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00.000,000000000000000000000 H,O0O0O000000000O
0000000000000000000000. 000000,0000000000
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ooo.

0o00o0oOooo,1 00000000000 ooo0, 00000 oooooon
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00200000 (Dreibus & Winke, 1987, Kuramoto, 1997) 000000000 0O0O.
00o0d0od0o0o0od0oo0oDOoU0ooOdoOn -000d00 -000o0ooooooo
000000 (Kuramoto & Matsui, 1996, Kuramoto, 1997). 000000000000
00000000 HIIODOODOOOOO0OO0O000000000000 Hy,O000O0 HeO
doooooooooon
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goboobooboobbooboobooboo.bboobooboobooobon
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1.1 ggooobood

1.1.1 0000

00000000000000000000000000000. 000000000
0000000000000,00000000000000000000000000
000000000, 000000000000, 0000 1.2 - 1.7 x 10'® kg (Zuber
et al.,1998), 0000 ~ 1.6 x 10'® kg (Plaut et al., 2007) 000. 0000000000
00000 3x10¥kg0000000000000000O0O00OOOO0.0000,0
00000 (~14x102 kg) 0000 1/500 000, 0000000000000 1/10
00000000000,000000000000.000000,000000000
0000000000000,000000000000000000000000

0000000000000000000,000000000 (Nachian), 0000
00 (Hesperian), 000000 (Amazonian) 0 30000000. DO0O0OOOOOO
00000000000000000 3700000000000,000000000
00000000000000000000. 000000000, 00000000A0,
000,00000000000000000000000000000O00000 (e.g.,
Carr & Chuang, 1997, Di Achille & Hynek, 2010). 000000000000 000O00O
000000,000000000000000000000000O00O00O0,00000
1.2x108km® 00000,00000000000 12x100%kg 00000000 (Di
Achille & Hynek, 2010). 000000000000 000000O0O0O0O0OOO0OO0
000000000000000,000000000000000000000000
0000000000000.00000000000000000000000000
0000000000000000000000000000000 (e.g., Phillips et al.,



010 0000000 11000000000

2001).

000000 3r—-30000)0000,0000000000O00O0OO0O0O0OOO
0000,000000 300000000)000000,0000000000000O
00000000000 (Golombek et al., 2006). DOO0OO0O0O0ODOOOOODOOO,
O000000000000000000 (Hartmann & Neukum, 2001). 0000000
gbooopobooboobbooboobbooboo.

1.1.2 0000

000000000000000 14-390ppm 00000 (e.g., McCubbin ef al., 2012,
2016, Taylor et al., 2010, Usui et al., 2012, Gross et al., 2013, Taylor, 2013). OO0 00O
O00000,0000000000 (Shergottite) 000000 OOOO,000000
([Cas(PO4)3(F,CLOH))), 00 0000000000000 0000000000000
gdd. gdoobobbobbbb, oo bobobobonbon
udoooobooboobobooobododooooooobobo,bobbbbbddduuooooo
oo, oooooobobbbbobbbbbbbbbb,o0no 3000
O00000O0OO000O0O. 00000,00000000000000000 (Enriched
Shergottite), 00 0000000000 (Intermediate Shergottite), 0000000 O0DO
000 (Depleted Shergottite) OO0 00, 0000000000000 O0OOOOOO
0000000 (eg., Borgetal,1997). OO0OO0OOO0D0OO0O0OOODOOOOOOOODO
0000000000000 0000oooooO (oo, 2011).

0000000000000000000000 550000 1.7000,00000
000000000. 00000,000000000000000000000000
00000000 (Golombek et al., 2006), 00 000000000000000000
000000000000000. 000,00000000000000000000
0000000000000000000000000. 000000000000 60
%0000000000,000 54x108%kg00 1.5x10° kg0000000000
ooooooooooog.

gobooboboooboobobooboobbooboo,boobobooboooo
0000000 (1.2x10¥ke) 0000000000000 0D0D0O0000O0OO0O0
gboooobooobooooboo,obogoboboobooboboobobooobooonooo
0.0000000000 3x10® km?® (McEwen et al., 1999), 00000000000
31x100kg/m? 0000,00000000000 13% 000.0000000000
000000000000 00 10%000000000,00000000000000
013wt 000.00000000,00000000000000000D0O0OOO



010 o0o0ooooo 11000000000

5x102 kg 000. 0000000000000 D0D0O000OD0O000OD0000OO0
gooo.

30°S

60°S

180° 150°W 120°W 90°W 60°W 30°W 0° 30°E 60°E 90°E 120°E 150°E 180°

0 1-1: 0000000 (Di Achille & Hynek, 2010 00 000). 00000000
00000000 (MGS)OOOOO MOLAODOOODODODOODOOOOOODO. OO
000000000000, 0b0oo00000000o0oo0o0oo0bDD00 Di Achille & Hynek
(2010) J00O0O0O. O00D0O0OOUOOO,0000000000O0,00000000
oogd.

1.1.3 0000Oodoooooboo

gbooboobobobobobobobo,0ooobobobooboobobobobon
ooooob.oo,0gboo0oooobboobooooobooboobboobo0oooDo
gobooobooobo,bbooobbooobooooooooboobobo0ouoboooonn
000000000000000000000 (e.g., Sleep, 1994). 00O O0O0OO, 000
gobobobobobobobobobobOobobobobobL,D0b0ooLoboOon
O00000000o0o0oooooooogo (eg., Frey, 2002, Watters et al., 2006).
gboogbooboooboboobobooogobooooboooobooboooboobo
o.o0b0,00booogboooobobooobo,00oboboobobobooobooobn
0000,00000000000000 (COUDO0O0O0)000OoUDOoOOoUoOO
gbobo,gboobgoooboobobgoboobooob,bo0b0o0ooooooo0.og0on, o
gbobobobobooboboobobooboobooboboboooboooooooo.



010 0000000 1.2000000000000000000000

0000000, 000000000000000000D0000000000OO. O
00000000000000000,0000000000000000000000
000000000, 0000,000000000000000D000000000O00OC0
ODD0D0O00 (eg., Abe & Matsui, 1988). 000000000 D0O0000DDDOO0O, %A1
0000000000000000000000000000000000000. 00
0000,00000000000000000D0000000D0D0OO0, 00000
0000000000000, 0000000000000000,00,0000000
00000000000000D0. 0000000000000, 000000000

1.2 OO00O00b0obooooobobbboooao

00000000000 1000000000000000000000o0, 000
00000000000000000. 00000000, 00000 1¥2H£182W 00
0000000000000 (eg., Lee & Halliday, 1995). 0000000000000
Hf (000: ~9Myr) 0 A0OD00, ¥®WOOOOD. HfFOOODODDOO,WOOOO
00000.0000000000000000000,HO0000000O0,wWOOO
O0000000. 00000 ¥Hf00000000000000,00000000
w/IW 0oooD00000. 0000,000000 H/WOOOOO,0000
Bpfoooooo ¥Bw/Mwoooooooooooo

ooooooo ®w/¥woDooo H/WOO0D0D00000000000000
0000000. 00000000000, CAI (Calcium-Alminum-rich Inclusion) O O
0,189 Myr0,00000000000000 50%000000,00000000
O00000000000000 (Dauphas & Pourmand, 2011, Tang & Dauphas, 2014).
oooobD ~10kmOO000O00O000OD0O0ODO,0000DO0ODODOOOODODO
0000 (Kobayashi & Dauphas, 2013).

gboogboboouobogoboboboboboooooooboboo,ooobobobaon
gbooobooobobooboobooboo. bbooboobooobooobbooobo
000000,0000000000000000O0DO0000DO0OO0O0OOOO0 (eg.,
Haisch, Jr. et @l., 2001) 0, 000000000000000 CAIODOOOOOOOO
0000000 (eg., Kita et al.,2005) 00, 00000000000000 CAIOO
oobobo 2-10Myr000D0O0O0000D0O0ODOO. OOOODOODOODOOD
00000 1/200000000000000000C0ODAO.

gbobooogo,bobuoooobobobobooo,boboboooooan
gbobooobooboboo,boobobooboboboboooo.oo,booong



010 o0o0ooooo 1400000

00o0o0oooo0o0ooo0O0,00oo0oO000ooOooUooooOoOoooD (oo, o
00000)00000000000OooooooOoO0 (e.g, Hayashi et al., 1985). O
00000,0000000000000000,000000000 ~2km/sO00
00,000000000000 (e.g., Senshu et al.,2002), 0000000 OOOODO
O0000ooo0HOO0O00000C0O0000O0C0O0O0O00O0O0O0. 000,00000
0000000 (bo,00000000)000DO00UO00O0DLODOO0DOOOODOOO0,.

gobobgoooooboboooooobobooboobobobob. ob,0n
ggbbooooboobooobbobooo,oobbuooobbooobobooooboo, o
gbooobooooboooob,0boboobob. boboo,gobobooboon
gboboboooooobobo. ooboboboboobobobg,bobo0on
O0o0oO0oO0O0OO0O0OOODOOOOOOODOOOODOODOOODOOOOOOOO (Hayashi
et al., 1979, Tkoma & Genda, 2006). 00,00 000000000000O0OCODOOO,
gbobobobobobobobobobob,boo0obooooooooooooon
goooood.

