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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 & (C

i CE¥bat) ki, kE (C) #EBHKEL,
FIKkFE H), E€F (N), B&FE (0) HTF213LHKIZ
LA L7 [T ] TH5H. FoILEEibo#
H KPR ORI ZBET 5121 [ L0 k9 ik
DIFD, ENOHWELET B0 ] OBENTHEE %
5o M EOFEBETRBIND N E TOMIRI AR
WEgE i, WBENZRFRI Y P74 M2 oail s
N7-Mhkx L HERS T OB, &, 54, FEAARHEK
Z, 7ux b7 774 —, BESN, BEKILE

(NMR) 7 & bF oMz flio THOL2IZLTE
720 Ml & OWFFEI DOV TUIFHRHE TEHW 2 & 2w

(1 21X Cronin and Chang, 1993; Sephton, 2002;
Pizzarello et al., 2006; #H, 2008), Z L5 DWFEIC
LXoT, BTENOKEGRVHEET 28 THMZ 5
F5 o XD BHL DTS NS 720 O FUBHERELS
M3 2EHEELFENPY, FBABRKELTERS T
DHEALT B ERN & 7 o 72FE 42 DLEAEHIC O W T D E
BHRARDSE 2 5Nz,

B HITRAETIE, 4 OW/NTITEMOFRE L 3t
2, AW OO R LR 2 il 5 %
CENWERICR Y, KEROEIERHEI DOV THE
O RETIEHRONL o 7FHRE T EMT I LA TE
% X)o7z BUNGIAT Z A L 72 s ERSHA BE ik
72 TIix, B2 1 SIMS % nanoSIMS (2 X % LA
WE DR CERE» SfTbhTEB Y, KBRS
A BHNTEHL S AR O — 8828, JRAE KRR A2
EREABRKARTRZ > LB BRORE 22T 2
K, B0 F X ORGAHE 2 IRiE L 72T Re kDS
WMESN TS (Bl 21X Messenger, 2000; Floss et
al., 2004; Busemann et al., 2006; Nakamura-
Messenger et al., 2006)

R XOBREEIR O HURHG & B & L 72 B A RLE 8 X
WL EE (Scanning Transmission X-ray Microscope,
STXM) (Kilcoyne et al., 2003) &, ARy F¥ A X
7380~40nm O X MERBEB Y — A 2 5E4ET 2,
19904E AT B E S 728 L WA BN T Th

5o STXM D=\ 22 [ 50 RE & = 4 L F — 70 fif 5g 7
5, WHEOY 7 Iz u yEBICBIFAC, N, ODls
W 5 5% (X-ray absorption near edge struc-
ture, XANES) AXZ M VERETE, [0 X9 %
HHE DS T (LEFHE) 55, ENTHWHFET 5 0]
BT A2 EATE L, LA oT, AFER, W
BT 2 GO —1 - ZREZ 5T LN
THATE 2R HEFE, WHKERTEZ > 72/k%
ZALEROS 2 HE S 5 LTl RS E v
bHo TAFEHSITIELE, Z O STXM u-XANES % H
v, 81P/Wild 2H: B BE 2 & £ M 5 A MW @ 73 - 1A
Y25 L7 (Cody et al., 2008a), F72,
BAERYOETIE, 797« VHBEICHET
spP % O X MR IUEEICIER L, BRALIZBT
BB O R E % FEAM L7 (Cody et al.,
2008b). AL TIX, TD2ODHEEIZD VTR
FIZRBT 5,

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

NASA %3538 L 7281P/Wild 28 E EEH > 7 v 1)
% — &M [STARDUST. T, #bLTofbZ54r
D—BE LTHEW M bITbhiz, KR TRb A
2 b L wE, 2% ) KRR S -
REBRDBTERGEDOLRIY D LWEOAER
RIS B 72O O RN ER S N7z,

