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Superheating in mafic magmas controls
clinopyroxene nucleation delay and magma
ascent dynamics
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Crystallisation kinetics play a fundamental role in controlling conduit
dynamics and eruptive style. The degree of superheating is critical in con-
trolling crystallisation kinetics; however, its effect is still debated and has an
unclear impact on eruption dynamics. Here, we investigate how superheating
influences clinopyroxene nucleation in tephritic magmas from the 2021
Tajogaite eruption (La Palma, Spain) through both in situ and ex situ view
experiments. Our findings show that superheating delays nucleation by dis-
solving pre-existing nuclei, thereby inhibiting crystallisation upon return to
subliquidus conditions. Using a numerical model, we investigate how different
nucleation delays resulting from different degrees of superheating affect
magma ascent dynamics. Depending on the initial thermodynamic conditions
and on the pre-eruptive history of magma, an increased nucleation delay can
significantly reduce crystal content during ascent, lowering magma viscosity
and affecting eruptive style. These findings highlight the critical role of pre-
eruptive thermal histories in controlling eruptive style, and provide con-
straints for refining experimental protocols and numerical models, with direct
implications for improving volcanic hazard assessment and eruption
forecasting.

Forecasting the eruptive style of volcanoes and understanding its Understanding these variations is critical for volcanic risk assessment,
relationship with the physical state of magma reservoirs remains one  as different eruptive styles pose widely different hazards’.

of the foremost challenges in modern volcanology'. Volcanoes can Recent studies have shown that the initial, pre-eruptive conditions
erupt effusively or explosively, with transitions between these styles of the magma reservoir influence syn-eruptive conduit processes"*®,
occurring either within a single eruption or between distinct events®.  playing key roles in changing eruptive styles. These conditions include
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factors such as reheating via primitive magma recharge’”’, the pre-
sence of exsolved volatile phases in the magma chamber”, volatile
dilution", nanoscale structure of the melt phase’, and varying crystal
content prior to eruption* *">, Among these factors, the crystal content
is particularly important because it exerts a first-order control on
magma viscosity, thereby influencing degassing efficiency, magma
ascent dynamics, and ultimately eruptive style. Crystal content
depends on the residence times of magma within the chamber, the
extent to which crystals are entrained by magma flow and accumulated
within the chamber'*", and delays in crystal nucleation associated with
superheating relative to the liquidus temperature'®”. Such super-
heating may arise not only from magma recharge but also from
decompression of water undersaturated magmas during ascent, which
can produce effective superheating relative to the liquidus even in the
absence of external heat input, as commonly observed in water
undersaturated basaltic systems's%°,

Superheating influences crystal nucleation by imposing an
“incubation period”?, a time delay required for the assembly of critical
clusters at a given temperature'®. However, the mechanisms under-
lying this effect remain debated. Two contrasting views have emerged
regarding superheating’s impact on nucleation kinetics. Some studies
suggest that the effect is negligible, arguing that silicate melt structure
relaxes rapidly enough to become path-independent within the time-
scales (hours) of crystallisation experiments®. In contrast, others
propose that superheating fundamentally alters melt structure,
thereby extending nucleation delay'®**?*. The structural perspective
offers a compelling mechanistic explanation. When crystals dissolve
during superheating, the surrounding melt retains a “ghost” of the
crystalline structure, a local ordering that persists even after the
mineral disappears”. Higher superheating temperatures progressively
disrupt the residual order*"**°, ultimately producing a more homo-
geneous liquid by eliminating both sub-critical nuclei and composi-
tional heterogeneities inherited from the starting material. This
structural homogenisation requires greater undercooling to re-
establish the thermodynamic driving force for nucleation®?. The
thermodynamic consequences of superheating extend beyond struc-
tural effects. Classical nucleation theory predicts that superheating
increases both the critical nucleus size and the activation energy bar-
rier for nucleation”. This occurs because the dissolution of pre-
existing nuclei during superheating eliminates preferential nucleation
sites, forcing subsequent crystallisation to proceed via homogeneous
rather than heterogeneous mechanisms. Additionally, superheating
influences nucleation through its effect on melt dynamics and element
distribution. Enhanced thermal energy promotes cation diffusion and
breaks down medium-range order in the melt network, creating a more
statistically random distribution of network-forming and network-
modifying cations®®. This randomisation means that upon cooling, the
system must overcome not only the thermodynamic barrier for
nucleation but also the kinetic barriers associated with reorganising
randomly distributed cations into ordered crystalline arrangements.
These combined effects (namely, structural homogenisation,
increased activation barriers, and cation redistribution) explain why
superheated melts consistently show longer nucleation delays and
require greater undercooling to initiate crystallisation compared to
melts held near their liquidus temperatures®.

Nucleation represents the first step in the structural transforma-
tion of silicate melts, initiating the rearrangement of atoms from a
disordered liquid into ordered crystalline clusters®®=°, Critically, this
process exhibits significant time delays in magmatic systems—stable
nuclei do not form immediately upon reaching thermodynamically
favourable conditions, but instead require incubation periods ranging
from minutes to days®"¥. Understanding these nucleation delays is
essential for constraining magmatic timescales in both volcanic and
plutonic systems. Previous investigations of nucleation kinetics have
provided valuable but incomplete insights. Studies on basaltic systems

have explored various aspects including texture development®,
effects of cooling rate and supercooling’*, and nucleation
mechanisms®?¢, revealing delay times from 30 min at high under-
cooling to hundreds of hours near the liquidus. Similar work on felsic
compositions®**”**8 has yielded quantitative nucleation and growth
rates, though nucleation delay was rarely the primary focus. Crucially,
no study has systematically examined how varying degrees of super-
heating control nucleation delay times, nor linked these delays to
eruptive dynamics through integrated experimental and numerical
approaches.

Here, we address this gap by investigating superheating effects on
clinopyroxene nucleation delay in tephritic magma from the 2021
Tajogaite eruption (La Palma, Spain). Our approach combines real-
time crystallisation imaging via synchrotron X-ray microtomography
with conventional experimental petrology, providing unprecedented
temporal resolution of nucleation processes. Specifically, by adopting
nucleation delays resulting from our experiments into a numerical
model of magma ascent, we demonstrate how pre-eruptive thermal
histories can control syn-eruptive crystallisation and, ultimately, vol-
canic eruption styles. This study does not aim to provide a compre-
hensive synthesis or reinterpretation of the Tajogaite eruption
sequence, nor to quantitatively reconstruct its temporal evolution.
Instead, we want to elucidate a general physical mechanism, i.e. the
effect of superheating-induced nucleation delay on crystallinity,
magma viscosity, and ascent dynamics, that may operate in mafic
magmas more broadly. The 2021 Tajogaite magma is used as a case
study because its tephritic-basanitic composition is well constrained
and has been extensively characterised in previous studies*°,
allowing it to be employed as starting material in our experiments and
enabling a direct link between experimental observations and natural
magmatic conditions. In addition, Tajogaite represents a low-viscosity
eruption involving hot, water-undersaturated magma rising from a
deep source’® % The high pre-eruptive temperatures inferred for this
system’*** suggest that the magma may have experienced some
degree of superheating prior to eruption and during ascent, making it
a suitable natural scenario in which to explore the potential effects of
superheating on crystallisation dynamics.

Results and discussion

Experimental design and setup for investigating superheating
effects

We performed a series of experiments to investigate how different
degrees of superheating influence pre-eruptive crystallisation. We
focused on clinopyroxene, the dominant crystallising phase in these
magmas, which is readily detectable in both in situ and ex situ view
experiments (see Methods). This makes it particularly suitable for
quantitatively constraining crystallisation kinetics. The first set of
experiments, with in situ view and no superheating (ATg,=T-
Tiepx=0°C, where T is the temperature of the experiment and T ¢px
is the liquidus temperature of clinopyroxene), simulates a scenario
where magma does not undergo superheating prior to eruption.
Then magma is cooled down at a given cooling rate, resulting in a
progressive increase in undercooling (ATyc = Ty cpx—T) with time. This
experimental approach reproduces the net increase in undercooling
expected during magma ascent, which in natural systems may arise
from a combination of non-adiabatic cooling and an increase in
liquidus temperature associated with volatile exsolution (e.g., H,O
loss) during decompression’®®’. In contrast, the second set of
experiments, with ex situ view (see Methods for details) and super-
heating (AT, =-90°C), simulates a scenario of substantial super-
heating in mafic magmas, which may occur naturally due to magma
recharge or decompression during ascent. The system is then cooled
at a constant rate down to the liquidus temperature, where it is held
for the duration of the experiment prior to quenching. Experiments
with in situ view were performed at beamline 112-JEEP, Diamond Light
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Fig. 1| Experimental conditions for in situ and ex situ view experiments.
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temperature calculated using Rhyolite-MELTS software®>** and experimentally
constrained. Clinopyroxene liquidus temperature is calculated for the tephrite with
1wt.% H,0.

