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Figure 3.2 Typical cooling curves of the forsterite
melts at various cooling rates.
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Figure 3.3 Typical cooling curves of enstatite. Solid lines (a—d)
show levitation method and (e-f) dash—dotted lines show Pt wire
method. Liquidus (1561 degC) and grass transition (750 degC) are
indicated by broken lines.
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Figure 4.1 (a) Schematic diagram of
apparatus used for crystallization from
supercooled liquid by a gas-jet levitation
technique. (b) Enlarged illustration of
broken square of (a). Schema of seeding
technique by dust particles.
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Figure 4.2 Typical temperature curves of levitated enstatite melts, as they collided with dust
particles of enstatite at time = 0. A few minutes later, laser power turned off and specimens
were solidified. Specimens of A and B was glasses and specimens of C and D were crystals.
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Figure 4.3 Time-sequence images of crystallization process of enstatite levitated melts at various

supercooling: (a) multiple nucleation (AT = 570 K) and (b) single nucleation (AT = 860 K).
Arrows show crystals.
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REJEETERRAE Z o TeRpIZ AR L 7= KRR ORI Z RET 5 72010 T = U R EEE L
Z T T R s

Enstatite A/V FbfEfaL LIERBOILRABDO T~ 27 bt ki, BEICIE LT
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IEBHEA NV b9 bl b U2 BBHT forsterite 2R L, T XV EBAHEI AL ks biESR{L LT
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K &) miBmaERE» bfEmbL
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(Figure 4.4c, d). MgSiO; majorite (X

enstatite O & [EFBIZSH 722 (Figure
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Figure 4.4 Selected area electron diffraction patterns of
specimens. Image (a) shows orthoenstatite patterns at circle of
(b), which was crystallized at AT = 600 K. (c) shows majorite
patterns at circle of (d), which was crystallized at AT = 800 K.
Majorite is high pressure phase of enstatite.
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Figure 4.5 P-T diagram for MgSiO; (Presnall, 1995)
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Figure 4.6 Crystal phases and textures crystallized from levitated
enstatite melt vs. temperature.
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Figure 4.8 Crystal growth speed vs. supercooling.
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DI TV D (Yokoyama et al.). & DE
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Figure 4.9 Solidification process inside of a circular

NEAEE R F — L 2R LTV A, melt using a phase filed model. S shows a
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R & UTiTu S 0 L EDRE, 4 temperatuere (Yokoyama et al.).
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DI ENDLND. T, forsterite IZXF LT enstatite |ZFRBEEIBTEB7-0I12 § A/ E N
CLLRILHRZEATLEY, Y AEERHERLENWEEZONS.



4.7. Hypercooling limit & #&&HEBORF

2V RY a—iE AN FRETHY, BARESKE 23 N THEBRE-BER L
EAEESETVL. 0L I BB LEERAE TRET ZRBROHRARSEERTHD I LI
BETS. A TIIELICBARELREL LTV L ED XD RBRBICR> T DIES I
SO LI LT Trivedi & Kurz 3EHEZTKEBRBRRBICOVTELEHTWD (Trivedi and
Kurz, 1985, 1994). iz Jhid, HEFRBILEMEESKE 725221 T Planar—Cellular—
Dendritic & REORLZEMNETHEICEHL LTV, L IARESHITERHEZRKELSTHLE
B Cellular %272V Planar (272> TOWE REDOALZEENEL 2o TV ERETRSTHONT
B ENTR, EENC Dendritic 28BN D & HICBAREEH Ul & & ICREOREEHNSH
2 T DI EOBREDBBHERDES Y . ZHDBRE 725 OH Hypercooling limit &9
BETHS.

Hypercooling limit (ATj,,) 1% Glicksman and Schaefer (1966)iZ & > TEAF D & D ICEF ST

AH
AThyp = E—— ( 4.1 )

P
::1mwm@%lyﬁwﬁ~,qm%ﬁmmﬁv%@.:@ﬁ%m%bméiém,Anwﬁb
2 WA RO TR BB LSS, BET IR L > TRENRKAE LR T 0275
LTW3 (BKE% & 2 DOIEHEROR).

