOI size: 450 × 700 × 350 μm). Voxel 
size is 0.9 μm
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Spot analyses of single Tmt grains yields oxide com-
positions from 7.9 wt% to 11.6 wt% MgO, from 8.1 wt% 
to 12.5 wt% Al2O3, from 2.7 wt% to 4.4 wt% TiO2 and 
from 64.5 wt% to 71.5 wt% FeO (Supplementary table, 

rich portions volumetrically more abundant and wider, 
reaching a few tens of µm in width. The average compo-
sitions of the different zones are reported for the different 
samples in Table 1.

Fig. 4 (a) reconstructed slice 
after image processing of Cpx 
(grey) and Tmt (coloured); (b) 
3D rendering of all three differ-
ent Tmt populations (coloured 
grains) found next or attached 
to a single Cpx crystal (light 
grey) in experimental sample 
1100w-8h. (rendered VOI size: 
550 × 540 × 600 μm). Voxel size 
is 0.9 μm

 

Fig. 3 (a and d) BSE image 
of a Cpx showing the typical 
dendritic sector zoning in sample 
1100w-30min and 1100w-8h 
respectively. b-e and c-f) EPMA 
microchemical map of the same 
Cpx crystal showing the relative 
concentrations of Ti and Mg 
(c). The grey scale in the image 
is proportional to the Ti and 
Mg concentration (black = low, 
white = high)
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where K (r) =
E

λ
 (2)

where E is the number of extra points within radius r of a 
randomly chosen point, 𝜆 is the intensity (points per unit 
volume), and r is the interpoint distance. g(r) is the prob-
ability density function for interpoint distances r, where 
g(r) = 1 represents complete spatial randomness of a SPP. 
If g(r) > 1 at a certain r, then that interpoint distance occurs 
more frequently than expected for a completely random dis-
tribution, indicating clustering (Rudge et al. 2008). Like-
wise, if g(r) < 1, that interpoint distance is less frequent 
than expected for a complete random distribution, indicat-
ing ordering. The greater the divergence of g(r) from 1, the 
stronger the divergence from a random distribution. The 
pair correlation function has been analysed using the “pcf” 
function present in the package spatstat (v1.64-1; Baddeley 
et al. 2015) available for R software (R Core Team 2020). 
g(r) function have been calculated considering both trans-
lation and Ripley isotropic edge correction (Stoyan and 
Stoyan 1994); “trans” and “iso” respectively, in Supple-
mentary table, “pcf” sheet). The results were similar and we 
decided to show in the relative graphs only g(r) calculated 
with Ripley isotropic edge correction.

Pcf values from sample 1150w-30min and 1100w-8h 
show that for the complete Tmt population, Tmt centroids 
are overall clustered for interpoint distances between 10 μm 
and 200 μm, with a peak at interpoint distances between 
20 μm and 24 μm reaching a value of g(r) = 1.4. At inter-
point distances greater than 100 μm the spatial disposition 
of centroids shows weak ordering (g(r) < 1) or randomness 
g(r) = 1.

Tmt grains in tomographic data were sorted into three 
different populations, as defined above, using the Dragon-
fly software. From now on we use Pop1, Pop2 and Pop3 
when referring to the different Tmt populations. First, all 
Tmt crystals completely surrounded by glass with a vol-
ume > 16.2 µm3 (manually optimised minimum size thresh-
old) were automatically assigned to Pop1 (100% automatic 
assignment). Tmt grains that touch or are embedded within 
Cpx but show a similar fully formed skeletal morphology 
to isolated Tmt crystals, were manually assigned to Pop1 
as well (100% manual assignment). Subsequently, highly 
elongated grains almost completely embedded within Cpx, 
typically arranged in regular arrays were assigned to Pop3. 
For each Cpx in a volume, Tmt grains touching the Cpx 
that showed a high aspect ratio (identified by low sphericity) 
and specific 3D orientation (sharing a common value of the 
theta angle parameter that describes the elongation direc-
tion of the crystal) were initially automatically assigned to 
Pop3. This was followed by a visual inspection to manu-
ally remove/add specific misclassified grains from/to Pop3 

