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A B S T R A C T

Tektites are reduced (Fe2+) glasses formed by the quenching of molten material ejected from Earth’s surface as a
result of a hypervelocity impact. The vast majority of tektites are usually homogeneous glasses, but rare samples
containing mineral inclusions can provide insights about the source material, sample thermal history, and tektite
formation process. Tektites from two distinct strewn fields presenting Ca-phosphate inclusions detected from
anomalous magnetic susceptibility were studied: one sample from the Ivory Coast tektite (ICT) field ejected at
1.07 Ma from the Bosumtwi crater (10.5 km in size) in Ghana and two Muong Nong type samples from the
Australasian tektite field (MN-AAT) ejected at 0.79 Ma from a crater possibly situated in southeast Asia. In ICT,
Ca-phosphate inclusions are systematically embedded in lechatelierite (SiO2 glass). In MN-AAT Ca-phosphate are
either embedded in lechatelierite or in Fe-rich glass forming schlieren. Multiscale petrographic characterization
using correlative microscopy associating scanning electron microscopy, microprobe and, transmission electron
microscopy reveals that rounded inclusions in ivoirite are composed of acicular Ca-phosphates (merrillite)
embedded in an amorphous P-rich glass. In MN-AAT, inclusions consist mostly of single droplets of Fe-Mg rich
Ca-phosphate (structurally related to apatite), but few droplets often forming an emulsion texture show a
complex assemblage of apatite, magnetite, pyroxene, and spinel growing from a Pt-rich nucleus. Diffusion profile
around lechatelierite domains reveals maximum temperatures greater than 2200–2400 ◦C in the impact plume of
the Australasian tektite and the Ivory coast tektite. Heating time is of the order of seconds-tens of seconds rather
than minutes as previously suggested (20 s for MN-AAT and 5 s for ICT). The number, the density, and the fact
that inclusions are entirely crystallized in MN-AAT support relatively slow cooling rates (<200 ◦C/h), in com-
parison with the faster cooling rates (>2000 ◦C/h) indicated by the precipitation of amorphous P-rich glass in
ICT. In both impact events, ejecta that had been heated to high temperatures did not remain in the vapor plume
for an extended period of time and landed rapidly (within tens of seconds) at a relatively high temperature
(>1000 ◦C) on the Earth’s surface.

Phosphate inclusions systematically embedded in lechatelierite in ICT provide clues about the source material.
It suggests that the parent material for these silica-rich inclusions is not conventional detrital quartz. Rather,
parts of lechatelierite domains may be inherited from a biogenic source that could be consistent with tropical soil
(source of the phosphor) and its biomass (silica of plant origin). The reduction process that tektites record during
their formation may be explained by superficial material since forests can contain a sizable mass of carbon that
can reduce iron in tektites and produce platinoid-rich metallic nuclei and the Fe3+/ΣFe gradient recorded by the
dendritic spinels.
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1. Introduction

Tektites are small (cm-sized), impact-generated, homogeneous glass
ejecta that commonly contain lechatelierite, i.e. almost pure SiO2 glass
inclusions (Glass, 1990; Kinnunen, 1990; Dressler and Reimold, 2001).
They occur in five distinct, geographically confined strewn fields. Four
have been the subject of extensive literature in the past, the well-known
australasites, ivorites, moldavites, and North American tektites
(Howard, 2011). Recently a new tektite strewn field has been identified
in Central America; the belizites (Rochette et al., 2021; Koeberl et al.,
2022). The Australasian strewn field is the youngest (789 ± 9 ka
(Jourdan et al., 2019)) and the largest, covering over 10 % of the surface
of the globe if one includes microtektites (Folco et al., 2008). Its source
crater is still unknown, and the region where the crater is located re-
mains a matter of contention, although a long-standing consensus place
it in Indochina (e.g. Glass and Pizzuto, 1994)). One recent hypothesis
locates it in southern Laos, within the Bolaven Plateau (Sieh et al., 2020,
2023). However, strong arguments have been put forth against this
hypothesis (Mizera, 2022). Alternative proposed locations are northwest
China (Mizera et al., 2016) or Red River offshore basin (Whymark, 2021;
Seydoux-Guillaume et al., 2024). The four other strewn fields have been
firmly associated with known source craters, ivorites − Bosumtwi (1.07
± 0.05 Ma), moldavites − Ries (14.808 ± 0.021 Ma), belizites − Pan-
tasma (804 ± 9 ka) and North American tektites − Chesapeake Bay
(35.5 ± 0.8 Ma), respectively (Glass, 1990; Koeberl, 1994; Collins and
Wünnemann, 2005; Koeberl et al., 2007; Schmieder et al., 2018; Roch-
ette et al., 2021).

Tektites are classified into three groups based on their morphology
and texture (Glass, 1990; Koeberl, 1994). The “splash form” tektites
(spherical and dumbbell-shaped tektites), the “ablated form” tektites
which show on their surface evidence of partial re-melting during at-
mospheric re-entry and, the “Muong-Nuong type” (MN) tektites, named
after well-known tektite-bearing locality in Laos (Fiske et al., 1999). The
MN tektites can be considerably larger than the other tektite types and
samples up to 24 kg have been reported (Koeberl, 1992, 1994; Fiske
et al., 1999). They have a blocky appearance and contain abundant
vesicles. Under optical microscope, MN tektites appear layered with
lighter and darker layers evidencing chemical heterogeneity in the glass,
and some contain mineral inclusions. MN tektites are assumed to have
cooled more slowly than other types, which might have facilitated the
crystallization of low-miscibility phases in silica-rich glass (Glass, 1990).

The thermal history of tektites is mostly constrained by numerical
modeling, chemical diffusion profile between lechatelierite and host
glass, calorimetry, and vesicle size distribution (Wilding et al., 1996;
Stöffler et al., 2002; Macris et al., 2018; Masotta et al., 2020). The
presence of contorted lechatelierite in the host glass indicates that the
source material has been rapidly heated (< few seconds) to a high
temperature (>1800 ◦C) and then quickly (<few minutes or hours)
cooled (Glass, 1990; Wilding et al., 1996; Macris et al., 2018). One
challenge in deciphering the tektite formation process is that the thermal
history can fluctuate not only between samples but also within a single
sample. Thus, the specificities of the tektite generation process, espe-
cially at the time of the impact, are not well understood. A puzzling
question about the process forming tektites relates to their oxidation
state. Iron in tektites is mostly present as Fe2+, or even metal with
ferromagnetic impurities in the order of 10 ppm at most, while Fe3+ if
present is very minor (Chao et al., 1962; Rochette et al., 2015, 2019).
However, evidence from cosmogenic 10Be indicates that tektite is pro-
duced by melting the first meters of the continental surface (mixed with
limited extent of deeper material), made of weathered rocks where iron
is mostly in Fe3+ form (Rochette et al., 2018). Thus, the process that
produces tektites involves a reduction reaction, and two main mecha-
nisms have been proposed so far. The first mechanism is the breakdown
of the Fe2O3 throughout isentropic cooling of vapor and liquid during
the decompression stage following shock compression (Engelhardt et al.,
1987; Lukanin and Kadik, 2007; Sheffer, 2007). The second proposed

process involves the combustion of biomass during tektite formation,
but this has never been firmly established (Kinnunen, 1990; Žák et al.,
2012; Rochette et al., 2015; Mizera and Řanda, 2022).

Investigating samples across strewn fields provides access to variable
dynamical and thermal histories in the tektite generation process,
particularly when characteristic mineralogical, compositional, and
textural tracers can be identified. This study focuses on inclusion-
bearing tektites from the ivorite and Australasite tektite fields. The
Ivory Coast tektites (ICTs), ejected from the Bosumtwi crater (10.5 km
in size) in Ghana, present various shapes (teardrops, dumbbells, spheres,
ellipsoids). ICTs have long been thought to be chemically homogeneous
with a relatively low SiO2 content (~68 wt%) (Barnes, 1961, 1963;
Koeberl, 1990, 1992). A recent field study, however, led to the discovery
of several tens of tektites, extended the known limits of the strewn field,
and revealed a more variable chemical composition than the apparent
homogeneity previously inferred from a more limited number of sam-
ples (Soro et al., 2023). The maximum ejection distance of tektites is
estimated to be 340 km away from the Bosumtwi crater. The Austral-
asian tektites vary largely in composition and are chemically and
isotopically distinct from other tektite strewn fields (Koeberl, 1990,
1992; Soro et al., 2023). They are high-Si glass, with average SiO2 73.5
wt%. The source crater of the Australasian strewn field is estimated to be
larger [10–115 km] than the Bosumtwi crater [10.5 km], with recent
estimation >30km e.g., (Mizera et al., 2016), since these tektites have
been ejected to more than 5000 km around the possible impact locations
(Glass, 1990; Glass and Pizzuto, 1994; Koeberl, 1994; Mizera et al.,
2016). The presence of mineral inclusions in tektites is of interest
because it can provide new insights into the sample’s thermal history
and can be a potential indicator of the source material (Glass and
Barlow, 1979). Exceptional samples containing mineral inclusions are
therefore windows into crucial stages of impact and tektite formation.

