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f

Synchrotron-based soft X-ray micro analysis is a powerful technique for the quantitative
molecular characterization of submicron-sized organic samples without damage. Recent devel-
opment of X-ray Absorption Near Edge Structure (XANES) spectroscopy using Scanning Trans-
mission X-ray Microscope (STXM) has enabled the comprehensive study on the chemical history
of the early solar system as recorded in organic molecules ranging from the most primitive to al-
tered extraterrestrial materials. In this review paper we describe our two achievements: one is
the results of STXM u-XANES analyses performed on organic-containing particles extracted
from 81P/Wild 2 cometary dust tracks collected by the Stardust comet sample return mission.
The XANES spectra have revealed highly complex organic structures with a large heterogeneity
in heteroatom content and different functional groups, suggesting that the comet organics may
have multiple precursors. Another result is the molecular spectroscopic data on meteoritic or-
ganic matter spanning various chondrite classes, groups, and petrologic types, using carbon
XANES spectroscopy. The sample analyses and the kinetics through heating experiment have
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shown that the intensity of 1s—¢* exciton derived from highly conjugated sp® carbon in the
type 3 + chondritic organic matter appears to quantitatively determine the parent body meta-

morphism.

Key words: XANES, STXM, Chondrite, Comet particle, Carbon, Organic matter, Early solar

system

1. U & I(C

Y B bEm) &g, kE (C) #E#kEL,
FIKkFE H), E€F (N), B&FE (0) HF213LHIZ
LA L7z [T ] THbH. HEoItEtEibos
H 5 KPR OREZ BHT 51203 [0 X9 M
DD, ENOHWELET b0 ] ORI TR E %
%o M FOFERECTREMINDL ZNFE TOMIRIAE B
WHEE T, WBIEMZRFE I Y R4 M oahils
N7-Mx L ARG T O/, &, o4, FEAAHLEK
Z, zux brI 74—, Baoh, ZEitn

(NMR) 7 & bF oMz fio THOL2IZLTE
720 M2 DWFFEIZ DOV TUEFHRH E TRV 2 & 72w

(1 21X Cronin and Chang, 1993; Sephton, 2002;
Pizzarello et al., 2006; & H, 2008), Z L5 DWEIC
X oT, HTENOKERVHEAET 28 THMZ 5
F5 5 XD BHZ T2 S 5B 720 O FUBHERELS
M 2EHEELFP2Y, FBAKELTERS T
DAL T B EN & 7 o 724 DALEAEHIC DO W T o &
BRARDSE 2 5N,

B ORI TIE, 4 OW/NTITHEMN OFE L3k
2, AW OO MR LR 2 Ml 5 %
CENMERICR Y, KEROEIERHEI DOV THE
O RETIEHRON Lo 72FHRE T EMT I LTS
% X)o7z BUNIAT Z A L 72 s ERS A B ok
78 CTIlx, B 21X SIMS % nanoSIMS (2 X % [ &L
WA R VB> ST b I TB Y, KB RA5HE
A BHNZTEHL S AR O — 8828, JRAG KR R A2
EREABRARTRZ > LB BROREE 2T 5 2
LK, B F X ORNGAHL 2 IRFE L 72T Re ks
WS TS (Bl 21X Messenger, 2000; Floss et
al., 2004; Busemann et al., 2006; Nakamura-
Messenger et al., 2006)

R X BRI O BFHOE 2 AR & L 7z A X
HLHMSE (Scanning Transmission X-ray Microscope,
STXM) (Kilcoyne et al., 2003) &, ARy b4 X
72380~40nm O X MER BB Y — A 2 5E4ET 2,
19904E AT B SE S 728 L WA BN 3T Th

%o STXM D=\ 22 [ 50 fE & = 4 L F — 70 5g 7
5, WHEOHT I 0 HBICEITSC, N, ODLs
WIS 5 5% (X-ray absorption near edge struc-
ture, XANES) AXZ MVEETE, [0 X9 7%
DS T (LERFE) 25, ENOHWIET 5 0]
BT A2 ENTE L, LA T, AFREER, W
HERT 2 G OARY —1 - ZREZR 5T LV
THATE 2R H 2R L, WHKERTIEZ 5728k %
AL L & RS 5 LT RSk L v
bHo FoAFEH ST AE, o STXM u-XANES # A
v, 81P/Wild 2E: B BE 2 & £ M 5 A M @ 75 - 1A
Y2 5512 L7 (Cody et al., 2008 a), F 72,
FEAAEYONIE T, 797 = U HEEICHRET S
sp i OB X MR IR L, BERARLICBT
% BS R @ B i B & BFAf L 72 (Cody et al.,
2008b). AL TIX, TD2ODHEEIZD VTR
BT 5,

2. 81P/Wild 2E EEH F N STXM
u -XANES 94k

NASA %3538 L 7281P/Wild 28 £ FEH >~ 7 v 1)
% — V&Ml [STARDUST. T, b1l CTofb&54r
D—BE LTHEW G bITbhiz, KR Thb b
b L wlE, 2% ) KRR S -
REBRDFTERGEDOLRDY D LWEOAER
SRR B 72O DN ER S N7z,

2.1 =H#

STARDUST #2540 N E7 2 & il X /- 2 A
KTE, TRFVHDVIEIMEICU I hi%, v
I 370 b—24THEE120~140 nm O # (237 #
N, TEILVT 7 AC F 7213 Si0 L EAS TEM 81
27 v FICHE - 72 IR EE T STXM u-XANES 75 #r
RS SN 7ze ABFZETIE, 30% M 2 % H R ER
T @ STXM u-XANES 57#i%, d—L ¥ A/)N—27 L —
E 32 WF7EFT, Advanced Light Source (ALS) E—2A
I 4 5.32. TIio72e D) LAEWIMHM Sz
8k (No.1~8) (Table1) D ZH#EFIZD WV Tk

5o
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Table 1 Sample designations for comet 81P/Wild 2 particles analyzed in this

study (Cody et al., 2008 a).

