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Abstract

Three category 3 (organic) particles (RB-QD04-0001, RB-QD04-0047-02, and RA-QD02-0120) and so-called ‘white object’
found in the sample container have been examined by micro-Raman and infrared (IR) spectroscopy. In addition, several
artificial substances that could occur as possible contaminants and chondritic insoluble organic matter (IOM) prepared
from the Murchison CM2 chondrite were analyzed. The Raman spectra of the particles show broad G-band and weak
D-band. The G-band parameters plot in the disordered region and close to the artifact produced from a Viton glove
after laser exposure rather than chondritic IOM. The particles were therefore originally at low maturity level, suggesting
that they have not experienced strong heating and are therefore not related to the LL4-6 parent body. The IR spectra
are not similar to that of chondritic IOM. Furthermore, the particles cannot be identified as some artificial carbonaceous
substances, including the white object, which are the possible contaminants, examined in this investigation. Although
it cannot be determined exactly whether the three category 3 particles are extraterrestrial, the limited IR and Raman
results in this investigation strongly suggest their terrestrial origin. Although they could not be directly related to the
artificial contaminants examined in this investigation, they may yet be reaction products from similar substances that
flew on the mission. In particular, RB-QD04-0047-02 shows several infrared spectral absorption bands in common with
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the ‘white object. This may relate to the degradation of a polyimide/polyamide resin.
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Introduction

The Hayabusa space craft returned to the Earth on 13
June 2010 from the Muses-C region on the asteroid
Itokawa with more than 1,500 tiny particles (e.g.,
Nakamura et al. 2011). Subsequently, more than 450
particles have been picked up from the sample catcher
(Uesugi et al. 2014). The recovered particles have been
classified into four categories (Yada et al. 2014). Categor-
ies 1 and 2 are siliceous particles, and category 3 parti-
cles are carbonaceous. Category 4 particles are artificial
materials such as aluminum flakes (Yada et al. 2014), and
the so-called ‘white object’ found in the sample container
(http://hayabusaao.isas.jaxa.jp/catalog/contaminations.pdf)
may be also included in this category.
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Category 1 particles are composed only of transparent
minerals, whereas category 2 particles consist of not only
transparent particles but also opaque minerals (Yada
et al. 2014). Particles belonging to categories 1 and 2 have
been confirmed as Itokawa regolith (e.g., Ebihara et al.
2011; Nagao et al. 2011; Nakamura et al. 2011; Noguchi
et al. 2011; Tsuchiyama et al. 2011; Yurimoto et al. 2011).

The asteroid Itokawa belongs to S-type and its surface
has been considered to have an olivine-rich mineral as-
semblage similar to that of LL5 chondrite (Abe et al
2006; Hiroi et al. 2006). The returned stony samples
confirm that Itokawa is indeed an ordinary chondrite
parent body of grade LL4-6 (Nakamura et al. 2011).
Although average concentrations of 0.04% to 0.19% car-
bon in matrices of LL4-6 chondrites have been reported
(Makjanic et al. 1993), carbonaceous matter in such
chondrites is expected to be depleted and thermally
altered. However, Itokawa is a rubble-pile object; there-
fore, primitive carbon-rich fragments could also be

© 2015 Kitajima et al,; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly credited.


http://hayabusaao.isas.jaxa.jp/catalog/contaminations.pdf
mailto:kitajima@geo.kyushu-u.ac.jp
http://creativecommons.org/licenses/by/4.0

Kitajima et al. Earth, Planets and Space (2015) 67:20

present, besides more mature carbonaceous matter. Sev-
eral stony particles were examined in search of such
organic materials; however, any amino acids (Naraoka
et al. 2012) or insoluble organic matter (IOM) of extra-
terrestrial origin have not yet been found (Kitajima et al.
2011) on the surface of these particles.

