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Follow-on	workshop:	December	3,	2018	
	
Technical	goals:	address	these	questions:	
•  What	is	the	current	state	of	knowledge	about	tidal	

heating?	
•  What	measurements	(of	both	planetary	bodies	and	

planetary	materials)	are	needed	to	better	
understand	how	tidal	heating	works,	especially	at	
Jupiter?	

•  How	can	those	measurements	be	acquired	within	
the	next	few	decades?	

•  What	technologies	need	to	be	developed	or	
matured?	

•  What	data	analysis	and	modeling	is	needed?			
	



Keck Institute for Space Studies (KISS)  (http://kiss.caltech.edu/) 

•  The	goal	of	the	Keck	Institute	is	to	develop	ideas	and	concepts	that	have	the	potential	to	revolutionize	space	
science	and	engineering,	especially	those	that	have	the	potential	to	impact	or	create	future	space	missions.			

•  They	are	interested	in	bringing	people	together	in	novel	ways	on	in-depth	collaborations	that	will	pursue	new	
scientific	and	technical	directions.	



Past KISS studies relevant to OPAG 
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Tidally-Heated 
Ocean Worlds 
•  Jupiter	System	

•  Io	
•  Europa	
•  Ganymede	

•  Saturn	system	
•  Enceladus	
•  Titan	
•  Others	likely	or	possible	

•  Neptune	
•  Triton?	

•  Uranus	
•  Ariel?	

•  Pluto?	
•  Exoplanets	and	ExoMoons	
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Why is this topic important? 
	

•  Tidal	heating	is	a	fundamental	planetary	process,	important	to	early	Earth/
Moon,	outer	planet	satellites,	exoplanets	and	exomoons	

•  Tidal	heating	maintains	oceans	over	geologic	time	and	sustains	chemical	
disequilibria	needed	for	life	

•  Why	an	emphasis	on	Jupiter	system	and	especially	Io?	
•  Laplace	resonance	Io-Europa-Ganymede	is	unique	
•  Io	is	so	intensely	heated	that	we	can	see	widespread	volcanic	activity	
and	easily	measure	the	heat	flow	

•  Why	now:	
•  Europa	Clipper	and	JUICE	will	provide	important	new	data	

•  Exploring	Io	would	fill	the	major	gap	in	understanding	the	full	
system	

•  Key	goal	of	this	workshop:	Determine	the	next	steps	needed	to	understand	
tidal	heating.	



What do we know about tidal heating? 
•  Laplace	described	the	4:2:1	resonance	at	Jupiter	in	1771	

•  Significance	realized	200	years	later	
•  Peale	et	al.	(1979)	Melting	of	Io	by	Tidal	Dissipation	

•  Laplace	resonance	creates	significant	forced	eccentricity	in	orbits	of	Io	and	
Europa,	so	they	are	periodically	deformed	by	massive	Jupiter,	generating	internal	
heating	

•  Predicted	runaway	melting	of	the	interior	of	Io,	thinning	the	lithosphere	so	that	it	
could	conduct	away	the	heat.	

•  Predicted	that	Voyager	spacecraft	might	observe	widespread	and	recurrent	
volcanism	

•  Active	volcanism	prediction	confirmed	a	few	months	later	by	Voyager	1		
•  But	Io	has	large	mountains	up	to	17	km	high--not	consistent	with	a	thin	

lithosphere.	
•  Galileo	mission:		

•  Magnetic	induction	signature	from	conducting	layers	
•  Salty	water	in	Callisto,	Ganymede,	Europa;	magma	in	Io	(still	controversial	

due	to	plasma	effects)	
•  Possible	very	high	(ultramafic)	lava	temperatures	on	Io,	most	readily	explained	

with	a	magma	ocean	
•  Cassini	mission:	

•  Enceladus:	Active	jets	contains	salts	and	organics,	emanating	from	warm	
fissures	

•  Evidence	for	subsurface	oceans	in	Titan	and	Enceladus	
•  Astrometry:	satellite	orbit	migration	rates	[Lainey	et	al.,	Fuller	et	al.]	

