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Abstract—Shock-metamorphosed rock fragments have been found in the Australasian microtektite
layer from the South China Sea. Previous X-ray diffraction (XRD) studies indicate that the most
abundant crystalline phases in the rock fragments are coesite, quartz, and a10 A phase (mica/clay?).
In addition, the presence of humerous other phases was suggested by scanning electron microscopy
(SEM) and energy-dispersive X-ray (EDX) analysis. In the present research, ten of the rock
fragments, which had previously been studied using SEM/EDX, were studied by micro-Raman
spectroscopy. The presence of K-feldspar, plagioclase, rutile, ilmenite, titanite, magnetite, calcite, and
dolomite were confirmed. In addition, the high-pressure TiO, polymorph with an o-PbO, structure
(i.e., TiO,ll) wasfound in several rock fragments. Two grains previously thought to have been zircon,
based on their compositions, were found to have Raman spectrathat do not match the Raman spectra
of zircon, reidite, or any of the possible decomposition products of zircon or their high-pressure
polymorphs. We speculate that the ZrSiO, phase might be a previously unknown high-pressure
polymorph of zircon or one of its decomposition products (i.e., ZrO, or SiO,). The presence of
coesite and TiO; |1, and partial melting and vesiculation suggest that the rock fragments containing
the unknown ZrSiO, phase must have experienced shock pressures between 45 and 60 GPa. We
conclude that micro-Raman spectroscopy, in combination with XRD and SEM/EDX, is a powerful

tool for the study of small, fine-grained impact gjecta.

INTRODUCTION

Australasian tektites have been found in southern China,
Indochina, the Philippines, Malaysia, Indonesia, and
Australia. Microtektites belonging to this strewn field have
been found throughout much of the Indian Ocean, the western
equatorial Pacific Ocean, and the South China, Philippine,
Celebes, and Sulu seas (Glass and Koeberl 2006; and
references therein). Radiometric dating (*°Ar/3°Ar) indicates
that the Australasian tektites were formed ~0.8 Ma ago (lzett
and Obradovich 1992; Kunz et a. 1995; Yamei et a. 2000).
Paleomagnetic studies of cores containing the Australasian
microtektite layer indicate that the microtektites fell ~14 ka
before the Brunhes-Matuyama reversal boundary (Burns
1989; Schneider et al. 1992; Lee and Wei 2000) or ~0.8 Ma
ago. Geochemical studies suggest that the source deposit for
the Australasian tektites was sediment or sedimentary rock,
possibly a graywacke (e.g., Taylor and Kaye 1969). The size,
shape, and mineral assemblage of inclusions recovered from
Muong Nong-type Australasian tektites also indicate a
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sedimentary source rock and suggest that it was fine grained
(Glass and Barlow 1979). Wasson and Heins (1993)
suggested that the source deposit might have been dry loess.

The location of the source crater for the Australasian
tektitesis unknown, but most tektite investigators suggest that
it is somewhere in the Indochina region (e.g., Stauffer 1978;
Ford 1988; Schnetzler 1992; Koeberl 1994; Ma et al. 2004).
Geographic variation in the microtektite abundances is
consistent with a source crater in the Indochina area (Glass
and Pizzuto 1994; Lee and Wei 2000; Glass and Koeberl
2006). The abundance of microtektites increases toward the
Indochina region with the highest abundances being found in
the South China Sea (Glass and Koeberl 2006) (Fig. 1). The
highest abundances of unmelted impact gjecta are also found
in the South China Sea (Glass and Koeberl 2006).

