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Unique (Al,Cu)-alloys discovered in a
micrometeorite from Southern Italy
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We report the discovery of a (Al,Cu)-bearing micrometeorite recovered at the top of Mt. Gariglione
(Italy). The micrometeorite exhibits a highly vesicular scoriaceous structure characterized by broadly
chondritic silicate-dominated composition (S-type) with relict phenocrystals of forsteritic olivine
dispersed in a Ca-rich silicate glass with pyroxene composition, droplets of FeNi metal, oxides and
sporadic Ni-rich sulphides embedded in a magnetite rim. The oxygen 3-isotope analyses give values
close to the slope ~1 CCAM. Areduced assemblage of (Al,Cu)-alloys partially fills the open voids of the
micrometeorite and shows variable compositions: from almost pure Cu up to Al-dominated phases
with a predominance of khatyrkite, stolperite and unnamed CusAl,. Locally, small grains (about 1-2 pm
in size) embedded in stolperite show a Fe-Si enrichment and are characterized by a long-range
ordering resembling a quasicrystalline structure. This finding represents a unique natural quasicrystal

approximant with composition AlsoCusiFe ¢Si5.

Metallic (ALCu)-alloys are uncommon in both terrestrial and extra-
terrestrial materials mainly because Cu is a moderately volatile chalcophile
element and Al is a highly refractory lithophile element. In extraterrestrial
bodies, Al is mostly found in anorthite and spinel, while Cu is often present
in sulphides. Thus, their coexistence opens intriguing scenarios on their
origin and formation conditions. The first extraterrestrial body containing
the exotic (Al,Cu)-alloys, named Khatyrka meteorite, was recovered in the
Koryak Mountains, far eastern Russia'~. Khatyrka is a CV3 carbonaceous
chondritic breccia*™® and, besides crystalline (AL Cu)-alloys, it contains the
first naturally-occurring quasicrystals: icosahedrite, Alg;CuysFe;3"’, dec-
agonite, Al;NizFes'”"", and an unnamed i-phase II, Als,Cus Fe,"*"
Khatyrka is also characterized by high-pressure phases such as stishovite
and ahrensite, which are sensitive of an impact-induced shock event™. A
second micrometeorite with metallic (AL,Cu,Fe)-assemblages, and showing
close similarities with Khatyrka was described from the Nubian desert,
Sudan'*", and very recently a new chondritic micrometeorite from Congo
shows the presence of this “exotic” alloys'. In both these cases, high-
pressure phases are absent, and mainly due to the low Fe content in the
alloys, they do not contain any quasicrystalline phases.

Here, we report the discovery of a new extraterrestrial object containing
the exotic (Al,Cu)-alloys. The micrometeorite was found by an amateur
micrometeorite hunter at the top of Mt. Gariglione (south Italy), about
65 km north of the city of Catanzaro (39° 7’ 55” North, 16° 40’ 12” East). In

this sample, we document the first occurrence of a quaternary alloy with the
Als,Cus; Fe;oSi; stoichiometry, where silicon, beside Al, Cu and Fe, is an
essential component.

Results And Discussion

The sample, labelled FB-A1, consists of an elongated microspherule of about
500 pm in max diameter. It is dark grey with visible portions exhibiting
metallic luster and shows a singular scoriaceous structure with vesicles and
some protruding spherical metal particles (Fig. 1a). The morphological
aspect of this micrometeorite seems to be optically very similar to that
studied by Suttle etal.". To optimize the investigation, preserving at first the
integrity of the microspherule so as not to lose valuable information, the
analyses have been carried out in a nondestructive way on the intact sample,
using micro-Computed X-ray Tomography (p-CT) and Scanning Electron
Microscopy (SEM) equipped with an energy-dispersive spectrometer
(EDS). Preliminary SEM-EDS analysis on the external surface revealed that
most of the metallic portions (light grey back-scatter signal in Fig. 1b)
correspond to (Al,Cu)-alloys. These metallic alloys form the protruding
spherical particles and also smeared particles on the surface of micro-
spherule (see Fig. S1). A magnetite rim partially covers the surface of
microspherule (Fig. S2 and Table S4) and consists of an aggregation of
dendritic crystals disseminated in a porous matrix of silicate glass also
containing forsteritic olivine crystals, Fe-Ni droplets, and sporadic Fe-Ni
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Fig. 1 | FB-A1 micrometeorite from Mt. Gar-
iglione (Italy). a Optical image (b) SEM-BSE image
(the red rectangle marks the enlarged region shown
in Fig. 1S); ¢ micro-CT volume rendering (in light
grey the Al-Cu alloys and as small bright droplets the
Fe-Ni alloys disseminated in the whole volume).

