\
\

Jonathan | Lunine

' Dept. Physics, University of
Rome Tor Vergata

\

(on leave from Univ. of Arizona)
\ \




Noupw e

Outline

Basics of Titan
The hydrologic cycle onTitan
Seasonal polar changes
Croll-Milankovich polar changes
Changes over geologic time
Titan's geophysics/internal evolution
Wild and crazy ideas:
a) Hydrocarbon-based life on Titan
b) Titan as a model for future Earth runaway



Robert H. Brown
Jean-Pierre Lebreton
J. Hunter Waite -
Feitovs RS T R
P2 il BN
T s

>
P V.
N

Lifting
Titan’s Vell

giant moon
of Saturn

Ralph

Click to LOOK |NS|DE'

TITAN

Exploring an Earthlike World




Nousw Nk

Outline

Basics of Titan
The hydrologic cycle onTitan
Seasonal polar changes
Croll-Milankovich polar changes
Changes over geologic time
Titan's geophysics/internal evolution
Wild and crazy ideas:
a) Hydrocarbon-based life on Titan
b) Titan as a model for future Earth runaway



One of four worlds with atmospher

and active volatile cycles on solid
surfaces

Only Titan and Earth have open
bodies of liquid on their surfaces:
connects to theme of global

change

Titan may be the solar system'’s
example of an extremely common
type of planet in the cosmos—its
environment may be similar to that
of planets at 1 AU from M dwarfs:
connects to exoplanet theme




Ceres
952 km

Pluto
2,302 km

Triton
2,706 km

2003 UB,,,
3,000 km

5,262 km

Titan in the solar system

2nd largest moon in the sol sys
Density 1.88 g/cm3--> 60% rock

Voyager flybys in 1980, 1983;
Cassini-Huygens 2004-
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1 AU

1 AU=Earth-Sun
distance




Historic highlights of exploration

1655 C. Huygens Discovers “Luna Saturni”

1847 John Herschel names it Titan

1908 Comas Sola infers an atmosphere

1943 G. Kuiper discovers methane on Titan

1980 Voyager 1 probes atmosphere/determines size
2005 Huygens probe lands on surface/finds methane

2004-2017 Cassini Orbiter maps Titan surface/atmosphere
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NB — 1D radiative transfer codes are able to produce matching temperature profiles
by including what we know about Titan’s composition
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INMS shows complex chemistry in the region above goo km (probably below, too).



Photochemistry at the heart of

Titan’s surface-atmosphere evolution ethane

A <1450 A
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acetylene
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Cassini-Huygens:

A US-European collaboration
with three official partners:
NASA/ESA/ASI










Landing site most resembles a desert bajada
on Earth




GCMS inlet SSP
ACP inlet

Lorenz et al 2006

Niemann et al 2005
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10-20 km averaged GCMS spectrum
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Figure 2. Distribution of lake features above 60°N: (a) Mosaic of Cassini SAR swaths through May 2007. (b) Distribution
of mapping units. Dark lakes are blue, granular lakes are cyan, and bright lakes are red. Background color represents
incidence angle during acquisition. Note outline of Lake Michigan for relative scale.
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Northern lakes the surface expression of a larger “alkanofer”?

Evaporation 1

Unsaturated
Zone

Hayes et al., 2007



Ligeia Mare
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Dunes cover 20% of Titan’s surface.




Latitude

Microwave radiometry --> dunes are not silica sand or clean ice; best fit
organics.
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Beghin et al: Electric field data from Huygens = subsurface water ocean
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Stratosphere
P Destruct/on of methane
Troposphere
Low latitude /
// methane storms /
| Polar lakes/seas m/ethane Polar lakes/seas
< Net flow of channels >
{ Subcrustal water ocean }

The methane cycle on Titan




Carbon budget. (Area of slide is ~ CH, consumed over Titan’s history: ~10,000 Teratons)

Lakes: 16-160 Teratons

180-640 Tera
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Ontario Lacus

Cassini ISS image of the South Polar region of Titan



Cassini arrived at Saturn during southern hemisphere summer

Vemal Equinox Cassini Equinox Mission
Voyager 1 (Auzr;gg& (2-year extended mission) 5 15 Gap with Cassini
(12 Nov 1980) N End of Cassini Mission Potentially Closed
N \ / l\‘ljomlgggemssmn with TSSM Extended Mission
Solstice Mission (Jun2008) 1 gens
S (14 Jan 2005) TSSM End of Mission
e (Jul 2033)
Spring Ls=0 o /
178 Titan days Cassini Arrival —— <~ Perihelion
_____ N (Jul 2003; Dec 2032)
summer _ =Y Winter Solstice
Solstice &L ___-=="T (Oct 2002; Apr 2032)
(Dec 1987; -
May 2017
L y_ 900) S } Autumn
ST 2 Summer 159 Titan days

