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ABSTRACT

Australasian tektites represent the largest group of tektites on Earth, and their
strewn field covers up to one sixth of Earth’s surface. After several decades of fruit-
less quest for a parent crater for Australasian tektites, mostly in the main part of
the strewn field in Indochina, the crater remains undiscovered. We elaborate upon a
recently suggested original hypothesis for the impact in the Alashan Desert in North-
west China. Evidence from geochemical and isotopic compositions of potential source
materials, gravity data, and geographic, paleoenvironmental, and ballistic consider-
ations support a possible impact site in the Badain Jaran part of the Alashan Desert.
In further support of an impact location in China, glassy microspherules recovered
from Chinese loess may be the right age to relate to the Australasian tektite event, per-
haps as part of the impacting body. The most serious shortcomings of the commonly
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accepted Indochina impact location include signs of little chemical weathering of
source materials of Australasian tektites, unlike highly weathered sedimentary tar-
gets in Indochina, and questionable assumptions about transport of distal ejecta.

INTRODUCTION

The parent impact crater for Australasian tektites is still wait-
ing for discovery, despite their occurrence over up to one sixth
of Earth’s surface. For several decades, the search for the crater
mostly continued to focus on Southeast Asia, within or close to
the densest occurrence of Australasian tektites (e.g., Schnetzler,
1992). Gradually, with ever greater risk of confirmation bias, the
consensus on the impact in Indochina has become unshakable.
The recently suggested location of the impact at the Bolaven vol-
canic field in southern Laos (Sieh et al., 2020) may have been,
despite serious flaws and possibly insufficient crater size, uncriti-
cally accepted as definitive by many researchers.

This chapter argues that this consensus overlooked analo-
gies with other tektite fields and well-known geochemical simi-
larities of Australasian tektites to Chinese loess on one side and
incompatibility of chemically weathered sediments prevailing
in Indochina on the other side, and has been based on question-
able assumptions of distal ejecta ballistic transport. The general
incompatibility of an Indochina location in the quest for the Aus-
tralasian tektite parent crater has been pointed out by Mizera

et al. (2016), who proposed an alternative hypothesis locating the
source to the Badain Jaran Desert (or possibly the Tengger Des-
ert) in Northwest China (see Fig. 1). The hypothesis indicated
geochemically and isotopically more suitable source materials in
that region than in Indochina, and ideal conditions for burial of
the crater under Earth’s largest megadunes. Geochemical, isoto-
pic, and geographical constraints in support of that hypothesis are
here elaborated along with gravity and paleoenvironmental evi-
dence, and discussion of ballistic issues for the ejecta transport.
Further, the association of glassy microspherules recovered from
Chinese loess with the Australasian impact (e.g., Li et al., 1996)
is revisited based on their recent dating to an age compatible with
the Australasian tektite event, which is 788.1 + 2.8 ka (Jourdan
etal., 2019). The following discussion of each issue also includes
a brief rebuttal of Indochina as the impact site.

GEOLOGICAL SETTING OF THE ALASHAN DESERT

The Badain Jaran Desert and Tengger Desert are the main
parts of the Alashan Desert, situated on the Alxa (Alashan) Pla-
teau in Northwest to north-central China, in the western part of
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Figure 1. Hypothetical location of the parent crater for Australasian tektites (AAT) in the Badain Jaran Desert (empty
circle). Cross indicates the position of the WEDPO2 drill core. Inset map shows mutual position of the impact area and
the entire Australasian tektite strewn field with the boundary defined by microtektite occurrences in the ocean. Full gray
circles indicate macrotektite finds on land and in the Indian Ocean.
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the Inner Mongolia Autonomous Region and the northern part of
Gansu Province (Fig. 1). The brief geological setting presented
here focuses on the Badain Jaran Desert as the main candidate
for location of the hypothetical Australasian tektite source cra-
ter. Wang et al. (2015) provided detailed information on Badain
Jaran Desert geology, including geologic maps, topographic pro-
files, and stratigraphic-lithologic charts with chronology from
optically stimulated luminescence (OSL) and electron spin reso-
nance (ESR) dating.