“Titanomagnetite” sheet). Cation per formula unit (cation 
sum = 3) and end member conversion (based on charge 
balance) was carried out using the application End Mem-
ber Generator_8.0 (Ferracutti et al. 2015). In all the Tmt 
crystals, recalculated Fe3+ cations per formula unit range 
between 1.30 and 1.45, while Fe2+ is between 0.50 and 
0.71. In terms of mole proportions of spinel endmembers, 
magnetite and Mg-Ferrite endmembers each constitute (in 
almost equal amounts) between 28 mol% and 48 mol%, 
while spinel and hercynite endmembers constitute between 
7 mol% and 15 mol%. The mole percentage of Ulvospinel 
endmember is between 1.6 and 3.0 mol%. No significant 
difference in composition could be determined between Tmt 
populations 1 and 2. EPMA chemical maps of population 
3 show a clear compositional gradient of increasing TiO2 
along the crystal long axis. The TiO2 content is lower in the 
portion of Tmt crystals adjacent to the central Al + Ti rich 
domains of Cpx, and increases towards the outer Si + Mg 
rich portion of the Cpx crystal. The result is a chemical gra-
dient within Tmt with a similar orientation but opposite in 
direction compared to the one present in Cpx crystals. In 
the calibrated map from sample 1100w-8h (“EPMA Maps 
Calibration”, Supplementary Figure S2 to S6) the inner por-
tions of population 3 Tmt crystals record the lowest amount 
of TiO2 = 2.4 wt%, reaching values of TiO2 = 3.4 wt% in the 
outermost portion of the Tmt. This TiO2 is similar to the 
average TiO2 contents measured in of population 2 crystals 
in the sample.

Titanomagnetite clustering parameters

We analysed the distribution of Tmt crystal centroids in 
the 3D domain for samples 1150w-30min and 1100w-8h to 
verify the presence of periodicities in the distances between 
adjacent Tmt crystals. Sample 1100w-30min will not be 
considered since we do not have a 3D scan of the sample 
and the 2D analysis of the Tmt centroid distribution is not 
directly comparable to 3D analysis due to cutting effects. 
The Spatial Point Patterns of Tmt crystal centroids (i.e. the 
spatial position of only the centroids of the Tmt grains in a 
volume of interest, abbreviated SPP) in representative vol-
umes of interest (VOIs) reveal whether this phase is statis-
tically clustered, dispersed, or randomly distributed inside 
the VOI. The main clustering parameter used in this work 
is the pair correlation function (or radial distribution func-
tion) g(r) (abbreviated pcf from now on), defined by Ripley 
(1976, 1977) as

g (r) =
1

2π r

dK (r)

dr
 (1)
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distances between 20 μm and 30 μm (g(r) between 1.1 and 
3, and > 1.5 for all but one VOI).

EBSD results

Multiple EBSD scans were acquired on samples 
1100w-30min and 1100w-8h. Using MTEX, we obtained 
the crystallographic misorientation across each recon-
structed boundary segment shared between Cpx and Tmt. 
CORs were visualized by plotting the distribution of Tmt 
orientations with respect to the Cpx lattice for all Tmt-Cpx 
boundary segments. The resulting pole figures (Fig. 6) show 
a rotational statistical COR (Habler and Griffiths 2017). 
There are clear maxima corresponding to a specific COR, 
but also a limited degree of clockwise rotation of Tmt about 
[010]Cpx, leading to a leftward skew of the pole figure max-
ima that lie in the Cpx (010) plane.

Two Tmt-Cpx CORs are well-known, albeit from Tmt 
inclusions in Cpx crystals (Fleet et al. 1980; Feinberg et 
al. 2004; Ageeva et al. 2017): COR 1 ([-110]Tmt || [010]Cpx, 
[111]Tmt || (100)*Cpx, [-1-12]Tmt || [001]Cpx) and COR 2 
([-110]Tmt || [010]Cpx, [-1-11]Tmt || (-101)*Cpx, [112]Tmt || 
[101]Cpx). Like the COR observed here and the results of 
Hammer et al. (2010), both feature one Tmt < 110 > direction 

(~ 50% of the final total of Pop3 grains were manually 
assigned). Finally, all grains not assigned to Pop1 or Pop3 
were then automatically assigned to Pop2 (i.e. anhedral Tmt 
grains in touch with Cpx).

After segmentation and the sorting of Tmt into the three 
different populations, we extracted the shape parameters 
and centroid position of all Tmt grains in the two samples, 
to evaluate the spatial distribution of the 3D point pat-
terns for each population (Fig. 5). We defined 3 VOIs of 
500 × 500 × 500 μm for sample 1150w-30min and 4 VOIs of 
600 × 600 × 600 μm for sample 1100w-8h. Comparing the 
g(r) functions of the SPPs of the different populations reveals 
significant differences in the spatial distribution of Tmt 
Pop1 compared to Pop2 and Pop3. The Pop1 pcf (Fig. 5a-
b) show unclear, weakly clustered patterns in the range 
between 20 μm and 300 μm with peak values of g(r) < 1.3 
in the VOIs of both samples, with the exception of the VOI 
sampling the colder portion of sample 1150w-30min (green 
line in Fig. 5, right column). This VOI is characterized by a 
higher number of small Tmt crystals, completely isolated in 
the regions of interstitial glass between Cpx crystals, result-
ing in a g(r) > 4 at interpoint distances between 0 and 50 μm. 
Pop2 and Pop3 (Fig. 5c-e) instead show clustering between 
15 μm and ~ 100 μm and a peak of clustering at interpoint 

