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ANALYSIS OF VISIBLE AND NEAR INFRARED REFLECTANCE SPECTRA OF PLANETARY

MATERIALS USING A BAYESIAN ESTIMATION APPROACH.
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?Nobuko Tsuboi, *Takahiro Hiroi, '"Masato Okada, 'Dept. of Complexity Sci. and Eng, Univ. of Tokyo,
’Hewlett Packard Japan, Ltd., *Dept. of Geological Sci., Brown University

Introduction: Optical reflectance spectroscopy
is a very powerful tool to observe the planetary
surfaces remotely from both ground-based telescopes
and spacecrafts. Because many silicate minerals have
many absorption bands diagnostic to both crystalline
structure and elemental composition in this
wavelengths range, VNIR spectroscopic observations
can reveal a wide variety of information on planetary
surfaces [e.g., 1].

The reflectance spectra observed on the
planetary surfaces are compared with those of
minerals observed in laboratories to infer the
mineralogical and elemental compositions of the
surfaces. Because silicate minerals often exhibit
complex absorption bands in the UV to NIR
wavelengths range, such a complex absorption band is
often deconvoluted into multiple simple (i.e.,
mathematically well-defined forms, such as Gaussian
and Lorentzian) absorption bands is often used for
quantitative comparisons and analyses. One simple
approach would be to search for the optimum
combination of simple absorption bands that
minimized the difference with an observed spectrum
by trying every possible parameter set. Such direct
search is rather effective when only a small number of
free parameters are involved. However, a direct search
is not practical for reflectance spectroscopy of
planetary surfaces because many simple absorption
bands are required to describe their complex
absorption band patterns. When Gaussian or
Lorentzian is used, each simple band requires three
model parameters: strength, central wavelength, and
breadth. Thus, the number of parameter sets to try in
searching for the best-fit synthetic spectrum becomes
extremely large. For four Gaussians, for example, we
need to try 10'> parameter sets if we choose ten
different values for each parameter. It would require
10** sets if we examine 100 different values for each
parameters to attain a high accuracy.

Consequently, a more efficient mathematical
method is necessary. In previous studies, the steepest
descent method has been used frequently to resolve
this problem. In particular, Sunshine et al. [2] propose
an analytical approach using the steepest descent
method to deconvoluted reflectance spectra of silicate
minerals with a number of Gaussians and a continuum
as a function of wavelength. Their approach, called
modified Gaussian model (MGM), has been shown
capable of decomvolving olivines [e.g., 3] and Mg-Fe
pyroxenes [e.g., 4,5] very successfully and obtain
clear correlations between the central wavelengths of
deconvoluted Gaussian bands and chemical
composition of minerals.

Although the steepest descent method is a very
powerful mathematical method to find a minimum of
a continuous function but is not necessarily good at
finding the global minimum of a complex function
with many local minima. Depending on the initial
choice of parameters, an obtained result may be just a
local minimum of the function. Furthermore, this
mathematical procedure needs to be given how many
model parameters (e.g., the number of Gaussians in
this study) should be used before analysis. Generally,
a model with more Gaussians will lead to a smaller E,
but the complexity of the model also increases. Our
recent analysis indicates that the use of different
numbers of Gaussians for MGM analysis may
dramatically change the result of the MGM analysis
[6], underscoring the importance of the choice of the
number of Gaussians.

In reflectance spectroscopy of silicate minerals,
the choice of the number of Gaussians is very
important for accurate description of their complex
absorption bands. A numerical validation discussed in
our companion paper by [7] indicates that a Bayesian
estimation method using the exchange Monte Carlo
(EMC) algorithm can estimate the optimum number of
Gaussians much more accurately than other
algorithms, such as cross validation, WAIC, and
RIMCMC. Thus, our spectroscopic analysis of
planetary surfaces, the newly developed Bayesian
MGM algorithm is better suited for reflectance
spectroscopy of silicate materials on planetary
surfaces.

In this study, we derive a new MGM algorithm
using a Bayesian estimation approaches namely
exchange Monte Carlo (EMC) method and the
annealing method. Both pure olivine samples with
different Fe/Mg ratios and olivine-pyroxene mixture
samples are used for analysis to examine the
effectiveness of our new algorithm. Based on the
results, we discuss the applicability of our new MGM
method.

Spectral Analysis: The mathematical details
and numerical validation of the algorithm used in this
study are given in our companion papers by [7,8].

In order to examine the validity of the
Bayesian MGM algorithm proposed in this study, we
conduct actual spectral deconvolution analyses using a
series of reflectance spectra, olivine powder samples
with different Mg/(Mg+Fe) ratios (mg#) ranging from
zero to one.

The reflectance spectra of olivine samples
were obtained the web site of NASA’s RELAB.
Here, it is noted that the olivine samples whose
reflectance spectra were used in this study are



different from those used by [4]. As shown in the
following, nevertheless, the result of the analyses of
this study and [4] exhibit very good agreement. This
strongly suggests the robustness of the results of
MGM results.

Analysis Results: First of all, the results of
our Bayesian MGM analysis indicate that the
optimum number of Gaussian bands to reproduce the
complex absorption band around 1 mm predicted is
three for the reflectance spectra of all the olivine
samples (Fig. 1). This optimum number is the same as
the number estimated empirically by [4]. This
coincidence is very important because the number of
Gaussians is very difficult to determine objectively
but highly influential to the model parameters to
characterize individual Gaussian bands. This
agreement between this study and previous fitting
results by [4] strongly supports the validity of our
Bayesian MGM algorithm

Furthermore, all the model parameters of
individual Gaussian bands obtained in this study were
practically the same as those obtained by [4]. The
parameters include the central wavelengths, breadths,
and strengths of the individual Gaussian absorption
bands.

The central wavelengths of individual bands
of 1-mm olivine increases gradually as mg# decreases;
more iron leads to longer wavelengths (Fig. 2). The
band widths and the relative intensities of the three
individual bands are relatively constant regardless of
mg# (Fig. 2). Here, note that the data sets of olivine
spectra used in this study and those used by [4] are
different. This supports that the results of these MGM
analyses are not specific to some particular data sets
but reflect the intrinsic properties of olivine.

Here, it is noted that the results of the
preliminary analysis by [6] suggests that four
Gaussians is more appropriate to fit the 1-mm
absorption band of olivine than three as used by
previous studies [2,4]. However, a detailed
comparison of different algorithms using artificially
generated data sets by [7] indicates that MGM
analysis using Bayesian approach is significantly more
accurate than that with cross-validation method, which
is used by [7]. Thus, we conclude in this study that the
optimum number of Gaussians for the 1-mm
absorption band of olivine is three.

References: [1] Pieters, C.M. and P.A.J. Englert
(1993), Remote geochemical analysis: Elemental and
mineralogical composition; [2] Sunshine, J. M., et al.
(1990), J. Geophys. Res., 95, 6955; [3] Sunshine, J. M.
and C. M. Pieters (1993), J. Geophys. Res., 98, 9075;
[4] Sunshine, J. M. and C. M. Pieters (1998), J.
Geophys. Res., 103, 13,675; [5] Klima, R. L. et al.,,
(2007), Meteoritics and Planet. Sci., 42, 235. [6]
Tsuboi, N. et al. (2009), Proc. of 42th Lunar and

Planet. Symp., 118; [7] Nagata, K. et al. (2010) Neural
Networks, to be submitted; [8] Sugita, S. et al., (2010)
J. Geophys. Res. to be submitted.
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TAT o 7o b — P — B G OO BN SEBR X L AR E D) 100GPa £ T L2MTHL TV D T,
B E GPa IR CORBHEIUL 21TV, JES) - IRE - RO 2RI K D EROREZ <5 =
EEREE LTEREZITo 70, AENTEEIOENT & BB OWEIZ DWW THER L £ Lz,

HFFEHTIT, §#10 - BEROT — 2 NEE CHEATOFREIMTLH LAY B (L -
Ha A & AV, KIRKRF: L — Y — = 3L F —220F 50+ % — o GXIVHIPPER L —¥—%
HAWTEREITS T,

WEDOERTIIAY B LTEE L —F—2 BN L TEEE2 %4 L TV 7223, £ 100GPa
D IEHRIE DR 2 RN T, L—F —BREE AR ERATLE 5, & 2 THEDR AT 220
LAV EUVRENICEBHREZEE L, ZO®BRICEREL —Y—Z2 R L7z, ZOReRKE
ML THY B PICHERENMEET 20T, 4V EVRNREIEICR D &) ICE&BROME - B4 %
A L CEUSEER(E /134 120-300GPa) #1T - 72,

WRIZGBRARB L2 2I2E0, 7V EroRIERIT 100% & 72 0 5822 BN TE 7=,
FUIWT LT 2 BIEE L ChHD LW DDDIEED SNTTOZA R BT, S %ILZ D53Af
Z Ff o TR L 72308 O B0 O [RE £ D BAIER - 7B EE(SEM - TEM) - BAfS T ~ »
SR EEHNTERIL TN 5 L BoTnET,

+ [R5 PEAE M 4 (B ) - Ti 2@k & LT L 7zalfig o
B W B E
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WEBGPANYSVEDOREBIL !

