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Abstract—Giant micrometeorites (MMs; 400-2000 um) are exceedingly rare and scientifically
valuable. Three-dimensional nondestructive characterization by X-ray computed
tomography (X-CT) provides information on the petrography and thus petrogenesis of
MMs and serves as a guide to maximize subsequent multi-analytical studies on such
precious planetary materials. Here, we discuss the results obtained by X-CT on 22 giant
MMs and the classification based on their 3-D density contrast images. Scoriaceous and
unmelted MMs have distinct porosity ranges (10-40 vol% versus 0-25 vol%, respectively).
We observe a porosity variation inside scoriaceous MMs, which allows their atmospheric
entry flight history to be resolved. For the first time, spinning entry is explicitly
demonstrated for four partially melted MMs. Furthermore, we are able to resolve the
thermal gradient in a single particle, based on porosity variation (seen as a progressive
increase in pore abundance and size with higher peak temperatures). Moreover, we explore
parent body alteration through the 3-D analysis of pores distribution, showing that shock
fabrics are either absent or weakly developed in our data set. Finally, owing to the detection
of pseudomorphic chondrules, we estimate that the intensively aqueously altered C1 or CI-
like material could represent 18% of the MM flux at this size fraction (400—1000 pm).

INTRODUCTION

%3 Vincenzo DELLA CORTE?, and Andrew KING®

Micrometeorites (MMs) are extraterrestrial dust
grains, <2 mm in diameter, derived from asteroids and
comets (Genge et al. 2008). The microanalysis of these
valuable samples allows us to better understand the
primitive bodies of the solar system and the processes
undergone before and/or after accretion. In particular,
the compositional heterogeneity of primitive bodies is
the result of a complex set of pre- and post accretionary
processes related to the evolution of the early solar
system and to the planet-forming age (Alexander et al.
2007). MMs are derived from a larger variety of the
small bodies as compared to macroscopic meteorites

due to different delivery mechanism (Vokrouhlicky
et al. 2008; Genge et al. 2008). Furthermore, giant MMs
(>400 pm) are more representative of their parent body
lithology and thus can contain coarse-grained
components such as chondrules and calcium-aluminum
inclusions (CAls). However, because giant MMs are
especially rare (Taylor et al. 2007), it is critical to
optimize the sample analysis sequence. In addition, in
light of new sample return missions, that is, Hayabusa2/
JAXA (Kitazato et al. 2019; Sugita et al. 2019;
Watanabe et al. 2019), OSIRIS-Rex/NASA (Lauretta
et al. 2015), and MMX/JAXA (Campagnola et al.
2018), defining the most efficient sequence of analytical
techniques to maximize the results obtainable on small

1581 © The Meteoritical Society, 2020.
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and rare extraterrestrial materials represents a critical
issue (Nakamura et al. 2014). Three-dimensional non-
destructive analysis plays a crucial role in such a
sequence. As an example, X-ray computed tomography
(X-CT) was one of the first techniques applied to the
analysis of the Itokawa particles (Nakamura et al. 2011;
Tsuchiyama et al. 2011). In addition, it was used to
characterize cometary particles brought to Earth by the
STARDUST space probe (Nakamura et al. 2008;
Tsuchiyama et al. 2009).

X-CT is also a powerful stand-alone technique, that
is, not necessarily as part of an analysis sequence, and is
increasingly employed for the characterization of
valuable samples (see Hanna and Ketcham [2018] for a
review). Hanna and Ketcham (2018) discussed the
distributions and the shape of chondrules inside
primitive CM chondrites. Based on the detection of
irregularly shaped chondrules, they proposed that
“chondrules with a high degree of surface roughness
accreted a relatively larger amount of nebular dust
compared to smoother chondrules.” Ebel and Rivers
(2007) studied the porosity inside different classes of
meteorites and have shown that regions of interest, such
as CAI and chondrules, can be studied in detail while
avoiding invasive sampling.

Several studies have analyzed giant MMs (Van
Ginneken et al. 2012; Baecker et al. 2018; Cordier et al.
2018; Suttle et al. 2019a, 2019b), but very few include a
3-D sample characterization (e.g., Kohout et al. 2014).
Kohout et al. (2014) studied the effect of atmospheric
entry on MMs’ porosity. They observed a rise of the
porosity with increasing degree of atmospheric entry
heating. However, distinguishing primary porosity
originating from the sample’s parent body history from
secondary porosity formed during atmospheric entry
remains challenging. Studying primary porosity is
critical to understanding accretional and collisional
processes in the early solar system (Consolmagno et al.
2008; Blum et al. 2017) as well as the activity of small
bodies (Fulle et al. 2019). Taylor et al. (2011) studied
the distribution and the shape of pores and metal beads
inside 109 MMs. They concluded that the thermal
decomposition of sulfide phases plays a critical role in
the formation of secondary porosity and thus
scoriaceous textures. The accurate characterization of
the porosity and more importantly the distribution of
vesicles are crucial for many processes such as impact-
related (re)heating and microcracks, and thermal
diffusion in asteroids (Flynn et al. 2018).

In the present work, we illustrate the potential of
the X-CT characterization on a set of 22 unmelted and
scoriaceous giant MMs with a size between 400 and
1000 um (see Table 1). We explore how atmospheric
entry and secondary processes can affect a set of MM

characteristics: global porosity, its spatial variation
inside the sample, shape and size distribution of the
pores, the presence of rims, the distribution of the
metallic components, and the presence of chondrules.

MATERIALS AND METHODS

We analyzed 22 giant MMs with sizes between
29 x 10° pm® and 116 x 10° pm® (see Table 1). They
were collected by the PNRA (Programma Nazionale di
Ricerca in Antartide) from an MM trap on the top of
Miller Butte in the Transantarctic Mountains (Folco
et al. 2008; Rochette et al. 2008; Suttle and Folco 2020).
The processes of alteration experienced during their up
to 1-2 million years long stay on Earth have been
studied by Suavet et al. (2009, 2011) and Van Ginneken
et al. (2016). We first classified the samples into
scoriaccous and unmelted types, following the
classification of Genge et al. (2008), by means of
scanning electron microscope (SEM) observations on
their external surfaces (carried out without coating in
low-vacuum mode using an FEI ESEM-FEG
QUANTA 450 at the Centro per I'Integrazione della
Strumentazione dell’Universita di Pisa, CISUP, Italy).
This classification is based on the degree of thermal
reprocessing during atmospheric entry and on the
terrestrial alteration undergone by MMs. We can see
small traces of weathering for some of the samples (as
in TAM 50.08, TAM 50.11, TAM 50.15, and TAM
50.29), in which we observe thin weathering external
rims on particle exteriors. Because weathering can alter
the primary porosity and even vesicles (Van Ginneken
et al. 2016), for our study, we selected 22 MMs with a
low degree of terrestrial weathering. Thus, terrestrial
weathering should affect only the surface of a few MMs
in our collection and be negligible for the inside of our
samples.