Source, Harwell (United Kingdom), combining a dedicated X-ray
transparent Internally Heated Pressure Vessel apparatus®” with fast
synchrotron X-ray microtomography, while ex situ view experiments
were performed at the Experimental Petrology Laboratory of Charles
University, Prague (Czech Republic), by using a Quick press non-end
loaded piston-cylinder (for details see Methods). Ex situ view
experiments were essential to access longer durations (8-20 h) that
are not feasible at synchrotron facilities due to beamtime con-
straints. Experimental conditions are reported in Supplementary
Data 1. The ex situ view experiments were performed at 275 MPa and
1200 °C (superliquidus) followed, after 1 h of dwell time, by a cooling
step (1°C min™) to 1100 °C (Fig. 1). This dwell time at superliquidus
temperature (ATg,=~90 °C) is one of the two main differences, the
other being in the preparation of the starting material (see Methods).
The in situ view experiments were performed at 20 MPa and 1140 °C
(Ticpx Fig. 1). After maintaining the temperature constant for 20 min
at Ticpx (ATsp=0°C), the system was cooled at a rate of 1°C min™.
The Ticpx at 20 MPa was calculated using Rhyolite-MELTS®*** and
validated visually during 4D in situ view experiments. From the
microtomography data, we observed in real time that the structural
relaxation of the starting material began at ~960°C during the
heating ramp (14 min after the start of the tomographic recording;
Fig. 2). This relaxation corresponds to the glass passing its glass
transition temperature (7)® and beginning to behave as a molten
liquid, gradually losing its original shape. Complete melting of the

starting material was reached at ~1140 °C (after 20 min; Fig. 2). This
temperature, experimentally determined, closely matches the value
estimated with Rhyolite-MELTS, supporting its use as a reasonable
approximation of T, .,« under the investigated pressure conditions.
The Ty cpx at 275MPa (-1112°C; Fig. 1) was instead constrained
through crystallisation experiments*.

Nucleation delay: role of pre-existing nuclei and superheating
We compared the intermediate-pressure (20 MPa) experiments with in
situ view (ATsh=0°C;, AT,.=-10-20°C) with the ex situ view
(AT¢h=-90°C; AT,.=-12°C) ones at high-pressure (275MPa). The
main difference we observed between in situ and ex situ view experi-
ments is a nucleation delay. In the experiments with ex situ view,
clinopyroxene crystallisation only occurred after 8h, while in the
experiments with in situ view it occurs in the first 20 min of cooling at
temperatures between 1140 and 1120 °C (Supplementary Fig. S1 and
Supplementary Data 1). In their 4D synchrotron X-ray micro-
tomography experiments at high temperature and atmospheric pres-
sure, Polacci et al.** observed a nucleation delay of 12 min for pyroxene
at AT,.=38°C and 30 min at AT,.=18°C in a basaltic sample of the
2001 Mt. Etna eruption. Our in situ results align with their findings.
To elucidate the contrasting nucleation behaviours observed
between in situ and ex situ view experiments, we systematically
investigated two potential controlling factors: the presence of pre-
existing nuclei and the influence of superheating on clinopyroxene
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Fig. 2 | Time-resolved microtomographic slices depicting glass melting.
Reconstructed slices show the melting of the glassy starting material, observed in
real-time. Time* represents the elapsed time from the start of the microtomo-
graphic recording at ~960 °C. Melting occurs at ~1140 °C within the first 20 min of
recording.

nucleation kinetics. Pre-existing nuclei, which could originate from
incomplete melting during sample preparation or form during
experimental heating, were evaluated using complementary spectro-
scopic and thermal analytical techniques. Raman spectroscopy pro-
vided direct structural characterization of the starting glasses, with
particular sensitivity to nanolite detection through analysis of the
200-1200cm™ spectral region. Differential scanning calorimetry
(DSC) enabled quantitative assessment of crystallisation onset tem-
peratures under controlled thermal conditions. Raman spectroscopic
analysis demonstrated the absence of detectable nanolites in all
starting materials (Supplementary Figs. S2 and S3), confirming com-
plete vitrification. To further probe the stability of the amorphous
state, we examined sample LPtl (see Methods), subjected to 1h at
1200 °C (AT, =88°C) followed by 30 min at subliquidus conditions
(1100 °C) where clinopyroxene crystallisation is thermodynamically
favoured. Remarkably, the Raman spectra of LPtl revealed no evidence
of nanolite formation or incipient crystallisation. The glass maintained
a fully polymerised structure indistinguishable from reference super-
heated glasses LP4 and LP17 (see Methods), indicating that super-
heating effectively suppressed nucleation even under conditions
favourable for crystallisation. These findings demonstrate that super-
heating not only eliminates pre-existing nucleation sites but also fun-
damentally alters the melt’s propensity for subsequent crystallisation,
consistent with enhanced structural homogenisation at elevated
temperatures.

Differential scanning calorimetry (DSC) was employed to
investigate the influence of superheating on the crystallisation
behaviour of anhydrous tephritic glass during continuous heating
and cooling (Fig. 3; see Methods for details). During continuous
heating experiments (Fig. 3a), crystallisation onset occurs at ~-820 °C
(with a crystallisation peak at -830°C) in the anhydrous tephritic
glasses heated to liquidus (1180 °C) and superliquidus (1265 °C)
temperatures with a heating ramp of 1°C min™. These early crystal-
lisation events during heating indicate that nanolites begin to
nucleate during the heating ramp, well before liquidus conditions are
reached, highlighting the crucial role of heating in initiating nanolite
formation. In experiments where the melt was first heated to 1265 °C,
well above the clinopyroxene liquidus (T;cpx =1180 °C), and cooled at
arate of 1°C min™, crystallisation onset was recorded at 1108 °C, with
a crystallisation peak at 1097 °C (Fig. 3a; orange line). In contrast,
non-superheated melts, cooled directly from the liquidus, exhibited
significantly earlier crystallisation, with onset at 1148 °C and a peak at
1143 °C (Fig. 3a; blue line). To further quantify the relationship
between superheating and crystallisation kinetics, additional DSC
experiments were conducted using progressively higher super-
heating temperatures, followed by rapid cooling at 20°C min™
(Fig. 3b). Melts superheated to 1265°C exhibited delayed crystal-
lisation onset at 1073 °C (peak at 1061°C), while those heated to
1365 °C showed an even greater delay, with onset at 1058 °C and peak
at 1032°C. These results clearly demonstrate that increasing the
degree of superheating systematically suppresses the nucleation of
clinopyroxene, requiring larger undercooling to trigger crystal-
lisation. Combined observations from DSC and in situ view experi-
ments conducted near the liquidus suggest that incipient crystalline
clusters or nanolites, possibly formed during the initial heating ramp,
may act as heterogeneous nucleation sites and significantly reduce
incubation times. Conversely, superheating leads to the dissolution
of such structures, yielding a more structurally homogeneous and
disordered melt. This homogenisation increases the thermodynamic
and kinetic barriers to nucleation, thereby extending the nucleation
delay by requiring greater undercooling to re-establish favourable
conditions for crystal formation.
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Fig. 3 | Calorimetry spectra showing crystallisation peaks in glasses. Differential
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(blue) and with superheating (orange), and (B) glasses subjected to progressively

higher degrees of superheating. Data are plotted as differential heat flow (W g™)
versus temperature (°C).

