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ABSTRACT

The Introduction and Appendix i-A outline briefly the history of Titan exploration since its
discovery by Christiaan Huygens in 1675 through the recent International Mission of Cassini-
Huygens. It discusses the roles of some of the ten most abundant elements in the Universe (H, He,
C, N, O, Ne, Mg, Si, S, and Fe) in the formation of methane (CH4), water (H20), and carbon
dioxide (CO,). As far as the element abundances are concerned, all of carbon could have combined
with hydrogen to make CHs. Alternatively, all of oxygen could have combined with C, Si, S, Fe,
and H, making silicates, oxides, CO2 and H>O. The relatively high freezing temperatures of H,O
(273 K) and CO3 (220 K) make them less suitable as atmospheric components on the outlying
planets and satellites, where CHs (91 K) and N2 (77 K) are more likely to exist as gases. The
Introduction also discusses several possible mechanisms of cooling of Titan and its silicate core
after accretion, and the uncertainties in the estimates of the possible radioactive heat generation in
Titan’s interior.

Chapter 1: This chapter discusses two possible pathways of loss of the two main gases from
Titan’s post-accretional atmosphere, methane (CH4) and ammonia (NHz), by the mechanisms of
thermal escape and emission from the interior coupled with thermal escape. An accretion
temperature of 300 to 355 K is calculated, and an atmospheric composition of 19.6 bar CH4 and
5.8 bar NHs, which declines to its present-day levels of 0.1 bar CH4 and 1.4 bar N (or equivalent
1.7 bar NHs, as a precursor of N»). In the first 0.5 — 0.6 Myr after accretion, Titan’s surface cools
to 150 K and it takes about 5 Myr to cool to near its present temperature of 94 K. Using an accretion

temperature of 355 K, emission of CH4 and NHs from the interior in combination with thermal
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escape is needed to produce near-steady-state CH4 and NHs atmospheric masses, as they are at the
present. At the lower accretion temperature of 300 K, thermal escape of gases alone allows their
atmospheric masses to decrease from the primordial to the present day levels in 50,000 — 70,000
years.

Chapter 2: In this chapter, a simple photolysis model is created, where the second most
abundant component of the present-day Titan atmosphere, methane (CHa), can either escape the
atmosphere or undergo photolytic conversion to ethane (C2Hs). Using this model, up to 8.46x10%
kg or 1.37x10°% km® of liquid ethane might have been produced since Titan’s accretion. This
amount is 10* times larger than the present-day atmospheric ethane mass of 9.24x10% kg,
suggesting that most of the remaining ethane resides in liquid form on or within Titan. The estimate
for the amount of liquid ethane storage potential on Titan’s surface is 50,000 km? in lakes and seas
and an additional 61,000 km? in craters. As these are much smaller than the total volume of liquid
ethane produced in the course of Titan’s history, the excess may be stored in the subsurface of the
crust, made primarily of water ice. The minimum porosity of the crust needed to accommaodate all
the liquid ethane would be only 0.9% of the uppermost 2 km of the crust.

Chapter 3: This chapter examines different fluvial features on Titan, identified by the
Cassini spacecraft, and evaluates the possibilities of channel formation by two mechanisms:
dissolution of ice by a concentrated solution of ammonium sulfate, and by mechanical erosion by
flow of liquid ammonia and liquid ethane. It concludes that chemical erosion of Titan’s channels
could be completed in 280 to 1100 years, much shorter than the period of about 84,000 years that
a concentrated (NH4)>S04-H>0 solution could exist as a liquid on the Titan surface. Mechanical

erosion of Titan’s channels is generally a much slower process, on the order of 102 to 10° years.
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The erosional sequence of the channels may have starter after the formation of water-ice on the
surface by the process of chemical dissolution by (NH4)2SO4-H,O, overlapping, or followed by, a
period of mechanical erosion by liquid NHz. A final stage on the cooling surface might have been
characterized by liquid C2He as an agent of mechanical erosion.

Chapter 4: Three chemical reactions can represent, as a shorthand summarizing many
intermediate processes, the transformation of methane to ethane and other hydrocarbons in Titan’s
atmosphere: CHa (1st order, kiz yr) — CHs (2nd order, kzs cm® molecule™ yrt) — CoHg (1st
order, ks yr') — Other products. This chapter presents: (1) new explicit mathematical solutions of
mixed 1% and 2" order chemical reactions, represented by ordinary differential first-degree and
Riccati equations; (2) the computed present-day concentrations of the three gases in Titan’s scale
atmosphere, treated as at near-steady state; and (3) an analysis of the reported and computed
atmospheric concentrations of CHa, CHs, and C2Hg on Titan, based on the reaction rate parameters
of the species, the rate parameters taken as constants representative of their mean values.

Chapter 5: This chapter examines the possible reactions of methane formation in terms of
the thermodynamic relationships of the reactions that include pure carbon as graphite, the gases
H>, CO., H20, and serpentinization and magnetite formation from olivine fayalite. The reactions
are analyzed for the conditions on Titan and the Terrestrial Planets Mars, Earth, Venus, and
Mercury, at the range of their temperatures, atmospheric pressures, and composition. The partial
pressures of CHa, calculated from the composition of planetary atmospheres, are compared to the
reported values of CHs on some of the planets. The equilibrium pCHa values depend on the nature
of the reactants and other products, as represented by the five solid-gas and gas-gas CHs-forming

reactions. On present-day and primordial-Titan, and on Mercury, methane could have escaped by
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the Maxwell-Boltzmann mechanism. On Mars, Venus, and on primordial Earth, the high values of
escape velocity would have assured retention of methane in the planetary atmosphere, if it formed

there.



ACKNOWLEDGEMENTS

First, I would like to thank my advisor (“Doktorvater ), Dr. Abraham Lerman, for taking
a chance on a girl mesmerized with Titan, and sharing his time, knowledge, and resources during
the pursuit of my dissertation. A lifelong geochemist, Dr. Lerman dove headfirst into the planetary
science world, allowing me the privilege of being his last advisee before claiming the status of
Professor Emeritus Scientiarum Terrae et Stellarum Errantium. His curiosity and passion for all
things science (and non) has truly been an inspiration to me, and I am forever grateful for the ways
he has helped me grow as both as scientist and as a person.

| would also like to thank my other advisors and committee members, Dr. Matthew
Hurtgen, Dr. Bradley Sageman, and Dr. Daniel Horton for their counsel and encouragement
throughout my time at Northwestern, Dr. Donna Jurdy for sharing her passion for planetary science
with me and for her guidance and support during the early years of my graduate education, and
Dr. Jared Wunsch of the Department of Mathematics for his collaboration, mathematical guidance
and support.

The friendship and support | received from the graduate students during my time at
Northwestern is not something | will ever forget. To my “twin”, Renee French, I am so grateful
that we got to share this experience together. Thank you for keeping me sane. I wouldn’t have
gotten this far without you. Miguel Merino and Gregory Lehn, thanks for being my surrogate big
brothers, for showing me the ropes of grad school, and for all the laughs and annoying banter. To

the “game crew”, you guys made this entire experience worthwhile. You’ll never know someone’s



8
true colors until you’ve played a full campaign of Twilight Emperium with them, and never know
true friendship until you’ve worked together as cunning field mice to save an imperiled kingdom.

Finally, none of this would have been possible without the unconditional love and support
from my family. To my parents, thank you for listening when | needed someone to hear me, and
for motivating me when you thought | needed to hear it. And to my husband, Josh, thank you for
being the biggest supporter of all. Thank you for sacrificing everything to move across the country
with me so | could pursue my graduate education, for being there during the highest highs and the
lowest lows, for motivating and encouraging me, and for keeping me (mostly) sane over the years.

This work was supported by NASA Headquarters under the NASA Earth and Space

Science Fellowship Program — Grant NNX13A002H.



TABLE OF CONTENTS
Page
A DSETACT « .ottt e 3
ACKNOWIBAGEMENLS ..o e 7
LISt OF TabIES ..o 13
LSt OF FIQUIES .o e 15
Introduction. Titan: A New World Discovered ..........c.ooviiiiiiiiiiiiiiiiiiieeiieeeeeen 17
ADPENAIX 1A e 25
Chapter 1.  Evolution of Titan’s Major Atmospheric Gases and Cooling since Accretion
U I U3 (o1 L1 15 o) 4 31
1.2.  Internal Composition and StruCtUre ..........oovvririiit i 33
1.3.  Accretion Temperature, Primordial Heat Capacity, and Cooling ........................ 36
1.4.  Present-Day and Primordial Atmosphere ...............coooiiiiiiiiiiiiiiiiiiaieae, 41
1.0, GBS ESCaPE .ttt 45
1.6, CONCIUSIONS ...ttt ettt e e e e et 59
APPENAIX LB Lo 61
APPENAIX L-C Lo e 64
APPENAIX LoD e 65
Chapter 2. Titan’s Missing Ethane: From the Atmosphere to the Subsurface
2.1 INETOAUCTION . .nett ettt e 76

2.2.  CHg Depletion and C2Hs Production through Time ............cooooeiiiiiiiiiiiin.n.. 79



2.3.  Surface Reservoirs of Ethane ..., 85
2.4.  Porosity and the Subsurface Reservoir of Ethane .......................ool. 86
2.5.  Conclusions and RUMINALIONS ..........ceeuiniiiriint e 89
APPENAIX 2-F ..o, 94

Chapter 3.  Formation Mechanisms of Channels on Titan through Dissolution by Ammonium

Sulfate and Erosion by Liquid Ammonia and Ethane

3.1 IMtrodUCHION ..o e 97
3.2.  Observations of Streams on Titan ............ooooiiiiiiiiiiiii e 99
3.3.  Crustal Composition and StruCture ............coeiiiiiiiiiiiiii i i eeeennnn 103
3.4.  Channel Formation MechaniSms ..............oooiiiiiiiiiiiiii e 105
3.5, Results and ConCIUSIONS ..........ouiinieinitii e 118

Chapter 4. CH4-CHz3-C2Hg Reaction System in Titan’s Atmosphere: A Geochemical Balance

Model with Explicit Solutions

4.1, INtrOUCHION .. .ett it e et et e e e e 123
4.2.  The Kinetic Rate CONSLANTS .........coeveiiiiititi i 125
4.3.  Results: Time-Dependent Concentrations of CH4-CHz-CoHg .....oovvvvvviiinna 131
4.4.  Steady-State CONCENLIAtIONS ........uirtintitt ettt et ettt et eet et eieeareeereaneanns 135
4.5.  Discussion and ConcluSioNnS ............ceoouiruiiiiiiii i 137
APPENAIX A-F o, 139
APPENAIX A-G e 141

Chapter 5.  Formation and Retention of Methane on Titan and the Terrestrial Planets

5.1, IMOAUCTION .« .o e 144



5.2. Methane FOrming Reactions ............oooiiiiiiiii e, 145
5.3.  Equilibrium Reactions Producing CHa ..., 148
5.4.  Discussion of Methane-Producing Reactions ................coooiiiiiiiiiiiiniiniiana, 151
5.5.  Potential Retention or Escape of CHs from Planets .................ccoviiiiiinininnnn, 154
5.6. Summary and ConClUSIONS ........oiiuiiittiiei e e eeee e aeeas 157
APPENAIX 5-H ..o 159
S]] 1o PP 161
T 190

Collection of Reprints
Gilliam, A.E., Lerman, A., 2014. Evolution of Titan’s Major Atmospheric Gases and Cooling
since Accretion. Planetary and Space Science 93-94,41-53. .............cooiiiiinnn, 194
Gilliam, A.E., Lerman, A., 2016. Titan’s Missing Ethane: From the Atmosphere to the
Subsurface. 1carus 275, 252-258. ... ... 207
Gilliam, A.E., Lerman, A., 2016. Formation mechanisms of channels on Titan through
dissolution by ammonium sulfate and erosion by liquid ammonia and ethane. Planetary
and SPace SCIENCE 132, 1322, .. ittt 214
Collection of Abstracts and Posters
Gilliam, A., Lerman, A., 2013. Evolution of Titan’s major atmospheric gases and cooling since
accretion. American Geophysical Union Fall Meeting, San Francisco, CA. 10 December

2003, 224



12

Gilliam, A., Jurdy, D., 2014. Titan’s Impact Craters and Associated Fluvial Features: Evidence
for a Subsurface Ocean? Lunar and Planetary Science Conference, The Woodlands, TX.

18 MArCh 2014, ..o 220
Gilliam, A., Lerman, A., 2014. Methane and Ammonia in Titan’s Primordial and Cooling
Atmosphere. Lunar and Planetary Science Conference, The Woodlands, TX. 18 March

200, 229
Gilliam, A., Lerman, A., Wunsch, J., 2015. Evolution of Titan’s Atmosphere in Relation to its
Surface and Interior. Astrobiology Science Conference, Chicago, IL. 17 June 2015...232
Gilliam, A., Lerman, A., 2016. Formation Mechanisms of Channels on Titan through
Dissolution by Ammonium Sulfate and Erosion by Liquid Ammonia and Ethane.
Enceladus and the Icy Moons of Saturn, Boulder, CO. 17 July 2016. .................... 234
Gilliam, A., Wunsch, J., Lerman, A., 2017. CHs-CHs-C2Hs in Titan’s Atmosphere: Explicit
Solutions and Near-Steady State of a Simplified Reaction System. Lunar and Planetary
Science Conference (to be submitted). ...........ocoiiiiiiiiiiiii 236
Gilliam, A., Lerman, A., 2017. Methane Formation and Retention on Titan and Terrestrial

Planets. Lunar and Planetary Science Conference (to be submitted). .................... 238



11

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

1.10

Cl

E.l

E.2

3.1

3.2

3.3

3.4

3.5

3.6

13

LIST OF TABLES
TItAN PATAMEGLETS ... .etteett ettt ettt et et e et et e e e et e et e e e e eee e aaeanaas 32
Primordial component masses of Titan ..............ccoviiiiiiiiiiiiiiiiii i, 34
Accretion temperature models ...........oiiiiiiiiii e 37
Primordial heat capacity (Cp) ...ovvnvriniiiiee e 40
Titan COOIMNE TALE ..ottt e ettt eee e 40
Present and primordial Titan atmosphere models ................c.coviiiiiiiinnn. 42

Relationships between atmospheric pressure, mass, volume, thickness, and outer

SUITACE ATCA ...\ttt e 43
Parameters of Maxwell-Boltzmann distribution and thermal gas escape ........... 47
Parameters of gas €SCaPe rate ........ouviuiieiinii i 51
Summary of CHs and NHjs inferred input rates to Titan’s atmosphere .............. 54
Summary of Cp data at different temperatures and pressures ........................ 64
Properties of Titan’s currently known impact craters .............c..coeveeveiieien... 94
Number of Titan craters Per UNIt ar€a ...........ouevueenienieneanieiteeeenieaneanennn. 95
Location and physical characteristics of Titan channels ............................. 101
Structure and main components of Titan’s upper crust .............cooevvvivneann.... 104
Potential liquid agents of channel formation ........................cciin. 107
Composition of the upper layer of Titan’s crust and ice dissolution ............... 108
List 0f €roSion EqUALIONS ........oiuiirtetiteitt ettt e ee e 116

Parameters used for channel calculations .......co.eeeieeeeeeni e 118



3.7

4.1

4.2

4.3

4.4

5.1

H.1

H.2

Results and conclusions of Chapter 3 ..., 121
Present-day quantities of methane, methyl, and ethane in Titan’s atmosphere ...125
Rate constants of direct forward reaction of CHs, CHs, CoHg ......cevnenenennin. 126
Lyman-a radiation and CHs photolysis rate parameters on Titan .................. 129

Calculated and reported concentrations of CH4, CH3, and C2He in present-day

Titan’s atmOSPRETe ......oiii e 136
Atmospheric composition of Titan and the Terrestrial planets ...................... 149
Gibbs free energy of formation of various SPecies ............coeveeiieiniininenn 159

Molar volume Of Various SPECIES ...ouuuieriiiettitt et eeie i eeee e aaeenns 160



11

1.2

13

14

1.5

1.6

1.7

1.8

1.9

1.10

2.1

15

LIST OF FIGURES

Ten most abundant elements in the UNIiverse .........oeeeieieeieiie e, 20

Triple point temperatures of the ten most abundant elements in the Universe .....21

Percent mass of each component in Titan’s primordial internal structure .......... 35
Titan cooling after aCCIetION ........couuiiiiii i e 39
Maxwell-Boltzmann distribution of Hzand CHs at 355 K .........c.ooooiiiininin 48

Gas escape velocities above the Titan escape velocity as a function of temperature
and Molecular Mass .........c..oiiiiiiiii 49

Logarithmic and linear velocity frequency distribution at higher velocities for CH4

Escape rate parameter vs. temperature for NHz and CH4, assuming an accretion
temperature 0f 355 K ... 52
Fraction of CH4 and NHz remaining as a function of time since accretion assuming
an accretion temperature 0f 355 K ... 53
Rate of CH4 and NHz emissions from Titan interior to the atmosphere ............ 56
Amount of NH3z and CH4 remaining in the atmosphere as a function of time since
accretion assuming an accretion temperature of 300 K ... 57
Escape rate parameter as a function of time since accretion for CHs and NH3
assuming an accretion temperature of 300 K ... 58
Partial pressures of CH4 and C2He in Titan’s primordial and present-day

atmosphere and their saturation vapor PresSures .......o.eo.eeeereeeeeenneennennnns 79



2.2

2.3

24

2.5

3.1

3.2

3.3

3.4

3.5

3.6

4.1

5.1

5.2

5.3

16
CH; depletion and C2Hs production in Titan’s atmosphere since accretion, using a
model that includes direct methane photolysis and hydrodynamic escape ......... 83

CHa depletion and C2Hs production in Titan’s atmosphere since accretion, using a

model where the rate of methane escape varies with temperature ................... 84
Size distribution of Titan’s 62 craters following a power-law distribution .........86
Present-day internal structure of Titan ..............oooiiiiiiiiiiiiiiiii e, 87
Geographic distribution of Titan’s fluvial features ......................c. 100
Frequency distribution of channels by channel area interval ........................ 102
Crustal structure of Titan ..o, 104
Domains of existence of liquids on Titan’s surface ..................cocooveiinn... 106

(NH4)2S0s-H20 metastability phase diagram in temperature-composition domain

Channel erosion by flowing Water ............coooiiiiiiiiiiiiiiiiiii e, 115
Calculated concentrations of CHa, CHs, and C2He in Titan’s atmosphere using
Various MEthOAS ........ouiii e 132
Equilibrium constants log K and pCHa from log K reactions R1-R5 as a function of
L1001 0] €2 1101 ¢ 150
Maxwell-Boltzmann distribution of CH4 molecular velocities at 94 K and 300 K
ON THEAN Lot e 155
CH, escape rate parameter k (yr?) vs. planetary temperature and mean velocity of

the fraction of the gas molecules above the escape velocity ........................ 156



17
INTRODUCTION
e Titan semper aliquid novi
Titan: A New World Discovered

Imagine this. You wake up just after dawn. Sleep seems impossible. Something is troubling
you. Perhaps a walk along the lake shore will clear your mind. Winter is fast approaching, so you
put on your warmest coat, hat, and gloves, and leave the house. The air around you seems thicker
today, but you find yourself moving briskly, practically levitating, and your walk to the lake is a
short one. It was almost effortless to get there. You look out at the calm water, and see a mirror
like reflection in the sky just before it starts to rain. The rain is falling now, but the drops look
different. They’re bigger than normal, and are falling slower than they usually do. It’s getting
colder now, and the sun has yet to rise. Minutes pass, and the temperature continues to drop. You
pull your phone out from your jacket pocket and check the temperature. It reads: -179°C/94 K.
Huh. Must be a mistake. But as you look back at the rain drops hitting the surface of the lake, you
notice something else strange — the lake is reflecting an orange color. So you look up. Overhead,
behind an orange curtain of smog, a massive and ghostly disk appears, the specter of Saturn. You
can’t see its rings, they are too thin, but you catch a glimpse of their shadows on the turbulent
Saturnian atmosphere. If you can picture all of this, welcome to Saturn’s moon, Titan.

Gravity on Titan is about 14 percent of that on Earth, or just a bit weaker than the gravity
of the Earth’s moon. The average surface temperature on Titan is 94 K, and the average surface
pressure is 1.5 bar (roughly similar to resting at the bottom of a 5-meter-deep pool on Earth). As
such, if you lived on Titan, you wouldn’t need a pressurized suit to survive; all you’d really need

IS an oxygen mask and very warm clothing. Due to its atmosphere’s opacity and distance from the
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Sun (about 900 million miles or more than nine times farther from the Sun than Earth) standing on
the surface of Titan even at midday would seem like a deep twilight on Earth...dark and cold.

On the surface of Titan you’ll find an abundance of dunes and rocks of water ice. In fact,
the crust itself is a porous mixture of fragmented water ice and organic particles. Near the poles,
you’ll find a network of lakes, rivers, and seas. The liquid in these features is not water, but a
combination of methane, ethane, and other hydrocarbons that you might find in your car’s gas
tank. As a matter of fact, Titan has hundreds of times more liquid hydrocarbons than all the known
oil and natural gas reserves on Earth (Lorenz et al., 2008). The hydrocarbons rain slowly from the
sky, thanks to Titan’s thick atmosphere and low gravity, and the raindrops can grow to be almost
twice the size of large raindrops on Earth (Lorenz, 1993).

Titan is the only moon in the Solar System that has a substantial atmosphere, composed of
roughly 95% N and 5% CHj, reaching ten times higher in altitude than Earth’s, but the ratio of
the scale atmospheres is much smaller at present, 21.1/8.4 = 2.5. While the surrounding air is
nitrogen based like Earth, there are no traces of oxygen. The diversity in composition of Earth and
Titan, and between all the planetary bodies in the solar system, comes from their locations:
terrestrial bodies (i.e. Earth) formed in the warm, inner region of the solar nebula, while the Jovian
bodies formed in the colder, outer regions. In the center of the solar nebula, gravity drew together
enough material to form the Sun and the rocky bodies. In the surrounding disk, however, the
gaseous material was too spread out for gravity alone to clump it together. Instead, the icy bodies
began their formation by condensation — the general process in which solid or liquid particles form

in a gas (Seeds and Backman, 2016).
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The Building Blocks of Planetary Formation: Hydrogen and helium gas, comprising 98%
of the solar nebula’s mass, never condense in interstellar space. However, the other three types of
material found in the solar nebula (hydrogen compounds, silicate and iron-sulfide rock, and metal)
could condense into solid form wherever the temperature allowed. Close to the forming Sun, where
the temperature was above 1600 K, it was too hot for any material to condense. Near what is now
Mercury’s orbit, the temperature was low enough for metals (e.g. Fe, Ni, and Al) and some types
of rock to condense into tiny, solid particles, but other types of rock and all the hydrogen
compounds remained gaseous (Seeds and Backman, 2016). More types of rock could condense,
along with the metals, near what is now Venus’, Earth’s, and Mars’ orbits. In the region where the
asteroid belt would eventually be located, temperatures were low enough to allow carbon-rich
minerals to condense, along with minerals containing small amounts of water. Among the possible
hydrogen and carbon compounds the most common ones are H.0, CO2, CHa, and NHz as a result
of hydrogen, oxygen, carbon, and nitrogen being among the most common elements in the universe
(Fig. i). These species could only condense into ices beyond the frost line — the distance at which
it was cold enough for ices to condense — which lay between the present-day orbits of Mars and
Jupiter. Thus, the solid seeds that would accrete to form Saturn and Titan were made of ices along
with metal and rock.

As the Jovian planets began to grow, so did their gravity and their ability to capture and
hold some of the hydrogen and helium gas that made up the vast majority of material in the
surrounding solar nebula. This explains why Jupiter and Saturn are made almost entirely of
hydrogen and helium. Uranus and Neptune, which are much smaller than Jupiter and Saturn,

contain proportionally much smaller amounts of hydrogen and helium, and are instead made
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primarily of hydrogen compounds such as H20, CHa, and NHs. While Titan, like the other Jovian
satellites, does share some chemical similarities to its host planet, Titan’s atmospheric composition
is wildly different from that of Saturn — most notably, its lack of H and He. This is primarily due
to the location of its formation, within Saturn’s warm subnebula, which allowed for vaporization
and loss of most volatile species. A more detailed look at the origin of Titan’s atmosphere is in

Section 1.1.
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Fig. i. Estimated amounts of the ten most abundant elements in the Universe (Greenwood and Earnshaw, 2012).

What About Oxygen?: From the abundances of the elements in the Universe as shown in
Fig. i, all of oxygen could have combined with H and/or C, but only 15% of oxygen could be taken
up by Si, Fe, and S. In fact, roughly 25% of the O is first removed from the nebular gas by inclusion

into silicates and oxides before water ice condensates at 182 K (Satsinska et al., 2011). Some of
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the remaining O is further bound in magnetite that forms from Fe metal at about 370 K. The
relatively high freezing points of H,O (273K) and CO> (220K) (Fig. ii) make them not everywhere
suitable as components of an atmosphere, leaving room for such gases as ammonia NH3 (195K),

methane CH4 (90K) and nitrogen N2 (63K).
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Fig. ii. Triple point temperatures of the ten most abundant elements in the Universe (CRC, 2016).

More About Methane: Methane can form in a reaction of:

C(s) + 2H2@g) = CHa(g) (i.1)
at temperatures above 1100 K (Mills and Steffgen, 1974; Vigdergauz, 2011, 2014). On Earth,
methane forms by diverse bacterial processes of decomposition of organic matter, known as
methanogenesis (Ferry, 2012) and by thermal alteration of organic matter at higher temperatures
in the subsurface and hydrothermal systems (Welhan, 1988; Stolper et al., 2014). The most

commonly cited reaction is the production of methane by reduction of CO2, known as the Sabatier

reaction (Sabatier and Senderens, 1902; Sabatier 1911):
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CO2 + 4H2 = CH4 + 2H,0 (i.2)

At laboratory conditions the reaction proceeds in the temperature range from 470 to 770K (Lunde

and Kester, 1973) and it has also been reported at room temperature, using photo-excitation of a

mineral catalyst (Thampi et al., 1987). The abundance of H and CO: in the Solar System makes
the Sabatier reaction a likely source of methane.

Cooling After Accretion: As the proto-Titan continued to grow and successfully trap
volatiles, it saw a large surface temperature increase as a result of shock heating and ejecta blanket
deposition from impacts. Using a simplified approach that estimates the fraction of accretional
(impact) energy that is retained at depth and progressively heats the surface of the growing satellite
(Kaula, 1979; Schubert et al., 1981; Lunine and Stevenson, 1987; Grasset and Sotin, 1996), it has
been suggested that once proto-Titan reached a radius of roughly 1,000-1,500 km, melting and
vaporization of the surface materials started to occur, creating a deep water- and ammonia-rich
ocean in combination with a massive and hot steam atmosphere. The proto-atmosphere and ocean
were likely to be in equilibrium with each other up until the end of the accretion process, where
surface temperatures were roughly 350 K (Gilliam and Lerman, 2014a) or as high as 500 K
(Kuramoto and Matsui, 1994). However, such temperatures were short-lived after accretion.
Cooling of the ammonia-water ocean in the presence of a strong atmospheric greenhouse effect
results in complete freezing on a timescale of up to 107 years, from 300 K to the peritectic point
of the ammonia-water system at 176 K (Lunine, 1985; Adams, 2006). Over this time span, the
temperature drop encompassed the solidification point of several components initially present in
the atmosphere and/or in the ocean: water ice (267 K for 5% ammonia at a 1 bar pressure, e.g.

Kargel, 1992), CO> ice (~200 K), and clathrate hydrates of CHa, N2, CO2, Ar, and other species
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(180 to 280 K) which, depending on their density, would either accumulate at the ocean-
atmosphere interface and form a solid crust, or sink deep into the ocean, forming the present-day
structure that we observe today.

The cooling of Titan by radiative emission of the accretion energy released was explicitly
treated by Stevenson (1992), Barr et al. (2010), and Gilliam and Lerman (2014a). Other treatments
of Titan cooling as related to its internal differentiation have been based on its astronomical and
orbital parameters (e.g. Tobie et al., 2005; Fortes et al., 2012), heat transport through a multi-layer
system (e.g. Grindrod et al., 2008; Mitri and Showman, 2008), phase equilibria and convection of
liquid layers (e.g. Grasset and Sotin, 1996; Grasset et al., 2000), and tidal forces (e.g. Sohl et al.,
1995, 2003). Here it should be stated that the cooling of Titan or its antigorite core by diffusional
transport of heat to the exterior is much too slow on a time scale of 4.55x10° yr to have been able
to remove a significant amount of heat from the interior of the core. This conclusion is based on
the transport of heat from a homogeneous sphere, as treated by Kelvin (1862, p. 161) and more
extensively by Carslaw and Jaeger (1959, pp. 85 (1), 233-235), using the coefficient of thermal
diffusivity for serpentine, « = 41.0 m? yr or 0.013 cm? s (Robertson, 1988, p. 90). Furthermore,
for a silicate core in contact with a liquid layer of an ammonium-hydroxide and/or ammonium-
sulfate solution, if the heat flow at the outer core boundary were driven by diffusional heat
transport, the fraction of the heat content in the core, in J m, transported by the heat flow across
the boundary would have been negligibly small at times from 1x10° yr — fraction 6x107%°, to
4.55x10° yr — fraction 1.3x107*2,

Radioactive heating of Titan has been variably addressed by Grasset et al. (2000),

Czechowski and Leliwa-Kopystynski (2005), and Dorofeeva and Ruskol (2010). As there are no
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direct determinations of radioactive isotopes in Titan’s crust, the following guesstimates may
indicate the potential importance of heating Titan’s interior by radioactive decay. Titan’s core,
believed to be made of antigorite (MgsSi.Os(OH)4), may be considered analogous to mafic igneous
rocks. The latter, in the region of Boulder Batholith, Montana, are at present heated by radioactive
decay of 2%U, 22Th, and “°K at a rate of about 0.013 J kg™ yr! and the mean of the continental
crust is 0.02 J kg yr (Tilling and Gottfried, 1969). Translated to the volume and mass of Titan’s
core, the heating rate of mafic rocks gives 36 J m yrt. This value is lower than the heating rate
of the continental crust, 55 J m= yr! and the average heating rate of the Earth of 132 J m= yr?,
used by van Orstrand (1940). If all the heat produced in Titan’s core at the mafic-rocks production
rate remained in the core, the core would reach T = 1325 K (or 1052°C) in 1 billion years. Thus
the heating of the core by radioactive decay was not the main mechanism of the primordial heat of

Titan.
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APPENDIX I-A
The Historical Exploration of Titan
The tale of the first detection of Titan, the largest moon of Saturn and the second in size
among all the satellites in our Solar System, is a classic of its kind. On the night of March 25,
1655, novice Dutch astronomer, Christiaan Huygens, pointed his telescope at Saturn. Huygens was
inspired by Galileo’s discovery of the four Galilean moons in 1610 and his improvements of
telescope technology, and in 1650, Huygens began designing telescopes with his brother
Constantijn. In 1655, Huygens directed one of his new telescopes, a 50 power refracting telescope,
towards Saturn in an attempt to study its rings. According to his notes, Huygens saw a small ‘star’
3 arc minutes away from Saturn and immediately guessed it was a satellite (Huygens, 1659). This
was confirmed a few days later when Huygens noticed that the ‘star’ had moved from its original
location. Huygens named the satellite Saturni Luna (“Saturn’s moon”). The name Titan was not
formally given to this satellite until 1847, 192 years after its discovery. Titan and the six other
satellites of Saturn known at that time were named by an English astronomer, John Herschel.
Herschel suggested that the satellites of Saturn should be named after the mythological Titans,
sisters and brothers of Cronus (the Greek equivalent of the Roman god Saturn). The biggest of
these satellites was named Titan, with the other six being named after individual Titans (Coustenis
et al., 2009).
The first suggestion that Titan might have an atmosphere came in 1908, by a Catalan
astronomer José Comas Sola. Comas Sola studied Titan visually using a 38-cm telescope at the
Fabra Observatory in Barcelona, Spain. On August 13, 1907, he made a sketch of Titan, which

was published in 1908 in the Astronomische Nachrichten. He wrote: “...with a clear image and
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using a magnification of 750, I observed Titan with very darkened edges (somewhat similar to
those one observes on the disk of Neptune), while on the central part, much brighter, one sees two
round, whiter patches, which give the appearance of a blurred double star. We may suppose
reasonably, that the darkening of the edges demonstrates the existence of a strongly absorbing
atmosphere around Titan.” This was the first hint that Titan had an atmosphere, although many
still question the credibility of Comas Sola’s claim (Lorenz and Mitton, 2002).

Confirmation that Titan had an atmosphere came in 1944. Using the new McDonald 82-in.
telescope, Gerald Kuiper observed several spectral signatures on Titan at wavelengths longer than
0.6 um, along with two absorption bands of methane at 6190 and 7250 A. This discovery was
significant because it requires the presence of a dense atmosphere. Kuiper’s findings also
suggested that Titan’s atmosphere contained a significant fraction of methane (Coustenis et al.,
2009). This would later be confirmed with the Voyager 1 mission.

The first probe to visit the Saturnian system was Pioneer 11. Launched by NASA on April
6, 1973, Pioneer 11 was designed to study the asteroid belt, the environment around Jupiter and
Saturn, as well as solar wind, cosmic rays, and to eventually reach the edge of the solar system and
the heliosphere. Pioneer 11 passed by Saturn on September 1, 1979, and performed the first
spacecraft flyby of Titan on September 2, 1979. The probe took the first images of the moon at its
closest approach of 363,000 km, although they were of low quality (“The Pioneer Missions”,
NASA).

The highly anticipated Voyager 1 flyby of Titan in 1980 revealed many surprising findings,
despite its inability to see beneath Titan’s thick atmosphere. Launched by NASA on September 5,

1977, the goal of this mission was to study the outer Solar System and the interstellar medium. At
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a distance of 124 AU, as of May 2013, it is the farthest man-made object from Earth and is still in
operation today (“Where are the Voyagers?”, JPL). In November 1980, Voyager 1 flew by Titan
at a distance of 4394 km. Titan’s clouds proved to be impenetrable to Voyager’s gaze, but the
spacecraft still gained significant information about its atmosphere. Geochemical models prior to
the flyby suggested that large amounts of N> might have been produced by volcanic activity and
resultant dissociation of NHz gas. Voyager data confirmed an atmosphere of 95% N> with the rest
being CH4, and, using its Radio Science Subsystem instrument, also revealed a surface temperature
near the triple point of methane, where solid, liquid, and gases can coexist in equilibrium. This
was the first indication of a possible hydrologic cycle of methane, similar to the hydrologic cycle
on Earth. The discovery of a potential hydrologic cycle on Titan by Voyager 1 excited the planetary
community, yet uncertainty remained about the nature and distribution of liquid on the surface.
The Cassini-Huygens spacecraft, launched on October 15, 1997, is a joint mission of the
European Space Agency (ESA), the Italian Space Agency (ASI), and NASA. The mission was
designed to explore the Saturn system, including its rings and moons, with a special focus on Titan.
The spacecraft included a Saturn orbiter and an atmospheric probe/lander for Titan called Huygens.
Cassini-Huygens has been in orbit around Saturn since July 1, 2004, using various instruments to
penetrate Titan’s thick atmosphere and image its surface. Prior to Cassini, it was speculated that
Titan might have a global ocean (Lunine et al., 1983) or have a surface dominated by impact
structures (Lorenz, 1994). However, the very first Cassini radar image revealed no impact craters,
providing evidence of a geologically young and active surface (Elachi et al., 2005). Furthermore,
it was shown that a vast surface ocean did not exist, but rather an abundance of lakes in the polar

regions (Lorenz et al., 2008). As radar coverage of Titan’s surface increased, only a few impact
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structures were discovered, hardly the plethora of craters anticipated. In addition, Cassini radar
imaging discovered Earth-like features on Titan’s surface, including channels (Lorenz et al., 2008).
By the time the Cassini spacecraft had finished its nominal mission in July 2008, it had completed
75 orbits around Saturn and 44 flybys of Titan (“Cassini-Huygens Mission Objectives”, ESA).

Upon completion of the nominal mission, a two-year extended mission called the Cassini
Equinox began. During this extension, Cassini flew an additional 65 orbits around Saturn and
performed 27 Titan flybys, attempting to answer new questions based on the findings gained
during the nominal mission. At the end of the Cassini Equinox mission on July 1, 2010, the Cassini
mission received an additional extension, called the Cassini Solstice mission. Appropriately
named, this mission began just after Saturn had completed its northern winter solstice, and is
designed to continue until a few months past Saturn’s northern summer solstice in May 2017. At
Titan, the main science objectives of the Cassini Solstice mission include: (1) study seasonal
changes in the methane-hydrocarbon hydrological cycle, (2) study seasonal and temporal changes
with an emphasis on surface lakes and other materials, (3) study seasonal changes in the upper
atmospheric properties, (4) determine the internal structure of Titan (“Cassini-Huygens Mission
Objectives”, ESA).

Huygens was an atmospheric entry probe designed to land on Titan as part of the Cassini-
Huygens mission. When the Cassini-Huygens mission was initially planned, it was not yet certain
what type of terrain Huygens would land in due to the inability of the previous missions to peer
beneath Titan’s thick haze. The first image of the Huygens landing site didn’t come until the
spacecraft was 1,200 km away from Titan, revealing what appeared to be a shoreline. Assuming

that the landing site could be non-solid, Huygens was designed to land in a variety of terrain,
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including liquid. On December 25, 2004, Huygens separated from the Cassini orbiter, and entered
into the Titan atmosphere on January 14, 2005. The spacecraft took 148 minutes to descend
through the atmosphere, using up most of its three-hour battery life. During its decent, Huygens
made several measurements of the atmosphere: (1) collected aerosols for chemical analysis, (2)
made spectral measurements and took pictures of the Titan surface and atmosphere, (3) measured
wind speeds, (4) identified the chemical composition of the atmosphere, and (5) measured the
physical properties of the atmosphere. The Huygens probe landed on January 14, 2005, at 10.2°S,
192.4°W, in what was later referred to as ‘Titanian mud’. The images taken after the probe landed
revealed a surface covered in pebbles, believed to be water ice. The rounded nature of the pebbles
indicated that fluid might have once flowed through the landing site. Defying the odds, the probe

continued to send data back to Cassini for another 90 minutes after it landed.
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1.1. Introduction

Titan is the only known moon to have a thick atmosphere and the only world besides the
Earth to have liquid on its surface. At 9.5 AU away from the Sun, Titan maintains a surface
temperature of 94 K. Its atmosphere has a surface pressure of 1.5 bar — one and a half times that
of our planet — and consists of approximately 95% N and 5% CH4 (mole percentage). Unlike the
Galilean satellites, Titan is alone in terms of its size and mass (Table 1.1), comprising more than
96% of the mass in orbit around Saturn, and its diameter is larger by a factor of nearly 3.4 than the
second largest Saturnian moon, Rhea. Titan is believed to have formed during the last stages of
Saturn’s formation (Mosqueira and Estrada, 2003) within a disk of gas and dust that was the
outgrowth of the formation of Saturn itself. Within the Saturn subnebula, collisions of particles led
to the formation of rock-ice planetesimals, and subsequent growth led to the formation of satellites.
Titan’s formation in Saturn’s warm subnebula (Alibert and Mousis, 2007) allowed efficient
vaporization and loss of most volatile species (CO, N2, and noble gases) with low clathration
temperatures, but left NHs, CHa, H20, and COz in solid and clathrate form. Thus, Titan formed
with little CO and noble gases in its atmosphere, which was dominated by NHz and CHj4, consistent
with measurements today.

Titan’s proto-atmosphere is determined by the stability of the volatile-rich solid phases,
and input from comets that condensed outside the Saturn subnebula (Coustenis, 2005). The proto-
atmosphere, once formed, might have limited the amount of radiation escaping into space,
resulting in an increased surface temperature, from 300 K up to 500 K (Kuramoto and Matsuli,
1994). A warm accretion is consistent with the theory that NH3 is the primordial source of Titan’s

atmospheric N2 (Atreya et al., 1978; Tobie et al., 2009).
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Table 1.1.

Titan parameters 2

Parameter

Mean radius (km) 2575
Volume (km?) 7.152x10%°
Surface area (km?) 8.332x107
Mass (kg) 1.345x10%
Mean density (kg/m?®) 1881°

g at the surface (m/s?) 1.352
Escape velocity v, = (2gr)*/? (m/s) 2639

Mean distance from the Sun (km) 1.427 x10°

4 From ESA (2013); NASA (2012)

® From Titan’s present-day individual layer densities and thicknesses
(Fortes et al., 2007), Titan’s mean density is 2139 kg/m® or 14% higher than the NASA
value

The origin of CHs in Titan’s atmosphere is still widely debated. Prinn and Fegley (1981)
argue that the dense Saturn subnebula was rich in CO relative to CH4 with temperatures and
pressures high enough to permit the conversion of CO to CH4 in Titan’s proto-atmosphere. Another
hypothesis, by Mousis et al. (2002), suggests that no conversion of CO to CH4 occurred in the
Saturn subnebula, but Titan was formed from planetesimals rich in CH4 that migrated from the
outer part of the subnebula. Regardless of methane’s origin, there may be a constant source of
replenishment in the atmosphere as the photolysis of methane into other hydrocarbons occurs on
a relatively short timescale (~50 My) and, as our results show, its escape rate from the Titan
atmosphere is too fast at an accretion temperature of 355 K. One possible source of methane
addition to the atmosphere is cryovolcanism.

To date, only the Cassini-Huygens spacecraft has peered beneath Titan’s thick clouds,
giving an incomplete picture of its atmospheric structure and surface conditions. Even less is
known about early Titan, how it formed, and how it evolved from 4.55 Ga until today. This paper,

dealing primarily with the behavior of CH4 and NHs in the atmosphere, is based on the available
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information about Titan’s present-day composition and internal structure, insofar as it is germane
to the atmosphere (Table 1.1), and it proposes two new models for the chemical and physical
composition of Titan’s atmosphere post-accretion. The two models, with NH3z and CHs as the only
gases, define the volume, height, density, and outer surface area of the atmosphere in each case.
We show how NHz and CH4 could leave the atmosphere by thermal escape alone as the only sink,
or by a combination of emissions from the interior and thermal escape, producing in each case the
final result of the present-day gas masses in the atmosphere. For this, we calculate Titan’s accretion
temperature, its mean heat capacity, and subsequent cooling rate. This paper is a contribution to
the story of Titan and its atmosphere, that is critically important to the understanding of the present

and future of this most interesting and complex body in the Solar System.

1.2. Internal Composition and Structure

Interaction between Titan’s atmosphere and its subsurface, possibly through
cryovolcanism, warrants a summary outline of its internal structure in addition to the atmosphere.
The standard model of Titan’s internal structure, as discussed by Fortes et al. (2007), consists of a
large silicate core (a serpentine mineral antigorite, MgsSi2Os(OH)4), overlain by a thin layer of
brucite (Mg(OH).), above which are a layer of high-pressure ice VI, an aqueous ammonium sulfate
ocean ((NH4)2S04), and a crust made of methane clathrate, ice Ih, and solid ammonium sulfate.

The presence of ammonia in the subsurface ocean is thought to be a crucial component
because of its ability to lower the freezing temperature of the liquid layer, impeding complete
crystallization (Grasset and Sotin, 1996). Work by Grasset et al. (2000) suggests that the liquid

layer is much more complex and might contain methane and nitrogen in addition to ammonia. For
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an accreted Titan, this paper assumes an internal composition based on the one at present (Fortes
et al., 2007): the solid core of antigorite and brucite, and an outer fluid shell of water and other
volatile species in agqueous solution at the accretion temperature higher than the present (300 to
355 K, Section 1.3.1), as shown in Table 1.2. An ammonia-water layer is consistent with the
inference that solid ammonia-water compounds condensed during or shortly after the formation of
Titan (Yarger et al., 1993). A primordial ammonia composition of 5 wt% to 15 wt% is often cited
(Grasset and Pargamin, 2005), which can prevent complete crystallization of the liquid layer. The
differences in the composition of the ocean layer, attributed by different authors (e.g., Fortes et al.,
2007; Tobie et al., 2009) to the relative amounts of NHz and (NH4)2SO4, do not affect the
conclusions in this paper, insofar as ammonia in Titan’s interior is considered only as a potential

source of emissions.

Table 1.2.

Primordial component masses of Titan.
Component Mass (kg) % Mass
Methane Gas (g or aq) 7.52x10%° 0.56
Sulfuric Acid (aq) 1.19x10% 0.88
Ammonia (aq) 1.62x10% 1.21
Brucite (s) 3.63x10% 2.70
Water (lig) 5.10x10% 37.89
Antigorite () 7.63%x10% 56.76
Total 1.345x10% 100

At 300-355 K, all of the H.O should be in liquid form, and NH3 and ammonium sulfate,
(NH4)2S0s4, can be dissolved in it. An aqueous solution of NH3z+(NH4)2SO4 is stoichiometrically
equivalent to a solution of NH3+H>SO4. Methane as a gas at 300-355 K is fairly insoluble in water
at 1 bar total pressure (Duan and Mao, 2006), 2.0x107° to 7.6x10° kg CHa/ kg H.0, corresponding

to only small fractions of the CH. mass available in Titan (7.52x10%° kg, Table 1.2), 0.14 to 0.05%,
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respectively. However, at the same temperatures and 2 kbar total pressure, the mass of CH4 soluble
in water may be 40 to 50% of the mass available.

A homogeneous Titan of composition as given in Table 1.2 and Fig. 1.1 is subdivided into
an inner solid core of antigorite and brucite, of radius 1898 km, and an outer fluid shell of thickness
ht =677 km, containing H20, NHs, H2SO4, and CHa, where the fluids are separated from the solids
antigorite and brucite. In this subdivision, Titan’s fixed mass, volume, and mean density (Table
1.1) are maintained and satisfied by the densities of the inner solid core p = 2793 kg/m? and the
outer fluid shell p = 1272 kg/m®. Pressure at the base of the outer fluid shell is close to 12 kbar or

1.2 GPa, from an approximate relationship P = pgh:t.
Sulfuric acid
H2S04 (aq) 0.88%

Methane CHg Ammonia NH3 (aq)1.21%
(goraq)0.56% Brucite Mg(OH)2 (s) 2.70%

Water H20
(lig) 37.9%

Fig. 1.1. Percent mass of each component in Titan’s primordial internal structure.
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The NHz+(NHa4)2SO4 concentration in the fluid shell (Table 1.2) corresponds to an aqueous
solution of 5.2 wt% (or 2.1 molal). Its density of 1272 kg/m?® is comparable to that of a NaCl
aqueous solution of 15 wt% (3 molal) at 25°C and 6 kbar pressure, 1274 kg/m* (Lvov and Wood,
1990). The density is higher than that of pure H,O at 300 K and 10 kbar, 1237 kg/m?® (Wagner and
Pruss, 2002), and of the 25°C densities of such saline brines on the Earth surface as the Great Salt
Lake, 1087 to 1140 kg/m® (Naftz et al., 2011), and the Dead Sea, 1242 kg/m® (Katz, 2013).
However, it is lower than the densities of the Don Juan Pond in Antarctica, of composition variably
given as CaCl,-MgCl,-NaCl (Marion, 1997; Matsubaya et al., 1979), 1278 to 1360 kg/m?,
calculated from the component-solution densities of 25°C (OXY, 2012; Conde, 2009; Rogers and

Pitzer, 1982; Chen et al., 1980).

1.3.  Accretion Temperature, Primordial Heat Capacity, and Cooling
1.3.1. Titan’s Accretion Temperature

During the accretion process, part of the impact energy is converted into heat, although the
details of the process are not well constrained. Grasset and Sotin (1996) assumed that the fraction
of accretional energy retained as heat varies between 0.1 and 0.5 and developed an approximate
accretional temperature profile for Titan. They suggested that once the growing proto-Titan
reached a radius of roughly 1000—1500 km, melting and vaporization of the surface materials
allowed for the development of a liquid water layer and an atmosphere. Titan’s accretion
temperature is an important factor in estimation of the rate of cooling and subsequent behavior of
CHs and NHz in its atmosphere. Derivation of the accretion temperature Tac (Hanks and Anderson,

1969), based on a balance of the release of gravitational accretion energy and cooling by ideal



37
black body radiation emission, with no other internal heat sources or storage, is given in Egs. (1.1)-
(1.2), Table 1.3.