Characterization in 3-D was performed at the
synchrotron X-ray beamline PSICHE at SOLEIL
synchrotron (France). We measured 1200 2-D
projections of the linear attenuation coefficient (LAC)
at regular rotation intervals of 0.15° in order to
reconstruct the variations of the LAC in 3-D. X-CT
was performed with a parallel monochromatic beam of
25.5 keV and with an exposure time of 250 ms per
projection. The final voxel size is ~0.6 um. With this
technique, we are therefore able to characterize porosity
and the presence of structures inside the samples
without destroying them. By utilizing high-intensity,
monochromatic synchrotron radiation, we were able to
rapidly (<25 min) scan each sample while maintaining
high signal-to-noise and high image resolution. Post-
processing 3-D reconstruction was achieved using the
Python library Tomopy (Glirsoy et al. 2014).
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Table 1. List of the samples with their main characteristic: A is the anisotropic degree of the pores distribution and
E its elongation index; the description of the chondrules and their size (ps = pseudomorphic); the parent bodies
were inferred thanks to oxygen isotopic composition analyses (see Suttle et al. [2019a] and Suavet et al. [2010] for
the description of Group 4 properties) and the petrographic types from the texture; the entry flight history is
inferred from the variation of porosity.

Vol Presence Diameter of Inferred Inferred
Sample (108 Porosity A E of chondrules petrographic  entry flight
ID Class Subclass pum?) (£3%) (£0.1) (£0.01) chondrules (um x pm) types history
TAM Sc Fine- 35 30 1.46 1.06 - - - -
50.01 grained
TAM Sc Fine- 49 27 2.63 1.13 - - - Fragmented
50.03 grained
TAM Sc Coarse- 46 18 6.45 1.43 Intact 460 x 670 2/4 -
50.09 grained
TAM Sc Fine- 87 36 3.68 1.30 - - - -
50.10 grained
TAM Sc Coarse- 116 33 2.58 1.27 - - - Spinning
50.12 grained
TAM Sc Composite 82 22 2.49 1.18 Intact 170 x 160 2/4 Spinning
50.15
TAM Sc Fine- 70 33 2.47 1.37 - - - -
50.17 grained
TAM Sc Composite 64 38 3.15 1.31 - - - Spinning
50.20
TAM Sc Fine- 49 28 2.24 1.12 - - - Spinning
50.21 grained
TAM Sc Composite 76 12 1.26 1.08 Intact 280 x 480 2/4 -
50.22
TAM Sc Fine- 29 26 1.47 1.07 ps 200 x 150 12 -
55.01 grained
TAM Sc Fine- 38 31 6.96 1.24 - - - -
60.03 grained
TAM UM  Composite 28 23 1.80 1.11 Hydrated 80 x 80 Cl -
50.04 clast
TAM UM  Coarse- 92 8 2.83 1.25 - - - -
50.05 grained
TAM UM  Fine- 39 10 1.57 1.14 - - - -
50.07 grained
TAM UM  Coarse- 29 27 1.55 1.10 - - - -
50.08 grained
TAM UM  Fine- 106 3 3.84 1.21 Intact Several from 100 2/4 -
50.11 grained to 280
TAM UM Composite 72 12 2.31 1.17 - - - -
50.16
TAM UM  Fine- 80 23 291 1.28 ps 215 x 250 12 -
50.25 grained
TAM UM  Fine- 49 20 1.62 1.12 ps - 1/2 -
50.26 grained
TAM UM  Coarse- 63 11 1.64 1.15 Intact 380 x 620 2/4 -
50.29 grained
TAM UM  Fine- 56 23 5.46 1.37 ps 125 x 125 12 -
50.30 grained

The LAC is sensitive to the atomic number of the resolved. As the first step of the analysis, we segmented
probed matter, meaning that features with high density —our data using an LAC threshold following three
contrast, such as pores or Fe-rich phases, can be easily components: pores, silicate phases, and Fe-rich areas
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(metal, sulfide, and metal-oxides). An example of the
results of the segmentation is given in Fig. 1b for a slice
inside TAM 50.15. We considered the voxels to be Fe-
rich areas, when LAC >20. Voxels with LAC between 2
and 20 were assigned to silicate phases. After having
defined the contour of the sample, we distinguished
empty voxels, that is, having LAC <2, which correspond
to pores inside the sample in 3-D. The LAC is not
sensitive to low-Z materials (being Z the atomic
number); thus, some of the empty voxels may contain
low-Z material as organic matter. Matrajt et al. (2012)
have observed different types of organic matter in
extraterrestrial material wusing in situ transmission
electron microscope. They observed organic globules
with a size from 30 to 500 nm; thus, similar features
may be contained inside the pore distribution observed
in our samples and the smallest ones have sizes similar
to the voxel in our study. Spongy organic materials can
also have a size of a few nanometers and not be visible
in our case, as the mixture with the mineral happens at
a scale smaller than our pixel size. Even if we fail to
detect the organic component with X-CT, in chondritic
materials, it represents only a small percentage of the
sample’s mass (Standford et al. 2016). Moreover, using
IR reflectance spectroscopy on reflection on the inside
of one sectioned TAM MM, we have checked that the
quantity of organic matter inside our sample is
comparable to that measured in carbonaceous
chondrites. Thus, the number of empty voxels, and the
porosity, may be a slight overestimate, as up to 3% of
the sample can be occupied by organic matter, but this
source of uncertainty fits inside the one already given
for the porosity (3%).

After data segmentation, we measured the porosity
by counting the number of empty voxels inside the
samples dividing by the number of voxels composing
the sample. Specially written programs in Python were
used for the segmentation of the images and the
calculation of the porosity. Among the pores present
inside our samples, we can distinguish diverse
populations as (1) inter-granular (or accretional) pores,
which are interpreted to be inter-grain pore spaces that
were never destroyed by compression if and when the
parent body experienced impact deformation (Scott and
Krot 2003). These generally correspond to small pores
present in the less-heated parts of our samples. (2)
Cracks are also present either due to impact shock
processing (Decarli et al. 2001; Suttle et al. 2017a) or
formed by dehydration of phyllosilicates during
atmospheric entry heating (Suttle et al. 2017b, 2019b).
We classify pores as cracks when they present a clear
elongated and branching shape. (3) Finally, during
atmospheric entry, vesicles can be formed due to
melting and degassing of volatile phases (Genge 2017b).

50.1. H M X150 S00 pm

Fe-rich area
M silicate phases
M rores

Fig. 1. a) SEM image of TAM 50.15. b) Segmentation of the
same sample, visualization of Fe-rich areas (red), silicate
phases (brown), and pores (white). (Color figure can be viewed
at wileyonlinelibrary.com.)

