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Abstract 3

Abstract

Mars and Earth may have obtained reduced proto-atmospheres enriched in Hy and
CH,4 during accretion. Such reduced proto-atmospheres would have been lost by hy-
drodynamic escape, but their fluxes and timescale for hydrogen depletion remain highly
uncertain. The largest ambiguity in the previous numerical studies for hydrodynamic
escape is the radiative loss of energy from the upper atmosphere where the outflow ac-
celerates due to the solar XUV heating. The presence of infrared active species such as
CH,4 would induce significant loss of thermal energy to space and thereby decrease escape
flux. However, previous studies treated the degree of energy loss as a free parameter.
On the other hand, chemical species in an escaping atmosphere would suffer photolysis
under the intentive XUV environment. To estimate the evolution of proto-atmospheres of
Mars and Earth correctly, precise modeling including exact radiative balance and chemi-
cal processes is required. Here we develop a one-dimensional hydrodynamic escape model
which includes radiative processes and photochemical processes for a multi-component
atmosphere and applied to reduced proto-atmospheres on Mars and Earth.

The escape rate of the reduced Martian atmosphere decreases more than one order of
magnitude and the mass fractionation occurs more remarkably as the mixing ratio of CH,
and CO increases primarily because of the radiative cooling by CH4 and CO. The total
amount of carbon species lost by hydrodynamic escape exceeds 10 bar equivalent to 20
bar of CO, when the proto-Mars obtained 2 10bar of Hy assuming that carbon species
equivalent to 1 bar of COy was left behind when most Hy completed its hydrodynamic
escape. The timescale for Hy escape from Hy-CHy-CO atmospheres becomes about one

order of magnitude longer than that from pure hydrogen atmospheres especially when
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Abstract 4

the CH4/CO ratio is high. If the proto-Mars obtained > 100 bar of Hy, the timescale
for Hy escape exceeds ~ 100 Myr, which implies that a reduced environment allowing
the production of organic matter deposit may have been kept on early Mars traceable
from geologic records. Our result also implies that atmospheres on Mars-sized proto-
planets may have survived during the giant impact phase and contribute as a source of
atmospheres on the larger terrestrial planets that have experienced proto-planet collisions.

In escaping outflow on Earth which has the deeper gravitational well, CHy is disso-
ciated rapidly by direct photolysis and chemical reactions with ions in escaping outflow,
whereas radiative cooling by photochemical products such as Hf , CH and CHj suppresses
atmospheric escape significantly even though their concentrations are small: the heating
efficiency decreases to ~ 0.05 at CH,/H=0.007 and species heavier than Hy cease to es-
cape at CHy/H52> 0.01. The maximum timescale for Hy escape to satisfy the constraints
of the isotopic compositions and the amount of volatiles on the present Earth is more
than several hundred million years. Our results suggest that a hydrogen-rich reduced
environment had been kept and played an important role in producing warm climate and
organic matters linked to the emergence of life organisms on early Earth.

The difference between hydrodynamic escape rates on Earth and that on Mars results
mainly from the difference of the planetary mass and the gravity. The escape rate is
larger for Mars even taking into account the weaker XUV flux due to the larger distance
from the Sun. On Mars, the weak gravity allows relatively fast escape flow that makes
adiabatic cooling effective, leading to the lower atmospheric temperature and inefficient
radiative cooling. The more efficient hydrodynamic escape on Mars may have resulted in

the observed paucity of volatiles on Mars compared to those on Earth.
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Introduction 5

Chapter 1

Introduction

A rocky proto-planet heavier than the Moon may have obtained a proto-atmosphere
by impact degassing from planetary building blocks and gravitationally capture of the
surrounding solar nebula gas (e.g. Saito and Kuramoto, 2018). The solar component of
the proto-atmosphere consisted of mainly Hy and He with elemental proportion the same
as the Sun. The degassed component has often been considered to consist of primarily
H50O and CO; by referring to the compositions of carbonaceous meteorites thought to
be the best analog of building blocks delivering volatiles and the typical composition of
terrestrial volcanic gas today (e.g. Matsui and Abe, 1986). However, planetary building
blocks containing metallic iron should have induced the production of reduced volatile
species such as Hy, and CHy because metallic iron acted as a reductant for the degassed
component (Kuramoto and Matsui, 1996; Zahnle et al., 2020). Even if metal-free, oxidized
building blocks like carbonaceous meteorites accreted, the impact degassed component
was likely enriched in reduced species because they contain abundant organic matters
(Hashimoto et al., 2007). Therefore, proto-planets in the terrestrial planet region likely
obtained reduced proto-atmospheres enriched in Hy and CHy.

The short accretion time of Mars constrained from the chronometry of Martian me-
teorites also supports the development of an Hy-rich proto-atmosphere on Mars. Judging
from its size about half of the Earth’s one, Mars may be a survivor of a proto-planet

grown by oligarchic accretion in a short time-scale (Kokubo and Ida, 1998). Concordant
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Introduction 6

with this view, recent precise chronometry of Martian meteorites indicates that Mars
had likely reached half of its present mass associated with the concurrent core-mantle
differentiation within several Myrs from the formation of the oldest CAI (Dauphas and
Pourmand 2011; Tang and Dauphas 2014). Such a short accretion time strongly im-
plis that the growth of proto-Mars proceeded primarily within the solar nebula, which
is estimated to have lasted for 2-10 Myr (e.g. Kita et al. 2005). Hence, proto-Mars
likely obtained a reduced proto-atmosphere in which the degassed component and solar
component were mixed (Saito and Kuramoto, 2018).

On the other hand, the isotopic similarity of Earth’s mantle materials with the most
reduced-type primitive meteorites supports the generation of an Hy-CHy rich proto-
atmosphere on Earth over its entire accretional history. Earth is likely experienced giant
impacts, the last of which may form the Moon (Chambers and Wetherill, 1998). Giant
impacts that occurred mostly after the dissipation of solar nebula likely induced atmo-
spheric escape from proto-planets to be merged to Earth, but a considerable part of their
atmospheres likely survived against giant impacts (Genda and Abe, 2003; 2005). Recent
analyses of isotopic compositions of Earth’s materials and primitive meteorites indicate
that most of Earth’s building blocks were close to enstatite meteorites, possessing the
most reduced oxidation state among primitive meteorites (Dauphas, 2017). If the simi-
larity in the isotopic composition can be extended to that of the chemical composition,
impact-generated vapor enriched in reduced species like Hy and CH, (Kuramoto and
Matsui, 1996; Zahnle et al. 2020) should accumulate on the proto-Earth.

Atmospheres with reduced compositions are promising sites for photochemical pro-
duction of organic matters precursory of life (e.g. Schlesinger and Miller, 1983), and
produce an early warm and wet climate under the faint young Sun (e.g. Sagan and
Mullen, 1972; Ramirez and Craddock, 2018). However, the duration of such a reduced
atmosphere has been estimated to be very short by most previous studies that modeled
hydrodynamic atmospheric escape.

Hydrodynamic escape occurs when radiative heating of an atmosphere accelerates

atmospheric radial outflow against the planetary gravity. Although this process does not
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Introduction 7

work on the present planets in the solar system, the X-ray and extreme ultraviolet (XUV)
radiation from the young Sun may have induced hydrodynamic escape because the XUV
flux of the early Sun is estimated to be as strong as ~ 100 times the present mean
flux from observations of stellar proxies of young Sun (Ribas et al., 2005). Hydrogen-
rich atmospheres on relatively low-gravity rocky planets are susceptible to hydrodynamic
escape with rates possibly very large compared to those of other atmospheric escape
processes (Catling and Kasting, 2017).

Several numerical studies have been made on the hydrodynamic escape of pure hy-
drogen atmosphere supposing a solar nebula envelope on Earth and Mars (e.g. Sekiya
et al., 1980; Erkaev et al., 2013; Lammer et al., 2014). Recent models including the
estimated evolution of XUV flux indicate that the hydrogen atmospheres on Earth and
Mars with the amount equivalent to that in the Earth’s ocean escape totally within ~ 10
Myr (Lammer et al., 2014; Erkaev et al., 2014).

Hydrodynamic escape may involve atmospheric species heavier than hydrogen (Hunten
et al., 1987). Especially, they may have been easy to escape from Mars due to its lower
gravity. Previous numerical studies have estimated the atmospheric escape rate of an
oxidized Martian proto-atmosphere made of degassed HoO and CO, assuming that those
molecules were fully dissociated into atoms in the upper atmosphere by the intense solar
XUV irradiation (Lammer et al., 2013; Erkaev et al., 2014). Their results suggest that
the proto-atmosphere with the amount equivalent to ~ 10 bar at the surface could have
been lost completely in 10 Myr under the XUV flux 100 times the present. These results
also indicated that proto-planets lost most of their atmospheres in 10 Myr (Odert et al.,
2018).

Hydrodynamic escape of a reduced proto-atmosphere enriched in Hy and CHy derived
from impact degassing from planetary building blocks and gravitationally capture of the
surrounding solar nebula gas remains poorly investigated. Infrared active molecules such
as CH4 may have significant effect on hydrodynamic escape by their radiative cooling.
Lammer et al. (2014) and Erkaev et al. (2014) assumed that all molecules in the Martian

Hy0-CO, atmosphere were fully dissociated into atoms in the upper atmosphere. But
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Introduction 8

part of molecules likely stays undissociated in the region where the vertical advection
proceeds faster than photolysis. Moreover, photolysis products such as CH and CHjz are
also infrared active molecules. So far, however, the effects of molecular radiative cooling
on hydrodynamic escape is uncertain. The same is true for photochemistry in an escaping
atmosphere except for some previous studies on pure hydrogen atmospheres (e.g. Garcia,
2007). If the atmospheric escape rate decreases by radiative cooling, the duration of the
reduced environment enriched in Hy or CH4 would become longer, which may have played
an important role in producing warm and wet climate and serving organic matters on
early Earth and Mars.

On the other hand, the amount of volatiles on the Martian surface is about two orders
of magnitude smaller than that on Earth (e.g. Pepin, 1991). The difference of isotopic
compositions of volatiles between Mars and Earth indicates that Mars have been affected
by atmospheric escape more intensively. H, C, N and noble gases on Mars are enriched
in heavier isotopes, which is likely due to fractionation by atmospheric escape. On the
other hand, the isotopic compositions of carbon and nitrogen of the Earth’s surface
inventory are close to those of primitive meteorites which are likely analog of building
blocks providing volatiles to Earth (Kerridge, 1985; Marty, 2012), which implies the
present-day carbon and nitrogen on Earth have been little affected by hydrodynamic
escape. A possible explanation of the difference in the amount of volatiles between
Mars and Earth is the difference in the hydrodynamic escape rate between the proto-
atmospheres on Mars and that on Earth.

Here, this study develop a one-dimensional hydrodynamic escape model which in-
cludes radiative cooling processes and photochemical processes for a multi-component
atmosphere, and calculate the atmospheric escape rate of a reduced proto-atmosphere on
Mars and Earth. Then, we estimate the evolution of proto-atmosphere constrained by
the isotopic compositions and the amount of volatiles on present planets.

This paper is organized as follows. In chapter 2, our hydrodynamic escape model
and the numerical procedure are described. Numerical results of hydrodynamic escape

and estimated atmospheric evolution of Martian reduced proto-atmospheres and Earth’s
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reduced proto-atmospheres are described in chapters 3 and 4 respectively. The conclusion

is summarized in chapter 5.
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Chapter 2

Hydrodynamic Escape Model

2.1 Lower atmospheric composition

In this modeling, an atmosphere composed of Hy, CHy, and/or CO at its low altitude
is assumed. The details of assumed atmospheric compositions on Mars and Earth is

described in Chapter 3 and 4 respectively.

2.2 Basic equations

We solved the equations of continuity and momentum and energy conservation for a

multi-component gas assuming spherical symmetry,

on; l A(ngur?)

