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Abstract

The accurate textural characterization of mantle xenoliths is one of the fundamental steps to
understanding the main processes occurring in the upper mantle, such as sub-solidus
recrystallization, magmatic crystallization and metasomatism. Texture, composition, and
mineralogy reflect the temperature, pressure, stress conditions, melting and/or contamination events
undergone before and during the entrapment in the host magma. For these reasons, characterizing
the three-dimensional (3D) texture of silicate, oxide, sulfide and glass phases has great importance
in the study of mantle xenoliths. We performed a multi-scale and multi-modal 3D textural analysis
based on X-ray computed microtomography (u-CT) data of three mantle xenoliths from different
geodynamic settings (i.e. mobile belt zone, pericraton, oceanic hotspot). The samples were selected
to represent different, variably complex, internal structures, composed of grains of different phases,
fractures, voids and fluid inclusions of different sizes. We used an approach structured in increasing
steps of spatial and contrast resolution, starting with in-house X-ray p-CT imaging (working at
spatial resolution from 30 um down to 6.25 pm) and moving to high-resolution synchrotron X-ray
u-CT at the micron scale.

We performed a 3D characterization of mantle xenoliths comparing the results with the analysis of

conventional 2D images (thin sections) obtained by optical microscopy and simulating the random
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sectioning of several thin sections to estimate the probability of correct modal classification. The
3D models allow to extract textural information that cannot be quantified solely from thin sections:
spinel layering, distribution of silicic glass and related vesicles. Moreover, high-density volumes
identified as sulfides were detected in two xenoliths, showing no relation with the spinel layering in
one case and a preferential concentration along fractures in the other. Given the variety of textures
and mineral assemblages of mantle xenoliths worldwide, the results are used to suggest

experimental and analytical protocols for the characterization of these materials.

Keywords: 3D microcomputed tomography; X-ray synchrotron-based p-CT; mantle xenoliths;
petrology.

1 Introduction

Investigating mantle xenoliths allows to better constrain the nature of the lithosphere, the
mechanisms that generate melts in the mantle, as well as the evolution of the lithosphere beneath
regions where no samples have been exposed by tectonic activity (e.g., Ringwood 1991; Coltorti et
al. 2000; Pearson et al. 2003; Kiseeva et al. 2017). The composition, mineral assemblage and
textures of mantle xenoliths reflect the temperature, pressure, stress conditions and melting or
contamination events experienced before or during the entrapment in the host magma (Pearson et al.
2003). Studying the distribution of small-volume melts like glassy patches and veins, as well as the
texture of silicate, oxide and sulfide phases in samples from the upper mantle has great potential for
the study of mantle metasomatism (Coltorti et al. 2000; Hughes et al. 2016; Blanks et al. 2020).

In a conventional thin section of an anisotropic and/or inhomogeneous rock, the resulting two-
dimensional (2D) texture depends on the orientation of the random sectioning plane. In some cases,
this might hamper the appropriate characterization of the rock leading to poorer characterization of
internal structures (like quenched melt channels, stress-driven fractures or voids, preferential
distribution of some minerals, etc.) that bear important information about the processes occurring at
depths. Extending the textural analysis of mantle xenoliths to the three-dimensional (3D) is a
potentially powerful tool in Earth science (Carlson 2006).

Among analytical methods for 3D imaging of geological samples, X-ray computed
microtomography (u-CT), being a non-destructive technique, has significant value (e.g., Baker et al.
2012a; Cnudde and Boone 2013; Kyle and Ketcham 2015). It allows to determine the volumetric
ratios and 3D spatial distribution of different minerals, glasses and voids (Ketcham and Carlson

2001, Hidas et al. 2007; Baker et al. 2012b; Polacci et al. 2015; Arzilli et al. 2017; Yao et al. 2020).
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In previous studies of mantle xenoliths, in-house and synchrotron-based pu-CT techniques have been
used, for example, to map 3D networks of interconnected glass (Troll et al. 2012; Patk¢ et al. 2020),
reveal the distribution of fluid inclusions (Créon et al. 2017), determine shape and dimensions of
spinel-pyroxene clusters and the variability of spinel textures (Bhanot et al. 2017) and quantify the
distribution of geologically and economically important minerals (e.g., diamonds and sulfides;
Howarth et al. 2015; Logvinova et al. 2015).

Considering a xenolith suite from a given locality, u-CT may provide even more insights if it was
systematically applied before any destructive analytical technique, allowing for a primary
characterization of possible textural and/or mineral assemblage heterogeneity. Despite its potential,
the technique is rarely used by the petrological community studying mantle xenoliths, possibly due
to the limited access to such facilities. However, given the variability of size and X-ray attenuation
coefficients of the phases within mantle xenoliths, it may also reflect the lack of a protocol
providing appropriate instrumental and processing workflow.

This work investigates some specific petrological features of mantle xenoliths through pu-CT using a
multi-scale approach. We performed a 3D textural analysis of three mantle xenoliths from different
geodynamic settings. Due to the high complexity of their internal structure, we used an
experimental protocol structured to sequentially increase spatial and contrast resolution. We started
with p-CT imaging based on in-house sources and then we moved to a synchrotron facility to

achieve a higher contrast between the different phases and a spatial resolution at the micron scale.

2 Materials and Methods

2.1 Sample selection and geological background

Dimensions o Related
Sample Provenance Description .
(mm) magmatism
MG10x Mandalgovi, 45x37x21 Coarse grained Alkali basalt
Mongolia peridotite
Bid Bou-lbalrhatene, 5 45, 5 Coarse grained Alkali basalt
Morocco peridotite, crumbly

Fernando de Coarse grained

FN38 Noronha, Brazil 48x19x 13 perldotlte?, glass- Basanite
bearing

Table 1: Sample description

We selected three mantle xenoliths from alkali basalts and basanites (Table 1). Mantle xenolith

MGI10x comes from a volcanic edifice (45°38°55.56N; 106°22°19.38E) south of Mandalgovi,
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Sajncagaan District, Central Mongolian plateau. The edifice belongs to an Upper Cretaceous -
Eocene volcanic district (Yarmolyuk et al. 2019) located along the Mongol-Okhotsk Suture, which
is related to the closure of the Mongol-Okhotsk Ocean around middle Jurassic times (Sheldrick et
al. 2020). Since the crustal thickness in this area is ca. 45 km (Guy et al.,2014), it is estimated that
the depth of provenance of this xenolith is greater than 45 km. The original xenolith size was
approximately 45x37x21 mm’ and no deformation structures, mineral layering or other
inhomogeneity were visible in hand samples.

