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DF N ZFNULEDO T AN F—FFHOM XA (hard
X-ray) &IZXBIE S (Fig. 1)o #k X HE &M X 7
LORELMERIL, EBR)TH S, M XHITK
RAEBBTHD, K X FITKETIL S S &
VDD Do D20, R XHFEBEEITH I
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)7 L7 EQBMITHIN ENR T W i 4 O]
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BT ONERHE (Is $E, H25WIEKRE) 256
BTN ENE, EFIPRH S NE7-0
DB/ NOD T 4OV F — 2 W & FEOY, C

F O 1s YaBE 22V TOWRIG (C 1s) 1X~285 eV,
N Is eI (X ~405 eV, O 1s WU 1Z~540 eV T
& % (Stohr, 1992), K E N7 EETIXIES AL
B BT A A AALEMN DT F o e R E
(Bl 7*§iLiE, o*HLiE) ~EET %A% (Stohr, 1992;
MIZ#H, 2008, ROG A%, Fig. 8), Z DML
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EXAFS [Z22oWCidffib v,
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Fig. 1. Synchrotron radiation lights spanning different wavelengths. The original image (Credit: Spring-8,

http://prwww.spring8.or.jp/intro_sr/page3_1b.shtml) is modified.

DEVPRERONLZERFIHLT, 7370
A AOWNR BRI S BT R BT A 7
ODOTHETH Do STXM BSAKEIIZHIE I N2
13 1990 ST, ZNLBRLIEIZ b7 5 05855 B
WCBWTAHIZIEH SN TS, Bl2IE, #HEE
# (Ade et al., 1992; 1995; Ade and Hsiao, 1993; Ade
and Urquhart, 2002), A¥1ka% (Kirz et al.,, 1995),
T3S (Myneni, 2002), 9% (Boyce et al.,
2002), AHEHIERALS: (Cody etal., 1996; 1998), %
s Bl %~ (Flynn et al., 2003; Keller et al., 2004), &
Wo 72X 92 Th B, XANES & STXM % fHas
b b Z L L) MU AT O RS AT &
19 ZEDTELEWVH)FEIR, Wb hEkit s
B OREESATICE SICHALTEBY, FECE
I3 % STXM-XANES % > 7= Bk /G #i g2 o
BRITIERICET 5,

R TIE, NASAIZ X AEEEY T L)
¥ — VEHE, A% —FAM3IvarTHE
WCEHREON-8IP/WId2EREDEIZE EN
B W/NE B % STXM-XANES T/ M7 L 72 4% 5
(Sandford et al., 2006; Cody et al., 2008a) % fH4~d
5o

28 #

A — A N EERRE O B2 i X
N7-Wild2EEE X =703 2 VICEHE A
L7k, 7TVI = A ICHlELCCTEs
L—%—I2ifh> T, ZHOKT L %> ThHnihT
V72 (Brownlee et al., 2006) , # DIRAED & KR
B ORET TR S L7z AT - 13 (Westphal et

al., 2004; 1k 5, 2007), TRF VERD DV IT
W CHME, YTV IvA 7B b—05A4T
EY RFA 7 ZHNT120~140 nm OFEH 12 L 72
D%, HEIE T-JAMEE (Transmission electron
microscopy, TEM) #2121 2 TR O R
R— ML 7RE TR S /2o RIFZETIES
OB ERNT-5HE (2 7V No. 1~8) % 45#7
L7z

3.2 thAE

STXM-XANES 7347 1%, 7 XU B &%EH 1)
TANVZTINCH BIN— 27 L —ELFZEFT O
v ua by tkiE%, Advanced Light Source
(ALS), ¥ — A F 4 » 532 THFo 72, Fig. 212
E—L T4 v OMENEZRT, E—ATF 4532
T, RIARA T X (250 — 700 eV, 107 photons
/sec) mAEA &, huaA ¥ )3T —TIPHE, Bk
[ EHATHE - Todets, ASFAY v TP bEn
SPERL, WAV v bTHEREZEONSL LIS
oTWwb, Iz, BEEZEOL—-ATA VLR
LT D STXM F % 85— GAISER IZAY ™7 4 E
TF) BT ADIZ SNy BEEWTWA,

Fig. 3a |2 STXM 2B DB E % 7Rk L 720 ZDHLK
L ¥ % Fig. 3b 12, #5#3UX % Fig. 3¢ lZ/R L7z, Hf
Hixvy—r 7 —rTHELSH, V=T L—}
TV T L — MEIZE DAL 72 Order selection
aperture (OSA) EIFIEN L /NS R YV F =)L T
LREPT 25 2 212 L D (Figs. 3b, 3¢), JE
WICE VR 3 ERE (<40 nm) NEH SN 5
(Kilcoyne et al., 2003), % ~ 7 )V 7 L —  (Fig.
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Fig. 2. Schematic of the Advanced Light Source Beamline 5.3.2 and STXM. The figure is taken from STXM 5.3.2
User Manual. Image Credit: Advanced Light Source Beamline 5.3.2.

