N

N

Clues on the Australasian impact crater site inferred
from detailed mineralogical study of a monazite
inclusion in a Muong Nong tektite
Anne-Magali Seydoux-Guillaume, P. Rochette, Emmanuel Gardés,

Pierre-Marie Zanetta, S. Sao-Joao, Philippe de Parseval, B.P. Glass

» To cite this version:

Anne-Magali Seydoux-Guillaume, P. Rochette, Emmanuel Gardés, Pierre-Marie Zanetta, S. Sao-Joao,
et al.. Clues on the Australasian impact crater site inferred from detailed mineralogical study of a mon-
azite inclusion in a Muong Nong tektite. Geology, 2024, 109 (9), pp.1578-1590. 10.1130/G52522.1 .
hal-04693597

HAL Id: hal-04693597
https://hal.science/hal-04693597

Submitted on 10 Sep 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-04693597
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

F THE GEOLOGICAL SOCIETY
@ ‘ OF AMERICA®

© 2024 The Authors. Gold Open Access: This paper is published under the terms of the CC-BY license.

https://doi.org/10.1130/G52522.1

Manuscript received 28 June 2024
Manuscript accepted 19 August 2024

Published online 4 September 2024

Clues on the Australasian impact crater site inferred from
detailed mineralogical study of a monazite inclusion in

a Muong Nong tektite

A.-M. Seydoux-Guillaume'*, P. Rochette?, E. Gardés?, P.-M. Zanetta', S. Sao-Joao*, Ph. de Parseval®, and B.P. Glass®
iCentre National de la Recherche Scientifique (CNRS), Université Jean Monnet Saint-Etienne, Laboratoire de Géologie de Lyon:

Terre, Planétes, Environnement (LGL-TPE), UMR5276, F-42023, Saint-Etienne, France

2Aix-Marseille Université, Centre National de la Recherche Scientifiqgue (CNRS), Institut de Recherche pour le Développement (IRD),
Institut national de recherche pour I'agriculture, I'alimentation et I'environnement (INRAE), Centre de recherche et d’enseignement
des géosciences de I'environnement (CEREGE), UMR7330, F-13545, Aix-en-Provence, France

SCentre National de la Recherche Scientifiqgue (CNRS), Université Clermont Auvergne, Institut de Recherche pour le Développement

(IRD), Laboratoire Magmas et Volcans, UMR 6524, F-63170, Aubiere, France

“Mines Saint-Etienne, Centre National de la Recherche Scientifique (CNRS), Laboratoire Georges Friedel (LGF), UMR 5307, Centre

SMS, F-42023, Saint-Etienne, France

SUniversité Toulouse I, Centre National de la Recherche Scientifiqgue (CNRS), Institut de Recherche pour le Développement (IRD),
Centre National d’Etudes Spatiales (CNES), Géosciences Environnement Toulouse/Observatoire Midi-Pyrénées (GET/OMP), UMR 5563,

F-31400, Toulouse, France

8Department of Geological Sciences, University of Delaware, Newark, Delaware 19716, USA

ABSTRACT

Tektites are terrestrial impact-generated glasses distributed over regions of Earth’s
surface with ejection distances up to 10,000 km. The Australasian tektite strewn field is
the largest and the youngest discovered so far (788 ka). However, the location of the source
crater remains unsolved. The present work is the first to investigate the only monazite ever
found as an inclusion in a Muong Nong tektite (MINT) from Indochina. In-depth observations
down to the nanoscale revealed that the monazite experienced very high temperature, with
silicate melt injection sometimes trapped within porosity at the grain boundaries, followed
by a recovery mechanism responsible for dislocation migration and subgrain formation. The
absence of radiation damage confirms that this recovery episode occurred recently, in line
with the age of the tektite. The preservation of a primary zonation (Th component) and the
absence of detectable diffusion profiles indicate that the monazite did not reach the melting
point (~2050 °C) before initial rapid cooling (~1000 °C/s). The U-Th—total Pb dates of the
monazite thus remained unchanged during the impact: 73 £ 6 Ma in a Th-rich domain and
156 £ 15 Ma in a Th-poor domain. This allows the source of the MNT to be constrained.
Comparison with a detailed database of monazite ages and Th/U ratios in SE Asia indicates
that the Australasian crater should be sought for in the triangle made up of the Philippines,
coastal south China, and northern Vietnam, though the latter appears less probable.