Here, we investigated mineral inclusions found in anomalous tektites
identified through magnetic susceptibility screening among large tektite
collections. We used correlative microscopy [scanning electron micro-
scope (SEM), electron microprobe (EPMA), focused ion beam scanning
electron microscope (FIB-SEM), and aberration-corrected scanning-
transmission electron microscope (TEM/STEM)] to provide a multiscale
petrographic description of the studied tektites. We report the presence
of Ca-phosphate inclusions in a splash-type spherical ivorite and a
Muong Nong-type Australasian tektite (MN-AAT). To our knowledge,
this is the first time that mineral inclusions of this sort have been
described in tektites. The microstructure of these inclusions provides
information on cooling rates and thermal history of the two tektites. We
discuss the potential origin of these phosphates.

2. Sample and methods

Magnetic susceptibility (χ) measurements were obtained on a large
tektite collection (see Rochette et al., (2015, 2019) and Soro et al.,
(2023) for the methodology) to document possible outliers in terms of
total iron content or ferromagnetic inclusions. Hysteresis measurements
were performed on the high-susceptibility samples using a Micromag
VSM in CEREGE laboratory (France). A 3 g Ivory Coast tektite (splash-
form type) from the Société des Mines de Côte d’Ivoire (SODEMI)
collection in Abidjan (Soro et al., 2023) and two Muong Nong type AAT
samples (MN-AAT1 and MN-AAT2), from the N19 site near Muong Nong
(Laos), were identified as anomalous. N19 is a lateritic gravel quarry
where we collected in 2019 numerous fragments totaling 152 g (the
largest is 36 g), very close to the N20 site mentioned by Masotta et al.,
(2020). Hereafter, we will refer to the ivorite sample as ICT. The two
samples (MN-AAT1 and MN-AAT2) show similar characteristics in
composition and in phase assemblages found within the inclusions at the
SEM and TEM scale. They have been grouped under the MN-AAT
denomination. Both ICT and MM-AAT were sorted out from a data-
base of several hundreds of samples. Polished slices of these 3 (sub)
samples embedded in epoxy resin were prepared for optical and electron
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microscopy. Bulk analyses of major and trace elements were obtained on
the powdered sub-samples using inductively-coupled plasma-mass
spectrometer (ICP-MS) and Auger electron spectroscopy in Geotime
Brussels (for MN-AAT) and SARMNancy (for ICT). Approximately 50mg
of crushed material was dissolved by alkaline fusion using ultrapure
(>99.99%) lithium metaborate. Major elements were measured using a
Thermo Scientific ICaP (inductively-coupled plasma atomic emission
spectroscopy). Loss on ignition was measured after 1 h at 1000 ◦C and
corrected for Fe content. For trace elements, the concentrations were
measured on an Agilent 7700 quadrupole inductively-coupled plasma-
mass spectrometer (ICP-MS). International standards BCR-2, AGV-2 and
BHVO-2 were used.

The three sections were first examined in CEREGE laboratory using
optical microscopy. After identification of opaque inclusions, sections
were then examined via secondary electron and backscattered electron
(BSE) images using a HitachiS3000-N scanning electronic microscope
(SEM), operated at 15 kV, equipped with a Bruker energy dispersive
spectrometry (EDS) microanalysis system for in-situ chemical analyses.
Phosphate-rich inclusions were identified in the silica-rich glass.
Advanced imaging and EDS measurements were performed on the in-
clusions using a JEOL JSM-IT800SHL Field Emission Gun SEM with the
Oxford Ultim Max 100mm2 Silicon Drift Detector (SDD), a dwell time of
0.1 µs, a real-time of 15 to 45 min, and a resolution of 512x512 pixel was
applied to various field of view depending on the inclusion diameter.
BSE mosaics were acquired and assembled using Aztec® software.

Raman spectra were collected on the phosphate-rich inclusions using
a Horiba micro-Raman LabRam HR800 evolution using a 532.31 nm
excitation from DPSS laser and 1800 gr/mm (volume excitation of a few
microns) at Laboratoire de Geology de Lyon (LGL) in Ecole Nationale
Supérieur de Lyon (ENS de Lyon). Typical duration for each measure-
ment was 1 to 2 min with >5 times repetition.

Seven electron-transparent lamellae (1 in ivorite, 4 in MN-AAT1, and
2 in MN-AAT2) targeting characteristic mineral inclusions were pre-
pared using a Thermo Fisher Scientific FEI 125 Helios Nanolab 600i
focused-ion beam scanning electron microscope (FIB/SEM) in MANU-
TECH USD platform in Saint-Etienne (France). Nanoscale characteriza-
tion was performed at 200 kV with a NeoARM200F (scanning)
transmission electron microscope (TEM/STEM), operated by the con-
sortium Lyon Saint Étienne de Microscopie (CLYM) and hosted within
the Hubert Curien Laboratory, Saint-Etienne (France). The Neo-
ARM200F is equipped with a cold field-emission gun and a sixth-order
aberration corrector (ASCOR). Images were obtained using Bright-field
(BF, unscattered electrons) and Dark-field (DF, scattered electrons) de-
tectors in TEM mode, both providing information about the mineral
structure. A high angular dark field (HAADF) detector provides a
chemical information with heavy material appearing brighter in the
image, with an angle of detection usually between 50 and 150 mrad and
up to 70 to 200 mrad, in STEM mode. A JEOL large angle silicon drift
EDS detector (0.96 sr) was used to acquire X-ray maps with dwell time of
0.1 µs and a real time of 10 min to 1 h depending on the field of view and
whether a quantification procedure was expected to be applied to the
dataset. Quantification was achieved using the Cliff-Lorimer method
(Cliff and Lorimer, 1975), an absorption correction procedure (Morris,
1980; Horita et al., 1987; Zanetta et al., 2021, 2022; Le Guillou et al.,
2024) and using theoretical k-factors provided by JEOL®. Electron en-
ergy loss spectroscopy (EELS) was carried out using a Gatan Quantum
spectrometer and provides a local information about the chemistry and
oxidation state of a given element. Edges in energy arise from the
ionization of the inner shell by the interaction of the electron beam with
the sample. The convergence and collection semi-angles were 30 and 60
mrad respectively. The presented STEM-EELS dataset was acquired from
a region of 2.7 × 3.2 µm2, with a sampling of 50 × 60 pixels2. Subpixel
scanning (64 × 64) was employed. The dwell time was 0.1 s at a
dispersion of 0.1 eV/pixel. The sample thickness in the regions of in-
terest was evaluated to τ/λ = 0.4–0.6 (~50-70 nm) by Fourier-Log
deconvolution on the low-loss EELS spectra (Iakoubovskii et al.,

2008). All the multidimensional datasets (Raman, EDS, and EELS) were
processed using Hyperspy library (de la Peña et al., 2022). EDS and EELS
processing procedures are detailed in previous works (Zanetta et al.,
2019, 2023; Noguchi et al., 2023).

3. Results

3.1. Bulk analyses (Magnetic susceptibility and ICPMS)

The magnetic susceptibility (χ) measured on MN-AATs and ivorites,
is distributed in a very narrow range with a mean χ of 93 ± 10 and 116
± 5 × 10− 9 m3 kg− 1, respectively (Rochette et al., 2019; Soro et al.,
2023). Such a narrow distribution is typical of tektites as it indicates
both the lack of Fe3+ and homogeneous iron content (Rochette et al.,
2015). However, ICT showed a χ value of 55 × 10− 9 m3 kg− 1, the lowest
ever measured for an ivorite. Accordingly, its FeO content is 3.69 wt%
(Table 1) is lower than average of 6.16 wt% for ivorites (Koeberl et al.,
1997). Comparison between χ and FeO content indicates negligible
ferromagnetic impurities for ICT. On the other hand, MN-AAT shows a
high χ values of 651 × 10− 9 m3 kg− 1, while the FeO content of MN-AAT
is 4.15 % (i.e. in the range for a MN-AAT e.g., Table 1). Hysteresis
measurement of MN-AAT confirms a significant ferromagnetic content
with a saturation magnetization (Ms) of 69.5 mAmkg− 1. This is equiv-
alent to a pure magnetite content of 800 ppm

ICP-AESmeasurements show that ICT is outside the published ivorite
range for the following elements: ICT is enriched in Ca, Na, Si, and
depleted in Fe, Ti, K (Table 1). Other major elements are in the range of
previously measured ivorites. Concerning minor elements, ICT is char-
acterized by a Sr excess, in line with Ca excess, and a Ce and Zr depletion
with respect to typical ivorites. MN-AAT lies within the Australasite
compositional range in terms of major elements, except for an excess in
Na and Mn. MN-AAT is in the high range for Al, Ca, Fe and Mg, and
shows a relatively low Si (Table 1). Concerning trace elements, the
notable difference of MN-AAT with the composition from literature is its
high Ba content, 569 ppm, compared to an average of 319 ppm (Amare
and Koeberl, 2006), and its relatively high Ce and Zr content (Table 1).