800 x 800 um

(d)

100 x 100 4m

Thin section
on TEM grid

80x80 um

(C) Zero-order radiation

(b)

First-order radiation

Zones

| O
a
o
| &
| O
-
nnnn}‘—"
 /
/
/
\\ o
wa
e
et}
g
&
g
@
i

|
L

ooy

Stop

_—

Sample mount

Fig. 3. (a) Photograph of STXM at Advanced Light Source Beamline 5.3.2 (Photo courtesy by Henner Busemann), (b)
Close-up side view of STXM (Kilcoyne et al., 2003), (c) Focusing scheme of a STXM (Kilcoyne et al. 2003), and
(d) Photograph of STXM sample plate and the STXM images of terrestrial kerogen. (b) and (c) are reproduced by
permission from International Union of Crystallography.

3d) 12U, Al L7z R R — P ORE SICRD X#HE®ED 515 (Fig. 3d) . STXM A5EATT
BWTHBY, RICELETEHE LB K- He 72 fe ACAE I 1 4000 X2000 ¥ 7 )L (20x4 mm),
Wxt L CHEEICAS L TL A XBPE#RT 5, wPAT Y TH A X325 Th b, itz
TNV TL— M, BV RAF—ITx, y i L7720 X OB 1, 3R 72\ E 4 % % L
ICHEMBEICXA L)I2h>TWT, XAV HROXBOMREE L &35 &, WEE (Optical
F—rZBASE LB ORE R EET LI LICLY density, OD) ut [T FREDXTEH 2 5N 5%,
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— Epoxy

Fig. 4. STXM image (20 ym X 20 ym) of a Comet Wild 2 particle from the sample No. 2 acquired at a) 280 eV (just
below C1s XANES region) and b) 290 eV (within C1s XANES region). Organic matter is enclosed in square

rounds 1 - 4.

OD=ut=1In (Io/1)
T u IR, xR B OEETH
Do pld XMMOTANVF—EIKGFET L CEHS
2006) o

4. PR

4.1. STXM I & 32 B #4 D5 & XANES <7

MLIZE B BREEDRERTE

Fig. 4 1%, 2 DO% %2 X #L 3V F— THIS
L7z Wild 2 EH R R T > 7V No. 2 %, 280 eV
£ 290 eV THEA L 72 STXM H % (20 um X 20 um)
ThbH, HEWERIT H121E, HIEOTUR X
D AR TR L F — (280 eV) & WIS, RIS
X EWI RV F— (290 eV) % WRIL$ 5 $HIE %
B, L) R#ElEE, CNOIIHYET LT
ANVF - TENZEE L, C, N, O-XANES
A7 M VvaiRi (Fig. 5), ¥— 2B —%%
Table 1 [Z7”¢ 4> 7V No. 2 ® C-XANES Z X
7 MIVTIE, 288.2 eV IZHEMSHI Y — 7 AV
ENze TOE—=271%, 73 F#E (NHx(C*=0)
C) DHINVK=ZNVERE FE2MFLRZERT) ©C
Is = 7" BREICHE T4, T 2T, N-XANES A~
7 bV Th 4014 eV IZT7 I FEDN 1s —» 755K
WAL T L2 E— 72 s T8, ZoREN
RYXTHDL DR TE D, F/2, C-XANES
A7 NV D 286.7 eVATILIZHB &Nz — 2

F= MY VE (C*=N) & C Is = &%, b LK<
13286.5eVICTANVF =N EZ/RTEZ )L -7

H@E(C C-C*=0) O Cls— " &, OrbHsH
WCHS T 2 e E 25050, HURED

NXM@SXAﬁbwTwMMVHL’— v
F (C=N*) O N Is = 7* BRI YT 5 2 RMEIA
WE—Z BB ENRTVWE T EHS, FiETHD
W REMEDSE Ve C-XANES A /X7 )LD~ 285 eV
I s N7z — 271, FERED DIt L
74 (C=C*-H,C) ®Cls =" E %R LTV
%o O-XANES 2 X7 F )L 530 —532 eV IZHH &
NHE=271E A NVE=Z)VE (C=0*) O 1s = r*
B THLIENHHNLDT, C-, N-XANES &
N7 MVTRIEENZT I FEOH VAR ZIVERSE
%ﬁ%waéT%ﬁﬁ%i%héo