Hanks and Anderson’s (1969) determination of the Tac is derived from the sequence of
accretion times and rates for Venus, Earth, Mars, and the Moon. If there were additional internal
sources of heat production or if some of the energy was stored within Titan instead of all of it being
emitted by Stefan-Boltzmann radiation (that is, if the emitting surface was not an ideal black body,
but was characterized by an emissivity factor 0 < & <1 before the Stefan-Boltzmann constant ¢ in

Eqg. (1.1)), the accretion temperature would have been higher than the calculated value in Table 1.3.

Table 1.3.

Accretion temperature models.
Process or Parameter Mathematical formulation Explanatory comments
Balance of gravitational energy G =6.674x10' I m kg2
release and Stephan-Boltzmann (1.1) M =1.345x10% kg
cooling by emission?. pdr/dt is the M r=2.575x10%m

. . (r) dr — 3

rate of mass accretion per unit area p—= 0(T4 — Teq4) p=1881kgm
of the Titan surface (kg m? s?). No r dt 0 =5.670x10% W m? K*
internal heat production or storage. Teg=85K
Emission of an ideal black body. T is accretion temperature

Accretion temperature T from Eq. (s GM)par\’t  (12) Tx=35310355K
(1.1) Tac={Teq + or  dt From parameter values above

2 Hanks and Anderson (1969). Other models given by Kuramoto and Matsui (1994), Grasset and Sotin (1996), Barr
et al. (2010).

At present, with no albedo and no greenhouse effect, the radiation equilibruim temperature
of Titan at its mean distance from the Sun (Table 1.1) is Teq = 90 K. About 4.5 billion years ago,
when the Sun was approximately 75% as luminous as today (Gough, 1981), Titan’s Teq = 84 K.
The value of Titan’s accretion rate and duration, as estimated from Hanks and Anderson (1969,
Fig. 1.2), is 4.24 + 0.02 m/yr and about 0.6 Myr, respectively. This accretion rate gives in

combination with Teq = 85 K and other parameters, varying slightly about their values listed in
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Table 1.1 (e.g., Turcotte and Schubert, 1982, pp. 430-431), an accretion temperature Tac = 353 t0

355 K. This value agrees well with estimates of Kuramoto and Matsui (1994) that proto-Titan
temperatures might have been higher than 300 K, and as high as 500 K.

Barr et al. (2010) estimated the accretion time of Titan as >0.8 Myr to >1.3 Myr, depending

on the ammonia content of the satellite. From Barr’s et al. (2010) range of accretion times, 1.16

Myr gives a mean rate of accretion of 2.22 m/yr and Tac = 300 K from Eq. (1.2). The two estimates

of the accretion temperature (355 and 300 K) lead to different thermal escape mechanisms of

methane and ammonia, as will be shown in Section 1.5.

1.3.2. Primordial Heat Capacity

Heat capacity (Cp, J kg™ K1) of the primordial Titan is one of the parameters needed to
calculate its cooling rate (Section 1.3.3) and to estimate the escape velocities of the atmospheric
gases during cooling (Section 1.5). The Cp values of Titan’s components (Table 1.2) at 300 and
350 K are given in Table 1.4 as mass-weighted means of 2232 and 2357 J kg K. The C,, data of
the individual components are listed in Table B.1, Appendix 1-B. Not all the data are available for
the range of pressures up to 12 kbar in the outer fluid shell (Section 1.2.2). For CHys, the data for
methane gas were used, as we are not aware of such data for aqueous CHjs solutions at high
pressures. Data at 350 K were used as an approximation for the calculated accretion Tac = 355 K.
The effects of uncertainty in the Cp, values on the Titan cooling rate and the thermal escape rates

of CH4 and NH3 are addressed in Sections 1.3.3 and 1.5.
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1.3.3. Titan’s Cooling Rate

For heat dissipation by radiation emission from an ideal black body, the time needed for
the cooling satellite to reach a certain temperature can be computed from Eq. (1.6), Table 1.5. The
results are shown in Fig. 1.2 for the starting temperatures of 355 and 300 K. The overall cooling
rate is unaffected by the different accretion temperatures, and the two curves are essentially
identical at t > 1 Myr after accretion. The initial cooling period of both curves between 0.5 to 0.6

Myr is relatively fast, where the Titan temperature decreases to 150 K. It takes about 5 Myr for it

400

350

300

250 | - Start at 355
j\ —Start at 300

200 \
150 \
100} —— >§T_ - -
1 Titan present 7=94 K
50

Temperature (K)

0 1.E+06 2.E+06 3.E+06 4.E+06  5.E+06
Time since accretion (yr)

Fig. 1.2. Titan cooling after accretion for two different accretion temperatures, Tac = 355 and T, = 300 K, Eq. (1.6).
Titan’s present surface temperature (94 K) is shown for reference (dashed green line).

to decrease to 90 K. The cooling rate depends on the Titan heat capacity (Table 1.4). A higher
value of Cp results in a longer cooling time and therefore in a slower cooling rate. The effects of a

variation of ~150 J kg K*, comparable to the difference in the C, values at 300 and 350 K, are
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very small and they would hardly be noticeable at the scale of the graph in Fig. 1.2. For example,
the cooling time from 300 to 220 K, for the range of C, = 2232 + 150 J kg K (the difference
between the estimates of Cj at 350 and 300 K is 125 J kg™ K, Table 1.4), is 1.24x10°, 1.16x10°,

and 1.08x10° years.

Table 1.4.
Primordial heat capacity (Cp).
Heat capacity % of total
Component (kg KY) mass
300 K 350 K

Methane Gas @ 2956 3020 0.56
Ammonia-Water-Sulfuric Acid ° 4031 4192 39.98
Brucite © 1349 1473 2.70
Antigorite 1000 1100 56.76
Mean C, (J kgt K1) 2232 2357 100

Heat capacity data: ® Setzmann and Wagner (1991); ® Conde (2013); Zeleznik (1991); Wagner and Pruss (2002);
Horita et al. (2002); ¢ Osako et al. (2010). More details in Table (B.1), Appendix 1-B.

Table 1.5.
Titan cooling rate.
Process or Parameter Mathematical formulation Explanatory comments
(1.3) r=2575x10°m
Heat content of Titan 3 C,T p= 1881 kgm™
After accretion 3P TGl C, = 2232 (300 K) and 2357 (350
4mr? 3 K) J kg K, assumed constant
T is temperature
Loss of heat balanced (1.4) tistime (seconds)
by radiative emission rpC, dT 4 IR o =5.670x10% W m? K*
from an ideal black ——5 = oM =T") Js7im Teq= 85K
body Other parameter values as above
T t
rpC, dT . .
Integral form of Eq. (1.4) - f 7= f dt (1.5)  Tac is accretion temperature
30 JT*—T, ,

Ta C

Intleg:a;[fed Ei‘ (1'5"_) for ¢ = TpCp |1 T+ Teq Tac— Teq (1.6) Integration by parts of Eq. (1.5)
calculation of coofing 60T |2 T —Toq Tae+ Teq or, identically, from an indefinite

times t at temperatures T T — Ty, ] integral at Wolfram Mathematica

decreasing from T to + tan-1 (
Teq. Toqg + TTyac/Teq Online Integrator




41
1.4.  Present-Day and Primordial Atmosphere
1.4.1. Composition of the Present-Day Atmosphere

Present-day Titan’s atmosphere can be divided into two main layers: the lower atmosphere
(<880 km) consisting of the troposphere, stratosphere, and mesosphere; and the upper atmosphere
(>880 km) that includes the thermosphere, ionosphere, and exosphere (Brown et al., 2009). This
paper focuses on the lower atmosphere (also known as the homosphere), where the main mass of
the gases resides.

Two main gases make up the bulk of Titan’s atmosphere: N2> and CHa, which have
approximate mole fractions of 0.98 and 0.014 (Niemann et al., 2005), respectively. The third most
abundant molecule is hydrogen (H.), of a mole fraction of 0.001 in the stratosphere (Courtin et al.,
2008). N2, CHa, and H: are expected to be well mixed in the homosphere, although CHs is
condensable in the troposphere (Samuelson and Mayo, 1997; Gilliam and McKay, 2011),
contributing to Titan’s methane hydrological cycle. Minor components in Titan’s atmosphere
include several hydrocarbons, nitriles, and oxygen compounds (Brown et al., 2009).

With NHsz and CHys as the only gases in Titan’s atmosphere, we consider two cases for the
atmosphere composition in the present and three in the past. In Table 1.6, columns 2 and 3 give
the composition and other parameters of the present-day atmosphere at 94 K, and columns 4-6 are
for the primordial conditions.

In the present-day atmosphere (column 2), partial pressures of methane, as reported by
Griffith et al. (2003), Jacquemart et al. (2008), and Lorenz et al. (1999), are in the range from 0.05
to 0.09 bar. We round this to 0.1 bar that with the N partial pressure of 1.4 bar gives total

atmospheric pressure P = 1.5 bar. From the total and individual components’ partial pressures, the
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masses of the two gases, total atmospheric mass, and volume were calculated using Egs. (1.7)-

(1.10) in Table 1.7, and atmospheric scale height or thickness calculated from Eqg. (1.11). It may

be noted that the scale height is not the total height of the atmosphere, but is the thickness of an

isothermal atmosphere of known mass and composition or the height from the satellite surface to

where the pressure decreases to 1/e of its value at the surface. For N2 in the atmosphere attributed

to its precursor, NHz (Atreya et al., 1978), the latter’s mass equivalent to the present-day mass of

N2 is shown in column 3. The mass and volume of this atmosphere are accordingly somewhat

greater than those of the N>-containing atmosphere in column 2.

Table 1.6.
Present and primordial Titan atmosphere models.
1 2 3 4 5 6
Present with Rresent Mean of 5 models # Model in Model in
Parameter N with NHs [range of values] this paper  this paper
2 equivalent 9 pap Pap
T(K) 94 94 355 300 355 300
35.9
b
CH (bar) 0.1 0.1 [2.40 10 80] 19.58 19.58
5.7
NH3 (bar) 1.4 (No) 1.70 [0.6 10 10] 5.82 5.82
41.6
P (bar) 15 1.80 [3t0 90] 25.40 25.40
Atm. mass (kg) 9.24x10%® 1.11x10% 2.56x10%° 1.57x10%  1.57x10%°
' : ' [(0.19 to 5.55) x102] : '
Mass CHs (kg)  6.16x1077¢  6,16x10%7¢ 2.21x10% 119%100  1.19x10%
' ' [(0.15 to 4.93) x102°] ' '
Mass NHs (kg) ~ 8.63x10%8 (N,) 1.05x10%¢ 3.51x10% 3.76x101°  3.76x10%
' ' [(0.37 to 6.16) x10°] ' '
1.12x10% 9.50x1018 [(9.47 to
Atm. volume (md) 1.77x10% 2.84x10%8 [(1.12to 1.13) 9.52) x10%9] 1.12x10%°  9.45x10%8
xlolg]
Scale height or 128.34 109.25 [108.85 to
thickness (km) 21.07 351 11278710 128.53] 109.42] L2775 10874
At”;r;p(?;)face 8.47x1018  8.55x10% 9.05x10% 9.18x10% 9.18x10%  9.05x10%
Atm. density: 22.80 26.98 [1.95 to
mass/vol. (kg/m?) 5.22 3.91 [1.65 t0 49.25] 58.28] 14.0 16.57

@ Adapted from Niemann et al. (2005); Brown et al. (2009)

b References: Griffith et al. (2003); Jacquemart et al. (2008); Lorenz et al. (1999)
¢ CH4 mass is 0.52% of the mass in columns 5 and 6

4 NH3 mass is 27.9% of the mass in columns 5 and 6
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Relationships between atmospheric pressure, mass, volume, thickness, and outer surface area.

Process or Parameter

Mathematical formulation

Explanatory comments

Atmospheric mass (m, kg) as a _ PS5y (1.7)  Pistotal atm. pressure (Pa)
function of atmospheric pressure, m= 7 p1 and p. partial pressures of gases (Pa)
Titan surface area, and g at the my = p:Sr/g and St =8.332x10%% m?
surface. my and m; are the _ g at the surface = 1.352 m s
> mz = p2St/g
individual component gas masses
(kg)
Relationship betWeen the tOtal m= n1M1 + n2M2 (18) m iS atmosphere mass (kg)
and component gas masses, n; mols of a gas component in the atm.
and gas constant, from ideal gas - RT Vam is atmosphere volume (m®)
law R the gas constant = 8.3145 J molt Kt
Atmosphere volume from Eq. mRT (1.9)  Vaminm®
(18) A p My + pa My
Atmosphere volume as a function _Am s 31 (1.10) Vaminm?
of the Titan radius (r, m) and Vam = 3 [+ Ry =7 (110) r=2575x106m
atmosphere thickness (h, m)
Thickness or scale height of the 3V 1/3 (1.11) hinm
atmosphere from Eq. (1.10) h= <4Ltm + r3> —r
T
Atmosphere outer surface area Satm = Amt(r + h)? (1.12) Samin m?. Other parameters as above

1.4.2. Primordial Atmosphere Composition

The exact composition of Titan’s early atmosphere is not well known, although it is
generally accepted that it was much more massive and denser than at present, and dominated by
ammonia and methane. The range of NHs and CHs partial pressures, shown in column 4 of Table
1.6, is based on the work by Niemann et al. (2005) and Brown et al. (2009). Niemann et al. (2005),
from the “N/®°N ratio measured in the Titan atmosphere by the Gas Chromatograph Mass
Spectrometer (GCMS) on the Huygens probe, conclude a massive early atmosphere, between two
and ten times today’s value. Brown et al. (2009), also from the **N/°N ratio measured by the
GCMS, estimate that early Titan should have had a N2 pressure between 5 and 10 bar, and a CH4

pressure between 30 and 80 bar. We use the upper and lower limits for pNHs and pCHa given by
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these sources and calculate their means and other parameters (column 4, Table 1.5), as explained
in the preceding section for columns 2 and 3.

The most commonly accepted view of the origin of N2 in Titan’s atmosphere is the
photodissociation of NHz into N2, although Strobel (1982) believed N> to have been primordial.
Atreya et al. (1978) proposed that after cooling of Titan’s surface, and once outgassing began,
ammonia in the atmosphere could have been photolyzed, converting NH3 into nitrogen-bearing
compounds, including N2. Combining all of the intermediate steps involved in their model gives
the overall reaction: NHz + NH2 — N2 + 2H> + H. A crucial intermediate step of this reaction is
the production of hydrazine (N2H4) from amidogen radicals (NH>), created through the photolysis
of NHjs, that also acts as the rate-limiting step in the production of N2. An ideal temperature range
for the production of N2 from NHz on Titan is 150-250 K. NHs is a vapor below 150 K and
whatever small amount of N2Ha4 is formed from it would condense, preventing N2 formation. At a
temperature above 250 K, water vapor pressure is sufficiently large, so that OH from its photolysis
reacts with NH2 and NHs, producing NH whilst decreasing the amount of N2 formed. The present
atmospheric temperature on Titan should prevent NH3 photolysis from producing N2, and any
N2H4 formed at the 94 K surface should sublimate prior to photolysis (Strobel, 1982). From the
cooling curve in Fig. 1.2, Titan should have experienced these favorable temperatures between
~89,300 and 613,000 years after accretion at 355 K. This agrees with estimates of Brown et al.
(2009), who report that the dissociation of NHs into N2 must have occurred no later than 10 Myr
after accretion.

If the Sun, in its very early history, emitted up to 10* times as much UV radiation than it

does today (Zahnle and Walker, 1982), up to 20 bar of N2 could be produced in less than 2 million
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years in Titan’s primordial atmosphere (Atreya et al., 1978). This finding was confirmed by Strobel
(1982), who suggested that if Titan’s surface temperature were 150 K or greater for approximately
4% of its evolutionary history (or about 180 Myr), then NH3z photolysis could account for the
current levels of N2 in its atmosphere. Our results on the cooling rate of Titan (Fig. 1.2) suggest
that 150 K could have been reached 6x10° years after the start of cooling.

From the data in column 4, Table 1.6, the results for a primordial atmosphere at 355 K
suggest an atmospheric mass of 2.56x10% kg and a scale height of 128 km. At 300 K, the same
atmospheric mass corresponds to a scale height of 109 km.

The calculated composition of a primordial atmosphere at 355 and 300 K is given in
columns 5 and 6 in Table 1.6, where the initial masses of CH4 and NHs satisfy the conditions of
gas thermal escape or emission-with-escape to the present-day levels as given in column 3 (Section
1.5). In the two primordial atmosphere models, starting with the masses of CH4 and NHjs, the other
parameters were calculated from the equations in Table 1.7.

The two primordial atmospheric models have scale thicknesses five to six times greater
than the present-day atmosphere, a total pressure of 25 bar, in comparison to 1.5 bar at present,

and densities of 14 to 16.6 kg/m3, compared to 5.2 kg/m?® at present.

15. Gas Escape
1.5.1. Maxwell-Boltzmann Gas-Molecular Velocity Distribution: Hz and CH4

Gases escape from the surface of a planet if their molecular or atomic velocities exceed the
escape velocity of the planet v, = (2gr)/2. The latter is a function of the planet’s radius r and

the acceleration due to the force of gravity at its surface, g (Table 1.1), and for Titan it is v, =
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2.639 km/s. This relationship explains why some planets and moons have atmospheres and others
do not: a larger fraction of the molecules on a body with a massive atmosphere and low
temperature, like Titan, may have smaller fractions of the atmosphere that can escape. The
distribution of molecular speeds depends strongly on (1) the mass of the molecule and (2)

temperature, as represented by the Maxwell-Boltzmann distribution of gas velocities®:

3/2
f(w) =4n (L) v2e~Mv*/(2RT) (1.13)

2mRT

or, using Eq. (1.15) in Table 1.8,

4 - 2
fw) = = v2e=(/vo) (1.14)

The Maxwell-Boltzmann distribution describes gas molecules in thermal equilibrium,
moving freely without interacting with one another, except for elastic collisions. Methane and
ammonia are treated as individual gases in Titan’s atmosphere insofar as their molecular masses
are close: CHs, M = 0.016 kg/mol, and for NHz, M = 0.017 kg/mol. Other relevant relationships
and parameters are given in Table 1.8.

Fig. 1.3 shows the Maxwell-Boltzmann distribution at 355 K of H, gas (M = 0.002 kg/mol),
the third most abundant species in Titan’s present-day atmosphere, and of the heavier CHs that
does not lend itself to the same graphic representation as Hz on a linear scale. Fig. 1.3 shows that

peak velocity v, and mean velocity v, at the high end of the distribution, where v, < v < oo,

L In modern notation, the Maxwell-Boltzmann distribution is a probability density function or pdf (). The forms given
by Maxwell (1860, p. 23; 1867, pp. 64, 69; 1890, p. 381) and Boltzmann (1896, p. 49) are somewhat different from a
pdf, and their notation carried into the early and even later parts of the 20th century (Jeans, 1911, p. 658; 1916, p. 33;
Chapman, 1916, p. 283; Chapman and Cowling, 1970, p. 69). The latter (1970, pp. 131, 407) and Brush (2008) also

discussed David Enskog’s earlier contributions to Maxwell’s theory.
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are greater for the lighter H> that for the heavier CHs and NHs. For these and some heavier gases,

mean velocities v, are shown in Fig. 1.4.

Table 1.8.

Parameters of Maxwell-Boltzmann distribution and thermal gas escape.

Process or Parameter Mathematical formulation

Explanatory comments

Most probable speed at the

velocity distribution peak vy = /2RT/M

(m/s)

Mean velocity of the _ r 8RT 2

distribution (m/s) Ve f vfWdv = oar = vz °
0

Fw) = | fw)dv
|

Cumulative distribution of
gas velocities (fraction)

v 8 2
= erf(_) _ e~ (v/%0)
v " vivE
[oe]

_ 2
Fraction of the distribution F(v =) = W f vie M) dy
at velocities greater than 07"
itan’ i 2,
Titan’s escape velocity v,. = 2V o) 4 erfo(v, /y)
Uo\/ﬁ

Approximation of the
fraction in Eq. (1.19) for

Ue/vo > 2 to >25 :F(v > pe) = \/i_& e_(ve/vo)2

Vo
erfc(v,/v,) T
~(Ve/v0)?

= e‘(”e/”o)z/(\/'ﬁ Ve te /(\/E Ve /Vo)

/vo)
Mean velocity in the Usy, = f Vf(V)dv/f f)dv
velocity interval v, < Ve Ve
v < oo (Mfs) 2,[1 + (v, /v0)?]

1+ Z(Ue/vo)z

(1.15)

(1.16)

(1.17)

(1.18)

(1.19)

(1.20)

Solution of df (v)/dv = 0, where
f(v) is given in Eqg. (1.13). Ris the gas
constant (8.3145 J mol* K1) and M is
molecular mass of the gas (kg mol™)

f(v) is the Maxwell-Boltzmann
distribution in Eq. (1.13)

F(v)—>1, asv > o

Range of velocities: v, < v < o

Goody (1976) gives the following
approximation for F(v > v,), for the
same conditions of v, /v, > 2:

T('U > ) — i&e—(ve/vo)z
¢ my,
This result is greater than that of Eq.

(1.19) by a factor of 2/4/m = 1.13 or
about 13%.

Note: In this velocity interval, the
Maxwell-Boltzmann distribution is not
a pdf. The ratio of the high-velocity
mean to the escape velocity, v, /ve,
is always > 1.

At the starting temperature of 355 K, easy and fast escape of the much lighter H2 is possible,

but CHa, of a higher molecular mass, has a small fraction above the escape velocity, F(v = v,),

that accounts for a slow, but significant escape over a long period of time.
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Fig. 1.3. (a) Maxwell-Boltzmann distribution of H, at 355 K, showing the peak velocity v,, mean velocity o, Titan
escape velocity v,, and mean velocity 7., in the interval v, < v < oo. (b) Linear plot of f(v) of CH, at 355 K.
Cumulative frequency for CH4 shown as a check of calculation. (c) Logarithmic plot of f(v) of CH, at 355 K. Egs.

(1.13)-(1.20).
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Fig. 1.4. (a) Mean escape velocity of gases v,,,, above the Titan escape velocity v,, as a function of temperature
and molecular mass, Eq. (1.20). (b) Dependence of the fraction of the gas mass above the Titan escape velocity,

F(v > v,), on temperature and molecular mass, Eq. (1.19). CO falls off the figure scale. Numbers in parentheses
are molecular masses in gram/mol.

1.5.2. Gas Escape Formulation

In a gas, the directions of the gas molecules are on the average outward and inward
(Maxwell, 1867, p. 50), and the fraction of the gas moving away from the planet is % of the fraction
F(v>v,) (e.9., Goody, 1976). Fig. 1.5a and Table 1.9 describe the gas escape from the
atmosphere as a first-order process, N, = N, e %t (kg or % of No), that depends on the escape rate
parameter, k (s* or yr). The latter is a function of temperature and molecular mass of the gas;
through its dependence on v,, of the Titan escape velocity, v,, and of the quotient of the
atmosphere volume to its outer surface area, Vam/Sam, that is effectively the atmosphere thickness
h (Table 1.6 and 1.7). As the atmosphere cools over time, the fraction of gas greater than the escape
velocity, F(v > v,), decreases faster than the mean escape velocity v, (Fig. 1.4). Thus, the

escape rate parameter, k, decreases strongly with a decreasing temperature (Fig. 1.6).
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Fig. 1.5. (a) Schematic diagram of Titan and its atmosphere, gas fluxes, and main equations. (b) Logarithmic velocity
frequency distribution at higher velocities. (c) Linear velocity frequency distribution at higher velocities.

Two figures (1.5b and 1.5¢) show the high-tail parts of the velocity distribution (Fig. 1.3b)
of methane on a logarithmic and linear scale. As these figures show, the fraction of CH4 gas
molecules that have velocities greater than the escape velocity is small. However, although F (v >

v,) is low for CHa, its product with mean escape velocity above v, assures a slow but substantial

escape of CHs over a long period of time.



Table 1.9.

Parameters of gas escape rate.

o1

Process or Mathematical formulation Explanatory
Parameter comments
(1.21) No initial gas mass

Gas mass (kg)

remaining in the Ny = Nye ™kt k is escape rate

atmosphere (kg) parameter (s?)

t is time (s)
(1.22) 0.5F(w >v,)

Concentration of N escaping gas fraction

the escaping gas 5F (W > v)N, N: gas mass in the

in the atmosphere T Vam atmosphere (kg)

(kg/m?) am Vam atmosphere
volume (m®)

Mass flux out of F > ) Tov, Saem (1.23)

the atmosphere 2Vatm e

(kgls)

_ F(>7) * Psy,* Sam (1.24)
Escape rate 2Vatm

parameter k (s?) k= Ve gmoufrey [ 2 N 1 ]‘Zve[l + (Ve/v0)*]  Satm
Vo \/E (UE/UO)Z\/E 1+ 2(176/170)2 2Vatm

(1.25) Calculated for every

two consecutive time

. steps, t=iandt=
.= N: e~ 051t k) (Eiva— t) ; !

Calculation of N; Nii1= Nje i+1 and a mean
value of k for that
period, (ki1 + ki)/2

Gas emission .

from the interior F (1.26) '(:oAS %?S&amé?p?)t rae

to the atmosphere Ne=z@- e+ No e Other aorgme}':erls as

and thermal loss inE F()l 21)

from the latter g- (&

Calculation of Ny, Nipy = F (1.27)

emission and
escape model

0.5(ki1 + ky)
[1 — @ 0-5(Kip 1+ k) (Tig1— f)] + N e~ 05kt k) (tia— 1)

1.5.3. Gas escape at 355 K

Starting at an accretion temperature of 355 K, the calculated values of k for NHz and CH4
are too high and they allow the gases to escape before the atmosphere temperature drops

sufficiently to prevent any further escape, which occurs below about 260 K (Fig. 1.6). The
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Fig. 1.6. The escape rate parameter, k, vs. temperature, T, for NH3; and CHa, assuming a Tac = 355 K. In this model, k
is not effective below T = 270 K, Eq. (1.24). Compare Fig. 1.10.

relatively high values of k for CHs and NHz near 355 K account for the fact that very little of the
initial gas mass would be left in the atmosphere after a few hundred years, as shown in Fig. 1.7.
Considering Titan’s cooling rate (Fig. 1.2), the temperature of 150 K, as a lower limit of NH3 to
N2 conversion (Atreya et al., 1978), is reached after about 500,000 to 600,000 years, and after such
a long period of time the gas masses remaining would be vanishingly small fractions of the initial
masses as given in Table 1.6, column 5.

Two hypothetical, but similarly unrealistic, explanations of slower rates of gas escape from
a 355 K atmosphere may be considered:

(1) Escape rate parameter, k, as shown in Fig. 1.5 and Eq. (1.24), depends on the

atmosphere outer surface area, Sam. If the outer atmosphere were only partially permeable to the
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escaping CHs and NHs, their outgoing fluxes would have been smaller and the atmosphere might
have cooled sufficiently before the two gases were exhausted. However, this requires partial
permeability of the upper atmosphere to be about 5% (5.6% for CH4 and 4.5% for NHa) for the
initial gas masses to decrease to their present-day levels.

(2) The dependence of escape rate parameter k on the quotient Vam/Sam and therefore on
the atmosphere thickness h, could make k sufficiently smaller at a larger quotient Vam/Satm, t0
reduce the initial gas masses to their present-day levels. This, however, could be accomplished
only for an unrealistic atmosphere of thickness h ~ 4316 km, greater than the Titan radius of 2575
km, total pressure of about 28 bar, and low density of 0.13 kg/m®. A more realistic explanation,

emissions from the interior combined with thermal escape, is given in the following section.

Temperature (K)

355 354 353 352 351 350 349
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Fig. 1.7. The fraction of CH4 and NHs remaining as a function of time since accretion assuming Tac = 355 K, Eq.
(1.25).
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1.5.4. Possible Emissions from Titan’s Interior
Possible cryovolcanic features on Titan’s surface have been identified by the Cassini Radar
Mapper, as well as other visual and infrared instruments onboard the Cassini spacecraft (Lopes et
al., 2007). Cryovolcanism on Titan resembles silicate volcanism on Earth, except its eruptions
consist of volatiles, such as water, ammonia, and methane, instead of molten rock. Cryovolcanism
is considered by some (Atreya et al., 2006; Fortes et al., 2007; Grindrod et al., 2008) the leading
mechanism for the replenishment of methane in Titan’s atmosphere, where it may be irreversibly
lost due to photochemical dissociation. Methane replenishment via cryovolcanism is supported by
many, including Fortes et al. (2007), who estimate that a magma containing 0.5 wt% CHa4, erupted
at a reasonable rate of up to ~1.0x10'2kg/yr, could buffer the photolytic destruction of atmospheric
methane. This emission rate agrees with the lower flux in the emission-and-escape model, as

shown in Table 1.10. However, a constant rate of methane input 1.0x10* kg/yr would exhaust the

Table 1.10.
Summary of CH4 and NHs inferred input rates to Titan’s atmosphere.
In solid In present-day atm. In primordial atm.
Gas species and process planet 94 K 355 K
(kg) (kg) (bar) No (kg) or (bar)
No=100%
CHs 7.523E+20  6.163E+17 0.1 1.190E+20 19.6
aNt:3)(N2 mass equivalent in present-day 4 6>oe 401 1.049E+19 17 3.760E+19 58
CHa % of mass in solid 0.08% 15.81%
NH; % of mass in solid 0.65% 2.32%
CH,4 NH3
0 -1 i
Inputoam. F %y ofNo), Saing 3 00E-05  1.00E05  100E-04  BOOE-04  L4SE-03
g(g;ylrr)lput flux FNo/100 (primordial) 119E+12 119E+13 119E+14

Time to exhaust CH4 in the interior (yr) 6.32E+08 6.32E+07 6.32E+06

NH3; Input flux FNo/100 (primordial) 301E+14  5.45E+14
(kglyr) ' '

Time to exhaust NHs in the interior (yr) 5.4E+06 3.0E+06
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CHa content of the satellite (Table 1.2) in about (7.5x10%° kg)/(1.0x10'? kg/yr) = 750 Myr, a time
period too short in Titan’s history. Photolytic decomposition of CH4 by UV radiation at altitudes
300 km produces ethane (C2Hs) as one of the main stable products (Strobel, 1982; Lunine et al.,
1983; Smith and Raulin, 1999; Wilson and Atreya, 2004; Atreya et al., 2006; Lunine and Atreya,
2008). Ethane accumulates on the Titan surface, but its reevaporation and reconversion to methane
are not considered as realistic sources of CH4 replenishment in the atmosphere, where its chemical
lifetime is estimated from about 27,000 yr at altitude 300 km (Wilson and Atreya, 2004) to 107 to
108 yr (Atreya et al., 2006). The longer estimate of the CH4 residence time in the atmosphere cited
above, 107 to 108 yr, is much longer than our estimates of the residence time (1/k), increasing from
2400 yr at 300 K to 3x107 yr at 210 K, reached after 145,000 yr. Thus, if the longer residence time
is due to photolytic destruction of CHs, our results for the much-diminished flux out of the
atmosphere do not contradict the slow rates of methane destruction and replenishment on the
cooled Titan.
Among the many possible emission scenarios that may be thought of, the case we explore
IS gas thermal escape accompanied by emission from Titan’s interior, a simple process that is a
combination of a constant input rate to the atmosphere, F (% No/yr or kg/yr), with a first-order
escape is considered here: dN/dt = F — kN, the solution of which is given in Egs. (1.26)-(1.27). For
CHea, three reasonable rates of emission are shown in Fig. 1.8a and Table 1.10. If CH4 emissions
from the Titan interior were continuous, the supply would be exhausted in 6.32 to 632 Myr. To
avoid complete depletion of CH4 from the internal reservoir, and to satisfy the present-day CHs

atmospheric level, emissions at the rates shown in Fig. 1.8a would have to stop at 57,350 (F =
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1.0x10* %/yr), 117,500 (F = 1.0x107° %/yr), and 612,500 (F = 1.0x10°® %/yr) years, respectively,
after the start of CHs input to the atmosphere.

The NH; emissions include two reasonable rates of input: F = 1.45x10 %/yr and F =
9.0x10* %/yr (Fig. 1.8b and Table 1.10). In a continuous emission at these rates, the NH3 reservoir
would be depleted in 3 to 5.4 Myr after the emission start. A discontinuous input, with NH3
emissions stopping at 57,360 (F = 1.45x1072 %/yr) and 74,000 (F = 9.0x10* %/yr) years after the
start of input to the atmosphere, would satisfy the present-day level of NHz (N2 equivalent) (Table

1.6, column 3).
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Fig. 1.8. Input of (a) CH4 and (b) NH3 from Titan interior to the atmosphere, added to the escaping gases. Final masses
are stabilized at their present-day values (Table 1.6, column 3). Curves computed using Eq. (1.27).

It should be realized that the processes described in Fig. 1.8 and Table 1.10 assume
termination of the emissions at a time that satisfies the primordial atmosphere to meet the

conditions of present day. The results also show periods of variable length where the atmosphere
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had very low concentrations of the two gases, until their levels were raised by emissions from the

interior.

15.5. Gas escape at 300 K

A primordial atmosphere, initially at 300 K (Table 1.6, column 6), loses CH4 and NHz by
thermal escape down to their present-day levels (column 3) by the time the atmosphere has cooled
to about 250 K (Fig. 1.9). As the gases are continuously lost from the atmosphere, its mass and
volume decrease, making the escape rate parameter k slightly larger and escape rate faster. The
results of this change in k are shown in Figs. 1.9 and 1.10, by the curves for a constant or decreasing

atmosphere volume.
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Fig. 1.9. The amount of NH3 and CH4 remaining in the atmosphere as a function of time since accretion assuming a
Tac =300 K. Eq. (1.25).
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As the value of the Titan mean heat capacity, Cp, = 2232 J kg™ K at 300 K (Table 1.4),

affects the time and rate of the satellite cooling (Section 1.3.2), a variation in C, also affects the
initial masses of CH4 and NHs in the primordial atmosphere that are computed to make the initial
masses decrease to their present-day levels (Table 1.6, columns 6 and 3). In a test of sensitivity of
the results to the Cp values, a variation of ~150 J kg* K in C, = 2232 J kg* K produces only
very small effects on the cooling rate. At the higher C, value, it takes slightly longer to cool from
one temperature point to a lower one, and this slower cooling rate allows more gas to escape from
the atmosphere. At the conditions of a higher or lower Titan Cp, 2382 or 2082 J kg K2, the initial
atmospheric mass No of CHa4, would be +44% to -30% of the model value, and for NH3 it would
be £9%. These changes are due to the greater or smaller time-interval differences, ti+1 - ti, in EQ.
(1.25) that affect the negative exponential term and the resulting value of the remaining gas mass

fraction Nt
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Fig. 1.10. The escape rate parameter, k, as a function of time since accretion for CH4 and NH3 assuming a Tac = 300
K. Eq. (1.24).
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In this thermal escape model, the escape of NHz and CH4 ends 50,000 to 70,000 years after

start, when the gas masses decline to their present-day levels. However, in the model of gas
emission-and-escape (Fig. 1.8), the times of mass decline are longer: for NHs, depending on its
emission rate, it takes about 70,000 to 80,000 years. At the different emission rates of CHa, it takes

100,000 to 600,000 years to attain a steady-state value.

1.6.  Conclusions

This paper presents a new model of the NHz and CHj sinks, the two main gases, in Titan’s
primordial atmosphere. If NHz and CH4 were removed from the atmosphere, initially at 300 K, by
thermal escape as the only sink, the final result are the present-day gas masses in the atmosphere,
attained after 50,000 to 70,000 yr.

An alternative model combines the two mechanisms of gas emission from Titan’s interior
with thermal escape. At the different estimated emission rates from the interior, the times of mass
decline from the primordial, at 355 K, to present-day levels are longer: for NHs, the decline is
about 70,000 to 80,000 years; for CHg, it takes 100,000 to 600,000 years to attain a steady-state
value. We place less trust in the emission-with-escape model because of (a) arbitrary assumptions
of the period lengths of the emissions and (b) significantly, the discrepancies between the reported
rates of CH4 emissions and our estimates of the available CH4 inventory in the Titan interior.

The models of gas thermal escape and emission-with-escape are based on the estimates of
Titan’s post-accretional composition, as made of a solid core of antigorite (Mg3Si.Os(OH)4) and
brucite (Mg(OH).), and an outer fluid shell made of the volatile components (H20O, NHs,

(NH4)2S04, and CHgs) that account for 40.54% of Titan’s mass. The accretion temperature is
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estimated in the range from 300 to 355 K, based on the gravitational energy of accretion, without
additional heat production or storage, and radiational emission cooling of an ideal black body. For
the post-accretional cooling rate, we estimated mean heat capacity, Cp, of Titan at the two
temperatures, from compilations of the Cp, data for the individual components.

An analysis of the thermal escape mechanism as a Maxwell-Boltzmann gas indicates a
strong dependence of the gas escape rate on temperature, molecular mass of the gas species, the
escape velocity at the satellite surface, and the atmosphere thickness or the quotient of its volume
to outer surface area. Titan’s cooling controls the gas escape from the atmosphere, resulting in the
computed primordial masses decreasing to their present-day values by the time the temperature

has declined to below 250 K.
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APPENDIX 1-B

B.1. Pressure, mass, volume, and thickness of the atmosphere
The equations in this Appendix are used in the calculation of the parameters in Table 1.5.
At a given total pressure P (Pa), g at the Titan surface (m/s?) and the surface area St (m?),

atmospheric mass m (kg) is:

m =21 (B.1)

In an atmosphere made of two gases — 1 CH4 and 2 NHs, of molar mass M1 and M (kg/mol),
respectively — their partial pressures are p1 and pz, and P = py + p2. Thus the individual gas masses,

from their partial pressures, are:
my = p1St/g and my = p2S+/g (B.2)
In an ideal-gas isothermal atmosphere, the number of mols of each gas is n1 = p1Vam/(RT) and

N2 = p2Vam/(RT), Where Vam is the atmosphere volume (m?®), R is the gas constant (8.3145 J mol™*

K1), and T is temperature (K). The atmosphere mass m is the sum of the mols of the two gases:

m = TllMl + nZMZ — (p1M1+ZZTM1)Vatm (Bg)

and its volume Vam is computed from the preceding equation:
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mRT

Vatm = 55— (B.4)
The atmosphere thickness or scale height is determined from its volume as a spherical shell:
Vaum = 5[0 + h)* =77 (B.5)
where r (m) is the Titan radius and h (m) is the atmosphere thickness.
From (B.5), the atmosphere thickness h is:
ho= (T g r3)1/3 —r (B.6)
The outer surface of the atmosphere, Sam, is, from the preceding:
Satm = 4n(r + h)? (B.7)

Alternatively, scale height of the atmosphere h can also be determined from the quotient of the

atmosphere volume to its outer surface area, Vam/Sam, that is used in Appendix 1-D:

Vatm _ (41/3)[(r+h)3-73] (B.9)

Satm 4mr2




From (B.7), his:

R+ (37— Lam) 2 4 (3p2 - Slam) _Itam _ g

atm Satm Satm

The results for h are identical when computed by both equations (B.6) and (B.9)
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(B.9)



APPENDIX 1-C

The table below lists the values of the heat capacity of Titan’s primordial components as given in Table 1.4.

Table C.1.

Summary of C, data at different temperatures and pressures

Heat capacities Cp (J kg K?)?

300K, 1 bar 5-10 bar 1 kb 2 kb 1-5 kb Skb 47-85 kb
Methane gas 2226 2956 Setzmann and Wagner (1991), Table 39, p. 1119 et seq.
Ammonia-Water ~3 wt% 4136 Calculated from Conde (2006, p. 10), mass fract. NH3z = 0.0326
4150 Conde (2013), from Fig. 8 in 2006 edition
H,S04, mol fraction x = 4.266E-03 (C,/R) 763.02 Zeleznik (1991), Table 7, p. 1189 et seq.
H.0 4180.60 3979.8  3882.8 3793.8 Wagner and Pruss (2002), pp. 496, 533

xH3S04+(1- x)H,0 3869.49 From the G, of mol fractions of H,SO4 and H.O

NH3-H2S04-H,0 solution 4031.21 Mean of the NH3-H,0 and H2S04-H,0 solutions
Magnesium hydroxide 1348.79 Horita et al. (2002), Table 4 (mean of calc. and experim. values)
Antigorite 1985.75 Grindrod et al. (2008)
1000 Osako et al. (2010), Fig. 3
350K, 1 bar 5-10 bar 1 kb 2 kb 1-5 kb Skb 47-85 kb
Methane gas 2365 3020 Setzmann and Wagner (1991), Table 39, p. 1119 et seq.
Ammonia-Water ~3 wt% 4188 Calculated from Conde (2006, p. 10), mass fract. NH3 = 0.0326
4400 Conde (2013), from Fig. 8 in 2006 edition
H,S04, mol fraction x = 4.266E-03 (C,/R) 767.25 Zeleznik (1991), Table 7, p. 1189 et seq.
H.0 4194.5 4025.3 3921.4 3785.8 Wagner and Pruss (2002), pp. 496, 533

X H2504+(1- x)H,0 3907.94 From the C, of mol fractions of H,SO4 and H,O

NHs-H,S04-H,0 solution 4191.62 Mean of the NHs-H,0 and H,S04-H,0 solutions
Magnesium hydroxide 1472.68 Horita et al. (2002), Table 4 (mean of calc. and experim. values)
Antigorite 1986.72 Grindrod et al. (2008)
1100 Osako et al. (2010), Fig. 3

2 Values in boldface roman are used in the calculation of mean C, in Table 1.4, those in boldface italics are for intermediate calculations of
C, of the NH3-H2S04-H,0 solution at 300 and 350 K.

¥9
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APPENDIX 1-D
D.1. Titan accretion temperature and cooling rate
D.1.1. Accretion temperature
Accretion energy of a planet or satellite, as measured by the gravitational energy released in erg s’

1 em2 or W m (Hanks and Anderson, 1969), is:

GM(1) ar

T dt (D.1)

The term pdr/dt is the rate of mass accretion per unit of area of the Titan surface (kg m2s™).

If the rise in accretion energy is balanced by its loss as emission by an ideal black body (Hanks

and Anderson, 1969) then:

GM(r) dr
r dt

= (T* = Tp*) (D.2)
where the Stefan-Boltzmann constant ¢ = 5.67x10® W m?2 K*, and Teq is the black body
equilibrium temperature of Titan at its mean distance from the Sun. At present, with no albedo and
no greenhouse, the temperature is Teq = 90 K. About 4.5 billion years ago, if the solar luminosity
and Sun’s energy emission was about 75% of the present-day value, then the Titan Teq ~ 0.75"4x90
K =84 K. (We use the value of 85 K, as representative of an early accretion stage). The accretion
temperature, Tac, from the preceding equation and using the parameter values as explained in

Section 1.3.1, is:
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GM(r) pdr
or dt

1/4
Tae = (Teq" + )’ =353 to0 355K (D.3)

D.1.2. Cooling rate

The heat content of Titan after its accretion, without any additional internal heat production, would
have been dissipated by heat loss to its surrounding space that was at a temperature of 84 to 90 K.
If heat dissipation occurred by means of radiation emission from an ideal black body, then the
temperature of the cooling satellite as a function of time can be determined from the heat flow

balance, as shown below.

The heat content of Titan after it accretion, per unit of its surface area, can be given as:

4
g”TSPCpT _ TpCyT

4rz 3

Jm™2 (D.4)

where the Titan temperature is T (K), its radius r = 2575 km, its mean density p = 1881 kg/m?®, and
its mean heat capacity Cp is 2357 J kg K at 350 K, and 2237 J kg K at 300 K. The rate of heat
loss is equal to the rate of its emission by the Titan surface as a black body into the medium at Teq

=85 K:

_TPCp aT _

== o(T*—Ty*) JTsim™2 (D.5)
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Rearranging the terms in the preceding equation, the variables T and t are separated:

rpCp dT
30 T4-Ty4*

= dt (D.6)

To obtain T as a function of t, integration of the left-hand side can be done by use of the partial
fractions or by using Wolfram Mathematica Online Integrator for an indefinite integral at

http://integrals.wolfram.com/index.jsp:

rpCy T dar _rt
30 MaeTAoTog? = Jy dt (D.7)
The result is:
rpC 1 T+T, Tac—T, _ T-T,
_173[_ n—ca. ac7leq | yoo-1_ T7Tac o (D.9)
60Teq> | 2 T-Teq Tact+Teq Teq+ TTac/Teq

The preceding equation relates the temperature of the cooling planet, T, to time t since the cooling

began. The results for the accretion temperatures of 355 K and 300 K are shown in Figure 1.2.


http://integrals.wolfram.com/index.jsp
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D.2. The Maxwell-Boltzmann velocity distribution of gas molecules

The parameters in this section are shown in Figures 1.3 and 1.4.

3/2

f(w) =4n (ZZCT) p2e=mv?/(2KT)
(D.9)
3/2
fw) = am (2nRT> et/ CAn

where k is the Boltzmann constant, m is the molecule mass, R (= 8.314 J mol™* K?) is the gas
constant, M is the molecular mass of the gas (kg mol™), and v is velocity (m/s). A historical note

on notation of this equation is in footnote , Section 1.5.1.

The most probable velocity, v,, at the velocity distribution peak, is found by differentiating eq.

(1.1) with respect to v and equating the result to 0: df(v)/dv = 0. This gives:

vy = /% (D.10)

Mean velocity v of the distribution is found by integration of (D.9):

7= ["vf(w)dv = — = =1 (D.11)
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The Maxwell-Boltzmann velocity distribution in (D.9) can be rewritten as a function of v, (e. g.,

Goody, 1976):

f) = v(;/E v2e=W/v0)? (D.12)

Egs. (D.9) and (D.12) are probability density functions and their integral from 0 to o is 1. In the

notation of (D.12), the cumulative distribution of gas velocities is:

F(v) = fovf(v)dv = erf(v/v,y) — 1}_,,8\/Ee—(1’/lfo)2 (D.13)

where F(v) - 1,as v — oo (Figure 3b).

The fraction of the gas molecules that have velocities v greater than the escape velocity of the

planet, v, = (2gr)Y2 (Table 1.1), is found by integration of (D.12) from v, to oo

Fv=v,) = f:o v2e~W/v0)* gy (D.14)

4
vivm
The result of (D.14) is:

Fv=v,) = %e-%/vdz + erfe(v,/vg) (D.15)
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where erfc(x) is the error function complement of x. The error function, erf(x), is the integral of
the Gaussian normal distribution and erfc(x) = 1- erf(x). The extreme values are: erfc(0) = 1 and
erfc(oo) = 0. Thus the fraction of molecules of velocities v > v, is a function of the velocity ratio,

Ve /V,. The error function complement, erfc(v, /v,), for v, /vy > 2 or 2.5, can be approximated to

- (ve/vo)?
erfc(ve/vo) = e\/_nvj (D.16)
Substitution of (D.16) into (D.15) gives:
_ i& —(Ve/V )2 e‘("e/"o)2
Flv>v,)= T € )" 4 N (D.17)

Goody (1976) gives the following approximation for F(v > v,), for the same conditions of

Ve/Vg > 2:

F(v > v,) = =2 g~ (e/v0) (D.18)

e
T Vo

Goody’s result in (D.18) is greater than ours in (D.17) by a factor of 2/+/m = 1.13 or about 13%.

Mean velocity v, in the interval v, < v < oo, where the Maxwell-Boltzmann distribution f(v)

is not a probability density function, can be written as:
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_ f,,ozvf(v)dv
U>ve - f;:f(v)dv (D.lg)
where f(v) is defined in (D.9). The result of (D.19) is:
_ _ Zve[1+(ve/v0)2]
U>ve = T1200./v9)? (D.20)

The ratio of the high-velocity mean to the escape velocity, v.,,_/v,, is always greater than 1.
For a number of gases, from the lighter CH, to the heavier CO2, the mean escape velocities v,

are shown in Fig. D.1a.