2.1 =H#

STARDUST #2540 N Z7 2 & i S /- 2 5
KTE, TRFVDHDVIEIMEICUE I h%, v
7370 b—24THEE120~140 nm O # (23 #
N, TEILVT 7 A C F721F Si0 LA TEM 8
27 v FICHE - 72 IREE T STXM u-XANES 75 #r
RS SN 7ze ABFZETIE, 30% M 2 % H R ER
T @ STXM u-XANES 557#r%, U—L Y A)N—27 L —
E S WF7EFT, Advanced Light Source (ALS) E—2A
54 5.32. TITo720 209 LAEWIKMH Sz
8k (No.1~8) (Tablel) D ZHH#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.
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2.2 81P/Wild 2EEER FD XANES AN ML
2.2.1 C-XANES Fig. 112, Wild 2% & ki 13
¥ (Nos.1~8) @ Carbon(C)-XANES AX%7 L%
Y. F77, HEBOOIZ, BEHIVFIFA b (AL
lende (CV3), EET 92042 (CR2)) % & 4 #E L 72
RNEMAERYE, EAKXREME (Interplanetary dust
particle, IDP) (L2011 R11; Flynn et al., 2003) ® C
-XANES ZAX7 bV EHIR L7z, ¥— 27 KEIZI,
BHOERILEWOE T AV F—HEHH
(EELS) A~XZ b )V (Hitchcock and Mancini, 1994;
Hitchcock, 2003), B X I'E ST O STXM 7 — %
~N—2Z (Dhez et al., 2003) %M\ 72, EELS %, &
T % EANE VORI E LTHWS R, A4t
BITOZALVF—PLbhsrarzfllEdT s HT
XANES & 13874225 FH:TH 505, Pk sh-E
FDETF OISO ZEZAHE~NERE T 5 1 Tld XANES
LEMiEEZTIVnYD, ¥—riEiaihses
ERTE 5,

T3, HEERNTHTRET2 L, REHMEICRLR 2
ART MVHELNTWD, Bl Z1E, {F Nos. 2, 3
DARZ PVTIE, 73 FE (NH(C*=0)C) (*
AR LR BT ONBE ) 2R3 8HvE—
7 dXHH S h7z—F T, ilF Nos. 4, 5, 60D AN
7 bV TIE, 287.5eVICIEilERFE (CH-C) OF
HEEARTHELRE =7 e sz, ¥—7 clid,
HEEFRAGOWRPRERZEOMIZ, HREEOHMEM L L
by rz7uy ol (ZILEH9.8% D%
LB H) Bk AF L (Si-CH) d&EATW
AL L, RE No. 5OAXRZ MVTIEH VAR

=¥k (OR(C*=0)C) xR TE—2edizh
770 3Kl Nos. 7, 8DANRY MVTIREHFIERE (C

=C, ¥—2a), = MY L3 (C*=N, ¥—72 D),
AV ARZNVIENFEM L 72504585 — o Theth S 7z,
BF No. 1O AR MV EDRFE D EL D, 289.3
eVIILIZMIB SNZRIEVWE =2 fiEBEFSL T
I— VT —5 )V (C*H-OR), » 5\ IFIRFEHR
(NH.(C*=0)OR) Dfifizmnd Ll S,

T, TRFUICEESNAERER T O X s
WG S, WATERIFIC T RF VIS EL S (Sol-
uble phase, SP) AT HREBICRILZEEZ S
N HEBA RO -7 (Cody et al., 2008 a; KL T
BB, OO C-XANES A7 F LTI
ANVRZNIERT—F )N, Tla— VERTEELZY—
T THholze TODANRT MUINFT—VIZZRFVRY
UAZT7AT2NVDLDEIRERL>TVWDT, Th
EMLOHERETIIR L, BEOEREEIIEA DS
ThoreEZLND,

Wild 28 B BN 1, RFEEHI ¥ F T4 P OB
B, BXOMKIDP 12011 R119 C-XANES A X
7 MVERLET A E, Wild 28 B ER T O 0T
BHERERZDOEEI K (Fig.1)e 2O—FHT
Wild 2 2 k7 -, EET 9204288 £7, L2011 R11®
WINY, = MYV EHNVEZILO Y — 7 iREEASHER
O F=ARR AR B  P oA TN (I A

2.2.2 N-, O-XANES Nitrogen (N)-XANES %
N7 FVIE, C-XANES A7 MVIZHAG 2 #i
Mz, SEFEREOHMIIHT 2 L DEFELWERE
Pt 5, A F Nos. 2, 30 N-XANES Z 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 THHEMIEZE LR — 27 iH
MBS nzz2%, 2hiz7 3 F#E N*H(C=0)C) @
HHEEZRT SOT, [[—ilk o CXANES A X7 b
VTT X FEROVY— 7 H i SNz R LA TH
%o A FNo.2TIE, 399~400eV 122D D ¥ —
7 grthdPsh, #neEhf Iy (C=N*, =
FUV (C=N*) EOfEEERBL TS, — 5T
K Nos. 1, 5, 8Ti%, ~398eVH 51 F Y {LBMH
D~405 eV (AT, e L7z XU & 5 08A
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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 MV HfEs 7 (Fig. 2). T %
W F =IO N E B R EREIED A IR L T
BT ENHERMTE B, FIZ, 44 ALV &
VE— TR E Ao 720T, 73/ (C-N*H,
¥—2j, R#F (CON'H) HbHWVIiZ HIWIINEA
v (R-N*H(CO)OR’, ¥ —7 k) L o - et
AR, 43IV, =PV, TIFEOHEEGIDLE VT
EARIZEE NS,