MN-AAT is richer in Si and K than ICT (Table 1), and poorer in Na,
Mg, Fe, Al. Overall, the only chemical similarity between ICT and MN-
AAT is their high Na and Ca content with respect to average similar-
type tektites. Phosphorus measurements on tektites are rare. P2O5 con-
tent of ICT is 0.07 wt%, above contents published by Cuttitta et al.,
(1972), with an average of 0.04 and a maximum of 0.06 wt%. MN-AAT
has P2O5 content of 0.10 wt%, equal to the average for MN-AAT (Son
and Koeberl, 2005). Both samples are also in the low range in Co, Ni, Cr
(only Ni is reported in Table 1 as it is the most sensitive element to gauge
extraterrestrial contamination, e.g. Folco et al., 2023). This suggests
very minor extraterrestrial contamination, if any.

3.2. Microscopic characterizations (SEM and Raman)

The contrast in the BSE mosaic images clearly illustrate the chemical
and textural heterogeneity of the two anomalous tektites (Fig. 1, see also
optical images Fig. S1 and mosaic of MN-AAT2, Fig. S2). ICT contains
vesicles (0.5 % of the surface of the section), and large-scale chemical
variations evidenced by schlieren (flow bands of relatively high and low
SiO2 glass, e.g., Fig. 1a). The clear chemical foliation and the presence of
mineral inclusions suggest that this sample is close to a Muong Nong-
type. Lechatelierite domains (dark grey in BSE) contrast with the host
glass (lighter grey) which contains heavier elements. We note that the
contact between lechatelierite and felsic glass is unambiguous but
diffuse in the BSE images, due to a slight change in composition over a
few micrometers. Even if lechatelierite is often referred to as ‘‘grains”,
we prefer the term of domains as there is no well-defined interface be-
tween the lechatelierite and the host glass. MN-AAT glass also shows
chemical variations on the micrometer scale (Fig. 1b). However, these
variations are more diffuse and occur on a smaller scale than in ICT.
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Well-identified lechatelierite domains are rare in MN-AAT and more
diffuse than in ICT. Residual Si-rich elongated domains probably
represent diluted lechatelierite and suggest more advanced mixing with
the host glass. A few large vesicles (100–500 µm) are distributed in the
section (~1% of the surface). Foliation is marked by numerous schlieren
(Fig. S3) and by lighter gray patches enriched in Fe, Al and Ca in the
middle of the section (Fig. 1c). Both ICT and MN-AAT exhibit bright
dense subspherical mineral inclusions (0.5–20 µm in diameter)
embedded in the high silica glass. Raman spectra indicate that it is a
relaxed silica glass (McMillan et al., 1994), with no indication of shock
(Okuno et al., 1999). These inclusions will be named hereafter Ca-
phosphate inclusions based on EDS analysis. ICT displays few in-
clusions clustered in two locations (Fig. 1 and Fig. 2) while MN-AAT
exhibits numerous Ca-phosphate inclusions (Fig. 1 and Fig. 3) that are
mainly embedded in filaments of a poorly mixed, brighter material (Fe-
rich flow lines) than the host glass (Fig. 1d). A rough estimate of ~5 to
10 inclusions/mm2 is obtained by thresholding the grayscale mosaic.
In ICT, Ca-phosphate inclusions (~1–4 µm in size) are systematically

included in lechatelierite domains (Fig. 2a). According to EDS analysis
and their homogeneous BSE contrast, they are single-phase inclusions
(Fig. S4). Raman Ca-phosphate spectrum (Fig. 4a, green line) shows
evidence of mixing with the surrounding glass (Fig. 4a, red line) but still
exhibits well-identified double peak of merrillite with maximum at 967
and 951 cm− 1 (Lafuente et al., 2015). Broad peaks are consistent with
disordered phosphate (Pucéat et al., 2004). The Raman spectrum of the
P-free glass consists of a broad structure from 300 to 650 cm− 1 with a
main peak at 453 cm− 1 corresponding to the Si-O-Si bending a small
peak around 784 cm− 1 (motion of Si against its tetrahedral cage) and
one broad band centered around 1000 cm− 1 due to symmetrical
stretching motions of the silica tetrahedra, whose intensity varies with
the aluminum content (McMillan and Piriou, 1983; White and Minser,
1984).
MN-AAT shows a diversity of inclusions (Fig. 3, Fig. S5). They mostly

consist of a single-phase Ca-phosphate inclusion (Fig. 3a). Numerous
inclusions exhibit a rim of Si-rich glass depleted in heavy elements (P,
Ca, Fe) that is surrounded by an aureole of glass containing phosphate
nanospheres (Fig. 3a). Those phosphate nanospheres show a clear evo-
lution in size, largest spheres are close to the inclusion, and spheres
become smaller as one moves away from it (Fig. 3a). Some inclusions are
embedded in lechatelierite (Fig. 3b). More complex phase assemblages
are also observed among the inclusions of the MN-AAT (e.g., Fig. 3d, e, f
and Fig. S5). Many of these are concentrated in schlieren choked with
nanometric high-Z specks (emulsion texture, Fig. 3c). Four main phases
have been identified (both in MN-AAT1 andMN-AAT2) in those peculiar
mineral inclusions using Raman (Fig. 4) and EDS analyses (Fig. S6-S7).
The largest inclusions frequently show the same sequence: a platinoid-
rich nucleus (<50 nm, mostly enriched in Pt, Ru and Rh and with
trace of Os and Ir, e.g., Fig. 3e and Fig. S8), a dendritic spinel that shows
an enrichment in Al (replacing Fe) in the periphery of the grain (Fig. 3e,
and Fig. S7). This assemblage is embedded in a pyroxene that is sur-
rounded by a Ca-Mg-phosphate (Fig. 3d, e, f and Fig. S6, S7). Such
sequence is not observed in smaller inclusions (<5 µm). Their observa-
tion may also depend on the section cut through the inclusions. Pyrox-
ene Raman spectrum displays two peaks at 651 and 996 cm− 1 and a
small double peak at 310 and 348 cm− 1 (Fig. 4b, yellow line). The peak
frequencies at 651 and 996 cm− 1 are lower than usually found in py-
roxenes, likely due to a high-Fe content, and the peaks are broad, indi-
cating significant disorder. The magnetite spectrum is characterized by a
broad band from 450 to 750 cm− 1 (Fig. 4b, blue line), also indicative of
disorder. Phosphate Raman spectrum (Fig. 4b, green line) exhibit a
characteristic single peak at 966 cm− 1 which could be consistent with
strongly disordered apatite (Pucéat et al., 2004). Raman spectrum of the
host glass (Fig. 4b, red line) is relatively similar to ICT but show a more
intense, broad peak at 1626 cm− 1 might indicate minor Fe-oxide
(maghemite) contribution (de Faria et al., 1997). Platy Ti-rich magne-
tite (<8 at%) is found cross cutting the mineral assemblage of theTa
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inclusion (Fig. 3f, Fig. S6). Depending on the orientation, the Ti-rich
magnetite can be observed as needle (like whiskers) in SEM BSE im-
ages, but further TEM analysis showed a tabular geometry (e.g. Fig. 3d).

3.3. Nanometric characterizations (FIB/TEM)

At the nanoscale, the ICT Ca-phosphate inclusion (cf. Fig. 2 for
location of the extracted lamellae) consists of two distinct phases
(Fig. 5a, c) identified using selected area electron diffraction (SAED)
patterns and EDS maps (Fig. 5b, d and Fig. S9). SAED patterns give in-
formation on crystal structure and orientation. The indexation of the

SAED pattern shows that the crystalline phase (Fig. 5b) is merrillite,
nominally, Ca9Na[Fe,Mg][PO4]7, the anhydrous end-member of the
merrillite–whitlockite solid solution series. The phosphate composition
is not in a stoichiometric ratio, which may indicate the presence of
(OH–) radicals (i.e., the whitlockite pole). However, due to the inherent
limitations of EDS quantification of cations, it is challenging to defini-
tively ascertain the presence of OH-radicals or to provide a precise es-
timate of their quantity. It is embedded in a Ca-amorphous phosphate of
a comparable composition (Fig. 5d, Table 2). Crystals of merrillite are
acicular and show various orientations as demonstrated by diffraction
contrasts varying from black to light grey in BF-TEM (Fig. 5a). The

Fig. 1. Back-scattered electron image mosaics of the ICT and MN-AAT samples. ICT show a foliation highlighted by elongated lechatelierite grains (dark grey re-
gions). Few vesicles are visible in the two mosaics. c) MN-AAT show a more homogeneous contrast but layering is visible in the middle of the section. d) MN-AAT is
characterized by a high density of phosphate-rich inclusions. A particularly enriched area (in mineral inclusions) is shown by the selected field of view in the bottom
of the mosaic. Inclusions are associated with Fe-rich flow lines (white arrows).
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STEM-EDS quantification shows a relatively high content of Mg (1.48
cation per formula unit, Table 2). BF-TEM images reveal dark nano-
spherules dispersed in the host glass that surround the phosphate-rich
inclusions in ICT (Fig. 6a-b). Spherules show slight enrichment in P, Si
and Ca (Fig. 6b and Fig. S10). Their size varies from ~150 nm to <5 nm
as they approach the Ca-phosphate inclusion. All the dark inclusions in
the glass are amorphous (Fig. 6c). The same spherules are observed in
the host glass in MN-AAT in the vicinity of the inclusion (Fig. 7a-c

