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Abstract

The Australasian Tektite Event (AATE) occurred ca. 0.8 Ma is the youngest
record of a large impact event on the Earth. Based on the wide distribution of the tektite—
from Southeast Asia to Antarctica—the magnitude of the impact has been estimated as
large enough to create a 30—120 km sized crater. Although it has been estimated that the
impact occurred somewhere in eastern Indochina, the crater has never been located
definitively despite intensive search efforts, and the nature of the impact, such as the
location, magnitude, and target rocks, are not well constrained.

In general, the distribution and composition of the proximal ejecta deposits have
information about the location, magnitude, and target rock of the impact. Especially, the
distribution of the thickness of an ejecta deposit is important to constrain the location of
the impact since the thickness of an ejecta deposit increases toward the impact location.
As for the AATE, however, the ejecta deposit proximal to the estimated impact area in
eastern Indochina has never been identified.

There are several reports of tektites found within a stratum called the "laterite"
layer that is widely distributed in eastern Indochina. It has long been debated whether
these tektites are in situ or reworked. This uncertainty is due to the lack of detailed
description of the field occurrence of the tektites and tektite-bearing Quaternary deposits,
and the lack of evidence of shock metamorphism (such as shocked minerals) other than
the tektites in Indochina.

To identify the proximal ejecta deposit in eastern Indochina and clarify its
lithostratigraphy, distribution, and depositional process for a better understanding of the
nature of the AATE, field surveys of the Quaternary deposits were conducted at 20 sites
across eastern Indochina (northeastern Thailand, Southern Laos, northern Cambodia, and
central Vietnam).

The detailed occurrence of tektite fragments found within the "laterite" layer at
the HOO6 section in Ubon Ratchathani province, northeastern Thailand, was described
demonstrating the evidence of the in-situ occurrence of these tektite fragments. At least
331 tektite fragments with a total weight of 713 g were found from a 40 x 30 cm area with
10 cm thickness in the upper part of the "laterite" layer. The very angular shapes and very
poorly-sorted nature of the tektite fragments, the similar chemical composition of the

fragments, and the restoration of larger tektite fragments into one ellipsoidal tektite mass



suggest that these tektite fragments were formed by fragmentation of one large tektite
mass. The fact that the fragments were found within the "laterite" layer is inconsistent
with the previous interpretation that the upper surface of the "laterite" layer is a paleo-
erosional surface, on which the tektites were reworked. The fragments' size distribution
is bifractal following two power laws in the range from 10 to 26 mm and 26 to 37 mm,
with fractal dimensions (Ds) of 2.2 and 7.5, respectively. The Ds for the coarse fraction
of the tektite fragments is larger than the Ds for rock fragments generated by rockfalls
and rock avalanches and similar to the Ds for the coarser fraction fragments generated by
high-speed impact experiments. This large Ds value suggests that the tektite fragments
were formed through intense fragmentation by a relatively high energetic process. The
occurrence of the fragments forming a cluster and the distribution of the fragments in
sediments revealed by a computer tomography scanning analysis indicate that the
fragments were not moved apart significantly after fragmentation and burial. Based on
these results, it is concluded that the mass of a tektite was fragmented at the time of the
landing on the ground after the ejection from the impact site and has not been disturbed
further (i.e., in situ).

In addition to the in-situ occurrence of the tektite fragments, I reported the
discovery and occurrence of shocked quartz with planar deformation features (PDFs)
from the Quaternary depositional sequence, including the "laterite" layer, at the Huai Om
section in Ubon Ratchathani province, northeastern Thailand. Measurements of the
orientation of lamellae with a universal stage microscope and observation using scanning
electron microscopy and transmission electron microscopy were conducted to confirm
the presence of PDFs.

The extensive field survey at 20 sites (including the Huai Om and HO06 sections)
across a wide area in eastern Indochina revealed that there are basically the same
lithostratigraphic units (Units 1-3 in ascending order) unconformably covering the
basement rocks and sediments.

Unit 1 is composed of gravely silt to sand layers or a sandy gravel layer containing
materials reworked from the local basement. The thickness of Unit 1 is about 30 cm to 2
m. This unit is not laterally continuous and absent at several localities. Unit 2 is composed
of'a very poorly sorted breccia corresponding to the "laterite" layer. The thickness of Unit
2 is about 30 cm to more than 9 m. Tektites were found at several sites at the top of or

within the upper part of this unit. Unit 3 is composed of a well-sorted silt to fine sand
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layer. Although the original thickness of this unit is unknown because this unit is
truncated and capped by modern soil, the observed thickness of Unit 3 varies from site to
site, about 30 cm to 3 m.

Based on the in-situ occurrence of tektites in Unit 2 at HO06 section, the discovery
of shocked quartz grains throughout Units 1-3 at Huai Om section, and continuous
distribution of Units 2-3 in a wide area, the ejecta-bearing sequence of this region (Units
1-3) was identified as the proximal ejecta deposit of the AATE.

Based on their stratigraphy and lithological and sedimentological evidence, Units
1-3 are considered as deposited by the following process: rework of the local basement
rocks by the impact-generated wind loaded with fine ejecta (Unit 1), followed by
deposition of the ejecta curtain materials including gravels and tektites (Unit 2), and
finally deposition of fallout fine ejecta (Unit 3).

The thickness of Unit 2 becomes thicker toward southwestern Laos. This
thickness distribution of Unit 2, as well as the fact that the size of gravels in Unit 2
becomes larger toward southwestern Laos, indicates that the location of the impact is
somewhere in southwestern Laos. The regression analysis of the distribution of the
thickness of Unit 2, assuming that the log thickness is negatively correlated with log
distance from a source area, indicates that the Bolaven Plateau area (15.2°N, 106.1°E) is
the most probable impact site of the AATE. The presence of the weathered basalt
fragments, sandstone and mudstone fragments, and fragments of rounded quartzite
gravels in Unit 2 indicates that the target rock of the AATE includes basalt, Mesozoic
sedimentary basement rocks, and possibly Quaternary river gravels. This estimation of
the target rocks is consistent with the estimation of the impact site in southwestern Laos,
where Neogene to Quaternary basalt lava and Mesozoic sedimentary rocks are widely
distributed. The result of the estimation of the impact site strongly supports the hypothesis
of Sieh et al. (2019) that the AATE occurred in the basalt field of the Bolaven Plateau,

and the crater was buried by younger basalts that erupted after the impact.
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Chapter 1

General Introduction

1.1. The problems in the studies on the Australasian tektite event

Hypervelocity impacts by large extra-terrestrial objects can cause catastrophic
influence on the Earth's surface environment and ecosystem, as is the case of the
Chicxulub (K/Pg) impact at the end of the Cretaceous period (Alvaletz et al. 1980;
Pierazzo and Artemieva 2012; Schulte et al. 2010). Despite 200 impact craters found on
the Earth so far (Schmieder and Kring 2020), previous studies on large impact events
have been conducted mostly on a few impact events, such as the K/Pg boundary event.
Studying impact events on the Earth is generally difficult since weathering, erosion,
sedimentation, and tectonic movements have erased the geological evidence of impacts,
such as craters and proximal ejecta deposits. Evidence of impacts and environmental
perturbations is more likely preserved for younger impacts. It is, therefore, essential to
study young and large impact events.

The Australasian Tektite Event (AATE), which occurred at ca. 0.8 Ma (it is
estimated to be 788.1£3.0 ka by Jourdan et al. (2019), 793+14 ka by Schwarz et al. (2016),
800+6 ka by Yamei et al. (2000)), should be important to study impact phenomena
because it is the youngest among known large impact events on the Earth. Tektites are
glass objects formed by melting of crustal rocks due to impacts (e.g., Koeberl 1994). They
are distributed in at least four broad areas of the Earth's surface, called strewn fields (e.g.,
Koeberl 1994; Glass and Simonson 2012). The Australasian tektite strewn field is the
youngest and largest strewn field extending from southwestern China, through Indochina,
Australia, to Antarctica (Fig.1.1A) (e.g., Folco et al. 2016).

The possible effects of AATE on the regional environment and ecosystem has
been suggested. It is implied that AATE has relevance to the penecontemporaneous (~0.8
Ma) large flood deposits in northeastern Thailand, which includes tektites, carbonized
wood trunks, and bones of large mammals (Haines et al. 2004). The effects of AATE on
early hominid dispersion and settlement have also been suggested (e.g., Hyodo et al.
2011; Li et al. 2020). The early hominid migrated into Southeast Asia by 1.3 Ma at the
latest (Matsu'ura et al. 2020). Thus, hominids settled in Southeast Asia must have suffered

catastrophic effects from the impact. The population reduction due to the impact was



implied by the stratigraphic coincidence of the last occurrence of hominid fossils and
tektite-bearing horizon in Sangiran area, Java (Hyodo et al. 2011), and the sparse
distribution of stone tools, which buried in the same layer with Australasian tektites, at
Bose, southern China (Yamei et al. 2000; Li et al. 2020).

Despite the large size and young age of the strewn field and the possible effects
on the regional environment and ecosystem in Southeast Asia, the source crater and
proximal ejecta deposit of AATE have never been conclusively identified. Thus, the
nature of the impact, such as the location, magnitude, impact angle and direction, and
types of the target rock, is not well understood.

Based on several lines of evidence, the location of the impact is presumed
somewhere in the eastern part of the Indochina Peninsula (Fig.1.1B) (Schnetzler, 1992;
Ma et al. 2004; Glass and Koeberl 2006; Prasad et al. 2007; Sieh et al. 2019). The limited
distribution of the Muong Nong-type (layered) tektites, which are considered to be
proximal to the impact site based on their large size, blocky shape, internal heterogeneous
texture, and high volatile content ( Koeberl 1992; Cavosie et al. 2018), suggests that the
crater is in the area around northeastern Thailand and southwestern Laos (Schnetzler
1992). Ma et al. (2004) suggested that the crater is in a coastal region of central Vietnam
based on geographical variation of '’Be concentrations in tektites from a broad area of
Southeast Asia. The geographical distribution of microtektites in marine sediment cores
suggested that the crater is in the northeastern part of the Indochina Peninsula (e.g., Glass
and Koeberl 2006; Prasad et al. 2007). Recently, Sieh et al. (2019) proposed that the
impact occurred on the basalt field of the Bolaven Plateau in southwestern Laos, and the
crater was buried by younger basalt erupted after the impact, based on the presence of a
basalt component in the geochemistry of the tektites, pre- and postimpact ages of the
basalt, negative gravity anomaly in the basalt field, and the presence of a possible ejecta
deposit in southern Laos.

The magnitude of the impact has been roughly estimated as large enough to create
a 30-120 km sized crater based on the distribution of the thickness of the microtektite
layer in marine sediment cores (Glass and Koeberl 2006; Glass and Pizzuto 1994; Lee
and Wei 2000; Prasad et al. 2007). The asymmetric shape of the Australasian tektite
strewnfield, similar to the "Butterfly" pattern of ejecta distribution known to be formed
by oblique impacts, implies that the AATE was an oblique impact from the northwest
(Fig. 1.1A) (e.g., Ford 1988). However, the shape of the Australasian tektite strewn field



relies on the distribution of the microtektites, which is not established yet, and there is a
possibility that the strewn field extends further (Tada et al. 2020; Schwarz et al. 2016).

The information on the target rocks of AATE has been provided by the
geochemistry of the tektites since the target rock of the impact is the source material from
which tektites were formed. The major and trace element composition of Australasian
tektites suggests that the source material of the Australasian tektites is post-Archean upper
continental crust materials, presumably sediments. (e.g., Koeberl 1990, 1994; Mizera et
al. 2016). Koeberl (1992) interpreted the major element composition of Muon Nong-type
Australasian tektites as a mixture of soils from Thailand and Cambodia, quartzite, and
loess from southern China. On the other hand, Sieh et al. (2019) conducted the principal
component analysis of the major element composition of the Australasian tektites and
demonstrated that the major element composition can be interpreted as a mixture of basalt
and regionally distributed Mesozoic quartz-rich sandstone. However, basalts do not seem
suitable for the source material of Australasian tektites based on the rare earth-element
pattern of the Australasian tektites similar to the upper continental crust (Koeberl 1992).
The high concentration of '°Be in the Australasian tektites shows that the source material
includes surface or near-surface sedimentary deposits (Ma et al. 2004). The Nd and Sr
isotope study provides a constraint on the source material as a sedimentary formation of
Jurassic age, i.e., 175 £ 15 Ma (Blum et al. 1992).