= w; 2.1
ot + r2  Or wis (2.1)
ot + UZW = _EW - 2 + Z(Uj - uz)nj,uwkw, (22)

J

ol (1, 10 1, p | GM
O Y (T P R e

where ¢ is the time, r is the distance from the planetary center, n;, p;, u;, p;, and w; are the
number density, mass density, velocity, partial pressure, and production rate of species ¢

respectively, GG is the gravitational constant, M is the mass of the planet, p, p, and E are
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Hydrodynamic Escape Model 11

the total mass density, total pressure, and total specific internal energy, u is the mean
gas velocity and p;; is the reduced molecular mass between species ¢ and species j. k;; is
the momentum transfer collision frequency that follows

kgT
15035

where kp is the Boltzmann constant, 7" is the temperature and b;; is the binary diffusion

coefficient (Zahnle et al., 1990). We use

(

1.96 x 106% for neutral-neutral pair
Hij
bij = 4 4.13 x 107 8L 7 for neutral-ion pair (2.5)
Y
8.37 X 10*5Tf//§ for ion-ion pair

\ g

where « is the polarizability (Banks and Kocharts, 1973; Garcia, 2007). Here, b;;, T, j1;5

1

and «a are expressed in ecm~'s™!, K, g and cm?, respectively. The specific internal energy

of species i follows,
L p
E = b (2.6)
vi — 1 p;

where ~; is the ratio of specific heats of species i. We assume that v, = 3/2, 7/5, 4/3

for monoatomic gases, diatomic gases, and multiatomic gases. The total specific internal

energy is given by

PE:ZPiEiZZﬁPiZ% (Z n_l 1)195]%]0 (2.7)

%

where

1 n;
k,y_ﬁ<2%_1>. (2.8)

The net heating rate is given by

q = GQabs — qch — Qrad (29)

where .1, is the heating rate by XUV absorption, ¢, is the rate of net chemical expense

of energy, and ¢,.q is the radiative cooling rate by infrared active molecules.
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2.3 Photochemical processes

157 photochemical reactions (Table 2.1) are considered for 23 atmospheric compo-
nents: Hy, CHy, CO, H, C, O, CH, CH,, CH3, H', Hy, Hi, C*, O, CO*, CH", CHJ,
CHY, CHf, CHS, HCO*, HOC*, and OH*.

The photolysis rate of molecule A can be wrriten by

jA :/O')\’AN)\d)\, (210)
A

where o) o is the photodissociation/photoionization cross section at wavelength A for
species A and N, is the XUV photon flux at wavelength A\. We refer photodisso-
ciation cross sections and photoionization cross sections provided by “PHoto loniza-
tion/Dissociation RATES” (http://phidrates.space.swri.edu). The energy consump-

tion rate by this photolysis is given by

qais,A = JANAT—, (2.11)

where ny is the number density of species A, Ay, is the threshold wavelength for the
photolysis, h is the Planck constant, and c is the speed of light in vacuum.

The bimolecular reaction rate can be written by
fr = krning, (2.12)

where kg is the reaction rate coefficient, and n;, n; are the number densities of reactants
1, j respectively. We refer the photochemical reactions and these rate coefficients provided
by “The UMIST Database for Astrochemistry 2012” (http://udfa.ajmarkwick.net).
We neglect the formation of molecules which have more than one carbon. The energy

consumption rate by this bimolecular reaction is given by

genr = —[RAEw R, (2.13)

where AEq, g is the heat of reaction, positive for endothermic reactions and negative
for exothermic reactions. In the evaluation of the heats of reaction we make use of the
enthalpies of formation listed in Le Teuff et al. (2000). The energy consumption rate g,

is calculated by summing the consumed energy by each photochemical reaction.
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Table 2.1 Photochemical reactions

No.  Reaction Reaction rate cm3s—?
R1 Hy + hv — H+H

R2 —  Hj +e

R3 —  HY+H+e

R4  CHy+ hv —  CHy;+ H,

R5 — CH3+H

R6 — CH;+H+H

R7 —  CHj +e

R8 — CHj +H+e

R9 —  CHy +Hy+e
R10 — CH +H,+H+e
R11 —  HT"+CHs+e
R12 — CH+Hy;+H

R13  CO+ hv —  CO" +e

R14 — Ct+O0+e

R15 — C+0"+e

R16 -  C+0

R17 H+ hv — Ht+e

R18 C+ hv —  Ct+e

R19 O+ hv — O +e

R20 CH+ hv —  CH' +e

R21 CH+ hv — C+H

R22 CHjs+ hv —  CHJ +e

R23 CHjz + hv — CH+H;

R24 CHjz + hv — CHy+H

R25 H,+ CH —~ C+Hy,+H 6.00 x 10~ %exp(—40200/T)

Ref. McElroy et al. (2013)
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Table 2.1 Photochemical reactions

No.  Reaction Reaction rate cm?®s™!

R26 H, + CH CH, +H 5.46 x 107 %exp(—1943/T)

R27 H, + H, Hy+H+H 1.00 x 10~ 8exp(—84100/7)

R28 H+H, H+H+H 4.67 x 1077(T'/300)~exp(—55000/T)
R29 Hj +H, Hy + H 2.08 x 107°

R30 Hy,+C* CH" +H 1.00 x 10~ %xp(—4640/T)

R31 Hy+C* CHJ + PHOTON  2.00x 1071%(7"/300)1*exp(—23.00/T')
R32 H,+ CH' CHf +H 1.20 x 107°

R33 H,+ CHj CHY +H 1.60 x 107°

R34 H,+ CHJf CH: +H 4.89 x 107H(T/300) =% exp(36.10/T')
R35 Hy+C CH+H 6.64 x 10~ Yexp(—11700/T)

R36 Hy+C CH, + PHOTON  1.00 x 107%7

R37 H,+ CH, CH; + H 5.18 x 1071(T/300)°exp(—6400/T)
R38 H,+ CHj CH, +H 6.86 x 107'4(7/300)% ™exp(—4740/T)

R39 H,+ CHj
R40 H,+CH

CHS + PHOTON  3.92x10716(T/300) 2% exp(—21.30/T)
CH3 + PHOTON  5.09% 107'8(7"/300) %™ exp(—11.60/T")

N A S A A A e

R41  H, + CO* HCO" +H 7.50 x 10710
R42 H, +CO* HOCT + H 7.50 x 10710
R43 H, +O* OH" +H 1.70 x 107°
R44 H, + HOCT HCO" + H, 3.80 x 10710
R45 H' + CH, CHf +H 1.50 x 107°
R46 HT + CH, CHZ + H, 2.30 x 107*
R47  Hj + CH,4 CHy + H, 1.40 x 107°
R48 Hj + CH, CH; +H, +H 2.30 x 1079
R49 Hj + CHy4 CHY +H 1.14 x 1071
R50 Hj + CH,4 CH; + H, 2.40 x 107°

Ref. McElroy et al. (2013)
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Table 2.1 Photochemical reactions

No.  Reaction Reaction rate cm?®s™!

R51 CHf +CH, — CHI + CH; 1.50 x 107°

R52 CH,+CH; — CHs+CHs 7.13 x 10~ 2exp(—5050/T)

R53 CO"+CHy — CO+CHj 7.93 x 10710

R54 Ot 4 CH,4 —  CHf +0 8.90 x 10710

R55 CO*+CH, — HCO'+ CH; 4.55 x 10710

R56 OH"+CH; — CHY+O 1.95 x 10710

R57 H+ CH,y —  CHz+H, 5.94 x 10713(T/300)3%exp(—4045/T)
R58 Hj + CO —  CO" +H, 6.44 x 10710

R59 O"+CO -  CO"+0 4.90 x 10712(T/300)%5exp(—4580/T)
R60 CHj +CO —  HCO" + CH;4 1.40 x 107°

R61 CHZ +CO —  HCO" + CH,4 1.00 x 107°

R62 Hj + CO —  HCO"+H 2.16 x 107°

R63 Hj + CO —  HCO" + H, 1.70 x 107°

R64 Hi + CO —  HOC* + H, 2.70 x 1071

R65 OH"+CO — HCO'+0 1.05 x 107°

R66 H+ CH - C+H+H 6.00 x 10~%exp(—40200/T)

R67 H+HJ —  Hy, +H* 6.40 x 10710

R68 H -+ CHT —  Ct+H, 9.06 x 1071°(T/300)~*37exp(—29.10/T)
R69 H+ CHj —  CH' +H, 1.00 x 10~ %exp(—7080/T)

R70 H+ CHY —  CHj +H, 7.00 x 10~ %exp(—10560,/T)

R71 H+ CHf —  CHj + H, 1.00 x 1071

R72 H+ CHY —  CHf +H, 1.50 x 10710

R73 H+ CH, —  CH+H, 2.20 x 10710

R74 H+ CHj —  CHy+H, 1.00 x 10~ %exp(—7600/T)

R75 H+ CH, —  CHy + H, 5.94 x 10713(T/300)3exp(—4045/T)

Ref. McElroy et al. (2013)
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Table 2.1 Photochemical reactions

No. Reaction Reaction rate cm?®s™!

R76 H-+CH —  C+H, 1.31 x 10~ "%exp(—80.00/T)

R77 H'+H —  Hj + PHOTON 1.15 x 10718(7/300) ! *9exp(—228.0/T)
R78 H+C* —  CH" + PHOTON  1.70 x 1077

R79 H+C —  CH+PHOTON 1.00 x 1077

R8O H+ O —  O+HT 5.66 x 10719(T/300)°36exp(8.60/T)
R81 H+CO" — CO+HT 7.50 x 10710

R82 C+ CH; —  CHy+CHT 1.20 x 107°

R83 C+Hj — CH'"+H 2.40 x 107°

R84 C+HJ —  CH" +H, 2.00 x 107°

R85 C+Hj —  CH" +H, 2.00 x 107°

R86 C+ CO* —  CO+Ct 1.10 x 10710

R87 C+HCO* — CO+CH* 1.10 x 107°

R88 C+ OHT — O+ CH* 1.20 x 107°

R89 C+O*F —  COT™ +PHOTON  5.00 x 1071(7/300) 3 exp(—800,/T)
RO C+0O —  CO+ PHOTON 4.69 x 10719(T/300)"52exp(50.50/T)
R91 C+ CH, — CH+CH 2.69 x 10~ 2exp(—23550/T)

R92 CH+O —  HCO" +e 1.09x 1071(T/300) 2 ¥exp(—165.1/T)
R93 H*+O0O —  Ot+H 6.86 x 10719(T/300)%%exp(—224.3/T)
R94 CO"+0O — CO+ 07 1.40 x 10710

R95 CH"+0O — CO"+H 3.50 x 10710

R96 CHj +0O —  HCO"+H 7.50 x 10710

R97 CHJ +0 —  HCO' + H, 4.00 x 10710

R98 Hf +0O —  OH"+H 1.50 x 107

R99 Hi+O —  OH' + H, 8.40 x 10710

R100 CHj +O —  OH+ CHj 1.00 x 107°

Ref. McElroy et al. (2013)
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Table 2.1 Photochemical reactions

No.  Reaction Reaction rate cm?®s™!
R101 CH, + O —  CO+H, 8.00 x 10~

R102 CH, + O — CO+H+H 1.33 x 10710

R103 CHs + O — CO+Hy+H 3.60 x 10~ Mexp(—202/T)
R104 CH+O — CO+H 6.02 x 10~"(7/300)%Cexp(4.5/T)
R105 Ct*+0O —  CO" + PHOTON  3.14 x 107*¥(T'/300)%'Pexp(—68/T)
R106 C*+ CH — CHT+C 3.80 x 10719(7"/300) %5
R107 H*+ CH — CHT+H 1.90 x 10~°(7/300)~°5
R108 Hy + CH —  CH" +H, 7.10 x 10719(7/300) %5
R109 HJ + CH — CHy +H 7.10 x 10719(T/300) %5
R110 CHZ + CH —  CHJ + CHy 6.90 x 1071°(T/300)~%5
R111 Hj + CH —  CHj +H, 1.20 x 1072(T/300)%°
R112 CO* + CH - CO+CHT 3.20 x 1071(T/300)~%5
R113 O* + CH — O+ CHT 3.50 x 10719(7"/300) %5
R114 CO* + CH -  HCO" +C 3.20 x 1071°(T/300)~0
R115 HCOT+CH — CHJ +CO 6.30 x 10719(7/300) %5
R116 O*+ CH —  CO"+H 3.50 x 10719(7"/300) %5
R117 OH"+CH — CHJ +0O 3.50 x 10719(7"/300) %5
R118 C* + CH, —  CHj +C 5.20 x 10710

R119 H* 4 CH, — CHj +H 1.40 x 107°

R120 H* + CH, —  CH™ +H, 1.40 x 1079

R121 Hj + CH, —  CHj +H, 1.00 x 107°

R122 Hy + CH, —  CHf +H 1.00 x 10~

R123 Hi + CH, —  CHi +H, 1.70 x 107°

R124 CH} +CH, —  CH,+ CHJ 9.60 x 10710

R125 CH,+CH, — CH3+CH 4.00 x 10~ Pexp(—5000/T)

Ref. McElroy et al. (2013)
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Table 2.1 Photochemical reactions

