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ARTICLE INFO ABSTRACT

Keywords: Laboratory Diffraction Contrast Tomography (LabDCT) is a recent analytical development that allows for non-
LabDCT destructive microstructural characterisation of crystalline materials using a laboratory-scale X-ray microscope.
M‘flt_ inclusions In this study, we apply LabDCT to investigate magmatic olivine crystals hosting melt inclusion populations with
Olivine preferential alignment. Melt inclusions provide valuable insights into magmatic and volcanic processes, and
X-ray computed tomography . . . . s . .

3D crystallography are often the subject of extensive geochemical investigation. Destructive sample preparation can prematurely
Microstructure erase contextural information such as inclusion geometries, population characteristics, and the relationship

between the inclusion and its host crystal. The approach used in this study shows a clear crystallographic
control on melt inclusion orientations where a visual alignment is identified. Melt inclusions consistently
align parallel with the a-axis ([100]) of their olivine hosts. This alignment suggests that inclusion entrapment
occurred during rapid, skeletal olivine growth, likely the result of thermal disequilibrium and undercooling
within the magmatic system. This insight was gained without destructive sample preparation, highlighting the
value of these X-ray imaging techniques for microstructural investigation and sample characterisation. This
study demonstrates the range of opportunities available by applying non-destructive, three-dimensional X-ray
imaging techniques to investigate geomaterials. The method described and applied in this study can be used
to compare the orientation of any internal feature to its mineral host, such as melt inclusions and their host
olivine crystals.

1. Introduction Wieser et al., 2020). EBSD is a technique that uses a Scanning Electron

Microscope (SEM), exploiting the interaction between back-scattered

Understanding the spatial distribution of minerals and inclusions
within natural materials is crucial for interpreting geological processes,
and predicting their physical behaviour and properties. Natural silicate
minerals commonly contain internal inclusions, trapped during mineral
growth in geological environments. These inclusions can be composed
of a variety of materials, such as other mineral phases, fluids, and
silicate melt. These can reveal valuable insights into the geological
processes that occur within the Earth, however their utility is often
limited by a lack of three-dimensional spatial and microstructural
context. Microstructure, the internal structure of a material at the mi-
croscopic scale, is commonly analysed, visualised and quantified in two
dimensions, using techniques such as Electron Back-scatter Diffraction
(EBSD) analysis (Prior et al., 1999; Humphreys, 2004; Kahl et al., 2017;
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electrons and the surface of a polished, tilted sample. A focused electron
beam interacts with the crystal lattice, generating diffraction patterns
that can be indexed to determine the crystal structure and its absolute
orientation (Prior et al., 1999). In this way, the surface of a mate-
rial can be analysed, however this can only reveal two-dimensional
information.

To extend this technique to three dimensions, EBSD can be cou-
pled with Focused Ion Beam (FIB) milling (Matteson et al., 2002; Xu
et al., 2007; Wirth, 2009). In this approach, an ion beam (commonly
Ga'), is focused onto the surface of a sample to selectively mill away
material with <10nm precision. The surface quality is sufficient that
the exposed surface can then be analysed using conventional EBSD
analysis. Further milling can remove predefined thicknesses of material
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Fig. 1. Schematic diagram of the experimental setup for a LabDCT study.

from the surface, allowing for further EBSD analyses at various depths
within the material. In this way, repeated milling and two-dimensional
EBSD measurements (serial sectioning), enable high resolution three-
dimensional microstructural characterisation. Although effective for
small volumes, FIB serial sectioning is extremely time-consuming and
generally only conducted on volumes of up to 50 x 50x50pum (i.e.
125 000 pm?), although plasma-FIB or femtosecond laser FIB instruments
can allow for larger volume removal and analyses (Xu et al., 2007; West
and Thomson, 2009). Consequently, this combination of techniques is
generally unsuitable for investigating larger scale features, such as melt
inclusion populations where sizes typically range from 10s to 100s pm,
and their host crystals which can be >1 mm in size. In addition to size
limitations, combined FIB sectioning and EBSD analysis is inherently
destructive, which poses challenges for studies where subsequent anal-
ysis may be necessary, or where sample material is scarce and must be
preserved.

Non-destructive, three-dimensional microstructural characterisation
can be performed using synchrotron-based X-ray techniques. Several
three-dimensional X-ray Diffraction (3DXRD) techniques have been
developed, utilising high energy X-rays from synchrotron-based beams
(monochromatic or polychromatic) (Larson et al., 2002; Ludwig et al.,
2008; Poulsen, 2012; Chen et al., 2023). Synchrotron-based 3DXRD
techniques are comprehensive and effective for microstructural investi-
gation, allowing for the determination of crystal structure, orientation
and strain tensors at the micrometre level (Larson et al., 2002; Ludwig
et al., 2009). However, this analysis is significantly limited by the
requirement for specialised equipment, technical expertise and the re-
strictions associated with gaining beam time and access to synchrotron
facilities.

