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K60 PR 1.524 AU 0.723 AU
o 3400 km 6400 km 6100 km
T ILARR 0.3 0.3 0.65

Z3 L 220°K ( ) 288°K ( 737°K (

F <L bar bar bar

KRR N, :78.0
c 2.7 N, : 35
1.6 Ar : 093 SO, : 0.015
0.13 H,0,: ~ 0.4 Ar : 0.007
0.03 CO, : 0.038 H,0: 0.002
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CO, problem (redox)

Abiotic synthesis favor reducing condition

H,/CO/CH,/NH, -> amino acid, base, sugar,,,

(Miller/Urey)

CO,/N, — Too oxidizing for prebiotic

(e.g. Kasting)

synthesis

How much CO, ?? How reducing ??
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RITIA—v%2 (R)
RN TR RGeS ENES<«— Cumulate of plagioclase
= anorthositic crust

e = Plagioclase, less dense than the
MOLTENMANTLE [l = ¢ © = EERCCUERECE

= : = Olivine
MAGMA OCEAN denser than the

= Pyroxene | magma, sink

UNMELTED
MANTLE

Mineral Chemical formula Density
Olivine A58/ (MgFe)sio, 3.32
Orthopyroxene %ﬁ\ﬂ_ﬁ"ia (Mg,Fe),Si,0, 3.55
Clinopyroxene ,!];47'3-5@5 Ca(Mg,Fe)Si,0, 3.4
Garnet majorite Mg, (Fe**,Al),(SiO,), 39
Plagioclase #EA CALSIO, 2.65
Talc Mg.Si,0, (OH), 2.7
Serpentine Mg Si, 0, (OH), 2.54
Basic magma = basalt 2.85

Ultrabasic magma = komatiite 2.95
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H, CH, NH; Atmosphere
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* Redox buffer (FE1&)

QMEF: 3Si0, + 2Fe;0, = 3Fe,SI0,+ O,
Quartz Magnetite Fayalite
A3xE F4 &% 5 hosSoh

I\W: 2FeO =2Fe+0,



Mantle f-02 IH7E DMORBH TR (FMQ) Kt El (2.4~2.9 Ga)

EHA @E—taﬁ 52X (IW) ?“ch“%ééz“%%ﬂﬁj‘zwff Z
5000 g : 5000 1 —
N: -
- MORBO)CD}EFE— 2000 2000
= 1000 2 1000k
1=ICH (JEf-02): = 500 & 500
\ cEEH o e
)‘)l/l‘[-CFhM}E% Z 200 200
- 100k . 100 o e .y 1
.\ /S EE ! ] o o, * 296 samples 3
V'}EF;— A T T VTS —) 501- = tls l '11 - '11(' 1 '-o
2 16 2 2 E
'FG(”I)/FE(”) MagO (wl%) MegO (wt.=)
in Cr-spinel AKX dHEd (2.9~ 3 6 Ga) Kﬁﬁﬁuﬁﬂ (3 6~3.9 Ga)
)UUU_ LI B 5000
2000} ~ 2000 o
. . | = 1000g —. E 1000 —.
EETURILITKRER | = : I 5
~ — e = 5 3 - = DH00¢f 1
MEAMSHEELREL - i 1= " g ;
12 TIRBE (FMQ) | € 200f o 4 = 200k i
K — \ ey o _ et |
ToHoT=BbLLY, 100Ewae? 100 camples® 100 e 19 samplos
50-‘4_&1111111111111- ':')(_)—Jllllllllllllllllj-‘
4 8 12 16 20 Y48 12 16 20 24
MgO (wl=) MgO (wt=)

Delano, 2001; OLEB 31, 311



R IA— v ERDCO,: ~100 bar

FES 500 ~ 2000 km E£TRITI-5HE Elkins-Tanton (2008)
H,0: 100 ~2000 bar °'[— — — ~  __
CO,: 20~ 400 bar

Variation due to

*initial H,0-CO, content
*depth of magma ocean

o
o

o
3

Table 3
Atmospheric degassing, final atmospheric pressure

o
>

Initial volatile contents of Earth
magma ocean: H,0, CO,

O
w

500 km 1000 km 2000 km

Fraction of initial volatile content
degassed into initial atmosphere: H>0, CO»