BEERIFARICKIDIRT /HFOEREZDEFE

ILJ\&

=IN B RBR K
(RK - 12 - thEKRERS)

1. FLHIC
WEBBEICNFITICHEOBARDN >TH
D. WTNENEETHDCEH. NEDVIVE
&) - #ROV Y RILIE DN TOIBRESDITHD
F2HARERDTID, 2000 FICHERSN
NWA2737 (v YT+ ) BAYSYETH
DOARNESRTHOD., FHETREHYSVE
NERBZZLTND, COEBORRIINYSY
BPICSEINDIEEN10-20 nm D Fe-Ni L&
NMFTHDEDRSMOFISNTND [1, 2],
R CORIBRRILLUEAYSVBRY v—
JyvHA FCEIEBENICFELTNDCEN S,
BRIEINSOT /HFHTNSDREIRBSD
NAYSVBICEFELTN DN ZEBIEFIA
iR (TEM) TREL. S5ICTNSDIXT ./
MFOEBRBERICONWTEHERRZBLUCESR
EiI0I2, FE. TNHEOHKT /RFNZIEND
CElE Z0DZ<OMERZHMEICEEZ
SABDIEHIC, ZOMRICONTEERET O,

2. AREDHFE

SE. AR UENEZESGE. ALH77005.
LEW88516 . NWA1950 . YOO0097 .
LARO6319, DhofarO19 M6 DDy v—Jw
HA +THD, CNEDOSBEIEL4DIEL—ILY
S MEYv—JvHA1 RTDESN. BE2D
FAVSVBEITr Uy DBYvy—TwdHA1 ~IC
DEEIND, HRHEI. NWA1950 AT R
2B W.,. Cnhoz&aTEM (JEOL
JEM-2010 : 8K - I8) THEHZ - LS. X
2. NWA1950 [FBASEFIRFRRERIBDER
ZFvE—Ah (F | B) & (JEOL JIB-4600F)
ZANT. DY VEOEEMRIDOEBH
BEER L. JEOL JEM-2100 ZRV\TERSS -
D EToIZ.
3. #HZE - DITiBR
TEMEROBR. D UEERNINTICBR
10-20nm OF JRIFHASFENTNDCEN
pHolz. ULH L. ALH77005 & YOOO097
TlE. NWA2T737 E@ERRIC. 7/ fiFIE Fe-Ni
ERETH>EN. LEWS88516. NWA1950,
LARO6319. Dhofar 019 Tld. FF /fiFIEVY
DRI FTHDCEDBESHICEDE,
NWA1950 OF | BERRIERRENS, VYIRS A

FRIFIEANYSVBEDEBHIREDICDHEE
SNETENS, Fe-Ni BN FERRRICVYIR
HA PN YSVEOEBDRRICEO>TND
Cenmigenie (@ 1), F2o TNSDEKT
JRFDBLIZIANY S VBN S ICBATRD,

NYSVBPSHKT JRFOME ULKRIC, @8
CEmcsnkEEEZSND, E2L. CnsO
Si ICEDEDICFET DD ¥ DIRMISDHN
ELLIEEEIEDN. PEIVD 7 ABEDN [

EIBDCLEFTERN OIS,

1 NWA195OAEBEE¢'7JJ7JEU)=‘”
fREETEMBE, hY>>a (0D PICVIRSY
1+ (Mag) OF JHFHIEFRELTID,

4. KT NFDERERE
NWA2737 DAY S VBICEFND Fe-Ni
EBNFORRICDONTIE, BVEBICKDAY
SYBPDEDETICRDENTHDESNT
VD [2], SO BROWARICKD, VTRYA
FOFIRFARDNOECEND, HYSVE
DETIETTEL, BIEBRETNDTENES
MCIEoTC, HRIC, NWA2T7I7 DdfttDREAN
VSVBEESBNERBDZL(I 40 GPa M E
DBRVEEBEZZITTRD., BRICXIDIEBNF
DERIIBEZ5NDTOECATHD, ZTNZEN.
NYSVEMETE UL BEIESNTH/N—F
1 DIV SNDIRICE. BISIC SiICBAE
BEEHRSINDD TEMERRICKD, F/HF
BRICREBSNE Si ICBAREICNICEEED
EEZBND.

5. BERR
BEICLDT /NFOEMERERILT DI
DICEFNFIRE - BERENRT—Y3 VT



NYSVBEOEEERETOIT. ERICEI7 A
73-San Carlos EDN VS 6 (Fog) ZRAUN.

CNZEMRICUT—EBRANZRICKDEENE
Zi1o2, BEEE. 20. 30, 40, 46 GPa
THoIZ, QIEEZE TEM TBRRUEHEBR. 40
GPa METHELEAYSVEICIE. 10-20
M DY I RY 1 FRFOERSNZ, L\FNOD
HRTE. 30 GPa UMTDEDICIE. CNSDM
FFERDODEBRND R, T2, I53T771 5
RERETERZET >EHEATIE. 40GPa M E
DEEBET Fe-Ni EBD T/ HIFDHEHRSINZ.
EBNYSVAEEETNEEGICXT U TCRES
S5NTNBEEEE. LNFTNE 40 GPa UET
b0 [3]. HEERBREIIXIMLTIND,

6. JT/NTF EBRHMCITRYA

FICEEBEBRKID. DYSULERBEBFEHT
HENETDEVITRY A RRIFH. ETTBIRM
THETDE Fe-Ni &BHFOHERSINDCE
RSN, L—ILJSA FBYv—TvH1 ~
INEBORUSKZRRETDEEZSNTH
21 [4]. T /HFIC Fe-Ni EBZELEDE
NIRIA FEEBEOHFEREL D, BE %
DEItRHZXREIDIFERSBARDERS
[EEZ5NDD, L—ILISA i\’f@’f‘)v—j‘\y
4 FCTIIEEBOBRTHEIIIENER UL
DTC%ZBH%)f&D(C\ mb@afﬁ.ﬂf&—)j
7’*”?73‘%@57@%‘@73‘@5 DED. Db@&§

PDETE, BERBICL > TKDBERICEOIEZES
[CIE Fe-Ni  BRiF RSN HEDSRICS
S5 OREBTREVYIRY A RIFOEHEIN
ZEEZH5ND, EIRIC 400 E. 800 ETHOZR
LTWDAYSVaERZE 40 GPa TEZENE
LIZECAVITRY A FTIFERL Fe-Ni €80
T RFDERSNE.