EET 92042/ 1 & # /KIDP L12011R11® N-
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XANES A7 hViE, 43, = kU, 73N
DY =7 PR SN mTEYT 225, 73 HK0K
PUZAHY T 5 = 4 )V F —#iPH T, EET 92042/ T
IEINASEED S, L2011 RITTIHEIIZZ LnE »
VIENDDH L, ZORT, #WF No. 20 N-XANES A
~ 7 Vi3 L2011 R11i2, # ¥t No. 50 N-XANES
A7 MViZ EET 9204288 47 (2B L T 5,

# R 138 © O-XANES 2 X2 b )V TlE532
eVAHEIZA VK=V (0-C=0*) D¥ -7 Bhb
D#IZo72DT, C-XANES AXRZ MV THIVK=Z )
DBHEEEINIZZ L 2 MHERT A0TSR,

—#8D C-, N-XANES O#ERE» S 1%, HEELE
AB L UOREMEOHEY & OMICEPSEES I,
H 2GBTS 2 AR T & FEO WA R S 7z,

2.3 81P/Wild 2B EEN FOLRMEK & FH—

2.3.1 N/C vs. O/C F— % f##7121%, Henke et
al. (1993) DEEWIURE T — ¥ X=X %\, C,
N, O, Si O&HEPINUREAD 515 5 12 BIRER K
ME, BEEERAFO C-, N-, O-XANES 2”7 b
VERLEDLERLZLDIZT 4 v T4 V7 &8 Si
OB E M 2 I 2 720, ¥ 0 XANES A R
ZMNVIZY) A TRY 2 VHED S & OBEFES L
TVELNSETHDLe ARTZMNVT 49T AT D5
C, N, O, SioZhZhrFEGTrHEEGERKD,
FHZ KDz, BONLTEMESS, TRFVE
PUAITEY IV (SiO:s) ICEBHODFHEZEL
Gl&, REMICEEEICEADOTLHEMEE AED -
7o Fig. SICKHEER T-0 N/C-O/C [t 7u v b %R
To ¥4 71327 F54 FORELAEREY (Alexan-
deret al., 2007) & 4K IDP L2011 R11 (Feseret al.,
2003) DD P TR L7,

Fig. 3L 0, W3 h o Wild 28 B Ek T ® N/C It
bIYFIA MEATOAEERYOE L Y KE N &3
5H B C-, N-XANES 2<% b+ Vv (Figs.1, 2) %
SO R o7 X )12, Wild 28R Bk T O A Y
BREZECEOCEREZZMEGO I L2 EmNICHIRL
T2REREVWZ D,

—}C, Wild28RER -0 O0/CHIZ, 2~ F7F
A MEATOEBBOMHEL D) Hvd o GE Nos. 1,
4, 5) ydHNE, MEDH » (¥ Nos. 2, 3, 7,
8) bdHol. FLT, FREDEEEN T-HED O/C
W2MEK IDP L2011 R11O O/CIlL X 0 KD o 72
(Fig.3)s b L, #E/KIDP A EHEEFE DO G % & A
TWb EIRET 5% 51 (Brownlee et al, 1995;

n? ...:-.1--.-.--.--.-7-.--.-pp.-|.......
LR
0g ' _]._
-
as L ' } L2021 1R11
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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 120211 R11 (@)
(Cody et al., 2008 a). Reproduced by per-
mission from Meteoritics & Planetary Sci-
ence, ©2008 by the Meteoritical Society.

