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What is an Ocean World?

There are more than you think!

Metallic Core Ice Covering

Liquid Ocean Under Ice

Images: Universal Pictures, NASA/JPL
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What is an Ocean World?

There are more than you think!
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Images: NASA/JPL Note: Not to scale. 3 JPL



What is an Ocean World?

There are more than you think!

Enceladus

Titan
Note: Not to scale. 4 JPL



What is an Ocean World?

There are more than you think!

Triton

Images: NASA/JPL Note: Not to scale. 5 JPL



What is an Ocean World?

There are more than you think!
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Enceladus: Active, Astrobiologically Relevant, Accessible
An ideal place to search for aqueous-based life

Ice crust
(2-10 km)

Global ocean
(18-22 km)

Rocky (silicate)
core

Hydrothermal
vents (>90°C)

South polar region with
active jets




ladus: Active, Astrobiologically Relevant, Accessible
e, no need to dig or drill

100 distinct, collimated jets emanating from Tiger Stripes that
m a single plume

Modulated by diurnal tidal flexing

¥

Porco et al. (2014) Astron. J., 148, 3, 45. 8 JPL



Enceladus: Active, Astrobiologically Relevant, Accessible
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""""" PUTTING A RING ON SATURN

Fast-moving ice particles escaping from
Enceladus' jets feed and replenish one of
Saturn's rings, called the E ring — a faint halo
that lies beyond the brighter main rings.

TINTA A\
Images: NASA/JPL { {f‘ ;’g ) .-/i\\\ Glein et al. (2015) Geochim. Cosmochim. Acta, 162, 202-219. Hsu et al. (2015) Nature 519, 207-210. 9 JPL
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Plume Composition
Organic-rich, sourced from the subsurface ocean
o

Plume gas

heavier hydrocarbons, simple and
complex organics

Mass flux: 200 kg/s

Mixing ratio (%)
96 to 99
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Plume Composition
Organic-rich, sourced from the subsurface ocean

benzene H,O-ice species

cations Na clusters

Plume grains

— Water-ice, salts{mostly NaCl), SiO,, high mass
organic cations (HMOC)

— Mass flux: 50 kg/s (~10% of particlés ,reach /’/._'. ¥
escape velocity) e
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Hydrothermal Vents?
May have been how life originated on Earth

Kelley et al. (2005) Science, 307, 1428-1434. 12 JPL



Enceladus Awaits

An ideal place to search for aqueous-based life Ice crust

(2-10 km)

Global ocean
(18-22 km)

E NEED TO GO BACK

Rocky core

Hydrothermal
vents (>90°C)

South polar region with
active jets
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Europa Beckons
Jem of the Jovian system

Images: NASA/JPL
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Carrier Relay Orbit

Europa Beckons | &F T
H ¥ ‘ visibnli(t))ll”;eraor:bi?r
Jem of the Jovian system veq 4

Deorbit, Descent, Landing
* Guided deorbit burn

* Propulsive Landing System

Cruise / Jovian Tour * 100 m accuracy

» Earth Gravity Assist: Oct 2026 . W,
« Jupiter Orbit Insertion: Oct 2029 Q . o
« Earliestlanding on Europa: April 2031

Jupiter Arrival

9.'(

Deep Space

/ Maneuver

Earth

Orbit \

Surface Mission
» 20+ day surface mission

- M
Earth Gravity
Assist L~ " « 5samples

* Relay communications through
Carrier or Europa MFM (backup)
« SLS Block 1b { * 3-4 Gbit data return

« 2024 (earliest) * 45 kWh battery

Images: NASA/JPL Pre-Decisional — For Information and Discussion Purposes Only




Europa Beckons
Jem of the Jovian system
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Video: NASA/JPL



Europa Beckons
Jem of the Jovian system

P High Gain Antenna

_&Wcrkspace for 10 cm depth

(Terrain-Dependent)