Influence of superheating on crystal nucleation and growth rates
in mafic magmas

Crystal nucleation behaviour, and consequently the resulting textures
in experimental products, is highly sensitive to the thermal path
experienced prior to crystallisation**%©"*°_ In natural magmatic sys-
tems, superheated magma may arise directly from the mantle and
enter in subliquidus conditions within the crust, or from decompres-
sion of water undersaturated magmas during ascent, which effectively
increases the temperature relative to the liquidus without requiring
external heat input’®*°’°, When magma experiences low and moderate
superheating, pre-existing nuclei may persist if the temperature is near
or just above the liquidus, as dissolution is limited by sluggish
resorption kinetics and restricted elemental diffusivity. These surviv-
ing nuclei can then promote heterogeneous nucleation upon sub-
sequent cooling. In contrast, if magma is held at larger superliquidus
temperatures for sufficient durations, enhanced elemental diffusivity
promotes more efficient dissolution of pre-existing nuclei, suppres-
sing heterogeneous nucleation and favouring crystallisation via
homogeneous nucleation during cooling. As a result, crystallisation
proceeds via homogeneous nucleation at subliquidus conditions,
producing fewer but larger crystals (>100 pm). We observed this dif-
ference in our in situ and ex situ view experimental samples (Supple-
mentary Text S1). In the experiments with in situ view, crystals are
more numerous and smaller, with a maximum length of -200 pm,

while in the ex situ view experiments, crystals are fewer and larger,
with a maximum length of ~400 pm (see Supplementary Text S1). As
observed in the literature, the occurrence of pre-existing nuclei
strongly affects the crystallisation kinetics (i.e., nucleation and
growth)?%*7*7_ Thus, to corroborate the observation of superheating
influence on crystallisation kinetics of pyroxene crystals in our mafic
melts, we measured nucleation as the number of crystals per area
(Supplementary Data 2 and Methods Section) and the apparent time
averaged growth rate (Supplementary Data 3). This latter was calcu-
lated following Arzilli et al.”> and Bonechi et al.”:

_Lxw)®?

o=t

@

where L is the length and W is the width of the crystals, and ¢ is time.

Regarding nucleation, the in situ view experiments show a pro-
gressive increase in the number of crystals per unit area over time
(Fig. 4a), consistent with the occurrence of heterogeneous nucleation,
as also observed by Polacci et al.*®. This increase is further enhanced by
the continuous increase in AT, during the cooling ramp (Fig. 4b,
Supplementary Data 2): as AT,,. increases, the thermodynamic driving
force for nucleation rises, promoting the formation of additional
crystals over time. In contrast, the ex situ view experiments exhibit a
nearly constant and lower number of crystals per unit area, suggesting
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limited or delayed nucleation under those conditions (Fig. 4a). This
behaviour is analogous to the multi-step decompression experiments
described by Hammer*°, where slower decompression and smaller
instantaneous undercooling led to reduced nucleation efficiency and
delayed attainment of chemical equilibrium. Similarly, in our ex situ
view experiments, the combination of higher pressure and nearly
constant undercooling appears to limit nucleation rates, consistent
with Hammer’s observations.

These experimental differences can be understood in terms of the
combined effects of undercooling and the melt’s thermal history.
Undercooling remains the primary thermodynamic driving force for
crystallisation, controlling nucleation and growth and strongly influ-
encing crystal number density, nucleation and growth rates once crys-
tallisation begins. Greater undercooling generally promotes higher
nucleation rates and faster crystal growth. However, at comparable
degrees of undercooling, prior superheating can significantly affect
crystallisation kinetics*. Extensive superheating can modify the melt
structure, for example, by dissolving pre-existing clusters or structural
heterogeneities, thereby delaying nucleation upon cooling into sub-
liquidus conditions. As a result, larger superheating may reduce the
effective nucleation rate and crystal number density, and alter sub-
sequent growth behaviour. In summary, while undercooling drives
crystallisation at subliquidus conditions, the melt’s superheating history
exerts a critical kinetic influence. Consequently, the observed crystal-
lisation behaviour reflects the combined effects of undercooling and
superheating, explaining the higher number of crystals observed in the
in situ experiments compared with ex situ ones.

Crystal growth rates are generally faster in the in situ (1x 107 to
5x107 cms™) than in the ex situ (-2x107 cms™) view experiments.
Particularly, in the in situ view experiments (Fig. 4c), growth rates
decrease over time up to ~150 min, after which a faster growth phase is
observed (¢ >~200 min), associated with the development of dendritic
branches in clinopyroxene, particularly in experiment LP1-SSC. Faster

growth rates of pyroxene in presence of dendritic branches have been
previously observed by Arzilli et al.”. For the in situ LP1-CCO5 experi-
ment, we also observe the influence of undercooling, with growth rates
decreasing as undercooling increases from ~20 to ~80°C (Fig. 4d;
Supplementary Data 3). This trend reflects the concurrent increase in
nucleation rate at higher undercooling, which promotes the formation
of a larger number of crystals and limits the growth of individual
grains®. Despite the influence of undercooling, both nucleation and
growth rates, moreover, show a clear inverse relationship with the
degree of superheating (Fig. 4). While undercooling primarily controls
the rate of crystal nucleation and growth once crystallisation begins,
higher degrees of superheating determine the initial structural state of
the melt prior to crystallisation by promoting efficient dissolution of
pre-existing nuclei and enhanced melt homogenisation. As a con-
sequence, prolonged dwell times at superliquidus conditions
(AT4,=-90°C), as observed in the ex situ view experiments, result in
reduced availability of active nucleation sites, leading to suppressed
nucleation and lower crystal growth rates even at comparable degrees
of undercooling (AT at the onset of nucleation; Supplementary Data 1).

Implications for pre-eruptive crystal content in mafic magmas
and magma ascent dynamics

Our in situ and ex situ view experiments demonstrate that super-
heating exerts a strong control on crystal nucleation and growth
kinetics, which in turn modulate the dynamics of magma ascent. The
volume fraction of crystals present in the magma prior to eruption has
a strong influence on magma rheology, which governs ascent rates,
fragmentation efficiency, and outgassing behaviour, key parameters
that ultimately determine eruptive style**””°. Notably, studies by
Bamber et al.”” and La Spina et al.° demonstrate that even modest
variations in magma storage conditions, such as crystal content or pre-
eruptive temperature, can lead to substantial changes in the style and
intensity of basaltic eruptions.
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Constraining whether magma stalled at specific thermodynamic
conditions prior to eruption is critical for understanding ascent
dynamics and resulting eruptive behaviour. If magma ascends directly
from the mantle or a deep reservoir, it is likely to experience significant
superheating immediately before eruption. Such superheating may
arise from adiabatic or isothermal decompression, particularly under
water undersaturated conditions'®**’°, Under these conditions, mag-
mas largely retain their initial temperatures, and volatiles remain dis-
solved in the melt, limiting cooling associated with degassing and
allowing magmas to ascend under superliquidus (i.e., superheated)
conditions. The degree of superheating depends on the magma’s
liquidus temperature, which is controlled by its H,O content and initial
oxygen fugacity®. Once magmas reach shallower crustal levels, they
may be stored in reservoirs where cooling is more likely, promoting
subliquidus conditions. Consequently, superheating is significantly
less likely to develop in shallow reservoirs than in rapidly ascending,
deeper-sourced magmas.

In low-viscosity magmas such as basalts, superheating can inhibit
crystallisation by inducing a long nucleation delay, thereby facilitating
rapid ascent and potentially producing lava fountaining behaviour.
Conversely, if magma resides at intermediate or shallow depths for
sufficient time before eruption, nucleation delay is minimised. This
promotes syn-eruptive crystallisation of microlites during ascent, even
under rapid decompression conditions, thereby increasing magma
viscosity. Arzilli et al.** demonstrated that syn-eruptive crystallisation
in fast-ascending basaltic magmas can occur within tens of seconds,
rapidly enhancing viscosity and strain rate, potentially leading to
explosive Plinian or sub-Plinian eruptions. In contrast, slower magma
ascent allows crystallisation to proceed more gradually, increasing
viscosity while simultaneously reducing ascent velocity. This promotes
efficient outgassing and favours the development of effusive eruptive
behaviours.

To evaluate the potential impact of nucleation delay due to
superheating on magma ascent dynamics, we conducted numerical
simulations using a one-dimensional, steady-state conduit flow
model®”7#>% The model was further developed to explicitly account
for nucleation delay (see Supplementary Text S2), allowing us to
investigate its influence on magma ascent dynamics®*. We use the 2021
Tajogaite eruption (La Palma, Spain) as a representative case study.
Our aim is not to reproduce the 2021 eruptive activity at La Palma, but
rather to illustrate how different nucleation delays may affect the
overall magma ascent dynamics and related eruption style in a mafic
system. For the numerical simulations we consider two end-member
scenarios. In the first scenario, superheated magma rapidly enters the
magma reservoir at ~13 km depth, cools to liquidus conditions, and
entrains phenocrysts from the resident magma before entering the
conduit for the final ascent to the surface. As a consequence of this
rapid transit, the residence time in the reservoir is short and therefore
negligible compared to the nucleation delay expected under super-
liquidus conditions. In this case, assuming that the magma was at a
high degree of superheating before entering the magma reservoir, we
impose a nucleation delay of 8h, according to our experimental
results. In the second scenario, the superheated magma enters, cir-
culates and cools down within the reservoir for a timescale much
longer than the nucleation delay expected under superheated condi-
tions. Assuming that the magma chamber temperature is close to
liquidus conditions, we impose a nucleation delay of 20 min upon
conduit entry, consistent with experimental estimates at near-liquidus
conditions. Simulation results are shown in Fig. 5 and Supplementary
Fig. S4. Initial and boundary conditions used in the model are detailed
in the Supplementary Text S2.