Besides the silicate particles, several carbon-rich parti-
cles classified into category 3 have been found in the
sample catcher (e.g., Yada et al. 2014; Uesugi et al. 2014).
The particles are mainly composed of carbon and often
contain oxygen, nitrogen, and sulfur (Yada et al. 2014).
It has not yet been clarified whether these particles are
extraterrestrial in origin. In this investigation, as a part
of the sequential analysis of category 3 particles, we ex-
amined three category 3 particles (RB-QD04-0001, RB-
QD04-0047-02, and RA-QD02-0120) by micro-Raman
and Fourier transform infrared (FTIR) spectroscopies,
together with several artificial carbonaceous substances
including the ‘white object’ found in the sample con-
tainer. The artificial substances are analyzed in order to
get a clue as to whether the category 3 particles are
extraterrestrial or not, and our data should be coupled
with the results of other kinds of analyses (NanoSIMS,
time-of-flight secondary ion mass spectrometry (ToF-
SIMS), and X-ray absorption near edge structure
(XANES) described in a series of articles in this issue
(Uesugi et al. 2014; Ito et al. 2014; Yabuta et al. 2014;
Naraoka et al. 2015).

Samples

Category 3 patrticles

Out of 457 recovered particles, 58 have been classified
into category 3 (Uesugi et al. 2014). The particles were
mainly composed of C, N, and O and further classified
into three subtypes, types 1 to 3, as blocky, fibrous, and
faint, respectively (Uesugi et al. 2014). Three category 3
particles (RB-QD04-0001, RB-QD04-0047-02, and RA-
QDO02-0120) were analyzed in this study. RB-QDO04-
0001 belongs to faint type. It is 19 um in size. C, N,
and O are observed by FE-SEM-EDS. RB-QD04-0047-
02 belongs to blocky type, 28 um in size, and contains
C and O. RA-QD02-0120 also belongs to the blocky
type, 26 um in size, and contains C and O. Further ana-
lyses by TEM/STEM (Uesugi et al. 2014), N-XANES
(Yabuta et al. 2014), and H, C, and N isotopic investigation
(Ito et al. 2014) revealed the presence of N in the RB-
QD04-0047-02 and RA-QD02-0120 particles. A detailed
description of the category 3 particles is given in Uesugi
et al. (2014). Because the particles must be fixed in
some manner for the NanoSIMS and ToF-MS analyses
planned as parts of a sequential analysis, they were
pressed onto gold plates (Uesugi et al. 2014) at the
PMSCEF/JAXA (The Planetary Material Sample Cur-
ation Facility of JAXA). The particles RA-QD02-0120
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and RB-QDO04-0047-02 were also investigated by
XANES analyses (Yabuta et al. 2014). Calcium carbon-
ate inclusions of up to 300 nm have been identified in
RA-QDO02-0120 by TEM/STEM (Uesugi et al. 2014) as
well as C and Ca by XANES (Yabuta et al. 2014). The
particle RB-QD04-0047-02 was also analyzed by ToF-
SIMS (Naraoka et al. 2015); TEM/STEM observation
(Uesugi et al. 2014) and ToF-SIMS analysis pointed out
a wide but heterogeneous distribution of Si. One
particle, RB-QD04-0001, was allocated in the initial
analysis, and the intact particle had also been examined
using a diamond holder previously. Although the col-
lected spectra have not been definitive, O-H stretching
at 3,239 cm ™" and several absorption bands in 1,700 to
1,277 cm™! region have been observed. These absorp-
tion bands may be in common with RA-QDO02-0008.
The results of the analysis using the diamond holder
will be reported in detail elsewhere. Because solvent
extraction has not been investigated, whether the parti-
cles are soluble or insoluble in organic solvents has not
yet been clarified.