Badain Jaran Desert, the second largest desert in China with
area of 49,000 km?, is located in the western part of the Alxa
Plateau and in the southeastern part of the Badain Jaran Basin
(39.5°N—42°N, 99.5°E-103°E). Elevation roughly ranges from
900 to 1500 m above mean sea level. Boundaries of the Badain
Jaran Desert are formed to the north by the Mongolian Plateau,
to the south by branches and foothills of the Qilian Mountains,
to the west by the alluvial/lacustrine plain of the Heihe River,
and to the east by the Yabulai Mountains and Zongnai Moun-
tains. Adjacent mountains discontinuously expose older Ceno-
zoic and Mesozoic strata totaling as much as >2000 m thick
that partially project under the Holocene dune field that forms
the desert. In the southeastern part of Badain Jaran Desert, the
tallest sand dunes on Earth (up to 480 m high, 3-5 km long) are
interspersed with hyposaline to hypersaline and alkaline lakes.
Formation and maintenance of the megadunes and recharge of
the lakes probably depend on supply of deep groundwater from
the adjacent fracture zone in the mountain area southeast of
Badain Jaran Desert (Dong et al., 2016). Sublacustrine carbon-
ate spring mounds and thermogenic travertine formed by seepage
of deep-circulating Ca?*-rich groundwater through rock fractures
are found in Badain Jaran Desert and Tengger Desert (Arp et al.,
1998; Dong et al., 2016). Similar rocks are known from the Ries
impact structure and may be related to postimpact hydrothermal
activity (Arp et al., 1998, 2013). There is a general consensus
that Badain Jaran Desert represents a major source area of Chi-
nese loess (Chen et al., 2007; Zhang et al., 2018). Badain Jaran
Desert lies in a boundary region between the Westerlies and the
Asian summer monsoon, and the dominating northwesterly win-
ter monsoon is responsible for the dust transport.

GEOCHEMISTRY OF AUSTRALASIAN TEKTITES,
LOESS, AND ALASHAN DESERT SEDIMENTS

The geochemical, isotopic, and age matches between tektites
and their potential source materials are considered to be strong
evidence in assigning a parent impact structure. The task may be
complicated by a stratigraphically or horizontally complex target
due to partial homogenization of geochemically diverse materi-
als during tektite formation. The original target heterogeneity is,
however, preserved to some degree in tektites and may contribute
to identifying source materials and constraining impact location.
In Australasian tektites, a lithological source with a small compo-
sitional variation or extreme homogenization is indicated by, e.g.,
homogeneous *Nd/'"*“Nd ratios (discussed below). Some Aus-

tralasian tektites (layered, Muong Nong-type tektites), however,
display significant compositional variability on regional, local,
and individual sample scales, e.g., up to 20 wt% variation in
SiO, content (Schnetzler, 1992; Skdla et al., 2018). Even greater
variability can be observed in microtektites, but those must have
been subject to significant vapor fractionation processes, which
is problematic for unambiguous source material assignment. On
the other hand, potential incorporation of the impactor material is
quite small to negligible. A chondritic component has been esti-
mated by Goderis et al. (2017) at 0.5%—1% based on Ir contents,
and by Ackerman et al. (2019) at up to ~0.005% based on Re-Os
isotope systematics. Estimates by Folco et al. (2018) of up to 5%
component based on Cr, Co, and Ni ratios may be overestimated
(Schmidt, 2018).

Despite the chemical similarity of Australasian tektites to
loess and other crustal materials, there are noticeable differences,
including contents of some alkali and alkaline earth metals, due
to sedimentary differentiation and chemical weathering. A good
match for a model rock mixture with an average tektite, as well
as similar compositional variations, should be observed in a target
in both the vertical and horizontal directions, to a suitable depth,
and over a suitably large area. Obtaining pre-impact materials
is an unrealistic task, since they do not exist anymore. Mizera
and Randa (this volume) compared moldavites with pre-impact
sediments near the Ries crater. Though of a proper age, they may
only be an approximation due to the changes they have undergone
since deposition. Modern sediments, including the soil and veg-
etation cover, may be compositionally closer to the original target.

Chemical Compositions

In Mizera et al. (2016), the hypothetical origin of Austral-
asian tektites in the Alashan Desert was supported by the geo-
chemical similarity of Australasian tektites with Chinese loess.
The analyzed representative Australasian tektite suite covered
all main morphological types—splash-form, layered (Muong
Nong), and ablated (flanged button australites)—and major parts
of the Australasian tektite strewn field (Indochina, South China,
Philippines, Indonesia, Australia). Chemical comparisons in Fig-
ure 2 expand on data presented in Mizera et al. (2016), as detailed
in the Supplemental Material.'

The compositions of Australasian tektites and loess as com-
pared in Figure 2 are very similar with regard to their internal vari-
ability and analytical uncertainty, except for volatile elements Zn,
As, Br, and Sb, which likely would be depleted during the tektite
formation process, and W and Ni, which possibly were vaporized
as volatile carbonyls, hydroxides, or halide compounds (Randa
etal., 2008; 74k et al., 2016, 2019). In microtektites (particularly
the high-Mg group), depletion in volatile elements is even more
pronounced, with alkali metals and U being strongly depleted.

!'Supplemental Material. Samples and methods, data for Figures 2 and 3. Please
visit https://doi.org/10.1130/SPE.S.16632640 to access the supplemental mate-
rial, and contact editing @ geosociety.org with any questions.
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Figure 2. Average geochemical compositions of the splash-form Australasian tektites (SF-AAT; including ablated splash-form Australasian tek-
tites), Muong Nong Australasian tektites (MN-AAT), normal and high-Mg Australasian microtektites (AAMT), and unmelted ejecta recovered
from the Australasian microtektite layer in the South China Sea, compared with composition range of Lingtai loess and Badain Jaran Desert
(BJD) sand. Data sources: Zhu et al. (2000); this work (Lingtai loess); Mizera et al. (2016); 74k et al. (2019) (AAT); Glass et al. (2004); Glass
and Koeberl (2006); Folco et al. (2009, 2016) (AAMT); Glass and Koeberl, 2006 (unmelted ejecta); Gao et al. (2006); Hu and Yang (2016);
Zhang et al. (2018); Zhao et al. (2019) (Badain Jaran Desert sand). Data are normalized to the average upper continental crust (UCC) composition
adopted from Rudnick and Gao (2003). See the Supplemental Material for details (text footnote 1).

