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What do you pack for exploring?
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Magellan

Å5 ships

Å270 men

Å4/5ths of provisions were wine and hardtack

ÅFlour

ÅSalted meat

ÅLivestock: 7 cows and 3 pigs

ÅCheese, almonds, mustard, figs.
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Lewis and Clark (1804)

Å3 boats

Å193lb of Portable soup

Å130 rolls of Tobacco

Åол Ǝŀƭƭƻƴǎ ƻŦ άǎǘǊƻƴƎ ǎǇƛǊƛǘέ

ÅMedical and surgical supplies

ÅOilskin bags

ÅNative American presents

ÅSextant

ÅFirearms, powder, and shot 
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Shackelton (1914)

ÅWoolen hats, under clothes

ÅCanvas jackets

ÅReindeer fur gloves

ÅStoves

ÅTents

ÅDog teams
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²Ƙŀǘ ƛŦ ȅƻǳ ŘƻƴΩǘ ƪƴƻǿ ǿƘŀǘ ǘƻ 
expect?
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Dares Mighty Things

Robotic Exploration 1.0
Pre-Apollo Lunar exploration

High-cadence trial-and-error
e.g. Ranger, Surveyor, and
Mariner missions

Robotic Exploration 2.0
Mars

Incremental sophistication in a multi-
mission campaign
e.g. Mariner, Viking, Mars Observer, 
MGS, Pathfinder, Odyssey, MRO

Robotic Exploration 3.0
Subsurface, icy moons, & beyond

One-shot mission with adaptive, 
intelligent robot(s)



Unknown regions of the solar 
system
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Inside Lunar Lava Tubes
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Martian Lava Tube



Under the methane lakes on Titan?
Familiar, yet alien

TITAN
Lakes and Seas

EARTH
Lakes and Seas

11Images: NASA/JPL-Caltech/ASI/Cornell; Google Earth

Surface area:

126,000 km2

Surface area:

58,000 km2



Underwater on Ocean Worlds
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What is an Ocean World?

13Images: NASA/JPL
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What is an Ocean World?
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What is an Ocean World?

Mars
(3 billion years ago)
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TIDAL FLEXING Ą TIDAL HEATING

Rotation of Europa around Jupiter from above Rotation of Europa around Jupiter from horizontal view
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HYDROTHERMAL VENTS?
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NASA/JPL-Caltech
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EUROPAõS INTERIOR
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EUROPA: MORE WATER THAN EARTH
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INGREDIENTS FOR LIFE?

- WATER:

Much more than all of Earthôs oceans

- ESSENTIAL ELEMENTS: 

From formation and impacts

- CHEMICAL ENERGY: 

From above and below

- STABILITY: 

ñSimmeringò for 4 billion years



NASA/JPL-Caltech
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NASA/JPL-Caltech/SSI



NASA/JPL-Caltech/SSI



NASA/JPL-Caltech/SSI
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Ice crust

Global ocean

Hydrothermal vents

South polar region with active jets

Rocky core

NASA/JPL-Caltech/SSI



Enceladus surface

30Image: NASA/JPL-Caltech/SSI; Video: P. Schenk



Enceladus vents: Multiple models

31Image: NASA/JPL-Caltech

Open Conduit Model
Cryovolcanic

Volatile -Driven Model

Kite and Rubin (2016) PNAS; Nakajima & Ingersoll (2016) Icarus; Mitchell &  Rabinovitch et al. (2024) 
JGR Planets.

Controlled Boiling Model


