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Interior ocean 



The thickness of Europa’s ice shell has been the subject of 
intense debate – estimates range from a few km to ~30 km 



Temperature	structure	

Mitri	and	Showman,	2005	
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Galileo coverage of Europa 



Ridged plains Chaos terrain 

Europa’s	surface	shows	evidence	for	
two	major	styles	of	deforma=on	



Europa’s	eccentric	orbit	

not to scale permanent bulge 

variable tidal bulge [after Nash et al., 1982] 

P = 85 hr
e = 0.01 

•  For	an	eccentric	satellite		
orbit,	permanent	bulge		
faces	empty	focus	

•  Radial	=de	of	~30	m	for		
Europa	if	ice	shell	is		
decoupled	by	ocean	

•  Tidal	bulge	librates	to	face	
Jupiter’s	center	of	mass	

•  Tidal	deforma=on		
dissipates	energy	⇒		
=dal	hea=ng	

•  Misaligned	=dal	bulge		
and	ice	thickness		
varia=ons	promote	
nonsynchronous	rota=on	



Diurnal	stresses		

Tension Compression

0.2 MPa 

0° 

180° 



Non-synchronous	rota=on	

Analysis	of	the	orienta=on	and	
distribu=on	of	surface	lineaments	and	
correla=on	to	past	stress	fields	by	
Geissler	et	al.	(1998)	suggests	that	
Europa	spins	faster	than	the	
synchronous	rate,	or	did	so	in	the	past	

However,	analysis	of	lineament	azimuths	
in	Europa’s	Bright	Plains	region	by	
Rhoden	and	Hurford	(2013)	suggests	~1º	
of	forced	obliquity	and	liZle	support	for	
non-synchronous	rota=on	

Geissler	et	al.	(1998)		

Rhoden	and	Hurford	(2013)	

[Ojakangas	&	Stevenson,	1989]	



Ridges 



Ridge formation models 

Nimmo	and	Gaidos,	2002	

Greenberg	et	al.,	1998;	Pappalardo	et	al.,	1998	

~10$km$ Ice$

~$1*2$km$

Ocean$

d.$

CraM	et	al.,	2016		

•  Double	ridges:	extrusion	or	
intrusion	of	water	or	warm	ice	

•  Shear	hea=ng	from	strike-slip		
mo=on	along	fractures	could		
warm	and	melt	ice	

•  Ridge	origin	models	have		
different	implica=ons	for		
ocean	communica=on	



Cycloidal	Fractures	

•  Cycloidal fractures are explained by time-varying diurnal stresses  
•  Ocean is necessary for sufficient tidal amplitude and stress 

La
=t
ud

e	

Longitude	
[Hoppa et al., 1999] 

rota=ng	diurnal	
stresses	



Small-Circle	Depressions		
AKA	Crop	circles	

Broad	arcuate	regional-
scale	troughs	and	
depressions	on	Europa	do	
not	fit	current	diurnal	or	
proposed	NSR	stresses		
(Schenk	et	al.,	2008)	

Schenk	et	al.,	2008	



Troughs	can	be	matched	
with	stresses	predicted	
by	an	episode	of	80º	of	

true	polar	wander	

Schenk	et	al.,	2008	



Pull-apart bands: Evidence of a mobile lithosphere 



Pull-apart bands 
Now 

Before 

Now 

Before 



Prockter et al., 2002 

High-standing topography, bilateral 
symmetry, and similarities in interior 
morphologies suggest a similar 
formation mechanism to terrestrial mid-
ocean ridges, with band morphology a 
function of spreading rate 

Howell and Pappalardo, 2017 

New modeling by Howell 
and Pappalardo (2017) 
suggests that differences 
in band morphology may 
be a function of 
lithospheric strength at the 
time of formation 



Accommodation of extension may be  
via subduction 

Kattenhorn and Prockter, 2014 



Plates would be subsumed below the brittle ice layer  (few 
km) into the warmer subsurface portion of the ice shell 

Kattenhorn and Prockter, 2014 

Subduc=on	model	



Prockter and Schenk, 2005 

Castalia	Macula	

Low-albedo	depression	
between	two	significantly	
disrupted	upliced	domes	
	



Prockter and Schenk, 2005 

Northern	dome	=	900	m	above	
surrounding	ridged	plains	
Southern	dome	=	750	m	
Castalia	Macula	=	-	350	m	
Total	topographic	amplitude		
=	1250	m	

