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Microtektites are microscopic impact glass spherules produced by the melting and
vapourisation of the Earth’s crust upon hypervelocity impact of large asteroidal/

location fffL cometary bodies. They are distal ejecta distributed in strewn fields extending for thou-

sands of kilometres. We studied the geographic distribution of the impactor signature
in microtektites from the Australasian strewn field using Ni contents as a proxy.
Although still unidentified, geological evidence suggests an impact location in south-
east Asia. Based on this assumption, the impactor signature (Ni concentrations of up
to 678 pg/g; one order of magnitude higher than continental crust values) decreases

3000 km with ejection distance and is not detected in the most distal microtektites from

Antarctica. This evidence, coupled with trends versus launch distance in the concen-

trations of cosmogenic nuclides, volatile elements, Fe isotopes, and compositional homogeneity documented in the literature,
suggests the following constraints for tektite formation models: the parent melts of the microtektites launched further away
formed first, experienced the highest thermal regimes and record no impactor-target materials interaction, whereas those
microtektites ejected closer formed later, experienced lower thermal regimes and record variable impactor-target materials
interaction. The lack of impactor contamination in the most distal microtektites suggests that the early formed tektite/microtektite
melts originated shortly before touchdown, possibly through thermal radiation in a compressed air front preceding the

incoming fireball.
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¥ Introduction

Tektites are siliceous glass objects up to several tens of centi-
metres in size with splash/flanged ballistic and aerodynamic
forms or blocky shapes with layered structures, i.e. the Muong
Nong-type (e.g., Glass and Simonson, 2013). Microtektites are
their microscopic counterparts and typically occur in the form
of spherules less than 1 mm in diameter. Tektites and microtek-
tites are high velocity, distal impact ejecta, distributed in strewn
fields extending for thousands of kilometres (e.g., Glass and
Simonson, 2013). They are generated by the melting and
vapourisation of the Earth’s continental crust during large
scale (typically oblique) impacts of asteroidal/cometary bodies
(Artemieva, 2002). Their volatile depleted, upper continental
crust-like bulk composition derives from the involvement of large
volumes of crustal materials during their formation process.
As they are sourced from the top layers of the crustal targets (Ma
et al., 2004; Rochette et al., 2018), they are a natural laboratory for
investigating the chemical-physical, target-projectile interactions
in large impacts. Such interactions are of critical importance for
improving our understanding of the tektite/microtektite formation
mechanism and of the impact melting process in general (e.g.,
Osinski et al., 2013; Goderis et al., 2017).
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Evidence for chemical-physical, target-projectile inter-
actions has been recently reported in some tektites and many
microtektites from the Australasian strewn field (Fig. 1; Folco
et al., 2023). In our previous paper we interpreted the high Ni
concentrations (>100 pg/g Niand up to 678 pg/g), i.e. well above
the average upper continental crustal value (20 pg/g Ni; Taylor
and McLennan, 1995), and relatively low Mg contents, as related
to a chondritic impactor contamination of up to ~6 % by mass.
We also presented several geochemical arguments to exclude the
alternative explanation of this enrichment by terrestrial ultra-
mafic contamination. In this work, we study the geographic
control in the distribution of this signature in the strewn field.
We focus on microtektites because, in contrast to macroscopic
tektites, they 1) have a wider and more continuous distribution
from southeast Asia to Antarctica, from the Indian to the Pacific
oceans, and 2) they are sourced from the topmost layer of the
target, based on '’Be data (Rochette et al., 2018) and thus the tar-
get material that experienced interaction with the projectile first.
Here we show a relationship between impactor signature and
ejection distance that opens new perspectives in the understand-
ing of the target-projectile interactions, impact melting, and
ejection in large scale impacts on Earth at the very contact.
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Putative impact location

Figure1 The Australasian tektite/microtektite strewn field (modi-
fied after Folco et al., 2023). The find locations of tektites and
microtektites are marked by squares and circles, respectively; the
yellow circles are the locations of the microtektites studied in this
work. The putative impact location in Indochina (Ma et al., 2004) is
arrowed. Tektites are found on land from Southeast Asia over
much of Australia and Tasmania. Microtektites are found in deep
sea sediments from the surrounding ocean basins, as well as on
land in Antarctica, in the Transantarctic Mountains and Queen
Maud Land. Black crosses are locations of deep sea sediment cores
where microtektites were not found.