Several phases are identified from TEM/STEM-EDS and SAED anal-
ysis in the Ca-phosphate inclusion in MN-AAT (Fig. 7). Ca-phosphate
contains Fe and Mg (and potentially F and Cl, with a low concentra-
tion of less than 0.1 at%, as indicated in Table 3), its selected-area
electron diffraction (SAED) pattern closely matches that of apatite
(Figs. 7a-d) and excludes that of panethite. The phosphate composition
does not provide a neutral charge either, which may indicate the pres-
ence of (OH–) radicals or a disordered oxyapatite structure (Bulina et al.,
2023). Pyroxene (Fig. 7f) is rich in Fe, Mg and Al (Table 3). The Al is
distributed between the silica tetrahedral site and the metal site ac-
cording to stoichiometric calculations. The mineral that appears as a
needle in BSE images (Fig. 3d) is a non-stochiometric platy-shaped
magnetite rich in Al and Ti (Fig. 7a, b, Fig. 8, Table 3 and Fig. S11). The
magnetite shows long-range alternations (2–10 nm) of Al-rich and Ti-
rich intergrowths (Fig. 8c, d and Fig. S12). Such intergrowths alter the
magnetite diffraction pattern (Fig. 8b). The large spacing of the super-
lattice in real space results in small spacing of the superlattice reflections

in the SAED pattern (diffraction spots distance <1 nm− 1). The atomic
arrangement shows intergrowth of the Fe-rich and Al-rich domains
accommodated by two distinct structures (Fig. 8c and d). Identification
of the atomic arrangement reveals the intergrowth of magnetite in the
[111] direction and corundum in the [− 111] direction (Fig. 8d).

Dendritic Al-Fe spinels are characteristics of the complex inclusions
found in theMN-AAT (Fig. 9). The branches near the nucleus extend and
widen to form a broad, flat shape at the end of the hemisphere (Fig. 9a).
Observation of numerous mineral inclusions in MN-AAT1 andMN-AAT2
shows that the spinel starts from the outer boundary of the mineral in-
clusion, systematically from a Pt-rich nucleus (see Fig. 3e), and grows
towards the interior of the inclusion. The dendritic spinel shows a strong
chemical variation in Fe from core to rim (Fig. 9b and Table 3). These
chemical variations are accompanied by a variation in Fe oxidation state
based on EELS measurements on the Fe L2,3 ionization edge. The Fe3+/
∑

Fe map show that the core is enriched in Fe3+whereas the branch tips
are richer in Al3+ and depleted in Fe3+. The Al3+ is replacing the Fe3+ in
the structure and most of the Fe is Fe2+ in the platy spinel.

3.4. Quantitative estimation of temperature/heating duration from
lechatelierite domains

A recent study fromMacris et al., (2018) quantitatively evaluated the
heating duration of a tektite sample. In their study they used the diffu-
sion profile located at the boundary between a lechatelierite grain and

Fig. 2. Back-scattered electron images of Ca-phosphate inclusions in ICT. a) Lechatelierite with diffuse boundaries enclosing several phosphate-rich inclusions in ICT.
b) Second region of interest with lechatelierite containing a single phosphate-rich inclusion. The white line indicates the EDS chemical profile shown in Fig. 10. The
dashed rectangle indicates the pixel summed orthogonally to the profile to improve the signal-to-noise ratio. c) Phosphate-rich inclusion sampled for nanoscale
analyses by TEM. The phosphate inclusion is homogeneous in BSE contrast. d) Smaller phosphate inclusion in the second region of interest. The dark spot is due
to porosity.
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its host glass. They estimated the time needed to produce the observed
chemical profile while the tektite remained in an isothermal impact
vapor plume after fast heating and before quenching below glass tran-
sition temperature (in an order of few seconds to 600 s depending on the
temperature). To achieve such estimation, Macris et al., (2018) first
defined a simple relationship to calculate the profile length between
SiO2 (lechatelierite) diffusion in host glass as a function of time at a
given temperature:

x =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
7.91Dt

√
(1)

where x is the diffusion profile distance, D is the averaged diffusion
coefficient at a given temperature, and t is time. Macris et al., (2018)
also established the diffusion coefficient of lechatelierite in glasses with

compositions close to tektites for temperatures ranging from 1800 ◦C to
2400 ◦C through experimental studies. To illustrate the use of their
equations with a quantitative example, consider an interface analogous
to MN-AAT, wherein SiO2 varies from 100% to 70% from lechatelierite
to host glass, and the temperature is 2000 ◦C. The value of lnDSiO2 100-70

wt% (m2/s) is − 28.3 (Fig. S13). Consequently, in order to produce a 20
µm diffusion profile at this temperature and with this chemical variation
(70–100%), it would take 17.2 s. Their isothermal model is applied to
quantify the diffusion profile observed in ICT and MN-AAT (Fig. 10).
The two tektites show distinct chemical heterogeneities in the glass
(Fig. 1). ICT shows diffuse but distinguishable lechatelierite domains
(Fig. 2). MN-AAT shows evidence of a stronger mixing and potentially a
more advanced diffusion (Fig. 1 and Fig. S3). Most of the lechatelierite
domains significantly expanded in the MN-AAT glass (Fig. 1) and only

Fig. 3. Back-scattered electron images of phosphate-rich inclusions in MN-AAT (see also Fig. S5). a) A single-phase phosphate-rich inclusion in the MN-AAT section.
Most inclusions appear homogeneous and single-phased. A ring of Si-rich glass surrounds the inclusion. Ca-phosphate nano-spheres also mantle the inclusion. The
larger spheres are closer to the inclusion. b) Multi-phase inclusions embedded in lechatelierite (white arrow). Lechatelierite frothy texture is due to the high density of
vesicles resulting from decompression. c) Complex multi-phase inclusions embedded in a SiO2-rich flow band mixed with phosphate nanospheres. d) BSE image of a
representative inclusion in MN-AAT (Fig. S6). Several phases are visible. The change in volume due to the crystallization of the minerals is marked by dark and empty
areas. Localization of the FIB section is indicated. e-f) Recurrent mineral assemblage observed in phosphate-rich inclusion (Fig. S7). A Pt-Ru-rich nucleus facilitated
the crystallization of a spinel which is enclosed by a pyroxene and a phosphate phase (Fig. S8). P-rich= Phosphate riche phase, Pyrox. = pyroxene, Mag.=Magnetite.
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Fig. 4. Raman spectra of the different phases observed in ICT and MN-AAT. a) Spectra of the phosphate inclusion and the P-free glass in ICT. b) Spectra of the main
four phases observed in the complex inclusions (≥5 µm) of MN-AAT. RRUFF reference spectra are compared to experimental data.
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two domains could be used to establish a characteristic diffusion profile
(Fig. S3). Application of an averaged diffusion coefficient lnDSiO2 100-68

wt% and lnDSiO2 100-77 wt% (equation (1)) to the SiO2 profiles extracted
from the two tektites (Fig. 10) yields heating durations of 4 and 6 s at
2400 ◦C and 725 and 1245 s at 1800 ◦C respectively (Fig. S13). As
specified by Macris et al., (2018), characteristic diffusion times within
lechatelierite are dependent of the concentration of SiO2 in the host glass
Lechatelierite diffuses and equilibrates faster for lower SiO2 concentra-
tion (Fig. S13: yellow for ICT vs green line for MN-AAT).

From their experiments Macris et al. (2018) established a function to
estimate the diffusion coefficient at various SiO2 concentrations and
temperatures:

lnDSiO2 = − 0.12W −
48605( ± 5019)

T
+ 3.23( ± 2.14) (2)

where D is diffusion coefficient in m2/s, W is the concentration of
SiO2 (wt.%) and T is temperature (K). The diffusion time and length can
be modelled for varying heating duration and temperatures using this
equation accounting for the dependency of the diffusion coefficient with
SiO2 concentration (Fig. 11 and Fig. 12). For a given temperature and
diffusion time, the diffusion distance is calculated for each composition.
This means that at each point a new composition-dependent diffusion
coefficient is calculated. The next diffusion distance is then calculated
for a different composition. The mean profile distances are comparable
in ICT and MN-AAT, with a value of approximately 20 µm. However,
MN-AAT displays a higher SiO2 content (77 wt w%) in the host glass in

Fig. 5. TEM analyses of the phosphate-rich inclusion in the ICT. a) Bright field TEM image of the well-rounded inclusion. Acicular crystals are embedded in a smooth
and homogeneous phase, i.e., amorphous P-rich glass. b) Selected area electron diffraction (SAED) pattern of the merrillite phase oriented along the [2,4,1] direction.
c) Phase map based on the STEM-EDS spectrum image and obtained from linear mixing of reference spectra (Fig. S9). d) SAED pattern of the amorphous phase
embedding the merrillite crystals.

Table 2
STEM EDS quantification (At%) of the two phases observed in the ICT inclusion. The phosphate may contain traces of molecular OH in its formula, but these radicals
could not be detected by EDS quantification.