1.3 O0OOoon

gooboobog,boobbooboobobooboooboobbooboobo
googbooogbo.obooboobobooobooooboboooboooboooobooo.
gobO,00boogoboobooboboooboooboobooobo,oooobo-obooboboaoooo
O000o00oo0o0oo0o0oo0oUoOo0oooOo0.0oo0oO,)0Dooo0oooo
00000000000, 00b0 2)0000 ODOO0DO0OooOOOo0OOoooOOoOoOoOoooo
goobooobooo,boobboobooobobooboooboboobooonon.

1.4 0O0O0OOO

g2000,000b0000000000,00,000000D00000D0O00O0DODO
oboob.03b000,0000b0000000000000000000000000
ob.oobo4000,000000oooobobobobobDoboDooooDooon
gobobooob.oobooboboboboooobooobooooboboboboboon
oboooooooboboo.gsbib0,030bob 40b0bb0obooboobOobO
go,00b0ooo0.boo0,beg,0oooooooon.



020 O

Juoooudood

21 0OO0o0oOon

00000000, 000000 20000000000 (0 21). D000DODODOO
gboboooo,oboboboooboboooo,obboooboboooobobooonoooo
goboo.o0ooob,booooboboooboboooboboobobo,00b0obo
gboobobooboobbooboobog.

Degassed
N . Component
Plane‘tegimals Sam—- =
COITHIm . Solar Nebula .
*

L/
» Component . *
" 2 g

021 g0ooboogbooooobo.gb,b0ogboobooboboo,obboooo, o
goboobooobo.obogoobo,0ooob0oobooo,obobooboboooboobo
gooooooooon.



020 0000000000 220000

00,00000000000000,000000O0000O0O0O0O0OOOODODODOO
O00000. 000000000000 (Compositional Boundary: CB) D 00000
oo.00000000000DODOOCO0O0OO0OOODDO sO00000O0.

22 0000

ooodoooooood HyO HeOOOO,00000000000000O0O00O
O (Anders & Grevesse, 1989). 0000, 0000000000000 237000.

o0o0ooooooo,0b0000000 H,OO CO,00000000000000O0
0000000 (e.g., Elkins- Tanton & Seager, 2008, Morris et al., 2012, Erkaev et al.,
2014). OO00O,000000000000O0OODODODOOOOD. DODODODOODOO
oooooooboo,0obooooobogobooo, boooooooooooo.
Kuramoto & Matsui (1996) 0000, 0000000000000 CO0O0O0OOOOO
oo~ o-ooooooooooooooobobobo,oooooooo
ooo,H,, CO,CH, 00000000000000. 0000000000 0O000OO
0d00od0o0oo00oo0o0ooo0ooO0. dooo0oooooouooOoooo
0000000000000 000000000000D0O0O0000 (Hashimoto et al.,
2007). 00000000, 0000000000000000O0O0O000OOOOOOOO
o00od0,0000000d0oo0o00o0ooU0oOo0oUOo0, 00000 Oooo
0000000000, 00000000000000A0 (Catling et al., 2001).

uboboobooobooboooboooooboobooobobo,oobooboobooboooboo
000000000000 b/HOOO0O0ODOOO0O0O0UOD/HOOODODOOOODOOO
00 (Usui et al.,, 2012, 2015), 000000000000 COOOOOOOOOOODOO
gooobooooboooooooobo. oboooboog,oboobog 200000
(Dreibus & Wénke, 1987) D0 0000000000000 0OO ClOo0oO0O0oOoOoooOO
3% 0,0000000000000 E0DO0QODOOOOODO 6% 0000000000
oo0o (0 21). O00,000000000000000000O0O0O0, 00000000
gogoooo. bbog,0goobobboooobbboooobobbuooob,ooobo
0000000000000 00000. D00o0oooooO H/CO (=5 000,00
0000 (2000K),00 (loobar) 000OO0D0O0OO0OO0OO0OOOO, 000000000
H,0: H,: CO: CH, = 0.15: 0.45: 0.20: 0.20 0 0 O (Kuramoto, 1997). 0O0D0O0O, O
gboboobooooog.

0000D00000000000,000000 fo,000,000000,0-000
D000 (IW buffer) 0000000 logy fo, 00000 1000. 0000, Hy/H0



020 00DooOobOoobooD 220000

00000o0oooooooooooooooog,Co/CHy00000OD (O 22). 00
g, doboboooboboboooboboooo,oboboooboooobobooonoooo
124000000000.00000,CO000D000000000O0 123, CH4O0000
goobooboobo 127000.00,00000000000D,0000000000

0.7 : : . : .
2000 K
0.6 |
CH,
- 05}
9
& 0.4f
L \
2 0.3} H,
= —
0.2 \
S H,0
0.1} 2
co, co
06 1 2 3 4 5 6

Pressure [GPa]

022 00000000000000000000O. Kuramoto (1997) D0OO0OOOO
gbooooboabooaon.

0000000000 fe wt] 000000000 (0DO0O000O0O0O0O0,00AO00
0). 000000000, flg=40wt% 000,

2000000000D0ODODOOOOO,000000DOO0ODODODOODOODOOO0
OO0 reOOOOOOOOOODOODOODOODOOOOOOO,0DOODOOO C,
HOOODOODOOOooDooOooooboobobobobooo.obo,0boboboo
goboooboooobo,0booooboooogoobooobooobooooobooboooobobog,
0 cCOOD0O00O0oO0o0o0oooOoooon0. ooo0oooooo | ,0/Co0000
. boobbooobooobbooo,0obooobboobboooboooboog



020 0000000000 2300000

gobodgboboooboobooooboooboooog.

021: 000000000000 (00: mol, Si =1) (Kuramoto, 1997)

OO0 0000000 ooooooo o0
Si =1 =1 1

Mg 1.08 1.08 1.08
Al 0.08 0.08 0.08
Ca 0.06 0.06 0.06
Na - 0.06 0.021
Ni 0.05 0.05 0.05
Fe 0.90 0.90 0.90
S - 0.52 0.182
o 3.26 3.847 3.465
C - 0.70 0.245
H - 3.5 1.245
0® - 1.75 0.6125

()000000000 H,OOOODOOOOOO0 O
(2) H,00OOOO O

23 0OOO0OOO

23.1 00000000

ubbooboobbooboobbooboon,

dp  GDMyp
dr 22

dr r (2.1)

ooopO00,r0000000000O0,pO000000,G00000,M,0000
goboooboo.ooo,0booboobooooboo. oo, oboooooboooboon
gobobobobobob.boooboooboooooo HNODODOOO,

TH = (3]\]\442)1/3@. (2.2)

000,Mg00000,¢00000000000000000. 00000 HLOOO
000000000,00000,0000 1.1x1077kg/m™3,178 KOO OOO. 00O
000000000000 (00000)00000000000 (Kusaka et al., 1970).
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020 00DooOobOoobooD 2300000

oo,Hllooooooo0 r00ob000DOO0 rOD0O0OO0OOODOO,

rH
T = / agdr. (2.3)

000 agr O Rosseland 000000000, 7=2/300000000000000.
O000000000,H, 0HeOODODODODOOOO (Richard et al., 2012) DO0OOO. O
0000000, HITRAN2012 0000000 (Rothman et al., 2013) 000 O, H,O,
CO,CH, 00000 H,OOODOOOOOODOO (0o BOO).