The numerical simulations with a large nucleation delay (i.e., 8 h)
due to a high degree of superheating, show that magma ascends from
a depth of 13 km**#? without significant crystallisation, transporting to
the surface only the crystal cargo inherited from depth (-20 vol.%%).

The total ascent time in this case is approximately 30 min, which is
much shorter than the expected nucleation delay under high degrees
of superheated conditions, supporting the absence of syn-eruptive
crystallisation. This scenario yields a high mixture velocity and mass
eruption rate (-4 x10*kgs™), consistent with lava fountaining beha-
viours. Assuming a nucleation delay of 20 min, reflecting negligible
nucleation delay due to a long residence in the magma reservoir at
near-liquidus conditions, magma ascends more slowly, over approxi-
mately 11.5 h, allowing crystallisation of ~20 vol.% microlites during
ascent. This results in a total crystal content of ~40 vol.% at the vent.
The increased crystallinity reduces ascent velocity and promotes
outgassing, yielding conditions compatible with an effusive eruption
and a mass eruption rate of -2 x10°kg s™ (-0.7 m*s™). Our simulations
demonstrate that nucleation delay linked to superheating can produce
substantial differences in crystallinity, mixture velocity, viscosity, and
mass discharge rate (Fig. 5). When placed in the context of the 2021
Tajogaite eruption, these modelled end-member mass eruption rates
span a range comparable to the observed variability in eruptive output.
Reported values for Tajogaite indicate mass eruption rates ranging
from -1.4x10°kgs™ during waning phases to peaks of
~3x10*-1.8 x10*kg s™ during early high-flux activity and Strombolian
activity, with short-time-window measurements reaching up to
-3 x10*kgs™ during intense fountaining episodes®®*>*, The differ-
ence between our two modelled end-members (-2x10° to
~4 x10*kg s™) therefore falls within the same order of magnitude as the
natural variability observed at Tajogaite, suggesting that superheating-
controlled nucleation delay could plausibly contribute to modulation
of eruptive intensity within the broader envelope of eruptive beha-
viour. It is important to highlight that pre-eruptive thermodynamic
conditions primarily control magma ascent dynamics and
timescale® %, However, when the timescale of ascent is comparable
with the timescale of nucleation delay, the latter becomes a critical
factor in governing magma ascent dynamics. Recent petrological stu-
dies of the 2021 Tajogaite eruption®****"**%° document temporal var-
iations in magma composition, crystal textures, and melt properties,
indicating changes in storage and ascent conditions during the erup-
tion. The coexistence of multiple active vents exhibiting different
eruptive behaviours (i.e., ash emissions, lava fountains, Strombolian
activity, and sustained lava flows)*¢0858¢%0 further suggests spatial
heterogeneity in conduit and shallow plumbing conditions, which is
consistent with a range of local physical environments affecting
magma ascent. Within this framework, superheating-induced delays in
crystal nucleation provide a physically plausible mechanism that may
modulate magma rheology and ascent efficiency under specific ther-
mal conditions. Rather than explaining eruptive style variations at
Tajogaite, our results should be viewed as demonstrating how kinetic
controls on crystallisation can contribute to variability in ascent
dynamics and eruptive parameters in basaltic systems. More broadly,
these findings highlight the importance of incorporating superheating
effects into models of conduit processes, as they may significantly
affect eruptive style across a range of volcanic systems.

Methods

Starting material

The natural starting material used for the experiments is a tephrite
from Tajogaite cone in the Cumbre Vieja ridge (La Palma, Canary
Islands) erupted on 2 October 2021 (CVLP-LF3 sample®’; Supplemen-
tary Data 4).

In situ view experiments. The natural crushed rock was melted at
1400 °C for 4 h in a Pt crucible placed in a 1-atm box furnace at The
University of Manchester (United Kingdom). This melting time has
allowed the natural powder to fully degas and to dissolve any crystals
present. After that time the crucible was removed from the furnace and
cooled in air. The melting procedure was repeated twice to enhance
homogenisation. The hydrous starting glass (LP1) was obtained by
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Fig. 5 | Numerical results for the 2021 Tajogaite eruption reference test case.

Numerical solutions computed for high degrees of superheating (large nucleation
delay; green lines) and low degrees of superheating (short nucleation delay; blue
lines) test cases using the reference input parameters (Supplementary Text S2) and

mis Pas

assuming brittle fragmentation criterion. Here we illustrate the profile of (A)
pressure, (B) temperature, (C) gas volume fraction, (D) crystal content, (E) mixture
velocity, (F) and mixture viscosity.

melting the recovered glass and homogenising it with 1wt.% H,O
added in AugoPd,o capsules at 1250 °C and 60 MPa for 24 h using an
internally heated pressure vessel apparatus at the Institute of Earth
System Sciences, Leibniz University of Hannover (Germany).

Ex situ view experiments. The hydrous starting material (1wt.%
H,0 added) used for the ex situ view experiments was prepared by
mixing powder of the natural anhydrous tephrite (CVLP-LF3)°° with a
hydrous-rich (5wt.% H,O added)” synthetic analogue in the
ratio 80:20.

In situ view synchrotron X-ray microtomography experiments

Intermediate pressure, high temperature (IPHT) experiments with
in situ view were performed at the X-ray tomography beamline 112-
JEEP, Diamond Light Source, Harwell, United Kingdom. We used a
dedicated X-ray transparent Internally Heated Pressure Vessel (IHPV®?)
apparatus developed at Neel Institute (France) and based on a previous
one”? combined with X-ray microtomography to perform crystal-
lisation experiments with in situ view under water saturated conditions
at crustal pressures. With respect to the original setup used in Bonechi
et al.*?, the bottom part of the IHPV has been modified to enable X-ray
microtomography acquisition (Supplementary Fig. S5). This adapta-
tion includes a customised connection to a rotation mechanism,
allowing the sample holder to rotate independently within the vessel.

The rotation system consists of a motor which is magnetically coupled
to the modified base of the vessel via paired magnets. This config-
uration enables sample rotation within the IHPV, allowing full tomo-
graphic acquisition through the fixed sapphire windows without
requiring the entire vessel to rotate. The pressurisation was controlled
by a pressure regulator®. The IHPV is characterised by the placement
of the furnace inside the vessel (internally heated). The vessel is a thick-
walled steel cylinder having both ends open. The open ends are closed
by heads through which pressure, electrical and thermocouple lead
enter. Pressure and temperature are confined respectively by two
external and two internal sapphire windows at 180°, which allow the
X-ray beam to enter the vessel, passing through the sample, and
reaching the camera for microtomography acquisitions. Temperature
was measured with a K-type thermocouple positioned close to the
sample in the middle of the furnace hot spot. The K-type thermocouple
measures the sample temperature with an uncertainty of +0.5°C. The
sample holder was an alumina, which is suitable for the temperature
range investigated and has a low X-ray attenuation coefficient. The
hydrous glasses were placed in the cylindrical alumina crucible (outer
diameter 5 mm, and inner diameter 4 mm). We pressurised the system
at first with gas (He) up to 20 MPa, and then we heated up to 1140 °C.
We kept then the system at 1140 °C for 20 min. At this point we con-
tinued the experiments via (1) single step cooling (SSC; AT=-20 °C) at
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temperatures ranging between 1140 and 1080 °C with a cooling rate of
45°C min™ between each step (LP1-SSC), and (2) continuous cooling
(CC) at cooling rates of 0.5°C min™ (LP1-CCO5) and 1°C min™ (LPI-
CCl1). We worked at fixed pressures typical of shallow to intermediate
crustal storage (P=20-50 MPa, corresponding to a depth of ~1-2 km),
under H,O-saturated conditions (Supplementary Fig. S6).

