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growth show that in simple growth, a single particle grows whilst
maintaining a nearly spherical shape79,81. Particle interactions and coa-
lescence then produce polycrystalline particles with a more irregular
morphology79,81. In our images (Figs. 2–4) we observe spherical-
subspherical titanomagnetite crystals and more elongate, irregular
shapes, instead of the euhedral crystals which may be expected from
Ostwald ripening80. Therefore, Ostwald ripening likely did not occur,
possibly due to the short timescale of crystal growth. In silicate systems,
experiments show euhedral olivine and plagioclase can result from
Ostwald ripening, over long timescales and at low undercooling80.
Instead, SAXS and WAXS experiments indicate that nanoscale aggre-
gates may form within minutes in a basaltic composition13.

In igneous rocks, crystal aggregates can form from mechanisms
attributed to crystal growth or dynamic processes49,55,72,82,83. Synneusis is
a hydrodynamic process that can occur in convecting magma or during
settling, leading to the attachment of previously isolated crystals83,84.
During synneusis, melt films can become trapped between the attached
crystals, which often have different core compositions83. Conversely,
aggregates which form from processes related to crystal growth, such
as epitaxy, heterogeneous nucleation or dendritic growth, will com-
prise of crystals with a similar composition in crystallographic orien-
tations related to the main crystal host55,82,83. Our ptychographic images
illustrate that the interstitial melt between nanocrystals represents a
boundary layer related to their crystallisation52,55.

Heterogeneous nucleation and epitaxial growth of titanomagne-
tite on clinopyroxene has been observed to form crystal aggregates in
a synthetic Fe-rich basalt82. In epitaxial growth, growth of the crystal-
lising phase occurs preferentially on surfaces with a specific crystal-
lographic orientation82. Although distinguishing between these
mechanisms requires detailed information on crystallographic orien-
tation at the nanoscale, from our multi-scale imaging we can suggest
that the observed titanomagnetite aggregates may originate from a
mechanism related to crystal growth rather than a dynamic process.

In conclusion, we present cutting-edge 3D observations of nanolites
in the glass of scoriae from highly explosive basaltic eruptions, obtained
using X-ray ptychography. Our results provide an innovative, direct
visualisation of nanolite aggregation in natural volcanic samples in 3D, a
phenomenon described from the results of experiments and modelling.
Titanomagnetite nanolites likely extract Fe and Ti from the melt during
crystallisation, developing layers of differentiated, Si-rich melt around
nanolites. The ρe distribution observed in the 3D ptychographic images
shows nanoscale heterogeneities in glass composition and the devel-
opment of differentiated boundary layers surrounding nanolites.

Our 3D images show that aggregation of individual nanolites
(20–300 nm) can produce aggregates that range between 400 nm and
6 μm in size. Growth of the individual nanolites likely follows a classical
mechanism of crystal nucleation and growth. Instead, aggregates may
form through a mechanism related to crystal growth such as epitaxy,
heterogeneous nucleation or dendritic growth, rather than a dynamic
process. Evidence for Ostwald ripening is not observed at this scale
and may instead lead to the formation of microlites.

Nanolites can, therefore, increase magma viscosity through a
combination of their presence as solid particles in the magma, their
interaction and aggregation and the chemical and structural mod-
ification of the melt induced by their crystallisation. The presence of
nanolites in the scoriae of the FL and MTL basaltic Plinian eruptions
suggests that the syn-eruptive crystallisation of nanolites during
magma ascent may increase magma viscosity and the potential for
magma fragmentation, leading to a highly explosive eruption.