23.2 000000

00000000000000000O0O000U0. 000000 2/300000ooo
go,00boobbooboobbooboon,

L 1+4157/2

T =T, :
ot 8nric 2+ 371/2

(2.4)

Oo00,ro00ooo0,7,00000000000000000O00000, 00 Stefan-
Boltzmann 00, L O00000. 000 Hayashietal. (1979) 00000000000
o0oo0ooo0ooo0o0o (booo,b0 cUoo).00,000000 2/3000
go,b0boboboboboboobooooooo,

dT 3L dr
@2 2,
dr 64mwor2T3 dr (2.5)

ob L,00b00oobooooboobooboooobobgboobobobobobon
goooooo,

_ GMyM,

L
Ry

(2.6)
DDD,RPDDDDDDDD,MPDDDDDDDDDDDD.DDDDD,DDDDDD
O My OOOOOOOOODODODOO0OO0OO0OO0. 00000000 0ooog 1 MyrO
O6MyrOOODOD. O00O0ODOODOOODOODOOOODOODOOOOODOOOO
000000 (Dauphas & Pourmand, 2011, Tang & Dauphas, 2014). 00000000
000d0o0o0ooo,00d00b0000D00oOnD. oooooooo,o0oo
0000000000000 000000000000O0 (Cold Trap) DOO. O0ODOO
odo0dododoooooooooooooooooooooooooooooon.
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020 0000000000 2300000

233 000000

gboooobooooboobobooboboooboobobobbobooD.
gboboboboboboboobob.oobooooooooooooo.

00000000000000000,000000000000000000000
oo,

fu,o 1
dinT ft S LT

dlnp ; mo Jo,o [
> [iCh + fn,0Cp? +ijiﬁ

000,RO0000,!00000 mel000D00OO, f;,C,000000000
00 (Hy, CHy, CO)0O000D0,000000000.

2.7)

D000000000,0000000000000000000000,
dinT T -1

— 2.8
dlnp T (2:8)
oo0o,ropgoooooo,oo0o0o0oooo,
po Zifi% (2.9)
Zificfj

000,Cci00000 (i =H,0,H,, CO,CH,)0000000000. 0000000
00,0000000000,JANAFO00O0O0O000 (Chase, 1998) 0000,00 T
K] 0OOO 5000000000000000. 00000000000000000
oog.

5
c, = ) dT (2.10)
j=0

gobooboooooboo,booboooobg.

ag?® = 33.3606176961556

at20 = _4.36217170431445 x 1073
ay?® = 2.19555682503764 x 107°
ay?© = 1.23156058961834 x 10~%
a2 = 2.79810643866731 x 10712
ag?® = —2.31872293158659 x 1071
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020 00DooOobOoobooD

2300000

a§O
e
oSO
a$°
a0

Cco
as

Qg
CH4

aq
CH4

Qg

CH4
as

28.9650930083111
—2.10483360249134 x 1073
1.22104518061019 x 107°
—7.97739043774129 x 107°
2.03060864356351 x 10712
—1.83286360952097 x 1016

26.4791623720127
2.4927127139519 x 1072
4.85841639776103 x 1075
—3.93363543787399 x 1078
1.07066026481079 x 10~
—1.00002666852276 x 10~1°

27.8457952394778
2.75040017740014 x 102
—1.3384798397982 x 1076
1.76044466665957 x 10~
—6.34809995695408 x 10713
7.00025732818919 x 1017,

0000000000D00000,0000000000000000000000
«%:(N+w@RJNDDDDDDDDDDDD,DDDDDDDDDDDDDD(D

2-3).
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020 0000000000 2300000

60 (a) H,0 > 40 (b) CO N
55T
= = 35¢
< 50} <
g g No Temperature dependency
45 T30§eesS e N ___]
o, No Temperature dependency o,
s __ L N S el
35} o: JANAF table (Chase, 1998) o: JANAF table (Chase, 1998)
q —: Approximation —: Approximation
30 20
1000 2000 3000 4000 1000 2000 3000 4000
Temperature [K] Temperature [K]
1290y ch, Olarn, '
=100 = ac}
< < 35
2 80 g
g gl 1 O -
=) 5 4 A
o 60 ‘ o o5} No Temperature dependency
o: JANAF table (Chase, 1998) o: JANAF table (Chase, 1998)
40 -: Approximation -: Approximation
20
1000 2000 3000 4000 1000 2000 3000 4000
Temperature [K] Temperature [K]

023 00000000000000000. (a) HyO, (b) CO, (¢c) CH,, (d) H,. OO
00000,0000000000,0 O,JANAFOODOOOOOO0OOO0000000O
00000000,0000000,00000000000000000000000.

00000000000, Clausius-Clapeyron OO0, 000000000 OO0OOO
O000.000,00000000000. 268.15<T[K]<647.26 00000000
00 Osborn-Mayers D 000000 (Osborne & Meyers, 1934),

Inpho(T) = a— 2 4 22 fexp(a?) — 1] ~ cexp(—ny) (211)
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020 00DooOobOoobooD 2300000

gbooooobooaboooooadad,

t = T+0.01
2 — 293700

= (647.26 — T)%/*

= 24.02141507
4616.9134d0

= 3.1934553 x 1074
= 2.7550431 x 10~
e = 1.01313744 x 1072
n = 1.323525911 x 102

8
|

SOTEES R S
I

000000, 00, TK] <273.16 0000000000 Washburn 0000000
(Washburn, 1924),

/

Inpi,o(T) = o — - +9/Int — §'t 4 €'t? (2.12)

goooooooooooooo,

t = T—-0.05

o = —10.666189

B = 5631.1206

v = 8.2312

6 = 3.8614490 x 1072
€ = 2.7749374 x 107°

goooogd.
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020 0000000000 2400000000000

24 0J0O0O0OoOooooon

godooooboobobobobtoddo, oo ooboobobobobobooooaa
o, U0, 00Ul UUUUUUU T
gboobogoobooo. oboboobooooobobobgo,bobooboboboobooon
0 (Kuramoto & Matsui, 1996, Kuramoto, 1997), 00000000000 0O.

ubobooboooboobooobooooobooobo,ggbooobooboboobooaoboo
oo0.o0o000,00000000000CO0O0O0O0O0O0COO. 0000 H,OOOOO
gbooo,0booboboboobobooboboobooobobono,boboon
goboboobooboo,oboboobobooobobooboboooobooooobo. oooo
gobooboobooobooooog.

00o0000O0o000O000o0o0o0o0oOO0oOoOO0,00000o00 (Doooon)
T,, 0000000000 (0oboo0) 1T, 000000.00000,0000,0
0000000000000000000 (Abe & Matsui, 1983)

Tw[K] = 1500
leq[K] = Tso + 200.

gob,gubbodgbboobbooobo,ob,booboooboo,obboaboo
goo,ob0o00o00.

00000000000000000000 M, [kg/kg] O
My = aXs (2.13)

0000.000,¢000000,X,,000000000000000 (000)00
0000000000, Fricker & Reynolds (1968) D000, Xe [wt%] 0000000
ooo,

Xeol = 2.08 x 107°p7,. (2.14)

000,pu,0o 00000 [Pa)000.00,00000 «00O00O0DO0OOO,

1, for (Ts > leq)
T, — T,
a=3 22 for (T < Ty < Thig) (2.15)
T’liq - Tsol
0, for (Ts < Tsop)-

ooo,7,00bo0boooboo.
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30 O

Joooobobod

3.1 Udbuooboboboboooood

00000000000000000000000000000000000,000
0000000000000,000000000000. 0000000000000
0000,000000000000000000 Rep0000. Rep 0000000
0 R, < Rop <ru(~350R,) 000. 0000,00000000 Mg, 000000
ooo,

Rep
Myey = / 4rr pdr, (3.1)

P

gs10,0000000000b0O000DOO0,00000DO0O0DOODO.ODOO,
gbobobobobobooobooo, 1 Myrd0d0. 0bdogboboooooooO
00.000000000000000D00000D0 (Rep=R,,), 000000 700 K
goobg. boo,bobooboboobooobobooboboobobob. oboo
O, Hayashi et ol. (1979) OO O 0O0O0O0O0O0OO0OO0O0O0OOOOOOOOODODODOOOO
gboboooboooboboobboobob. 0o3-1000oooobo,boooobooo
ooobobooo,0oo0bobobooo. oboobobo,boboobobob,
gbboobobooboobbooboobbooboobog.

032000000 M,=My 0000000000000 000O00000O0O0O
ooobo.oooo,00b0d0 1 Myr,3Myr, 6 Myr OO0 000D OD. OO00O0O
gboboobgobo,oboobobooboboooobgoboobobobo,bobon
uboooboboobooob. boobouoobboobooboooooboon.

gb,0b00bo0booboobooooba,oboooobooboobooboooooan
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030 000000000 3.1000000000000000

oo0ooooooo.oooo,o (21),(28)00,00000 T, 0000000 Res
obobobobobo TgpbobOobOobODbODODO,

T, — GMIngH (F; 1) (}%p _ RlCB)_FTCB, (3.2)

obd p 000000000 DO0ODO, mgpOOOOOLOOD,kpO0D0ODODOODOODO.
031000000000, Tep0000000D00 ToOOODOD. OODO,000
ggboboooobo,0bobooooobuoooboobooobooboo,booboooboooooon
goobooboogoboon.