7. KT /RFEFEOEEM

MEDXSICHNEEEDPDRBIELEZAYS
VEPICIFER 10-20 nm D&/ FHEFE
FRCENBESHCEDIE, CNBOF JRFED
FEIDCEE. HhYSVaDMERZNEHE
Zibst., RERNENICRTIERBICEE R
implication Z=2A T\,

BIZIE. NWA2737 Tld. AYSVBDORS
ART FIVICBNTHA OOV ORIRDESK
FRDCENESHICZ>TND [B], hYSU6B
IREMEE UL DRI DIMMTHDCE
NH. NERE CARBESEHEZRIFRICK DX
FTIRFHERSNAYSVEDRHYANRD ~
WD EELIEBRSICE. EEASDUE—REY
VY VDICKDEENREICTDIEUNEZS

Nnd, ZOEHIC, FBRE/REEZITEXRAT
NYSVBOFEEEAYSVED 1 TOO0VD
BINERNTHEORICITBEFENMNNEESEZ D,

Fiz. BT/ HFOERIS. SEOWIEERICE
REGFEEE22D, Fe-Ni®RE. YIRS~
DNWIFNEFICIITHD. CNOSDEXT JHiF
ﬁ%m&n&ctﬁ\%E®WM$®Eﬂxé<

. BIZIE, WEDRHFKIIOL —H—DHBL
Kﬁmm RER O CL\DESNDN. Coiigid
ASRRKBEERFDCETEINSNTND, T
DWKESORREN, NYSVBEOEEERIER
[CRBEKT S HFOERIZETDE. ZNOMEIC
DU -1 BEERIERDIAREN oE/E
FHKICETEIT D EERBONTHD, Fe. I”RE
DODNERBICERIEMDANY I A DL DT
LTWBH, TNSORE L TEHT /RiFED
AEBEES5EL T\ DYEMEDDH D,

ZNTIE. AYSvah0TF /JHFE. N2E
BICETRONDIR/EREDBEDTHEION?
WERITTERL, ZOMORERZXKIATDAIEE
FREZH/IEBTIE. AYSVERICTT /HFHNE
BHICERSINTEXINITFTHD, HZE. B
IBETE. AYSYVEREBERILIODOEDT
B3N BBLEAYSVERIEEAERDD S
TLV72L), Dhofar 308 [EG®PIC <52 O3
1 FOERBEENTRD, CODICER<ER
LIZAYSYVBENFELTCND, COHYSIVE
ZTEMTEBRULEER. AV O fiF
DREONoE, TN BZEL. TREBHE
ST /HFMEEREOEEICKD. AVH
1 RCEIEEDEEZSEND, LHL. O
B (RPEEZSD) MUNCEBRULEAYSY
BIEEDN>TRLET., ItE. BEADICEEA
EFETELZEVONMEIRLS DD > TGN, BLE
WEHBDOHICETEITDOTHNIE, HIZE. T
JRFOERICKDOBEEREENBEZSNDH. Z
DFEMIBASHCTIE>TUEL, S CNBO0
EEENZELT, hYySVBOHOHT /T
DORBEED TN UBNHDESEZ D,

HEE  SOOWRRICBNT RS >EFEIRD
MBS EL. HERBRICHDIBNCLEARDEE
RATHRE. TEMBRRICHAOIBNCBASFD
AOHEELE (BAEF) ICRHHELET,

Xk 1 [1] Van de Moortele B. et al. Farth & Planet.
Sci Lett, 262, 37-49, 2007. [2] Treiman A. et al.
Jour. Geophys. Res, 112, E4, EO4002, 2007.
[3] Fritz J. et al. Meteorit & Planet. Sci, 40,
1393-1411, 2005. [4] Mikouchi T. Meteorit &
Planet, Sci, 40, 1621-1634, 2005. [5] Pieters C.
et al. Jour. Geophys. Res., 113, EO6004, 2008.



BRICKDHY—TFV UBEAPDKR - RERGKLEDOEIE
AR « BREEEETER A

[ZL&IZ]

BEADILFT— 21, KBROFSEL 2 5 7= ORI LGS 52 6N
TW5. L, FEAITHER~T &0 5 ETIaia RBIG AR L T\ D72, [BA
DEFAFT — 2 IRATERCLIEO 6 D L TR E < B> THD 0t LR, AHFE
T, ZOXHRBIGD 1 & UTEZEBIBUTER L, BRICIY~—F Y U TEATD
IKSE & IRBDIEFEE T2 SONCRRAE N E D X 9122 b B O ETi~T-. RS, 1
EDOEFEREOIH TR, Fl—3BHT 2 ~ 3 O AEH SB7- 380 (2 EEmER)
HLERATZ. 61T, BEADKE L RFOTELMMEIRCTH 5 NAMAIEY) (insoluble
organic matter: IOM) |22\, EEEFEERAZIT-T-.

[=57]

1. I—F YV IERDEEEER

~—F Y UREAZ 100 pm LU FOBRIC U CHEBRGHIGED 1214, FORMO L5
(300 — 1600 m/s) ZEZEIHTC, FUEHIMEERN A 1EH S w7, Eamgi- 7-alkl %
[EN L C250EIL, 1% tHEotaHc L D/KEL IREBOHAEEREIS, 9 12528
TR L B [FNCARLRTEI S L=,

2. ¥—FV UERDLEEHERER

1 FEDEEEEER 24T - R 2 Y U, FFOERAIH GO TR O
HEAER ST 2 & T2 EEiEE 21572, ZOBEE S D 1R IR Z LT 3 il
el A 5. AEBRTIT 11, 19, 32 GPa LD 3 SOMPRITH 3% E L C & i
TR AR

3. IOM DE=EEsEER

v —F YV EADOIER U2 TN 23l U TSR AT o7, I5IT, Hlsagt
DT=DIZ TM EALFHEEDEL TN D HIERIE D0 ¥ o L i o TR SEER b T 5 72,
[(1EREER]

1. ¥—F Y UERDREEER

ERAY D & ~—F ) UPRAIIMIKSE E BRBZR 2 L, ERIEE < e DIE-
TEDOREIIRE 2D, Fio, KBLREDEFRIZE > THAT AT HE, KEDIFD
AT A LR, BT A0 e & & HIHEREZ Y 723080 H/C SLR MK T L7z,
ZHUTERRZ L > TER LTEWEOEFOMHEIC L D b o L Ebns. KEEETARK
WMDOIGS3E Hy, HO, CH, 72 EEFEMEICETL L DO TH S, ZHUTKTL, RFBEEETER
WNE CH,, CO,7% EOFERMECE L L O b H DM, EERERY CH 5 ME R TR
BFFIZZOEFREHICEED. ZORFRE LT, STy, ©F 0, AkhtEz
HIZONT, EREZG - 73O H/C THEHHE T LT D5 9.

~—F YV UTEA DK & RBDFINARLE GEBEAT A o TR T 5. ~—F Vv
FEA D & D I HEER 24 > TUORUERBID+10. 6% TS & LT, it mhs = ik



D+59. 1%0E T L L, D%, FEEEORENHEIIZ O T87. 6% E TIKF L. 2D
HEC L 2 KFEORNHAZEENL, FINAKLLOR2 % 2 SOMEIR i34 : —90%0, A
) - +830%0) M DHOPIKFEDOATITRIHTE T, BUKFEIZHE D RN E 721 34E4G
PO ORI AT EEBIET DMEHH Z Lo —TJ7, 6 "C A
[TEFEEAA > TOZRWEREID—4. 6%072 5, TR I > T-12. Tho~ & BT 975, Z
DIRFEDRNAEENIFNALE DR 2 D 2 SOBGETR  (RERYEH « +45%0, A -
~18%0) D DBURTEIZ L > CRBARTHETH 5.

2. ¥T—FVUERDZEEHEER

LRI L - T, [FREEOBRIT ) CHEFROEHEDIE 2 UL, Bl A H5ETe
ZENHGNNI Iz o T, BEEOEBDME 2 DITHES TRNRLE (L3505, Ziund
PRI HET R SRR G DAV AR 3 2 RINAREE O bl & I RIER U Bl 7 e
v hEND. ZOZ LI, EERIZ K DFENAREEOZE, AT AORRE DMK T 5
L ETRE LTS,

3. IOM DfE=EEER

M &ray o OffEEe HEFRIC L > THUKR EPURR LR L, BT AOEE
IIKEDIF ) MRE DT T, ~—F Y UBRAOBEEFBROFER & FRED H DT,
ZOfER G~ —F Y LEA DI R CEERIC L > CTAERR L7 O ZRIA L C
WhHEEZOND.

IKFE L IRFBOFNARIIZEI LTI, BT RIZE B2 > TIM 23D & °C 28R
2RO DIZHL, ey TEEDLH 72D & C ORI T#IEE Shen -
7. Ziud, Kerridge (1983) & Kerridge et al. (1987)7, rayxz=rt~—F
BEA D DFEEL L 72 TOM 2 =B RSEBRI L W B S N LTRER LRI T 5. =
LD Ol L BRI X D EEER D, D7 EBLIFO 2 SAVRB IS, 148
1%, IOM BAZEOEEFIZRERD & °C OARE—MEFi>TnH 2 ETHY, 248HIT,
IOM FUZIED & BCITEAERE LT WYy (R0 672%) & HR CITETNMER
7RESy (B hn/Rd) BPEELTED, ZRORBAWVCHFMEE LTSI ET
H5.