Chinese loess shows a greater range of Ca and Br contents, prob-
ably due to different carbonate contents in loess versus paleosol
and anthropogenic input in the uppermost layer, respectively. The
Badain Jaran Desert sand data show greater composition ranges
due to a great variability of carbonate and silicate fractions,
which depend strongly on grain size. The range covers composi-
tions of loess and Australasian tektites/unmelted ejecta, but on
average, the modern Badain Jaran Desert sands generally show
lower Al, Fe, K/Na, and Mg/Ca values than Australasian tektites
and loess. This points to a lower degree of chemical weathering
in the desert sands.

For quantitative evaluation of the chemical weathering inten-
sity (feldspar to clay conversion), the chemical index of alteration
(CIA) is used, which is defined as 100 x AL O./(ALO, + CaO*
+ Na,0 + K O) (molar contents; where CaO* is CaO in the
silicate fraction). In Australasian tektites, CIA values calculated
from data in Mizera et al. (2016), assuming the indistinguishable
CaO* equal to Na,0O (McLennan, 1993), range from 59 to 66,
which indicate a weakly weathered target. If volatile alkali met-
als are depleted in Australasian tektites, the target CIA should be
lower, indicating even less weathered sediments. The range in
sands coeval with the impact recovered from the WEDPO1 drill
core in Tengger Desert is close to CIA ~60-65, contrary to CIA
<55 in modern Tengger Desert sands (Li et al., 2018). The old

sands also match Al and Fe contents in Australasian tektites bet-
ter than modern sands.

The gradual increase in chemical weathering with decreas-
ing latitude from North China to South China and Indochina,
reflected by increasing CIA, is due to the combined monsoon
climate effect on temperature and precipitation (Shao et al.,
2012). We interpret the high degree of weathering to disqualify
Indochina as a suitable impact location. Although some of the
Mesozoic sandstones and mudstones in Indochina are geochemi-
cally similar to Australasian tektites, they bear signs of much
stronger weathering, indicated by CIA >75 (Saminpanya et al.,
2014), as do the strongly weathered sediments (saprolite, later-
ite) considered as a source component by Sieh et al. (2020). In
Indochina, Australasian tektites are often found atop an upper
horizon of a laterite profile, indicating that their fall coincided
with the late stage of a short laterization period (Trnka, 2019).
Some sandy quartz-rich sediments of the Red River in Vietnam
have CIA <65 (Clift et al., 2008), but their occurrence is too spo-
radic to represent a sufficiently abundant target. Also, the sparse
and scanty loess-like deposits found in Indochina, considered by
some authors as either the source of Australasian tektites or dust
ejecta (“catastroloess”), have to be disregarded. They are much
younger, formed probably during the last glacial cycle (Mizera
et al., 2016, and references therein). Despite climatic changes at
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the middle Pleistocene transition and cooling during glacial peri-
ods, Indochina was still a fairly vegetated area (Woodruff, 2010;
Louys and Turner, 2012), which should be reflected in higher
K/Na ratios at least in some Australasian tektites, similar to mol-
davites (Randa et al., 2008; Mizera and Randa, this volume).

Radiogenic Sr-Nd-Pb Isotope Systems

The Nd-Sr isotope systematics of tektites provide valuable
information in the search for their source materials. Figure 3
shows the Nd-Sr isotopic composition of Australasian tektites
compared with data for their potential source materials in the
Alashan Desert. A narrow range of '**Nd/"*Nd ratios in Aus-
tralasian tektites, with €, values ranging from -10.9 to -12.2,
indicates a homogeneous, old crust source material, which was
probably well mixed before impact. The constraints on the prove-
nance of target materials for tektites inferred from Nd-Sr isotopes
suggested by Shaw and Wasserburg (1982) clearly disqualify a
mixture of sandstone with a basaltic component as suggested by
Sieh et al. (2020). Mixing calculations, assuming an g, range of
+7.6 to —0.3 for basalts in a wider area of the Cenozoic volcanic
centers (Hoang Nguyen et al., 1996) and a range of —9.9 to —13.3
for sediments derived from Mesozoic sandstones (Liu et al.,
2007) in Indochina, with a similar Nd content in both compo-
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Figure 3. Nd-Sr isotopic composition of Australasian tektites (AAT)
and their potential source materials in the Badain Jaran Desert (BJD)
and Tengger Desert (TD). Australasian tektite data are literature values
compiled from Shaw and Wasserburg (1982), Blum et al. (1992), Lee
et al. (2004), and Ackerman et al. (2020). Badain Jaran Desert and
Tengger Desert data are values for silicate fraction <75 pm of the des-
ert sand (Chen et al., 2007). The mixing curve and average values for
end members in the Gobi Altay Mountains and the Qilian Mountains
are from Zhang et al. (2015).

nents, show that a basalt admixture could not exceed 10%—-20%.
Up to 60% has been assumed by Sieh et al. (2020). Instantaneous
homogenization during impact to satisfy the narrow €, range in
Australasian tektites also seems improbable.