Ex situ view experiments

The experiments were carried out at the Experimental Petrology
Laboratory of the Institute of Petrology and Structural Geology
(Charles University, Prague, Czech Republic) in a Quick press non-end
loaded piston cylinder apparatus at 275 MPa in the temperature range
1100-1200 °C. The starting mixture (about 20 mg) was loaded inside
cylindrical capsules (AugoPd,o, OD: 3 mm, ID: 2.7 mm), that were sealed
by arc-welding under a flux of argon. The employed 19-25 mm NaCl-
pyrex-graphite-MgO low-pressure assemblies impose relatively oxi-
dising conditions (NNO +2)°*. S-type (Pt-PtogRh;o) thermocouples
were used to measure the temperature with an accuracy of +2 °C. The
thermal history of each experiment consist of heating it at a rate of
15°C min™ to 700 °C, with a rate of 50 °C min™ to 1200 °C (super-
liquidus), maintaining the superliquidus temperature for 1 h, cooling it
at a rate of 1°C min™ to 1100 °C, holding it at 1100 °C for variable time
from 0.5 to 19 h (Fig. 1). All experiments terminated with isobaric
quench by switching off the power (cooling rates >100 °C s™).

In situ synchrotron X-ray microtomography acquisition

The X-ray tomography beamline 112-JEEP (Diamond Light Source, Har-
well, United Kingdom) allowed us to perform experiments in phase-
contrast mode, setting the sample-to-detector distance at 2200 mm in
order to work in the edge-detection regime®. The tomographic pro-
jections were acquired using a monochromatic X-ray beam with energy
of 53 keV. In each scan, 1800 tomographic projections were acquired by
the detector with equiangular steps (2.174 degs™) over a full rotation
angle of 180°. The exposure time for the acquisition of each projection
was 0.046s, thus the temporal resolution of each scan is -83s. The
isotropic pixel size was 3.24 pm. The detector is a high-resolution ima-
ging pco.edge 5.5 camera with optical module 3, corresponding to a
field of view of 8.0 x 7.0 mm. Scan acquisition started during the heat-
ing ramp and covered the entire duration of the experiment.

Image reconstruction

Tomographic projections were reconstructed into 2D slices by using
Diamond 112 in-house python codes, using the Gridrec algorithm,
implemented in Savu plugin (https://savu.readthedocs.io/en/latest/
tutorials/confluence/I12/SAVU-Tomography-Reconstruction.html).
The pre-processing pipeline includes centre of rotation calculation®,
zinger removal, blob removal”” and regularisation-based ring
removal’®, The reconstructed slices were converted to 8-bit raw format
and stacked using ImageJ software (v. 1.54 d)*° to obtain volumes in
which the isotropic voxel has an edge size of 3.24 ym.

Image processing and segmentation

Segmentation is the process that allows separation of objects from the
background to obtain binary volumes containing only the feature of
interest. Segmentation of pyroxene crystals from the glassy matrix was
performed using Avizo® software. Before segmentation a 3D Non-
Local Mean filter in Avizo® software was applied to smooth the grey-
scale input images; this allows us to better distinguish and segment
pyroxene crystals from their glassy matrix, reducing the noise and the
potential artefacts whilst preserving edges and the shapes of the
objects. Segmentation of pyroxene crystals from the glassy matrix was
operated in the 3D domain with Avizo® software by using manual bi-
level greyscale thresholding based on the greyscale histogram of the
selected VOIs and visual inspection of the slices in different directions
(axial, coronal and sagittal).

Scanning electron microscope analysis

BSE images were collected using a JEOL JSM-6390LA FE-SEM in the
Department of Earth and Environmental Sciences, The University of
Manchester, United Kingdom, to analyse vesicles shapes and crystals
morphologies. We used an acceleration voltage of 15 kV and a working
distance of 10 mm.

Raman spectroscopy

Raman spectroscopy was conducted on LP1 (1250 °C, 60 MPa, 1wt.%
H,0) natural glass used for the in situ view experiments, and on LPtl
(Supplementary Data 1) ex situ superheated glasses to verify the pre-
sence of nanolites/nanocrystals. Two additional ex situ superheated
glasses, LP4 (1200 °C, 275 MPa, 1wt.% H,0, 24 h) and LP17 (1175°C,
275MPa, 1wt.% H,0, 24 h), produced in the work of Fabbrizio et al.*
using the same starting material, were also analysed.

Raman spectra were acquired using an Alpha300R WITec Raman
microscope at GLASS (Gateway Laboratory of Amorphous and Struc-
tured Solids and Melts, CNR-ISSMC). For each sample, 10 spectra were
acquired to investigate the experimental reproducibility of the results.
The instruments are equipped with a 457 nm blue solid-state laser and
a microscope. The laser power on the sample surface was 11 mwW
through a 100x objective and ~1 pm? spot size. Calibration was per-
formed using a silicon standard. Instrumental settings consisted of
1800 grooves/mm grating density with an exposure time of 10 s and 10
accumulations. The Raman scattering was collected on a polished
sample surface over a range from 100 to 1400 cm™. Raman signal was
found to be maximised at 6 pm of depth using a motor on the Z axis.
Therefore, spectra were collected at the same depth for all samples.
Prior to the Raman spectra acquisition, the samples were stored at
100 °C in an oven to avoid water absorption on the surface.

Raman spectra treatment

All the Raman spectra of this work were processed using the Matlab
code developed by Di Genova et al.2. Following the protocol of Di
Genova et al.?, Raman spectra intensity were corrected for the
frequency-dependence scattering intensity and temperature'®>'" as
following:

- exp(—hcu/kT)]}

I=ly - (U3 v
obs {0 (VO—V)4

()

where I, is the Raman spectra intensity, v is the wavenumber of the
incident laser light (107/532 cm™ for the green laser), v is the measured
wavenumber in cm’, A is the Planck constant (6.62607 x107] s), c is
the speed of light (2.9979 x10°cms™), k is the Boltzmann constant
(1.38065 x102) K™) and T is the absolute temperature. The baseline
subtraction procedure is based on a single cubic spline fitting inde-
pendent on the chemical composition with wavenumber interval for
anchor points from ~100 to ~1500 cm™ for silicate region'.

Differential Scanning Calorimetry

Thermal analysis was conducted using a Mettler Toledo STA/TGA-DSC
instrument at the GLASS Laboratory (CNR-ISSMC) to measure heat
flow as a function of temperature. Experiments were performed in
PtgoRh,g crucibles under nitrogen atmospheres. Approximately 40 mg
of the anhydrous tephritic glass was used for each measurement.
Instrument calibration for temperature and enthalpy was carried out
using the known melting points and enthalpies of fusion of high-purity
reference standards (In, Sn, Zn, Al, Au). Baseline corrections were
applied using measurements from two empty platinum crucibles.

Crystal number per unit area measurements

The number of crystals per unit area (Supplementary Data 2) was
determined using different imaging techniques for in situ and ex situ
view experiments. For the in situ view experiments, crystal counts were
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performed on reconstructed synchrotron X-ray microtomographic
slices acquired during the experiments. Crystals were identified and
counted directly on the tomographic images over a fixed analysed
area. Tomographic slices were used because they provide time-
resolved information during crystallisation, allowing quantification of
crystals at different stages of growth. For the tomographic datasets,
the minimum detectable crystal size is determined by the spatial
resolution and the phase-contrast imaging mode, which enables the
observation of crystals with dimensions close to the voxel size. Based
on these constraints, the smallest crystals that can be reliably detected
and measured are approximately 13 um in length.

Although crystals smaller than 13 um may be visually identifiable,
background noise associated with in situ acquisition prevents reliable
segmentation and quantitative analysis. Therefore, crystals below
13 um were excluded from number density calculations.

For the ex situ view experiments, the number of crystals per unit
area was measured on backscattered electron (BSE) images of polished
sections. Ex situ measurements necessarily rely on BSE images of the
final, post-experiment samples, as these experiments do not capture
crystal growth in real time. In both cases, crystal counts were per-
formed using ImageJ (version 1.54d)°’. The same identification criteria
were consistently applied to all datasets to ensure comparability
between in situ and ex situ view experiments.

Data availability

The data supporting the findings of this study are available within the
article and its Supplementary Information. Input files required to
reproduce the numerical simulations are provided in the Supplemen-
tary Information.