Diffraction Contrast Tomography (DCT) is a variant of 3DXRD that
combines three-dimensional X-ray diffraction microscopy and image
reconstruction from X-ray absorption contrast tomography (Ludwig
et al., 2009). Over the last decade this technique has been adapted for
use with a conventional laboratory X-ray microscope setup, providing
the technique often referred to as laboratory-DCT (LabDCT) (Lud-
wig et al., 2008; King et al., 2013; McDonald et al., 2015; Holzner
et al,, 2016; Bachmann et al., 2019). X-ray diffraction patterns are
combined with spatial and volumetric characterisation, obtained from
X-ray micro-Computed Tomography (micro-CT), to generate three-
dimensional grain maps of polycrystalline materials with crystallo-
graphic information.

Micro-CT utilises the penetrative power of X-rays to characterise
the interior of a sample based on the X-ray attenuation contrast (a
function of the material density and atomic number) (Withers et al.,
2021). A sample is rotated within the path of an X-ray beam, with
two-dimensional projections collected on a detector as the X-rays pass

through the sample. Projections are collected as the sample rotates
around 360°, and these are back-projected using computational algo-
rithms to produce a three-dimensional model of the X-ray absorption
contrast within the sample (Withers et al., 2021; Richard et al., 2019).

A DCT scan is acquired with a similar experimental setup to a
micro-CT scan. An aperture and beam stop are added, and the ac-
celerating voltage and projection parameters are selected to ensure
diffraction spots are clearly separated in the acquired diffraction pat-
terns, processed using dedicated DCT reconstruction software (King
et al., 2013; Holzner et al., 2016; Bachmann et al., 2019). Diffrac-
tion patterns are generated by the interaction of X-rays and lattice
planes within a crystalline sample when the Bragg condition is satisfied
(nA = 2dsin @) (Ludwig et al., 2008). X-rays pass through the aperture,
directed at the sample which is mounted on a rotating stage. A beam
stop is positioned to intercept the incident X-ray beam, allowing only
diffracted X-rays to be collected at the detector. The diffracted X-rays
form an array of ‘spots’ in each projection, producing a distinctive
diffraction pattern characteristic of the mineral, each grain and its
crystallographic orientation. The sample is rotated around 360°, and
projections are collected at angular increments throughout the scan
(typically 180-300 projections per scan) (King et al., 2013). The re-
sultant projections are noise-filtered and the spots are indexed by
comparison with simulated diffraction patterns, selected from an ex-
tensive database of minerals and crystalline materials using specialist
software (Niverty et al., 2019; Bachmann et al., 2019). The combina-
tion of micro-CT and DCT, adapted to a conventional and relatively
accessible laboratory-scale X-ray microscope setup provides the op-
portunity for rapid, non-destructive microstructural characterisation of
polycrystalline samples at the microscopic scale. A schematic of the
instrumental configuration is shown in Fig. 1.

The development and implementation of LabDCT has grown pre-
dominantly within material sciences, focusing on metallic samples (Mc-
Donald et al., 2015; Holzner et al., 2016; Bachmann et al., 2019;
Niverty et al.,, 2019). Despite its significant advantages over serial
sectioning and EBSD, and the wider availability of suitable equipment
compared with synchrotron-based 3DXRD, the use of LabDCT for natu-
ral materials and geological investigation remains limited, with only
a handful of studies to date (Pankhurst et al., 2019; Andrew et al.,
2019; Chen et al., 2023, 2024; Barbee et al., 2024, 2025; Pankhurst
et al.,, 2025). In this study, we demonstrate the value that LabDCT
can provide for investigating geological materials without the need for
sample destruction. We apply this technique to explore olivine-hosted
melt inclusion population characteristics and how they can be linked
to host crystallography.

Inclusions are a common occurrence in natural and synthetic min-
erals, providing valuable insights into the geological history and for-
mation conditions of their host crystals, as well as affecting physical
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and material characteristics (Sorby, 1858; Roedder, 1979; Timms et al.,
2012; Cannatelli et al., 2016; Campomenosi et al., 2024; Cadena et al.,
2024; Arpa et al.,, 2025). Encapsulated during mineral growth, in-
clusions preserve a record of physical and chemical conditions at
the time of host formation. Consequently, understanding entrapment
mechanisms and physicochemical controls on inclusion characteristics
and spatial arrangement is essential for refining interpretations of these
features, as well as advancing knowledge of mineral growth processes
and the physical behaviour of inclusion-bearing materials (Timms et al.,
2012; Campomenosi et al., 2024; Arpa et al., 2025). Techniques such as
single-crystal X-ray diffraction have been applied to investigate mineral
inclusion crystallography, predominantly within diamond hosts (Milani
et al., 2016; Nimis et al., 2019; Angel et al., 2022). However, the com-
bination of LabDCT and micro-CT to provide crystallographic context
and develop a three-dimensional model of internal crystal structures
and inclusion populations is a new advance for laboratory-based X-ray
microscopy.

