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5. The EUV-Powered Blow-Off of the Protoatmosphere
and the Change of a Secondary CO2 Atmosphere by
Escape Processes

HUVKIEE, BB =& UTIERITEL D BN D T, XERYPEUVEREY (IR
KDEEFBDMTHEMNDIE [e.g., Newkirk, 1980; Giidel+, 1997].
1990FRLAFEN S (&, LilkDtERIZ 215 I DGR KB (CIZEEDEA
M51E55N B [e.g., Dorren+, 1995; Ribas+, 2005].

A > 1000 A st (3EEE, fREl, 2B DNNZACE 59 B [Hunten+, 1987;
Hunten, 1993].

AT — KRB TS, MIRIDNE(C
EST, KR DEWESIORNRE — F
DRI EBNREIERI UTe. O
BEOEUVHEIAE L, BOIDI00Myr | et
AECEEOABO-100ERET  § [

BIFIL TLER, TnbiRiEseas |
H(CRE=E 9 B[e.g., Ribas+, 2005].

SEUV

o —1.23 :
Sewv = ( yr) , (7) il
to

1 10 | 1(I)O | IH”'II(I)IOOI B
to (toyr): IRTE(BE)DKPZDFin.

t [Myr]



5. The EUV-Powered Blow-Off of the Protoatmosphere
and the Change of a Secondary CO2 Atmosphere by
Escape Processes

L DERERLF (planetary embryo) &EDEZE / EARNIRTNIL,
NE(IKBRAFE L THS 2-4 Myr UIAICIEEAETRKR UTZIET
[Dauphas and Pourmand, 2011; Brasser, 2012].

(1 RERFOFHIFGNFIBMYrchdEICERTD.)

XEE (planetary nebula)DEenH <10Myridfz&[e.g., Lunine+, 2011],
EERIFRDKTENEMDDANEFRIGARUS, BRFIDE~150MyrddfE(C,
IRTE DX DFI50~100fSFZE TR VO EUVIERET (CER =N TUVE

[e.g., Ribas+, 2005; Claire+, 2012].

EAVREUVIRETSAF T T, BB DH2, H20, CO20070 FASKUSIR F (CAzRE
U, KRRFHEC LEBEIZEHDHD.

HME|E (exobase)mE A, EUVIRETEEE MREX D BEEUSIEESUVTITT,
BREDBEIEEFT CRART D
[Watson+, 1981; Kasting and Pollack, 1983; Tian+, 2005].

— EUVIIRAC KD CIRIBASHD FEHZERBINERAEDFNFR T D
(blow-off).




5. The EUV-Powered Blow-Off of the Protoatmosphere
and the Change of a Secondary CO2 Atmosphere by
Escape Processes

Energy-limited 512NN 53K 8D 7ZBlow-of f formula:
[Hunten+, 1987; Hunten, 1993] EUVIRET (© & B INER

P IRIEDABRDEUVIEEEE
dMese  3nSewv Frove™
9
(8)
. d't : 47\G Pple—— meormane
AU [C K DBEIEREK BB NEL
nN~15—40%HMENHN D Z EHNZEL) N T~~~ al
[Chassefiere, 1996; Lammer+, 2009; 12__ ]
Koskinen+, 2012]. °F ;

N=40%DIEE, FA T14EOH(CHHY o
9 DKZ|N, BRYID1GYyrdfEI(C, ]
AR ?H@ﬁ&ﬂ?é(ﬁgure 8a).

& B (LR MBE(C I HUE-30EOH(C ;' ‘; '
Ejé. 1 | 1I0 | 1(I)O | 1000

t [Myr]




5. The EUV-Powered Blow-Off of the Protoatmosphere

and the Change of a Secondary CO2 Atmosphere by
Escape Processes

A NFRFHRIL, BEOKR)RFHEITITDEIEICKDT,
(BE3R, RRFD)EVWRFZFHZERICEIREE S LN TES.

Eb”ﬁ?@iﬁﬁsﬂiﬂgﬁyf@(:&é;ﬁﬂj75‘\J I X FheaVy .