Methods
Sampling
The Fontana Lapilli (FL) eruption of Las Sierras-Masaya volcanic system
(60 ka) erupted 2.9–3.8 km3 of tephra during the main Plinian phase,
reaching a maximum plume height of 32 km85. The mass eruption rate

of the Plinian phase is estimated as 1.4 × 108 kg s−1. Following the
stratigraphic framework of Costantini et al.85, the deposit is divided
into 8 units (A-G), representing a period of continuous deposition over
the duration of the eruption (estimated as 4–6 h). Our FL samples are
scoriae 1–3 cm in size and are from the opening (Unit A/B) and Plinian
phases (Units D-LG), where FonE refers to unit E of the FL eruption8,19.
The sampling locality is that of Bamber et al.8.

The more recent Masaya Triple Layer (MTL) eruption (2.1 ka)
ejected 3.4 km3 of tephra, forming an eruption column with an esti-
mated height between 21–32 km, with episodes of phreatomagmatic
activity6. The maximum eruption rate is estimated as 1 × 108 kg s−1.
Scoriae from the MTL eruption were obtained from Plinian fallout layer
TLL2 and are scoriae 0.3–2 cm in size. The sampling locality is the same
locality which is described in Bamber et al.7.

2D imaging techniques
High-resolution BSE images of scoriae were obtained using the JEOL
JXA-8530F FEG electron microprobe at the Photon Science Institute,
University of Manchester. An acceleration voltage of 15 kV and a beam
current of 7–10 nA was used during acquisition. Quantitative textural
analysis was performed using 2D images (Fig. 2b, d) and the software
ImageJ86, to estimate the nanolite crystal fraction over a larger area
(Supplementary Fig. 2).

The high annular dark-field (HAADF) STEM micrographs were
obtained using the FEI Talos scanning transmission electron micro-
scope (STEM) at the Department of Materials, The University of Man-
chester, equipped with an energy dispersive X-ray spectrometer (EDS)
for compositional analysis. Samples were prepared by grinding scoriae
of the MTL eruption using an agate mortar and pestle, to produce a
fine-grained powder consisting of fragments ~20 μm in diameter. The
powder was then added to a 400 μm diameter copper-carbon mesh
using a pipette in preparation for STEM analysis.

Sample preparation for X-ray ptychography
Sample MTL-G was extracted from a crystal-poor area of glass within a
clast of the MTL eruption using a FEI Nova 600i focused ion beam
(FIB). First, the area was inspected using high resolution BSE images of
the glass to check for the presence of microlites, obtained using the FEI
Quanta 650 FEG-SEM at the Department of Earth and Environmental
Sciences, The University of Manchester, using an acceleration voltage
of 15 kV and a beam current of 10 nA. The sample was then extracted
from this area of crystal-poor glass using the dual-beam FEI Nova 600i
FIB at the Department of Materials, The University of Manchester,
equipped with a Ga+ ion beam and an electron beam. The area was
sputtered using the Ga+ ion beam to mill material from the glass and
extract the sample, using an acceleration voltage of 30 kV and a beam
current of 6.5 nA. BSE images were collected using the SEM throughout
the milling process to monitor the extraction of the sample. The 10 μm
cubic sample of glass was then extracted and mounted on a tungsten
needle (Fig. 1b) in preparation for analysis using X-ray ptychography.

Samples MTL-A and MTL-B are ~30 μm individual fragments of
scoriae, prepared as a fine powder by grinding scoriae in an agate
mortar and pestle. The individual samples were then mounted on a
carbon fibre (diameter = 7 μm) using a micro-manipulator. This fibre
was then mounted on a wooden stick and placed on the rotation stage
for acquisition using X-ray ptychography.