We use the term vesicle only when we are confident that
these pores have been formed during atmospheric entry
and mainly to refer to round and well-defined pores in
scoriaceous MMs.

The data also allowed the study of the size and the
shape distributions of the voids with a resolution of
0.6 um. We used the software Blob3D (Ketcham 2005)
to estimate the size of each pore and generate a size
distribution. The study of the shape of pores was
performed using the software Quant3D (Ketcham 2005;
Ketcham and Ryan 2004). We generated a random
distribution of points inside the volume, and for every
point inside a pore, we measured the distance, in 3-D,
from the point to the pore edge. The contributions of
all random distribution points are summed to obtain
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the total star volume distribution (SVD; see Ketcham
2005). A new 3-D space is generated to describe this
distribution with its eigenvalues 74, 7>, and 7T, which
could be used to determine the strength of the SVD in
each direction of the new space. (A visualization of the
results of this procedure for two MMs will be shown in
Fig. 5). To compare and describe our samples, we
extracted two parameters: the anisotropic degree, A,
that is, the ratio of the smaller to the higher eigenvalue:

A=T/T; ©)
and E the elongation index:
E=1—-T,/T, 2

These two parameters give an estimation of the
elongation of the pores compared to a spherical shape.
These calculations provide a quantitative measure of
petrofabric strength within the analyzed MM:s.

We identified structures, such as chondrules, inside
our samples, but their automated detection was
prohibited because their LAC 1is not significantly
different from that of the surrounding matrix. We thus
detected and estimated their size manually.

RESULTS

The MMs that we analyzed here are both
scoriaceous, with morphological properties affected by
atmospheric entry, and unmelted. Following the
classification of Genge et al. (2008): the studied
population contains 12 fine-grained MMs; 5 coarse-
grained MMs; and 5 composite MMs, which contain
both fine-grained and coarse-grained parts. This
classification gives an indication on the possible parent
body for each sample. We present in Fig. 2 both SEM
images and slices obtained by X-CT for four samples,
illustrating classes and subclasses present in our set of
samples. First, the variation in porosity is described
according to the conventional MM classification system,
and then, we will study the modification of morphology
due to the atmospheric entry as seen in scoriaceous
MMs and the ones due to secondary processes thanks
to unmelted MMs.

Porosity

Global Porosity

We determined the porosity for each of the MMs
studied (Fig. 3); this varies for the unmelted between 0
and 25 vol% and for the scoriaceous between 10 and 40
vol%. These values are consistent with the preliminary
SEM analyses used to classify particles that noted large

vesicles on the exterior of scoriaceous MMs. These gas
cavities form during atmospheric entry (Genge 2017a).

In Fig. 3b, we examine how porosity varies between
fine- and coarse-grained MMs. The fine-grained MMs
have porosities between 9.2% and 35.9%. Similarly, the
porosity of the coarse-grained particles varies between
7.6% and 32.5%. Thus, among our population, there is
no clear relationship between sample porosity and pre-
atmospheric texture. Interestingly however, TAM 50.12
has an anomalously high porosity value (32.5%). This is
due to the presence of a single large vesicle in the center
of the sample.

Variation of the Porosity Inside Single MMs

Variations in porosity were analyzed within single
MMs in order to quantify the effect of heating.

TAM 50.03 has an unusual broadly pyramidal
shape (see Figs. 4a and 4b). Two-dimensional
tomographic slices through this particle show an
asymmetric profile with a smooth concave edge
(Fig. 4a) while the opposing edge has an irregular
lobate form (Fig. 4a) In addition to the unusual shape,
this MM exhibits systematic variations in porosity. This
can be generally described by a progressive decrease in
porosity away from the concave rounded edge (Fig. 4c).
However, in detail, the profile is more complex.
Entering the sample from the concave side, there is
sudden increase in porosity, peaking at a value of
~29%, corresponding to the entry inside the sample at a
given X (green arrow in Fig. 4a). Beyond this peak, a
local minimum (around 22-24%) appears at depths of
approximately 50 pm. Porosity rises again, reaching
values around 30% before steadily decreasing linearly
over the remaining ~350 pm (at a rate of approximately
—1 vol% per 35 pum according to Y, without the
fluctuations due to the voxel size) and dropping to a
porosity minimum of 20% at the irregular lobate
margin. During the early stages of atmospheric entry
heating, MMs develop a thin melt layer, typically
<100 um thick that surrounds the particle’s outer
surface—this is termed an igneous rim (Genge 2006).
Correlating porosity variation with the sample’s texture
demonstrates that the initial ~80 um inside the sample
(from the concave edge) corresponds to a thick igneous
rim, while the remaining depth profile samples the
MM’s internal vesicular matrix.

Another interesting MMs is TAM 50.15, which has
an elongated shape in the X direction (Fig. S5a)
emphasized by an aspect ratio of 1.9:1 in the plane XY.
We plotted the spatial distribution inside the MM of
the high-density (Fe-rich) components and of the pores
(see Fig. 5b). In this sample, Fe-Ni-S beads are
primarily concentrated at either end of the particle,
while the particle’s core has a high porosity (20-30%,
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Scoricaeous vs. unmelted MMs

a) Scoricaeous MM 50.17 b) Unmelted MM 50.30

Coarse-grained vs. fine-grained MMs

¢) MM 50.05

d) MM 50.11

Fig. 2. Images of four MMs analyzed in this study. a) The scoriaceous MM 50.17, (b) the unmelted MM 50.30, (c) the MM
50.05 illustrate the case of coarse-grained MMs and (d) the MM 50.11 illustratea the case of fine-grained MMs. For each of
them, we present an SEM images of the bulk specimen top) and a slide observed by X-CT (bottom). (Color figure can be viewed

at wileyonlinelibrary.com.)

compared to the particle ends which have low porosities
<20%). Thus, the locations of high- and low-density
phases are anticorrelated.

In addition to TAM 50.15, two other MMs have
similarly elongated shapes. These are TAM 50.20 (with
an aspect ratio of 2.1:1) and TAM 50.21 (with an aspect
ratio of 1.2:1). In both samples, porosity also rises
toward the particle’s center. In TAM 50.21, a high-
density (Fe-rich) rim around the sample is observed.

Petrofabric

For each sample, we have estimated the anisotropic
index of the cumulative distribution of voids. This
reflects the aspect ratio of cavities. This metric varies
from 1 to 6. A large anisotropy coefficient, like that
calculated for TAM 50.30 (4 = 5.46), indicates a strong
petrofabric. Likewise, we also calculated E, the
elongation index, measuring the degree of void
elongation in a direction perpendicular to that of the
anisotropy index. Regarding the distribution of 4 and
E, there appears to be no significant difference between
the unmelted and the scoriaceous populations. This is in
contrast to the conclusions of Taylor et al. (2011) who
observed elongated vesicles as common features in the

case of scoriaceous MMs. The lack of correlation
between the degree of melting (during atmospheric
entry) and an MM’s petrofabric suggests that these
textural metrics are capable of measuring the sample’s
pre-atmospheric parent body structure.