Castalia	Macula	

Figueredo et al.,2002  



Chaos 



Lenticulae  
AKA pits, spots and domes 

Mosaic by Ryan Sicilia

10	km	



Lenticulae 

Pappalardo	et	al.,	1999	



Chaos 



Convec=on	in	Europa's	Ice	Shell 

T = 100 K	

T = 270 K	

cold, stiff ice	

warm, flowing ice	

[courtesy	A.	Barr]	

•  Chaos	and	len=culae	suggest	convec=on	of	ice	shell	
•  Ice	shell	can	convect	for	small	grain	sizes	(~1	mm),	if	=dally	strained	
•  Warm	(~240	K)	plumes	rise	from	base	of	ice	in	~105	yr	
•  Composi=onal	buoyancy	needed	to	breach	near-surface	“stagnant	lid” 	



Conamara Chaos 

Spaun et al., 1998 

~78%	of	the	plates	in	Conamara	have	undergone	horizontal	transla=ons,	and	81%	have	
rotated	by	on	average	11º,	implying	elevated	near-surface	temperatures	and	a	highly	
mobile	substrate	over	lateral	scales	of	~	100	km	



Diapirism	model	

Chaos endmember models 

Mel=ng	model	

>15 km
 

< 6 km



Candidate	chao=c	terrain	forma=on	models	

Colllins and Nimmo, 2007 

Melt-through 

Brine-mobilization driven by diapirism 

Sill formation 

Diapirism 

Brine-mobilization driven by partial melt-through 

Impact 



Candidate	chao=c	terrain	forma=on	models	

Colllins and Nimmo, 2007 

Melt-through 

Brine-mobilization driven by diapirism 

Sill formation 

Diapirism 

Brine-mobilization driven by partial melt-through 

Impact 



Subsurface lakes in the ice shell  

Schmidt et al., 2011 

Using	terrestrial	analogs,	
Schmidt	et	al.	(2011)	
showed	that	chaos	matrix	
domes	and	depressions	
can	be	explained	if	they	
form	above	shallow	
subsurface	(~3	km)	lakes	



Pit	and	uplic	modeling	

•  Modeling	of	saucer-shaped	sills	by	Manga	and	Michaut	(2016)	explains	the	features	of		pits,	spots,	
and	domes,	and	suggests	that	intrusions	are,	or	were	1-5	km	below	the	surface	

•  Liquid	water	is	predicted	to	exist	presently	under	pits	

Manga	and	Michaut,	2016	



Ice thickness estimates using impact features 

Moore et al., 2001 

All impact features on Europa > 4 km in diameter 



Impact	Structures	
•  Few	large	impact	craters	imply	40–90	Myr	old	surface	
•  Central	peak	craters	show	“relaxed” topography	
•  Mul=-ringed	impacts	penetrated	thick	ice	

Pwyll
Tyre

Dc ~ 30 km ⇒ dt ~ 20 km   
[Schenk, 2002] 

After McKinnon & Melosh [1980] 

d t 



Large impacts 

• Different	basin	morphologies	are	predicted	depending	on	the	
thickness	of	the	upper	layer	

•  Ice	thicknesses	of	>12-16	km	are	consistent	with	the	forma=on	of	
ring	faults	around	craters	like	Tyre	and	Callanish	(Turtle	(1998)	

20	km	
Callanish	



Central peak craters 
•  The	transient	crater	diameter	of	Pwyll,	one	of	Europa’s	youngest	craters,	is	
es=mated	to	be	~	16	km,	implying	that	Europa’s	ice	shell	was	at	least	15	km	
thick	when	Pwyll	formed	

•  	Pwyll	is	nevertheless	quite	shallow,	with	a	subdued	floor.	This	small	depth-to-
diameter	ra=o	may	be	due	to	the	isosta=c	adjustment	of	large-scale	topography	
facilitated	by	warm,	plas=cally	deformable	ice	at	depth	



What	can	Europa’s	puta=ve	plumes	
tell	us	about	the	thickness	of	the	shell?	