Rietmeijer, 1998), 2D O/CLkD#ERX, =7 1
VWV ERERHEL OB AT -2k
TESTOERMHPERL, O DEE WA LIz L R
MT B2 TELEALH. LAL, BAKIDPIZK
KB ARICBE R 2 B L CT\w5b (Flynn et al.,
2003; Keller et al., 2004) Z & IZHET 5 &, 12011
R11® O/C LI kMIZAEL- 0250 b Lh
v, Wild 2% &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 £ AL13100H DL I & KF & B L 7245 &,

KB X 2MEk%E L )22 RIKEEZ SN TWS
DT, BFE, BRIELLLLLEOWTHPBRIZE ST
KON ROENTH 20 Lk,

Wild 2# 2 BEH T 12 & T N5 AW O TR DS,
RELTHEHAED S DOTH 50 RFHIEREO R 725%
BIZIBL00ENNTHZ L%, BEBRBETIIML
Vo £913voTh, HLHE ORI BNENLE
ZF 5 E, TOTLEMBOEALIZD 2N % FFo 7291
WAEEL WB2IE, BAAEEY,; Alexander et al.,
2007), Fig. 30 £ I ITHSIE > 720/ IE % 5w
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OB TH5b. L LA, Figs.1, 2, STHL» L
7% o 72iREHH O 53 F- A Y — 13851 (Brownlee
et al., 2006), ft% (Flynn et al., 2006; Sandford et
al., 2006), Ffff (McKeegan et al., 2006) HIAYY
—VEE A TH 0, Wild 282 BEIC WA 2R A5 & v
ZABEITHbD, I, BREBFELEUHRLEOM
HEHEBIZEHEP RSN L5, Wild2HE
JBERET-rf DA B I B D B 72 B RTERY L % Fro T B
WD EZBNb, Bz, HEER TR No. 125t
BIHEMZR) v —ICROND &) R EREHKE A
L, ok 2B Tw A HIEHLTA S L
(Fig. 1), ZO5THEZIRVLTIVFE FdHbH W
BARNVLATIVFE RERZOESMBRICHET LR F
FIRAFL VP DTHLEND LN,
HERER TR ORI SN2 s ORI,
HEOEBRBEBTELLDESL) D, FEIHEE
DIFFERF ARG T B OHEW A A BUE L THE L7072
BHIMe TOMVICEZD720I121E, 5124 Dk
BT UENH L7259,

2.3.2 BEENTFATORY—M Hido@E?,

IDP R A AW TIE, H—&#fhoy7Isror
B TFEAARIE O ZZ A — B S hTw b
(e.g., Keller et al., 2004; Busemann et al., 2006) .
Wild 28 2 R T O A AESF T, AENICS
75 HDRNMNDOAY —WRHL 2 E %57
2006) . Wild 2% & EER. 1~ D

(McKeegan et al.,

Fig. 4

- Kilcoyne * 5@ A - Sandford

XANES 347 Tld, R UK 265560722008 %
L &R A Nos. 7, 8& LTHIEL TV 5, WRF
? C-, N-XANES 27 P VIZH W T W 7255,
ELFHLEVHIRTIE D o720T (Figs. 1, 2),
[{]— o Wild 25 B EER FH O O FHiE D £
72, BUNR AT —VIZBWTARY—THh L0 HEMNED D
5o

D &) HEBNTOARY M2 Wild 2% &
T DO XANES 77T Tie b & L KRR S N7z D 13K
No.5T®» o 720 Fig.4a 2, STXM C#H oI 72, R
¥ No. 50 X MG EEMIE 2 /R0 1D DK Tl
FEITEND R S, FERITHRES (Center Band) T
WA E THE L o TWD, WIBEEDE W T E R
DOFEEEN 2 ENTH L E V) I NI, REOEBE
LA E 70 Y 2 VOREEDEDER
LTWwWb0D72E59, £I T, ¥ No. 50D 4k ih

(Whole Particle), Center Band, JE4%8 (“Lobe”
Region) ® C-, N-, O-XANES 75'#1 # 17\, AR~
MVT AT 4T 6SUICHERMb 7282
%, Center Band T Si/C=0.88, Lobe Region T Si/
C=051TH o7z Lo THHEDENZI ) HDOE
HEDBEWIZL S Z EFEH I N0, KBFFET
133512, N/CH L O/CHtd Center Band & Lobe
Region THR% 5 Z &5 0>72DTH5 (Fig.4b)s
Center Band @757 Lobe Region & ) & N/C HAH
\, Fig. 5l Center Band & Lobe Region ® C-, N-