[Hunten+, 1987; Chassefiere, 1996] ‘ _
/ KERFORB(LEMAS)TSYVIRX

KF* - BERFDEIVESLE
“Cross over” Mass M. :

k: IV EE, T: BEFIDRE, g0 EHNILEE,
b: 3 FHLEN NS A —5 (KFREZEE x 3 FHLAURER)

Mheavy < McZimIz T BEDRITIE(L, AN FERNEUR(C
RO TRHTEDRZENTES.




5. The EUV-Powered Blow-Off of the Protoatmosphere
and the Change of a Secondary CO2 Atmosphere by
Escape Processes

T=500K EARTE U 1=3%S& [Zahnle and Kasting, 1986; Chassefiere, 1996],
A R (C K> THEG SN T=70barH20 & 12bardDCO2% iR 1 F B ELER (C
KO ThRbhETE B2 EMNTE S (Figrue 8b).

FIER(C NENER UTZRIBASKZ ~ 10MyrDE (C, ([FF2TZHRFENFN
BURICKDOTHLETEDIZEMNTES.

NENEVLCO2ATZHEWMRE I B &4, Noachian#)EEDR (EAEIEE
CTdDIC.

MEX/OMEGADERAIT kit (carbonates) o

MRE SN C &, FIHADCO2K % b |
DAREBIE, RECEBELRDTEE  osf "~

<, FEHZEBICRHEULLEZEZREL SN

TUL\3 [Bibring+, 2005]. oor

PA

Noachian#£HAD2;XCO2 K& (&, EUVHN 04l
E(CKDRAEDZENBENE DD 21E, '
ZEEREICEZES5ENE.




5. The EUV-Powered Blow-Off of the Protoatmosphere
and the Change of a Secondary CO2 Atmosphere by
Escape Processes

Tian+ [2009] D 1R T ZAZME- BRI B S TS )L:
EUVISSTRENIRIEDKRE L D B10EU EEWVE, CO20F (IR K
<fEFREd D.
B CO2D FDIRINBEMERMES R D, EUVaEEESHIEAN R0 C
LUBFDCO2ARNIARIE (CTRD.
CO20Df#RE CERR=NIZCEOD TS w I X, ~4Gyra] Ci#JI10"117C,
RIEEIDOMR A A THIGENDELFIEE THD.
2IRAR £ AT AR AMHER(CAEEEN S D.

RASA RLRZIC, iR (KD THIESND2RCO2ARK EH20DE(C

DWTC, AR ICKBDMHEEENFEERMICERER L3511 =>202
& (/9 (Figrues 9, 10; Tables 3, 4).




5. The EUV-Powered Blow-Off of the Protoatmosphere
and the Change of a Secondary CO2 Atmosphere by
Escape Processes

A R(C K> THIESND2/RCO2AX:
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5. The EUV-Powered Blow-Off of the Protoatmosphere
and the Change of a Secondary CO2 Atmosphere by
Escape Processes

A7) R(C K> THIESTN D H20:

43Gyr  *1 426yr  °i| o 1—3bar(20—60m EGLIH)
af | o 3 IEEMEEESNSD.
CNLANCE, BEEET,

#—#+barH201%,
#100mbar®CO2h"
, , 1 o , , 3 Noachian?‘éﬁﬂi‘@(@%b\
UM e MR e M, BEREER ) (LA S

| 4.1Gyr 3 AGyr ° ﬂ%\ﬂﬁb'rftb\ai%.
- o i WINDHBETE,
= af =2 iﬁﬁ@ﬁi*ﬁﬂmbar)(:

EARTIRVLW2IRKSEHMEEG
ch3(39.
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6. Environmental Effects of
the Late Heavy Bombardment

HURMBEZEZITTC, I/EDImbarE WO KEZERHNETE LD ETDE,
FIEADARKIEN-0.1—1bar T2 ZIZE, BEIBEDNE(C, ~8,000—
15,000 DEEFBELU LOXAEENNETHD.

KAEZEES )L (exponentially decaying impactor flux model)/z &,

PRRBEL FDOXAEZELOENL, 100~-500/F4M R0\,

— RAEFEZEIZ(TT, 0.1barl LOXRKZRETEDDEEE UL,
ZHAREEHA(LHB) (X38(SFERIC A (C~50—300Myr E WV DR WERRI (CZ < D
KAEZEHNEEHFRETIET.