D.3  Gasescape rate
D.3.1. Escape rate parameter k

As discussed in Section 1.5.2, the fraction of the gas escaping is % of the fraction F(v > v,):
~F(v > v,) (D.21)
Concentration of the escaping gas in the atmosphere is its mass, N, divided by the atmosphere

volume, Vatm:

%T(v>ve)Nt (D.ZZ)

Vatm
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The escaping volume flow is a product of mean velocity, v.,,_, and the atmosphere outer surface

area, Satm:

‘7>ve X Satm (D-23)
and the mass flux out is:
F Nt _
(Z;v We., Usyp, * Satm (D-24)
atm

Division (D.24) by the gas mass in the atmosphere, N, gives an escape rate parameter k:

k = FW>ve) * U>p,” Satm
2Vatm

(D.25)

Substitution in (D.25) for F(v > v,) from (D.17) and for v, from (D.20), gives and explicit

form of k:

_ Ve —(ve/vo)? [ 2 1 .Zve[1+(ve/v0)2]_ Satm
k ) € o [\/E + \/E(ve/vo)z] 142 (ve/vp)? 2Vatm (D26)
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To reiterate, k is a function of T and molecular mass of the gas M, through its dependence on the
most frequent velocity v, = (2RT/M)*/2, Titan escape velocity v,, atmosphere volume, and its
outer surface area, or on the atmosphere thickness h that depends on the quotient Vaum/Satm.
The k values at different temperatures for CH4 and NHs are shown in Figs. 1.5 and 1.9. The reason
for a strong decrease in k with decreasing T, is not only its direct dependence on T via the peak
velocity v, but primarily a stronger decrease in the term F(v > v,) in Eq. (D.25) than in the mean
velocity term v,,,,. As shown in Fig. 1.4a, mean velocities ©,,,, decrease with decreasing T, but
the fraction of the gas mass above the Titan escape velocity, F(v > v,), decreases much faster
(Fig. 1.4b) with increasing molecular mass of the gas and the heaviest CO falls off the scale of

the figure.

D.3.2. Calculation of the escaping gas mass in the atmosphere

The gas escape from the atmosphere is taken as a first-order process, — dN/dt = kN, the solution

of which is:

Ny = Nye™*t (D.27)

where No is the initial gas mass at time t = 0, denoted No = 100%. Using (D.8) that relates the
temperature of Titan T to the cooling time t (Figure 1.2), successive values of t were calculated for
temperatures decreasing from Tac = 355 or 300 K, in steps of 1 to 10 K. These values of T and t

were used to calculate k for CHs and NH3 from (D.26).
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The values of the remaining gas mass, Nt, were calculated for every two consecutive time steps, t

=iandt=i+1, and a mean value of k for that period, (ki+1 + ki)/2:

Niy; = N; 6—0-5(ki+1+ ki) (tiv1—t) (D.28)

where the initial gas mass at i = 0 is taken as No = 100%. No was converted to gas mass in kg that
satisfies its reduction by thermal escape to the present-day value (Table 1.5, column 3). The results

of N for CH4 and NHz are shown in Figure 1.8.

D.3.3. Calculation of the escaping gas mass with input from the interior
For gas escape accompanied by emission from Titan interior, one of such processes may be
described as a combination of a constant input rate, F (%/yr), with a first-order escape:

dN/dt = F - kN, the solution of which, similar to (D.27), is:

Ne= 7 (1—e™ ) + Nye ™ (D.29)

For incremental values of T, t, and k, a form similar to (D.28) is:

F - . N(ti4— - . N(tieq—
Ni+1 = m[l —e 0.5(Kiy1+ ki) (tiv1 t)] + NO e 0.5(Ki+1+ ki) (tiv1— ) (D30)

The results of (D.30) with varying input rates F (%/yr) for CH4 and NHz are shown in Figure 1.7

and Table 1.6.
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Titan’s Missing Ethane: From the Atmosphere to the Subsurface
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2.1. Introduction
Titan, the largest moon of Saturn, is unique in the solar system. Whereas satellites in
general are not known for having atmospheres, Titan not only possesses an atmosphere, it has a
massive and complex one, harboring a suite of hydrocarbons that display a meteorological cycle
similar to the hydrological cycle on Earth. The main components of Titan’s atmosphere at present
are nitrogen (N2, 1.4 bar) and methane (CHas, 0.1 bar). In Titan’s atmosphere hydrocarbons are
produced by the photodissociation of methane. In the stratosphere, which extends from the
tropopause (approx. 40 km) to the stratopause (approx. 320 km), UV photolysis is responsible for
~1/3 of the total methane destruction (Atreya et al., 2009), 75% of which occurs at the Lyman a
wavelength (121.6 nm) (Wilson and Atreya, 2009). At Lyman a, the photodissociation of methane
produces other hydrocarbons, such as methyl radicals (CHs). These hydrocarbons recombine to
form heavier molecules (e.g. C2Hs) that condense as liquids or solids in the lower stratosphere and
vicinity of Titan’s cold troposphere (Fig. 2.1) to form a haze layer and eventually precipitate from
the atmosphere. In Titan’s atmosphere, ethane (C2Heg) is the main photolysis product of methane
(Yung et al., 1984), with a mean production rate of 1.3x108 molecules cm™ s (2.16x107® moles
cm? s) from solely the photolytic conversion of methane to ethane (Wilson and Atreya, 2009),
nearly tenfold the production of the other hydrocarbons combined (Toublanc et al., 1995). Higher
production rates of ethane (Cornet et al., 2015), 1.2 to 15x10° molecules cm s, are either similar
or higher than the photochemical removal rate of CHa, 2.5%10° molecules cm s (Wilson and
Atreya, 2009). A simplified sequence of direct forward reactions from CH4 to CoHs that short-

circuit the complex intermediate paths can be represented by the following (Gilliam et al., 2015):
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CHs — CH3 + H first-order rate parameter k2 (s™), d[CH4]/dt = F — ki2[CH4] (2.1)
d[CHs]/dt = ki2[CHs]  (2.2)

CHs + CHs — C2Hs 2nd-order rate parameter ka3 (cm® mol™ s), d[CoHe]/dt = kos[CH3]?  (2.3)

C2Hs — other products first-order rate parameter ks (s%), d[C2He)/dt = — k3[C2He]  (2.4)

where [ ] are atmospheric concentrations in kg, mol or molecules vol™, kij are the reaction rate
parameters, and F > 0 (mass vol™ time™) is the rate of CH4 emission from the interior to the
atmosphere. The resulting ethane is largely shielded from UV radiation by methane and acetylene
(C2H2), making it stable against photolysis. The principal loss mechanism for ethane is
condensation at the tropopause, followed by its accumulation as a liquid on the surface (Yung and
DeMore, 1999).

Another mechanism of methane loss in the Titan atmosphere is hydrodynamic escape. First
observed by the VVoyager spacecraft and confirmed by the Cassini lon Neutral Mass Spectrometer
(INMS), the methane distribution in Titan’s upper atmosphere remains uniformly mixed to the
altitude of ~1100 km, where it begins to exhibit diffusive separation. Further evidence from the
Cassini INMS suggested that methane is not well mixed to high altitudes (>1000 km) because of
a large escape rate, 2.9x10° molecules cm?s? (4.8x10> moles cm s1) (Yelle et al., 2008). The
most likely mechanism is hydrodynamic escape — a high density, slow outward expansion driven
mainly by solar UV heating due to CH4 absorption (Strobel, 2009) — as evident from heating rates
gathered from the Huygens Atmospheric Structure Instrument (HASI). This loss rate is responsible

for 22% of the total methane loss rate (Wilson and Atreya, 2009).
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The third mechanism of methane loss is thermal escape, where the outgoing methane flux
is proportional to the methane mass in the atmosphere and it depends on temperature, gas
molecular mass, atmosphere thickness, and Titan’s escape velocity (Gilliam and Lerman, 2014a;
Gilliam et al., 2015).

Consideration of these processes suggests that Titan should have produced a substantial
amount of ethane since accretion. Such an idea was first proposed by Lunine et al. (1983), who
used photochemical models to predict that Titan would be covered by an ethane ocean one to
several kilometers deep, and was later supported by others’ models, albeit with a smaller net
volume of ethane produced. Further, Mousis and Schmitt (2008) proposed a geological process
that resolves “the ethane deficiency issue in a manner which is in agreement with our current
knowledge of Titan: the incorporation of liquid hydrocarbons in the porous cryovolcanic
subsurface”. However, Cassini-Huygens observations have not shown evidence of widespread
surface ethane reservoirs.

This paper addresses three issues: (1) the mass and volume of ethane that was produced on
Titan since accretion, based on the production-rate estimates of other investigators; (2) the
occurrence of liquid ethane in the surface depressions (craters and lakes) and in the crustal
subsurface; and (3) the physical characteristics of liquid ethane as a potential medium for emerging
life. To address the first issue, we present a straightforward photochemical model using primordial
conditions presented in Gilliam and Lerman (2014a, b) and compare our results to the latest

observations from the Cassini mission.
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2.2.  CHa Depletion and C2Hs Production through Time
The condensation temperature of ethane is lower than that of methane, as shown by the two
liquidus curves in Fig. 2.1. Thus liquefaction and “raining” of C2Hs in Titan’s atmosphere is
expected to begin before that of CH4 (Sagan and Thompson, 1984; Barth and Toon, 2003; Rannou
et al., 2006; Lunine and Atreya, 2008). The cooling time of Titan’s surface, calculated assuming
heat dissipation by radiation emission from an ideal black body, from the initial accretion

temperature of 300 K to 100 K is about 3x10° years (Gilliam and Lerman, 2014a).
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Fig. 2.1. One of the important points in the history of methane and ethane in Titan’s atmosphere is that CoHg condenses
at a higher temperature than CHa. The figure above shows: (a) Saturation vapor pressure or liquidus curves of each
gas (CRC Handbook of Chemistry and Physics, 2016). Note that as Titan’s atmosphere cools from about 300 K down,
C2Hg liquefies before CH4 and it also forms a solid phase at the triple point before CHa. Thus liquefaction and “raining”
of C;He in Titan’s atmosphere is expected to begin before that of CHa. (b) Calculated partial pressures of methane and
ethane in the theoretical reactions sequence (2.1)-(2.4), as explained in the text. Present-day partial pressures are
shown as red dots.
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Atmospheric observations and numerous other works have shown that ethane does
condense at higher altitudes than methane. However, there are two other possible compositions of
the rain on Titan. Graves et al. (2008) considered condensation of No—CHs—CzHs, based on N
being the main component of Titan’s atmosphere at present. Mousis and Schmitt (2008) have also
discussed the possibility of CHs-C2He-N2 liquid condensing on the Titan surface. Atreya et al
(2006) concluded that CoHes condenses at altitudes above the tropopause where the temperature is
near 70 K. Croft et al. (1988) have reported that water-ammonia solutions remain liquid down to
190-170 K, which suggests that if NHz was a component of the atmosphere in the past, an H2O-
NHs rain main have carried dissolved CH4 and C2Hs to the surface.

With regard to liquid N2 in Titan’s atmosphere, its condensation temperature at the pressure
of 1to 2 baris 77 to 82 K, below the 90 K of the present-day Titan surface (CRC, 2016). However,
N2 dissolves in methane-ethane mixtures (Farnsworth et al., 2016) and it forms hydrous clathrates
in the temperature range from 215 K to 375 K (van Hinsberg and Schouten, 1994). If precipitation
of a liquid mixture of C2Hs-CH4-N2 was taking place on Titan, the total mass condensed over the
lifetime of the satellite would have been greater than that of CoHe alone. However, the solubility
of N2 in CzHg is very low (Chevrier et al, 2015; Farnsworth et al., 2016), and it is the presence of
CHya in the CH4-C2Hs liquid mixture that promotes dissolution of Na.

The two model curves for the evolution of CHs and CzHs in Fig. 2.1 are a theoretical
example of a model of the four simultaneous reactions (2.1)-(2.4). The model includes input of
CH, from the interior to the atmosphere, at the rate of F = 4.13x10 kg/yr or 5.46x10'* molecules
cm 3 yrt. This rate of input was used to calculate the history of thermal escape of CH4 from Titan’s

atmosphere in a model of input with escape (Gilliam and Lerman, 2014a). Among other estimates
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of the CH4 emission rate from the interior, the input cited operated for 57,350 yr; if it continued
indefinitely, it would have exhausted the CH4 reservoir in Titan’s interior in about 6x10° yr. This
is longer than the 3x10° yr for the surface temperature to cool to 100 K. The model results were
also based on emission rates lower by a factor of 100, with a correspondingly longer time to
exhaustion of the CH4 reservoir.

The rate constants of reactions (2.1)-(2.4) are from the ranges given by Yung and DeMore,
1999, p. 219; Wilson and Atreya, 2004, Fig. 13; Atreya et al., 2009; and compilation in Gilliam et
al., 2015): kiz = 6.7x10° yrt; kps = 1.5x10% cm® molecule™ yr'; ks = 1x10° yr'. These
representative figures are used at their face values, to demonstrate schematically the net results of
the reaction mechanisms (2.1)-(2.4), without considering the effects of changing temperature and
gas pressure. The end results agree closely with the present-day concentrations of CHs and C2Hs
in Titan’s atmosphere, as shown by the red dots in Fig. 2.1.

In a better model of Titan’s atmosphere, where the two major pathways of CHy loss are
direct UV photolysis and methane escape, we calculate the amount of methane remaining as a
function of time since accretion, and the subsequent production of ethane through
photodissociation of the methane molecules. Such calculations require an understanding of the
primordial conditions of Titan, discussed in detail in Gilliam and Lerman (2014a) and summarized
briefly below.

At present, with no albedo and no greenhouse effect, the radiation equilibrium temperature
of Titan at its mean distance from the Sun is Teq = 90 K. About 4.5 billion years ago, when the Sun
was approximately 75% as luminous as today (Gough, 1981), Titan’s Teq = 85 K. The value of

Titan’s accretion rate and duration, as estimated from Barr et al. (2010) is 2.22 m/yr and about
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1.16 Myr, respectively. This accretion rate gives in combination with Teq = 85 K and other basic
parameters, an accretion temperature Toc = 300 K. The calculated composition of a primordial
atmosphere at 300 K is given in Gilliam and Lerman (2014a, Table 6), where the initial mass of
CHjy satisfies the conditions of gas thermal escape or emission-with-escape to the present-day
levels. A primordial atmospheric CHs mass of 1.19x10%° kg (7.42x102! moles) is calculated from
the ideal gas law and a range of early CHa partial pressures, as suggested by the *N/**N ratio
measured by the Cassini Huygens Gas Chromatograph Mass Spectrometer (Niemann et al., 2005;
Atreya et al., 2009). Lastly, an atmosphere top surface area is calculated as 9.18x10% m?,
corresponding to a scale height of 109 km.

We examine two different values for the rate of CH4 escape from the atmosphere: (esc1)
the frequently cited 2.9x10° molecules cm?s* (Yelle et al., 2008) and (escz) a range of CH, escape
values that vary with temperature, starting at 6.84x10® molecules cm™ s just after accretion, and
ending with 1.30x10® molecules cm™? s at present-day, calculated using the escape rate
parameters in Gilliam and Lerman (2014a).

Using esc: = 2.9x10° molecules cm? st and photodissociation rate of CHs 2.5x10°
molecules cm st or total of 3.8x10° kg/yr, and assuming that it does not vary with temperature,
we calculate that 8.46x10*" kg of C,Hs should have been produced since accretion (~ 4.5 Ga) (Fig.
2.2). However, there is a problem with the latter value of methane escape rate esci. In Fig. 2.2, the
constant rate esci neither lowers sufficiently the initial methane mass to the present-day level, nor
results in the initial concentration in a backwards calculation from the present-day mass. Only a

rate of methane escape and photodissociation about ten-fold higher, 3.76x10° molecules cm? s
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or 2.63x10% kg/yr, would lower the initial mass to the present-day level, but the shape of this

curve is very different from the CHs curves Figs. 2.3b, c.

1.E+21 3
3 Initial mass consistent with thermal
h escape to the present-day methane
] mass of 6.16x10°7 kg
———————— (a)
1.E+20 3 e e ———
E - _---_
| - -
- oo Teell
L e A i - \‘
E 1.E+19 5 - - . ~
b ] - (c) “
Qo - = - \\
: S
< S
Z 1.E+18 E (d) i
— .
o 1 Present-day
= ]
— | methane mass
a
< 1.E+17 4
= 3
2 ] = (a) Methane initial (G&L 2014a)
w .
= == (b) Methane with higher removal rate
1.E+16 3
3 == * (c) Methane initial giving presernt-day mass
] === (d) Ethane mass increase
1E+15 T T T T T T T T T T T T T T T T T T T T T T T T
0.E+00 1.E+09 2.E+09 3.E+09 4.E+09 5.E+09

TIME SINCE ACCRETION (YR)

Fig. 2.2. Methane depletion and ethane production in Titan’s atmosphere since accretion, using a simple model that
includes direct methane photolysis and hydrodynamic escape. (a) CH4 remaining in the atmosphere at the combined
escape rate of esc; = 2.9x10° molecules cm? s and photodissociation of 2.5x10° molecules cm? s (Wilson and
Atreya, 2009; Yelle et al., 2008) or a total of 3.8x10° kg/yr, and starting at the initial mass of 1.2x10%° kg (Gilliam
and Lerman, 2014a). (b) Methane mass decreasing from the initial to the present-day value, using a constant escape
rate higher than escy, 3.76x10%° molecules cm? s or 2.63x10% kg/yr. (c) Initial mass of CH, derived from the present-
day mass of 6.16x10%" kg and the same escape rate esc;. (d) C2Hs production from CH, photodissociation at 1.3x108
molecules cm? s,

Using escy, the rate of CH4 escape would begin to level off approximately 100,000 years
after accretion (Fig. 2.3b, ¢), and produce 8.46x10%" kg of C2Hs (Fig. 2.3c). The initial and present-
day masses are explained by the thermal escape model based on parameter k that depends on

temperature, Titan’s escape velocity, molecular mass of the gas, and atmosphere volume (Fig.
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2.3a). The annual production rate of CoHs in the atmosphere is 1.9x10® kg/yr or 9 orders of
magnitude smaller than the total mass of CHa. The total produced is about 10* times larger than
the present-day atmospheric ethane mass of 9.24x10*® kg, suggesting that almost all of Titan’s

total ethane content is currently residing in liquid form on the surface and/or in the subsurface.
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Fig. 2.3. Methane depletion and ethane production in Titan’s atmosphere since accretion, using a model where the
rate of methane escape varies with temperature. (a) The escape rate parameter, k, vs. temperature, T, for CH4 assuming
an accretion temperature of 300 K, from data of Gilliam and Lerman (20144, Fig. 10). k depends on temperature, gas
molecular mass, atmosphere thickness, and Titan’s escape velocity. (b) The mass of CH4 in Titan’s atmosphere as a
function of time, during the first 0.5 Myr after accretion, using the escape rate parameter, k, and decreasing atmosphere
thickness. (c) The mass of CHa in Titan’s atmosphere, calculated using the variable k (Gilliam and Lerman, 2014a),
and cumulative production of C;Hs as a function of time during the last 4.5 Ga, with a C,Hg production rate of 1.3x108
molecules cm? s2,
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2.3. Surface Reservoirs of Ethane

The lakes and seas of Titan: Prior to the arrival of Cassini in 2004, speculation that Titan
had extensive hydrocarbon seas was based on the detection of methane by the earlier Voyager
mission coupled with surface conditions that allow for the stability of liquid methane and ethane.
Confirmation of liquid on the Titan surface finally came in July 2004, when Cassini ISS
observations of the South Pole revealed multiple dark features, tens to hundreds of kilometers long.
Since then, hundreds of lakes and seas have been discovered, most of them in the polar regions
due to a high relative methane humidity allowing for the stability of standing bodies of liquid
without the need for constant replenishment. If these bodies also contain dissolved methane, its
escape to the atmosphere could be at least in part balanced by the emission of CH4 from the interior,
as discussed in Section 2.2. These lakes range in size from <10 km? to Kraken Mare, the area of
which exceeds 400,000 km? (Lopes et al., 2007; Hayes et al., 2008) and is almost twice the surface
area of the Laurentian Great Lakes, 244,100 km?.

In this study, we estimate a total hydrocarbon liquid volume of all of Titan’s lakes of 50,000
km?3, based on an average of the work of Lorenz et al. (2008) and Lorenz et al. (2014). As an
interesting comparison, the total volume of Earth’s freshwater lakes is 125,000 km?® (Herdendorf,
1982) to 91,000 km? (Shiklomanov, 1993), meaning that Titan has 6 to 8.3 times more lake liquid
per cubic kilometer than Earth. Assuming a reasonable liquid composition of 50% ethane, this
corresponds to an ethane mass of 1.36x10% kg in Titan’s lakes, roughly 1.6% of the total ethane
produced as calculated.

Liquid capacity in Titan’s craters: Although there are only a couple of observations of

hydrocarbon liquids present in Titan’s 60+ craters, it is interesting to theorize the maximum
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potential volume available for liquid ethane on Titan’s surface. To date, 62 possible craters have
been observed on the surface of Titan (Neish and Lorenz, 2012; Neish et al., 2013; Buratti et al.,
2012; Wood et al., 2010), ranging in diameter from 3 to 425 km. Assuming a spherical cap for
crater volume, we calculate a total crater volume of roughly 61,000 km?, covering a total area of
238,000 km?, with the crater surface areas following a power law distribution with a slope of -1
(Fig. 2.4). If these craters were fed by 100% ethane rainfall, their total storage capacity of ethane
would be 3.8x10%® kg, roughly 4.5% of the total cumulative ethane production. Even after adding
the total crater liquid capacity to the lake capacity, total ethane surface storage would be 6.9x10
kg, still only 8.2% of the total possible ethane production. This suggests that there must be a large

quantity of liquid ethane present elsewhere on Titan, perhaps sequestered in Titan’s subsurface.
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Fig. 2.4. Size distribution of Titan’s 62 craters following a power-law distribution, slope -1. Crater areas calculated
using Cassini measurements of crater diameters (Wood et al., 2010; Neish and Lorenz, 2012; Buratti et al., 2012;
Neish et al., 2013). (a) Crater area-size distribution. (b) Cumulative crater area distribution.

2.4. Porosity and the Subsurface Reservoir of Ethane
Previous work (Fortes et al., 2007; and references in Gilliam and Lerman, 2014a, b) has
suggested that Titan has a complex internal structure overlain by a 100+ km crust composed

primarily of water ice (Fig. 2.5). Observations of fluvial channels on Titan’s surface suggest that
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the water-ice particles in Titan’s crust are not cohesive, due to the difficulty of eroding coherent
icy bedrock, and instead must have been ubiquitously fractured prior to erosion. Such a fractured
icy crust would be highly permeable to liquid ethane and methane (Sotin et al., 2009). Possible
formation mechanisms for a surface porous layer include the ascent of liquid from the subsurface
ocean (Mitri et al., 2008) or from the destabilization of clathrates in Titan’s ice shell (Tobie et al.,
2006). In both cases, a highly porous icy material in contact with the atmosphere would have been

generated (Artemieva and Lunine, 2003; Mousis and Schmitt, 2008).

2575 km

Fig. 2.5. Present-day internal structure of Titan consisting of an antigorite core overlain by a thin layer of brucite, a
layer of ice VI, an ammonia-rich ocean, and a crust made of methane clathrate, ice Ih, and solid ammonium sulfate
(Fortes et al., 2007; Gilliam and Lerman, 2014a).
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Porosity of ice on Earth is a measure of the ice volume fraction taken up by air or other
gases. It is created on a small scale by intercrystalline spaces, gas bubbles, and on a larger scale
by cracks and crevasses. In ice sheets, crevasses are rarely more than 45 m deep but in some cases
can be 300 m or even deeper. Beneath this point, the plasticity of the ice is too great for cracks to
form (Hambrey, 1994). A general diagram of different kinds of snow and ice (Menzies and
Hughes, 2002) gives a porosity of 10% for new ice and about 1% for old ice. Porosity, measured
as the gas-bubble volume in Central Antarctic ice, was reported as 8 to 9% (Lipenkov et al., 1997).
Other sources give the porosity of solid ice-sheet and solid sea-ice between 0.1 and 5%
(Vasil’chuk, 2005). In the absence of in situ measurements of porosity of the upper crust of Titan,
we use the ice-sheet data from Earth and allow for a higher mean porosity of 20% due to cracks
and fissures.

The mass of ethane produced, 8.46x10" kg, would occupy an average volume of 1.37x10%°
m? (mean of densities at 150 K, 585.8 kg/m?, and at 93 K, 651.9 kg/m?; Younglove and Ely, 1987,
p. 642). If it can be contained within the pore space of the uppermost 2 km of Titan’s crust,
1.67x108 km?, then the crust would require a minimum porosity of 0.9%. This estimate is in line
with the porosity of old ice sheets on Earth and the sequestration potential of Titan’s crust for the
liquid ethane may in fact be considerably higher.

Alternatively, using a higher yet reasonable crustal porosity of 20% — inferred from
Huygens probe observations and consistent with what we know about the behavior of impact
gardened icy surfaces (Artemieva and Lunine, 2003) — we estimate that the maximum porous
volume of the upper 2 km of the crust is 3.33x107 km?, or 3.32x107 km? if we do not include the

volume of lakes and craters (0.01x107 km®). If the total porous volume is filled with a 100% ethane
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solution, then its maximum ethane storage potential is ~2.06x10° kg, which is well above the
previous calculated total ethane production of 8.46x10%" kg. This suggests that Titan’s entire liquid
ethane budget could be stored in its porous crust, or it could certainly serve as additional subsurface

storage.

2.5. Conclusions and Ruminations

A simple photolysis model, where the methane molecule can either escape the atmosphere
or produce ethane, gives up to 8.46x10%" kg of liquid ethane that might have been produced since
Titan’s accretion. This amount is 10 times larger than the present-day atmospheric ethane mass
of 9.24x10" kg, suggesting that most of the remaining ethane resides in liquid form on or within
Titan. Ethane liquefies at a temperature higher than methane and, as Titan’s surface cooled in the
course of time, ethane might have started to rain early in Titan’s history. Indeed, our estimate for
the amount of liquid ethane storage potential on Titan’s surface is 1.36x10 kg in lakes and seas
and additional 3.34x10%® kg in craters, both numbers much smaller that the mass calculated. The
calculated total mass of ethane produced at an estimated production rate, 8.5x10%" kg (mean
density 619 + 33 kg m at 93.3 to 150 K), corresponds to a volume of 1.4x10*® m®. This volume
represents only a small porosity fraction of the upper 2 km of Titan’s crust (1.67x10*" m?): 0.9%.
This is the minimum porosity needed to store in the subsurface excess of ethane produced that is
greater than the volume of lakes and craters (see also Mousis and Schmitt, 2008). A higher porosity
of 20% of the upper 2 km of the crust, 3.33x10% m3, is much greater that the estimated volumes
of ethane produced, suggesting that Titan’s entire liquid ethane budget could be stored in its porous

crust.
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The existence of liquid on Titan’s surface and in the subsurface may be very important as
a potentially suitable habitat for life. Life created in liquid hydrocarbons, such as ethane and
methane, would certainly not resemble anything on Earth, but, if discovered, would be clear
evidence of a “Second Coming of Life” in our Solar System. Previous studies have shown that the
photochemical processes responsible for Titan’s liquid hydrocarbons could be a potential source
of chemical energy (on Earth, life uses only two types of energy for primary production: chemical
energy and sunlight) at levels shown to be favorable for methanogenic bacteria on Earth (McKay
and Smith, 2005; Schulze-Makuch and Grinspoon, 2005).

We conclude by comparing some of the characteristics of liquid ethane with those of water,
as a medium of life. On Earth, the idea that life originated in water and an anoxic atmosphere,
where organic molecules could aggregate and replicate themselves, is the “primordial soup” theory
of Oparin (1924, 1941, 1953) and Haldane (1929, also cited in Tirard, 2011). Bernal (1951) called
the origin of life “biopoesis”, and Miller (1953) and Miller and Urey (1959) demonstrated the
formation of organic molecules in an anoxic gas mixture by electrical discharge. The presence of
methane and ethane in Titan’s atmosphere has led to a long series of hypotheses that life might
exist on Titan, despite its present surface temperature near 90 K. Some of the recent studies of this
subject are those of Neish et al. (2010), Norman (2011), and Stevenson et al. (2015) who studied
the formation of N-C-H compounds, called azotosomes, as a possible source of life in the liquid
hydrocarbons on Titan’s surface. Lunine and McKay (1995) have extensively discussed the
parallels between the conditions on Titan’s surface and in the subsurface in comparison to those

on primordial Earth.
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The liquid medium of a “primordial soup” is a solvent in which organic molecules can
move toward each other and aggregate. The movement, similar to Brownian motion, in a liquid
medium is in part controlled by diffusion of particles that further depends on the solubility of the
substance, particle size, temperature, and viscosity of the medium.

Solubilities of short polyethers, organic compounds of the type R1-O-Ry, in propane (CzHsg)
have been studied by McLendon et al. (2015). Polyethers are components of the more complex
life-building molecules and they were reported as reasonably soluble in liquid propane down to
about 200 K. At lower temperatures approaching 170 K, their solubilities drop almost to nil. If the
same solubility relationships hold in liquid ethane, then the diffusivity of the organic molecules in
solution will be controlled by the factors mentioned above.

The “primordial soup” in itself may be a fairly thick concoction and have a higher bulk
viscosity than the liquid medium or solvent. Eventually, the “soup” may thicken to a slurry or close
to becoming a gel. Water or seawater has a viscosity in a range from about 1x107 Pa s (25°C) to
1.8x10 Pa s (0°C) (Shargawy et al., 2010). More viscous natural liquids, such as petroleum, have
viscosities in the range from 10 to 100 Pa s below 40°C (Speight, 1998). The viscosity of liquid
ethane, from 90 to 150 K, is comparable to that of water or seawater on Earth, 1.26 to 0.25x10"
3Pa s (Younglove and Ely, 1987, p. 642). However, two other factors exert a big effect on
molecular diffusivity and the slowing down of molecular velocities in liquid ethane: particle size
and temperature. The effects of temperature, particle size, and viscosity of the medium on the
diffusion coefficient (D, m?s™) follow from the equations of Einstein (1905, 1956), as given

below, and Smoluchowski (1906), with the additional coefficient of (4/3)% = 2.37:
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D =X (2.5)

- 6mnrN

where D is the diffusion coefficient of a particle in solution (m? s%), T is temperature (K), # is
viscosity (Pa s), r is particle radius (m), N is Avogadro’s number, and R is the gas constant (J mol
LKD),

From (2.5), denoting the parameters in ethane by subscript 2, and those in water by

subscript 1, the following quotients obtain:

= (/) e

Diffusion coefficients of sugars and amino acids in dilute solutions, molecules of effective
radius 4.5 + 2 A or of an order of 10"2° m and molecular mass 75 to 204 g/mol, fall in the range of
5to 10x10% cm? s at 25°C, but the D values decrease by a factor of 2 to 5 for diffusion in gels
(Nakanishi et al., 1977). D values in the range from 4.5 to 9.5x10° cm? s* of similar substances
were reported by Polson (1937). These values would be by a factor of 0.5 lower at 273 K, as
follows from eq. (2.6).

For a life made of C, N, H, and O atoms to exist on Titan, polymerization of small organic
molecules has been considered by a number of investigators. Polymers are heavier and bigger
molecules, with the mass of medium-large polymers of 1,000 to 30,000 g/mol and linear
dimensions 10 to 107" m (Cowie, 1966; Akcasu and Han, 1979).

To estimate the diffusion coefficients of organic molecules in ethane, D in eq. (2.6), we

use the viscosity values of water at 273 K (1.791x107 Pa s) (Shargawy et al., 2010), liquid ethane
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viscosity at 90.4 K (1.260x107 Pa s) and 150 K (0.252x102 Pa s) (Younglove and Ely, 1987, p.
642), and particle radius approximating polymers of 10°-10° A or 10°-107 m. Combinations of
different tiplets of temperature, corresponding viscosity, and particle size give the following
diffusion coefficients of organic molecules in ethane: fractions between 0.26 and 0.47 when only
the temperatures and viscosities are compared with those of water; the reduction of the diffusion
coefficient in ethane is much greater, 4.7x10* to 4x107, when larger-size polymer particles are
considered.

Apart from the molecular mobility, there remains a question of the rates of chemical
reactions in the cryogenic environment of Titan. A very crude estimate that can be made here is
based on some values of the polymerization rate constant kp (Ling et al., 2001; Luo et al., 2006)
and the activation energy of polymerization AE, (Skene et al., 1998). The estimate is based on

Arrhenius reaction rate dependence on temperature:

n (i) = = % (7= 35) (27)

A mean of several activation energy values for different polymerization reactions is about 130
kJ/mol at 337 K, and the rate constants vary from 0.7 to 1900 cm® mol* st at 323 K. Using Tiow in
(2.7) as 150 K and 100 K, the rate constant at 273 K would be reduced by a very large factor of
4x1072t and 9x10™, respectively.

The reduction in mobility of organic molecules in diffusion and the possibly strong
lowering of the rate constants for polymerization may be less advantageous to aggregation of

molecules in liquid ethane by comparison with a “primordial soup” based on water.
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Table E.1.
Properties of Titan’s currently known impact craters.

Certainty? Diameter (km) Area (km?) Name
1 80 5026.55 Selk
1 115+5 10386.89 Afekan
1 39+2 1194.59 Ksa
1 82+2 5281.02 Sinlap
1 425+ 25 141862.54 Menerva
1 782 4778.36 Soi
1 139 15174.68
1 120 11309.73 Paxsi
1 401 1256.64 Momoy
2 100 +5 7853.98 Hano
2 18 254.47
2 22 380.13
2 30 706.86
2 33 855.30
2 3 7.07
2 3 7.07
2 4 12.57
2 4 12.57
2 5 19.63
2 5 19.63
2 7 38.48
2 7 38.48
2 7 38.48
2 8 50.27
2 10 78.54
2 14 153.94
2 16 201.06
2 17 226.98
2 17 226.98
2 20 314.16
2 26 530.93
2 33 855.30
2 35 962.11
2 45 1590.43
2 63 3117.25
2 68 3631.68
2 110 9503.32
3 3 7.07
3 3 7.07
3 3 7.07
3 6 28.27
3 8 50.27
3 8 50.27
3 8 50.27
3 9 63.62
3 10 78.54
3 10 78.54



3 14 153.94
3 18 254.47
3 18 254.47
3 21 346.36
3 26 530.93
3 31 754.77
3 34 907.92
3 34 907.92
3 35 962.11
3 37 1075.21
3 60 2827.43
3 11 95.03

3 11 95.03

3 18 254.47
3 19 283.53
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2 Certainty: 1 = certain, 2 = nearly certain, 3 = probable.

Table E.2.
Number of Titan craters per unit area.

AA4 Interval AA4 Interval Mean A interval Cumulative area
limits (km?) (km?) (km?) N4 (k) N craters A (km?)
5-10 5 7.5 1.00 5 35.34
10-30 20 20 0.25 3 128.02
30-50 20 40 0.15 3 243.47
50-100 50 75 0.20 10 933.84
100-300 200 200 0.05 10 3198.14
300-500 200 400 0.015 3 4238.79
500-1000 500 750 0.02 10 12212.94
1000-3000 2000 2000 0.0025 5 20157.24
3000-5000 2000 4000 0.0015 3 31684.53
5000-10000 5000 7500 0.0008 4 59349.40
10000-30000 20000 20000 0.00015 3 96220.70
100000-150000 50000 125000 0.00002 1 238083.24
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CHAPTER 3
Formation Mechanisms of Channels on Titan through Dissolution by Ammonium Sulfate

and Erosion by Liquid Ammonia and Ethane
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3.1. Introduction

Titan, the largest moon of Saturn, is the only satellite in the solar system with a significant
atmosphere, harboring a suite of hydrocarbons that display a meteorological cycle similar to the
hydrological cycle on Earth. Dendritic networks of sinuous valleys on the surface of Titan were
first observed by the Cassini-Huygens mission, where Synthetic Aperture Radar (SAR) images
revealed drainage networks with branching morphologies on the order of 100 km in length (Elachi
et al., 2005). These observations were supported in greater detail by the Huygens Probe Descent
Imager and Spectral Radiometer (DISR) (Tomasko et al., 2005; Soderblom et al., 2007b; Jaumann
et al., 2009), and suggested formation by fluvial erosion into the water-ice bedrock. Additional
support that the valleys were formed by flowing liquid is the paucity of impact craters on Titan’s
surface (Porco et al., 2005; Elachi et al., 2005; Jaumann et al., 2009; Wood et al., 2010), indicative
of rapid burial or removal of surface topography. Additionally, at the landing site, the DISR imaged
Earth-like rounded cobbles 0.3-15 cm in diameter (Tomasko et al., 2005) composed of water ice,
indicating that they had undergone abrasion during fluvial transport. Further evidence of
widespread fluvial processes on the surface of Titan has been revealed by the Cassini Imaging
Science Subsystem (ISS) (Porco et al., 2005) and the Visual and Infrared Mapping Spectrometer
(VIMS) (Barnes et al., 2007b; Jaumann et al., 2008).

Unlike on Earth, where liquid H20 is the major agent of erosion, Titan’s liquid erosion
likely has multiple contributors. One possible contributor, that arguably garners the most attention,
is liquid CH4. Methane, which forms several percent of Titan’s atmosphere, is a likely candidate
for liquid erosion due to its stability as a liquid on the surface, its ability to participate in Titan’s

hydrological cycle, and direct observations of cloud-top altitudes consistent with the condensation
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altitudes expected for methane (Lorenz et al., 2008). Further support for liquid methane being a
primary contributor to Titan’s erosion is shown in the works of, for example, Burr et al. (2006),
Perron et al. (2006), Jaumann et al. (2008), Lorenz et al. (2008), Burr et al. (2009), Cartwright et
al. (2011), Langhans et al. (2012), Black et al. (2012), and Burr et al. (2013), whose studies suggest
that it could plausibly move enough material under conditions present on Titan to account for most
of the observed fluvial features, even suggesting that mechanical erosion by liquid methane surface
runoff would not require unreasonably high precipitation rates. Works similar to those cited above
are numerous, but here we consider other liquids, which are also present on Titan, that could be
responsible for the formation of the channels seen on the surface.

In this paper we address two different fluvial erosion processes on Titan. Specifically, we
examine the possibilities of channel formation by dissolution of ice by a concentrated solution of
ammonium sulfate, and by mechanical erosion by flow of liquid ammonia and liquid ethane. Each
of these processes might have functioned over a certain range of temperatures during the cooling
history of Titan.

That liquid ethane in Titan’s atmosphere is not a pure liquid, but a solution containing CHs
and N2, has been shown by Tan et al. (2013, 2015). For surface liquids on Titan, such as in Ontario
Lacus, the liquid was given as 15-30% CHs, 50-80% C>Hs, and 5-10% N> (Luspay-Kuri et al.,
2015; Mitri et al., 2007), and a similar composition of liquid C2He solution on Titan’s equator is
given by Tan et al. (2015). The physical properties of a CoHs-CH4-N> are not a weighted mean of
the properties of three liquids, each of a very different liquefaction temperature. The properties are
likely to be those of a solution of gaseous CH4 and N2 in liquid C2He, similar to the properties of

a solution of such gases as CO2, N2, and Oz in liquid H20. The more soluble gas CO, affects the
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density and viscosity of pure H20 very little, by less than 3% (Garcia, 2001). The density of ethane
solutions on the equator and the poles of Titan, as given by Tan et al. (2015) is 601 to 547 kg m™.
These values are close to those of pure CoHs, 652 kg m™ at 90.4 K and 586 kg m= at 150 K. We
further assume that viscosity, like density, of pure liquid C2He does not differ much from an ethane

solution of methane and nitrogen gases.

3.2.  Observations of Streams on Titan

Valley-like features on the surface of Titan are known from the Huygens landing site and
by three different imaging instruments onboard the Cassini spacecraft: the Visual and Infrared
Mapping Spectrometer (VIMS), operating at 0.35 to 5.2 um (Brown et al., 2004), the Imaging
Science Subsystem (ISS), operating at 0.2 to 1.1 pum (Porco et al., 2005), and the Cassini Titan
Radar Mapper (RADAR), emitting at 2.2 cm (Elachi et al., 2005). The resolution of VIMS and
ISS images, which are hindered by atmospheric scattering and absorption, varies with both the
distance of the spacecraft and emission angle. VIMS spatial resolution averages a few km/pixel
but for small areas can be as high as 250 m/pixel (Jaumann et al., 2009). ISS resolution ranges
from 1-10 km, with relatively small areas imaged at 1 km/pixel (Porco et al., 2004, 2005). The
synthetic aperture radar (SAR) data from the RADAR are collected in swaths and are of the highest
resolution (~350 m/pixel) available from the Cassini spacecraft (Lopes et al., 2010). Although
RADAR coverage of the Titan surface is ~50% to date, compared to near-global coverage by the
VIMS and ISS data, the SAR data provide the best resolution for mapping the fluvial networks.

In this study we examine 27 different fluvial features as identified in VIMS, ISS, and

RADAR data, chosen based on their geographic diversity and resolution — or our confidence in
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their classification as a fluvial feature. The locations and dimensions of these features on Titan are
indicated in Figs. 3.1 and 3.2, and summarized in Table 3.1. These valleys represent an array of
morphologic features and range in size from tens of kilometers to over a thousand kilometers long,
and up to ten kilometers wide. The majority of these features are dendritic in nature, forming tree-
shaped networks with many contributing branches that converge into larger receiving streams, up
to seventh in channel order, indicative of an origin from rainfall (Tomasko et al., 2005; Perron et

al., 2006; Lorenz et al., 2008; Jaumann et al., 2009).

0° 45°E 90°E 135°E 180° 135°W 90°W 45°W

O oenaritc O sapping () Mountain Valiey O Fan-like, Delta O Elongated O Dry

Fig. 3.1. Geographic distribution of fluvial features examined in this study, on SAR and ISS data up through T71,
color-coded by network classification (see legend).

In contrast to these complex channels, there are also several fluvial features that seldom
exhibit meanders, possess a low channel order, and a large channel width of up to 10 km. These
features are inferred to be dry valleys, created as a result of rapid runoff events followed by

prolonged droughts (Lorenz et al., 2008).
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Table 3.1.
Location and physical characteristics of Titan channels. The parameters shown depend on the channel dimensions
and the force of gravity on Titan, but not on the characteristics of the fluid (equations in Table 3.5).

'\EIMax]f
ass o .
. Mo Wdn (vaq D Depin Vol DO g HOraue oW oy Mgy
(km), | (km), Order (km), (km), (km?) from S (M. R (mis), U (m®fs), Qr  Velocity
w h/300 h channel (m/s), u*
(kg)
11°S, 192°W 15 0.25 4 0.0013 0.38 1.44 1.34E+12 0.002 1.27 0.234 7.49E+01 0.059
54°N, 347°W 70 3 2 0.0071 2.13 448 4.17E+14 0.002 7.08 0.553 1.18E+04 0.139
10°S, 66°W 100 2 1 0.0054 1.61 323 3.00E+14 0.002 5.35 0.481 5.17E+03 0.120
36°S, 107°W 100 1 1 0.0033 1.00 100 9.30E+13 0.002 3.31 0.378 1.26E+03 0.095
54°N, 80°W 100 1 1 0.0033 1.00 100 9.30E+13 0.004 331 0.535 1.78E+03 0.134
56°S, 12°W 100 3 2 0.0071 2.13 640 5.95E+14 0.004 7.08 0.782 1.67E+04 0.196
58°S, 6°W 100 3 3 0.0071 2.13 640 5.95E+14 0.004 7.08 0.782 1.67E+04 0.196
72°S, 185°W 100 3 1 0.0071 2.13 640 5.95E+14 0.002 7.08 0.553 1.18E+04 0.139
75°N, 345°W 100 1 3 0.0033 1.00 100 9.30E+13 0.002 3.31 0.378 1.26E+03 0.095
7°N, 198°W 100 5 2 0.0101 3.04 1518 1.41E+15 0.001 10.1 0.467 2.36E+04 0.117
14°N, 65.4°W 125 5 1 0.0101 3.04 1897 1.77E+15 0.001 10.1 0.467 2.36E+04 0.117
8°S, 140°W 140 14 2 0.0042 1.26 247 2.30E+14 0.002 4.18 0.425 2.50E+03 0.107
59°S, 7°W 150 2 1 0.0054 1.61 484 4.50E+14 0.004 5.35 0.680 7.31E+03 0.170
19.6°N, 87°W 175 5 2 0.0101 3.04 2656 2.47E+15 0.002 10.1 0.660 3.34E+04 0.165
17°S, 120°W 180 8 1 0.0140 4.20 6046 5.62E+15 0.002 13.9 0.776 8.69E+04 0.194
12°S, 50°W 200 2 3 0.0054 1.61 645 6.00E+14  0.001 5.35 0.340  3.66E+03 0.085
16°N, 90°W 200 3 3 0.0071 2.13 1280 1.19E+15 0.004 7.08 0.782 1.67E+04 0.196
19°N, 77°W 200 10 3 0.0163 4.90 9796 9.11E+15 0.002 16.3 0.838 1.37E+05 0.210
50°N, 143°W 200 5 2 0.0101 3.04 3036 2.82E+15 0.002 10.1 0.660 3.34E+04 0.165
78°N, 280°W 200 5 5 0.0101 3.04 3036 2.82E+15  0.004 10.1 0.933  4.72E+04 0.234
19°N, 79°W 210 10 3 0.0163 4.90 10285 9.57E+15 0.002 16.3 0.838 1.37E+05 0.210
10°S, 125°W 300 1 3 0.0033  1.00 300 2.79E+14  0.002 3.31 0.378  1.26E+03 0.095
27°S, 67°W 350 3 2 0.0071 2.13 2241 2.08E+15 0.004 7.08 0.782 1.67E+04 0.196
73°N, 242W 400 3 2 0.0071 2.13 2561 2.38E+15 0.002 7.08 0.553 1.18E+04 0.139
10°S, 138°W 450 3 7 0.0071 213 2881 2.68E+15 0.004 7.08 0.782 1.67E+04 0.196
75°N, 255°W 1200 3 5 0.0071 2.13 7683 7.15E+15 0.004 7.08 0.782 1.67E+04 0.196
10°S, 192°W 1200 3 3 0.0071 213 7683 7.15E+15  0.004 7.08 0.782  1.67E+04 0.196
Total channel volume, V. 67,269
Average (arithmetic mean) 251 4 3 0.0075 2.26 2491 2.320E+15 0.0026 7.50 0.653  1.72E+04 0.164

Another group of fluvial valleys recorded are believed to be the result of erosion by liquid
seepage from the subsurface. These sapping channels are classified as being generally shorter and

broader than those created by rainfall, and possess a low channel-order (Tomasko et al., 2005;
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Jaumann et al., 2009). If correct, the presence of sapping channels indicates that Titan has a
subsurface aquifer, which will be discussed in a later section.

Also notable are three features inferred as elongated valleys due to their straight course and
their relatively small size, two fluvial features that exist within mountain chains and support an
origin from rainfall (Langhans et al., 2012), and one system of valleys associated with alluvial
fans.

In order to calculate the relative rates of stream incision into the water-ice bedrock on Titan,
the channel dimensions used are as shown in Table 3.1. Measurements of channel slope were made
directly from Cassini RADAR SARtopo and altimetry data, and depth from an empirical
relationship between channel depth and width as outlined in William (1988). Size-distribution of

the channels are shown in Fig. 3.2.
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Fig. 3.2. Frequency distribution of channels by channel area interval (Table 3.1).
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3.3.  Crustal Composition and Structure

Previous work (Fortes et al., 2007; and references in Gilliam and Lerman, 2014a, b) has
suggested that the interior of Titan is composed of a complex assemblage of silicate minerals,
organic matter, liquid water in a subsurface NHs3-H2O ocean, and ices, overlain by a crust
composed primarily of low-pressure water ice, methane clathrate and ammonium sulfate. The
exact thickness of the crust is mainly determined by the amount of heat available in the interior as
well as the percentage of anti-freezing agents in the subsurface ocean, but is generally thought to
be >100 km at present-day (Fortes et al., 2007; Gilliam and Lerman, 2014a).