Artificial carbonaceous substances and the ‘white object’
The clean chambers set up at PMSCF/JAXA are man-
aged to restrict materials only to stainless steel (304
and 316), pure aluminum and aluminum alloy (A6061),
quartz glass, PTFE (polytetrafluoroethylene), and Viton
(DuPont Performance Elastomers L.L.C., Wilmington,
DE, USA) (Yada et al. 2014). The skeletal structures of
PTFE (compound I) and Viton (compound II) are
shown in Figure 1. Some parts of the sample container
of Hayabusa such as the rotational cylinder were treated
with a special Tufram coating (General Magnaplate
Corporation, Linden, NJ, USA). It was performed in
such a way that the surface of the aluminum alloy was
treated to be alumite and coated with Teflon to obtain
smooth movement (Yada et al. 2014). The structure of
the sample container is described in Yada et al. (2014).
In this investigation, we examined Viton glove (two
samples named CC#7 and CC#8 collected from differ-
ent positions of the clean chambers in PMSCF/JAXA).
The white object found in the sample container was
compared to Tufram and Kapton 120HR161, a poly-
imide resin, as possible carbonaceous contaminants.
Kapton 120HR161 is a material coated with perfluoro-
ethylenepropene (FEP; its skeletal structure is given in
Figure 1, compound III) on the surface of Kapton H
(its skeletal structure is shown in Figure 1, compound
IV). The ‘white object’ has been proposed to be a mix-
ture of polyamide generated through hydrazinolysis of
a polyimide resin and a small amount of polyimide
which is the starting material (http://hayabusaao.isas.
jaxa.jp/catalog/contaminations.pdf).


http://hayabusaao.isas.jaxa.jp/catalog/contaminations.pdf
http://hayabusaao.isas.jaxa.jp/catalog/contaminations.pdf

Kitajima et al. Earth, Planets and Space (2015) 67:20

Page 3 of 12

)-CF,-CF,-CF,-)

sl

I
b
CH,-CF,-CF-CF-) ( -CF;-CF,-CF-CF,-CF-)
CF3 CF3
11 111
d (0] (0]
oI
0 0
vV
€
2 @ @ %\/;[CNH—
COH
f

%j‘“‘*‘
CNHNH2

HZNHNC

H>sNNH,
e o
o) T
c CNHNH,
VII 0 0
VIII

Figure 1 Chemical structure of the compounds referred in the text. Skeletal structures of (a) PTFE (polytetrafluoroethylene) and Viton rubber.
(b) CF3— can be replaced by CF30—, and up to several percent of fluorine can be replaced by hydrogen. (c) FEP (perfluoroethylenepropene).
(d) Kapton H, a polyimide resin. (e) Poly(amic acid), a starting material for industrial production of the compound IV. (f) Hydrazide, a hydrazinolysis
product of the polyimide resin IV. The polyimide resin IV generates (g) arylether VIl and (h) hydrazide VIl via (f) hydrazide VI in the presence of hydrazine.

Chondritic IOM

At least two types of extraterrestrial organic materials
can be expected in the Itokawa particles. One is a ther-
mally mature material that would have been contained
in the original Itokawa parent body. The other is a rather
primitive carbonaceous material that would be transported
from space. Because IOM from the LL4-6 chondrites is

scarce (in types 3.6 to 3.7 ordinary chondrites, most IOM
has disappeared; Busemann et al. 2007), the IOM sample
was prepared from the Murchison CM2 chondrite as a
primitive extraterrestrial material for comparison. The
preparation method is described in Oba and Naraoka
(2009). The sample was pressed onto a copper plate for
the measurement at Kyushu University.
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Methods