•  Hubble has observed hydrogen and 
oxygen ultraviolet glow, 200 km above 
Europa 

•  Indicates water plumes 

•  May be transient, perhaps linked to 
Europa's tidal cycle 

•  Source may be the ocean (although 
unlikely if shell is thick), a lake within 
the ice, or perhaps warm shallow ice 

Hydrogen	glow

Ar=st’s	depic=on

NASA/L. Roth  



Billings and Kattenhorn, 2005 

Ice	shell	thickness	es=mates:	Mechanical	-	flexure	



Billings and Kattenhorn, 2005 

Ice	shell	thickness	es=mates:	Mechanical	-	non-flexure	



Billings and Kattenhorn, 2005 

Ice	shell	thickness	es=mates:	Impact	cratering	



Billings and Kattenhorn, 2005 

Quick	and	Marsh	(2015)	 	 	 	 	 	 				28	km	

Ice	shell	thickness	es=mates:	Thermodynamic	analyses	





•  Launch 2022, arrive as 
early as 2025 

•  3-year primary mission, 
includes >42 encounters 
with Europa 

•  Multiple flybys of Europa 
build up global-regional 
coverage while 
minimizing radiation dose 

Mission concept 



Goal: Explore Europa to investigate its habitability 
Objectives:     

–  Ice Shell and Ocean: Characterize the ice  
shell and any subsurface water, including  
their heterogeneity, ocean properties, and  
the nature of surface-ice-ocean exchange 

–  Composition: Understand the habitability  
of Europa's ocean through composition  
and chemistry 

–  Geology: Understand the formation of  
surface features, including sites of recent  
or current activity, and characterize high  
science interest localities 

Europa Multiple-Flyby Mission  
Science Goal and Objectives 

44	





Most	relevant		
for	measuring	ice	shell	
structure	and	processes	



Key	Instrument	Parameters	
NAC	 WAC	

Detector	 4096	×	2048	rad-hard	CMOS	

Wavelength	
Range	 Panchroma=c	plus	6	filters	(350	–	1050	nm)	

Instantaneous	
Field	of	View	

10	μrad	
(0.5	m/pixel	at	50	

km)	

218	μrad	
(11	m/pixel	at	50	km)	

Field	of	View	 2.347º	×	1.173º	 48º	×	24º	

TDI	 Typically	≤18	lines	of	Time	Delay	Integra=on	

Europa Imaging System (EIS)
Zibi Turtle, Johns Hopkins U. Applied Physics Laboratory (APL)

•  Constrain	the	forma=on	of	
surface	features	and	
poten=al	for	current	ac=vity		

•  Characterize	the	ice	shell	

•  Characterize	the	surface	
regolith	at	small	scales	

•  NAC:	high-resolu=on,	stereo	imaging,	color	

•  NAC	gimbal	permits	independent	targe=ng,	
enabling	near-global	mapping,	including	
stereo,	and	high-phase	observa=ons	to	
search	for	poten=al	plumes	

•  WAC:	along-track	stereo	and	color		
context	imaging	

•  WAC	supports	cross-track	cluZer	
characteriza=on	for	ice-penetra=ng	radar	



Key	instrument	Parameters	
Dual	
Frequencies	

60	MHz	(λ	=	5	m)	Very	High	Frequency	(VHF)	globally,	and		
9	MHz	(λ	=	33.3	m)	High	Frequency	(HF)	an=-Jovian	

Ver=cal	
Resolu=on	

Shallow	sounding:	VHF	with	<15	m	resolu=on	from	depths	of	300	m	to	3	km;		
Deep	sounding:	VHF	or	HF	with	<150	m	resolu=on	from	depths	of	1	km	to	
30km;		
AlTmetry:	VHF	with	<15m	resolu=on	

Antenna	 2	deployable	HF	and	4	VHF	dipole	antennas	mounted	on	solar	array	

Radiated	
Power	

10-30	W	

Radar for Europa Assessment and Sounding: Ocean to Near-surface (REASON)
Don Blankenship, University of Texas Institute for Geophysics, Austin

•  Characterize	the	distribu=on	of	any	shallow	
subsurface	water	

•  Search	for	an	ice-ocean	interface	and	characterize	
the	ice	shell’s	global	thermophysical	structure	

•  Inves=gate	the	processes	governing	material	
exchange	among	the	ocean,	ice	shell,	surface,		
and	atmosphere	

•  Constrain	the	amplitude	and	phase	of	the	=des	
•  Characterize	scien=fically	compelling	sites,	and	

hazards,	for	a	poten=al	future	landed	mission	

•  Simultaneous	high-
resolu=on	shallow	
sounding,	al=metry,	and	
reflectometry,	along	
with	lower	resolu=on,	
full	depth	sounding	of		
the	ice	shell	and		
plasma	measurements	