INTRODUCTION

Among the terrestrial record of large meteor-
ite impact events (Osinski et al., 2022), a major
conundrum remains for the youngest event, which
produced the Australasian tektite (AAT) strewn
field that ranges from China to Antarctica (Folco
et al., 2008; Fig. 1). So far, no crater has been
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identified, although the size of the crater has been
estimated to be several tens of kilometers based on
the study of the ejecta size and distribution (e.g.,
Glass and Koeberl, 2006). Microtektites are abun-
dant in deep sea sediments and found in associa-
tion with shocked rock and mineral grains. The
distribution of the so-called large, layered Muong
Nong tektites (MNTS) points toward Indochina,
and more precisely either northeast or southern
Indochina, as the possible location of the source

crater (Schnetzler, 1992; Glass and Koeberl,
2006). Based on geophysical and geological con-
siderations, including explanations for the disap-
pearance of the crater under more recent deposits,
a source crater location in south and north Indo-
china was further advocated to be at the Bolaven
volcanic plateau (Sieh et al., 2020) and the Red
River marine delta (Whymark, 2021), respectively.
However, these proposals still lack robust evidence
of impact. On the other hand, based mostly on geo-
chemical arguments, Mizera et al. (2016) proposed
an alternative area within the source of Chinese
loess, namely, the Badain Jaran Desert.

Tektites are relatively homogeneous silica
glasses with lechatelierite (pure silica glass)
inclusions. Therefore, bulk geochemistry is the
primary means of gaining insights into poten-
tial target sources. The elemental and isotopic
compositions of AATs indicate that the source
material would be a continental crust—derived
Mesozoic or Quaternary detrital sediment with
a Proterozoic parentage (see Blum et al., 1992;
review in Mizera et al., 2016). The abundance
of °Be indicates recent atmospheric contami-
nation, which would be expected from a Qua-
ternary sediment or a soil sequence over older
rocks (Ma et al., 2004; Rochette et al., 2018).

MNTs have been shown to record lower
temperatures than standard splashform AATs,
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supporting the hypothesis that the crater resides
within or close to the MNT area (Mizote et al.,
2003). Probably due to these lower tempera-
tures, MNTs often contain various mineral
inclusions (Glass and Barlow, 1979) that can be
used as further proxies for the source of the AAT
strewn field. Zircon and monazite are widely
used to detect the sources of detrital materials
due to their ability to preserve the record of their
crystallization age over the long term (Mulder
and Cawood, 2021). Zircons retrieved by Glass
and Barlow (1979) from AATs have been stud-
ied by Deloule et al. (2001) and Cavosie et al.
(2018). Unfortunately, the isotopic studies of
these recrystallized zircons revealed that their
isotopic system has been totally reset by impact.
Monazite has previously been successfully used
to date and constrain complex geological his-
tories, in particular, high-temperature (e.g.,
Seydoux-Guillaume et al., 2019; Turuani et al.,
2022) and impact events (e.g., Erickson et al.,
2017, 2020; Kovaleva et al., 2023; Fougerouse
et al., 2021; Hyde et al., 2024).

The present work investigates for the first
time the only monazite inclusion ever found in
an MNT, first discovered by Glass (1972). Based
on characterizations down to the nanoscale, we
show that its age was not reset during the impact,
and we provide new constraints on the thermal
history of the MNT-AAT and the location of
the source crater.