Sample nomenclature consists of Generic (a name of the parent aerogel cell [C-]
or a loose aerogel chip [FC-]), Track (an impact track number), Grain (number og
individual grain extracted from a given track), and Mount (number of further
subdivided, specific grains in a TEM grid). Reproduced by permission from Mete-
oritics & Planetary Science, ©2008 by the Meteoritical Society.

Sample No. Generic Track Grain Mount Medium
1 FC12 16 1 10 Epoxy
2 C2054 35 16 4 Epoxy
3 C2115 22 1 5 Sulfur
4 C2054 35 10 10 Sulfur
5 C2054 35 8 8 Sulfur
6 C2044 36 1 1 Sulfur
7* FC9 13 1 8 Sulfur
8° FC9 13 1 8 Sulfur

#These are different slices of the same particle, with significantly different cross sections and positions on the grids.

2.2 81P/Wild 2EEER FN XANES AN ML

2.2.1 C-XANES Fig. 112, Wild 2% 5 ki 13
¥ (Nos.1~8) ® Carbon(C)-XANES AX%7 L%
Y. F72, MBI, BEEIVFIA b (AL
lende (CV3), EET 92042 (CR2)) # & 4 L 72
RNEMARY L, EKREME (Interplanetary dust
particle, IDP) (L2011 R11; Flynn et al., 2003) ® C
-XANES A7 bV EHIR L7z, ¥— 7 KEIZIE,
BHOAERILEWOE T AV F—HEHH
(EELS) A~X7Z b )V (Hitchcock and Mancini, 1994;
Hitchcock, 2003), B X 0% 4 T ® STXM 7 — ¥
~N—2Z (Dhez et al., 2003) %M\ 72, EELS 1, &
T % AN E ORI E LTHWS R, A4t
BIOTA VT —=PLbhruarflilEd sbHET
XANES & 13587525 FH:THh 505, Wik Sh-E
TDET- OISO ZEAE~ERE T 5 1 Tld XANES
LEMMiEEZTInD, ¥—riEiatihses
LR TE 5,

T3, HEERNTHTRKET2 L, REHMEICR L2
ART MVBELNTWD, Bl Z21E, k) Nos. 2, 3
DANRZ PVTIE, 73 FE (NH(C*=0)C) (*
AR LR BT ONBE THhR) 2R 38w E—
7 dAMH S h7z—F T, ik Nos. 4, 5, 60D AN
7 bV TIE, 287.5eV IRl FE (CHA-C) OFF
HEERTHELRE =7 e sz, ¥—7 cld,
HEREEA ORI FZEOMIZ, HEEOHMEME L
Tibhzyyhrz7ay ol (LILEH9.8% D%
LB H) Bk AF L (Si-CH) d&EATW
HhH LN, RE No. 5OARYZ MVTIEH VKR

=¥k (OR(C*=0)C) R TE—27edbizh
720 3Kl Nos. 7, 8DANRY MVTIREHFIERFE (C

=C, ¥—2a), = MY L3Ik (C*=N, ¥—72 D),
AV ARZNVIEDFM L 725045 85 — > Theth S 7z,
BAF No. 1O AR MV EDRFE D EZL Y, 289.3
eVIILICHMIB SNZREVWE =2 fidBZF 5L T
I— VT —F5 )V (C*H-OR), » 5\ IFIRFEKR
(NH.(C*=0)OR) Dfifizmnd LS5,

F72, TRFVICUM SN EHRER T O X HE
WG S, WAVERIFIC TR F VICHEL S (Sol-
uble phase, SP) 2T HEBISRIILZEEZ S
N B HEBAH DO o 72 (Cody et al., 2008 a; KL T
FERET) . 2D O C-XANES A7 LTl
ANVRZNVIERT—F ), Tl a— VERTEELRY—
7 CTHolze TOART MUINT —VIZZRF VR
VAT VDD EIFEL S TWDT, 1
EMHOHRETIIR L, BEH S EHEREIZEA DS
ThbEEZLND,

Wild 28 B BN 1, KFEHI ¥ F T4 P OABEER
B, BXOMKIDP 12011 R110 C-XANES A X
7 MVEILEY 5L, Wild 28 B EN T- O W o J;
BHEHERFZOEEI K (Fig.1)e 2O—FHT
Wild 2% & B k7 -, EET 9204288 f7, L2011 R11®
WIENY, = MYV EHNVEZILO Y — 7 REEASHER
MR &) el ips i S 7z,

2.2.2 N-, O-XANES Nitrogen (N)-XANES %
A7 FVIE, C-XANES A7 MVIZHHG 2 5
Mz, GEFEREOGAIIHT L XD FELWERE
Pt 5, A F Nos. 2, 30 N-XANES 2 X 27 kv
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Fig.1 C-XANES spectra of organics associated

with Comet 81P/Wild 2 particles. Included
for comparison are spectra of an anhydrous
IDP (L2011 R11) and insoluble organic mat-
ter isolated from CR2 (EET 92042) and CV3
(Allende) chondrites. Peaks corresponding
to specific functional groups are indicated
with letters a-f. a: 1 s-7* transition at~285
eV for aromatic carbon, b: 1s-7* transition
at~286.7 eV for nitrile, ¢: 1s-3 p/s™ at ~
287.5 eV for aliphatic carbon, d: 1 s-7* tran-
sition at ~ 288.2 eV for carbonyl carbon in
amide moieties, e: 1s-m* transition at~
288.5 eV for carbonyl carbon in carboxyl or
ester moieties, f : 1s-3 p/s* transition at~
289.5 eV for alcohol or ether moieties (Cody
et al., 2008 a). Reproduced by permission
from Meteoritics & Planetary Science,
(©2008 by the Meteoritical Society.