•  Telescopic	discoveries	of	exoplanet	systems	



	
	
Barr	et	al.,	2018:	
	
Planets	b	and	c	experience	
enough	tidal	heating	to	
maintain	magma	oceans	in	
their	rock	mantles;	planet	c	
may	have	surface	eruptions	
of	silicate	magma,	
potentially	detectable	with	
next-generation	
instrumentation.	Tidal	heat	
fluxes	on	planets	d,	e,	and	f	
are	twenty	times	higher	
than	Earth’s	mean	heat	
flow.	

Tidal	heating	
in	Trappist-1	
system	



Keck Institute workshop on Tidal Heating  
 

Identified 5 key questions: 
 
1. What do volcanic eruptions tell us about the interior? 
     S/C remote sensing can address this question     
 
2. How is dissipation partitioned between solid and fluid 
layers? 
    Lab work and modeling needed to interpret observations 
 
3. Does Io have a melt-rich layer that decouples the 
lithosphere, or another kind of magma distribution in the 
mantle? 
    Measure magnetic induction, tidal Love numbers (k2, h2), libration 
 amplitude, composition of lava flows 
 
4. Is the Jupiter/Laplace resonance in equilibrium?   

 (tidal heat generation = heat flow) 
    Measure how orbits are changing (radio science, astrometry) 

  da/dt, infer de/dt; a = orbital axis; e = eccentricity 
    Measure total heat flow, including polar regions 
 
5. Can stable isotopes inform long-term evolution? 10 



Rheology 
•  Material properties are frequency-dependent! 
•  So tidal response depends on tidal frequency 

Faul and Jackson (2015) 
Rigidity  Phase lag 

Less 
rigid 

Larger phase 
lag 

•  Melt and water also matter (poorly understood) 
slow fast slow fast 

Olivine polycrystals 

And	other	volatiles?	



What is the most important science result from Cassini that 
few people have heard about? 



Outwards evolution 
primary 

satellite 

•  Tides in the primary  
dissipate energy 

•  Tidal torques push 
the satellite 
outwards 

 •  The rate of recession depends on k2/Qprimary 

•  Outwards satellite motion may result in resonances  
•  Resonances excite the eccentricities & cause heating 



Measurements

• Outward migration rates 
measured by Lainey et al. 
(2009,2012,2015) using 
astrometric data 

• Measured effective Q values 
are different from one another 
and smaller than expected

• Inconsistent with equilibrium 
tides

Astrometry	Measurements	(especially	from	Cassini):		
Moons	are	migrating	outward	much	faster	than	expected	



Why Qp is not a constant •  Dashed	lines:	Outwards	satellite	
migration	assuming	constant	Qp	=	
16,000	for	all	satellites,	needed	to	
keep	age	of	Mimas	~4.6	Gyr.			

•  However,	astrometric	measurements	
(radiometric	ranging	by	Cassini)	show	
that	Qp	must	be	different	for	each	
satellite	and	much	smaller	than	
16,000	

•  Solid	lines	show	fit	to	measured	Qp	for	
each	moon,	assumed	constant	over	
time.					

•  If	Qp	is	constant	over	time,	then	these	
moons	must	be	much	younger	than	
the	age	of	the	solar	system		

•  C	úk	et	al.	(2016)	proposed	late	
formation	of	Saturn’s	inner	moons.	

•  Alternative	is	the	Qp	varies	over	time	
(Fuller	et	al.	2016)	

Nimmo	et	al.,	Enceladus	book,	2018	



Resonance Locking

• Frequencies of resonant peaks are dependent on planet’s internal structure

• Planet’s internal structures gradually evolve
• Cooling
• Compositional settling, e.g., Helium rain

• Frequencies of resonant peaks evolve on planetary evolution timescale

(Fuller	et	al.	2016,	MNRAS	458,	3867–3879.)	



Satellites “surf” the resonances for long-term heating 

This	model	implies	that	
Enceladus	could	have	
been	tidally	heated,	
maintaining	the	ocean,	
for	much	of	geologic	
time,	a	more	favorable	
scenario	for	life.		
(Nimmo	et	al.	in	press)	

Fuller	et	al.	model	may	be	the	most	important	
Cassini	result	that	few	people	know	about.	



Is the LaPlace resonance in equilibrium? 