TR L BSROENNC B 2T 5 &, BGMRIINUKFERITR RE 2R EN AR A5 | &
KL 2T DITKR L, EEBIIREZ RENARDBIZS I ZEZ SN2 bbb, —7, kB
(2N TR L BRD 86 5 & BNL S T[RRI A L Z L Uo7, il
BSRONTT AN o TRRENARDOZEE N R0 5 DIE, BUSFRRHIOR S, BUSRFOE
11, ROGOEBEE FERn?  Bin?) WO ERISEL TCNDL L0 EEZ LS.
BIRERCIY, bR CThie b EERAEIZ R L QO DR ARFET 5 Z LIX T
TR,



BROBREMDER & EYEDHETE

mEHER
(FHMZEMERALE FER PR

FRAY Y FILFRDOA 2V IRT kX)L b OBEERIE 38~40 BEICEFLTHED. 2O ENSELD
BARIZEEL 3 BEAICKEFENERBBENG > &E X TE [eg., Teraet al. 1973]. ch%#%k
HEREHEHATWS, —A, CORICRNTZ2AMRESG DL AL ZIRAY Y ZILIE Imbrium ¥
Serenitatis & W\ > UL (~39 BF) BEDEHEZMA S OREMITERINTWDIHIC—1K
BRERERLTWBEF., ELWSBRHHZ. ICEMDDLET . XBREEOHEELDOHHEHD R THE
HEREHORRIEZRINTE 2 [e.g., Gomes et al. 2005], SR IERERRRIS KRG RFEDE
tezEEG9 2. ARRICRIT2BRINEREBLFED—DOTH .

AARTIE. DS PREEMPEAX S TESNCERT—Y (K1) ZAWVWT, ZHREBRERRRZKRE
TRAICADERAILEIRICH 2 8 AOEERAMICEWNT, JL—FhAOYTo I %TFolk. UHhULESR
BNSIL— 9 EEZFE> THESNIZEANS. BEENICRBEREBHOGFEZRILT S I LI TER
W, Zhig. JL—9BENSHBNERICERT Z/HDI L —FVERZETINZLZHLERLEZRE
LTWBcHTHS. ZITEAMATRBBEAOKNFERELERT ST, RREREHZRELLY
L= FERZETIL [Stoffler & Ryder 2001] &{RE L TWEWETIL [Neukum 1983] TEE SHEE
EMHZRENS & TRIERERRG DRI ZH M.

BEADHICTIZ.KREEP & & FeO EMMBIRICIEVWE DAR DM > TW3S [e.g., Takeda et al., 20086].
VE—bEYIVIT—INSRBLONDIARAORRNHEOEENS, ZNSOBEBAIFADEMR
EEBEEHTVWEIEHEENS S LEEZISNTVWS, FNSOBBATONREEAF DBHER T
41~44 BEE WS, FPIRAYY FILICERTEINICHVWERZTRL TW3 [Nyquist et al. 2010].

1T WIS PEBEMEAXSICL>TEBONEHREMBEB KOG, (K£) Hertzsprung. (FH)
Dirichlet-Jackson.



2QICNO VT« YT DRERETRY. BRESNIY A XDHIZBHEOEREY 1 THEENHEL—HL
TWBZENDN B, ZOERIZ 39 REUMEUBRTERRGEDOY A XDEHELLABN >l ezRm
RLTW2, BRlEhicy L—9BEF 0.1~035km?TH>fc. b LABROKRFERNBERDOER
BHOEHICE>TIEY bENEDTH S ERET 25 SEIDHERIE Neukum DETILEEE
WTH2 (K3). 2XH. RPERBHEEN S EEXBINEDND LGV,

T —TTTTTTYg

¥ Dirichlet-Jackson
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® Birkhoff
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MFHB R, 5 AH-EXERAMORBEEE
OLAZFE " KMELF' FM— ' HKkiEH" #HESER '

AL, PRENC AR SHEE'
TR, EBEHRA, ERRATEN, (ERAR

EE  BERIIZ$H S South Pole-Aitken &b (SPA b)) (X, EXREEICLYBEESh-EEZONTL
o I_Jﬁﬂﬂf(i DEXEICLY ., READHBHAREWMSN, THICHEET HEEHOLNEITY MILYMEN
BHLTHEY. BORROERICEASZARNEOTE - iR ZEZEMICIEET SDICRLEELH
BTHHIEZEZONTE:, BICEEORLHICEWNTIE, BEHEEAKELND., KREOMRAICE
CHFRIETARTHARBL., T 74 v HMICEOCEELLEN > TLDHAEEMENGLNE SN TER[2],
LHL., EDHE T, SPA RHDILEREDMZBRENENE VD T &[S0, ZHDFEEDFILH S LB
B3R ULMERR (B 1) (2 anorthosite (fH&EA) A1), BICZDIFEE (K 1Q@) TIL purest anorthosite
(>9vol. % RIRA) NFEHEITH U] EHESNT-, CDI LI, HRIEIIARTREFwMONAI-LEEINTL
INETOMRLEFBELTEY. FRMREOERERAMDIEA DX LIXREZBAEICEES L
TWEWEWS 2 et BEMNREMONDIEHEKEELZEVWSAIRERITTRICHIEER S,

BH : KR TIE, BHLTWEHEZBZONTWSARNBOMEDHEREEIET 5 & FxiREME
LTWaH, SHEIE. ZORNTMEZLHEHICHNEZSZ 5012, BEXREZEIZKL S SPA KhiEHIFEE
FHEL., RAMOEHFEZERTT 5, T T, TTHRORBIKREIRET 57012, SPAZHAD
anorthosite DEJ|EZBHEZRTSEEBIC. ZORMADAHIKEN S, HFRDKEARIZH T SIEEIFE
HOHEET 5,

AKHAETIE, AREFELELTARREE H Y] BEHOTILFNAUERAS A=y M) I2E50%
BRT—2ZRAL. SPAREDY L—F—B X UVZFDRIDREARY LB ZEITS 2 LT, W4
BRI TIRINEEEE L=, M (&, IR REICH LTI 415, 750, 900, 950, 1000 nm, EFRIMEREIC
FHLVTIE 1000, 1050, 1250, 1550 nm /N> F#EBIFT 5, £ T, {EAD. AR FILIRUTAS 1250 nm
THZEICERONSEVS>HHBZAVTRERICEC ERDHFHEDERET 5L B2, pyroxene (IRUX
900~1000 nm {3£)., olivine (BRUR 1050 nm f1if) ZFEEIT S &Ik Y., REBAMADERTELZAN
. BT HHEX, RRBICETCHERBEI 74 v V7HMEZCETCEE LY IRFERLATLE NS
HEFAL., SPARMORNET, REFBOEUVEFRZE Clementine 750nm-basemap #FHVNTEHE L=, &
B, COmap DFTHRLEFEDOEWNELDZE 100 L L=EE, 80 LEDORETH HiHhiEFEITR
ELTE= GAE.

R, BEDHE[I]IT anorthosite NERINI=V L—F2—¢BHOPLN G (ZIZFERHIZHD
Poincare &tED Y L—42— (B 2) IZEWWTIX, V7 L—2—KHNOEED ') L EIZ purest anorthosite (>
9Bvol. 4R R) NALNE I Db ofz (B3I), I, 15 HAFIZH LT, purestanorthosite (&
TIEHZWA, BRIRABICETCER (S0vol. vRER) AN, 3TERFRIZIEK, RERBICECERIEIAON
Thot=, (B2)