sulfides. The p-CT analyses reveal that the (AL,Cu)-alloys are dispersed not
only on the surface of FB-A1 but also in its inner part (Fig. 1c). The 3D
reconstruction obtained by u-CT, which represents a very useful approach
to obtain information about the spatial distribution and the relationships of
mineralogical phases'”'®, shows that the interior of the spherule is enriched
of (Al,Cu)- and (Fe,Ni)-alloys intermixed with silicates. The morphology of
the (Al,Cu)-alloys varies from a sub-spherical form, which in some cases
protruded on the surface of micrometeorite, to an irregular and elongated
shape that intrudes the inner part of microspherule (Fig. 1c).

Electron microprobe analyses (EPMA), SEM and electron backscatter
diffraction (EBSD) have been used for the subsequent, more in-depth
investigations of the chemical and mineralogical composition of FB-Al,
after polishing of one side of the microspherule.

The SEM Backscattered Electron (BSE) image of the polished surface
shows an ellipsoidal shape with a micro-porphyritic texture, and a silicate-
dominated composition (S-type)" with light grey contrasts corresponding
to (Al, Cu)- and (Fe, Ni)-alloys and dark contrasts corresponding to vesicles
and subspherical voids (Fig. 2). The bulk composition obtained by wide-
beam analyses (see Table S1) is broadly chondritic and similar to that of
Nubian desert'*"” and Congo micrometeorites'®. Moreover, these chemical
data are characterized by a volatile depletion. Actually, the bulk composition
is characterized by a total absence of Na and a very low content of S related to
a near total degassing that occurred at high altitude during the atmospheric
entry, as testified also by the presence of voids and vesicles. The BSE grey
matrix consists of a Ca-rich silicate glass with pyroxene composition (En;,
Fsg1, Woy,; Table S2) in which there are two types of olivine crystals: sub-
rounded phenocrystals (up to 100 um in size) and euhedral and in some
cases skeletal dusty olivine crystals (<10 pm) dispersed in the mesostasis
(Fig. 3a). The BSE images of both types of olivine show a brighter rim with
respect to the core, suggesting a normal chemical zoning. In particular, the
rounded phenocrystals exhibit a forsteritic core (Fo90%) surrounded by
irregular outlines indicative of peripheral partial melting and recrystalliza-
tion likely occurred by thermal stress during atmospheric entry"'. The
composition of the rim appears significantly enriched in Fe (Fo70%), even if
some micro-phenocrystals also exhibit reverse zoning, suggesting complex
redox reactions. Conversely, the size, morphology, and skeletal appearance
of the dusty crystals of olivine indicate a rapid growth during cooling. Due to
the small size of these olivines, it was only possible to determine the average
composition (~Fo80%) (Table S2). The observed chemical and morpho-
logical features agree with the olivine crystals reported for the Nubian desert
micrometeorite' whereas they differ from those observed for olivine in
Grain126A of the Khatyrka meteorite (F050-56%°), which are more enri-
ched iniron. As reported by Suttle et al.", the characteristics observed for the
phenocrystals of olivine suggest that these phases represent unmelted relicts
of forsterite, whereas the dusty olivines represent mesostasis products,
formed by quench cooling during atmospheric entry. The thermal stress and
redox reactions that occurred during the passage of the atmosphere also

explain the formation of very tiny crystals of magnetite present mainly at the
rim of the sample (Fig. 3b and Table S4), the droplets of (Fe, Ni)-alloy with
variable stoichiometric ratios (Fig. 3b and Table S3), and the sporadic
droplets of Ni-rich sulphides, as a droplet of almost pure heazlewoodite
found in meteorite fusion crusts™ (see Fig. 3d and Table S4). The chemical
and mineralogical composition and the structure observed on FB-Al are
typical features of a chondritic micrometeorite, as suggested also by the
similarity with a Nubian microspherule previously found". Although
spherical particle morphologies are particularly ambiguous since anthro-
pogenic particulates, impact spherules, meteorite ablation spheres, airburst
spherules”, and even some small particles of volcanic dust may have similar
morphologies, the observed depletion in Na and S and the magnetite rim
supports further that FB-Al is a micrometeorite, excluding meteorite
ablation debris™*.

