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[ ]

Fig. 1 Backscattered electron images of category 3 particles (a)
RA-QD02-0120 and (b) RA-QD02-0120, acquired by
FESEM-EDS. White bars show 50 um. Accelerating voltage
was 10 kV. Referred from Uesugi et al. (2014).

RA-QD02-0120-TEMA(

( Transmission Electron Microscope, TEM ) 27U v F
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ﬁ/) f:o

3. AF Y 3 WBIFD XANES AT MV

Fig. 2 IC &R KO TLE~ v 7 (REOBPGFiHED X ##
IxIVF— (280, 290eV) TENZNHEL /- X #5558
BB OX£S) ZRI30, WEFhOh T 3R T2
WTHLREOGAMIITITH—TH AT &8 b2 5 (Fig.
2), /2, RA-TEM %O AR, WLV LADARy FH1
AR = 7. (Fig. 2),

7153V 3 &3 kD C-XANES 27 I )L % Fig. 31
7930, RA-TEM#ij, RB® C-XANES 27~ | )L
(Fig.3) 2HEFIKICTHFERRFEC=CE/cIA VT 1V
(BE—27 A, 285.1eV), A&7y C=C-C=0, Ff&
BEEFELEW C-N=C, £/XF=_+rU NV C=N(K—7 B,
286.7eV), HILR=JLEC=0(0R) (K¥—~ C, 2882
eV) O3 20—t/ (Fig.3), RBIZHOWT
X2 oORLAHEE (RL, R2) THIELRT->7/cE I,
T BWERFZDBREPLRLRIL B DDOFNNTHD AR 7
FVE BT/, 1FIEH—LHRThH 5 C & xR T
&7,

RA-QDO02-0120-TEM#  RB-QD04-0047-02-01

Fig. 2 (Color online) STXM images acquired at 350 eV (a,c,e) and carbon elemental maps (b,d,f). (a, b) RA-QDO02-
0120-beforeTEM (RA-beforeTEM), (c,d) RA-QD02-0120-afterTEM (RA- afterTEM), and (e, f) RB-QD04-
0047-02 (RB) (Yabuta et al. 2014) . The dashed squares of the samples were analyzed to acquire the XANES spec-

tra.
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Fig. 3 Carbon K edge-XANES spectra of RA-QD02-0120 before
and after TEM observations (RA-before and after TEM)
and two different regions (R1 and R2 in Fig. 2) of RB-
QD04-0047-02 (RB) (Yabuta et al. 2014). Peak A: Is-n*
transition of aromatic/olefinic carbon at 285.1 eV, Peak B:
Is-7* transition of vinyl-keto, nitrile and/or nitrogen heter-
ocycles at 286.7 eV, Peak C: ls-z* transition of carboxyl
carbon at 288.2 eV.
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Bk EET, ZDIFEMNA I/ C=N (K¥—~ D, 398.9
eV), 72 FR-(C=0)NR’,, ¥o—Jl, 73 C-NHx
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D —27 ENRY—27 DANCH0.3eVINTEDH, U—
TEHIEL 7> TWAHT &nn (Fig.d), REERELITE
THEHEVWADLTLICETE — ABEOHELYZ T TW5H T
ERHElE NS, RB O O-XANES A2~ I (Fig. 5)
PO HIVRZVEC=0 (¥—2 G, 531.0eV) 2 H&H
N, C-XANESOV —7 C L#MITH - 72, F-
XANES (Fig.5) (650~700eV) TidEi % X 5% I
YA/ Y e

F7z, RA-TEM #OEREERE FHME (Scanning
Transmission Electron Microscopy, STEM) #£XC, &
WAV ADOWEEY (A4 X300nm) BHHE SN TH
HTEMDY, WEYDS Lk ALFETE DR AL Ca-
XANES # i\ T{T» 72, £, RA-TEM O AL

RB-R1

WS
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Fig. 4 Nitrogen K edge-XANES spectra of RA-QD02-0120-after-
TEM (RA-afterTEM) and RB-QD04-0047-02 (RB) (Yabu-
taetal. 2014) . Peak D: 1s-n* transition of imine at 398.9 eV,
Peak E: 1s-n* transition of nitrogen heterocycles and/or ni-
trile at 399.7 eV, Peak F: an assembly of small peaks related
to the 1s-7* transition of amide and the 1 s-3p/s™ transitions
of pyrrolic and amine at 401 to 402.5 eV.