The Australasian Tektite/Microtektite
Strewn Field

The Australasian tektite/microtektite strewn field covers ~15 %
of the Earth’s surface (Fig. 1) and formed ~0.8 million years ago
(Jourdan et al., 2019; Di Vincenzo et al., 2021) through the hyper-
velocity impact of a chondritic body (e.g., Goderis, et al., 2017;
Folco et al., 2018, 2023). It is the youngest and the largest of
the five Cenozoic strewn fields known: Australasian, Ivory
Coast, Central European, Central America, and North America
(Glass and Simonson, 2013; Rochette et al., 2021). It is also the
most elusive since its source crater has not yet been identified.
However, evidence of high pressure phases in tektites (Cavosie
et al., 2018; Glass et al.,, 2020; Masotta et al., 2020) and other
shocked ejecta (e.g., Glass and Fries, 2008) indicate that they
are linked to a crater forming event. Petrographic, geochemical,
and isotopic trends (e.g., geographic distribution of microtektite
abundance, of Muong Nong type tektites and their 1°Be concen-
trations, efc.) point to an impact location in Indochina or the sur-
rounding seas (e.g., Ma et al., 2004; Glass and Koeberl, 2006), or
farther north in northwest China (Mizera, 2022). Ejecta distribu-
tion suggests a crater diameter in excess of 30 km (Glass and
Koeberl, 2006). The tri-lobate outline of the strewn field defined
by the distribution of microtektites (Fig. 1) resulted from down
range, S-, SE- and SW-ward ballistic ejection of three main
ejecta rays, according to Glass and Simonson (2013).

Geochemical studies and mineral inclusions in layered tek-
tites from Indochina suggest a fine grained, sedimentary source
rock, e.g., greywacke or loess (Wasson, 1991; Glass and Koeber],
2006). Consistently, the bulk composition of Australasian tektites
and microtektites is strikingly similar to that of the upper
continental crust, although depleted in volatile elements
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(e.g., Glass et al., 2004). A surface or near surface sedimentary
deposit was proposed based on “Be studies (Ma et al., 2004;
Rochette et al., 2018). The Nd model ages for both tektites and
microtektites indicate source rocks with a Meso-Proterozoic
crustal residence time (Blum et al, 1992; Folco et al., 2009;
Soens et al., 2021).

! The Data Set

The microtektites studied in this work (n=144, ~60 % of the
total available from the literature), comprise those defining
the high Ni/Mg trend identified by Folco et al. (2023) and inter-
preted as a mixing line joining the composition of the upper
continental crust, taken as an approximation of the quartz-
feldspathic target rock, and chondritic material as the impactor
(Fig. 2). The database, reported in Table S-1, is a compilation
of geochemical data from the literature (see references therein).
The other microtektites available from the literature were not
included in the selection because they define mixing trends with
end member compositions yet to be identified (Folco et al., 2023).