Fig. 5 Pair correlation function 
(pcf) patterns for the VOIs from 
sample 1100w-8h (left column) 
and for sample 1150w-30min 
(right column) for the different 
Tmt populations. Multiple lines 
in each plot each display the 
result for a different VOI in the 
sample. Not all populations were 
present in all VOIs. In sample 
1150w-30min it was not possible 
to correctly measure pcf value 
of Tmt pop 3 because they are 
not frequent enough to perform 
the calculations. Magenta lines 
correspond to VOIs from the hot-
ter (∆T ≈ 10°-20° and ∆T ≈ 60°) 
portion of the respective samples, 
Orange and light blue cor-
respond to VOI in the central 
(∆T ≈ 30°-40° and ∆T ≈ 70°) and 
central-colder (∆T ≈ 50°-60° and 
∆T ≈ 70°-90° respectively) por-
tions of the respective samples, 
dark blue corresponds to a VOI 
in the colder portion of sample 
1100w-8h (∆T ≈ 90°-110°)
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the four categories as BLFCOR1, BLFCOR2, BLFnearCOR, and 
BLFnoCOR, respectively. We also calculated the total frac-
tion of boundaries belonging to or adjacent to any COR, 
BLFanyCOR, as 100% - BLFnoCOR.

A total of 2090 and 554 Tmt grains were recognized 
in EBSD scans of samples 1100w-30min and 1100w-8h 
respectively, of which 66.7% and 83.8% are in contact (i.e. 
share a boundary) with a Cpx grain in the 2D scans. Because 
of 2D cutting problems this value is a great underestimate 
of the true contact frequency. Image analysis of 3D volumes 
suggests that the actual proportion of Tmt grains in con-
tact with Cpx is higher than 98% in both samples. Of the 
total length of Tmt-Cpx boundaries in EBSD scans, 91.0% 
and 91.1% follow or are close to a COR between Tmt and 
Cpx, respectively (BLFanyCOR). This value varies in sample 
1100w-30min from 95.3% in the hotter portion of the sam-
ple, to 91.1% in the middle and 84.7% in the colder portion 
of the sample. In contrast, BLFanyCOR in sample 1100w-8h 
does not show significant variation.

COR 2* is more prevalent than COR 1 in both sam-
ples. Overall, BLFCOR1 is 20.4% and 6.1% for samples 
1100w-30min and 1100w-8h, respectively, while BLFCOR2 
is 51.8% and 72.1% in the same two samples. The relative 
preferences for the two COR types vary locally through-
out both samples. BLFCOR2 is higher in the hotter portions 

parallel to [010]Cpx. COR 1 is related to COR 2 by a 4.3° 
clockwise rotation of Tmt about [010]Cpx. Comparing the 
theoretical misorientations of CORs 1 and 2 to the misorien-
tation distribution in our samples, we find that the misorien-
tation peak in both samples is identical (< 0.1° difference), 
and differs from the ideal COR 2 by 1.2° (anticlockwise 
rotation of Tmt about [010]Cpx). We thus designate this 
commonest Tmt-Cpx boundary misorientation as COR 2*. 
The ideal COR 1 corresponds to the maximum extent of the 
clockwise-skewed orientation distribution, i.e., most Tmt-
Cpx boundaries have a misorientation lying between COR 
2* and COR 1 (with a maximum at COR 2*). The misorien-
tation between COR 2* and COR 1 is 5.5°.

We classified all Tmt-Cpx boundary segments into one 
of four categories (Fig. 7): (1) boundary segments with mis-
orientations close to COR 2* (2.7° tolerance); (2) boundary 
segments with misorientations close to COR 1 (2.7° tol-
erance); (3) boundary segments not within 2.7° tolerance 
of COR 1 or COR 2*, but still with a misorientation < 6° 
from the midpoint between COR 1 and COR 2*; and (4) 
all remaining boundary segments. We then calculated the 
cumulative boundary length for each category and divided 
this by the total Tmt-Cpx boundary length, to obtain the 
boundary length fraction (BLF) belonging to each cat-
egory, expressed as a percentage, abbreviated below for 