RIS, WEMHT L= T, anorthosite [(FEMDFMTEL Y £ . Filyh 5% 700km D& & Y 41
BT RERONE D21z (K 4), HICEMDZICA > -HIBICHEEMNZ S H LTSI ED
BomEliEofz, COEFEIE Hiesinger et al. (2004) IZHIFEH S0Pz XY ET o DML T
XEAELTHY. £1=. Ishihara et al. (2009) [CH [+ ZHFHET Y FIZH N TEHEAEIEHFHRAEN &
Mo, BN ELICIEHI SN T E > TS AREMENT LN &AY, S ENBERNSMHTHLMEE -
T=o Ff=. RAIZEHITS 3 EFFD anorthosite [ZBI L TIERZMDF LA SH TIAFEBIZR/E > THEELT
BY., TOFEEREZEZEZADVELNH D, HlIZIE. HhBEPMENEEOEAICIYREMONTEZLT
L‘%)T“b'fi -, BHBEEICEITEAM4 N0 FAIL DS MELT=RTEEMS. H DML, RS ERH
bifzoInf: (BEEMERIELTz, ejecta ELTRXERLIAE) AHEENETFONDS, RAIDOHRESE
NEFREEDEWVNEHAS-HHRGFIT HMOIMYDIEEFEELZRA-EZ A, £T 950 nm [ZIRIRE £ DIER T
Hotzo TDI=®H., I E VS [RUIZEAL TIIRAIENMITHEIIRONGEN o=, SEBERTOEFH
LR CEREF BT A ETRIZEEL T BEAH S, £1-. §MEIE anorthosite DF LY
REIFEZFIA L CHRTIEOHME E1T o= . Clementine D~ v T TITLZMWHERENAM LUEWNZEL
HY.&YEMA anorthosite DR A EIET H-HIZAMEEZEZM K >THERFLTLWLFETH D,
[1] GC.M.Pieters et al., (2001) Journal of Geophysical Resarch, vol. 106, No. E11
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Rayed craters on planets
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pQ ® The nature, origin, age, and formation processe

. long been the subject of major controversies {e.g:
C f % LG
Blansiary Science Hawke et al., 2004]

Rays in the laboratory Hiy

@Uprange ray pattern -- interpreted as an evolving
excavation flow field [Schultz et al., 2009]
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[Schultz et al., 2009]
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- % =77y FEGFIRDL : well-packing / loose packing
- F = Y N—NREHE : 102 Pa ~ 105 Pa (KXUE)
- TEISHE - B~ EE m/s loose packingf®

projectile ambient
facilities
diameter mass material | shape | impact velocity = pressure
25.0 mm 636 g Fe sphere |  afewm/s atmos. free fall
246 mm 1929 glass sphere| _afew m/s atmos. free fall
29.7 mm 39.1g Al sphere|  afewm/s atmos. free fall
24.5 mm 674 g Fe sphere a few m/s 102-105 Pa free fall
953 mm 059 Nylon sphere | 20 ~ 40 m/s atmos. | gun in Nagoya
9.53 mm 059 Nylon _|cylinder| 20 - 40 m/s atmos. | gun in Nagoya
10 mm 609 Stainless _|cylinder| - 50 m/s ~10°Pa_| gunin Kobe ;
10 mm 09g |Polycar linder| 50 - 120 m/s | 105105 Pa| gun in Kobe X 1 " S "
Tomm | 219 A oylinder| 50-120m/s | 10-10° Pa| _gun in Kobe ; " Dimplej|Radial w/ regular concentric

S EC IO WZEHIE I & 2 MIB 0 1

P=5.0x102 Pa

target mean
diameter 100 pm

target initial| well-
condition packing

ambient 5
pressure 10° Pa

Radial w/
wavy conce

impact
velocity

Radial
w/0 concentric




KA & HEHEE % o 724
=t pLi} Va7z
Radial + Thick concentric
Radial + Regular concentric target : glassbeads, d = 100um, initially packed target mean target mean
® Radial + Wavy concentric projectile: Al (10 mm¢ x 10 mm). d_g 100 pm target : lassbeads, d = SOum, initially packed d_g 50 pm
Polycarbonate (10 mmé x 10 mm), liameter projectile: Al, 10 mm x 10 mm iameter
@ Knobby radial (No Stainless (10 mmg x 10 mm),
¢ Fine radial (No concentric) Carbonsteel sphere (25.4mm) target initial| well- ! target initial| well-
condition | nacking condition packing
150 1 ambient 150~ 1 ambient
pressure - pressure -
@ . impact i impact
E velocity g velocity
2 100 4 2 = 1001 | 1 | - L L
B} . : g
=3 * . =3 *
= . : £ s .0
2 ¢ ‘ 2 ¢ MR .
8 . : z
g . Dimple mode (loose &
g 50 S . £ 501 A
= . packing) =
) 4 ’ 50 um : trend is similar .o
hoeqane ceeeeeent 420 um : no pattern
N O O O A L
0 T HEET) I ase
10° 10° R T U 10° 10° 10 10°
target pressure [Pa] target pressure [Pa]
g T
target : glassbeads, d = 420 um, initially packed target mean| 45
e A Tl | 420 pm
[[@ ModeD No (target = 420 pum)] target initial| well-
condition | packine
1501 | ackin
ambient
pressure -
@ -
E impact
= velocit; -
> 1001 : Y
S
2
: :
£
g sof- .
4
10° 10’ 10* 10°
target pressure [Pa]

Radial w/ thick concentric

Summary

@ RIfEIC X %38\
- 50, 100 pm -> Radial / Radial w/ concentric. / Dimple
- 420 pm -> No morphology

® % —/7 v FEfRIRAEIC X 23E . (KRETOA)
- well-packing (low porosity) -> Radial mode
- loose packing (high porosity) -> Dimple

o MM Z 7
- Rt fEZEEIE, RRHEIC L > T = 7 S HIEIR

Ly
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B HBRFREFHER,
1. IZCHIC

EOFEREL, HEEONN—R NERO
TR R R DTE ZE A |2 B L CE B e T
HD. BRZICEL TL, 5IREMEIXZEMmE
L L BT TELT B 2 EBEERLT O
FEMHHHITND L LLARNS, ZOkk
RIXF CZ2BRRE T HHERE KR DO RE &
IR TREL BT D720, ENENDIEK
FHELRHRDMLENS SH. & 2 CTARERTIE
KPS & BERS L 2 K I L 72 R &2 1TV, 5l
SR B O BERE FEARTAME RS K OVERBIK &
B A AZEHRI LT

2. EBRFE
%ft*/Hj: 250“11’1 uT@%\j{ﬂd@%%?lﬂﬁﬁﬁ

ﬁﬁ@ﬁ%@@ﬁﬁh,E%%%bf@ﬁb
CRBRAE, ZRES GROE) &Rl

75)17@%7% f%ﬁl%k*ﬁ FMHRY,
DOIKIE 10X 10X 30mm TH 5. fEHE DR
B ORFE R —E & 72D KO ICIERERRE 21T
o7, BBFERERE, T MAKRL T O
WEEAZE 2T 40-70%I23% L=, #EhZ
-15°CT 5 b 3 HIREERS S W72, SR ER
IFEERBZ H T o 72,

/jkﬂ:;ﬁ[s/\

3. ME
(1) W) 1—E A ihfR
RERTITIN 2 BTN E AT & B
FOBIFRIZER L, MEWRIE 170 5 5 BRIRE
T, HENSY U T EERDTL. TORER,
FIRIREE & ¥ o VP RITERRICE > TREL
LT B Enbhotz (K1), £z, Bk
REFEI OBEIN & & BT Y > 7RISR N
L7228, BISRIREIZIZ E A EB(L Lo Tz,
L LR b, IRFE A (5.6 X104 s LLF)
TIETRBENA 2 fFITL, o 7R

FINBE®

e RAX AL Y g Wil

1000 —

t Sintering = 1hr
800 1 40% 56x10°s" | 1
S 600 1
o I ]
R [ ]
#2400 [ ]
i 50% ]
200 [ ]
60% 1
i 70% ]

(o)) e —— T T v
0 02 04 06 08 1 1.2

EH, %

12 RS- TE bR D ZE B R AT

(2) BloRIRE

SRR X BERE R I B £ 0 (K, 22
BREIITIRVME M2 7. Bz, 40%
& 70% TIXS R IZ 105 b Ak L= (X2).
ZOFER, BIRIREIXFERED 3.4 FlLbH)
THZERbholz., ZONFICELTITE

TSR & RE RERIIFRD SN o7z 12,
ZRRE, ¢
7(?% 60% 50% 40%
Lange & Ahrens 1983 —
10° 3 34 A o E
§ 5 (=zgx10(1 @) ]
= g5 <
B s _
10° | 35714
i % o Thour ]
s
™ Mellor 1975 $_Smin
10 013 0:4 0:5 0.6 0:7 0:8 0:9 1
FIEE, 1-¢
X 2 : 5|3ETREE DL R IEM
[z c#k] [1] Mellor 1975, IAHS-AISH

Pub. 114, 251-291. [2] Lange & Ahrens
1983, JGR, 88, 1197-1208.



