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Ocean Worlds & Encaladiis

Ganymede

Triton

Shown to scale



Ocean Worlds
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Ocean Worlds
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Ocean Worlds
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Separate Origins In the Outer Solar System

5 My after launch from Earth:
Titan: -3-20 rocks delivered
Europa: 30-100 rocks delivered
(out of 600 million)

Impact velocity
Titan: 10-15 km s (atm)
Europa: 20-30 km st

Comparison: Earth to Mars during the
first 0.5 Ga and arriving within 0.33 Ma
of ‘launch’:
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~ 108 ejecta (r = 0-2.67m)

_ 11
10 kg total Gladman et al. 2006
Mileikowsky et al. 2000

Prospect of extant life living in an environment that has
not been exposed to Earth (or Martian) life.



Comparative Origins

Contingent vs Convergent Chemical Evolution

Hydrothernz

Primordial Soup
Continents
Sun
Tides
Hot Springs

Transfer
Little Utility




Liquid Water



Global heat production (W)

Average flux (mW m™)

Comments

References

3.2x10"

2.8-4.1 x10"

60-80

For Earth seafloor only.
Approximately 1.1x10" (34%) is
concentrated around hydrothermal
vents

Fresh lavas are estimated to reach
temperatures of =1600 K

Modeled range includes radiogenic
only to full tidal dissipation in the
ice shell and mantle

Based on Apollo 15 & 17 in situ
measurements

Stein and Stein, 19594

Veeder et al., 1994;
Spencer et al., 2000;
Geissler, 2003; Davies
et al., 2001

Moore & Hussman,
2009; Hussman et al.,
2002

Siegler & Smrekar,
2014




Possible HST detection of water plumes on Europa
Anomalies on 3 of 10 transits
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F ring
(Prometheus,
Pandora)

JPU



Earth lce-covered
moons

Ocean Worlds



Elements



Essential for all lif s .
E P::::'Tonzrf:r a'”e“fe Periodic Table and Life

. Major transition metals for life

D Essential in traces for all life

D Specialized uses for some life

D Transported, reduced and/or methylated
by some microbes

Adapted from Wackett et al. (2004)

20161102 Space Studies Board 16
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Temperature (K)

Fray & Schmitt (2009)
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Water/Rock Interaction: SiO2 in Enceladus’ ice grains

Possibly resulting from low
temperature, alkaline
hydrothermalism.
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Time of flight (us)

Core-ocean interface Subsurface waters Plume source/water surface

Temperature: >90 °C pH: 8.5-10.5 Temperature: ~0 °C

>8.5 Salinity: <4% |, . : (ref. 23)
>200 p.p.m. SRy a0 (this work) pH: ~8.5-9

(this work) Salinity: >0.5%
(ref. 1)

Core Subsurface ocean Ice crust
Pressure: 100-500 bar ~200 km Pressure: 10-80 bar ~210 km

Thickness: ~10 km ; ; s
Extent: ~50° S latitude Thickness: ~90-10 km (ref. 3)

Low core density: ~2.4 g cm™

Hsu et al., 2015






Flux Comparison
Europa:
~12.5 yW cm?
Minos chamber (10 keV, 20
nA):
~200 pW cm-2

-1 Electron gun







NaCl evaporite. T = 100 K, P = 1e-9 Torr, 10 keV electrons



Sodium chloride brine evaporite post-irradiation

Hand & Carlson, 2014

JPU






Fischer, Brown, & Hand, 2015



Energy




Energetic Limits on Life

COy+4Hy — CHy + 2H50

AG = —10.6 + 0.7 kJmol ™!

SOZ~ +4H, — S* 4+ 4H,0

AG = —19.1 + 1.7 kJmol™!

1 bar, 22 °C Hoehler et al. 2001



Oxidant production via
Radiolysis
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Spencer & Calvin 2002

Observed oxidants on Europa: Oxygen, Peroxide,
Ozone, Sulfate, Carbon dioxide, Sulfur dioxide.

Hand & Brown 2013



Flux of radiolytically produced oxidants
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Photosynthesis on Earth ~10%¢ mol yr.

e Photolysis on Earth ~10'° mol yr* (Walker,

v 1977) ]
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Hand et al. (2007; 2009)






Possible habitable regions & sites of
biosignature preservation & emplacement

Plume deposits

Chaos, linaea, &

extensional features Overturned
blocks
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Sills &

lakes

Ice fractures Upwelling

& veins
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Chemically-rich interface e
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Biosignatures across Space & Time

Exoplanets

Habitable
environments

Ancient lakes,
seas, rivers;
Possibly modern
subsurface
regions.

Subsurface
oceans, sills,
lakes, and ice
veins.

Surface oceans,
continents,
subsurface
regions.

Date Goes Here

Investigation

technique

Remote + in
situ

Remote + in
situ

Remote

Phase

Solid
(silicates) +
Gas if
modern

Solid (water
ice)

Biosignature
expression

Sedimentary rock

record; Atmosphere

if modern
component exists.

Surface
emplacement of
habitable liquid
water regions

(plumes, tectonics).

Biological
modification of
atmospheric and
surface
composition.