One category 3 particle, RA-QD02-0120, was analyzed
at PMSCF/JAXA. The other particles were analyzed at
Kyushu University. The particle RB-QDO4-0001 had
been crushed and scattered on the gold plate; therefore,
two regions named RB1 and RB2 were analyzed. Mid-IR
reflectance spectra of RA-QD02-0120 were obtained
using a JASCO FTIR-6100 spectrometer with a mercury-
cadmium-telluride (MCT) detector at PMSCF/JAXA. A
total of 1,024 scans of spectra were accumulated with a
25 x 25 um? aperture. The IR spectra of the other samples
were collected using a Perkin-Elmer Spectrum One spec-
trometer (PerkinElmer Inc., Waltham, MA, USA) with a
MCT detector. The same total scans of the spectra were
accumulated with the same aperture size. The reflectance
spectra of the category 3 particles on gold plate and the
IOM from the Murchison chondrite on the copper plate
were collected. The reflectance spectra of Tufram were
obtained by measuring the surface of a spare rotational
cylinder of the Hayabusa sample container. The transmis-
sion spectra of the Viton rubber and the white object on
diamond plate (0.2 pum thickness) were also collected.
Commercial Kapton 120HR616 film was analyzed without
the diamond plate. IR measurements were performed
prior to the Raman analyses to avoid sample damage that
would be caused by laser exposure. Raman spectra were
obtained using JEOL JRS system 2000 Raman spectrom-
eter (JEOL Ltd., Tokyo, Japan) (1,800 lines/mm grating).
An excitation wavelength of 514.5 nm was used on an
argon ion laser. The laser beam was focused by a micro-
scope equipped with a x 50 or x 100 objective, leading to a
spot diameter of 2 or 1 um. Three scans of spectra of the
Murchison IOM were accumulated with a 10-s exposure.
A scan of spectrum of the Viton rubber with a 10-s expos-
ure was also obtained. The laser power at the outlet of the
light source was 20.3 mW, and on the sample surface was
1.0 mW. Five scans of spectra of the two category 3 parti-
cles, RB-QD04-0047-02 and RB-QD04-0001, were accu-
mulated with a 2-s exposure. Five points were analyzed for
each particle (five points for each region from RB-QD04-
0001). The power on the sample surface was 0.2 mW,
which was reduced more than usual because the particles
might be sensitive to heating. Following analysis, we
observed that no hole was burnt through the sample sur-
face and the spectral features did not transform during ac-
cumulation; therefore, we consider that laser damage is
negligible (five scans with a 2-s exposure at the power of
0.2 mW on the sample surface did not show laser-induced
alteration of the Viton rubber). Raman spectrum of RA-
QD02-0120 was obtained with a JASCO NRS-5100
Raman spectrometer (JASCO Corporation, Tokyo, Japan)
(1,800 lines/mm grating) at PMSCF/JAXA. An excitation
wavelength of 532.18 nm was used on an argon ion laser.
The laser beam was focused by a microscope equipped
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with a x 50 objective. The power on the sample surface
was lower than 0.1 mW. Ten scans of the spectra with
30 s exposure were accumulated. All measurements were
performed in the atmosphere. The curve fitting for the
Raman spectra was performed using the pseudo-Voigt
function after subtraction of the linear baseline.

Results and discussion
The category 3 particles
The Raman spectrum indicates the structural order of
carbonaceous matter. Ideal monocrystalline graphite
shows only the so-called G-band at 1,581 cm™. Depend-
ing on the level of disorder, the G-band shifts to higher
wavenumbers and can be observed at around 1,600 cm ™"
(e.g., Sandford et al. 2006; Busemann et al. 2007; Quirico
et al. 2009). The so-called D-band at around 1,350 cm ™!
is not present in the perfectly stacked graphite and it is
induced by structural defects. Its size reflects increasing
disorder (Busemann et al. 2007; Quirico et al. 2009).

Figures 2, 3 and 4 show a few representative Raman
spectra of the three category 3 particles. The Raman
spectra show broad G-band and weak D-band, although
the relative intensity varies depending upon location. In
the initial analysis using the diamond holder, the particle
RB-QD04-0001 showed neither G- nor D-band but only
a high fluorescence background. However in region RB1
analyzed in this work, the bands were present. This
may be the result of the use of the short, working-
distance objective lens.

Figure 5 shows several IR spectra of the three category
3 particles. It should be noted that the absence of IR
aromatic absorption bands does not always indicate the
absence of the aromatic skeleton because IR will not de-
tect highly condensed graphene structure (Kebukawa
et al. 2011), which shows Raman G- and D-bands. All
the category 3 particles, in particular, RB-QD04-0047-02
and RA-QDO02-0120, showed broad O-H stretching in
the region 3,503 to 3,300 cm™*. RB-QD04-0047-02 also
showed fine structures in the 1,729 to 965 cm™" region.
The absorption at 1,729 cm™' is assigned to C=O
stretching, and the absorption at 1,506 cm™" is assigned
to aromatic C=C. The absorption band at around
1,000 cm™' may be by the Si-O stretching, correspond-
ing to the Si in the sample (Uesugi et al. 2014; Naraoka
et al. 2015). This will be discussed further along with the
results from the white object in the “The category 3 par-
ticles as thermally unaltered materials’ section. RB-
QD04-0001_RB1 shows weak absorptions at 1,684 cm™*
(C=0 stretching), and 1,509 cm ! (aromatic C=C
stretching). These absorption bands had been suggested
by the initial analysis using the diamond holder. How-
ever, this particle had been crushed and scattered on the
gold plate, and so additional information could not be
obtained. The IR spectral features of the two particles
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Figure 2 Two representative Raman spectra (a and b) of the
particle RB-QD04-0047-02. The cross (+) indicates the point at