Xenolith Bi4 comes from the Bou-Ibalrhatene maar (33°20°11.52N; 5°3°24.16W), middle Atlas
basaltic province, Morocco. In this locality, mantle xenoliths are found in Plio-Quaternary alkaline
maar deposits and are porphyroclastic to protogranular spinel-lherzolites, sampled at depths from 30
to 40 Km (Lenaz et al. 2014). They are characterized by a broad range of chemical heterogeneities
testifying to the metasomatized nature of the upper mantle in the pericratonic area of Morocco
(Lenaz et al. 2014, 2019; Chanouan 2017), where pericratonic refers to an area bordering the West
African Craton. The sample size was approximately 40x10x9 mm’ and was a piece cut from a
larger xenolith embedded in the host basalt. A major fracture was visible, but no mineral layering or
any other inhomogeneity were visible in hand sample.

The FN38 xenolith comes from a basanite flow of the Sao José formation (3°49°36.9S;
32°24°05.5W), Sao Jos¢ island, NW of the Brazilian archipelago of Fernando de Noronha. These
basanites include abundant peridotitic xenoliths and have **Ar/*’Ar ages in the range 9.0 + 0.2 to
9.5 +£ 0.4 Ma (Perlingeiro et al. 2013; Lopes et al. 2015). The archipelago has a NE-SW trending
course and belongs to the vast volcanic edifice positioned along the Fernando de Noronha ridge,
which is interpreted as an OIB from a plume (Fodor et al. 1998; Lopes et al. 2015). Previous studies
on the Fernando de Noronha mantle xenoliths suggested that they have been sampled from the
depth range of 30—75 Km (Princivalle et al. 1994; Rivalenti et al. 2000). The original sample size
was approximately 48x19x13 mm’. No deformation structures, mineral layering or other

inhomogeneity were visible in hand sample.

2.2 Experimental steps

Xenolith petrography was characterized through polarized light microscopy of thin sections and by
X-ray computed microtomography (u-CT). For each sample, the characterization by u-CT included
three or four steps with increasing spatial and contrast resolution.

Step A used cone-beam polychromatic p-CT imaging at the Multidisciplinary Laboratory (MLab)
of the Abdus Salam International Centre for Theoretical Physics (ICTP, Trieste, Italy) (Tuniz et al.
2013). In this step, the full volume for each sample was analyzed, to obtain a 3D reconstruction of
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the full xenolith microstructure. The tomographic scanning of all specimens was carried out using a
sealed microfocus X-ray source (Hamamatsu L8121-03) at a Voltage of 110 kV, a current of 90 pA
and a focal spot size of 7 um. The X-ray beam was filtered by a 0.1 mm-thick copper filter. A set of
1440 radiographs (projections) of the xenoliths was recorded over a total scan angle of 360° by a
12-bit, 2400x2400 pixels flat panel detector (Hamamatsu C7942SK-25, pixel size: 50 pm). The
virtual axial slices were reconstructed in 32-bit Tiff format, with an isotropic voxel size ranging
from 21 to 30 um (see Table 2) and using the commercial software DigiXCT (DIGISENS, France).

Step B used cone-beam polychromatic X-ray imaging measurements performed at the TomoLab
station of the Elettra synchrotron facility in Trieste, Italy (Mancini et al. 2007; Polacci et al. 2009).
The instrument is equipped with a sealed microfocus X-ray source (Hamamatsu L9181) with a
minimum focal spot size of 5 um and can operate both in absorption and phase-contrast modes
(Wilkins et al. 1996; Zandomeneghi et al. 2010). A set of 2400 projections was acquired for every
sample, over a total scan angle of 360°, by a 12-bit, water-cooled, 4008 x 2672 pixels CCD camera
(Photonic Science XDI-VHR, UK) with a gadolinium oxysulfide scintillator screen coupled to a
fiber-optic taper. A 2 x 2 binning was applied to the detector pixels to improve the signal-to-noise
ratio. Scanning conditions were: Voltage = 130 kV, current = 61 pA, filter = 1.5 mm-thick Al foil,
exposure time per projection = 6.5 s. The tomographic reconstruction was made by the free
software Nrecon 1.7 (Bruker, USA) in 16-bit Tiff format with an isotropic voxel size ranging
between 6.25 and 17.5 um, (see Table 2). In this step, we focused on selected sub-volumes of
interest (VOIs) inside the xenoliths.

Both software tools used for tomographic reconstruction in steps A and B are based on the FDK
algorithm (Feldkamp et al. 1984) for the cone beam geometry of the X-ray beam.

Steps C and D involved the use of synchrotron radiation microtomography at the SYRMEP
beamline of Elettra (Tromba et al. 2010). Cylindrical samples of 4 mm in diameter were drilled or
cut from the sub-volumes analyzed in Step B. At SYRMEP, a bending magnet source delivers a
nearly-parallel, laminar section X-ray beam with a maximum area of 160 x 6 mm®, at a distance of
ca. 24 m from the source. The beamline is equipped with a Si (111) double crystal monochromator
allowing work at an energy between 8.3 and 40 keV. It is also possible to operate in filtered white-
beam (‘pink’) mode. Our experiment was performed in the ‘pink’ modality using as filters a 1.5
mm-thick Si plate plus a 1.0 mm-thick Al one, giving a mean energy of the X-ray spectrum of ca.
27 keV. For each scan, 1440 projections were acquired over a total scan angle of 180° during
continuous sample rotation. The detector used is a 16-bit, water-cooled, 2048x2048 pixels sSCMOS
macroscope camera (Hamamatsu C13440-20CU) lens-coupled to a 17 pm-thick GGG:Eu

scintillator screen. The pu-CT experiments were carried out in propagation-based phase-contrast
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mode (Cloetens et al. 1997; Baker et al. 2012a; Polacci et al. 2015) setting a sample-to-detector
distance of 150 mm. Steps C and D involved the acquisition of images with an effective pixel size
of 2.5 and 0.9 um, respectively. In step C we analyzed samples in their entire diameter, in step D we
imaged sub-volumes of interest. The tomographic reconstruction was carried out by using the
Syrmep Tomo Project (STP) 3.1 software suite developed at Elettra (Brun et al. 2015) based on the
filtered back-projection algorithm (Herman 1980) and powered by the ASTRA Toolbox (van Aarle
et al. 2015). Before tomographic reconstruction, a single-distance phase-retrieval algorithm
(Paganin et al. 2002) was applied to the projection images. The d/p parameter (ratio between the
departure from the unit of the real part and the imaginary part of the refraction index of the
investigated sample material) was optimized for the different samples. This optimization was done
on an ad-hoc base to increase the visibility of the phases of interest.

Every sample was cut to obtain thin sections of about 30 pm with polished surfaces. Thin-section
preparation was performed at the University of Padua, Department of Geosciences. 2D textural
analysis of samples was carried out in the University of Trieste, Department of Mathematics and
Geosciences with a Leitz Wetzlar optical microscope equipped with 5 lenses of, respectively,
2.5/0.08X, 6.3/020X, 16/043X, 25/055X, 40/970X magnification and a Canon EOS 700D camera. All
the images of thin sections were processed with the open-source software Gimp (Gnu Image
Manipulation Program).