SO L, B72< L b hypercooling WEE (AT > AT,,) 7>bORERALTH, EVRIGEREN#
HECLERLANILEZFRLTNS. AL MNREICRT REGREEEOEEIERAE TRE
+ A& B BB O HESATE TéH 5005, hypercooled A /b k> b DFERILICB WV TIXE LT bRE
AT UBERENT LIRS, LoT, ERAISITEHAENKE S 72 BITHEVRE AR OB S
HEFREHEOMEREZ 5bTTh s, TO XD LiERREAROEBHAEKFEICOVTHE,
T2 —ZXT 4= FEFLE AV REREKOTRY I 2 b—a VIZEsTHREREINTVD
(Kobayashi, 1993; Bates et al., 1997)

L = A%, =0 hypercooling limit |ZB3 2 ERAFRIIRETH . 2ERDL, KEHONH,
Bl 2 1T E BB 2 E D ATy, R HET D LHELOET K LWV HERITKREZEILZD.
roT, #b% b hypercooled A/ FDBRENEHBEELUTIZR>TLE ) BHITER
mmmmmfwbmawﬁﬁmmhbimwb,ﬁ%kﬂ%ﬁ&é%ﬁ%:@lb&%é@%ﬂ



WHED b Off R bITEE Z 2 Z Liddb7p.

& T hypercooling limit {Z B9~ 2 EERAIAFFEIZ4 72 <, Glicksman and Schaefer (1966)iZ#ED /s
SVBEBEEEBATEREZITo TS, L L, HFEE2 RFEICLY BRBOREERS TN
DEDITHD LIFFITRELBORANERE LTV T I LN L 25 L 3tiC, HIc&BRY
DIy B TIEIFME O RED B TIEF IR E 2BHEN L ORRLE VI IERREND LS
272> TE TS (Ludwig, 1996; Nagashio and Kuribayashi, 2001; Han et al., 2001; Liu et al., 2001) .

Ay FY 2=/l a& T 2RRAREERE O hypercooling limit #F& 45 &, forsterite A /L k
DA, AHr=114 KJ/mol (Richet and Bottinga, 1986), C,=268 Jmol'K"' (Ghiorso and Carmichael, 1980)
EHEZXBNTWVDDT45KIZA Y, enstatite A /L h DFA, AH,;=73.2+6 KI/mol (Richet and Bottinga,
| 1986),-C,=144.44 Jmol "K' (Barinetal,, 1989) £ 5.2 5TV BH DT 455-541 K&ib.

SEIOEBRFERLEBS LADES L, 75 v bARREORSE S 17 &4F 1T hypercooled A /L
MIFET D, KoT, —RITITETRY 26 FHEUERE THAT 5 L £ 2 5 TVW5 porphyritic
Y R Y o — LRI D B 13 B AT hypercooled A /b b 7 B DRESMEIC X o THED 1
ENTWVWE T —2AbHDXHZERLNE. ZOZ LT, FLAEDIL Y 2a— VRTELE
RO LI EBEZ DN TWABIRIZ LKERA V7 b2 B2 D,

BB ay R 2 —ABHA N2 D TRERER AV 2T 21T 8 Luvmasasn
PETHY, THIRABBRLZ L LTUIRETHSD. Tk, #2113 Miura et al. (2002)iE= > K
Va— VMRS NIBOERROPREEX D ETRENERVBAST RN EVI I alL—
YaUrfERERLTWAS. E5IZ, porphyritic = FU a— A OFICRONFIETEYWE L A
PUTHEbDIZEL TS, ARMERFEEL 2o THRE LETEHLED THERIBLETH S
RS,

48, fE@

J#IE L7z enstatite AL MIBRIFE2IE S THEEREHZEEL-L 25, UTOZ ERb
Mo,

(1) FEEERRTEEEA )V MIHRLT 2 3 SETORYEBRIBEZ 2 LIRS 72V, RYEHT
FRASEE Z 2 DT AN h OBBHIESD 220-900 K &9 RONIEEEBOZ TH- 7=,

(2) enstiate A /L hDELZTEMETH S enstatite BEEEALT BITITBAEIED 500 K LU ESLET
bolz. TOMEIL, enstatite AV MIXTIREMTH D forsterite FEMOREES, WERE
FETH S enstatite fEBDOREEH DL TIRES LS.
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(6)

AT=800K &\ 5 BEBHE AN b bILEEFN TH D5 MgSiO; majorite B3FER 7.
FERIZE DAL A RFT AR AR T 5 72 H12id, 700-900 K & W 5 @BEmiBmE A /v b
(hypercooled A /v MIZHBIF 23138 L TRIERLT 2 Z L BBLETH D.