This study targets melt inclusions, small pockets of quenched melt
trapped within volcanic olivine crystals (Roedder, 1979; Cannatelli
et al., 2016; Danyushevsky et al., 2002; Sobolev, 1996). Melt inclusion
entrapment is hypothesised to occur as the result of irregularities in
crystal growth conditions, such as rapid skeletal or dendritic growth,
or through the attachment of an immiscible phase to the growing
crystal edge. Secondary processes, such as dissolution and crystal re-
growth, and cracking and resealing, can also produce secondary inclu-
sions (Roedder, 1979; Wallace et al., 2021). Because the host crystal
chemically isolates the inclusion, melt compositions that might other-
wise be altered by fractionation, crystallisation, or mixing processes are
preserved, along with magmatic volatiles that would typically be lost
during degassing (Lowenstern et al., 1995; Moore et al., 2015; Wallace
et al., 2021; Sobolev and Chaussidon, 1996). Melt inclusions are there-
fore significant for understanding magmatic systems and processes,
and have been the object of significant analytical and geochemical
investigation for multiple decades (Roedder, 1979; Lowenstern et al.,
1995; Cannatelli et al., 2016; Wallace et al., 2021). Understanding the
mechanisms controlling the entrapment of melt inclusions is significant
for the correct petrological interpretation of the data and insights
they can provide (Roedder, 1979; Lowenstern et al., 1995; Faure and
Schiano, 2005; Arpa et al., 2025).

Olivine ((Mg,Fe),Si0Oy), is an orthorhombic mineral that dominates
the earth’s upper mantle and plays a central role in the petrogenesis of
basaltic melts. It crystallises early in olivine-saturated magmas, making
it a common constituent of volcanic products, magmatic rocks, and
also typically forms part of meteorites (Wallace et al., 2021; Welsch
et al.,, 2023b). Due to its early crystallisation and prevalence in a
wide range of magma compositions, olivine is often used to understand
a multitude of magmatic processes, and in particular is targeted for
melt inclusion studies (Cannatelli et al., 2016; Wallace et al., 2021;
Welsch et al., 2023b). Olivine is one of the only natural minerals that
has been resolved using LabDCT, with successful determination of the
crystallographic orientation of crystal shards and subgrains (Pankhurst
et al., 2019, 2025).

Features such as morphology, population characteristics and spatial
arrangement, are usually used to infer the nature of melt inclusions
(primary or secondary), and therefore their entrapment mechanism.
These observations are often qualitative, limited by inclusion visibility
when considering three-dimensional characteristics, or restricted to
two-dimensional interpretations after destructive sample preparation
involving the intersection and removal of crystal material to expose
inclusions at the sample surface. Three-dimensional investigations are
now more common, enabled by the adoption of micro-CT into melt in-
clusion studies, significantly improving the understanding of inclusion
geometry, population characteristics, shape, and volume quantifica-
tion (Pamukcu et al., 2013, 2015; Créon et al., 2018; Richard et al.,
2019; Hanyu et al., 2020; van Gerve et al., 2024; Jorgenson et al.,
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2025). While useful and effective, micro-CT is still not a commonly
applied technique in the typical melt inclusion analytical workflow.

Preferential alignment of melt inclusion populations within olivine
crystals is a characteristic that has been noted from both optical ob-
servations, and via micro-CT (Faure and Schiano, 2005; Metrich and
Wallace, 2008; Thornhill et al., 2026). Although sometimes observed,
there has been little investigation into the cause or significance of
this feature and its occurrence in natural magmatic olivine crystals.
Where identified, it has generally not been possible to discern whether
alignment is related to host crystallographic features due to irregular
crystal shapes, glass films coating the crystals, or fractured surfaces
obscuring crystal habit.

In this study, we apply a combination of micro-CT and LabDCT to in-
vestigate whether inclusion orientation can be linked to the host olivine
crystallography, and what this may imply for the magmatic conditions
during inclusion entrapment. The method developed in this investiga-
tion allows for comparison between inclusion orientation, determined
through micro-CT processing and analysis, and crystal orientation de-
termined from LabDCT. This could be transferable to any mineral and
melt inclusion system that can be scanned with micro-CT and resolved
with LabDCT. Provided the X-ray absorption contrast is sufficient to
segment the internal phases, features such as fluid, void space or melt
inclusions can be investigated. With modification, this method would
also be suitable for producing pole figures for comparison of mineral
inclusion orientations within their crystalline host. This provides a
valuable, non-destructive, three-dimensional insight into mineral and
inclusion systems and entrapment processes, significantly contributing
to inclusion studies and the understanding of mineral growth regimes.