For sample MG10x the p-CT protocol described in step A has been applied to the whole xenolith
before cutting it into thin sections as the preliminary 3D imaging analysis showed a spinel layering.
For samples Bi4 and FN38, thin-section petrographic analyses and p-CT experiments were
performed on two different fragments of the same xenoliths. No oriented structures have been

observed for these two samples.

Voxel sizes (um)

Sample: MLab laboratory TomoLab laboratory SYRMEP beamline
step A step B stepC step D
MG10x 30 10 2.5
Bi4 21 6.25 2.5 0.9
FN38 233 6.7 2.5 0.9

Table 2: Voxel size for the different microtomographic data reconstructed for the mantle xenolithsin this study.

2.3 3D image processing and analysis
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One of the important steps in u-CT data processing and analysis is the definition of a representative
elementary volume (REV) that averages all the variable properties of the sample. Considering
mantle xenoliths, we believe the multi-scale approach presented here is the most appropriate way to
analyze and define a REV. At every 3D imaging step, we defined a volume of interest (VOI) as
large as possible, verifying that in the subsequent step, we analyzed a part of the sample still
representative of all its properties.

For all p-CT setups employed, the virtual sections (both raw and processed data) were visualized
using the open-source software ImagelJ (Schneider et al. 2012) while the 3D visualization, through
isosurface or volume rendering tools, was performed by the Dragonfly software (ORS, Canada),
version 2020.2 for Windows, using a non-commercial license for academic use. Image processing
and analysis were also performed using the Dragonfly software.

The first step of data processing was 3D image segmentation using the corresponding panel
integrated into the software, applying to the grayscale an automatic threshold or a locally adaptive
threshold in more complex cases. Sometimes the complexity of data or a too-low-density contrast
required a semi-automatic segmentation coupled with interpolation operations (i.e. interpolating
operations made every 5 to 10 slices to the entire slices dataset, repeating the process for each
dimension). After segmentation, a cleaning procedure was applied to exclude from the segmented
region of interest (ROI) eventual small defects, undesired and/or unphysical objects as outliers or
noise. Segmentation and cleaning were based not only on morphological operations (erosion and
dilation of the selected volume) but also on topological properties (connectivity, elongation, voxel
count, etc). For each ROI, several structural, morphological and textural parameters can be
computed. For example, if the ROI is composed of disconnected volumes, as in the case of different
spinel crystals, the connected component analysis allows separation, labelling and quantification of
several parameters for each element. In Table 3, we list the parameters extracted from the 3D data
process and considered the most useful for this study. The calculation of these parameters is
particularly useful when considering mineral phases, as it allows us to define the origin of a crystal,
and also to understand the nature and formation processes of pores and vesicles.

In the case of volumes characterized by highly interconnected features, applying a skeletonization
approach, by using the Dragonfly software, it is possible to describe and analyze the complexity of
interconnected spaces. Throughout this analysis, we determined the number of vertices and edges of
the skeletal model, deriving edges/vertices ratios, the Euclidean length of edges and connectivity
density (CD) of analyzed objects. The connectivity density, in particular, gives an idea of skeleton
complexity and connectivity, and is given by a scalar value representing the number of redundant

connections normalized to the total analyzed volume V (Zandomeneghi et al. 2010) and computed
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as CD = [1 — (n-b)]/V, being n the number of vertices and b the number of edges. Highly connected

volumes should have very low and negative values of connectivity density. On the other hand, high

positive values of connectivity density indicate volumes not connected.

Parameter

Notes

Voxel count
Volume

Surface
Volume/Surface
Phi

Theta

Aspect ratio

Mean intensity

Elongation

Entropy

Total number of voxels in each labelled object.

Volume occupied by each labelled object, that is, the amount of space inside of the object.
The surface area of each labelled object, that is, it refers to the outside area of the object.
Calculated volume-to-surface area ratio.

The angle from the X axis of the projection on the XZ plane of the orientation.

The angle from the X axis of the projection on the XY plane of the orientation.

Proportional relationship between the smallest eigenvalue and the largest for the inertia
eigenvectors. A perfect cube or sphere would have an aspect ratio of 1.0, while a square or
circle would have an aspect ratio of 0.5.

Mean value of all voxels found for each object.

Ratio of the minimum orthogonal Feret diameter to the maximum Feret diameter.

Histogram-based descriptor In image processing entropy might be used to classify
textures; a certain texture might have a certain entropy as certain patterns repeat

themselves in approximately certain ways. A component with low entropy is more

homogenous than a component with high entropy.
Table 3: Main connected components analysis parameters extracted from the 3D data processing. A more complete description of
these parameters can be found at www.theobjects.convdragonfly.

The petrographic characterization of thin sections allowed identification of up to eight different
phases: olivine, clinopyroxene, orthopyroxene, spinel, glass, sulfide, serpentine and fractures/voids.
The segmentation of u-CT data was hence performed, bearing in mind the possible presence of
these phases, and by cross-checking the data with the results of petrography on thin sections. Given
the low attenuation contrast between olivine, clino- and orthopyroxene, these minerals were
segmented as an individual phase called "silicates". Any phase showing grey levels higher than

spinel was identified as sulfide.

3 Results
3.1 Xenolith MG10x (Mandalgovi, Mongolia)

Considering the thin section observations and following the classification of Harte (1977),
Mongolian mantle xenolith MG10x (Fig.1A) is a granuloblastic spinel-lherzolite. It shows abundant
three-grain junctions with ~120° between boundaries, which are mainly straight, sometimes
curving, and with abundant serpentine between crystals (Fig.1B). Fluid inclusion trails are diffused

inside silicates (Fig.1B), likely reflecting the entrapment of fluids during the annealing of old

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8866. http://www.minsocam.org/

fractures. Inside the larger fluid inclusions (ca. 30 um), it is possible to recognize a small shrinkage
(5 pm) of bubbles and opaque phases and in many cases the longer and thinner ones pinch off to
form separate rounded inclusions. Many inclusions have negative-crystal shapes. Olivines have
kink-banding and, in one crystal, an inclusion of sub-rounded spinel. Pyroxenes have no exsolution
lamellae except in one crystal of clinopyroxene. Nearly all the clinopyroxenes display a thin spongy
rim. Spinels appear as holly-leaf in shape and brown in color (Fig.1A). Sporadically some sulfide
minerals are present (Fig.1C), usually rounded in shape, apparently associated with the alteration in
serpentine but, in some cases, they are included in olivine and pyroxenes.