Microtektites range from 60 to 760 pm in diameter
(Fig. S-1). Eighty seven microtektites are from sixteen deep
sea sediment cores from the Celebs Sea, South China Sea,
Philippine Sea, Sulu Sea, Indian and Pacific Oceans (Fig. 1,
Table S-1). They vary widely in shape from spheroids to dumbell
and tear drops. The majority are translucent and have vitreous
lustre, dark-brown-green colour, and variable contents of
vesicles (up to few tens of pm in diameter). Most (>90 %) contain
undigested microscopic, shocked target relict grains, lechatelier-
ite and fine compositional schlieren. Few are yellow-brown,
transparent and optically homogenous. The fifty seven Antarctic
microtektites are from six locations in the Transantarctic
Mountains, namely, Schroeder Spur, Killer Nunatak, Miller
Butte, Allan Hills, Larkman Nunatak and Mount Reymond,
and one location in Queen Maud Land, Mount Widerg. In con-
trast to microtektites from deep sea sediments, they are transpar-
ent, pale-yellow in colour, virtually devoid of mineral inclusions
and compositional schlieren, and only few (~15 %) contain a
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Figure 2 Nickel (ug/g) versus Mg (wt. %) variation diagram show-
ing the two main Ni/Mg trends observed in Australasian microtek-
tites (n =244): the high Ni/Mg trend, T1 (black symbols; n=144),
and the low Ni/Mg trend, T2 (open symbols; n=100) (modified
after Folco et al., 2023). T1 is defined by microtektites with a chon-
dritic impactor signature up to ~6 wt. % and are distinguished
from those on the T2 trend by having <2.2 Mg wt. % and
>0.006 Ni/Mg for Ni <100 pg/g.
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single microscopic vesicle. Except for a few with ellipsoid shapes,
most are spheres.

! Data Analysis

The following data analysis is based on the assumption that the
still unidentified impact location is in southeast Asia, as men-
tioned above. Given the large extension of the Australasian
strewn field, this approximation does not introduce significant
bias in our discussion.

The data set shows that Ni concentrations — and thus
impactor contamination — decreases, on average, with increas-
ing distance from the putative impact location in Indochina
(Fig. 3). Considering an impact location farther north in north-
west China, as alternatively proposed by Mizera (2022), would
not introduce significant changes. Microtektites found within
3000 km of the putative impact location (n=78) show Ni con-
tents averaging 144 ug/g and ranging 13-678 pg/g; those found
at distances >3000 km and <10,000 km in the Indian and Pacific
Oceans (1 =9) have Ni contents averaging 51 pg/g and ranging
4-120 pgl/g; those found at distances >10,000 km in Antarctica
(n=57) have Ni contents averaging 5 ug/g and range 1-17 pug/g.
The Ni contents in microtektites found at distances over
10,000 km are similar to Earth’s upper continental crust values.
This indicates that the most distal Antarctic microtektites yield
no signature of impactor contamination, in contrast to microtek-
tites found close to the putative impact location. The same
pattern is observed for Co and Cr, taken as additional proxies
for impactor contamination (Goderis et al., 2017; Folco et al.,
2018, 2023). Cobalt and Cr decrease with launch distance from
southeast Asia to Antarctica, with average and range values from
22 (4-50) to 4 (1-10) ug/g and from 145 (17-398) to 65 (25-209)
uglg, respectively (Fig. S-2).

! Constraints for the Formation Model

Folco et al. (2010a) reported that the concentrations of volatile
major elements Na and K in Australasian microtektites de-
creases, on average, with distance from the putative impact loca-
tion: total alkalis Na,O +K,O=4.27+0.62 wt. % and 1.25+
0.25 wt. % in microtektites from deep sea sediment cores within
2000 km from 17° N, 107° E and Antarctica, respectively.
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Figure 3 Nickel concentrations (ug/g) versus distance (km) from
the putative impact location in Australasian microtektites. Geo-
chemical data set (n = 144) from the literature; see Table S-1 and
references therein. The putative impact location is from Ma et al.
(2004). Nickel concentration for Earth’s upper continental crust is
from Taylor and McLennan (1995).
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Folco et al. (2010b) showed that the abundance of shocked, relic
grains of quartz and lechatelierite inclusions (interpreted as
undigested remnants of the melting of the microtektite precursor
materials), as well as compositional heterogeneities (namely,
schlieren) decrease in the same fashion and become extremely
low in microtektites from Antarctica. Chernonozhkin et al.
(2021) also showed that the iron isotopic signatures covaries
with the average launch distance, with the most distal Antarctic
microtektites containing isotopically heavier Fe (§°°**Fe=
1.02 £ 0.69 %o). These trends defined a relationship between in-
creasing temperature-time regimes (regardless of the heating
mechanism, i.e. impact, hypervelocity flight, re-entry; Folco et al.,
2010a; Chernonozhkin et al., 2021) with greater ejection distan-
ces. Recently, Rochette et al. (2018) documented that “Be in
microtektites increases with distance from Indochina, with aver-
age values of 125x 10° and 184 x 10° atoms/g in oceanic and
Antarctic microtektites, respectively, indicating that Antarctic
microtektites were sourced from the topmost layer of the target,
whereas those from lower latitudes were sourced from the
underlying stratigraphic layers.