Atomic %

O Si Al Mg Fe Ca P Ti Cr Mn K Na Cl

Amorphous 59.16 0.397 0.05 2.553 1.282 18.716 16.233 0.119 0.129 0.139 0.139 0.924 0.159
Merrilite 60.673 0.506 0.152 3.216 1.871 16.25 15.269 0.172 0.162 0.162 0.172 1.203 0.192

​ Formula unit

O Si Al Mg Fe Ca P Ti Cr Mn K Na Cl

Merrilite 28 0.23 0.07 1.48 0.86 7.5 7.05 0.08 0.07 0.07 0.08 0.56 0.09
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comparison to ICT (68 wt%). In order to reproduce the same profile
distance in MN-AAT, a higher peak temperature or an extended heating
period is necessary due to the higher SiO2 content, which limits the
diffusion from the lechatelerite to the host glass (Fig. S13).

MN-AAT also shows domains of Fe-rich glass with sharp boundaries
(Fig. 1). Sharp boundaries are unexpected in view of the chemical het-
erogeneity of the glass and the diffuse nature of lechatelierite domains
(Fig. 1). To reconcile these two observations, we propose that the Fe-rich
glass (also enriched in Al and P) originated from a late addition of ma-
terial in the glass. Addition of material into the glass may have happened
later due to higher melting temperatures of the material at its origin. The
late addition of refractory elements has potentially been followed by a
rapid quenching that limit the diffusion and preserves the well-marked
boundaries of those areas within the host glass.

4. Discussion

4.1. Various thermal history recorded in tektites

(a) Temperature and heating duration

Tektites have recorded variable thermal histories because of 1) the
different kinetic energy and momentum (or mass and speed) of the
impactor generating each strewn field but also 2) the location of the
source material (depth and distance to impact) and 3) the various tra-
jectories of samples following ejection (Barnes, 1961; Stöffler et al.,
2002; Cavosie, 2018; Rochette et al., 2018). Qualitative and quantitative
information on their process of formation may be inferred from the
micro and nano-characterization of mineral inclusions. For instance,
lechatelierite domains observed in tektites are often elongated and
contorted, and show diffuse contact with the enclosing glass indicating
high temperature of at least 1600-1700 ◦C to melt pure SiO2 (e.g.,
Barnes, 1958; Glass, 1990; Wilding et al., 1996; French, 1998; Howard,
2011; Schaller et al., 2016). Tektites also have a low water content,
which is typically explained by volatile loss at high temperature
(Koeberl, 1992; Giuli, 2017). However, previous work on moderately
volatile elements (Cu, K) indicated that isotopic ratios are typically
identical to those observed in the upper terrestrial crust, exhibiting no
isotopic fractionation (Humayun and Koeberl, 2004; Moynier et al.,
2010). Even if quantitative estimates are scarce, it is widely accepted
that tektites have been rapidly heated within seconds to temperature
above 1800 ◦C to form lechatelierite and lose of most volatile elements,
then quickly cooled over a few minutes to avoid the chemical homog-
enization of the glass and avoid the isotopic fractionation (Glass, 1990;
Wilding et al., 1996; Macris et al., 2018).

Diffusion profiles from lechatelierite domains quantitatively
demonstrate that MN-AAT was heated to a higher temperature or for a

longer time than ICT (Fig. 11 vs Fig. 12). Within the different tektite
fields, tektites retained their moderate volatile elements to a greater or
lesser extent (Žák et al., 2012; Jiang et al., 2019). It has been shown that
Muong Nong is one of the tektite groups that is the least depleted in
volatile elements (notably when compared to ivorites), which would
tend to indicate lower peak temperature than other tektites, or shorter
heating time, or both. For example, an MN-AAT analyzed by Creech
et al., (2019) showed small Sn depletion and Sn isotope fractionation.
They attributed these results as being due to the proximity of the sample
to the source and concluded that Muong Nong sample experienced
shorter heating times at high temperatures than other groups. The loss of
volatiles is also dependent of the diffusion coefficient within the sample.
MN tektites can be considerably larger than the other tektite types, a
factor that may also limit the loss of their volatiles.

Ideally, one would like to be able to constrain the peak temperature
or the duration of heating (Figs. 11 and 12) to quantitatively estimate
the thermal history of samples such as ICT or MN-AAT. However, most
physical properties which can effectively describe the rheological
behavior of a glass, such as viscosity, are generally dependent on tem-
perature, duration of deformation and composition. In contrast, the
viscosity ratio λ, of two materials is primarily dependent on tempera-
ture, once the composition is known. The deformation of lechatelierite
(~100% SiO2) droplets in a host glass (~75% SiO2) depends on the
viscosity difference between the two materials (i.e., the viscosity
ratio λ=µSiO2/µglass). If they are far apart, one of them will stretch
strongly in a few seconds, while the other will be too viscous and be-
haves like a solid on such a short timescale (e.g., Taylor, 1934, Manga,
1996a). Manga (1996b) showed that for a viscosity ratio λ > 4, simple
shear cannot stretch inclusions, whereas at low viscosity ratio λ ≤ 1 they
are rapidly stretched. In chaotic flows, the viscosity ratio may be higher
(than 4) and yet lead to deformation of such heterogeneities, but the
difference between the two viscosities cannot be too high (Stone, 1994;
Mukherjee and Sarkar, 2009). In the case of lechatelierite and the host
glass, the viscosity ratio can reach several orders of magnitude (Fig. 13a)
over a wide range of temperatures (Richet, 1984; Toplis et al., 1997;
Giordano and Dingwell, 2003). High temperatures (>2200 ◦C) are
required to obtain low viscosity ratios (Fig. 13a). Thus, the tektites
studied here have reached temperatures higher than 2200 ◦C for a short
period of time. These characteristic times are of the order of seconds
rather than minutes as it is often presumed (Wilding et al., 1996; Stöffler
et al., 2002). Because MN-AAT is richer in SiO2 than ICT, it requires
higher heating temperatures or longer heating times to produce similar
diffusion profile. On the other hand, this higher SiO2 content may
require slightly lower temperatures to produce viscosity ratios (µSiO2/
µglass) closer to 1 and allow for the stretching of lechatelierite domains
(Fig. 13).

Fig. 6. Bright field TEM images and SAED pattern of the glassy material surrounding the inclusion in ICT (cf. Fig. 5). a) Dark nano-domains are dispersed in the host
glass. The size of the domains decreases (100 nm to <5 nm) toward the direction of the inclusion (see annotations). b) Most of the dark inclusions are circular but
some are elongated or rectangular. Domains contain heavier elements (Ca, Fe and Mg) than the host SiO2-rich glass (Fig. S10). c) SAED pattern of the amorphous
nanodomains.
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Fig. 7. TEM/STEM analysis of a phosphate-rich inclusion in MN-AAT1. a) Conventional BF-TEM image of the whole inclusion. Several phases can be identified and
their boundaries are drawn using Bragg contrasts (mineral close to Bragg conditions for diffraction appear darker). b) STEM-HAADF image of the whole inclusion
evidencing the platy magnetite. Magnetite and pyroxene are included in the phosphate (Fig. S11). c) BF-TEM image of the Ca-phosphate mineral (apatite). Diffraction
contrasts show significant disorder in the crystal. Nano-domains of heavy material (Ca, Fe, Mg) are also observed in the silica-rich host glass surrounding the in-
clusion (Fig. 6 and Fig. S10). The evolution in size is similar to the nano-domains observed around the inclusion in ICT (Fig. 6). d) SAED allowing the identification of
the phosphate phase as apatite oriented along the [0,1,0] direction. e) BF-TEM image of the Al-pyroxene. The boundaries of the crystal are sharp, but Bragg contrasts
also evidence disorder in the crystal. f) SAED pattern allowing the identification of the pyroxene structure. The grain is oriented along the [1,0,0] axis.
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(b) Cooling rates

In MN-AAT complex inclusions, the sequential crystallization carries
crucial information on cooling rates (crystallization of dendritic spinel
on platinoid-rich nuclei, followed by the pyroxene crystallization and

finally phosphate formation in late crystallization). Each mineral
recorded a different stage of cooling. Under atmospheric pressure, spinel
crystallizes at higher temperature (>1400 ◦C) than pyroxene
(~900− 1100 ◦C) and apatite (<1000 ◦C). The dendritic nature of spinel
and the magnetite-corundum intergrowth (Fig. 8) indicate rapid

Table 3
STEM EDS quantification (At%) of the fivemain phases observed in the MN-AAT1 inclusion. Themagnetite is not stoichiometric due to the abundant substitutions in its
structure (see Fig. 8). The phosphate may contain traces of molecular OH in its formula, but these radicals could not be detected by EDS quantification.