Actually, the presence of a magnetite-rim unequivocally distinguishes
the fusion crust of micrometeorites and meteorites since this is developed
during hypervelocity deceleration at high altitudes”. Nevertheless, to con-
firm the extraterrestrial nature of this particle and to determine the type of
micrometeorite, oxygen isotopic analyses were also carried out, mainly on
relict olivine crystals. The data obtained fall on (near) the CCAM line,
indicating an affinity to carbonaceous chondrites of the CO-CV group
(Fig. 4). The singularity of FB-Al, that needs to be explained, is the presence
of the exotic metal alloys. If (Fe, Ni) alloys (see Table S3) exhibit rounded
shapes similar to droplets, (Al, Cu)-alloys display irregular shapes on the
polished surface and protruding particles on the micrometeorite’s surface
(Figs. 1, 2, 3a, ©).

The (ALCu)-alloys exhibit different stoichiometries with a very low
content of Fe (from 1.15 to 3.14 wt%) (see Table S5) and appear as an
assemblage of domains and/or lamellae with variable compositions corre-
sponding to the different scale of grey in the BSE images (Fig. 3c). They
consist mainly of khatyrkite (CuAl,) (darker grey) and stolperite (CuAl)
(lighter grey) (Fig. 3¢), as also revealed by EBSD (Fig. 5), even if there are also
portions of nearly pure Al or near pure Cu, as well as tiny veins of a phase
with a stoichiometry close to CusAl, inside stolperite. The mineralogy at the
metal/silicate interface is noteworthy. There is a thin rind of a Mg-Al-oxide
surrounding the (Al,Cu)-alloys, likely a pure MgAl,O, spinel (Fig. 6a, b),
and small spherical droplets mostly iron in composition (Fig. 6b). These
features are the same observed in Khatyrka® and in the micrometeorite from
the Nubian desert' and are consistent with the formation processes pre-
viously proposed’ involving the “thermite” reaction coupling the reduction
of FeO and the oxidation of metallic Al

The most remarkable portion of (Al,Cu)-alloy is reported in Fig. 6.
The small grain has portions unusually enriched in Fe (dark grains of 1-2
um located on the peripherical zone of stolperite in Fig. 6a) with a lower-
Z than the stolperite-host. Electron microprobe (EMPA) analyses
(Table S6 and S7) show the presence of conspicuous amounts of Fe and
Si beside Cu and Al Given the tiny size of the new phase, we paid
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Fig. 2 | SEM images of FB-A1 polished surface and
chemical mapping. a SEM-BSE image showing the
polished surface. The (i), (ii), (iii), and (iv) rectangles
indicate the regions enlarged in Fig. 3a-d, respec-
tively. b X-ray chemical map of Cu; ¢ X-ray chemical
map of Al; d X-ray chemical map of Mg; e X-ray
chemical map of Fe.

d) e)

particular attention to contamination effects due to the silicate matrix.
Silicon in the metallic phase, indeed, could come from the surrounding
olivine. Considering that in the case of matrix contamination also, Mg
(beside Si) should be present in the metal phase, particular care was
devoted to the analysis of the spectra collected on single spots and line
profiles (Fig. 6d). The analysis did not show any presence of Mg in the
(Al, Cu, Fe, Si)-phase thus indicating that Si is an actual component of
this new metallic alloy (see Table S7). The empirical formula (based on
100 atoms pfu) can be written as Als; 7(5)Cusos9)F€103(4)S17.2(9), ideally
Als,Cus;Fe;(Si;. EBSD data collected on these (Fe, Si)-rich portions
revealed a pattern resembling an icosahedral symmetry (Fig. 6c).
Nevertheless, the EBSD data, while suggesting a potential quasicrystal,
could also be reasonably explained by an approximant periodic phase
(Fig. 6¢). Periodic approximant is an accepted technical term that refers