which analysis was performed. The white bar represents 10 pm.
A J

are different from that of chondritic IOM as shown in
the ‘Chondritic IOM’ section. Although these two parti-
cles show C=0 stretching, they lack aliphatic C-H
stretching usually observed in chondritic IOM. RA-
QDO02-0120, on the contrary, shows aliphatic C-H
stretchings around 2,994 cm™' together with O-H
stretching at 3,342 cm™. The absorption band at around
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1,645 cm™" may be assigned to C = O stretching. These
absorption bands are, however, weak and unclear, partly
because it may be related to the sample alteration caused
by NanoSIMS analysis (Uesugi et al. 2014).

Chondritic IOM

Figure 6 shows the IR and Raman spectra of the chon-
dritic IOM prepared from the Murchison meteorite. The
typical IR spectrum of IOM from carbonaceous chon-
drites is characterized by O-H stretching at around
3,400 cm™" (being due to alcohol, carboxyl, and water),
aliphatic C-H stretchings in 2,958 to 2,855 cm™', and
carbonyl stretchings in the region at 1,725 to 1,665 cm™*
(e.g., Kebukawa et al. 2011). The observed IR spectrum is
characterized by the O-H stretching band at a frequency
of 3,515 cm ™, the C-H stretchings at 2,961 (aliphatic CH:
C-H asymmetric stretching), 2,931 (aliphatic CH,:C-H
asymmetric stretching), and 2,872 cm ! (aliphatic CH3:
C-H symmetric stretching), and carbonyl stretching
band at 1,716 cm ™' in accordance with some previous
reports (e.g., Kebukawa et al. 2010, 2011). The observed
raw Raman spectra are consistent with the literature
data (Quirico et al. 2009).

White object

Figure 7a shows the so-called ‘white object’ found in the
sample container. It seems needle-like but also powdery
and white to slightly brown colored. Figure 7b shows its
IR spectrum. It has been proposed that the object is a
mixture of polyamide and a small amount of polyimide.
The polyamide is a hydrazinolysis product of the poly-
imide resin, the starting material (http://hayabusaao.isas.
jaxa.jp/catalog/contaminations.pdf). While a detailed
structure is not given on the website, it must have such
structures as depicted in Figure 1. Compound IV in
Figure 1 shows the unit structure of Kapton H, a typical
polyimide resin, and compound V is poly(amic acid), a
starting material for industrial production of compound
IV. Hydrazinolysis of polyimide would give rise to hydra-
zide (compound VIII in Figure 1) and compound VII via
hydrazide compound VI (Ueno et al. 2009). The
carbonyl absorption band at 1,722 cm™" indicates imide
C = O stretching; the absorption at 1,650 cm™" indicates
amide (I) C=0O stretching; absorption at 1,543 cm!
suggests N-H bending (secondary amide II). The absorp-
tion at 1,219 cm™" with a shoulder suggests C-O and/or
C-F (some kinds of Kapton are coated with FEP). The
broad absorption around 3,051 cm™ suggests aromatic
C-H stretching. Aromatic C = C stretchings are observed
at 1,498 and 1,606 cm™'. The sharp and extraordinarily
strong aromatic C=C stretching at 1,498 cm™ is re-
markable for this substance compared with the commer-
cial Kapton (Figure 7c). It may be a contribution of
hydrazide VIII and/or arylether VII. The absorption


http://hayabusaao.isas.jaxa.jp/catalog/contaminations.pdf
http://hayabusaao.isas.jaxa.jp/catalog/contaminations.pdf