182 Titan days

Obliquity 26.7° TSSM Titan Orbit Insertion

(Sept 2031)
Aphelion S Lg=180°
(Sep 1988; Mar 2018) TSSM Launch TSSM Arrival

Autumnal Equinox Sep 2029
(Sep 2020) (Nov 1995; May 2025) (060 2029)

Orbital motion of Titan and Saturn around the Sun during one Saturn year. L denotes the Kronocentric
(Saturnicentric) orbital longitude of the Sun that characterizes the season.
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I/F normalized at 2.01781 pm
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log10(vapor pressure, bars)

Vapor Pressures

Methane
Ethane CH4
— C2H6
— C2H2
12418 158.18 192.18

temperature, K
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14 April 2008 (251°)

~

Storms in the tropics of Titan

E. L. Schaller!, H. G. Roe?, T. Schneider®* & M. E. Brown®

Vol 460(13 August 2009|doi:10.1038/nature

18 April 2008 (341°)

08193
28 April 2008 (210°)

b

15 April 2008 (273°)

16 April 2008 (296°)

E

- -

20 April 2008 (27°)

25 April 2008 (140°)

1 May 2008 (275°)
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An asymmetric distribution of lakes on Titan as a
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Fractional Lake Area

Asymmetry is not an observational effect
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Titan’s Milankovitch cycles: precession of Saturn’s eccentric orbit



Evaporation timescales

0

CH

C,H,

Stable-ggainst seasonal
evaporation

C,Hp> cL H

LSl o)

2L
-8 l;?
table against evaporation

over a Croll-Milankovitch cycle

log10(vapor pressure, bars)

e HCN
-12 ‘ ‘ ‘ ‘ ‘ ‘ ‘
85.08 88.48 91.88 05.28 08.68 102.08 105.48 108.88

temperature, K

Note that presence of propane increases viscosity, damps waves (Lorenz et al 2010)



What effect might this seasonal asymmetry have on methane/ethane?

Insolation difference is 1.5 W/sq. meter at top of atmosphere

Difference in peak evaporative flux N vs S is ~ ¥4 W/sq. meter
based on circulation models (e.g. Mitchell, 2008).

Net difference, if averaged over a summer would remove
hundreds of meters worth of ethane

* However, more intense southern summer is shorter:

integrated annual insolation is the same. Therefore, indirect

effects of more intense sunlight over a briefer period must

be considered. This requires detailed modeling.



Compositional Cycling of lakes/seas

[Short] Long

Methane-rich Ethane/propane-rich

Lower viscosity—=>

waves
“Hydration/ Croll-Milankovitch
Seasonal dehydration 50,000 years
cycling

30 years

Higher viscosity—>
smooth _ Precipitates (C,H,, HCN...)
Ethane/propane-rich

viscosity scale (Lorenz et al 2010):
methane <  water< ethane/propane
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Afekan
M5 Kkm

About 70 possible
impact craters on
Titan....

(Chuck Wood, PSI




Ghost rings on swath T16; image 175 km wide.

6(Chuck Wood, PSI

Many craters may be buried in organic sediments....
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Billions of years ago

Evolution of
the outer layer

Depth (km)

Accretion Core Core Onset of Crystallisation Crystallisation
Overturn Diffusive heating ~ core convection of HP ice of HP and Ice |
Convection
300K 1500K in the outer layer
I siicate I Water + ammonia [ Amosphere
[ High pressure ices lee| [ Methane clathrate

Tobie, Lunine, Sotin. Nature, 2006



@

CH, released rate
normalized by
CH, loss rate

o N B O o

Time of core overturn Onset time of convection Onset time of convection

& initial amount of CHg4 within the silicate core within the outer icy layer
N T 11 l\ 1 1T\1 1. 1 I TP rrrrnra ] T 17 1T 1T 1 )l T 11 ] TP rrrri I I L l_
n 09 .
o . 100, -
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0 1Ga 2Ga 4 Ga

Area under this curve is equivalent to

enough methane to sustain photolysis
for ~ 1 billion years

\ d ryII

Surface methane expires
here and Titan becomes

Renewed outgassing of
methane begins
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Fifth order shape of Titan from radar data (Zebker et al., 2009)
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Fig. 1. Titan's geoid with respect to the reference ellipsoid, in meters. The lines represent the
subspacecraft trajectory for 2 hours for Cassini’s flybys of Titan (T) T11 (green), T22 (magenta), T33
(blue), and T45 (red). The large solid circles represent the points at closest approach.