No.  Reaction Reaction rate cm?®s™!
R126 CH,+ O* — O+ CHJ 9.70 x 10710

R127 CH, +CO* —  CO+ CHj 4.30 x 10710

R128 CH,+CO" —  HCO'+ CH 4.30 x 10710

R129 CH,+HCO" —  CO + CHjf 8.60 x 10710

R130 CH,+OH" — O+ CHj 4.80 x 10710

R131 HT + CHj — CHf +H 3.40 x 107*

R132 Hi + CH; —  CHJ +H, 2.10 x 107*

R133 CHs+CH; —  CH,+ CH, 7.13 x 10~ 2exp(—5052/T)
R134 Ht +e —  H+PHOTON 3.50 x 107'2(T/300)~%™
R135 Hj +e —  H+H 1.60 x 1078(7"/300) 043
R136 Hi +e —  Hy+H 2.34 x 107%(7/300) %52
R137 Hj +e —~ H+H+H 4.36 x 1078(T/300) 052
R138 C* +e —  C+PHOTON 2.36 x 107'2(T/300)~ %% exp(17.60/T)
R139 O* +e — O+ PHOTON 3.24 x 107'2(T/300) 06
R140 CH' +e —  C+H 1.50 x 1077(T'/300) 042
R141 CHj +e —  C+H, 7.68 x 1078(7/300) 0%
R142 CHj +e — C+H+H 4.03 x 1077(T/300) 06
R143 CHjJ +e — CH+H 1.60 x 10~7(7"/300)~60
R144 CHJ +e —  CHy+H 7.75 x 1078(T/300) =05
R145 CHZ +e —  CH+H, 1.95 x 10~7(T/300)~0-50
R146 CHj +e — CH+H+H 2.00 x 10~7(T/300) 040
R147 CHj +e —  CHy+H+H 1.75 x 1077(T'/300) 00
R148 CHj +e —  CH;+H 1.75 x 10~7(T/300) -5
R149 CHf +e —  CHy+Hy+H 4.76 x 1078(T/300) 02
R150 CHf +e —  CH3+H, 1.40 x 1078(7"/300) =052

Ref. McElroy et al. (2013)
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Table 2.1 Photochemical reactions

No.  Reaction Reaction rate cm?®s™!

R151 CHj +e — CHy+H+H 1.96 x 1077(T'/300) 02
R152 CHj +e — CHy+H 1.40 x 1078(T/300) 52
R153 CHY +e —~  CH+H,+H, 8.40 x 10~°(T/300)~0->2
R154 HCO'4+e  — CO+H 2.40 x 10~7(T/300)~0-69
R155 HOC™ +e - CO+H 1.10 x 1077(T/300) -0
R156 OH™ +e — O+H 3.75 x 107%(T/300) -
RI57 CO" +e -~  C+0 2.00 x 10~7(T/300)~0-48

Ref. McElroy et al. (2013)

2.4 Radiative heating processes

According to observations of solar-type G stars, the younger the star, the larger the
stellar X-ray and EUV luminosities (Ribas et al., 2005). For example, when the stellar
age is 100 Myr, the EUV flux is ~ 100 times that of the present Sun. For very young age
< 100 Myr, the XUV fluxes may be almost saturated (Lammer et al., 2013; Erkaev et al.,
2014). In our model, we apply the XUV spectrum 100 Myr after the birth of the Sun from
0.1 to 165 nm provided by Claire et al. (2012), whose total flux is 6.8 x 10% ergscm=2s~!
at the orbit of Earth. Most previous studies cut off UV at 100 nm or 120 nm (e.g.
Lammer et al., 2014). But, this study extends the considering UV wavelength because
CHy4 absorbs UV above 120 nm. We neglect UV above 165 nm because HyO that is the
main absorber of UV at such wavelength is depleted in the upper atmosphere owing to
the effect of cold trap in the troposphere.

In order to calculate the heating rate profile and photolysis rate profiles, the radiative
transfer of parallel solar XUV beams in spherically symmetric atmosphere is calculated

by applying the method formulated by Tian et al. (2005a). As shown in figure 2, solar
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XUV beam penetrates the atmosphere and it is absorbed by Beer’s law as follows:
Fxuv(s, D, \) = Fxuv(s + As, D, X)exp (— Z ni(r)aiiAs) , (2.14)

where s is the path length, D is the distance from the planetary center to the solar
radiation beam, n;(r) is the number density of species i at r and of ; is the absorption
cross section of species ¢ at A\. The energy deposition in a given layer along each path is
then multiplied with the area of the ring 2rDAD to obtain the total energy deposited
into the shell segment. The heating rate gaps(7) is given by the total energy absorbed by
each shell Eg,en(r) divided by the volume of the shell Vi,en(r):

Eghen (?" )
Vnen(r)

The photo-absorption cross sections are provided by “PHoto Ionization/Dissociation

Gabs (1) = (2.15)

RATES” (http://phidrates.space.swri.edu).

272DAD

Figure 2.1: Schematic of the two-dimensional energy deposition calculation method. (left)
Solar beam is in the plane of the figure. (right) Solar beam is perpendicular to the surface

of the paper.

2.5 Radiative cooling processes

We consider radiative cooling by thermal line emissions of CH4, CO, CH, CH3 and
Hj. We calculate the radiative cooling rate ¢..q by using the photon escape probability
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which represents the probability that the emitted photon can escape from the atmosphere
without being absorbed or scattered (Castor, 2004). The radiative cooling rate due to
a transition from an energy level ¢ to another level j of a radiatively active molecular
species s is given by

Qrad,s,ij = Ms,iAijhvii Biz, (2.16)
where ng; is the population density in the level i, A;; is the spontaneous transition
probability, hv,; is the energy difference between the level 7 and level j, and 3;; is the

photon escape probability. ng; is calculated under the assumption of LTE

gi E;
L —p 2t _ 2.1
Msii = Ts Zexp ( kBT) (2.17)

where n, and Z are the total number density and the partition function of species s, and
g; and F; are the statistical weight and energy of the level i. The total radiative cooling
rate by the species s, ¢raqs, is calculated by summing the radiative cooling rates by all
transitions.

The photon escape probability in the direction I at frequency v is given by

Bu(l) = exp(—T7,(1)) (2.18)

where 7,(1) is the total optical depth in the direction I from the point of photon emission.
For an isolated line with the line profile ¢(v), the net photon escape probability is given
by

50 = [ 6018, (219)

Approximating that the half of photons is emitted outward while another half is emitted
downward and absorbed by dense, lower atmospheric layers, the bulk escape probability

is evaluated by
1 [o.¢]
Br) =35 / o(v,7)B,(r)dv (2.20)
0
where f3,(r) is the photon escape probability emitted from the radial distance r to the

radial direction at frequency v

B,(r) = exp(—T7,) = exp [— /r anS(V,r)ds] (2.21)

Ttop
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where 7, is the radius of outer boundary (top of atmosphere) and oy, is the integrated
absorption coefficient given by
2
c n;g;
8mv;; n;g;
We ignore the effect of scattering. In the thermosphere, line shapes are determined by

Doppler-broadening mainly (Liou, 2002). Assuming the doppler profile, ¢(v) is given by

_m (V vy — @%)1 (2.23)

where v(r) is the velocity profile of radiative sources and vy is the central frequency of

1
(v, r) = mexp

the line profile under no flow. Avp is the doppler width, and it is given by

Avp = %VO (2.24)
c

where vy, is the thermal velocity of molecules and given by

3kgT

Mg

Ve = (2.25)

where my is the molecular mass of concerning species s. Net ¢..q is obtained by sum of
contributions by CH,, CO, CH, CH; and Hj .

We refer the data needed for calculating the radiative cooling rate like transition
frequencies, spontaneous transition probabilities, partition functions, etc. provided by
HITRAN database (http://hitran.org) and ExoMol database (http://exomol.com).
We consider 11969 transitions of CHy, 638 transitions of CO, 656 transitions of CH, 1969
transitions of CHz and 5200 transitions of H3 to cover more than the 99% of total energy
emission in the temperature range of 100 - 1000 K. CH, would be also an important
infrared active molecule. However, this study does not consider the radiative cooling by

CH; because there are no data of CHy so far.

2.6 Calculation method and numerical settings

Basic equations are solved by numerical integration about time until the physical

quantities settle into steady profiles. These equations can be split into advection phases
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and nonadvection phases. We employ the CIP method to solve the advection phases
(Yabe and Aoki, 1991) to keep numerical stability and accuracy for hydrodynamic escape
simulation (Kuramoto et al., 2013). After solving the advection phases, we solve the
nonadvection phases with a finite-difference approach. The nonadvection phases of the
energy equation are solved explicitly. The nonadvection phases of the continuity equations
are solved with the semi-implicit method. The nonadvection phases of the momentum
equations are solved implicitly using the quantities of next time step that are obtained
by the integration of the energy equation and the continuity equations. The details in
the calculation method are described in Appendix A.

The upper boundary of Mars and Earth are set at » = 50 Mars radius (1.70 X
10°km) and at » = 30 Earth radius (1.91 x 10°km) respectively. The lower boundary
of Mars and Earth are set at r = 4.39 x 10 km (the Mars radius + 1000 km) and at
r = the Earth radius + 1000 km (7.37 x 103km) respectively assuming formation of
massive proto-atmospheres. The interval was divided into 1000 numerical grids with
the grid-to-grid intervals exponentially increasing with r. In each simulation run, the
atmospheric density and temperature at the lower boundary are fixed. We assume that
only Hy, CH4 and CO exist at the lower boundary. The number density of Hy at the
lower boundary is set at 101 m~=3 on Mars and Earth. The temperatures at the lower
boundary on Mars and Earth are set at 150 K and 200 K respectively approximated by
the skin temperature, which is the asymptotic temperature at high altitudes of an upper
atmosphere. The number densities of CH; and CO are given as parameters in each
simulation run. The other physical quantities in the lower and upper boundaries are
estimated by linear extrapolations from the calculated domain. As the initial condition,
we use the steady profiles of the pure hydrogen atmosphere and add CH4 and CO whose
number density profiles are given by the hydrostatic structure. The initial velocities of

CH, and CO are set at 1077 m/s.
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Chapter 3

Hydrodynamic Escape of a reduced

proto-atmosphere on Mars

3.1 Atmospheric composition

For Mars, a hybrid-type atmosphere in which the solar component and the degassed
component are mixed is supposed (Saito and Kuramoto, 2018). The solar component is
approximated by pure Hy. The degassed component consists of Hy, CHy and CO referring
to the results of Kuramoto (1997). The CH4/CO ratio in the degassed component highly
depends on equilibration pressure and temperature. Thus, we consider three cases of
CH,4/CO ratio in the Martian proto-atmosphere: when only CH, exists, when only CO
exists, and when CH,/CO=1. The mixing ratio (CH4+CO)/H, is taken to be a parameter

because of the uncertainty in their supply to the proto-Mars.

3.2 Results

3.2.1 Atmospheric profiles

Figures 3.1 show the radial profiles of mean velocity, temperature, number density,

radiative heating rate and radiative cooling rate for typical steady state solutions of Hs-
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CH4-CO atmospheres. In each solution, the flow is radially accelerated from near zero
velocity to supersonic (figure 3.1(a)). Erkaev et al. (2014) assumed that all of molecules in
a modeled Martian proto-atmosphere are dissociated into atoms in the upper atmosphere.
In our study, a significant fraction of molecules stays undissociated especially in the lower
region (Figure 3.1(c)). Figure 3.2 shows the timescale for photolysis and that for advection

which are evaluated as follows:

1
ti,photolysis = (31)

SRS

advection = Ea (32)

where t; photolysis aNd Tadvection are the timescale for photolysis of species ¢ and that for
advection respectively, j; is the total photolysis rate of species i, H is the local scale height
of the atmosphere and u is the mean velocity. The timescale for advection is shorter than
that for dissociation, which indicates that molecules can stay largely undissociated in

escaping flow.