SAMPLE AND METHODS
The monazite inclusion was isolated by
heavy liquid separation after crushing an

MNT sample from east Thailand (Glass, 1972;
Fig. 1). The sample is a fragment consisting of
a monazite inclusion, identified by X-ray dif-
fraction, surrounded by a thin residue of host
glass, both embedded in epoxy and polished
(Fig. S1A in the Supplemental Material'). Char-
acterization of the monazite inclusion was con-
ducted successively with a field emission gun
(FEG) scanning electron microscope (SEM),
an electron probe micro-analyzer (EPMA), a
spherical aberration (Cs)—corrected scanning

Supplemental Material. Text S1: Sample prov-
enance, methods, processing, and constraints on the
thermal history of the Muong Nong tektite (MNT);
Text S2: Complementary zircon data and statistical
processing of the monazite database; Figure S1: Addi-
tional SEM-TEM images of monazite; Figure S2: EDS-
STEM in one pore; Figure S3: Transmission Kiku-
chi diffraction (TKD) performed on the ion-thinned
lamella; Figure S4: Compositional variation diagram
(Th + U + Si + Pb) vs. (light rare earth elements
[LREEs] + Y + P); Figure S5: EPMA concentration
profiles in the glass at the contact with monazite; Figure
S6: Final heating rate and initial cooling rate during the
MNT thermal event as a function of peak temperature;
Figure S7: EDS-SEM maps and line profile across the
interface between the Th-rich domain 1 and Th-poor
domain 2 within the monazite; Figure S8: Date (U-Th—
total Pb) vs. Th/U diagram and sorting of the database;
Table S1A: Electron microprobe analyses of monazite;
Table S1B: Line scan across monazite-glass interface;
Table S2A: EPMA U-Th-total Pb dates with localiza-
tion and weighted histogram; Table S2B: Isochron-like
diagram; and Table S3: Database used for plotting dates
(U-Th—total Pb) vs. Th/U diagrams in Figures 4 and S8.
Please visit https://doi.org/10.1130/GEOL.S.26864443
to access the supplemental material; contact editing @
geosociety.org with any questions.

transmission electron microscope (STEM), and
a transmitted Kikuchi diffraction (TKD) system
(see details in Text S1).

RESULTS
Microcharacterization

The monazite (Mnz) inclusion, 60 x 40 pm,
has a quite rounded shape with a sharp glass-
crystal interface (Fig. 2A; Fig. S1A). The bor-
der of the inclusion is not smooth but shows a
lobate morphology (arrow in inset in Fig. S4).
Both chemical mapping (SEM; Fig. 2B; Fig. S7)
and electron microprobe point analyses (Fig. S4;
Tables S1A and S1B) confirm the presence of a
primary zonation (e.g., Th-Ma-map in Fig. 2B;
other elements in Fig. S7) with one domain sig-
nificantly enriched in thorium (Th) and record-
ing both higher cheralite (Crl) [Ca(Th,U)(PO,),]
and huttonite (Htn) [(Th,U)SiO,] components
compared to the other domain (Table S1A; Fig.
S4). The transition between both domains is very
sharp (Fig. 1B; Fig. S7).

Nanocharacterization

The TKD (Fig. 2C; Fig. S3), annular bright
field (ABF)-STEM (Fig. 2D), and bright field
(BF) TEM (Fig. S1B) analyses on an ion-thinned
lamella revealed that the monazite inclusion is
a polycrystal. It is composed of sub-microm-
eter grains, with misorientation angles >10°,
and subgrains (200-500 nm), with low-angle
boundaries of 2°~10° formed by variable den-
sity of dislocations (Figs. 2C and 2D; Figs. S1B
and S3). The monazite contains ~10% porosity
with ~50-800 nm pores, where the largest ones
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Figure 2. (A—B) Microcharacterization to (C—F) nanocharacterization of monazite inclusion. (A)
Backscattered electron (BSE) image of whole monazite (mnz) grain included in tektite glass
showing its morphology and zonation and localization of focused ion beam (FIB) foil for trans-
mission electron microscope (TEM) analyses, and energy dispersive X-ray spectrometry (EDS)
maps (part B and Fig. S7). (B) Scanning electron microscope (SEM) Th-Ka map from part of
grain (square in A). (C) Transmission Kikuchi diffraction (TKD) from FIB lamellae. Euler data
are superimposed onto grain boundaries and band contrast maps; red—low-angle boundar-
ies (2°-10°); green—high-angle boundaries (>10°). Note absence of planar fractures, planar
deformation features, deformation twins, and low-strain domains. (D) Annular bright field (ABF)
scanning transmission electron microscope (STEM) image. Note presence of pores (white) and
subgrains separated by dislocation aligned along low-angle boundaries (arrows). Square (map
2) corresponds to one zone analyzed in Figure S1D (see text footnote 1). (E) High-angle annular
dark field (HAADF) STEM images revealing numbers of pores; largest is shown in black, and tiny
pores (arrows) are shown in gray (Fig. S2). (F) Chemical mapping (map 1) performed by using
EDS in STEM highlights presence of small meniscus of Si- and Al-rich glass in some pores.