The formation of the crust is a result of the interaction between Titan’s primitive
atmosphere and its liquid layer, which were in direct contact immediately after accretion and up
until sufficient cooling of the atmosphere resulted in the crystallization of a solid shell composed
of ice and methane clathrates (Tobie et al., 2006). After further cooling and thickening,
macroporous clathrate grains are thought to have transported pockets of ammonium sulfate
solution upwards, incorporating them into the outer shell, where they ultimately solidified to water
ice and ammonium sulfate (Fortes et al., 2007). At present-day, a cross-section of the upper part
of Titan’s interior would reveal a top layer of ice Th, methane clathrate, and solid ammonium
sulfate, of densities 941, 988.5, and 1769 kg/m?, respectively (Fig. 3.3, Table 3.2). On Earth,

ammonium sulfate occurs as mineral mascagnite in fumaroles and volcanic vents.
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Ice VI (s)

1314 - 1400 kg/m3

123 km
276 km

Fig. 3.3. Crustal Structure of Titan. Data in Table 3.2. Density values in parentheses from Gilliam and Lerman (2014a).

Table 3.2.
Structure and main components of Titan’s upper crust (references cited in the text).
Pressure
Depth Thickness Laver vol Mass from Density at
Component Mass (kg) (krF\)1) of layer ¥m3) density & Density (kg/m®) (kg/m®) P layer T(K)
(km) vol. (kg) corrected  base P
(bar)
G&L This
(2014) paper
Lg{zrstl 1062E+22 123 123 90.77E+18  9.87E+21  1065° 10917 14 9
Ice Ih (s) 3.41E+21 9419
Ammonium 4
Sulfate (s) 1.60E+21 1769
Methane 5
Clathrate (s) 5.61E+21 989 1,680
ez 1oev2 276 153 109E+19  1.07E+22 10910 9659 9799 >257
Ammonia 1.21E+21
(aq) '
Water (lig) 1.09E+22 9929 3,719
Layer 3: 1314-
Ice VI (s) 3.18E+22 677 401 2.23E+19 2.93E+22 1400 10,843 120-300
b Gilliam and Lerman (2014a), based on Fortes et al. (2007).
2 Weighted mean of the three components.
) Density Ice Ih (kg/m®) = 917 — 0.13xT°C (Chaplin, 2016; 90 K = -183°C).
4 Density at 20°C (CRC, 2016).
5 Mean at 50 K (English and Macelroy, 2003)

6) Croft et al. (1988)
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3.4.  Channel Formation Mechanisms
In this section, we consider the characteristics of the valley networks and Titan’s surface
environment, and several possible mechanisms of channel formation. The four, as shown in Fig.
3.4 and Table 3.3, might have operated at different times during Titan’s cooling history. As far as
the main component of the formation of present-day Titan’s atmosphere, nitrogen gas Np, is
concerned, its condensation temperature at the pressure of 1 to 2 bar is 77 to 82 K, below the 90 K
of the present-day Titan atmosphere (Jacobsen and Stewart, 1973). Figure 3.4 shows the regions
of existence of the fluids derived from the atmospheric gases in a T-P-time graph. The chemical
and mechanical roles of the liquid components will be discussed in the following section. The
cooling of Titan’s atmosphere, its temperature and total pressure as a function of time are as given
in Gilliam and Lerman (2014a). The domains of gaseous and liquid methane and ethane are from
Gilliam and Lerman (2016). The rectangles in the figure indicate the domains of existence of the
liquid species (Table 3.3). Ethane is a gas at temperature higher than about 255 K, and it is a liquid

along the dash-dotted line.
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Fig. 3.4. Domains of existence of liquids on Titan’s surface plotted in the T-P-time graph, from data in Table 3.2.
From before T = 259 K, the temperature of NH3 liquefaction, molecular nitrogen N. (0.028 kg/mol) is the main
component of Titan’s atmosphere that is too heavy to be lost by thermal escape. The decrease of its mass to the present-
day pn2 = 1.3 to 1.4 bar is due to other photochemical processes (Atreya et al., 2006).
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Table 3.3.
Potential liquid agents of channel formation and their characteristics in Titan’s atmosphere at different times.
; . Titan - L
Liquid species T range (K) Time since atm. P De”S'gy Viscosity Comments Reference
accretion (bar) kg/m Pa-s
Titan accretion 300 0 25.4
. Boiling pt. .
Nitrogen N2 5 . Littrup et al. (2004);
Lo 773 (150 - 65)x10 T (K) range is
liquid (0.02801 77.36 - 808.5 at 80-110 K above 1 bar total p_ CRC (2016). Values
kg/mol) 63.16 >80 K refer to P > 1 bar.
Ammonia NHs;
- 40,300 -- 1.85--
liquid (0.017031 259 - 195 202,000 i
kg/mol)
Haar and Gallagher
251.92 at 1.8 bar 666.44 (1978, pp. 680, 703,
709)
195b2tr1'8 734.44 2.60E-04 at 0°C CRC (2016)
23esat 66644  033cSt  2.199E-01 at 239K
195'3 at 1.0 Seeton (2006)
bar ' 734.41 0.75 cSt 2.424E-01 at 195 K
G&L (2014a, Table 1),
NH3-H:0, 10 wt 20,200 -- 2.06 -- 965 at 254 K at 1 bar Croft et al. (1988, Fig.
% sltn 23-257 g4 700 184 979-992  200E0L at18-38kbar  1). Kargel etal. (1991,
Table 1)
(NH4)2S04 - H20,
40-45 wt %
- 20,200 - 2.06 - Xu et al (1998),
solution 273 -223 1227.7 2.530E-04 at 20°Cor 293 K
(132.13952 109,000 1.80 CRC (2016)
g/mol)
Seeton (2006), 2,2-
1.223E-01 at-60°C or 213 K dichloro-1,1,1-
trifluoroethane, R123
Ethane CzHs
liquid (0.03007 150 - 90.5 2(%)55’105 L3
kg/mol) ’ )
: Younglove and Ely
90.36 651.6 1.250E-03 at1and 2 bar (1987, pp. 644-647.
100 641.2 7.980E-04
150 585.6 2.520E-04

3.4.1. Chemical Erosion by Ammonium Sulfate

Given the unique combination of surface materials on Titan, the channels may be the result

of dissolution features. On Earth, chemical weathering is the process of weakening and subsequent

disintegration of rock by chemical reactions such as oxidation, hydrolysis, and carbonation.

Physical erosion follows by the removal of dissolved material by running water and by the removal

of solid particles. The dissolution of soluble bedrock such as limestone, dolomite, and gypsum
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forms karst topography — an amalgamation of caves, springs, sinkholes, solution valleys, and
disappearing streams (Monroe and Wicander, 2012). On Titan, the bulk crustal material, water-
ice, is insufficiently soluble in methane and ethane over geologically plausible timescales to result
in heavily Kkarstic terrains (Cornet et al., 2015). As a consequence, chemical weathering was not
widely predicted on Titan by theoretical models (Lorenz and Lunine, 1996; Collins 2005), and was
not observed during the early stage of the Cassini-Huygens mission. However, during the T16 fly-
by of Titan in 2006, the Cassini RADAR instrument revealed a multitude of complex labyrinthine
terrain interpreted to be the result of dissolution and/or collapse processes (Stofan et al., 2007).
Since then, additional fly-bys have revealed a large quantity of features that are karst-like in nature:
clusters of nearly circular depressions in the North Polar Region and closed depressions in the
South Polar Region (Mitchell et al., 2007; Malaska et al., 2010; Mitchell and Malaska, 2011). The
existence of these features, combined with the knowledge that water ice is insoluble in liquid
methane and ethane, prompts an investigation of the dissolution of Titan’s channels by other, more

unusual or less common, liquid media.

Table 3.4.

Composition of the upper layer of Titan’s crust and ice dissolution.

1. Ice lh (s) and liquid H,O 6. Thickness of ice left

equivalent 18.015 g/mol (kg) 3.41E+21 after solution formed (km) 14.9

2. Ammonium Sulfate (s) 7 Mass material in

g';';f;%%ol ) LOOB+2L  hannels (kg) (Table 3.1) 6.26E+16

3. Methane Clathrate (s)
CH4-6H20 5.61E+21
124.16 g/mol (kg)

4. Water to make sat. solution 9. Estimated time to dis-
of amm.-sulf. (41.3 wt %) at 2.27TE+21 sblve channel mass (yr) 1100 to 280
0°C (kg H20) 5.3 molal y

8. Volume material in

channels (km?) 6.73E+04

5. Water left after ammonium-

sulfate dissolution (kg) 1.14E+21
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Ammonium sulfate, (NH4)2SOs4, is an inorganic salt that is most commonly known for

being a fertilizer for alkaline soils. On Earth, ammonium sulfate occurs as mineral mascagnite in
fumaroles and volcanic vents. On Titan, ammonium sulfate may exist in solution in the subsurface
ocean, and as a solid in the crust, probably derived from the ocean by intrusion of the original
crust. The results of dissolution of all the (NH4)2SO4 in water of the upper crustal layer of Titan
are outlined in Table 3.4. The remaining water-ice would form a residual layer of 15 km in
thickness where the ammonium-sulfate solution could form channels by dissolution of ice (Fig.

3.5).
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Fig. 3.5. (NH4)2S04-H,O metastability phase diagram in temperature-composition domain. The pure solution
equilibrium region is represented by the open striped field, whereas the metastable solution is shown as the gray striped
area. Tiled squares indicate all observed efflorescence points. Homogeneous ice nucleation from pure water is labeled
with the octagon. X marks the lowest temperature where solution microdroplets can be found. Modified from Xu et
al. (1998). Reprinted with permission from Journal of Physical Chemistry B, 102, 7462-7469, Copyright © 1998,
American Chemical Society.
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The estimated time of dissolution of the ice mass in channels is based on the rates of fjord

ice melting on Earth, from 0.1 to 0.4 m/day (Russell-Head, 1980; Enderlin, 2014). The volume of
the channel ice (Table 3.4) would be dissolved at these rates from 280 to 1100 years. This time is
much shorter than the period of about 84,000 yr that a concentrated (NH4)2.SO4-H0O solution could

exist as a liquid on the cooling Titan surface (Fig. 3.4)

3.4.2. Mechanical Erosion by Liquids

On Earth, rivers most often erode bedrock mechanically through sediment transport or by
fluid discharge alone. In general, the greater the velocity of the fluid and the steeper the grade, the
more sediment will be conveyed. The main processes of water erosion, as given by Hjulstrém
(1935), Shields (1936), Sundborg (1956), Whipple et al. (2000), and Sklar and Dietrich (2001,
2004) are summarized below.

The equations of the preceding authors and of Einstein (1942), Meyer-Peter (1949, 1951),
Nielsen (1992), Chanson (1999), and Finnegan et al. (2005) include a number of empirical values
of the variables and they do not work with any arbitrary values of the physical and mechanical
parameters. The main features of the channel-bed erosion-by-flow models are: (1) the channel
slope S must be sufficiently steep to assure a strong flow; (2) the density of the particles must be
greater than that of the liquid; (3) only the channel floor is being eroded; (4) erosion takes place
by saltation and transport of particles (Fig. 3.6); (5) bed-shear stress (Table 3.5, No. 8) must be
greater than the critical shear stress (No. 7), m™ > zc*; (6) and the sediment transport parameter qs
(No. 17-20) must be greater than g: (No. 9), gs > q. These and other parameter values are given in

Table 3.5.
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Fluid flow can be strong enough to suspend particles in the water column as they move
downstream, or simply push them along the bottom of the channel. Sediment being transported
over a bed of exposed bedrock can erode the bed significantly by the processes of abrasion, or the
wearing-away of surfaces by mechanical processes such as rubbing, cutting, scratching, grinding,
and polishing. This type of erosion is strongest when the river is transporting large chunks of rock
or after heavy rainfall when the river’s flow is turbulent. Even in the absence of a significant
sediment load, a river can erode its bed and banks by tearing out large blocks along preexisting
fracture using the force of the flowing water. This sort of erosion is strongest at rapids and
waterfalls where the water has a high velocity. Cavitation, or the trapping and subsequent
implosion of air bubbles in cracks in the river’s banks, resulting in the weakening of the adjoining
surface, is an additional method of erosion that is not dependent on the presence of a sediment
load.

The expectation that rainfall occurs on Titan (Graves et al., 2008; Schneider et al., 2012)
introduces the possibility that the valleys were carved by rivers of liquid fed by direct surface
runoff, shallow underground flow, or both. In this study, we consider two different liquid medium
agents responsible for mechanical erosion of the Titan channels, liquid ammonia and liquid ethane,
and compare them to a case of liquid water erosion on Earth. Two other liquids — 10% NH3-H.O
and (NH4)2SO4 solutions in H20 — have densities higher than the particles (Table 3.3).

Channels on Titan and Earth: On Titan, the ratio width/depth of the channels is close to
1.5to 2 (Table 3.1). On Earth, the ratio of the river channels varies from about 60 in gravel to 5 in
bedrock (Finnegan et al., 2005). The depth of the channels on Titan is measurable in kilometers,

and it is much greater than river depths on Earth. The biggest rivers, thousands of km in length,
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have maximum depths in the range from 10* to 10> m (Walther, 2013), but such rivers as the
Missouri, the Thames and the Danube are 7-12 m deep.

The bed-slope of the channels on Titan is of the order of 10 or 1 m per 1 km (Table 3.1).
On Earth, the slopes of some rivers are of the same magnitude 10 (Schaller et al., 2001) or higher
in small-catchment areas 10 to 10 (Van Der Beek and Bishop, 2003). The slope of such a big
river as the Mississippi is smaller, varying from 1x10 to 8x107 (Carlston, 1969). The gradient of
the rivers in the Ukraine varies from 5x10* to 2x107 (Stebelsky and Teslia, 1993). We use the
range of gradients from 6x107* to 1x107 for a model river channel on Earth in Table 3.6.

Liquids not suitable for erosion: Molecular nitrogen N3 is gas at the surface conditions of
Titan and it liquefies at a lower temperature than 90 K (Table 3.3). The aqueous solutions of
ammonia NHz and ammonium sulfate (NH4).SO4 have densities higher than the density of the
water-ice particles and cannot therefore be considered as agents of mechanical erosion.

Erosion by liquid NH3: Present-day, the bulk of Titan’s ammonia is likely to be found as a
solid in its icy outer shell, or as a liquid in its subsurface ocean. However, under a warmer Titan,
ammonia may have existed as a gas in the atmosphere, or even as a liquid on the surface. In fact,
while the exact composition of Titan’s early atmosphere is not well known, it is generally accepted
that it was much more massive and denser than at present, and dominated by ammonia and methane
(Gilliam and Lerman, 2014a). Based on the cooling model of Gilliam and Lerman (2014a, 2016),
and assuming an accretion temperature of 300 K, we estimate that ammonia would have been in a
liquid state on the surface of Titan between 40,300 and 202,000 years after accretion, or between

temperatures of 259 to 195 K (Fig 3.4). Although geologically brief, this time period may have
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been the first under which Titan’s channels, initially formed by chemical erosion, underwent
mechanical erosion by a liquid.

Erosion by CzHs: In Titan’s atmosphere, ethane is produced as a result of UV photolysis
of methane (Yung et al., 1984), with a mean production rate of 1.3x10® molecules cm? s from
solely the photolytic conversion of methane to ethane (Wilson and Atreya, 2009), and subsequently
condenses and precipitates from the atmosphere. Consideration of this process suggests that Titan
should have produced a substantial amount of ethane since accretion. Such an idea was first
proposed by Lunine et al. (1983), who used photochemical models to predict that Titan would be
covered by an ethane ocean one to several kilometers deep, and was later supported by others’
models, albeit with a smaller net volume of ethane produced. Further, Gilliam and Lerman (2016)
estimated the mass of ethane produced since accretion as 8.46x10%" kg, and suggested that most
of it resides in liquid form on or within Titan’s porous crust. As shown in Fig. 3.4 and Table 3.3,
we estimate that liquid ethane rain may have begun as early as 0.55x10° years after accretion,
corresponding to a Titan surface temperature of 150 K, and continues to present-day, providing
ample time for Titan’s channels to undergo mechanical erosion by liquid ethane.

However, there is an uncertainty in the mass balance of liquid ethane as a possible agent
of channel erosion. At the ethane atmospheric production rate cited above, there would have been
9.6x10"® kg C2Hs accumulated in 550,000 years, equivalent to 1.55x10** m? liquid CoHs. This
volume, distributed over the total area of the channels of 23,750 km? (lengthxwidth, Table 3.1),
would have produced a layer 6.5 m thick. But, its annual increment at the cited ethane production
rate would add only 12 micrometers (1.2x10° m) to the liquid ethane layer thickness in the

channels. The rate of precipitation of liquid ethane on Titan was estimate as 3.0x10” to 0.63x10”
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m® m=2 yr! (Graves et al., 2008), equivalent to about 2.0x10 to 0.4x10™* kg gaseous CoHs m™2 yr-
! From the present-day C2Hs contents of Titan’s atmosphere 9.24x10%3 kg (Gilliam and Lerman,
2016), and Titan’s surface area of 8.332x10% m?, the residence time of C2Hs with respect to
precipitation from the atmosphere is 9.24x10% kg/[(2.0 to 0.4)x10* kg m™ yr1x8.332x10* m?] =
5500 to 27,700 yr. Despite these apparent inconsistencies in material balance of ethane, and that
also appears in the balance of methane (Gilliam and Lerman, 2014a), we use liquid ethane as a
potential agent of channel formation on Titan, as discussed further below.

Equations: To calculate the rates of liquid stream incision into water ice bedrock on Titan,
we build on the Sklar and Dietrich (2004) model of terrestrial water erosion by saltation of bedrock
particles, and analyze the effect of bed-load transport on the lowering rate using the equations of
bed-load transport rate developed by Einstein (1942) and Chanson (1999). These models apply to
channels of fixed width that are being deepened by erosion and abrasion of rock/ice by bed load,
and assume that all bed load motion is by saltation of spherical grains of uniform size. A discussion
of the fundamental equations used is as follows, and a complete list of all equations used is listed

in Table 3.5 and the essentials of the process are as shown in Fig. 3.6.
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Figure 3.6. Channel erosion by flowing water. Reprinted in modified format from Chanson (1999, Fig. 10.1), by
permission of Professor H. Chanson, Copywrite © Hubert Chanson 1999. Parameters listed in Tables 3.5 and 3.6.



Table 3.5.
List of the equations used in this study.
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No. Parameter description Equation Reference
1 Channel height (m) h = w0 William (19%?Zggég)umann etal.
Hydraulic radius for rectangular
R, = wh 2h
2 channel (m) » = wh/(w + 2h) Murdock (1993)
Flow velocity (Darcy-Weisbach _
3 equation) (m/s) U=8gRS/f Perron et al. (2006)
4 Dlsacharge for rectangular channel 0, = whi Perron et al. (2006)
(m?3/s)
5  Frictional shear velocity (m/s) u* = (ghs)%s Paphitis (2001); Burr et al. (2006)
6 Boundary Reynolds number R;=u*D/v Paphitis (2001); Burr et al. (2006)
7  Critical shear stress 72 = (0.188/(1 + R})) + 0.0475(1 — 0.699¢~0015R¢) Paphitis (2001); Burr et al. (2006)
8 Bed shear stress 7, = pughS/((ps — pgD) Burr et al. (2013)
9 fiil)ment trensport capaciy (ke m 4 = 5.7p4(RygD¥) V2 (xy — 1) Sklar and Dietrich (2004)
10 Total hop length (m) Ly =8D((r;/70) — 1)0'88 Huda and Small (2014)
11 Vertical impact velocity (m/s) w = 2 (04(R,gD)*((xp/z) - 1)) (1 - (u*/w,)z)o'5 Sklar and Dietrich (2004)
12 Mean shear stress (kg m2s1) Ty = pyghsin$ Chanson (1999)
Volumetric particle conc. In bed- s,
13 ad layer C; = (0.177/D)(v*/((gs — 1g)) (/) — 1) Chanson (1999)
14 Average sediment velocity (m/s) V; = 7(ghsin §)°° Chanson (1999)
Thickness of the bed-load layer
15 o) v 8, = 03D(D((gs — Dg /N7 ((3/z2) 1) Chanson (1999)
Bed load transport rate per unit _
16 width (m?/s) Sr = C V6 Chanson (1999)
Mass sediment flow rate per unit
17 =S Ch 1999
width (kg m s) s = orps anson (1999)
OTHER relationships for g _ 5 . .
18 (units as above) qs = 2.15\/(gs — 1)gD3exp(—0.391p,(gs — 1)gD /7o) ps Einstein (1942), Chanson (1999)
o Meyer-Peter (1949, 1951),
— —_ —_ / —_ 3
19 a, = ((47o/ (pi(gs — DgD)) - 0.188)"* (g, = DgD3p; Chanson (1999)
20 a5 = /(s — DgD*((1270/(p(gs — 1DgD)) — 0.05)y/7o/(or(gs — DgD) ps Nielsen (1992), Chanson (1999)
Z_Y
21 Erosion rate (m/s) E = %Ls‘z(l - &) Sklar and Dietrich (2004)
Lskyor qe
Nondimensional buoyant density _
22 of sediment R, = (ps/p) — 1 Huda and Small (2014)
wr = (ps — p1)gD?/(18)
23 Particle settling velocity (m/s) Caenn et al. (2011)
wr = 2.46+/ (ps — p1)gD/(2p)
D . itv (Pa s): vi
54 Dynamic viscosity (Pa s); v is P~ Elson (2007)

kinematic viscosity (m? s1)

The Sklar and Dietrich (2004) model of erosion states that

E =V,IF,

(3.1)
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where E is erosion rate (m/s), Vi is the volume eroded per impact (m®), Ir is impact rate per unit
area (m2s?), and Fe is the fraction of the streambed that is exposed to streamflow. The value of
Fe depends on the supply of sediment to the stream, and the transport stage of the stream (the ratio
of the shear velocity in the flow to the critical shear velocity at the threshold of sediment motion).
The value of I, is a function of the flux of particles, and the saltation hop length. The value of Vi is
dependent on the Kinetic energy of each particle impact, and the resistance of the bedrock material

to abrasion by small impacts. Thus, equation (3.1) can be rewritten as

E= M@ - "—) (3.2)

Lskyoy a

where the variables are as given in Table 3.5. There gs is the mass sediment flow rate per unit
width (kg m? s), wsi is the vertical impact velocity (m/s), Y is the Young’s Modulus (Pa), Ls is
the total hop length (m), ky is the abrasion resistance parameter, o7 is the tensile strength (Pa), and
g is the sediment transport capacity (kg m™ s1). The value of wsi (No. 11) is a function of the
buoyant density of the sediment, gravity, grain diameter, the critical and bed shear stresses, the
frictional shear velocity, and the particle settling velocity. The value of Ls depends on the grain
diameter as well as the critical and bed shear stresses. The value of q: is a function of the sediment
density and buoyant density, gravity, grain diameter, and the critical and bed shear stresses.

Mass sediment flow rate per unit width, gs, is defined as

qs = StPs (3.3)
where St is the bed load transport capacity per unit width (m?/s), and ps is the density of the
sediment (kg/m®). Numerous researchers have proposed different empirical and semi-empirical

correlations of the bed load transport capacity. Other parameters are as given in Table 3.5.
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Table 3.6.
Parameters used for channel calculations.

Titan Earth
Temperature 90 to 150 195-259 293
Surface gravity, g (m/s?) 1.35 1.35 9.81
Fluid Ethane (C2Hs) Ammonia (NHa) Water (H20)
Density, pi (kg/m?) 650 700.44 998.2
Kinematic viscosity, » (m? s?) 1.50E-06 3.71E-07 1.157E-06
Particle settling velocity, ws (m/s) 1.25E+02 1.69E+02 1.435E+03
Dynamic viscosity, i (kg m? s?) 9.75E-04 2.60E-04 1.155E-03
Nondimensional buoyant density of sediment, Ry 0.43 0.33 1.51
Specific gravity, gs 1.4308 1.328 2.505
Sediment Water ice Water ice Quartz
Density, ps (kg/m?®) 930 930 2500
Particle diameter, D (m) 0.033 0.033 0.033
Bedrock Water ice Water ice Sandstone
Young’s Modulus, Y (Pa) 9.00E+09 9.00E+09 5.00E+10
Tensile strength, o1 (Pa) 1.00E+06 1.00E+06 2.00E+06
Abrasion resistance parameter, ky 1.90E+04 1.90E+04 1.40E+06

3.5.  Results and Conclusions

From the discussion of the modes of channel erosion in the preceding section we estimate
the time (t) that it might have taken liquid ethane and ammonia on Titan and water on Earth to
form a representative channel. For Titan, the dimensions and slope of a mean channel are given in
Table 3.1. For Earth, a model channel is 100 km long, 100 m wide, 10 m deep, and with a slope of
0.001 and 0.0006. There are several possible formulations of the time to erosion of total volume
or mass of the channels, of which we use the following two.

Time to erosion (t1) based on total volume of the channels (V, in m3, Table 3.1) and the
linear erosion rate E in m/s of Sklar and Dietrich (2004), eqg. (3.2):

t1 = VBIE  (yr) (3.4)



119
Only the equations of Einstein (1942) and Chanson (1999) could be used for calculation of the
channel-bed erosion rate E (m s™). The equations of Meyer-Peter (1949), 1951) and Nielsen (1992)
do not give meaningful results of positive erosion rate E > 0.

And time to erosion (t2) based on total mass of material in channels (M¢ in kg, from Table
3.1) mean channel width (w in m, Table 3.1) and gs, mean sediment flow rate per unit width (in kg
m?s? Table 3.5, Nos. 17-18), is:

t2 = Md(asw) (yr) (3.5)

Using the equation of bed load transport capacity given by Chanson (1999), the rates of
mass sediment flow per unit width (gs) are 35.4 kg m™ s and 40.6 kg m™ s, corresponding to
erosion rates of 3x10° m/s and 7.2x10° m/s, for liquid ethane and liquid ammonia, respectively.
As a comparison, a channel of length 100 km, width 0.1 km, and slope of 0.0006-0.001, carved
into sandstone on Earth by liquid water yields a mass sediment flow rate per unit width (gs) of
0.07-0.73 kg m™* s and an erosion rate of 1.2-5.8x10°° m/s.

Using the equation of bed load transport capacity given by Einstein (1942), the rate of mass
sediment flow per unit width (gs) is 7.04 kg m™ s for liquid ethane and 6.59 kg m™ s for liquid
ammonia, corresponding to erosion rates of 1.3x10® m/s and 6.7x10° m/s, for liquid ethane and
liquid ammonia, respectively. As a comparison, a model river channel of length 100 km, width 0.1
km, and slope of 0.0006-0.001 carved into sandstone on Earth by liquid water yields a mass
sediment flow rate per unit width of 0.19-2.55 kg m™ s> and an erosion rate of 2.35-8.98x10° m/s.

The results of the time to erosion t1 and t; are shown in Table 3.7. The times obtained with
eq. (3.4) for the Titan channels are of the order of 10* — 10° years. For the Earth model river, the

times are 10° — 10* years. The latter estimates agree with the ages of four large European rivers of
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6,000 to 42,000 yr (Schaller et al., 2001). The times from eq. (3.5) are generally lower than those
from eq. (3.4), and some of the results based on Einstein’s (1942) equations are higher, and some
lower, than those based on Chanson (1999) and Sklar and Dietrich (2004). The models of Meyer-
Peter (1949, 1951) and Nielsen (1992) are not considered here because they give negative erosion
rates that are physically unrealistic in erosion models without an external source of sediment.
The erosional sequence of the channels on Titan (Fig. 3.4) might have started after the
formation of water-ice on the surface by the process of chemical dissolution by (NH4).SO4-H,0,
overlapping or followed by a period of mechanical erosion by liquid NH3 condensed from the
atmosphere. A final stage on the cooling surface of Titan might have been characterized by liquid
C2He as an agent of mechanical erosion.
The periods of existence of one agent of chemical dissolution, ammonium sulfate solution,
and two agents of mechanical erosion, liqguid ammonia and ethane, are considerably longer that

the estimated channel formation times.
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Liquid
Slope
Surface grain size,
D (m)
Critical shear stress,
Tc*

Bed shear stress, u*

Sediment transport
capacity, gt (kg m
s71)

Total hop length, Ls
(m)

Vertical impact
velocity, wsi (m/s)

Mean shear stress,
0 (kg m?s?)

Volumetric
concentration of
sediment in the bed-
load layer, Cs

Average sediment
velocity, Vs (m/s)

Bed-load layer
thickness, ds (m)

Reference

Bed-load transport
rate per unit width,
St (m?/s)

Mass sediment flow
rate per unit width,
gs (kg mts?

Erosion rate, E
(m/s)

Time to erode (yr)
t1, eq. (3.4)
t2, eq. (3.5)

Titan
CoHe

0.0026

0.033

0.048

1.34

36.8

4.83

0.153

174

0.015

1.14

2.20

Titan

NH3

0.0026

0.033

0.048

1.73

47.7

6.09

0.123

18.5

0.008

1.14

453

Earth

H20

0.0010

0.033

0.048

0.10

4.02

0.29

0.560

49.0

0.00018

1.55

1.06

Earth

H20

0.0006

0.033

0.048

0.06

0.48

0.08

0.437

29.4

0.00004

1.20

0.52

Chanson
(1999)

3.76E-02

354

2.95E-09

1.35E+05
4.77E+02

Einstein
(1942)

7.48E-03

7.04

1.30E-08

3.05E+04
2.40E+03

Chanson
(1999)

4.31E-02

40.6

7.15E-09

5.57E+04
4.16E+02

Einstein
(1942)

7.00E-03

6.59

6.70E-09

5.94E+04
2.56E+03

Chanson
(1999)

2.93E-04

0.73

5.77E-09

2.55E+03
1.08E+02

Einstein
(1942)

1.02E-03

2.55

8.98E-09

1.64E+03
3.11E+01

Chanson
(1999)

2.71E-05

0.07

1.19E-09

1.24E+04
1.17E+03

Einstein
(1942)

7.66E-05

0.19

2.35E-09

6.27E+03
4.13E+02
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CHAPTER 4
CH4-CHs-C2Hs Reaction System in Titan’s Atmosphere: A Geochemical Balance Model

with Explicit Solutions
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4.1. Introduction

The occurrence of methane and ethane in the atmosphere of Titan, the biggest satellite of
Saturn, with a total atmospheric pressure of 1.5 bar, comparable to that on Earth, has been a subject
of extensive research since the early 1980s, following the NASA Voyager 1 and 2 missions. The
composition and evolution of Titan’s atmosphere have been addressed in numerous publications
summarizing the hypotheses and state of knowledge and are bracketed by, for example, those of
Strobel (1982), Lunine et al. (1983), and Wilson and Atreya (2009).

A very detailed sequence of CxHy-species reactions in Titan’s atmosphere and ionosphere
has been treated by Bar-nun and Podolak (1979), Lara et al. (1995), Troublanc et al. (1995), Smith
and Raulin (1999), Wilson and Atreya (2000, 2004), Romanzin et al. (2005, 2008), Atreya et al.
(2006), and the authors cited in Table 4.1. This paper expands the aforementioned authors’ work
by presenting a simplified sequence of the chemical reactions and their mathematical solutions as
a geochemical balance model of the three gases in Titan’s atmosphere, which agree with the
reported gas abundances. Methane (CH4) and ethane (C:Hs), the latter forming from the
intermediary methyl (CHs), are the two main species of the carbon cycle on Titan. A simplified
sequence of direct forward reactions from CHa to C2Hs that short-circuits the complex intermediate

paths may be represented by the following (Gilliam et al., 2015; Gilliam and Lerman, 2016a):

K12
CHs — CHz + H, kiz is first-order photolysis [s™] (4.1)
kos
CHs + CHz — C2Hs, kzs is second-order [cm® molecule™ s (4.2)
ks

C2Hs — Other products, ks is considered as first-order [s™] (4.3)
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Reactions (4.1)-(4.3), occurring simultancously in Titan’s atmosphere, make a geochemical

reservoir balance system:

d[CHa]/dt = -k12[CHa] (4.4)
d[CHs)/dt = k12[CHa] - kas[CH3]? (4.5)
d[C2He]/dt = ka3[CH3]? - ks[C2He] (4.6)

where t is time, [ ] are masses in kg, mol, or concentrations in molecules cm= (present-day
abundances shown in Table 4.1), and kj are the reaction rate parameters. The rate of CHz3
consumption that forms from CHa, k23 in eg. (4.5), does not have to be the same as the rate of CHs
reaction that forms CeHg, k23 in eq. (4.6). For the sake of notational simplicity, only kzs is used in
this paper, and any possible differences between the two rate parameters are noted in the text. A
discussion of the different reaction rate parameters is presented in the next section, and the
solutions of (4.4)-(4.6) and their relevance to the understanding of the behavior of CHs — C2Hs in
a subsequent section.

The present-day concentrations and masses of CH4, CHz, and C2Hs are given in Table 4.1.
Scale atmosphere is a homogeneous isothermal layer where the pressure at the surface decreases
to 1/e at the scale height H. On Titan, the scale atmosphere thickness decreased from the initial
109-128 km at 300-355 K to 21 km at 94 K (e.qg., Gilliam and Lerman, 2014a). It should be noted

that CHs and C>He are several orders of magnitude less abundant than methane.
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Table 4.1.
Present-day quantities of methane, methyl, and ethane in Titan’s scale atmosphere.

Gas Abundance References

molecules cm™ kg
Lorenz et al. (1999); Griffith et al. (2003);
CH, 1.31x10% 6.16x10Y Jacquemart et al. (2008); Gilliam and Lerman
(2014a)
CHs 1.05x10% 4.62x10%° Wilson and Atreya (2004)

1.81x10% — 1.67x10%
Mean 8.46x10%
Geom. Mean 1.74x10%4

C2He 1.60x10%% — 1.48x10™

Gladstone et al. (1996); Yung and DeMore
(1999); Wilson and Atreya (2004); Vinatier et
al. (2007a)

4.2. The Kinetic Rate Constants

4.2.1. Overview of Rate Constants

Experimental and theoretical determinations of ki;’s in reactions (4.1)-(4.3) are summarized

in Table 4.2. The range of the reported values is very large and there are no data on the Arrhenius

activation energy of the photolysis that could help relate the reaction rate constants to temperature.

In this paper, we choose the rate constants of the reactions giving results consistent with the

reported concentrations. The reaction rate parameter for CHs — CHs ranges from 10° to 10 yr™.

For the reaction from CHs to CyHg, ko3 varies from 107° to 10° cm® molecule® yr?! and for

decomposition of C2Hs, ks varies from 1 to 10°% yrt, Values from within these very wide ranges

are used to demonstrate schematically the net results of the reaction mechanisms (4.4)-(4.6),

without considering the effects of changing temperature and gas pressure, for which we are not

aware of existing data.
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Table 4.2.
Rate constant of direct forward reaction of the species CHa, CHs, CoHs
Rate
- Constant at Rate - Temp.
Reaction Reaction 300 K, Units constants Reaction range Reference
No. N order
unless when inyr (K)
T unknown
CH,
Calculated from Ly-a
2.8E-11to 1 8.9E-04 to ! .
R1 CH;,— CH;+H 3.8E-11 s 1.2E-03 1 300-90 (Titan primord. &
present)
From CH, chemical
residence time at 300
km, 10*? s, and at 700
~ -1 | _ y s
R2 CH, — all branches 1E-11 S 3.E-04 130-180 km, 102 s (Wilson &
Atreya, 2004, Figs. 5a,
la
From CH, chemical
lifetime at 300 km
- -1 -
R3 CH,4 — all branches 1.2E-12 S 4.E-05 180 (Wilson & Atreya,
2004, Table 7)
Yung & DeMore
(1999, Fig. 6.12);
R4 CH, — all branches 3.E-12 st 9.E-05 1 range 1E-15 s at 300
kmto 1E-8 s*at:750
km
9.47E-08 Based on CH,
R5 CH, —» CHz+ H 3E'151(t50 3E- st to 1 residence time (Atreya
9.47E-09 et al. 2006)
CHs;
R6 CH; + CH; — C;Hs 5.00E-11 cm®(molecule s) 1.58E-03 2 325 Fan et al. (1999)
R7 CH; + CH; — C,Hs 5.999E-11 cm?®/(molecule s) 1.89E-03 2 300 Robertson et al. (1995)
MacPherson et al.
R8 CHs3 + CH; — C;Hs 4.65E-11 cm?®/(molecule s) 1.47E-03 2 296-577 (1983), T&H Table
16.16
Tsang & Hampson
. 3 . N
R9 CHs3 + CH; — C;Hs 3.98E-11 cm®/(molecule s) 1.26E-03 2 250-420 (1986), Table 16.16
R10 CH;z + CH; — C;Hs 6.82E-11 cm®(molecule s) 2.15E-03 2 150 Cody et al., 2003
R11 CHs + CHy — CoHs (5'04_1'111'15)E cm¥(molecules)  1.59E-03 2 202208 Codyetal,, 2002
R12 CH3 + CH3; — C,Hg 1.46E-25 cm?®/(molecule s) 4.60E-18 3 300 Toublanc et al. (1995)
Slagle et al. (1988),
R13 CH3 + CH3; — CyHs 3.28E-26 cm?®/(molecule s) ko 1.03E-18 2 300 cited in Wilson and
Atreya (2000)
Slagle et al. (1988),
R14 CH3 + CH3; — CyHg 5.98E-11 cm®/(molecule s) k.,  1.89E-03 2 300 cited in Wilson and
Atreya (2000)
R15 CH;+CH;—CHy  L180E-25  cm¥(molecules)  568E-18 2 Yung and DeMore
' ' (1999, p. 70)
R16 CHs + CH; — CoHs 1.62E-26 cm¥(molecules)  5.11E-19 2 296-577 MacP?legr;gg etal.
C2He
From C;Hs chemical
lifetime at 300 km
- -1 -
R17 C;Hg — all branches 4.35E-11 S 1.37E-03 1 180 (Wilson & Atreya,
2004, Table 7)
2.11E-06
6.7E-14 to 1 Gladstone et al. (1996,
R18 C;Hs — all branches 1.0E-07 S to 1 Table I11)

3.15E+00
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Yung & DeMore
(1999, Fig. 6.12);

R19 C,Hs — all branches 8.E-11 st 2.52E-03 1 range 6E-13 s at 250

km to 1E-8 s™ at :850
km
R20 C,Hg — C,Hy + 2H 9.10E-09 st 2.87E-01 1
R21 CoHg — CoHs + H, 1.10E-08 st 3.47E-01 1 Sources cited by Yung
& DeMore (1999),

R22 C,Hg — CoH, + 2H, 9.90E-09 st 3.12E-01 1 Table 6.5

R23 C;Hg — CH,4 + 'CH, 6.10E-09 st 1.92E-01 1

R24 C,Hs — CH3 + CH;3 2.395E-64 cm?®/(molecule s) 7.55E-57 2 300 Baulch et al. (1994)

R25 C,Hs — CH3 + CH;3 3.97E-88 cm?®/(molecule s) 1.25E-80 2 300 Baulch et al. (1994)

R26 C,Hg — CH3 + CHs 1.05E-48 st 3.31E-41 1 300 Baulch et al. (1994)

NoTE: Rate constants <5x108 s or <1.5x10%yr correspond to reaction half-lives longer than the age of the Solar system,
4.55%10%r.

4.2.2. Photolysis by Lyman-a

For methane photolysis, Lyman-alpha radiation at A, = 121.57 nm is one of the possible
energy sources cited in the literature (Atreya et al., 2006; Wilson and Atreya, 2004; Park et al,
2008; Romanzin et al., 2008). The UV Lyman-a radiation of wavelength 121.57 nm emitted by
the Sun within its entire spectrum can be taken as a wavelength band of different widths: for
example, it may be taken as 0 < / < 121.6 nm, 120.6 < A < 121.6 nm (bandwidth of 10 A) or 121.5
< < 121.6 nm at the band width of 1 A. The fraction of the Lyman- o radiation is determined by

integration of the emission intensity spectrum given by Planck’s law:

. usoo (120) 3
2rtky u
— 4
ELy—oc = W T f ot _ 1 du (47)
A=121.6
where u is a dimensionless variable:
hc

T (4.8)
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and other parameters are: Planck’s constant h = 6.626E-34 J s, the velocity of light ¢ = 2.9979x108
m s, wavelength 1 in m, Boltzmann’s constant ks = 1.381x102%J K1, and temperature T in K.
The integrand in (4.7) is evaluated by the series given in Abramowitz and Stegun (1972, p. 998,
21.1.2).

The results of the above, as shown in Table 4.3, are used to evaluate the emission flux F(4
= Ly-a) in photons s m? m™ in Titan’s atmosphere and compute the photolysis frequency J or

the rate constant k12 of eqn. (4.1), given by the relationship for the 0.1 nm (1 A) bandwidth:

121.6 nm

kiy = ] = f F(2) o(2) p(A) da (4.9)

121.5 nm

where F(J) (is the solar energy flux on Titan, 4.87x10%° photons m? st nm™ primordial, about
4.55 billion years ago, and 6.94x10% at present, based on the Sun the primordial Sun luminosity
of 72-75% of the present (Gough, 1981) and its surface temperature of 5379 and 5780 K,
respectively; (/) is the cross-section (2x10°2 m?, Chen and Wu, 2004); and ¢(4) is the quantum
yield (0.291 photon, Wang et al., 2000).

For a verification of our calculations of the Lyman-a flux on Titan, as given in Table 4.3,
we compare them to the Lyman-a flux outside the Earth’s atmosphere, as reported by Lean and
Skumanich (1983) and Lean (1991): (3.6 + 1.3)x10*® photons s* m? and (5 + 1)x10° W m2. The
bandwidths of the measured UV wavelengths cited in the preceding papers are from 0.15 to 3 nm.
Our results for the Earth, using the same data as given in Table 4.3, for a 1 nm wavelength band

are within a factor of two of those cited: 1.6x10'® photons s* m? and 2.7x10° W m™.
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Table 4.3.
Lyman-a radiation and CH4 photolysis rate parameter on Titan.
Parameter Sun primordial Sun at present Titan primordial Titan at present
(5379 K) (5780 K) (300 K) (94 K)
wme SRR wee TR wme TR wae TR

Emission at Sun

475E+07 2.37E+26 6.33E+07 2.94E+26
surface

Fraction Ly-a [121.5
<A <121.6 nm] of 2.83E-08 2.83E-08
Sun spectrum
Emission Ly-a.
[121.5 <A <121.6 1.345 8.20E+17 1.794 1.09E+18
nm] at Sun surface

Solar constant for all

N 11.27 15.03

Solar constant/4
received over the 2.82 3.76
surface

Solar constant/4 for
Ly-a [121.5<A< 7.99E-08 4.87E+10 1.07E-07 6.49E+10
121.6 nm]

CHjs photolysis rate
constant ki or 2.83E-11 3.8E-11

J=F() o() p(2) (s7)
ki or J as above (yr?) 8.95E-04 1.19E-03

4.2.3. Rate Constants for the Model

Reasonable results from equations (4.4)-(4.6) cannot be obtained by an arbitrary choice of
the rate constants. As shown in Tables 4.2 and 4.3, k12 by Lyman-a radiation on Titan of an order
of 10 — 10~ yr%, near the upper end of the range from 10° to 10 yrt; we use the value of the
order of magnitude of 10°-108 yr?, ki = 6.7x10° yr. This value corresponds to the residence
time 150 million years of CH4 with respect to its conversion to CHs. This residence time is
considerably shorter than the age of Titan since accretion, about 4.5 billion years. If the CH4

photolysis reaction operates from the start, it implies that CH4 should be added from the Titan
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interior to the atmosphere. If the present day mass of atmospheric CHa, 6.163x10Y kg (Gilliam
and Lerman, 2014a, Table 10) were depleted at the rate of ki2 = 6.7x10° yr?, then 4.13x10° kg yr-
1 CH,4 would have to be replenished yearly. Such a rate of CH4 emission from the satellite interior
would not have depleted the internal reservoir of methane of 7.5x10%° kg (Gilliam and Lerman,
2014a) over the lifetime of Titan.

It should be noted that reaction (4.4) for the photolytic destruction of CHj, at the rate of k1>
yrtis different from the thermal escape of methane from Titan’s atmosphere (Gilliam and Lerman,
2014a, b), as given by:

[CH4] = [CH4]o exp(-kt) (4.10)
where rate parameter k (yr?) is a function of the Maxwell-Boltzmann distribution of CHs
molecules in Titan’s atmosphere that also depends on temperature, on escape velocity at Titan’s
surface, and on the thickness of the scale atmosphere that decreases with time. k (yr?) is defined

as:

K= Flv = Ue) : 17>1Je. * Satm (411)
2Vatm

where F(v = v,) is a fraction of the Maxwell-Boltzmann frequency distribution of the gas
molecules’ velocities greater than Titan’s escape velocity (v, = \/Z_gr m/s), U, (M/s) is the mean
velocity in the interval v > v,, and the quotient Vam/Sam (M) of the atmosphere volume to its outer
surface area is effectively the atmosphere thickness, decreasing as the atmosphere loses its mass.
The Maxwell-Boltzmann factor F (v = v,) depends on temperature and molecular mass of the gas.
Egs. (4.7) and (4.8) give methane concentration in the present-day Titan atmosphere that agrees
with the reported values. The escape rate parameters k decreases from 3x10* yr! at Titan’s

accretion temperature of 300 K to 1022 yr! near 100 K (Gilliam and Lerman, 2014a, 2016a), with
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a geometric mean of the two extremes at about 2x1024, a rate of escape much slower than the rate
of photolytic conversion of CHs to CHa.

The orders of magnitude of the two other rate constants used are ks = 510714 to 1x1071?
cm® molecule® yrt and ks = 1x10* yr? to 1x102 yr? (cf. Table 4.2), which give results close to
the reported concentration values.

The abundances of the gases in Titan’s atmosphere (Table 4.1) place certain limits on the
values of rate parameter ks in reactions (4.6) and (4.15). Concentrations of CHz are rising from 0
from the start — assumed to be the time of accretion — so that d[CHs]/dt > 0. The following limits
on the values of ks follow from (4.6) and gas abundance data in Table 1:

kys <k [CH,] < (10~%t0 10~%) x 1.307 x 107 =10 to 10710 4.12
23 < Mo fep < (W00 107 X e o = 0 (4.12)

The values in (4.12) are within the ranges reported in Table 4.2, and the paper further shows that

these values result in the computed concentrations close to the reported ones.

4.3. Results: Time-Dependent Concentrations of CHs-CH3-C2He
4.3.1. Solution by Finite Differences

The change in methane mass or concentration with time, from eq. (4.4), when concentration
tends to a steady-state value [CHa]ss as t — oo, is:

[CH,] = [CHalss + ([CHaJo — [CHylss)e *12¢ (4.13)

where [CHa]o is the initial concentration of methane in the atmosphere at time t = 0, [CH4]ss is a
steady-state concentration and other parameters are as defined under (4.4)-(4.6). The present-day
atmospheric concentration of CH4 1.31x10%° molecules cm™2in (4.12) and Fig. 4.1, has been stable

since about 5x10° years after accretion and it is taken as a steady-state concentration [CH4]ss. The
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decreasing mass of CHa in the atmosphere and its volume and thickness give the CH4 curve 1 in
Fig. 4.1. The shape of the curve is the result of the difference between the rate of escape of CH4
and NHz (Gilliam and Lerman, 2014a), assumed to be the main components of the early

atmosphere, and the rate of decrease in volume of the atmosphere that cools and loses mass.
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Figure 4.1. Calculated concentrations of CH4, CHs, and C;He in Titan’s atmosphere. Additional data and information
in Table 4.3. 1: CH. from Gilliam and Lerman (2014a). 2: CHs concentrations from the egs. (4.11), (4.12), with ki»
=6.7x10° yr, ko = 5x10° cm® molecule™ yr?. 3: CHs from tanh eq. (4.20), rate parameters as in 2. 4: C;Hg from
eq. (4.14), koz = 1x10%® cm® molecule® yr, ks = 1x102 yrt. 5: C,Hs concentration, eq. (4.14), kzs = 1x102 cm?
molecule? yr?, ks = 1.0x10* yr. Cross-hatched area is the domain of C,Hs reported concentrations.
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The computation of CH3z and CzHs concentrations in Titan’s atmosphere is based on the
[CH4] values calculated by finite differences, as shown in Fig. 4.1, curve 1, where the rate
parameters are constant, as mentioned earlier.
For [CH3], eq. (4.5) becomes:
A[CH3]/At = ky,[CH,] — ky3[CH5]? (4.14)
where [CH4] is given by eq. (4.13). The CHs concentration is obtained from (4.14) as:
[CH3]; = [CH3];—1 + A[CH3]; (4.15)
For [C2Hs], from eq. (4.6):
A[C,Hg]/At = ky3[CH3]? — k3[CyHg] (4.16)
where [CH3] is from eq. (4.15). Finally, the concentration of ethane sought is:
[C2Hgl: = [CyHgli—1 + A[CyHgl: (4.17)

The calculated values of CHs, and C2Hs are shown in Fig. 4.1.