Species of the relict minerals found in the Australasian tektite (zircon, rutile,
chromite, quartz), their rounded shape, and good sorting also indicate that the source
material is silt to fine-sand sedimentary material (Glass and Barlow 1979). Unmelted and
partly melted ejecta grains found in the South China Sea microtektite layer also suggest
that silt to fine sand sedimentary material were included as the target rock of the impact
(Glass and Koeberl 2006).

The uncertainty on the location, magnitude, impact angle, impact direction, and
types of target rocks described above is derived from the lack of information on proximal
ejecta deposits on-land in the Indochina Peninsula. In general, the thickness of ejecta
deposits varies with distances from the crater and magnitude of the impact (e.g.,
Mcgetchin et al. 1973), and thus, the distribution of the proximal ejecta deposits has
information of the location and magnitude of the impact. An oblique impact with an angle
of less than 30 degrees causes asymmetric distribution of ejecta deposits (e.g., Melosh

1989). The asymmetric distribution of ejecta also has information on the direction of the



oblique impact. In addition, gravels in ejecta deposits provide direct information on the
target rocks of the impact. Thus, to better understand the nature of the AATE, the ejecta
deposit and its distribution around the estimated impact area are important. Although the
distal ejecta layer of the AATE has been recognized as the microtektite layer in marine
sediment cores at multiple locations (e.g., Prasad et al. 2007), the proximal ejecta layer
of the AATE has never been identified on land in Indochina Peninsula.

There are several sites in Indochina Peninsula where tektites have been reported
from the Quaternary depositional sequence (Barnes and Pitakpaivan 1962; Tamura 1992;
Wasson et al. 1995; Schnetzler and McHone 1996; Fiske et al. 1996, 1999; Songtham et
al. 2011, 2012). In these cases, tektites are found from the upper part of or at the top of a
so-called "laterite layer", which is a loose nodular reddish-black ferruginous layer broadly
distributed a few meters below the surface in Southeast Asia (e.g., Tamura 1992; Fiske et
al. 1996; Songtham et al. 2011, 2012) (the occurrence of the tektites previously reported
in Southeast Asia are summarized in detail in section 2.1.1). It has been considered that
the tektites in the "laterite" layer were directly deposited in the strata and hence considered
as in situ by several authors (Wongsomsak 1986; Tamura 1992; Songtham et al. 2011,
2012; Nuchanong et al. 2014). On the other hand, the possibility of reworking of tektites
after the impact has been claimed (Fiske et al. 1996; Keates 2000; Koeberl and Glass
2000; Langbroek 2015) due to the lack of detailed sedimentological description of tektites
and tektite-bearing deposits and the lack of other evidence of impact such as shock
deformed minerals. Sieh et al. (2019) reported that the bouldery breccia in southern Laos
may be a probable ejecta deposit based on the findings of quartz grains with apparent
planar features that they believe to be planar deformation features (PDFs), a diagnostic
feature to identify shocked quartz (e.g., Chao 1967; French and Koeberl 2010). However,
Sieh et al. (2019) did not conduct comprehensive identification of PDFs, which is usually

required for identification of shocked quartz, as discussed in detail in section 3.1.2.

1.2. Geological setting of the study area

The study sites cover a wide area across eastern Indochina, including northeastern
Thailand, southern Laos, central Vietnam, and northern Cambodia. In this section, I
summarize the geological setting of the basement rocks and descriptions of the

Quaternary sedimentary sequence in the study area by the previous studies.



Eastern Indochina is characterized by a large sedimentary basin called the Khorat
Plateau Basin (Minezaki et al. 2019), extending over 200, 000 km? and covering
northeastern Thailand, western Laos, and northern Cambodia (Fig. 1.2A). The Khorat
Plateau Basin is composed of a complex sequence of five basins filled during five periods
of deposition from the Late Carboniferous to the end of the Cretaceous, which are
separated by unconformities formed by the Indosinian orogenic events initiated by the
collision between South China and Indochina blocks during Late Permian to Early
Triassic (Booth and Sattayarak, 2011; Minezaki et al. 2019). The Khorat Group, which is
thick (2000-3000 m) non-marine sedimentary rocks, overlies the Indosinian III
unconformity corresponding to the orogenic event in Early Jurassic, and extends to the
mid-Cretaceous unconformity. The Khorat Group is composed of conglomerates,
sandstones, and mudstones (Racey et al. 1996; Booth and Sattayarak 2011; Minezaki et
al. 2019). The Maha Sarakham Formation composed of mid-Cretaceous evaporites and
siliciclastic mudstone and the Phu Tok Formation composed of Late Cretaceous aeolian
sandstone locally overlie the Khorat Group with the mid-Cretaceous unconformity (e.g.,
Racey 1996; Hasegawa et al. 2010).

In the study area, Neogene to Quaternary basalts are distributed mainly in the area
of the Bolavean Plateau in southwestern Laos (Vilayhack et al. 2008; Negishi et al. 2009;
Sieh et al. 2019) and locally in the southern margin of northeastern Thailand, and northern
Cambodia (e.g., Fedorov & Koloskov 2005) (Fig. 1.2B). The age of the basalt in the
Bolaven Plateau was dated as 16 Ma to 27 Ka by Ar-Ar dating (Sieh et al. 2019).

The Quaternary deposits unconformably overlie the Mesozoic sedimentary
basement and well described only in northeastern Thailand. The typical thickness of the
Quaternary deposits in the Khorat Plateau Basin, along the main rivers (the Mun, Chi,
and the Mekong rivers), is 35 to 80 m (Nuchanong et al., 2014). The Quaternary deposits
are composed of gravel beds that are considered as river terrace deposits (Tamura et al.
1992; Nuchanong et al., 2014), at the base, which is overlain by the "laterite" layer
including tektites and then by the silt to fine sand layer in ascending order (Songtham et
al. 2011, 2012). Away from the main rivers, the Quaternary deposits are devoid of river
terrace deposits, and the "laterite" layer lies directly on the Mesozoic sedimentary
basement. The thickness of the "laterite" layer plus the overlying silt to sand layer is
several meters (Fiske et al. 1996; Tamura 1992). The clasts in the gravel beds are mainly

well-rounded quartzite, and rounded and platy sandstone with a minor amount of flint and



chert. These clasts are considered as derived from the conglomerates of the Mesozoic
sedimentary basement (Tamura 1992; Choowing 2011).

The overlying silt to sand layer, known as "Yasothon soil" or "Cover-sand", is
quartz-rich massive silt to sand widely distributed through southern China, Laos, Vietnam,
northern Cambodia, and northeastern Thailand (Tamura 1992; Demeter et al. 2010;
Nichol and Nichol 2015). The "Yasothon soil" has been considered to be a loess deposit
formed under arid climate based on the homogeneous and well-sorted texture, and sub-
spherical sub-rounded grain shape (Tamura, 1992; Nichol and Nichol, 2015). Sanderson
et al. (2001) reported a luminescence date of younger than 40 ka for a fine sand layer
directly beneath the ground surface at one site in Khon Kaen district in northeastern
Thailand. Nichol and Nichol (2015) use this luminescence date as supporting evidence
for the hypothesis that the fine sand layer is loess, deposited during the last glacial period.

On the other hand, Bunopus et al. (1999) and Songtham et al. (2011, 2012)
proposed that the "Yasothon soil" is widely distributed fine ejecta derived from the AATE,
but they did not show any conclusive evidence of impact origin, such as an occurrence of

shock-metamorphosed minerals.

1.3. The purpose and the structure of this thesis

This thesis aims to identify the on-land ejecta deposit in the Indochina Peninsula
and to clarify its lithostratigraphy, distribution, and depositional process for a better
understanding of the nature of the AATE.

Chapter 2 of this thesis reports a detailed occurrence of tektite fragments found
within the "laterite" layer at a section designated HO06 in Ubon Ratchathani province,
northeastern Thailand, to investigate whether the tektite fragments of similar occurrence
are of primary depositional origin or reworked origin deposited after the impact event.
The very angular shapes and very poor sorting of the tektite fragments, similar chemical
composition of the tektite fragments, restoration of a part of the original MN tektite mass,
and the CT scan analysis revealed that the tektite fragments were formed by fragmentation
of one large tektite mass at the time of the landing after the ejection by the impact, and
has not been disturbed further (i.c., in situ).

Chapter 3 of this thesis reports detailed lithostratigraphy of the Quaternary

sequence, including the "laterite layer" and discovery of the shocked quartz grains with



planar deformation features (PDFs) throughout the sequence at Huai Om section in Ubon
Ratchathani province, northeastern Thailand. The Quaternary sequence in this region can
be divided into three lithostratigraphic units (Units 1-3 in ascending order). Shocked
quartz grains with PDFs were found through the Units 1-3. PDFs were identified by
observation under an optical microscope, measurement of their orientation with a
universal stage microscope, and SEM and TEM observations.

Chapter 4 of this thesis reports the field survey results across eastern Indochina
(northeastern Thailand, southern Laos, northern Cambodia, and central Vietnam) to
investigate the distribution of the ejecta bearing sequence (Units 1-3) described in
Chapters 2 and 3. The result revealed that the tektite-bearing gravel layer (Unit 2) and
the overlying silt to fine sand layer (Unit 3) are continuously distributed in a wide area
in eastern Indochina.

In Chapter 5 of this thesis, the ejecta-bearing sequence (Units 1-3) of this region
is identified as the proximal ejecta deposit of the AATE based on the in-situ occurrence
of tektites in the upper part of Unit 2 (Chapter 2), the discovery of shocked quartz grains
throughout Units 1-3 (Chapter 3) and continuous distribution of Units 2-3 over a wide
area (Chapter 4). The depositional processes of Units 1-3 and implications for the location,
magnitude, and target rocks of AATE are discussed based on the lithostratigraphy,

distribution of thickness and grain size, and types of gravels in the ejecta deposit.
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Figure 1.1 A) Distribution of the Australasian Tektites. The solid line indicates the
boundary of the strewn field defined by the occurrence of the microtektites in marine
sediment cores and on Antarctica (after Folco et al. 2011). The sites where tektites are
found on land are after Folco et al. (2011) and Glass and Koeberl (2006). B) Estimated
areas for the location of the AATE. (1) Schnetzler 1992, (2) Ma et al. 2004, (3) Glass and
Koeberl 2006, (4) Prasad et al. 2007, (5) Sieh et al. 2019.
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Figure 1.2 A) Location of the Khorat Plateau Basin and major tectonic subdivisions of

Indochina (modified from Minezaki et al. 2019). B) Geological map of the study area
(modified after Teraoka and Okumura 2011). Locality names mentioned in Chapter 1 are

also shown.



Chapter 2

In-situ QOccurrence of Muong Nong-type Tektite
Fragments at HO06 Section, Northeastern Thailand

2.1 Introduction

2.1.1 Previous studies on the occurrence of Australasian tektites on land
in the Indochina Peninsula

Australasian tektites found on land have been classified into three groups based
on their morphology (e.g., Koeberl 1994): (1) splash-form (also called as normal type),
(2) ablated form (also called as aerodynamically shaped), and (3) Muong Nong-type
(MN) tektites (also called as layered tektites). Splash form tektites are reported from a
wide area of Southeast Asia. They are generally several cm in size and have symmetrical
shapes such as spheres, droplets, teardrops, and dumbbells. These shapes of the splash
form tektites are considered to be resulted from the solidification of rotating liquids during
their flight after ejection from the impact point (Stauffer and Butler 2010). Abrated
tektites are reported from Australia. They are several cm in size and have shapes like a
flanged button. The shapes of the abrated tektites are resulted from partial re-melting
during atmospheric re-entry after they were ejected outside the atmosphere (e.g., McCall
2001).