Kitajima et al. Earth, Planets and Space (2015) 67:20

Page 6 of 12

RB-QD04-0001_RB1

1200 1400 1600 1800

Raman Shift (cm'l)

2000

a
14000 -
£ 120004
w
=
2
g
= 10000 -
<
£
&
8000 -
6000 -
1000
b
1900 -
1800 -
1700
z
2 1600
2
= 1500
=
<
£ 1400
&
1300 -
1200 1
1100
1000

1200 1400 1600 1800

Raman Shift (cm'l)

2000

Raman Intensity

Raman Intensity

RB-QD04-0001_RB2

2300 -
2200
2100
2000
1900
1800 4
1700
1600 4
1500

1400

1000

2400

2200

2000

1800

1600

1400

1200

1400 1600 1800

Raman Shift (cm'l)

2000

1200
1000

T
1200

T T T
1400 1600 1800

Raman Shift (cm'l)

Figure 3 Several Raman spectra (a to d) of the particles RB-QD04-0001_RBO1 and RB-QD04-0001_RB02. The cross (+) indicates at the
point which analysis was performed. The white bar represents 10 pm.
.

1
2000




Kitajima et al. Earth, Planets and Space (2015) 67:20

Page 7 of 12

RA-QD02-0120

8500
8000
7500
7000 +
6500
6000

Raman Intensity

5500 4
5000
4500

4000

1000 1200 1400 1600 1800

Raman Shift (cm™!)

Figure 4 Raman spectrum of the particle RA-QD02-0120. The
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band at 3,243 cm™' suggests the presence of the O-H
functional group such as those of compound V and its
presence rather than predominance of hydrazide VI and
VIIL Alternatively, the O-H absorption may be accounted
for by its hygroscopic nature.

Viton glove (CC2#8)

Figure 8a shows the IR spectrum of the Viton glove
(named CC2#8). It is a possible contaminant. The C-F
stretching is observed at the frequency of 1,151 cm™.
The absorption at 1,016 cm™* indicates Si-O stretching
of talc as additions. This material is very sensitive to
heating, and excess exposure to laser results in artifi-
cial G- and D-bands (Figure 8b). According to the
skeletal structure of Viton (compound II in Figure 1),
which does not have the graphene structure, the ob-
served Raman bands are apparently an artifact.
Another Viton glove sample (named CC2#7) showed
essentially the same results.
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Figure 5 Infrared spectra of the category 3 particles.

(a) RB-QD04-0047-02. (b) RB-QD04-0001_RB1. (c) RA-QD02-0120.
.

The IR spectra of the category 3 particles differ from
that of Viton glove in the absence of C-F stretching at
1,151 cm™. F-XANES analysis of RB-QDO04-0047-02
shows the absence of fluorine (Yabuta et al. 2014), being
consistent with this IR observation. Therefore, the particles
are, at least, not ‘fresh’ fragments of the Viton rubber itself.

Tufram
Figure 8c shows the IR spectrum of Tufram that is used
for the surface coating of the rotational cylinder of the
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Hayabusa sample container. The strong absorption band
at 1,259 cm™' of C-F stretching of PTEE shown by this
material is also not observed in the category 3 particles
(the absorption band at 1,252 cm™* shown by RB-QD04-
0047-02 cannot be related to PTFE because of the
absence of fluorine indicated by F-XANES).

Comparison between category 3 particles and artificial
substances

Raman G-band diagram and thermal maturity

Figure 9 shows a diagram of G-band parameters. Ther-
mal metamorphism causes ordering of the IOM and
shifts its data point toward the lower right in this dia-
gram (e.g., Sandford et al. 2006; Busemann et al. 2007).
Although low-temperature carbon thermometers based
on Raman spectroscopy should be restricted to a given
geological context (e.g., Cody et al. 2008; Quirico et al.
2009), Raman data are fingerprints of precursors as well
as certain metamorphic conditions (Quirico et al. 2009).
The G-band positions of the three category 3 particles
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Figure 7 ‘White object’ found in the sample container.
(a) Image of the white object. (b) IR spectrum of the white object.