Code availability

The MAMMA code (Magma Ascent Mathematical Modelling and Ana-
lysis), developed in Fortran 90 and used in this study to perform
numerical simulations, is publicly available on Zenodo at https://doi.
org/10.5281/zenodo0.19881462.

References

1. Popa, R. G. et al. A connection between magma chamber pro-
cesses and eruptive styles revealed at Nisyros-Yali volcano
(Greece). J. Volcanol. Geotherm. Res. 387, 106666 (2019).

2. Cassidy, M., Manga, M., Cashman, K. & Bachmann, O. Controls on
explosive-effusive volcanic eruption styles. Nat. Commun. 9,
2839 (2018).

3. Parfitt, L. & Wilson, L. Fundamentals of Physical Volcanology.
(Wiley-Blackwell, Malden, MA, 2008).

4, Arzilli, F. et al. Dendritic crystallisation in hydrous basaltic magmas
controls magma mobility within the Earth’s crust. Nat. Commun.
13, 3354 (2022).

5. Bamber, E. C. et al. Basaltic Plinian eruptions at Las Sierras-Masaya
volcano driven by cool storage of crystal-rich magmas. Commun.
Earth Environ. 3, 253 (2022).

6. La Spina, G. et al. Explosivity of basaltic lava fountains is controlled
by magma rheology, ascent rate and outgassing. Earth Planet. Sci.
Lett. 553, 116658 (2021).

7. Degruyter, W., Huber, C., Bachmann, O., Cooper, K. M. &Kent, A. J.
R. Influence of exsolved volatiles on reheating silicic magmas by
recharge and consequences for eruptive style at Volcan Quizapu
(Chile). Geochem. Geophys. Geosystems 18, 4123-4135 (2017).

8. Koleszar, A. M., Kent, A. J. R., Wallace, P. J. & Scott, W. E. Controls
on long-term low explosivity at andesitic arc volcanoes: insights
from Mount Hood, Oregon. J. Volcanol. Geotherm. Res. 219-220,
1-14 (2012).

9. Ruprecht, P. & Bachmann, O. Pre-eruptive reheating during
magma mixing at Quizapu volcano and the implications for the

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

explosiveness of silicic arc volcanoes. Geology 38,

919-922 (2010).

Pardini, F., Burton, M., Arzilli, F., La Spina, G. & Polacci, M. SO,
emissions, plume heights and magmatic processes inferred from
satellite data: the 2015 Calbuco eruptions. J. Volcanol. Geotherm.
Res. 361, 12-24 (2018).

Cassidy, M. et al. Volatile dilution during magma injections and
implications for volcano explosivity. Geology 44,

1027-1030 (2016).

Di Genova, D. et al. Effect of iron and nanolites on Raman spectra
of volcanic glasses: a reassessment of existing strategies to esti-
mate the water content. Chem. Geol. 475, 76-86 (2017).
Matsumoto, K., Okumura, S. & Tomiya, A. Effect of pre-existing
crystals and melt homogeneity on the decompression-induced
crystallisation of hydrous rhyodacite magma. Am. Mineral. 108,
2294-2307 (2023).

Sparks, R. S. J. et al. Formation and dynamics of magma reservoirs.
Philos. Trans. R. Soc. Math. Phys. Eng. Sci. 377, 20180019 (2019).
Marsh, B. D. Chapter 8—Magma chambers. in The encyclopedia of
volcanoes (Second Edition) (ed. Sigurdsson, H.) pp. 185-201
(Academic Press, Amsterdam, 2015).

First, E. C., Leonhardi, T. C. & Hammer, J. E. Effects of superheating
maghnitude on olivine growth. Contrib. Mineral. Petrol. 175,

1-14 (2020).

Rusiecka, M. K., Bilodeau, M. & Baker, D. R. Quantification of
nucleation delay in magmatic systems: experimental and theore-
tical approach. Contrib. Mineral. Petrol. 175, 1-16 (2020).

Blundy, J., Cashman, K. V., Rust, A. & Witham, F. A case for CO,-
rich arc magmas. Earth Planet. Sci. Lett. 290, 289-301 (2010).
Burnham, C. W. The importance of volatile constituents. in The
evolution of the igneous rocks, pp. 439-482 (Princeton University
Press, Princeton, 1979).

McCarthy, A. & Mintener, O. Comb layering monitors decom-
pressing and fractionating hydrous mafic magmas in subvolcanic
plumbing systems (Fisher Lake, Sierra Nevada, USA). J. Geophys.
Res. Solid Earth 121, 8595-8621 (2016).

Donaldson, C. H. An experimental investigation of the delay in
nucleation of olivine in Mafic Magmas. Contrib. Mineral. Petrol. 69,
21-32 (1979).

Vetere, F. et al. Intrinsic solidification behaviour of basaltic to
rhyolitic melts: a cooling rate experimental study. Chem. Geol.
354, 233-242 (2013).

Roskosz, M., Toplis, M. J., Besson, P. & Richet, P. Nucleation
mechanisms: a crystal-chemical investigation of phases forming
in highly supercooled aluminosilicate liquids. J. Non-Cryst. Solids
351, 1266-1282 (2005).

Billon, M., Vander Auwera, J., Namur, O., Holness, M. B. & Charlier,
B. Dynamics of plagioclase textural evolution and the impact of
thermal history on nucleation. Contrib. Mineral. Petrol. 181,

16 (2026).

Fu, X., Chen, G., Zu, Y., Luo, J. & Zhou, W. Microstructure refine-
ment of melt-grown Al,O3/YAG/ZrO, eutectic composite by a new
method: melt superheating treatment. Scr. Mater. 68,

731-734 (2013).

Waters, L. E. & Andrews, B. J. The role of superheating in the for-
mation of Glass Mountain obsidians (Long Valley, CA) inferred
through crystallisation of sanidine. Contrib. Mineral. Petrol. 171,
79 (2016).

Xu, J., Fan, D. & Zhang, T. The effect of superheat on the nucleation
undercooling of metallic melts. Math. Methods Appl. Sci. 44,
12351-12359 (2021).

Kirkpatrick, R. J., Kuo, L. & Melchior, J. Crystal growth in
incongruently-melting compositions: programmed cooling
experiments with diopside. Am. Mineral. 66, 223-241 (1981).

Nature Communications | (2026)17:4962

10


https://doi.org/10.5281/zenodo.19881462
https://doi.org/10.5281/zenodo.19881462
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-73352-1

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

DeYoreo, J. J. & Vekilov, P. G. Principles of crystal nucleation and
growth. Rev. Mineral. Geochem. 54, 57-93 (2003).

Fokin, V. M., Zanotto, E. D., Yuritsyn, N. S. & Schmelzer, J. W. P.
Homogeneous crystal nucleation in silicate glasses: a 40 years
perspective. J. Non-Cryst. Solids 352, 2681-2714 (2006).
Corrigan, G. M. Supercooling and the crystallisation of plagio-
clase, olivine, and clinopyroxene from basaltic magmas. Mineral.
Mag. 46, 31-42 (1982).

Gibb, F. G. F. Supercooling and the crystallisation of plagioclase
from a basaltic magma. Mineral. Mag. 39, 641-653 (1974).
Berkebile, C. A. & Dowty, E. Nucleation in laboratory charges of
basaltic composition. Am. Mineral. 67, 886-899 (1982).

Fenn, P. M. The nucleation and growth of alkali feldspars from
hydrous melts. Can. Mineral. 15, 135-161 (1977).

Nabelek, P. 1., Taylor, L. A. & Lofgren, G. E. Nucleation and growth
of plagioclase and the development of textures in a high-alumina
basaltic melt. In: Lunar and Planetary Science Conference, Pro-
ceedings. New York, Pergamon Press, 9, 725-741 (1978).

Polacci, M. et al. Crystallisation in basaltic magmas revealed via
in situ 4D synchrotron X-ray microtomography. Sci. Rep. 8,

1-13 (2018).

Swanson, S. E. Relation of nucleation and crystal-growth rate to
the development of granitic textures. Am. Mineral. 62,

966-978 (1977).

Faure, F., Trolliard, G., Nicollet, C. & Montel, J. M. A developmental
model of olivine morphology as a function of the cooling rate and
the degree of undercooling. Contrib. Mineral. Petrol. 145,
251-263 (2003).

Mollo, S. & Hammer, J. E. Dynamic crystallisation in magmas. EMU
Notes Mineral. pp. 373-418 (2017).

Hammer, J. E. Experimental studies of the kinetics and energetics
of magma crystallisation. Rev. Mineral. Geochem. 69,

9-59 (2008).