2. Materials and methods

2.1. Sample preparation

Olivine crystals analysed in this study were collected from the
eruptive deposits of Mocho Choshuenco, a large volcanic complex in
Southern Chile (Rawson et al., 2015). Loose olivine crystals were hand
picked under a binocular microscope from volcanic scoria deposits from
multiple different eruption units. Over 100 grains were picked that
contained visible internal melt inclusion features. These were scanned
using a conventional micro-CT set-up at the University of Leeds (Zeiss
Versa XRM 400), for melt inclusion characterisation, and volume quan-
tification. Crystals exhibiting melt inclusion populations that appeared
to be visibly aligned were separated for further investigation. In total,
six crystals with visibly aligned melt inclusions, and two with randomly
oriented inclusions, were selected for analysis with LabDCT.

Selected crystals were mounted on the inside of an X-ray transparent
tube (plastic straw) with a diameter of ca. 3 mm using double-sided
tape. The position of crystals was staggered vertically to enable individ-
ual scanning using the Helical Phyllotaxis scan mode of the machine.
The straw was re-rolled and secured with tape, then positioned in the
micro-CT scanner on a rotating sample holder.

2.2. Sample measurements

Olivine crystals were scanned using a Zeiss Xradia Crystal CT in-
strument, located at the Hercules Facility in the College of Science and
Engineering at the University of Leicester, UK. Scans were performed
using the Zeiss ‘Scout and Scan’ software (version 16.1). For each
crystal, two types of scans were collected : (1) an initial absorption
contrast micro-CT, followed by (2) a DCT scan of the same region.
Individual scans ranged from ca. 1 to 1.5 h in duration. Full scan
conditions and analytical parameters for both scan types are provided
in Tables 1 and 2.
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Table 1 Table 3
Micro-CT scan parameters. DCT reconstruction parameters.
Parameter Value Parameter Value
Voltage 80kV Voxel Size Spm
Power A Minimum Completeness 45%
Current 87 pA Completeness Cut Off 0%
Filter None Trust Completeness 85%
Source to Sample 20 mm Completeness Drop Off 2%
Sample to Detector 300 mm Boosting 95 %
Detector CMOS Flat Panel (3072 x 1944 pixels) Misorientation Threshold 0.5°
Geometric Magnification Approx. 16x Crystal Structure Name Olivine (forsterite: Mg,Si0,4)
Pixel Size 4.24pm to 4.67 pm Crystal System Orthorhombic (mmm)

601 to 801
0.3s (per frame)

No. Projections
Exposure Time

Frames per projection 3
Table 2
DCT scan parameters.
Parameter Value
Voltage 80kV
Power TW
Current 87 pA
Aperture 750 pm X 750 pm

Beam Stop 45mm X 45 mm

Source to Sample 20 mm

Sample to Detector 300 mm

Detector CMOS Flat Panel (3072 x 1944 pixels)
Geometric Magnification Approx. 16x

Detector Binning 2

Projections 221 (per rotation)

Exposure Time 155 (per frame)

Frames per projection 3

2.3. Data reconstruction and reduction

LabDCT scan reconstructions were performed using the GrainMap-
per3D software (version 4.0), developed by XNovo Technology. Ab-
sorption data from the initial micro-CT scan were used to define a
‘space envelope’ corresponding to each olivine crystal, which con-
strained the volume for subsequent DCT pattern reconstruction. The
samples consisted predominantly of singular olivine grains, allowing
for straightforward analysis using a simple processing workflow that
largely followed the default processing recommendations within the
software package.

A standard segmentation was applied to the DCT projections to
produce binary images of the diffraction spots. These were compared
with forward simulations of predicted diffraction patterns, generated
within the software for the mineral specified (olivine). The composition
of olivine crystals in this study was not determined prior to these scans,
so a pure forsterite composition was used (Mg,SiO,4). If necessary,
data analysis could be subsequently refined with a known olivine
composition. However, the compositional differences between the two
olivine end members, forsterite and fayalite (Fe,SiO4) have little effect
on the lattice parameters and unit cell, and therefore it is likely that the
composition would not significantly affect the outcome of this study.
The ‘goodness of fit’ for computed diffraction pattern simulations is
quantified with the ‘completeness’ parameter:

Spots on detector

Complet =
O eeness = o mulated spots

(€Y

In general, completeness values exceeding 85% are considered reli-
able for DCT solutions, with 45% typically regarded as the minimum
acceptable value (Bachmann et al.,, 2019). Due to the simplicity of
the samples analysed, each containing just a single olivine crystal, the
completeness values for all LabDCT scans in this study were above
90%. As a result, iterative refinement of solutions was unnecessary.
The LabDCT processing yielded the crystallographic orientation of each

Space Group 62
Unit Cell Dimensions a=4779A, b = 102774, ¢ = 5.995A
a=90° f =90°, y = 90°

Reflections {0 0 4}, {06 2}, {222}, {130}
{240},{400}, {112}
z
Phi (¢) - angle
between Z axis
and the longest
axis of the object
Melt Inclusion
Y
N\
X Theta (©) - angle between X axis and

projection of the longest axis of the object
in XY plane

Fig. 2. Schematic diagram defining the Phi (¢) and Theta (6) angles generated
in Dragonfly Pro for the description of inclusion orientation within the sample
reference frame.

olivine within the scan space, with crystal axes extracted from the DCT
dataset as Euler angles in Bunge notation.