Tomographic data obtained at a voxel size of 30 um (step A) show that sample MG10x has a total
volume of 1.27-10" pm’. 3D images segmentation produced three distinct phases: silicates (99.000
vol%), spinel (0.998 vol%) and sulfide (0.002 vol%). Connected component analysis shows that
sulfides differ from spinels for higher mean intensity and aspect ratio (Supplementary Table 1 and
Supplementary Figure 1). Spinel forms groups of crystals that are mostly aligned along two distinct
layers (Fig.2A). Note that such layers were not detectable by observing the xenolith in hand sample.
Spinel is always vermicular in shape and tends to form interconnected volumes within each layer.
To quantify the possible interconnection of spinels in the layers we performed a skeleton analysis
on this ROI (Table 4).

Small sulfide grains occur throughout the analyzed volume. Their distribution appears not to be
associated with spinel layering. At this resolution, they appear rounded in shape.

The sub-volume analyzed at a voxel size of 10 um (step B) has a total volume of 2.46-10' pm’. It
was drilled off the original sample perpendicularly to the spinel layering (see Fig.2B) to detect
small-scale (< 300 um) textural or mineralogical variations associated with the layering. Segmented
phases were the same as at step A and no textural or mineralogical variations were detected.
Increasing the resolution allows us to better define the interconnection of spinel crystals inside
layers, which is poor, as shown in Table 4 and Supplementary Figure 2. Sulfides appear sub-
rounded in shape, with volumes of individual grains ranging from 1.30-10* um?® to 6.16-10° um’
(with more than 50% of the volumes being below 6.00-10° um®).

The sub-volume analyzed at a voxel size of 2.5 pm (step C), which was in turn extracted from the
sub-volume analysis at step B, has a volume of 1.13- 10" um3 . At these conditions segmenting the
spinel is challenging as it has a similar refraction index to the silicates. Working with segmentation
in a reduced volume, avoiding the edge of the imaged sample, is useful to decrease noise. The
higher spatial and contrast resolution at this step allowed us to better define the shape of the sulfide

grains (Fig.2C), which are sub-rounded to skeletal-like, completely amorphous or interstitial to
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other phases grains. In addition, it was possible to segment serpentine (Fig.3), which occurs as low-

intensity thin films, 10 to 30 pm thick, surrounding the silicates of the xenolith.

Feret diameter  Edges/ Connectivity
Sample Step Phase Volume Surface

(mm) Vertices density

(mm’) (mm?) Min Max ratio (mm™)
Spinel

MG10x A 11830 1°067.95 20.06  43.40 0.98 -2.87

layers
Spinel

MG10x B 53.17 892.56  12.40 19.11 1.05 124.23
layers

Table 4: Skeleton analysis results summarized for spinels of sample MG10x
3.2 Xenolith Bi4 (Bou-Ibalrhatene, Morocco)

Based on 2D thin-section petrographic observation, sample Bi4 (Fig.4) is a protogranular spinel-
lherzolite with an average grain size of 2.0 mm (Mercier and Nicholas 1975). Grain boundaries are
mostly curving or irregular. Occasionally, three-grain junctions with ~120° are present, particularly
among the smaller crystals. There are many fluid inclusion trails, usually multiphase, along
fractures of both olivine and pyroxenes. Microcrystals, smaller than 15 pm in diameter with
euhedral habit, are recognized in fluid inclusions. In many cases, smaller secondary inclusions
radiate from larger ones. There are many blebs with variable sizes (0.5-3.0 mm) and complex
shapes, usually associated with spinel (Figs. 4B and C). Inside these blebs, there are microcrystals
of olivine, pyroxene, opaque phases and some voids, generally sub-rounded in shape. Grains in
contact with blebs occasionally display the growth of newly formed magmatic crystals.

Mineral grains display evidence of deformation, particularly by the presence of strongly undulating
extinction and kink banding in olivine and sporadically curved cleavage in pyroxene. Olivine
displays occasionally inclusions of sub-rounded spinel. Pyroxenes have no spongy rims, and no
exsolution lamellae except for one orthopyroxene and one clinopyroxene in the thin section. In
addition, clinopyroxenes commonly show some elongated elliptic and brownish inclusions. Spinel
forms holly-leaf crystals and is always associated with microcrystalline blebs, except for the tiny
subhedral spinel included in olivine or located at the junction between silicates. Unidentifiable
opaque phases, possibly sulfide, are present within blebs and occasionally as interstitial phases.
Tomographic data acquired at a voxel size of 21 pm (step A) show that sample Bi4 has a total
volume of 3.43-10"* pm’. Segmentation produced three distinct phases (Fig.5A): silicates (97.900
vol%), spinel (1.491 vol%), high-density phases (HDP; 0.017 vol%) and voids (0.592 vol%).
Connected components analysis for high-intensity volumes (spinels and HDP) and voids are given
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in Supplementary Table 1. As underlined for sample MG10x, statistical analyses allow for
discrimination between spinel and HDP (Supplementary Figure 3). Spinel is arranged both in small
anhedral crystalline aggregates with individual volumes ranging from 9.26-10° pm’ t0 2.00-10° pm’
and bigger vermicular clusters (Fig.5A) with volumes ranging from 5.73-10° um’ to 1.76-10"° pm’.
High-density phases are rounded and smaller concerning spinel and appear to be spread all over the
xenolith, with a particular concentration at the contact between xenolith and host basalt (Fig.5A).
The xenolith has a considerable volume of voids, sub-rounded in shape, that appear to be
concentrated on the surface of the large spinel clusters (Fig.5A). The u-CT images allowed
identification of several fractures (from 90 to 350 pm in width), particularly a large one bisecting
the xenolith.

The analysis of p-CT data with a voxel size of 6.25 um (step B) focused on the upper portion of
xenolith Bi4 (Fig.5C), having a total volume of 2.54-10"" pm’. Segmented phases are the same as in
step A. Spinels form a large cluster of 1.16-10'° pm’, with several crystals of intermediate
dimensions and many smaller (average volume of 1.00-10° um?). Spinel is always surrounded by
blebs of small neoblasts, euhedral in shape, with low-density material in between. The large spinel
cluster displays the presence of several inclusions with low brightness (Fig.5B) that are not in
contact with the surface of the spinel, which suggests they might be primary melt inclusions. Larger
ones seem to be composed of the same aggregate as the blebs, while smaller inclusions are usually
glassy, sometimes with a gas bubble inside. Voids are arranged in three patterns: surrounding the
large spinel cluster; dispersed around the small spinel crystals; and aligned along the surfaces,
hinting at the existence of several possible fractures. Some voids appear isolated (0.66 vol%,
considering the sub-volume in step B) while others appear interconnected within the limits of our
imaged sample (35.2 vol%).