() IR spectrum of Kapton 120HR616 (Kapton H coated by FEP).

are located in a more disordered region than that of the
chondritic primitive IOM. The FWHMs-G (full width in
the half maximum) are broad (larger than 80 cm Y. It
seems unsuitable to the LL4-6 parent body because
FWHMs-G of even the IOMs in CO3.7 and CV3.7 have
smaller band widths than 60 c¢cm™ (Busemann et al.
2007). The category 3 particles seem to be grouped to-
gether with the artifact produced from the Viton glove
after laser exposure, rather than being associated with
the chondritic IOM. The particles seem to be at a low
maturity level, suggesting that they have not experienced
strong heating, provided that they have not suffered ser-
ious irradiation-induced increase of disorder by NanoSIMS
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Figure 9 Raman G-band diagram. Spectra of the position (a) of the
particle RB-QD04-0047-02 (Figure 2) and the position (a) of RB-QD04-
0001_RBO1 (Figure 3) were used for the calculations of G-band parameters.

analysis prior to this investigation. C-XANES spectra also
show the lack of the 1 s-o* exitons at 291.6 eV that is gen-
erally observed from thermally metamorphosed type 3+
chondrites (Yabuta et al. 2014), suggesting that an origin
for the particles from the LL4-6 parent body is unlikely.

The category 3 particles as thermally unaltered materials

H, C, and N isotopic compositions can be sensitive indi-
cators for determining the provenance of primitive
extraterrestrial carbonaceous matter. The three category
3 particles however have been reported to show terres-
trial H, C, and N isotopic compositions within errors,
and micrometer-sized hot spots with anomalous H, C,
and N compositions have not been found (Ito et al.
2014). However, these observations are not enough to
determine whether the particles are terrestrial contami-
nants or extraterrestrial matter, because isotopically nor-
mal carbonaceous material has been also reported in
IDPs and Antarctic micrometeorites (Messenger 2000;
Yabuta et al. 2013). When isotopic anomalies are not
found, a simple and conclusive method to determine
whether a carbonaceous substance is extraterrestrial has
not yet been established, excluding the materials that
would show enantiomer excess such as amino acids and
monosaccharides. If it cannot be identified as a man-
made substance, it should be confirmed that the elemen-
tal composition, structure, and provenance are consist-
ent with extraterrestrial origin.

The IR spectra of the two category 3 particles, RB-
QD04-0047-02 and RB-QD04-0001, seem not to have
the characteristics of the unheated chondritic IOM. Fur-
ther, the spectral features of the two particles are not
similar to known extraterrestrial carbonaceous matter
heated or unheated. In addition, no IR spectra of artifi-
cial carbonaceous substances including the white object
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show exactly the same spectral features as the category 3
particles. Although it is difficult to determine definitively
whether the particles are extraterrestrial in origin based
on these limited results, their terrestrial origin(s) is/are
suggested. They may be some reaction products from
such artificial substances; however, the lack of C-F
stretching indicates that all the category 3 particles are
not ‘fresh’ contaminants from Viton, PTFE, and Tufram
derived from the curation facilities.

However, the IR spectrum of RB-QD04-0047-02 has
several absorption bands in common with those of the
white object (Figure 10). The carbonyl absorption at
1,729 cm™* suggests C = O stretching of imide, 1,685 cm™
absorption suggests C = O stretching of amide (amide I),
1,506 cm™ suggests aromatic C=C stretching, and
1,252 cm ™" may be C-O stretching. This concordance sug-
gests that RB-QD04-0047-02 has the same structural units
as those of the polyimide/polyamide resin, suggesting it is
a reaction product of polyimide resin. RB-QD04-0047-02
is enriched in imide structure more than the white object.
Therefore, RB-QD04-0047-02 is a material that has a
common starting material to the white object, rather than
a direct product from the white object. The decrease of
aromatic C=C at 1,498 cm™ and extinction of the
1,219 cm™ absorption may suggest elimination of the aryl-
ether and/or hydrazide unit(s). Alternatively, the extinction
of the 1,219 cm™ absorption band may be derived from the
release of the coating resulting in the decrease of the
C-F absorption band, because some kinds of Kapton is
coated with FEP. N-XANES analysis suggests the pres-
ence of nitrile and/or N-heterocycles (Yabuta et al.
2014). RB-QD04-0047-02 may contain such unit struc-
tures depicted in Figure 1 (compounds IV to VIII) and
relates to polyimide/polyamide resin. RB-QD04-0001
shows aromatic (1,509 ¢cm™) and carbonyl (1,684 cm ™)