MN tektites are distributed in limited areas across northeastern Thailand, southern
Laos, Cambodia, Vietnam, and Hainan Island in China (Fig. 2.1) (Schnetzler 1992;
Wasson et al. 1995; Schnetzler and McHone 1996; Lin and Uda 1997; Fiske et al. 1999;
Shimo et al. 2010). They are typically > 10 cm, and the largest MN tektite reported so far
is 24.1 kg in weight (Koeberl 1992). They have blocky shapes and internal layered
textures. Based on their large size, blocky shape, internal heterogeneous texture, and high
volatile content, MN tektites are considered proximal to the impact site (Koeberl 1992;
Cavosie et al. 2018).

Although there are many studies on microstructure and geochemistry of
Australasian tektites, most of them were conducted on samples of uncertain or unknown
provenance (e.g., Fudali et al. 1987; Wasson 1991; Schnetzler and McHone 1996; Herzog
et al. 2008). Although most Australasian tektites reported with their provenances were

found as rubbles left on the ground surface, there are several reports of tektites found
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from the Quaternary deposits of Indochina Peninsula (Fig. 2.1), of which occurrences are
summarized in Table 2.1 (Barnes and Pitakpaivan 1962; Tamura 1992; Wasson et al.
1995; Fiske et al. 1996, 1999; Schnetzler and McHone 1996; Lin and Uda 1997; Shimo
et al. 2010; Songtham et al. 2011, 2012). According to these studies, tektites were found
from the upper part or at the top of a gravel (granule to pebble-bearing sand) layer
containing reddish-black spherical- to irregular-shaped ferruginous nodules, called a
"laterite" layer. However, the details of the occurrence of the tektites in the "laterite" layer
were not provided.

The tektites recovered from the "laterite" layer have been considered by several
authors to have deposited directly in the strata and found in situ (Wongsomsak 1986;
Tamura 1992; Songtham et al. 2011, 2012; Nuchanong et al. 2014). On the other hand,
there is a claim that these tektites have been reworked, based on the following reasons
(Fiske et al. 1996; Keates 2000; Koeberl and Glass 2000; Langbroek 2015).

Fiske et al. (1996) conducted field surveys at two localities in Ubon Ratchathani
province, northeastern Thailand (Huai Om and Huai Sai). They found two fragments of
MN tektite at the top of the "laterite" layer exposed along a dam spillway at Huai Om. At
Huai Sai, they conducted a controlled excavation of a 3 X 3m area and found 1139 MN
tektite fragments with a total weight of 6 kg forming a cluster at the top of the "laterite"
layer. They concluded that these MN tektite fragments were resulted from the
fragmentation of one large tektite mass, based on their occurrence that many fragments
form a cluster, the similar chemical composition of the fragments, and the size distribution
of the fragments that follows a power law. Based on the hardly cemented appearance of
the upper surface of the "laterite" layer that looks like an erosional pavement, they
interpreted that the top of the "laterite" layer is a paleo-erosional surface and that the
tektite fragments found at the top of the "laterite" layer were reworked on the paleo-
erosional surface. However, their interpretation is based only on the hard-cemented
appearance of the "laterite" layer in the field. Despite their conclusion that the tektite
fragments were reworked, Fiske et al. (1996) also noted that the tektite fragments remain
as a cluster and there is no positive evidence that these fragments have undergone
significant lateral transport. Thus, their interpretation does not seem to be well supported
by their own observations. However, this point has long been overlooked, and their

conclusion has been widely accepted.
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Australasian tektites reported in Australia generally are in deposits dated as
younger than the AATE, and thus, these tektites are interpreted to be reworked (e.g.,
Fudali 1993). Koeberl and Glass (2000) and Keates (2000) claimed that tektites in the
"laterite" layer in the Indochina Peninsula might have also been reworked by analogy
with the observation in Australia, although there is no such field evidence from Southeast

Asia.

2.1.2 The purpose of this chapter

In this chapter, I aim to clarify whether the Australasian tektites in the "laterite"
layer are of primary depositional origin (in situ) or reworked. If these tektites are of
primary depositional origin, it is indicated that the "laterite" layer could be a part of the
ejecta deposit of AATE. For this purpose, the occurrence of tektite fragments found
within the "laterite" layer at a section designated HO06 in Ubon Ratchathani province,
northeastern Thailand, was reported in detail. In addition to the detailed description of the
field occurrence of the tektite fragments, computer tomography (CT) scanning of a block
sample taken from the area where the tektite fragments were found was conducted to
describe their occurrence in three dimensions. The major element compositions of nine
tektite fragments were analyzed by electron probe microanalysis (EPMA) to demonstrate
that they have similar chemical composition. A part of an original tektite mass was
restored using large tektite fragments recovered from the block sample to demonstrate
that these tektite fragments originally formed one large MN tektite mass. The size
distribution analysis of the tektite fragments was further conducted to investigate the
fragmentation process of the original tektite mass.

The main part of this chapter was already published as Tada et al. (2020) from

Progress in Earth and Planetary Science.

2.2 Study site

The HOO6 section (14°34'45.2" N 105°16'30.0" E) is located near the southeastern
margin of the Khorat Plateau Basin about 15 km southwest of Huai Om, where Fiske et
al. (1996) reported MN tektite fragments at the top of the "laterite" layer (Fig. 2.2A). The
section is exposed along the spillway of Huai Phueng and Phlan Suea Ton Lang reservoirs

(Fig. 2.2B). The weathered Cretaceous sedimentary basement and overlying Quaternary
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deposits are exposed laterally for at least 200 m along both banks of the spillway. A
cluster of MN tektite fragments was found in the section at the north bank (Fig. 2.2B).
Any evidence of tectonic disturbance of the Quaternary deposits and the basement was

not found.

2.3 Methods
2.3.1 Field survey and sampling

A field survey was conducted at the HO06 section to describe the occurrence of
the cluster of MN tektite fragments found in the "laterite" layer. The observation of the
lithostratigraphy of the Quaternary deposits was conducted at the southern bank of the
spillway, where the sequence from the basement sandstone to the top of the Quaternary
deposit is exposed (Figs.2.2B, 2.3). The detailed lithostratigraphy of the Quaternary
deposit in this region is provided for the Huai Om section described in section 3.4.1 in
this thesis.

A block sample of 25 x 15 cm area with 10 cm thickness was taken from the area
where the cluster of MN tektite fragments was found using a handheld electric cutter for
three-dimensional CT scanning. After taking the block sample in the field, I further
recovered MN tektite fragments by gradually expanding the excavation area until no large
(> 1 cm diameter) tektite fragments were found. A ca. 40 x 30 cm area was excavated in
the end. There is a possibility that small (< 1 cm diameter) tektite fragments spread further
away were overlooked. After the CT scanning, the block sample was dismantled in the
laboratory, and MN tektite fragments larger than 5 mm in diameter were recovered in the

laboratory.

2.3.2 Measurement of major element compositions of the MN tektite
fragments

The major element compositions of nine selected MN tektite fragments found at
HOO06 section were analyzed by EPMA on thin sections using a JEOL JXA-8900L
electron probe microanalyzer at the Department of Earth and Planetary Science, the
University of Tokyo. The analysis was performed using 7.5 nA beam current and 15 kV
accelerating voltage with a defocused electron beam of 5 um. Counting times were 5 s on

the background and 10 s on peak. Si, Al, Fe, Mg, K, Ca, Na, Ti, and Mn were analyzed.
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To reduce possible volatilization effects, potassium and sodium were analyzed before
other elements, followed by the method of Glass et al. (2020). The error of the analysis
was evaluated by analyzing the composition-known magnetite that was repeated ten times.
The analytical error was better than 0.5 % in concentration for all elements.

In each thin section, 10 to 20 points were measured. Since the total percentage
of measured eclements varies between 96 and 100 wt.%, I selected data, the total
percentage of which is larger than 98 %, to calculate an average and standard deviation
of the major element composition of each thin section. After the data screening, each thin
section still has 10 to 15 measured points. The standard deviation of the major element
compositions, which is 1.3% in maximum (Table 2.2), includes the heterogeneity of the

sample and the measurement error.

2.3.3 Size distribution analysis of the MN tektite fragments

The size distribution of fragments is often used to investigate the fragmentation
processes (e.g., Farris and Paterson 2007; Bjoerk et al. 2009; Roy et al. 2012). Fracturing
or crushing of rock or glass results in size distributions of fragments that can be
represented by power-law functions in which fragment frequency increases with a
decrease in fragment size, because of scale invariance of the fragmentation process (e.g.,
Turcotte 1986). The relationship between cumulative frequency and fragment size can be

described by the power-law equation
N(ET) = kT'_DS (21)

where r is a radius of a fragment, N > ) is the number of fragments with a radius greater
than 7, and £ is a fitting parameter. The power exponent Ds is the fractal dimension for
the fragment size distribution.

The size and weight of the MN tektite fragments were recorded in the laboratory.
The long, intermediate, and short axes (a, b, and c axes) defined as the dimensions of a
fragment in three mutually orthogonal planes (a > b > ¢) were measured using a caliper

with an accuracy of 0.05 mm.
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2.3.4 CT scanning of the brock sample

X-ray CT scanning of the block sample was conducted using micro-CT scanner
TESCO TXS320-ACTIS at the National Museum of Nature and Science, Tokyo, with an
X-ray beam at 290 kV and 200 pA. The block sample was scanned at a slice thickness of
0.3 mm, yielding 1912 slices. Voxel (3D-pixel) sizes are 0.1758 x 0.1758 x 0.3 mm. The
obtained data in DICOM format were imported into Amira 5.4.3 software for 3D imaging.
MN tektite fragments were separated using the segmentation editor in Amira 5.4.3 based
on the contrast in X-ray transmittance between tektite fragments and the surrounding
matrix. Tektite fragments larger than 1 cm were identified because smaller tektite
fragments are more difficult to recognize on the CT cross-sections. The identification of
the tektite fragments on the CT cross-sections was confirmed by comparing each tektite
fragment to the tektite fragments recovered from the dismantled block sample.

Before conducting the CT scanning of the block sample, one MN tektite fragment
(HO06MN33) without any matrix material adhered, and fragments adhered with
cemented surrounding matrix (HOO6MN163) were also subjected to X-ray CT imaging
with a slice thickness of 0.2 mm, to see how MN tektite fragments appear in CT scan

cross-sections (Fig. Al.1).

2.4 Results
2.4.1 Lithostratigraphy

The basement rock at the HOO06 section is weathered very fine quartzo-feldspathic
sandstone of the Cretaceous Khok Kruat Formation in the uppermost part of the Khorat
Group (Nuchanong et al. 2014). The thickness of the exposed part of the basement
sandstone is approximately 2 m and is exposed continuously along the spillway. The
basement sandstone dips approximately 10° to the west (Fig. 2.3).

The Quaternary deposits unconformably overlying the Cretaceous basement
sandstone can be divided into three lithostratigraphic units (Units 1 to 3 in ascending
order) (Fig. 2.3). Unit 1 is a whitish-gray silty very fine sand layer of 70 cm thickness.
The basal contact with the basement is sharp, largely horizontal, slightly undulating, and
forms an angular unconformity (Fig. 2.3). Unit 2 is a reddish-brown, poorly-sorted,
granule- to pebble-bearing medium to coarse sand layer of 55 cm thickness. It overlies

Unit 1 with a sharp and generally planar contact with no evidence of erosion. The gravel
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clasts are 0.2-3 cm in diameter and composed mainly of white quartzite pebbles and their
fragments (Fig. 2.4B). This unit is partly cemented by reddish-brown iron oxides to form
reddish-black pebble size spherical to irregular shaped nodules, which is consistent with
the descriptions of the "laterite" layer (e.g., Songtham et al. 2011, 2012). Unit 3 is a
whitish- to brownish-gray massive fine sand layer. The thickness of this unit is 2 m (Fig.
2.4A). The basal contact is sharp and planar, with no evidence of erosion. This unit is
capped by ca. 20 cm thick modern soil with a gradational contact. The cluster of the MN
tektite fragments was found in the upper part of Unit 2 (ca. 10 cm below the upper
boundary) (Fig. 2.5).

