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Pioneer 11
discovers an

additional
Saturn ring

Pioneer 10

New Horizons
passed Uranus’s orbit 

March 18, 2011;
it will reach Pluto

July 14, 2015
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to approach
Uranus, 1986
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First craft

to approach
Neptune, 1989

First craft to cross
the asteroid belt

Juno will reach
Jupiter orbit

July 2016

Heading to Mercury, 
Mariner 10 flew near
Venus in 1974, taking
images and getting 
a gravity assist to

speed its trip
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NASA’s NEAR-Shoemaker 
craft was first to touch 
down on an asteroid, 

Eros, in 2001

2007: New Horizons
imaged Jupiter and its 
moons while getting 
a gravity assist that 
shortened its trip to 
Pluto by three years
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REACHING FOR DEEP SPACE

ASTEROIDS AND COMETS TO JUPITER AND BEYONDTHE INNER SOLAR SYSTEM
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Images not to scale.
Missions launched through the 
end of 2012. Failures shown 
reached at least Earth orbit; 
many others failed at launch. 
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Old Goldilocks

Venus Earth Mars
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New Goldilocks

Io Europa Ganymede Callisto



National Geographic



Earth 
60-80 mW m-2

Europa 
10-800 mW m-2

Enceladus 
~16 GW 

~200? mW m-2

Io 
2500 mW m-2

Tidal Energy and the New Goldilocks for Habitability



New Goldilocks Weird Life Too big?  
Ice too thick? Relic oceans? Unknown



Hand et al. 2009



Water





Discovering an Ocean in 3 Easy Pieces



Piece #1: Find a Rainbow Connection



Moroz, 1964



Piece #2: Babysit a Spacecraft





Europa Cross Section

Iron 
Iron/Sulfur

Rock/Silicates

Water in either liquid or 
solid phase



Piece #3: Adhere to Airport Security













Enceladus
NASA/JPL/SSI



NASA/JPL/SSI





Elements



Raulin et al., (2010) Adapted from Wackett et al. (2004)
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Fray & Schmitt (2009)



Fray & Schmitt (2009)
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Hussmann et al. (2006)

Too much rock,       
         too little ice…

Too much ice, too little rock…

Icy seafloors? 
Bad for life?



Postberg et al. 2009Waite et al. 2006; 2009 Postberg et al. 2009

Hsu et al., 2015
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oceanworldslab.jpl.nasa.gov







NaCl saturated brine. T = 290 K, P ~ 1e-6 Torr



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



Sodium chloride brine evaporite post-irradiation

Hand & Carlson, 2015

Spectral comparison &  
Galileo SSI filters

Hand & Carlson (2015)



Sea salt (NaCl) found on Europa
Hubble Space Telescope follows up on lab experiments and finds the fingerprint of irradiated salt 
from the ocean below.

Wavelength (nm)

Hand and Carlson (2015) Trumbo, Brown, and Hand (2019)

Lab sodium chloride before 
irradiation with electrons.

Lab sodium chloride after 
irradiation with electrons.

Hubble spectra (black) 
compared to lab 

spectrum of irradiated 
NaCl (red).

Yellow region on Europa matches irradiated 
NaCl both visually and spectroscopically.

Oceanworldslab.jpl.nasa.gov





Energy
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Life alleviates chemical disequilibrium in the environment

Oxygen

Wood

Oxygen

Food

Oxidant

Reductant

Microbe

Earth is a dynamic planet with many
niches of chemical disequilibrium



The Surface Radiation Environment of Europa

∼10 km





Hand & Brown, 2013



Priscu & Hand 2012

Radiolytic Hydrogen peroxide = Energy for Life?

Chyba & Hand 2001



Spencer & Calvin 2002



How oxidized is Europa’s ocean?

Hand et al., 2007; 2009
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Hand et al., 2009



Great, so how do we find it?



Europa Clipper (NASA) JUICE (ESA)



Surface operations

Dragonfly in flight

Landing

Dragonfly Mission Concept for Titan exploration (NASA New Frontiers, competed mission)







Pre-Decisional Information – For Planning and Discussion Purposes Only

Lander Provides a Robust Suite of  
Biosignature Measurements

• Model payload provides a minimum 
of 9 lines of evidence for identifying 
potential biosignatures

• Biosignature Investigations are highly 
complementary

• Model payload ensures 
measurement redundancy

• Investigations yield high value 
science even in the absence of 
any potential biosignatures.
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Viking Results: Then & Now

1953

PCR Invented

19831977

Hydrothermal 
vents discovered

DNA 
discovered

1976

Viking Landers Human genome 
sequenced

2003

Tree of Life Then…

Archaea discovered 

(3rd  domain of lif
e)

Cryptoendolith
s in 

Antarctica discovered

2017

Europa Lander SDT 
Report delivered

2016

…Tree of Life Now.