Fig. 6 12, 8 o Wild 2 #H Rk 15 » 7
D C-XANES A7 hva F i, oMb
D7D, KFEI Y FF A+ (Allende (CV3),
EET92042 (CR2)) HOANEAHEY &, REM
JE& (Interplanetary dust particle, IDP) ¢ C-XANES A
R MV ERFETRL TV D, ik o2 R T
TNV No.2&, T I No.3DARYT ML
L T b —FT, ZOMoYr 7IVidEL
LEHOEREZEATHDL I LD G5, Bz
X, HEER Y 7 Nos. 4, 5, 6 D C-XANES
AT MV TIE 2875 eV ICHE R Y —7 (K—2
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Fig. 5. STXM image, its focused image (5 yum X5 um) and C-, N-, O-XANES spectra of Comet Wild 2 particle

sample No. 2.

¢) DM ENTze —HKIC, TOZFLF—THS
nnY—271%, IElkKFE (CHx-C) @ C1s —3p
/SE BRI M T B, Cls = 3p/s* R &, s
BEDONRE D 3pMED ) 2 — FNYIREL
B ORBIREEICHIRE S 2 2 L 248, Z O
DX BEPUEFIZ CIEFH 720 O HETF DA
ZorT, DF WIRIERERS 7 Vv a— VR &
THli, JFICAFNETRS BN LTSN
(Stohr, 1992; Hitchcock and Mancini, 1994) , L%
SFD A F L HEE 2879V TC 1s — 3p/s* B &
R L (Stohr, 1992), 7 b5 A F )L 5 » (Si(CHs)
2) O AF)HIL 2873 eV TC 1s — 3p/s* BB % 7R
4 (Hitchcock and Mancini, 1994) Z & 252 F C
ICHREENTWD, INHOMIZERDCE, o
7 )V Nos. 4, 5,6 TH5M13 287.5eV DY — 713,
HEEEAOREREZICNAZ, T7aY )Vl
F Si-CHs D A F VDA KWL T 51

b EZ 5N 5, ¥ 7 No. 5D C-XANES
AT NIV TIE, ~288.7eV I 7 VAR )VE (OR
(C*=0)C) D Cls—»> "Bz RTE—7 (¥—
7 e) bR sz,

4> 7V Nos. 7, 8 (3[R UER R ERE O R L 23
STH Y, M D C-XANES A7 b IVIEHFHE
e MY IVE AV E S VEAL TR T
WMENZ s, FHUOLFAEHZ 5L Twv
LT ENREENL, —J, T IV No. 1L,
EOFEE LB A C-XANES A7 b L%
R L7720 289.3 eV AT BHE K & N2z HRIE W
=27 (E—=7 1) EBE5 <, REHLoN VK=
JViFE (NHx (C*=0) OR) @ C 1s —» * B, »
AWIET VI — T —F V3 (C*Hx-OR) & C
Is = 3p/s* B, & BV EREEOEIEZ R
EHEMIE S

Wild2 HEEE L, RFEHI Y FIA 9508
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Table 1. Various C-, N-, and O-XANES transitions and associated functional groups (Cody et al., 2008a).
Reproduced by permission from Meteoritics & Planetary Science, ©2008 by the Meteoritical

Society.

C-XANES

Photon energy (eV) Functional group Carbon Transition
283.7 Quinone C=C*-C=0 Is-7*
285.2 Aromatic and Olefinic C=C*-H, C Is-7*
286.1-286.3 Aryl, vinyl-keto C=C*-C=0 Is-7*
286.5 Vinyl-keto C=C-C*=0 Is-7*
286.7-286.9 Nitrile C*=N Is-7*
287.2 Enol C=C*-OR Is-7*
287.3-288.1 Aliphatics CH«-C,H 1s-3p/s*
287.9-288.2 Amidyl NHx(C*=0)C Is-7*
288.4-288.7 Carbonyl OR(C*=0)C Is-7*
288.9-289.8 Urea NHx(C*=0)NHx« Is-7*
289.3-289.5 Alcohol, Ether C*Hx-OR 1s-3p/s*
290 Carbamoyl NHx(C*=0)OR 1s-7*
292-296 Carbonate RO(C*=0)OR Is-7*
N-XANES

Photon energy (eV) Functional group Nitrogen Transition
398.8 Imine C=N* Is-7*
399.8 Nitrile C=N* Is-7*
401.9 Amidyl N*Hx(C=0)C Is-7*
402.1-402.3 Amine, Pyrrole C-N*Hx 1s-3p/s*
402.5-402.6 Amino C-N*Hx 1s-3p/s*
403 Urea CO-N*Hx 1s-3p/s*
O-XANES