Investigating whether individual MMs have a
preferred orientation of their pore shapes provides an
opportunity to explore the effects of impact-generated
shock fabrics on the parent bodies of MMs. Although
atmospheric entry processing may not alter a sample’s
parent body petrofabric, potentially subtle textural
features will be progressively overprinted by degassing
and melting effects. We therefore elected to investigate
the shock histories of MMs only in those samples
minimally affected by entry processing—that is in
unmelted MMs. We have 10 unmelted MMs; their
average anisotropy value is 2.46. Six of the samples
have a value below this average (1.80, 1.57, 1.55, 2.31,
1.62, 1.64), three have slightly higher values between
2.83 and 3.84, and TAM 50.30 has a particularly large
value (A = 5.46). Several scenarios could explain such
high anisotropy index, such as multiples shocks in the
history of the samples or important dehydration cracks.
In Fig. 6, we show the star distribution value and an
example of an X-CT slice for two samples, comparing a
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Fig. 3. a) MMs’ porosity following the unmelted and
scoriaceous classification; b) MMSs’ porosity according to
coarse- and fine-grained classification. Binning of 4%. (Color
figure can be viewed at wileyonlinelibrary.com.)

with a low anisotropy value (4 = 1.8, TAM 50.04) with
a higher one (A = 5.46, TAM 50.30).

Size Distribution of the Pores

We studied the vesicle size distributions inside the
unmelted MMs to investigate how secondary processes
can alter porosity developed during accretion. We
plotted the distribution of the number of pores
according to their volume. The cumulative number of
pores is shown in Fig. 7 as we counted the number of
pores bigger than a certain volume (given as x-axis).

Although the pore size distribution plots exhibit
similar trends for the whole set of MMs, we found
differences in their slope exponents, that is, the relative
contribution of smaller pores with respect to the larger
pores. This varies between —0.9 and —2.0. In Fig. 7, we
present the results for three unmelted MMs. We
calculated, using a line-of-best-fit, the slope of these
distributions and then checked the correlation with the
subclasses of each sample, that is, coarse-grained versus

fine-grained and with their anisotropy coefficients. In
their paper, Friedrich et al. (2008) studied the pore size
distribution for a compacted ordinary chondrite and they
concluded that the distribution of large pores
(>2.8 x 107> mm) follows a power law with a coefficient
of —0.75 between the log of the number of pores and the
log of the volume of the subsequent pores. Finally, they
had two hypotheses to explain such variation—it could
be a peculiar property due to the compaction of this
sample or the distribution observed could be typical of
this class of meteorites. To compare with literature, a fit
by a power law is also estimated for our data set. If we
focus on big pores (> to 2.8 x 107> mm as Friedrich et al
2008), we obtain a coefficient of —0.96 for TAM 50.05,
—1.32 for TAM 50.29, and —1.98 for TAM 50.30. The
coefficients evaluated in our data are not comparable to
the one measured on the macroscopic ordinary chondrite
by Friedrich et al. (2008) and we did not find any
conclusive correlation. It seems that pore size distribution
and the sample’s petrofabric are not clearly related.

Internal Solid Structures

In addition to porosity information, the
tomographic data revealed the presence of coarse-
grained inclusions within several of the MMs. These
include TAM 50.04, TAM 50.09, TAM 50.15, TAM
50.11, and TAM 50.22 (shown in Fig. 8).

In TAM 50.04, one dark inclusion was identified.
This has a low Z-contrast due to a low average atomic
weight—this typically suggests an Mg-rich/Fe-poor
composition. The inclusion has a rounded but non-
spherical shape, an approximate size of 120 um, and is
porous with no discernible change in porosity between
the inclusion and host matrix. Conversely, in TAM
50.09, almost the whole MM is coarse-grained, bearing
only a thin discontinuous vesicular rim surrounding the
particle’s edge which has a brighter Z-contrast,
indicating an Fe-enriched composition. This coarse-
grained component contains rounded pores; Fe-rich
metal droplets; and a series of dark, closely spaced
linear features (possibly glassy mesostasis or melt veins
between crystalline silicates). In TAM 50.15, the
coarse-grained inclusion has the largest size, that is,
around 200-250 um, and is composed of darker
material with abundant fractures. The boundary
between the coarse-grained inclusion and the MM
matrix is dull and therefore poorly defined. In TAM
50.11, multiple coarse-grained inclusions are present
but also in this case, they are difficult to resolve from
the MM’s matrix due to similar Z-contrast. However,
they have rounded spherical shapes and are commonly
mantled by an Fe-rich phase—most likely metal or
sulfide.
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Fig. 4. a) Two slices in the XY plane of TAM 50.03 observed with X-CT. The MM front entrance into the Earth’s atmosphere
is shown in red. The shown slice is acquired at a height z = 229 microns from the bottom of the MM, corresponding to about
the MM center. The green arrow represents the first non-empty slide, corresponding to the strong increase of porosity due to the
sample in (¢). On the second slice, the orange arrow shows “the second” entry in the sample in a perpendicular way. This slice is
taken at 325 um from the bottom of the sample. b) SEM pictures showing the external shape of the particles. ¢) Variation of the
porosity among slices XZ when Y varies. (Color figure can be viewed at wileyonlinelibrary.com.)

Detection of Fe-rich components is also possible by
using X-CT. Supporting MMs’ classification, magnetic
rims—described as “an external rim on the outer
surface of igneous rims and usually surrounds the entire
particle” by Genge (2006)—are easily detected, as for
instance in TAM 50.17 (see Fig. 2), as well as Fe-Ni-S
beads and their distribution (see TAM 50.09, TAM
50.15, and TAM 50.22 presented in Figs. 5 and 8).

DISCUSSION

The combined analysis of MMs’ texture and porosity
allows the investigation of their parent body alteration as
well as of their atmospheric entry histories. Furthermore,
the ability to characterize the sample non-destructively
makes the X-CT a very efficient analytical technique for
the preliminary analysis of rare materials such as the
extraterrestrial ones. We will illustrate later how the X-
CT can be used as part of a pre-characterization program
for samples returned to Earth by space probes.

Porosity and Atmospheric Entry

Porosity: A Tool for Classification?