Atomic %

O Si Al Mg Fe Ca P Ti Cr Mn K Na Cl

Glass 63.35 28.43 3.44 1.02 0.52 0.41 0.42 0.13 0.07 0.08 0.73 1.26 0.14
Fe/Mg Phosphate 59.26 1.03 0.78 10.16 4.44 7.59 15.07 0.16 0 0.25 0 1 0.25
Magnetite needle 54.22 2.32 8.23 4.44 20.04 0.39 3.1 4.02 0.27 0.29 0.31 1.92 0.45
Pyroxene 59.61 14.07 6.29 12.81 5.65 0.39 0 0.57 0.12 0.05 0.16 0.03 0.25
Fe/Mg Spinel 55.31 1.07 21.87 7.95 10.14 0.29 0.62 1.58 0.29 0.32 0.31 0 0.24

​ Formula Unit

O Si Al Mg Fe Ca P Ti Cr Mn K Na Cl

Fe/Mg Phosphate 12 0.21 0.16 2.06 0.9 1.54 3.05 0.03 0 0.05 0 0.2 0.05
Pyroxene 6 1.42 0.63 1.29 0.57 0.04 0 0.06 0.01 0.01 0.02 0 0.03
Fe/Mg Spinel 4 0.08 1.58 0.58 0.73 0.02 0.04 0.11 0.02 0.02 0.02 0.00 0.02

Fig. 8. Intergrowth of Ti-rich magnetite and corundum in phosphate-rich inclusion in MN-AAT1 sample (see also Fig. S12). a) Large field of view HAADF image of
the platy magnetite observed in the [1,1,1] direction. b) SAED pattern of the magnetite showing superlattice reflection. c) Intergrowth of corundum (darker) and
magnetite (brighter) domains. The dominant phase is magnetite that is in places replaced by corundum. d) Determination of the atomic arrangement of the
magnetite-corundum intergrowth.
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crystallization and fast cooling rate at high temperature. Conversely, the
well-crystallized structure of the pyroxene and phosphate mineral
indicate slower cooling rates for lower crystallization temperature. This
observation indicates an evolution of cooling rates as a function of
temperature for MN-AAT, with fast cooling rates at high temperatures
forming dendritic crystals and lower cooling rates as cooling proceeds
favoring the complete crystallization of the inclusions (Fig. 13). In ICT,
there is no crystallization sequence, and only the presence of merrilite
can provide information on cooling rates. Apatite and merrillite–-
whitlockite are common minerals in many plutonic rocks and extra-
terrestrial bodies and coexist in similar temperature and pressure con-
ditions (McCubbin et al., 2014; Słaby et al., 2017). The occurrence of
one phase over another is not dependent of the temperature but is rather
related to the Ca content that is higher in the ivorite sample (Table 1).
However, their nanostructure is characteristic of their cooling rates. The
amorphous phosphate surrounding the merrillite crystals in the ICT
(Fig. 5) indicates faster cooling rate than MN-AAT which, in contrast,
exhibits completely crystallized inclusions (Fig. 7).

Cooling rates can also be estimated from the density of inclusions
that nucleated in tektites (Fig. 1d, Fig. 2). Solid phases cannot nucleate

in a liquid that is cooled too rapidly. Estimated rates also depend on the
bulk composition since glass with higher SiO2 content would require
lower cooling rates to start crystallizing isolated crystals (Lofgren and
Hargraves, 1980; Zhang, 2009). The glass forming ability of silicate
melts with composition close to tektites has previously been investigated
(Vetere et al., 2015). To obtain textures and percentages of isolated
inclusions similar to those in natural glass (Fig. 2), cooling rates for ICT
must have exceeded of 2000 ◦C/h (cooling duration= 1 h). Those results
are in the range of cooling rates estimated by calorimetric relaxation
geospeedometry (1–10 ◦C/s, i.e., 3 to 30 min e.g., Wilding et al., 1996).
Because MN-AAT has a higher inclusion density (Fig. 1d) and given the
composition of the glass (enriched in Si) it must have experienced longer
cooling times. When compared to experimental data with similar Si
concentration, cooling rates below 180 ◦C/h (cooling duration > 10h)
are obtained (Vetere et al., 2015).

The estimated cooling rates are subject to uncertainties because (1)
the phase abundances obtained are estimated from chemically homo-
geneous molten material, (2) the cooling rates are strongly dependent of
the – unknown- localization of the fragment of tektite within the com-
plete object (core vs edges), and (3) the inclusions observed in both

Fig. 9. Map of the chemical variation in the system Al2O3-Fe2O3-Fe3O4. a) HAADF image of a dendritic spinel in MN-AAT2. b) Phase map of Al-spinel and Fe-spinel
(i.e., closer to a magnetite endmember). Shade in color allow to represent chemical variations. c) Map of the Fe3+/

∑
Fe variation in the dendritic spinel from MN-

AAT2 based on EELS L2,3 calibrations. d) Spectra showing the Fe L2,3 chemical shift in energy between the core and the edge of the spinel and evidencing the Fe
oxidation state variation during the crystallization of the mineral.

Fig. 10. SEM-EDS profiles. a) profile extracted in ICT from the lechatelierite domain in Fig. 2b. b) Averaged profile extracted in MN-AAT1, see Fig. S3. All elemental
profiles (Al2O3) are approximately of the same length as SiO2 except MgO which show a shorter profile (16.5 µm). The profile length is defined by using the 84–16 %
composition rule (composition difference between the two plateaus in Fig. 10) described in Macris et al., (2018). It has the advantage of using a large portion of the
profile while avoiding the nearly flat parts that may be difficult to model.
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tektites may be inherited from pre-existing grains that affect the local
composition and favor the crystallization of neo-forming grains.

(c) Proposed scenarios for the thermal history of the two tektites

The formation of craters by high-speed impacts is the source of
complex phenomena. In a brief period of time (a few seconds), the tar-
geted rock undergoes a series of complex processes, including pre-
impact heating by radiation from the plasma created by atmosphere
compression, shock-induced melting of the material, and temperature
buffering in the vapor plume. Each generated tektite has recorded a
particular trajectory in this temperature pressure mesh. In other words,
two tektites from the same impact, whose initial source is not far away,
may have experienced markedly different time–temperature conditions.
To facilitate interpretation of the data, given that the initial heating
steps are relatively brief (of the order of a few seconds) and that we
cannot distinguish the different heating mechanisms from the informa-
tion recorded in the mineral inclusions, we group these mechanisms
under a single denomination: impact plume development. Similarly, we
have shown that the initial cooling rate is fast enough to produce den-
dritic spinels, and therefore we assume that the diffusion profiles are
mainly formed during temperature buffering in the plume rather than
during material cooling (Figs. 10-12).

After the impact, the two samples are buffered at high temperature in

the vapor plume where the low viscosity contrast allows lechatelierite/
host glass mixing (to decrease λ = µSiO2/µglass, e.g., (Fig. 13a). The
cooling of a tektite is driven by by temperature-dependent heat losses at
surface (σT4) and radiative/conductive heat transfer within the tektite.
Without the buffering effect of the plume, once the tektite radiates into
the void or an ambient atmosphere, it can potentially reach relatively
high cooling rates, depending on its size and the heat transfer inside the
tektite. Diffusion profiles from lechatelierite domains demonstrate that
MN-AAT was heated to a higher temperature or for a longer time than
ICT (Fig. 11 vs Fig. 12). The MN-AAT impact crater (and therefore the
energy) for the Australasian tektites is supposedly larger (>30km) than
for Bosumtwi crater (10 km), suggesting that MN-AAT may have been
buffered in a larger impact plume and thus for longer times. We may
thus assume that the MN-AAT was heated to a temperature >2200 ◦C
and heated for a longer time (20 s) in the vapor plume (Fig. 13b) than
ICT. After this period of SiO2 diffusion, an increase in cooling rate, for
instance due to separation from the plume, stopped the homogenization
of the glass. Such high cooling rates are recorded by the dendritic spinel
and the magnetite-corundum intergrowth in MN-AAT (Figs. 8 and 9).
Although diffusion may have occurred during this fast-cooling period, it
was negligible in comparison to that during the heating period (equa-
tions 11–12). Stöffler et al., (2002) presented a numerical model for the
production of moldavites associated with the Ries impact. In their
model, all particles land on the surface 5–30 min after the initial impact.

Fig. 11. Comparing data from ICT lechatelierite diffusion profile (dark circles) with a model from Macris et al., (2018). Diffusivity parameter is calculated using the
equation 4 in the text to account for SiO2 concentration variation (in each point) and this at 1800, 2000, 2200 and 2400 ◦C for 0–250 s (colored lines). Characteristic
times of diffusion are also consistent with more simplistic model using an averaged diffusion coefficient (Fig. S13). The profiles produced using equation (2) are
centered around the Matano plane (a point along the diffusion profile that defines where the areas under the concentration curve are equal on either side of a
vertical plane).
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The characteristic cooling time that we obtained for MN-AAT (~10h,
which is consistent with the large size of Muong Nong blocks) is far
superior to the time of flight, indicating the MN-AAT tektite likely
finished cooling down on the ground at slower (~200 ◦C/h) rates
(Gattacceca et al., 2022). The reason for the slower cooling rate
(compared to ICT) could be the much larger mass of the Muong-Nong
type Australasite bodies, as samples up to 24 kg have been reported
(Koeberl, 1992, 1994; Fiske et al., 1999). Also, the landing in a heavily
vegetated area with wildfires ignited by impact plume radiation or still
hot tektite melt may have slowed cooling.