3.2.2 Energy balance

Figure 3.3 represents the energy balance in the subsonic region. The heating efficiency
which represents the fraction of net energy deposition as sensible heat relative to the total

input of XUV energy is given by

" (Qabs — Qeh — Qra)4mr2dr
)iy
f;: Gapsdmr2dr ’

n= (3.3)

where ¢ and 7 are the radial distance of the lower boundary and that of the transonic
point, respectively, and gaps, ¢en and ¢paq are the radiative heating rate by XUV absorption,
the rate of net chemical expense of energy, and the radiative cooling rate. In the results
of figure 3.3, the heating rate is balanced with the sum of cooling rates, enthalpy and
kinetic energy outflow rates and potential energy gain rates with accuracy ~5 % error.
The heating efficiency decreases as the mixing ratio of CH, and CO increases due to
radiative cooling by CH4 and CO: it becomes one order of magnitude smaller than that

of the pure hydrogen atmosphere when (CH4+CO)/Hy2 0.05. This result indicates that
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Figure 3.1: Atmospheric profiles. (a) Mean velocity. The dots represent the transonic
points and the triangles represent the exobase altitudes. The black line represents the
escape velocity. (b) Temperature. (¢) Number density of neutral species. (d) (e) Number
density of ion species. (f) Radiative heating and radiative cooling rate. The results in

(c)—(f) are obtained when CH4/Hy=CO/H, = 0.025.
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Figure 3.2: Timescale for photolysis and advection when CHy/Hy=CO/H, = 0.025.

the molecular radiative cooling suppresses the atmospheric escape significantly. The
decrease in heating efficiency is caused not only the increase in the abundance of coolants
but also the increase in temperature. The addition of CH4 and CO increases the mean
molecular weight of the atmosphere. Then, the flow velocity and adiabatic cooling rate
decrease even if mass escape flux was kept constant. Indeed, the Lagrangian change of
gas temperature is given by

DT T 10
55 = Wf% - EﬁE(UTQ), (3.4)
where the second term on the right-hand side of this equation represents the effect of
adiabatic cooling. The decrease in adiabatic cooling rate results in the temperature
increase in the subsonic region, which acts to enhance the radiative cooling.

Figure 3.4 represents the heating efficiencies on Hy-CH,4 atmospheres, Ho-CO atmo-
spheres, and H,-CH4-CO atmospheres, which indicates that the decreasing trend of heat-

ing efficiency becomes large as the CH,/CO ratio increases. This is because CH, is more

radiatively active than CO in the temperature region of the Martian atmosphere than

CO (figure 3.5).
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Figure 3.4: Heating efficiency in the subsonic region. The red line represent the heating
efficiency on Ho-CHy4 atmospheres, the orange line represents that on Hyo-CO atmospheres,

and the yellow line represents that on Ho-CHy-CO atmospheres.
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Figure 3.5: Radiative cooling rate per one molecule as a function of temperature.
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3.2.3 Escape rate and mass fractionation

Figure 3.6 represents the relationship between the total escape mass fluxes and the
lower boundary mixing ratio (CH4+CO)/Hs. Here, the bulk escape molecular fluxes of
Hy, CH4 and CO are given by

F;, = 47rrgni(ro)vi(7“0), (3.5)

where 1 = Hy, CHy and CO, respectively. Note that the dissociation of these species are

negligible at the lowest region near r = ry. The total escape mass flux F'o! is given by

Fios = Z m;Fi, (3.6)

where m; is the molecular mass of species i (Hy, CH4 and CO). As the basal mixing ratios
of CH, and CO increase, the escape mass flux decreases due to the radiative cooling by
CH,4 and CO (figure 3.3 and 3.4). The decreasing trend of the escape mass flux becomes
large as the basal CH,/CO ratio increases due to the more effective radiative cooling of
CH,.

Figure 3.7 represents the relationship between the basal CH,/H,; (CO/Hs) ratio and
the fractionation factor (= (F;/Fu,)/(ni(ro)/nu,(re)) = vi(re)/vu,(re)) which represents
the degree of the mass fractionation. As the mixing ratios increase, the mass fractionation
between Hy and CHy (or CO) occurs more remarkably. This result indicates that more
fraction of CH4 and CO tend to be left behind as they become more dominant in the proto-
atmosphere. The fractionation factor can be represented by using the crossover mass m..,
the largest molecular mass of secondary constituent that can be dragged upward to space

by the dominant lighter gas, which is given by

kT Fy,

4 2 3.7
bHQ,iQXHQ ( )

me = mH2

where my,, Fy, and Xy, are the molecular mass, number flux and mixing fraction of
H, and by, ; is the binary diffusion coefficient between Hy and species ¢ (Hunten et al.,

1987). The relative escape flux of the secondary constituent with molecular mass m;
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follows (Hunten et al., 1987)

ni(ro)/nu, (10) mC_mHz‘ '

The dashed lines of figure 3.7 are obtained from the equation (3.8), which approximately
explain the numerical results represented by solid lines. The slight deviation from ana-
lytical formula may be caused by effects of photolysis which affects the molecular masses

and hydrogen mixing ratio.
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Figure 3.6: Escape mass fluxes of main species per 1 Myr as a function of the lower

boundary mixing ratio (CH4+CO)/H,.

3.2.4 Effect of change in XUV flux

Although we have assumed the solar XUV flux 100 times the present, there remains
significant uncertainty in the XUV flux of the early Sun (Tu et al., 2015). Thus, we also
conduct simulations with the XUV flux 50 times and 200 times as large as the present.
Figure 3.8 represents the atmospheric escape rates normalized by the values when the
XUV flux is 100 times the present. The atmospheric escape rate on Hy-CO atmosphere
approximately obeys the energy-limited relation for different XUV flux (figure 3.8(a)).
On the other hand, the atmospheric escape rate on Hy-CH, atmosphere does not increase

proportionally with the XUV flux simply, but the increasing trend in the escape rate
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weakens as the XUV flux and the CH4/H, ratio increase (figure 3.8(b)). This is because

the heating efficiency decreases due to the increase in the production of CH and CHs.
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Figure 3.8: Escape rates normalized by the standard value. (a) Escape rates on Ho-CHy

atmospheres. (b) Escape rates on Hyo-CO atmospheres.
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3.3 Discussion

3.3.1 Evolution of early Martian atmosphere
Possible changes in the amount of early Martian atmosphere

The evolution of the Martian proto-atmosphere which is consistent with the current
inventory of Martian volatiles can be estimated from our numerical results. The lower
limit of integrated CO, loss to space from 4.2 Ga to the present estimated from observa-
tions by MAVEN spacecraft is 0.8 bar (Jakosky et al., 2018). Therefore, about 1 bar of
carbon species was likely left when most Hy lost to space via hydrodynamic escape. As
the standard setting, we suppose that a CHy (or CO) atmosphere whose total amount of
carbon is equivalent to that of 1 bar of COs was left behind after Hy loss. In addition,
the XUV flux is kept constant at 100 times the present.

We use the escape flux and the fractionation factor in section 3.2.3 to describe
the change in atmospheric amount. Referring to figure 3.7, the fractionation factors
(Fon,/Fu,)/(ncn, (o) /nu,(ro)) and (Feo/Fhu,)/(nco(re)/nu, (o)) is approximated by
the following fitting function:

F/ Fu, 1
n;(ro)/nu, (o) T 1+ af’

where a is the fitting factor and f = n;(ro)/nn,(r0) (i =CHy, CO). We define N; as

(3.9)

the total molecular number of species 7 in the atmosphere. Using equation (3.9), F; =
—dN;/dt and n;(ro)/nu,(ro) ~ N;/Nn,,

Ni(f) = Nexp {—é (% - %)} : (3.10)
where N? and f° are the initial total molecular number of species i and the initial N; /Ny,
ratio, respectively. The CHy line and CO line of figure 3.7 can be fitted by a = 4.05, 3.17
respectively. Assuming that the hydrodynamic escape stops when f = f!, N? is given by

N? = Nlexp E (i - i)} : (3.11)
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where N! is the value when f = f'. Here we assume that f' = 1, 0.67 on H,-CH,
atmosphere and Hy-CO atmosphere respectively, when the crossover mass reaches the
mass of CHy and CO. Note that changes in the assumption for the terminal f value little
affect the estimate of initial abundance N?. Accordingly, the atmospheric masses with f
are given by

M;(f) = miNi(f), (3.12)

Ni(f)
f )
where m; is the molecular mass of species i. On the other hand, the temporal change of

f follows

MH2 (f) = mHzNH2(f) = mm, (313)

4 _ af*Fy(f) | |
dt Ni(f%)exp [_% (f% — %ﬂ (3.14)

Given the initial N;/Ny, ratio and the escape flux F; following figure 3.5, the change in

the amount of atmosphere over time is obtained from equations (3.12), (3.13) and (3.14).
Figures 3.9 represent the temporal change in the equivalent surface pressure when

the initial amount of Hy is equivalent to the maximum amount of the nebula envelope

estimated by Erkaev et al. (2014). Here the equivalent surface pressure is given by

My
t 47TR§’

(3.15)

where P; is the surface pressure of species i, M; is the atmospheric mass of species i, g
is the gravitational acceleration, and R, is the radius of Mars. The amounts of CH, and
CO lost by hydrodynamic escape are as much as ~ 10 bar equivalent to ~ 25 bar of CO,
and ~ 20 bar equivalent to ~ 30bar of CO,, respectively. If Mars accreted carbon with
a proportion similar to those of Earth and Venus which currently have COy equivalent
~ 100 bar on their surfaces, Mars should have gained carbon equivalent to ~ 15bar of
COy considering the differences of the planetary mass, surface area and gravity. The hy-
drodynamic escape of hydrogen-rich proto-atmosphere in which the degassed component
and solar component are mixed may largely explain the paucity of CO5 on present Mars

compared to Earth and Venus.

February 20, 2021 (Yoshida Tatsuya)



Hydrodynamic Escape of a reduced proto-atmosphere on Mars 35

Figures 3.10 represent the dependence of the initial atmospheric amounts on the initial
CH4/H, (CO/Hsy) ratio. The initial atmospheric amount and the total amount lost by
hydrodynamic escape decreases as the initial mixing ratio of carbon species increases.
CH4 and CO can hardly escape when the mixing ratios of CH; and CO is larger than
~ 0.5.

Figure 3.11 represents the dependence of the timescale for Hy escape on the initial
amount of Hy. Atmospheres including CH; and CO have longer timescale than the
pure hydrogen atmosphere due to the effect of their radiative cooling and higher mean
molecular weight in the atmospheres. The timescale reaches ~ 10 Myr when the initial
amount of Hy is the maximum of the nebula envelope estimated by Erkaev et al. (2014).
The initial amount of Hy may have been larger than the estimation by Erkaev et al.
(2014) because the hybrid-type atmosphere could contain more nebula gas component
due to the higher mean molecular weight. Moreover, a large amount of hydrogen may
have been supplied from the degassed component. Due to its large distance from the
Sun, Mars was likely formed from volatile-rich building blocks that had been prepared
under cold nebular environments (Dreibus and Wanke, 1985). When employing the two-
component model for Martian building blocks described by Dreibus and Wanke (1987)
and considering the reduction of the degassed component by metallic iron, ~ 100 bar of
H, is estimated to be formed (Saito and Kuramoto, 2018). Thus, the timescale for Hy
escape may have been longer than ~ 100 Myr.

Recently, organic matters are detected from ~ 3.5 Ga mudstones in Gale crater (e.g.
Eigenbrode et al., 2018) and ~ 4 Ga carbonates in Martian meteorite, Allan Hills 84001
(Koike et al., 2020), which indicates that early Mars had a reduced environment suitable
for the production of organic matters. Our result that a hydrogen-rich reduced envi-
ronment may have been kept for a period order of 100 Myr seems consistent with these

detections of organic matters derived from early Mars.
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Isotopic fractionation in early Martian atmosphere during hydrodynamic es-

cape

Our escape model is applicable to isotopic fractionation of hydrogen, carbon, and
oxygen during hydrodynamic escape. From equations (3.7), (3.8), F; = —dN;/dt and

n;(ro)/nm,(ro) ~ N;/Nu,, changes in atmospheric amount of minor components are given

by
N; Moz e —m, 1
— = e dNy, | . 3.16
Ny TP (/NO me — mu, Ni, H> (3.16)

3
Hy

where N; and N? are the total molecular number of species i and its initial value respec-
tively. Using this equation and atmospheric evolutionary track of Hs, the change in the
isotopic compositions can be calculated. The 3C/'2C ratio, N /N ratio, D/H ratio,

22Ne/?°Ne ratio, 3 Ar/30Ar ratio, and 3'Xe/!3%Xe ratio are given by

N13CH4
13_0 — N120H4 (3.17)
120 Miseq
Nizgo
Nisyg
15\ — 3
e (3.18)
N Nisyiay ~ Nisy1ay
2N1an, +N1sn1ay 2Ny,
D - Mo Nup (3.19)
H atomsphere 2NH2 + NHD N 2NH2’ '
D N, N,
(1), = 2 e = (320)
H ocean 2NH20 + NHDO 2NH20
22Ne N22N
=~ 3.21
20Ne N20Ne7 ( )
38AI‘ NssA
= 3.22
36Ar N36Ar’ ( )
B81Xe o ]\7131)(e (3 23)

130X e N130Xe.