2.4.2 Description of the MN tektite fragments

The MN tektite fragments found at the HOO06 section are black-colored vesicular
glass fragments showing submillimeter-scale layering (Fig. 2.6). Under an optical
microscope, thin sections of the fragments show layering composed of the dark brownish-
colored and light greenish-colored glass stripes parallel to each other. Each stripe has
micrometer-scale subparallel lamination characterized by an alternation of dark-brownish
and pale-greenish lenses. Elongated vesicles of submillimeter size are occasionally
observed, the long axes of which are roughly parallel to the layering (Fig. 2.7). Mineral
inclusions, which are several micrometers in diameter, are sparsely contained, but they
are too small to identify mineral species under an optical microscope. These
characteristics are consistent with the descriptions of Australasian MN tektites reported in
the Indochina Peninsula (e.g., Wasson 1991; Glass et al. 2020).

In total, 331 MN tektite fragments were found in the small area (~40 cm x 30 cm
with 10 cm in thickness) in the upper part of Unit 2 (One-hundred and seventy-seven
fragments were collected in the field after taking the block sample, and 154 fragments
were collected from the dismantled block sample in the laboratory). The total weight of
the fragments is at least 713 g (Table Al1.1).

The a, b, and ¢ axes of the MN tektite fragments range from 2.00 to 52.80 mm,
1.95 to 40.00 mm, and 0.70 to 30.80 mm, respectively. The average lengths and standard
deviations (in parenthesis) are 16.3 (8.7), 11.3 (7.1), and 7.2 (5.5) mm, respectively. These
large standard deviations of the size of the MN tektite fragments correspond to "very poor

sorting" in the scale of sorting for sediments (Folk and Ward 1957). The fragments are
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very angular, and fragile edges are well preserved, as shown in Figure 2.6. Forty-six large
fragments recovered from the dismantled block sample and seven large fragments
recovered in the field (53 tektite fragments in total) are fitted together like a jigsaw puzzle
to form a large MN tektite mass. The restored MN tektite mass is an ellipsoidal shape of
~370 g in weight (Fig. 2.8). The rest of the fragments are too small and so many that it is
difficult to find their positions to restore the original tektite mass. However, the
restoration result strongly suggests that tektite fragments forming the cluster originally
composed one large tektite mass of >713 g weight. The majority of the outermost surface
of the restored tektite mass was peeled off, showing the section of the internal layered
structure (Fig. 2.8B), while a typical pitted and grooved surface similar to those in splash-
form tektites was observed in some part (Fig. 2.8C) suggesting that the original surface
of the tektite mass is partly preserved. The fracture surfaces of the MN tektite fragments
are matt compared to a fresh fracture surface because of the presence of small pits, as
shown in Figure 2.8D. These matt surfaces of tektites were formed by soil etching after
their burial (Rost 1969; La Marche et al. 1984), indicating that the fragmentation occurred
in the geological past. Most fragments have iron-oxide cement and calcite cement, in
some cases adhering to the fragment surfaces. Some vesicles open to the surface are filled
with the iron-oxide and calcite cement materials, indicating that the laterization of Unit 2

occurred after their fragmentation.

2.4.3 Major element composition of the MN tektite fragments

The major element compositions of nine MN tektite fragments from the HO06
section, with their average compositions and standard deviations, are shown in Table 2.2.
The major element compositions of these samples are within the range of compositions
of previously reported MN tektites from Ubon Ratchathani province within 1o, for most
elements (Glass and Koeberl 1989; Koeberl 1992; Fiske et al. 1996; Herzog et al. 2008)
(Fig. 2.9), indicating that the fragments found at HO06 section are surely Australasian
MN tektites.

Figure 2.9B is diagrams showing SiO; vs. AlLOs3, FeO, K;O, and MgO
concentrations of the nine MN tektite fragments from the HO06 section compared with
concentrations of previously reported Australasian MN tektites from Ubon Ratchatani

province ( Glass and Koeberl 1989; Koeberl 1992; Fiske et al. 1996; Herzog et al. 2008).
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The major element compositions of the nine fragments are closely plotted in a narrow
area and indistinguishable from each other within lo, indicating that these tektite

fragments have similar chemical compositions.

2.4.4 Size distribution of the MN tektite fragments

Figure 2.10 shows the cumulative size distribution of the MN tektite fragments
larger than 10 mm found from the HOO06 section. The size of the fragments is represented
by the equivalent spherical diameter (» =3abc). The cumulative size distribution
increases rapidly from 37 to 26 mm and then increases slowly in a range smaller than 26
mm, showing a bi-fractal distribution that follows two different power laws. Ds for the
range from 10 to 26 mm is 2.2, and Ds for the range from 26 to 37 mm is 7.5. The position
dividing the two power laws is determined by adjusting the dividing point every 0.5 cm
to maximize the average of the R? values. The bi-fractal size distribution implies that the
fragment size distribution was affected by two different fragmentation mechanisms (e.g.,
Schultz and Gault 1990).

It is known that Ds for the fragments generated by fragmentation of rocks or
glass is roughly proportional to the intensity of the fragmentation process. Although Ds
is also affected by the inherent strength properties of the rock or glass, fragments
generated by a higher magnitude and rate of stress loading tend to have higher Ds value
(e.g., Takagi et al. 1984; Jébrak 1997; Roy et al. 2012; Xu 2018). For instance, Ds for
rock fragments generated by weathering of andesite in the field or hammering of
limestone by hand is 2.5-2.7 (calculated from the data of Domokos et al. 2015). Ds for
rock fragments generated by rockfalls and rock avalanches with various lithologies is 1.6
to 4.7 (Crosta et al. 2007; Ruiz-Carulla and Corominas, 2020). The size distribution of
rock fragments generated by complete fragmentation of target rocks in hypervelocity
impact experiments shows bi- or tri- fractal distributions, in which Ds for the finer fraction
ranges from 1.7 to 4.3 and Ds for the coarser fraction ranges from 4.8 to 11.9 (calculated
from the data of Takagi et al. 1984; Michikami et al. 2016). Ds for the fragments of a
block on the lunar surface fragmented by a small meteorite impact is 3.3 to 6.0 (Ruesch
et al. 2020).

Although the difference of physical properties between the tektite glass and
rocks needs to be considered, the high Ds (7.5) for the coarse fraction of the tektite
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fragments is higher than the range of Ds previously reported for rock fragments generated
by rockfalls and rock avalanches and similar to Ds of the coarser fraction fragments
generated by hyperspeed impact experiments and impact fragmentation on the lunar
surface. This high Ds value indicates that the tektite fragments were formed through

intense fragmentation by a relatively high energetic process.

2.4.5. Observation of the CT scan 3D image of the block sample

In CT cross-section images, tektite fragments appear as angular-shaped areas
with moderate X-ray transmittance, exhibiting elongated vesicles (Fig. A1.1). The CT
scan 3D image of the block sample revealed that the MN tektite fragments are distributed
in 20 x 10 x 10 cm space as if they were expanded from the original tektite mass by
fragmentation (Fig. 2.12). The large fragments are not closely contacted but separated
from each other by 1 to 2 cm (Fig. 2.12), implying that these fragments were not fractured
by a thermal break-up after burial. If these large fragments were fractured by a thermal
break-up after burial, the fragments should be closely contacted.

Figure. 2.12 shows the comparison of fragments in CT scan 3D image and in the
restored MN tektite mass. The tektite fragments fitted together in the restored tektite mass
are closely positioned in the CT scan 3D image. There are several pairs of the fragments
facing their fracture surfaces (Fig. 2.12). These characteristics strongly suggest that the

MN tektite fragments were not disturbed at all after the fragmentation.

2.5 Discussion
2.5.1. Fragmentation process of the MN tektite fragments

The fact that the large tektite fragments fitted together to form one large
ellipsoidal tektite mass with the original surface partly preserved, as well as the similar
chemical composition of the MN tektite fragments, indicates that the tektite fragments
were formed by fragmentation of one large tektite mass. The very angular shapes with
well-preserved fragile edges, the very poorly sorted nature of the MN tektite fragments,
and the occurrence that the tektite fragments forming a cluster suggest that these MN
tektite fragments were not transported a long distance but rather fragmented in situ. The
presence of the pairs of the fragments facing their fracture surfaces (Fig. 2.12) suggests

that the MN tektite fragments were not disturbed after the fragmentation and burial.
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Fiske et al. (1996) interpreted that the fragmentation of an original MN tektite
mass was a low-energy process such as weather or climate-related temperature-induced
fracturing after the deposition of the MN tektite mass based on the close spatial
association of the MN tektite fragments at Huai Sai. However, as is mentioned in the
previous section, the size distribution of the coarse fraction of the MN tektite fragments
from the HOO6 section suggests a relatively high energy process rather than a low energy
process. The possibility that the MN tektite mass was broken by tectonic movement after
deposition is also unlikely because any evidence of tectonic deformation was not found
at the outcrop. The other possibility is that the fragmentation occurred by a high-speed
collision of ejecta materials during the flight before the deposition. However, this
possibility is also unlikely because if the fragmentation occurred during the flight, the
fragments would have separated before they landed on the ground and would not have
formed a cluster. Consequently, the timing of the fragmentation of the MN tektite mass
is constrained to the time of the landing on the ground.

To be fragmented at the landing on the ground, the tektite mass needs to be
quenched under the glass transition temperature before the landing. Assuming that the
tektite is ballistically ejected at 45° from the impact site and that the distance from the
impact site is 100 km, the time of flight can be estimated as ~144 s (Collins et al. 2005).
This should be the minimum estimate considering the presence of atmosphere in the
actual case. The quench time of the tektite can be roughly estimated by assuming that the
tektite is a spherical black body with a 9.4 cm diameter (~1 kg) (Greenland and Lovering
1962). The estimated time to quench the tektite from 1900 K (Walter 1965; Cavosie and
Koeberl 2019) to the glass transition temperature of MN tektites (1005 K; Klein et al.
1980) is ~164 s. Thus, the estimated time of flight and the estimated time of quench to
the glass transition temperature is roughly comparable. Since the surface area of the MN
tektite mass must be much greater than that of a simple sphere, the MN tektite mass is
considered to be quenched more efficiently. Thus, the temperature of the MN tektite mass
is considered to be significantly lower than the glass transition temperature at the time of
the landing. Thus, the proposed process that requires the tektite mass had quenched at the
time of the landing is consistent with the time of flight.

The MN tektite fragments were considered to have been either co-deposited with
other ejecta materials immediately after (or almost at the same time with) the

fragmentation or the MN tektite mass was fragmented during penetration into the
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unconsolidated ejecta of Unit 2 so that the fragments remained as a cluster.

As for the fragmentation mechanism of the finer fraction of the MN tektite
fragments, one possibility is that some of the tektite fragments were further fractured by
weather or climate-related thermal fracturing after the deposition. Another possibility is
that some of the tektite fragments generated by the collision with the ground surface were
secondarily fractured by collision with the surrounding other ejecta materials immediately
after the first fragmentation.