to a crystalline solid with similar chemical composition to a quasicrystal,
but whose atomic arrangement is slightly distorted so that the symmetry
conforms to the conventional laws of three-dimensional crystallography.
To shed light on the structure of Als;Cus;Fe;(Si;, a Focused Ion Beam
(FIB) lamella was extracted (Fig. 7) and studied by transmission electron
microscopy (TEM). STEM-EDS analyses, acquired on different portions
of the new metallic alloy, confirm the chemical composition found with
the EMPA (Fig. 8). Electron diffraction data obtained from different
grains of the (Al, Cu, Fe, Si)-alloy reveal that the phase is cubic, space
group Pm-3, with a = 12.4 A (Fig. 9a), closely matching the structure of
the synthetic 1/1 AlssSi;CuyssFe, 5 approximant (Fig. 9b)*. Note-
worthy, an icosahedral phase with the same AlssSi;Cu,ssFej, s stoi-
chiometry has been described”, and it was found that a relatively slow
solidification would favour the formation of the quasicrystalline phase,
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Fig. 3 | SEM-BSE images of FB-A1 polished surface. Showing the portions of FB-  Cualloy. Ktk = khatyrkite, Slp = stolperite (note in stolperite the presence of lamellae
A1 highlighted as (i), (i), (iii), and (iv) in Fig. 2a. a The (i) portion corresponding to  with different scale of gray, corresponding to tiny brighter veins of CusAl,), (d) the
the inner part of micrometeorite with rectangle enlarged in Fig. 5. b The (ii) portion  (iv) portion with hzl: hezwooldite grain.
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Fig. 5 | SEM-BSE image and EBSD patterns.

a SEM-BSE image showing a portion of FB-A1l
containing khatyrkite (Ktk), stolperite, (Slp), and
tiny veins of Cu3Al2 inside stolperite; b EBSD pat-
tern taken on stolperite (Slp) with mean angular
deviation=0.79; ¢ EBSD pattern taken on khatyrkite
(Ktk) with mean angular deviation = 0.87).

while higher quenching rates would trigger the conversion of the qua-
sicrystal into the cubic approximant™. Consequently, the presence of the
natural cubic approximant in the micrometeorite studied here might be
sensitive to an increase in cooling rate during the crystallization.

The cubic Als,Cus;Fe;(Si; approximant reported here is the third
reported in nature after the discovery of extraterrestrial proxidecagonite,
Al NigFe,”, and terrestrial proxitwelvefoldite, Pd;Ni,Tes". The new
approximant is close in composition to synthetic icosahedral and cubic 1/1
AlssSi;Cuys sFey, s approximant”. The slightly different Al/Cu ratio between
the natural and synthetic phases is unsurprising. The difference between the
product obtained in the laboratory and the natural phase could be linked to
a kinetically stabilized composition, only preserved because of very rapid
quench. This would imply that the new alloy described here would be
thermodynamically unstable at any pressure and temperature. A similar
(but even more evident) variation has been observed between icosahedrite
(AlgzCupyFe;5”); and i-phase I (Alg,CusFe;"%); and testifies how the shock
generated in the collision among planetary bodies is responsible for a wider
thermodynamic stability range of these metallic phases at high pressure™”.

Further studies on FB-A1 to shed light on the chondrite precursor, the
mechanisms of formation of these peculiar phases and the thermodynamics
of these exotic assemblages are currently in progress.