Fig. 6 Stereographic, upper 
hemisphere, antipodal pole fig-
ures showing the distribution of 
particular symmetrically equiva-
lent sets of Tmt directions with 
respect to the lattice of adjacent 
Cpx for all Tmt-Cpx boundary 
segments mapped in (a) sample 
1100w-30min and (b) sample 
1100w-8h. The orientation 
distribution functions (ODFs) 
used have a 1° halfwidth (MTEX 
de la Vallee Poussin kernel). The 
maximum and minimum intensity 
is indicated at the top left and 
right of each pole figure, respec-
tively, in units of multiples of the 
uniform distribution. The colour 
map used is shown at right. 
Important directions (squares) 
and plane poles (circles) in Cpx 
are superimposed on all pole 
figures, colour coded according 
to the key at right. Zoomed insets 
of individual maxima are shown, 
in which the ideal positions of 
the relevant Tmt plane normal 
for COR 1 and COR 2* are 
marked with a red x or blue +, 
respectively
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Pop2 are mostly characterized by the presence of COR 2* 
(BLFCOR2 49.9% and 71.2%, respectively) over COR 1 
(BLFCOR1 23.5% and 9.3%, respectively). Pop3 grains show 
the highest BLFCOR2 (85.9% and 93.1%, respectively) and 
as a consequence, the lowest BLFCOR1 (9.4% and 2.1%, 
respectively).

Discussion

Nucleation mechanisms of Tmt and Cpx

The presence of three Tmt populations in each sample sug-
gests the occurrence of different nucleation mechanisms and 
different relative timing of phases’ appearance. The diag-
nostic tools we are going to employ in order to evaluate 
different nucleation mechanisms are: crystal morphology, 
spatial relationship of Tmt with the surrounding phases, 
Tmt clustering parameter g(x) and Tmt-Cpx CORs.

of samples 1100w-30min and 1100w-8h, decreasing from 
80.0% to 77.4% in the hotter part down to 34.1% and 58.9% 
in the cooler part, respectively. BLFCOR1, in an opposite 
fashion, is at its lowest in the hotter portion, increasing from 
5.7% to 1.2% up to 26.8% and 14.5% in the cooler portions 
of samples 1100w-30min and 1100w-8h, respectively.

In EBSD scans, Tmt populations were sorted by manual 
visual inspection to identify Tmt Pop1, while to distinguish 
Pop2 and Pop3 a circularity filter was applied: grains with 
circularity (defined as short axis / long axis) < 0.4 were clas-
sified as Pop3 while grains with circularity > 0.4 were sorted 
into Pop2. Each Tmt population shows differences in their 
COR frequencies (Fig. 8). Of all populations, the boundar-
ies of Pop1 grains in contact with a Cpx crystal are charac-
terized by the lowest fraction of CORs, with BLFnoCORs at 
17.9% and 33.9% in sample 1100w-30min and 1100w-8h 
respectively. Moreover, in sample 1100w-8h, Pop1 shows 
the highest BLFnearCOR (37.0%). Pop2 is by far the dominant 
population in both samples, and the Tmt-Cpx boundaries of 

Fig. 7 EBSD inverse pole figure (IPF) maps of Cpx-Tmt crystal clus-
ters showing different colours for different crystallographic orienta-
tions, along with the CORs followed at different Cpx-Tmt boundary 
segments. (a) Population 1 Tmt grain in the bottom portion of sample 
1100w-30min, touching a large Cpx grain with no COR (black bold 
line) and 2 smaller (quench) Cpx grains top left and bottom left, fol-
lowing different CORs with Tmt. (B) population 2 Tmt grains (all light 
blue coloured) touching a single Cpx grain in sample 1100w-30min. 
Both COR 1 and COR 2* boundaries are present; (c) Population 2 

(equidimensional grains) and population 3 (elongated grains) of Tmt 
in sample 1100w-8h all following COR 2* with the Cpx grain to which 
they are attached. Tmt = intense colours; cpx = lighter colours (60% 
transparency applied); Amph = opaque colours; Black bold lines = cpx-
tmt interfaces without CORs; Red bold lines = cpx-tmt interfaces with 
COR type 1; Blue bold lines = cpx-tmt interfaces with COR type 2*; 
Purple bold lines = cpx-tmt interfaces outside of COR 1 or COR 2* but 
within a range of 6° misorientation
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Tmt grains exhibiting 6 octahedrally arranged branches and 
well-developed outer facets are the only crystalline phase 
in the part of the sample with lower ∆T (portion of the 
sample approximately at 1150 °C). We suggest that, due to 
their similarity with these isolated grains, the engulfed Tmt 
grains that preserve a skeletal shape and exhibit all 6 octahe-
dral skeletal branches were also formed by the same mecha-
nism (i.e. either homogeneous nucleation from the melt or 
heterogeneous nucleation on nanoparticles or bubbles), but 
in any case, prior to their contact with Cpx. Further support 
for this interpretation is provided by EBSD maps that show 