RB-QD04-0047-02 (X2)

1506

1252

i ic=c

i ] (Aromatic) |

/1498 | C-0-C and/or C-F
1238/

1219
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c=0 (Imidxw

X
1722

¢

1543

1 1606 N-H (Amide IT) White Object
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Figure 10 Comparison of the IR spectrum of RB-QD04-0047-02
with that of the white object. The spectrum of RB-QD04-0047-02
has been magnified twice vertically.
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absorption bands. The carbonyl band can be assigned to
amide as the 1,685 cm™* absorption band of RB-QDO04-
0047-02, and it also may relate to the polyamide resin.
Polyimide/polyamide resin originally does not have con-
densed graphene structure. The observed Raman bands
are suggested to be the reaction products during sample
return and/or artifacts that may be induced by electron
beam exposure. In addition, the presence of Si in RB-
QDO04-0047-02 (Uesugi et al. 2014; Naraoka et al. 2015)
should be explained. It may be an addition like talc associ-
ated with Viton rubber.

RA-QD02-0120 does not seem to originate from a
thermally altered parent body; however, IR and Raman
data are not clear enough to clarify further its origin.
The aliphatic C-H stretching of RA-QDO02-0120, taking
into account the presence of calcium carbonate (Uesugi
et al. 2014; Yabuta et al. 2014), suggests various origins
of the category 3 particles, although this particle belongs
to the same subtype (blocky) as RB-QDO04-0047-02.
However, polyimide/polyamide resin is a major candi-
date for the source material of the particles. If several
category 3 particles could be consumed, chemical deg-
radation and analysis of the products using HPLC/
HRMS could be of great help. The behavior of the resin
during sample return should be clarified in order to de-
termine the origin(s) of the category 3 particles.

Conclusion

The Raman spectra of the category 3 particles showed
both G- and D-bands. In the G-band diagram, the pa-
rameters plot in the disordered region, suggesting that
the three category 3 particles, RB-QD04-0047-02, RB-
QD04-0001, and RA-QDO02-0120, are not thermally
altered substances. The particles are not likely to have
originated from an LL4-6 parent asteroid. The particles
plot close to the laser-induced artifact of Viton rubber
rather than the Murchison IOM. The Raman results of
the particles are not similar to known extraterrestrial
carbonaceous matter heated or unheated. The IR spec-
tral features of the RB-QD04-0047-02 and RB-QDO04-
0001 are also not similar to the Murchison IOM. The IR
result of RA-QDO02-0120 is not sufficiently clear. Although
it cannot be determined whether they are extraterres-
trial or not by these limited results, their terrestrial ori-
gin is suggested.

They were not identified as being the same as the arti-
ficial contaminants examined in this investigation. The
lack of C-F stretching indicates the category 3 particles
are not ‘fresh’ contaminants of Viton, PTFE, and Tufram
at the curation facilities. They may be reaction products
from artificial substances exposed to radiation during
the sample return. In particular, RB-QD04-0047-2 may
be a mixture of polyimide/polyamide resin as is the
white object. It has several IR spectral absorption bands
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in common with the white object. It may relate to a deg-
radation of polyimide/polyamide resin. RB-QD04-0001
may also relate to the resin. Although RA-QD02-0120
suggests a different origin and the category 3 particles
may have various origins, it is necessary to clarify the
behavior of polyimide/polyamide resin during sample
return in order to determine the origin(s) of the cat-
egory 3 particles.
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