A wider range in Australasian tektite 8’Sr/*Sr ratios may
reflect a chemically and mineralogically stratified sedimentary
target with variable proportions of high ¥Sr/*Sr silicate and
low *’Sr/*Sr carbonate fractions. The lowest ¥Sr/*Sr values in
Australasian tektites belong to high-Ca australites. According to
Zhang et al. (2015), the Nd-Sr isotopic pattern in the Alashan
sediments represents mixing materials from two end members,
the Qilian Mountains and the Gobi Altay Mountains. Due to tec-
tonic uplift and climate change since ca. 2.7 Ma, the source has
gradually been shifting from the Qilian Mountains to Gobi Altay
Mountains, which is reflected in decreasing ¥Sr/*Sr values and
increasing €, values. This explains the larger variation in Nd-Sr
isotopic compositions from the Badain Jaran Desert on a two-
component mixing curve (see Fig. 3), and it could be consistent
with an impact location in the southeastern part of Badain Jaran
Desert, close to the Qilian Mountains, in agreement with the
location indicated by gravity data (see below). Due to the isoto-
pic evolution of the source of the sediments (Zhang et al., 2015),
pre-impact Nd-Sr isotopic compositions in Badain Jaran Des-
ert must have been even closer to those of Australasian tektites.
On the other hand, Nd-Sr data for potential source materials in
Southeast Asia, e.g., sediments from the Pearl, Red, and Mekong
River basins, show greater €, variation (=10 to —13) and mainly
8Sr/%Sr >0.720 (Liu et al., 2007; Clift et al., 2008).

The Pb isotopic ratios based on radiogenic **Pb, 2’Pb, and
28Ph and nonradiogenic **Pb isotopes were measured in Aus-
tralasian tektites by Ackerman et al. (2020). Depletion of splash-
form Australasian tektites in total Pb and ***Pb compared to
Muong Nong Australasian tektites indicated volatilization and
isotopic fractionation of Pb. Ackerman et al. (2020) supported
their preference for an Indochina impact site by the fit of Aus-
tralasian tektite data within a broad range of data for sediments
in the Red River drainage basin (Clift et al., 2008). The Pb iso-
topic ratios in Muong Nong Australasian tektites are consistent
with the upper range of values observed in the Alashan Desert
(Ferrat et al., 2012; Lee and Yu, 2016), or slightly higher (more
radiogenic), and total Pb is slightly lower. This indicates that, if
an Alashan Desert source is assumed, even Muong Nong Austral-
asian tektites were subject to Pb loss and isotopic fractionation,
though much less than splash-form Australasian tektites.

Oxygen and Other Stable Isotopes

The 8"0 value in quartz typically remains unchanged dur-
ing diagenetic and alteration processes and is indicative of the
parent rocks in which the mineral originally crystallized. Zak
et al. (2019) reported that 6'®0 values for Australasian tektites
range from 8.7%o to 11.6%o (relative to the Vienna standard mean
ocean water 2 [VSMOW?2] standard) and explained the observed
negative correlation between 'O and the SiO,/Al O, ratio by
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variable proportions of quartz and weathered silicates in the tar-
get. Chinese loess was ruled out as a suitable source material
due to a high 880 of ~16%¢. However, 8'®0 values in quartz in
the Northwest China deserts are lower in coarse sand fractions
than in fine dust, and 8'*O values down to 9.5%0 occur in sand
(0.315-0.400 mm) in the area of dried lakes in Badain Jaran Des-
ert (Yang et al., 2008). Regarding the prevalence of coarse sand in
Badain Jaran Desert (0.100-0.700 mm; Wang et al., 2015), such
material would have been suitable for production of Australasian
tektites. One should consider an increase in 60 due to the pres-
ence of clay minerals, and a possible 8'%0 decrease by admixture
of water (meteoric and groundwater, water in hydrated minerals).
Thus, to keep 8'30 low, a cool rather than warm climate would be
preferred (Faure, 1986) for the impact area. The isotope fraction-
ation between escaping CO, and the svilicate melt during tektite
formation may further decrease 8'30 (Zdk et al., 2019).