The reconstruction parameters, and crystallographic data used to
process the LabDCT scans in GrainMapper3D are provided in Table 3.

2.4. Data processing

Additional processing was required to produce the data necessary
to compare the DCT-derived crystallographic orientation of the olivine
hosts with the morphology of their melt inclusions.

Melt inclusion orientations and morphological characteristics were
generated from the absorption contrast data obtained from the micro-
CT scans for each crystal. To analyse this, data were loaded into
ORS Dragonfly Pro (version 2022.2), an X-ray image visualisation and
analysis software. To enable direct comparison with LabDCT outputs
processed in GrainMapper3D, an axis transformation was applied to
the micro-CT data. Using the ‘Legacy Mode’ function in Dragonfly Pro,
the acquisition axes were converted from the micro-CT default (‘XYZ’)
to the DCT convention (‘XZY’), ensuring consistency and comparability
between the two datasets.



H. Thornhill et al.

Micron 205 (2026) 104048

a) b)

c) d)

e) f)
500pm

Fig. 3. micro-CT reconstructions of olivine crystals scanned in this study (green — olivine crystal, brown — melt inclusion glass, blue — bubble/void space,
black — spinel). Pole figures for the orientation of the long axis of melt inclusions are also included at the top right of each reconstruction. Clustering clearly
indicates a common orientation, however these are relative to the scan reference frame and contain no crystallographic context.

Melt inclusions within each olivine crystal were manually thresh-
olded and segmented using two-dimensional slices. Greyscale intensity
ranges within the projections were visually checked to ensure segmen-
tation accurately captured all the relevant internal inclusion phases and
host crystal. This segmentation produced a new object within the Drag-
onfly software interface, which was converted to dataset where each
inclusion can be analysed individually as a separate feature. Analysis
of the inclusion dataset was conducted using the ‘Compute Measure-
ments’ function. This generated a list of morphological characteristics
and measurements, including the orientation, for each segmented melt
inclusion within the crystal. Inclusion orientation is represented in the
software using Theta () and Phi (¢) values for the long axes of the melt
inclusions. These are defined as the angle between the X axis and the
projection of the longest axis of the melt inclusion in the XY plane, and
the angle between the Z axis and the longest axis of the melt inclusion,
respectively. These parameters are also visually defined in Fig. 2.

To compare the DCT-derived crystallographic orientation data from
the host olivine grains with the inclusions’ morphology and spatial
orientation data obtained from micro-CT, it was necessary to combine
these two types of information in a single display with a common
reference frame. The approach adopted in this study involved calcu-
lating the crystallographic direction parallel to the long axis of each
inclusion, and then plotting this information on an inverse pole figure
(IPF). This made it straightforward to identify any dominant crystal-
lographic relationship between the inclusion morphology and the host

olivine crystallography, with a single inverse pole figure displaying all
the inclusions in each olivine grain. No single commercially available
software has been designed for this data manipulation.

Here we used the following steps, combining three separate soft-
ware tools: (1) The inclusion orientations were calculated in Dragonfly
Pro, using the micro-CT data as previously described, yielding Theta
and Phi values for the inclusion long axes. (2) A file containing the
relevant crystallographic orientation for the host olivine via labDCT
was produced. In this study we used AZtecCrystal, an EBSD data
processing software, which requires a Hierarchical Data Format (HDF)
file type. The HDF files were generated for this study using the free
software, HDFView (downloadable from the HDFGroup website - https:
//www.hdfgroup.org/download-hdfview/). The crystallographic orien-
tation data were inputted into these files as Euler angles, using the
Bunge notation. (3) This host-crystal file was opened in AZtecCrystal
(version 3.2, from Oxford Instruments). The Theta and Phi values for
each inclusion were used to transform the sample coordinate system
(CS0) to align the inclusion long axis with the Z0 direction. (4) An
IPF (relative to the Z0 direction) was plotted to show the inclusion
orientation relative to the crystal orientation of the host grain. Steps
(3) and (4) were repeated for each inclusion within the same olivine
grain. The individual IPFs were then combined into a single plot for
each olivine, showing the orientation of the long axis of each melt in-
clusion with reference to the host olivine crystallography. The method
described above provides a general framework that can be adapted and
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Fig. 4. Inverse pole figures generated for each olivine crystal and the inclu-
sions within (labels correlate with the crystals in Fig. 3). The orientation of
the long axis of inclusions is compared to the crystallography of the olivine
host. Clusters of points around the [100] direction correspond to an alignment
with the a-axis of the host olivines. Spread in data may reflect inconsistency in
orientation determination due to the low aspect ratio of inclusions (particularly
pertinent in (f) where inclusions are generally more rounded).

applied to compare the orientation of internal phases such as inclusions
with their mineral host using LabDCT.