REER(CKDAKDRAETED /FEIAHEER DA
n=mecrit / M+an &L\Dtt_fb‘égfﬁé(%l_@b/l X%ﬂ\'\:l)

NSNS, FRHICES 59 3. LHBO0.3Gyr(CH LT,
150mbar(n=10), ~400mbar(n~3), ~1bar(n=1)ZEUR=E > 3.

n=30A LT3, KK ZF5AOLAMICERT B.
NoachianDE TRIARDK RN T & VLD B EELN G D

[Baker 2001; Squyres and Knoll] /=&, LHBERDRAKREZEN, KEDKD

T%Bl_é’#(;—;%bf oJBeMENNdD B [Segura+, 2002; Toon+ 2010].
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/. Escape and Surface Weathering of
the Secondary Atmosphere
Since the End of the Noachian

LHBERZ#2 X, EUVEET#E BIK T U CLUBE (L, NERRZFEHZEMNE
BURESEB(C(E, GRIEDNETHIRZTTUL\D)FERNEEN EE RIS
ZH>S.

MEX/ASPERA-3DERAICE D < NoachianlAPF T, NEHNEBHEZZELKD T
MNSDCO2+DitE (S, ~0.2—4mbar(CHB2 9 B [Barabash+, 2007].
FNEERRN SHETE N D, IFRANEURIBEIZE(CKDCO2+DiRHFEE (T,
~0.8—100mbari2EE T B [e.g., Ma+, 2004; Modolo, 2005;
Chassefiere+, 2007; Lammer +, 2008; Manning+, 2010].

LML, CNSOEFTILMIBEDEUVEETERENSVSEAET TD, NED
2E - BEEEZ T )AL TETRUVES, RIEEBESN3FRENIE/\GT
fli L CULDEIEEMEN D B.

ExUTDMEX/ASPERA-3DEVHI([C KD &, 5—20eV(ERIEE D SIEUL)DIE
TRILF—EBEEERCRE- A > H K= (TR L TULB[Lundin+, 2011].
TDIEFMNTE, KHARZEMEIC KD TR SN, BRERERA A Z2E
ATEREE (or flux rope)HY, RIERIFODORE TFHEZER (CEBURESE D '
JEERELRIBIZE S U TEIT BN B[e.g., Wolff+, 1980; Penz+, 2004].
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/. Escape and Surface Weathering of
the Secondary Atmosphere
Since the End of the Noachian

XIS T (BFTIVICKDHEEE):
#93.6-4GyrdDIH (C (EUVIRETEE (F3—6fEE V), I EFERIG TR
SNIEIEBWNIRFEBRICIFREIT DD FEDEZEICKDTEIERS
ENB3 R\ AU T KDREEL, ~50—60mbar(CHHEHT D
[Leblanc and Johnson, 2002].
EvO7vTAA>DEDIAHTEIEZEIEND, BE4EED
I B DT (CRKBDREDFENL, 1mbarll FTH D
[e.g., Chassefiere, 2007; Chassefiere and Leblanc, 2011].

HALZE R (+EEREN B S RIG) ([C K DEUR:
NEDOENFNEW), (EZRIGICE > TEUERRITRILF—1
R TRIILF—EBI TN, XKQZRETMDIZENTES.
BEAUBECHITDCOLREEE(T,
100mbar{ F[Tian+, 2009],
or 10mbarlL F[Chassefiére and Leblanc, 2011] F2E SH#HEFEINS.
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/. Escape and Surface Weathering of
the Secondary Atmosphere
Since the End of the Noachian

Table 5 Estimated min. and max. outgassed (VO: volcanic outgassing) CO, in units of bar ~4 Gyr ago
and the expected min. and max. range of impact eroded (IE) or delivered (ID) atmosphere during the late
heavy bombardment (LHB) period. CO, escape of various atmospheric loss processes (IL: ion loss; KH:
Kelvin Helmholiz instability triggered ionospheric detached plasma clouds; SP: sputtering; DR: dissociative
recombination; PD: photo dissociation) from observations and models integrated since that time

Sources and loss processes CO; [bar]

ﬂ; VO ~4 Gyr ago, mfix. : KUJ?E—E}J (ZJ:ZQHE'iij ~().2-0.5 bar

*ﬁ' VO ~4 Gyr ago, min. ~(0.05 bar
| D~ LHB . RAERC LDHERM/HEHD 003w
IE ~ LHB ~(0-0.15 bar
IL since ~4 Gyr ago ~0.001-0.1 bar
ﬁi J  KHsince ~4 Gyr ago ~(.001 bar
ﬁ SP since ~4 Gyr ago gllgm\ﬂfji@’*%(: J:éﬁ&ﬂ =0.001-0.05 bar
DR since ~4 Gyr ago ~0.001-0.1 bar
PD since ~4 Gyrago | =0.005-0.05 bar

CO2DREHRE(D, BE40BERIT10mbarLA TH5100mbarfEE T D .