Among the giant TAM MMs analyzed here, the
porosity varies between 0% and 40%: unmelted MMs
have a porosity ranging between 0% and 25%, while
for scoriaceous MMs, it ranges between 10% and 40%.
These observations are consistent with previous studies,
showing higher porosities inside the scoriaceous
population as compared to the unmelted particles.
Taylor et al. (2011) reported porosities between
approximately 6% and 43% for scoriaceous MMs,
while Kohout et al. (2014) observed average porosity
for unmelted MMs between 0% and 12% and 16-25%
for scoriaceous MMs. An explanation of this variation
was given in Genge (2017a), who reported increasing
vesicularity due to degassing of volatile-bearing phases
during the atmospheric entry. Later, the porosity
decreases as a result of migration of vesicles out of the
particle.
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Fig. 5. a) X-CT images from the grain with the peculiar
atmospheric entry: TAM 50.15. Notice the remarkable elongated
shape according to the X direction. b) Variation of the
concentration in heavy components (metallic beads and rims)
and variation of the porosity among slices YZ (X varying).
(Color figure can be viewed at wileyonlinelibrary.com.)

Experimental studies confirm that much of an
MM’s volatile budget is released prior to melting at
subsolidus  temperatures  through  the  thermal
decomposition of organics (<550 °C, Glavin and Bada
2001), phyllosilicates (300-800 °C, Che and Glotch
2012), and carbonates (~900 °C, Greshake et al. 1998;
Court and Tan 2016). The majority of these gases can
then escape through primary pore space (and newly
generated dehydration cracks formed by phyllosilicate
contraction) before the particle is sealed by an igneous
rim (Taylor et al. 2011; Genge 2017a; Suttle et al.
2019b). However, once sealed newly generated volatile
gases, mainly water vapor and gases derived from the
decomposition of sulfides (Taylor et al. 2011) become
trapped and lead to significant volume expansion and
porosity increase (termed the parachute effect [Genge
2017a]). At this point, the particle may fracture
explosively if internal gas pressures are not lowered by

the formation of new escape channels (Suttle et al.
2019b). Longer duration heating or higher peak
temperatures ultimately lead to the formation of cosmic
spherules with a corresponding drop in porosity to
below 10% (Taylor et al. 2011; Kohout et al. 2014).

We do not see any significant correlation between
sample porosity and particle classification (as either
fine- versus coarse-grained) (Fig 3b). Fine-grained MMs
most likely derive from chondritic matrices (Genge et al.
2008a), and we therefore expect porosity between 10
and 35 vol%, as measured from carbonaceous chondrite
(Consolmagno et al. 2008). This is the case for our 11
fine-grained specimens. In contrast, coarse-grained
MMs are commonly found to be either chondrule
material or samples of ordinary chondrites (Genge et al.
2008). Consolmagno et al. (2008) measured a porosity
of around 10 vol% for ordinary chondrites. In our
data, porosity of TAM 50.05 and TAM 50.29 is similar
(7.6% and 10.5%) where it is higher for TAM 50.08,
TAM 50.09, and TAM 50.12 (18%, 27%, and 33%,
respectively). This difference may originate from the
fact that our measurement was performed mainly on the
matrix whereas Consolmagno et al. (2008) performed
measurement on bulk (which contains chondrules with a
lower porosity).

Submicron-sized voids (below the resolution of our
analytical measurement capability) are likely to exist
(Kohout et al. 2014), so the porosity measured in this
work may be a bit underestimated. Helium pycnometry
measurements can give access to the total sample
porosity: several studies have compared results from
this method and from X-CT to retrieve the porosity
underestimation of the latter. Sasso et al. (2009) have
shown that, even if 64% of the voids in ordinary
chondrites are inter-granular, two-thirds of them can be
detected by X-CT at a resolution of 8 pm per voxel.
Friedrich et al. (2008) have also detected two-thirds of
the voids on L chondrites at a similar resolution. More
recently, Friedrich et al. (2017) have proven that with
high resolution X-CT (2.6 um per voxel), X-CT
measurements are comparable to ideal gas pycnometry
for ordinary chondrites. All our samples are not directly
comparable to ordinary chondrites, but we used a very
high spatial resolution (0.6 um per voxel) compared to
the previously mentioned studies, and thus, we estimate
that we measure the majority (at the very least 66%) of
the porosity.

Moreover, for the TAM 50.15, after embedding the
sample within resin, the sample was sectioned for SEM
examination. An estimation of the porosity was
performed on this slice and compared with the same
slice inside our 3-D volume reconstructed by X-CT. We
did not find any significant difference between the two
methods (<4% and thus comparable to the uncertainty
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Fig. 6. X-CT porosity data from TAM MM 50.04 (a and b) and 50.30 (c and d). a, ¢) Cumulative distribution of pores. b, d) A
X-CT slice of the vesicle specimen. (Color figure can be viewed at wileyonlinelibrary.com.)

given for our measurement with X-CT) and it confirms
that the majority of the voids are detected with our X-
CT setup.

Entry Flight History

Particle Fragmentation and Thermal Gradients

TAM 50.03 is a scoriaccous MM with highly
unusual properties, both in terms of shape and internal
texture. TAM 50.03 preserves an igneous rim with
variable thickness around the specimen. On the curved
concave side, the rim is well developed meanwhile on
the opposite (irregular-shaped) side, the igneous rim is
thin and poorly developed. These variations suggest a
nonuniform heating of the MM during entry.

Previously, Suttle et al. (2019b) described the
presence of giant TAM MMs with similar features;
igneous rims of variable thickness and localized
irregular-shaped regions on the exterior surfaces of

otherwise smooth particles. They attributed these
features to in-flight fragmentation occurring where
volatile gases had become trapped within an MM’s
core. Trapped gases form a branching network of
channels which receive enhanced heating of matrix
adjacent to the channel walls. Where trapped gases
form sufficient pressure to exceed the particle’s tensile
strength the MM fragments, resulting in the exposure of
matrix material that was previously part of the particle’s
core. These newly exposed surfaces are then rapidly
heated and new “secondary” igneous rims develop.
However, because the duration of heating is necessarily
shorter on the newly exposed surfaces, these secondary
igneous rims are commonly thinner and less well
developed. An asymmetric shape, variable thickness
igneous rim, and smooth surface truncated by irregular-
shaped regions are all features of TAM 50.03.
Furthermore, on the irregular surface, in 2-D section
(Fig. 4a), two prominent channels can be seen and these
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are nearly identical to those described in fig. 7 of Suttle
et al. (2019b). Thus, the petrographic features of TAM
50.03 are consistent with an in-flight fragmentation
event.

Previously, we noted that this MM also
demonstrates a systematic trend of decreasing vesicle
size across the particle’s length, away from the curved,
concave edge and toward the irregular-shaped edge
(Fig. 4). If the concave edge represents the original
external surface of the MM, while the irregular-shaped
edge represents part of the MM’s core that, after
fragmentation, was exposed to a short period of
heating, and thus reached a lower peak temperature,
then we may expect a simple thermal gradient to exist
within this MM fragment from the outer surface inward
to the particle core.