0(32)000000000000O000O0O0O Ts0O

g = S (T

1
S 4300><(1-—4447) + Tep
rcB
D00O0. 000, rep = Rop/Ry, (L <rep <350) 000. 00, 00000000,
p=124, (T —1)/L =0230000.

0330,0000000000000000000000000000000000
0000,000000000000,00000 1,3,6Myr000.00000000
000000000,000000000000000000000000000. OO0
OD00O00 HIOOODODOOOOOOOOOO0O000000,000000000000
00000000,0000000000,0000000000000000000. 0
000000000000000000 f,000.00000 3,6Myr0000 f, O
0000 016 wt%, 0.30 wt% 000. 00000 1Myr000, f, 000000. 00
00o0,000000000, f,00000000.000,000000000000
000000000000000,0000000000000000000000, 0
0000000000000,00000000000000000000000

0000000000000 fee O fe00000,000000000000000O
goo,0bboooooboooobooboooboboobooobobooobo.oobooa,
gogboobooboboooobooobbooobobooobooo. bog,0obooooboo
000000000000, 00, figg> fe 000, 0000000000000000
goboobood. booo,bboobobooboboooobooboooboboooooooon
gopoog.
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030 00000o00og lgboboobooooboboobn

350 L I

_~ Pure Solar Nebula Component Atmosphere

-
o
o

Pure Degassed Component Atmosphere

/

-
o

Distance from center [R;]

o
— _
0 1000 2000 3000 4000 5000
Temperature [K]

031 00b0boooboboobooobobooboob. oboboooboboooo
obobob. oboob o OD0ODOODLOOOODODLOODOODLO. bOoDbODOO0
gboboopobooobooobobg. bboooboooboboobobo,o0ooo
oooboogoob2o0KOOO000O00oDOoOoooooon.

18



030 000000000 3.1000000000000000

350 -
6 Myr
e 100}
(3
c
Q
(&)
5 10
©
(&)
c
S
17
a 1

0 1000 2000 3000 4000 5000
Surface Temperature [K]

032 000000000000000. U000O000Uoooo0 1 Myr (O), 3
Myr(OO),6 Myr (0)D0O00O0OO0O0OO0O0OO.0000O0OOOOOOOOOODO.
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lgboboobooooboboobn

030 00000o00og

3

3 41 2

3 41 2
Compositional Boundary Level [R,]

2

1

3
2
1

[y] 101u99 WoJ) 9ouElSIg

033 0boooboooboobooobg. gbobuoobgoobooob,obugobooog

(a)~(c)000D00,00000

ooboboooo.boboooobobooooon.

:fcr

1 Myr,3Myr, 6 Myr 000000000.00,000000000,000 fy

000 40wt 000000 O0OOOOOO.
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030 000000000 20000000000000000

3.2 JUbobboooooobobbogd

oooooooooooooooooboooboboooooobooobOo,HIOoDoDooo
goobooobooboooobo. HlODobooooooboooooobo,0o0o
gooooobooobooobo,0b0o0oobo0oboboobooo0obboOoboOo. oooOoo il
0000oo0o0oo,0000000000O0O0U0DO00 (DOoooD)oooooo
googd.

034000000 1,3, 6Myr00000, 00000000000 0ODLOO0ODOODO
gbooooobo. 034000000000, 000b0b0o0oboobog,gboon
goboogo. oboooobooooboboobboo,obobooboboooooooon
gooobooooboob. b, oboobooboboobooboo,bo0obooon
gogbbodgbobooboboboooboodo. booboo,boobboooboooboo
gobobooobooboooooboooobbooboobooooooooobob. oboob,000o00
googobooo,0ogboobooboobooboobooboobooboboboooboo.

go,0gboooboo,bogbooobooboobboob.oobo,oooboo
googoboooobooobooogbo,b0b0boooboboobooboooboobo. g 35
0000000000000 00000000. 0000000000000 4.0wt% O
goboobobooboooboobobo,0bbooboobbuoobbooboobo
oooooooooboOoo0o. o 35000000000, 0000O0ODDOOO Hil
goboobobooo,boobooboboobooobooboboobooobooon
gooo.
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030 00000o00og 20000000000000000

1
%10-1-
I=
E
7 102
@ 10
=

10_3 o o 2 o
0.2 0.4 0.6 0.8 1
Planetary Mass [My]

034 00000000000O0DODODOODOOO. 0DbOO0oDbOoDbOoDOOoOODO 1,
3,6 Myr 000000000 00000.00000 fgeqg =40wth% 00O0.
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030 000000000 20000000000000000

107}

CBL [rH]

102}

10_3 2 2 2 2

0.2 0.4 0.6 0.8 1
Planetary Mass [My]

035 000000000. 0000000000 HIIODODOOODODOOO,ooo00ad

00000ooOo0o00oooOO0o0o0ooOoOoO0o0.000oobooOoOoooooD 1(0),3

(0),6Myr (0)0ODODODOODODODOO. UODOOOODOOOOODOODODODOODOOODOD
O,00000 Hngoooooo.
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40 O

Jooooobobooood

4.1 O0O0LOO0OOOOOOLOOOOO0Od

goboodobobooobooobboobooboo,bbooboobbooboooboon
gboboopoboooboooobob. obboooboooboboob,boo0oobooo
goooooooooooooooboooboobogobooDg.

goboooobgoo,bobooooboobooboobooobo,0bo0obooooon
gbogb,0bogbobobooboooboboobob.bobo,boobobodog
00 4wt 00,00000 001 00000000000. 0000000ODODOOOO
l/l00000000000000000C00O00ODO. DOO00DOoOOOoOooDoOoOobo
gbog,bobogbobboobooboboobobb. oboo,gobobodog
gooobog,1ooobooboobbooboobg ooroboobboo.obo
gbobogoooboooobooboo,obooo,0boboobgooooboobon
goog.

0410,000000000 L,3,6MyrO0000000D0ODOODOOOOODOODO
gboobo. ggoboobo,0goobobogobbuooobobg. oobobooooboo
goboobooboobob.bob,booogboboo,b0ob0boooboobobobo
gbooono,0oobbooboobboobooaa.

0420,000000000000D0D0000DODO. DOobDODODDOODOO, ~0.2
gooobooobooboo,ogboogboooboo.obo,~03000000000
gboo,oboabboobdu.oobuooboa,boobbga,bboobooabod
goboboooobo.boo,oboob ~020000000000000,000000
gboboboboobogooooboobo,HlbDoooooobobobooDoooooo
O (035). 00000000,00000HIIIODODOOOOODOODOOOODOOOOO
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040 0000000000000 41000000000000000

gogbobodgbobodab. ooobobodobbuo,oobbooobbooobooooboo
gogbobooooboo,bbooooobuooobobuoooboboooboo,bbooooo
gopboobooooog.

3500
gsooo :
9 2500¢
2
22000/
o I
L 1500
S 1000}

o

0.2 0.4 0.6 0.8 1
Planetary Mass [My]

041: 0000000000.00001(0),3(0),6Myr(0)000000000.
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040 0000000000000 420000

3500

o 3000

=

& 2500]

Q

2 2000}

5

= 1500

Q

§ 1000

& 500}
0

[K]

Solidus Temperature
(~ 1500 K)

0.2 0.4 0.6 0.8 1
Planetary Mass [My]

042 00000000.00001(0),30),6Myr(0)000000000.00
0o0o0o0o00O0o0ooo.

4.2 0OO0O0OO

043 0,00000000D0DOD0OD0O0bO0ObDUObDObODUObObDUODOD. DbOoD
oo 6MyrdOQOoQO. DOODOODOODOOOODOOODOODOODOOODOOD
gboboobobooooboobooobboobobo. obboooboobooboobgo,o0ooo
J0000.00000000,0000000000000 ~6x10°keg, 00000
00000000 ~4x102' kgD, 0000000000 8% 00000000000
gooooog.

obobobooboooboooooooooooooooon.o44,45000000
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040 0000000000000 420000

l1~6Myr00000D0O0O00DOOOOODOOODOOODOOODOOODOO. O
g, 00o0boboboobooobooooa,boobooobooooboo,goboooooon
gogbbooboboooobooobb. obboo,0bboobboooboooobon
gbobogboobboobooobboobooobboobad.