3. Results

All olivine crystals were successfully scanned and reconstructed.
Orientation Phi and Theta angles, generated from the processed micro-
CT data for each segmented melt inclusion revealed a clear common
alignment of inclusion populations within individual crystals. This can
be visually confirmed from three-dimensional reconstructions produced
from the micro-CT data. Similarly, pole figures of the Phi and Theta
angles for melt inclusion orientation show shared alignment, with the
orientation of the long axes clustering together (see Fig. 3). These
plots contain no crystallographic context, and the shape of the olivine
crystals in this study do not allow the determination of the host olivine
crystallographic orientation, highlighting the necessity for DCT data
to determine the crystallographic relationship between inclusions and
their host mineral.

When combined with DCT data and plotted on IPFs referenced
to the host olivine crystallography, these inclusion orientations pre-
dominantly cluster around the g-axis ([100]) (Fig. 4). Some scatter is
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observed, likely reflecting variable inclusion morphology. For exam-
ple, the aspect ratio of inclusions can strongly affect the accuracy of
determining inclusion orientation, with greater uncertainties for more
equant inclusions. This is observed in the scatter seen in the pole figures
for f) in Figs. 3 and 4, the result of rounded melt inclusion geometries
with low aspect ratios relative to the other crystals in the study. Melt
inclusion size and morphology varied significantly between crystals.
All inclusions considered in this study were large enough (> 50 pm
in length) to be resolvable at the micro-CT scan resolution used (pixel
dimension ca. 4.5pm) (Richard et al., 2019). Any inclusions smaller
than > 50 pm in length were not considered due to the uncertainty
associated with segmentation and orientation determination.

For contrast, two olivine crystals containing randomly oriented melt
inclusions were also scanned and analysed under the same conditions
and processing procedure. These inclusions display no visible align-
ment, and there is also no evidence for crystallographic control of
inclusion orientation (Fig. 5). The morphology of inclusions in these
crystals is generally more rounded, and inclusions are scattered within
the host crystal rather than near the centre, as seen in the majority of
crystals in Fig. 3.

4. Discussion

Melt inclusions with preferred orientations have been previously
documented in olivine, often visible in optical images (Faure and
Schiano, 2005; Metrich and Wallace, 2008; Welsch et al., 2013; Steele-
Maclnnis et al.,, 2017; Salas et al., 2021; Thornhill et al., 2026).
Alignment of primary inclusions has been proposed to reflect the
growth regime of the host olivine; however, there has been little
targeted research to support this hypothesis. This study provides the
first three-dimensional evidence for melt inclusion alignment in natural
magmatic olivine crystals. The results also confirm a crystallographic
control on this orientation, with inclusions consistently aligned with
the a-axis of their host crystal. This implies that inclusion entrapment,
in some cases, may be governed by the growth mechanics of the olivine
(i.e. dendritic, skeletal, disequilibrium). However, visible alignment
is not ubiquitous with all olivine-hosted inclusion populations and it
should be noted that, due to the resolution constraints of the technique
used, only inclusions larger than around 30 pm are considered in this
study.

The principal growth direction of natural olivine is thought to
be sensitive to undercooling within the magmatic system, with high
undercooling resulting in skeletal and dendritic habits that form due
to rapid crystallisation under thermal disequilibrium (Faure and Schi-
ano, 2005; Mourey and Shea, 2019; Salas et al., 2021; Welsch et al.,
2023a). Three-dimensional experimental observations demonstrate that
rapid olivine growth along the a-axis occurs under moderate to high
degrees of undercooling (—AT = 40 °C to 60 °C (Mourey and Shea,
2019)). Similarly, swallowtail olivine crystals, the product of rapid
crystallisation, have been shown to form cavities that align with the
a-axis (Faure and Schiano, 2005). Two-dimensional observations of
these experimentally grown swallowtail olivines, subject to several
heating and cooling cycles, show preferentially aligned melt inclusions,
elongated along the a-axis of the host crystal (Faure and Schiano,
2005). Our findings support these experimental observations, providing
the first three-dimensional evidence of the occurrence of aligned melt
inclusions within natural olivine crystals, consistently orientated along
the g-axis. A schematic diagram suggesting the process for a-aligned
melt inclusion populations is provided in Fig. 6.