In scoriaceous MMs, higher porosities are
correlated with the degree of heating, and/or the peak
temperature reached (Kohout et al. 2014; Genge 2017b).
Thus, the observed linear trend of decreasing porosity
across the particle away from the concave surface (29%
to 21%) most likely represents the former thermal
gradient that existed within the particle during
atmospheric entry, with the highest temperatures and
thus the highest porosity values at the outer surface
(concave edge) and decreasing peak temperatures and
decreasing porosity toward the center (represented by
the irregular edge in TAM 50.03, due to its fragmented
state).

By analyzing the sample’s porosity variation, we
can therefore explore the spatial variability in peak
temperature within TAM 50.03. Scoriaceous MMs have
experienced peak temperatures above the solidus and

below the liquidus of hydrated chondritic material.
Previous experimental work by Toppani et al. (2001)
demonstrated that degree of melting is a function of
heating duration, and thus, that kinetic effects act to
limit the extent of melting in rapidly heated samples.
Assuming typical entry conditions (flash heating <I10s,
Love and Brownlee 1991), vesicular and scoriaceous
textures are generally reproduced between the range
1200 and 1600 °C (Toppani et al. 2001). Within TAM
50.03, the irregular edge (fragmented side) has the
lowest porosity at about 22% and a distinctly vesicular
texture. Thus, even the lowest temperature region of
this MM experienced a moderate degree of melting
(between 1200 and 1600°), combined with the thermal
decomposition of volatiles, degassing, and vesicle
formation, leading to expansion of the particle’s volume
in a “parachute effect” (Genge 2017a). Although
previous studies have identified convincing evidence of
high thermal gradients within MMs, for example, the
existence of thermal fractured olivine (Genge et al.
2017), this is the first time that internal particle
porosity, and by implication the spatial variation in
thermal decomposition of volatiles, has been used to
reconstruct thermal gradients within an MM,
demonstrating a new application of pCT in planetary
science.

Particles with Spinning Entry Histories

The morphology of some MMs preserves unique
textural features inherited during their atmospheric
entry. Previous studies on melted spherules have
demonstrated that micrometeoroids can have both
stable non-spinning flights as well as flights with high
spin rates (Genge et al. [2016] and Genge 2017b).
Evidence of stable flight histories includes cumulative
settling of dense phases such as olivine and/or metal
beads (Genge et al. 2016), the floating of low-density
phases (i.e., vesicles) away from the particle’s leading
front (Genge et al. 2017), and the preservation of a
coherent remnant magnetic field on cooling below the
curie point (Suavet et al. 2011). Spinning cosmic
spherules appear rarer but are evidenced by hollow
spherules containing a single large off-center void
(Suavet et al., 2011; Suttle and Folco 2020). Spinning
dust is likely to be immature, that is, recently released
from their parent asteroid, and because their rotation
rates have not been yet dampened by magnetic effects
(Genge 2017b), while particles with stable orientations
are likely older dust, released a long time ago. Here, we
identify both types of flight history on partially melted
particles for the first time.

For MMs which enter the atmosphere with high
rotation rates, centrifugal forces may act to deform
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Fig. 8. SEM images showing features characteristics of (a) chondrules, (b) pseudomorphic chondrules, and (c) hydrated clast
inside eight different TAM. (Color figure can be viewed at wileyonlinelibrary.com.)

their partially molten structures. Four of the particles
studied here show evidence of spin-induced
deformation. In the Porosity section, we described
elongated MMs showing an apparent separation of
phases (TAM 50.12, TAM 50.15, TAM 50.20, and
TAM 50.21, see Fig. 9) based on phase density
contrasts. Density separation occurs from the particle
center outward. In TAM 50.15, TAM 50.20, and TAM
50.21, this has resulted in elongated and dumbbell-
shaped particles (see Fig. 9). In TAM 50.15 (see Fig. 5),
we observe a migration of the high-density phases
toward the extremity of the sample and
correspondingly, we note a progressive increasing of the
porosity toward the particle’s center. We observe large
vesicles close to the lower half and the ends, and only
small vesicles at the center. As similar description was
given in Genge et al. (1997) for a dumbbell particle, this
can be explained by a spinning entry with a spin
perpendicular to the flight direction. Such a scenario,
with a high rotation rate, was simulated by Genge
(2017b) who modelled the migration of the vesicles
toward the center of the MMs with very fast rotation
(100-1000s radians per second). MMs with similar
properties have also been described in the remnant
magnetism study of Suavet et al. (2011) from metal
bead-bearing cosmic spherules. Finally, the shape of the
vesicle and distribution of components are consistent

with a fast spinning entry and with a spin axis
perpendicular to the flight direction. The low-density
vesicles cannot, however, complete their migration to
the particle’s center and (presumed) spin axis because
this is occupied instead by silicate inclusion, here
interpreted as a partially melted chondrule (see the
Chondrules, Pseudomorphs, Clasts, and Parent Body
Alteration section).

In TAM 50.20, a similar high spin rate existed but
instead the particle has a high-density coarse-grained
rounded section and a lower density (melted) matrix, so
the spin axis does not lay along the particle’s volumetric
axes. In TAM 50.12 (Fig. 9) which is transitional
between a scoriaceous MM and a cosmic spherule, the
particle has a single large off-center vesicle. This is a
product of very high spin rates concentrating the lower
density vesicles inward toward the particle’s rotational
axis. This process, described in Genge (2017b), is
associated with immature dust.

Petrofabric Analysis

Parent body alteration processes on MMs have
been studied with various analytical techniques, often
requiring destructive analyses including resin-embedded
polished sectioning. Here, we can give first indications
for each particle without altering the 3-D structure.
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Fig. 9. SEM images of particles TAM 50.12, TAM 50.20, and TAM 50.21 with special atmospheric entry features.

The shape of the structures presents inside the
MMs, especially the shape of the voids, provides
important information: cracks testify either to shock
processing on the parent bodies (De Carli et al. 2001;
Suttle et al. 2017a) and/or thermal decomposition of
phyllosilicate during atmospheric entry (Suttle et al.
2017b). Microcracks are produced by the passage of
shock waves through a solid medium (DeCarli et al.
2001; Bowden 2002). The source of these shock waves
could be impact cratering on the meteorite parent
bodies. Friedrich and Rivers (2013) have shown that the
structure of porosity has a regular relationship to the
degree of compaction. In our samples, we noticed a
preferred orientation shape of the voids with a
privileged orientation. Samples with a higher anisotropy
index have probably undergone higher intensity shocks
or repeated shock events in a particular direction.
Friedrich (2008), Hanna et al. (2015), and Benedix et al.
(2008) have also studied the orientation of the different
components in chondritic materials and they described
privileged orientations of metals and voids, which they
attributed to shock processing.