BERG IR~ DEIR 7 L — 2 —HBRFERO/NEE 7 b —F —~DjiE ]

PIAtErE, PAIEF, g1, =8 —3%
PRE RS - B
(T LC0IC

BT L— —DERBRES R EEZWEL, 27—V ZHNCH TITH D Z LI L > T, MR O 28T
RA NI BZ—DRES, FRIEOWE R ERHALNICR VD, 207, 27—V JHIEHLT 52 L
IFFEFICEETH D,

FREANCIBNT Y L—F —DERCES 2R EMT 2 ERITIRELS 229855, 20 2 DL [THE L EIM
HWETHH, TD2O0HEAEZEOTHAEAr—1 v TRINER I (e.g., Holsapple 1995), L/>L Z DA
27— > ZHIIZ Dry / Wet soil , Soft / Hard rock 72 EZERR D72 0 EIZHOW I L MZ I TNDE 0N, E
BRO/PNEED L D RZEBR DO H HWEIZ OV TI LS Do Tewy,

Z 2 CAMFFE TR, R EF- NI O TONRT A X ZEBRICKRD D Z EAHE LT, ZEE
40(£2 )% DR K OBEREAEERIIC X L CTliZE Y L— % — R FERE 1T 7=,

R RZFZO/NRL T A8 % -V T, 3 I 240 (£17) m/s TEBREIT 72, BALIXERR 1/8 inch,
0.042 g DY —F 77 AkZ W, AL, ki 50 pm H T A — AR + BEREIREEZEZHZ ik
THREE 228 % T- AR D RERE R 2 4 FME, 31 5 FRE—ZEIRIL EN b 40(£2)%—HE L, i, BEREIRIT
B 10cm, & 6em OHEETH D, THENOMELE 1ITTRT,

=N
H&E

£1 BEHORBELKE
BEFEREL / BE#EERRI | 630°C/4h |600°C/4h | 580°C/4h | 560°C/4h HIZ50um A
T W 3% E [kPa) 841+240(102+£13 |66=%=56 |11.3 (LBR{E)||0.89+=0.08
;ff,%f_}j'é E fo* : ~ ' '

FEER TN L— X —DH A 2% AT, i o S
Holsapple(1993) O A /r— 1 > 7 HIIZ fitting é1w; @ _“‘*@g\ :
S 5Fig)Z Lk oTRAZ—U » ZHIT E 0 _ \\‘EQ _=
PFO L) IcEE A b D, ] Qe i A \\\

e ] N3

126 0 8) 0% 1 o - - . ‘ . ]

7, =0.001% n{ﬁj +[0.0327r3(£j ] D 3 BRI
0 0 Figl 7 Vv—2—BRr—Y 7RO fitting &R

ZITryldZ b—F—LHAIOEREL—7 L —F —(KfE V CHERERE p O A2 HIE & m CTHERITibL

7=t D—,

T FE SN g LIS a O ZEEHE U O 2 HTEIOTE LI b D, s THEREE Y

Z R P & B E U 0 2 RO CTEA L L2 D ThH D, 7ok, X OEM EHALOEE p/§ 135X
WG THOICEDEERTL LN, AL RO FATHIZETITET 0.6 DIEEZED,

A8 D SATHFIEI I AR TR D b D L B ZGEE(U) & IR (@) DABRR DO TH DN, AR TH LN
RT A TATHIZED O A L CH PG TR o 70,



LR L — K —~ D ]

BoNATr—V U ZAlEHAWAZ EICL) /IERE ETHBHNSNTWA I L—F =2 LT-A /7 &
— DY A XEHERT 5, 4T 253Mathilde D27 L— % — (O'Brien et al. 2005) %% Li=A 2 /X0 X —
DY A X &R/ o7, TORE, RERIEOENNIEE () 1% 0.0096 m/s2 | FERIKDOEE () 1% 1300 kg/m3
(Davis 1998) . #:RIEDF#HFE) 1% 0.3~30 MPa (Tsuchivama et al. 2009) —41511% 0.3, 3, 30 MPa @ 3 A
THEHA—. A7 2 —DFE®SG) 1Tp &% 1< 1300 kg/m3 |, H25#E(U) 1 6.07 km/s (Davis 1998) &1l
ELCRE LT,

Fig.2 X, 7 L —%—H% A XDOEE A6, AKUFET I

— ' IR T
p e e . ' 03 3% E0.3MPat (R5E
‘BonAr =Y v JAERCTA 287 2—DF A 2 |& OO & SRR S WPacigE
> ¢ N . 01k O O 315R3% /230 MPar{RE | 4
DAERDIZ LD TH D, TORE, BREDBENRKE 8 Vo :
T . £ 00
EE, NEOMMENRKRE 2D T LBhbnrole, D ER OB |
NREDEEHETHEUTFTDO L IR D, S O w3,
5 oot
2 "0 @ *
813 [MPal 0.3 3 30 o
00001 L vvn v i
~EOME -1.22 + 0.09 -1.42 +0.12 -1.65 + 0.12 1 10 100 1000 10*
A1 \I3—DEE [m]

Fig.2 253Mathilde D7 L —# —%&FERK L7-
A YRy B —DY A R53A

728, 0.5~2km DA A YL NINRE DY A X554 D
~NX(|T -1.30+£0.056 TH Y (Terai et al. 2007) . 5155
N _RXDEITF OFIF LS A TNASD,

EXekS,

ARBFFETIL, Z2BR % Ff o 7o AERIC 3 L ClEE R ATV A A7 — U v 7]l (Holsapple 1993) ~®
fitting Z#17-7-, <O fitting fEH LV 253Mathilde O L—X —% R L= A > 737 X —D WA X & HEH|
THE HEIKDD, A 3T 2 —OEATIHR 10~1000 m OFP L E X b D,

fit )5, 253Mathilde D7 L —X =%k LT=A > /30 Z—DH A X5 DORE X, 58E% 0.3~3 MPa @

METDE, AL MIEROY A ZG5MDNEN—ET D,

25 3t
Holsapple, K. 1993, Ann.Rev.Earth Planet.Sci 21, 333-373.
O'Brien, D.P. and Greenberg, R. 2005, Icarus 178, 179-212.
Davis, D.R. 1998, Icarus 140, 49-52.
Tsuchiyama, A., Mashio, E., Imai, Y., et al. 2009, M&PSA, p.5189.
Terai, T., Itoh, Y., and Mukai, T. 2007, PASJ 59, 1175-1183.
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100 km
100 m/s

6 mm 70 m/s
50 pm 420 pm
5mm 10 mm 15 mm
50 um
< 0.1G
50 um

3.2 mm
260 m/s
50 pm 420 um
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SNDNE I DOMERIIERIKAFT D720, FEFIZ
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2. 7 b— —REHE

2-1. 7 L= = H D pit OFLERD D, AF
W ENTZ 7 L—X —DEAI121%, pit 1Tl

(ISAS/JAXA), B 57 (SEEK)

BRI CH DT, ¥ —F Y RN HZDH
DERETDHZEIEFES ThD, —F, 5AXKITE
SN2 T L—Z — DAL pit OAMNE DR T
RN, TR DA LI b 4 A — DA LU
DOHLEEZ D,

2-2. HEZHE TRDLOENWVWERETY L—¥ —Dfk
RE—Ty FRIEIWCHOND 7 T v 7 80 T, %
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B LTI, RHROBEEN NSO L H D20, Y
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EREN(KERX),
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Kadono et al.
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Projectile acceleration using high-power laser /
® X-ray Streak camera image <=2@. Laser

#33399 : Aluminum | [Opm®
e

Velocity (km/s)

" "
= 10" 10" 10" 10" 10"

2E/mp
o HASTARE DEIEDEN

.  FIIRAZRAPELOHESRL
Veloc1ty’\'45 km/s . WHOIRILE—ZHERK< ~0.1 %

o |
Xi§ EYR—ILAX S (1.1-1.6 keV)

c BRICLZHEHDIRILF—

O - i

#33752 #33769 #33770
Al121um Dia.300 ym Al128 ym
ShhASAE ShABAE - U R
22 km/s 11 km/s 9.9 km/s

£55 23K
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IS RZ D7

e.g., 3075 (=10 pc), LHBT10% kg/m2hi—
BFECHE-TLBET B

XiR(~ 1 keV)@HEER © 14E ([CHF~11E/m?