550 600 650 700
eV

Fig. 5 The coordinated oxygen and fluorine K edge-XANES spec-
trum of RB-QD04-0047-02 (RB). Peak G at 531 ¢V cor-
responds to the ketone group (Yabuta et al. 2014). No
fluorine-containing molecular species were detected in the
range of 650 to 700 eV.
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Fig. 6 (Color online) Elemental maps of (a) carbon and (b) calcium for RA-QD02-0120-afterTEM (RA-afterTEM)
that identify calcium spot within the carbonaceous particle. (c) The coordinated carbon K edge- and calcium 12,3
edge-XANES spectra of RA-afterTEM support the presence of calcium carbonate. Peak H at 290.5 eV is assigned
to the 1s-7* transition of carbonate. Two peaks around 349.2 (J) and 352.5 eV (L) are assigned to the L3 and L2
edges of Ca, respectively. Two other smaller peaks (I and K) at 347.9 and 351.2 eV are the coordination peaks of
peaks A and B. (d) Comparison of the enlarged spectrum of Ca-XANES for RA-afterTEM with those for
hydroxyapatite, aragonite, vaterite, and calcite (Yabuta et al. 2014). $Ca-XANES spectra of carbonate standards
(hydroxyapatite, aragonite, vaterite, and calcite) are derived from Benzerara et al. (2004).
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Fig. 7 C-XANES spectra of (a) insoluble organic matter from Murchison meteorite (Mur), organic solids synthesized
by heating of aqueous solution of formaldehyde (F250, F50), comet Wild 2dust particles (SD2, SD1) (Cody et
al. 2011), (b) four kinds of interplanetary dust particles (IDPs) (Cody et al. 2011), (c) terrestrial coal (Bassim
et al. 2012). These spectra are superficially similar each other, although the samples have different origins and for-
mation mechanisms. With regards to the three coordination peaks of aromatic carbon, aromatic ketone, and car-
bonyl carbon (peaks 1, 2 and 3, or peaks A, B and C), These spectra are similar to those of the two category 3

particles (Fig. 3).
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Fig. 8 C-XANES spectra of different kinds of synthetic polymers

(Urquhart et al. 1999). PET: poly (ethylene terephthalate).
Vectra: Vectra ®A950. (1) N, N’-diphenyl urea, (2) N-
phenyl ethylcarbamate, (3) 2, 4-dimethylcarbamate toluene,
(4) 4,4 -methylene-bis (ethyl N-phenyl carbamate), (5)
Diphenylmethane diisocyanate (MDI)-polyurethane, (6)
MDI-polyurea, (7) toluene diisocyanate (TDI)-polyurea
(80% 2, 4;20% 2, 6), (8) TDI-polyurethane (80% 2, 4; 20
9% 2, 6). High peak intensities and narrow width of aromatic
carbon are common among the polymers, and this feature
remains in the category 3 particle, RB-R1.
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Fig. 9 (a) C-XANES spectra of comet wild 2 dust particles and cyanoacrylate before and after TEM observation. (b)
N-XANES spectra of comet wild 2 dust particles after TEM observation. Referred from De Gregorio et al.
(2010). Due to the spectral similarity between Wild 2 (before TEM) and cyanoacrylate, it is presumed that
cyanoacrylate can be modified by electron beam in a similar way to the Wild 2. Applying this knowledge to the in-
terpretation of the spectra obtained from category 3, it is likely that category 3 (RA-afterTEM) (Figs. 2 and 3)
are derived from nitrogen-containing synthetic polymers.
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Linkage between cosmochemistry and material
science through a scanning transmission X-ray
microscope: An attempt at characterization of
the unknown carbonaceous particles collected
from the Hayabusa spacecraft

Hikaru YABUTA Department of Earth and Space Science, Osaka University, 1-1 Machikaneyama,
Toyonaka, Osaka 560-0043 Japan

Abstract From the Hayabusa spacecraft sample catcher, 58 unknown carbonaceous particles were collect-
ed and termed category 3. In order to identify their origins, a variety of organic analyses of the par-
ticles were conducted by collaboration between the extraterrestrial sample curation center of
Japan Aerospace Exploration Agency (JAXA)/ Institute of Space and Astronautical Science
(ISAS) and universities in Japan. A scanning transmission x—ray microscope (STXM) using X-ray
absorption near edge structure (XANES) spectroscopy was applied for the molecular characteri-
zation of two kinds of category 3 particles. Carbon-XANES spectra of the category 3 particles dis-
played peaks corresponding to aromatic/olefinic carbon, heterocyclic nitrogen and/or nitrile, and
carboxyl carbon were all detected. This spectral pattern was ‘superficially’ similar to those of in-
soluble organic solids in carbonaceous chondritic meteorites, terrestrial kerogens, and coals, and
thus this is typical feature of heterogeneous organic macromolecules produced via alteration
processes in natural environments. Nitrogen-XANES spectra of the particles showed the presence
of N-functional groups such as imine, nitrile, aromatic nitrogen, amide, pyrrole, and amine. Differ-
ences in carbon- and nitrogen-XANES spectra of the category 3 particles before and after trans-
mission electron microscopic (TEM) observations demonstrate that the carbonaceous materials
are electron beam sensitive. Calcium-XANES spectroscopy and elemental contrast mapping iden-
tified a calcium carbonate grain, which is calcite or vaterite, from one of the category 3 particles.
Judging from an integration of these results with those from other analyses, it is very likely that
category 3 particles are terrestrial origin. The carbonaceous particles could have been formed
through degradation of contaminant polymer materials or polymer materials used on the Hayabusa
spacecraft during the 7 years of the deep space flight. On the other hand, no fluorine-containing
molecular species were detected in fluorine-XANES spectra of the particles, and at least these
two category 3 particles are unlikely derived from fluoropolymer, such as Vectran and Viton
gloves.
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