According to Woodcock and Naylor (1983), a
sample is considered to have a strong petrofabric when
A > 50, so our samples have undergone low to
moderate shocks. Hanna et al. (2015) have estimated
values comparable to ours (A4 between 1 and 3 for voids
distribution inside the CM chondrite Murchison).
Hanna et al. (2015) studied the distribution of metallic
components in Murchison and showed that non-
spherical shapes are the sign of a high degree of shock.
A similar conclusion was found by Friedrich et al.
(2008b). Since a significant fraction of the MM flux
appears to be primarily derived from hydrated CM and
CM-like bodies (Taylor et al. 2012; Suttle et al. 2017b),
similarities in their petrofabric anisotropies further
support a close genetic association.

A study of the porosity shape in unmelted MMs was
also led by Taylor et al. (2011). They distinguished
several types of MMs with predominantly round pores.
However, they noticed that pores inside unmelted coarse-
grained MMs are not round, but are defined by the shape
of adjacent crystals. We have three coarse-grained
unmelted MMs in our data set and the anisotropy index
of the vesicle distribution are, respectively, 2.83 for TAM
50.05, 1.55 for TAM 50.08, and 1.64 for TAM 50.29.
These values are not especially high and not similar to
those found by Taylor et al. (2011).

We have tried to connect size distribution of pores
with the parent’s body class, but variation in the power
law is not significantly different when comparing
samples. Sasso et al. (2009) also measured the size
distribution of pores in five samples from the same type
(highly porous equilibrated ordinary chondrites) and
they noticed differences similar to what we found. The
pores size distribution is probably the most complicated
parameter to interpret as it depends on the parent
body’s shock history, as well as on the degree of heating
and the evaporation of the volatile phases during
thermal metamorphism. Finally, this parameter may
also be modified during atmospheric entry, at least in
particles melted to some extent: with migration of
vesicles due to the spin, larger vesicles can absorb the
smaller one as they do not move at the same speed
(Genge 2017b) thus affecting the wvesicle size
distribution. For the future, more statistics on this
distribution in well-characterized samples will be very
useful to isolate the contribution of each phenomenon.

Chondrules, Pseudomorphs, Clasts, and Parent Body
Alteration

The most common components found within
chondritic materials are chondrules—igneous assemblages
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composed of anhydrous silicates, FeNi metal, silicate glass,
and sulfides. They have sizes between ~30 pym and
>1000 um (Weisberg et al. 2006; Jones 2012) and typically
appear as rounded subspherical droplets, although in some
bodies, they have experienced deformation by later parent
body processing (e.g., shock flattening due to impact
events [Nakamura et al. 1995]). Also common are CAIs—
Ca-, Al-rich inclusions, which have refractory
compositions, irregular shapes, and either condensation or
igneous histories, recorded in their textures. They typically
have compositional zoning (Beckett et al. 2006; Weisberg
et al. 2006). Alternatively, some inclusions in meteorites
are lithic fragments—which are coherent petrographic
units embedded within their host rock, but which have
distinct properties different from their host. These lithic
fragments, also referred to as clasts, are commonly
associated with brecciated samples and/or regolith
materials, as in the case of Sutters Mill, Kaidun, Lonewolf
Nunataks 94101, and many other primitive carbonaceous
chondrites (Zolensky et al. 1996, 2014; Lindgren et al.
2013).

Several of the inclusions found within the studied
population are most likely chondrule material.
Previously Genge et al. (2005) and later Van Ginneken
et al. (2012) demonstrated that chondrules either whole
or fragmented are relatively common components
within MMs and indeed many coarse-grained MMs are
exclusive samples of chondrule material (e.g., Genge
2006, 2008). Inclusions in the particles TAM 50.11 and
TAM 50.15 (example of potential chondrules are visible
on Fig. 8) are best interpreted as chondrules (sizes given
in Table 1). Moreover, three particles studied here,
TAM 50.09, TAM 50.22, and TAM 50.29, are whole
chondrules (Fig. 8). They have coarse-grained textures
with rounded margins and resolvable individual
(silicate) crystals, FeNi metal droplets, or glassy regions
within the inclusion cores.

More recently, Suttle et al. (2019a) described the
presence of pseudomorphic chondrules in giant fine-
grained MMs.  Pseudomorphic  chondrules are
components of fine-grained matrix resulting from the
replacement of former chondrules by phyllosilicate
during advanced (parent body) aqueous alteration
(Rubin et al. 2007; Weisberg and Huber 2007). Their
identification is more challenging (than identifying
unaltered chondrules) because the chondrule’s primary
mineralogy has since been replaced, blurring their
contacts with the host and removing several other
important diagnostic criteria. Pseudomorphic chondrule
identification  therefore relies primarily on the
observation of relic textures and trace geochemical
variations (seen as differing Z-contrast in BSE and CT
images)—these features are often subtle, and thus, the
designation of features as pseudomorphic chondrules

carries a higher degree of uncertainty. Particles TAM
50.25, TAM 50.26, TAM 50.30 (Fig. 8), and TAM
55.01 (all shown in Fig. 8) most likely contain
pseudomorphic  chondrules, evidenced by small
(<250 pm) subspherical regions of fine-grained matrix
with differing Z-contrast and/or pore texture. In TAM
50.26 (Fig. 8), an oval-shaped region of matrix can be
seen whose pore space has distinctly crescent-shaped
voids. These pores, therefore, define a rounded region
which appears distinct from the rest of the MM’s
matrix. However, the best example of a pseudomorphic
chondrule is found in TAM 50.30 (Fig. 8) where a
nearly perfect circular region of matrix with a distinctly
higher porosity can be seen.

In MMs which preserve chondrules (or their
pseudomorphs), it is possible to estimate their petrologic
grade (in the scheme of Van Schmus and Wood 1967).
However, here we are limited to using only the textural
criteria available from our tomographic data (see table
3 of Weisberg et al. 2006). Where chondrules have clear
and sharp external boundaries, internal geochemical
variation, and no evidence of replacement by secondary
phases, they are classified as type 3 (i.e., minimally
affected by parent body alteration). Conversely,
chondrules affected by aqueous alteration are classified
as either type 2 or type 1 dependent on the degree of
replacement, with completely replaced pseudomorphic
varieties present only among the type 1 extensively
aqueously altered bodies. Meanwhile, parent bodies
subject to thermal metamorphism are classified with
higher petrologic grades (4-7). In petrologic grades,
above 3 chondrule boundaries are transitional and thus
poorly defined against the host’s metamorphic
groundmass (Weisberg et al. 2006). Based on these
simplified textural criteria, we classify the four
chondrule-bearing MMs (TAM 50.09, TAM 50.15,
TAM 50.11, and TAM 50.22) in the range 2-4, as their
chondrules remain discernible and have not been
heavily affected by aqueous alteration. In contrast, the
four pseudomorphic bearing samples (TAM 50.25,
TAM 50.26, TAM 50.30, and TAM 55.01) are either
petrologic grade 1 or 2.