“Eif(~100 MHz) : ~ 1013 Jy
CeldfEeaTcHs & L)

BETHETIE?

3.8x108 m, EHZEHEE20km/s & T3 &
—E|DFHETH BXIR(~ 1 keV)=3FD
B (tlEhgEigEs TtE3 & L)

KixsH 4 X 1m |10cm | 1cm | 1mm
1m2&Hih | 2x101° | 2x10° | 200 0.02
20x20 cm 1x10° | 1x10° 10 0.001

Kadono et al,

FEH
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Ta sheets (B~ 0.5 mm, Ex30-50 um)
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1. XTI
WRARFEAZIIERERICLD AR e g,
1], AmaiEmERR2] Lot RER Y Lo
EEMEEEHZICEboTWD, EZADB, /A
M AABESELFZERVEREZEY HT 2
ENRREETH -z, EBRUFIE N EE T,
W FERXICREEN & O, B 227K 5 m R o 2R
ITEAL TR,
BTEF 21X R O @R EE L — % — [0k XII
Tl AW T A B oo TR R SRR & i D T
W5, BERYSE TILRM A MBGRTRIZEB TS
FZEAL AL SO, AR EB OBMENEE LR D,
T2 (TR MR CBLIN 24T 5 2 & T, EEEM
- BRI DN & T OGEII L, A B O
N R 2 D3, 4],
2. ERHFE
SENE VL — Y — & EEEAIC IR L S &
BIEMET D FiEEx Hnwic, WFICEREMEEZRT,
— R, FrRchRrE, B, mEEEhLTh
351 nm, 2.5 ns, 600 um, 150 TW/cm?> T 5, I
1% 20 um JE® CH, 40 um /£ ® Al driver, 100 um J&
@ Diopside(CaMgSi,04) > 3 J& ikl Z F vy, 75 2>

GBI AT o Tz, el EE, BERE, BRI
X% L% 7L 400 mm, -50 7> 5 450 ns, 360-720 nm T
H5,

3. MRLEBE

X 1 |2 Diopside Z~1 TPa & T L7z A& D
W] 4 iR FE e A~ 7 bV &R, WIS BRI
S oG Y A Ay N Bl T D% TR B &
AUTUND T AU 1 B 1B £ oD 8 g U 1A fR B
MBAEFL TN LZAZEERZALIEEE
W5, M2IZoX@r TR LNTIRE, B1E
FE O 5[ %2 7k 97, Hugoniot b o1& FE (X B3
HEY & RBISE, FoRmEICWEiZE L C
WL T A BIEAKOREIZZMICEAT L LT
Hansn, L—YF—RE#%~50 ns £ TREIT L
A ETAD LTV, Zhicxt LA CRZCTE
BREEIE 1/4 \ZHBLTWS, ZHIXE TN EREE/
B EESICEI WB/ LN L T—D2D T X

N —RPEE S LIRS #V, HBRINET 1 BRi
DS FECICEEL B2 Lamed 5, &
HIELZ B O R BN B i iy 0 & A BRI D LEEA(C)
LR SE, = hnE—#NEN EF4 5, &
RICERBLZON T WXV b7 A BB
FENEL D LTk D, BB TOE
TR AT K D P BL A B oK B ISR
LSBT D, SEOMRITT A BRI D@ 227K %
it F2 D R B 3R e 07 R IS D %8 % G
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X PN
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RFHGH ', RINBE’
'BARARFARARFEREE, HFRERFREFHER

FLHIT: Kk - HAREWOTBANIOKE R OBMERIEST 7 h=27 X% M5 LTI EFICEE
Thd. BrIXINETHAGHEEREZE(LSIETZORBAIZFEMICARTE. LirL, BN
FEROFMERZEZBIOKFRDOT 7 b= REIZSHT HI101%, EBTH LR A KR D
WHRERE F~METAMERDH Y, ZOEDITITRAKDOEFA B =X L% W 5INTT 5 LEN
bbb, MOKOEE, INTTRBEICKTAEEA =X LOENE E THMICHNLNL TV
(Shoji & Higashi, 1978) . — 5 TK « HAIRGWOLEX, HAGAREFEICL > TEONIEIE
IRELSENMT D, ZOREDRCHITPCIRE T CTH, NGNS R22IEFERE LR E < £k
L, ZOZ LIFHBNH CTER Z BT BN R 2 L 2R LTND. ZDOREIKDE
A=A LZHLNIT DI, ETHEATARICBWTEEL T KL 500 L
RTINS, ZOEREKEEE AW S0 T 5 0L, RENO R EERE &
ROEVENRD D, T ZTARIFETIE, 270 Ar—LVOEBRELFHRDLDIZEN L FETHD
JEFEARBIEEZ HWT, K- SAREVORFTIERRE & 2 O NEEEORERZ 7.
REFE AR EOR L LTHEE lum OV U hE—XZ2HWz, £/, NEEE K2
RE7=OIZV ) D EFREBLSHE, owt% (Mik) & 30wt%D 2 FIEHOEZ ¥ L7, £
NI B N TTAT VY, IR IER-25CE Ls. B, B Smm OFREOLOEH VW,
R RIS, ETEARBRIENK - ARRADORFTNEBE 2R TiEE L CHEyNE
IMMDOFHEEIT o T2, T DT DICARER TH O NT-REL O RETH 2R EREETEEE & S 7 WE o
JEMEETEIRE Z Lt LTz, T ORER, RERTHONLEEREDOTHK 2 FRESRDIEN
Fhol. FIT, EMERICIZEICEABIS N XN THH Z L2 E L, Nadai OJ\HEEE
AW ) 2 D TARFEBROFER & AT RO R A LE Lz, £OREE, mERMERITELL
—HTHLIIChoTe. EZTCIOEFIEARBIEILERBEOREICEHE 2 FETHDL B X

7=, BEREZHWTRATR 2 B 58 E 2 31 10 ——
—o—7.6N -25.5deg
RIFER, JEAT DT L > TR-—3EN o7 2550000
——10.4N -25.4deg
THRENELRDZ ER™DhoT-. ZHITE —5—10.4N -25.5degC

= ==0wt.% -25degC
10 || —r - 30wt.% -25degC
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MIETOKE U T OE BN 98 |2

:; — — -80wt.% -25degC
ZRIFLTWD AR A /RIE L T3, Yasui g
& Arakawa (2008) & PR U722, BUBINERIC £
BOTHUKOMERIR Y ) hEHE 8owes & O
DIEFRPREL TV D Z L Bbn- 1 gl ,
' /

W, P4 q
( 1) ’ 107 r iR Yasui anldiArakawa (2008)DIER
£ E5 3 Shoji & Higashi, J. Glaciol. 21, 419 1 10

-427 (1978); Yasui & Arakawa, GRL Stress, MPa
L12206 (2008) 1 RAERE Gowt.%) DIt & EHE
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ABAEaY RIA FRIZABNDTIVH ) TRICEICAR I, ERAMIZCE > THERINEN?
OFRAIUSIE 1, —E%wE] L2, [WEHE 8
(LapfF R, 2 WpHh, 3 i 1L R ER)

[IZUuwic] fA#EEHE LL 2> K7 A FTo 5 Bhola (LL3-6), Kraehenberg (Krbg) (LL5),
Yamato-74442 (Y-74442) (LL4) 7>53% L 7vh Y THEICE a0V HE STy %5 (Noonan
et al., 1978, Kempe and Miiller. 1969, Yanai et al, 1978, Ikeda and Takeda. 1979), Z O D
TN EHEGAEEZ LL 2> K74 M &g 5 & Na 23589 0.5 5. K236 12 /%, Rb 2349 45
&, Cs I T0METHY . BEBOKXRT VA THEIF L EVEIEE %2574 (Wlotzka et al,
1983), Z O Of PHIGLEGFIEHEIT, Eu DADOBRFEZRWTa L KT MITH D Z &3
BN TS (Wlotzka et al, 1983), £7-. Z OaF OFREMITMD T <, Rb-SriEic L 15
5HIT-EMRITH 45.6 (B4 % k3 (Kempe and Miiller. 1969, Nishiya et al, 1995), & D7 V7 U
TEHRTBNZ DN TIX, BRI EIZBIT 2R EI LT iR ORZHREINE T AR IRE SN TV D
(Wlotzka et al,, 1983)23, JERGRIE % & -y 7imiL7e STV,