Stable isotopes of other elements (K, Li, Mg, B, Cu, Zn)
are less indicative of the source material provenance, although
they are indispensable for understanding fractionation processes
during impact and tektite formation. The isotopic fractionation
of B and Li is a sensitive indicator of the continental weathering
of silicates. Warm and humid conditions promote formation of
weathered sediment and soil profiles characterized by significant
variations in Li and B contents and isotopic compositions, usu-
ally with significant correlations among them; such features are
not observed in Australasian tektites. Higher 8''B values in aus-
tralites compared to splash-form and Muong Nong Australasian
tektites may again point to a higher carbonate content in their
source (Mizera et al., 2016).

Cosmogenic Radionuclide ’Be

High '"Be contents in Australasian tektites (60-280 Mat/g,
decay corrected) probably result from binding of the meteoric
'Be to clay minerals in source materials. The observed "Be
increase with distance from Indochina to Australia reflects a
relation between excavation depth and the ejecta launch veloc-
ity and angle (Ma et al., 2004; Rochette et al., 2018). A thick
loess (low '"Be) column topped with a thin paleosol (high '"Be)
layer in Chinese loess/paleosol sequences could have provided a
target in which '’Be decreased with excavation depth. However,
UBe contents in loess are twice those of Australasian tektites, and
loess is too fine and homogeneous compared to mineral inclu-
sions in Muong Nong Australasian tektites and unmelted ejecta.
Also, ""Be decreases with increasing Ca content in loess, oppo-
site to the trend observed in Australasian tektites. Loess source
materials in Badain Jaran Desert comply much better with Aus-
tralasian tektites. Ranges of '’Be—107 at/g in sand (0.208 mm)
and 10® at/g in calcrete formed in the desert and dust originating
from the desert (Shen et al., 2010)—correspond to Australasian
tektites, although the total budget seems to be slightly lower with
regard to prevalence of coarse sand in Badain Jaran Desert. This
deficiency can be offset by paleoenvironmental considerations.
The impact occurred 12-15 k.y. prior to the Brunhes-Matuyama

geomagnetic polarity reversal, at a transition from glacial marine
oxygen isotope stage (MIS) 20 to interglacial MIS 19, and at a
maximum in the benthic 8O stack record. Increased precipita-
tion, temperature, and weathering rates promoted '’Be deposition
in sediments. This period was also characterized by an increase
in the global '"Be production rate, which, at the time of impact,
was at least ~30% higher than that occurring today (Simon et al.,
2018). Therefore, the bulk of Badain Jaran Desert sand at the
glacial-interglacial transition was partly weathered and enriched
in fine dust fractions (see below) and could approximately match
Australasian tektites in '°Be content.

On the contrary, a model of a variably weathered (high '°Be)
and fresh (zero '"Be) bedrock mixture, as suggested by Blum
et al. (1992) and adopted by others (Rochette et al., 2018; Sieh
et al., 2020), fails mainly due to mixing issues, as pointed out by
Ma et al. (2004). Instantaneous homogenization during impact to
obtain the relatively narrow '°Be range in Australasian tektites is
improbable, as with the £, discussion above. Moreover, a target
in which the '"Be content decreases monotonously with depth
may not work for tropical soils, which often show deeper infiltra-
tion of meteoric '°Be in otherwise uniform profiles (Graly et al.,
2010).

GRAVITY DATA

A residual negative gravity anomaly over an impact crater is
its most apparent geophysical signature (Pilkington and Grieve,
1992). Our inspection of the gravity data in the hypothetical target
area showed the existence of a roughly circular structure centered
at 39.7°N, 102.2°E, within the lake area in Badain Jaran Desert
(see Fig. 4). The structure is characterized by a —100 mGal grav-
ity anomaly with a diameter ~50 km, surrounded by a rim of
~100 km diameter with a pronounced positive gravity anomaly.
The radial second derivative (7)) of the disturbing geopoten-
tial shows minima and a fragmented rim. Virtual deformations
exhibit a strong compression trend. The observed gravity features
are similar to analogous data for the Popigai impact structure,
shown for comparison in Figure 4. Our findings from the global
gravity data are consistent with ground gravity survey data in
Yang et al. (2011).

PALEOENVIRONMENTAL RECONSTRUCTIONS
FROM DRILL CORES IN THE ALASHAN DESERT

Wang et al. (2015) studied the formation history of the
Badain Jaran Desert using data obtained from the WEDPO02 drill
core, a 310-m-long core at the central-southeast part of Badain
Jaran Desert (40°01'N, 101°44’E), at the northwest edge of the
hypothetical crater indicated by gravity data (see Figs. 1 and 4).
Pre—Australasian impact lithology of the core supports supplies
of a suitable source material and indicates favorable conditions
for crater burial. The depth difference between the desert basal
layer of alluvial/fluvial sediments at ca. 1.1 Ma (~230 m) and
the layer of eolian coarse sands at the time of impact, ca. 0.8 Ma
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Figure 4. Gravity aspects for the hypothetical impact structure in the Badain Jaran Desert (top), compared with data for the Popigai impact
structure (bottom): (A) gravity disturbances (mGal), (B) radial second derivative (T ) of the disturbing geopotential, and (C) virtual deforma-
tions (blue—compression, red—dilatation), all computed from the full static global ‘Earth gravity field model EIGEN 6C4, with ground half-
wavelength resolution of ~9 km and precision of 10 mGal (Forste et al., 2014). Coordinates: Latitude in °N, longitude in °E. For associated theory
and examples of the model application in inspection of impact structures, see, e.g., Klokocnik et al. (2020) and Klokocnik et al. (this volume).