00000000000000000000000,00000000000 peq [bar]
0,00000000000000(214)0000000000000000 fge 0O
goboboboboboboba,

x 1075, (4.1)

fdeg MH,0 ) 1/0.54

b :(
Peq[ba1] 2.08 x 106 mge, * 120

000, mu,o 000000, me, 000000000000 (00000000000
00 =124000), fu,o 0000000 (=0.15), fag =40 wt% 000 O (4.1) O
00000000000000,p, 0000000,

Peq = Sl[bar] (4.2)

000.000000000,00000000000,00000000 p,, 00000
00 (O 4-6).

046000000000,000000000,0000000000000000
000000.000,000000000000000000000,00000000
D000000000000000000000. 00000000000 puo 000
000000000, p, 0000,000000000000000000000000
Opno 0000000000, 000000000 000000 puo > peg 000D
00,0000000000000000000000000000000000000
00000,00000,pro00000. 0000 pro=p, 00000,00000
000000000000 00000000000000000000000,0000
pr,0 00000000, 0000 pro<p 000000,000000000000
D0D0000000000000000000000,000 pr,o00000.
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040 0000000000000 420000

1022

Accretion Time: 6 Myr

-t
Q
N
—h

Case for water dissolution

1020}

Water Mass [kg]

1019 o o o o

0.2 0.4 0.6 0.8 1
Planetary Mass [My]

04-3: 000000000000DO0O0OO0DOO0OO. 0ODO000 6eMyrOQODO. ODDOO

o, 0doddoudodoouoodoooooooooooooo,gouogo, oo

gbooooboobooooboobboobooboboob,ooboooboooooo
ooooog.
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040 0000000000000 420000

Fo)
=, 10211
()] 1 |
E I I
< 21 6=M r=
% 10 |y ——
(o) 11
£ C o

20} 12
o 1071 1 is
) lo 1o
- 1g 1§
—— lo 1+~
@ 1007 1y 13
2

lww 13

= L
| - 18 M M M
o 10
= 0.2 0.4 0.6 0.8 1
=

Planetary Mass [My]

044 000000000000 OO0DODOODOOODODOODOOD. ODbOoDOOO0
oboobogooboooboobooboobooooo. obobo L,3,6Myr0000. 0000
gobogo,b0oo0,0obpoboooboooboooobooboobobooboon.
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040 0000000000000 420000

-t
o
N
N

1018

Water Mass in the Interior [kg]

1021}

1020}

1019}

1 Myy,

6 Myr

0.2

0.4 0.6 0.8 1
Planetary Mass [My]

0 4-5: 00000000OO0OOO0OOO0O0DOODOOObO0ODbOODOO0ObOODbL. Oboobooo
oboooooooooooooooooo.obooobo 1L,3,6Myr0Qon.
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040 0000000000000 420000

Peq= 51 bar

O Circles indicates the Liquidus temperature

0.2 0.4 0.6 0.8 1
Planetary Mass [My]

046 0J0000000O0O0O0.ODO00OO0O0DOO0OOOODOODOOODOODbOOOO. 00
000 1,3,6 Myr00D00. O0O0D00000O0DO peg [par] OO0DO0. 00,000 o O
gooo,bboobooboboooboooboboo,boooboooo.
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Us0 O

1 [

5.1 JU0opooooooobbd

0000,000000000000000 200000000000000,000
000000.0000000,00,0000,000,00000000 Vapor Plume
00000000000000000000. 0000,00000000000000
oooooooo.

gb,0boobooboobobod. booboobooobo,boboooboboan
000,00000000000000,000000000000000 03wt% OO
O00000O00ooo00,000o00o0o0booo0o0ooo0n (0 34),00000
gbooobobo.obooobboobuoobboboboobooboobg.

oo, 0dgooooooooooooo. gboooog, oobooooooood
dooooooooo. oo, 0oooo, 00000, 0oo0gooooo. oooga
gbooobodbooboooboobb,0o0oboobbooobo0bboobbooobo
000OO000bOO000o0bOO00dD. Ooobobooobooooo ayObOboooood
te, 000000 v0000,0000 D, 00000, A2/t A 000000 O
goooo D, 000bb0o0bbOo0bU00 Foooboooboboo,boobobo
goooon HQ/DmDDDDDDDDDDD.DDDDDDDDDDDDDDDDDD
000000000000 teq, DOODODOO0O0O0O0O0OOOOOOOOOOOOO0OO
ool ¢t 000, 00obdoooooboog.

(ra — Rop)?
tdeg B Udeg)\deg (51)
(RCB_Rt'I‘)2

_ (Rop — Ru)® (5.2)

tneb
Uneb)\neb
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gs0 00 5.100000000000000

O0ob0,0D0 deg0 0000000, 0000000000O0,nep00000000,0
oooooooobooo. o0, R, 00000DOOOODOOOODOOOg. My O

1

i = 5.3
4777“871 (5.3)

3kT \1/2
v = (Tnave> (5.4)

oboobo,rnU0000000,T000 »00000000000000000, maype
000000000000000000. 0000,000000000,2x107m0O
goo.

0510,00000 1,3,6Myr000000000000000000000 tgeg,
they 00000000000.0000000000000000 40wt%, 00000
00000000.051000000000,000000000000000000
0000000 t,,000000000000000.000000000000000
000000,000000000000000000000000000000000
0D00000.000000000000000000000000000000,00
0ooooo0o0ooo0ooo0oooo0ooo0o0o ¢+, 00000.0000000000000
D00D00000D00000000 Fuysr kgm 271 0

Rcp — Rir

5.5
tneb ( )

Fiirr = pcB
goob.0ood pep0oobboobboooobboo. ogubobooo
ooooood 47TR%BFdiff|:||:JDD|:|,DDDDDDDDDDDD H,OOooooo,
ofdooooooooooo ., 0o0on.

M,
= (5.6)
ARz g Faipf

tem

000, My, 0000000000000000. 00000000, pep = 1075 kg
m~3, My, = 10! kg, Rop = 2Ry, (Rep — Ry) =0.5Ry 000000000,

M, ;
b
47rptrR%'B(RCB - Rtr) e
= 1O5tneb (5'7)

tSZB -

O00. 0 (.7)00000000O0,00000000000000O0DOO0OOOOO
00 they 0000 10°0000000.00000,0000000000000000
goo.
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0s5000 5.100000000000000

gogboboo,boobbobooobobbooboobuooobboooboo,buooabo
(~03My) 00,1 Myr 000000, 0000000 1MyrO0Q0QOOooooOO. 00O
gbobooboooooboboooobob,ob0boobo HNOODOODO, 00000
ooooOOoOoOoOO.O0oOoOoDOOoO0O0bDbOOoUOUDOObOUOobDOOoobODO HINOOO
gboooboboboobooobooboboobuoobooboboobooboooboooono
gobooobooob. oobboobb,0o0obboobbooboboooboobog
gbooooboabooaon.

gb,0booboobooboboob.oobooboo,booboobooboboan
gboboopoboooboooob. oobboooboooboboobbooobob, oo
gboboboboboooobobgooboob. bob,0bo0oo0o0o0oboboboobon
gboo,0booboooboobgooboa.

00000000000 Vapor Plume OOO0OO0OOODOOOODO. Vapor Plume O
g,000booboboobboooboooboobooobooboooboonobo
g0,000bo0booboobooboboooboobooboooboobooooobooboobooon.
000 Vapor Plume 0000000, 00000 ~15km/s0000000000O0OO
000 (Melosh, 1989). 000 000000000000 ~10km 0000000000
O0000000000000000 (Kobayashi & Dauphas, 2013), 000000 km/s
OO00D00,00000 Vapor PlumeOO0OOOOOOODOOO.

gooooboooo,booboobboobooobbooboobbooobooonoon
googoobooboooo.
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gs0 00 5.100000000000000

10°%} 1 My-r - t
onen
102 Accretion Time Scale:

~1 Myr

T

Molecular Diffusio

1
0.2 0.4 0.6 0.8 1
Planetary Mass [M,,]

05l 00oo00obooooobooooobob. boooobboooD 1,3, 6Myr0O0
gogbobodobooboobooboooobboobbooo. oo, bboooboooaoo
gooobooob,obo,bbobooboobooboobooobo,boobooo
gobobobobobobobobobob.
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0s5000 5200-00000000000

5.2 UU0-O0b0U0ooooobn

goboodobobooobooobbooboobbooboob,oobboobooooboon
goobooobob,bbooobooooobobooobbooobobo,ooooobog
gboobob. boboboobobo,b0b0o0o0boboboooobobooboooboon
O0-000000000OO0O0oOoOoOoooooOoOoOOO (Dauphas & Pourmand, 2011,
Tang & Dauphas, 2014). 000000, 00000000000O0O00OOO0OOOO0O
U.gbobobogoboooboobobobobobo.