The other possibility for the fragmentation mechanism of the finer fraction is
raised from the relationship between the size and shape of the fragments. In hypervelocity
impact experiments, the fragments generated by complete fragmentation of the target rock
show bi- or tri-fractal size distribution, in which fine and coarse fractions follow different
power laws (Takagi et al. 1984; Onose et al., 2011; Michikami et al. 2016). It is also
known that the average ratio of the three axes a: b: ¢ of the fragments generated by hyper-
velocity impact experiments generally are ~2:4/2:1 (corresponding to c/a=~ 0.5,
b/a=~0.7) (e.g., Capaccioni et al. 1986; Capaccioni et al. 1984; Fujiwara et al. 1978;
Michikami et al. 2016). Onose et al. (2011) conducted hyper-velocity impact experiments
on the gypsum target and reported that larger fragments tend to have equant shapes with
similar a, b, and ¢ axis, while smaller fragments tend to have flat or bar-like shapes. Based
on this relationship between the shape and size of the fragments, Onose et al. (2011)
interpreted that the larger fragments were generated by radial cracking of the target, and
the smaller fragments were generated by spallation from the target surface resulted in
different power-law size distributions and different shape characteristics for large and
small fractions of the fragments. Fig. 2.11 is a diagram showing b/a versus c/a of the MN
tektite fragments at the HOO06 section. Although the ratio of the three dimensions of the
fragments is various, the average ratio of the three axes is c/a=0.43, b/a=0.69, which is
similar to that of the fragments generated by hyper-velocity impact experiments. It is also
clear that the shapes of the fragments smaller than 26 mm tend to be flat or bar, while
large fragments (> 26 mm in sphere equivalent diameter) are mostly equant shapes. This
size-shape relationship of the MN tektite fragments at the HO06 section and the fact that
the most surface of the restored tektite mass was peeled off, showing the sections of the
internal layered structure (Fig. 2.8), imply the possibility that small fragments were
generated by peeling off from the surface of the original MN tektite at the collision with
the ground. However, it is unlikely that the MN tektite mass was fragmented by a hyper-
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velocity (more than several hundred meters per second) impact to the ground because the
fragments would have been scattered and not buried as a cluster if they impacted at such
a high speed. In any case, I can conclude that the whole size distribution of the MN tektite
fragments, especially the high Ds value of the coarse fraction, is different from the size

distributions of rock fragments generated by low energy processes.

2.5.2. Stratigraphic position of Australasian tektites in Indochina
Peninsula

As proposed in the previous sections, the fragmentation of the MN tektite mass
occurred at the time of the landing on the ground. The fragments were buried immediately
after the fragmentation by co-deposition of other ejecta materials or penetration into the
ground covered by unconsolidated ejecta deposit. In either case, the fragments were
preserved as a cluster. Thus, the MN tektite fragments in the upper part of Unit 2
("laterite" layer) at the HOO6 section are considered in the primary position (i.e., in situ).

Fiske et al. (1996) interpreted that MN tektite fragments found at the top of Unit
2 at the Huai Om and Huai Sai sections were reworked because, in their opinion, the
upper surface of Unit 2 is a paleo-erosional surface. However, it is not consistent with
this interpretation that MN tektite fragments are found not at the top of Unit 2 but within
Unit 2 at the HOO06 section. The distribution of the tektite fragments in sediments as if
they were expanded from the original tektite mass by fragmentation (Fig. 2.12) is also not
consistent with the previous interpretation because if reworked on the paleo surface, the
fragments would be distributed on a plane. In addition, there was no evidence of erosion
at the top of Unit 2 at the HOO06 section and several other sections in the region (detail in
section 4.3 of this thesis). Furthermore, our field observations of the "laterite" layer in
other sites (for example, an active sandpit at Noen Sa-nga in Chaiyaphum province)
suggest that laterization (precipitation of iron hydroxides) of this layer could have
occurred within a few years after road cuts or pit walls were formed, indicating that the
hard-cemented appearance of this layer was not formed as an erosional pavement before
the impact, but formed on the outcrop surface by recent ferricretization (detail in 4.3.1.1).
Koeberl and Glass (2000) and Keates (2000) pointed out that the Australasian tektites in
Australia are generally found in deposits younger than the age of the impact, and
interpreted by analogy that the tektites reported in the "laterite" layer in Indochina may

be of similar reworked origin. However, this analogy is not based on observational
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evidence in Southeast Asia. The in-situ occurrence of the MN tektite fragments in Unit 2
at the HOO6 section and the fact that the MN and splash-form tektites generally were
reported in the upper part of or at the top of the "laterite" layer at sites in the broad area
of eastern Indochina (Table 2.1, Fig. 2.1) strongly suggest that the Australasian tektites
found from the "laterite" layer were deposited in situ as ejecta and the "laterite" layer is a

part of the proximal ejecta deposit of AATE.

2.6 Summary

I described the detailed occurrence of the cluster of MN tektite fragments found
in the upper part of the "laterite" layer at the HO06 section, Ubon Ratchathani province,
northeastern Thailand. At least 331MN tektite fragments (total weight of >713 g) were
concentrated in a small (40 x 30 cm) area with 10 cm in thickness. The occurrence as a
cluster, the very angular shapes, the very poorly sorted nature of the fragments, the
restoration of the part of the original MN tektite mass, and the similar chemical
composition of the fragments suggest that these MN tektite fragments were not
transported long distances but rather fragmented in situ.

The size distribution of the MN tektite fragments shows bi-fractal, following two
different power laws in the range 10 to 26 mm and 26 to 37 mm with Ds of 2.2 and 7.5,
respectively. The high Ds for the coarse fraction of the tektite fragments implies that the
tektite fragments were formed through intense fragmentation by a relatively high energy
process. The CT scan analysis of the block sample revealed that the MN tektite fragments
were buried immediately after the fragmentation and not disturbed after the burial.

These results suggest that the tektite fragments were formed by fragmentation of
one large tektite mass at the time of the landing after the ejection by the impact and has
not been disturbed further (i.e., in situ). This conclusion is contrary to the previous
interpretation that similar tektite fragments were reworked on the upper surface of the
"laterite" layer, which was interpreted as a paleo-erosional surface (e.g., Fiske et al. 1996),
but strongly suggests that the "laterite" layer distributed widely in the eastern Indochina
is a part of the proximal ejecta deposit of the AATE.
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Figure 2.1 Map of Indochina showing sites where Australasian tektites have been found.
Sites where the tektites were found from strata, are also shown (after Schnetzler 1992 and
references listed in Table 2.1). The names of locations mentioned in Chapter 2 are also

shown.
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Figure 2.3 Field photographs and the columnar section of the HOO06 section. A) Field
photograph of the section on the southern side of the spillway. B) Cartoon of the
stratigraphy shown in B. The legend B is the same as that for C. C) Columnar
representation of the stratigraphy section made on the southern side where a good
exposure was observed. Note the stratigraphic position of the MN tektite fragment cluster,

which was found in the upper part of Unit 2 on the northern side of the spillway.
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Figure 2.4 Field photographs of the HO06 section. A) Close photograph of Unit 3. B) Close photograph of Unit 1 and Unit 2.
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Figure 2.5 Field photograph of the cluster of tektite fragments within the upper part of Unit 2. A) A wider photograph showing that the

cluster of tektite fragments are ca. 10 cm below the upper unit boundary. B) The white allows point to each fragment partly exposed on the

outcrop surface.
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1cm 1cm

Figure 2.6 Photographs taken of differing orientations of examples of the tektite
fragments recovered from the HOO06 section. A) Sample HOO6MN34. B) Sample
HOO6MN79. C) Sample HOO6MN32 a and 32 b. The MN tektite fragments are black

vesicular glass showing layering structure and have angular shapes with fragile edges.
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Figure 2.7 Thin section photographs of sample HOO6MNI12 (the contrast of the
photographs is enhanced). The layering texture is composed of the dark- and light-colored
glass lenses, and the elongated vesicles are shown. A) Lower magnification view showing
submillimeter-scale alteration of dark and light stripes. B) Higher magnification view of

the same section in A.
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Figure 2.8 The photographs taken of different orientations of the restored tektite mass(A).
B) Photograph of a part of the surface, which was peeled off showing the section of the
internal layered structure cut by low angle. C) Photograph of a part of the surface, which
is considered as the preserved original surface of the tektite mass showing a typical pitted
and grooved surface. D) Photograph of the fracture surface of the MN tektite fragment,

which is matt due to the presence of small pits.
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Figure 2.9 Major element compositions of the MN tektite fragments from the HO06
section. A) Comparison of the major element compositions of the MN tektite fragments
from the HOO6 section and the average of other MN tektites from the same region, Ubon
Ratchathani province, previously reported. B) X—Y plots of the concentrations of SiO>
versus AlLO3, FeO, K>0O, and MgO of the MN tektite fragments from the HO06 section
compared with other MN tektites from the same region, Ubon Ratchathani province,
previously reported. The error bars represent 1o of ten to fifteen measurements of each

section.
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Figure 2.10 Cumulative size distribution of the MN tektite fragments from the HO06

section for the size range of r > 10mm.
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Figure 2.12 Comparison between CT scan 3D image of the MN tektite fragments in the block sample (A-1 and B-1) and the restored tektite
mass (A-2 and B-2) from different orientations. The fragments in the restored mass which appear in the CT scan 3D image are represented
by the same color in the CT scan 3D image. Several pairs of fragments were buried as facing their fracture surfaces, indicated by double-

headed arrows. The white arrow on the CT scan 3D image represents the stratigraphic upper direction.
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Table 2.1 Sites in Indochina where Australasian tektites were reported in strata

Locality Country Latitude Longitude Tektite type Ocurrence Reference

Phang Daeng* Thailand N16°48' E104°24' MN At least 10 kg of MN tekitte fragments were found in the Barnes and
"laterite" layer, ~0.3 m below the surface. Tektite fragments Pitakpaivan 1962
were concentrated in a small area.

Nong Sapong * Thailand N17°12' E104°42' MN MN tektite fragments were found in the "laterite" layer, 0.7 m Barnes and
below the surface. Tektite fragments were concentrated in a Pitakpaivan 1962
small area.

81 km west of Nakhon  Thailand N17°30' E103°30' MN MN tektite fragments were found in the "laterite" layer, 0.7 m Barnes and

Sakhon* below the surface. Pitakpaivan 1962

Huai Sai Thailand N14°53' E105°25' MN A cluster of 1139 MN tektite fragments with a total mass of 6 kg Fiske et al. 1996

were partly exposed at the surface. The largest piece weighed
701.7 g. The fragments were concentrated in 2 x 3 m area and
30 cm in depth. These fragments were in the uppermost light
gray sandy soil layer and in the upper 10 cm of the quartz
pebble-bearing "laterite" layer. Most of fragments were found
at the boundary of these two layeres.

Huai Om Thailand N14°35' E105°17' MN Two MN tektite fragments with total weight of 2 g were found  Fiske et al. 1996
from the top of the "laterite" layer. 14 MN tektite fragments
with total weight of 43.5 g were in float but clealy derived from
the immediate strata above.

1 km WNW of Ban E Sae Thailand N15°07.0' E104°07.0' Sp Two splash form tektites were from the very top of the "laterite" Wasson et al. 1995
layer.

400 m NNW of BanTa  Laos N16°22.336' E106°27.595' MN MN tektite fragments were found in the upper 20 cm of the Fiske et al. 1999

Ko pebbly "laterite" layer, ~1 m below the surface. 450g of tektite

fragments were found in total from 12 square meters area.

500 m N of the entrance Laos N16°22.800' E106°30.00' MN Two small MN tektite fragments were found at the top of the Fiske et al. 1999
of Muong Nong pebbly "laterite" layer. Ten fragments of MN tekitte with a total
mass of 250 g were found on the surface of a quarry.