Couch, S. Experimental investigation of crystallisation kinetics in a
haplogranite system. Am. Mineral. 88, 1471-1485 (2003).
Evensen, J. M. The Geochemical Budget of Beryllium in Silicic Melts
and Superliquidus, Subliquidus, and Starting State Effects on the
Kinetics of Crystallisation in Hydrous Haplogranite Melts. PhD
thesis, The University of Oklahoma (2001).

London, D. & Morgan, G. B. Experimental crystallisation of the
Macusani obsidian, with applications to lithium-rich granitic peg-
matites. J. Petrol. 58, 1005-1030 (2017).

Sirbescu, M.-L. C., Schmidt, C., Veksler, I. V., Whittington, A. G. &
Wilke, M. Experimental crystallisation of undercooled felsic
liquids: generation of pegmatitic texture. J. Petrol. 58,

539-568 (2017).

Brugger, C. R. & Hammer, J. E. Crystal size distribution analysis of
plagioclase in experimentally decompressed hydrous rhyodacite
magma. Earth Planet. Sci. Lett. 300, 246-254 (2010).

Hammer, J. E. Crystal nucleation in hydrous rhyolite: experimental
data applied to classical theory. Am. Mineral. 89,

1673-1679 (2004).

Hammer, J. E. & Rutherford, M. J. An experimental study of the
kinetics of decompression-induced crystallisation in silicic melt. J.
Geophys. Res. 107, 2021 (2002).

Riker, J. M., Cashman, K. V., Rust, A. C. & Blundy, J. D. Experimental
constraints on plagioclase crystallisation during H,O-and
H,O-CO,-saturated magma decompression. J. Petrol. 56,
1967-1998 (2015).

Fabbrizio, A. et al. Phase equilibrium experiments and thermo-
dynamic simulations to constrain the pre-eruptive conditions of
the 2021 Tajogaite eruption (Cumbre Vieja volcano, La Palma,
Canary Islands). J. Volcanol. Geotherm. Res. 442, 107901 (2023).
Ubide, T. et al. Discrete magma injections drive the 2021 La Palma
eruption. Sci. Adv. 9, eadg4813 (2023).

51.

52.

53.

54.

55.

56.

57.

58.

50.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Dayton, K. et al. Deep magma storage during the 2021 La Palma
eruption. Sci. Adv. 9, eade7641 (2023).

Day, J. M. D. et al. Mantle source characteristics and magmatic
processes during the 2021 La Palma eruption. Earth Planet. Sci.
Lett. 597, 117793 (2022).

Burton, M. et al. Exceptional eruptive CO, emissions from intra-
plate alkaline magmatism in the Canary volcanic archipelago.
Commun. Earth Environ. 4, 467 (2023).

Bonechi, B. et al. Magma residence time, ascent rate and eruptive
style of the November ash-laden activity during the 2021 Tajogaite
eruption (La Palma, Spain). Volcanica 7, 51-65 (2024).
Carracedo, J. C. et al. The 2021 eruption of the Cumbre Vieja
volcanic ridge on La Palma, Canary Islands. Geol. Today 38,
94-107 (2022).

Gonzalez-Garcia, D., Boulesteix, T., Kligel, A. & Holtz, F. Bubble-
enhanced basanite-tephrite mixing in the early stages of the
Cumbre Vieja 2021 eruption, La Palma. Canary Islands. Sci. Rep. 13,
14839 (2023).

Longpré, M.-A. et al. Shifting melt composition linked to volcanic
tremor at Cumbre Vieja volcano. Nat. Geosci. 18, 175-183 (2025).
Chamberlain, K. J. et al. Crystal cargo perspectives on magma
assembly and dynamics during the 2021 Tajogaite eruption, La
Palma, Canary Islands. Volcanica 8, 399-425 (2025).

Pankhurst, M. J. et al. Rapid response petrology for the opening
eruptive phase of the 2021 Cumbre Vieja eruption, La Palma,
Canary Islands. Volcanica 5, 1-10 (2022).

Romero, J. E. et al. The initial phase of the 2021 Cumbre Vieja ridge
eruption (Canary Islands): Products and dynamics controlling
edifice growth and collapse. J. Volcanol. Geotherm. Res. 431,
107642 (2022).

Arzilli, F. et al. Magma fragmentation in highly explosive basaltic
eruptions induced by rapid crystallisation. Nat. Geosci. 12,
1023-1028 (2019).

Bonechi, B. et al. Direct observation of degassing during decom-
pression of basaltic magma. Sci. Adv. 10, eado2585 (2024).
Gualda, G. A. R., Ghiorso, M. S., Lemons, R. V. & Carley, T. L.
Rhyolite-MELTS: a modified calibration of MELTS optimized for
silica-rich, fluid-bearing magmatic systems. J. Petrol. 53,
875-890 (2012).

Ghiorso, M. S. & Sack, R. O. Chemical mass transfer in magmatic
processes IV. A revised and internally consistent thermodynamic
model for the interpolation and extrapolation of liquid-solid
equilibria in magmatic systems at elevated temperatures and
pressures. Contrib. Mineral. Petrol. 119, 197-212 (1995).

Dingwell, D. B. & Webb, S. L. Structural relaxation in silicate melts
and non-Newtonian melt rheology in geologic processes. Phys.
Chem. Miner. 16, 508-516 (1989).

Bonechi, B. Influence of pre-existing nuclei on the crystallisation
kinetics of primitive alkaline magmas: insights on the deep feed-
ing system of the campi flegrei Volcanic district. Minerals 10,
234 (2020).

Denry, I., Holloway, J. A. & Gupta, P. K. Effect of crystallisation heat
treatment on the microstructure of niobium-doped fluorapatite
glass-ceramics. J. Biomed. Mater. Res. B Appl. Biomater. 100,
1198-1205 (2012).

Kriiger, S. & Deubener, J. Lag time to crystal nucleation of
supercooled lithium disilicate melts: a test of the classical
nucleation theory. J. Non-Cryst. Solids 426, 1-6 (2015).

Masotta, M. et al. The role of undercooling during clinopyroxene
growth in trachybasaltic magmas: insights on magma decom-
pression and cooling at Mt. Etna volcano. Geochim. Cosmochim.
Acta 268, 258-276 (2020).

Blundy, J. & Cashman, K. Ascent-driven crystallisation of dacite
magmas at Mount St Helens, 1980-1986. Contrib. Mineral. Petrol.
140, 631-650 (2001).

Nature Communications | (2026)17:4962


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-73352-1

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Lofgren, G. E. Effect of heterogeneous nucleation on basaltic
textures: a dynamic crystallisation study. J. Petrol. 24,

229-255 (1983).

Mollo, S., lezzi, G., Ventura, G., Cavallo, A. & Scarlato, P. Hetero-
geneous nucleation mechanisms and formation of metastable
phase assemblages induced by different crystalline seeds in a
rapidly cooled andesitic melt. J. Non-Cryst. Solids 358,
1624-1628 (2012).

Spillar, V. & Dolejs, D. Melt extraction from crystal mushes:
numerical model of texture evolution and calibration of
crystallinity-ordering relationships. Lithos 239, 19-32 (2015).
Vetere, F. et al. Glass forming ability and crystallisation behaviour
of sub-alkaline silicate melts. Earth-Sci. Rev. 150, 25-44 (2015).
Arzilli, F., Piochi, M., Mormone, A., Agostini, C. & Carroll, M. R.
Constraining pre-eruptive magma conditions and unrest time-
scales during the Monte Nuovo eruption (1538 AD; Campi Flegrei,
Southern Italy): integrating textural and CSD results from experi-
mental and natural trachy-phonolites. Bull. Volcanol. 78, 72 (2016).
Bonechi, B., Perinelli, C. & Gaeta, M. Clinopyroxene growth rates at
high pressure: constraints on magma recharge of the deep
reservoir of the Campi Flegrei Volcanic District (south Italy). Bull.
Volcanol. 82, 5 (2020).

Bamber, E. C. et al. Outgassing behaviour during highly explosive
basaltic eruptions. Commun. Earth Environ. 5, 3 (2024).
Parmigiani, A., Degruyter, W., Leclaire, S., Huber, C. & Bachmann,
O. The mechanics of shallow magma reservoir outgassing. Geo-
chem. Geophys. Geosystems 18, 2887-2905 (2017).