The combination of the above trends with that of the
Ni versus distance observed in this work (Fig. 3) constitutes a
set of geochemical constraints that should be taken into account
in microtektite formation modelling: the greater the ejection
distance, the stronger the heating they experienced, the higher
the stratigraphic level of the source material in the target, and
the lower the impactor contamination. This implies that the
parent liquids of the most distal Australasian microtektites from
Antarctica, devoid of impactor contamination and sourced from
the topmost layer of the target, formed first with no chemical
interaction with the (chondritic) projectile. Bearing variable
impactor contamination, the parent liquids of the less distal
microtektites from the seas surrounding Indochina formed
(immediately) after, from the underlying stratigraphic layers,
through variable yet significant mixing between target and pro-
jectile materials.

One may argue that the Ni versus launch distance trend is
due to volatilisation since it parallels the alkali and Fe isotopes
trends reported by Folco et al. (2010a) and Chernonozhkin
et al. (2021), respectively. The lack of a similar trend for major
and trace elements with similar condensation temperatures,
e.g., Mg (1340 K) and Eu (1338 K), suggests that significant
Ni volatilisation (1354 K) did not take place (Fig. S-3).

I Scenario

Models envision that tektites and microtektites form as an
expanding spray of liquid droplets of target materials that under-
went melting, partial vapourisation, high velocity ejection and
fragmentation upon unloading from the high pressures gener-
ated by hypervelocity impacts of asteroidal/cometary bodies onto
the Earth’s crust. Models also predict accretion (to a variable
extent) of condensed plume gases during atmospheric flight
and, for those ejected at the highest velocities, ablation during
high velocity atmospheric re-entry. All these models, either in
the normal excavation flow or jetting contexts (e.g., Melosh
and Vickery, 1991; Artemieva, 2002; Johnson and Melosh, 2012),
predict detectable amount of impactor contamination in the
chemical composition of tektites/microtektites since, at this
stage, around half of the projectile is involved in vapourisation
and melting. This agrees with observations in Australasian
microtektites found close to the impact location, but in contrast
to those in the most distally deposited microtektites from
Antarctica.
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Figure4 Schematic representation (not to scale) showing the role of radiative heating of compressed air at the front of the infalling fireball
in the formation of the first tektite/microtektite melt batch. On approaching the target, melting (and vapourisation) begins just before the
contact and the first tektite melt (in this work exemplified by distal microtektites from Antarctica), sourced from the topmost layer of
the target, is devoid of impactor contamination. Upon subsequent contact (not shown here), compression and unloading, tektite/microtek-
tite melts with variable impactor contamination (in this work exemplified by microtektites from deep sea sediment cores found closer to the
impact location) and sourced from the underlying stratigraphic layers are produced.

The lack of impactor contamination in early formed micro-
tektite liquids sourced from the uppermost crustal layer — here
exemplified by the most distal microtektites from Antarctica —is
arelevant (and apparently counterintuitive) constraint for mod-
elling microtektite formation in large scale impacts on Earth.
A plausible scenario envisions the start of the heating and
melting of the very surface layers of the target — and thus the
production of the first batch of tektite/microtektite melts — prior
to impactor touch down, followed by squirting of the melts and
compressed gas between the projectile and target into an
expanding two phase jet. Sufficient heat to melt the surface
layers of the target surface in excess of the tektite/microtektite
liquidus of about 1400 K (e.g., Masotta et al., 2020) could be pro-
vided by thermal radiation in compressed air, at the front of the
incoming fireball (Fig. 4). The second batch of tektite/microtek-
tite melt, bearing variable impactor contamination, formed later
when the projectile touched the ground, consistently with the
occurrence of inclusions of shocked target mineral relicts
(Folcoetal., 2010b). In this latter stage, the addition of a projectile
component could occur prior to ejection when both projectile
and target melts were still under elevated shock pressures, as
proposed earlier by Goderis et al. (2017).