Glass and Koeberl (2006) did a petrographic and
geochemical study of microtektites and shocked-rock
fragments in cores from three sites in the South China Sea:
Core SONNE-95-17957-2 (Sarnthein et a. 1994) and at
Ocean Drilling Program (ODP) Site 1143 in the central South

© The Meteoritical Society, 2008. Printed in USA.
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Fig. 1. Map of the Australasian tektite/microtektite strewn field. Tektite locations on land indicated schematically with small Xs. Locations of
deep-sea sediment cores contai ning the Australasian microtektite layer without associated unmelted ejectaindicated by open circles. Locations
of deep-sea sediments containing the Australasian microtektite layer with associated unmelted ejecta (shocked rock and minera grains,
coesite) indicated with solid circles. The locations of the two cores from which shocked-rock fragments used in this study were recovered
(ODP Hole 1144A and 17957-2) are labeled. Locations (just east of the Philippines) of cores containing shocked quartz and coesite, but not
microtektites, areindicated by diamond-shaped symbols. The proposed location of the source crater iswithin the shaded area (with aplussign
in the center) in the northern Indochina area (see Glass and Koeberl 2006). The number of estimated microtektites per cm? at each site varies
from <20 farthest away from the proposed crater site to >200 closer to the proposed crater site. Cores with the highest abundance of
microtektites are also the cores that contain shocked mineral grains, and in some cases shocked-rock fragments. The greatest abundance of
microtektites and shocked mineral grains and rock fragments is at Ocean Drilling Program Hole 1144A in the northern South China Sea.

Modified after Fig. 1 in Glass and Koeberl (2006).

China Sea and ODP Site 1144 in the northern South China
Sea. They found the highest abundances of microtektites and
unmelted gjecta at ODP Site 1144. The unmelted ejecta were
composed of white opague grains and fine-grained (grain size
generally <50 um) rock fragments (Fig. 2) up to ~600 um in
maximum dimension. X-ray diffraction (XRD) studies
showed that the white opague grains consist of mixtures of
guartz, coesite, and, sometimes, stishovite and indicate that
the crystalline phases in the rock fragments are mostly
coesite, quartz, and a 10 A phase (mica/clay?) (Glass and
K oeberl 2006).

Scanning electron microscope (SEM) and energy
dispersive X-ray (EDX) analyses show that the larger grains
in the rock fragments have compositions indicating the
presence of silica (probably quartz and coesite, as indicated
by XRD studies) and feldspar (mostly K-feldspar, but with
some plagioclase). The trace minerals had compositions

suggesting the presence of: rutile, garnet, ilmenite, zircon,
titanite, and iron oxide phases, in approximate decreasing
order of abundance. In addition, one grain each with the
composition of barite, apatite, and an Al,SIO5 phase were
found (Glass and Koeberl 2006). Also several Carich and
Ca and Mg-rich grains where found that were thought to be
calcite and dolomite, respectively. The bulk magjor and trace
element compositions of the grains indicate that their
compositions are similar to the compositions of the
Australasian tektites and microtektites, suggesting that they
may be fragments of the source rocks which were melted to
produce the tektites and microtektites (Glass and Koeberl
2006).

The purpose of this research was to confirm (or not) by
Raman spectroscopy the phase identifications based on major
element compositions and to search for high-pressure
polymorphs of the trace minerals.
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Fig. 2. Backscattered electron images of two shocked-rock fragments from the Australasian microtektite layer in the South China Sea. A.
Sample 885-1 from ODP Hole 1144A in the northern South China Sea. It is heavily shocked asindicated by partial melting, vesiculation, and
the presence of TiO,ll, a high-pressure polymorph of rutile. The areain the white box is enlarged in Fig. 10. It shows the vesiculation, the
TiO,ll phase, and an unidentified Zr silicate phase (perhaps a previously unrecognized high-pressure polymorph of zircon) at higher
magnification. B. Sample 889-6 from Core 17957-2 from the central South China Sea. X-ray diffraction dataindicate that the major crystalline
phases in this rock fragment are coesite and a10 A phase (mica?). A light grey, Ca-rich (as determined by energy dispersive X-ray data) phase
in the upper |eft corner was identified as a carbonate by its Raman spectrum.