4.3.2. Explicit Solutions

This section gives two new explicit solutions of equations (4.5) and (4.6) for [CH3] and
[CeHg] forming sequentially from [CH4]. The time-dependent explicit solutions serve the goal of
deriving their asymptotic values as t — oo, in approximation to a near-steady or steady state of
Titan’s atmosphere.

Methyl (CHs): Eq. (4.6) is a Riccati equation (Riccati, 1761, and references in Bagni, 1996;
Watson, 1922, 1995; Bittanti et al., 1991). The first two terms include an explicit relationship for
[CH4] as given in (4.12):

d[CH;]
dt

= ky2[CHylss + (k12[CH4Jo — k12[CHylss)e ™ 128 — kp3[CH;]? (4.18)
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A solution of (4.18), as given in Appendix 4-F, eq. (A-9) is:

(CH, ] 1 (pChyp/2)ek12t/2 [[(Ce~2/2) (qCA/2)e~ /2 I, (Ce=At/2)
3 = —_ —_—

(4.19)
k23 plv(Ce_M/z) + ql_v(ce—/lt/Z)

where I, and I, are the modified Bessel function of the first kind and its derivative of order v,
respectively (Watson, 1995; Abramowitz and Stegun, 1972; Carslaw and Jaeger, 1959; DLMF,
2015), p and g are arbitrary constants, and constants C and v are defined in Appendix 4-F, egs.
(F.6) and (F.8).

Eq. (4.19) can be simplified in the domain of CHa steady-state concentration (curve 1, Fig.
4.1):

d[CH;]
dt

= k12 [CH4]ss - k23[CH3]2 (4-20)

Then the solution of (4.20) by separation of variables is:

kq>[C
[CH]3 = ’ 5623 tanh(y/ k12[CHy]ssk23 t) (4.21)

with the initial condition of [CHs] = 0 at t = 0, and the value of the integration constant = 0 in
(4.21). The steady-state value of [CH3] from (4.21) are shown in Fig. 4.1, curve 3.

Ethane (C2Hs): The ethane formation eq. (4.6), using [CH3] from (4.21), is:

d[CeHp]
a = k12[CHy]ss tanh?(/k12[CHa]ssk23 ) — k3[CoHe] (4.22)

Eq. (4.22) can be integrated directly, as given in Appendix 4-G:

[CoHe] =1 (t) + CONSTxexp(-kst) (G.1)
where
_ klZ[CH4]ss c i i . c
) = PRPEER a2e? tF(1, oot Lo 2 —e? f)

—(a+ 20c) (a F(l, Zic; Zic +1; —eZ“) + a tanh(ct) — c)] (G.2)
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In (G.2), constants a and c simplify the notation in terms of the reaction rate parameters kij, (defined

in Appendix 4-G), and F or Gauss’s function 2F1 is the hypergeometric series.

4.4. Steady-State Concentrations

The goal of the paper is to find the reaction rate parameters kiz, k23, and ks that give
atmospheric concentrations of CHz and CoHe in agreement with their reported ranges. As
mentioned earlier, a steady-state of CHa is effectively a result of the slowing down of thermal
escape, as Titan’s atmosphere cools from the initial computed 300 K to near 100 K, and the CH4
mass in the atmosphere approaches asymptotically the present-day mass of 6.16x10’ kg from the

initial mass of 1.19x10%° kg. A steady-state concentration of CH3 from eq. (4.5) is:

k12[CHy]ss

[CH3]SS = k23

(4.23)

The preceding is identical to the steady-state concentration of CHs, from eq. (4.21), as t —o0 and

tanh o — 1:

k12 [CH4]ss

Hl. =
[CHI =

(4.24)

From the solution of the Riccati equation (4.18) and (4.19), a steady state of [CH3], as t

—o0, IS given in eq. (F.15), and it is also identical to the results in (4.23) and (4.24):

kv k12[CH4]ss

- - (4.25)
2k23 k23

[CH3]ss

Eq. (4.25) applies to the region of steady concentration of the [CH4] in curve 1, Fig. 4.1.

For C2oHe, steady-state concentrations are, from (4.6):



and from (4.21) or (4.6) and (4.24) :

k3 [CH3]3
[C2H6]ss = k =
3
k12 [CHy]
[C2H6]ss = & s
3

and this relationship (4.27) is derived as given in (G.8).
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(4.26)

(4.27)

In Table 4.3 are summarized the steady-state concentrations that agree within an order of

magnitude with the reported concentrations of CHs, CHs, and Ce¢Hs (Table 4.1).

Table 4.4.

Computed and reported concentrations of CHa, CHs, and C;Hs in present-day Titan’s atmosphere (Table 4.1).
Concentrations in units of molecules cm. Units of the rate parameters: k and ka2 yr?, ki [CH4]ss molecules cm

yr, koz cm?® molecule™® yr?, ks yr.

Fig.
4.1 Rate Val CH ) oH _ o -
Curve parameter alue 4 concentration 3 concentration »Hs concentration
No.
Calculated  Reported Calculated  Reported  Calculated  Reported
k Variable &
01H4 ki2 8.76x10°  1.31x10% 1.31x10%
>([CH4]ss
2. .
CH3 k1o 6.7x10" 5
eq k23 5.OX10_14 109X10
(45310) 1.05%1012
CH3 k1o 6.7x10°
€q. ko 5.0x1014 1.21x10%2
(4.19)
4, kas 1.0x1013
1.5x10®  |1.81x10%3
CaHs ks 1.0x10°3 x
k 1.0x10712
CZ—’HG k23 1.0x10% 1.5x10%3 1.67x10%5
3 .

aGilliam and Lerman (2014a, 2016a)
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4.5. Discussion and Conclusions

Titan is unique in the Solar System as it is the only moon that has a substantial atmosphere,
reaching ten times higher in altitude than Earth’s, its scale atmosphere (i.e., well-mixed atmosphere
of uniform temperature) is 2.5 times thicker (21.1 km/8.4 km), and it is dominated by N> at 1.4 bar
and CHs 0.1 bar (e.g., Roe, 2012). In Titan’s atmosphere, the carbon cycle involves the
photodissociation of CH4 that produces methyl radicals (CH3). The CHs molecules recombine to
form heavier molecules (e.g., C2Hs) that condense as liquids or solids in the lower stratosphere
and vicinity of Titan’s cold troposphere to form a haze layer and eventually precipitate from the
atmosphere at a rate of roughly 1.3x108 molecules cm? s (Atreya et al., 2006; Wilson and Atreya,
2009; Graves et al., 2008). Assuming a simple model where the methane molecules escape the
atmosphere and produce ethane, up to 8.46x10'" kg of liquid ethane could have been produced
since Titan’s accretion. This amount is approximately 10* times larger than the present-day
atmospheric ethane mass, and indicates that most of the remaining ethane resides in liquid form
on or within Titan. Titan’s crust could hold all of the ethane produced (Mousis and Schmitt, 2008),
and previous estimates of the amount of liquid ethane storage potential on Titan’s surface are
1.36x10% kg in lakes and seas, an additional 3.34x10%® kg in craters, and the remainder in the crust
if it has a porosity of at least 0.9% (Gilliam and Lerman, 2016a).

The present-day masses of the three chemical species in Titan’s atmosphere are: CHy
6.16x10% kg or 1.31x10% molecules cm; CHs 4.62x10'° kg or 1.05x10'? molecules cm™; C2Hs
1.60x10%2-1.48x10 kg or 1.81x10**—1.67x10* molecules cm™. Taking these masses as steady-
state values, and the methane input rate to the atmosphere 8.76x10%° molecules cm yr? cited

earlier, the present-day concentrations are obtained by using the following values of the rate
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parameters in Egs. (4.4)-(4.6), that are within the ranges of the published data: ki2 = 6.7x107° to
6.7x107 yrt, kos = 1x107*2 to 1x107* cm® molecule™ yr?, and ks = 1x10* to 1x1073 yrt.

This paper presents two new solutions of the equations of CHs production from CHa, a
Riccati equation, and of C2Hes production from CHas. The results of these explicit solutions in the
asymptotic or steady-state domain of the CH4-CH3-CsHs System are in agreement with the reported
ranges of concentrations.

The masses of the three atmospheric gases considered in this study, methane, methyl, and
ethane, place certain limits on the values of rate parameters ko3 and ks in reactions (4.5), (4.6),
(4.9), and (4.11): ko3 cannot exceed 8x107? cm® molecule™ yr? and ks must be less than 0.05 yr™.
The latter values are within the range of rate constants reported in Table 4.2, and are higher than
those needed to satisfy successfully present-day concentrations.

The simplified scheme of methane-methyl-ethane reactions, represented as net one-way
processes, produces concentrations of the three gases that approach present-day concentrations at
a relatively short time, about 500,000 years, after the start of the processes at Titan’s accretion.
The suitability of liquid ethane as a potential medium for life on Titan was discussed by Gilliam
and Lerman (2016a), and the approach to a steady state of each of the three gases (Fig. 4.1) is
compatible with the notion of a chemically stable atmosphere and the carbon cycle on the surface

of Titan cooled after its accretion.



APPENDIX 4-F
Derivation of Solution of a Riccati Equation
Beginning with eq. (4.18)

d[CH;]
dt

we then make the following substitution:

f'(®

W T0)

Setting

A = (k2[CH,Jo — k12[CH4]ss),
This brings eq. (F.1) to the form
F'() = ka3 (k12[CHylss + Ae %128 £(0).
Now we make the change of independent variable

s = Ce k12t/2

For a constant C initially left undetermined, and then note that the judicious choice

_ 2\/Aky;

ok

brings our equation to modified Bessel form

4 k,3k,,[CH
+ 23 12[ 4]55

12

s () +s f'(s) - (SZ 2 )f(S) = 0.

A basis of solution is given by modified Bessel functions I, (s) with

_ 2\/ k23 k12 [CH4]SS

V=
k12

Substituting back we arrive finally at, as given in eq. (4.19):

= ky2[CHylss + (k12[CHylo — k12[CHylss)e 128 — ky3[CH;)?
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(F.1)

(F.2)

(F.3)

(F.4)

(F.5)

(F.6)

(F.7)

(F.8)



1 (pChiz/2)e™ 1252 I (Ce™/2) (qCA/2)e /2 I, (Ce™/?)

CH.]l=-—
(O 1 =~ P, (CeR2) 1 ql_y(Ce— T2
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(F.9)

where I, and I}, are the modified Bessel function of the first kind and its derivative of order v,

respectively, and p and g are arbitrary constants, and constant C from (F.6) is

2 [l (Kkiz CH,Jo = ki [CHyl,.)

C =
kiz

With the initial condition of of [CHz]o = 0 and assumed g = 1, the other constant p is:

I'_,(C)
I,¢)

p=—q -1

insofar as for large v and C the quotient 7°.,/I, =~ 1.
Using the relationship between I, and K, (Watson, 1995; DLMF, 2015)

E I—v(Z) - IV(Z)

K (2) = 2 sin(vm)

and the same relationship for the derivatives, K, and I/, eq. (4.19) simplifies to:

_ Chyge™2t/2 Ky(Ce /%)
2ky3 K, (Ce=4t/2)

[CH,] =

Since

K, (z) = constant-z™"

(F.10)

(F.11)

(F.12)

(F.13)

(F.14)

as z — 0 (Watson, 1995), the logarithmic derivative of K, (z) approaches -v/z as z — 0 so that

as t — oo, we recover the asymptotics (which are in any event clear by inspection of stationary

solutions of (4.19)):

_ kqov _ k12[CHy]ss
2k33 ko3 .

[CHs]ss

Note that the finer analysis of (4.19) could be used to obtain rates of convergence to this

equilibrium if desired.

(F.15)
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APPENDIX 4-G
Solution of C2Hs Equation (4.20)
Eq. (4.22) can be integrated (Wolfram, 2016) to a form:
[C2He] = f (t) + CONSTxexp(-kat) (G.1)

where

klZ [CH4]SS
ac(a + 2c)

a
2c

f@) = a%e?ct F(l, % +1; —+2; —eZ“) —(a+2c) (aF(l, %: 4 +1; —eZ“) + a tanh(ct) — C)] (GZ)

2c

Constants a and ¢ were introduced to simplify the notation in terms of the reaction rate parameters
ki, as defined below, and F or Gauss’s function 2F1 is the hypergeometric series (DLMF, 2015):

a=ks yrl; ¢ =(kiz[CHalsskas)?® yrt. (G.3)
The constant of integration in (G.1) is:

klZ[CH4]ss 2
CONST = —m [a F(l,

a
2c

+1; %+2;—1) —(a+20¢) (aF(l'%i %"‘ L _1)_C)] (G.4)

Wolfram (2010) gives an evaluation program for function F:
Start with equation (4.20), the solution of which is given in (4.22). We can drop from the
asymptotics the second term involving a hypergeometric function as it is rapidly decaying (since
it has no exponential factor multiplying it). Meanwhile we set:

z=—¢¢ (G.5)
so that z tends toward 0 as # — oo and noting that the tanh factor approaches then 1.

Per Mathematica, we get as z — 0 and using the functional equation for I':

a 2+i,_2_1)~r(%)r(2+2a—c) a+2c (G6)

2c’ 2c F(1+2ic)2 - T a

So overall the solution is now seen to be asymptotic to:

z71F (1, 1+



142

ke [CHy]ss a+2c
[CaHalss ~ 20 755 (a2 — (@ + 20) (@~ ) ©.7)
This simplifies to:
k15 [CHylss
[C2Helss = 12(Cla] (68)

ks

that is identical to (4.26) and (4.27).
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CHAPTER 5

Formation and Retention of Methane on Titan and the Terrestrial Planets
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5.1. Introduction

The interest in methane (CH.) as a climate-modifying greenhouse gas in the atmosphere
and as a possible building-block of life has received much attention since the discovery of methane
as a major component of the atmosphere of Titan, the largest satellite of Saturn, at a distance of
about 9.5 AU (Astronomical Units) from Earth. Much research has been done on the behavior of
CHs in Titan’s atmosphere, including its photolytic decomposition to other hydrocarbons and
escape from the atmosphere (e.g., Strobel, 1974; Yung et al., 1999; Tobie et al., 1996; Atreya et
al., 2006; Lunine and Atreya, 2008; Yelle et al., 2008; and Gladstone et al., 1996), but its possible
origin is poorly understood on the planets and satellites other than Earth.

This chapter discusses the possibility of methane formation in a number of gas-gas and
solid-gas reactions, based on chemical thermodynamic equilibria under the conditions
approximating those of the atmospheres and interiors of Titan and the Terrestrial planets —
Mercury, Venus, Earth, and Mars. We stress from the outset that the paths to chemical equilibrium
are neither necessarily, nor always the paths of methane formation in the past and present, but they
provide insight into the retention of methane in the atmosphere of different planets vs. the
possibility of its escape. It is well known that the thermodynamic indication that a reaction should
proceed in a certain direction, does not tell that it would proceed in that direction. The most
common examples of this are a mixture of hydrogen and oxygen gases at room temperature that
do not react to make water or the stability of graphite and diamond at Earth’s atmospheric
conditions that do not oxidize to CO». Thus in the discussion of the chemical equilibrium of
methane-forming reactions in this paper, it is not implied that the reactions in fact occur, but they

may occur on thermodynamic grounds.
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Presently, there are two main models for the origin of methane on Titan: (1) Titan accreted
CO2 which was subsequently converted to CHa4 (e.g. by the Sabatier-Senderens reaction) or (2)
Titan accreted icy planetesimals that contained some CHs, presumably in the form of clathrate
hydrate.

(1) Early Saturn generated a subnebula where temperatures and pressures were high
enough to allow the conversion of CO to CHa, which was subsequently trapped in the form of
hydrate and clathrate hydrates in planetesimals which formed Titan. Prinn and Fegley (1981) argue
that accreted CO; on Titan can be converted to CHs4 by the Sabatier reaction in the rocky-core if
the geochemical conditions are conducive. A key requirement for this is a sufficiently reducing
(i.e., Hz-containing) environment, which can be created by the hydrothermal oxidation, or
serpentinization, of reduced iron- or sulfur-bearing minerals. Atreya et al. (2006) suggest that
appropriate geological, thermal, and pressure conditions could have existed in and below Titan’s
ocean for lower-temperature serpentinization to occur during Titan’s accretionary heating phase.
Alternatively, impacts could trigger the process by raising the temperature.

(2) The model of CH4 production by planetesimals was first proposed by Mousis et al.
(2002), who argued that Titan was formed from planetesimals containing clathrate hydrates of

CHa.

5.2. Methane Forming Reactions
The five reactions, discussed below, may be responsible for the formation of methane on
the Terrestrial Planets and Titan. Equilibria in the system C-H-O, where oxygen fugacities are

buffered by the coexisting phases in the system Fe-FeO-Fes04-Fe2Os, have been extensively



146
studied by many authors with reference to the magmatic interior of primordial Earth (e.g., French,
1966; Holland, 1984). In this chapter, the possible production of methane is limited to the planetary

atmospheres in contact with mineral solids.

Three reactions of CH4 production:

R1 C(s) + 2Ha(g) — CHa(g)
R2 2C(s) + 2H20(g or 1) = CHag) + CO2(g)
R3 COsz(g) + 4Ha(g) = CHag) + 2H20(q)

Two reactions of serpentinization of iron-olivine fayalite that produce CH4 from H20 and C in
graphite or COg:
R4 3Fe2Si0s + 2H20(g) + C = 2Fe304 + 3Si0z + CHag)

RS 6Fe2Si0s + 2H20(g) + CO2(g) = 4Fe304 + 6Si02 + CHa(g)

The graphite-hydrogen reaction R1 was reported to occur at temperatures above 1100 K
(Mills and Steffgen, 1974; Vigdergauz, 2011) and R2 is known as hydrolytic disproportionation
of carbon that occurs in deep coal mines in the presence of water inflow (Vigdergauz, 2014). On
Earth, methane forms by diverse bacterial processes of decomposition of organic matter, known
as methanogenesis (Ferry, 2012), and by thermal alteration of organic matter at higher
temperatures in the subsurface and hydrothermal systems (Welhan, 1988; Stolper et al., 2014). The
most commonly cited non-biogenic reaction is the production of methane by reduction of COy,

known as the Sabatier reaction or, more correctly, Sabatier-Senderens reaction (Sabatier and
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Senderens, 1902; Sabatier, 1911), shown as R3. At laboratory conditions the reaction proceeds in
the temperature range from 470 to 770K (Lunde and Kester, 1973) and it has also been reported at
room temperature, using photo-excitation of a mineral catalyst (Thampi et al., 1987). The
abundance of H and CO: in the Solar System makes the Sabatier-Senderens reaction one of the
likely sources of methane. In deep-ocean sediments, reduction of methane rising with the
hydrothermal fluids by the sulfate-ion has been described by Mottl et al. (2003).
Serpentinization of olivine (Mg,Fe)2SiO4 can be represented as a reaction of graphite C or

CO., water, and silica, producing either talc or antigorite (chrysotile), magnetite, and methane:

3MQ@2SiOs + 3Fe2SiO4 + 4H20(g) + 2Si02 + C = 2M@3SisO10(0OH)2 + 2Fe304 + CHag)  (5.1)
forsterite fayalite talc magnetite

or

18M@2SiO4 + 6Fe2Si04 + 26H,0 + CO2 = 12Mg@3Si2O5(OH)4 + 4Fe304 + CHy (5.2)
forsterite fayalite antigorite magnetite

Neither Mg nor Si change their oxidation state in serpentinization, so that reduction of C or CO>
to CH4 comes at the expense of oxidation of Fe'' in olivine to Fe''-Fe'"" in magnetite. Therefore the
formation of methane in serpentinization can be represented by reactions R4 and R5, with either
elemental carbon C in graphite or CO> gas as the source of carbon in methane.

On Earth, abiological production of methane under high-temperature and hydrothermal
conditions is a natural source of CHs4 (French, 1966; Horita and Berndt, 1999; Stolper et al., 2014).
The biological production of methane or methanogenesis is a reaction of decomposition of organic

matter CH2O or acetate CH3COOH into CH4 and CO». In Titan’s atmosphere methane may be
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produced by a microbial reaction utilizing acetylene (C2H>) and hydrogen, as proposed by McKay
and Smith (2005). The biological destruction of methane by methanotrophic bacteria is a reverse
process. Additionally, CHa is oxidized in anaerobic environments by sulfur- and nitrogen-reducing

bacteria, and by reaction with the OH*-radical in the atmosphere (Mayer et al., 1982; IPCC, 2001).

5.3.  Equilibrium Reactions Producing CH4
For reactions R1-R5, the equilibrium constants as a function of temperature can be

calculated from:

AG;
23RT

logK = — (5.3)

where K is the equilibrium constant, the gas constant R = 8.314x107 kJ mol™* K (or 1.987x107
kcal mol™? K1), T is temperature (K), and AG,® is the Gibbs standard free energy change of the
reaction (in units of kcal mol™* or kJ mol?), computed from the data in Robie and Waldbaum
(1970), Robie et al. (1979), and Robie and Hemingway (1995). A correction for log K at higher
pressures (1 < P < 350 bar) is insignificant and the activities of pure solids at higher pressures in
this range are only slightly greater than 1, making the contribution of log aseiid = 0.1. The value of
log K as a function of T for reactions R1-R5 are plotted as curves in Fig. 5.1a.

The equilibrium partial pressures of CHs in reactions R1-R5 are obtained from the
equilibrium constant, the activities of the pure solid components (ac), and reported partial
pressures of other reactant gases (p, in bar), taken as ideal gases. For example, for reaction R1,

pCH,
Kr = —5—
pH3 ac

(5.4)

where for pure graphite ac = 1. Thus the partial pressure of CHa, from the calculated value of Kr

and pHz in (5.4), is:



logpCH, = log K7 + 2 log pH,
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(5.5)

The atmospheric composition of Titan and Terrestrial planets, is shown in Table 5.1. The values

of pCHys, also shown in Fig. 5.1b, were calculated as given in the next section.

Table 5.1.

Titan and Terrestrial planets. Atmospheric composition from references in the footnotes. Calculated log K of reactions.
R1-R5, as shown, and log pCHa4 from atmospheric composition.

Satellite or Model

Planet T (K) P (bars)

Titan 94 L5
present ¥

primordial 300 25.4
(to 400)

Atmosphere

Atmospheric
Composition®
93.3% N, or 1.4 bar
6.5% CH,or 0.1 bar
0.1% Hz
80% CHzor 19.4 bar

20% NH; or 6 bar
H0 @ =1

Reaction R1-R5
(see text)

R1
R4

log k™

8.89
-2.12

log p CH,

1.29
2.82

(bar)

pH, 2 10% bar

Mars 215 0.0061

95.32% CO;
2.7% N;
1.6% Ar
0.13% 0,
0.08% CO
0.0210% H,0
10 ppb = 1E-06%
Trace HDO, NO, Ne, Kr, Xe

R2

-10.21

-11.67

Earth present? 298 1
(real 288) )

Pre-manCH, 0.6*10°

primordial 700 342

0.0015

78% N,
21% 0,
0.00006% O,

1.8 ppm = 0.0002% CH,
0.9% Ar

0.038% CO,

~2.5% H,0
SE-05% Hy, He, Kr

90.6% H,0
7.4%C0;
29% Other Ny, HCl, HS ©

H,?

R1
R2

R1

R2
R3

R4
RS

8.89
-2.12

147

-1.23
27

-2.71

-4.19

-5.74

-3.71
-1.74

-1.34

194
-11.73

2.10

2.23

Venus 700 92
(735 real)

96.5% CO;
3.5% N
0.0020% H,0
Trace 50, Ar, CO, He,Ne

R2
RS

2.59
-4.40

-4.83
-11.82

Mercury 400 1E-14

(420t0
440 real)

42% 0,

22% H,
6% He
23% Na, 0.5% K
Trace CO,, Ar, H;0, N,,
Xe, Kr, Ne

R1

-5.49

-23.83

D jack J. Lissauer, Imke de Pater (2013)
by Activity of pure solids taken as a = 1, except as noted for primordial Earth.

c) Lorenz et al. (1999); Griffith et al. (2003), Jacquemart et al. (2008),
Gilliam and Lerman (2014a); Gladstone et al. (1966); Yung and
DeMore (1993); Wilson and Afreya (2004); Vinatier et al. (2007a)

9) http:ffwww.ux1 eiu.edu~clips/1400/TBLOT_0T2.JPG

€) Mackenzie and Lerman (2006)
) Miller and Urey (1959)
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Figure 5.1. (a) Equilibrium constants log K for reactions R1-R5 as a function of temperature. Reactions given in the
text. Vertical lines show planetary temperatures. (b) Equilibrium values of pCH,4 from log K of reactions R1-R5 and
composition of planetary atmospheres as given in Table 5.1. Legend: T Titan, n = now, p = primordial (circle); Ma
Mars (square); E Earth now and primordial (rhomb); V Venus (triangle); Me Mercury (inverted triangle). Filled
symbols: color as in the curves of R1-R5. Open symbols: reported partial pressures of CH, on Titan, Earth, and Mars.
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5.4. Discussion of Methane-Producing Reactions

For the aforementioned five gas-gas and solid-gas reactions, R1-R5, we estimate the
amount of methane that might have been produced on Titan and the Terrestrial planets (Fig. 5.1,
Table 5.1). We stress that these reactions are not necessarily and not exclusively the paths of
methane formation in the past and present, but they provide insight into the source of methane and
the possibility of its retention or escape in the atmosphere of different planets.

(T Titan) The assumed composition of the primordial atmosphere of Titan, shortly after its
accretion about 4.5 billion yr B.P., was about 80% CHa or 19.4 bar, and 20% NHs or 6 bar, at the
accretion temperature of 300 to 355 K (Gilliam and Lerman, 2014a). At present, it is 0.1 bar CH4
and 1.4 bar N.. The abundance of solid carbon as graphite in meteorites (Yelle et al., 2008) and of
H. in the Universe suggests that reaction R1 might have been a likely mechanism of formation of
primordial CHs. On Titan, reaction R1 between graphite and hydrogen gas can give partial pressure
of CHjs close to the model-computed value of 19.5 bar, if pHz > 10 bar.

Serpentinization reaction R4 that might have occurred on Titan (Atreya et al., 2006) gives
a higher partial pressure of CH4, about 700 bar. This would account for an internal reservoir of
CHs in Titan’s interior that is needed to replenish the photolytic conversion of CH4 to other
hydrocarbons. Estimates of the CH4 emission rate from the interior to the atmosphere vary, and
they give the residence times of CHy in Titan’s interior from 10° years to longer than the age of
the Solar system.

(Ma Mars) Mean surface temperature of Mars is 210 to 215 K, below the freezing point of
water. However, the temperature range (diurnal and seasonal) is from 133 to 303 K (-140 to

+30°C), and this lends to the possibility that reaction R2, CO2 and atmospheric H.O (Webster et



152
al., 2013) makes a likely source of CH4. Through this reaction, log pCH4 = -11.67, compared to
observed 10 ppbv or log pCH4 = -10.21 (Krasnopolsky et al., 2004).

The occurrence of molecular oxygen in Martian atmosphere poses a question of possible
methane oxidation in a reaction:
CHs + 20, = CO3 + 2H,0 (5.6)
The equilibrium constant of this reaction (at 298.15 K) is log K = 140, much higher than the Partial
Pressure Product (PPP, from Table 5.1):

H,0% - pCO
Pz P2 64 (5.7)
pCH, - p0O3

log PPP = log
The quotient PPP/K < 1 indicates undersaturation and that the reaction would be driven to the
right, toward oxidation of CHa.

(E Earth) Earth’s rich atmospheric chemistry unlocks the use of multiple CH4 producing
reactions. On present-day Earth, the production of CHa is primarily biogenic near the surface and
inorganic at depth, as referred to in Section 2. In pre-industrial time, log pCHs = -6.22 (0.6x10®
bar, Table 5.1) and at present it is three times higher, -5.74 or 1.8x107® bar.

The effect of the primordial atmospheric pressure of 342 bar on the equilibrium constants
is small: the difference being log Kps>1 — log Kp=1 < £0.5 or smaller than [0.5|. The pressure
correction is:

AVr T,1 (P - 1)

2.3RT (58)

logKrp>1 =1ogKrp=1 —
where P is total pressure (bar), T is temperature (K), R = 83.14 cm? bar mol™ K™ is the gas constant,
and AV is the volume change of the reaction (cm? mol™), where AVr = £ Vproducts - = Vreactants. Molar

volumes of gases were taken from NIST (2016), and the molar volumes of solids at ambient
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conditions (Robie et al., 1966; Robie and Hemingway, 1995) were corrected for volume expansion
(Skinner, 1966) and compressibility (Birch, 1966).

If reactions R1 and R2 were active on Earth in the Recent, they would have produced
reasonable values of log pCH4 = -3.71 and -1.74, respectively, compared to observed log pCH4 of
-6.22 to -5.74. 1t should be borne in mind that CH4 in the present-day Earth’s atmosphere is
primarily destroyed by reactions with the hydroxyl radical OH* (Mayer et al., 1982). In primordial
Earth’s atmosphere (Table 5.1), higher values of pCH4 are produced in reactions R2, R4, and R5,
where the high partial pressure of water vapor is one of the source species of CHa.

It should be noted in Table 5.1 that there are large differences in the values of log pCH4 of
reactions R1-R2 on present-day Earth, where CH4 production is at least in part biogenic, and of
R1-R5 on primordial Earth. Such differences are due to the highly variable estimates of the
amounts of Ha, CO2, and H.O in the atmosphere. It is clearly reaction R2 (Vigdergauz, 2014) that
produces larger amounts of methane. If the much-cited Sabatier-Senderens reaction R3 occurred
on primordial Earth, its product would have been comparable to pCHs produced by graphite-
hydrogen reaction R1.

(V Venus) The Venusian atmosphere is hot and dense, 735 K and 92 bar. Based on the data
in Table 5.1, the atmosphere of Venus is presently devoid of CH4. However, as a geologically
likely situation, we apply reaction R2 between CO; and H20O to the present-day composition of
Venus (96.5% CO»; 3.5% N2; 0.002% H>0). Atmospheric pressure of 92 bar on Venus has
practically no effect on the equilibrium constants of the reactions. The result is a low partial
pressure of methane, log pCHs = -4.83 or 1.5x10™ bar, owing to the low partial pressure of H,O.

In reaction R2, CH4 competes with CO; that is present at a high partial pressure in the Venusian
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atmosphere. However, in reaction R5, where fayalite (Fe»SiOs), H20, and CO- drive the reaction
toward CHya, the equilibrium value of log pCH4 is much lower, -11.8, because of the low abundance
of H20 vapor in Venusian atmosphere (Table 5.1).

(Me Mercury) Measurements of the Mercurian atmosphere at about 440 K also show that
it is completely bereft of CHa, but contains Hz. In an approximation to the geologically likely
occurrence of graphite in Mercury’s crust, we apply reaction R1 to the known present-day
composition (Table 5.1), and calculate a possible log pCH4 of -23.8 bar, indicating that practically

no CHs should form in its atmosphere, characterized by a very low pressure.

5.5. Potential Retention or Escape of CH4 from Planets

If CH4 were formed from the reactions and at partial pressures as given in the preceding
section, would it have escaped or been retained in the atmospheres of the individual planets? The
escape of a gas from an atmosphere depends on the fraction of the population of the gas molecules
whose velocities are greater than the escape velocity of the planet (Goody, 1976; Gilliam and
Lerman, 2014a). The Maxwell-Boltzmann distribution of the velocities of gas molecules is a
function of the molecular mass of the gas and temperature (Fig. 5.2). The escape velocity of a

planet, v,, is a function of the gravitational acceleration on the planet (go) and its radius (ro). At

the planet surface, v, = /2g,70; if the reference level is at some altitude in the atmosphere h <

ro, then v, = \/Zgoro/(l + h/ry) is smaller than at the surface.

Gas escape rate parameter k (yr) is defined as (Gilliam and Lerman, 2014a):

K = Flv = v,) - Vs, Satm (yr'l) (59)
2Vatm
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Figure 5.2. (a) Maxwell-Boltzmann distribution of CH4 molecular velocities at 94 K and 300 K on Titan. (b) Same
distribution shown on a logarithmic scale. Escape velocity v, = 2639 m/s shown in both figures. Mean velocity of
the fraction of the gas molecules above the escape velocity v, is also shown at both temperatures.
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where F(v = v,) is a fraction of the Maxwell-Boltzmann frequency distribution (Fig. 5.2) of the
gas molecules’ velocities greater than Titan’s escape velocity (v, = \/Z_gr m/s), Us,, (M/s) is the
mean velocity in the interval v > v,, and the quotient Vam/Sam (M) of the atmosphere volume to
its outer surface area is effectively the scale thickness of the atmosphere.

Eq. (5.9) shows that k, like the Maxwell-Boltzmann distribution, depends on temperature
and escape velocity of the planet. The calculated values of k for CH4 are shown as functions of T
and 7s,, in Fig. 5.3. If CH4 were produced on Mercury, the planet’s high temperature of about
400 K would have made the escape of CH4 as possible as on Titan. On Mars, Venus and on
primordial Earth, retention of CHs would have been more likely because of the much smaller
values of k and larger escape velocities on the latter three planets.

It should be reiterated that on present-day Earth (Figs. 5.3a, b), the short residence time of
CHyz in the atmosphere, about 8.5 yr, is shown as “escape rate”, which is literally correct, but in a

sense different from thermal escape.

kvs. T(K) a

kvs.v,>v, b
1.0E+00 LE+00
Titan @ 4026404 yr Titan @ Earth now ?
(prim- (b CH,-OH*
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Figure 5.3. (a) CH4 escape rate parameter k (yr?) vs. planetary temperature. Numbers in yr next to the planets’ names
are CHq residence times (1/k). (b) Plot of k vs. v, , €q. (5.9).
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5.6. Summary and Conclusions
Methane is known to occur on Titan, Mars and Earth. It might have also been formed on
Venus and Mercury. Reactions in systems containing C graphite, Hz, H20O, and COg, either as
stand-alone reactions or as reactions accompanying oxidation of iron-olivine to magnetite (R1-
R5), give partial pressures of CHs in planetary atmospheres at their reported composition, at
temperatures from 298 to 700 K, and total pressures from <1 to 342 bar. For reasons of the
composition of the atmosphere and its total pressure, pCH4 values on Mercury and Mars would
have been low. On Titan after accretion, serpentinization of the silicate core might have produced
pPCH4 as high as 700 bar. On Venus and on Earth, the amount of CH4 that might have been
produced in the atmosphere depends on the reaction stoichiometry. On primordial Earth, the CH4
partial pressure that might have been produced by reactions R1-R2 ranges from 0.05 to 86 bar, and
by the two serpentinization reactions R4-R5 it is from 125 to 170 bar. Thermal escape of CH4 from
the atmosphere of a planet is controlled by the Maxwell-Boltzmann distribution of molecular
velocities, temperature, and escape velocity of the planet. On the smaller bodies, such as Titan and
Mercury, escape of CH4 takes place or it might have occurred, respectively, if CH4 formed on
Mercury. On the bigger planets Mars, Earth, and Venus, the greater escape velocity would have
counteracted the thermal escape of methane, despite the high temperature of about 700 K of the
Venusian and primordial Terrestrial atmospheres. In the oxygen-free atmosphere of Titan, the CHa
sinks are photolytic conversion to other hydrocarbons and thermal escape.
The similarity of the conditions on primordial Earth and on Venus, except for the low
abundance of water on Venus, is demonstrated by the escape rates of CH4 on both planets (Figs.

5.3a, b). At present, one can only speculate about the reasons of the non-detection of methane in
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the Venusian atmosphere, such as perhaps the occurrence of oxidizing radicals formed from H20.
On Earth, methane of biogenic and abiogenic origin is destroyed in the atmosphere by reactions
with the OH* radical. The presence of molecular oxygen and water in the atmosphere of Mars,

Venus, and Mercury would have likely resulted in stoichiometric oxidation of methane.
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R1  C) * 2Hzg) — CHa(
R2  2C¢) + 2H20gor1) = CHagg) + COz)
R3  COgzg) *+ 4Hz(g) = CHyg) + 2H20(g)
R4 3FesSiOss) + 2H20(g) + Cs) = 2Fe304(s) + 3Si02s) + CHag)
R5  6FexSiOss) + 2H20(g) + CO2(g) = 4Fe304() + 6SiO2s) + CHag)
Table H.1.
Gibbs free energy of formation of species (Robie and Hemingway, 1995)
. Antigorite
Forsterite  Fayalite Water SI0; Ta_lc -chrysotile  Magnetite CH4 CO;
T(K) Mg,si0s  Fersio,  Steam glass — MgsSkOw \y0 'y (  FeO as as
02 4 2 4 Hzo (amorph) (OH)Z QSH§4 5 34 g g
AGf kcal/mol
208.15 -491.94  -329.67 -54.64  -203.3 -1324.49 -963.77 -243.09  -12.13 -94.26
400 -482.20  -321.54 -53.52  -199.00 -1293.41 -936.95 -234.88  -10.05 -94.33
500 -472.7  -313.63 -52.36 -194.78  -1262.88 -910.64 -226.99 -7.82  -94.39
600 -463.13  -305.81 -51.16 -190.58  -1232.43 -884.49 -219.3 -5.47  -94.45
700 -453.65 -298.07 -49.91 -186.39  -1202.12 -858.49 -211.82 -3.02 -94.5
800 -444.23  -290.37 -48.65 -182.22  -1171.96 -204.54 -0.51 -9454
900 -434.83  -282.69 -47.35 -178.08 -1141.94 -197.47 2.06 -94.58
1000 -425.12  -275.02 -46.04 -173.94  -1111.58 -190.51 465  -94.61
1100 -415.31  -267.29 -44.71  -169.84 -1080.1 -183.45 7.28 -94.64
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Table H.2.
Molar Volume
For primordial Earth (Mackenzie and Lerman, 2006), T = 700 K, P = 342 bar

Molar Vol cm®/mol at:

_ asolig Earth
T Scies o Thy  poiby  pospne 170K
625 CH,4? 27,501 51,976 169.55
700 CO,? 24,666 58,200 177.93
700 H.O? -- 58,136 68.54
700 H*? 24,804 58,212 186.49
700 C 5.298 ° 537°¢ 5.37°¢ 1.03
700 SiO; 27.27° 27.82¢ 27.82"N 1.17
700 FesOq4 44,524 ° 45.42 ¢ 4542 1.3
700 Fe»SiOs 46.39° 46.95f 46.95 )k 1.33

aNIST (2016)
b Robie and Hemingway (1995)

¢ through  calculated from volume expansion coefficients of Tsang et al. (2005), AZo Materials (2016), Hancock and
Finlayson (2009), Suzuki et al. (1981)

9 through * calculated from compressibilities in Coleburn (1963), AZo Materials (2016), Haavik et al. (2000), Birch
(1966), Plymate and Stout (1990)
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This paper discusses two possible pathways of loss of the two main gases from Titan's post-accretional
atmosphere, methane (CH4) and ammonia (NH3), by the mechanisms of thermal escape and emission
from the interior coupled with thermal escape. The results give the decline of initial atmospheric gas
masses Lo their present-day levels of 0.1 bar CH4 and 1.4 bar N, (or equivalent 1.7 bar NH3, as a precursor
of N;). From the published data on planetary and Titan's accretion rates, the accretion temperature was
estimated as T,.=355 to 300 K. In the first 0.5-0.6 Myr after accretion, Titan's surface cools to 150 K and
it takes about 5Myr to cool to near its present temperature of 94 K. The present-day internal
composition corresponds to the accreted Titan made of two solids, antigorite and brucite, that account
for 59.5 wt%, and an outer shell of an aqueous solution of NH;+(NH4),S04 accounting for 40.0 wt%, and
methane for a much smaller fraction of 0.6 wt%. In thermal escape of CH; and NH;, based on the
Maxwell-Boltzmann distribution of gas-molecule velocities, the initial gas mass Np in the atmosphere is
lost by a first-order flux, N;=Ng exp(—kt), where ¢ is time (yr) and k (yr~') is a rate parameter that
depends on temperature, gas molecular mass, atmosphere thickness, and Titan's escape velocity.

The computed initial T,.=355K is too high and the two gases would be lost from the primordial
atmosphere in several hundred years. However, emissions of CHs and NH; from the interior, at
reasonable rates that do not deplete the Titan gas inventory and function for periods of different length
of time in combination with thermal escape, may result in stable CH4 and NH; atmospheric masses, as
they are at the present. The periods of emissions of different magnitudes of CH4 range from 6 x 10* to
6 x 10° yr, and those of NH; are 55,000-75,000 yr.

At the lower T,.=300 K, thermal escape of gases alone allows their atmospheric masses to decrease
from the primordial to the present-day levels in 50,000-70,000 years, when Titan's temperature has
decreased to 245-255K. Below this temperature, the NH; atmospheric mass is comparable to the
present-day N, mass. Thermal escape does not contradict the existence of the photolytic sink of CHy in
the cooled Titan atmosphere. The thermal escape mechanism does not require arbitrary assumptions
about the timing of the start and duration of the gas emissions from the interior.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

nearly 3.4 than the second largest Saturnian moon, Rhea. Titan is
believed to have formed during the last stages of Saturn’'s formation

Titan is the only known moon to have a thick atmosphere and the
only world besides the Earth to have liquid on its surface. At 9.5 AU
away from the Sun, Titan maintains a surface temperature of 94 K. Its
atmosphere has a surface pressure of 1.5 bar — one and a half times
that of our planet — and consists of approximately 95% N, and 5% CH,4
(mole percentage). Unlike the Galilean satellites, Titan is alone in
terms of its size and mass (Table 1), comprising more than 96% of the
mass in orbit around Saturn, and its diameter is larger by a factor of

* Corresponding author. Tel.: + 1847 467 2467.
E-mail addresses: ashley@earth.northwestern.edu (A.E. Gilliam),
alerman@northwestern.edu (A. Lerman).

http://dx.doi.org/10.1016/j.pss.2014.02.001
0032-0633 © 2014 Elsevier Ltd. All rights reserved.

(Mosqueira and Estrada, 2003) within a disk of gas and dust that was
the outgrowth of the formation of Saturn itself. Within the Saturn
subnebula, collisions of particles led to the formation of rock-ice
planetesimals, and subsequent growth led to the formation of
satellites. Titan's formation in Saturn’s warm subnebula (Alibert and
Mousis, 2007) allowed efficient vaporization and loss of most volatile
species (CO, Ny, and noble gases) with low clathration temperatures,
but left NH5, CH,, H,0, and CO, in solid and clathrate form. Thus, Titan
formed with little CO and noble gases in its atmosphere, which was
dominated by NH; and CH,, consistent with measurements today.
Titan's proto-atmosphere is determined by the stability of the
volatile-rich solid phases, and input from comets that condensed
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(2007), consists of a large silicate core (a serpentine mineral
antigorite, Mg;Si,05(0H),), overlain by a thin layer of brucite
(Mg(OH),), above which are a layer of high-pressure ice VI, an
aqueous ammonium sulfate ocean ((NH,4)2S04), and a crust made
of methane clathrate, ice Ih, and solid ammonium sulfate.

The presence of ammonia in the subsurface ocean is thought to
be a crucial component because of its ability to lower the freezing
temperature of the liquid layer, impeding complete crystallization
(Grasset and Sotin, 1996). Work by Grasset et al. (2000) suggests

42 A.E. Gilliam, A. Lerman / Planetary and Space Science 93-94 (2014) 41-53
Table 1
Titan parameters”.
Parameter

Mean radius (km) 2575
Volume (km?) 7.152 x 10"
Surface area (km?) 8.332x 107
Mass (kg) 1345 x 10*
Mean density (kg/m?®) 1881°
g at the surface (m/s?) 1352
Escape velocity v, = (2gr)'/? (m/s) 2639
Mean distance from the Sun (km) 1427 x 10°

2 From ESA (2013) and NASA (2012).

" From Titan's present-day individual layer densities
and thicknesses (Fortes et al., 2007), Titan's mean density is
2139 kg/m® or 14% higher than the NASA value.

outside the Saturn subnebula (Coustenis, 2005). The proto-atmo-
sphere, once formed, might have limited the amount of radiation
escaping into space, resulting in an increased surface temperature,
from 300 K up to 500 K (Kuramoto and Matsui, 1994). A warm
accretion is consistent with the theory that NH; is the primordial
source of Titan’s atmospheric N, (Atreya et al., 1978; Tobie et al.,
2009).

The origin of CH, in Titan's atmosphere is still widely debated.
Prinn and Fegley (1981) argue that the dense Saturn subnebula
was rich in CO relative to CH, with temperatures and pressures
high enough to permit the conversion of CO to CH,4 in Titan’s
proto-atmosphere. Another hypothesis, by Mousis et al. (2002),
suggests that no conversion of CO to CH4 occurred in the Saturn
subnebula, but Titan was formed from planetesimals rich in CH,
that migrated from the outer part of the subnebula. Regardless of
methane’s origin, there may be a constant source of replenishment
in the atmosphere as the photolysis of methane into other
hydrocarbons occurs on a relatively short timescale (~50 My)
and, as our results show, its escape rate from the Titan atmosphere
is too fast at an accretion temperature of 355 K. One possible
source of methane addition to the atmosphere is cryovolcanism.

To date, only the Cassini-Huygens spacecraft has peered
beneath Titan's thick clouds, giving an incomplete picture of its
atmospheric structure and surface conditions. Even less is known
about early Titan, how it formed, and how it evolved from 4.55 Ga
until today. This paper, dealing primarily with the behavior of CH,
and NHj in the atmosphere, is based on the available information
about Titan's present-day composition and internal structure,
insofar as it is germane to the atmosphere (Table 1), and it
proposes two new models for the chemical and physical composi-
tions of Titan's atmosphere post-accretion. The two models, with
NH; and CH4 as the only gases, define the volume, height, density,
and outer surface area of the atmosphere in each case. We show
how NH3 and CH4 could leave the atmosphere by thermal escape
alone as the only sink, or by a combination of emissions from the
interior and thermal escape, producing in each case the final result
of the present-day gas masses in the atmosphere. For this, we
calculate Titan's accretion temperature, its mean heat capacity,
and subsequent cooling rate. This paper is a contribution to the
story of Titan and its atmosphere, that is critically important to the
understanding of the present and future of this most interesting
and complex body in the solar system.

2. Internal composition and structure

Interaction between Titan's atmosphere and its subsurface,
possibly through cryovolcanism, warrants a summary outline of
its internal structure in addition to the atmosphere. The standard
model of Titan's internal structure, as discussed by Fortes et al.

that the liquid layer is much more complex and might contain
methane and nitrogen in addition to ammonia. For an accreted
Titan, this paper assumes an internal composition based on the
one at present (Fortes et al., 2007): the solid core of antigorite and
brucite, and an outer fluid shell of water and other volatile species
in aqueous solution at the accretion temperature higher than the
present (300-355 K, Section 3.1), as shown in Table 2. An ammo-
nia-water layer is consistent with the inference that solid ammo-
nia-water compounds condensed during or shortly after the
formation of Titan (Yarger et al, 1993). A primordial ammonia
composition of 5-15 wt% is often cited (Grasset and Pargamin,
2005), which can prevent complete crystallization of the liquid
layer. The differences in the composition of the ocean layer,
attributed by different authors (e.g., Fortes et al, 2007; Tobie
et al., 2009) to the relative amounts of NH; and (NH4),SO,, do not
affect the conclusions in this paper, insofar as ammonia in Titan's
interior is considered only as a potential source of emissions.