(Fig.2) Tl&, 401.4eV THHEMHEZE LR — 27 iH°
M s N2, Zhid7 3 FiE (N*H.(C=0)C) @
HfEERT SOT, [i—ilk o C-XANES A X~ b
WTT I POV — 7 Hi SNz R LA TH
%o AFFNo.2TIE, 399~400eV L1220 D ¥ —
7glhdPsh, #hEh4 Iy (C=N*), =
FUW (C=N*) EOfEfEERBLTWE, — /5T
K Nos. 1, 5, 8TiE, ~398eV» 51+ Y {LEH
D~405 eV [ZHF T, ke L7z XU X 2 0HA
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Fig. 2 N-XANES spectra obtained of organics asso-
ciated with 81P/Wild 2 particles. Included
for comparison are a spectrum of an anhy-
drous IDP (L2011 R11), and insoluble or-
ganic matter isolated from meteorites, CR2
(EET 92042) and CV3 (Allende). Peaks cor-
responding to specific functional groups are
highlighted with the letters g - k. g: 1s-7"*
transition at~399 eV for imine, h: 1s-7*
transition at~400 eV for nitrile, i: 1s-7*
transition at~401.4 eV for amidyl nitrogen,
j: 1s-0*/3p transition at~402.5 eV for
amino nitrogen, k: 1 s-0*/3 p transition at~
403.5 eV for urea (Cody et al., 2008 a). Re-
produced by permission from Meteoritics &
Planetary Science, ©2008 by the Meteoriti-
cal Society.

W IN-XANES A X7 b UdfE o7 (Fig.2)e T %
W F —IRDANE B FREREIEDHA IR L T
52 ENHERTE D, FRIZ, 44 VERMEICE VT A
VEF— TN E D> 720 T, 73/ (C-N*H,,
¥—72j, R#F (CONH) HbHWVIiZ HIWIINES
V (R-N*H(CO)OR, ¥—72 k) 3t \vo gk
A, 43IV, = bV, TIFEOHEEGIYLE VT
EATRIEE NS,

EET 92042/ 11 & 4 /KIDP L12011R11® N-
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XANES A7 hViE, £ 3, = kU, 73N
DY — 7 B SN TEYT 225, 73 K0k
A M T 25 = 4 )V F —#iPHC, EET 92042/ f1 T
IEWINASEESD S, L2011 RIITIHIZZ Ln s »
VIENDDH L, ZORT, @WF No. 20 N-XANES A
~ 7 Vi3 L2011 R11i2, # ¥} No. 50 N-XANES
A7 MViZ EET 920428847 (ZHHML L T %,
=R 138 @ O-XANES 2 X 27 b )V TlE532
eVAHEIZA VK=V (0-C=0*) D¥—7 7 Bhb
D#IZo72DT, C-XANES AXRZ MV THIVK=Z)
DEEENI2Z & 2 MHERT A0 b7z,

—#8 D C-, N-XANES O#EFE» 518, HEELHE
B L OREMEOHREY & OMICEPSEAES I,
HZIGET 2 AibR T & FEO R R S 7z,

2.3 81P/Wild 28 EER FDITRMEK & FH—

2.3.1 N/C vs. O/C F—#f##71121%, Henke et
al. (1993) DEBEWIURE T — ¥ X=X %\, C,
N, O, Si D&ZEEWIURE D & 15 5 1 2 WURE
ME, BREEERARO C-, N-, O-XANES 27 b
VERLEDLELZLDIZT 4 v T4 V7 &8, Si
ORI B 2 I 2 72 0%, ¥ 0 XANES A~
ZMNVIZY) AT Y 2 VIHED S & OBES L
TWVLNLTHDLe ANRTZMNVT 49T A4 TD5
C, N, O, SioZhZhrFES5TrHEGEKD,
FHLZ KD, BONLTEMESS, TRFVE
PUAITEY 2V (SiO:s) LB ODFHSEZEL
Gl&, REMICEHEEICEAOTLHRMEE KD -
720 Fig. 3ICKE R T-» N/C-O/C lk 71 v b %R
To 471327 K54 FOANELAEREY (Alexan-
deret al., 2007) & 4K IDP L2011 R11 (Feser et al.,
2003) Db TR L7,

Fig. 3& 0, W3 h o Wild 28 B Ek T N/C It
bIYFIA MEATOAEERY O L D KRE N &3
5h B C-, N-XANES 2<% b+ v (Figs.1, 2) %
S SN o7 X )12, Wild 288 Bk T- 0 A HY
BREZRCEOCEREZZMEGO I L2 ERmICHIRL
T2AEREVWR D,

—}C, Wild28RER -0 O0/CHiZ, 2~ F7F
A MEATOERBOMEEL Y Hvd o GUE Nos. 1,
4, 5) ydHNE, MEO L (K Nos. 2, 3, 7,
8) bdHole TLT, FREDHEHEEN T-HE D O/C
W2MEKR IDP L2011 R11O O/CIlL X 0 K2 o 72

(Fig.3)s b L, #E/KIDP A EHEEFE O G % & A
TWb EIRET 5% 51 (Brownlee et al, 1995;
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Fig.3 Atomic N/C versus O/C derived from C-, N-,
and O-XANES of organics associated with
81P/Wild 2 particles ([]). Included are ele-
mental data for meteoritic organic matter
isolated from types 1, 2, and 3 chondrites
(H) and the anhydrous IDP L.20211 R11 (@)
(Cody et al., 2008 a). Reproduced by per-
mission from Meteoritics & Planetary Sci-
ence, ©2008 by the Meteoritical Society.