It is unknown what is the main nitrogen species in the proto-atmosphere, thus we consider
two cases: when N, is the main species and when NHj3 is the main species in the proto-

atmosphere.
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We calculate the atmospheric D/H ratio and ocean D/H ratio respectively. We assume
that the following deuterium exchange reaction occurs and it always equilibrates referring

to Genda and Ikoma (2008):

The equilibrium constant for this reaction is given by
(D/H) ~0.22 x 10°
(D/H) T

where T' is the temperature (Richet et al., 1977; Genda and Tkoma, 2008). The amount

ocean

K ~

+1 (3.25)

atmosphere

of ocean on early Mars is highly uncertain. We assume that the amount of the seawater is
constant at 0.1 times the present amount of the Earth’s ocean and the surface temperature
is 300 K constantly.

Figures 3.12 represent the ratios of final isotopic compositions when f = f; to the
initial isotopic compositions of H, C, and N with the initial amount of H,, and Figures
3.13 represent the ratios of final isotopic compositions when f = f; to the initial isotopic
compositions of noble gases. The D/H ratio increases at most by a factor of 3.5 due to
the isotopic fractionation by hydrodynamic escape and the deuterium concentration via
the deuterium exchange reaction between ocean and atmosphere (figure 3.12(a)). If the
hybrid-type atmosphere was formed, the D/H ratio may have been between the value of
the solar nebula and that of the degassed component. The D/H ratio of the degassed
component was likely close to those of primitive meteorites and that of the present Earth’s
seawater which is about 6 times larger than that of solar nebula gas (Marty, 2012). On
the other hand, atmospheric water vapor on Mars has a D/H ratio of ~6-7 times higher
than that of the terrestrial seawater (e.g. Krasnopolsky, 2000; Villanueva et al., 2015).
ALH84001 meteorite with crystalline age at 4.1 Ga contains trapped water with D /H ratio
~1.5-2 times higher than that of the terrestrial seawater (Usui et al., 2012), suggesting
that the D/H fractionation had already proceeded. Our result may consistent with the
high D/H ratio of the ALH84001 meteorite.

(BC/2C)final/ (P C/2C)initiar 18 at most ~ 1.2 (figure 3.12(b)). The 3C/'2C ratio of
the present Martian CO, atmosphere is higher by a factor of 1.05 than that of Earth and
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primitive meteorites (Henderson and Henderson, 2009; Lodders, 2010b). The *C/2C
ratio of carbonates in ALH84001 is higher by a factor of 1.04 than that of Earth (Nile et
al., 2013), which suggests that carbon was mostly fractionated in the early era (Catling
and Kasting, 2017). If the initial '*C/!2C ratio of Mars is similar to that of Earth and
primitive meteorites, isotopic fractionation of carbon by the hydrodynamic escape of
proto-atmosphere can explain the ¥C/!2C ratios of present Mars and ALH84001. The
final 13C/'2C ratios starting from the massive hydrogen-rich atmospheres seems slightly
too high. However, cases with such efficient 3C/??C fractionation by hydrodynamic
escape may be compatible with the observed weak isotopic fractionation because the late
supply of carbon species by mantle degassing and meteoroid bombardments to the early
atmosphere likely dilutes the isotopic fractionation.

The isotopic fractionations of nitrogen and noble gases by hydrodynamic escape are
also simulated (figure 3.12(c)(d); figure 3.13), but it is shown that the strong fractionation
suggested from the present isotopic ratios cannot be explained by the hydrodynamic
escape alone. Non-thermal escape processes such as solar-wind-induced sputtering and
photochemical escape also likely have fractionated nitrogen, Ne, and Ar (Jakosky et al.,
1994). Considering the effect of non-thermal escape additionally, the present isotopic

composition of nitrogen, Ne, and Ar could be explained.

Effect of weakly constrained parameters on estimated atmospheric evolution

To estimate the evolution of the proto-atmosphere, we adopted nominal values for the
weakly constrained parameters such as the XUV flux and the atmospheric mass lost by
processes except for hydrodynamic escape. Here we consider the effects of ambiguity in

these constraints on the estimated atmospheric evolution.

XUV flux There remains significant uncertainty in the XUV flux of the early Sun (Tu
et al., 2015). If the XUV flux and escape flux change, the atmospheric evolutionary
track likely change. Here we consider the atmospheric evolution when the XUV flux

differs, the atmospheric evolutionary track likely changes associated with escape rate.
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Figure 3.14 represents the timescale for Hy escape when the XUV flux is twice as large
as the standard-setting. Here CH4 or CO equivalent to 1 bar of CO, is assumed to
be left behind after the completion of hydrodynamic escape for each initial amount of
H;. The timescale becomes shorter slightly when the XUV flux becomes higher, but not
proportional to the XUV flux because the CHy/Hy (CO/Hy) ratio becomes larger when
the initial atmospheric amounts is the same under the standard-setting. The degree of
isotopic fractionation becomes large slightly as the XUV flux becomes higher (figures 3.15
and 3.16).

Atmospheric mass after hydrodynamic escape We assume that a CHy (or CO)
atmosphere whose total amount of carbon is equivalent to that of 1 bar of CO, was left
behind after hydrodynamic escape of Hy referring to the estimation of the atmospheric
amount lost by non-thermal escape flux by MAVEN spacecraft. However, Mars may have
other carbon inventories such as carbonates in the subsurface. Carbonates are found in
martian soil, which contains 3-5 wt% magnesite (MgCO3) at the Mars Phoenix landing
site (e.g. Boynton et al., 2009). If this mass fraction were representative of the crust
down to 1 km, then about 1 bars of COy could be sequestered (Catling and Kasting,
2017). If the remaining atmospheric amount increases considering deposition of carbon
additionally, the estimated initial atmospheric amount and the timescale for Hy increase

almost proportionally.

3.3.2 Preservation of atmospheres on proto-planets

The mass of Mars is consistent with the predicted mass of proto-planets formed by
the oligarchic growth of planetesimals in the solar nebula (Kokubo and Ida, 1998). The
Earth, about ten times more massive than Mars, is considered to be formed through the
collision of proto-planets over several tens Myr mostly after the dissipation of the solar
nebula. During the giant impact stage, the hydrodynamic escape of the proto-atmosphere
is expected to occur from each proto-planet. Here we apply our escape modeling to explore

how much proto-atmosphere would remain on proto-planets before merge into a larger
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Figure 3.9: Changes in the equivalent surface pressure over time when the initial amount
of Hs is equivalent to the maximum amount of the nebula envelope estimated by Erkaev
et al. (2014). (a) Changes in the amount of a Hy-CH, atmosphere. (b) Changes in the

amount of a Hyo-CO atmosphere.
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Figure 3.10: Initial atmospheric amounts with initial CHy/Hy (CO/Hs) ratios. (a) Initial
atmospheric amounts of Hy-CH, atmospheres. (b) Initial atmospheric amounts of Hy-CO

atmospheres.
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Figure 3.11: Timescale for Hy escape with the initial amount of Hy. The red line, orange
line, and blue line represent the timescale for Hy escape on Hy-CHy atmospheres, Hy-CO

atmospheres, and pure Hy atmospheres.

planet.

Figures 3.17 represent the ratios of the remaining atmospheric amounts to the ini-
tial atmospheric amounts assuming that hydrodynamic escape continues 10 Myr under
the XUV flux 100 times the present. This indicates that part of the hydrogen-rich at-
mospheres on Mars-sized proto-planets would remain when the mixing ratios of carbon
species are high. Odert et al. (2018) suggested that HyO-COy steam atmospheres on
proto-planets were lost efficiently via hydrodynamic escape and proto-planets in the
terrestrial planetary region became volatile-poor. In contrast, our result implies that
atmospheres on proto-planets may have survived considerably, and merge into the proto-
atmosphere of the larger terrestrial planets such as Earth. Note that the giant impact
process itself is also difficult to remove the entire atmospheric mass to space (Genda and

Abe, 2005).

3.4 Conclusion

Here we carry out our one-dimensional hydrodynamic escape simulation for Martian

proto-atmospheres originated from the degassed component and the solar nebula com-
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Figure 3.12: Ratio of final isotopic compositions when f = f; to initial isotopic compo-
sitions with initial amounts of Hy. The red lines show isotopic compositions along the
atmospheric evolution of Ho-CH,4 atmospheres, and the orange lines show isotopic com-
positions along the atmospheric evolution of Hy-CO atmospheres. We assume that the
initial isotopic compositions of carbon and nitrogen are equal to those of Earth, which
are very close to those of primitive meteorites. (a) Ratios of final D/H ratios to initial
D/H ratios of the entire system. (b) Ratios of final *C/'2C ratios to initial *C/!2C
ratios. 3C/2C=Nucy, /Niecn, and 3C/2C=Nisco/Ni2co are assumed on the red line
and on the orange line, respectively. (c) Ratios of final **N/N ratios to initial >N /"N
ratios. Here we assume that N /MN=Nisyuan/2Nuy,. (d) Ratios of final >N /"N ratios

to initial >N/MN ratios. Here we assume that >N /“N=Nusyy, / Nianp,-
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Figure 3.13: Ratios of final isotopic compositions when f = f; to initial isotopic com-
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Figure 3.14: Timescale for Hy escape with initial amounts of Hy. The solid lines represent
the timescales when the XUV flux is twice as large as the standard setting, and the dashed

lines represent the timescales when the XUV flux is the standard setting.

ponent. According to our results, the atmospheric escape rate decreases more than one
order of magnitude and the mass fractionation occurs more remarkably as the mixing
ratio of CH4 and CO increases primarily because of the energy loss by radiative cooling.
Assuming 1 bar of CO, was left behind when most Hy completed its hydrodynamic escape,
the total amount of carbon species lost by hydrodynamic escape exceeds that equivalent
to 20 bar of COs when the proto-Mars obtained 2 10 bar of Hy, which may explain the
paucity of CO, on Mars compared to Earth and Venus. The timescale for Hs escape from
H,-CH4-CO atmospheres becomes longer than that from pure hydrogen atmospheres es-
pecially when the CH,/CO ratio is high. If the proto-Mars obtained > 100 bar of Hy, the
timescale for Hy escape exceeds ~ 100 Myr, which implies that a reduced environment
may have been kept on early Mars leaving surface deposition of organic matter produced
by atmospheric chemistry under reduced condition. Our result also implies that atmo-
spheres on Mars-sized proto-planets survived during the giant impact phase and involved

to the proto-atmophere of larger terrestrial planets like Earth.
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Figure 3.15: Ratios of final isotopic compositions when f = f; to initial isotopic com-
positions with initial amounts of Hy. The solid lines represent the timescales when the
XUV flux is twice as large as the standard setting, and the dashed lines represent the
timescales when the XUV flux is the standard setting. Other line settings are same as

figures 3.12.
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Figure 3.16: Ratios of final isotopic compositions when f = f; to initial isotopic com-
positions with initial amounts of Hy. The solid lines represent the timescales when the
XUV flux is twice as large as the standard setting, and the dashed lines represent the
timescales when the XUV flux is the standard setting. Other line settings are same as

figures 3.13.
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Figure 3.17: Ratios of remaining atmospheric amounts to initial atmospheric amounts.
(a) Ratios when the XUV flux is the standard setting. (b) Ratios when the XUV flux is

twice as large as the standard setting.
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Chapter 4

Hydrodynamic Escape of a reduced

proto-atmosphere on Earth

4.1 Atmospheric composition

Recent studies of isotopic compositions of Earth’s materials and primitive meteorites
indicate that most of Earth’s building blocks were close to enstatite meteorites, which have
the most reduced oxidation state among primitive meteorites (Dauphas, 2017). According
to the thermodynamic modeling by Kuramoto and Matsui (1996), partitioning of H and
C among fluid, silicate melt, and molten metallic iron within a growing Earth would
produce a proto-atmosphere enriched in Hy and CH; when most accreting materials are
reduced like enstatite meteorites. Referring to their results, we assume that the Earth’s
proto-atmosphere consists of Hy and CH4. The CH4/H, ratio is taken to be a parameter
because of the uncertainty in their supply to the proto-Earth and possible change through

time due to selective loss and supply.
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4.2 Results