000000000000 10000,0000000000 2%A100000000
00.00000000,0000000000000000000000000000
O00O000o0oO0oooo (e.g., Nimmo & Kleine, 2007, Dauphas & Pourmand, 2011).
000000,*Al0000 ¢4,0000 07Myr00000000,00000000
000000000000, %Al0 MgO0O000O00000O0, 0000000000
Ooo0o0oooooooooooo.

0000000,%Al000000000000000000000O0000O00O00.
00000,00000000 %Al0000000000000,0000000000
goobo. bg,0obooooboobg,obbooboobooboobo,ooboboooobooboo. g
O00,CAIOOO ¢ty Myr] 0000000000 OOO0ODOOOOOO,00000
oo0ooOog AT O,

€Al fal 26A] 1 —,tff"t
AT = e ( )(7) 2 5.8

C ma \27A1/0\2 (5-8)
O000.000,Cc00000000, fa,, 00000000000000000O0
0, ma, 0,00000000000, (°A1/27Al), 0, CAIOODDO A1, 27A1000
00, ean, 0 6A1100000000000.0000000000000005-100
ooag.

oooooooo,ATooood twy DOoOoOooooOoCODO,

_tent—1.5

AT[K] 2 1500 x (%) he (5.9)

00000 ~200KO0O0000,000000000 (~1700K)0000O00OO00O0OO
O,CAI000O~15MyrO0O0ODOO0OO00O0ODOOCOOOOOOODODOOD. ODODO
g,000boobboobbooobooooboobooboboobooooboonoo
gobooobooo.booog,gbobooooboooobobooboboooboobo, o
gboobobooboobbooboobbooboobboon.
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gs0 00 5300000000000000000O0

gboobobobobo,obooboobooooooooooooooooon ~0.20
gbobooboooobuooboooboobooboooooboooo.

uooboobobooobobooobobooooboobog,ooooboooooboo-00
gogooboooboboooobooo. boobbooobo,bboobboooboboooobD
ggbobodgbobooboboooobobo. bboobooooobobooboboa,obo
gobooboboooooobobooboboooboo,boobboobooobooon
gobobobooboob. bobooo,0oo0ooboboboboobog -oboboobooon
goooag.

Us1: 00000d0oogoo

ooo oo 0o Reference

C 1000 JK kg ! -

T AL 1.15x1073 - 0210000

M ALy 26.981539 u -
(26A1/2"Al)g  5x107° - MacPherson et al. (1995)
t1/2 0.717 Myr -

€Alyg ~3.16 MeV Schramm et al. (1970)

5.3 Uubuuobuoooobobbuoooogd

5.3.1 000000000

goboooboooooboooboobo,00booboobobo,obo0oobooobooon
gbobobobooboboobooboboboob.booboob 200000000
00,00000000,00000000,000 ~4x102'kg00000000. 0O
0000000o0oo (~14x10%kg) 0000 28000000.

00000000000000000000,000000000000000 £ O
D00000000000. 0520 f4,0 1,2,4wt% 0000000000000
0000000000000000. 00000 1 MyrOO0O. D00O00O0OO00OOO,
fieg 000000,00000000000000. f4,0 1wt% 000000000
0,000 ~10*"kg, 000 5x10Ykg0000000000O000.000,00000
000000000000000. 000,00000000000000000000
00000000000000000000000000000000. 0000000
000000,00000000000000000000000000.0000,00
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0s5000 5300 00000000000 0O00DOO0

gbobobobuoobobbobuooboboobuooboboobuooboobodng
goooooo.

01000000000,000000000000000O0O0O (0.50000 1.70
00), 000000 ~10%kg0000000000,000000000000000
gbooboboobobooo.buooboobbooboobuoobooboobboboog
gbooobooopooooboo.boobbooboobooboooboobbonoobo
goooooobo,bobobobgobobooboooooooooooooooooon
gb,g0b0oobooobbooboa.

Y

W

Water Mass [10?' kg]
- N

o

0.2 0.4 0.6 0.8 1
Planetary Mass [My]

052 00000000000000000. 00000000000 fgeg = 4 wt%,
000 fag=2wt%, 000 fou=1wt% 000000. 00000 1Myr0OD0DO.
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gs0 00 5300000000000000000O0

5.3.2 UU0O0OOOOO0OO0OO0

goooboboboooooob,boboboooobo,oboboobo,0o0o00boon
gbooboobooboobooboboo. boobooobob,oboobo,0obooon
gobooboooboboo. booo,0boooboooboobooobobooooboooon
gobobooooo.

00000000000000000000000000000000000000 1
O0000000000000000.045Gyr00000000000000O000
00 EUVOO00000000000000000 (e.g., Ribas et al., 2005, Giidel, 2007).
D00 EUVOO0OO0OO0O0OO00O000000000000,0000000000000
000000000000 0000,00000000000000000000000
0000.00000000000000000000000 (e.g., Hunten et al., 1987).

00000000 EvOd0odoooooooog. ogoooooboooo cgooo
gobobodoboboo ggvoobooobobooboboobo. boobob,boooobo
ooopboooobolGyrOd EUVOOOOOODOOOD 1000000DCO,000
000000000000 0000ooooooUooooon (eg., Gudel et al., 1997).
Ribas et al. (e.g., 2005), Lammer et al. (e.g.,2013) 0000,0.1 Gyr 0000 EUV O
00000 1mooo0oooogo,0ob guvioood Sgyy OOODOODOOODOODODO
gooooo.

t[Gyr] —1.23
S(HO) = _— 5.10
EUV <t5un [Gyr] ) ( )
000, tew [Gyr] 000000 (= 4.567 Gyr), ¢t [Gyr] 00000000000 O000
goooo.

gboooboobobooboobobb 2b00b0o0oboboooboob.ooo
ooo,000000000000000ddgoog, oo i, 000000000
oooooooOooooo0oooooooooo. oo0,0000 H, 000000040, EUV
000000 H,b,OO H, 0000000000000 00000O0000000. 00
g, 0oobgbooobooobo,obuoobooobooboob,oboobooobooo
gobooobooboooooooboog,

H,0 +CO — CO,+H,
2H,0 + CH, — CO,+4H,

ooooooooo, 0000000000000, H, 000000000, CO,0
gobooboobooobooooboog.
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0s5000 5300 00000000000 0O00DOO0

EUvOOoOooooooboobooooooboobooboooooobooboobooob. oo
0000000000000 fie O 4wth, 1wt 000,0000000000000
goobooboooboboobobooboobouoobobL. oobo,0b0ob0b00 3Myrgo,
OooDbOo 1oMyrOOonoOoooooonboooo.

gboogboooboobooboboogs32bpooo. boo,oboooooboooon
O000000. Do00ooooooog &4, ke/sf0000D0O0O0OOOOOOOO

052 00000000000000 fe 0000000000
fdeg [Wt%)]  H, CH, co H,00  H,0® 0O [10*kg]
4.0 1.6 5.7 10 0.63 4.2 22

1.0 0.38 1.3 2.3 45x1072 1.1 5.2
()O0DDDO0O000 HyO O

(2)00000000 HOO

00000 (e.g., Hunten et al., 1987, Pepin, 1991, Lammer et al., 2013),

_ 3nSeuvFruv

D, = 5.11
lim 4G,0M ( )

000, Fgpyy 000000000000000D0O EUVOOOOO (=275 x1073 W/m?),
py DO0OO0O0O0O,n0000000O.

00000 15% < n < 40% (e.g., Chassefiere, 1996) 00 0000000000000
00000 5-30000. Ribas et al. (2005) 00000 EUVOOODO Sgyy 0000
gobog,0obbooobbooobobooobbooobbooobooobooboobo
goboboboobo,oo0oobooboobooobobgobo. bob,obooobobob,
000000000 0.1 GyrO0O0O EUVOOOOO Ribas et al. (2005) 0000 30
goboobooboobooobooboo. bbb 0o Egtvbobo ooobooooobo
gooooooo,

330) [ t[Gyr] \—152
SV = (fiaw) 12

0.1GyrO0O0 EUVOOOOOOODOODOODOOOOODOOOOOO,0 (.12)000
gooooooo.