EEREHE A L b 20 D OSBRSS R R IRV B E R 1T D, T DT, Si0; mol%i%
<12y, AN FOEBRENERICEDICONEREREEIIETTS.

SV K Y 2— OB THEMREA K X\ pyroxene 2 v K U 2 —)L A )L b T OFEAREE
EZXRELEEZABLE 0.1 mm/s vaz‘b—Fb"C*‘% D, BE ImmBEDa L FNY a—Vid
10 HERECRABILNRET T Lbhol.



S. ARICkBarvFYa—ILEFERKETIL
51. AV FYa—)LiEReE&E

Jones etal. (20000 X Y 2 — VOBMBROEELER L LT, a2 RV a—/LA L NEEO
BREEIRE, a3 N a— AN hoEBBERE, BMEMN, 2L CASEEL2HTF TS, &
NoFL2DEERDD ETay M) a— VOBRERIEELRE LRS- LTE . LirLaen
O, DL FY 2= VERERIZBW TREOERHIER STV Pt U A b—a3fEskic

BRADHBIIFRICRELS, THEBHRELRELTLED ZL2ARHRIITLE. £2C, B
EORREREROPTLEORBEETHINEBRIEL AN S, AFERERIZL-TED L H oo
YR a—=NVERETNAPHERERTE DDERLDILERDS.

EPE, BkDa L FY 2 — VERERCER SN TE MR EIC S W TERTS. 2
FUa— AN MIERAS v 0 #2 F LEI5T 5 2 & CHIRAE S 0 8T 5 OThi,
R LRE T)TRbbWRIREIL, 2V FYa— AN hOBEEE R)E2AI v I F A b
& OFEIRIEH (C)THREIND. TOBREIRE L BHEE % 5TI2R L7=0 2 Figure 5.1 T
H5.

HOBHEER Ty KU a— LAV MRRHISNIEE, aXIv I/ ¥R NOEFRIZEH-T
(LT 2732 L LIBHEEAT> 0 LW I RERDHIT D, 7277 L, (EBAHER
TR FE2TESETORBEAEZ O RVRARKNER THRSNE-DOT, FOERBAHE
SMEAT, L T5L, BE T,- AT, £ TR FAFE L TCORERLITRI DRV Lich s, *
Dk, FHWRIFH C %I RAI v 7 F A MIFETHOTR(S.1)BHKY L.

AT, -AT, =R, -C, (5.1)

COXIUTRERLIERE T)IE, 2V R a—A AL NOBHEE R)LIAIvIF AR E
DIEEJERIEH (C)TREIND.

2RV a—VORRGEE TSN E-sTEX LN, 2RI v 7 ¥ 2 MAEE L
ELTOHIMONZIBETULMRERLIFEZ 520, £9, BRGRE T, 245 2GR AAT,
Z TESEHEIIIRERENE I O FRARICRFELRNHT T AL FY a—iizoTLE .
£2T, U P a—fERERIELE LTR(S2) BT b5,



AT, -AT, >R, -C, (52)

51 % 13 enstatite DA77 L AT, =300K, AT,=800K THHND TV FY 2 — Lk LRHFFR(53)
RRDBILNTESD. ZORMEEY, ARy 7 XA MNEERBNEILSTRYICES2VF
Ya—nA AN RBEHEND LAY R a—VEIH T AELTLED ZLDbRS.

500K>Rc-Cr (5_3)
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Figure 5.1 Image of the chondrule formation by collision with cosmic dusts.



5.2. Radial enstatite 1> K1) 2 — )L EHE

Radial pyroxene =¥ RV =2 —/VIZ R 615 ST IRAERRIT enstatite AL b DIBEHEIEED 600 K <
AT. <800 K &\ FHIZH W THERR S 717= D T radial enstatite TR SRR 5.4 )3 KRD BN 5.