4.2.1 Atmospheric profiles

Figures 4.1 show the radial profiles of mean velocity, temperature, number density,
radiative heating rate, radiative cooling rate and reaction rate for typical steady state
solutions. In each solution, the flow is radially accelerated from near zero velocity to
supersonic (figure 4.1(a)). Here we focus on the profiles of CH, and its photochemical
products which are important for the atmospheric energy balance by their radiative cool-
ing in the lower region (r < 1.3 Rgan). CHy is rapidly dissociated into CH and CH3 when
CH4/Hy = 0.001 (figure 4.1(c)). This behavior is unchanged for higher CH4/H, cases.
As shown in Figure 4.1(f) which represents the rates of reactions that break down CHy,

the main paths of CH, broken down are the following reactions:

CHy + hv — CH, + H,, (4.1)
CH, + hv — CHy + H+H, (4.2)
CH, + H" — CHJ + H, (4.3)
CHy +HT — CHY + H,. (4.4)

CHy, is broken down by the reactions with ions as well as by photolysis, as known for the
ionospheres of Jupiter and Saturn (e.g. Yung and Demore, 1998). Our Earth atmosphere
model shows higher efficiency of CH; decomposition than the Mars atmosphere model
(Chapter 3) because the effect of photolysis becomes large under the slower advection on
Earth with the deeper gravitational well. H* | the major reactant for CH, decomposition,

is produced by photoionization of Hs:
Hy+ hv — H" + H+e. (4.5)

Thus, the mixing fraction of CHy is anticorrelate with that of HT as shown in figure

4.1(c) and 4.1(d). On the other hand, the decreasing trend in CH, becomes modest in
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r > 1.3Rgatn because the temperature increase enhances the formation reaction of CHy
described by
H, + CH; — CH, + H. (4.6)

4.2.2 Energy balance

Figure 4.2 represents the energy balance in the subsonic region. The heating efficiency
is given by equation (3.3). ~ 75% of the energy obtained by the XUV absorption is lost
by the chemical expense and the radiative cooling by Hi almost independently of CH,
mixing ratio. The radiative cooling by CH and CHj produced by photolysis of CHy
has a great effect on the atmospheric energy balance. In the region near the lower
boundary, the radiative cooling by CHs occurs efficiently because CHj is infrared active
even at low temperature (figure 3.5). At altitudes with increased temperature, the effect
of radiative cooling by CH also becomes effective (figure 3.5). The heating efficiency
decreases as the basal CH,/H, ratio increases: the heating efficiency drops to ~ 0.05
when CH,/Hy = 0.007 (figure 4.2). The change in the heating efficiency shows radiative
cooling by CH and CHj3 suppresses atmospheric escape significantly even when basal CHy

mixing ratio is small.

4.2.3 Escape rate and mass fractionation

Figure 4.3 represents the dependence of the escape mass fluxes of main gas species
on the basal CHy/H, ratio. Here, the bulk escape molecular fluxes F; and mass fluxes

F,.i (i = Hy, CHy) are related as follows
Foi=m;F;, = mi47rr§ni(ro)vi(7’o), (4.7)

where m; and v; are the molecular mass and velocity of species . Note that the dissoci-
ation of these species are negligible at the lowest boundary r = r¢. As the basal CHy/H,
ratio increases, the escape mass flux decreases because the heating efficiency decreases by

radiative cooling. The dashed line in figure 4.3 represents the critical flux representing
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Figure 4.1: Atmospheric profiles. (a) Mean velocity. The dots represent the transonic
points. The black line represents the escape velocity. (b) Temperature. (c¢) Number
density of neutral species. (d) Number density of ion species. (e) Radiative heating and
radiative cooling rate. (f) Reaction rates of reactions which break down CHy4. The results

in (c¢)—(f) are obtained when CHy/Hy = 0.001.
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Figure 4.2: Energy balance in the subsonic region. “kinetic energy” is the flux of ki-
netic energy, “enthalpy” is the flux of enthalpy, “gravitational energy” is the difference of
the gravitational potential, “Radiative heating” is the heating rate by XUV absorption,
“chemical expense” is the net chemical expense of energy, and “CH, cooling”, “CH cool-
ing”, “CHjz cooling” and “Hj cooling” are the radiative cooling rate by CH,, CH, CHj

and H7 respectively. The black line in the lower panel represents the heating efficiency.

the minimum flux of Hy that can drag CHy to space. The critical flux, Fy, is derived
from the crossover mass which is the largest molecular mass of secondary species that
can be dragged upward by the dominant lighter gas. Taking m. = mcn,,

ng,CH4gXH2

Fcri -
’ kT

(TTLCH4 - mHz). (48)

When extrapolating the Hy escape rate linearly using the values when CH,/Hy=0.005
and 0.007, the Hy flux reaches the critical flux when the CH,/H, ratio increases to 0.012.
This means that only Hy escapes to space leaving CHy behind when CHy/Hy 2 0.012
under the assumed XUV flux.

The fractionation factor given by (Feu,/Fu,)/(ncu,(ro)/nm, (o)) = ven, (o) /vm, (7o)
depends on the basal CHy/Hs ratio as shown in figure 4.4. As the basal CH,/H, ratio
increases, the fractionation factor decreases, i.e., the mass fractionation between Hy and
CH,4 occurs more remarkably. The dashed line of figure 4.4 is obtained from equation

(3.8), which approximates the numerical results represented by the solid line.
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Figure 4.3: Escape mass fluxes of main gas species per 1 Myr as a function of the basal
CH,4/H; ratio. The right vertical axis represents the flux normalized by the mass of the
present Earth’s atmosphere: 1bar = 5.3 x 108 kg. The blue line represents the Hy mass
flux, and the red line represents the CH4 mass flux. The dashed line represents the critical

flux which is the minimum flux of H, that can drag CH, upward.
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Figure 4.4: Fractionation factor given by wvcp,(10)/vn,(r0) as a function of the basal
CH,4/H; ratio. The solid line represents the value from the numerical results, and the

dashed line represents the value from the crossover mass.
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4.2.4 Dependence of heating efficiency and atmospheric escape

rate on XUV flux

In the previous section, we apply the XUV spectrum whose total flux is about 100
times the present. However, there remains significant uncertainty in the XUV flux of the
early Sun (Tu et al., 2015). Here, we show the results when the XUV flux is twice or
three times as large as that of the standard-setting. Figure 4.5 represents the atmospheric
escape rates and heating efficiencies normalized by the standard values. The atmospheric
escape rate does not increase proportionally with the XUV flux simply, but the increasing
trend in the escape rate weakens as the XUV flux and the CH,/H, ratio increase. This
is because heating efficiency decreases due to the increase in the photolysis production of

CH and CHs.
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Figure 4.5: (a) Escape fluxes normalized by the standard value. (b) Heating efficiencies

in the subsonic regions normalized by the standard value.
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4.3 Discussion

4.3.1 Evolution of early atmosphere on Earth
Initial conditions and possible evolutionary tracks of escaping atmosphere

Significant decrease in heating efficiency suggested from our numerical results implies
a prolonged Earth’s proto-atmosphere with reduced composition. The evolution of a
proto-atmosphere on Earth by hydrodynamic escape may be constrained by the current
inventories and the isotopic compositions of volatiles on the Earth’s surface. Here we will
argue possible evolutionary tracks of proto-atmosphere starting from a Hy and CHy-rich
atmosphere.

To make an analysis applying our simulations of hydrodynamic escape, it is assumed
that all carbon in the lower atmosphere is in the form of CH, and the middle atmosphere is
dominated by Hy and CH,4 with the possible existence of HyO in the lower atmosphere and
the proto-ocean on the surface. As the standard-setting, constant XUV flux about 100
times the present is given and the processes of atmospheric supply and non-hydrodynamic
escape during the evolution of the proto-atmosphere are neglected.

We use the escape flux and the fractionation factor in figure 4.4 to describe the change
in the atmospheric amount. The fractionation factor in figure 4.4 is approximated by the

following fitting function:
Fow,/Fn, 1
neu, (ro)/nu, (ro) 1+ af’

where a is the fitting factor and f = ncp, (70)/nm,(r0). The fractionation factor of CHy

(4.9)

of figure 4.4 can be fitted by a = 1.85 x 102. Using the same method described in chapter
3, the change in the amount of atmospheric Hy and CH4 can be calculated.

An estimated amount of carbon on the present Earth’s surface is equivalent to ~70
bar of COy (Holland, 1978). Here, we assume that CH, with the total amount of carbon
equivalent to 70 bar of COy was left behind when the hydrodynamic escape of CHy
stopped. We stop the escape of CHy when the CH4/Hs ratio increases to 0.012 at which

the H, flux decreases to the critical flux for CHy loss.
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Nitrogen species are likely lost by hydrodynamic escape as well as carbon species.
It is unknown what is the main nitrogen species in the proto-atmosphere, thus we con-
sider two cases: when Ny is the main species and when NHj is the main species in the
proto-atmosphere. We assume that nitrogen species with the total amount of nitrogen
equivalent to 0.8 bar of Ny was left behind when escape of nitrogen species stopped. In
this study, the nitrogen species are treated as trace species which have negligible effects
on the hydrodynamic escape. The change in atmospheric amounts of nitrogen species is
calculated by equation (3.16).

Under the CH, enriched conditions where no CH, escapes, the Hy escape flux is given
by the critical flux for CH, described by equation (4.8) since the cease of uplift of CHy
would prevent the heating efficiency from dropping further. This assumption is applied
when the CHy/H, ratio > 0.012.

Isotopic fractionation of carbon, nitrogen and hydrogen can be also calculated. The

13C/12C ratio, '°N/!MN ratio, and D/H ratio are given by

13 N
O _ Nocm, (4.10)
IQC NCH4
Nisyn
15N —3
T (4.11)
N Nisyiay ~ Nisyi1ay
2N1an, +Nisn1ay — 2Ny,
(9) _ Nup - Nup (4.12)
atomsphere 2NH2 + NHD 2NH2
(9) _ Nupo . Nupo (4.13)
H ocean QNHQO + NHDO N 2NHQO ’

Using equations (4.10), (4.11), (4.12), (4.13) and the atmospheric evolutionary tracks of
Hy and CHy, changes in isotopic ratios can be calculated.

As for the evolution of the D/H ratio, we take into account liquid H,O mass stored in
ocean, which would have effects to buffer the D/H fractionation in the proto-atmosphere.
The following deuterium exchange reaction is assumed to be in equilibrium among atmo-

spheric Hy and oceanic water referring to Genda and Ikoma (2008):
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The equilibrium constant for this reaction is given by

(D/H)

_022x10°
(D/H)

T?

ocean

K ~

(4.15)

atmosphere

where T is the temperature (Richet et al., 1977; Genda and Tkoma, 2008). The seawater
mass is taken to be constant at the present value. The surface temperature refers to the
results of Pahlevan et al. (2019) to determine the surface temperature 7": they indicated
that greenhouse warming by inventories of ~ 1-100 bars of equivalent Hy yields surface
temperatures ~ 300-550 K by applying their climate model on Hy-HO atmospheres.

The initial isotopic compositions of carbon and nitrogen of the proto-atmosphere are
taken in the range of the values of primitive meteorites supposing that primitive mete-
orites are analog of building blocks providing volatiles to Earth. The isotopic compositions
of carbon and nitrogen on the present Earth are known to be close to those of primitive
meteorites: the '*C/!2C ratios of primitive meteorites are within the factor from 0.98 to
1.01 of the representative value of the Earth’s mantle (Des Marais, 2001; Kerridge, 1985;
Marty et al., 2013) and the ®N/MN ratios of primitive meteorites are within one from
0.95 to 1.335 of the value of the present Earth’s atmosphere (Kerridge, 1985; Grady and
Wright, 2003; Furi and Marty, 2015). The D/H ratio of the seawater is also close to those
of carbonaceous chondrites (e.g. Marty, 2012). The initial D/H ratio of the seawater
is highly uncertain among the values of the solar nebula gas, primitive meteorites, and
comets. As for the D/H ratio, therefore, its enhancement relative to the initial ratio by
hydrodynamic escape is analyzed.

Figure 4.6 shows an evolutionary track of proto-atmosphere that satisfies the present
amounts and isotopic compositions of carbon and nitrogen on Earth. For convenience,

the atmospheric mass of each species is expressed by the equivalent surface pressure given

by
My
t 471'jo

where P; and M; are the equivalent surface pressure and atmospheric mass of species ¢,

(4.16)

and g and R, are the surface gravity and radius of Earth. The result shown in figure 4.6

February 20, 2021 (Yoshida Tatsuya)



Hydrodynamic Escape of a reduced proto-atmosphere on Earth 58

is obtained for the case when the initial amount of Hy is taken maximum. More initial
Hy causes excessive isotopic fractionation of carbon and nitrogen.