At 300-355K, all of the H,0 should be in liquid form, and
NH; and ammonium sulfate, (NH4),SO,4, can be dissolved in it.
An aqueous solution of NHj;+(NH,4),SO,4 is stoichiometrically
equivalent to a solution of NH3;+H,SO4; Methane as a gas
at 300-355K is fairly insoluble in water at 1 bar total pressure

Table 2

Primordial component masses of Titan.
Component Mass (kg) % Mass
Methane gas (g or aq) 7.52 x 10%° 0.56
Sulfuric acid (aq) 119 x 10! 0.88
Ammonia (aq) 162 x 10% 1.21
Brucite (s) 363 x 10*! 2.70
Water (liq) 510 x 102 37.89
Antigorite (s) 7.63 x 102 56.76
Total 1345 x 102 100

Sulfuric acid
H2504 (aq) 0.88%

Ammonia NH3 (aq) 1.21%
Brucite Mg(OH)?2 (s) 2.70%

Methane CHa
(goraq)0.56%

Water H20
(lig) 37.9%

Fig. 1. Percent mass of each component in Titan's primordial internal structure.
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(Duan and Mao, 2006), 2.0x 1075-7.6 x 10~%kg CHa/kg H,0,
corresponding to only small fractions of the CH; mass available
in Titan (752 x 10%° kg, Table 2), 0.14-0.05%, respectively. How-
ever, at the same temperatures and 2 kbar total pressure, the mass
of CH,4 soluble in water may be 40-50% of the mass available.

A homogeneous Titan of composition as given in Table 2 and
Fig. 1 is subdivided into an inner solid core of antigorite and
brucite, of radius 1898 km, and an outer fluid shell of thickness
h=677 km, containing H,0, NHj, H;SO4 and CH, where the
fluids are separated from the solids antigorite and brucite. In this
subdivision, Titan's fixed mass, volume, and mean density
(Table 1) are maintained and satisfied by the densities of the inner
solid core p=2793 kg/m® and the outer fluid shell p=1272 kg/m>.
Pressure at the base of the outer fluid shell is close to 12 kbar or
1.2 GPa, from an approximate relationship P~ pghy.

The NH3+(NH,),SO,4 concentration in the fluid shell (Table 2)
corresponds to an aqueous solution of 5.2 wt% (or 2.1 molal). Its
density of 1272 kg/m® is comparable to that of a NaCl aqueous
solution of 15 wt% (3 molal) at 25 °C and 6 kbar pressure, 1274
kg/m? (Lvov and Wood, 1990). The density is higher than that of
pure H,0 at 300 K and 10 kbar, 1237 kg/m? (Wagner and Pruss,
2002), and of the 25 °C densities of such saline brines on the Earth
surface as the Great Salt Lake, 1087-1140 kg/m?® (Naftz et al., 2011),
and the Dead Sea, 1242 kg/m? (Katz, 2013). However, it is lower
than the densities of the Don Juan Pond in Antarctica, of com-
position variably given as CaCl,-MgCl,-NaCl (Marion, 1997;
Matsubaya et al., 1979), 1278-1360 kg/m?>, calculated from the
component-solution densities of 25 °C (OXY, 2012; Conde, 2009;
Rogers and Pitzer, 1982; Chen et al., 1980).

3. Accretion temperature, primordial heat capacity,
and cooling

3.1. Titan's accretion temperature

During the accretion process, part of the impact energy is
converted into heat, although the details of the process are not
well constrained. Grasset and Sotin (1996) assumed that the
fraction of accretional energy retained as heat varies between
0.1 and 0.5 and developed an approximate accretional tempera-
ture profile for Titan. They suggested that once the growing proto-
Titan reached a radius of roughly 1000-1500 km, melting and
vaporization of the surface materials allowed for the development
of a liquid water layer and an atmosphere. Titan's accretion
temperature is an important factor in estimation of the rate of
cooling and subsequent behavior of CH4 and NH; in its atmo-
sphere. Derivation of the accretion temperature T, (Hanks and
Anderson, 1969), based on a balance of the release of gravitational
accretion energy and cooling by ideal black body radiation

Table 3
Accretion temperature models.

emission, with no other internal heat sources or storage, is given in
Egs. (1) and (2), Table 3.

Hanks and Anderson's (1969) determination of the T, is derived
from the sequence of accretion times and rates for Venus, Earth,
Mars, and the Moon. If there were additional internal sources of
heat production or if some of the energy was stored within Titan
instead of all of it being emitted by Stefan-Boltzmann radiation
(that is, if the emitting surface was not an ideal black body, but was
characterized by an emissivity factor 0 < ¢ <1 before the Stefan-
Boltzmann constant ¢ in Eq. (1)), the accretion temperature would
have been higher than the calculated value in Table 3.

At present, with no albedo and no greenhouse effect, the
radiation equilibruim temperature of Titan at its mean distance
from the Sun (Table 1) is T,,=90 K. About 4.5 billion years ago,
when the Sun was approximately 75% as luminous as today
(Gough, 1981), Titan's T,;~ 84 K. The value of Titan's accretion
rate and duration, as estimated from Hanks and Anderson (1969)
is 4.24 + 0.02 m/yr and about 0.6 Myr, respectively. This accretion
rate gives in combination with T,,=85K and other parameters,
varying slightly about their values listed in Table 1 (e.g., Turcotte
and Schubert, 1982, pp. 430-431), an accretion temperature
Tu=353-355K. This value agrees well with estimates of
Kuramoto and Matsui (1994) that proto-Titan temperatures might
have been higher than 300 K, and as high as 500 K.

400

350

300

250

—Start at 300
200

Temperature (K)

150

100 f=——= = = —

50

o 1.E+06  2.E+06 3.E+06 4.E+06

Time since accretion (yr)

5.E+06

Fig. 2. Titan cooling after accretion for two different accretion temperatures,
Tac=355 and T,.=300K (Eq. (6)). Titan's present surface temperature (94 K) is
shown for reference (dashed green line). (For interpretation of the references to
color in all figure legends, the reader is referred to the web version of this article.)

Process or Parameter

Mathematical formulation Explanatory comments

Balance of gravitational energy release and Stephan-Boltzmann cooling by

emission.” pdr/dt is the rate of mass accretion per unit area of the Titan surface
(kgm~?s" ). No internal heat production or storage. Emission of an ideal black

body.

Accretion temperature T from Eq. (1)

QM) dr _ o ) o

r dt

G=6674x 10" Jm kg2
M=1345 x 10” kg
r=2.575x 10°m
p=1881kgm~3

6=5.670x 10" *Wm K *
Teq=85K

T is accretion temperature

Tac=353 to 355K
) From parameter values above

_ GM(r)p dr) L
Tac= (T:“ Yo ar

? Hanks and Anderson (1969). Other models given by Kuramoto and Matsui (1994), Grasset and Sotin (1996) and Barr et al. (2010).
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Barr et al. (2010) estimated the accretion time of Titan as
> 0.8 Myr to = 1.3 Myr, depending on the ammonia content of the
satellite. From Barr's et al. (2010) range of accretion times, 1.16 Myr
gives a mean rate of accretion of 2.22 mfyr and T,.=300 K from
Eq. (2). The two estimates of the accretion temperature (355 and
300K) lead to different thermal escape mechanisms of methane
and ammonia, as will be shown in Section 5.

3.2. Primordial heat capacity

Heat capacity (G, Jkg~! K~} of the primordial Titan is one of
the parameters needed to calculate its cooling rate (Section 3.3)
and to estimate the escape velocities of the atmospheric gases
during cooling (Section 5). The C, values of Titan’s components
(Table 2) at 300 and 350 K are given in Table 4 as mass-weighted
means of 2232 and 2357 J kg~! K~ . The (, data of the individual
components are listed in Table A1, Appendix A. Not all the data are
available for the range of pressures up to 12 kbar in the outer fluid
shell. For CH,, the data for methane gas were used, as we are not
aware of such data for aqueous CH, solutions at high pressures.
Data at 350K were used as an approximation for the calculated
accretion Ty =~ 355 K. The effects of uncertainty in the C, values on
the Titan cooling rate and the thermal escape rates of CH, and NH3
are addressed in Sections 3.3 and 5.

3.3. Titan's cooling rate

For heat dissipation by radiation emission from an ideal black
body, the time needed for the cooling satellite to reach a certain

Table 4
Primordial heat capacity (Gp).

Component Heat capacity J kg 'K ') % of total mass
300K 350K

Methane gas* 2956 3020 0.56

Ammonia-water-sulfuric acid® 4031 4192 39.98

Brucite® 1349 1473 270

Antigorite® 1000 1100 56.76

Mean G, (Jkg 'K 1) 2232 2357 100

Heat capacity data.
2 Setzmann and Wagner (1991).
® Conde (2013); Zeleznik (1991); Wagner and Pruss (2002).
¢ Horita et al. (2002).
4 Osako et al. (2010). More details in Table (A1), Appendix A.

Table 5
Titan cooling rate.

temperature can be computed from Eq. (6), Table 5. The results are
shown in Fig. 2 for the starting temperatures of 355 and 300 K. The
overall cooling rate is unaffected by the different accretion tem-
peratures, and the two curves are essentially identical at £ > 1 Myr
after accretion. The initial cooling period of both curves between
0.5 and 0.6 Myr is relatively fast, where the Titan temperature
decreases to 150 K. It takes about 5 Myr for it to decrease to 90 K.
The cooling rate depends on the Titan heat capacity (Table 4). A
higher value of C, results in a longer cooling time and therefore in a
slower cooling rate. The effects of a variation of ~150 kg~ 1K,
comparable to the difference in the G, values at 300 and 350 K, are
very small and they would hardly be noticeable at the scale of the
graph in Fig. 2. For example, the cooling time from 300 to 220 K, for
the range of C,=2232 + 150 | kg~ ! K~ (the difference between the
estimates of G, at 350 and 300K is 125] kg™ 'K, Table 4), is
1.24 x 10°, 1.16 x 10%, and 1.08 x 10° years.

4. Present-day and primordial atmosphere
4.1. Composition of the present-day atmosphere

Present-day Titan's atmosphere can be divided into two main
layers: the lower atmosphere ( < 880 km) consisting of the tropo-
sphere, stratosphere, and mesosphere; and the upper atmosphere
(>880km) that includes the thermosphere, ionosphere, and
exosphere (Brown et al., 2009). This paper focuses on the lower
atmosphere (also known as the homosphere), where the main
mass of the gases resides.

Two main gases make up the bulk of Titan’s atmosphere:
N, and CHa, which have approximate mole fractions of 0.98 and
0.014 (Niemann et al., 2005), respectively. The third most abun-
dant molecule is hydrogen (H,), of a mole fraction of 0.001 in the
stratosphere (Courtin et al., 2008). N, CHy, and H; are expected to
be well mixed in the homosphere, although CH, is condensable in
the troposphere (Samuelson and Mayo, 1997; Gilliam and McKay,
2011), contributing to Titan’s methane hydrological cycle. Minor
components in Titan’s atmosphere include several hydrocarbons,
nitriles, and oxygen compounds (Brown et al., 2009).

With NH; and CH,4 as the only gases in Titan's atmosphere, we
consider two cases for the atmosphere composition in the present
and three in the past. In Table 6, columns 2 and 3 give the
composition and other parameters of the present-day atmosphere
at 94 K, and columns 4-6 are for the primordial conditions.

In the present-day atmosphere (column 2), partial pressures of
methane, as reported by Griffith et al. {2003}, Jacquemart et al. (2008},

Process or Parameter Mathematical formulation

Explanatory comments

Heat content of Titan after accretion @/3)ar?pCpT  rpCT
e

4nr? Jim #

Loss of heat balanced by radiative emission _rﬂcpﬂz (T =Ty Js 'm 2
from an ideal black bedy 3 dt £

rpCy (T dT i
Integral form of Eq. (4) e v/r,( T-T, N /;

r=2575x10°m

p=1881kgm >

Cp=2232 (300 K) and 2357 (350 K)
Jkg 'K *(Table 4), assumed constant
T is temperature

w

@t is time (seconds)
0=5670x10 *Wm 2K *
Ty=85K
Other parameter values as above

(5) Tq is accretion temperature

T-Toe | Integration by parts of Eq. (5) or, identically, from an

Integrated Eq. (5) for calculation of cooling , _ oGy {l 1L+ e Toc—Teg :
times ¢ at temperatures T decreasing from SaTiq 2 T—TegToc+Teg
Toc 10 Teq

1
T+ Tac/Teg) G

indefinite integral at Wolfram Mathematica Online
Integrator http:/fintegrals.wolfram.com/index. jsp.
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Table 6
Present and primordial Titan atmosphere models.
1 2 3 4 5 6
Parameter Present with N, Present with Mean of 5 models* Model in this Model in this
NH; equivalent [range of values] paper paper
T(K) 94 94 355 300 355 300
CHy (bar) 01° 0.1 35.9 [2.40-80] 1958 19.58
NH; (bar) 14 (Ny) 170 5.7 [0.6-10] 5.82 582
P (bar) 15 180 416 [3-90] 25.40 25.40
Atm. mass (kg) 9.24x 108 111 x 10" 2.56 x 10%° 157 x 10% 157 x 10%°
[(0.19-5.55)x 10%°]
Mass CH, (kg) 6.16 % 1017 © 6.16x% 107 ¢ 2.21x 102 1.19x 10%° 119x 10%°
[(0.15-4.93)x 10%°]
Mass NH; (kg) 8.63x 10" (N;) 105x 101 ¢ 3.51 %10 3.76x 10" 3.76 x 10'°
[(0.37-6.16) x 10'°]
Atm. velume (m?®) 177 x 1018 2.84 %108 112 %10 950 x 108 112 %10 945 %108
[(112-113) x 10%] [(9.47-9.52) x 10%8]
Scale height or thickness (km) 21.07 33.51 128.34 109.25 127.75 108.74
[127.87-128.53] [108.85-109.42]
Atm. top surface area (m?) 847 x 102 8.55 x 10 9.18 x 10 9.05 x 10" 9.18 x 10 9.05 x 103
Atm. density: mass/vol. (kg/m®) 522 3.91 22.80 26.98 14.0 16.57
[1.65-49.25] [1.95-58.28]
# Adapted from Niemann et al. (2005) and Brown et al. (2009).
® References: Griffith et al. (2003 ), Jacquemart et al. (2008) and Lorenz et al. (1999).
¢ CH4 mass is 0.52% of the mass in columns 5 and 6.
4 NH; mass is 27.9% of the mass in columns 5 and 6.
Table 7
Relaticnships between atmospheric pressure, mass, velume, thickness, and cuter surface area.
Process or parameter Mathematical foermulation Explanatory comments
Atmospheric mass (m, kg) as a function of atmospheric pressure, Titan m :E P is total atm. pressure (Pa)

surface area, and g at the surface. m, and m; are the individual component
gas masses (kg)

Relationship between the total and compenent gas masses, atmosphere
volume, temperature and gas constant, from ideal gas law

Atmosphere velume from Eq. (8)

Atmosphere velume as a function of the Titan radius (r, m)
and atmosphere thickness (h, m)

Thickness or scale height of the atmosphere frem Eq. (10)

Atmosphere outer surface area

g
my =p;Sr/gand my = p;Sr/g

m= mM;+n;M,
_ 1My +poMi)Vaim

Varm =
Vam = %[(H hy —17]

3Vaem | 3\
h:(T+F) -r

Saem = d(r+h)®

@ p1 and p, partial pressures of gases (Pa)
57r=8.332 x 10" m? (Table 1)
g at the surface=1.352ms 2 (Table 1)

m is atmosphere mass (kg)

n; mols of a gas component in the atm.
RT M; molecular mass of gas

Vi 1S atmosphere volume (m?)

R the gas constant=8.3145  mol 'K !

)

mRT

Vaom in m?
1M+ Do My ©)

(10) Vi in m*
r=2.575x 10° m (Table 1)

(11) hinm

(12) Saom in m? Other parameters as above

and Lorenz et al. (1999), are in the range from 0.05 to 0.09 bar. We
round this to 0.1 bar that with the N, partial pressure of 14 bar gives
total atmospheric pressure P=1.5 bar. From the total and individual
components’ partial pressures, the masses of the two gases, total
atmospheric mass, and volume were calculated using Eqgs. (7)-(10} in
Table 7, and atmospheric scale height or thickness calculated from Eq.
(11). It may be noted that the scale height is not the total height of the
atmosphere, but is the thickness of an isothermal atmosphere of
known mass and composition or the height from the satellite surface
to where the pressure decreases to 1/e of its value at the surface. For
N, in the atmosphere attributed to its precursor, NH; (Atreya et al,
1978), the latter’'s mass equivalent to the present-day mass of N; is
shown in column 3. The mass and volume of this atmosphere are
accordingly somewhat greater than those of the N,-containing atmo-
sphere in column 2.

4.2. Primordial atmosphere composition

The exact composition of Titan's early atmosphere is not well
known, although it is generally accepted that it was much more

massive and denser than at present, and dominated by ammonia and
methane. The range of NH3 and CH, partial pressures, shown in
column 4 of Table 6, is based on the work by Niemann et al. (2005)
and Brown et al. (2009). Niemann et al. (2005), from the N/*>N ratio
measured in the Titan atmosphere by the Gas Chromatograph Mass
Spectrometer {(GCMS) on the Huygens probe, conclude a massive
early atmosphere, between two and ten times today’s value. Brown
et al. (2009), also from the N/®N ratio measured by the GCMS,
estimate that early Titan should have had a N, pressure between
5 and 10 bar, and a CH, pressure between 30 and 80 bar. We use the
upper and lower limits for pNH3 and pCH,4 given by these sources
and calculate their means and other parameters (column 4, Table 5},
as explained in the preceding section for columns 2 and 3.

The most commonly accepted view of the origin of N, in Titan’s
atmosphere is the photodissociation of NH3 into N,, although
Strobel (1982} believed N, to be primordial. Atreya et al. {1978}
proposed that after cooling of Titan’s surface, and once outgassing
began, ammonia in the atmosphere could have been photolyzed,
converting NH; into nitrogen-bearing compounds, including Nj.
Combining all of the intermediate steps involved in their model
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Table 8
Parameters of Maxwell-Beltzmann distribution and thermal gas escape.
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Process or parameter Mathematical formulation

Explanatory comments

Most prebable speed at the velocity distribution  , _ Spr7ar
peak (m/s) ° /
. e 2 8RT 2
Mean velocity of the distribution (my/s) V= /n vfwdv = v ﬁ!/g

Cumulative distribution of gas velocities (fraction)

Fw= [ o

—erf( L 8 e
- Vo Vﬁﬁ

(78

(15) Solution of df(v)/dv =0, where f(v) is given in
Eq. (13). R is the gas constant (8.3145 ] mol 'K 1)

and M is molecular mass of the gas (kgmol 1)
(16) f(v) is the Maxwell-Boltzmann distribution
in Eq. (13)

(17) FW—-1, asv-oo

Fraction of the distribution at velocities greater Fimige 4 © e GrPg
than Titan's escape velocity v, (Table 1) (i) VINT J. e Y,
18) Range of velocities: v, <v<oco
= % e e | erfe(ve fvp) e & :
2 v,
Approximation of the fraction in Eq. (19) for F(v>ve)= ﬁv—"‘e Oe0 e Ol J(/T Ve o) (19) Goody (1976) gives the following approximation for
o s
Ve/Vp>2 10 >2.5: F(v=ve), for the same conditions of
erfc(Ve /vo) =€ 01" /(YT Ve Vo) Ve/Vo > 2F (V> ve)=Ae 0% This result is
greater than that of Eq. (19) by a factor of
2, =1.13 or about 13%.
_ o o 2v, [1 + (ve/vo)z} VR
Mean velccity in the velocity interval Vv = [ ufi Md"/ ﬂ fodv= T4 20. v (20) Note: in this velocity interval, the Maxwell -

Ve <V < oo (mys)

Boltzmann distribution is not a pdf. The ratio of the
high-velocity mean to the escape velocity, V.. v, /Ve, is
always > 1.

gives the overall reaction: NH3+NH;—N,+2H,+H. A crucial
intermediate step of this reaction is the production of hydrazine
{N2H4) from amidogen radicals (NH.), created through the photo-
lysis of NHs, that also acts as the rate-limiting step in the
production of Na. An ideal temperature range for the production
of N, from NH3 on Titan is 150-250 K. NH3 is a vapor below 150 K
and whatever small amount of N;H, is formed from it would
condense, preventing N, formation. At a temperature above 250 K,
water vapor pressure is sufficiently large, so that OH from its
photolysis reacts with NH, and NHs, producing NH whilst decreas-
ing the amount of N, formed. The present atmospheric tempera-
ture on Titan should prevent NH; photolysis from producing N,
and any N,H, formed at the 94 K surface should sublimate prior to
photolysis (Strobel, 1982). From the cooling curve in Fig. 2, Titan
should have experienced these favorable temperatures between
~89,300 and 613,000 years after accretion at 355 K. This agrees
with estimates of Brown et al. (2009), who report that the
dissociation of NH3 into N» must have occurred no later than
10 Myr after accretion.

If the Sun, in its very early history, emitted up to 10* times as
much UV radiation than it does today (Zahnle and Walker, 1982),
up to 20 bar of N; could be produced in less than 2 million years in
Titan’s primordial atmosphere (Atreya et al,, 1978). This finding
was confirmed by Strobel (1982), who suggested that if Titan's
surface temperature was 150 K or greater for approximately 4% of
its evolutionary history (or about 180 Myr), then NH; photolysis
could account for the current levels of N, in its atmosphere. Our
results on the cooling rate of Titan (Fig. 2) suggest that 150 K could
have been reached 6 x 10° years after the start of cooling.

From the data in column 4, Table 6, the results for a
primordial atmosphere at 355K suggest an atmospheric mass
of 2.56 x 10%° kg and a scale height of 128 km. At 300K, the
same atmospheric mass corresponds to a scale height of
109 km.

The calculated composition of a primordial atmosphere at 355
and 300 K is given in columns 5 and 6 in Table 6, where the initial
masses of CHs and NH3 satisfy the conditions of gas thermal
escape or emission-with-escape to the present-day levels as given
in column 3 (Section 5). In the two primordial atmosphere models,

starting with the masses of CHy and NHs, the other parameters
were calculated from the equations in Table 7.

The two primordial atmospheric models have scale thicknesses
five to six times greater than the present-day atmosphere, a total
pressure of 25bar, in comparison to 15bar at present, and
densities of 14-16.6 kg/m>, compared to 5.2 kg/m> at present.

5. Gas escape

5.1. Maxwell-Boltzmann gas-molecular velocity distribution:
H, and CHy

Gases escape from the surface of a planet if their molecular or
atomic velocities exceed the escape velocity of the planet
ve =(2gr)'/?. The latter is a function of the planet’s radius r and
the acceleration due to the force of gravity at its surface, g
(Table 1), and for Titan it is v.=2.639 km/s. This relationship
explains why some planets and moons have atmospheres and
others do not: a larger fraction of the molecules on a body with a
massive atmosphere and low temperature, like Titan, may have
smaller fractions of the atmosphere that can escape. The distribu-
tion of molecular speeds depends strongly on (1) the mass of
the molecule and (2) temperature, as represented by the
Maxwell-Boltzmann distribution of gas velocities'

B e 2
f(v)=47r<—-2ﬁRT) Ve “MYIGRD) (13)

' In modern notation, the Maxwell-Bolizmann distribution is a probability
density function or pdf (e.g., Wikipedia, 2013, with references to publications in
1949-2008). The forms given by Maxwell (1860, p. 23; 1867, pp. 64, 69; 1890,
p. 381) and Beltzmann (1896, p. 49) are somewhat different from a pdf, and their
notation carried into the early and even later parts of the 20th century (Jeans, 1911,
p. 658; 1916, p. 33; Chapman, 1916, p. 283; Chapman and Cowling, 1970, p. 69). The
latter (1970, pp. 131, 407) and Brush (2008) alsc discussed David Enskog's earlier
contributions to Maxwell's theory.
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Fig. 3. (a) Maxwell-Boltzmann distribution of H, at 355 K, showing the peak velocity vy, mean velocity ¥, Titan escape velocity v, and mean velocity V.. ,, in the interval
Ve < v < oc. (b) Linear plot of f(v) of CH; at 355 K. Cumulative frequency for CH,; shown as a check of calculation. (¢) Logarithmic plot of f(v) of CH, at 355 K. Eqs. (13)-(20).
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Fig. 4. (a) Mean escape velocity of gases V.. ,,, above the Titan escape velocity v, as a function of temperature and molecular mass, Eq. (20). (b) Dependence of the fraction of
the gas mass above the Titan escape velocity, #(v = v;), on temperature and molecular mass, Eq. (19). CO, falls off the figure scale. Numbers in parentheses are molecular

masses in gram/mol.
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Fig. 5. (a) Schematic diagram of Titan and its atmosphere, gas fluxes, and main equations. (b) Logarithmic velocity frequency distribution at higher velocities. (¢) Linear

velocity frequency distribution at higher velocities.

Table 9
Parameters of gas escape rate.

Process or Parameter Mathematical formulation

Explanatory comments

Gas mass remaining in the atmosphere (kg) Ny = Noe ¥

Concentration of the escaping gas in the (1/2)F(v> ve)N:

@ Np initial gas mass (kg)
k is escape rate parameter (s™')
t is time (s)

22) 0.5F(v > v,) escaping gas fraction

atmosphere (kgfm?) Vaim N, gas mass in the atmosphere (kg)
Vam atmosphere volume (m?)
Mass flux our of the atmosphere (kgfs) FY > Ve)V o, Sam Ne =kN; (23)
2Vatm
Escape rate parameter k (s~ ') « =7'—“’+"~v5mm (24)

| 2vell + e /¥0)*] Sam

k=Yeg-tupmp| 2, 1
Vo VI (e /v0) VE| 1-2(%/vo)* 2Vem

Calculation of Ny Ni 1= Nie~ 05kt 1-6)
i1 =Ni

Gas emission from the interior to the N, = f” e My_Nge M

(25) Calculated for every two consecutive time
steps, t=i and t=i—1, and a mean value of k
for that period, (k; , 1 + k)2

(26) F constant input rate (% of N per yr)

atmosphere and thermal loss from the latter k Other parameters as in Eq. (21)
i issil ' L =050~y + Kty — 1) Ip @~ U3k = kit
Calculation of N;, emission and escape model . ST [1—e~05tu1+ K)t-1 = 9] . Np e =051 ilies = B (57
or, using Eq. (15) in Table 8, their molecular masses are close: CHy, M=0.016 kg/mol, and for
4 o NH;, M=0.017 kg/mol. Other relevant relationships and para-
fv)=—F——=vie-t (14)  meters are given in Table 8.
vavm

The Maxwell-Boltzmann distribution describes gas molecules
in thermal equilibrium, moving freely without interacting with
one another, except for elastic collisions. Methane and ammonia
are treated as individual gases in Titan’s atmosphere insofar as

Fig. 3 shows the Maxwell-Boltzmann distribution at 355 K of
H, gas (M=0.002 kg/mol), the third most abundant species in
Titan's present-day atmosphere, and of the heavier CH, that does
not lend itself to the same graphic representation as H, on a linear
scale. Fig. 3 shows that peak velocity vy and mean velocity v .., at
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the high end of the distribution, where v, <v < o, are greater for
the lighter H, that for the heavier CH; and NHj. For these and
some heavier gases, mean velocities v .., are shown in Fig. 4.

At the starting temperature of 355 K, easy and fast escape of the
much lighter H, is possible, but CHa, of a higher molecular mass, has

1.0e-02 /

1 = Methane /
8.0E-03 /

== Ammonia

6.0E-03

4.0E-03

2.0E-03

Escape rate parameter k (yr?)

0.0E+00 T T T
240 260

Temperature (K)

Fig. 6. The escape rate parameter, k, vs. temperature, T, for NH3 and CH,, assuming
a Tee=355 K. In this model, k is not effective below T~ 270K, Eq. (24). Compare
Fig. 10.
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Fig. 7. The fractions of CH,; and NH; remaining as a function of time since accretion
assuming a T, =355K, Eq. (25).

Table 10
Summary of CH; and NH; inferred input rates to Titan's atmosphere.

a small fraction above the escape velocity, F(v > v,), that accounts
for a slow, but significant escape over a long period of time.

5.2. Gas escape formulation

In a gas, the directions of the gas molecules are on the average
outward and inward (Maxwell, 1867, p. 50), and the fraction of the
gas moving away from the planet is half of the fraction F(v > v,)
(e.g., Goody, 1976). Fig. 5a and Table 9 describe the gas escape from
the atmosphere as a first-order process, N; = Ng e ~** (kg or % of Ny),
that depends on the escape rate parameter, k (s~ ' or yr—'). The latter
is a function of temperature and molecular mass of the gas through
its dependence on vy, of the Titan escape velocity, ve, and of the
quotient of the atmosphere volume to its outer surface area, Vyu,/
Saem, that is effectively the atmosphere thickness h (Tables 6 and 7).
As the atmosphere cools over time, the fraction of gas greater than
the escape velocity, F(v > v,), decreases faster than the mean escape
velocity V.., (Fig. 4). Thus, the escape rate parameter, k, decreases
strongly with a decreasing temperature (Fig. 6).

Fig. 5b and ¢ shows the high-tail parts of the velocity distribu-
tion (Fig. 3b) of methane on a logarithmic and linear scale.
As these figures show, the fraction of CH4 gas molecules that have
velocities greater than the escape velocity is small. However,
although F(v > v,) is low for CH,, its product with mean escape
velocity above v, assures a slow but substantial escape of CH4 over
a long period of time.

5.3. Gas escape at 355K

Starting at an accretion temperature of 355K, the calculated
values of k for NH; and CH, are too high and they allow the gases to
escape before the atmosphere temperature drops sufficiently to
prevent any further escape, which occurs below about 260K
(Fig. 6). The relatively high values of k for CH4 and NH; near 355K
account for the fact that very little of the initial gas mass would be
left in the atmosphere after a few hundred years, as shown in Fig. 7.
Considering Titan's cooling rate (Fig. 2), the temperature of 150 K, as
a lower limit of NHj to N, conversion (Atreya et al,, 1978), is reached
after about 500,000-600,000 years, and after such a long period of
time the gas masses remaining would be vanishingly small fractions
of the initial masses as given in Table 6, column 5.

Two hypothetical, but similarly unrealistic, explanations of
slower rates of gas escape from a 355K atmosphere may be
considered:

(1) Escape rate parameter, k, as shown in Fig. 5 and Eq. (24),
depends on the atmosphere outer surface area, Sy,. If the

Gas species and process In solid planet

In present-day atm. 94 K

In primordial atm. 355K

(kg) (kg) (bar) No (kg) or No=100% (bar)
CHa 7.523E+20 6.163E+ 17 0.1 1.190E + 20 196
NH3 (N, mass equivalent in present-day atm.) 1.622E + 21 1.049E + 19 17 3.760E + 19 5.8
CH.% of mass in solid 0.08% 15.81%
NH3% of mass in solid 0.65% 2.32%
CH, NH;
Input to atm. F (% yr~' of Np), starting at 355 K 1.00E- 06 1.00E—05 1.00E- 04 8.00E-04 145E-03
CH., Input flux FNo/100 (primordial) (kg/yr) 119E+12 119E+13 1.19E + 14
Time to exhaust CH, in the interior (yr) 6.32E+08 6.32E+07 6.32E+06
NH3 input flux FNo/100 (primordial) (kg/yr) 301E+14 5.45E + 14
Time to exhaust NH; in the interior (yr) 54E+06 3.0E+06
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outer atmosphere was only partially permeable to the escap-
ing CH; and NHj, their outgoing fluxes would have been
smaller and the atmosphere might have cooled sufficiently
before the two gases were exhausted. However, this requires
partial permeability of the upper atmosphere to be about 5%
(5.6% for CH4 and 4.5% for NH3) for the initial gas masses to
decrease to their present-day levels.

(2) The dependence of escape rate parameter k on the quotient
Vam/Saem and therefore on the atmosphere thickness h, could
make k sufficiently smaller at a larger quotient Vaom/Saom, to
reduce the initial gas masses to their present-day levels. This,
however, could be accomplished only for an unrealistic atmo-
sphere of thickness h ~ 4316 km, greater than the Titan radius
of 2575 km, total pressure of about 28 bar, and low density of
0.13 kg/m®. A more realistic explanation, emissions from the
interior combined with thermal escape, is given in the follow-
ing section.

5.4. Possible emissions from Titan's interior

Possible cryovolcanic features on Titan's surface have been
identified by the Cassini Radar Mapper, as well as other visual
and infrared instruments onboard the Cassini spacecraft (Lopes
et al., 2007). Cryovolcanism on Titan resembles silicate volcanism
on Earth, except its eruptions consist of volatiles, such as water,
ammonia, and methane, instead of molten rock. Cryovolcanism is
considered by some (Atreya et al, 2006; Fortes et al, 2007;
Grindrod et al, 2008) to be the leading mechanism for the
replenishment of methane in Titan's atmosphere, where it may
be irreversibly lost due to photochemical dissociation. Methane
replenishment via cryovolcanism is supported by many, including
Fortes et al. (2007), who estimate that a magma containing 0.5
wt% CHa, erupted at a reasonable rate of up to ~1.0 x 10" kg/yr,
could buffer the photolytic destruction of atmospheric methane.
This emission rate is lower than the input fluxes in the emission-
and-escape model, as shown in Table 10, and it would make the
methane content of the satellite practically inexhaustible, with
a theoretical methane depletion time of 150 billion years.
Photolytic decomposition of CH, by UV radiation at altitudes

a
Temperature (K)
o] O O
& S 180 170 160 150 140
T 1 T T T T T
1024
1E+01 e ]
5 e P
T 1800 § Ao —==
i l /
£ /
& 1E01
H
5 1602 e F = 1.0E-04 %/yr stops at 57,350 yr, 273 K
£ 1.0E-04 %/yr continues
8 e F = 1,0E-05 %/yr stops at 117,500 yr, 235 K
!.", 1.E-03 = L.OE¥05 %/yr continues
5 w— F = 1.0E-06 %/yr stops at 612,500 yr, 150 K
1604 m=eef = 1,0E-06 %/yr continues
<—> CHyin present-day atmosphere 0.52%
of primordial at 355 K
1.E-05
0 200,000 400,000 600,000 800,000

Time since start of CH, input to atmosphere (yr)

300 km produces ethane (C,Hg) as one of the main stable products
(Strobel, 1982; Lunine et al., 1983; Smith and Raulin, 1999; Wilson
and Atreya, 2004; Atreya et al., 2006; Lunine and Atreya, 2008).
Ethane accumulates on the Titan surface, but its re-evaporation
and reconversion to methane are not considered as realistic
sources of CH, replenishment in the atmosphere, where its
chemical lifetime is estimated from about 27,000 yr at altitude
300 km (Wilson and Atreya, 2004) to 107-10% yr (Atreya et al.,
2006). The longer estimate of the CH, residence time in the
atmosphere cited above, 10’-10% yr, is much longer than our
estimates of the residence time (1/k), increasing from 2400 yr at
300K to 3 x 107 yr at 210 K, reached after 145,000 yr. Thus, if the
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Fig. 9. The amount of NH3; and CH,4 remaining in the atmosphere as a function of
time since accretion assuming a T,.=300 K. Eq. (25).
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Fig. 8. Input of (a) CH, and (b) NH3 from Titan's interior to the atmosphere, added to the escaping gases. Final masses are stabilized at their present-day values (Table 6,

column 3). Curves computed using Eq. (27).
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longer residence time is due to photolytic destruction of CH,, our
results for the much-diminished flux out of the atmosphere do not
contradict the slow rates of methane destruction and replenish-
ment on the cooled Titan.

Among the many possible emission scenarios that may be
thought of, the case we explore is gas thermal escape accompanied
by emission from Titan's interior, a simple process that is a
combination of a constant input rate to the atmosphere, F (%No/
yr or kg/yr), with a first-order escape dN/dt=F—kN, the solution of
which is given in Eqgs. (26) and (27). For CHg, three reasonable
rates of emission are shown in Fig. 8a and Table 10. If CH4
emissions from the Titan interior were continuous, the supply
would be exhausted in 6.32-632 Myr. To avoid complete depletion
of CH, from the internal reservoir, and to satisfy the present-day
CH,4 atmospheric level, emissions at the rates shown in Fig. 8a
would have to stop at 57,350 (F=1.0x 10-%%/yr), 117,500
(F=1.0 x 10~ °%/yr), and 612,500 (F=1.0 x 10~ °%/yr) years, respec-
tively, after the start of CH, input to the atmosphere.

The NHj3 emissions include two reasonable rates of input:
F=1.45 x 10~ *%/yr and F=9.0 x 10~ *%/yr (Fig. 8b and Table 10).
In a continuous emission at these rates, the NH; reservoir would
be depleted in 3-5.4 Myr after the emission start. A discontinuous
input, with NH3 emissions stopping at 57,360 (F=1.45 x 10 *%/yr)
and 74,000 (F=9.0 x 10~ *%/yr) years after the start of input to the
atmosphere, would satisfy the present-day level of NH; (N»
equivalent) (Table 6, column 3).

It should be realized that the processes described in Fig. 8 and
Table 10 assume termination of the emissions at a time that
satisfies the primordial atmosphere to meet the conditions of
present day. The results also show periods of variable length
where the atmosphere had very low concentrations of the two
gases, until their levels were raised by emissions from the interior.

5.5. Gas escape at 300 K

A primordial atmosphere, initially at 300 K (Table 6, column 6),
loses CH4 and NHj by thermal escape down to their present-day
levels (column 3) by the time the atmosphere has cooled to about
250K (Fig. 9). As the gases are continuously lost from the atmo-
sphere, its mass and volume decrease, making the escape rate
parameter k slightly larger and escape rate faster. The results of
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Fig. 10. The escape rate parameter, k, as a function of time since accretion for CHy
and NH3 assuming a T,.=300K. Eq. (24).

this change in k are shown in Figs. 9 and 10, by the curves for a
constant or decreasing atmosphere volume.

As the value of the Titan mean heat capacity, (,=2232
Jkg 'K~ at 300 K (Table 4), affects the time and rate of the satellite
cooling (Section 3.2), a variation in G, also affects the initial masses of
CH, and NHj in the primordial atmosphere that are computed to
make the initial masses decrease to their present-day levels (Table 6,
columns 6 and 3). In a test of sensitivity of the results to the G, values,
avariation of ~150 J kg~ ' K~ in ,=2232] kg~ K~ ' produces only
very small effects on the cooling rate. At the higher C, value, it takes
slightly longer to cool from one temperature point to a lower one, and
this slower cooling rate allows more gas to escape from the atmo-
sphere. At the conditions of a higher or lower Titan G, 2382 or
2082 ) kg~ ' K™, the initial atmospheric mass N, of CH,, would be
+44% to —30% of the model value, and for NH; it would be + 9%.
These changes are due to the greater or smaller time-interval
differences, t;, 1—t;, in Eq. (25) that affect the negative exponential
term and the resulting value of the remaining gas mass fraction N,

In this thermal escape model, the escape of NH; and CH, ends
50,000-70,000 years after start, when the gas masses decline to
their present-day levels. However, in the model of gas emission-
and-escape (Fig. 8), the times of mass decline are longer: for NH;,
depending on its emission rate, it takes about 70,00-80,000 years.
At the different emission rates of CHy, it takes 100,000-600,000
years to attain a steady-state value.

6. Conclusions

This paper presents a new model of the NH3 and CH, sinks, the
two main gases, in Titan's primordial atmosphere. If NH; and CH,
were removed from the atmosphere, initially at 300 K, by thermal
escape as the only sink, the final result is the present-day gas
masses in the atmosphere, attained after 50,000-70,000 yr.

An alternative model combines the two mechanisms of gas
emission from Titan's interior with thermal escape. At the differ-
ent estimated emission rates from the interior, the times of mass
decline from the primordial, at 355K, to present-day levels are
longer: for NH3, the decline is about 70,000-80,000 years; for CHa,
it takes 100,000-600,000 years to attain a steady-state value. We
place less trust in the emission-with-escape model because of
(a) arbitrary assumptions of the period lengths of the emissions
and (b) significantly, the discrepancies between the reported rates
of CH4 emissions and our estimates of the available CH,4 inventory
in the Titan interior.

The models of gas thermal escape and emission-with-escape
are based on the estimates of Titan’s post-accretional composition,
as made of a solid core of antigorite (Mg;Si,05(OH),) and brucite
(Mg(OH)3), and an outer fluid shell made of the volatile compo-
nents (H,0, NHs, (NH,4),S04, and CH,4) that account for 40.54% of
Titan's mass. The accretion temperature is estimated in the range
from 300 to 355 K, based on the gravitational energy of accretion,
without additional heat production or storage, and radiational
emission cooling of an ideal black body. For the post-accretional
cooling rate, we estimated mean heat capacity, G, of Titan at the
two temperatures, from compilations of the C, data for the
individual components.

An analysis of the thermal escape mechanism as a Maxwell-
Boltzmann gas indicates a strong dependence of the gas escape
rate on temperature, molecular mass of the gas species, the escape
velocity at the satellite surface, and the atmosphere thickness or
the quotient of its volume to outer surface area. Titan's cooling
controls the gas escape from the atmosphere, resulting in the
computed primordial masses decreasing to their present-day
values by the time the temperature has declined to below 250 K.
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Table A1
Summary of G, data at different temperatures and pressures.

Heat capacities C, Jkg 'K 'f

300K, 1bar 5-10 bar 1kb 2kb 1-5kb 5kb 47-85 kb
Methane gas 2226 2956 Setzmann and Wagner (1991),
Table 39, p. 1119 et seq.
Ammonia-water ~3 wt% 4136 Calculated from Conde (2006), p. 10,
mass fract. NH;=0.0326
4150 Conde (2013), from Fig. 8 in 2006
edition
H;504, mol fraction 763.02 Zeleznik (1991), Table 7, p. 1189 et seq.
x=4.266E—03 (G,/R)
H,0 4180.60 3979.8 3882.8 3793.8 ‘Wagner and Pruss (2002), pp. 496, 533
XHS04+ (1 —x)H,0 3869.49 From the G, of mol fractions of H,504
and H,0
NH3-H2504-H>0 solution 4031.21 Mean of the NH;-H»0 and H2504-H;0
solutions
Magnesium hydroxide 1348.79 Herita et al. (2002), Table 4 (mean of
calc. and experim. values)
Antigorite 1985.75 Grindrod et al. (2008)
1000 Osako et al. (2010), Fig. 3
350K, 1bar 5-10bar 1kb 2kb 1-5kb 5kb 47-85 kb
Methane gas 2365 3020 Setzmann and Wagner (1991),
Table 39, p. 1119 et seq.
Ammonia-Water ~3 wt% 4188 Calculated from Conde (2006, p. 10),
mass fract. NH;=0.0326
4400 Conde (2013), from Fig. 8 in 2006
edition
H,504, mol fraction 767.25 Zeleznik (1991), Table 7, p. 1189 et seq.
x=4.266E03 (C,R)
H;0 4194.5 40253 39214 3785.8 Wagner and Pruss (2002), pp. 496, 533
XHS04+ (1 —x)H,0 3907.94 From the G, of mol fractions of H,504
and H,0
NH3-H;50,4-H,0 sclution 4191.62 Mean of the NH3-H,0 and H,50,-H,0
solutions
Magnesium hydroxide 1472.68 Herita et al. (2002), Table 4 (mean of
calc. and experim. values)
Antigorite 1986.72 Grindrod et al. (2008)
1100 Osako et al. (2010), Fig. 3

# Values in boldface roman are used in the calculation of mean G, in Table 4,
solution at 300 and 350 K.
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Appendix A

Table Al lists the values of the heat capacity of Titan’s
primordial components as given in Table 4.

those in boldface italics are for intermediate calculations of G, of the NH3-H;50,-H,0
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The second most abundant component of the present-day Titan atmosphere, methane (CHy), is known to
undergo photolytic conversion to ethane (C,Hg) that accumulates as a liquid on Titan's surface. Conden-
sation temperature of ethane is higher than that of methane, so that ethane “rain” may be expected to
occur before the liquefaction of methane. At present, the partial pressure of ethane in the atmosphere is
1E-5 bar, much lower than 1E—1 bar of CHy. Estimated 8.46E17 kg or 1.37E6 km? of C,Hg have been pro-
duced on Titan since accretion. The Titan surface reservoirs of ethane are lakes and craters, of estimated
volume of 50,000 km?® and 61,000 km?, respectively. As these are smaller than the total volume of liquid
ethane produced in the course of Titan's history, the excess may be stored in the subsurface of the crust,
made primarily of water ice. The minimum porosity of the crust needed to accommodate all the liquid
ethane would be only 0.9% of the uppermost 2 km of the crust. The occurrence of CHy and liquid C,Hg
on Titan has led to much speculation on the possibility of life on that satellite. The aggregation of organic
molecules in a “primordial soup or bullion” depends in part on the viscosity of the medium, diffusivity
of organic molecules in it, and rates of polymerization reactions. The temperatures on Titan, much lower
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than on primordial Earth, are less favorable to the “Second Coming of life” on Titan.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Titan, the largest moon of Saturn, is unique in the Solar Sys-
tem. Whereas satellites in general are not known for having at-
mospheres, Titan not only possesses an atmosphere, it has a mas-
sive and complex one, harboring a suite of hydrocarbons that
display a meteorological cycle similar to the hydrological cycle on
Earth. The main components of Titan’s atmosphere at present are
nitrogen (N,, 1.4 bar) and methane (CHy, 0.1 bar). In Titan’s at-
mosphere hydrocarbons are produced by the photodissociation of
methane. In the stratosphere, which extends from the tropopause
(approx. 40 km) to the stratopause (approx. 320 km), UV pho-
tolysis is responsible for ~1/3 of the total methane destruc-
tion (Atreya et al, 2009), 75% of which occurs at the Lyman «
wavelength (121.6nm) (Wilson and Atreya, 2009). At Lyman c,
the photodissociation of methane produces other hydrocarbons,
such as methyl radicals (CH3). These hydrocarbons recombine to
form heavier molecules (e.g. C,Hg) that condense as liquids or
solids in the lower stratosphere and vicinity of Titan’s cold tro-
posphere (Fig. 1) to form a haze layer and eventually precipi-
tate from the atmosphere. In Titan’s atmosphere, ethane (C,Hg)
is the main photolysis product of methane (Yung et al., 1984),

* Corresponding author.
E-mail address: ashley@earth.northwestern.edu (AE. Gilliam).

http://dx.doi.org/10.1016/j.icarus.2016.04.025
0019-1035/© 2016 Elsevier B.V. All rights reserved.

with a mean production rate of 13 x 10 moleculescm=2 s~!
(2.16 x 1071 moles cm™2 s~1) from solely the photolytic conver-
sion of methane to ethane (Wilson and Atreya, 2009), nearly ten-
fold the production of the other hydrocarbons combined (Toublanc
et al., 1995). Higher production rates of ethane (Cornet et al., 2015),
1.2-15 x 109 molecules cm™2 s~1, are either similar or higher than
the photochemical removal rate of CHy, 2.5 x 10° molecules cm™2
s~1 (Wilson and Atreya, 2009). A simplified sequence of direct for-
ward reactions from CHy to CHg that short-circuit the complex
intermediate paths can be represented by the following (Gilliam
et al,, 2015):

CHy — CH3; +H first-order rate parameter ki, (s™1),
d[CH]/dt = F — ky5[CHy] 1)

d[CHz]/dt = k2 [CH4) (2)

CH3 + CH; — C,Hg 2nd-order rate parameter
ky3 (cm3 mol™' s71), d[C,Hg]/dt = kas[CHs]? 3)

C,Hg — other products first-order rate parameter ks (s~1),
d[CaHg]/dt = —k3[CyHg] 4)

where [ ] are atmospheric concentrations in kg, mol or molecules
vol=1, k jj are the reaction rate parameters, and f > 0 (mass vol~1
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Fig. 1. One of the important points in the history of methane and ethane in Ti-
tan's atmosphere is that C;Hg condenses at a higher temperature than CHg4. The
figure above shows: (a) saturation vapor pressure or liquidus curves of each gas
(CRC Handbook of Chemistry and Physics, 2016). Note that as Titan's atmosphere
cools from about 300 K down, C;Hg liquefies before CH4 and it also forms a solid
phase at the triple point before CH4. Thus liquefaction and “raining” of C;Hg in
Titan's atmosphere is expected to begin before that of CH,. (b) Calculated partial
pressures of methane and ethane in the theoretical reactions sequence (1)-(4), as
explained in the text. Present-day partial pressures are shown as red dots. (For in-
terpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

time~1) is the rate of CH, emission from the interior to the atmo-
sphere. The resulting ethane is largely shielded from UV radiation
by methane and acetylene (C,H,), making it stable against photoly-
sis. The principal loss mechanism for ethane is condensation at the
tropopause, followed by its accumulation as a liquid on the surface
(Yung and DeMore, 1999).