Images: NASA/JPL Pre-Decisional — For Information and Discussion Purposes Only



Europa Beckons
A robust approach to search for signs of life

Images: NASA/JPL Pre-Decisional — For Information and Discussion Purposes Only 19



Europa Beckons
Keeping it all in context

Figure: K. Hand
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Titan Tantalizes

amiliar, yet alien

e Atmosphere
. 96% N,, 4% CH,
— 1.5 bar (thicker than Earth)

Surface
— Water-ice coated in organics
— Dunes in the equatorial region

— -~ Hydrologic Cycle
— Liquid methane, ethane lakes
— Methane clouds, drizzle

utative Cryovolcanoes

\\_ pirY Of arTTHICHRE water | Apossible cryovolcano in the Sotra Facula region of Titan
‘ ice, possibly methanol > , (NASA/JPL/Univ. of Arizona/USGS)



Titan Tantalizes

miliar, yet alien

EARTH
Clouds

— 5 ;
Images: NASA/JPL-Caltech/SSI; NASA w 2 JPL



Titan Tantalizes
iliar, yet alien

EARTH
River channels

Images: NASA/JPL Caltech; NASA/Landsat




Titan Tantalizes

amiliar, yet alien

e N

{ Surface area:

126,000 km?

e Yt 2
Yo

EARTH
Lakes and Seas

Surface area:
58,000 km?



Titan Tantalizes

JPL
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SC (2010), Abstract 1544

EARTH
Remnants of Ridges (Karst)

Malaska et al.-
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Titan Tantalizes

amiliar, yet alien

EARTH
Dune Fields
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Titan Laboratory Experiments

Tackling Titan’s surface chemistry, one experiment at a time

Atmospheric | | | Volatile
. e © :
. chemistry condensation
products
Volatile
Hydrocarbon hydrocarbon

precipitation evaporation

Soluble
EVCHELS

subsurface

- .
What happens when things evaporate oleleiNeiieo
from a Titan lake? Lakes / evaporite playas

Figure by M. Malaska



Titan Laboratory Experiments: Surface Deposits
Probing the bathtub rings around Titan’s lakes

e Solubility of
benzene in liquid
ethane is low

 Benzene could be
an abundant
evaporite around
the lakes on Titan

28 JPL

Barnes J.W. et al., 2011, lcarus, 216, 136-140.



Titan Laboratory Experiments
Tackling Titan’s surface chemistry, one experiment at a time

Photo/images by M. Cable § \ D 29 JPL



Titan Laboratory Experiments: Surface Deposits
Recrystallization occurs when benzene and ethane are mixed

After 15 minutes

—~—

Cable, M. L. et al., 2014, Geophys. Res. Lett., 41, 5396-5401. 30



Titan Laboratory Experiments: Surface Deposits
Recrystallization occurs when benzene and ethane are mixed

— After

— Before
— Benzene alone ethane benzene
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Vu, T. et al., 2014, J. Phys..Chem. A, 118, 4087—4094.




Titan Laboratory Experiments: Surface Deposits
hat does it look like?
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Titan Laboratory Experiments: Surface Deposits
Our best guess . . .

Proposed co-crystal Acetylene/benzene
configuration: co-crystal structure:

Boese et.al., 2003, Helv. Chim. Acta, 86, 1085-1100.

33



Image: nothingnerdy.wikispaces.com

o Spot from incident beam
"~ Spots from diffracted X-rays
\ Photographic plate

Titan Laboratory Experiments: Surface Deposits
-rays, figuring out what stuff is made of since 1912

10,000-
40,000 volts

: Lead
Crystalline solid screen

34

JPL



Titan Laboratory Experiments: Surface Deposits
ur best guess . . . was way off!

2:1 Benzene:Ethane
Ratio

Maynard-Casely et al., 2016, Int. Union of Crystallography J., 3,1-8. 35 JPL



Titan Laboratory Experiments: Surface Deposits
~ Our best guess . .. was way off!