(~180 m), is ~50 m. The corresponding lithological unit con-
sists of coarse sand intercalated with 5-10 cm layers of weakly
carbonate-cemented coarse sand. The sand grains in the unit are
loose and very well sorted and rounded (Wang et al., 2015).
Paleoenvironmental proxies in the core (sand/dust propor-
tions, grain size, carbonate content) show that supplies of dust
and carbonate fractions were higher in warmer and more humid
conditions of interglacials than during glacials. The record of car-
bonate content in the core shows a steady increase from <0.1%
at MIS 25 (ca. 950 ka, ~210 m) to ~10% at MIS 19 (ca. 790 ka,
~175 m), with several sharp turnovers due to glacial-interglacial
cycling. If we assume that Ca/'°Be-enriched australites versus
depleted Muong Nong Australasian tektites originated from the

uppermost and bottom parts of the excavated target sequence,
respectively, the carbonate content depth profile would constrain
the Australasian tektite source materials to the ~35-m-thick
column deposited about ~160 k.y. before the impact. The turn-
overs in the carbonate content could explain the high Ca con-
tents in high-Ca philippinites and microtektites, which are up to
9-10 wt%, according to data compiled by Howard (2011).

The sands at ~180 m depth have a unimodal grain-size dis-
tribution (~370 pm) that is quite distinct from underlying and
overlying units with trimodal to quadrimodal distributions, which
could be attributed to impact fallout or a postimpact abrupt shift
in the grain-size distribution—from the lofted mass of sediment
with wide grain-size range, the coarse fraction fell back first to
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form a relatively thick layer with fine fractions absent. In the
overlying unit (~160-120 m), significant changes in the proxies
(dust and carbonate increase, sand decreases) indicate a transi-
tion from a desert to lake environment in Badain Jaran Desert.
Despite ESR dating to 800—700 ka, this unit was stratigraphically
correlated with MIS 13-15 (650-450 ka), when significant varia-
tion of the Asian monsoon occurred (stronger summer, weaker
winter monsoon) as indicated by the mass accumulation rate of
Chinese loess. The environmental transition to warm and humid
climate is widely recorded in the Asian interior and marine
records worldwide, but its cause remains unclear (Wang et al.,
2015). In contrast, global climatic changes seem to contradict the
paleoenvironmental record in the WEDPOI drill core in Teng-
ger Desert (38°23'N, 104°39’E), where the decrease in CIA and
Al and Fe contents indicates increasing aridification in the area
since ca. 900 ka (Li et al., 2018). Could thus the lake environment
formation in Badain Jaran Desert have been related to late post-
impact effects, similar to the lake formation in the Ries impact
structure (Arp, 2006), rather than to the global climatic changes?

Considering the position of WEDP02 core just at the edge
of the proposed impact crater, a question arises on the apparent
absence of signs of a proximal ejecta blanket. Although the core
must not have been inspected for these unexpected features, at
least some should not escape attention during analyses, and so
they may really be missing (except for the possible impact fallout
at ~180 m depth of the core). Impact in a highly porous target can
lead to formation of a crater without ejecta deposits. Although
the theory (Housen and Holsapple, 2012; Housen et al., 2018)
has rather been considered for small, porous planetary bodies,
porosity-related ejecta suppression has been suggested for the
Marquez Dome (Buchanan et al., 1998) and Steinheim (Buchner
and Schmieder, 2015) impact structures.

Impact into Badain Jaran Desert, a vast desert area sur-
rounded downrange by high mountains, could explain its rela-
tively small ecological consequence. Survival of hominins in
South China (Wang et al., 2014) would hardly be congruent with
thermal radiation from the plume produced by the Australasian
impact; according to Svetsov and Shuvalov (2019), the area of
fire initiation ranges from 10° to 107 km? for impact of a 1-3 km
body, respectively.

UNMELTED EJECTA IN OCEANIC
MICROTEKTITE LAYER

The shock-metamorphosed rock fragments found in the
microtektite layer in the South China Sea and associated with
Australasian tektites due to similar geochemistry also constrain
Australasian tektite source materials. Their porosity, grain size,
and mineral assemblage point to a fine-grained, quartz-rich sedi-
mentary, loess-like source (Glass and Koeberl, 2006; Glass and
Fries, 2008). Despite the 10 A phase identified as mica/clay in
some rock fragments, the abundant K-feldspar and plagioclase
again indicate a weakly weathered target. Feldspars in the Cre-
taceous sediments in Indochina are mostly weathered to micas