Rietmeijer, 1998), 2D O/C LD #ERiX, =7 1
VWV ERERE L BOHBEIALVF -2k 5
TETOERMHPERL, O DBEE W LIz L R
MT B2 TELEALH. LAL, BAKIDPIZK
KA CBE R Z R L CTwb (Flynn et al.,
2003; Keller et al., 2004) = & IZFHET 5 &, 12011
R11® O/C LI T kMIZEL- 0250 b Lh
v, Wild 2% & B R 7 © N/C, O/C It 1, 1P/
Halley # & ® CHON . 7 @ fi (0/C=0.2, N/C=
0.04) (Kissel and Kruger, 1987) X 0 3 Hh > 72
1 P/Halley £ A131000H DL I+ & KR &2 ol L 7245 &,
KB X 2MEk% L2 RIKEEZ SN TWS
DT, BHE, BRIELLLLLEOWTPRIZE ST
KON ROENTH20H Lk,

Wild 2# 2 BEH T 12 & T N5 AW O TS,
RELTHEHAED S DOTH 50 RFHIEREO R 725
BIZIDL00ENNTH I L%, BHEBRBETIIHL
Vo I13voTh, HDLHE ORI BNENLE
ZF 5 E, TOTLEMBOEALIZD 2 M0 % FF - 7291
HAEEL Bl21E, BAAERY,; Alexander et al.,
2007), Fig. 30 LI TSI > 720 /mIE % 5w
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DV TH b, & LA, Figs.1, 2, STHLME
7% o 72 iR O 53 - A Y — PR3 85 (Brownlee
et al., 2006), {1t (Flynn et al., 2006; Sandford et
al., 2006), [Fffk (McKeegan et al., 2006) A
—PEE TR TH ), Wild 282 BEIZEA 248 & v
ZAHEITHB, FRIZ, BRLEBELEUHBEOM
FEEGIIEHREPRB SN2 2 h 5, Wild 2842
BERLT-rh OB IR O R 7 2 iR E % Ko ml 6E
WA EZOND, Bl 2L, HEERT-HE No. 1481
RHEAMZR) = —ICW 5N 2 L) RERISIK A
L, ik & 2R Tw B HICHERHLTAS E

(Fig. 1), ZO5THEZRVLTIVFE FdHDH W
BFARNVLAT VT FERFZEORERSERIZHET HRY F
FIRAFL VI DOTHL00 Lk,

HEEN TRE» oML I s a8,
HEOBBBRETEL07ZA ), Tk HEARE
DIFFERF ARG T B OH Y A A OS L TH L2072
By He TOMVIZEZD7:0121F, EHIZE DR
BEeRETLUERHLIEAL ).

2.3.2 BEEENFATORE—M fidodmy,
IDP R AA W CTix, FH—EBhos73Irar
B TFAARI O ZZ A — B S hTw b

(e.g., Keller et al., 2004; Busemann et al., 2006) .
Wild 25 B A 7 o FALAR G T, BNICE
75 HDRNMNDOAY) —WERHE»E %57

(McKeegan et al., 2006)., Wild 25 &2 FER T O

(a)

Fig. 4

(b)

- Kilcoyne - 5 A - Sandford

XANES 7541 Tid, [ UR 25615072008 7%
B %R Nos. 7, 8& LTHIEL T2, Wik
® C-, N-XANES A7 P WVIZHWIZE TV 72725,
ELHLLEVWIRTIE R0 T (Figs. 1, 2),
] — > Wild 25 2 R F O AW O 77 7R b X
72, BURNBR A —VIZBWTAE—Th 22D
%o
C D &) BN TOARY — 1A Wild 25 & EE
T O XANES 77T Tie b % L K iR S 7z D 13K
No.5Td » 725 Fig.4all, STXM THt b7z, &
# No. 50 XML EE WL 2 7R § 0 12 DRLF- N TR
HEEZEW S SR, FEICH Y (Center Band) T
WAL THEL o TWhH WGEDEV 3 E
DAEHEENZEVTH D V) X VIE, REOEE
LA E 70y 2 VOREEDEDER
LTWwWb0D72E259, £I T, ik No. 50D 4 fkih
(Whole Particle), Center Band, JE4%E (“Lobe”
Region) ® C-, N-, O-XANES 7 #r # 47\, AR~
MVT 4T 4T SICHERMb 7282
%, Center Band T Si/C=0.88, Lobe Region T Si/
C=051TH o720 Lo THWHEDENZI ) HDOEH
HEDEWIIL S Z EDFEH S NI2072205, K% T
IFE 512, N/CH L O/CHtd Center Band & Lobe
Region THR% 5 Z &5 0o7-DTH5 (Fig.4b)s
Center Band @757 Lobe Region & 1) & N/C A%
W, Fig. 512 Center Band & Lobe Region ® C-, N-

|
Center Band |

Whole Particle
|

L'm

Lobe Region

005 01 015 02 025
N/C

a) An optical density image on the carbon (1 s) absorption edge of sample

No. 5. b) Elemental data (N/C and O/C) from the “lobe region” and the
“center band” (Cody et al., 2008 a). Reproduced by permission from Mete-
oritics & Planetary Science, ©2008 by the Meteoritical Society.
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Fig. 5 a) C-XANES spectra of sample No. 5 “lobe”
(bottom) and “center band” (top). b) N-
XANES spectra of sample No. 5 “lobe” (bot-
tom) and “center band” (top) (Cody et al.,
2008 a). Reproduced by permission from Me-
teoritics & Planetary Science, ©2008 by the
Meteoritical Society.