2:1 Benzene:Ethane
Ratio

Maynard-Casely et al., 2016, Int. Union of Crystallography J., 3,1-8. 36 JPL



Titan Laboratory Experiments: Surface Deposits
Titan’s version of a hydrated mineral

4

IS this co-crystal unique, or can other Titan

N

molecules do the same thing?

Image: M. Malaska — - 37
b



Titan Laboratory Experiments: Acetylene and Ammonia
Another co-crystal?

* Acetylene is present on Titan

— Detected in the atmosphere by INMS!?
and on the surface by Huygens GC-MS?

 Ammonia may also exist on Titan’s surface
today

— The origin of Titan’s nitrogen-rich
atmosphere is most likely ammonia ice®-3

— Mixing could occur via cryovolcanism or
other surface processes*

1) Waite, J. H. et al., 2005, Science, 308, 982-986.
2) Niemann, H. B. et al., 2010, JGR, 115, E12006.

\ 3) Mandt, K. E. et al., 2014, Astrophys. J. Lett., 788, L24, 1-5.

Image: NASA/JPL Caltech/USGS/University of Arizona . 34 Lopes R. M. C.etal, 2013, JGR, 118, 416-435. 38 JPL



Titan Laboratory Experiments: Acetylene and Ammonia

New features in Raman

—Acetylene

—Co-Crystal 669 cm-1

—— Ammonia
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Astrobiological Implications
Rethinking our requirements for life

Titan Interaction/Bond Strength

lonic Bond Covalent Bond Permanent or semi-permanent

Covalent Bond Hydrogen bonds, Can be made/broken on timescales
TT-bonds relevant for life (ATP, proteins, etc.)

Hydrogen bonds, van der Waals Loose associations that help hold
1T-bonds forces together secondary structures

At cryogenic temperatures, weaker forces become

more important in molecular interactions

Image: NASA-JPL/Caltech 40



~ Titan Laboratory Experiments: Conclusions
earning what makes Titan tick
e Titan’s surface landscape
¢ is strongly influenced by _ ¥
a complex organic cycle. & =9 -
* Molecules dissolve, s
. precipitate and reorganize '

readily, leading to novel
solid geological materials.

f * What's needed?
More lab work! Future
mission’s!f\-._'\ —

Image: ESA/ATG Medialab

——




Cassini Mission to Saturn: Latest Discoveries
The makings of a truly Grand Finale

Images: NASA-JPL/Caltech



Cassini Mission to Saturn: Latest Discoveries
The makings of a truly Grand Finale Ring-Grazing orbits

Grand Finale orbits
Impact orbit

Animation:'NASA-JPL/Caltech/E. Sturm 43 JPL



Cassini Mission to Saturn: Latest Discoveries
The makings of a truly Grand Finale

e Saturn internal structure

— Magnetic & gravity high-order moment
measurements

* Ring mass

— Address age of main rings

* |n-situ measurements

— lonosphere, inner radiation belts, auroral
region, and D ring particles

— Rings, poles/aurora, atmosphere
44 JPL

Image: NASA-JPL/Caltech



Cassini Mission to Saturn: Latest Discoveries
Pan in all its glory

150 m/pixel (500 feet/pixel)

Images: NASA-JPL/Caltech 45 JPL



Cassini Mission to Saturn: Latest Discoveries
Daphnis making waves

Images: NASA-JPL/Caltech



Cassini Mission to Saturn: Latest Discoveries
Plunging through the gap

Animation:'NASA-JPL/Caltech/E. Sturm



Cassini Mission to Saturn: Latest Discoveries
Plunging through the gap

Camera View Reference View

> i

Animation:'NASA-JPL/Caltech/SSI 48 JPL
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~ ENCELADUS LIFE FINDEF

*/,

Morgan L. Cable, Jonathan I. Lunlne L|n 3 "\\. ||ker and the ELF Science Team



ELF as the Next Logical Step

A robust instrument suite that targets plume gas and grains to search for life

MASPEX ENUA

Mass Spectrometer for Planetary Exploration Enceladus Icy Jet Analyzer

Target: Plume gas

Extended mass range for heavy organic molecules
Enhanced mass resolution for critical isotopes
Enhanced dynamic range for high S/N