The sub-volume analyzed at step C (6.07-10'° pm® voxel size: 2.5 pm; Fig.5D) has been extracted
from the sub-volume analyzed at step B. It shows approximately 2.20-10° pm® of spinel, which was
manually segmented. High-density materials occupy a volume of 7.00-10’ um® and, at this
resolution, it was possible to better define their texture. Larger volumes are present at the top of the
sample (Fig.5D), aligned with the surface at the edge of the xenolith; there are several small,
rounded crystals scattered inside blebs of silicate neoblasts surrounding spinel. There are also some
small anhedral and elongated phases inside fractures (Fig.5D), these are the brightest when
considering the absorption of high-density material (Fig.5E). Fractures are visible inside all the
analyzed volume and are sometimes connected with the blebs surrounding spinel. The material
composing blebs and filling the fractures seems to be the same (Fig.5E), with the difference that

larger euhedral neoblast are preferentially inside blebs, which are wider. The area between
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neoblasts is filled by voids and by a low-density material, similar in adsorption concerning silicates
(it was not possible to segment it at the current stage) which is also the main phase present inside
fractures. Voids are therefore present both in blebs surrounding spinel and in fractures, showing a
sub-rounded bubble-like shape. The total volume of voids inside the analyzed sample is 3.96-10°
um’ and they are all isolated concerning the edges of the xenolith. That means void bubbles are not
connected nor to the exterior of the xenolith. The top of the xenolith was imaged at a higher
resolution, with a voxel size of 0.9 um (step D), to better characterize the high-density material that

here appears as more concentrated (Fig.5F).
3.3 Xenolith FN38 (Fernando de Noronha, Brazil)

Optical petrography defines sample FN38 (Fig. 6A) as protogranular lherzolite with some large
crystals of olivine. Grain boundaries are mainly irregular, sporadically straight and showing some
triple junctions. Olivine has kink bands, particularly in the larger crystals, while clinopyroxene has
a spongy texture. The main characteristic of this xenolith is the presence of extended patches,
embedded in the coarse matrix, made by glass and subequal neoblasts crystallized inside (Figs. 6B
and C). Inside these patches, there are some vesicles filled with zeolites. In the thin section, spinel is
always inside these patches, forming small euhedral crystals. There are some smaller glassy
pockets, preferentially developed at the junction of grains. Neoblasts in the glassy patches
commonly have euhedral shape. These are mainly small euhedral olivine, spongy aggregates of
clinopyroxene, euhedral spinel crystals and rare plagioclase, in one case showing zoning. The
bigger patches have little glass and olivine crystals inside, which are irregular in shape and display
no reaction rim. On the contrary, smaller patches are characterized by the absence of olivine
crystals and by the presence of abundant glass.

Considering the computed microtomography, step A was carried out with a voxel size of 23.3 um
(Fig. 7A); the total analyzed volume is 6.02:10'* um’. Segmented phases are silicates (98.500
vol%), glass (1.494 vol%) and spinel (0.006 vol%). Connected components analysis of glasses and
spinels are given in Supplementary Table 1. Spinel shows a higher absorption (given the same
instrumental conditions and pre-processing operations) concerning the MG10x and Bi4 spinel and is
arranged in small (1.64-10" pm’) crystals aggregates, with no evidence of large clusters. The glass
phase is abundant and occurs surrounding spinel. Glass forms either small, isolated patches or
elongated pockets, sometimes interconnected among them and in contact with the surface of the
analyzed volume (note that this does not correspond to the contact between xenolith and host lava).

At this spatial resolution, half of the total glass volume (0.756 vol%) appears as pockets that are
12
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isolated from the surface of the investigated sample. To better define the interconnectivity of the
glass we performed a skeleton analysis on this ROI. Results show high interconnectivity and are
summarized in table 5 and Supplementary Figure 4.

Step B (voxel size: 6.7 um) focused on the central part of sample FN38, analyzing a total volume of
8.00-10"" um’. Segmented phases are the same as in step A (Fig. 7B). No further textural details
were noted for spinel (see the slice in Fig. 7B). Also, at this spatial resolution, a portion of the glass
(1.005 vol%, relative to total volume of the sample) appear not connected to the edges of the
analyzed volume.

Step C focused on the inner part of the volume analyzed at step B, imaging a total volume of
9.64-10" pm’. The main improvement is the imaging of microlites of spinel inside the glassy
patches (Fig.7C) and some vesicles filled with a material similar in density to the silicic glass
(possibly zeolites), which were undetectable at lower resolutions and visible only in the thin section.
A selected volume of interest was imaged with a voxel size of 0.9 um (step D). Here it was possible
to better characterize the low-density volumes. There are not only glass patches but also tiny films

of glass occupying the intercrystalline space (Fig.7D).

Feret Edges/
Connectivity
Sample Step Phase Volume Surface diameter Vertices d
ensit
(mm) ratio y
(mm°) (mm?) Min Max (mm™)
FN38 A Glass 91.19 2°071.96 16.25 52.62 0.92 -72.30
FN38 B Glass 8.04 781.08 833 15.10 0.95 -3499.27

Table 5: Skeleton analysis results summarized for glasses of sample FN38.

4 Discussions

All xenoliths were brought to the surface via OIB-like alkaline intraplate magmatism. The
Mongolian (MG10x) and Moroccan (Bi4) samples in a continental one, while Fernando de
Noronha’s sample (FN38) is from a true OIB. The Mongolian xenolith represents a piece of the
lithosphere in a mobile belt zone, Bi4 a xenolith from a pericratonic area while FN38 comes from
the upper mantle beneath the oceanic crust. This implies that the depth of sampling varies for the

three xenoliths.
4.1 Spinel morphology
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In mantle xenoliths, spinel can occur with various morphologies, from vermicular to skeletal or
even euhedral crystals (Matsumoto and Arai 2001). According to Mercier and Nicolas (1975), in
protogranular peridotites spinels are considered as an exsolution product from enstatite and they
recrystallize to an interstitial or mosaic shape. In xenoliths with a porphyroclastic texture, which are
considered the product of the deformation of protogranular peridotites, spinel recrystallizes to
elongated holly-leaf-shaped grains. In equigranular textures, polygonal spinels may occur between
the other crystals. Pike and Schwarzman (1977) considered the presence of euhedral spinel in or
between silicates as indicative of a so-called igneous xenolith.

Pyrometamorphic textures are caused by the solidification of local partial melts within the rocks.
Here, tiny quench crystals of euhedral oxides can be found (Pike and Schwarzman 1977). In
xenoliths that have undergone limited recrystallization or are in early stages of polygonization,
spinels are small, disseminated, forming holly-leaf interstitial grains because silicates are reduced in
size by polygonization and mechanical breakdown (Pike and Schwarzman 1977). In foliated and
equigranular mosaic textures, spinel is interstitial in clumps or strings parallel to the foliation (Pike
and Schwarzman 1977). Samples MG10x and Bi4 show anhedral spinel (Fig. 1B and 4C), which is
termed holly leaf (Mercier 1975) and is characterized by the presence of appendices that extend into
the silicate matrix surrounding the spinel.

