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What	makes	a	planet	habitable?	
Ice-covered	oceans	
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Almost	all	of	our	knowledge	of	Europa		
comes	from	the	Galileo	mission	(‘89-’03)	



Mul^ple	lines	of	geologic	evidence	for	liquid	water	at	or	near	the	water-ice	surface	of	the	moon	

“puddle”		
is	4km		
across	

image	is	150	km	across	
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Schmidt	
et	al.		
Nature		
2011	





Controversial	claims	of	plate	tectonics	on	Enceladus	

Kadenhorn	et	al.	Nature	2014	



Candidate	cryovolcanic	(water	vapor)	plumes	detected	by	HST	
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Europa	is	differen^ated	in	to	a	H2O	layer,	rock	mantle,	and	
metal	core.	The	ice	above	the	ocean	is	at	least	1	km	thick	

(best	es^mate	30	km	thick)		



Gravity	data	constrain	Europa’s	ocean	thickness	

Anderson	et	al.	Science	1998	

C22	=	gravita^onal	anomaly	
associated	with	^dal	elonga^on	
towards	and	away	from	Jupiter	



Khuruna	et	al.,	Astrobiology	2002	Solid	lines:	data	
Dashed	lines:	induced-dipole	model	

This	technique	works	because	Jupiter	
has	an	inclined	magne^c	field	(10	degrees).	
Magne^c	field	strength	varies	from	400	nT	
to	500	nT	every	5	hours.		
It	does	not	work	at	Saturn	
(axially	aligned	magne^c	field).	

Magne2c	data	require	a	conduc2ng	fluid	inside	Europa;	most	likely	a	salty	
ocean.		
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Murray	&	Dermod	1999	





Tobie	et	al.	JGR-Planets	2003	

Tidal	dissipa2on	occurs	in	the	silicate	mantle,	the	ocean,	and	the	ice	shell.	
It	is	currently	thought	that	dissipa2on	in	the	ice	shell	is	the	most	important		
(sustaining	the	ocean	–	warm	insula2on)	



Schubert	et	al.,	‘Interior	of	Europa,’	in	the	Europa	Book,	U.	Arizona	Press,	2009	

Io:	100x	more	
volcanically	ac^ve	
than	Earth	
	
Europa:	Ice-covered,	
internal	water	ocean	
	
Ganymede:	
Ice-covered,	
internal	water		
oceans	



Schubert	et	al.	Space	Science	Reviews	2010	

Link	between	^dal	dissipa^on	and	internal	temperature	allows	oscilla^ons	in	internal	temperature	

^mescale	set	
by	cooling	^me	

of	shell	in	
which	dissipa^on	

occurs	(typically	Myr)	



Hussmann	&	Spohn,	Icarus,	2004	

One	possible	solu2on	for	coupled	Europa-Io	orbital-thermal	evolu2on:	illustra2ve	only	



These	feedbacks	are	common,	and	many	mid-sized	icy	objects	likely	
maintain	H2O	oceans	

Most	of	the	habitable	
volume	in	the	Solar	
System	is	likely	water	
in	sub-ice	oceans	

This	graphic	is	
from	2010.	There	
is	now	evidence		
(libra^on)	that	
Mimas	also	has	a	
global	ocean.	

Red	boxes	show	
worlds	for	which		
there	is	direct		
evidence	for	a	
sub-ice	H2O	ocean	

Ammonia	
an^freeze	is		
important	at	Saturn’s	
orbit	and	beyond.	
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Hand	et	al.	2007	

Energy	budget	of	Europa’s	ocean	



K.	Nealson	
JGR	Planets	
1997	



Giant-planet	magne^c	fields	entrain	charged	par^cles	
which	bombard	the	trailing	hemispheres	of	moons	à	

radioly^c	chemistry	



Hand	et	al.,	Astrobiology,	2007	

An	oxygen-rich	Europa	ocean,	supplied	by	recycling	of	radioly^cally-processed	material	
from	the	surface?	
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How	to	confirm	a	global	sub-ice	ocean	exists:	
decoupling	of	ice	shell	from	deep	interior	by	ocean	

increases	the	amplitude	of	
gravity	^des	and/or	physical	libra^on	

Thomas	et	al.	Icarus	2016	



Measuring	the	thickness	of	the	ice	shell	



(Stone	Aerospace)	

nuclear	reactor	
is	required	

Landing	and	recovering		
ocean	materials	



A	shortcut:	sample	material	from	the	cryovolcanic	plumes	of	Saturn’s	moon	Enceladus	

NASA/JPL	



Kite	&	Rubin	PNAS	2016	

The	‘2ger	stripes’	that	launch	Enceladus’	geysers	are	gateways	to	a	global	ocean	



Hsu	et	al.	Nature	2015	
not	correct	–		
now	known	to	
be	global	

Hydrothermal	vents	were	ac2ve	at	the	Enceladus	seafloor	geologically	recently		
(inference:	probably	ac2ve	today	also)	



Waite	et	al.	Nature	2017	

Energy	is	available	for	life	on	Enceladus	



Complex	organic	molecules	are	being	launched	into	space	from	a	
scum	layer	on	the	top	of	Enceladus’	ocean	
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Key	points	from	today’s	lecture	

•  evidence	for	global	sub-ice	oceans	in	the	outer	
Solar	System;	

•  the	“ideal”	sub-ice	ocean	for	biology	(and	
ways	in	which	Europa,	Ganymede	and	
Enceladus	deviate	from	that	ideal).	