XANES A7 M EZNENIRT 22 DHIRITH
WT CXANES ZR7 M ViZIFE A LEWER SN
WS, N-XANES A2 MVIZIEHICE 2 > TW
720 TOENIZANRY PIVOMKIREZT TR, 4
IVRZMINVRED, ANMaflFG e ROGERER
3 (¥—72 g % Center Band TIIfFHET % 7 Lobe
Region TIXFE LRV E W) HIZH A S hiz,
K No. 5LIAL o H: B R 73k b <% &, N/C
& SYC H & O MICAHBIMEE 2 A5 720 K No. 5
D& BEBFREMRIEOAY—MHZ I TOHERSL
R TIIRIMEN L7200 THY), Zok
PO WTHHDORIAIED LD,

3. Type3+a NS A14 N EEYIZLS
BREBZ K OR E ST

IR MEAPERFN S A T ZTE IS E
NTWBDIE, MK RTEZ > 72BERORKERET
Hbo TNOHDEAFINGHEBRERA XV - OWEE
JEREIA AT A2 LX), A MEBEEERHER
RINEBRERE, & 2 VIR O K & S R 2RO FEAl 12
BT A2ERRMANPINETICDIRENTE, L
NLBDS, IV FITA MOELBIEPEREATH
B2, TNODOERERFHIIT 5 DIEHES THRV,
BIZIECV3a Y KI5 4 bD Allende FEA2SHEER L 72
RESIEIZDOWTIE, ZO8M - ALFoH 2 £ 5 ik

EENEI1X325°C (Rietmeijer and Mackinnon,
1985) 7*5600°C (Huss and Lewis, 1994) ¥ CT& Ik
FWAZHRIL Ve ARFETIE, A A Y Ok X AR
PRI & 2 B RARBE R O EE S D W Tl R %,

3.1 =#

AP, BB A 7 V=T B X ELFNS A
7 (1~4) BT 225> FI4 MEAMPH W
517z (Table 2), CsF/HF &% T (Cody et
al., 2002) FBEARED 58, FES NRBEER
P, 2.1 TR Lz L MARICH ISR X
M, SiO L TEM BIZH 7 ) v FICHE I,

3.2 Type3+aA > KNS5 1 FERERBHDC-

XANES A7 kL

Fig. LI/ 572X 912, C-XANES A7 kLT
1, FEREICHET 21s— " BRI LERK T AL
F—D\285~290 eV O F P T S, 14~
LR (~290.5eV) %M 728 T AV F—5HIE Tld
H D 7 IR RIS 5N % O TDH 5,
L L, BISMIC, BRI L 7 spPiREDOHEM D
LWV E D C-XANES A X 2”7 MV TlE, 1s—
o D B % ] T Frenkel-type il i T- (exciton)
DAY — 7 $3291.63 eV ICHN D (Ma et al,
1993; Brithwiler et al., 1995), BIZ X7 T 7 =~
= I OREN LG THEETH Do TN EIEARREEIC
o755 774 A —KvF /) F2—70C-
XANES A X 7 kb Tls—c* exciton [ B &
bho Fiz, EWHEDH T ARFEFEIZH 1 s—0" exciton
BRI el Mo5Nn T3 (Cody et al.,
2008 Db) o

Fig.6al¥, #4 73LULD 3+) a3 F54 I
SoHE S N ARNBEEA Y O C-XANES A X7 b
Tls—o* exciton BB SN2 L2 RLTWA,
Fig.6b £ Fig. 6 a #f#sr L7z AXZ PV T, 1s—>c”
exciton O ¥ — 7 AN X ) B ICHER TEX %, —F
T, #4738+ K54 FD) bikdIHFEI % Se-
markona (LL3.0), ALHA 77307 (CO3.0) [& 11,
BXU% 471, 22 K54 h® C-XANES A X2
MIVTIE, 1s—0" exciton 12T E A ERD LN o
720 AWFIETIE, Fig.6b OMH AT PVIZBIT A
75774 b D1ls—c* exciton i £ #100%, EET
92042 (CR2) B fi ®1s—0* exciton 5 & (% /N
#0%% LCIEHILL, @255 aAmiconwT
1s—0" exciton &% HFE D -7z (Table 2),

ﬂll;
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Table 2 Sample ID, 1 s-¢* intensities, and estimated temperatures (Cody et al., 2008 b).
Reproduced by permission from Meteoritics & Planetary Science, ©2008 by the Me-

teoritical Society.