L]
Canbar Heni

WWhaols Farlick

Lobe Region

ULCES 01 =Rl LI [

MiC

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, 22DHIRITH
WT C-XANES AX7 P Vi E A LEVDTR SN
s, N-XANES 227 FVIZFEHICHE 2 > TW
720 TOENIZANRY PIVOMIREZTTRL, 4
IVRZMINVRED, ANMafliG e ROGERER
# (¥—7% g # Center Band TIIfFFET 5 7 Lobe
Region TIXFE LRV E W) MIZH A S hiz,
AE No. s o EE Bk TRE D F5 &, N/C
& SYC H & OMICAHBIMEE 2= Ao 720 K No. 5
D& BEBFRERIEOAY—hZ I TOHERSL
R TIIRMEN L7200 TH Y, Zoke
IO W THHDORRAIED S D,

3. Type3+dNSA14 N EHEYIZLS
BXR A EZT R DR E 5T

Y RIA MBAPEAFNS AT T EITHIGEE
NTVBDE, FIHIKERTREZ 5 72 BERKORERT
Hb, INLOEAFNTEEBERA XY M OIRE
JREEICALEM T A 22128, ¥R MIEHERRER
RNEBREE, &5\ IERE DK & RO FH 12
M 2BEKRMANINETIIIRENTE, L
PLAEDS, Y K54 DS L PIE2BATH
57280, FNODOERE LT 5 DIEES TR\,
BIZIECV3ay K54 o Allende FEA 23R L 72
WEIEIZOWTI, ZO8Y - LS5k Eh Sk

EEN/fEI1X325°C (Rietmeijer and Mackinnon,
1985) 7*5600°C (Huss and Lewis, 1994) ¥ CT& Ik
WATHRIL Ve ARFETIE, A A Y Ok X RN
PRI & 2 B RRBE R OB D W Tl R 5,

3.1 =#

HENCIE, BARBEA VT B XGRS A
7 (1~4) WKET225MDa > FI4 MEAWH W
517z (Table 2), CsF/HF & % T (Cody et
al., 2002) FBEAR KD S8, RS NRBEER
B, 2.1 TR LAk L MARICHA ISR X
N, SiO L TEM BIZH 7 ) v FICHE I,

3.2 Type3+aA > FS5 1 FERERYODC-

XANES A7 kL

Fig. LI/ 572X 912, C-XANES A7 b VT
1, FEREICHET 21s—r* BRI RERK T AL
F—DH\285~290 eV OHIPH TR S 1, £ F »
1LBIfE (~290.5eV) 2z 72H T ANV F—FIH TIX
H D 2 IR IR 5N 5 DN TH 5,
L L, BISMSIC, BRI L7 spPiREDOHEM D
5 WL F IS O C-XANES AX7 MV TIE, 15—
o* D B % ] T Frenkel-type il i€ T- (exciton)
DI — 7 $3291.63 eV ICHN D (Ma et al,
1993; Brithwiler et al., 1995), BIZ X7 T 7 =~
= "R EN LG THEETH Do TN EIEAREEIC
o275 774 A —KVF ) Fa2—70C-
XANES 2 X 7 b )V Tls—c* exciton & B ! X v
bo Fiz, EWHEDOH T ARFEFEIZH 1 s—0* exciton
BRI ENMEN TS (Cody et al.,
2008 Db) o

Fig.6al¥, #1473 Ld 3+) a2V F54 b+
SoEE S N ARNEYEA Y O C-XANES A X7 b
Tls—o* exciton BB EN/2Z L ZRLTWA,
Fig.6b £ Fig. 6 a # {57 L72AXZ PV T, 1s—>0¢”
exciton O ¥ — 7 BN X ) BB ICHRTEX %, —F
T, #4738+ K54 +D) b dIHFEM % Se-
markona (LL3.0), ALHA 77307 (CO3.0) [& 7,
BIW®FA471, 22 V54 F®DC-XANES A X7
MIVTIL, 1s—0" exciton 12T E A ERD SN o
720 AWFZETIE, Fig.6b OMH AT P VIZBIT A
75774 h®Dls—>c* exciton i & #100%, EET
92042 (CR2) B fi ®1s—0* exciton 5 & (% /IN)
#0%% LCIEHILL, &25MaoEaAmiconT
1s—0" exciton &% AfE 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 Mo, Meteoniie name  Abbreviotion Meseorile group % Exciton intensity (T gp™C T o liierabare
| BTS2 Bl i LIRS w1