The more likely explanation for Tmt Pop1 grains totally 
surrounded by glass and isolated from Cpx grains is homo-
geneous nucleation. However, since our 3D and 2D imag-
ing methodologies cannot resolve objects (like impurities 
or bubbles) at the nanoscale, it is not possible to exclude 
that these Tmt grains could have formed by heterogeneous 
nucleation on undetectable particles. Certainly, for Tmt 
grains assigned to Pop1 due to their similar size and/or 
morphology, but partially engulfed in larger Cpx crystals, 
the recognition of a specific nucleation mechanism requires 
further evaluation. In sample 1150w-30min, large, skeletal 

Fig. 8 Pie charts of Tmt-Cpx 
boundary length fraction (in per-
centages) characterized by CORs 
in the three Tmt populations in 
both sample 1100w-30min (left 
column) and 1100w-8h (right 
column)
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in both samples), and Pop3 boundaries are characterized by 
an even higher length fraction of CORs (> 95%). Heteroge-
neous nucleation is expected to favour CORs that represent 
an optimal way of arranging the lattices of crystals at shared 
interfaces, allowing low-energy interfaces to form, and thus 
minimising the height of the energetic barrier which gov-
erns the likelihood of formation of a stable nucleus. There-
fore, it is interesting to know whether the observed CORs 
indicate the presence of low-energy interfaces. Indeed, 
the observed CORs represent the case in which one set of 
{110}Tmt planes are parallel or at a small angle (< 2.7°) to 
the (010) plane of Cpx, and the d-spacings of these planes 
are similar in both phases (Fleet et al. 1980). In addition, 
Fleet et al. (1980) showed that, for exactly the two CORs 
observed here, there is also a correspondence between close 
packed oxygen planes in Tmt and the arrangement of par-
ticular layers of O atoms in Cpx, and furthermore, for the 
same two CORs, there also exist special (irrational) planes 
parallel to the [010]Cpx direction, along which the structures 
of Tmt and Cpx should match perfectly. Overall, the over-
whelming preference of Tmt-Cpx boundaries for CORs 1 
and 2* in our experiments supports the expectation that the 
interfacial energies of at least some interface planes associ-
ated with these CORs are at a local or global minimum, and 
provides strong evidence for heterogeneous nucleation.

Despite the fact that interface free energy is dependent on 
both the misorientation between neighbour crystal lattices 
as well as on the orientation of the interface plane between 

COR-absent boundaries for some Pop1 Tmt grains in touch 
with Cpx (Fig. 7a). On the other hand, for Tmt grains of 
Pop1 showing well-formed skeletal shape but missing one 
or more branches at the contact with Cpx, we suggest that 
Tmt developed only some of the octahedral branches due to 
Cpx blocking the extension of other branches into the melt. 
In EBSD maps where the 2D section is favourably oriented 
to reveal Tmt grains showing three branches arranged at 90° 
to each other, with a fourth missing, the inner portion of 
these Tmt crystals shows the presence of CORs with the 
adjacent Cpx, whereas the outer facets tend to show no COR 
(Fig. 9a), suggesting that this morphology developed either 
due to heterogeneous nucleation of the Tmt grain on Cpx, 
or vice-versa. A proper distinction of what phase is nucleat-
ing on the other is not possible from 2D maps, but these 
“obstructed” Pop1 Tmt crystals are also observed in our 3D 
data. In cases where the obstructed Tmt crystal is in contact 
with the periphery of the Cpx grain, we suggest that hetero-
geneous nucleation of Tmt on Cpx is more likely. However, 
some Pop1 Tmt grains are in contact with the central por-
tion of a Cpx grain, from which the Cpx branches radiate 
(Fig. 9b-d). In such cases, we suggest that Cpx may have 
heterogeneously nucleated on a pre-existing Tmt at an early 
stage.

Tmt Pop2 and Pop3 show clear evidence for heteroge-
neous nucleation on pre-existing Cpx crystals. EBSD scans 
reveal that Pop2 Tmt grains exhibit a very high length frac-
tion of boundaries shared with Cpx that follow CORs (> 90% 