7 km N of Khe Sahn Vietnam N16°40.71' E106°42.33' MN 86 MN tektite fragments with a total mass of 500 g were Fiske et al. 1999
concentrated in the upper 10 cm of the pebbly quartzite clasts
layer.
~1km S of Xeno Laos N16°39.6' E105°00.5' MN Two MN tektite fragments with total weight of 3.9 g were Schnetzler and
found from a reddish "laterite" layer containing scattered quartz McHone 1996
pebbles.
~9km S of Xeno Laos N16°35.2' E105°02.3' MN Four MN tektite fragments with total weight of 4.8 g were found Schnetzler and
from a reddish "laterite" layer containing scattered quartz McHone 1996
pebbles.
~ 11 km of Xeno Laos N16°34.2' E105°01.9' MN A MN tekitte fragment with weight of 3.0 g was found from a Schnetzler and
reddish "laterite" layer containing scattered quartz pebbles. McHone 1996
Ban Fang Thailand N16°27.83' E102°37.83' Not One tektite is from the upperpart of the "laterite layer",~1.2 m Tamura, 1992
described  below the surface.
Khon Kaen University Thailand N16°28.83' E102°49.91' Not One tektite is from the upperpart of the "laterite layer",~1.2 m Tamura, 1992
described  below the surface.
Ban Non Chai Thailand N16°22.83' E102°51.45' Not One tektite is from the "laterite layer", partly exposed in the Tamura, 1992
described  ground surface.
Ban Samran Thailand N16°32.73' E102°49.85' Not One tektite is from the "laterite layer", partly exposed in the Tamura, 1992
described  ground surface.
Ban Khan Kaem Khun Thailand N16°40.50' E102°48.33' Not One tektite is from the "laterite layer", partly exposed in the Tamura, 1992
described  ground surface.
Noen Sa-nga Thailand N15°36.50' E101°58.00" Irregular A small piece of irregular shaped tektite with weight of 8.75 gis Songtham et al.
shape found at the top of the "laterite" layer. 2011; 2012
Gongpozhen* Hainan  N19°47.24' E110°48.30' Sp.and Several pieces of Sp. and irregular shaped tektite were found at Lin and Uda, 1997
(China) Irregular  the top of a sandy gravel layer, several tens of centimeters
shape below the surface (detail was not provided).
Qionhai* Hainan  N19°19.13' E110°31.12' Sp.and Several pieces of Sp. and irregular shaped tektite were found at Lin and Uda, 1997
(China) Irregular  the top of a sandy gravel layer, several tens of centimeters
shape below the surface (detail was not provided).
Sanya* Hainan  N18°26.44' E109°29.40' MN Twenty tektiets (at least one of them was MN type) were found Shimo et al. 2010
(China) from a unconlidated sediments (detail was not provided).

* Approximate site location from sketch map and name assigned from a nearby village

MN: Muong Nong-type, Sp: splash form
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Table 2.2 Major element compositions of the MN tektite fragments from the HO06 section

Sample SiO, (10) Al,0; (10) MgO (1o) FeO (1o0) Ca0 (10) Na,0 (10) K,0 (10) MnO (10) TiO, (10) Total (10)
HOO6MN16 79.29 (1.30) 9.64(0.62) 1.25(0.14) 3.63(0.29) 1.10(0.15) 1.01(0.07) 2.27(0.10) 0.09(0.06) 0.56 (0.08) 98.84 (0.53)
HOO6MN79 78.52(2.90) 10.29(1.76) 1.46(0.31) 3.70(0.58) 1.00(0.19) 1.03(0.14) 2.27(0.09) 0.08(0.05) 0.62 (0.08) 98.97 (0.62)
HOO6MN105 79.56 (1.25) 9.72(0.85) 1.37(0.18) 3.61(0.32) 0.89(0.14) 0.96(0.12) 2.30(0.13) 0.07(0.05) 0.61(0.06) 99.11 (0.45)
HOO6MN119 80.18(1.27) 9.19(0.93) 1.20(0.13) 3.45(0.40) 1.21(0.08) 0.97(0.08) 2.13(0.14) 0.09(0.06) 0.58 (0.05) 99.01 (0.59)
HOO6MN121 79.46 (1.02) 9.86(0.74) 1.37(0.10) 3.58(0.20) 1.14(0.07) 0.92(0.06) 2.34(0.08) 0.11(0.07) 0.58 (0.04) 99.36(0.53)
HOO6MN122 79.6 (1.07) 9.46(0.64) 1.33(0.09) 3.44(0.32) 1.17(0.13) 0.98(0.06) 2.17(0.19) 0.10(0.07) 0.55(0.07) 98.85(0.51)
HOO6MN124 79.54 (0.80) 9.59 (0.60) 1.14(0.09) 3.48(0.29) 0.80(0.04) 1.03(0.05) 2.27(0.11) 0.10(0.06) 0.56(0.08) 98.51 (0.43)
HOO6MN129 79.36(1.13) 9.61(0.56) 1.22(0.19) 3.50(0.38) 1.19(0.09) 1.00(0.05) 2.31(0.10) 0.11(0.07) 0.57(0.06) 98.86 (0.57)
HOO6MN141 79.17(1.33) 9.87(0.90) 1.22(0.16) 3.52(0.28) 0.86(0.10) 0.98(0.07) 2.32(0.05) 0.10(0.04) 0.63(0.07) 98.69 (0.25)
Average 79.41(0.42) 9.69(0.29) 1.29(0.10) 3.55(0.09) 1.04(0.15) 0.99(0.03) 2.27(0.07) 0.10(0.01) 0.58(0.03) 98.91(0.23)
Koeberl 1992 (n=19) 78.95(1.52) 10.19(0.98) 1.43(0.13) 3.75(0.35) 1.21(0.15) 0.92(0.09) 2.42(0.10) 0.08(0.01) 0.63(0.05) 99.59 (0.25)
Fiske et al. 1996 (n=3) 79.83(0.15) 9.11(0.15) 1.51(0.03) 3.39(0.04) 1.46(0.03) 1.52(0.04) 2.27(0.02) 0.09(0.00) 0.61(0.01) 99.78(0.24)
Herzog et al. 2008 (n=2) 78.56 (0.35) 11.02(0.19) 1.71(0.01) 4.10(0.06) 1.65(0.01) 0.80(0.03) 2.45(0.01) 0.07(0.03) 0.70(0.01) 101.05 (0.06)
Glass and Koeber| 1989 (n=1) 79.2 10.3 1.41 3.76 1.09 0.87 2.44 0.09 0.62 99.78
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Chapter 6

Conclusion

This thesis attempted to identify the on-land ejecta deposit in the Indochina
Peninsula derived from the AATE and to clarify its lithostratigraphy, distribution, and
depositional process for a better understanding of the nature of the AATE.

In Chapter 2, I reported a detailed occurrence of tektite fragments found within
the "laterite" layer at the HOO6 section located in Ubon Ratchathani province,
northeastern Thailand, and demonstrated that the tektite fragments in the "laterite" layer
are of primary depositional origin. The very angular shapes and very poor sorting of the
fragments, similar chemical composition of the fragments, restoration of a part of the
original MN tektite mass, and the CT scan analysis revealed that the tektite fragments
were formed by fragmentation of one large MN tektite mass at the time of its landing after
the ejection by the impact, and has not been disturbed further (i.e., in situ). This result is
contrary to the previous interpretation that similar tektite fragments were reworked on the
upper surface of the "laterite" layer, which was interpreted as the paleo-erosional surface
(Fiske et al. 1996), and indicates that the "laterite" layer is a part of the ejecta layer derived
from the AATE.

In Chapter 3, I reported detailed lithostratigraphy of the Quaternary sequence
including the "laterite" layer, and discovery of the shocked quartz grains with planar
deformation features (PDFs) throughout the Quaternary sequence at Huai Om section in
Ubon Ratchathani province, northeastern Thailand. The Quaternary sequence can be
divided into three lithostratigraphic units (Units 1-3 in ascending order). Shocked quartz
grains with PDFs were found throughout Units 1-3. PDFs were identified based on
observation under an optical microscope, measurement of their orientation with a
universal stage microscope, and further observations under SEM and TEM. This is the
first report that shocked quartz with PDFs was identified from the Quaternary deposits in
Indochina, and the result strongly indicates that Units 1-3 in this locality compose one
sequence of the ejecta deposit.

In Chapter 4, I reported the lithostratigraphy of the Quaternary sequence for seven
representative sites selected from 20 studied sites across eastern Indochina (northeastern
Thailand, southern Laos, northern Cambodia, and central Vietnam) to investigate the

distribution of the ejecta-bearing sequence described in Chapters 2 and 3. Basically, the
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same lithostratigraphic units (Units 1-3) are observed at these sites.

Unit 1 is composed of gravel-bearing silt to sand layers or a gravel layer
containing materials reworked from the local basement. The thickness of Unit 1 is about
30 cm to 2 m. This unit is not laterally continuous and absent at many localities. Unit 2 is
composed of a very poorly-sorted breccia layer corresponding to the "laterite" layer. The
thickness of Unit 2 is about 30 cm to more than 9 m, and thinner in northeastern Thailand
and northern Cambodia, and thicker in southwestern Laos. The size of the gravels tends
to be smaller in northeastern Thailand and northern Cambodia (2-4 mm), and larger in
southern Laos (1-8 cm). The gravels are composed mainly of heavily weathered basalt
fragments and red sandstone and mudstone fragments at sites in southern Laos. On the
other hand, the gravels are composed mainly of white quartzite fragments with a minor
presence of red sandstone and mudstone fragments at sites in northeastern Thailand and
northern Cambodia. Tektites (both splash-form and MN tektite fragments) were found
from the top of or within the upper part of this unit at several sites. Unit 3 is composed of
a well-sorted silt to sand layer. Although the original thickness of this unit is unknown
because this unit is truncated and covered by modern soil, the observed thickness of Unit
3 is various from site to site, about 30 cm to 3 m.

In Chapter 5, the depositional process of the ejecta-bearing quaternary sequence
(Units 1-3) and implications for the location, magnitude, and target rocks of the AATE
are discussed based on the lithostratigraphy, spatial distributions of the thickness and the
grain size, and types of gravels in the ejecta deposit.

Based on their stratigraphic position and lithological and sedimentological
evidence, Units 1-3 are interpreted as deposits formed by the following processes: rework
of the local basement rocks by the impact-generated wind loaded with fine ejecta (Unit
1), followed by deposition of the ejecta curtain materials including gravels derived from
the target rocks and tektites (Unit 2), and finally deposition of fallout fine ejecta (Unit 3).

The thickness of Unit 2 becomes thicker toward southwestern Laos. This
thickness distribution of Unit 2, as well as the fact that the size of gravels in Unit 2
becomes larger toward southwestern Laos, indicates that the location of the impact is
somewhere in southwestern Laos. The regression analysis of the thickness distribution of
Unit 2 under the assumption that the log thickness is negatively correlated with log
distance from the source area indicates that the Bolavean Plateau area (15.2°N, 106.1°E)

is the most probable impact site of the AATE. This result strongly supports the hypothesis

139



of Sieh et al. (2019) that the AATE occurred in the basalt field of Bolaven Plateau, and
the crater was buried by younger basalts that erupted after the impact.

The presence of the weathered basalt fragments, sandstone and mudstone
fragments, and fragments of rounded quartzite gravels in Unit 2 indicates that the target
rock of the AATE includes basalt, Mesozoic sedimentary basement rocks, and possibly
Quaternary river gravels. This further supports the hypothesis of Sieh et al. (2019).

To establish the distribution of the ejecta layer of AATE and to better constrain
the impact site, crater size, impact angle, and impact orientation, it will be needed to
conduct additional field surveys on the ejecta layer in Bolaven Plateau close to the
estimated impact site, and in southern Vietnam and northern Laos, that are the area further
away from the estimated impact site.

In order to confirm the existence of the AATE crater under the basalt in the
Bolavan Plateau, it will be required to conduct drilling through the basalt layer and
recover rock samples to investigate the presence of impact-derived rocks such as impact
breccia, suevite, and melt rock.