		Yorkshire	Coast,	Earth	
Toarcian	OAE	

JWST:	6.5m	diameter	mirror	

Gale	Crater,	Mars		
Habitability	transi^on	 Future	large	segmented	telescopes	

Exoplanet	spectroscopy		

Is	Earth	a	fluke,	or	are	habitable	climates	common?		

Mars	is	the	only	planet	known	to	record		
a	major	habitability	transi2on	in	its	sediments		

Habitable	planets	=	subset	of	habitable-zone	Earth-radius	planets	
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Exoplanets	are	detected	mainly	through	radial	
velocity	measurements	and	transits	
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TRAPPIST-1	(Gillon	et	al.	2016)	



HABITABLE-ZONE	1-2	EARTH	RADIUS	
PLANETS	ARE	NUMEROUS	
	 Sunlike	(FGK)	stars:	

Red	dwarf	(M)	stars:	

Dressing	&	Charbonneau	ApJ	2015	



HABITABLE-ZONE	1-2	EARTH	RADIUS	PLANETS	
ARE	LIKELY	DIVERSE	COMPOSITIONALLY		
	-	HYDROGEN	
	-	MG/SI/FE	
	-	WATER	
	-	CARBON	

	



HABITABLE-ZONE	1-2	EARTH	RADIUS	PLANETS	ARE	LIKELY	DIVERSE	COMPOSITIONALLY		
	-	HYDROGEN	

Ginzberg	et	al.	
ApJ	2016	



HABITABLE-ZONE	1-2	EARTH	RADIUS	PLANETS	
ARE	LIKELY	DIVERSE	COMPOSITIONALLY		
	-	MG/SI,	MG/FE,	e.t.c.		

	

	

Jura	&	Young,	‘Extrasolar	cosmochemistry,’	Annual	Reviews,	2014	

Constrained	mainly	by	
composi^ons	of	white	dwarfs	
that	are	accre^ng	material	
fderived	from	^dally	shredded	
planets.	
	

~1	Earth	radius	

~1	Solar	mass	



Jura	&	Young,	‘Extrasolar	cosmochemistry,’	Annual	Reviews,	2014	



HABITABLE-ZONE	1-2	EARTH	RADIUS	PLANETS	
ARE	LIKELY	DIVERSE	COMPOSITIONALLY		
	-	WATER	

	

Raymond	et	al.		
MNRAS	Leders	2018	
	



CYCLE-INDEPENDENT	PLANETARY	HABITABILITY	ON	EXOPLANET	
WATERWORLDS?	

Kite	&	Ford,	ApJ	2018	



HABITABLE-ZONE	1-2	EARTH	RADIUS	PLANETS	
ARE	LIKELY	DIVERSE	COMPOSITIONALLY		
	-	CARBON	
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THE	M-STAR	OPPORTUNITY:	RELATIVELY	DEEPER	
AND	MORE	FREQUENT	TRANSITS	
à	EASIER	TO	DETECT	&	CHARACTERIZE		
		



Rocky	planets	in	the	habitable	zone	
around	red	dwarfs	(75%	of	stars	in		
the	Galaxy)	should	have	a		
permanent	dayside	and	nightside	
	

Example:	GJ	1214b		
(Charbonneau	et	al.,	Nature	2009;		
Bean	et	al.,	Nature	2010)	
à Exoplanet	phase	curves	can	test	this	predic^on	 Vi
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HIGH	XUV	FLUX	SUSTAINED	FOR	LONG	
PERIOD	FOR	SMALL	STARS	

Lammer	et	al.	2009	Space	Science	Reviews	



STRONGER	STELLAR	
WIND	à	STRONGER	
NONTHERMAL	
ATMOSPHERIC	
ESCPAE	



ADDITIONAL	PROBLEMS	FOR	HABITABILITY	FOR	
PLANETS	ORBITING	M-STARS	
	

Kite	et	al.	ApJ	2011	

Enhanced	Substellar	Weathering	Instability	

Tarter	et	al.	Astrobiology	2007	
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Malik	et	al.	in	review	

Simulated	secondary	eclipse	spectra	





INTERSTELLAR	MISSIONS?	
•  Current	distance	record:	Voyager	1	@	0.8	light-days	
•  No	interstellar	missions	have	been	funded	
•  The	technology	for	an	interstellar	mission	does	not	currently	exist	
•  Breakthrough	Starshot	is	a	philanthropically-funded	technology	

development	project	for	a	laser-accelerated	interstellar	lightsail	

50-70GW	power,	0.1	gram	payload,	5000g	accelera^on,	0.2c	cruise	speed			
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