(200-800 nm) are always situated at the junc-
tions, sometimes triple junctions, of grain bound-
aries (Figs. 2C-2E; Figs. S1B and S3). In some
cases, bubble walls (a few nanometers thick) were
observed as in both upper pores from Figure 2E.

High-angle annular dark field (HAADF) and
energy dispersive X-ray spectroscopy (EDS)—
STEM analyses allow insight into the chemi-
cal information (Figs. 2E-2F; Figs. S1D and
S2). The sample is homogeneous and does not
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present any intragrain variation in composition
nor density (homogeneous gray color; Fig. 2E),
except for the pores. The monazite is completely
free of radiation damage (i.e., no mottled dif-
fraction contrasts in [A]BF-[S]TEM mode in
Fig. 2D and Fig. S1B). No evidence of shock
deformation features was observed (no planar
fractures, planar deformation, deformation
twins, or strain domains). Higher magnification
(Fig. S1C) and STEM-EDS mapping revealed
the presence of a nanometric meniscus of glass
enriched in Al, Si, and, to a lesser extent, Fe
in some pores at the junction with monazite
grains (map 1; Fig. 2F). Across some other grain
boundaries (map 2; square in Fig. 2D), enrich-
ment in Fe and S, and depletion in O, was also
observed (Fig. S1D).

U-Th-Total Pb Dates

Dates were calculated following the approach
of Montel et al. (1996) using the NiLeDAM
R-package (Villa-Vialaneix et al., 2013). Dates
in Th-rich domain 1 range from 67 Mato 81 Ma
with amean at 73 £ 6 Ma (n = 4). Dates in Th-
poor domain 2 range from 140 to 175 Ma with
a mean at 156 £ 15 Ma (n = 4). Within each
domain, no significant date variation was found
(Fig. 3; Tables S2A and S2B).

IMPLICATIONS
Constraints on the Thermal History

It appears that the monazite inclusion in the
MNT studied here is the relict of a single detri-
tal grain. Its composition (ThO, > 3 wt% and
CaO > 0.6 wt%, 10 < Th/U > 100; Table S1A)
suggests a magmatic or high-grade (>500 °C)
metamorphic origin (Zi et al., 2024). The absence
of radiation damage in this monazite, exposed to
a dose of ~5.3 x 10" o/g (Table S2A), implies
recent annealing, in line with the age of the MNT
(788 ka; Jourdan et al., 2019). For example, a
younger (24 Ma) monazite exposed to a dose
of ~1.4 x 10" o/g revealed radiation damage
(Seydoux-Guillaume et al., 2004). Moreover, it
has been experimentally demonstrated that com-
plete healing of radiation damage is attained at
1000 °C (Seydoux-Guillaume et al., 2002). The
ultrafine-grained structure of the monazite,
resulting from short-range dislocation migra-
tion, together with pores and traces of silicate
glass and iron sulfide indicate rapid recovery at
very high temperature. This is in line with previ-
ous studies on Australasian MNTs that evidenced
peak temperatures higher than 1673 °C (Cavosie
et al., 2018). However, the preservation of the
primary Th zonation and the absence of detect-
able diffusion profiles (<~1 pum) between the
two Th domains are consistent with solid-state
diffusion over a few nanometers in length, while
aliquid state would have implied diffusion a few
micrometers in length (Text S1; Figs. S5-S7).
Thus, it is most probable that the monazite did not
reach its melting point of ~2050 °C (Hikichi and
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175 * 31 Ma with mean at 156 = 15 Ma (n = 4) (Table S2A and S2B; see text footnote 1).