The proposed scenario for the formation of the first tektite/
microtektite melt batch, devoid of any chemical interaction
between target and projectile here exemplified by microtektites
from Antarctica (Fig. 4), contrasts with the most widely accepted
one which entails that heating and melting is caused by com-
pression and adiabatic unloading during touch down of the
impactor, starting soon after the contact and compression stage
at the beginning of the excavation stage (e.g., Melosh and
Vickery, 1991; Artemieva, 2002; Osinski et al., 2013). It thereby
strengthens the concept that impact melting does occur in two
stages, just before and after the contact of the impactor, as
recently proposed by Rochette et al. (2024) for the formation
of millimetric splash-form impact melt particles from Atacama
(Atacamaites).
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The model proposed here for the most distal Australasian
microtektites from Antarctica (Fig. 4) envisions jetting up to
enormous distances >10,000 km, assuming an impact location
in the Indochina area. Di Vincenzo et al. (2021) showed that
Antarctic microtektites contain significant amount of extraneous
Ar, in striking contrast with macroscopic tektites, weakly or
negligibly contaminated. Possibly, Antarctic microtektites incor-
porated extraneous Ar because they were enveloped within a hot
gas enriched in vapourised target during ejection, while still mol-
ten droplets. Therefore, one possibility is that ejection of micro-
tektites up to planetary distances may have occurred because
Antarctic microtektites travelled within jets of gas of vapourised
target (Fig. 4), perhaps assisted by atmospheric waves, similar to
those recently observed in large volcanic eruptions (e.g., Hunga
Tonga in January 2022; Matoza et al., 2022).
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Supplementary Table

Table S-1 Major element (oxides, wt. %) and trace element (Ni, Co, Cr, and Eu) contents of Australasian
microtektites used in this work. Microtektites are listed according to site of provenance, in alphabetical order.

Table S-1 is available for download (.xlsx) from the online version of this article at
http://doi.org/10.7185/geochemlet.2427.
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Figure S-1 Main petrographic features of the microtektites studied in this work. (a) A batch of microtektites from
deep-sea sediments (stereomicrograph). (b) Stereomicrograph of a set of microtektites from the Transantarctic
Mountains. (¢) Micrograph of a sectioned microtektite from deep sea sediments found within 3000 km from the putative
impact location in Indochina. (d) Micrograph of a sectioned microtektite from the Transantarctic Mountains. Inset: a 25
um diameter vesicle in a sectioned microtektite from the Transantarctic Mountains 430 um across. For the few
lechatelierite inclusions observed in the Transantarctic Mountains microtektites, see Figure 4c in Folco et al. (2009). (e)
Back scattered electron image of a sectioned microtektite from deep sea sediments found within 3000 km from the
putative impact location in Indochina. (f) Backscattered electron image of a sectioned microtektite from the
Transantarctic Mountains. See main text for details.
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Figure S-2 (a) Cobalt and (b) Cr concentrations (ug/g) versus distance (km) from the putative impact location in
Australasian microtektites. Geochemical data set (n = 144) from Brase et al. (2021), Folco et al. (2009, 2016, 2018),
Glass et al. (2004), Glass and Koeberl (2006), Soens et al. (2021) and Chernonozhkin et al. (2021); see Table S-1. The
putative impact location is from Ma et al. (2004). Cobalt and Cr concentrations for Earth’s upper continental crust are
from Taylor and McLennan (1995).
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Figure S-3 (a) Magnesium and (b) Eu concentrations (ug/g) versus distance (km) from the putative impact location
in Australasian microtektites. Geochemical data set (n = 144) from Brase ef al. (2021), Folco et al. (2009, 2016, 2018),
Glass et al. (2004), Glass and Koeberl (2006), Soens et al. (2021) and Chernonozhkin et al. (2021); see Table S-1. The
putative impact location is from Ma et al. (2004).
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