Pistone, M., Whittington, A. G., Andrews, B. J. & Cottrell, E. Crystal-
rich lava dome extrusion during vesiculation: an experimental
study. J. Volcanol. Geotherm. Res. 347, 1-14 (2017).

Sparks, R. S. J. Causes and consequences of pressurisation in lava
dome eruptions. Earth Planet. Sci. Lett. 150, 177-189 (1997).
Burgisser, A. & Scaillet, B. Redox evolution of a degassing magma
rising to the surface. Nature 445, 194-197 (2007).

Biagioli, E. et al. Numerical modelling integrated with field
observations and analytical data of the 2021 Cumbre Vieja erup-
tion improves understanding of eruption dynamics at mafic vol-
canoes. J Geophys Res Solid Earth 130, €2024)B029692 (2025).
La Spina, G., Arzilli, F., Burton, M. R., Polacci, M. & Clarke, A. B. Role
of volatiles in highly explosive basaltic eruptions. Commun. Earth
Environ. 3, 156 (2022).

La Spina, G., & de’ Michieli Vitturi, M. (2026). MAMMA_CO-
DE_v2026_02_16 (v2026_02_16). Zenodo. https://doi.org/10.5281/
zenodo.19881462

Bonadonna, C. et al. Physical characterization of long-lasting
hybrid eruptions: the 2021 tajogaite eruption of cumbre vieja (La
Palma, Canary Islands. J. Geophys. Res. Solid Earth 127,
€2022JB025302 (2022).

Taddeucci, J. et al. The explosive activity of the 2021 tajogaite
eruption (La Palma, Canary Islands, Spain). Geochem. Geophys.
Geosystems 24, e2023GC010946 (2023).

La Spina, G., Burton, M. & de’ Michieli Vitturi, M. Temperature
evolution during magma ascent in basaltic effusive eruptions: a
numerical application to Stromboli volcano. Earth Planet. Sci. Lett.
426, 89-100 (2015).

Rutherford, M. J. Magma Ascent Rates. Rev. Mineral. Geochem.
69, 241-271 (2008).

Scarrow, J. H. et al. Decoding links between magmatic processes
and eruption dynamics: whole-rock time series petrology of the
2021 Tajogaite eruption, La Palma. Volcanica 7, 953-980

(2024).

Longpré, M.-A. & Felpeto, A. Historical volcanism in the Canary
Islands; part 1: a review of precursory and eruptive activity, erup-
tion parameter estimates, and implications for hazard assessment.
J. Volcanol. Geotherm. Res. 419, 107363 (2021).

91. Testemale, D., Argoud, R., Geaymond, O. & Hazemann, J.-L. High
pressure/high temperature cell for x-ray absorption and scatter-
ing techniques. Rev. Sci. Instrum. 76, 043905 (2005).

92. Louvel, M. et al. A transparent IHPV for the in-situ geochemical
characterization of magmatic volatile phases and melts. J. Volca-
nol. Geotherm. Res. 466, 108381 (2025).

93. Bruyere, R., Prat, A., Goujon, C. & Hazemann, J.-L. A new pressure
regulation device using high pressure isolation valves. J. Phys.
Conf. Ser. 121, 122003 (2008).

94. Masotta, M. et al. Low pressure experiments in piston cylinder
apparatus: Calibration of newly designed 25mm furnace assem-
blies to P=150MPa. Chem. Geol. 312-313, 74-79 (2012).

95. Cloetens, P., Barrett, R., Baruchel, J., Guigay, J.-P. & Schlenker, M.
Phase objects in synchrotron radiation hard x-ray imaging. J. Phys.
Appl. Phys. 29, 133 (1996).

96. Glrsoy, D., De Carlo, F., Xiao, X. & Jacobsen, C. TomoPy: a fra-
mework for the analysis of synchrotron tomographic data. J.
Synchrotron Radiat. 21, 1188-1193 (2014).

97. Vo, N. T., Drakopoulos, M., Atwood, R. C. & Reinhard, C. Reliable
method for calculating the center of rotation in parallel-beam
tomography. Opt. Express 22, 19078-19086 (2014).

98. Vo, N.T., Atwood, R. C. & Drakopoulos, M. Superior techniques for
eliminating ring artifacts in x-ray micro-tomography. Opt. Express
26, 28396-28412 (2018).

99. Abramoff, M. D., Magalhées, P. J. & Ram, S. J. Image processing
with image. J. Biophotonics Int 11, 36-42 (2004).

100. Long, D. A. Raman spectroscopy. (McGraw-Hill, New York, 1977).

101. Neuville, D. R. & Mysen, B. O. Role of aluminium in the silicate
network: In situ, high-temperature study of glasses and melts on
the join SiO»-NaAlO,. Geochim. Cosmochim. Acta 60,
1727-1737 (1996).

Acknowledgments

The beamtime at 112 was provided by Diamond Light Source (MG31529-
1), and laboratory space by the Research Complex at Harwell. The HP/HT
vessel was financially supported by the French “grand emprunt” Equi-
pex (PLANEX, ANR-11-EQPX-36). We thank the technical team of the Néel
Institute (A. Prat, E. Lahera, W. Del Net, S. Min) for the design and con-
struction of the new autoclave and its control system. We also thank
Florian Pohl and Stepan Krasheninnikov for assistance with IHPV
experiments at Hannover.

Author contributions

B.B., F.A,, M.P,, G.LS,, E.B.,, RAB., J.H, R.C.A., and M.B. contributed to
the in situ view experiments. A.F. and E.M. performed the ex situ view
experiments. B.B., R.R.A., and D.N. prepared the starting materials for the
in situ view experiments. A.F. prepared the starting materials for the
ex situ view experiments. B.B., E.B., G.L.S. performed tomographic
image reconstructions. B.B. performed image processing, segmenta-
tion, and analysis. B.B. and A.F. acquired back-scattered electron images
of experimental samples. D.D.G., S.A., and F.A. performed Raman
spectroscopy and calorimetry experiments. B.B. drafted the original
version of the manuscript. B.B. and F.A. wrote the manuscript with input
from all co-authors.

Funding

M.P. discloses support for the research of this work from UKRI Future
Leaders Fellowship 4DVOLC (MR/V023985/1). F.A. discloses support for
the research of this work from the PRIN2022 CRYSTALKIN project
(20221.2APNR; CUP: J53D23002750006) and the KINETIKVOLC project
funded by the European Union NextGenerationEU (DM737/2021). D.D.G.
discloses support for the research of this work from the PRIN2022
CRYSTALKIN project (2022L2APNR; CUP: J53D23002750006) and the
European Research Council (ERC) under the Horizon 2020 programme
(NANOVOLC, ERC Consolidator Grant No. 101044772). R.A. discloses

Nature Communications | (2026)17:4962

12


https://doi.org/10.5281/zenodo.19881462
https://doi.org/10.5281/zenodo.19881462
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-73352-1

support for the research of this work from DFG Project HO1337-43. E.M.
discloses support for the research of this work from the Grant Agency of
Charles University (GAUK, project 154123), the Czech Science Founda-
tion (GACR, grant 23-04734S), and the Johannes Amos Comenius Pro-
gramme (P JAC, CZ.02.01.01/00/22_008/0004605). D.N. discloses
support for the research of this work from NERC (NE/TO11106/1). M.B.
discloses support for the research of this work from the RCUK NERC (NE/
NO18575/1).

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-026-73352-1.

Correspondence and requests for materials should be addressed to
Barbara Bonechi.

Peer review information Nature Communications thanks Luca Caricchi
and the other, anonymous, reviewers for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2026

Nature Communications | (2026)17:4962

13


https://doi.org/10.1038/s41467-026-73352-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Superheating in mafic magmas controls clinopyroxene nucleation delay and magma ascent dynamics
	Results and discussion
	Experimental design and setup for investigating superheating effects
	Nucleation delay: role of pre-existing nuclei and superheating
	Influence of superheating on crystal nucleation and growth rates in mafic magmas
	Implications for pre-eruptive crystal content in mafic magmas and magma ascent dynamics

	Methods
	Starting material
	In situ view synchrotron X-ray microtomography experiments
	Ex situ view experiments
	In situ synchrotron X-ray microtomography acquisition
	Image reconstruction
	Image processing and segmentation
	Scanning electron microscope analysis
	Raman spectroscopy
	Raman spectra treatment
	Differential Scanning Calorimetry
	Crystal number per unit area measurements

	Data availability
	Code availability
	References
	Acknowledgments
	Author contributions
	Funding
	Competing interests
	Additional information