Fig. 9 (a) EBSD map of a 
Pop1 Tmt grain from sample 
1100w-30min. IPF colour coding 
is identical to Fig. 8. The grain 
shows a morphology similar to 
the one in figures b to d, includ-
ing an apparent missing branch. 
(b) reconstructed slice after 
image processing from sample 
1150w-30min and c-d) a 3D ren-
dering of the same crystals from 
b. These pictures show a cluster 
of Cpx (blue) and Tmt from Pop1 
(red). The peculiar morphol-
ogy, in which 4 developed Tmt 
branches out of six possible 
branches are almost completely 
engulfed in Cpx in a central posi-
tion of the Cpx cluster, suggests 
that the Cpx may have nucleated 
on the Tmt grain, obstructing 
the development of the other 2 
branches
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nucleating along the same side of a branch, as result of dif-
fusive boundary layers forming at the interface of fast grow-
ing Cpx (e.g., Pontesilli et al. 2019). This region is assumed 
to become supersaturated with respect to Tmt, with the most 
energetically favourable Tmt nucleation mechanism being 
heterogeneous nucleation on the growing Cpx crystal. Dur-
ing growth of a newly nucleated Tmt grain, the chemical 
components that are fractionated into Tmt are depleted in 
the surrounding melt, lowering their chemical potentials. 
The extent of depletion of these components in melt around 
a growing Tmt grain depends on the Tmt growth rate and 
the diffusivity of the respective components in the melt. 
Assuming that both the rate of Tmt growth and the com-
ponent mobilities are quite similar for different Tmt grains 
within one sample, this produces similarly sized “depletion 
halos” (domains with reduced chemical potential of the 
components partitioning into Tmt) around each Tmt grain 
(Fig. 10). The reduced or absent supersaturation of the melt 
with respect to Tmt within the depletion halos hinders the 
nucleation of new Tmt in these domains. By this mecha-
nism, sub-regular spacing of Tmt can be produced along 
single Cpx facets, as observed.

Relative timing of nucleation of the different 
titanomagnetite populations

In this section we discuss the nucleation order of the differ-
ent Tmt populations and the timing of their nucleation with 
respect to the development of Cpx crystals, using micro-
structural relationships and crystal morphologies. In order to 
interpret the nucleation and growth history of different Tmt 
populations, it is first important to understand the origin and 
temporal evolution of the observed Cpx microstructures and 
zoning. We infer that Cpx may have formed by homogeneous 
nucleation from the melt, or by heterogeneous nucleation on 
extremely small particles or bubbles, and/or through hetero-
geneous nucleation on Pop1 Tmt grains, based on the trun-
cated morphology of some Pop1 Tmt grains and Tmt-Cpx 
CORs identified near grain centres (Fig. 9). With the excep-
tion of the portions of experiment 1150w-30 m characterized 
by lower undercooling (close to Tliq), in the first minutes at 
the experimental temperature, right after the cooling ramp, 
the system is far from thermodynamic equilibrium and the 
melt is supersaturated with respect to Cpx and Tmt (Mollo 
et al. 2010, 2012, 2013; Pontesilli et al. 2019). Cpx crystal-
lizes in a regime of diffusion-limited crystal growth, so that 
the growth rate is controlled by the rate at which component 
diffusion occurs (Sunagawa 1981; Shea and Hammer 2013), 
eventually resulting in the formation of dendritic crystals 
characterized by high concentrations of Al + Ti (Fig. 3b-c). 
As the experimental runs proceed isothermally after reach-
ing the resting temperature, ongoing melt relaxation leads 

them, with the interface plane orientation providing the 
dominant contribution (Habler and Griffiths 2017), we did 
not find evidence of a preferred interface plane orienta-
tion correlating with COR 1 or 2* boundaries in our EBSD 
maps. However, we note that the initial interface segment 
formed during heterogeneous nucleation of a Tmt nucleus 
on Cpx would be extremely small. In any case, given the 
frequently observed curved shape of Tmt-Cpx boundary 
segments with the same COR in our samples, it is clear that 
after nucleation, the COR did not exert complete control on 
interface plane orientation. This is in contrast to the obser-
vation of Fleet et al. (1980) for exsolved magnetite lamellae, 
where a different preferred elongation direction was found 
for each COR. Interestingly, Fleet et al. (1980) observed 
more needles oriented subparallel to the c-axis of Cpx, cor-
responding to a preference for COR 1, whereas here, COR 
2* dominates.

In addition to the COR-based evidence for heterogeneous 
nucleation, we also observed specific preferential interpoint 
frequencies between 10 μm and 100 μm for both Tmt Pop2 
and Pop3, with peaks between 20 μm and 30 μm. This dis-
tance range is a good approximation of the average width 
(minimum axis) of a dendritic Cpx in the region of the sam-
ple characterized by higher degrees of ∆T (between 60 °C 
and 110 °C), or the average width of the single branches of 
a skeletal Cpx in the (hotter) region characterized by lower 
degrees of undercooling (between 30 °C and 60 °C). In 
this distance range, the diffusion rate of specific elements 
may play a role in the spacing of neighbour Tmt crystals 