In comparison, we have less information about the ICT, since only
the lechatelierite scattering profiles and the presence of merrilite inform
about the thermal history. As shown above, the time required to produce
diffusion profiles is shorter than for MN-AAT (for the same nominal
distance of ~20µm) because the host glass is poorer in SiO2. Therefore,
we suggest that ICT was heated above 2200 ◦C for a short heating time of
~5s. ICT was then exposed to fast cooling rates (inclusions are mostly
made of amorphous phosphates) yet slow enough (~2000 ◦C/h) to start
crystallizing merrillite acicular crystals.

Quantification of heating and residence times in the plume are based
here on information recorded in the inclusions of both samples. How-
ever, these estimates are subject to uncertainties due to the heteroge-
neous nature of samples. They would be greatly improved by modelling
studies of the two plumes, which would allow to estimate the ejection
velocities and the propagation velocity of the impact plume.

4.2. Origin of the phosphate minerals in Ivory Coast and MN Tektites

(a) Inclusions inherited from pre-existing grains

Most of the mineral inclusions in tektites have been described in
Australasian tektites and microtektites (Glass and Barlow, 1979; Dress-
ler and Reimold, 2001; Folco et al., 2010; Cavosie, 2018; Cavosie et al.,
2018; Křížová et al., 2019; Rochette et al., 2021; Pan et al., 2023). Those
mineral inclusions are mainly quartz (lechatelierite, SiO2), Fe-Ti oxides,
silicates and refractory minerals as zircon or reidite (ZrSiO4), badde-
leyite (ZrO2), rutile (TiO2), corundum (Al2O3), chromite (FeCr2O4) and
one phosphate mineral, monazite (Ce,La,Nd,Th)PO4. In addition to these
inclusions, “metallic spherules” mostly constituted of kamacite (FeNi),
troilite (FeS) and schreibersite ((FeNi)3P) were reported from several
splash-form AAT (Chao et al., 1962, 1964). Recently, shenzhuangite
(NiFeS2) inclusions were described MN-AAT tektites by Křížová et al.,
(2019). Besides MN-AAT, Fe-Ti oxides inclusions have also been
described in belizite (Rochette et al., 2021) while zircon and baddeleyite
(ZrO2) have been described in moldavite and North American tektites
(Glass and Barlow, 1979; Glass et al., 1995). No inclusions have been
described in ivorites so far, apart from lechatelierite. Phosphate in-
clusions have been described in Lybian desert glass (Kovaleva et al.,
2023).The inclusions found in our study in the Ivory coast and Aus-
tralasian tektites are the first to contain phosphate minerals (apatite and
merrillite) other than the monazite crystal previously identified by Glass

Fig. 12. Comparing data from MN-AAT lechatelierite diffusion profile (dark circles) with a model from Macris et al., (2018). Diffusivity parameter is calculated to
account for SiO2 concentration (SiO2 = 77 wt%) at 1800, 2000, 2200 and 2400 ◦C for 0–250 s (colored lines). Lechatelierite diffuse slower for higher SiO2 con-
centration. Characteristic times of diffusion are also consistent with more simplistic model using an averaged diffusion coefficient (Fig. S13). The profiles produced
using equation (2) are centered around the Matano plane (a point along the diffusion profile that defines where the areas under the concentration curve are equal on
either side of a vertical plane).
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and Barlow (1979) and characterized by Seydoux-Guillaume et al.
(2024). The presence of such inclusions is crucial because they allow
discussing the source of the material that was excavated.

The mineral inclusions in MN-AAT and ICT may be interpreted as
either terrestrial in origin or as extraterrestrial material derived from a
projectile that has been incorporated into the tektite glass. Nevertheless,
the available evidence suggests that these inclusions are of terrestrial
origin for both samples. InMN-AAT, the low bulk content of Ni, Co, and
Cr indicates that contamination from extraterrestrial sources is unlikely.
In the case of ICT, all the phosphate grains are contained in lechate-
lierite, which has long been recognized as being inherited from terres-
trial material (mostly quartz grain).

Phosphates are insoluble in Si-rich melts and tend to precipitate in
glass (Tollari et al., 2006). The mineral inclusions observed in this study
could result from the local precipitation of the phosphorus contained in
the surrounding silicate melt. In MN-AAT the precipitation could have
been facilitated by the presence of a tiny (~50 nm in size) Pt-rich nu-
cleus (Fig. 3e and S7-8). However, the bulk P2O5 content of the two
tektites is too low to support such a scenario. It rather suggests that the
inclusions in the two tektites are inherited from pre-existing grains that
melted and re-crystallized. In MN-AAT, the exogenous origin of the
inclusions is evident in Fig. 3b, where they are embedded in lechate-
lierites. However, they are also particularly evident in Fig. 1d, where
they are systematically included in Fe-rich flow bands. One such
schlieren or flow band (Fig. 3c) is an emulsion of melted pre-existing
grains, mainly phosphate. The preservation of such small, partially
coalesced droplets suggests immiscible liquids. The glass host in this
emulsion is Fe-rich reflecting other phases in the precursor sediment.
The preservation of small, partially coalesced droplets (e.g., the nano-
sphere observed at the SEM and TEM scale in Fig. 3a and Fig. 6) in-
dicates the pre-existing grain was not entirely digested. The number of
pre-existing grains appears to be significant and suggest that the Fe-
rich liquid sampled a relatively phosphate-rich material. In ICT phos-
phate inclusions are systematically included in lechatelierite (Fig. 2).
The systematic association of Ca-phosphate with lechatelierite grains in
ICT suggests that those inclusions are derived from pre-existing grains
partially digested by the glass, which have melted and recrystallized
locally (Chao et al., 1962).

(b) Origins of the phosphate inclusions

Phosphate minerals are not ubiquitously distributed on the Earth’s
surface. The phosphorous cycle involves both biological and geological
processes and phosphates occur in both worlds. Sedimentary Ca-
phosphates are mainly marine sediments formed by an upwelling of
phosphate-rich water into relatively shallow marine settings (Kohn
et al., 2003). Such phosphate-rich water is usually produced due to high
biological activity (bacteria, plankton, algae, fish). Ca-phosphates are
also common minerals in many plutonic rocks, ranging from granites to
the late stage cumulates of mafic systems (e.g., Bea et al., 1992;
McCubbin et al., 2014; Jones et al., 2016).

The ICT case is interesting in the quest of identifying the origin of the
phosphate detrital grains because the source crater has long been
identified and verified (Lacroix, 1935; Koeberl et al., 1997, 1998; Soro
et al., 2023). The Bosumtwi crater in Ghana, West Africa, the source
crater of ivorites is excavated in 2.1–2.2 Ga old metasediments and
metavolcanics of the Birrimian Supergroup. In details, the crater exca-
vated mostly lower greenschist facies metasediments, and the meta-
volcanics rocks are rather situated in the southeast part of the lake. Such
parent geology obviously excludes a marine sediment origin for the
phosphate inclusion in the ICT. Koeberl et al., (1998) provided a
comprehensive study of the excavated material. Their geochemical
study of the target rocks shows that the most enriched facies is a shale
with a maximum of P2O5 = 0.13 wt%. Such phosphorus content again
excludes a precipitation of the phosphate rich inclusions observed in ICT
from the bulk phosphorus content of the melted target material. Besides
the bulk composition, Koeberl et al., (1998) also described the petrog-
raphy of the rock excavated by the impact allowing to identify potential
detrital grains and their abundances. They provided no description of
phosphates as common or accessory mineral in the various facies.
Accessory apatite has only been described in a mafic dike located NE of
the Bosumtwi lake (Losiak et al., 2013). Additionally, the fact that
merrillite systematically occurs only in lechatelierite in ICT is an
important indicator of its potential origin. It has been widely accepted
that lechatelierite were inherited from the digestion of quartz grains,
thus indicating a quartz rich precursor rock (Chao et al., 1962). Yet, it is
unlikely to find inclusion of phosphates within a quartz grain, especially
in this abundance (Fig. 2a,b). Hydrothermal quartz–apatite veins would

Fig. 13. a) Arrhenius plots for the viscosities of glass with various compositions. Viscosities are modeled using the three-parameter Tammann-Vogel-Fulcher (TVF)
equation from (Richet 1984; Toplis et al., 1997). The gray rectangle encloses the area where viscosity ratio; λ= µSiO2

/µglass is low. b) Schematic representation of the
two thermal histories from ICT (blue) and MN-AAT (green) samples. Both samples are rapidly heated by the impact. MN-AAT reached a higher maximum tem-
perature but for a short time before being ejected from the vapor plume and slowly cooled at the Earth’s surface. ICT was heated to a lower temperature but remained
in the plume longer, before being rapidly cooled in the atmosphere. Fe-rich glass in MN-AAT originate from a late addition of material in the glass.
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be the only potential geological context where these two phases could be
associated. Still, those veins are not described in the petrologic
description of the target rocks by Koeberl et al., (1997) and occur almost
exclusively in the southern Central Iberian Zone (e.g., Vindel et al.,
2014).