METHODS

We removed, by polishing, as much of the carbon coating
as we could, without removing the grains that had previously
been studied by SEM/EDX, from two polished grain mounts
containing shocked rock fragments. One slide contained ten
rock fragments from ODP Site 1144 (lat 20.05° N,
long 117.42° E; Wang et al. 2000) and the other contained
eleven rock fragments from Core SONNE-95-17957-2
(lat 10.90° N., long 115.31° E; Sarnthein et al. 1994). Based
on previoudy obtained back-scattered electron images and
major element compositional data (obtained by EDX
analysis), six rock fragments from ODP Site 1144 and four
rock fragments from Core SONNE-95-17957-2 (heresfter
referred to as Core 17957-2) were selected for Raman
spectroscopy. XRD patterns had been obtained for the rock
fragments from Core 17957-2 prior to mounting them for
preparation of the polished grain mounts. The XRD patterns
of the four rock fragmentsfrom Core 17957-2, investigated in
this study, indicate that the most abundant crystalline phase is
coesite. A 10 A phase was present in all four rock fragments,
but quartz was observed in only one of the rock fragments.

Raman spectroscopy was performed with aWITec SNOM
microscope customized to include Raman spectroscopic
imaging using a 532 nm wavelength, frequency-doubled Nd:
YAG laser. Selected samples were analyzed using a 100x
objective lens generating a calculated spot size of 360 nm
diameter. Laser power was restricted to 0.055 mW as measured
at the focal plane, for a calculated power density of 420 kw/
cm? with an integration time that varied between 1 and
175 seconds. These parameters were selected for individual
measurements based on the desired quality of the resulting

spectrum, sample fluorescence intensity, and Raman signa
strength. Collected sample spectra were compared against
spectra from standard materias, primarily from the RRUFF
database project (Downs 2006).

Raman spectra produced in this study appear to be of
relatively unimpressive quality out of necessity, but in fact
these spectra are an improvement over those which could be
obtained with many commercialy available systems. Since
the target materials were expected to contain metastable
phases, spectrawere collected with an emphasis on obtaining
usable spectra while maintaining a bare minimum of total
laser energy deposited on the target. Additionally, the sample
materials are shocked and largely composed of very fine-
grained material with a reduced content of crystalline
material, both of which tend to produce spectra with a strong
fluorescence component and weak Raman signal. These
parameters necessitated the use of a very small spot size to
preferentially select small crystalline regions and a small
confocal pinhole to suppress fluorescence which had the side
effect of attenuating the signal intensity, in addition to the
reduced laser power setting selected to prevent damage to
metastable phases. The resulting Raman spectra featured low
signal to noise values as a consegquence. Where possible,
multiple spectra were added to improve the resulting spectra,
but in general the collection of spectra was governed by the
principle of obtaining sufficient quality to identify a phase
while avoiding damage to the sample.

RESULTS

Most of the grains were highly fluorescent, probably due
to shock metamorphism, and did not give spectra with any
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Fig. 3. Raman spectrum of coesite. Although coesite was amajor phasein al the rock fragmentsthat were X-rayed, it was difficult to identify
by Raman spectroscopy, even though the SiO,-rich grains had already been identified by energy dispersive X-ray analysis. All Raman spectral
standards are from the RRUFF Raman spectral database unless otherwise noted (http://rruff.geo.arizona.edu/rruff).

identifiable peaks. Some samples showed hints of a glassy
phase (diaplectic glass?), but the low power settings used to
examine the samples did not give convincing spectra.

XRD patterns had indicated that the major crystalline
phases in the rock fragments are coesite and quartz. We
obtained spectra for numerous grains in several rock
fragments that had previously been identified as quartz or
coesite based on their SIO, compositions determined by
SEM/EDX. Only a couple of these grains produced spectra
that are consistent with coesite (Fig. 3) and none of the silica
grains yielded a quartz spectrum.

Although XRD did not indicate the presence of feldspar
in any of the rock fragments, numerous grains in the rock
fragments were found to have major oxide compositions
consistent with K-feldspar and plagioclase. We attempted to
get Raman spectra for many of these grains, in severa
different rock fragments, but we were only successful in
obtaining spectra from a few grains that are consistent with
the presence of plagioclase and orthoclase (Fig. 4); but the
spectra are of poor quality.