2 Belle Hed CMI a+22 e k]

3 Murchison el CMZX 1.1 =1.3 96 £ 65

- | Orgased Crg Il 1.2&1.7 1 & 68

5 lagish Loke T'ng 2 LA+ 1.4 126 = 46

'] TR STT Chich ik adkE 2.5 171 =i

7 ALHATTIUT 8773 Co3n 42= 14 HE3 =41 - 200

B Semarkona Som LL34 42x2.6 203 =58 200 - 260
q METHET 452 LL%05 42313 203 £ 70

|1 WEGTIE YRG W Hemied T.1+£24 4 =42 0. ®BE
11 Kals E.ah YAl 13d=25 A7 =34 HHI - 410
12 Wagarano Vig CVA N4 17.1=12 A15=25 NI - 400
13 Krymkn kry LL3] 17.2=1.% 416 = 31

14 Binkoa Mok CWI L34 17.72 1.7 423 £ 30 300 - 400
15 ALHATMHA ATTO PN 17,6243 425 =50 475- 540
1 Lenwille Leo CVEIGA 1Rn=34 434 =50 - 250

17 BAETIHEES (AR Lib 18.7=3.1 435=42

18 Kairsar Foai CO3. 36 2= 1.8 453 =29 - 300

1% WEGHSI0O Wasi H13% 211255 dfid & 50

20 Tiesschitz e H5. 6 2132206 407 =56

21 Chainpes Cha L34 227=%3 483 =63

22 Bishunjuir Has LL3.15 ZHA =26 551 =34 M- 350
23 Allende All CY¥iXN»16 Ml=13 554 =25 325 - 600
24 lsma [=n COA T3 432231 THF £ 3T 4B - T
23 Indarch Ind EH4 HR0=43 Q48 = 50 - 540

L3 Liraphise (&1} T{HE I3

* Mineralogical and geochemical T estimaies, Hiess et al. {206064) and references therein
FVRET2D0 b o hearad CM T gy 250ia02E &0 derived Trosn minarsl aheranen kKinstics (Akii, 1792)

3.3 1s—0" exciton DIBE L BREHRTHR ED
[£31E

Table 212,515 X 912, 1s—0* exciton D i &
&, B ORISR B ASREER L 72 BERARBAS 1 D
FEAEWEMBRLTWAIREEDE V. 1s—>0* exciton
SREE%, SEWD - ALFEMICEAE D SN BRAE R OK
EHECH LTy FLTABE (Fig.7), BE
BAERBLTCWRWY L T1, 22 FI54 FORE
WERWIZT T TDIEEELICEET 72N, ¥4 7
3+ K74 FORNBEEAEEDIZOVWTIE, 1s—0”
exciton R E & BERAZEIRE & OFIZIEH S 22724
BEAYH - 72,

Z ZCTAWZETIE, 1s—0* exciton DIREAFERIA
LOBMEROESE BT S RERY %095
MED M EBGET 5 72, Murchison fEf7 (CM 2)
DAREMEA W %600°C, 1000°C, 1400°C T4#10%
Rm#E L 720 ZokES:, Murchison FBfiD1s—0* ex-
citon HEIXIRED LA ICHEVWEL 2D, CV31a ¥
FI 4 FD1ls—0* exciton BEITE DO Wz, 512

¥4 2 i00E (600°C, 800°C, 1000°C), M#fH (100 s-
10%s) THMBER T -7-& 25, Fig. 8IT/R L7z &
I, HIBREIC DO W Tl s—0* exciton DR E &
TNBLEE R O B EARBIFRAME: H 7z 1s—0™ exciton
SREE DI BEMAFEZALR 2 & L5 &, Fig. 8k D
RADG-Z6N5

Iné =A+EJS/RT (1)