Since the ejecta deposit reported in this thesis is the youngest for large impact
events on Earth, detailed investigation on vertical and lateral variations of the degree of
shock deformation of ejecta materials at multiple sites in Indochina will provide
information for understanding the process of ejecta dispersion due to large impacts on

Earth.
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Appendix

Figure A1.1 Examples of the CT scan 3D imaging of the MN tektite fragments. A-C)
Sample HOO6MN33, D-E) Sample HOO6MNI163a-e¢ (five pieces are cohered with
matrix). A, D) Photograph of the samples. B, E) Results of 3D imaging of the samples.
C, F) Examples of CT scan cross-sections. The tektite fragments appear on the cross-
sections as the angular shaped areas that are moderate gray color, homogeneous, and has
elongated vesicles. G) the example of the CT cross-section of the block sample. Tektite

fragments that appear in the cross-section are entrained with the dashed lines.
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Table A1.1 Weight and size of the MN tektite fragments from the HO06 section

Sample No. weight (g) long axis a (cm) medium axis b (cm;short axis c (cm) memo

HOO6MN 1 1.1121 17.40 12.50 9.90

HOO06MN 2 1.1445 20.90 14.30 4.40

HOO06MN 3 0.0962 n.a. n.a. n.a. used for thin section observation
HOO6MN 4 0.6311 18.00 14.65 5.55

HOO6MN 5 10.1491 29.25 19.50 13.00

HOO06MN 6 7.3895 38.00 18.65 10.65

HOO6MN 7 0.5779 n.a. n.a. n.a. used for thin section observation
HOO6MN 8 1.2458 n.a. n.a. n.a. used for thin section observation
HOO06MN 9 3.3033 26.00 22.00 7.75

HOO06MN 10 0.7803 21.60 14.40 4.10

HOO6MN 11 1.6545 27.85 13.00 6.00

HOO6MN 12 1.8951 n.a. n.a. n.a. used for thin section observation
HOO06MN 13 2.8643 32.45 23.65 5.00

HOO6MN 14 0.7711 n.a. n.a. n.a. used for thin section observation
HOO06MN 15 2.0217 21.65 15.00 10.25

HOO6MN 16 1.0706 n.a. n.a. n.a. used for EPMA analysis

HOO06MN 17 0.9555 14.50 11.50 7.10

HOO06MN 18 0.7220 14.00 13.65 8.60

HOO6MN 19 0.0272 7.65 3.55 1.65

HOO6MN 20 1.0411 n.a. n.a. n.a. used for EPMA analysis

HOO6MN 21 1.1327 16.60 14.65 7.00

HOO6MN 22 0.9687 n.a. n.a. n.a. used for EPMA analysis

HOO6MN 23 0.0445 10.90 4.00 1.60

HOO06MN 24 11.3531 33.50 25.70 21.80

HOO06MN 25 0.3216 13.50 12.85 6.45

HOO06MN 26 8.2426 29.10 19.75 15.80

HOO06MN 27 10.6310 30.30 29.00 16.60

HOO06MN 28 4.2579 33.00 13.85 12.05

HOO06MN 29 12.1602 46.15 23.90 15.15

HOO06MN 30 22.2462 41.00 29.70 22.90

HOO6MN 31 33.3381 41.50 40.00 30.80

HOO6MN 32 11.9068 35.80 32.90 11.50

HOO6MN 32b 3.5536 25.60 18.05 8.00

HOO6MN 33 17.2784 39.25 28.05 21.40

HOO06MN 34 13.5215 36.15 34.75 22.45

HOO06MN 35 19.3375 38.00 32.40 12.00

HOO06MN 36 1.5243 20.20 10.05 8.55

HOO06MN 37 1.2681 19.90 12.35 6.25

HOO06MN 38 0.2097 16.20 8.00 6.20

HOO06MN 39 1.3996 26.70 20.00 9.20

HOO06MN 40 0.5640 23.25 13.35 8.80

HOO6MN 41a 0.1186 7.20 6.80 3.85

HOO6MN 41b 0.0285 7.10 3.90 2.35

HOO6MN 43a 0.1800 11.90 6.55 4.40

HOO6MN 43b 0.0072 4.15 2.35 1.20

HOO6MN 43c 0.0075 2.00 2.00 1.90

HOO06MN 44 1.3833 15.80 12.15 8.90

HOO06MN 45 2.1602 n.a. n.a. n.a. used for thin section observation
HOO06MN 46 7.3313 30.00 21.50 20.15

HOO06MN 47 3.4782 25.35 16.25 8.70

HOO06MN 48 8.1742 32.90 23.90 17.40

HOO06MN 49 0.2247 10.90 6.90 3.80

HOO06MN 50 3.4388 27.40 20.85 9.00
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Table A1.1 (continued)

HOO6MN 51
HOO6MN 52
HOO6MN 53
HOO6MN 54
HOO6MN 55
HOO06MN 56
HOO6MN 57
HOO6MN 58
HOO6MN 59
HOO06MN 60
HOO6MN 61
HOO6MN 62
HOO6MN 63
HOO6MN 64
HOO6MN 65
HOO6MN 66
HOO6MN 67
HOO6MN 68
HOO6MN 69
HOO06MN 70
HOO6MN 71
HOO6MN 72
HOO6MN 73
HOO6MN 74
HOO6MN 75
HOO6MN 76
HOO06MN 77
HOO6MN 78
HOO6MN 88
HOO6MN 80
HOO6MN 81
HOO6MN 82
HOO6MN 83
HOO6MN 84
HOO6MN 85
HOO6MN 86
HOO6MN 87
HOO06MN 79
HOO6MN 89
HOO06MN 90
HOO6MN 91
HOO6MN 92
HOO6MN 93
HOO6MN 94
HOO6MN 95
HOO6MN 96
HOO06MN 97
HOO6MN 98
HOO06MN 99
HOO6MN 101
HOO6MN 102
HOO06MN 103a
HOO06MN 103b
HOO6MN 103c

0.0555
0.0347
0.1790
0.1906
0.0800
0.2572
0.1202
0.0836
0.0609
0.0979
0.0372
0.0150
0.0582
0.0100
0.1533
0.0320
0.1054
0.4102
0.0098
0.0146
0.0038
0.0464
0.0045
0.0072
0.1253
0.0823
3.1149
1.0836
1.4788
0.5174
0.0530
0.4857
0.9292
1.5734
1.4300
1.4508
0.1807
0.5357
0.3374
1.3458
4.3715
0.3814
0.5417
1.8213
1.7007
2.0848
3.5087
1.0776
0.9556
3.7624
1.7481
0.6658
0.1794
0.0583

6.60
6.10
8.80
14.95
13.10
16.70
12.45
11.30
7.90
8.15
7.30
4.00
7.80
4.25
16.65
9.65
18.45
12.35
3.80
5.30
3.80
5.10
4.40
4.55
11.40
7.60
21.40
24.40
16.20
17.10
6.20
14.90
17.90
22.60
27.45
28.55
9.25
n.a.
12.45
18.70
n.a.
18.25
22.95
18.20
16.25
20.00
21.50
10.35
24.05
25.35
26.00
12.00
9.35
7.55

4.40
5.25
8.00
9.20
3.95
5.15
7.65
6.10
5.85
5.00
5.00
3.65
5.00
3.00
6.10
5.90
6.60
8.55
2.80
3.70
2.30
4.00
1.95
2.25
8.65
5.00
20.90
10.90
15.10
11.10
5.00
10.50
16.50
14.55
10.35
18.55
8.90
n.a.
9.00
12.85
n.a.
6.55
11.55
16.50
15.15
16.20
9.65
7.00
18.20
20.25
13.40
11.00
6.85
7.00

3.10
2.50
5.00
4.15
2.80
4.10
2.50
2.35
1.95
4.85
2.55
1.85
2.25
1.30
3.00
1.00
1.95
7.40
2.15
2.35
1.00
3.05
1.10
1.10
1.90
3.40
15.85
6.85
12.35
5.00
3.20
3.90
4.45
9.00
6.90
3.75
4.05
n.a.
5.40
7.80
n.a.
5.80
3.80
11.00
10.75
9.50
7.90
3.70
16.00
11.60
8.75
6.10
4.85
3.00

used for EPMA analysis

used for thin section observation
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Table A1.1 (continued)

HOO06MN 103d
HOO6MN 103e
HOO6MN 104
HOO06MN 105
HOO06MN 106a
HOO06MN 106b
HOO06MN 107
HOO6MN 108
HOO06MN 109
HOO6MN 111
HOO6MN 112
HOO6MN 113
HOO6MN 114
HOO6MN 115
HOO6MN 116
HOO6MN 117
HOO6MN 118
HOO6MN 119
HOO6MN 120
HOO6MN 121
HOO6MN 122
HOO6MN 123
HOO6MN 124
HOO6MN 125
HOO6MN 126
HOO6MN 127
HOO6MN 128
HOO6MN 129
HOO6MN 130
HOO6MN 131
HOO6MN 132
HOO6MN 133
HOO6MN 134
HOO06MN 135
HOO6MN 136
HOO6MN 137
HOO6MN 138
HOO6MN 139
HOO6MN 140
HOO6MN 141
HOO6MN 142
HOO6MN 143
HOO6MN 144
HOO6MN 145
HOO6MN 146
HOO6MN 147
HOO6MN 148
HOO6MN 149
HOO06MN 150
HOO6MN 151
HOO6MN 152
HOO6MN 153
HOO6MN 154
HOO6MN 155

0.1012
0.0525
0.0989
1.7284
1.0705
0.9551
2.1685
3.4092
1.7090
0.7065
1.1888
0.6900
1.0682
0.2607
0.4724
0.2353
0.4574
0.4988
1.1961
0.6092
0.5340
0.3926
0.1480
0.0104
0.3452
0.2787
0.4720
0.7091
0.2982
0.5310
0.3424
0.2704
0.1474
0.1551
0.1768
0.2361
0.4431
0.1342
0.2261
0.3532
0.2818
0.2218
0.2838
0.0402
0.0632
0.1011
0.1362
0.1289
0.0637
0.0473
0.1015
0.1529
0.1101
0.1191

6.90
5.70
4.30
n.a.
17.00
16.65
26.45
27.00
20.50
24.00
n.a.
20.60
16.30
18.20
15.80
11.45
12.40
n.a.
23.25
n.a.
n.a.
12.10
n.a.
6.40
11.45
12.70
15.10
n.a.
14.10
15.80
13.10
12.40
9.75
13.35
12.95
12.35
13.30
7.50
11.80
n.a.
n.a.
13.90
11.50
6.00
7.55
n.a.
15.35
8.00
8.05
7.00
10.05
14.15
9.20
8.70

4.00
3.60
3.30
n.a.
10.90
11.80
12.20
19.25
18.10
9.60
n.a.
10.00
15.10
6.00
11.50
6.50
9.50
n.a.
12.35
n.a.
n.a.
9.05
n.a.
3.35
10.45
10.00
9.00
n.a.
8.90
9.15
8.15
6.15
7.15
6.50
5.50
11.00
8.00
7.40
10.35
n.a.
n.a.
7.80
9.45
4.75
4.15
n.a.
5.25
7.65
4.35
4.20
6.70
5.30
5.50
8.50

3.35
2.55
2.90
n.a.
8.20
6.70
12.00
12.75
7.40
4.05
n.a.
6.20
7.15
5.00
4.15
5.35
6.60
n.a.
7.85
n.a.
n.a.
5.30
n.a.
1.25
5.60
3.00
5.25
n.a.
4.85
6.45
6.30
4.95
4.00
2.80
3.90
4.95
6.90
4.50
3.80
n.a.
n.a.
2.45
4.40
2.40
2.65
n.a.
3.70
4.00
3.45
2.35
2.25
4.65
4.65
3.60

used for EPMA analysis

used for thin section observation

used for EPMA analysis

used for EPMA analysis
used for EPMA analysis

used for EPMA analysis

used for EPMA analysis

used for EPMA analysis
used for thin section observation

used for thin section observation
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Table A1.1 (continued)