An alternative hypothesis for the origin of the lechatelierite in tek-
tites has been proposed by Kinnunen (1990). According to their model, a
possible precursor of the lechatelierite is silica of plant origin in the form
of biogenic opal-CT (mostly amorphous but historically considered to be
composed of disordered cristobalite and tridymite) that were included in
the shock-melted soil and bedrock during the impact, and formed an
immiscible liquid with the host glass. Inorganic phosphate is one of the
most important components of plant nutrients and can be enriched in
young soil (Delgado and Torrent, 1997; Almeida et al., 2021). The as-
sociation of merrillite and lechatelierite in the ICT suggest that the
parent material for those inclusions is not the conventional detrital
quartz grains but rather an organic silica and phosphate mixture derived
from plants and residing in the soil subjected to impact melting. The
surface material (association of soil and living plants) would thus
explain the association of lechatelierite and phosphate inclusions in ICT
(in addition to potential detrital quartz grains from excavated bedrock).
A soil sample enriched in P2O5 with a content of 2.2 wt%was reported in
the vicinity of the crater (Boamah and Koeberl, 2002). In addition, both
ICT and MN-AAT are anomalously enriched in the alkali elements Ca,
Na, Sr and Ba. Soil is normally depleted in alkali-earth elements, but
biomass can be enriched in them (Mizera and Řanda, 2022).
Geochemical measurements are thus compatible with our argument of a
biomass-contaminated sedimentary target. In their paper, Mizera and
Řanda (2022) advocate for a biogenic contamination in moldavites,
suggesting that a future search for phosphate inclusions in these tektites
could also be fruitful. A potential argument against biogenic contami-
nation is the Na content. Mizera and Řanda (2022) showed that Na is
abnormally depleted in moldavites. They interpreted this depletion as
due to the differentiation of K/Na in soil profiles and suggested that it is
a strong tracer of the biogenic contribution. K/Na ratio is low in ICT and
relatively low in MN-AAT, or at least not that high as in moldavites.
However, for ICT, the superficial material (regolith) is depleted in K,
which explains the low K/Na ratio. Also, regardless of the effect of
regolith composition, Na depletion also depends on the mixing pro-
portion and composition of the sediment and biomass. As discussed in
Mizera and Řanda (2022) complex fractionation processes combining
vaporization and condensation in various stages of the impact and
tektite formation cannot be excluded and canmodify the K/Na ratio. It is
beyond the scope of this paper to model those fractionation processes,
but it advocates that the presence of Na does not rule out the scenario of
a biogenic contribution in the case of ICT and MN-AAT. Ultimately, we
suggest that the phosphate inclusions and the emulsion textures found in
the Fe-rich glass (Fig. 3a-c) also formed from a similar integration of
surface material in MN-AAT that later formed an association of immis-
cible melts.

4.3. Tektite reduction process during impact recorded by dentritic spinels

Tektites are known to be relatively reduced glasses, as shown by their
low ferric to ferrous iron ratios and low (<10 ppm) ferromagnetic im-
purities content (e.g. Rochette et al., 2015). Iron reduction seems to be
linked to the impact process (Rochette et al., 2021), but detailed clues on
the process are lacking. The dendritic spinels observed in MN-AAT show
a variation in composition with an Fe-rich core that crystallized starting
from the Pt-rich nuclei (close to the outer boundary of the inclusion) to
an Al-rich termination. Such chemical variation is accompanied with an
evolution of the Fe oxidation state. The introduction of Al3+ in the
crystalline structure as the dendrite is forming replace the Fe3+ and
lowers the Fe3+/

∑
Fe ratio through time. The dendritic nature of the

spinel implies relatively rapid crystallization. The Pt-rich nuclei must
have promoted the crystallization of spinel and the fast accommodation

of the local Fe3+ in a few seconds (Figs. 3 e, f and 9). Similarly, the
presence of corundum – magnetite (Fig. 8) intergrowth has rarely been
reported in the literature but is also ascribed to important changes in
redox conditions and chemical potential during fast crystallization at
high temperature (Coenraads et al., 1995; Lin Sutherland et al., 1998).
The decrease in oxygen fugacity must therefore have been drastic, in a
matter of seconds and the dendritic spinels and magnetite-corundum
intergrowths are a direct record of the reducing process that generated
tektites.

Three scenarios can be proposed to explain such rapid change in fO2.
The fO2 could have drastically decreased within the plume during the
tektite’s atmospheric ejection and the mineral inclusions crystalized
during the ascent recording the redox variation. However, the inclusions
trapped in the glass should have equilibrated with the external O2 partial
pressure in a fraction of a second. It is unlikely that the system ho-
mogenizes fast enough to change the composition of the spinels and
magnetite. Another scenario that was proposed in the literature is the
isentropic cooling. In this scenario, after the initial decompression, the
material is a single-phase supercritical fluid. Once the pressure drops
below the critical point, liquid and vapor phases appear, expand rapidly
and cool isentropically. In such a system, species like Fe2O3 can be
thermodynamically unstable and separate into oxygen gas in the vapor
phase and reduced FeO or iron metal in the liquid phase. In such a
scenario the whole material forming tektite is vaporized. However, total
vaporization may remove the close correlations between tektites and
their source rocks and destroy mineral inclusions (Koeberl, 1994).
Another scenario would be that the redox reaction occurred at the time
of the impact within the generated plume where chemical species could
have interacted. A reaction involving a chemical species able to react
with oxygen could have reduced the iron in the ejected material. Pub-
lished data indicate that besides carbon gas (CO2 and CO) trapped in
tektite bubbles, another carbon reservoir is present directly in the tektite
glass (Žák et al., 2012). One hypothesis for the origin of this carbon
enrichment is that it was brought about by a meteoritic impact.
Nevertheless, a considerable body of research has demonstrated that
extraterrestrial meteoritic material in tektites is scarce (Ganapathy and
Larimer, 1983; Žák et al., 2012; Ackerman et al., 2019). Another po-
tential carbon reservoir is the terrestrial organic matter contained in the
soil and plants, as previously suggested by the presence of phosphate
grains in lechatelierite. Forests can bear important mass of carbon suf-
ficient to reduce iron through a simplified reaction:

Fe2O3 +½ C⇄2 FeO+ ½ CO2 (3)

Considering the typical carbon content in forest biomass of 25 kg/m2

(Keith et al., 2009), one can compute the maximum thickness over
which the reaction presented in equation (3) can affect all the Fe3+

present in the first meters of the Earth subsurface. Assuming a 5 wt%
Fe2O3 content, a 7-meter-thick layer of subsurface material with density
of 2 g/cm3 may be reduced, and an even higher value may be expected if
adding soil carbon. It thus appears that there is enough organic carbon to
reduce the first few meters that are assumed to produce the tektites
based on 10Be data (Serefiddin et al., 2007; Rochette et al., 2018).
Reduction of iron by soil and biomass carbon would explain the fast-
reducing process recorded by the spinels at the time of the impact and
a terrestrial origin of the rare metal spherules found in tektites
(Ganapathy and Larimer, 1983). The presence of this surface material in
addition to the excavated material could be an important component in
the process of generating tektites and their geochemistry. Nevertheless,
it is clear that a significant proportion of the material originates from
deeper rocks and evidence of organic matter in tektites has to be
documented beyond one isolated observation in a reduced impact glass
(Howard et al., 2013). The δ29Si and δ30Si ratios of lechatelierite, in
conjunction with the 13C/12C carbon ratio (in the event that traces of
solid carbon matter are identified), would permit the examination of the
biogenic provenance of these compounds.
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5. Conclusion

The study of mineral inclusions in tektite samples from two distinct
strewn fields; Ivory Coast tektites (ICT sample) and Muong Nong type
Australasian tektites (MN-AAT sample) revealed the presence of Ca-
phosphate inclusions. In MN-AAT, phosphates are sometimes associ-
ated with magnetite, pyroxene and spinel grown from a Pt-rich nucleus.
In ICT the phosphates are systematically included in lechatelierite.
Those mineral inclusions are rare in tektites and shed new lights on the
thermal history and on the source material of those impact generated
molten glasses. Based on our mineral characterization we concluded that
MN-AAT represents an ejecta that was heated up to high temperature
(2200 ◦C) and that was then buffered in temperature in the impact
generated vapor plume for a long-enough time (20s) to produce the
diffusion profile found around lechatelierite. The material then cooled
down at a slower rate, after landing on the Earth surface, allowing the
crystallization of large mineral inclusions (up to 10–30 µm). The ICT
potentially underwent shorter buffering in the vapor plume (5s) to
produce similar characteristic profile diffusion length (due to lower SiO2
content in the host glass) and faster cooling rates (most of the inclusion’s
material is amorphous). However, this sample still outstands from its
field with important intra-sample chemical variation evidenced by
numerous schlieren and a few mineral inclusions. The nature of the in-
clusions found in the two tektites suggest that they may have sampled
surface material enriched in P through biogenic processes. Surface ma-
terial, including biomass is often ignored when discussing the origin of
tektites although there is no doubt that it is an important component
sampled involved by the impact during the impact process.
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