0.05, 0.01 0.79,0.84 0.75,0.81 0.70, 0.78

Saturation level in silicate magma ocean [mass%]

0.5,0.1 0.93,0.96 0.92,095 091,095 02Fr CO _ X
2 e

Final atmospheric pressure R -

(sum of CO, and H,0 partial pressures)(bar) . 1

0.05, 0.01 90 150 240 — CO — 0.0571%

05,0.1 1030 1890 3150 01 -~ Pco, = 2magma : Pa) |
P -

Volatile content of liquids remaining / 2 08 X 1 O

at 98% solidification: H,0, CO, (mass %)

0.05, 0.01 11, 0.2 13,02 1.5,0.2 : : . : ; . : ‘ ;

0.5,0.1 31,04 41,06 53,07 0 0 5 4 6 8 10 12 14 16 18 20

Atmospheric partial pressure [bar]
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Present day C reservoir (e.g. Holland, 2009 GCA)

GtC mol S kg mol 7K
Atmosphere  CO2 600 (5.0E+16) 1 ocean H20 1.4E+21
Ocean CO2 39000 | 3.3E+18 65 D
crust carbonate 6.0E+07 | 5.0E+21 | 100000 WmELE
organic 1.8E+07 | 1.5E+21 30000
upper mantle carbon 2.0E+22 | 400000 wmrkEE E+24 kg

EERR CcO2 1.4E+09 | 1.2E+23 |2336316
=100=/:

RIIA = DT &ARIEDY (Elkins-Tanton, 2008)

bar mol bar mol
Atmosphere CO2 400 7.2E+22 1440000 degassed H20 2000 3.6E+23
wt% wt% mol Total

Upper mantle CO2 0.0024 4.10E+21 81986  Upper mantle H20 0.012 2.0E+22
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“HE(' \K%wlﬁalﬁyaZ” (Sagan & Mullen, 1972)

25~40BFRIDKEITIRTELY20~30%HE0 \
LU, SEFO#IK(REL TOVRWHE RN HD
(;&ARDIK: fluvial sediments, pillow lava, etc.)
HARUIBRELVZLDERZMRIRESAKLITT

The Faint Young Sun Paradox
Temperature Solar Luminosity

100%

Present Va

25¢C

Actual temperature of Earth

Freezing point of H,O

00C N
Temperature expected on Earth
with present atmospher

‘\)ﬁChange in solar luminosit

-25°C
\ Temperature expected on
Earth with no atmosphere
-500C [ 7005
45 4 35 3 2 14 1 0
Life Begins First Present Day

Billions of Years Ago Eukaryotic
Cell

Even though the Sun was about 30% dimmer than it is now,
the temperature on Earth has been more or less stable.
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Thermodynamics?

or

Kinetics?




COZ sta blllty problem (Young & DeMore, 1982)

X2 RKCO,IEIKREGDLENMRICR L TERETIEALY
(HEOICHREDOKE -EETIEIERD ELELTLNS)

” CO, : 953 % Mars
% N, : 2.7 g
o Ar : 1.6
g O, : 0.13

CO : 0.08

H,0,: 0.03
(CH, :  0.000001)

Net: CO, +hv—> %0, +CO
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CO, is unstable against UV
(e.g., Young & DeMore, 1982)

A) 100 "
o H,: 200ppm | |co

60

“Run away CO” .
CO,+hv>CO+0O

Altitude (km)
N
S

30 |

® 100 CO-loss (mainly CO + OH > CO, + H) is slow.
90
80 |
_ f CO is accumulated in the atmosphere
% :2 E under reducing condition
S wf (e.g., high-H,, Fe(ll) in the ocean)
30
20 | I.:’ll
10 - rl
0 I |

, | . . . ] L] -

107 10° 100 10¢ 10° 10% 107 1 P re b | Otl C UV Ch e m | Stry
Mixing ratio

Fig. 5 Vertical mixing ratio profiles of H,, CH,, and CO in our Case 1 ecosystem RO I e Of C O

for f(H,) = (a) 200 ppmv and (b) 800 ppmv. The CO, mixing ratio was fixed
at 2500 ppmv for both cases. In the absence of a biotic sink, CO can quickly
accumulate to very high levels in a methanogenic ecosystem.

1D model (Kharecha et al., 2005)
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