Conclusions

FB-A1 can be identified as a micrometeorite on the basis of the following
evidence: the oxygen isotope ratios of the sample confirm its extraterrestrial
origin, plotting close the CCAM line, moreover, the presence of an external
magnetite rim, silicate portions dominated by olivine, glass and the presence
of a high-Ni metal bead represent specific features that characterize
micrometeorites'**'. Furthermore, the sub-spherical shape, the presence of
unmelted olivines dispersed in Ca-rich silicate glass with pyroxene com-
position, the discontinuous magnetite rim and the highly porosity char-
acterized by voids and vesicles, allow to classify FB-A1 as a specimen with
intermediate features between those typically observed for cosmic spherules
and those for scoriaceous micrometeorites with carbonaceous chondritic
composition. The presence of (Al, Cu)-alloys, previously reported only in
Khatyrka and in Sudan and more recently in Congo micrometeorites,
represent exotic non-chondritic components, which likely formed after the
initial host’s accretion and were delivered most probably by an impact
event'’. In particular, in the study on the Congo micrometeorite an ureilite
parent body has been suggested to be the most likely source for these
(AlL,Cu)-alloys'.

In our case, the entire metallic assemblage and the newly described
Als,Cus; FeSi; alloy can be formed by an entirely uncontrolled mechan-
ism, lasting perhaps a few minutes, yet resulting in almost identical to
industrial artificial approximants/quasicrystals with similar composition.

The discovery of FB-A1 is an exceptionally rare finding, primarily due
to the unusual composition of the particle. As it is well known, most
micrometeorites consist predominantly of silicates, (Fe,Ni)-metals, and
other elements commonly associated with extraterrestrial material. The
presence of aluminium and copper in a micrometeorite is highly atypical
because these elements are not abundant in natural cosmic dust sources,
raising questions about its origin and formation processes.

One possible explanation for its rarity is that aluminium and copper are
not typically stable in the high-temperature environments experienced
during atmospheric entry. Most micrometeorites undergo significant
melting and oxidation, leading to the loss or alteration of volatile and
reactive elements. Aluminium, for instance, has a relatively low melting
point compared to refractory materials like nickel, making it more sus-
ceptible to vaporization. Copper also oxidizes readily, forming compounds
that may not survive the extreme thermal conditions of entry. Consequently,
any micrometeorite containing these elements would need to originate from
an unusual source, such as a highly differentiated planetary body, and
survive the entry process largely intact'.

Another factor contributing to the lack of similar discoveries in existing
collections is the potential for misidentification or underreporting. Many
large micrometeorite collections have been assembled based on established
classification criteria that prioritize certain compositions and exclude others.
Since (Al,Cu)-bearing particles do not fit the conventional profiles of
extraterrestrial material, they may have been overlooked or dismissed as
terrestrial contaminants during sample sorting.

Additionally, the formation and transport mechanisms of (ALCu)-
micrometeorites remain unclear, which further complicates their identifi-
cation. If these particles originate from a niche cosmic source, their flux to
Earth may be exceptionally low, reducing the probability of their collection.
Moreover, if they are particularly fragile or prone to alteration in Earth’s
environment, they may degrade before being recognized. This decreases the
possibility that (AL Cu)-rich micrometeorites can be found.

Ultimately, the rarity of (Al,Cu)-micrometeorites underscores the need
for more comprehensive and unbiased searches in existing and future
micrometeorite collections. Expanding classification criteria and applying
more refined analytical methods may reveal previously unnoticed extra-
terrestrial particles with unconventional compositions, potentially offering
new insights into the diversity of materials present in the cosmic dust influx
to Earth.

Materials And Methods

Samples

The micrometeorite was provided by an Italian amateur collector to three of
us (G.A., G.T.,and P.M.). The collector reports that the fragment was found
in 2002 during a collection of micrometeorites done by means of steel
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Fig. 6 | SEM-BSE image and EBSD patterns. a SEM BSE image of the rectangle
highlighted in Fig. 3a. The bright phase is stolperite (with slightly variable Cu/Fe
ratio), the dark phase is the new (Al, Cu, Fe, Si)-metallic alloy. The red spot indicates
the point where the EBSD pattern was collected and the yellow line indicates the
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microanalyses traverse, b chemical mapping, ¢ EBSD pattern taken on the red spot is
matched with the cubic structure of the 1/1 approximant™ with mean angle devia-
tion = 0.81. d SEM-EDS microanalysis traverse taken along the yellow line of Fig. 5a.

funnels installed in isolated areas, away from any form of industrial con-
tamination. The method of collection consists of equipping the bottom of
the funnels with special filters able to retain material down to 10 um. The
filters are changed every two days and the material - fallen from the sky and
located at the bottom of the steel funnels - is collected. The filters are then
carefully checked under a binocular microscope. The micrometeorite of the
current study attracted the attention of the amateur because of the unusual
luster of the metallic phases present on the surface of the spherule, which
seemed different than the classical (Fe,Ni)-metals. The micrometeorite was
stored in his archive until a few months ago when he decided to send us this
exotic spherule for further investigations. FB-A1 is now deposited in the
collections of the Museo di Scienze della Terra of the University of Bari
(Italy), registration number 19/nm.