300K <R, -C, <500K (54)
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Figure 5.2 Requirement of formation of radial enstatite chondrule.



53. aYKYa—JLALNSHELEE

BEOERERICL VKD B 10-1000 K/hr & W) BEEE (Lofgren, 1996)D A, radial
enstatite JHEEZED =D 1 BEMAS 1 BIC1BIAI v I ¥R MHERT D EBRLEITR
3. L, av R a— A BREBRECRNT, a3y R a—LVoRBRE THEaAIv IS
ZEREDOL D BREFERBETH - -OIIEFICRBTHD. MATHEROR, a2 F
Yo — ARERICERBEAL N LTHEELTLEI L THD. IV FY 2 — VTR, &
Y nRoF Y UL EOERERANEENTRY, INLMBEFETHICEBLEENEVE
vﬁ@ﬁE@%WFﬁEﬁ@b#%éﬂﬁw(RmMmmw&w

%%%%nﬁ%@:ykv:—wﬁﬁ%ﬁnxmr%ﬂﬁﬁmkﬁf%bmmeaw5ﬁm
FNUEOBEEECART 3 LRERTIIEL T ABBRLTLE D Z BRIV L2>TVD
(e.g., Lofgren 1996). L7:L, Fh b DBEDHETHRABERIFTH720ICPt U A ¥ —2E->T
e T DI R R R OB ERBRTE TV, TORHERHROFEL R, I
IR X o TIT o AR LT, BEEECREIC,»A D LT RARD pyroxene =2/ K
Y 2— AL NIRRT, BT AMELTLEIETTHD BIF). LT, BAED=
VRY 2 — VERERMNOTRBIND 1000 Khr & W) BRREEEEITE L LRUSENT L
e %, ThbDI LR RAELTEZDE, kD ay N = — L EHRER TRE {7 10-1000
K/hr & Wo o HIEERA D ICH BT ETHRENTH LI LD D.

FO LD BEECBOAHEE I L, EEOREHEFHZ L N 2 —VBRET VT
Kis O E Kis LWV o BRARICEESND L5 RIIFFICENVGAFEESZEIN TN D
(Liffman and Brown, 1996; Horanyi and Robertson, 1996; lida et al., 2001; Miura et al., 2002). #] 2% 1

K/s UL EDBHEETHITRRENEIDETIORETH DD THAN MAERRH b MEILE
AN



54. ARIYHHFRMEDEEEE

IRV a—NVANRLEARI vy I FANEOFEHHEEEE C 1%, a2 R a—LA)LhEa
AIy I FRANEDHIEE V, aXAIvIFANEEd LV R a— V¥R r ITKETS &
EZxbh3. LoT, Figure53 #TICHET 3 LR(5.5)WBLNS.

Figure 5.3 Collision between chondrule melt and cosmic dusts.

1

C,6 = %
wrVd

A RFYa—VERITIBEZ 0.1-1.0 mm RO THER r 1FREDZN, 3 FVa—A AL
AIy I FANEOHEMERE V, aRXAIy I XA MNEE d %P7 TIRBR. FxHHE Vv
a3 Y 2= AETVEFLTERRD b TS 720, REHLRay F) a—LERET
MK DT A NEE d L FHEREE C, 23K 7= (Table 5.1).



Table 5.1 Experimental conditions in Pt rod experiments

R, 14 r
(K/s) (km/s) (mm)

shock wave 100 5.0 0.1 640 — 850 7.5 sec lida et al. (2001)

model d (/m3) C, Reference

lightning 20 5.0 0.2 32-42 38 sec Horanyi and Robertson (1996)
shock wave 9.7 10 0.1 31-41 77 sec Miura et al. (2002)
protostellar jet 8.0 0.1 1.0 25-34 94 sec Liffman and Brown (1996)

shock wave 0.3 10 10 96-—127%10°¢ 40 min Iida etal. (2001)

ﬁhu;&k,%@%%ﬁxb%§ﬁ§<ﬁ%%6nt®mmMaa@mn®%?%5ﬁ,%
NTH 640-850 /m® EWVWH XY FY 2a—ABRREL LTETEIHETHD. Lo TS
BT OVALETRECB O FERHEE VAR &N 52, EMESFELT IR0 FERERE
C EBERNTOH R }\a{”ﬁ‘}ﬁ%%%ib%;’é%ﬁfﬁ%Z)ME?)W)%.