Fig. 10 Qualitative interpretation of the Tmt chemical potential curve 
parallel to the Cpx branch after multiple Tmt nucleation episodes. See 
text for the explanation
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Nonetheless, we in fact observe more or less a continuum 
of morphologies between the end members which we define 
as “typical” Pop2 and Pop3 grains (e.g. Figures 3 and 7b-
c), and thus many Pop2 Tmt grains exhibit more curved 
boundaries with Cpx crystals (Figs. 2c, 3a-c and 7b). These 
can be explained by a slightly earlier timing of Tmt nucle-
ation, possibly corresponding to a limited period of simul-
taneous growth of the two phases. This would result in a 
partial embedding of Tmt inside Cpx, with the geometry 
of the Tmt-Cpx interface controlled by the varying relative 
growth rates of the two phases in 3D. Despite the existence 
of transitional forms in between Pop3 and Pop2 morpholo-
gies, we still consider it useful to separate Pop3 from the 
remaining heterogeneously nucleated Tmt grains (Pop2), 
due to their distinctive morphological, COR, and chemical 
characteristics. However, the existence of a morphological 
continuum suggests that heterogeneous nucleation of Tmt 
on Cpx occurred continuously throughout Cpx growth, i.e., 
Pop3 and Pop2 do not correspond to separate Tmt nucle-
ation pulses.

Implications

Our observations show the potential of combining spatially 
resolved crystallographic orientation maps with high resolu-
tion 3D information to provide detailed, spatially resolved 
petrological information about the conditions and mecha-
nisms of crystal cluster formation. The newly-documented 
presence of multiple CORs in Cpx-Tmt clusters, whose 
overall abundance and relative frequency (COR 1 vs. 
COR 2*) changes in relation to the degree of undercool-
ing along the experimental sample, suggests that CORs 
formed by heterogeneous nucleation may represent prox-
ies for deciphering the undercooling conditions in crystal 
clusters contained in natural magmas. However, it will be 
essential to carry out further work to understand the reason 
for the overall higher occurrence of Cpx-Tmt shared bound-
aries characterized by COR 2* compared to COR 1, and 
determine whether this preference is dependent on one or 
multiple physical parameters.

The second striking feature of our experimental samples 
is the presence of three different Tmt populations, all of 
them formed during a single cooling event, nucleated at the 
same temperature, but at different times, with the only vary-
ing condition being the extent of deviation from thermody-
namic equilibrium. In the absence of combined 3D analysis 
and crystallographic orientation information, these different 
crystal populations of the same phase could have been mis-
interpreted as evidence of multiple temporally discrete mag-
matic events. Our results underline the central importance 
of a multimethodological analysis, not just microstructural 
observations, in order to explain different populations of the 

to conditions progressively closer to chemical equilibrium, 
characterized by progressively less supersaturated melt near 
the crystallizing Cpx, which favours the development of 
euhedral facets and results in the partial infill of the den-
dritic branches (Si- and Mg-rich zones; Fig. 3c). In similar 
experimental samples, Pontesilli et al. (2019) showed that 
Cpx growth rates decreased in samples kept at experimental 
temperature for increasing durations between 30 min and 
24 h. Thus, we infer that, alongside decreasing melt super-
saturation, Cpx growth rates were also decreasing during 
microstructural evolution of our samples, including during 
our 30 min duration experiments.

The observation of Tmt (Pop 1) as the liquidus phase 
(indeed the only crystallizing phase) in the hotter domain 
of experiment 1150w-30min indicates that Tmt is the first 
phase to nucleate. The relatively large crystal size and skel-
etal forms are consistent with the relatively low degree of 
undercooling determined for this part of the experimental 
sample (10 °C), as also demonstrated by recent crystalliza-
tion experiments performed at comparable conditions using 
a basalt from Stromboli (Colle et al. 2023). Under such con-
ditions of low undercooling, lower nucleation rates and a 
higher growth rates are expected. In sample 1100w-30min 
and 1100w-8h, based on well faceted Tmt crystal even when 
partially engulfed in a Cpx grain and because of the highest 
amount of shared boundaries between Cpx and Tmt crystals 
which do not show CORs (BLFnoCORS = 17.9% and 33.9%; 
Fig. 8a-b) respectively we suggest that, also in these sam-
ples, Pop1 Tmt may be the first phase to nucleate.

We infer that Tmt Pop3 nucleated heterogeneously on 
Cpx in the earlier stages of Cpx growth, favoured by the 
chemical boundary layer developed at the melt interface. 
The portion of Pop3 crystals near the Al2O3 + TiO2-enriched 
zone of Cpx corresponds to the TiO2 poor domain of the 
Tmt crystals, while the TiO2 concentration increases when 
the Tmt is situated in the SiO2 + MgO-rich zones of Cpx 
crystals. We suggest that the elongated shape is caused by 
co-growth of Cpx and Tmt with similar growth rates, result-
ing in similarity between the Tmt longest dimension and the 
final width of Cpx branches. Co-growth of the two phases 
also explains the stronger preference for COR interfaces 
compared to Pop2 Tmt, as the Tmt-Cpx interface is cre-
ated simultaneously with the growth of both phases, which 
favours continued production of a low-energy interface.