Photon energy (eV) Functional group Oxygen Transition
531.2 Ketone C=0%* Is-7*
532 Carboxyl 0-C=0%* Is-7*
534.4 Alcohol, Ether CHxO* 1s-3p/s*
5349 Enol C=C-0* 1s-3p/s*

L ARSI A Y O C-XANES A7 b % g
5 &, Wild 2 EEEOH YOS 0555 E kKR
DEEGIRC, BREMBEICEALZSH B
i A, SREDART NS ZFOEREREMK
WBIREICEMTH DL LD b, —), KEE
I FIA4 N OAREEFEEW I FRREDOEE
WEALT, B4R LEA 27 )V— 7R (CR2, CV3) T
LEEEITEIIEANRY PIVICEEE R EWIT
SN0 7. Wild 2 2 JEE & K2R E o
C-XANES Z X7 MV IL#ETlE, Wild 2 HEE
OEEIOFHEREME L Y b HEEREI VR
WA S RUNE ARV D Y T F VAR
RONZHTIIEPLTCWALZ L2V b,
HEBED N-XANES A7 V2OV TIE, Hi
WLy TV No.2DXHIZ, 73IFRP= Y

W EDE =7 PHICRETEL Db H -7
H%, AEHIIZ C-XANES X ) & S/N s <,
BICZLWIBEWY =27 2RTH00% 0o 72,
HEIZ, 398 -405eV OFBITF YT 7 5 ) £ —
varvhThH Lo, BEHLT I/ (CNF
Hx), J®% (CO-N*Hx), # L/ VE A ) (R-N*H
(CO) OR) &, T AN F—ILOB 7 EH D&
ZREMEON Is BRI EIN TS EEZ
515, O-XANES A7 ML TIZEDRETH
HIWKRZNVDOE — 7 BN L DHKRT, C-XANES
THIVRZDPHHE SN2 L BERT A 72012
Hws iz,

42.N/C, O/C HDRIEH )
155372 XANES A X7 b L & B Ay %
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a bedef

Allende
(CV3)

EET92042
(CR2)

IDP

IDP  Meteorite

Comet Wild 2 particles

i

ev 290 295
Fig. 6. C-XANES spectra of organics associated with

280 285

Comet Wild 2 particles. Included for comparison
are spectra of an anhydrous interplanetary dust
particle (IDP) and insoluble organic matter
isolated from CR2 (EET92042) and CV3 (Allende)
chondrites. Peaks corresponding to specific
functional groups are indicated with letters a-f. a:
1s-7* transition at~285 eV for aromatic or olefinic
carbon, b: 1s-7* transition at~286.7 eV for nitrile,
c: 1s-3p/s* at~287.5 eV for aliphatic carbon, d:
Is-7* transition at~288.2 eV for carbonyl carbon
in amide moieties, e: 1s-7* transition at~288.5eV
for carbonyl carbon in carboxyl or ester moieties,
f: 1s-3p/s* transition at~289.5eV for alcohol or
ether moieties (Cody et al., 2008a). Reproduced by
permission from Meteoritics & Planetary Science,
©2008 by the Meteoritical Society.

WON/C, O/ CHEREDL o7 TNLHDTT
FHE AL L L CREAE L8, D
C-XANES O F 1) ¥ F IV A~RY F Uik, HEERN
HOERY L, SFZ2 UL 722 R F V8RO
EHMOEFTH LM, BLU2) O-XANES &7
JIOFIARY ML, EREERAOEHEY &
RELOWIEM & o727 0 Y 2 )V OREEIBRD
HRICTH B, THDH, 1) I2D0T, fikh R
F T BHED C-XANES A7 F LTI, 285.15eV
L 2872eVICHEERFEELE T ) —VIEDC Is— 1
BREZIRY E— 7 2 NENG BN D 0D

Table 2. Elemental chemistry derived for samples via
C, N, and O-XANES (Cody et al., 2008a).
Reproduced by permission from Meteoritics &
Planetary Science, ©2008 by the Meteoritical

Society.