Improved sensitivity (better than 1 ppt with
cryotrap) for rare noble gases

Target: Plume grains

Heritage: Giotto, Stardust CIDA but improved ion
optics, ion detector, spectra processing
Segmented target for low and high-rate spectra

mode (compositional profile with 100 m spatial
resolution)

Complete composition of each
ice grain, over a wide
mass range

v Detecke

Images: NASA/JPL/SwRI/F. Postberg \ Pre-Decisional — For Information and Discussion Purposes Only 52



Plume Modeling
Know before you go

Plume Gas Model Plume Grain Model
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ELF Mission Ops P -

Pt OTM

o -7 (inc. Warm-Up)
e detection on the fly ,
ach at 5 km/s
OWS ample time DeS:?Q’/ ~500 Whr \/C\ZryOScience
Recharge /’ Mode
t para EES Comm (3days) ¢
Q( \, Cryo Science
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OTy‘ I
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- e ] @ [T N < S © N I |/ I —— Battery Recharge Mode
Only period Ambient i DesSat ___ science Mode
where Science .
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- — Slewing Mode
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at Sun « Slcslewto ——— Comm Mode
(5hours) i | flyby attitude
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Pre-Decisional — For Information and Discussion Purposes Only 54 JPL



ELF Science Investigation
Three objectives, one profound question: Is there life beyond Earth?

Science Objective 1: Evolution
Determine if Enceladus’ volatiles, including organics, have evolved over time.

Nitrogen as an Indicator Cassini (INMS) ELF (MASPEX Lab Spectrum)
1a. Determine the original
molecular carrier for nitrogen

as an indicator of the degree of
volatile evolution on Enceladus.
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Images: NASA/JPL/SwRI \ Pre-Decisional — For Information and Discussion Purposes Only 55
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lence Investigation
tives, one profound question: Is there life beyond Earth?

Redox Energy Oxidation State
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Images: NASA/JPL \‘ { f// { X Pre-Decisional — For Information and Discussion Purposes Only



ELF Science Investigation
Three objectives, one profound question: Is there life beyond Earth?

Science Objective 3: Life
Determine if the plume of Enceladus contains chemical signatures of biology.

Ami
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Glutamic Acid &
3a.. Lopk for pa s i
acid distributid e i
biological synt %
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relative to othg¢
are energetica
form.

CH,/(C,Hg+C;Hs)
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Images: NASA/JPL § \ Pre-Decisional — For Information and Discussion Purposes Only
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Bacterial Fatty Acids

Carbon Ninmbar =

Fischer-Tropsch Alkanes

Cartaon Nmbor -
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A Life Investigation Within Reach
Multiple, independent tests for life shrink the ambiguity box

| NUMBER OF CARBON
ATOMS IN LIPIDS Strong indication of biotic
or pre-biotic processes

["Measure fatty /

/ acid and/pr ISOTOPE DISTRIBUTION ‘
[_isoprenoids | IN ALKANES

AMINOACID | Ve
number i easure isotopes
ABUNDANCE PATTERN s fad abxndance /

| N /pattern in alkanes

: N¢
/ Mgasx.;re'amllno / Partial
/ acid distribution / pattern?

Strong indication of
abiotic processes

:NASA/JPL § \ Pre-Decisional — For Information and Discussion Purposes Only



Enceladus Awaits
An ideal place to search for aqueous-based life

&

* There is definitive evidence of a subsurface
ean with organics, salts, and free energy.

me of Enceladus includes ocean
| and is readily analyzed for evidence of
al of the Enceladus Life Finder.

INGREDIENTS FOR LIFE

With its global ocean, unique chemistry and
internal heat, Enceladus has become a promising
lead in our search for worlds where life could exist.

- ———

Pre-Decisional — For Information and Discussion Purposes Only 59 JPL