Finally, in TAM 50.04 (Figs. 6b and 8), we noted
the presence of an equant irregular-shaped dark
inclusion. This feature is likely to be a hydrated clast,
perhaps a fragment of Cl-like or CI intensely altered
material, or a carbonate-rich clast that is held within
the matrix of an otherwise less-altered CM/CR-like (or
C2) fine-grained matrix. A variety of hydrated clasts
with different petrographic characteristics held within
CM2 meteorites were previously described by Lindgren
et al. (2013) and are likewise reported within MMs (see
fig. 10 in Suttle et al. 2017b). Their presence could be
regions that accreted higher concentrations of water ice
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and thus produced localized regions with more intense
alteration. Alternatively, they may reflect aqueous
alteration on a large body followed by catastrophic
breakup and re-accretion, as suggested by Lindgren
et al. (2013).

The wuse of pCT has therefore enabled the
identification of chondrules, chondrule pseudomorphs,
and hydrated clasts within the study population.
Identification of substructures can also give indications
about the parent body’s processing. We have detected
intact chondrules in five samples of our data set and the
presence of pseudomorphic chondrules inside three of the
samples, indicate a strong aqueous alteration. Eight of
our 22 samples contain chondrules, this high percentage
of samples with chondrules is very noteworthy,
confirming the fact that chondrules are relatively
common in gian MMs (Genge et al. 2005; Van Ginneken
et al. 2012). This high statistic is connected to the size of
the samples studied and showed well the interest to focus
on giants MMs. Suttle et al. (2019a) argued that MMs
are mainly fine-grained intensively altered chondrite
(their coarse-grained refractory material has been lost).
As with the analysis of any MMs, even giant samples,
there are problems associated with how representative an
individual MM is of its parent body, as explored
previously in Genge et al. (2008), Folco and Cordier
(2015), and Suttle et al. (2019a). However, estimations of
parent body alteration remain useful because they
provide constraints on the approximate degrees and
styles of alteration represented among the MM flux.
Furthermore, studies such as the present one lend
support to the notion that MMs and the larger meteorite
population are sampling largely the same source
materials, although in different proportions according to
size (e.g., Suavet et al. 2010; Cordier and Folco 2014).
Here, we detected pseudomorphic chondrules in four
MMs among a total of 22, suggesting that >18% of the
MM flux at large size fractions (between 400 and
1000 pm) are derived from intensely aqueously altered
carbonaceous chondrite asteroids.

First Step of a Characterization Protocol

For rare samples, it is critical to be able to optimize
their characterization. As suggested by Uesegi et al.
(2013), X-CT will be an important source of
information for the analysis of valuable samples
collected by future sample return missions. X-CT causes
no major damage on the mineral components, but some
studies have suggested that X-CT can compromise the
natural radiation records of the samples (see e.g., Sears
et al. 2016; Hanna and Ketcham 2018). Friedrich et al.
(2019) have noticed no variation of the organic
component after X-CT irradiation. For the majority of

rare samples, it will be critical to analyze the internal
distribution of the different components (including the
organics) by means of combined tomography (see
Dionnet et al. [2018b] for a combination of X-CT and
IR-CT) before planning more destructive analyses. We
used this initial X-ray 3-D characterization to classify
the samples; to collect information about their
geological history; and also to identify substructures of
interest, such as chondrules. This work is a first step of
an efficient analytical sequence optimized for the
analysis of valuable extra-terrestrial dust particles with
sizes between 100 pm and 1 mm. X-ray 3-D analysis
allows us to tailor the most effective analytical
technique for each sample for subsequent analysis. For
the samples with structures, for instance with well-
preserved inclusions, like TAM 50.04, sectioning and
polishing of the sample after having embedded it with
resin could be envisaged. Then, 2-D techniques could be
performed, for example, FTIR spectroscopy (Dionnet
et al. 2018a), and FESEM-EDX could be envisaged to
give further precise information on their chemical
composition. More destructive analyses like oxygen
isotopic measurement could be performed to identify
the parent bodies of the sample and then to be able to
connect morphological properties to classes of asteroids/
meteorites. Among our data set, 12 samples have been
selected for future O-isotopic research while the
remaining samples will be embedded and sectioned to
perform more quantitative 2-D analyses.

CONCLUSIONS

We characterized different properties of 22 giant
TAM MMs. Porosity, detection of rims, and the
position of metallic beads have been used to distinguish
scoriaceous MMs and unmelted MMs. We concluded
that the porosity of the unmelted samples varies
between 0 and 25 vol% while for scoriaceous MMs, it
varies between 10 and 40 vol%.

The TAM MMs analyzed here primarily record the
early stages of atmospheric entry heating at subsolidus
(unmelted MMs) and subliquidus temperatures
(scoriaceous MMs). Their porosity increases (above a
loosely constrained unheated parent body value),
therefore, trace the internal heating of the sample;
beyond this basic observation, we demonstrated that
internal variations in porosity allow reconstruction of a
sample’s atmospheric flight history. We identified
spinning entry histories for four MMs, among the
unmelted particles. Before this study, spinning entry had
been observed only in cosmic spherules, but here we
show that immature dust is capable of surviving entry
without significant melting and that these particles can
be analyzed using X-CT. Moreover, we presented the
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first use of X-CT to resolve thermal gradients in MMs
using porosity as a metric for peak temperatures in a
giant MM that also experienced in-flight fragmentation.

Among unmelted MMs, we proposed different
criteria to quantify the strength of the secondary
processes undergone on their parent’s bodies. A 3-D
statistical analysis of pore space in unmelted MMs was
performed, suggesting shock fabrics are either absent or
weakly developed, similar to the low-grade petrofabrics
previously reported among CM chondrites and fine-
grained hydrated MMs (Suttle et al. 2017a). We
improved the characterization of the degree of aqueous
alteration among the MMs flux: we found approximately
equal abundances of CI1 intensely altered, and C2
moderately altered material, in total contributions from
hydrated chondrites could represent as much as 50% of
the MMs flux at these size fractions (>400 pm).

Critically, X-CT enabled the nondestructive textural
classification of MMs, the identification of subregions
of interest as chondrules, pseudomorphic chondrules,
and hydrated clasts. Using X-CT 3-D visualizations of
internal porosity variation has allowed us to infer the
atmospheric entry history of some particles, revealing
features such as fragmentation, internal linear thermal
gradients, and high spin rates leading to density-
dependent phase separation. X-CT will be a very useful
tool for the 3-D pre-characterization of rare
extraterrestrial samples to be applied prior to
subsequent destructive analyses that can be directed
toward specific regions of interest, maximizing the data
recovered from each particle.
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