Our p-CT results show how the morphology and texture of spinel grains are fully understandable
only through a 3D reconstruction. Consider for example the thin section of sample Bi4 (Fig. 4)
where spinel appears with a classical holly leaf shape, it is surrounded by microcrystalline blebs and
shows no visible inclusions. p-CT shows that in this sample the spinel is present in two main forms
(Fig. 5A): big clusters with high surface/volume ratios and small sub-rounded crystals. The first
case is always surrounded by voids, while it is difficult to evaluate if the same is true for the second
spinel occurrence. Furthermore, at higher resolution (step B and following, Figs. 5C and 5D) the
large spinel cluster appears rich in several inclusions, which were not detected in the thin section
under the optical microscope. These inclusions are always rounded in shape and are filled with the
phases with the same contrast of those present in the bleb that surround the spinel (see Chapter 4.4).
In sample FN38 the 3D model underlined the presence of aggregates of spinel crystals that in the
thin section may be confused with whole spinel grains. Furthermore, the spinel of FN38 is highly
absorbing compared to the other two xenoliths, which probably reflects different compositions. In
sample FN38 there is no holly-leaf spinel with high surface/volume ratios, and the few crystals
present appear to be formed by aggregates of smaller ones (Fig.7A), with high absorbance.

Increasing the resolution to 2.5 pm of voxel size (step C, Fig.7C), it is possible to notice another
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kind of spinel, scattered in the glass and smaller in size. This is the spinel we observed in thin
section, crystallized inside glassy patches.

For this textural feature however, the resolution of the u-CT analysis plays a fundamental role, as at
voxel sizes higher than 6.25 um for sample Bi4 and 2.5 pm for the xenolith FN38 the texture of

spinel was not fully characterizable.
4.2 Spinel layering

Spinel layering has been investigated in sample MG10x and it is a clear example of how a
traditional thin section may hamper an appropriate interpretation of the xenolith. A bigger problem
is the random sectioning plane of a thin section, and even with a targeted thin section (Fig.1), it is
difficult (if not impossible) to find all the information that is instead clearly evident with the 3D
model obtained with computed microtomography.

The spinel layering is poorly defined in thin sections even in a targeted section, but identifiable in
the 3D p-CT model. Even in lower resolutions, it is possible to recognize at least two different
spinel layers crossing the sample and suggesting a fragile zone - rather than ductile - as the source
of this mantle xenolith.

Moreover, in optical microscopy, spinel appears as classical mantle spinel with a holly-leaf texture.
Even its absorption in the p-CT slices suggests a composition similar to that of restitic spinel, as in
sample Bi4. However, given its arrangement in layers, it is more appropriate to classify this kind of
spinel as magmatic, crystallized directly from a melt that percolated the mantle. This speculation is
particularly plausible for the MG10x sample, as the geodynamic setting of the region suggests the
presence of a fragile zone in the mantle at the depth in which the xenolith was sampled, and
metasomatic melts may percolate along fractures, leading to the formation of spinel layers. This
kind of layering is discussed in the literature, for both spinel and other mineral phases, like the
example of the Balmuccia peridotite, Italy, showing massive monomineralic spinel layers 10 cm
thick (Mazzucchelli et al. 2009), or the websteritic veins in the Lherz Massif (Le Roux et al. 2007),
as well as discordant dyke-like chromitite layers in dunite from northern Oman ophiolite (Arai and
Miura 2016). However, it is difficult to find studies that describe small-scale layering, thus although
the processes may be similar, additional studies are necessary. Considering how difficult it is to
identify this textural feature in thin section observation, it is likely to have been overlook in many

studies.
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Note that these textural interpretations were possible only through the 3D model obtained by pu-CT
analysis. With this xenolith, which shows a homogeneous coarse-grained texture, even low-

resolution imaging (step A) may be sufficient for a first textural 3D study.

4.3 Sulfides

In samples MG10x and Bi4, there are some phases with higher attenuation concerning the spinel
grains that were identified as sulfides in optical microscopy. According to the literature, their
presence may be correlated to the texture of mantle xenoliths. Szabé and Bodnar (1995), for
example, indicate that the distribution of sulfides in the upper mantle is linked to deformation and
recrystallization processes, therefore a 3D analysis may be fundamental in understanding the texture
and distribution of sulfides. Some authors, such as Wang et al. (2020), tentatively described in three
dimensions the mechanism that led to the formation of sulfides inside partially melted peridotite,
but they worked with synthetic samples.

In the Mongolian sample MG10x, sulfides are homogenously disseminated into the xenolith, with
no apparent spatial relationships with spinel layering. This is confirmed by phi and theta values in
the connected component analysis (see Supplementary Table 1), as these variables indicate the
orientation of the segmented volumes, similar values mean a similar orientation (a tabular texture
for example), and different values mean scattered volumes. Because of the small size and very low
abundance of sulfides, this feature cannot be identified in thin section. Moreover, accurately
modelling the morphology of these sulfides was possible only through synchrotron radiation-based
tomography (Fig. 2C). The crystallization of sulfides is not concomitant with the formation of the
spinel or, however, independent from the event that led to the crystallization of spinel. We speculate
that considering the distribution of these high-density sulfides, the percolation of small-volume
melts in inter-grain spaces may be responsible for their deposition (Wang et al. 2020 and reference
therein).

Regarding sample Bi4, there are high-density volumes visible in steps A and B, which appear
randomly scattered inside the volume and are not affected by the presence of spinel clusters. At 2.5
um of voxel size, it is possible to recognize how high-density phases are present only in the
percolating melt, sometimes even in the blebs surrounding spinel but preferentially inside fractures.
This may suggest an in-situ sulfide liquid immiscibility that led to the precipitation of this kind of
elongated sulfide in melt-filled cracks (Fig. 5D and 5E) as proposed by Lorand (1991). We focused
a scan with a higher resolution of 0.9 microns (step D, Fig. 5F) on the top of our sample,

discovering this was probably a fracture where the xenolith broke. Here we have the bigger volumes
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with high density and they appear particularly similar to SEM backscatter electron images of sulfide
(Hughes et al. 2016).

4.4 Glass, voids, fractures

Glasses in xenoliths may represent reaction products between mantle xenoliths and migrating small-
volume melts percolating the mantle, which contribute to mantle heterogeneity and metasomatism
(e.g., Coltorti et al. 2000; Fialin et al. 2011; Miller et al. 2012; Lahmer 2018), or may be solidified
products of in situ melting (Yaxley and Kamenetsky 1999). Despite the importance of such
phenomena, the 3D distribution of glasses and gas vesicles inside xenoliths has only been recently
studied (Patko et al. 2020; Casetta et al. 2022).