The dependence of initial atmospheric amounts on initial CHy/Hj ratio is shown in
Figure 4.7. Here, the initial Hy amount is estimated so as the hydrodynamic escape to
leave behind carbon and nitrogen with the present inventories. Figure 4.8 represents the
relationship between initial isotopic composition and final isotopic composition. CHy and
nitrogen species hardly escape compared to Hy (figure 4.6, 4.7) because their escape must
be suppressed to satisfy the constraint of the initial isotopic compositions of carbon and
nitrogen (figure 4.6, 4.8). On the other hand, the upper limit of Hy loss is equivalent to
~ 400 bar, indicating that a massive hydrogen-rich proto-atmosphere was possibly formed
(figures 4.6, 4.7). This owes to the suppression of escape of CH, and nitrogen species by
the effect of radiative cooling.

The formation of a massive hydrogen-rich atmosphere on proto-Earth has been sug-
gested from the chemistry of the building blocks of Earth. As described in the previous
section, most of Earth’s building blocks were closest to enstatite meteorites, possessing
the most reduced oxidation state among primitive meteorites (Dauphas, 2017). In such a
case, the Hy /H,O ratio of impact-generated vapor becomes > 10 considering the reduction
of water to hydrogen by Fe metal (Kuramoto and Matsui, 1996). The amount of hydro-
gen accreted on Earth is highly uncertain. To explore its possible range, we first apply
the two-component model (Dreibus and Wanke, 1987) that assumes the building block to
be a mixture of a highly reduced volatile-free component A and an oxidized volatile-rich
component B. Assuming that A:B=9:1 referring to Dreibus and Wanke (1987) and the
component B contains 10 wt% H»O referring to the compositions of CI chondrites (e.g.
Marty, 2012), the amount of H is 1.1 x 1073 Mg, (equivalent to 1.3 x 10® bar).

The oceanic D/H ratio increases larger than the atmospheric D/H ratio because of
deuterium enrichment via deuterium exchange reaction (figure 4.6, 4.8). If the main
sources of terrestrial water are materials like carbonaceous chondrites, the initial D/H
ratio of the entire system should be close to the value of carbonaceous chondrites. In

such a case, the significant elevation of oceanic D/H ratio caused by hydrogen escape
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seems inconsistent with the present value (Pahlevan et al., 2019). However, this result
strongly depends on assumptions. We assume that the amount of the seawater is constant
at the present value, but it may have been larger and or experienced exchange with
large water reservoirs in the interior on early Earth. In this case, the elevation of the
oceanic D/H ratio would be significantly suppressed. The oceanic D/H ratio also depends
on the assumed surface temperature. Here we apply the surface temperature obtained
from the climate model composed of Hy and H,O. However, the greenhouse effect may
significantly increase considering the effect of other greenhouse gases such as CH, and
NHj, which also affects to dilute the concentration of deuterium in the ocean. The
D/H ratio may be diluted by the supply of hydrogen by late accretion. Moreover, the
assumption that the initial D/H ratio is close to the value of carbonaceous chondrites
should be reconsidered. If proto-planets obtained hybrid-type atmospheres composed of
the solar component and the degassed component, the D/H ratio may become smaller
than the value of carbonaceous chondrites due to the effect of the solar component. Thus,
it is possible to settle into the present ocean D/H ratio even if the massive hydrogen-rich
atmosphere was formed.

Earth may have obtained solar nebula gas as well as impact-generated vapor (Ikoma
and Genda, 2006). But, the amount of acquired nebula gas seems limited because the
concentration of noble gases in the solar nebula is much larger than that in the present
Earth’s atmosphere and noble gases cannot escape by hydrodynamic escape as our study
indicates. In order to explain the amount of Ne in the present Earth’s atmosphere, the
amount of obtained nebula gas needs to be lower than ~ 0.1 bar assuming no Ne escape.

The timescale for Hy escape depends on the initial CH, ratio and initial amounts of
H, as shown in figure 4.9. The maximum timescale for Hy escape is ~ 400 Myr (figure 4.6,
4.9), which is about one order of magnitude longer than that for almost pure hydrogen
atmosphere. The actual timescale may become longer than the above results because the
Hy escape flux after CHy escape stops is taken to the critical flux, which is the upper
limit. Our result implies that a hydrogen-rich environment had been kept during Hadean

and possibly until early Archean, which may have an important role in warming early
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Earth and the origin of life as described in detail later.

Effect of uncertainties in assumptions on estimated atmospheric evolution

XUV flux As mentioned previously, there remains significant uncertainty in the XUV
flux of the early Sun. Since the escape flux depends on the XUV flux, we assess the
atmospheric evolution under different XUV flux. Figure 4.10 represents the timescale for
Hs escape using results given XUV flux twice as large as the standard-setting. The maxi-
mum initial amount of Hy to satisfy the constraints of isotopic compositions decreases as
the XUV flux increases because escape and isotopic fractionation of carbon and nitrogen
species can occur more easily. As a result, the maximum timescale for Hy escape shortens
slightly: the maximum timescale for Hy escape is ~ 250 Myr under the doubled XUV
flux, which is about 0.7 times that the result under the standard XUV flux.

Atmospheric escape before Earth reached the present mass So far we have
assumed implicitly that no atmospheric escape occurred before the end of planetary
accretion. However, proto-planets that presumably conglomerated to Earth might have
experienced atmospheric escape (Odert et al., 2018). The results in chapter 3 suggest
that the isotopic fractionation of H and C may have proceeded in proto-atmospheres on
Mars-sized proto-planets and the degree of fractionation highly depends on the initial
atmospheric mass and composition. The duration of escape, i.e., the period exposed
to the solar XUV for such a proto-planet is another important factor. If it was short,

atmospheric loss little proceeds as well as isotopic fractionation.

Supply and other removal processes of volatiles The late accretion may play an
important role in the supply of volatiles. After the moon-forming giant impact event,
Earth may have continued to accrete materials, amounting to about 0.5% of its present
mass (Walker et al., 2015). The composition of accreted materials is uncertain. From
the analysis of Ru isotope compositions of the mantle and meteorites, Fischer-Godde and

Kleine (2017) estimated that these materials were like enstatite chondrites. On the other
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hand, from the same analysis extended to Eoarchaean ultramafic rocks, the same group
estimated that these materials were like carbonaceous chondrites (Fischer-Godde et al.
2020). If most accreted materials are like carbonaceous chondrites with 10 wt% HyO
and carbon and nitrogen in proportion C/H=1/5 and N/C=1/30, the late accreted H,
C and N reach ~ 3 x 10*kg, ~ 4 x 10°kg and ~ 1 x 10' kg respectively. The supply
of volatiles by the late accretion may dilute the isotopic fractionation, which relaxes the
constraint of isotopic composition and increases the upper limit of the amount of initial
atmosphere and the timescale for Hy escape. For example, when we assume that carbon
equivalent to 30 bar of CO5 was provided by the late accretion, the upper limit of the
initial amount of Hy and that of the timescale for Hy escape become ~ 1.4 times larger.

Duration of reduced environment may have been prolonged by generation of reduced
gas by late accretion. In particular, massive Hy may have formed if materials like enstatite
chondrites were accreted and HyO on Earth was reduced. Assuming that 30 wt% metallic
iron is included in accreted materials and all metallic iron reacts with HyO, ~ 2 x 10?° kg
equivalent to ~ 40 bar of Hy is formed and the duration of Hs is prolonged for ~ 50 Myr
at least, which is calculated by the critical flux when Xy, = 1 described by equation
(4.8).

In contrast, meteoroid bombardment may have induced atmospheric escape by impact
erosion (Vickery and Melosh,1990). The degree of the impact erosion of Earth’s atmo-
sphere throughout its history is difficult to estimate accurately. However, the effect of
impact erosion on Earth reaching the present mass seems limited because the large mass
of Earth and the massive atmosphere at the early stage decrease its efficiency (Vickery
and Melosh,1990).

The cycle of volatiles between the surface and the interior also may have affected
the amounts and compositions of volatiles on the surface. The mantle may contain a
significant amount of carbon and nitrogen as well as water: the amounts of water, carbon,
and nitrogen in the mantle are estimated to be 1 — 10 times larger than the ocean mass
(e.g. Genda, 2016), several times to several ten times larger than that on the surface (e.g.

Hirschmann, 2018), and several times larger than that in the atmosphere (e.g. Johnson
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and Goldblatt, 2015) respectively. If the cycle of volatiles between the surface and the
interior has occurred efficiently, the isotopic fractionation of volatiles on the surface and
atmosphere may have been diluted. Considering the cycle of volatiles also increases the
estimated atmospheric evolutionary track as well as the late accretion.

We assumed that the lower atmosphere always consisted of Hy and CH,. But, the
composition in the lower atmosphere may have changed by photochemistry. Zahnle et al.
(2020) estimated the photochemical evolution of impact-generated Ho-CHy4 atmospheres
by a zero-dimensional photochemical model. CHy is converted into CO, CO,, and or-
ganic matters within several ten million years when the atmosphere composed of 35 bar
of Hy and 14 bar of CHy is formed. Nitrogen species are also converted into nitriles,
and amines. In this case, the atmospheric amount and isotopic composition change by
accumulation of produced CO, and organic matters on the surface, which affects the
estimated atmospheric evolutionary track. However, the photochemistry in the lower
atmosphere enriched in Hy needs to be more investigated because formation reactions of
CH, and NH3 by H may become effective and make them stable photochemically as in
the mesosphere region of the giant planets (Yung and DeMore, 1998).

As described above, there are a lot of processes that affect atmospheric evolution.
Therefore, it is difficult to constrain the atmospheric evolution from the amount of
volatiles and isotopic compositions accurately. But the conclusion that the maximum
timescale for Hy escape is longer than several hundreds Myr does not change even when
more strict constraints that carbon species and nitrogen species must not escape is used
considering that the isotopic compositions of carbon and nitrogen on Earth are close to

those of primitive meteorites.

Effects of prolonged reduced environment on early Earth

Our results indicate that a hydrogen-rich reduced environment had been kept during
Hadean and possibly until early Archean. The reduced species such as Hy and CH4 may
have contributed to warming early Earth: hydrogen can also contribute to warm Earth by

collision-induced absorption (Sagan and Mullen, 1972; Ramirez et al., 2014). The geologic
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record indicates that liquid water was present on early Earth (e.g., Mojzsis et al.,2001)
even though the Sun was ~ 30% less luminous on the early stage (e.g., Gough,1981). The
long-lasting reduced environment can explain the warm climate with the liquid ocean on
early Earth.

The early hydrogen-rich reduced atmosphere may have played an important role
in producing organic matters linked to the emergence of living organisms because the
hydrogen-rich environment where organic matters were produced efficiently may have
lasted until ~ 4 billion years ago when life is expected to have emerged (Rosing, 1999).
Schlesinger and Miller (1983) indicated that HCN and H,CO, which are precursors to
amino acids, sugars, and nucleobases, are produced efficiently when Hy/C> 1. Once
HCN and H,CO dissolved in the ocean, amino acids, sugars, and nucleobases could have
been formed (Schlesinger and Miller, 1983). Besides, high-molecular organic matters were
likely formed in the reduced atmosphere containing CH, and nitrogen species by pho-
tochemistry. Hydrocarbons, nitriles, and organic haze aerosols are synthesized through
photolysis of CH4 and Ny in the Titan’s atmosphere (Wilson and Atreya, 2003). These
organic matters formed in the atmosphere would have been deposited in the ocean. As a
result, an organic soup in the ocean may have been formed, and eventually it may have

led to the emergence of living organisms.

4.3.2 Comparison of the hydrodynamic escape of reduced proto-

atmospheres on Earth with that on Mars

We have applied our hydrodynamic escape model to both reduced proto-atmospheres
on Earth and those on Mars. The effect of radiative cooling by infrared active species
on Earth’s atmospheres is more drastic than that on Mars: in the case of the Earth’s
atmospheres, radiative cooling by photochemical products such as Hi, CH and CHj
suppresses atmospheric escape significantly even though their concentrations are small
(figure 3.4). The difference between hydrodynamic escape on Earth and that on Mars is

mainly due to the difference of the planetary mass and the gravity. The gravity is small
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relatively and adiabatic cooling is easy to become effective on Mars, leading to the lower
atmospheric temperature and inefficient radiative cooling.