HOO06MN 156 0.0682 8.60 6.80 2.40

HOO6MN 157 0.0749 7.30 4.00 3.55

HOO6MN 158 0.0430 8.00 5.00 2.30

HOO6MN 159 0.0707 7.55 5.15 3.00

HOO06MN 160 0.0294 9.60 2.95 1.70

HOO6MN 161 0.0663 8.90 4.90 3.40

HOO6MN 162 0.0351 7.45 4.75 2.00

HOO6MN 163a  12.5100 38.84 24.79 23.10

HOO06MN 163b 5.1207 24.56 18.04 13.35

HOO06MN 163c 6.5316 24.49 20.88 16.94

HOO06MN 163d 2.6571 19.74 14.29 14.06

HOO6MN 163e 0.4050 9.94 8.23 6.37

HOO6MN 164 18.7485 32.20 27.55 24.20

HOO6MN 165 14.4278 36.80 35.55 19.00

HOO6MN 166 13.2860 35.15 22.85 11.20
HOO6MNBS 1-1 0.5441 17.05 8.55 4.85
HOO6MNBS 1-2 0.6269 19.25 7.85 5.15
HOO6MNBS 1-3 0.1945 13.10 6.55 3.45
HOO6MNBS 1-4 0.2576 10.60 7.10 5.85
HOO6MNBS 1-5 0.1678 10.00 5.85 4.40
HOO6MNBS 1-6 0.1301 8.25 6.30 4.55
HOO6MNBS 1-7 0.0960 9.50 5.85 2.60
HOO6MNBS 1-13 0.0552 6.40 6.10 4.05
HOO6MNBS 2-1 32.1720 52.80 39.50 19.85
HOO6MNBS 2-2 5.1889 23.50 22.10 15.00
HOO6MNBS 2-3 26.9820 41.55 33.05 21.00
HOO6MNBS 2-4 33.2225 44.50 35.15 29.75
HOO6MNBS 2-5 19.6052 38.00 32.45 18.70
HOO6MNBS 2-6 7.8953 35.85 17.90 16.85
HOO6MNBS 2-7 9.0149 30.45 23.35 17.60
HOO6MNBS 2-8 3.6472 27.65 15.10 12.15
HOO6MNBS 2-9 3.6228 24.40 15.00 14.95
HOO06MNBS 2-10 3.4908 22.90 16.45 11.00
HOO6MNBS 2-11 2.1709 18.90 14.75 9.40
HOO6MNBS 2-12 2.3266 21.25 13.25 12.40
HOO6MNBS 2-13 1.6038 17.10 13.70 11.00
HOO6MNBS 2-14 1.5627 16.75 14.60 9.45
HOO6MNBS 2-15 1.8966 16.85 14.55 11.10
HOO6MNBS 2-16 1.2979 15.55 12.80 7.95
HOO6MNBS 2-17 1.8120 14.90 13.55 12.05
HOO6MNBS 2-18 1.3236 13.65 9.55 8.00
HOO6MNBS 2-19 1.0571 15.85 12.10 9.95
HOO06MNBS 2-20 0.8051 15.25 10.15 6.05
HOO6MNBS 2-21 0.7660 18.45 8.60 7.50
HOO6MNBS 2-22 0.6541 14.00 11.30 6.75
HOO6MNBS 2-23 0.9148 14.30 11.15 10.25
HOO6MNBS 2-24 0.8392 16.30 10.35 9.45
HOO6MNBS 2-25 0.5125 17.00 10.65 4.80
HOO6MNBS 2-26 0.5375 15.40 13.35 4.15
HOO6MNBS 2-27 0.5204 15.15 10.55 5.10
HOO6MNBS 2-28 0.5586 16.20 9.65 5.90
HOO6MNBS 2-29 0.3638 10.60 10.25 6.30
HOO06MNBS 2-30 0.4000 13.10 10.10 7.10
HOO6MNBS 2-31 0.1277 12.25 7.90 2.70
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Table A1.1 (continued)

HOO6MNBS 2-32 0.3924 9.60 9.45 5.95
HOO6MNBS 2-33 0.1910 10.50 6.95 5.20
HOO6MNBS 2-34 0.0747 11.45 5.85 2.85
HOO6MNBS 2-35 0.1138 9.55 5.15 3.20
HOO6MNBS 2-36 0.1248 8.30 7.30 3.40
HOO6MNBS 2-37 0.1365 11.95 6.35 3.35
HOO6MNBS 2-38 0.1353 12.55 6.20 3.75
HOO6MNBS 2-39 0.1729 9.30 5.90 4.60
HOO6MNBS 2-40 0.3149 13.50 6.95 4.90
HOO6MNBS 2-41 0.4016 10.90 10.35 7.25
HOO6MNBS 2-42 0.3093 17.45 6.70 4.60
HOO6MNBS 2-45 0.1768 10.95 10.55 3.15
HOO6MNBS 2-46 0.1213 18.15 4.10 3.20
HOO6MNBS 2-47 0.2138 14.30 6.70 4.40
HOO6MNBS 2-48 0.1455 10.85 7.25 2.85
HOO6MNBS 2-49 0.3974 14.45 9.95 3.90
HOO6MNBS 2-50 0.2076 12.00 8.80 3.95
HOO6MNBS 2-51 0.0756 17.00 4.05 2.90
HOO6MNBS 2-52 0.0515 8.80 4.35 3.40
HOO6MNBS 2-53 0.1771 10.10 6.40 4.30
HOO6MNBS 2-54 0.2008 10.60 7.40 4.65
HOO6MNBS 2-55 0.1430 9.20 6.40 6.10
HOO6MNBS 2-56 0.0928 11.85 5.20 4.10
HOO6MNBS 2-57 0.2013 10.75 8.20 4.10
HOO6MNBS 2-58 0.1136 9.20 7.95 3.20
HOO6MNBS 2-60 0.0765 9.05 4.15 3.35
HOO6MNBS 2-64 0.0952 7.70 7.30 3.10
HOO6MNBS 2-66 0.0683 7.55 5.30 3.20
HOO6MNBS 2-67 0.0564 13.50 4.15 2.60
HOO6MNBS 2-68 0.1146 13.40 5.90 3.80
HOO6MNBS 2-73 0.0891 8.40 5.90 3.80
HOO6MNBS 2-74 0.1000 11.00 7.55 1.80
HOO6MNBS 2-77 0.0474 8.00 4.95 3.30
HOO6MNBS 2-78 0.0717 9.75 5.15 3.40
HOO6MNBS 2-89 0.0594 6.10 5.50 3.95
HOO6MNBS 2-90 0.1075 7.95 7.60 3.90
HOO6MNBS 4-1 17.2205 35.60 31.50 25.50
HOO6MNBS 4-2 12.9954 34.00 30.70 19.00
HOO6MNBS 4-3 6.2799 28.55 24.10 17.15
HOO6MNBS 4-4 4.1438 30.65 18.00 11.85
HOO6MNBS 4-5 1.8845 28.40 13.20 7.20
HOO6MNBS 4-6 4.1036 21.60 12.30 11.45
HOO6MNBS 4-7 5.1606 24.45 17.40 16.40
HOO6MNBS 4-8 2.4351 19.55 13.00 12.45
HOO6MNBS 4-9 0.3906 13.65 9.00 5.00
HOO6MNBS 4-10 0.7250 14.15 9.15 7.10
HOO6MNBS 4-11 0.2971 13.70 7.70 3.30
HOO6MNBS 4-12 0.1704 10.00 7.50 2.85
HOO6MNBS 4-13 0.1832 9.50 7.45 4.65
HOO6MNBS 4-14 0.1775 9.60 7.40 4.85
HOO6MNBS 4-15 0.1088 8.10 5.05 4.00
HOO6MNBS 4-16 0.2020 10.65 6.60 5.25
HOO6MNBS 4-19 0.0856 8.45 5.15 3.20
HOO6MNBS 4-22 0.1286 10.00 4.90 5.00
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Table A1.1 (continued)

HOO6MNBS 4-23 0.1114 7.50 6.35 5.60
HOO6MNBS 4-24 0.1414 12.30 5.90 2.70
HOO6MNBS 4-26 0.1160 9.60 6.00 4.25
HOO6MNBS 5-1 28.8536 37.60 31.10 29.10
HOO6MNBS 5-2 8.9768 31.45 20.80 9.40
HOO6MNBS 5-3 3.3329 26.30 15.65 13.00
HOO6MNBS 5-4 3.0346 28.10 18.90 11.35
HOO6MNBS 5-5 1.3892 17.40 16.55 11.05
HOO6MNBS 5-6 2.3466 20.20 14.00 11.25
HOO6MNBS 5-7 2.1890 20.15 15.55 9.60
HOO6MNBS 5-8 1.5041 18.25 11.25 10.65
HOO6MNBS 5-9 1.3690 16.70 13.65 7.85
HOO6MNBS 5-10 1.2095 19.80 11.00 7.40
HOO6MNBS 5-11 1.2399 17.95 13.50 7.30
HOO6MNBS 5-12 1.8751 16.15 12.95 12.50
HOO6MNBS 5-13 1.0685 16.65 13.55 9.90
HOO6MNBS 5-14 0.9983 17.85 11.30 11.00
HOO6MNBS 5-15 0.7372 15.00 10.20 9.00
HOO6MNBS 5-16 0.5182 12.05 9.30 8.60
HOO6MNBS 5-17 0.6124 14.00 13.55 4.45
HOO6MNBS 5-18 0.3736 12.00 7.15 6.00
HOO6MNBS 5-19 0.2176 13.15 6.20 4.85
HOO06MNBS 5-20 0.1252 12.60 7.30 3.15
HOO6MNBS 5-21 0.1486 11.60 7.30 2.90
HOO6MNBS 5-22 0.3943 10.95 8.70 6.30
HOO6MNBS 5-23 0.1800 9.50 7.50 5.20
HOO6MNBS 5-24 0.1629 9.00 8.00 4.95
HOO6MNBS 5-25 0.1698 12.25 5.40 5.05
HOO6MNBS 5-27 0.1691 9.75 7.45 5.20
HOO6MNBS 5-28 0.1132 10.10 7.85 3.30
HOO6MNBS 5-35 0.0667 9.00 6.00 2.45
HOO6MNBS 5-36 0.0954 10.85 5.70 3.35
HOO6MNBS 5-37 0.0573 7.00 6.35 2.95
HOO6MNBS 6-1 3.0408 21.20 18.65 9.15
HOO6MNBS 6-2 13.0017 29.70 28.50 21.80
HOO6MNBS 6-3 5.8095 26.40 23.05 18.00
HOO6MNBS 6-4 5.8858 24.50 19.90 17.20
HOO6MNBS 6-5 3.6547 28.65 19.00 8.55
HOO6MNBS 6-6 6.8756 23.90 18.40 17.40
HOO6MNBS 6-7 3.5534 27.85 21.30 20.50
HOO6MNBS 6-8 4.9811 25.40 19.25 11.35
HOO6MNBS 6-9 0.7015 13.25 11.25 6.60
HOO6MNBS 6-10 1.6030 25.70 14.00 7.65
HOO6MNBS 6-11 0.3918 22.45 8.05 4.65
HOO6MNBS 6-12 0.4822 15.85 9.40 5.05
HOO6MNBS 6-13 0.6453 11.35 10.40 7.35
HOO6MNBS 6-14 0.3088 18.45 8.05 3.40
HOO6MNBS 6-15 0.4124 18.80 8.70 3.25
HOO6MNBS 6-16 0.3207 9.95 8.45 5.75
HOO6MNBS 6-17 0.4223 15.40 11.10 4.75
HOO6MNBS 6-18 0.2731 13.60 6.20 4.60
HOO6MNBS 6-19 0.3170 13.75 7.55 4.00
HOO06MNBS 6-20 0.2817 8.05 7.30 5.90
HOO6MNBS 6-21 0.1239 8.80 6.55 3.00
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Table A1.1 (continued)

HOO6MNBS 6-22 0.1598 10.35 7.00 4.00
HOO6MNBS 6-23 0.1694 9.20 8.85 4.10
HOO6MNBS 6-24 0.2669 11.55 6.60 4.80
HOO6MNBS 6-25 0.0873 8.30 6.75 2.80
HOO6MNBS 6-26 0.1635 9.45 6.40 4.35
HOO6MNBS 6-27 0.0788 8.10 7.00 2.45
HOO6MNBS 6-28 0.1056 13.15 5.40 2.95
HOO6MNBS 6-37 0.0686 8.55 6.20 3.20
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Figure A2.1 — Figure A3.35 are not available for publication because it is scheduled to be

published in a journal within five years.
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