T iR, A=1504, ES=~18kJ THb, 2T
b L, BERME L TL0™F M SR As e v 7o L ARE L

(Brearley and Jones, 1998), Fig. 8X ) &A%
B L 7- A& Terr 2K % &, #2113 Allende 2
£ D Terp 13~893°C & %2 ) (Fig. 7O Mi# A), # 7
DL TEFli & M7z i & i (600°C, Huss and
Lewis, 1994) XD 3FEHIIHELHZ->TLEHs 2D
BRI FEAME, FERRORERRBRSE & Bl R & OB
OWGMENPSGELDEEZONSL, T TAINAET
&, BEREIEEBR L 2R IC O W TAREICHE I NT
WBRHIZESEZ (DX EZKIET S LI L7 Bz
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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 g7 a7 7 4 V& v CaHli S 7z Al-
lende BEAT D Tuee i (327°C ; Weinbruchand Muller,
1994) % AWEICEE T 5 &, (1) TA=3.263%
%) Fig. TOM C A SN b, LA LI OFFli<T
1, ZEAEOBRAD, MEOHZE T S Wik
WMEL Y 2K AED o (Fig. 7)o
FIZTEHEIL, AV Y S AERIVETTE GBI
O EHIY NI A4 b (¥4 73~6) DI EH:
(Wlotzka, 2005) %Mt~ TR ZHIE L7z, AHFZE
THWZA B D) b IsnalB i (CO38) 2E T
u—7<%A4707+ 74 % — (JEOL#, Super-
probe) THllEL, * VU ¥ ¥y—Z ¥ A IVH D Fe/Mg 5
BARE Ko ((Mg/Fe) o (Mg/Fe) gua) & A ¥ AL H
® Cr/(Cr+Al) lt#EKD, Wlotzka D12 L 7257w
WEDfEZ T Ty b LR, Fh513700°C 0%
Mt EICALE L7ze Z O #5 R 1X Wlotzka (2005) 25
Bol@ary K54+ (¥4 737~39) oWk
TEd o 7ZIEHPH (625~745°C) [C—F% L7z L7
Ao TAMZETIE, Isna A AHEER L 7200 % 700°C
EfE L7z ET)XNoRIEZ 7w (A=2.26), Fig.7

OB %1%, 1s—0* exciton M E 2 5 K H A D
Tree % 3K D72 (Table 2)

ZORR, AfEd SN2 Tow DDL L 25, S5 -
ILFMICRRED SNEOBENICESBS T2

(Table 2), 412, 1s—0o* exciton BME D EH W ¥ A
T8+ RIA FDOFH, TOMENPKNSY A 71,
23 P4 MCHARTEREIPRNELITH S, £
7z, Fig. 8055 H % £ 912, 1s—0* exciton D&
ZALIINEBERIE O B EEEZ R L T 50T, RICH
RARTEEEAE Z > 722104 ThH > TH, 10°
FETHoTH, Tar DEMD D II30°C HWV LA
EVELZVWIEDRMLTBEL W, XL,
Yamato 8672088 F1 D X 9 (Z A 7 BRAS R & REER L
72CM 2 Y K54 MIowTit, oA & 8L
BEEWAN AL EZET HLEND L. HlzIE,
HHMD1s—0* exciton HREEIZ X 5 T & SL4 71
SOl &, MBI X B BB & BRI TR
CBEERE OXBIDREIC L B0 b Lz,

3.4 1s—0" exciton BWEIF R HHEBEZEL

2y P74 MEATOAENEA 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.

AR MVIZBIF H1s—0* exciton D ¥ — 7 i ED
AL S, BERRTOBREROETITHE, BAERE
Wb OB I L7 spr iR FEASFH A ICHE KT 5
VWAL RE LT, AWERTIRT, ohDY
473+ K74 b ONEHARY ORAKC NMR
ARY PIVTEBMEY 7 P EMERLTWS (Cody et
al., 2008b). MY 7 NI n BT REFHOELRE
BAROEHASTICE A SNS (Rybaczewski et al.,
1976), ¥4 73+ F 534 bORGBHEHEED T
X, ZOF#MEY 7 & C-XANES D1 s—0* exciton
I L ORICHEMBEIRIE DN T, B & R
L7-H B3 &2 OB AR E D S BB AL
It3rZenEFE2bNL, 72, BAOFKYO X
EHTTlE, 1s—o* exciton DHEEICH DL ST, &0
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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 (O) °C for various times (Cody et al.,
2008 b). Reproduced by permission from