and kaolinite (Saminpanya et al., 2014; Uchida et al., 2010). The
presence of angular to rounded grains of calcite and dolomite
(probably detrital) also points to a cooler climate in the pre-
impact area. In warm and humid climate, primary calcite and
dolomite dissolve and form secondary (pedogenic) minerals, but
secondary dolomite forms only as a protodolomite (Meng et al.,
2015). In the arid area of Northwest China, dolomite is present
only in the deserts on the north margin of Tibetan Plateau, includ-
ing Badain Jaran Desert (Li et al., 2007). The grain size of the
unmelted ejecta (<50 pm—600 um, average 200 pm; quartz grains
up to ~100 um but mostly <50 um) is larger than a median value
of 5-40 pm for Chinese loess (Ding et al., 2002) and probably
smaller than that of most Mesozoic sandstones from the Kho-
rat Plateau at the Thailand-Laos border (Uchida et al., 2010).
Grain-size analysis of sediments in the WEDPO2 drill core in
the Badain Jaran Desert provides two major components, eolian
sand and dust, with size ranges of 100-700 um and 2—50 um, and
proportions of 80%—-100% and <20%, respectively. In the pre-
impact strata, fluctuations of an increased dust proportion up to
~30% occurred (Wang et al., 2015).

“MICROTEKTITES” IN LOESS

A series of papers (e.g., Li et al., 1996) reported analyses of
glassy microspherules or “microtektites” in the Luochuan loess
section (35.4°N, 109.3°E; Fig. 1), accompanied by anomalous
values of 8"C, magnetic susceptibility, and grain size of loess
in the host layer, with elevated levels of Cr, Co, Mo, Hf, Ta, Sc,
and As. Association of the “microtektites” with the Australasian
impact was doubted due to their position above the Brunhes-
Matuyama reversal (the impact preceded the Brunhes-Matuyama
reversal [see above]) and their major oxide composition, which
was dissimilar from Australasian tektites (Glass and Simon-
son, 2013). However, in Chinese loess, the Brunhes-Matuyama
reversal occurs ~25 k.y. prior to the age found in marine sedi-
ments, probably due to postdepositional magnetic overprinting
of loess. Using '“Be as a proxy for global average geomagnetic
field intensity, Zhou et al. (2014) showed that the pronounced
minimum in field intensity required for the reversal is recorded
in loess synchronous with Brunhes-Matuyama reversal timing in
marine records. The position of the “microtektite” layer may thus
be coincident with the impact.

The composition of these “microtektites” is indeed quite dif-
ferent from most Australasian tektites, but some glassy Si-Mg
microspherules have forsterite/enstatite-like compositions. Their
origin from impactor ablation was suggested by Li et al. (1996)
but doubted by Glass and Simonson (2013) due to their low FeO
contents. Depletion of siderophile elements is known from most
stony ablation spherules collected in stratosphere and deep-sea
sediments (Brownlee et al., 1983), and the composition of the
glassy Si-Mg microspherules is similar to low-FeO chondrules
in ordinary chondrites (Krot and Wasson, 1995). Selective abla-
tion and separation of chondrules off the matrix seem unlikely,
but ordinary and enstatite chondrites comprise up to 80 vol%
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chondrules, and the minor, volatile-rich matrix with dominance
of metallic and sulfidic Fe (Scott and Krot, 2007) could easily
volatilize. The association of the “microtektites” with Austral-
asian tektites is thus supported by the suitable timing of their
deposition and possibly extraterrestrial origin. If the anomalous
features found in their host loess layer can be attributed to the
impact fallout, then the impact in Northwest China seems more
probable than in Indochina.

GEOGRAPHIC, BALLISTIC, AND
OTHER CONSIDERATIONS

The impact location in the Badain Jaran Desert provides a tri-
angle “fan” of Australasian tektite ejection and distribution (mac-
rotektites only) with an apex angle of ~60° and rays delimited by
locations of Australasian tektite finds in northern Thailand in the
west and in the Philippines in the east. A similar angle is obtained
for the westernmost finds in the Indian Ocean and the eastern-
most finds in Australia; the fan only rotates to west, probably due
to Earth’s rotation during tektite flight (for theory, see Harris, this
volume). A similar fan angle is observed in the Central European
tektite strewn field. The distribution of microtektites is unlikely
to be purely ballistic; atmospheric and oceanic circulation (espe-
cially shortly after the impact) must have affected the positions
of their final deposition, also considering the possible ablation
origin of some microtektites.