05300000000,9p=15%000,0 14x10* kg (00O Sgyy =110000)
~33x102 kg (00 Spyy =330000),n=40% 000, 0 3.9x10% kg ~ 8.7 x 10%!
kg 00000000 O000ODOO0OO. 000000000,00000000000000
0000,H,00000000000000000000000.
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gs0 00 5300000000000000000O0

00,00000000000000000 Fy, [molecules/(m?s)] O

Dy SE,mm,
2
TR YMH, U Maye

Fi (5.13)

2
000000.000,my, 000000,«0000000, f5r, 00000000, mage
00000000000000000.000000000000 (cross over mass) me
O0000000,000000000000000000000000000000. O
Doooooooo,

KTFy A 1
H2)— (5.14)

by fu,

000000.000,b0000000000000.000000000,00000
00 i (=H,0,CO,CH,) 000000000

_h (Mo (5.15)

H
n, ?\me—mp,

mC:mH2+< U

F;
goooooooo.

0540,00000000000000000000. D00D0O0O0OO0OOOO
b=22x102 mlsec™!, 7T=200K 00 0000000000000000O0O0, 10
Myr D00O000000000 90% 00000000000000000000. O
54 (a)~(d) 00000000000 EUVOOOOO0OO0OOO0OO00000O0000000
00000000000, 000000000000000000,000000000
0000000000000, 0000000000000000

goobooooobo,bbooooboboo,ggobobooooobooooooon
O000o000o0o000,0000000 CcCO,00000000000000. 00,00
gobooobobooooooboobbooboobobooooo,oboooboaoo
O0000000O000000o0o0oo0oUoO. 0o0,054(c) 000000000
gobobobobobobobobobobOobobobobobobo,0b0ooboon
gboboobooobboobooobooobooboobbooobooan.
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0s5000 5300 00000000000 0O00DOO0

1022

1020

[ka]

Mass Loss

10 100 1000 4567
Time [Myr]

053:00000000000000. ()000000000 0.1Gyr000 EUVO
0000000000 1100000, (b)3300000000.0000000,0000
015% (0),40 % (0)000000.
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10

i 2.5 !
(a) -EEL & (c)
T co =i )
=3 o
r— N1 ni
2 6 & 1.5 &
& i S|
2 5 iy
o o % 05| %
S A i
L 10— —— 2.5 i
g |(b) N’)
.: : 1 |
o - :
@ : :
o ! .
£ i '
< i

1 10 100 1000 1 10 100 1000
Time [Myr]

0 54:0000000.0000 (CO,CH,, H,0,H,) 00000000000000
00. (a) faeq = 4.0 WtiVS, SE30) () faeg = 4.0 Wt%, SUY. (€) faeg = 1.0 wt%, SE30),
(d) faeg = 1.0 wt%, SUY). 000DDDO0O0O0ODO0O0000O0000 (0.1 Gyr)

gboobobo.
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el [

1 [

gooogo,0bogobooobo,gbboobboobbo0 20000000
gboobboobuoobboobuooboobboan.

lgbobooooooooboooboboboo,boboboooooooboboboooboo.
gbooooboobooooboobbooboooboboo,boobooobooooo
gobobooobooboboogo.booo,bgbobooboobobooo,0b0boooo
gbobobooobobboooobbooobooboboooobobooobbboooboog.
gboboo,b0booobooobbod ~020000000,0000000000
u,~030000000000O,000D00D00DODO.DODOOOOOOO,000
OO0O0DOoO00OO0O0DOO0.0o0oDbOoOo0oo0OO 2000 pbarognooQ.

goboodobbooobouoobobooboobbooboobob,obboobooonoon
gobooobooob. oobobg,goobooobboobbooobooooboog
gboobobob. oboboboobooooboboboobobo,boboobon
gbobooooboo,bogoboboooobobooobobooob,bboooooboog
gobooobooboobobooboobbooboobbooboooboog.

gooooboobooobboobooobbooboboo,0boobbgobobD00U0bonD EUV
gobboobooobooboooboobooooobooog,0bobobobo,0bbooobo
OoooOdoo,d pawr0O0O0O0ODOOODOODOOOO. DODOODO,0DO0ODO
gooobooboboooboobooboobbooboobooboo.bboobo
O00000000000,000000000000000000000,000 CO,
gbooooboobooooboobooboooboaan.
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1 [

gooboobogbooboobbooboobbooboob.oobbooboobooo
gobbobodobuooboboobuoob,oboboobooboboobodgng
gboboo. oboooobooboooboboobbooboooboooboboobobooboo, oo
gobooobooobooobbooob. boobooobboob,booobobg
gboooobod,buoobbooobouoabobooboobobooboooboaobobg
gbooooobo,0bbooboboobooboboon.

go,0bgobooooboboobbooboboooobooo. obo,0b boooboo
gobooboooboobo,00 gboboboboobobooooboboboobobo
ugb. obbooobobdooobboo,oobbuooobobooobboooooba. g
gbooobooobooboooboobooboooboo,o0b 20000000000
gooooooooooooooooooo.

goo,0boooogobooboooboooboboo,0oooob,b0obobobooboobon
gboooobod,boobobooobuooboboobooboboobobooobooonooo
gooooog.
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OO0A 0O

Joooooobbon

Al 0J0000O0O0O0ODOOOOODODOOODOOOOOoOO

oo0o0o0ooooO0o0o0oo0oooo0o0000 H,0OOO0OO WHQO[kg/kg],DDDDD
00000 Wae [ke/ke) 000. 0000000000000, w,o0,wH,, WCH, W0
keg/kgl OODO.

gbooobooobooobobobobooboooboooobo,boobooooaon.

MH,0 mH,0
WH2O = WH,0 + 2 wH, + 2 2 WCH, - (Al)
m

2 CH,

000,m; 00000 +0000000. 00,00000000000000000
fu,, fn,o 0000000000, wy, O wy,o 00O0DO00O0. 00000,

WH,O0 = WH,

: = fm,o0: fu,
mE,0 M,
mu, fu
’LUHz = 2 f 2 wHQO (A2)
mu,0 fH,0
Oodo.0odo0ooodouoooooooooo.
wehH, = meH, Jou, WH,0 (A.3)
: mu,o fu,o0
woo = Mmco @wH2O. (A4)
mu,0 fH,0

O000000,0(A)yOoOooooo,

mu,0 mcH, fon,

wWH.0 + 2

9 WH, 0

mcH, Mu,0 fH,0




OO0 A 0O0OODOCODOOOOO

gooooooboon Wee U wp,o D0DODOOOOOOODOO.

Waeg = wn,0+ wn, + wcn, + wco
m mcn, fc
_ <1 L, fu, | men, fen,  mco feco )wH2O (A.6)

mu,0 fu,0 ™m0 fu,0 Mo fu,0

0 (A5), (A6)00D00,000000000 W, 0OOODOOOOOOOODOO
oooo H,oO0O0O0 Wy,oLODOODODOOOODOOOOO.

(1+ mu, fu, | Mo, fon, L Mo feo

mu,o0 fu,0 ™Mo fH,0  Mu,0 fH,0
Wdeg = WHQO

fu, fen,
(1+in0+2&)

(mHzOfHQO + mu, fu, + mcn, feu, + mcofco)
(szo + fu, + 2fCH4)mH20

WHQOD,D2—1DDDDDDDDDD,N5.87X10_2DDD. oooo,o (A7) Do
gooboooogn,

Wiy = 0.6888 x 5.87 x 1072
>~ 40x1072 (A.8)

000,04wt% 00000000000 OOOODOOOOOO.
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JoB 0O

Rosseland U O OO OO0 O0OOOOO

B.1 00O00O0O0O0O0OO0OOOOOOO0O Rosseland DOOOOO

0000000000 Hy,HeD 200000000000. H,OOO HeOOOOO
000000000 ag,—m,, on,-ve J000,00000 o 00000000000.

atot(

1) = any—H, (1) + o, —He(n) (B.1)

0000000 »p00000. 00000000000 64(n) (em™3/molecule?, i = H,,
He) 0OOODOOOO,

QHy—Ho (77) = n%{gaHz (?7)
_(bHy\?
= (5z) omt

A (B.2)

OH,~He() = 7NH,MHOHe(N)
= (%) (&7 )ometn
AT
Dtot
= (1= fu) fuo (T ) (m) (B.3)
kT
000000000. 000, ny, O npge 0, 0000 H, 000 HeOODOOOOO
O. Rosseland DO OOOO0O,

/°° 1 8B(77)d77
L _ (kT>2 0 f}2{20H2(77)+(1—fH2)fH20H2(77) orT (B 4)
ar Ptot /oo 63(’7)d .
, oar
ooooooao.
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OO0 B Rosseland 0O OO0OOOO0OOOOO

B.2 0000000000 Reosseland DOOOO0O

oooooooooooOooo000 H,0,CO,CHy, Hy, OOO. OOOOOOOOO
OO0 Rosseland DO OO0 OOODOODO.