L, ZORO Gt 75 B ERECEVEBTHIOTENCHERERILETHD. RER
5 OBEIZaY RY a— L ORREAZRTTHE TOMNMERBREDST—F—IENbTHS.
FIRD pyroxene 2 ¥ K Y =2 — /L ORERHREEEIL0.1 mm/s DA —F—THo1bar F)a—
SRR T B ETICRK 10 DBREINDZEICRD. ZOZEFaRXIy 7 FAMRLIVE
BEHEETESDP->TH, BELRALAKSNS D BIZAN PAEEGHREICZ>TLE
5HEEEM AR, ZOZ LI EARICBVEEIEE L LT, MENEBRREEEEN
22 R Y a— U RELITRE LT B 10 BEIPIC hypercooled A/ kT 3 500 K DIRE TRED L
FLY, SOKs AEDOBEEERLETHD Z ENTREND.

TOE D7, AA (100 Kis A—F—)ho8E (10 BRIy P 2 —ABERTHL0D
Z2 IS ETIE N2y FY a—AFRBRTHY, THLEBKTDIILETEETHLNIZ
RERMolzay RY a—ABRETNVOREIZENR D EEZLND.



Summary

2y R a—ABRBREBRTBEHI, 3 FY 2— VREREGTEED - b O ERE

AN DO DFEREERET o7, ENHIEVUTOZ LB3FERSTbND.

(1) FEREWMLEZTL R 2= 0 hOIF LA CIRAIIEN T T AELTLE Y. RARICE
LRBRRIELIZ Y FY 2 — L2 BT 5®IEa AT v 7 2 b EOHERLEATH
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(2) ZTAI v H X b ELOERIBEIT hypercooled melt & FEEN 5 BEEHENREE (AT > 500 K)

 DRERBD. DDA Y 2 LORBGERIEEICEETH Y, B L b 10 HE
ECETTS.

3) ERETRES N2y FY 2 —ABREBEE, 20 N a—AAL hOBHEEL a2

Iy FANEOEMIEETRESNS D, 3 RY 2 —ABRET N OREICEERE
g R, BHEORMS ) ORE, D7 & bHHEHEED L ) RARNLETH .



51 R

(1]

(2]

3]

(4]

(5]

(6]

(7]

(8]

(]

[10]

[11]

[12]

[13]

[14]

Bates P.W.,, Fife P.C., Gardner R.A. and Jones CK.R.T. (1997) Phase field models for
hypercooled solidification, Physica D, 104, 1-31

Bell K.R., Cassen PM., Wassen J.T. and Woolum D.S. (2000) The FU orionis phenomenon and
solar nebula material, in Protostars and Planets IV, 897-926

Boss P.A. and Graham J.A. (1993) Clumpy disk accretion and chondrule formation, Icarus, 106,
168-178

Bowen N.L. and Andersen O. (1914) The Binary System MgO-SiO2, Amer. J. Sci. 4th ser., 37,
487-500 '

Erearley A.J. and Jones R.H. (1999) Chondritic meteorites, in Reviews in mineralogy volume 36;
Planetary materials, pp. (3-)1-398

Clayton R.N., Onuma N., Grossman L. and Mayeda T.K. (1977) Distribution of the pre-solar
component in Allende and other carbonaceous chondrites, Earth and Planetary Science Letters,
34, 209-224

Connolly Jr. H.C. and Love S.G. (1998) The formation of chondrule: Petrologic tests of the shock
wave model, Science, 280, 62-67

Feigelson E.D. and T. Montmerle (1999) High-energy processes in young stellar objects, Annu.
Rev. Astron. Astrophys., 37, 363-408

Genge M.J. (2000) Chondrule formation by the ablation of small planetesimals, Meteoritics &
Planetary Science, 35, 1143-1150

Glicksman M.E. and Schaefer R.J. (1967) Investigation of solid/liquid interface temperatures via
isenthalpic solidification, Journal of crystal growth, 1, 297-310