HIETNIEEDHD, FHEMICEBIESBEECLEATSWIT.
— REDOKNEZRIRIT BT, KDZARTPNSLELITENSDD.



8. Surface Sinks of CO2 and H20
8.1 Sequestration of CO2z in Carbonates

FHERZERBNADOBURUNT, NEDCO2ARZ 12T ] HBEE,
LI X(CIRINEE B,
RSA 74 RAELUTHEDIAD (deposit),
IREBIEZ SO & U TRDIAD...  DULVIH.

LU X(CIRIREE S BC02D8KE(S, ~30—40mbarlA T TH S
[Zent and Quinn, 1995].
WD RS54 771 ATBHIADHDE(L, ~20—-30mbarfZ2E THD

[Phillips+, 2011].

BODREDZRBIEZSOHN E UTBDIAXRITNERSIRN.
UL, CNETOFRITILREBIEZ SO EFRRTET TLVRL

[e.g., Bibring+, 2006].

RETERWRERE U T, HEBR(CIEE O TLNDM, BETSERVWLANILT
[LEBHE ([CEL L CTUL\BRIEEMENYZ VY [Ehlmann+, 2008; Michalski and Niles,
2010; Morris+, 2010].
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8. Surface Sinks of CO2 and H20

8.1 Sequestration of CO2z in Carbonates

BEUNEDHRNSHITF2kmET
(C5%DIREEIEZ S A TZHINDIF
IELTLVE 7/5:.,?7(_6‘~5bar03
CO2ZRBDIAL C ENFEIBR (C(F
OJEE Cdp D (FalX: Figure 13).

NEDREIEZ = A TZHIY)(CEE T

DRI N ERE:
R EIE 7 SO IYD D IEAR (4]
T, 5km&E DEWNECAICE
N<SWWVFELTWLDIN ?
REEIEZ 2Rk 9D LT, Ul
ZEBNVNMNER UL ?
NoachianB %, EN<K 5Lk
ESIENFZ RSN, EDLDIC
e ?

EDKDIIEEIBIC KO T,

EDIEEZNZERM(C, iIRESEN
AR (CEnem ?

5000
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8. Surface Sinks of CO2 and H20
8.2 CH4 as a Clue to an Active Long-Term Carbon Cycle

t_FERHIYOMEX/PFS, MGS/TESIC KB N EREOl#HE(CH T DEVE!
M5, NERK[FICAS 2 HFEET~10-20pphIREFELTULD
C EHVHIBB U Tz [Krasnopolsky+, 2004; Formisano+, 2004;
Mumma-+, 2009; Fonti and Marzo, 2010].

A > DFGEH300yr(CBEMNMOS T [e.g., Krasnopolsky+, 2006],
FEESHTHREESND XS >, 200(90)HIFE DFdn CRFZERIRY
(CZEE) L CUL\DB[Lefevre and Forget, 2002].

CNETOFEEROERENS, IRTEOAI>DORE TSV IR
HHFEITDE, 10°8 cm-2 s-1IEE THD.

A DR E UTIE, BBAREDLNULEEORR E(FZX(ICL
< [Atreya+, 2006], 2VKSEENEYIREREMNE UINIRL)N.
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8. Surface Sinks of CO2 and H20
8.2 CH4 as a Clue to an Active Long-Term Carbon Cycle

IRTEDCHADOHENNDER TR L TULVEM 2
HEODRH T 5w O RXDIFFE(C CHADERENES L CWLWEIHE,
CHA4DHER (T, D < EBBEENTFEH2DNEEZEFR(CHZ T D)
(I¥5465 U=, [Chassefiere and Leblanc, 2011].
FEMD RS A 77 ADRENICZFENDRFEDEN, CHARHE LRI
BTHD, CNHARVKERICKDCHANIRIZ D ITHS,
- ETMyr(FHEHE U TUVE.
CH4DIER/), CH4 clathrate-rich cryosphere(A5 =)\ EL— |~?)
TdDEima, CH4 cryosphere M K (CRE(CHEESND10"8~9
yrOOfE, ISR (F kiR S4B = & (CTa B [Mousis+, 2012].