The Moroccan sample Bi4 shows microcrystalline blebs around spinel in thin section, that are not
inter-connected, and sometimes show a glassy film between phases. u-CT data show no evidence of
these blebs using a resolution of 21 pum (step A), probably because of the similar densities of the
different silicates, which result in small phase contrast in the acquired data. What is clear from
observing this 3D model (Fig. 5A) is the presence of several voids and some fractures that were
resolvable at resolutions of 6.25 and 2.5 um (steps B and C). First, the blebs surrounding spinel,
which are not visible at a lower resolution, appear at 6.25 pm and are quite clear at 2.5 pm. Second,
some of the microcrystalline blebs are present inside larger spinel grains and show no connections
to their exteriors. These are inclusions characterized by the presence of only glass and gas bubbles,
preserved inside the spinel. This is another advantage of computed microtomography, i.c.,
identifing inclusions in both transparent and opaque minerals and verify whether they are connected
with the exterior of the host. In the case of our sample, these observations might indicate that the
spinels crystallized from the melts that are now represented by the multi-phase blebs. A
combination of these data with compositional analyses is needed to confirm such a hypothesis and
would provide new constraints on the formations of spinels in mantle peridotites.

Fracture analysis and interpretation are also improved with higher-resolution imaging. At 6.25 um
of voxel size, every fracture may be well characterized, and it is noted that they are filled with the
same material that forms the blebs around spinel. This evidence underlines how blebs are not
isolated but connected with fractures and thus the formation of blebs may be related to the
percolation of melts inside the xenolith, which is probably driven by the prior formation of
fractures. Moreover, this melt solidified at sufficiently low pressures to allow degassing, as testified
by the presence of several vesicles. Voids are always sub-rounded in shape and present in blebs as

in fractures (see Figs. 5D and 5E).
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The particularity of sample FN38 is the widespread presence of glassy patches, in which there are
newly crystallized phases and some voids filled by zeolites. This is evidence of melts percolating
the mantle or at least the xenolith, though it is unclear considering the two-dimensional section if
the glassy patches are isolated or represent channels extending through the xenolith. In the three-
dimensional model, obtained with pu-CT at 23.33 um of voxel size (Fig. 7A), it is noted that glass is
scattered all around the sample and, in contrast to the blebs of sample Bi4, its presence seems to be
independent of the spinel. Interconnection may be more evident considering connectivity density in
the skeleton analysis (Table 5); this allows to confirm this melt is not (or not only) the product of
the partial melting of some crystals but represent a liquid phase that permeated the xenolith. When
considering smaller voxel sizes, such as 6.7 um, the connection between glassy patches appears
clearer and thus volumetric considerations are more robust. Comparing all the resolutions used in
the acquisition of pu-CT scans, glassy patches appear as largely diffuse and highly interconnected
(through both large channels and small intergranular spaces), indicating that melts were percolating

extensively in the mantle section sampled by the xenoliths.

4.5 Modal proportions of spinel

It is common use in petrography to estimate the volumetric percentage of a mineral over a 3D
sample by using point counting or image analyses on a single 2D thin section. However, if the
sample is anisotropic, applying this procedure to sections that have been randomly cut from the
sample may add unknown errors in the estimate. To quantitatively evaluate such errors, we
simulated the acquisition of several 2D slices: this allows us to compare the areal percentage
estimated from each 2D thin section with the actual value calculated from the entire volume.

We started from the labelled 3D model obtained with the lower resolutions (step A) and we took
50,000 random slices over the three axes. To better simulate the real slicing process, the only
constrain applied to this random process was that the obtained slice must have an area at least equal
to the slice taken orthogonal to the longest axis. This constraint is introduced to avoid the algorithm
taking into account unrealistic slices, e.g. a thin section that takes only a small portion of the whole
sample.

By doing this, we can simulate the estimation of the percentage of spinel that would arise from each
2D thin section. Results may be seen in Fig. 8 for the three studied xenoliths.

Assuming a normal distribution of the samples we fit the estimated volumetric percentage of spinel

with:

fx)=a=x e_((;:rl;)>
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.1 . : .
Where a is Toozo IS the mean value and o is the standard deviation (std).

In Table 6 the parameters of the gaussian fit of the distribution are presented.

Sample Real Mean u o R-squared
MG10x 0.9265 0.8663 0.5199 0.9912
Bi4 1.4143 0.9543 1.653 0.99
FN38 0.0298 - - -

Table 6: Resuming data of the thin section simulation and relative parameters.

Sample MG10X present a distribution centered in 0.87 vol% with a standard deviation of 0.52
vol%: there are outliers in the range [2.00-3.00 vol%] that may be due to the layered distribution of
spinel in the sample.
Sample Bi4 shows a trend similar to MG10x, but it has a higher range of variability with a mean of
0.95 vol% with a standard deviation of 1.65 vol%. The higher standard deviation should be due to
the cluster distribution of spinel, which increases the probability of incorrect identification of the
right value.
While MG10X and Bi4 fit well in a Gaussian distribution, FN38 does not. This may be due to the
very low abundance of the mineral in the sample and its uniform distribution.
According to the empirical rule (Pukelsheim 1994):

Pru—1loc <X <u+1lo) = 68.27%
This can be used to determine the range of modal estimates obtainable by using point counting on a
random thin section. For xenolith MG10x, which has a spinel mode of 0.93 vol%, there is a
probability of 68.27% to estimate a mode between 0.35 vol% and 1.39 vol% using point counting
on such thin section. For xenolith Bi4, which has a spinel mode of 1.41 vol%, the range is between
0.00 and 2.60 vol%. This clearly shows that point counting on a randomly cut thin section in such
type of xenoliths can produce misleading results in terms of abundance of minor and accessory

phases.

5 Implications

We applied multi-modal X-ray microtomographic imaging to characterize at different scales the
textural properties of three mantle xenoliths collected from different geodynamic settings. The
extracted volumetric models allow to define the texture of the samples with completeness and detail

not achievable with classical 2D thin sections analysis. The multi-scale approach applied to a
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variety of textures allows development of a series of recommendations for future petrological

studies of mantle xenoliths through X-ray micro-CT:

If the goal of the study is to verify possible spinel layering, low-resolution X-ray p-CT (as
our step A) may be sufficient and might allow characterization of the whole xenolith, which
typically has a size in the range of 1-10 cm.