The amount of atmospheric species heavier than Hy on Mars becomes more than one
order of magnitude smaller via hydrodynamic escape when the mixing ratio of Hy was
larger than ~ 90 % (figure 3.17). On the other hand, atmospheric species heavier than
H, on Earth escape hardly even when the mixing ratio of Hy is ~ 99%. The difference
in the efficiency of hydrodynamic escape may have resulted in a significant difference in

the amount of volatiles on their surfaces.

4.4 Conclusion

We have applied our one-dimensional hydrodynamic escape model to Earth’s proto-
atmosphere consisted of Hy and CHy. CH, is dissociated rapidly by photolysis and
reactions with ions. The atmospheric escape rate decreases significantly as the mixing
ratio of CHy increases mainly because of the energy loss by radiative cooling by Hy , CH
and CH3 produced photochemically. Heavier species other than Hy cease to escape and
only Hy escapes when CHy/Hs2> 0.01. The maximum timescale for Hy escape to satisfy
the constraints of the isotopic compositions and the amount of volatiles on the present
Earth becomes more than ~ 100 Myr. Our results suggest that a hydrogen-rich reduced
environment had been kept and played an important role in producing a warm climate

and organic matters linked to the emergence of living organisms on early Earth.
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Figure 4.6: Possible changes in the amount and the isotopic compositions of the atmo-

sphere over time when the atmospheric loss and the timescale for Hy escape are maximum.
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The shaded area represents the range to satisfy the constraints of isotopic compositions.
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Figure 4.9: Timescale for Hy escape as a function of initial CH,/H,y ratio and initial
amounts of Hy. The solid line represents the timescale for Hy escape estimated from
the atmospheric evolutionary tracks. The dashed line represents the timescale for H,
escape calculated by dividing the initial Hy amount by the escape rate of pure hydrogen
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Figure 4.10: Timescale for Hy depending on the XUV flux.
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Chapter 5

Conclusion

The evolution of Hy-rich proto-atmospheres on Mars and Earth is theoretically ex-
plored by applying a newly developed one-dimensional hydrodynamic escape model that
includes radiative processes and photochemical processes for a multi-component atmo-
sphere. Judging from recent planet formation theory, chronometry of martian meteorites
and geochemical constraints on the type of planetary building blocks, the formation of
proto-atmospheres enriched in Hy-CHy on Mars and Earth is very likely. Such Hs-rich
atmospheres suffer hydrodynamic escape caused by enhanced solar XUV radiation and
therefore should eventually lose reduced gas species and be replaced by an atmosphere
with oxidized compositions. Duration of reduced proto-atmosphere is an important is-
sue to understand the early surface environments on both planets because reduced gas
species possibly act as the effective source of organic macromolecules precursory of life
and greenhouse gases that allow surface liquid water under the faint young Sun. Previ-
ous modeling studies favored the loss of Hy in a short time scale ~ 10 Myr, but large
uncertainty remained in this estimation because the possible slowdown of escape caused
by radiative cooling of infrared active species was neglected.

Our new numerical model precisely incorporating the radiative and photochemical
processes shows that the radiative cooling by infrared active species has profound effects
to suppress the escape rate from the Ho-rich atmosphere. In escaping outflow on Mars,

a significant fraction of molecules is found to stay undissociated even under the intense

February 20, 2021 (Yoshida Tatsuya)



Conclusion 70

solar XUV environment. As the mixing ratio of CH; and CO increases above ~ 0.1, the
escape rate of reduced Martian atmospheres decreases more than one order of magnitude
compared to the pure Hy atmosphere, and the mass fractionation occurs more remarkably
primarily because of the radiative cooling by survived CH, and CO. The total amount of
carbon species lost by hydrodynamic escape exceeds 10 bar equivalent to 20 bar of CO,
when the proto-Mars obtained 2 10bar of Hy assuming that carbon species equivalent
to 1 bar of CO, was left behind when most Hy completed its hydrodynamic escape.
The timescale for Hy escape from Hy-CH4-CO atmospheres becomes about one order
of magnitude longer than that from pure hydrogen atmospheres especially when the
CH,/CO ratio is high. If the proto-Mars obtained > 100 bar of Hy, the timescale for Hy
escape exceeds ~ 100 Myr, which implies that a reduced environment allowing surface
deposition of organic matters produced by atmospheric chemistry may have been kept
on early Mars at eras traceable from geologic records. Our results also suggest that
atmospheres on Mars-sized proto-planets survived during the giant impact phase and
would merge into the atmospheres of the terrestrial planets experienced proto-planet
collisions.

In contrast to the results of Mars, CH, is dissociated rapidly by photolysis and re-
actions with ions in escaping outflow on Earth due to the deeper gravitational well.
The atmospheric escape rate decreases significantly as the mixing ratio of CH, increases
mainly because of the energy loss by radiative cooling by Hi, CH and CHj produced
photochemically. Heavier species other than Hy cease to escape and only Hy escapes
when CHy/Hs2 0.01. The maximum timescale for Hy escape to satisfy the constraints of
the isotopic compositions and the amount of volatiles on the present Earth becomes more
than ~ 100 Myrs. Our results suggest that a hydrogen-rich reduced environment had
been kept and played an important role in producing warm climate and organic matters
linked to the emergence of life organisms on early Earth.

The difference in hydrodynamic escape rate of Mars from that of Earth is mainly due
to the difference in the planetary mass and the gravity, despite weaker XUV flux at a

larger distance from the Sun. The small gravity of Mars allows faster outflow to space
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causing adiabatic cooling of expanding gas, leading to the lower atmospheric temperature
and relatively inefficient radiative cooling. The higher hydrodynamic escape rate on Mars
may have resulted in the observed paucity of volatiles on Mars compared to those on

Earth.
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Appendix A

Calculation method

A.1 CIP method

CIP method is one of numerical method to solve advection equations (Yabe and Aoki,

1991). One-dimensional advection equation is given by

af  of
E + U% = O, (Al)

where t is the time, = is the position coordinate, f is a function of ¢ and x, and v is the

wave velocity. Differentiating equation (A.1),

dg dg ov

where ¢ is the spatial derivative of f. Using these equations, we can trace the time
evolution of f and g. If two values of f and g are given at two grid points, the profile

between these points can be interpolated by the cubic polynomial

Fk(l’k) = ak(a: — xk)3 + bk(ib’ — .Tk)Q —+ Ck(l' — l’k) + dk (A3)
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The factors in equation (A.3) are given by

Ik + Grwp | 2(fr = frup)
=<7 Py g ) (A4)
by = 2 G, (A.5)
Cr = Gk, (A6)
di. = fx, (A.7)

where D = —Ax, kup =k —1foru > 0and D = —Ax, kup =k + 1 for u < 0. The
profile at the n 4+ 1 step can be obtained by shifting the profile by uAt so that

= P — vAt) = a1 + b€ + gpé + f1, (A.8)

gt = 3arg” + 2046 + gy, (A.9)

where £ = —vAt.

Next, we consider a hyperbolic equation:

af | o(f)
E—i_ or

— h, (A.10)

where h is the source term. This equation can be expanded as follows:

of | of
5 tugo=H. (A.11)

where H = h — fov/0z. Differentiating equation (A.11),

0 0 oH 0
g+ 99 _ v

ot " or  oxr  Yor (A-12)

Equations (A.11) and (A.12) can be split into advection phases and nonadvection phases.

The advection phases are given by

of 0 of
- Al
ot v o =0, (4.13)
dg 99
—= . A.l4
ot v ox =0 ( )
The nonadvection phases are given by
af
— =H Al
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dg OH ov

The advection phases can be solved by CIP method. The nonadvection phases can be

solved by a finite-difference method as follows:

ey A (A.17)
92“ — G _ f:;:ll - l?j_ll —Jim Tt fia —g; Vi1 ~ Vi (A.18)
Al 2ATAt ‘T oAr ’

where values with * represents the values after solving the advection phases.

A.2 Application of CIP method to the fluid equa-
tions

The basic equations (2.1) (2.2) (2.3) can be described as follows:

8t +UZ§ :wi—niﬁ— . y (Alg)
i— = —— — P — ;) ———k;, A.20
ot tu or pi Or r2 +zj:(u] U)mi—l—mj J ( )
dp op k,+1 Ou 2k, +1 1
— — = — —— = —q. A.21
ot + u@r k., par r k, put k:wq ( )
The advection phases are given by
on; on;
. —— = A.22
o g =0 (A.22)
T A2
ot i or 0 (A.23)
op Op
— — =0. A.24
o oy — Y (A.24)

These advection phases can be solved by CIP method.

The nonadvection phases are given by

ot C 7 or ro

(A.25)
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(9ui 1 8pi GM Pj

ot p; Or r2 + Z(uj Y )mi +m; J ( )
op ky+1 Ou 2k, +1 1
o -~ _Zz —q. A.27
ot W Por v R TR (A.27)

The nonadvection phases are solved by a finite-difference method. Here we adapted an
approach that uses staggered meshes to solve these equations: n;, p;, and p are defined
at the grid point r; and w; is defined at z;41/2. The vertical grids are set as follows:
) BV
N
Tk = To <—> (k=0,1,2,....,N) (A.28)
To
where N is the number of grid and N = 1000 in this study.
First, the energy equation (A.27) is solved by a explicit method:

it —pr Kt W~ W 2Kt 1

At Ko T Areap re Ko, PR, (4.29)

Next, the continuity equations (A.25) are solved. The continuity equations are stiff
equations in which some of the dependent variables change their values much more quickly
than others. The change in the chemical source is much faster than those of the other
therms. Here we use a semi-implicit method to reach steady state. The continuity

equations are described in vector form as follows:

on
—_ —F, + F A.
(975 I+ E, ( 30)

where n = (ny,no, ...,ny), Fr; = w;, and Fg,; = —n;0,u; — 2n,u;/r. Approximating the
time derivative by a simple forward difference,

*

nn+1 -n

= F/ 4 Fp A.31
F}'t! is approximated by
OF;
Fril~ Fr4 =L (n™! —nY), (A.32)
on |,
BFI,l 8FI’1 8FI,1
onq ong ot onn
OFT, OFT, OFT,
aFI _ 87112 8n22 T 8nN2 (A 33)
an ---------------- ‘
BFI,N 8F]’N BFI,N
onq onsg ot onn
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Using this approximation,

( I OF,

At on

> (n"t! —n*) = F; + F}, (A.34)

where I is the identity matrix. From this equation, the number densities at the next time

"+l can be calculated.

step n
Finally, the motion equations are solved. The motion equations are also stiff because
they include the momentum transfer terms among atmospheric species which change

much more quickly than the other terms. Thus, we use a implicit method as follows:

n+1 ok n+1 n+1 n+1 n+1
Uikr12 ~ Yikt1/2 1 Piky1 —Pix T Vigt1n — Vi GM
— T Tnatl T2
At Pik+1/2 Ary, Tk+1/2
pn—l—l
+1 " 5k+1/2 5 n4
+ g u ) ——=k" (A.35)
k+1/2 — Yik+1/2 Jk+1/20
] / ’L / mz _I._ m] 1] /
where v}, is the numerical viscosity and given by
—coipn (un —u ) Pik _ it (un —yn ) (un —u® < O)
. viPik\ Wi k1172 ik—1/2 o 2 Ui kt1)2 ik—1/2 ik+1/2 ik—1/2
Vik = ’
n n
0 (“i,k+1/2 — U190 2 0)

(A.36)
where ¢, is the numerical viscosity coefficient and we adapt ¢, = 0.9. Eauations (A.34)

can be written by

14morn’uln+1 = Bmom7 (A37)
k12
N n+1 17,k+ _
Apom (4, 7) = _pj,k+1/2—+ - At, Apom(i,7) =1 ZAmom i7), (A.38)
JF#i
1 ZL—H ;z+1 + V:H_l V;H_l GM
Buom (i) = g1 — —r— bt T Pok TRkt TR Ny Ay (A39)
Pik+1/2 Ary rk+1/2
u™*! can be calculated by solving the matrix (A.39).
The time step is defined to satisfy the CFL condition:
A
At = vmin {ﬂ} : (A.40)
Ck

where v is the Courant number, and ¢ is the magnitude of the velocity.
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Convergence to a steady state is measured by the normalized difference of all variables

between time steps:

Ngrid

N F i B et (A.41)
Nvar 1 Ngrid grid=1 (QZ)2 7 .

where @} is the variables, Ny, is the number of variables in the system, and Ngq is the

number of grid cells in the system. The steady state tolerance is set at AQ < 10719,
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