Another mechanism of methane loss in the Titan atmosphere
is hydrodynamic escape. First observed by the Voyager space-
craft and confirmed by the Cassini lon Neutral Mass Spectrome-
ter (INMS), the methane distribution in Titan’s upper atmosphere
remains uniformly mixed to the altitude of ~1100 km, where it
begins to exhibit diffusive separation. Further evidence from the
Cassini INMS suggested that methane is not well mixed to high
altitudes (>1000km) because of a large escape rate, 2.9 x 10°
molecules cm=2 s~1 (4.8 x 101> molescm™2 s71) (Yelle et al,,
2008). The most likely mechanism is hydrodynamic escape - a
high density, slow outward expansion driven mainly by solar UV
heating due to CH,4 absorption (Strobel, 2009) — as evident from
heating rates gathered from the Huygens Atmospheric Structure In-
strument (HASI). This loss rate is responsible for 22% of the total
methane loss rate (Wilson and Atreya, 2009).

The third mechanism of methane loss is thermal escape, where
the outgoing methane flux is proportional to the methane mass
in the atmosphere and it depends on temperature, gas molecular
mass, atmosphere thickness, and Titan’s escape velocity (Gilliam
and Lerman, 2014a; Gilliam et al., 2015).

Consideration of these processes suggests that Titan should
have produced a substantial amount of ethane since accretion.
Such an idea was first proposed by Lunine et al. (1983), who used
photochemical models to predict that Titan would be covered by
an ethane ocean one to several kilometers deep, and was later
supported by others’ models, albeit with a smaller net volume of
ethane produced. Further, Mousis and Schmitt (2008) proposed a
geological process that resolves “the ethane deficiency issue in a
manner which is in agreement with our current knowledge of Ti-
tan: the incorporation of liquid hydrocarbons in the porous cryo-

volcanic subsurface”. However, Cassini-Huygens observations have
not shown evidence of widespread surface ethane reservoirs.

This paper addresses three issues: (1) the mass and volume
of ethane that was produced on Titan since accretion, based on
the production-rate estimates of other investigators; (2) the occur-
rence of liquid ethane in the surface depressions (craters and lakes)
and in the crustal subsurface; and (3) the physical characteristics
of liquid ethane as a potential medium for emerging life. To ad-
dress the first issue, we present a straightforward photochemical
model using primordial conditions presented in Gilliam and Ler-
man (2014a,b) and compare our results to the latest observations
from the Cassini mission.

2. CHy depletion and C;Hg production through time

The condensation temperature of ethane is lower than that of
methane, as shown by the two liquidus curves in Fig. 1. Thus lig-
uefaction and “raining” of C;Hg in Titan’s atmosphere is expected
to begin before that of CH, (Sagan and Thompson, 1984; Barth and
Toon, 2003; Rannou et al., 2006; Lunine and Atreya, 2008). The
cooling time of Titan’s surface, calculated assuming heat dissipa-
tion by radiation emission from an ideal black body, from the ini-
tial accretion temperature of 300 K to 100K is about 3 x 106 years
(Gilliam and Lerman, 2014a).

Atmospheric observations and numerous other works have
shown that ethane does condense at higher altitudes than
methane. However, there are two other possible compositions of
the rain on Titan. Graves et al. (2008) considered condensation of
N,-CH4-C,Hg, based on N, being the main component of Titan’s
atmosphere at present. Mousis and Schmitt (2008) have also dis-
cussed the possibility of CH4-CyHg-N; liquid condensing on the
Titan surface. Atreya et al. (2006) concluded that C,Hg condenses
at altitudes above the tropopause where the temperature is near
70K. Croft et al. (1988) have reported that water-ammonia solu-
tions remain liquid down to 190-170 K, which suggests that if NH3
was a component of the atmosphere in the past, an H,O-NHj3 rain
main have carried dissolved CHy and C,Hg to the surface.

With regard to liquid N, in Titan’s atmosphere, its condensa-
tion temperature at the pressure of 1-2 bar is 77-82 K, below the
90 K of the present-day Titan surface (CRC, 2016). However, N, dis-
solves in methane-ethane mixtures (Farnsworth et al., 2016) and it
forms hydrous clathrates in the temperature range from 215K to
375K (van Hinsberg and Schouten, 1994). If precipitation of a lig-
uid mixture of C;Hg—CH4-N, was taking place on Titan, the total
mass condensed over the lifetime of the satellite would have been
greater than that of C;Hg alone. However, the solubility of N, in
C,Hg is very low (Chevrier et al., 2015; Farnsworth et al., 2016),
and it is the presence of CHy in the CH4-C,Hg liquid mixture that
promotes dissolution of N,.

The two model curves for the evolution of CHy and CyHg in
Fig. 1 are a theoretical example of a model of the four simultane-
ous reactions (1)-(4). The model includes input of CHy from the
interior to the atmosphere, at the rate of F =4.13 x 108 kgjyr
or 546 x 104 molecules cm™3 yr='. This rate of input was used
to calculate the history of thermal escape of CHy from Titan’s at-
mosphere in a model of input with escape (Gilliam and Lerman,
2014a). Among other estimates of the CHy emission rate from the
interior, the input cited operated for 57,350 yr; if it continued in-
definitely, it would have exhausted the CH, reservoir in Titan’s in-
terior in about 6 x 106 yr. This is longer than the 3 x 108 yr for
the surface temperature to cool to 100 K. The model results were
also based on emission rates lower by a factor of 100, with a cor-
respondingly longer time to exhaustion of the CH, reservoir.

The rate constants of reactions (1)-(4) are from the ranges
given by Yung and DeMore (1999, p. 219), Wilson and Atreya
(2004, Fig. 13) and Atreya et al. (2009); and compilation in
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Gilliam et al. (2015)): k 1, =67 x 107 yr1; k 53 =1.5x 10721
cm® molecule™? yr=1; k3 =1 x 100 yr-1. These representative
figures are used at their face values, to demonstrate schematically
the net results of the reaction mechanisms (1)-(4), without con-
sidering the effects of changing temperature and gas pressure. The
end results agree closely with the present-day concentrations of
CH,4 and GyHg in Titan’s atmosphere, as shown by the red dots in
Fig. 1.

In a better model of Titan’s atmosphere, where the two major
pathways of CHy loss are direct UV photolysis and methane es-
cape, we calculate the amount of methane remaining as a function
of time since accretion, and the subsequent production of ethane
through photodissociation of the methane molecules. Such calcu-
lations require an understanding of the primordial conditions of
Titan, discussed in detail in Gilliam and Lerman (2014a) and sum-
marized briefly below.

At present, with no albedo and no greenhouse effect, the radi-
ation equilibrium temperature of Titan at its mean distance from
the Sun is T ¢ =90 K. About 4.5 byr ago, when the Sun was ap-
proximately 75% as luminous as today (Gough, 1981), Titan’s T eq
= 85K. The value of Titan’s accretion rate and duration, as es-
timated from Barr et al. (2010) is 2.22 m/yr and about 1.16 Myr,
respectively. This accretion rate gives in combination with T ¢q
= 85K and other basic parameters, an accretion temperature T a¢
=300 K. The calculated composition of a primordial atmosphere
at 300K is given in Gilliam and Lerman (2014a, Table 6), where
the initial mass of CH, satisfies the conditions of gas thermal es-
cape or emission-with-escape to the present-day levels. A primor-
dial atmospheric CHy mass of 119 x 1020 kg (7.42 x 1021 moles)
is calculated from the ideal gas law and a range of early CHy par-
tial pressures, as suggested by the “N/1°N ratio measured by the
Cassini Huygens Gas Chromatograph Mass Spectrometer (Niemann
et al, 2005; Atreya et al., 2009). Lastly, an atmosphere top sur-
face area is calculated as 918 x 103 m2, corresponding to a scale
height of 109 km.

We examine two different values for the rate of CHy es-
cape from the atmosphere: (esc 1) the frequently cited 2.9 x 109
moleculescm™2 s~ (Yelle et al., 2008) and (esc ,) a range
of CHy escape values that vary with temperature, starting at
6.84 x 1016 molecules cm=2 s~1 just after accretion, and ending
with 1.30 x 10 = 3 molecules cm™2 s~! at present-day, calculated
using the escape rate parameters in Gilliam and Lerman (2014a).

Using esc ; =2.9x 10 moleculescm2 s~! and photodis-
sociation rate of CHy 2.5 x 109 moleculescm™2 s=! or total of
3.8 x 10% kgfyr, and assuming that it does not vary with tempera-
ture, we calculate that 8.46 x 1017 kg of C,Hg should have been
produced since accretion (~4.5 Ga) (Fig. 2). However, there is a
problem with the latter value of methane escape rate esc 1. In
Fig. 2, the constant rate esc 1 neither lowers sufficiently the ini-
tial methane mass to the present-day level, nor results in the ini-
tial concentration in a backwards calculation from the present-day
mass. Only a rate of methane escape and photodissociation about
ten-fold higher, 3.76 x 10'® molecules cm™2 s=! or 2.63 x 1010
kgfyr, would lower the initial mass to the present-day level, but
the shape of this curve is very different from the CH, curves
Fig. 3b and c.

Using esc ,, the rate of CHy escape would begin to level
off approximately 100,000 years after accretion (Fig. 3b and c),
and produce 8.46 x 1017 kg of C,Hg (Fig. 3c). The initial and
present-day masses are explained by the thermal escape model
based on parameter k that depends on temperature, Titan’s es-
cape velocity, molecular mass of the gas, and atmosphere volume
(Fig. 3a). The annual production rate of C;Hg in the atmosphere
is 1.9 x 108 kgfyr or 9 orders of magnitude smaller than the total
mass of CHy. The total produced is about 104 times larger than the
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Fig. 2. Methane depletion and ethane production in Titan's atmosphere since
accretion, using a simple model that includes direct methane photolysis and
hydrodynamic escape. (a) CHs remaining in the atmosphere at the com-
bined escape rate of esc; =2.9 x 10° molecules cm® s~ and photodissociation of
2.5 x 10° molecules cm? s~! (Wilson and Atreya, 2009; Yelle et al., 2008) or a to-
tal of 3.8 x 10° kg/yr, and starting at the initial mass of 1.2 x 102° kg (Gilliam and
Lerman, 2014a). (b) Methane mass decreasing from the initial to the present-day
value, using a constant escape rate higher than esc;, 3.76 x 10 molecules cm? s~!
or 2.63 x 10" kgfyr. (c) Initial mass of CH, derived from the present-day mass of
616 x 10" kg and the same escape rate esc;. (d) C;Hg production from CH4 pho-
todissociation at 1.3 x 10° molecules cm=2 s=1.

present-day atmospheric ethane mass of 9.24 x 1013 kg, suggesting
that almost all of Titan’s total ethane content is currently residing
in liquid form on the surface and/or in the subsurface.

3. Surface reservoirs of ethane
3.1 The lakes and seas of Titan

Prior to the arrival of Cassini in 2004, speculation that Titan had
extensive hydrocarbon seas was based on the detection of methane
by the earlier Voyager mission coupled with surface conditions
that allow for the stability of liquid methane and ethane. Confir-
mation of liquid on the Titan surface finally came in July 2004,
when Cassini ISS observations of the South Pole revealed multi-
ple dark features, tens to hundreds of kilometers long. Since then,
hundreds of lakes and seas have been discovered, most of them in
the polar regions due to a high relative methane humidity allow-
ing for the stability of standing bodies of liquid without the need
for constant replenishment. If these bodies also contain dissolved
methane, its escape to the atmosphere could be at least in part
balanced by the emission of CH4 from the interior, as discussed in
Section 2. These lakes range in size from <10 km? to Kraken Mare,
the area of which exceeds 400,000 km? (Lopes et al., 2007; Hayes
et al., 2008) and is almost twice the surface area of the Laurentian
Great Lakes, 244,100 km?.

In this study, we estimate a total hydrocarbon liquid volume of
all of Titan’s lakes of 50,000 km3, based on an average of the work
of Lorenz et al. (2008, 2014). As an interesting comparison, the to-
tal volume of Earth’s freshwater lakes is 125,000 km3 (Herdendorf,
1982) to 91,000 km? (Shiklomanov, 1993), meaning that Titan has
6-8.3 times more lake liquid per cubic kilometer than Earth. As-
suming a reasonable liquid composition of 50% ethane, this cor-
responds to an ethane mass of 1.36 x 10' kg in Titan’s lakes,
roughly 1.6% of the total ethane produced as calculated.

3.2. Liquid capacity in Titan’s craters

Although there are only a couple of observations of hydro-
carbon liquids present in Titan’s 60+ craters, it is interesting to
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Fig. 3. Methane depletion and ethane production in Titan's atmosphere since accretion, using a model where the rate of methane escape varies with temperature. (a)
The escape rate parameter, k, vs. temperature, T, for CHy assuming an accretion temperature of 300K, from data of Gilliam and Lerman (2014a, Fig. 10). k depends on
temperature, gas molecular mass, atmosphere thickness, and Titan's escape velocity. (b) The mass of CH in Titan's atmosphere as a function of time, during the first 0.5 Myr
after accretion, using the escape rate parameter, k, and decreasing atmosphere thickness. (c) The mass of CH, in Titan's atmosphere, calculated using the variable k (Gilliam
and Lerman, 2014a), and cumulative production of C;Hg as a function of time during the last 4.5 Ga, with a C;Hg production rate of 1.3 x 10° molecules cm=2 s~1.
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Fig. 4. Size distribution of Titan's 62 craters following a power-law distribution, slope —1. Crater areas calculated using Cassini measurements of crater diameters (Wood
et al, 2010; Neish and Lorenz, 2012; Buratti et al, 2012; Neish et al, 2013). (a) Crater area-size distribution. (b) Cumulative crater area distribution.

theorize the maximum potential volume available for liquid ethane calculate a total crater volume of roughly 61,000 km3, covering a
on Titan’s surface. To date, 62 possible craters have been observed total area of 238,000 km?2, with the crater surface areas follow-
on the surface of Titan (Neish and Lorenz, 2012; Neish et al, ing a power law distribution with a slope of —1 (Fig. 4). If these
2013; Buratti et al., 2012; Wood et al., 2010), ranging in diameter craters were fed by 100% ethane rainfall, their total storage capac-
from 3 to 425 km. Assuming a spherical cap for crater volume, we ity of ethane would be 3.8 x 106 kg, roughly 4.5% of the total

210



256 AE. Gilliam, A. Lerman /Icarus 275 (2016) 252-258

cumulative ethane production. Even after adding the total crater
liquid capacity to the lake capacity, total ethane surface storage
would be 6.9 x 106 kg, still only 8.2% of the total possible ethane
production. This suggests that there must be a large quantity of
liquid ethane present elsewhere on Titan, perhaps sequestered in
Titan’s subsurface.

4. Porosity and the subsurface reservoir of ethane

Previous work (Fortes et al., 2007; and references in Gilliam and
Lerman, 2014a,b) has suggested that Titan has a complex internal
structure overlain by a 100+ km crust composed primarily of wa-
ter ice (Fig. 5). Observations of fluvial channels on Titan’s surface
suggest that the water-ice particles in Titan’s crust are not cohe-
sive, due to the difficulty of eroding coherent icy bedrock, and in-
stead must have been ubiquitously fractured prior to erosion. Such
a fractured icy crust would be highly permeable to liquid ethane
and methane (Sotin et al., 2009). Possible formation mechanisms
for a surface porous layer include the ascent of liquid from the
subsurface ocean (Mitri et al., 2008) or from the destabilization of
clathrates in Titan’s ice shell (Tobie et al., 2006). In both cases, a
highly porous icy material in contact with the atmosphere would
have been generated (Artemieva and Lunine, 2003; Mousis and
Schmitt, 2008).

Porosity of ice on Earth is a measure of the ice volume fraction
taken up by air or other gases. It is created on a small scale by
intercrystalline spaces, gas bubbles, and on a larger scale by cracks
and crevasses. In ice sheets, crevasses are rarely more than 45 m
deep but in some cases can be 300 m or even deeper. Beneath
this point, the plasticity of the ice is too great for cracks to form
(Hambrey, 1994). A general diagram of different kinds of snow and
ice (Menzies and Hughes, 2002) gives a porosity of 10% for new
ice and about 1% for old ice. Porosity, measured as the gas-bubble
volume in Central Antarctic ice, was reported as 8-9% (Lipenkov
et al., 1997). Other sources give the porosity of solid ice-sheet and
solid sea-ice between 0.1% and 5% (Vasil’chuk, 2005). In the ab-
sence of in situ measurements of porosity of the upper crust of
Titan, we use the ice-sheet data from Earth and allow for a higher
mean porosity of 20% due to cracks and fissures.

2575km

Fg. 5. Present-day internal structure of Titan consisting of an antigorite core over-
lain by a thin layer of brucite, a layer of ice VI, an ammonia-rich ocean, and a crust
made of methane clathrate, ice Ih, and solid ammonium sulfate (Fortes et al, 2007;
Gilliam and Lerman, 2014a).

The mass of ethane produced, 8.46 x 107 kg, would occupy
an average volume of 137 x 10> m3 (mean of densities at 150K,
585.8 kg/m3, and at 93 K, 651.9 kg/m3; Younglove and Ely, 1987, p.
642). If it can be contained within the pore space of the upper-
most 2 km of Titan’s crust, 1.67 x 108 km?, then the crust would
require a minimum porosity of 0.9%. This estimate is in line with
the porosity of old ice sheets on Earth and the sequestration po-
tential of Titan’s crust for the liquid ethane may in fact be consid-
erably higher.

Alternatively, using a higher yet reasonable crustal porosity
of 20% - inferred from Huygens probe observations and consis-
tent with what we know about the behavior of impact gardened
icy surfaces (Artemieva and Lunine, 2003) - we estimate that
the maximum porous volume of the upper 2 km of the crust is
3.33 x 107 km3, or 3.32 x 107 km3 if we do not include the vol-
ume of lakes and craters (0.01 x 107 km3). If the total porous
volume is filled with a 100% ethane solution, then its maximum
ethane storage potential is ~2.06 x 10'° kg, which is well above
the previous calculated total ethane production of 8.46 x 1017 kg.
This suggests that Titan’s entire liquid ethane budget could be
stored in its porous crust, or it could certainly serve as additional
subsurface storage.

5. Conclusions and ruminations

A simple photolysis model, where the methane molecule can
either escape the atmosphere or produce ethane, gives up to
8.46 x 10" kg of liquid ethane that might have been produced
since Titan’s accretion. This amount is 104 times larger than the
present-day atmospheric ethane mass of 9.24 x 103 kg, suggest-
ing that most of the remaining ethane resides in liquid form on
or within Titan. Ethane liquefies at a temperature higher than
methane and, as Titan’s surface cooled in the course of time,
ethane might have started to rain early in Titan’s history. Indeed,
our estimate for the amount of liquid ethane storage potential
on Titan’s surface is 136 x 106 kg in lakes and seas and ad-
ditional 3.34 x 10'® kg in craters, both numbers much smaller
that the mass calculated. The calculated total mass of ethane pro-
duced at an estimated production rate, 8.5 x 10'7 kg (mean den-
sity 619433 kg m3 at 93.3-150K), corresponds to a volume of
14 x 10™ m3. This volume represents only a small porosity frac-
tion of the upper 2 km of Titan’s crust (1.67 x 107 m?3): 0.9%. This
is the minimum porosity needed to store in the subsurface ex-
cess of ethane produced that is greater than the volume of lakes
and craters (see also Mousis and Schmitt, 2008). A higher poros-
ity of 20% of the upper 2 km of the crust, 3.33 x 10%® m3, is much
greater that the estimated volumes of ethane produced, suggest-
ing that Titan’s entire liquid ethane budget could be stored in its
porous crust.

The existence of liquid on Titan’s surface and in the subsurface
may be very important as a potentially suitable habitat for life.
Life created in liquid hydrocarbons, such as ethane and methane,
would certainly not resemble anything on Earth, but, if discovered,
would be clear evidence of a “Second Coming of Life” in our Solar
System. Previous studies have shown that the photochemical pro-
cesses responsible for Titan’s liquid hydrocarbons could be a poten-
tial source of chemical energy (on Earth, life uses only two types
of energy for primary production: chemical energy and sunlight)
at levels shown to be favorable for methanogenic bacteria on Earth
(McKay and Smith, 2005; Schulze-Makuch and Grinspoon, 2005).

We conclude by comparing some of the characteristics of liq-
uid ethane with those of water, as a medium of life. On Earth,
the idea that life originated in water and an anoxic atmosphere,
where organic molecules could aggregate and replicate themselves,
is the “primordial soup” theory of Oparin (1924, 1941, 1953) and
Haldane (1929, also cited in Tirard, 2011). Bernal (1951) called
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the origin of life “biopoesis”, and Miller (1953) and Miller and
Urey (1959) demonstrated the formation of organic molecules in
an anoxic gas mixture by electrical discharge. The presence of
methane and ethane in Titan’s atmosphere has led to a long series
of hypotheses that life might exist on Titan, despite its present sur-
face temperature near 90 K. Some of the recent studies of this sub-
ject are those of Neish et al. (2010), Norman (2011), and Stevenson
et al. (2015) who studied the formation of N-C-H compounds,
called azotosomes, as a possible source of life in the liquid hy-
drocarbons on Titan’s surface. Lunine and McKay (1995) have ex-
tensively discussed the parallels between the conditions on Titan’s
surface and in the subsurface in comparison to those on primordial
Earth.

The liquid medium of a “primordial soup” is a solvent in which
organic molecules can move toward each other and aggregate. The
movement, similar to Brownian motion, in a liquid medium is in
part controlled by diffusion of particles that further depends on
the solubility of the substance, particle size, temperature, and vis-
cosity of the medium.

Solubilities of short polyethers, organic compounds of the type
R{-O-R,, in propane (C3Hg) have been studied by MclLendon
et al. (2015). Polyethers are components of the more complex life-
building molecules and they were reported as reasonably soluble
in liquid propane down to about 200 K. At lower temperatures ap-
proaching 170 K, their solubilities drop almost to nil. If the same
solubility relationships hold in liquid ethane, then the diffusivity
of the organic molecules in solution will be controlled by the fac-
tors mentioned above.

The “primordial soup” in itself may be a fairly thick concoction
and have a higher bulk viscosity than the liquid medium or sol-
vent. Eventually, the “soup” may thicken to a slurry or close to be-
coming a gel. Water or seawater has a viscosity in a range from
about 1x 103 Pas (25°C) to 1.8 x 10~3 Pas (0°C) (Sharqawy
et al., 2010). More viscous natural liquids, such as petroleum, have
viscosities in the range from 10 to 100 Pa s below 40 °C (Speight,
1998). The viscosity of liquid ethane, from 90 to 150K, is compa-
rable to that of water or seawater on Earth, 1.26-0.25 x 10~3 Pas
(Younglove and Ely, 1987, p. 642). However, two other factors ex-
ert a big effect on molecular diffusivity and the slowing down of
molecular velocities in liquid ethane: particle size and tempera-
ture. The effects of temperature, particle size, and viscosity of the
medium on the diffusion coefficient (D, m? s~1) follow from the
equations of Einstein (1905, 1956), as given below, and von Smolu-
chowski (1906), with the additional coefficient of (4/3)} = 2.37:

RT

b= ol (%)

where D is the diffusion coefficient of a particle in solution (m?
s~1), T is temperature (K), 7 is viscosity (Pas), r is particle radius
(m), N is Avogadro’s number, and R is the gas constant (J mol~!
K-,

From (5), denoting the parameters in ethane by subscript 2, and
those in water by subscript 1, the following quotients obtain:
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Diffusion coefficients of sugars and amino acids in dilute so-
lutions, molecules of effective radius 4.5 + 2A or of an order of
101 m and molecular mass 75-204 g/mol, fall in the range of 5-
10 x 1078 cm? s~! at 25 °C, but the D values decrease by a factor
of 2-5 for diffusion in gels (Nakanishi et al., 1977). D values in the
range from 4.5 to 9.5 x 1075 cm? s~ of similar substances were
reported by Polson (1937). These values would be by a factor of 0.5
lower at 273 K, as follows from Eq. (6).

For a life made of C, N, H, and O atoms to exist on Titan,
polymerization of small organic molecules has been considered

by a number of investigators. Polymers are heavier and bigger
molecules, with the mass of medium-large polymers of 1000-
30,000 g/mol and linear dimensions 10-% to 10~ m (Cowie, 1966;
Akcasu and Han, 1979).

To estimate the diffusion coefficients of organic molecules in
ethane, D , in Eq. (6), we use the viscosity values of water at
273K (1.791 x 103 Pas) (Shargawy et al., 2010), liquid ethane vis-
cosity at 904 K (1.260 x 10~3 Pas) and 150K (0.252 x 103 Pas)
(Younglove and Ely, 1987, p. 642), and particle radius approximat-
ing polymers of 109~103 A or 10-19-10-7 m. Combinations of dif-
ferent triplets of temperature, corresponding viscosity, and particle
size give the following diffusion coefficients of organic molecules
in ethane: fractions between 0.26 and 0.47 when only the tem-
peratures and viscosities are compared with those of water; the
reduction of the diffusion coefficient in ethane is much greater,
4.7 % 1074 to 4 x 1073, when larger-size polymer particles are con-
sidered.

Apart from the molecular mobility, there remains a question of
the rates of chemical reactions in the cryogenic environment of Ti-
tan. A very crude estimate that can be made here is based on some
values of the polymerization rate constant k p (Ling et al,, 2001;
Luo et al., 2006) and the activation energy of polymerization AE
a (Skene et al., 1998). The estimate is based on Arrhenius reaction
rate dependence on temperature:

IH(M):,EJ(L,L) @)
k273 R Iiow 273

A mean of several activation energy values for different poly-
merization reactions is about 130kJ/mol at 337K, and the rate
constants vary from 0.7 to 1900 cm® mol~! s=1 at 323 K. Using
T 1ow in (7) as 150K and 100K, the rate constant at 273 K would
be reduced by a very large factor of 4 x 10-2! and 9 x 1044, re-
spectively.

The reduction in mobility of organic molecules in diffusion and
the possibly strong lowering of the rate constants for polymeriza-
tion may be less advantageous to aggregation of molecules in lig-
uid ethane by comparison with a “primordial soup” based on wa-
ter.
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paper are Temmestrial not Titmian), much shorter than the period of abowt 84,000 years that a con-
centrated (NH 5800 el solution could exist a5 a liquid on the Titan surface. Mechanial emson of
Titan"s channels is generally a much slower process, on the ander af 107 to 107 years to com ple on, and is
also shower than mechanical enasion of 2 model fiver on Earth, averaging 107 to 10* years. The erosional
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emsion by liquid NHy. A final stage on the maling surface of Titan might have been charagterizsd by

liquid CaHg a5 an agent of mechanical emsion.
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1. Inirod uetion

Titan, the largest moon of Samm, is the only satellite in the
splar system with a significant atmosphere, harboring a suite of
hydrocarbons that display a meteomlogical cycle similar to the
hydrokezical cycle on Earth. Dendritic networks of 9nsous valleys
on the aurface of Titan were first observed by the Cassini-Huygens
mission, where Synthetic Aperture Radar (SAR) images revealed
drainage networks with branching morpholegies on the onder of
Wi km in length (Elachi et al, 2005). These observations were
supported in greater detall by the Huygens Probe Descent Imager
and Spectral Radiometer (DER) (Tomasko et al, 2005, Soderblom
et al, 2007h; Jaumann et al., 20049), and suggested rmation by
fhvial erosion into the water-ce bedrock Additonal support that
the valleys were formed by flowing lguid ks the pawcity of impact
craters on Titan's surface (Porco et al., 2005, Hachi et al, 2005,
Jaumanm et al., 2009; Wood et al., 2000), indicat ive of rapid burial

*Comesponding author
E-mudl acdress: ashiey@earth nonfwesernadu (AE Gilliam )

iz s o o) W10 06 s s 201608 009
OIE2-0533 6 3016 Fleewer Ll Al rights resened.

or remaval of aurface topogaphy. Addidoenally, at the landing site,
the DISRE imaged Earth-like rounded cobbles 0.3-15cm in dia-
meter (Tomasko et al, 2005) composed of water ice, indicating
that they had undergone abrasion during fluvial ransport. Furt her
evidence of widespread fluvial processes on the surface of Titan
has been revealed by the Cassini Imaging Science Subsystem (155)
(Porco et al., 2005) and the Visual and Infrared Mapping 5pec-
trometer { VIMS) (Bames et al, 2007h; Jaumann et al_, 2008)
Unlike an Earth, where liguid H20 is the major agent of erosion,
Titan's liguid eroson likely has multiple contributors. One possible
oonit il butor, that arguably garners the most attention, & lguid CH,.
Methane, which forms several percent of Titan's atmosphere, isa
likely candidate for liquid erosion due to its stability as a liguid on
the surface, its ability to participate in Titan's hydrological cycle,
and direct observations of cloud-top altiudes consistent with the
cond ensation alttudes expected for methane (Lorenz et al_, 2008
Further suppaort for lguid methame being a primary oontri butor to
Titan's eroson is shown in the works of, for example, Burmr et al.
(2006, 20009, 2013), Pemon ef al. (2006), |aumann ef al (J00EL
Lorenz et al. (2008), Cartwright et al. (2011), Langhans et al. (3012],
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Black et al. (2012), whose studies suggest that it could plawsibly
move enough material under conditons present on Titan to ac-
count fur mest of the observed fluvial features, even suggesting
that mechanical erodon by lguid methane surface runof would
it require unreasonably high precipitation rates. Works similar to
those cited above are numemus, but here we consider ather 1i-
quids, which are also presemt on Titan, that could be responsible
for the formation of the channels seen on the surface.

In this paper we address two different fluvial erosion processes
on Titan Specifically, we examine the pasibilides of channel for-
mation by dissoluton of e by a concentrated solution of am-
monlum sulfate, and by mechanical eroson by flow of liguid
ammonia and lguid ethane Each of these processes might have
functioned over a certain mnge of tempeatures during the oooling
history of Titan

That liguid ethane in Titan's atmosphere is not a pure liguid,
bt & sl ublom oo tal ning CH, and N, has been shown by Tan ef al.
(2013, 2015 ). For surface liguids on Titan, such as in Ontando Lacus,
the liguid was gven as 15-30% CH,. 50-80% CHg, and 5- W0 N,
(Luspay-Kut ef al, 2015 Mitm et al, 2007), and a similar com-
positon of liguid CH, solution on Titan's equator & gven by Tan
etal (2015) The physcal properties of a CoH-CH N, solution are
ot aweighted mean of the properties of three liguids, each of a
very different liguefaction temperature The propertes are likely
o be those of a splutlon of gaseous CH, and My in liguid C,H,,
similar to the propertes of a solution of such gses as OOy, Ny, and
0y im liguid HyO. The monre soluble gas 00y affects the density and
viscosity of pure HyO very little, by less than 3% (Garcla, 2001 ). The
density of ethane solutions on the equator and the poles of Titan,
as given by Tan et al. (2015) is 801-547 kg m . These values are
close to those of pure CxHe, 652 kg m~ at 904 K and 586 kg m—
at 150 K. We further assume that viscosity, like density, of pure
liguid C:He doses not differ much from an ethane solution of me-
thane and nitrogen gases.

1 Dbseratons of streams on Titan

Valley-like features on the surface of Titan are known from the
Huygens landing site and by three different imaging i nstruments
onboard the Cassinl spacecraft: the Visual and Infrared Mappimg
Spectmometer (VIMS), operating at 03552 um (Brown et al,
2004), the Imaging Sclence Subsystem (155), operating at 0.2-
L1 pm (Poroo et al, 2005), and the Cassinl Titan Radar Mapper
(RADAR), emitting at 2.2 cm (Elachi et al, 2005) The resolution of
VIMS and 155 images, which are hindered by atmosphenc scat-
tering and absorption, vanes with both the disance of the
spacecraft and emission angle. VIMS spatial resolution averages a
few kmypiel but for small areas can be as high as 250 mjp el
{Jaumann et al, 2009) 55 resoution @anges from 1 6o 10 km, with
relatively small areas imaged at 1 kmfpixel (Porco et al, 2004,
2005). The synthetic aperture adar (SAR) data from the RADAR
are collected in swaths and are of the highest resolution (-~ 350 m|
pixel) avallable from the Cassinl spacecraft (Lopes et al, 2010)
Although RADAR coverage of the Titan surface is ~ 50% to date,
companed to near-gobal coverage by the VIMS and 155 data, the
5AR data provide the best resolution for mappimg the fluval
netwinrks,

In this sudy we examine 27 different fluvial features as iden-
tfied in VIMS, 55, and RADAR data, chosen based on their geo-
graphic diversity and resslution - or our confidence in thelr clas
sification as a fluvial feature. The lcations and dimensions of
these features on Titan are indicated in Figs. 1 and 2, and sum-
manzed im Table 1. These valleys represent an amay of morpho-
lomic features and range in size from tens of kilometers to ower a
thousand kilometers long and up to ten kilometers wide. The

majonity of these features are dendritic in nature, forming tree-
shaped netwaorks with mamy conit ibuting branches t hat converge
into larger recedving streams, up to seventh in channel onder, in-
dicative of an orgin from rainfall (Tomasko et al., 2005%; Perron
et al, 2006; Lorenz et al, 2008 |aumann et al, J009)

In contrast to these complex channels, there are also several
fluvial features that seldom exhibit meanders, posses a low
channel order, and a large channel width of up to 10 km. These
features are inferred to be dry valleys, created as a result of apid
runeff events ixllowed by prolonged droughits (Lorenz et al, 2008).

Anot her group of fluvial valleys recorded are believed to be the
resuli of emsion by liguid seepage from the subsurface. These
sapping channek are classified a5 being generlly shorter and
broader than those created by rainfall, and possess a low channel-
onder (Tomasko et al, 2005; Jaumann et al, 20009). If comect, the
presence of sapping channeks indicates that Titan has a subsurface
agquifer, which will be discussed in a later section.

Alsy notable are three features inferred as elongated valleys
due to their straight course and their relatively small size, two
fluvial features that exist within mountain chains and support an
ongin from ralnfall (Langhans et al, 2012), and one system of
valleys assoclated with alluvial fans

In onder to calculate the relative rates of stream incislon into
the water-lce bedrock on Titan, the channel dimendons used are
a5 shown in Table 1. Measurements of channel slupe were made
directly from Cassinl RADAR SARtopos and altmetry data, and
depth from an empirical reladonship between channel depth and
width as outlined in William (198E). Size-distribution of the
channels are shown in Fig. 2

3. Crustal compostion and structure

Previous work (Fortes et al, 2007; and references in Gilllam
and Lerman, 20M4a, 2014b) has suggested that the interior of Titam
s composed of a comiplex assemblage of silicate minerals, organic
matter, liquid water in a subsurface NHyH:0 ocean, and ices,
overaln by a crust composed primarily of low- pressure water ice,
met hane clathrate and ammonium sulfate. The exact thickness of
the crust is mainly determined by the amount of heat avallable in
the interior as well as the percentage of anti-freezing agents in the
subsurface ocean, but is genermlly thought to be - 100 km at
present-day (Fortes et al., 2007; Gilllam and Lerman, 2014a)

The formation of the crust ks a result of the interaction bebween
Titan's primitive atmosphere and its liquid layer, which were in
direct contact immediately after aocretion and up untll sufficient
conlimg of the aimosphere resulted inthe crysallization of a solid
shell composed of ice and methane clathrates (Toble et al, 2008).
After further cooling and thicke ning, macroposmus clathrate grains
are thought to have transported pockets of ammonium sulfte
solution upwards, incorporating them into the outer shell, whene
they ultimately solidified to water e and ammonium sulfate
(Fortes et al., 20D07) At present-day, a cross-section of the upper
part of Titan's interior would reveal a top layer of ice Ih, methane
clathrate, and solid ammonium i lfate, of densites 941, 9885, and
1764 kg m—*, respectively (Fig 3, Table 2) On Earth, ammeomiom
sulfate eocurs as mineral mascagnite in fumaroles and volcanic
vents.

4. Channel formation mechaniams

In this section, we consider the charactenstics of the valley
networks and Titan's surface environment, and several possible
mechanismes of channel formaton. The four, as shown in Fig. 4 and
Table 3, might have operated at different times duning Titan's
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cooling history. As far as the main component of the formation of
present-day Titan's atmosphere, nitrogen gas Ny, is concerned, its
condensation temperature at the pressure of 1-2 bar is 77-82 K
below the 90 Kof the present-day Titan atmosphere (Jacobsen and
Stewart, 1973). FHg. 4 shows the regions of existence of the fluids
derived from the atmospheric gases in a T-P-time graph. The
chemical and mechanical rales of the liquid components will be
discussed in the bllowing section. The cooling of Titan's atmo-
sphere, its temperature and total pressure as a function of time are
as given in Gilllam and Lerman (2014a). The domains of gaseous
and liquid methane and ethane are from Gillam and Leman
(2016). The rectangles in the figure indicate the domains of ex-
istence of the liquid species (Table 3). Ethane is a gas at tem-
perature higher than about 255K and it ks a liquid along the dash-
dotted line.

41. Chemical erosi

bynm i ;"

Given the unique combination of surface materials on Titan, the
channels may be the result of dissolution features. On Earth,
chemical weathering is the process of weakening and subsequent
disintegration of rock by chemical reactions such as exidation,
hydrolysis, and carbonation. Physical erosion follows by the re-
moval of dissolved material by running water and by the removal
of solid particles. The dissolution of soluble bedrock such as
limestone, dolomite, and gypsum forms karst topography - an

amalgamation of caves, springs, sinkholes, solution valleys, and
disappearing streams (Monroe and Wicander, 2012). On Titan, the
bulk crustal material, water-ice, is insufficiently soluble in me-
thane and ethane over geologically plausible timescales to resultin
heavily karstic temrains (Cornet et al, 2015). As a consequence,
chemical weathering was not widely predicted on Titan by theo-
retical models (Lorenz and Lunine, 1995; Collins, 2005), and was
not observed during the eary stage of the Cassini-Huygens mis-
sion. However, during the T16 fly-by of Titan in 2006, the Cassini
RADAR instrument revealed a multitude of complex labyrinthine
terrain interpreted to be the result of dissolution andjor collapse
processes ( Stofan et al, 2007). Since then, additional fly-bys have
revealed a large quantity of features that are karst-like in nature:
clusters of nearly cirailar depressions in the North Polar Region
and closed depressions in the South Polar Region (Mitchell et al,
2007; Malaska et al_, 2010; Mitchell and Malaska, 2011). The ex-
istence of these features, combined with the knowledge that water
ice s insoluble in liquid methane and ethane, prompts an in-
vestigation of the dissolution of Titan's channels by other, more
unusual or less common, liquid media.

Ammonium sulfate, (NH. S04, s an inorganic salt that is most
commonly known for being a fertilizer for alkaline soils. On Earth,
ammonium sulfate occurs as mineral mascagnite in fumaroles and
volcanic vents. On Titan, ammonium sulfate may exist in solution
in the subsurface ocean, and as a salid in the crust, probably de-
rived from the ocean by intrusion of the original crust. The results
of dissolution of all the (NH,),S0, in water of the upper crustal
layer of Titan are outlined in Table 4. The remaining water-ice
would form a residual layer of 15 km in thickness where the am-
monium-sulfate solution could form channels by dissolution of ice
(Fig. 5).

The estimated time of dissolution of the ke mass in channeks is
based on the rates of fjord ice melting on Earth, from 0.1 to 0.4 m/
day (Russefl-Head, 1980; Enderlin, 2014) The volume of the
channel ice( Table 4) would be dissolved at these rates from 280 to
1100 years. This time is much shorter than the period of about
84,000 yr that a concentrated (NH, ),S0 -H,0 solution could exist
as a liquid on the cooling Titan surface (Fig 4).

4.2. Mechanical erosion by liquids

On Earth, rivers most often erode bedrock mechanically
through sediment transport or by fluid discharge alone. In general,
the greater the velocity of the fluid and the steeper the grade, the
more sediment will be conveyed. The main processes of water
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emsion, as gven by Hjulstrém (14935), Shields (1938), Sundborg
(1956), Whipple et al (2000), and Sklar and Dietrich (2001, 2004)
are summarized below.

The equations of the preceding authors and of Einstein (1940,
Meyer-Peter (1944, 1951), Nieken (192), Chanson (149499), and Fin-
negan et al (2005) include a number of empirical values of the van-
ables and they do notb work with any arbitrary values of the physical
and medhanical parameters The main kanres of the channel bed

Tahble 2
Struchure and main oormp onen s of Titan's upper onest (refemnces cited in the teat).

emsion-by-flow models are: (1) the channel slope 5 must be suffi-
clently sieep to assure a smong flow; (2) the density of the particles
mist be greaier than that of the liquid; (3] only the dhannel floor is
being emded; (4) emsion takes pace by saltation and ransport of
particles (Fig. &); (5) bed-shear stress (Table 5, Mo. B) must e greater
than the critdcal shar stress (No. 71, &' > &) (6) and the sediment
transport paramseber g (Mo 17-20) must be greaier than g (N 9]
G 5 s These and other paameer values are gven in Table 5.
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Fluid flow can be strong encugh to suspend particles in the
water column as they move downstream, o amply push them
along the bottom of the channel. Sediment being transponed over
a bed of exposed bedrock can erpde the bed significantly by the
processes of abrasion, or the weanng-away of surfaces by me-
chanical processes such as rubbing, cutting, scratching, grinding,
and palishing. This type of emsion s strongest when the nwer &
transporting large chunks of mck or after heavy rainfall when the
river’s flow ks turbulent Even in the absence of a significant se-
diment lpad, a river can emde its bed and banks by tearing out
large blocks along preexisting fracture wsing the fome of the
flowing water. This sort of ercsion s stronged at rapids and wa-
terfalls where the water has a high velocity Cavitation, or the
trapping and aibsequent implosion of air bubbles in cracks in the
river’s hanks, resulting in the weakening of the ad joining surface,
is an additional method of erosion that is not dependent on the
presence of a sediment load.

The expectation that rainfall socurs on Titan (Graves et al.,
2008; Schnelder et al., 2012) introduces the possibility that the
valleys were canved by rivers of liquid fed by direct surface runafT,
sha llow underzround flow, or both In this shed v, we consider two
different lguid medium agents responsible for mechanical eresion
of the Titan channels, liguid ammonia and liguid ethane, and
compare them to a case of liguid water ersion on Earth. Two
other liguids - W% NHy-H,0 and (NH, )50, solutions in HO -
hawe densities higher than the particles (Table 3).

Seeon [(2005] T Z-dichioro — 11,1-&-

flucrcedans, R123

Youngiow and By (19674 pp. 644647,

M efal (1598),
R, 3016

& 20 C or 293K
—60 “Cor 213K
a1 and 2 bar

421, Channels on Tican and Earth

On Titan, the ratio widthjdepth of the channels ks close to 1.5-2
a (Table 1) On Earth, the ratk of the fdver channels varies from
about &80 in gravel to 5 in bedmck (Finnegan et al, 2005) The
= depth of the channels on Titan (s measurable in kilometers, and it
Is much greater than rver depths on Earth. The biggest rivers,
thousands of ln in length, have madmum depths in the range
- from MW" to 10* m (Walther, 2013, but such rivers as the Missour,

QE& the Thames and the Danube are 7-12 m deep.

The bed-dope of the channels on Titan k of the order of 1077
or 1 mper 1km{Table 1).0n Earth, the slpes of some rivers ane
of the same magnitude 10 (Schaller et al, 200) or higher in
small-catchment areas 10" to W~" (Van Der Beek and Bishop,
2003). The slope of such a big river as the Misissppl is smaller,
varying from 1 W04 to 8 x W0~ (Carlston, 19650). The gradient of
the rivers in the Ukralne varies from 5 107* to 21077 (St
belsky and Teslia, 1993). We use the range of gradients from
6 x W™ * o 1 = 1077 for a model dver channel on Earth in Table &

1323E-01

EE30E-04

155-14

I000-06, 000 ZOS-1E0

{05527} 0

422 Liguids mot swirable for erosion

Molecular nitrogen N, is gas at the surface conditions of Titan
and it liguefies at a lower temperature than 90K (Table 3). The
aqueous solutions of ammonia NH, and ammonium sulfate
(NH, 1,50, hawe densties higher than the density of the water- ioe
particles and cannot therefore be considered as agents of me-
chanical erosion

Bo-S0 S
035
jale]

=0

4231 Erosion by Uquid NHy

Present-day, the bulk of Titan's ammonla islikely to be found as
a snlid in its kcy outer shell, or as a liguid in its subsurfaice ocean
However, under a wammer Titan, ammonla may have existed asa
gas in the atmosphere, or even as a liguid on the surface. In fact,
while the exact composition of Titan's eady atmosphe re isnot well
know, it s general ly accepted that it was much maore massive and
denser than at present, and dominated by ammonia and methane
(Gilliam and Lerman, 2014a) Based on the cooling model of Gil-
llam and Lerman (2014a, 2016), and assuming an accretion tem-
perature of 300 K, we estimate that ammonia would have been in
a liguid state on the surface of Titan between 40,300 and 202 000

[NH, |50 - Hal, 4045 Wik solutlon 273233
{132 13552 gimel )

Edhane €M, liguid (003007 kg/mol]
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Tabie 4
Compesition of the upper Layer of Tiae's cost and e dissslution.

L. ke o (5 and bqued B0 aquivaiant 12015 gimad (kg
2 Amyium Sulleie (5) (MM, )50y B214 gmol (kg)
4 Water 1o maioe st sobution of amm-sull (213 waX) ard T (kg HyD) 5.3 maolal
5 Warer l=ft after amem cndum -gu bare dissadution (kZ)

I41E+T 6 Thikdmess of e laft afer sodution fomad lom ) 149
L&0E+ 21 7- Mass matesal in chanmeds (kg) (Table 1) [ 2 L]
SE1E+21 £ Volume maenil in channets (om”) ETIE+4
ZITE+21 8. Eomatsd ome o dis-sake dhanne mass (y1) 1100 o 20
L4E+ A

years after accretion, or between temperatures of 250-195 K
(Fig. 4). Although geologically brief, this tme period may hawe
been the first under which Titan's channels, initlally formed by
chemical erosion, underwent mechanical erosion by a liquid

424 Erosion by CHg

In Titan's atmosphere, ethane is produced as a result of UV
photalyss of methane (Yung et al_, 1984, with a mean prodwction
rate of 13 W* molecules cm—* 5" from solely the photolytic
comversion of methane to ethame (Wilkon and Atreya, 2000), and
subsequently condenses and precipitates from the atmosphere.
Condderation of this pmoess suggests that Titan should have
produced a substantial amount of ethane since accretion. Such an
idea was fird pmposed by Lunine et al (1983 who used

Q
123 b

76 m

BIT m
T km

Fig. 3 Crusal Srucune o Tian Data n Tabke 2 Densiny sabuees in parenthesss
fromm Gl lam and Lanman (20742).
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LListod the equaions used in this sudy.
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photochemical models to predict that Titan would be covered by
an ethane ocean one to several kilometers deep, and was later
supparted by others” models, albeit with a smaller net velume of
ethane produced. Further, Gilliam and Lemman (2016) estimated
the mass of ethane produced since accretion as 8.46 x 10 kg, and
suggested that most of it resides in liquid form on or within Titan's
porous crust. As shown in Fig. 4 and Table 3, we estimate that
liquid ethane rain may have begun as early as 0.55x 10° years
after accretion, corresponding to a Titan surface temperature of
150K and continues to present-day, providing ample time for
Titan's channels to undergo mechanical erosion by liquid ethane.