Sample No. Meteorite name  Abbreviation Meteorite group % Exciton intensity 7grr®C 79 °C literature
1 EET92042 E92 CR2 0.0 ~0

2 Bells Bel CM2 0.8+22 77 +93

3 Murchison Mur CM2 1.1+1.5 96 £+ 65

4 Orgueil Org CIl 12+£1.7 101 + 68

5 Tagish Lake Tag C2 1.8+1.4 129 £46

6 GRO95577 G95 CR1 3.0+25 171 £ 64

7 ALHA77307 AT73 C03.0 42+1.8 203+41 ~200

8 Semarkona Sem LL3.0 42+26 203 £58 200 -260
9 MET00452 M452 LL3.05 42+33 203 £70

10 Y86720 Y86 CM Heated 71+24 265+42 °400 - 850
11 Kaba Kab CV3.1 13.8+2.5 371+34 300 -400
12 Vigarano Vig CV3.1/34 17.1+12 415+25 300 -400
13 Krymka Kry LL3.1 172+19 416 £31

14 Mokoia Mok CV3.2/3.6 17.7+1.7 423 +29 300 - 400
15 ALHA77003 AT770 CO3.5 17.9+43 425+56 475-540
16 Leoville Leo CV3.1/34 18.6+3.8 434 £50 ~250

17 MET00489 M489 L3.6 18.7+3.1 435+42

18 Kainsaz Kai C03.2/3.6 202+1.8 453+29 ~300

19 WSG95300 W953 H3.3 21.1+£39 464 £ 50

20 Tieschitz Tie H/L3.6 21.3+£2.6 467 £36

21 Chainpur Cha LL34 227453 483 £ 63

22 Bishunpur Bis LL3.15 28.8+£2.6 551+£34 300-350
23 Allende All CV3.2/>3.6 29.1+£1.3 554 +£25 325-600
24 Isna Isn C03.7-3.8 432+3.1 700 £37 480 -700
25 Indarch Ind EH4 68.0+4.5 948 £50 ~ 640

G Graphite Gr 100.0

#Mineralogical and geochemical T estimates, Huss et al. (2006) and references therein.
®Y86720 is a heated CM, T grr estimates are derived from mineral alteration kinetics (Akai, 1992).

3.3 1s—o* exciton DEEEBXEHRER ED
E31E

Table 212 5N 5 X 912, 1s—o* exciton D HRJE
&, FBEAH OAREER Y SRR L 72 B RAREZE L O
EAWEBRL TWA ARV, 1s—0”" exciton
R, S - LIRS SN BERIRE R D i
BlEICR LTy FLTABLE (Fig.7), BE
WAL TWRWwy 71, 22X K74 FORE
YHEEWE T 7 7O EESICHRE 57228 47
3+ P74 POANEEARIIZONTIE, 1s—0"
exciton L & BERARZE B EE & ORIZIZI S 22 %2 4
DD - 72,

Z ZTAWIZETIX, 1s—0* exciton DFREAFRERK
LEOBEFOEEVE KM 2 IERT LD )b
ME D) EMGES % 729, Murchison 1 (CM 2)
DAEMEA#EY 2600°C, 1000°C, 1400°C T %105
Mm# L7z. ZofE%, Murchison FEATD1 s—0* ex-
citon MEEIIRED LAV E L&D, CV3.1a Y
FJ 4 bD1ls—0* exciton BIEITHL DV, S 51

B4 2% (600°C, 800°C, 1000°C), MR (100 s-
10%s) CTMBAEEZIiT-72L 25, Fig. 81T L7z &
I, BIMBMEIZD W Tl s—0" exciton Dl &
TNERIRE I O B E AR B LR A S 72, 1s— 0™ exciton
WO ER AR E L T5 L, Fig. 8k
RAMNEG- 2615 ;

Iné =A+EJS/RT (1)

T 3%, A=1504, Ef=~18kJ THb, 22T
b L, BERM L TL0FE H SR A e v 7 L ARGE L

(Brearley and Jones, 1998), Fig. 8X 0 &Hf1H%%
BR L 7= A%yl Terr 22K 5 &, #1213 Allende
£ D Terr 13~893°C & %2 ) (Fig. 7O Mi# A), # 7
DL TEFf £ M7z i & i (600°C, Huss and
Lewis, 1994) XD 3 FEHIIHELHZ->TLE ) 2D
BRFMNE, FERRORERIRERIE & il 2 250R & ol
OO GMHENSAELDLEEZEZOND, £ TRIZT
&, BERARDHEER L 72 IS D W Tl B ICHRG ST
WBHIZESE (DX EZKIET S LI L7 Bz
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Frenkel type —
exciton

(a) 1s—c*

Aromatic C
1s—m*

Graphite —

Indarch (EH4)

Isna (CO3.7)
Allende (CV3.6)
Bishunpur (LL3.15)
ALHA77003 (C0O3.5)
Mokoia (CV3.2)
Kaba (CV3.1)
Semarkona (LL3.0)

ALHA77307 (CO3.0)

- Frenkel type
exciton

il s—oc*
. (b)

|

il‘\/\/k— Graphite

\/\/_¥ Indarch (EH4)
J\,\/_ Isna (CO3.7)
J\,\/i Allende (CV3.6)
A/? Bishunpur (LL3.15)
f//ﬁ,\n/”fglgggf ALHA77003 (CO3.5)
N//BA\_/J_*_ﬁ___ Mokoia (CV3.2)
ﬂfﬁ\“Lh/_i______ Kaba (CV3.1)
Semarkona (LL3.0)

ALHA77307 (CO3.0)

;
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98
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Fig. 6 (a) C-XANES spectra of type 3+ chondrites spanning the CO, CV, Ordi-
nary, and enstatite chondrites groups. A reference spectrum of graphite
is included on top. (b) The first derivative of the C-XANES spectra (from
289 to 300eV) (Cody et al., 2008 a). Reproduced by permission from

Elsevier.