After a preliminary and non-destructive check by SEM and a p-CT
study at the University of Bari (Italy), the sample was embedded in epoxy
resin and polished (using diamond pastes) for the subsequent SEM and
EPMA analyses carried out at the University of Florence (Italy), oxygen
isotope analyses were carried out at CRPG-CNRS (Nancy, France) and,
lastly, FIB-TEM investigations were performed at the Princeton
University (USA).

Scanning Electron Microscopy

The SEM microscope used for preliminary and non-destructive check is
Zeiss LEO, model EVO-50XVP, housed at the Department of Earth and
Geo-environmental Sciences, University of Bari Aldo Moro (Italy), coupled
with an X-max (80 mm?2) energy dispersive (ED) Silicon drift Oxford
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Fig. 7 | FIB lamella from FB-A1 micrometeorite. a SEM-BSE images showing the region where the FIB lamella was extracted; b STEM images of the grain where the FIB
lamella was extracted; ¢ FIB lamella. The white arrows indicate the dark regions corresponding to the (AL,Cu, Fe, Si)-alloy.

detector (Oxford Instruments) equipped with a Super Atmosphere Thin The instrument used to analyze the polished surface of micrometeorite
Window, operating at 15KV accelerating potential and 500 pA probe cur-  was a Zeiss EVO MA15 scanning electron microscope, housed at the Centre
rent, 5 nm beam size and 8.5 mm working distance. It has secondary (SE)  for Electron Microscopy and Microanalysis (MEMA) of the University of
and backscattered electron (BSE) detectors. Florence (Italy), coupled with an Oxford UltimMax 40 energy-dispersive
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Fig. 8 | TEM analyses of FIB lamella. a HAADF
image of a portion containing the (Al, Cu, Fe, Si)-
alloy. The red spot indicates the point of acquisition
of SAED and HR-image shown in Fig. 8. b BF image
of the same region shown in (a). ¢ STEM-EDS
mapping of Cu; d STEM-EDS mapping of Al;

e STEM-EDS mapping of Fe; f STEM-EDS mapping
of Si.

spectrometer (EDS), operating at 15 kV accelerating potential and 700 pA
nominal current in focused beam mode, for EDS mapping and spectra
acquisition (30 seconds live time). For linescan analyses, the instrument was
set up at 10 kV acceleration voltage and 500 pA nominal probe current
(20 seconds dwell time for each point). The sample was sputter-coated with
30-nm-thick carbon film.

Electron backscatter diffraction

Analyses were performed using high-performance CMOS Oxford Sym-
metry S2 EBSD system working on a ZEISS EVO 15-MA SEM, operating at
15kV and 9 nA nominal current in focused beam mode with a 70° tilted
stage. EBSD patterns for phase identification and analysis were acquired
with maximum pixel resolution (1244 x 1024). The cell constant was
obtained by matching the experimental EBSD patterns to those of known
synthetic phases. The sample was sputter-coated with 5 nm-thick
carbon film.

Electron Microprobe

Quantitative analyses on the micrometeorite were carried out at the Uni-
versity of Florence (Italy), using a JEOL 8200 electron microprobe (WDS
mode, 12kV and 5nA, focused beam). The focused electron beam is
~150 nm in diameter. Analyses were processed with the CITZAF correction
procedure. The (Al Cu,Fe,Si)-alloy was found to be homogeneous within
analytical error. The standards used were Al metal, Si metal, Cu metal, and
Fe metal. Seven point-analyses on different spots were collected. Ni, Ca and
Mg were also analyzed using standards Ni metal, anorthite and forsterite,

respectively. They were below detection limits: Ni 023 wt%, Ca
0.04%, Mg 0.06%.