Elsevier.
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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) »Eoh7 (Fig.9. 7777
L IO =2 B AR )V (d002=3.35
A LRNBIHTDH L, ZOFERENS, BERIHED
EHW D1 s—0* exciton MEDW KIE “7F7 74
Mb (B8 b)) LB W LAVREN D,
7774 M ICERTAE, TOMEE (K
FAMAMEL LOHBERIEORE] 2y E=
5, 1998), ARHFFEIZB T %, 1s—0* exciton il B
BT % sp R FEDOFH G HANDEERIL, 797 =
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YHEREOBR, OF VEIE O [RFENANEE O E ]
WCHY T2, L LAAS, o3 TREEIN
DOFE] LEZBEE LV, ZOHET, AWFEERES
7774 MEDERDOTIEMHIE—F L v, K
2, & 5 AiERYE #2000~3000°C TS 5 & 75
T 7 A ML Z 5 L BEXI N TWw 5 (Fishbach,
1971; Pacault, 1971), L7 L, BBABRAEK LD
A B B IE RS TH800~900°C TH Y, 7'F
T4 MEDPHEZ 5 X9 ZiE L IR, T2, v
Db ABLEw D BiRTmE#siuEs 57 74 Me
FTHLEVIRTERL, BIZIERIYF Y AT FRR
VALY =) 72X, NEIREEA2000°C % 2
THZ I 774 MUIGTEZ SFICH T 2RRFITLAL
3% (Franklin, 1951), %A% % 3000°C Thnzk L
TH279 774 MEL%&W (Cody et al., 2008b) . Hi
KU E oW TIE, AWKV IRESG T
5774 MELZZBIATRENTWED, ZOL) e
FRWERDO T 7 b= ATER LZAAICETWY
% (Mahlmann et al., 2002) . <O, HERPEEOHE
RIZEHEND CHR CONHmWEN2ZFTr 5
T774 MEDSERZ o772 EN5#HEDHSH (Rumble
et al., 1986), L2L, THHOBRICLEL SRS
ML, BERIZHAT A Zo/hS v (BE~100
km) BABRAETREELZLOTIE RV, DEEZE
358, BARRAEKLEOBRERIZ X > THEWA Y
5774 MbTBDEBZFSLLATETDH S, TEM
BFHWRIZBWTYH, Allende BT DOAEN:A
PRI LA T 774 VETH L EEEEINT
BY (Harris et al., 2000), ARHFFEIZBT 5 5FHli & —
HELTWwW5,

4. ¥ & &

(1) STXM u-XANES O FIH 12 & » T, 81P/Wild 2
HEREOAEWIIMRE &L BRITEALSIRICERED
SRS, FEHICHM RS TS Z D Z EAVHBIL
7o WRIT, EREER T X o TIUEHE AL #F 2>o
AHANC A L2 EIREHTREERTDH 5,
Fig. 31230 < &, 81P/Wild 2H: 2 FEE D A B Db
B PR L 3D H T LI LN TED
MR LBRIIHIBREEAR, BENZREEIVF

T4 b OLREY L EREISHE OB S h 5 R

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

CEWICERICEA BELIPEEICS AR

(Nos. 2, 3)

CEW ISR EICE &,

(No. 1)

Wild 28 EER T O A B B O 5 75 5 i BRY
B & RO BEEAURIE Sz,

IhsiEdHL TTSRAELLOBRTHLOT, &
BHoLBELDBEBESMTHILIZL ST, 81P
/Wild 2% B2 BEA 8% 5514 1% O KR 22 A3 — 1, #at
V24 FIE O 85 81P/Wild 2% B EE A5 #e 1%, % 7-
7Y o VIS N OLFRFEE, 1200w T
DR Z RO D Z EVRGDHETH 5,

BRLUPEEIZETAR

2)ary ¥4 VEATORNEEE Y O STXM u-
XANES 5381 C, 797 = v HEOH &2 M3 51 s
—g* exciton O 5 BEASE A1 B RAK L 0 228 i o H#EAT
WZHEWRE LS 22 EMERERY, ZOWENS
BEBRE 2 ERICRETE L Z LR E Nz,
BAERIC X 26 T OB HENTH 5720,
BB OMATZ EREICHADIELTWAH EEZ DR
b0 £72, #4711, 22 34 b3F A4 T3+
NI 4 ML T RN EZIRL, d5W5HE
FAAEBEYIIIRRE TR SN2 & 2 AT 72,

STXM u-XANE O FIHIZ & - T, FEF I 72
LODNSLELWEREREL -0 0 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&5E)hotze TOFEEAEILT, Wk, H
ROWBFERABEEIZBWTCATTLIENTELES
9 RHN 7% % B 7 M ERGV R O A B 50 Hr D FEBIZ,
RPEN-BEHRTELZ L Z2HF LIV,

O

AF—FAMIvvavillbohiz&ETol4I2
WAL L FWFF 3, ¥Fic, NASA Vs vy vt
v % —® Mike Zolensky i+ & Ay 1121,
MG DOFELRE % b o T81P/Wild 25 1t e 3k 4 3 5 TH
& F L7z BAAMYOEETHE L INEAERIZLE R
AR L TLKAESIVELLE— A F KT
Larry Nittler f#1: & Bjorn Mysen &1 {Z#IfLH L L
FET, R LarERLZSVAERBIA Y M ELE
SWE L72dbiE Ry o RBREGE L 14 OB /A
BIHALR L BIFE 3, ACHEOREE 52 TL
723V E L 72dbifEd K7 O IAAR W Fe 50 A2 1R < st
L EFES,
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