XRD patterns indicated that a 10 A phase (probably a
phyllosilicate) was present in most of the rock fragments.
We were not able to identify the 10 A phase using SEM/
EDX, but we did find some regions with a platy phase that
might be a phyllosilicate. We tried to obtain Raman spectra
for several of these platy grains without success, but finally
were able to obtain a poor quality Raman spectrum for one

of these grains that is consistent with a mica, probably
muscovite.

We identified a few grains in a couple of the rock
fragments that could be carbonate minerals (i.e., calcite
and dolomite) based on their major oxide compositions.
We obtained spectra consistent with carbonate (Fig. 5) for
acouple of these grains and thus confirmed the presence of
carbonate fragments in some of the rock fragments. We
also confirmed the presence of titanite, apatite, and rutile
(Fig. 6) and garnet (Fig. 7). The best match for the garnet
appears to be spessartine. On the other hand, we had
previously identified several grains as possibly being
garnet based on their major oxide compositions and none
were rich in Mn; most were Ca or Fe rich. We had
identified several Fe-rich grains by SEM/EDX. One of
these grains was identified as magnetite by its Raman
spectrum (Fig. 6). We did not know that magnetite was
present in these rock fragments prior to the Raman study.
We also found two other phases that we had not known
were present in these samples prior to this study: a high-
pressure polymorph of rutile (TiO,ll), and an unknown
phase with a Zr silicate composition.

Raman spectra of several of the grains, previously
identified as possibly rutile based on their compositions,
indicate that the grains are mostly the rutile polymorph with
an o-PbO, structure (also known as TiOsll) (Fig. 8). In
addition, we obtained Raman spectrafor two grains (one each
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Fig. 4. Raman spectra of grains previously identified as plagioclase and K-feldspar based on their major oxide compositions. The feldspar

spectraare of poor quality because of destruction of most of the crystalline structure due to shock metamorphism; however, the spectra, along
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Fig. 5. Raman spectrum of a Ca-rich grain previously identified as possibly calcite. The Raman spectrum is consistent with thisidentification.
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Fig. 6. Raman spectra of grains identified astitanite, apatite, rutile, and magnetite. These identifications are consistent with their major oxide

compositions.

in two different rock fragments) previoudly identified as
zircon based on their ZrSiO, compositions as determined by
EDX analysis. These spectra did not match those of zircon or
reidite or any possible breakdown phases of zircon, such as
baddeleyite (or any of its polymorphs) or any of the silica
polymorphs (e.g., quartz, stishovite) that we know (Fig. 9).
This phase may be a new, previously unrecognized, high-
pressure polymorph of zircon or of one of its decomposition
products (i.e., ZrO, or SIOy).

DISCUSSION

Micro-Raman spectroscopy, in combination with XRD
and SEM/EDX, provides apowerful tool for the study of fine-
grained impact gecta. The present research involved the
study of smal (<600 um), fine-grained, shock-
metamorphosed, rock fragments recovered from the
Australasian microtektite layer. Previous XRD studies of the
rock fragments indicated that the most abundant crystalline
phases are coesite and quartz and a 10 A phase, while SEM/
EDX studies suggested the presence of K-feldspar and

plagioclase as well as a number of minor phases including
rutile, garnet, ilmenite, zircon, titanite, iron oxide phases,
apatite, barite, and possibly calcite and dolomite, in
approximate decreasing order of abundance (Glass and
Koeberl 2006). In the present research, we studied these rock
fragments using micro-Raman spectrocopy. We used
backscattered electron images of the rock fragments along
with compositional data for individual grains in the rock
fragments to locate grains of interest for micro-Raman
spectroscopy. In spite of flourescence problems, we were able
to confirm the presence of coesite, K-feldspar, plagioclase
and many of the minor phases previoudy identified by XRD
and SEM/EDX. In addition, we discovered that a number of
the rock fragments contain the high-pressure polymorph of
rutile with an a-PbO, structure (TiO,ll) and possibly an
unknown high-pressure polymorph of zircon or one of its
decomposition products. Thus, each of the methods provided
useful information about the rock fragments, but none of the
methods by themselves told the compl ete story.