Micro-computed X-ray Tomography

X-ray imaging was carried out with a Bruker SkyScan 1172 high-resolution
u-CT scanner equipped with a polychromatic microfocus X-ray tube. The
cosmic spherule was scanned using a pixel size of 0.50 um. A 79 kV X-ray
source was used with a current of 131 pA. A total of 1127 absorption
radiographs were acquired over a 360 rotation with an angular step of 0.32°.
Beam hardening was reduced by the presence of a 0.5 mm Al-filter between
the source and the detector. The raw data were reconstructed into two-
dimensional slice images using Bruker’s NRecon software. Corrections for
the beam-hardening effect and ring artefacts were also applied during the
reconstruction process. p-CT datasets were visualized using Bruker’s
CTVox software.

Focused lon beam and Transmission Electron Microscopy

Conventional X-ray studies on the new Als,Cus; Fe;(Si; approximant could
not be carried out because of the small crystal size and its intergrowth with
stolperite. For this reason, the FIB-TEM technique was applied. In pre-
paration for the study with TEM, a thin lamella from the micrometeorite
(Fig. 6) was prepared by FIB cutting using a Helios NanoLab G3 UC dual-
beam FIB/SEM system. Sample thinning was accomplished by gently pol-
ishing the sample using a 2-kV gallium ion beam to minimize surface
damage caused by the high-energy FIB. Conventional TEM imaging,
selected area electron diffraction (SAED), atomic-resolution HAADEF-
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Fig. 9 | TEM analyses of FIB lamella. a SAED
pattern taken on the red point shown in Fig. 8a)
indicating a cubic symmetry with a ~ 12.3 A. Zone
axis [111]; b SAED pattern taken on the red point
shown in Fig. 8a). Zone axis [1-10]. c HAADF-
STEM image corresponding to SAED pattern shown
in Fig. 9a). d HAADF-STEM image corresponding
to SAED pattern shown in Fig. 9b). Note the peri-
odicity across the field of view.

Zone axis [110]

Zone axis [111]

STEM imaging, and energy-dispersive X-ray spectroscopy (EDS) mapping
(Fig. 7) were performed on a Titan Cubed Themis 300 double Cs-corrected
STEM equipped with an extreme field emission gun source operated at
300kV with a super-X EDS system. SAED patterns coming from the
homogeneous region showing the Als,Cus;Fe;oSi; stoichiometry (Fig. 8a)
can be indexed with the Pm-3 structure™.

Secondary lon Mass Spectrometry

Oxygen isotope analyses were carried out usinga CAMECA IMS 1270 E7 at
the Centre de Recherches Pétrographiques et Géochimiques (Nancy,
France). *O —, 70 — , and "*O— ions produced by a Cs* primary ion beam
(~10 um and ~2 nA) were detected in multicollection mode using two off-
axis Faraday cups (FCs) for “O— and '*O— and the axial FC for O — . To
remove the "YOH— interference on the “O— peak and to obtain maximum
flatness on the top of the 10— and *0— peaks, entrance and exit slits were
adjusted to acquire a mass resolving power (MRP) of =7000 for "O— on the
central FC. The multicollection FCs were set on slit 1 (MRP = 2500). The
total measurement time was 180s (150-s measurement + 30-s pre-
sputtering). We used four in-house terrestrial standard materials (SCOL San
Carlos olivine, CAF magnetite, BHVO basaltic glass,and JV1 diopside) to (i)
define the instrumental mass fractionation line for the three oxygen isotopes
and (ii) to correct the instrumental mass fractionation due to the matrix
effect in samples. Typical count rates obtained on the San Carlos olivine
standard were 1.7 x 10° cps for 'O, 6.5 x 10° cps for 7O, and 3.5 x 10° cps for
180. The 20 errors were ~0.25%o for §'30, =0.35%o for 8§70, and ~0.4%o for
A0 (AVO representing the deviation from the TFL, A0 =§70-0.52
x 8§"%0).

Data availability
Data presented in the paper can be accessed via figshare at: https://figshare.
com/s/32eebc9e1£269367¢ebfb.
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