Fig. 2. Titan's gravity disturbances with respect
to the reference ellipsoid, in mGal, plotted over
Titan’s albedo. The region delimited by the red
dashed line is Xanadu. South of Xanadu is an area
of negative gravity anomaly. The coordinate axes,
the equator, and the prime meridian are shown
in black.
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Could methane and ethane act as
a liquid medium for life?

+ Allows organic molecules to

hydrogen-bond

Suitable for low temperatures

Polar hydrocarbons might create

“insides” and “outsides” in liquid

ethane/methane

+ ‘Biological” molecules would be
dominated by C-N bonds rather than

C-0O as on Earth. No DNA, or RNA,
or proteins...

¢ ¢

Steve Benner and colleagues




LIFE AS WE KNOW IT......

Amino acids , Proteins
C,H,ON,P... /
\Nucleotides DNA, RNA
Elements Monomers Polymers

Carbon is the scaffolding and water is the liquid medium.



LIFEAS WE DON'T KNOW IT......

C-N Structure/catalyst C-N polymers
CJHQO)N)P--. /
\ C-N _, Information carriers
C-H-O polymers
Elements Monomers Polymers

Carbon is the scaffolding and ethane-methane the liquid medium.



Solubility Calculations Cordier et al. (2009)

YiP =1, X; Py,

ln(ri Xi,sat) — (AHm/RTm)(l — Tm/T)

Chemical Composition of Lakes at the Poles and the Equator

Equator (93.65 K)

Poles (90 K)

Main composition (lake mole fraction)

N>
CH4
Ar
CO
C,Hg
CsHg
C4Hg
Hj

2.95 x 1073
5.55 x 1072
2.88 x 107°
2.05 x 1077
7.95 x 107!
7.71 x 1072
1.45 x 1072
5.09 x 10~

4.90 x 1073
9.69 x 102

5.01 x 107
421 x 1077
7.64 x 1071
7.42 x 1072

1.39 x 1072
3.99 x 10711

Chemical Composition of Lakes at the Poles and the Equator

Equator (93.65 K)

Poles (90 K)

Solutes (lake mole fraction)

HCN 2.89 x 1072(s)

C4Hj 1.26 x 1072 (ns)
C,H, 1.19 x 1072 (ns)
Ce¢Hs 2.34 x 10~ (ns)
CH;CN 1.03 x 1073 (ns)
CO, 3.04 x 10~* (ns)

2.09 x 1072(s)

1.21 x 10~%(ns)
1.15 x 10~ 2%(ns)
2.25 x 10~*(ns)
9.89 x 10~*(ns)
2.92 x 10~*(ns)

Notes. (s): saturated; (ns) non-saturated.

72



Focus on the chemistry of acetylene, which should be
fairly abundant (2%) in the lakes

2CH, 2>C,H,+3H, '

,

+2 hv (UV)




However, a source of hydrogen may change everything...

, [ 4
' C,H,+3H,22CH, . {_ ’4
+ 334 kJoules/mole
(McKay and Smith, 2005)

3C2H29C6H6

570 kJ/mole




And with a source of oxygen (water)... (Benner and Kim, Abscicon 2010 April, Houston):

H—C=C—H  HsC—C=C—H ;:E
0

l/ O N l
O
ethanal
)J\ H3C\ ).k propanal H,0

I

ethanal ropanal
hydrate C C hyele

TN hydrate
HeC”  H S

E P . /Y

HO O
\/




Response =

Seek deviations from abiotic abundance patterns

14

18 a) Fischer-Tropsch

Elution time or m/q

Response 2>

b) Petroleum
(biological product)