Nomura, 1987). Considering the peak tempera-
ture was in the 1673-2050 °C range, modeling
of the diffusion profiles in silicate melts yielded
initial cooling rates broadly around 1000 °C/s
(Text S1; Fig. S6). This is in line with the estima-

tion of Masotta et al. (2020). Therefore, because
the monazite inclusion did not melt during the
impact, and the thermal event was very fast, the
dates of the monazite were preserved and can be
used as constraints on the source of the MNT.

Constraints on the Source of Australasian
Tektites

Based on the retained pre-impact dates of
the monazite (73 & 6 Ma and 156 £ 15 Ma), it
is possible to constrain the source terrains, and
thus the source material. Mulder and Cawood
(2021) reported a global compilation of monazite
ages (n > 100,000), dating methods, locations,
and Th and U contents. We used this database,
together with the data for northern Vietnam from
Nakano et al. (2016), and applied three filters:
(1) only EPMA dating methods for consistency
with our own data (i.e., U-Th—Pb,,, dates); (2)
dates younger than 250 Ma; to be in the same
range as MNT monazite; and (3) locations within
2500 km of the MNT areas (i.e., China, Indone-
sia, Myanmar, Nepal, Philippines, South Korea,
Taiwan, and Vietnam). The ways in which the
zircon ages exclude a Mekong watershed or
North China impact site are discussed in Text S2.
Analyses from the filtered database (n = 5247)
were plotted in a Th/U versus date diagram (Table
S3; Figs. S8A and S8B) and compared with our
monazite analyses (Text S1 and S2). Only three
locations matched both the ages and the Th/U
ratios of the MNT monazite (Figs. 1 and 4): (1)
the Palawan block in the Philippines (Padrones
et al., 2017), (2) the Red River zone in Vietnam
(Nakano et al., 2016), and (3) the South China
block (Chen et al., 2019). The Red River zone is
commonly reported as a potential source, but the
composition of the monazites from this location

Figure 4. Age (U-Th-total
Pb, in Ma) vs. Th/U dia-
gram comparing monazite
populations after sort-
ing (n = 481) in literature
database (Mulder and
Cawood, 2021; Nakano
et al., 2016) with monazite
analyzed in this study. To
sort populations, small-
est ellipses covering 75%

Age (Ma)

156 £ 15 (Ma) of data points were deter-

@ "I mined for each population
T of database. Only popula-
tions with ellipsoid that

o overlapped ellipsoid of
data sets from this study
(gray oval) were retained
(see details in Text S1 and
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S2 and Fig. S8A; see text
footnote 1). Three regions
stand out from this sta-
tistical comparison: (1)
Palawan block in Philip-
pines (Padrones et al.,
2017); (2) Red River zone
- in Vietnam (Nakano et al.,
2016); and (3) South China
block (Chen et al., 2019).

e e——————
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tion (and detailed in Fig.
S8B). These localities are
shown in Figure 1.
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(Nakano et al., 2016) strongly differs from the
MNT monazite studied here (cheralite compo-
nent of <0.6 mol% vs. 614 mol%, respectively;
Table S1A; Fig. S4). While the Red River zone
cannot be definitively rejected until chemical data
allow the same comparison to be made with mon-
azites from the Palawan and South China blocks,
these two locations appear to be more probable
candidates for the AAT source crater. As the Pala-
wan and South China blocks were attached ca.
50 Ma, any offshore continental crust in between
the two would also fit.
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