Characterizing spinel morphology and internal texture requires higher resolutions, 0.9 to 1.5
um of voxel size (steps C and D). This allows identification of possible inclusions, which
are important for interpreting prevailing conditions during spinel formation. The lower
resolution of steps A and B may lead to misinterpretation of textures, as was the case with
the small spinel crystals of FN38, visible only at 2.5 and 0.9 um of voxel size.

The presence and distribution of sulfides were estimated through thin-section observations,
but the modal abundance, distribution and textures were quantified only through p-CT. In
the volumetric analysis, the distribution of high-density minerals is easy to achieve even at
low resolutions (step A), due to their high attenuation coefficient. For the texture, because of
the small size of these phases and the high absorbance, a small voxel size (steps C and D) is
necessary to properly characterize the shape. As shown in Figs .2C and 5F we obtained the
best results with a voxel size of 2.5 um for sample MG10x and 0.9 pm for sample Bi4.
Moreover, considering the very low abundance of sulfides and platinoids inside mantle
samples, it is worth noting that with a proper 3D reconstruction it may be simpler to target
with high precision where to cut the sample for further analysis.

In the thin section, voids are visible inside microcrystalline blebs and their sub-rounded
shape is identifiable. However, only through 3D reconstruction at high resolution (e.g., our
steps C and D) is it possible to accurately quantify such voids and even detect those that are
inside the fractures of the xenolith.

Calculation of modal proportion of spinel, and any other phase, inside mantle xenoliths
through 2D analysis of randomly cut thin sections should be carefully evaluated. As our
simulation demonstrates, if the distribution of a phase is not homogeneous inside the cut
volume, the uncertainties of the modal estimates with a classical thin section can increase

and even be difficult to quantify.
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Figure captions

Figure 1: A) Thin section of mantle xenolith MG10x in plane-polarized light; B) detail of some
fluid inclusion trails; C) sulfide crystal included in olivine.

Figure 2: A) 3D reconstruction of sample MG10x obtained at step A (see text and Table 1),
1147x921x1796 voxels. Spinel segmented in orange and sulfides in green; B) 3D
reconstruction of a volume of interest in sample MG10x obtained at step B (see text and Table
1), 2004x1536x1240 voxels. Analyses were carried out at TomoLab with a voxel size of 10
micron. Spinel segmented in orange, sulfides in green; C) 3D reconstruction of a volume of
interest in sample MG10x obtained at step C (see text and Table 1), 1585x1453x3322 voxels
and zooms on some sulfide grains segmented in green.

Figure 3: 3D reconstruction of a volume of interest in sample MG10x obtained at step C (see text
and Table 1), 1585x1453x3322 voxels. The red phase is serpentine, which fills fractures and
intergranular spaces.

Figure 4: Thin section (A) of sample Bi4 and optical microscope images in plane-polarized light. B)
and C): notice the microcrystalline bleb surrounding spinel.

Figure 5: A) 3D reconstruction of mantle xenolith Bi4 obtained at step A (see text and Table 1),
726x660x1969 voxels. Spinel is segmented in orange, voids in blue and high-density phases in
green. Insets showing a detail of a spinel cluster and a detail of the high-density phase
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881 alignment at the top of the sample; B) one of the slices composing the 3D model of mantle
882 xenolith Bi4 obtained at step B (see text and Table 1); C) 3D reconstruction of a volume of
883 interest in mantle xenolith Bi4 (step B, see text and Table 1), 1519x1058x1245 voxels. Spinel
884 segmented in orange, voids in blue and high-density phases in green; D) 3D reconstruction of a
885 volume of interest in mantle xenolith Bi4 obtained at step C (see text and Table 1),
886 1833x1949x1852 voxels. Spinel segmented in orange, voids in blue and high-density phases in
887 green. Insets showing a detail of voids and high-density phases crystallized inside fractures and
888 a detail of the high-density phases at the top of our sample; E) One of the slices composing the
889 3D model of step C. Arrow indicating a high-density phase crystallized inside a fracture (see
890 Fig.5D). Circle highlighting a microcrystalline bleb surrounding spinel (Sp); F) 3D
891 reconstruction of a volume of interest in mantle xenolith Bi4 obtained at step D (see text and
892 Table 1), 1865x1865x2048 voxels. High-density phases are segmented in green.
893
894  Figure 6: Thin section of mantle xenolith FN38 (A) and details of glassy patches with neoblasts
895 crystallized inside (B and C) in plane-polarized light.
896
897  Figure 7: A) 3D reconstruction of mantle xenolith FN38 obtained at step A (see text and Table 1),
898 1121x764x2151 voxels. Spinel segmented in orange, glass in blue; B) 3D reconstruction of a
899 volume of interest in mantle xenolith FN38 obtained at step B (see text and Table 1),
900 1970x1700x1256 voxels. Spinel segmented in orange, glass in blue. In the upper left corner one
901 of the slices composing the 3D model; notice the absence of spinel (white) inside glassy
902 patches (dark grey); C) 3D reconstruction of a volume of interest in mantle xenolith FN38
903 obtained at step C (see text and Table 1), 1953x1705x1852 voxels. Spinel segmented in orange.
904 Notice the presence of larger spinel crystals and smaller spinel neoblasts; D) 3D reconstruction
905 of a volume of interest in mantle xenolith FN38 obtained at step D (see text and Table 1),
906 1825x1833x2048 voxels. Spinel segmented in orange, glass in blue. Arrows pointing at glass
907 filling the intergrain space.
908
909  Figure 8: Results of the simulation on 50000 random sections taken in the 3D models of the
910 xenoliths obtained via ICTP data (steps A in Tablel), and relative fit.
911
912  Supplementary Figure 1: Graph showing Mean intensity vs. Aspect ratio for the high intensity
913 volumes segmented from the three xenoliths. Data obtained through connected components
914 analysis at step A (see Supplementary Table 1).
915
916  Supplementary Figure 2: 3D model obtained at step B for mantle xenolith MG10x. Silicates in light
917 grey, spinel in light orange. Skeleton analysis is visible inside spinel, with colour spectrum
918 ranging from blue (lowest connectivity) to red (highest connectivity). The radius of vertices
919 reflects their connectivity and the edge radius reflects the Euclidean length of edges.
920
921  Supplementary Figure 3: 3D model obtained at step A for mantle xenolith Bi4. Silicates in light
922 grey. Here is the subdivision of high-intensity ROI into A) low Volume/Surface ratio (in
923 yellow); B) high volume/surface ratio (in black). Notice how yellow highlighted volumes
924 match spinel of Fig.5A.
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Supplementary Figure 4: A) 3D model obtained at step A for mantle xenolith FN38. Glass in light
blue, silicates in light grey. B) inset showing skeleton analysis inside glasses, with colour
spectrum ranging from blue (lowest connectivity) to red (highest connectivity). Radius of
vertices reflecting their connectivity and edge radius reflecting Euclidean length of edges.
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