The consensus location for the Australasian impact directly
inside the tektite strewn field in Indochina is not common in other
known tektite strewn fields. Tektites should not be found in the
immediate vicinity of the crater (except for tektite-like irghizites,
which are fallback ejecta from the Zhamanshin crater; Mizera
et al., 2012) or even far uprange (in the direction from which the
impactor arrived); see Artemieva (2002) for theory. That factor
weakens any Indochina origin hypothesis for the northernmost
Australasian tektites in South China, which are several crater
diameters distant from Indochina. The layered Muong Nong
Australasian tektites should not be confused with the proxi-
mal ejecta. In other tektite strewn fields, occurrence of Muong
Nong-type tektites is rare, and these are still found at consid-
erable (downrange) distances from their parent craters: Muong
Nong moldavites are at ~12—13 crater diameters from the Ries
crater, and the Muong Nong georgiaite is at 9—19 diameters from
the Chesapeake Bay impact structure, considering its uncertain
diameter (Glass, 2000; Deutsch and Koeberl, 2006). We explain
the occurrence of Muong Nong Australasian tektites in a lim-
ited, relatively small area by ejection of tektite melt in separate
expanding jets. Muong Nong Australasian tektites represent a jet
lying on the axis of the strewn field fan, i.e., in the direction from
which the impactor arrived (and from which the highest momen-
tum was imparted). The Muong Nong Australasian tektite jet is
more focused (less expanding) because of the higher mass of
individual tektite bodies, i.e., higher inertia, and possibly also
because of higher viscosity of the melt (more resistance to split-
ting into droplets by shear).

Disqualifying Chinese loess from potential source materi-
als for Australasian tektites because of too large a distance (over
2000 km), which the largest and heaviest Muong Nong Austral-
asian tektites would have traveled, between the Chinese Loess
Plateau and Indochina, as proposed by Blum et al. (1992), has no
ballistic justification. The ballistic coefficient (a measure of abil-
ity to overcome air resistance in flight) of bodies with the same
density and shape is directly proportional to their size. Much
smaller (ablated) splash-form Australasian tektites traveled sev-
eral times farther. If objects move without drag, their flight range
depends on their launch velocity and angle only, not size (mass).
Moving the impact location from Indochina some 2000 km to the
north does not change interpretations of the distribution of vari-
ous morphological and constitutional Australasian tektite types,
microtektites, unmelted ejecta, and high-pressure phases; the
Indochina part of the Australasian tektite strewn field still remains
nearest to the parent crater. The large distance traveled by Aus-
tralasian tektites seems to be incompatible with the absence of
aerodynamic ablation on the bodies of Muong Nong Australasian
tektites and most splash-form Australasian tektites, and with the
presence of relict mineral grains including high-pressure phases
in Muong Nong Australasian tektites. However, ablative effects
may be reduced by factors such as tektite size, shape, and rota-
tion. According to Chapman and Larson (1963), whose calcula-
tions and laboratory experiments reproduced flanged buttons, the
conspicuous ablation flange can only form on a tektite of a suf-
ficiently regular primary shape flying at a fixed orientation. On
irregular shapes turning during ablation, heating is spread around
the circumference, with little or possibly no glass removed from
the original contour. The blurred aerodynamic record becomes
further clouded after 788 k.y. of exposure to tropical corrosion
(contrary to flanged buttons resting in the dry Australian climate).
Sepri et al. (1981) explained reduced ablation by swarming
reentry, where trailing particles encounter a less severe ther-
mal loading pulse. Further, the relation between the degree of
shock metamorphism/formation temperature-pressure and dis-
tance traveled may provide information on the relative distance
traveled by tektites within a single impact/strewn field, not the
absolute distance traveled. Speculations on distances traveled by
tektites (Glass, 2000) or restriction of the Australasian impact to
an area centered over Southeast Asia (Cavosie et al., 2018) by
the degree of shock metamorphism would require a model relat-
ing temperature-pressure experienced by the prototektites to their
launch velocity and angle.

In the case of an alternative location offshore Indochina, in
the South China Sea, the impact would again hit quite weathered
target sediments with CIA values mostly >70 (Clift et al., 2014).
Additionally, an impact structure would not likely be overlooked
in geophysical prospecting for gas and oil resources (Lei et al.,
2015; Lei and Clift, 2019, personal commun.), nor would the
geological, geohydrological, and geographical consequences
known, for example, from the Chesapeake Bay impact associ-
ated with the smaller North American tektite strewn field (Poag,
1997). Australasian tektite geochemistry also does not support
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their origin in a marine environment, contrary to North Ameri-
can tektites, for which the B isotopic compositions and enrich-
ment in Na may indicate a marine target (Deutsch and Koeberl,
2006). Ackerman et al. (2019) speculated that elevated contents
of halogens in Muong Nong Australasian tektites (data by Koe-
berl, 1992) indicate a saline character of the pore water in the tar-
get rock. However, those data testify against seawater admixture:
Cl and Na are anticorrelated, and high Br/Cl ratios (0.005-0.028
vs. 0.0035 in seawater) increase with increasing CI.

CONCLUSIONS

Several strong and independent lines of evidence support a
location of the parent impact crater for Australasian tektites in
the Alashan Desert in Northwest China. These lines of evidence
include geochemical and isotopic, geographic, paleoenvironmen-
tal, and ballistic comparisons and considerations, favorable sup-
ply and burial conditions, existence of a circular gravity anom-
aly, and likely association of glassy microspherules in Chinese
loess with the Australasian impact. The proposed location of
the Australasian impact crater in Northwest China may surpass
the ubiquitously accepted Indochina location principally in the
issues of chemical weathering of source materials and transport
of distal ejecta.
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