X, Fe/Mg 7 a7 7 4 V& v CaHili S 7z Al-
lende PEAT®D Tuee i (327°C ; Weinbruchand Muller,
1994) % AWZEIC#E 3 % &, (1):NTA=3.263%
%) Fig. TOM# C A SN b, LA LI OFFli<T
X, 3EACOEAD, #MEONTE TS N7z ikH
WMEL D 2% 0K ED o (Fig. 7)o
FIZTHEIE, VY S AERIVEITTER S I
O EHIY K54 b (¥4 73~6) O EH:
(Wlotzka, 2005) %Mt~ TR ZEIE L7z, AHFZE
THWZ# KD bIsnalEfi (CO38) #&ET 7
u—7<%A4707+ 74 % — (JEOL#, Super-
probe) THllEL, * VU ¥ ¥y—Z ¥ A NVH O Fe/Mg 5
AR E Ko ((Mg/Fe) o (Mg/Fe) giwa) & A ¥ AL H
® Cr/(Cr+Al) &K, Wlotzka DI L 72A7 W
MHEDOMHE T By b LR, EN51E700°C O
Mt EICALE L7ze Z O #5 R 1X Wlotzka (2005) 25
BoE@ary K54 b (§4737~39) IZonizi
TEd o 72 IEHPH (625~745°C) [C—3% L7z L7z
P30 TARWZETIE, Isna FEA 2SR L 7-)E % 700°C
R L7z Lo RIE %47 (A=2.26), Fig.7

OM#B %1%, 1s—0* exciton i EH» & £ BE A D
Tere %KD 72 (Table 2)

ZORER, AFED SN2 Touw DD L A5, 88 -
EFWICHEAED DN EORPEANICRE B E o7

(Table 2) . #5712, 1s—0* exciton ifi ff D &\ ¥ 1
T3+ N4 FDONH, ZOWMEIE NS £ 71,
23V FIA4 MIHRTEHESTHNEL I THS, £
7z, Fig. 80255 h % £ 912, 1s—0”* exciton D&
ZALITHBEIE O BOSHEZ FK L TWEH 0T, RIZH:
RIKTEEERAE Z - 72 A 10%E TH - TH, 10°
FETHoTH, Tew DA D IF30°C SV LR
EVELLZVWIEDRMLTBE v, KL,
Yamato 86720/ f1 D X 5 15 I 70 228 0k & REER L
7ZCM Y K54 MIoWwTit, oA & 13 8%
LEBBEWAN AL EZET LULEND L. Hlz2IE,
HHM D1 s—0" exciton BEEIC & % 57l & S5 1
RO el S, AR X B BE R & BERIRNTR R
CHEERE OB REIC B 0H Lz,

3.4 1s—0" exciton BEI I BHBEZL

Iy P74 MEAROAREA Y O C-XANES
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Fig. 7 The correlation between normalized exciton
intensity (%) and various estimates of tem-
perature (gray bars). Included is a single es-
timate for a temperature of Isna (black star)
employing Fe/Mg partitioning between
olivine-spinel grains. The petrologic type 1
and 2 chondrites in this study all fall into
the gray region at the origin of the plot.
Curves A, B, and C plot the predicted rela-
tionship between exciton intensity and tem-
perature derived from the thermo-kinetic
experiments. Curve A uses as determined
kinetic parameters. Curves B and Care cali-
brated assuming that Isna’s Tke=700"C
and Allende’s Twer=325°C, respectively
(Cody et al., 2008 b). Reproduced by permis-
sion from Elsevier.

A7 MVIZBIF H1s—0" exciton D ¥ — 7 i JED
AL S, FERRTOBEROETITHE, BHAARE
Wb O L7 spriR A ICH KT 5
CEDPHL LR RETIEZE 2, BODPDF
473+ R4 M OABEEARY ORAKC NMR
ARy NVCTHRHEY 7 N EMRALTYS (Cody et
al., 2008b). HWHMY 7 NI n BT REFHFOELE
EROAREGTIZE A SN S (Rybaczewski et al.,
1976), ¥4 73+ F 54 bORGEHEED T
X, ZOF#MEY 7 & C-XANES D1 s—0* exciton
I L ORICEMBIRDE SN T, BAE R & B
L7 B3 &2 OB S AR E D S BB~
L35 enExLNL, 72, BAFEYO X H
EHTTIE, 1s—0o* exciton DHEEICH DL ST, D
REDH T ARRBICHOND X ) BRIV ARS b

20
i 1400°C 7
,/1000°C " ]
> /
= / -
% 15 , % ]
C /
2 i / s 800°C
g 10t / i
i A /
= / ’,' .
1S 7 600°C
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Fig.8 The experimentally observed Log-linear
time-temperature development of the 1 s—
o™ exciton in insoluble organic matter from
IOM upon heating to 600 (®), 800 (® ), and
1000 (2) °C for various times (Cody et al.,
2008 b). Reproduced by permission from
Elsevier.

Normalized
1s-¢™ exciton

Tagish Lake
1.8

Allende

Carbon Glass

30.1
Graphite
T 100.00
407 272 204 164 137 118  1.04
d-space (A)

Fig.9 X-ray diffraction data for a subset of IOM
analyzed in this study (Cody et al., 2008 b).
Reproduced by permission from Elsevier.