Sample No. o/C N/C Si/C
1 0.67 0.07 0.02
2 0.11 0.23 0.13
3 0.18 0.24 0.13
4 0.25 0.07 0.52
5 0.28 0.12 0.51
6 0.27 NA -
7 0.19 0.07 0.19
8 0.22 0.12 0.17

NA: not analyzed

DT, XKDPHESTHB, LT, FV IS
AR MVOEY = THENL, TRFTOF
Honaa#ELFI LT, EEEDAD
C-XANES A7 MV EEDL I ENTE D, 2) I
OWTIE, 70V 2 VOFIFHEAY SiOs TH
HZENPSI-NMR LWL h-oTEY, &
RIEREA O O OEEGDOA TS I21E, O-XANES
DF)TDFNVARZ b7l oVl D
O DHEGEELTIKLEDND S,

HEBER T4 >~ 7 )L No. 5 D C-, N-, O-XANES
F= Y EERI L AR I NVT 4 T4
7 (Fig. 7) o RABtonHzMkr RFED 2 &,
CioNnOSis1 & 2 b, 22T, &CHSiF7
Oy VHEEEEZ L E, 70T 2 )VOF
FLRK (Si02i3) & 0, EHEEIZEA O LT IE
CioNiOxs E KT A ENTEX L, 2D LXHIZ
LCRED bNEHEEFEY O N/C, 0/C i x
Table 2 I2F & 72,

5. STXM-XANES & Z Db DEEMTE & DILE

Table 3 |2, ZDMMOREEGHL L OB ZRL
720 ¥9, FEANMR & OHIRIZBWT, Ehgkk
DENE - EREEHM & v 9 5 TIE NMR O B 23MEE
HEDTE V. F I 1TV o TH, NMR 23550k o
Wik oE#RE 5 2 50120 L, STXM-XANES
R EDOE#RZ 5 25 L) HH, STXM-
XANES O KDEARTH S 9o F72, [EE NMR
ST AR AT 20 mg DKL E T B —TF5, STXM-
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Table 3. Comparison of STXM-XANES, solid-state NMR, micro FT-IR, micro Raman and TEM-EELS.

micro FT-IR

micro-Raman TEM-EELS

STXM-XANES Solid-state NMR
Functional group Sufficient identification Trustworthy
chemistry and quantification quantification
Acquisition time Relatively rapid Very long
Dissemination Not yet Yes
Energy resolution 0.03-0.1eV
Sample damage Possible conversion of No

Polyalcohol to Vinyl-keto

Sensitive for specific carbon
(e.g., -CHs, -CHz, -CH)

Poor, but
sensitive for crystallinity

Density distinction

Rapid Rapid -
Yes Yes Yes
>1leV
No Laser Electron beam

T T T T T T T T T T
04 |- i
03 | i
8
2 L)
®©
2
(@]
2 o0z u
< .] N-XANES
L e - — Sum
o1 | il
B T 10
TS e !
o P ST 1
0 L ! IRttt o T \1..‘r 1—.;<—N
300 350 400 450 500 550
eV

Fig. 7. An example of a fit of C-, N-, and O-XANES spectra of a cometary organic solid. Atomic absorption cross
sections are used directly, where the contribution from carbon is included with close spaced fine dashed line,

nitrogen (solid line), oxygen (broad dashed line), and silica (fine open spaced dashed line). The sum of these

provides the quantitative fit resulting in a precise determination of atomic C, N, O, and Si (Cody et al., 2008a).
Reproduced by permission from Meteoritics & Planetary Science, ©2008 by the Meteoritical Society.

S =

XANES ($##/ & OB T+ 0 102 2 47 9
CLENTELHTYH, M EOIRILE S DHT
HRTH L, WEKEMDL, 1H-1HAMEET 2
NMR (2T 20 45 — 2 B FALEE CMlEDSSE T3
% STXM-XANES & Ji 8 & & THRHE THYZEN T
Bbo Tz, BHRXBOITAINF— %58 L7kl
JUREEIC &S T &1L 5T, NMR TlEHiH
SN WEERHEZT ST EbHEE & Bo
Y4733y 74 MEATOREEE KDY O
XANES 227 M6 75 7 x UG &
N7z003%DFHITdH A (Cody et al., 2008b) ,
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WUNEIR T OERRIESNT & v ) JTIE, B
7 — ) AR G AT (B FTIR) & 3
7560 1 D Tdh b FTIR OEEN7Z 51,
ez RFED A F )L (-CH;), A F L~ (-CHy),
AF v (-CH) £ZORXH, BLOAIVKRF IV
(COOH) & T A5 V3 (COOR) DX FIA U] fET
H5HHETH B, XANES 227 MVTIE, IENiIR
WREHDVIEHINKVRFICHRTLE— 2713
FNZIUIIBFE L X BT ANVF—THNDL 720,
JEFIHEBL L 2B X pNTEE L v, LA
L, #BHOY - P TAVF—HTEL > T
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WLEEREITIE, B2 EREMTOERWIL
1% XANES THHETH D, Z DT, FTIR (il
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