20
18

22
26

24

A P A

28

o

30
32

Elution time or m/q
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Basics of Titan
The hydrologic cycle onTitan
Seasonal polar changes
Croll-Milankovich polar changes
Changes over geologic time
Titan's geophysics/internal evolution
Wild and crazy ideas:
a) Hydrocarbon-based life on Titan
b) Titan as a model for future Earth runaway
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The final sterilization of the Earth will occur when the planet
loses its water. Today, the timescale for the loss of the oceans
through photodissociation and hydrogen escape is much longer
than the age of the Earth; as the atmosphere warms beyond 60
to 70°C, however, the H,O mixing ratio in the stratosphere
increases markedly®’. As surface temperatures approach ~80 °C,
the stratospheric H,0 mixing ratio reaches ~2.5%. Above this
mixing ratio, the loss of hydrogen to space is limited by the
solar extreme ultraviolet heating rate to ~6x10'' atoms
H cm™?s™" (ref. 21), giving a timescale for ocean loss of ~1 Gyr.

Kasting, 1992



A Titan-like planet at 1 AU from an M-dwarf
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Cassini Extended
M ISSI?e north this year

® Seasonal changes: Spring equinox beginsin t
e (assiniS. Hemisphere observations = strong polar seasonality

e North is different from south: large-scale coverage by lakes; weaker summer
solstice flux in north vs south.

e |If lakes are not connected to an aquifer smaller ones should shrink.

® Expectto observe convection/rainfall in north as in south. But more areas
covered in liquids = different behavior?

® Onset of spring in the north—> sunlight—=> opportunity to map lake composition.
® Seasonal asymmetry at high altitude = new chemistry to be explored.

® FutureTitan missions

e Completion of the map of Kraken mare is essential to its potential as a
splashdown site for future probes.

® Internal structure
® Detecting presence of an ocean requires four RSS flybys
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Post-Cassini Key Science Questions and Measurements
e What are the lakes and seas made of? What's flowing in the rivers?

@ Direct measurement of lake/sea composition

@®1-6 micron spectral images with resolving power 1000
< ®10-20 mimaging in selected areas

@ Temperatures to better than 1 K over poles

® |Isthere active volcanism? Tectonics?
@ Global imaging to 50 m resolution

@ Global topography to 120 m precision over km spot size
@® Mapping of volcanic gases (CO,) and CH, geysers
@ Surface seismometry

- How are the]p% ymers made in the atmosphere? What is the distribution and
deposition of the energy source?

C ® Mass spec to 2000 amu w/ resolving power of 12 amu
® Composition and dynamics in 4£00-goo km region.

® When and how do the heavy rains occur?
C @ Decep atmosphere temperature measurements to 1 K

@ Selective imaging to 120 meters resolution

Blue = orbiter or close flyby spacecraft; red = mobile aerial platform; green=surface landerffe



Post-Cassini Key Science Questions

and Measurements
® |sthere arock/metal core? How thin is the crust?

® Magnetic measurements of possible induced magnetic field to
sub-Europa sensitivity

® Global gravity mapping to degree and order 6
@® Global topography to 10 m precision over km spot size
@ Surface seismometry

® What is the loss rate of the major gases?

@ Detection of energetic particles from solar wind and
magnetosphere

@ Detection of Titan material within the Saturn system

@®1-6 micron spectral images with resolving power 1000
@ Rotational spectra of molecules in Titan’s limb
@® Conditions and dynamics in the 400-900 km region

Blue = orbiter or close flyby spacecraft; red = mobile aerial platform; green=surface lande




Post-Cassini Key Science Questions

and Measurements

e What is the vertical extent and composition of the subcrustal ocean?

@CElectric field measurements of high sensitivity across various parts of
the surface

g(PQs_siny required): a better determination of tidal love numbers than
assini.

® Are ammonia and methanol present on the surface?

@®1-6 micron spectral images with resolving power 1000
< @®Direct sampling of surface materials by GCMS

e \What js the state of pre-biotic/biotic evolution of Titan’s surface organics? Is
there life ?

@®Direct sampling of lakes and seas with MS and/or GCxGC

@ Chiral measurements on organic materials

@ Direct determination of the presence of inorganic catalysts
®1-6 micron spectral images with resolving power 1000

Blue = orbiter or close flyby spacecraft; red = mobile aerial platform; green=surface lande
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A land that is lonelier than ruin
A sea that is stranger than death

Far fields that a rose never blew In,

Wan waste where the winds lack
breath

By the North Sea (A.C. Swinburne)