V (d002=~3.7A) »fEoh7 (Fig.9. 7777
L IDHFNE =2 ZFo AR L (d002=3.35
A) LIIHIBITH bo ZORERENS, BEKICLED
HHW D1 s—0* exciton MEDW KT “7F7 74
Mb (b)) LB W LATREN D,
7774 ML WKERTAE, TOMFER (R
FAMAMES L ORERIEORE] 2y Ex
5, 1998), ARHfFEIZB T %, 1s—0* exciton il B
BT % sp* iR FEDOFH G HANDEEKRIL, 797 =
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YHEREOBR, D F VEIH O [RFEN AN O E ]
WCHY T2, L LAAS, o3 TREE
DFE] LEBE LRV, ZOHET, AFERERES
7774 MEDERDTFEMHICE-F L v,
2, 5 AiERYE #2000~3000°C TS 5 & 75
77 A ML Z 5 L BFE XL TWw 5 (Fishbach,
1971; Pacault, 1971), L7L, BEBABRAKLOZHE
JAZ B B HE IR E T H800~900°C TH Y, 7'F
T 7 A MEDSEEZ % X9 il & i3m0, v
Db ABLEw D BiRTmE#siuEs 57 74 Me
THEVIRTERL, BIZIER)F Y AT FRR
VI =Y 7 U4 B, INEREEAT2000°C %l 2
THZ 5774 MU SFICH T 2RRFITEAL
3% (Franklin, 1951), K& % 3000°C Thlzk L
T 79774 MEL%&W (Cody et al., 2008b) . Hi
KU E oW TIE, AWKV IRESG T
774 MELZZBIATRENTWAED, ZOX) e
HRWERDOT 7 =7 ATER LZEAIICESTW
% (Mahlmann et al., 2002) . < O1h, HERPKEEOHE
RIZEH END CHR CONHmWEN2ZFTr 5
T7A4 MEDBSRZ o2 ENs#HEDHSH (Rumble
et al., 1986), L2L, THHOBRICLIEL SRS
ML, BERIZHART AL /s wv (CBE~100
km) BABRKAETREEELZLOTIE RV, DEEZE
B35 E, BARRAEKLEOBRERNIZX > THEWA Y
5774 MbTBDEBZFSLLATHETDH S, TEM
W B W T, Allende FEAT D AT A
PRI LA T 774 VETHDHEEEEINT
BY (Harris et al., 2000), AKWFFEIZBIT 55l & —
HLTW5,

4. ¥ & &

(1) STXM u-XANES O FIHHIZ X - T, 81P/Wild 2
HEREOAEW I IMRE &L BRITEALSIRICERED
S A, FEHICHM RS TS 2RO Z EAVHBIL
7o WRIT, ERREER T X o TIUEHE AL # P 2>o
ABHANZ A L2 EREHIREERTH 5,
Fig. 31230 < &, 81P/Wild 2E L EE D A # D b4
FIIP R EI3DHFTHIENTES
CMELEBRCHIBEEAR, BENZREEI

T4 b OAREY L REISHE OB S 1 5 3

# (Nos.4, 5, 7, 8)

CEWICERICEA BELPREEICS AR

(Nos. 2, 3)

CHEW ISR EICE &,

(No. 1)

Wild 285 BER T O A B B D 5 75 5 i BRY
B & RO BEEAURIE S 7z

IhsiEHL FTSRAEL LR THLOT, &
BHoLBEL DR E ST THILIZL ST, 81P
/Wild 2% 5 BEA 8% 55146 1% O KR 22 A3 — 1%, #Et
LA B E O 85 W 81P/Wild 2% B EE A5 # 1%, % 7-
7Y o VI SN OLFRFEE, 120w
DR RDO D Z EVRGBHETH 5,

BROLUPEREIZETAR

2 a2v FI4 MEATFOREEAEY O STXM u-
XANES 50T, 79 7 = UHiEoE&2 3 51 s
—g* exciton O 5 BEASE A7 BE RAK L o0 248 ) o H#EAT
WZHEWREL 2SR ERY, ZOWENS
BRI E 2 ERIICRETE L 2 LR E Nz,
BAERIC X 2 HS T ORI HENTH 5720,
BB OMATZ RIS DIELTWA EEZ bR
b0 £z, #4711, 22 A4 b3¥ A4 T3+
KT 4 MZEMELT 2 REMAZIIRL, »5W5H
FAEBEYIIGRERE TR S N2 2 & 2 HAHT 72,

STXM u-XANE O FIHIZ & - T, FEF I 72
LONSLELWERERERL -0 O F TILHPAICIE S
WERIM A BRI ZEAT T BE L 22 0 . KFR ORI & et
B D B AR OILF AL R AT 5 2 LAY
T&5 L) Chotze TOFEEAEIPLT, Tk, H
ROWBFERABEEIZBWTCATTLIENTELES
9 RHN 7% % B H 2 HERGV R O A B 704 D FEBIZ,
RPEN-EEHRTELZ L Z2HF LIV,

O

AF—FAMIvvavillbbohize&ETo4I2
AL L FWFF 3, 4Fic, NASA Vs vy v it
v % —® Mike Zolensky i+ & Ay 14121,
MG DR % b > T81P/Wild 25 1t e 3k 4 3 5 TH
& F L7zo BAAEYOFETHE & IEAGERRI L2 S
P ERME LTSV E L =2 F WD
Larry Nittler f#1: & Bjorn Mysen &4 {Z#IfLH L L
FET, RigLaman P8V AL I A M ELE
SWE L2kl Ry o IRBEGAE & 154 OB At
BIHALR L BIFE 3, ARCHEOREE 52 TL
723V E L 72dbifEl K7 O IAAR w0 Fe 50 AR 1R < kst
L EFEd,
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