However, there is an uncertainty in the mass balance of liquid
ethane as a possible agent of channel erosion. At the ethane at-
mosphenic production rate cited above, there would have been
96 x 10" kg C:Hs accumulated in 550,000 years, equivalent to
1.55 = 10" m? liquid C,H,, This volume, distributed over the total
area of the channels of 23,750 km® (length » width, Table 1),
would have produced a layer 6.5 m thick. But, its annual increment
at the cited ethane production rate would add only 12um
(12107 m) to the liquid ethane layer thickness in the channels.
The rate of precipitation of liquid ethane on Titan was estimate as

14}
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equations used is listed in Table 5 and the essentials of the prooess
are as shown in Fg. 6
The SKar and Dietrich (2004) model of emslon states that

E=WF, M

where E k& erosion rate (mys], ¥ is the volume emded per impact
{m*), I s impact mte per unitareaim™* 5", and F, is the fracton
of the streambed that k& exposed to stream flow. The value of F;
depends on the supply of sediment to the stream, and the trans-
part stage of the stream (the ratio of the shear velscity in the flow
o the critical shear velocity at the threshold of sediment motion).
The value of I i5 a function of the flu of particles, and the saltation
hop lengih The valse of ¥ s dependent on the kinetc energy of
each particle impact, and the resis ance of the bedrock material to
abrasion by small impacts. Thus, Eq. (1) can be rewntten as

E= ﬁ‘;{ _i]

Lkl g @
where the vanables are as given in Table 5. There g, Is the mass
sediment flow rate per unit width (g m ™" 57, wy is the vertical
impact velocity (mfs], ¥ s the Young's Modulus (Pa), L, i the total
hop length (m), &, is the abrason resstance parameter, or s the
tensile srength (Pal and g &5 the sediment transport capacity
(kg m—" 5" The value of w,, (No. 11) & a functon of the buoyant
density of the sediment, gravity, grain diameter, the critical and
bed shear stresses, the friciional shear velecity, and the particle
settling velocity. The value of L, depends on the grain diameter as
well as the critical and bed shear siresses The value of g ks a
fumction of the sediment density and busyant density, gravity,
grain diameter, and the critical and bed shear stresses.

Mass sediment flow rate per unit width, g, is defined as

§.=5mn @

where 5 is the bed load transport capacity per unit width (m®s),
and p, & the density of the sediment (ke/m®). Numemus e-
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Takhike &
Pammesers used for channe caiculaions.
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Temperature: 90 o 150 w5253 =3
Surface gravitg, g (ms") 135 135 as
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Flg & Oranne] erccion by flowing waer Reprinted in modified formar from

Chansan (1999), Fig. 1001, by permission of Prfessor H. Chanson, Copywaits &
Hubernt Chansan, 1999, Pagmeters Bsed in Tables 5and 6

30x1077 to 0EIx W W m " (Graves et al, 2008)
equivalent to about 20 x 1074 to 4 x 10°* kg gaseous CoHe m™*
yr~ ", From the present-day CaHe contents of Titan's atmosphene
924 % W0 kg (Gilliam and Lerman, 2016), and Titan's surface area
of 8332 « 10" m?, the mesidence time of CH, with respect to
precipitation fom the atmosphers is 924 x 0™ kgj| 20-04) =
10 * kg m* yr~ " xc B332 o W0 )= 5500 to I7,700 yr. Despite
these apparent inconsistencies in material balance of ethame, and
that also appears in the balance of methane (Gilllam and Lerman,
2014a), we use liguid ethane as a potential agent of channel for-
mation on Titan, as discussed further below.

425 Equations

To calculate the rates of liguid stream inclidon into water e
bedmock an Titan, we bulld on the Sklar and Dietrich (2004) maodel
of terrestrial water eroslon by saltation of bedmck particles, and
analyze the effect of bed-load tansport on the lowenng rate using
the equations of bed-load transport rate developed by Einstein
(1942) and Chanson ( 194949 These models apply to channels of
fised width that are being deepened by emsion and abrasion of
rockfice by bed load, and assume that all bed load motion is by
saltation of sphencal grains of uniform size A discussion of the
fund amental equations used ks as follows, and a complete list of all

searchers have proposed different empirical and semi-empirical
comelations of the bed load transport capacing Other parameters
are as given in Table 5.

5. Results and conclusions

From the discussion of the modes of channel ersion in the
preceding secti on we estimat e the time () that it might have taken
liguid ethane and ammaonia on Titan and water on Earth to form a
representative chanmel For Titan, the dimensions and slope of a
mean channel are given im Table 1. For Earth, a model channel is
100 km long, 100 mwide, 10 m deep, and with a slope of 0001 and
0006, There are several possible formulations of the tme o
eroshn of total volume or mass of the channels, of which we use
the fiollowing two.

Timee to erosion ([ ) hased on total volume of the channels (V..
in m?, Table 1) and the linear ercson rate E in myjs of Sklar and
Dietrich (2004), Eq. (2):

= VIHE (ym i)

Only the equations of Einstedn | 1942 ) and Chanson ( 192099) oould
be used for calculation of the channel-bed emsion rate E(ms™").
The equations of Meyer-Peter (1944, 1951) and Nielsen (19492) do
mot give meaningful results of positive emsion ate E =0,

And tme o erosion ([,) based on total mass of material in
channels (M_ in kg, from Table 1) mean channel width (w in m,
Table 1) and §.. mean sediment flow rate per unit width (in
kgm~"s™", Table 5, Mos. 17-18), is:
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Tian Ttan Eamh [Earshi
lequed CaH HHy HD HaD
Sape [l ar [l e [akaal ] OLO00E
Surdace gain size, D (m) E3 [alace] Qe [alace]
Crincal shear SInes s, o« [ e [l s ) [akaed [ala e
[Bed shear smess, e 134 1= a1 00s
Sadim e £ 173N SPOTT £ ARACY, G IEE &7 40z 04s
flegm "5 ")
Total hogp kg, L (mi) 453 ama oz Lila ]
Vertical impact velacity, wy (mjs) 0153 o 0550 0437
Mean shear sress, iy (lgm ' 5 %) T4 BES 480 4
Volumemic conoeniraion of sadi- QM5 QD0 [l o) ] OLOO00S
ment in the bed-load Lver O
Awenge sediment webociny, V; (mjs) 114 s 155 120
Bad-lnad Laver shickness, 5, (m) 230 453 106 05z
Referanoe Chamson Einestein Chamsan Einsiin Chansan Einstein Oh anson Einsizin
[1==a) [194z) (=3 [ 1943 [ === )] [ =] [ =) [ =]
Bad-load IiI'T:I'I' =i per wnit 3 TEE-02 TAEE-O3 A3NE-OF TOOE-O3 ZO3EO4 10ZE-03 LTIEQS THSE-05
wids, S (moks)
Mass sediment flow rae per unit | 35.4 T4 25 asa a7 155 a7 [k =]
width, g, fgm '5 ")
[Enag bon rare, E (ms) 295E0@ 130E-08 TISE8 G TOE-8 S TTES EOEF-(8 1.9E-08 Z3I5E-09
Time to emde (yT)
iy, Egla) L3SE+405 305FE+04 SSTE+04 SO4F 04 Z55E+3 168E4+03 1Z24E+04 GITE+3
s, EQU5) 4 TTE+I2 Z40F+ 03 4)6E 402 155E+03 108E + 02 Z11E+01 1LITE+3 4ATEE4+02
L= ”rf['iﬁ“'} 0T {5y The perieds of existence of one agent of chemical dissolution,

Using the equation of bed load transport capacity ghven by
Chanson (1999], the ates of mass sediment flow per unit width
{g) are 354kgm~"5"" and 406 kg m~" 5", corresponding to
erodon rates of 3= W-"mys and 7.2 107 mys, or louid ethane
and lguid ammonia, respectively. As a comparkson, a channel of
length W00 ko, width 00 km, and slope of 0L0D06-0.001, carved
into sandstone on Earth by lguid water yields a mass sed iment
flow rate per unit width (g,) of 007073 kgm-"5-" and an
erodon rate of 12-58 = 107 mjs.

Using the equation of bed load transport capacity ghwen by
Enstein (1942 ), the ate of mass sediment flow per unit width {g.)
5704 kgm " 57" for liguid ethane and 659 kg m— " 57" fior liguid
ammeanla, comesponding to eroskon @tes of 1.3 107" mjs and
6.7 3 107 mys, for liquid ethane and liguid ammonia, respectively.
As 3 companson, a model dver channel of length 100 ko, width
01 km, and slope of 0.0006-00001 carved into sandstone on Earth
by liguid water yields a mass sediment flow rate per unit width of
019-255kgm™ " 5" and an erosion @te of 235808 « 107" mfs

The results of the tme to erosion  and 2 are shown in Table 7.
The times obitained with Eq. (4) for the Titan channels are of the
arder of 107107 years. For the Earth mesde] river, the times are
WH-10* years The latter estimates agree with the ages of four
large European rivers of 6,000 to 42000 yr (5challer et al, 2001
The times from Eq. (5] are generally lower than those from Eq. (4],
and somee of the results hased on Elnstein’s ({ 1942) equations are
higher, and some lower, than those hased on Chanson (194949) and
Sklar and Dietrich (3004 The models of Meyer-Peter (1949, 1951)
and Mielsen (19492) are not considered here because they give
negative erasion rates that are physcally unrealistic in erosion
meid el s without an external source of sediment.

The erosonal sequence of the channels on Titan (Fig. 4) might
have started after the formation of water-dce on the surface by the
process of chemical dissolution by (NH. L5504 HeO, overd apping or
illowed by a peried of mechanical erosion by lguid NHy con-
densed from the atmosphere. A final stage on the cooling surface
of Titan might have been characterized by liquid CaHes as an agent
of mechanical erosion

ammanium aulfate solution, and two agents of mechanical ero-
slon, lguid ammonia and ethane, are considerably longer that the
estimated channel formation tmes.
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TITAN’S IMPACT CRATERS AND ASSOCIATED FLUVIAL FEATURES: EVIDENCE FOR A
SUBSURFACE OCEAN? A. E. Gilliam and D. M. Jurdy, Department of Earth and Planetary Sciences, Northwest-
ern University, Evanston IL, 60208-3130 (ashley@earth.northwestern.edu).

Introduction: Impact craters may hold direct
clues about Titan’s subsurface ocean. Previous studies
of Tupiter’s moon Europa showed that impact craters
could identify the thickness of the ice shell, and thus
the proximity of its ocean to the surface. A careful
investigation of Titan’s surface craters could constrain
the thickness of the ice layer, and give an indication of
a subsurface ocean. A study of Titan’s impact craters
with associated fluvial features could determine the
subsurface structure. Understanding the morphology of
these fluvial features can give information about their
origin, whether they be pluvial, created by sapping or
seepage, or the result of a flood caused by a large im-
pact. The latter may prove the most revealing, suggest-
ing that the impactor was able to breach through the
ice shell, releasing liquids from an internal reservoir or
the subsurface ocean.

We take a geomorphological approach to examine
craters on Titan, focusing on those that have features
interpreted as fluvial in origin. Using a combination of
Cassini RADAR, VIMS, and ISS data, we present
measurements of the depth and diameter of Titan’s
impact craters. We also measure the stream order and
length of the channels near three of Titan’s confirmed
impact craters to assess whether these features provide
evidence for a subsurface ocean, which has implica-
tions for the distribution of environments that may
support life.

Craters and Associated Fluvial Features: Al-
though the very first Cassini radar image of Titan
showed no impact craters, by 2012, as surface cover-
age increased to ~40%, 7 certain impact craters have
been identified, as well as 52 nearly certain and prob-
able craters [1, 2, 3]. From neighboring moons, Hype-
rion and Rhea, it was initially estimated that Titan
should have 10,000 craters over its entire surface [4].
However, with only 59 detected as of 2012, an active
process of burial and erosion must occur on the sur-
face, removing a large number of craters [5].

The largest crater, Menrva, a 445 km wide double-
ring impact basin, is heavily eroded and hosts a com-
plex network of channels. On the western, more de-
graded side of the crater, channels cut through the out-
er rim. To the east of Menrva, a curious network of
channels start near the rim crest and appear to have
flowed away into a large catchment basin, a complex
called Elivagar Flumina. Channels have also been ob-
served near two other craters, Selk and Ksa. A halo of
channels cut the outer rim of Selk, an 80 km diameter

crater with a small central peak. Also, Ksa, a 30 km
diameter crater with a bright central peak and radial
ejecta, displays a sinuous feature resembling a channel
running north-south on the eastern edge of the crater
ejecta.

Crater Morphology: It is difficult to infer crater
depth on Titan from the scaling relations for craters on
the terrestrial bodies due to the difference in surface
composition (icy vs. rocky). Thus, we examine scaling
relationships of other bodies in the outer Solar System
in order to find a crater scaling relationship that could
be used for Titan. Craters on Ganymede, an icy moon
of Tupiter, have been identified as far back as the Voy-
ager mission. Because of the similar geology, and be-
cause Ganymede 1s of comparable size to Titan and
thus has a surface gravity close to Titan’s, crater mor-
phologies on Titan and Ganymede should be similar.
Using a numerical relationship between crater depth
and diameter for Ganymede [6] we estimate the depth
of Titan’s craters with known diameters. This suggests
that the depth of Titan’s largest crater, Menrva, reaches
~2.8 km, agreeing with another study that proposes
craters larger than 60 km in diameter on Ganymede
(and Titan) have a very small depth/diameter ratio of
~0.01 [7].

Channel Order and Origin: Titan’s surface may
reveal a connection with its subsurface ocean. If crater-
ing penetrated through the surface and made a connec-
tion to the subsurface ocean, then we would expect to
see low-order channels flowing away from the crater
rim. Examination of Menrva reveals several radar-
bright river tributaries flowing toward and away from
the crater rim (Fig. 1). Channels surrounding Menrva
display a low order, measuring one or two, occasion-
ally up to three. This matches observations of two
other confirmed impact craters with associated fluvial
features, Selk and Ksa. These differ radically from the
tree-shaped dendritic channels common on Titan, gen-
erally attributed to heavy rainfall. For example, the
Xanadu region exhibits a very complex and dendritic
network of channels that reach up to third order, al-
though others have reported that channels in the west-
emn Xanadu region reach up to sixth or seventh order
[8].

Using the Integrated Software for Imagers and
Spectrometers (ISIS), we measure the length and width
of the channels surrounding Menrva, Selk, and Ksa
craters, as well as those associated with Elivagar Flu-
mina. We compare these results with a dendritic
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network of channels (the Xanadu region) and a canyon
system with channels created by sapping. Analysis
showed the dendritic network of channels in the Xana-
du region had the longest length, with some channels
reaching ~450 km. This contrasts with the channels
near Menrva, Ksa, and Selk, where the longest length
recorded was ~175 km. The channels associated with
Elivagar Flumina also display a moderate length, the
shortest being ~23 km in length, and the longest nearly
210 km. Channels near Titan’s craters most resemble
the canyon system of channels attributed to sapping,
which has a maximum length of ~200 km. Channels
created by sapping are usually much shorter and often
wider than those created by precipitation. The canyon
system of sapping channels reported in this paper have
a stream order of up to two, and a considerable width
of 5 km, unlike the narrow dendritic channels which
have high stream orders [8].

Discussion and Conclusions: In this study, we in-
vestigate the craters on the surface of Titan and their
associated fluvial features as possible evidence of a
subsurface ocean. Using a scaling relationship for cra-
ters on Ganymede, we calculate a depth of Titan’s
largest crater, Menrva, of ~2.8 km. If Titan’s crust has
remained at a constant thickness of ~123 km over the
course of its history, we find that it is unlikely that the
impactor that created Menrva was able to break
through to the ocean layer below, however, it cannot
be ruled out, especially if there exists a localized sub-
surface reservoir of liquid closer to the surface.

A study of Menrva, Selk, and Ksa reveals the exis-
tence of several river tributaries flowing toward and

2435.pdf

away from these craters. These low-order channels
differ radically from the dendritic network of channels
on Titan, as observed in the Xanadu region, where the
channels can reach up to sixth or seventh order. Be-
cause dendritic channels are generally attributed to
heavy rainfall, this hints that the channels near Titan’s
craters may have formed through another mechanism.
This hypothesis is further supported by measurements
of the length of these channels. The dendritic network
of channels in the Xanadu region reach 450 km, in
contrast to the channels associated with Menrva, Selk,
and Ksa craters, with the longest length recorded only
175 km. The channels flowing into Elivagar Flumina
also display a moderate length. These results are com-
parable to the canyon system of channels observed on
the T16 swath, which are thought to have been created
by sapping, further suggesting that the channels asso-
ciated with Titan’s largest craters may not be pluvial in
origin, but instead may be the result of seepage or even
record a flood.

References: [1] Wood C.A. et al. (2010) Icarus,
206, 334-344. [2] Soderblom J.M. et al. (2010) Icarus,
208, 905-912. [3] Neish C.D. and Lorenz R.D. (2012)
Planet. Space Sci., 60, 26-33. [4] Lorenz R.D. (1994)
Planet. Space Sci., 42, 1-4. [5] Lorenz R.D. et al.
(2007)  Geophys. Res. Lett, 34, 107204,
doi:10.1029/2006GL.028971. [6] McKinnon W.B. and
Schenk P.M. (1995) Geophys. Res. Lett., 22, 1829-
1832. [7] O’Brien D.P., Lorenz R.D., Lunine J.I
(2005) Jcarus, 173, 243-253. [8] Langhans M.H. et al.
(2012) Planet. Space Sci., 60,34-51.

100 km

Fig. 1. Cassini RADAR image of Menrva and Elivagar Flumina taken during the T3 fly-by, showing the channels

near Menrva and the catchment basin (highlighted in blue).
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METHANE AND AMMONIA IN TITAN’S PRIMORDIAL AND COOLING ATMOSPHERE. A. E. Gilliam
and A. Lerman, Department of Earth and Planetary Sciences, Northwestern University, Evanston IL, 60208-3130

(ashley@earth.northwestern.edu).

Introduction: To date, only the Cassini-Huygens
spacecraft has been able to peer beneath Titan’s thick
clouds. Even less is known about early Titan, how it
formed, and how it evolved from 4.55 Ga until today.
We use available information about Titan’s present-
day atmosphere composition and internal structure and
propose a new model for the chemical and physical
composition of Titan and its atmosphere post-
accretion. We show how the two main gases in Titan’s
primordial atmosphere, NH; and CH,, could escape
from the atmosphere with thermal escape as the only
sink, the final result being the present-day gas masses
in the atmosphere. For this, we estimate the structure
of primordial Titan based on its present-day internal
composition, calculate its accretion temperature, esti-
mate its mean heat capacity, and develop its cooling
model. We also model the composition of the primor-
dial Titan atmosphere, with NH; and CH, as the only
gases, and calculate the corresponding volume, height,
density, and outer surface area of the atmosphere in
each case. Finally, we calculate the escape rates of
NH; and CH, as a function of time by mechanisms of
gas thermal escape alone and by thermal escape ac-
companied by emissions from Titan’s interior.

Chemical and Mineral Composition of Titan:
The internal structure for Titan is thought to consist of
an antigorite core overlain by a thin layer of brucite, a
layer of ice VI, an aqueous ammonium sulfate ocean,
and a crust made of methane clathrate, ice Ih, and solid
ammonium sulfate [1]. We assume an internal struc-
ture based on the preceding, with the volatiles in the
outer fluid shell: aqueous solution of NH;, (NH,),SOy,
and CH, gas. It has been suggested that Titan’s differ-
entiated structure evolved from a more homogeneous
structure shortly after accretion [2]. A post-accretional
homogeneous Titan would be much warmer than pre-
sent-day Titan, averaging 300-355 K. At this tempera-
ture, the components will likely be in a different phase
than they are in the present-day differentiated Titan.

Accretion Temperature and Cooling: Accretion
temperature, 7, is based on a balance of the release of
gravitational accretion energy and cooling by an ideal
black body radiation emission, with no other internal
heat sources or heat storage [3]. The overall cooling
rate (Fig. 1) is based on our estimates of Titan’s com-
position and heat capacity and it is unaffected by the
different accretion temperatures: the two curves are
essentially identical at # > 1 Myr after accretion. The

initial cooling period of both curves between 0.5 and
0.6 Myr is relatively fast, where the Titan temperature
decreases to 150 K. It takes about 5 Myr for the tem-
perature to decrease to 90 K.

400
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——Start at 300
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100 P—
Titan present T=94 K

50

0
0 1.E+06 2.E+06 3.E+06 4.E+06 S5.E+06

Time since accretion (yr)
Fig. 1. Titan cooling after accretion for two different
accretion temperatures, 7, = 355 and 7,,. = 300 K.

Present-Day and Primordial Atmosphere: We
consider two cases for Titan’s present-day atmosphere,
with N, or NH; and CH, as the only gases, and three
cases for the primordial atmosphere. It is generally
accepted that Titan’s primordial atmosphere was much
more massive and denser than at present, and domi-
nated by NH; and CHy: two to ten times today’s mass
[4] or an atmosphere of a N, pressure 5-10 bar and a
CH, pressure 30-80 bar [5]. From our results of the
gas-escape calculation, primordial atmosphere scale
thickness was five to six times greater than at present
(109 to 128 km), a total pressure of 25 bar, in compari-
son to 1.5 bar at present, and densities of 14 to 16.6
kg/m®, compared to 5.2 kg/m* at present.

Gas Escape: In a gas, the directions of the gas
molecules are on average outward and inward [6], and
the fraction of the gas moving away from the planet is
12 of the fraction of gas molecules that have velocities
greater than the escape velocity of the planet. The gas
mass remaining in the atmosphere N, = N, ¢* (kg or
%), where Nj is the initial gas mass at time ¢ = 0, is
taken as a first-order flux that is controlled by the es-
cape rate parameter, k. The value of k& depends on tem-
perature and molecular mass of the gas, the Titan es-
cape velocity, and on the atmosphere thickness. Fig. 2
shows the CH, and NH; escape since accretion.
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Fig. 2. The amount of NH3 and CH, remaining in the
atmosphere as a function of time since accretion as-
suming a 7',.= 300 K.

Possible Emissions from the Interior: Possible
cryovolcanic features on Titan’s surface have been
identified by the Cassini spacecraft [7]. Cryovolcanism
is considered by some the leading mechanism for the
replenishment of CHy in Titan’s atmosphere, where it
may be irreversibly lost due to photochemical dissocia-
tion [8]. Among the many possible emission scenarios
that may be thought of, the case we explore is gas ther-
mal escape accompanied by emission from Titan’s
interior, a process that is a combination of a constant
input rate to the atmosphere, 7' (% Ny/yr), with a first-
order escape: dN/dt = I — kN, as shown in Fig. 3.

Discussion and Conclusions: Our work show-
cases a new model of the chemical and physical com-
position of primordial Titan and its atmosphere, and
explains how the two main gases in Titan’s primordial

atmosphere, NH; and CH,, could leave the atmosphere
Temperature (K)
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by thermal escape as the only sink, the final result be-
ing the present-day gas masses in the atmosphere. The
calculated Titan 7. = 355 to 300 K, and it takes about
5 Myr for the temperature to decrease to the present-
day temperature.

At the initial 355 K, very little of the gas mass
would be left in the atmosphere after a few hundred
years, except under certain hypothetical conditions or
if emissions from the interior supplied the two gases
over certain periods of time. To avoid complete deple-
tion of CH, and NH; in the internal reservoir, and to
satisfv that stable gas concentrations do not exceed
present-day levels, emissions would need to be discon-
tinuous and stop at different times, depending on the
emission rate. The emission of NHsz ends 60.000 to
70,000 yr (F = 1.45x107 to 9.0x10™* %/yr) after start,
and the gas mass declines shortly to its present-day
level. The different emission rates of CH, need to last
60,000 to 600,000 yr (F=1.0x10" to 1.0x10° %/yr) to
attain a steady-state value. However, a model of a
lower accretion temperature of 300 K leads to a more
straightforward process of gas loss by thermal escape
down to their present-day masses.

References: [l]Fortes A.D., Grindrod P.M.,
Trickett S.K., Vocadlo L. (2007) [lcarus, 188, 139-
153. [2] Grasset O., Sotin C., Deschamps F. (2000)
Planet. Space Sci., 48, 617-636. [3] Hanks T.C. and
Anderson D.L. (1969) Phys. Earth Planet. Interiors, 2,
19-29. [4] Niemann H.B. et al. (2005) Nature, 438,
779-784. [5] Brown R., Lebreton J-P.. Waite J.H. eds.
(2009) Titan from Cassini-Huygens, Springer, 535 pp.
[6] Maxwell J.C. (1867) Phil. Trans. Roy. Soc. Lon-
don, 157, 49-88. [7] Lopes R.M.C. et al. (2007) Icarus,
186, 395-412. [8] Atreya S.K. et al. (2006) Planet.
Space Sci., 54, 1177-1187.
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EVOLUTION OF TITAN’S ATMOSPHERE IN RELATION TO ITS SURFACE AND INTERIOR. A. E.
Gilliaml, A Lermanl, and J. Wunschz, 1Department of Earth and Planetary Sciences, Northwestern University, Ev-
anston IL, 60208-3130 (ashley@earth.northwestern.edu), 2Depar1ment of Mathematics, Northwestern University,

Evanston IL, 60208-2730.

Introduction: Titan is the only known moon to
have a thick atmosphere and the only world besides the
Earth to have a liquid on its surface. In Titan’s atmos-
phere, photochemistry of the methane (CH,) molecule
controls the composition of the atmosphere as well as
the surface. In the upper atmosphere, direct and irre-
versible photolysis of methane principally produces
ethane (C,Hs), which is subsequently condensed in the
atmosphere and eventually accumulates on the surface.
The irreversible destruction of methane by photolysis
in, and its escape from, Titan’s atmosphere suggest a
much larger atmospheric methane budget on early Ti-
tan and a substantial surface liquid reservoir of ethane
on present-day Titan. A careful investigation of the
pathways of methane to ethane conversion throughout
time could constrain the amount of ethane expected to
be present on the surface of Titan, and give clues as to
its subsurface composition.

CH, Depletion and C,Hs Production Through
Time: In Titan’s atmosphere, the production of all
hydrocarbons commences with the photodissociation
of methane. In the stratosphere, UV photolysis is re-
sponsible for ~1/3 of the total methane destruction [1],
75% of which occurs at the Lyman o wavelength
(121.6 nm) [2]. At Lyman a, the photodissociation of
methane is capable of producing other hydrocarbons,
such as methyl radicals (CH;z). Once these hydrocar-
bons are formed they recombine to form heavier mole-
cules (e.g. CoHe) that condense and eventually precipi-
tate from the atmosphere. In Titan’s atmosphere,
ethane is the main photolysis product of methane [3],
with a production rate of 1.3 x 10° molecules cm™ 5.

Another mechanism responsible for methane loss
in the Titan atmosphere is hydrodynamic escape. First
observed by the Voyager spacecraft and confirmed by
the Cassini Ton Neutral Mass Spectrometer, the me-
thane distribution in Titan’s upper atmosphere remains
uniformly mixed up to ~1100 km, where it begins to
exhibit diffusive separation. Further evidence from the
Cassini INMS suggested that methane is not well
mixed to high altitudes because of a large escape rate.

Using a simplified model of Titan’s atmosphere,
we can calculate the amount of methane remaining as a
function of time since accretion, and the subsequent
production of ethane through photodestruction of the
methane molecules. Expanding on our previous pri-
mordial atmospheric model [4], we assume a primordi-
al atmospheric temperature of 300-355 K, an atmos-

pheric CH, mass of 1.19 x 10% kg, and a scale atmos-
phere 128 km thick and top surface area of 9.18 x 10
m? Under these conditions, we calculate that 8.46 x
10" kg of atmospheric ethane should have been pro-
duced since accretion (~4.5 Ga). As a comparison,
Ligeia Mare, the second largest lake on Titan (126,000
km?), is thought to contain ~5 x 10" kg of hydrocar-
bons [5]. Assuming a liquid solution of 40% ethane
[6], this corresponds to a mass of 2 x 10" kg of liquid
ethane. Our results predict a mass of ethane roughly
400x larger than observed in the second largest surface
liquid reservoir on Titan, or 150x larger than its total
hydrocarbons, suggesting a large quantity of liquid
ethane in Titan’s lakes and perhaps in Titan’s subsur-
face.

CH,4-C,Hs in Titan’s Atmosphere: 1st and 2nd
Order Reaction Systems, Exact and Numerical So-
lutions of Simultaneous Equations: Simultaneous
1st and 2nd order chemical reactions occur in such
systems as the transitions from CHy (1st order) — CHj
(2nd order) — C,Hg (1st order) — Other products, in
the atmosphere of Titan. As far as we are aware, no
exact mathematical solutions of the mixed 1st and 2nd
order reaction systems are available in the literature.
The novel exact solutions are for a case of the source
species CHy with mput from Titan’s interior to its at-
mosphere. The exact solutions are compared to the
approximations that are easier to handle in some cases.
The results are based on the published and estimated
values of the 1st and 2nd order reaction rate constants
of the species. The rate and duration of CH, input to
the atmosphere are uncertain because of the finite size
of methane reservoir in the satellite interior, a feature
often overlooked in mass balance calculations. The
new exact solutions of the reactive system help to ana-
lyze evolution of Titan’s atmosphere since its accretion
and through subsequent cooling, and identify the rates
of the different processes that are consistent with the
present-day occurrences of methane and ethane in its
atmosphere.

References: [1] Brown R., Lebreton I-P., Waite
T.H., eds (2009) Springer (Print). [2] Wilson E.H. and
Atreya SK. (2009) J. Phys. Chem. A., 113, 11221-
11226. [3] Yung Y.L., Allen M., Pinto J.P. (1984) As-
trophys. J. Suppl. S., 55, 465-506. [4] Gilliam A.E. and
Lerman A. (2014) Planet. Space Sci., 93-94, 41-53. [5]
Mousis O., et al. (2014) Icarus, 239, 39-45. [6] Graves
S.D.B., et al. (2008) Planet. Space Sci., 56, 346-357.
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FORMATION MECHANISMS OF CHANNELS ON TITAN. A. E. Gilliam! and A. Lerman!, 'Department of
Earth and Planetary Sciences, Northwestern University, Evanston IL, 60208-3130 (ashley(@earth.northwestern.edu).

Introduction: Titan, the largest moon of Saturn, is
the only satellite in the solar system with a significant
atmosphere, harboring a suite of hydrocarbons that
display a meteorological cycle similar to the hydrologi-
cal cycle on Earth. Dendritic networks of sinuous val-
leys on the surface of Titan were first observed by the
Cassini-Huygens mission, where Synthetic Aperture
Radar (SAR) images revealed drainage networks with
branching morphologies on the order of 100 km in
length [1]. These observations were supported in great-
er detail by the Huygens Probe Descent Imager and
Spectral Radiometer (DISR) [2][3][4], and suggested
formation by fluvial erosion into the water-ice bedrock.
Additional support that the valleys were formed by
flowing liquid is the paucity of impact craters on Ti-
tan’s surface [4][5][6][7], indicative of rapid burial or
removal of surface topography. Additionally, at the
landing site, the DISR imaged Earth-like rounded cob-
bles 0.3-15 cm in diameter [2] composed of water ice,
indicating that they had undergone abrasion during
fluvial transport.

In this study we address fluvial erosion processes
on Titan. Specifically, we examine the possibilities of
channel formation by dissolution of ice by a concen-
trated solution of ammonium sulfate, and by mechani-
cal erosion by flow of liquid ammonia and liquid
ethane. Each of these processes might have functioned
over a certain range of temperatures during the cooling
history of Titan.

Observations of Streams on Titan: In this study
we examine 27 different fluvial features as identified in
VIMS, ISS, and RADAR data, chosen based on their
geographic diversity and resolution — or our confidence
in their classification as a fluvial feature. These valleys
represent an array of morphologic features and range in
size from tens of kilometers to over a thousand kilome-
ters long, and up to ten kilometers wide. The majority
of these features are dendritic in nature, forming tree-
shaped networks with many contributing branches that
converge into larger receiving streams, up to seventh in
channel order, indicative of an origin from rainfall
[21[41(81[9].

In order to calculate the relative rates of stream in-
cision into the water-ice bedrock on Titan, the channel
dimensions must be known. Measurements of channel
slope were made directly from Cassini RADAR SAR-
topo and altimetry data, and depth from an empirical
relationship between channel depth and width as out-
lined in [10].

Mechanical Erosion: To calculate the rates of
liquid stream incision into water ice bedrock on Titan,
we build on a previous model of terrestrial water ero-
sion by saltation of bedrock particles [11], and analyze
the effect of bed-load transport on the lowering rate
using the equations of bed-load transport rate devel-
oped by Einstein (1942) [12] and Chanson (1999) [13].
These models apply to channels of fixed width that are
being deepened by erosion and abrasion of rock/ice by
bed load, and assume that all bed load motion is by
saltation of spherical grains of uniform size.

Results: We find that chemical erosion of Titan’s
channels could be completed in 280 to 1100 years,
much shorter than the period of about 84,000 years that
a concentrated (NH4)2S04-H2O solution could exist as
a liquid on the Titan surface. Mechanical erosion of
Titan’s channels is generally a much slower process, on
the order of 10? to 10° years to completion, and is also
slower than mechanical erosion of a model river on
Earth, averaging 10° to 10* years. The erosional se-
quence of the channels on Titan may have started after
the formation of water-ice on the surface by the process
of chemical dissolution by (NH4),SO4-H,O, overlap-
ping, or followed by, a period of mechanical erosion by
liquid NH;. A final stage on the cooling surface of Ti-
tan might have been characterized by liquid C2Hs as an
agent of mechanical erosion.

References: [1] Elachi C. et al. (2004) Space Sci.
Rev. 115, 71-110. [2] Tomasko M. G. et al. (2005)
Nature 438, 765-778. [3] Soderblom L. A. et al. (2007)
Planet. Space Sci. 55, 2015-2024. [4] Jaumann R. et al.
(2009) Titan from Cassini-Huygens, 75-140. [5] Porco
C. C. et al. (2005) Nature 434, 159-168. [6] Elachi C.
et al. (2005) Science 308, 970-974. [7] Wood C. A. et
al. (2010) Icarus 206, 334-344. [8] Lorenz R. D. et al.
(2008) Planet. Space Sci. 56, 1132-1144. [9] Perron J.
T. et al. (2006) J. Geophys. Res. 111, E11001. [10]
William G. P. (1988) Flood Geomorphology, 321-334.
[11] Sklar L. S. and Dietrich W. E. (2004) Water Re-
sour. Res. 40, W06301. [12] Einstein H. A. (1942)
American Society of Civil Engineers 107, 561-574.
[13] Chanson H. (1999) The Hydraulics of Open
Channel Flow: An Introduction.
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Introduction: Methane gas (CH4) 15 one of the
mam components of the atnosphere of Titan, the largest
satellite of Satmm. At present, pCHs = 0.1 bar, and the
remamder made of M7 at the total P = 1.5 bar. Methane
undergoes thermal escape from Tran's atmosphere and
photolytic dissociation to other hyvdrocarbons [1, 2]. The
very detailed sequence of reactions leading from CHeto
CH: to ethane C:H6 accummlating on Titan’s swface
and other products may be replaced by 2 simplifiad =v=-
tem of three reactions:

(1) d[CH:dr=-k[CEe] k(v

(1) d[CH:]dt=Ea[CH:] ka[CHP ko (om? molec! v
(3) A[C:ELdr = E[CHE - B:[C:-He] By (3T

where brackets [ ] denote concenftrafions mn mole-
culesiem’.

Eqgs. (1) and (3) are first-order ordmmary differential
equattons {ODE), and (2) 1= a Biccati equation. Eqs. (1)-
{3) can be solved numerically for known values of the
reaction rate parameters k. but no exphelt solubon, as
far as we are aware, has been published for the entire
reactlon system.
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Fig. 1. Calculated concentrations of CHs, CHi, and
C2Hg in Trtan’s atmosphere. 1: CH2[1]. 2: CH3 concen-
tration from k3= 6. 72107yl k3 = 5107 em® mole-
cule™ }':'1. 3: CH3 from eq. (2b), rate parameters as mm 2.
4: C;Hg from eq. (3), k23 = 12102 em® molecule? w7,
k= 12107yl 5: CoHs from eq. (5), k= 121012 emd
molecule® vl k3 = 1.0x210%* ). Cross-hatched area is
the domam of CaHg reported concentrations.

Eeaction Eate Parameter: byt From the very ex-
tensrve data base of experimentally and theoreticallv de-
termuned vahues of k12, k3. and &3, ther ranges are: k2

from 9.5E-09 to 3E-04 yr'); ka3 from 5.1E-19 to 1.3E-03
em” molecule” ' k3 from 1.3E-80 to 3E+0 w™. The
ranges are very large and values =1.5:101 w7 come-
spond to reaction half-lrves longer than the age of the
Solar system, 4.55%10%t. The rate constants cannot be
chosen arbitranly to make the equations produce pre-
sent-day concentrations of CH4, CH3, and C2H6 m Ti-
tan’s atmosphere. The value that agres with the present
day concentrations (Fig. 1) are ki» = 6.TE-09 vl ko3 =
SE-14 to 1E-12 e’ molecule” vl and &3 = 1E-04 to
1E-03 wl.

Present-Day Abundance: Present day abundances
of CHy, CH3z, and CoHs m Titan's atmosphere are grven
m Table 1.

Table 1.
Cas Abundance Baf: o
molecules cm™ ke
CH: 1.31=1017 6.16=<10'7  [3]. [41. [51. 1]
CH: 105102 462100 [6]
C:H; 1.31am‘;"s— .
Mem 846004  14peroe DHELILE)

Geom. 1.74=10"

Near-Steady-State Concentrations: In the course
of Titan’s coolmg simce accretion, thermal escape of
CHs slowed down, approachmg the present-day atmos-
phene mass [1]. This suggests that at the present tem-
perature of about 94 K, Titan's atmosphere has attamed
a near-steady state. The steady state or asymptotc solu-
tions of egs. (13-(3) and (2a)-(3a) give the same results
[10]:

From (2), (2a), (2b), [CHs],, = (224 )
From (3), (39) [CaH, ], = 22025 = ulds  (5)
The computed concentrations from the precedmy two

equations and & values cited above are grven m Table 2.
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Solution of (1}:

{1a) [CH,] = [CHylss + ([CHyJg — [CHylssde st
where [CH4)o 15 the mnitial and [CH4lx steady-state concentration (Fiz. 1}

Solution of (2) [10]:

d[CHa] _ P —kgat L 2
o5 = Faz[CHelus + (kg3 [CHaJp = Ky2 [CHylas )64 — Fpa [CHa]
. Ky BT b £ o =ALf2Y 1 AEFT g o= AEf2Y
{Ea} [CH;] — - 1 {pih,o/2)e"M1282 e JigCd 2)e Lyl Ce )]

ka3 phel Ce~ 224 gioy(ce~ 12

where C and v are constants defined m terms of ki, [CHalo, [CH4lw, and constants g=1, p=-1.
Alternatrvely, in the regime where the CH4 concentration 1= near steady-state (Fig. 1),

d[jila] = k2 [CHyles — kza[CHz]?

@b)  [cH], = ul% tanh [k [CH,] s £)

@ = k. [CH,] . tanhzﬂ,‘-'m t) — ky[C.H,]

{32)  And finally, [CaHe] = (1) + CONSTxexp{-kx)

fiey = % [ae2ee F[:l.%+ 1 %+ 2 —e2t) = (a+20) (a F {1,%; % +1; —e2t) + g tanh(et) — ¢

where a =k w; and ¢ = (b [CHalw k3™ s, and F or Gauss's fanction 3F1 is the hypergeometric series.
CONST =—fir=0}

Tahble 1. Calculated and reported CHa4, CHa, and C:Hs concentrations in present-day Titan's atmosphere.

. Batepa- . 3 ; fem® CHs
Fiz 1 ramater alne CH: (molec./cm™) CH: {molec./cm™) (molec./cm®)
Calc Eep. Calc. Rep Calc. Fep.
Fescape | Variable [1]
1.CH, E aeoqnan | 131101 1.3110"
[CHi]e 3.76=10
PCH ot 6.7=10"7 12
ey (10) En 5010 109-10 )
. 1.05x10"
3. CHs ki 6. 710 i
eq. (19} B 5 01014 121-10
En 1.0=10-1 15
4. CoHs B 1.0-107 1310 1.81-10"
B 1.o<10" . to
5. CaH; 1.5=10% 1.67=10"
ks 1010
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(2006} Planst. Space Sci., 34, 1177-1187. [3] Lorenz A D).
et al (1999) Planer. Space Sci, 47, 1503-1515. [4] Gnffith
C.A etal (2003} Science, 300, 628-630. [5] Jacquemart
D._etal (2008} Planet. Space Sci.. 56, 613-623_ [6] Wilson
EH. ad Atreya SE. (2004) J Geoplps. Res, 109,
E06002, do -10.1028/2003JE002181. [7] Gladstone GE.

et al (1996) Jearus, 119, 1-52 [B] Yung ¥ L. and Dellore
W.B. (1999 Photochemizory of Planerary Ammeocpheres.
Orsford Unav. Press. [9] Vinatier 5. et al {2007} Jearus,
188, 120-138. [l0] DLMF (2015 HNIST
hittp:dlnf nest. gon
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Imtroduction: MMuch research has been done on the
behavior of CH4 in Tian's atmosphere, mecluding s
photolytic decompeosition to other hydrocarbons and es-
cape from the atmosphere (e.g., [1][Z][3][4][5]), but s
possible ongin 15 poorly understood on the planets and
satellites other than Earth.

We examme the possibibity of methane formation mn
a number of gas-gas and solid-gas reactions, based on
chemical thermodynamic equilibria under the condi-
tions approximating the reported atmospherie composi-
tion of Titan and the Temestrial planets — Marewry, Ve-
pus, Earth, and Mars. The paths to chemieal equilibrmom
provide msight into the retention of methane m the at-
mosphere of different planets v=. the possibality of 1ts
escape. This study does not imply that the egquiibrmom
reactions m fact occnr, but they may econr on thermo-
dynamie grounds.

Methane Forming Feactions: The five reactions
below mav be responsible for the formation of methane
on the Temestnal planets and Tian. Equilibria m the
swstem C-H-0, where oxygen fugacities are buffered by
the coemisting phases i the svstem Fe-Fe(-Fe:(s-
Fea03 havve been extensively studied by many authors
with reference to the magmatic mnterior of primerdial
Earth {e.z., [6][7]). In this study, the possible production
of methane 1= hmited to the planetary atmospheres m
contact with minerzal sohds.

Three reactions of CH4 production:
El 'C,:I: + EHQ:!: — 'CH.;(!:
B2 2Cq+ HiOgap= CHsg + COxg
E3 CGZE + -’1-H]m = CI‘L‘@ + EHJG.E
Two reactions of serpentimization of won-olnine fayal-
ite that produce CH4 from Ha0 and C m graphite or COx
F4 3Fersi04 + 2H2Oyg + C = 2Fe3lls + 35100 + CHayy
F5 6Fer5i04 + 2HxOg + COyg = 4Fe30s + 65107 +

CHyg

Equilibrium Eeactions Producing CHs: For re-
achoms R1-E35, the equibbrium constants az a function
of temperature can be calculated from:

log & = —AG; f{2.3RT)

where £ 1= the equilibrium constant, B 15 the gas con-
stant (kT mol™ K7, T is temperature (K), and AG® is
the &ibbs standard free energy change of the reaction
(k] mol) at temperature T, computed from the data in
[8]. The valus of log K as a function of T for reactions
R1-E35 are plotted as curves m Fig. 1. The equiibrmom
partiz]l pressures of CH4 m reactions B1-E5 are com-

puted from log £ the actrvities of the pure sobd compo-
nents {Apsmerl}. and reported partial pressures of other re-
actant gases (p, 1 bar), taken as ideal gases, and are
shown in Fig. 2. For primordial Earth [11] at 700 K and
342 bar atm. pressure, a small comrection to log K 15

log Kpoy = log Kooy — ATL(P — 1)/(2.3RT)
where ¥ iz the reaction vohumne change (em¥imal).
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Fig. 1. Equlibrium constants log K for reactions B1-BE5
as a function of temperature. Vertical lines show plane-
tary temperatures.
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Dizcusszion of Methane-Producing Reactions: For
the aforementioned five gas-gas and sold-gas reactions,
E1-E5, we estimate the amount of methane that maght
have been produced on Titan and the Temestrial plapets.

(T. Ttan) The assumed composition of the primeor-
dial atmosphere of Titan, shortly after its accretion
about 4.3 Ga, was about 80% CHszor 194 bar, and 20%
WH3 or 6 bar, at the accretion temperature of 300 to 355
E [5]. At present, 1t is (1.1 bar CH4 and 1.4 bar 2. The
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abundance of seld carbon as graphite in meteornites [4]
and of H: m the Universe suggests that reaction Bl
might have been a likely mecham=m of formation of pri-
mordial CHy. On Tran, reaction Rl between graphite
and hydrogen gas can give partial pressuwres of CHa
cloze to the model-computed value of 195 bar, if pHz =
107* bar. Serpentinization reaction R4 that might have
ocewrred on Titan [2] gives a lngher partial pressure of
CHs, about 700 bar. Thas would account for an mtarnal
reservolr of CHs in Titan's mtertor that s needed to re-
plenish the photolvtic comversion of CHs to other hydro-
carbons.

(Ma, Mars) Mean swrface temperature of Mars 15
210 to 215 K, below the freezmg point of water. How-
ever, the temperature range {dmrnal and seasemal) 15
from 133 to 303 K, and this lends to the posaibility that
reaction B2, C0: and atmospheric HxO [10] makes a
likely source of CHa.

(E. Earth} Earth's nich atmospheric chemustry un-
locks the use of multipls CH4 producing reactions. On
present-day Earth, the production of CHs is primanly
biogenic near the surface and merganic at depth If re-
actions Bl and B2 were zctive on Earth m the recent,
they would have produced reazonzble values of log
pCHs =-3.7]1 and -1.74, respectrvely, compared to ob-
served log pCH: of -6.22 to -5.74.

(V, Vemus) The Venusian atmosphers iz hot and
dense, and 15 presently devowd of CHa However, as a
geologically likely situation we apply reaction B2 be-
tween CO- and HyO to the present-dav composition of
“emns. The result 15 a low parfial pressure of methane,
log pCHs==-4.83 or 152107 bar, owing to the low par-
tal pressure of H20'. In reaction B2, CHy4 competes with
(0 that 1= present at a high partial pressure m the Ve-
musizn atmosphere. However, inreaction B3, where fay-
alite, H2D, and CO0; drve the reaction towards CHy, the
equibbrmum value of log pCH4 15 much lower, -11.8 be-
cause of the low abundance of H20 vapor in Venus™ at-
mosphere.

(e, Mercury) Measurements of the Mercunan at-
mosphere at about 440 K also show that 1t 1= complately
bereft of CHy, but contains Hy. In an approximation to
the zeologically hkely ocowrence of graphite m Bler-
cury’ s crust, we apply reaction R to the known present-
day composition, and caleulate a possible log pCHas of -
23.8 bar, imdicating that practically no CHy should form
in s atmosphere.

Potential Eetention or Ezcape of CHy from Plan-
etz: If CHs were formed from the aforementioned reac-
tions, would it have escaped or been retamed m the at-
mospheres of the indmidual planets? The escape of 2 gas
from an atmosphers depends on the fraction of the pop-
ulation ofthe zas molecules whose velocities are greater

than the escape velocity of the planet. (as escape rate
parameter k (vr'?) is defined as [9, with references]:
Filv = v)- 'E.'\-u,' Satm
- 2Vt

where F(v = v,) = a fraction of the Maxwell-Boltz-
mann frequency distribution of the gas molecules’ ve-
lecities greater than Titan's escape velocity, T,_?:HJE {m's)
15 the mean veloctty in the inferval 17 = 1, and the
quottent Fam'Sam (m) of the atmosphere vohume to s
outer surface area 15 effectrvely the scale thickness of
the atmozphere. The caleulated values of k for CHa are
shown as a function of planetary T m Fiz. 3. If CH, were
produced on Mercwry, the planet’s high temperature
would bave made the escape of CH4 as possible as on
Titan. On Mars, Venus, and on primordial Earth, reten-
tion of CHy would have been more hikely because of the
much smaller values of k and larger escape velocities on
the latter thres planets.
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