ARFGETIX, TAH Y BRICE AT OBATEW TG 28 272\, & 52 Rb-Sr [FAAI{A%
AW AERS, BLOETCEMROT 2 LI L T, 2o O OFMIBIREE 7Y 5£E 5y
BIOBEZMIT 22 2B LT,

[#5 5% - £%2] Bhola, Krbg B8 XN Y-74442 [Z& N5 T /0 U LRI E Tos B O EERERSE
WX, mAbAA, baA T4 N BEOH I RAEAETH D, T 7 AEAFEPITITRECR O A
<A M~1um23SEH L TE Y, MR(A-5 um)D feA T4 FHERD L, Amiiikz rd,
HAHFONA L AADRRIT, ZNENDRRATRORER LN, HAOE— REITIZFFELL, 2
Ao AT 60 vol%, T AEAIN 40 vol% TH - 7=, BT OA S A DALFRRIE. AR
DD A ORI E ZT72 < 1IZIELL 2 KT A4 b OFEEIFHA%(26.0-32.6 mol% ; Dodd,
198DDFEFAICINE D, FTo, 7 AEARKOMEKIL, 3 2ORAR TRW—HEZ R L1, AFD
F— Nk K OEEILRM T OFERD B LN B R O/ L7 ML, 8 DOFRAR TIRIFE
L2 & 23 L 72, Bhola 36 K UNY-74442 O45 706D Rb IR FE1X, £ 411€ 41 6.47 ppm, 8.09 ppm
THY,Clary K74 MNEXED 3-4 5 Th -7, 7=, Bhola D27 EHD Sr %13 10.3 ppm
T, a2 K74 MOIREER LT,

Bhola, Krbg, Y-74442 (Z& £ 5 7V H U tRICE a OFERIZE EITE Y S0 7 Ak
—H L7, ZhiE, AR 0REWENRFR T THY | AN BOmBEEZ R TR I Z & 2R
95, £7-. Bhola, Y-74442 O2 53 kS Rb OEINEBO Hhl-z, 2D iE, Blkani-&
R TCOABALERAIC L0 Bt S 4L, /N7 & LT Bhola, Y-74442 [ZHUV IAENT- 2 & &R
95,

HI O BT Y — o3 KT A R

ThdI b, TNH U TLHEDBIDEDE/O K g 10
RIEBNC > T LT L BB, AL, W S = .

VRN K VIR ST & Shd GRA  06128/9 OF; O iﬁ% g
ISR <5 — > (Day et al,, 2009) & 0 Hofieh» %l!ﬂﬁﬁiihwi"flggﬁ
565 TH 50K A), Humayun and Clayton. E & um
(1995)63:‘ Krbg EP@T/l/jJ U ﬁ%c:%@%ﬁ%@ o LaCePrNd SmEuGdTbDyHo ErTmYbLu o

L KBARME O K ENLRODHT 24 2270, 4 A Bhola, Krbg 0% 5. O % | 7 LHERAIA |
BT, BEICELE LT K ORI B OIS 7322 GRA 06128/9 OFr THHILHRMAR & O bl

SRRNT EnD, fREMTTR (T Y Iesk) ORKIIKERIMICEZ s &R L., 20
FIRICHES & BRELTOXKMEZN LIRS LD T U iENRE L2 L I3E 2Ty,
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1. IXt®IC

A OFEAEN LB AT E D X S5 U THIHIHIERIC S 726 Sl ? T ofali s LTH
JRENTWNDEHOD 120, HES/NEE, IDPs (Interplanetary Dust Particles) 72 & o #igk sk
WMETH D, KB D OHEINIE D DERA A D RO > T D, ZO KD I MERSM A
B O THAMENER T 501, EmOHEICKNEHEELEINDGT I /B ThDL, AMEL<E
DRFEERTA Me—F YV VBRI 80 FEDT I VBN ILOD > TEY, ZOHITITAEY
DHFOWHRWE E LTHED 20 EOX X7 ET7 2 D 56 8l E 4TV 5 (Cronin and
Pizzarello, 1983), LU, #IHIHIERICHEZE L7/ N ESSEHEOHICIZ~—F Y VBEA D X 9 72 fEE
ZHEDZT TRV DT TR, FHAEMPSOHERETZEN 72 STk A BB 22 T b D%
KEENDEZZOND, ZDTs, HMERAEIZ X D UHER~D T I/ FRiiths o TRENE & MGk
THTOITIE, EHENT I R HEICOWTHHIT 2 0 H D, £ 2 TARMIETIL, 7
I BRI 2 B 2R BB A A S M2~ TR RISk A RRBREOEE LY 5 2 5 ER
ATV, RS OIRAF RSP DO 0T 236 272 o 7,

2. ERFIE

WEEG 25T I BELTGRATEDOIX, Z7Vvy, T7I7=0, T A4 V. 72V EBED 4
HMThbd, INHAFDT R/ BIT~—FT VY VBATIZEZLEENTHDHLDOT, FRZTI /A4 Y
FEER 1T b AFIEENZ N, 7 X BRI E OMERMEARTH D, £z, 7V U dm b HEMART 2
JBETHY 7= I NI ET I D1 OTHDL, 26D T X /% 80 nmol / mg
DEEGTRFAE =Y FT7A hDO~ MU v 7 Al LTIEHCEMRICIRS L, B8R4 52 5k &
L7, Z oozt LT, —BeUk 38t 2 FiV € 6.3 — 38.6 GPa (G 1230k @ Peak shock pressure
Zh 27,

WEAZ G2 RBHT 2 D200 AhET IV Watril. &R TIE~7FF Rt e Lic, 7
BN OBEL O IT IR A & DIZ 2 DIy, R FEEERET X 2 BONHE. O IR
B TR IRZAT, T I VO & Ui, #7 2/ BRIERET X/ BRI T < ko iR
SRV WERET X BREECDRAERT I VIRV EATND, TNHEDOT X BRBLONTF KOy
#Hrix Shimoyama and Ogasawara (2002) D F{EIZFESWTITro 72,



3. fER

WEBET X BRDAEAFERIE 20 GPa £ TR ITEA L, 20 GPa Z## 2 2 & RIIZEA T 5 2 L 2vb
Mofe, FT X BRONHIEARMNILEERET X B L RO E 2~ 23, 20 GPa TOAEMFEMN
12-16 % & WEBEYT X VRO KD 5-8 % L 0 b < ZAUTERET X O—HBRRERT X B L
B LTI 2R LTWD, o, REBOREMREREDLNDLT I /) A VEEEZRE, 3D T
/ Fg D] Tl Peak shock pressure (219 2 73R8 LOMAERT I/ BEOAEERIZRE 72580
Ronighotz,

ST, HBIZEST2o00T7 I VMPES LT TF IBRERTLHZ EbHALNTR-T2, K
WFECRIE LT F RIZZ VATV BIOT 7207 7= D 2 TH LN, ZnbHOE
REIZENENR K CTEREY X VD 1% YT 5, o, ARERRRERDIENZTT I /B
DRI T HEFIOET) Th D,

4. B%

20 GPa TOT X/ BROBIRIRZALIZ OV TIRGET D720, MOFRILEY & Dk z1T -T2,
Mimura et al (2005) ¥ X O Mimura and Toyama (2005) 12X % &, ZEBRA L FRRLKSE
(PAHs) & I[AIfRIZ 20 GPa fHE TR Z7-d, v b v 7 ZAZWECEN DI v T VALK Z T
FEER T8 PAHs OBAHANIZA IZ 220 2, 20 GPa TORM AR THESCE DBIKIZE D5 H DT
X7, LA, 20 20 GPa TOZEITW L OO FHMICHETH D FREMR & D, WKIT, B
IFRIREE & Peak shock temperature (7 =+ ML UV BLIOE Ly O 4T —F % EITFHHE,
T BEO AL FT = IR LN TN RNED) ET 5 &7 I MOSRHEE (19570 K)
(2% 9% Peak shock pressure £ 10 GPa LA T TH S, LrL, 10GPa TIE7 I/ EIXITE AL
RSN TITHRAF L TERY . ZHUTEERIC X 5 SENBDEZHH L TS aTREMEAZRI2 L T D
(Blank et al, 2001), L2>L7Z203 5, 20 GPa TOAM R AL OBERIZOW T F4aIZiiBA Tc&E Th
57, B IDBIHFEL TWS UERH D,
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