Grossman J.N., Rubin A.E., Nagahara H. and King E.A. (1988a) Properties of chondrules, in
Meteorites and the early solar system, pp. 619-659

Grossman J.N. (1988b) Formation of chondrules, in Meteorites and the early solar system, pp.
680-696

Han X.J., Yang C., Wei B., Chen M. and Guo Z.Y. (2001) Rapid solidification of highly
undercooled Ni-Cu alloys, Materials Science and Engineering A, 307, 35-41

Hewins R.H. and Herzberg C.T. (1996) Nebular turbulence, chondrule formation, and the

composition of the earth, Earth Planet. Sci. Lett., 144, 1-7



[15]
[16]
(17
(18]
' [19]
120]
[21]
2]

[23]

[24]
[25]
[26]
[27]

(28]
[29]

Hood L.L. and Horanyi M. (1993) The nebular shock wave model for chondrule formation:
One-dimensional Calculations, Icarus, 106, 179-189

Horanyi M. and Robertson S. (1996) Chondrule formation in lightning discharges: Status of
theory and experiments, in Chondrules and the Protoplanetary Disk, pp. 303-310

lida A., T. Nakamoto, H. Susa and Y. Nakagawa (2001) A Shock Heating Model for Chondrule
Formation in a Protoplanetary Disk, Icarus, 153, 430-450

Jones R.H., Lee T., Connolly Jr. H.C., Love S.G. and Shang H. (2000) Formation of chondrules
and CAls: Theory vs. observation, in Protostars and Planets IV, 927-962

Kobayashi R. (1993) Modeling and numerical simulations of dendritic crystal growth, Physica D,
63,410-423

Krot A.N. and Rubin A.E. (1994) Glass-rich chondrules in ordinary chondrites, Meteoritical
Society, 29, 697-707

Liu X.Y., Tsukamoto K. and Sorai M. (2000) New Kkinetics of CaCO: nucleation and
microgravity effect, Langmuir, 16, 5499-5502

Liu X.Y. and Tsukamoto K. (2002) The effect of microgravity on nucleation kinetics, J. Jpn. Soc.
Microgravity Appl., 19, 14-18

Liu Y.C, Yang G.C., Guo X.F,, Yang J.H., Xu D.S. and Zhou Y.H. (2001) Microstructure and
mechanical properties of the hypercooled Ti50A150 alloy, Materials Research Bulletin, 36,
963-969

Lofgren G. and Russell W.J. (1986) Dynamic crystallization of chondrule melts of porphyritic and
radial pyroxene composition, Geochimica et Cosmochimica Acta, 50, 1715-1726

Lofgren G. (1989) Dynamic crystallization of chondrule melts of porphyritic olivine composition:
Textures experimental and natural, Geochimica et Cosmochimica Acta, 53, 461-470

Lofgren G. and Lanier A.B. (1990) Dynamic crystallization study of barred olivine chondrules,
Geochimica et Cosmochimica Acta, 54, 3537-3551

Lofgren GE. (1996) A dynamic crystallization model for chondrule melts, in Chondrules and the
Protoplanetary Disk, pp. 187-196

Ludwig A. (1996) Hypercooling of an organic alloy melt, Scripta Materialia, 34, 579-584

Miura H., Nakamoto T. and Susa H. (2002) A Shock-Wave Heating Model for Chondrule

Formation: Effects of Evaporation and Gas Flows on Silicate Particles, Icarus, 160, 258-270



[30]

[31]

(32]

(33}

(34]

[35]

 [36]

[37]

[38]
[39]

[40]

[41]

[42]

[43]

[44]

Mostefaoui S., Kita N. T., Togashi S., Tachibana S., Nagahara H., Morishita Y. (2002) relative
formation ages of ferromagnesian chondrules inferred from their initial
aluminum-26/aluminum-27 ratios, Meteoritics & Planetary Science, 37, 421-438

Nagahara H. (1981) Evidence for secondary origin of chondrules, Nature, 292, 135-136

Nagashio K. and Kuribayashi- K. (2001) Rapid solidification of Y3AI5012 Garnet from
hypercooled melt, Acta materialia, 49, 1947-1955

Norton O.R. (2002) Primitive meteorites: the chondrites, in The Cambridge encyclopedia of