00 p0000000 oft(y) O

atot(

n) = am,-m,(n) +amo(n) + aco(n) + acn,(n) O
= (pwt) (fH2 (pt0t> on, (n) + fa,00m,0(n)

+  fcooco(n) + fen,ocm, (77)) (B.5)

O000000000.000,pe 000 [Pa], 7000 K, kOOODOOODOOOOO.
000 Rosseland D OOOOOO

°° 1 f?B(n)d?7
1 0 sz(ptOt) ()+fH2o(kT)0’H2o( ) + foo(X T)Cfco( )+fCH4(]Z;f)UCH4(77) or (B.6)
R 9B(n)
/0 ar

goooood.

B.3 Rosseland 00O O0O0O0O0OOOOODOOO

00,00 Tuq =200K, H,OOOOOO fuq=015000000000000,0
000 «000 pO00O0000O00O0OODOOOOO,

In(a(T, fu,0,p)) = C11In(p) + Co (B.7)

D000 a0 T,p,f00000000,p000 Cop,CoO T, fy,o000000.00
0000000000000000000.

Co(T, fu,0) = Bn(T)m(fu,0) (B.8)
0000ooooooo (B7), (B ooooooooooon,
In(a(Tsta, fsta, ) = B1(Tsea) 11 (fsea) In(p) + Bo(Tsta)v0(fsta) (B.9)

Bn(Twa)1m(fsa) D pO00 000000000000 O0000. 00,000 Ty 00O
00,000000000,

In(a(Tia, fr,0,0)) = B1(Tssa) 1 (fr,0) n(p) + Bo(Twa)v0(fr,0) (B.10)

o1



00 B Rosseland OOOO0OOOOO0OOO

Bn(Twa)7(f) 000000000000 O00.000,00000 f4OO0O0O00,00
oooo,

In(a(T, fsta,p) = B1(T)71(fsta) In(p) + Bo(T)v0(fsta) (B.11)

Bn(T)m(fq) 0000000000000, 000, (B.10), (B.11) 00000000
(B.9)0OOOOOO,

/Bn( )’Yn(fstd) 6n( std)’}/n(f)
/Bn( std)ﬂ)/n(fstd)

gboboog,ooboboboooboo,boooboboooboboooobobooonoooo
0.000,000000 (B7)OOUOOOO 7,0000 fOD0D0O0O0ODOOODOO
gbooobodgboo,obbooobuooboboobooboboobboooboooboo
gboo.oobooboobboooogbo,ogboooobooboon.

5n(T)7n(f) - (B'IQ)

B.4 Reosseland 0000000000 (DOOCOOOO)

oooooOoobooo0oouooboo0ouoDOoOdd Roesseland DOODOOOODODO
goooooooooon.

QR = exp (a1b101 log(p) + a2b202), (B.13)
dooboooooobooooooog,

a1 =exp(—5.77178599469029 x 10~7 x log( fu,0)°
— 2.55080153537211 x 10~° x log( fu,0)°
— 4.31060452880573 x 10~* x log(fu,0)"
— 3.52710014504856 x 10~* x log( fu,0)"
— 1.50901485085668 x 10~% x log( fu,0)>
— 3.33066980453577 x 10~ x log(fu,0)
— 2.80312336893313 x 1072)

by = exp(9.37330768135664 x 1073 x log(T)?
— 0.119809034918928 x log T
+ 0.371584900303875)

c1 =0.987202868015398
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OO0 B Rosseland 0O OO0OOOO0OOOOO

az =exp(1.50647314363058 x 107° x log( fu,0)*
+2.41096954350385 x 10~* x log(fu,0)
— 1.1591071825218 x 10 x log(fu,0)
— 2.9376534109992 x 1073)

by = exp(—0.054185529878253 x log(T)?
+ 0.56710487257214 x log(T)
— 1.48376095884741)

co = — 78.408429695743

0B100000000O0,00000 1%000000000,0000000000
gooogo.
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00 B Rosseland OOOO0OOOOO0OOO

froo =107

Error [%]

104 fu20=0.5 fu0=06 | fua0=0.7

5 10

0 15 20
Log(Pressure) [Pa]

10 - -

Lo}
2102
i

103

fu0=0.8 fu0=0.9
-4
10-5 0 5 10 15 20 -5 0 5 10 15 20
Log(Pressure) [Pa] Log(Pressure) [Pa]

O B-1.00000000
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Joooobobboooboboboodd
HRERE

C.l Obhoooboboooono

gooboboboboboboboboboboboboo.

1

§UTe4fff(T) (C.1)

ooorooo, T, 0b0000000,r0000000000000000. 00O
00000000doo f(noooooooo,

oT* =

flr) = gT + 1. (C.2)

r=3/20000 T'=7T,,,000.0000000000000000,000 (Photo-
sphere) 000 O0O00O0O0O. 00,0000000000,7—00

1 L
T = ZoT* = _ C.3
7 27" p 8mr2 (C3)
0000.000,L000000000.r,00000000,000000,
L = 4mrloT,. (C.4)

C.2 QO0O0O0OO0ObOOObbOooobboobobog

gbboobboobgoouoobooboobbobb.ooboobooboobo
ooo,000 (oo r,000)0000000D00000.
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00 C booooooooooooooooooo

000,000000000 #(>7,) 00000000000000,0000000
D0000000DD Q,00000000000000000,
2
reN1/2
Qp:27r<1—( —7’;) ) (C.5)
00000000,0000,00000000000 ¢T}/x00000000000.
00,00000000000000000000000. 0000000000000
Dooooo,

AroT* = QpoT)) + AmoTy) (C.6)

O000.000000000000000000000 (Kirchhoff’s law), 0000 T, O
goooooooooooooooo.gbooobooooog,

, loTjAmry 1

+ 0Ty (C.7)

T4 —
7 2 A4nr? rg 1/2
1+ (1%

000 (Hayashi et al., 1979).

00000000000,r—o0c0000,0T*—L/(167r?) 00000.

C3 Oo0U0bouoboobo,r0ob0ObDb0OObOObObDDbDOn
000 Hayashi et al. (1979) 0O O

Hayashi et al. (1979) 00000000000, 000000000000000000
oo.

o r =1y, T—2/3,T 1T,

e r— 00,7 0,0T — L/(167r?)

00000 (A1) D oT,,; 0 L/4xr?»00000,000 f(r) 0O,
~1437/2

_ or:
o) = 32 ©8)
gooboooooo, oo ooooooo. boooa,
L 1+4+27/2
0T = +27/2 (C.9)

© 8mr22—37/2
000000000.000,000000000 ¢(r) 000000000000, 00
000000000 00o0ooO.
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00 C oooooooooooooooooooo

C4 0OD0OOOO

r<r,0000000000000000,00000000000000000,0

(C9or=r,00000000000000000.000000000000O000O
goboboboob.oooboo,

d(cT*) 3L
dr _167'("/“12)

(C.10)

000000, Hayahshi 000000, 6740 L/4Am? 00000,00000 f(r) O
0000 g(r) 000000000000,

00 ¢g(r) 000000000,

9(2/3) =
9(0) =

9(2/3)" =

N WwN|—~ N

0o00. 000 r7=2/30000000,-r000000000000000OOO. OO
gobooboooobooboo 100,

~ 1+4157/2

g(1) = 21 37/2 (C.11)

gboo.oooooooooooo.
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oD O

HRERERNRERERNRN

041: 00000000000000

0oo 00 0 00
ooooog G 6.67408x 1071 m3 kg~1s~!
oooag R 8.3144621 m? kg s2 K~! mol™!
0o0o0o00O0O0oooog o 5.670373107® W m—2 K4
ooooooo k 1.380648810723 J K1
0oo0oooo h 6.62606957x1073% m? kg s~!
oo c 2.99792458x10% m s—!
oooag My 6.41910x10%3 kg
oooo Ry 3390 km
oooooooo pM 3930 kg m~3
ooooooooo ay 2.279%108 km
oooQ Mg 1.98840%10%° kg
04-2. 000000000000

000 [00] 00 0 00

000 [Pa P

00 [K] T

00000 [Pal Ds

00000 [K] T

HilOOO [K] Ty 178 Kusaka et al. (1970)

00000 [Pa) py  1.1x107%2 Kusaka et al. (1970)

Solidus O 0 [K]  Tuy 1500

Liquidus OO0 [K] T 1700
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