Name of presentation or other info goes here

Biosignature
Age

~3 Gya
silicates and
salts (though
possible
modern
component).

Modern to
<100 My

Modern

Biosignature
preservation
considerations

~260-300 K
depositional
environments
followed by highly
variable
lithification
processes; Strong
link to processes
studied on Earth.

~100 K surfaces
provide strong
preservation but
subject to
radiolytic
modification.

Highly variable
depending on
balance between
biological and
geological activity
of planet.




Ocean Worlds

* Science
— Ocean worlds are possibly the best place to search for extant

(living) life and a second, independent origin.
— We are on the brink of revolutionizing biology.

— Comparative oceanography (Earth, Europa, Enceladus, Titan) will
spark new discoveries and insights regardless of habitability.

* Technology

— Convergence of launch vehicle, propulsion, landing, and
instrumentation needs.

— Diversity of mission options: some low-cost missions (Titan lake
landers, Enceladus plume fly-through) and some larger mission
(Europa melt-probes).

— Win-win of exploring Earth as a bridge to exploring ocean moons.



Jet Propulsion Laboratory
California Institute of Technology




Signs of Life: Statement of Task

« What is our current understanding of the limits of life and
life’s interactions with the environments of planets and
moons?

* Are we today positioned to design, build and conduct
experiments or observations capable of life detection
remotely or in situ in our own solar system and from afar
on extrasolar worlds?

 How could targeted research help advance the state of
the art for life detection, including instrumentation and
precursor research, to successfully address these
challenges?

Date Goes Here Name of presentation or other info goes here 36



Depth below surface (km)

Pressure-Depth Comparison

1 km
Earth

T

Alvin (4.5 km)
TS MRs(6.0km)

T

11 km
Trieste/Deep Sea Challenger

80 km

100 km
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Pressure (MPa)
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Life alleviates chemical disequilibrium in the environment

Oxygen =—

Wood —

Earth is a dynamic planet with many
niches of chemical disequilibrium

Oxygen ——

Food —

OXxidant =——

Microbe

Reductant=—




Sirena Deep: 10,700 m







15.0kV x7.00k SE 5.00pm
Hand et al. (in prep)
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The Icy Advantage

Stability of biologically important molecules Miller's Foresight:
Miller and Orgel (1974) Eutectics in freezer from 1972-1997
. . . . Yields (in %) of Adenine and Amino Acids, Based on the Car-
1. Alanme decompOS|t|on via decarboxylatlon (_COOH bon in the Starting Amount of HCN?, Produced from the Various
(] COZ)I Half-life is Ga for <25°C but ~10 yr at 150°C Frozen Samples
2. Many amino acids have half-lives of thousands of IR0 25y 20025yt _20°C. 2memths 2050 Sy
years at 25°C but for T approaching 0°C half-lives —
7 9 Adenine 0.040 0.038 5% 107 6x 10~
extend to 107-10° yrs Glycine 15 13 0.57 0.16
. L Alanine 0.009 0.008 0.001 04
3. Many purines and pyrimidines show an order of Aspartic  ~0.02 ~0.02 5% 1075 <4 x 1076
magnitude increase in half-life as T goes from 25°C to acid
OOC Note. The values have uncertainties of about 4+10%.
. . 9 1In the spark discharge experiment, yields are based on the starting moles
4. Peptides, DNA, and RNA have a hydrolysis half- of CHj.
life of 30 yr at 25°C vs 900 yrs at 0°C Levy et al. 2000

Estimated steady state concentrations (mol L_l_} of HCN and
formamide in the primitive ocean

. pH 200° 100 ° 0°
Stability of HCN and _ — — — See also:
. [HCN] 7 2x107  4x107'¢  2x107° .
formamide on early (HCN] 8 6x10-16 7x10-13 2x10~6 Trinks et al. (2005),
Earth [Formamide] 7 2x107'7  1x107" 1x107 Attwater et al. (2010)
[Formamide] 8  2x10718 1x10-15 1x10~9

+ . I
A HCN production rate of 100 nmol cm™= yr 1 and an ocean
volume of 300 L cm~2 were used.

Miyakawa et al. 2002
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v ' ' Enceladus
Titania Oberon Rhea lapetus l '

Fig. 6. Examples of interior structures according to the results shown in Tables 3 and 6. For the satellites containing a liquid layer, the models with the following
initial NH3-concentrations are shown: Titania, X = 4.3%; Oberon, Xy = 2.9%, and Rhea, X = 0.5%. The latter values imply present-day liquid layers close to
the peritectic composition (see Table 6). Sizes are shown to scale.

ice

oCean

' 2004 DW ' '
Triton 2003 UB313 Pluto Sedna Titania

Fig. 7. Interior structure models according to Tables 6 and 8. The following initial NH3-concentrations were used (see Tables 6 and 8): Triton, X = 5%; 2003
UB3;3, Xy = 5%; Pluto Xy = 5%; 2004 DW/Sedna, X = 1.4%. Titania is included on the right for size comparison with Fig. 6. Sizes are shown to scale. For
UB3;3 we used a radius of 1300 km, which is the lower bound of the value determined by Bertoldi et al. (2006).

Hussmann et al., 2006
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