The poor quality of the spectrain this study was probably
due to the fine grain size and fluorescene due to shock
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Fig. 7. Raman spectrum of a mixture of spessartine and carbon. The carbon is probably from the carbon coating, which may not have been
removed completely from this grain. Standard spectrum of spessartineisfrom the RRUFF Raman spectra database (http://rruff.geo.arizona.edu/
rruff), and the coal sample was collected from a mining operation in Longyearbyen, Svalbard.

metamorphism. The WITec sytem used in this study is not the
best instrument for spectral quality, but it was a trade-off to
get the very small spot size required for this study and for
fluorescence suppression. Some of the grains of interest,
including the ZrSiO, grains, where <10 um in maximum
dimension. Longer acquisition times did not seem to improve
the quality of the spectra.

Based on grain size and shape of the grains and the mineral
assemblage present (including coesite) in the shocked-rock
fragments from the Australasian microtektite layer, Glass and
Koeberl (2006) concluded that the source rock was a fine-
grained sedimentary rock or sediments that were shock
lithified. The confirmation of angular to rounded grains of
calcite and dolomite in the rock fragments supports the
conclusion that the source rock was sedimentary in nature.

The discovery of a high-pressure polymorph of rutile
(TiO,ll) in rock fragments recovered from the Australasian
microtektite layer provides further evidence that these rock
fragments have been shock metamorphosed. The rock fragments
containing the ZrSiO, grains with unknown Raman spectra
aso contain coesite, the TiO,l I phase, and evidence of partial
melting and vesiculation (Fig. 10). Coesite is known to form
at shock pressures between 30 and 60 GPa (Stoffler and
Langenhorst 1994); the TiO,ll phase has been formed by
shock experiments at pressures of 33 and 75 GPa (McQueen
et a. 1967; Linde and DeCarli 1969); and partial melting of
silicate rock begins at ~45-50 GPa (French 1998). Thus, the
rock fragments containing the ZrSiO, grains with unknown
Raman spectra must have experienced shock pressuresin the
range between 45 and 60 GPa. This is within the range of
shock pressure required to producereidite. Thus, it isnot clear

why the zircons were not transformed to reidite and the
presence of ZrSiO, grains with unknown Raman spectra
remains a mystery.

It has been suggested that the spectra obtained for the Zr
silicate grains may not be Raman spectra, but instead may be
the results of luminescence effects, possibly due to the
presence of trace amounts of rare earth elements like Er3+ or
Ho3* in the Zr silicate grains. Such an effect can be ruled out
by using a different laser excitation source. Unfortunately,
this could not be done. After studying the grains using Raman
spectroscopy, the samples were re-coated and the grains
which produced the unknown spectra were analyzed again
using SEM/EDX to confirm that these grains were in fact Zr
silicate. After confirming that the grains are Zr silicate, the
coating was removed by re-polishing so that the grains could
be studied again using Raman spectroscopy; unfortunately,
the Zr silicate grains were lost during re-polishing. Although
we cannot check for luminescence effects using a different
laser excitation source, we do not believe the spectra are due
to luminescence effects for the reasons given below.

During our Raman spectroscopic study of the Zr silicate
grains, we made a Raman spectral scan of one of the Zr
silicate grains using the intensity of a Gaussian fit to the
779 cm1 peak to image the unknown phase. There are
changesin therelativeintensitiesof two of the peaks (at ~730 and
779 cm 1) of the unknown spectrum from one part of the grain
to another. The changesin relative intensities of two peaksin
the spectra are consistent with the behavior of Raman spectra,
while this effect is not readily explained if it arises from
luminescence. Changes in relative intensities of two peaksin
a Raman spectrum can be caused by minor changes in
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As mentioned above, the peaks at ~730 and 779 cm1in
the spectra produced during a scan of one of the Zr silicate
grains exhibit changes in their relative intensities from one
part of the grain to another. They tend to vary as opposing
pairs; the 730 peak is more intense when the 779 peak is
weaker and vice versa. In both this behavior and general
spectral  position, these peaks are comparable to SO,
tetrahedron symmetric and anti-symmetric stretch modes.
The same modes appear in olivine at ~820 and ~850 cm1.
Olivine also sharesthe peaksintensity variation traitswith the
unknown Zr silicate phase as well. When the symmetric peak
is strong, the anti-symmetric peak is weak and vice versa.
This is a function of the crystaline orientation to the
excitation beam, and is also more typical of a Raman mode
than arare earth element luminescence event.
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Fig. 8. A) Backscattered el ectron image of ashocked-rock fragment from the Australasian microtektitelayer at ODP Hole 1144 A inthe northern