Dendritic olivine, and inclusions with elongated a«-axis morpholo-
gies, have been proven to form experimentally through thermal dis-
equilibrium events, however evidence of this phenomena in natural
magmatic olivines is rarer (Faure and Schiano, 2005; Mourey and Shea,
2019). The conditions required are analogous to natural magmatic
processes such as magma mixing and cyclical convection, interaction of
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500pm
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CCL Inclusions
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Fig. 5. (a) and (b) micro-CT reconstructions of two scanned crystals containing inclusions with no visible alignment, and IPF figures generated using the method
outlined in this study. The IPFs show a significant scatter in orientation, with no clear relationship between the host olivine crystallography and the inclusion

populations.

magma with cool crust and decompression-driven degassing. These pro-
cesses are common in active volcanic systems, such as the volcano that
crystals from this study were sourced from. The Mocho-Choshuenco
volcanic system has been particularly active over the last 10 thousand
years, likely the result of multiple magmatic processes and recharge
events, with the olivines in this study selected from a range of different
eruption deposits spanning this time period (Rawson et al., 2015).

Melt inclusion morphology can also be affected by post entrapment
modification processes such as melt crystallisation, bubble formation,
and faceting (Créon et al., 2018; Rasmussen et al., 2020; Wallace et al.,
2021; Pamukcu et al., 2015). Although no crystallisation features were
visible in the micro-CT projections and 3D renders, it is possible that
fine scale crystallisation may not be visible at the resolution used here
(pixel size ca. 4.5pm). Regardless, it is unlikely that this mechanism
could be responsible for inclusion alignment. Faceting, in which in-
clusions adopt negative crystal shapes which reflect their host crystal
habit, is a secondary feature that reflects post entrapment maturation
of inclusion morphology to minimise surface energy. This is more
commonly observed in quartz-hosted melt inclusions, however there
are also occurrences of olivine-hosted inclusion faceting documented in
a handful studies (Schiano, 2003; Pamukcu et al., 2015; Wallace et al.,
2021). While it is plausible that faceting may result in a more uniform
population of inclusions that could replicate the crystallographic axes
of their host and therefore show alignment, the large aspect ratios of
inclusions within this study and lack of evidence for faceting seen in
the micro-CT reconstructions makes this unlikely.

To comprehensively discern the processes responsible for inclusion
alignment with host crystallography, further geochemical investigation

is needed. Trace element mapping in olivine may be a good solu-
tion to determine if rapid, initial dendritic growth has occurred in
these crystals. Distinctive zoning patterns of slow-diffusing elements
in olivine (i.e. Phosphorous and Aluminium), have been observed in
both experimental and natural olivine crystals, reflecting a dendritic
pattern that has been associated with rapid skeletal crystal growth and
the subsequent incorporation of incompatible trace elements in early-
formed branches (Welsch et al., 2013; Xing et al., 2017; Shea et al.,
2019; First et al., 2020; Xing et al.,, 2022; Welsch et al., 2023a). If
trace element zoning is present in the crystals from this study, this
would support the hypothesis that inclusion alignment is a growth
feature, reflecting an initial period of accelerated olivine growth along
the g-axis, likely due to undercooling and magmatic processes.

5. Outlook and applications

Importantly, the DCT data collected in this study allows for targeted
further analyses, and facilitates the development of testable scientific
hypotheses prior to destructive sample preparation and analytical tech-
niques. The crystallographic orientation of each olivine, along with the
absorption contrast data and three-dimensional reconstructions, allow
for precise sample preparation such as determining the optimum plane
for intersection prior to geochemical analyses. Sample intersection us-
ing techniques such as plasma-FIB or femtosecond laser FIB are a logical
progression from the analyses in this study, and even intersection by
hand-polishing would be significantly improved if these techniques are
not available. For the crystals in this study, research is ongoing, using
a combination of correlative femtosecond laser sectioning with broad
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Fig. 6. (a) Schematic of typical olivine crystal habit with an elongated a-axis, the result of growth associated with moderate to high undercooling. Dashed rectangle
shows the cross-section plane for the schematic below. (b) Schematic diagram showing a branched olivine crystal core. These branches may be enriched in trace
elements such as phosphorus and aluminium. The initial skeletal network provides a framework for the entrapment of preferentially aligned melt inclusions,
oriented parallel to the elongated a-axis. Slower growth and ‘ripening’ results in the polyhedral crystal habit, and the encapsulation of aligned melt inclusions.

ion beam (BIB) polishing to produce cross sections through the olivine
grains. These sections are intentionally aligned perpendicular to the
inclusions’ long axes (i.e. parallel with the host olivine’s (100) plane)
and enable high resolution EBSD analyses for the characterisation of
deformation and strain effects associated with the inclusions’ forma-
tion. This is being followed by trace element mapping of phosphorus
and aluminium using Electron Probe Micro-Analysis (EPMA) to further
investigate and confirm the geochemical mechanisms associated with
the inclusion alignment. These results will be published in a subsequent
manuscript.