Finally, we infer that Pop2 Tmt crystals formed by het-
erogeneous nucleation on Cpx later in its growth history, 
when the faceted skeletal morphology of Cpx was more 
developed, i.e. in conditions closer to thermodynamic equi-
librium. This hypothesis is supported by the external posi-
tion of most Pop2 Tmt grains with respect to touching Cpx, 
their greater protrusion into the melt, and the presence of 
frequent planar boundaries between the two crystal phases. 
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melt. The main findings of this work can be summarized 
as follows:

1) Three distinct titanomagnetite (Tmt) populations char-
acterized by different morphologies, sizes, and spatial 
relations with the other phases formed in a basaltic melt 
cooled from superliquidus at variable degrees of under-
cooling (∆Tmax-∆Tmin=100 °C) along a temperature gra-
dient after applying a single cooling ramp.

2) EBSD mapping established the presence of CORs 
between Tmt and Cpx, which is strong evidence of 
heterogeneous nucleation of Tmt of populations 2 and 
3. The details of the Cpx-Tmt CORs vary between the 
three Tmt populations, constraining differences in the 
timing and/or mechanism of nucleation.

3) While skeletal Tmt population 1 grains may have nucle-
ated homogeneously from the melt, the other Tmt popu-
lations nucleated heterogeneously on Cpx, during and 
after Cpx crystallization.

4) The development of dendritic Cpx morphology and zon-
ing influenced the morphology (and to a lesser extent 
composition) of Tmt populations 2 and 3, but not the 
nucleation mechanism, which remained heterogeneous.

5) We advise caution when interpreting multiple cooling 
events to explain differences in crystal morphologies 
and stress the importance of further study on the pres-
ence and proportions of different CORs in experimental 
and natural samples. This parameter may depend on, 
and thus provide information about, specific values of 
undercooling, which are in turn strongly related to the 
specific crystallisation history of the system.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s00410-
024-02161-w.
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same crystal phase. In future, the combined application of 
3D imaging, compositional mapping, and crystallographic 
analysis to crystal clusters offers the potential to unravel 
crystallization sequences with unprecedented (relative) time 
resolution in experimental samples and natural rocks.

From a broader volcanological point of view, our experi-
ments reproduce magmatic conditions far from equilibrium, 
which can occur in the context of fast crystallization of a 
trachybasaltic dike (Arzilli et al. 2022) or crystallization 
due to a magmatic recharge of trachybasaltic composition 
in a crystal mush at medium to shallow (10–12 km) depths 
(Pontesilli et al. 2019; Masotta et al. 2020). The aforemen-
tioned works experimentally reproduce crystallization of a 
starting material similar to our experiments, at similar P, ∆T, 
H2O content, and fO2. All these cases result in the forma-
tion of skeletal-to-dendritic Cpx and minor oxides clustered 
together. Cpx-Tmt clustering by heterogeneous nucleation 
may play a fundamental role in the viscosity evolution of 
a magmatic system, especially in the case of the heteroge-
neous nucleation of Cpx on Tmt. This clustering mechanism 
could shorten the nucleation delay typical of magmas at low 
degrees of undercooling (Arzilli et al. 2019). Moreover, 
subsequent crystallization of fast-growing dendritic Cpx on 
already existing Tmt grains may suddenly increase the vis-
cosity of a magma, leading to fragmentation (Moitra et al. 
2018) and consequently, basaltic explosive eruption (Arzilli 
et al. 2019) if the crystallinity remains below 30%. For sce-
narios with higher undercooling, the result is a higher crys-
tallinity, which can freeze the magma propagation inside 
dykes or lock crystal mushes in the case of future eruptions 
(Arzilli et al. 2022). Heterogeneous nucleation of Tmt on 
Cpx, triggered by rapid formation of skeletal and/or den-
dritic Cpx, could also have important effects on magmatic 
systems (Hammer et al. 2010). Cpx crystals decorated or 
filled with Tmt will have higher density, causing them to be 
more efficiently removed during settling-related fractional 
crystallization in melt-rich systems. Furthermore, disequi-
librium crystallization of Tmt alongside Cpx should impact 
the major and trace element signature of coexisting melt in 
basaltic systems (e.g. Boudreau and Philpotts 2002), and 
thus also the composition of extracted melt, including in 
cases where crystallinity is higher and melt extraction pro-
ceeds by melt percolation or mush compaction.

Conclusions

Crystallization experiments and a multi-methodological 
approach including high resolution 3D SR-µCT, EPMA 
and EBSD mapping provide precious information about 
the nucleation mechanisms of Tmt and Cpx in a basaltic 
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