RADAR	

HF (9 MHz) VHF (60 MHz) 

Subsurface Water 

Ice-Ocean Interface 

Material 
Exchange 

Tides 
Reflectometry 



Europa Thermal Imaging System (E-THEMIS)
Philip Christensen, Arizona State University

•  Detect	and	characterize	
thermal	anomalies	that	may	
indicate	recent	ac=vity	

•  Iden=fy	ac=ve	plumes	
•  Determine	the	regolith	

par=cle	size,	block	abundance	
and	subsurface	layering	for	
surface	process	studies	

Key	instrument	Parameters	
Filters	 7–14,	14–28,	28–70	μm	

Resolu=on	 5	–	35	m	at	25	km	range	

Image	width	 5.7°	cross-track	(720	pixels)	

Radiometric	Precision	 1	K	for	global-scale	
observa=ons;	2	K	for	local-
scale	observa=ons	

Radiometric	accuracy	 1.25%	

Time	Delay	
Integra=on	

16	lines	

•  High-resolu=on	thermal	
images		

•  Uncooled	microbolometer	
array	with	three	spectral	
channels	

•  Time-delay	integra=on	
(TDI)	for	measuring	low	
temperatures	

Thermal	mapping	

Surface	
characteriza3on	

Regolith	

Boulders	



50	

•  Characterize	Europa’s	=me-varying	
gravita=onal	=des	(k2)	

•  Confirm	the	existence	of	Europa’s	
subsurface	ocean	

•  In	combina=on	with	radar	al=metry	
(h2),	constrain	ice	shell	thickness	

Key	Parameters	
Gain	 4	-	10	dB-Hz	min	@D/L	

Fanbeam	FOV	 ±15˚	by	±50˚	

Resolu=on	 0.07	mm	s-1	(60	s	
integra=on	=me)	

•  Three	Fixed	Fanbeam	(FB)	antennas,	plus	
u=lizes	two	low-gain	antennas	(LGAs)	to	fill	in	
coverage	esp.	for	high-la=tude	fly-bys	

•  X-band	up	&	down	
•  Radio	Science	Receivers	used	at	DSN	
•  Opportuni=es	for	arraying	DSN	antennas	and	

augmen=ng	DSN	with	ESA	antennas	
•  Non-intrusive	with	the	suite	of	science	

instruments	during	flyby	

Gravity Science Investigation
Sean Solomon, Chair, Gravity Science Working Group, for Phase A

Fanbeam	FOV	
(x3)	
Low-Gain	Antenna	FOV	
(x2)	
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Comprehensive	Surface	Coverage	
Ground	tracks	permit	globally	distributed	regional	coverage	

52	
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Hypothe=cal	example	from	the	Jupiter	Europa	Orbiter	mission	
study	using	geophysical	techniques	

EJSM	final	report,	2010	



Europa Lander 



Comparison	of	Europa’s	surface	age	with	
terrestrial	bodies	

Doggett et al., 2007 



Cyclical	Geological	Ac=vity?		

•  Mapping	suggests	geological	changes:	
–  Transi=on	from	ridged	plains	to	chaos;	waning	ac=vity	

•  Strange	for	a	surface	just	~40–90	Myr	old	
•  Tidal	hea=ng	and	orbital	evolu=on	of	the	3	resonant	
Galilean	satellites	are	linked:	
–  Possible	cyclical	=dal	hea=ng	&	geological	ac=vity	

[Hussmann et al., 2004] 

Europa ice thicknessCoupled orbits

[Figueredo & Greeley, 2004] 



How has ice shell thickness changed with time? 

Pappalardo et al., 1999 



Summary 

•  Multiple lines of evidence suggest that Europa’s ice shell is 
likely >15 km thick 

•  There is ample evidence for recent liquid on Europa’s surface, 
but such liquid may not originate directly from Europa’s ocean 

•  There are probably thin portions of the ice shell; these are 
likely to be situated above subsurface lenses of liquid or 
warm ice 

•  Data from the Europa 
Clipper mission will (and a 
potential future Europa 
Lander would) constrain 
the structure and 
thickness of Europa’s shell 



Backup 

Mosaic by Ryan Sicilia



Nimmo	and	Manga	2007	