X-ray ptychography
The experiment was performed using the ptychography end station of
the I13-1 beamline at Diamond Light Source51. The experimental setup
is shown in Fig. 1. The coherent X-ray is focused down to a 3 μm
illumination at the sample using a set of blazed Fresnel zone plates
(FZP in Fig. 1a)87 (with a 400 μm diameter and 150 nm outer zone
width). Only the first diffraction order of the FZP reaches the sample.
The higher diffraction orders are blocked using an order sorting

Article https://doi.org/10.1038/s41467-025-62444-z

Nature Communications |         (2025) 16:7083 11

www.nature.com/naturecommunications


aperture (OSA in Fig. 1a- 10 μm diameter iridium pinhole) located close
to the focus of the first diffraction order. The zero order is blocked
using a central stop (CS in Fig. 1a - 50 μm diameter, 50 μm thick gold)
placed upstream of the FZP. The sample is mounted on the top of a
3-axis PI-Mars piezo stage which sits above a rotation stage. For
acquiring the 3D ptychographic dataset, the sample is rotated over a
range of 180 degrees, with a step size of 0.18 degree. At each angular
position, the sample is scanned across the illumination in a 32 × 40 step
grid, with a 1 μm step size, using the piezo stage. The diffraction pat-
terns are recorded at each scanning position with a Merlin photon
counting detector (silicon chip, 512 × 512 pixels, 55 μm pixel size).

Two different configurations were used during two experimental
sessions. The first session used a 15 keV X-ray beam and a sample-to-
detector distance of 4.2 m. This configuration was applied to image
sample MTL-B. This configuration corresponds to a reconstructed
pixel size of 14 nm. The second session used a 11.7 keV X-ray beam and
a sample-to-detector distance of 8 m. This configuration was applied to
image samples MTL-G and MTL-A. This configuration corresponds to a
reconstructed pixel size of 60 nm. The image reconstruction was
performed using 1000 iterations of the ePIE algorithm88 implemented
in PtyREX code89. The resolution of the instrument was measured
during the experiment by imaging a Siemens star standard test reso-
lution target (Supplementary Fig. 3) and was determined to be 50 nm.

The segmentation of nanolites from the glassy matrix and the
segmentation of the evolved glass around and between nanolites was
operated in the 3D domain using Avizo software (v.2019.1; Thermo
Fisher Scientific, USA). Manual bi-level greyscale thresholding was
applied, based on the greyscale histogram of the selected VOIs and
visual inspection of the slices in different directions (axial, coronal, and
sagittal). This approach follows that of Arzilli et al.55. The reconstructed
segmented 3D images were then analysed using Avizo software, where
the volumes and dimensions of nanolites and the glass around nano-
lites were measured using the label analysis module.

3D visualisation (volume renderings) of the reconstructed
volumes was obtained using the commercial software VGStudio 3.0
(Volume Graphics). The volume renderings were used to perform 3D
textural observations of nanolite morphology and the interaction
between nanolites and the surrounding evolved glass (Fig. 6). The
segmentation of the nanolites, surrounding evolved glass, and matrix
glass was based on both the visual inspection of images and the
quantitative information provided by the estimates of ρe. As each pixel
in the ptychographic images provides information on ρe, and the
nanolite and glass phases have a specific range in ρe which reflects their
composition (Table 1), the spatial variation in ρe was also used for
thresholding and the segmentation of each phase (Fig. 4). The glass
control sample MTL-G (Fig. 5) was used as a reference for the ρe of
basaltic glass and for the segmentation of the matrix.

Atomic density
To calculate the ρa of the nanolites and the glass, the compositional
data of Bamber et al.7 were used, obtained from natural clasts of unit
TLL2 of the MTL eruption. Probe for EPMA software (v.12.9.5) was used
to calculate the average atomic number60 for the crystal-poor basaltic
glass (n = 9) and titanomagnetite (n = 10), where n represents the
number of EPMA analyses. The average atomic number estimated for
the MTL basaltic glass is 12.91 ± 0.07 (1σ), and for titanomagnetite, it is
20.32 ± 0.04. These analyses were used to determine the reference
value of ρa for basaltic glass and titanomagnetite in natural clasts of
unit TLL2 of the MTL eruption, for comparison with the unknown
values of ρa obtained for the nanolites and glass using the orthoslices.

Data availability
The data generated in this study are provided in the Supplementary
Information and have been deposited on Figshare under accession
code https://doi.org/10.6084/m9.figshare.29430371.
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