The use of these non-destructive, three-dimensional analytical tech-
niques provides an effective screening tool for crystal or sample pop-
ulations. Important features such as sample integrity (e.g. presence
of cracks) and complexity, phase identification, crystallography, and
inclusion morphology and population characteristics can all be de-
termined rapidly, significantly streamlining further analytical proce-
dures and sample preparation. As highlighted in this study, the three-
dimensional characterisation of the spatial distribution of inclusions
within materials, and their relationship to host crystallography, is
important for understanding features such as entrapment mechanisms,
mineral growth regimes and kinetics. This can also be significant
for constraining mechanical properties of inclusion-bearing minerals.
Inclusions have been found to cause localised crystal plasticity and
enhanced diffusion pathways, along with concentrating strain and con-
trolling the nucleation of brittle failure within minerals (Timms et al.,
2012; Cadena et al., 2024). Understanding inclusion population char-
acteristics such as morphology, spatial arrangement, and controls such
as crystallographic alignment are therefore significant for better un-
derstanding the behaviour of materials under changing physical con-
ditions, as well as deciphering the conditions of their formation.

LabDCT and micro-CT are evolving analytical techniques, how-
ever their potential scientific significance is evident. The wider avail-
ability of this technique in X-ray microscopy laboratories opens up
opportunities for more scientists to analyse materials and microstruc-
tures in three-dimensions, with meaningful sample volumes of up to
8 mm?> (Holzner et al., 2016). The non-destructive nature also provides
the capability to facilitate ‘4D’ studies, where microstructural evolution
can be tracked over time during repeated observations. This is partic-
ularly significant for understanding how materials, both natural and
synthetic, behave under varying physical and chemical conditions (Sun
et al., 2024).

There are, however, limitations associated with this method. Unlike
other 3DXRD techniques, strained crystals cannot be easily analysed,
as lattice distortion is not resolvable with the current algorithms and
software. There are also grain size limitations, with grains needing to
be large enough to be resolvable (e.g. typically diameters >30pm).
Difficulties can also arise if grain sizes approach that of the aperture
used during scanning. For singular grains such as this study, the lim-
ited number of spots per projection means that this is manageable,
however for samples consisting of multiple larger grains (typically
>250 um), difficulties can arise in separating and indexing the patterns
and diffraction spots.

For multiphase materials with resolvable grain sizes, correlative
studies between EBSD and LabDCT show good agreement for features
such as centre-of-mass position, orientation, and grain size and shape
of phases present, highlighting the utility and validity of this technique
when applied to the right sample (Ball et al., 2023; Chen et al.,
2023). Therefore, for simple features such as the single crystals and
melt inclusions considered in this study, the technique is more than
sufficient. It would also be possible to apply a modified version of
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this method to consider the orientation of crystalline phases included
within a host grain, provided they are within the typical resolvable size
ranges for the technique. Evidently, for a large number of material and
geoscience studies, LabDCT has the capability to generate insightful and
pertinent, three-dimensional data.

6. Conclusions

The method described in this paper provides a framework for pro-
cessing micro-CT and LabDCT derived data to investigate the relation-
ship between inclusions and their mineral host. We successfully apply
these techniques to populations of preferentially aligned melt inclusions
hosted in magmatic olivine crystals. The results show that these inclu-
sions consistently align with the a-axis of their olivine hosts, suggesting
a possible crystallographic control during inclusion entrapment. This
alignment may indicate the occurrence of rapid olivine growth due to
undercooling in the magmatic system, however further investigation
would be required to confirm this. This method is not limited to the
exclusive investigation of olivine crystals and their melt inclusions.
Any mineral that can be processed by LabDCT can be investigated,
and internal features of interest may include melt, fluid or mineral
inclusions. The only requirement is that internal features need sufficient
attenuation contrast for micro-CT investigation and segmentation, and
the sample or object of interest must lack internal strain and have
resolvable grain sizes for LabDCT analysis.

This study aims to highlight the value of using X-ray microscopy
techniques for investigating natural materials and processes. Micro-
CT and LabDCT are complimentary techniques that allow for non-
destructive, three-dimensional imaging and the characterisation of nat-
ural and synthetic materials and their microstructure. For studies such
as melt inclusion analyses, these techniques provide a valuable sci-
entific insight without the need for sample destruction, allowing for
the development and investigation of new areas of research. This is
significant for understanding processes such as inclusion entrapment
mechanisms and mineral growth regimes and kinetics, along with
understanding mechanical and physical properties of inclusion-bearing
minerals. LabDCT and micro-CT provide the opportunity to obtain
insightful and pertinent, three-dimensional data and crystallographic
information for polyphase materials, an opportunity that is currently
under-utilised in geological sciences.
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