‘ meteorites, pp. 79-100

Ott U. (2001) Presolar grains in meteorites: an overview and some implications, Planetary and
Space Science, 49, 763-767 '

Paradis P.F., Babin F. and Gagne J.M. (1996) Study of the aerodynamic trap for containerless laser
materials processing in microgravity, Rev. Sci. Instrum., 67, 262-270

Richet P. and Bottinga Y. (1986) Thermochemical properties of silicate glasses and liquids: A
review, Reviews of Geophysics, 24, 1-25

Presnall D.C. (1995) Phase diagrams of Earth-forming minerals, in Mineral Physics &
Crystallography: a handbook of physical constants, pp. 248-268

Ruzmaikina T.V. and Ip W.H. (1994) Chondrule formation in radiative shock, Icarus, 112, 430-447

Shu F.H., Shang H. and Lee T. (1996) Toward an astrophysical theory of chondrites, Science, 271,
1545-1552

Shu F.H., Shang H., Glassgold A.E. and Lee T. (1997) X-rays and Fluctuating x-winds from
protostars, Science, 277, 1475-1479

Tangeman J.A., Phillips B.L., Navrotsky A., Weber J.K.R., Hixson A.D. and Key T.S. (2001)
Vitreous forsterite (Mg2SiO4): synthesis, structure and thermochemistry, Geophys. Res. Lett.,
28,2517-2520

Trivedi R. and Kurz W. (1985) Morphological stability of a planar interface under rapid
solidification conditions, Acta mettal. Mater., 34, 1663-1670

Trivedi R. and Kurz W. (1994) Solidification microstructures: A conceptual approach, Acta mettal.
Mater., 42, 15-23

Tsuchiyama A., Nagahara H., Kushiro 1. (1980) Experimental reproduction of textures of

chondrules, Earth Planet. Sci. Lett., 48, 155-165



(45]

[46]

[47]

(48} -

(49]

(50]

[51]
[52]

[53]

[54]

Tsuchiyama A., Nagahara H. (1981a) Effects of precooling thermal history and cooling rate on the
texture of chondrules: A preliminary report, Mem. Nalt. Inst. Polar Res., Special Issue 20,
175-192

Tsuchiyama, A., H. Nagahara and I. Kushiro (1981b), Volatilization of sodium from silicate melt
sphres and its application to the formation of chondrules, Geochimica et Cosmochimica Acta,
45, 1357-1367.

Tsuchiyama A., Kawabata T., Kondo M., Uesugi K., Nakano T., Suzuki Y., Yagi N., Umetani K.
and Shirono S. (1999) Spinning chondrules dedeuced from their three-dimensional structures
by x-ray, Lunar and Planetary Science, XXXI, 1566-1567

Tsukamoto K., Satoh H., Takamura Y. and Kuribayashi K. (1999) A new approach for the
formation of olivine-chondrules by aero-acoustic levitation, Antarctic Meteorites, 24, 179-181

Tsukamoto K., Kobatake H., Nagashima K., Satoh H. and Yurimoto Y. (2000) Crystallization of
cosmic materials in microgravity, Antarctic Meteorites, 25, 172-174

Tsukamoto K., Kobatake H., Nagashima K., Satoh H. and Yurimoto Y. (2001) Crystallization of
cosmic materials in microgravity, Lunar and Planetary Science, 31, 1846-1846

Volmer M. (1939) in Kinetic der Phasenbildung, pp. 239-252

Weidenschilling S.J., Marzari F. and Hood L.L. (1998) The origin of chondrules at jovian
resonances, Science, 279, 681-684

Yokoyama E., Irisawa T., Satoh H., Nagashima K. and Tsukamoto K., Formation of rims
surrounding a chondrule during solidification using the phase filed model in three dimensions,
in preparation

Zanda, B. (2004), Chondrules, Earth Planet. Sci. Lett., 224, 1-17



TOUR : Tohoku University Repository

A b=k

A FIER O PGS TR R LIAR T 7 A MTBE L TR A, B, 209 BRILKY
FEFEDOMIIEE O LT, o, LSS D & B EHEO TR T b vizim S, fE51IZ TOUR (286
LTEBY 7,

TOUR
http://ir. library. tohoku. ac. jp/