South China Sea. The ~40 um long bright grain just to the upper right of the center was identified as possibly rutile based on major oxide

composition. B) Grainin A as seen in the microscope used for Raman spectroscopy. C) Raman spectrum (885-6) of the elongate bright grainin
(A) and (B) compared with synthetic TiO,ll (from El Goresy et a. 2001). The match is very good.

Itis possible, as previously mentioned, that the unknown
Raman spectra produced by the ZrSiO, grains could be an
unknown high-pressure polymorph of one of the
decomposition products and would thus be a ZrO, or SO,
phase. We do not believe this is the case, however. We
obtained EDX spectraon both of these grains before and after
studying them by Raman spectroscopy and all four spectra
were similar to ZrSiO,—i.e., there was no obvious evidence
of ZrO,- or SiO,-rich regions within the grains. Also, if the
variations in Raman peak intensity were due to variations in
the volume of two phases, we would expect to see variations
in the relative intensities of all peaks of the second phase,
rather than just the balanced intensity variation between the
two major peaksthat is observed. Additionally, no evidenceis
seen for any silica phase in the Raman spectral imaging of the
Zr silicate grain.

In a search of the latest version of the RRUFF Raman
spectra database we found atriclinic mineral (umohoite) with
a Raman spectrum very similar to the unknown Zr silicate
spectrum. However, this mineral has the composition
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Fig. 9. Raman spectrum of a Zr silicate grain in a shocked-rock fragment from ODP Hole 1144A. The spectrum does not match that of zircon,
baddeleyite, or reidite (or any of the high-pressure polymorphs of ZrO, that we know). It may be from a previously unknown high-pressure

polymorph of zircon.

(UO)M 00, + 4H,0 and thus could not be responsible for the
unknown Zr silicate spectrum. However, the similarity
between the Raman spectra suggests that these two phases
have similar crystal structures.

CONCLUSION

In the present study, micro-Raman spectroscopy, in
combination with SEM/EDX was used to confirm the
presence of coesite, K-feldspar, plagioclase, rutile, garnet,
titanite, apatite, calcite and dolomitein small (<700 um), fine-
grained, shock-metamorphosed, rock fragments recovered from
the Australasian microtektite layer.

Confirmation of thepresenceof calciteand dolomitegrains
in the rock fragments supports the suggestion (Glass and
K oeberl 2006) that therock fragmentsaresedimentary innature.

During the present study, we discovered the presence of a
high-pressure polymorph of rutile with an o-PbO, structure
called TiO,ll. The presence of the TiOsll phase, along with
evidence of partial melting of the silicate phases in the rock
fragments, indicates that the rock fragments containing this
phase probably experienced shock pressures in the range
between 45 and 60 GPa.

We found that two grains with approximate ZrSiO,
composition, which were originally thought to be zircons,
produce unknown Raman spectra. We speculate that the
spectra might be of an unknown high-pressure polymorph of

10um

Fig. 10. A backscattered electron image of a portion of the grain
shown in Fig. 2A showing a TiO,ll grain and the unknown ZrSiO,
phase. It can be seen that these grains are in arock fragment that is
quite vesicular. The smoother, medium-grey region is epoxy.

zircon. The Raman spectrum of this phase is very similar to
the Raman spectrum of umohoite.

We conclude that micro-Raman spectroscopy, in
combination with XRD and SEM/EDX, is a powerful tool for
investigating small samples of fine-grained, shock-
metamorphosed impact gjecta.
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