FHUKEENC KD CCH4W M SNEizS, BMEIRTTRICDFER,
NoachianZA[F T -~2bardDCO245 (CEFF5 9 D[ Chassefiere and Leblanc,
2011a].

e CA/ER (C KD CCHAM IR = NTEIBS, ~0.4bari2E MDCO27Z H4E
LfcC E(CHEEH 9 B[Chassefiére and Leblanc, 2011c].

CDESREICEEN, CHAE ATTCIET B 2 & SERFIC, ARD
CO2 % RESBDRZEE CHIRR(CH DIAD &LV S, ARDERNAZHNS
CO2%Z [12< 9] CEICBEREEIZRIZUIZMNE LRV
[Chassefiere and Leblanc, 2011a].



8. Surface Sinks of CO2 and H20
8.3 Storage Capability of H20 in the Martian Crust

NEDIE(CHKDKD=(L, 16 m EGLICHEZEH I B[Smith+, 2001].

BARDIKORNTTIEII S, A8 < &E~500m EGLIEHZEDIKNYTR
N3NEHHB[Carr, 1986].

NEDKFEDIMFEL TWVD T END, HIFED~5withH Kk
Y Cdh o IimE, HiRgd EIE10km (CEE I D/KFELAD(C, 2XEm
EGLAEZEDIKZETIEL 9 D Z E M BIRE T D.

IRTEDNEDD/HEEN S, ~300—400mGELMEZH DKM, XTI X5E
Bf) (L4 D EIKAE (hydrothermalism)(C Ko THERCE (CERDIAEN
J=elBet NN & B [Chassefiére and Leblanc, 2011a, b c].

HIFRAHE (K « IR (+KBE T TRIADIK) E U THRBESN
CTWLWBH20Z I N THhHED L, &RAT-1km EGLICILE T D h
H UL,

(WITNDISEEERIFEEL IR+ THSD.)
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9. Conclusion

L.H.B. 3.8 Gyr

Noachian | | Hesperian Amazonian

~5 — 30Myr 3.6 Gyr 1 Gyr present

Young: un:extr-‘eme-x-.‘-tm asma ™

Impact i
delivery of ' =

H,0 +hv~ H + OH

-
.
.
0 \
\‘ \

Grolwth of a secondary CO,
-~ ~ 1 ¥
N \ atmosphere due to volcanic

ou‘tgassm during NN 1
BN . .outgass ng

rﬁag rha ocean
| solidification

|

06&:“1 J\

Escape and surface
\...reathermg {e g

REDFEMERT UTUURE, RO T-HBEMyrd S5, BUOKEOEE
JREUVIRGTINEMC K> T, IKENZECH THDINEDRIGAK(L, BUVEL
%« RRFRFE—HEICHREDZFRBRESETCLED.

EUVIETSRE DK T (CE > TRANDEMNBEN D =E > TLB &,
FAREZE, NUTEBNC KD RIC KD THESNBDEE/INS >R T B.
BHAREHIDORIAREZE(CKX D T, BLZE1barEkKmdD2RCO2RT &,
10bar=K;imMH20M\35-40{BFFIICHB=S=ND.
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9. Conclusion
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BAR3SEEDME I, IERRIEURIBIZ CERA CT150mbardCO2MFEHZE/RINE
mhY D,

Noachian®#&HO D ([CE B mbardCO2V KT (CH D CTULVEIES, FEZEMIC
BURUTEDZFRVLT, KD OKEPD (SRESIEZ SO YD & U CHlRR (CHUD A
FND. —BIDOKRT-RROMZEE LR TG UIRH S EIR T B.

Noachian® (C X+ ~2YEBm EGLIEZIDH20(, 5K - KFNFEYIDOAZRE THRAT T

S I

(Z, BBNIKEBED T TRIADKE UTHRBESN CLVDAIEEEN D D.
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