•  No	if	heat	flow	does	not	matches	heat	
production	(mostly	from	Io)	

•  But	long-term	heat	flow	is	hard	to	measure	

•  No	if	ttide	is	not	the	same	for	Io,	Europa,	and	
Ganymede	

•  Feasible	to	measure	semimajor	axes	(a)	and	
how	fast	they	are	changing	

Takeaway	message:	Just	by	making	close	flybys	of	satellites	a	few	years	apart	with	radiometric	
ranging	(to	~10	m),	we	can	measure	orbital	migration	rates	and	begin	to	understand	the	long-
term	evolution	of	a	system.		This	was	done	by	Cassini,	but	not	Galileo	(failed	HGA).		We	will	get	
this	data	for	Ganymede	(JUICE);	and	it	is	possible	for	Europa	(Europa	Clipper,	although	not	a	
requirement),	but	we	also	need	close	Io	encounters	to	understand	the	whole	system.			



•  How	have	Io	and	other	
worlds	evolved	over	time?	

•  Tidally-powered	geological	
activity	resurfaces	these	
worlds,	so	there	is	no	
ancient	geologic	record.		

•  Isotope	ratios	are	
insensitive	to	many	of	these	
alteration	processes	and	
hence	preserve	long-term	
records	of	processes.	

•  Currently,	limitations	in	our	
understanding	of	these	
bodies’	atmospheric	
structures,	and	of	the	
sources,	sinks,	and	
reservoirs	for	specific	
species,	lead	to	significant	
degeneracies	in	
interpretation	of	isotopic	
ratios.	

Question	5:	Can	stable	isotopes	inform	us	about	the	long-term	
history	of	Io	and	other	worlds?	
	
We	need	a	better	understanding	of	mass-loss	processes	to	
interpret	stable	isotopes.	



New Technologies with Promise 
•  APIC	camera	to	measure	tidal	amplitude	h2	(Park	et	al.)	
•  Landed	seismology	(much	recent	progress)	
•  Remote	seismology	with	lasers	

•  Ideally	with	landed	retroreflector	
•  Landed/penetrator	heat	flow	probes		
•  High	dynamic	range	thermal	imagers	(Davies	et	al.)	
•  Mass	spectrometers:	Stable	isotopes	for	long-term	history	
•  Optical	communication	for	improved	astrometry	
•  Constellation	of	smallsats	for	synthetic	aperture,	ranging	between	
satellites	

•  Low-power	InSAR	
•  Passive	radar	sounding	(use	Jupiter	decametric	radiation)	
•  Satellite	orbiters	for	gravity,	laser	altimetry,	magnetics,	astrometry	

•  JUICE	will	do	this	at	Ganymede	
•  We	still	need	a	small	Europa	orbiter!	

•  Better	spacecraft	technologies,	power,	radiation	design,	etc.		
•  To	operate	in	challenging	environments	
•  More	power	needed	in	outer	SS!	

NASA's	Lunar	Retroreflector	Array	
instrument,	which	may	have	
survived	the	April	11	crash-landing	
of	Israel's	Beresheet	moon	probe.	



Key Recommendation: Io Mission 
•  A	competed	Io	mission	can	at	least	partially	address	all	five	
key	questions	identified	in	this	study.		

•  Visible	and	infrared	remote	sensing	to	address	Question	1:	
What	do	volcanic	eruptions	tell	us	about	the	interior	of	tidally	
heated	bodies?		

•  Measurements	of	magnetic	induction,	tidal	k2	and	libration	
amplitude	to	answer	Question	3:	Does	Io	have	a	magma	
ocean?			

•  Radio	tracking	with	precision	radiometric	ranging	to	measure	
of	Io’s	tidal	migration	timescale,	along	with	comparable	
measurements	of	Europa	and	Ganymede	will	address	Question	
4:	Is	the	Laplace	resonance	in	equilibrium?		

•  A	neutral	mass	spectrometer	and	other	data	can	begin	to	
address	Question	5:	Can	stable	isotopes	inform	long-term	
evolution?		

•  Question	2:	How	is	dissipation	partitioned	between	solid	and	
fluid	layers?	will	be	partially	addressed	by	answering	Question	
3	to	understand	Io’s	interior	structure,	but	also	requires	new	
laboratory	and	theoretical	work.		



Question 3: Does Io have a magma ocean? 

Liquid	layers	affect	tidal	
response	
•  Bierson	&	Nimmo	2016:	

•  Io	with	partially	molten	
mantle,	k2	~	0.1	

•  Io	with	a	magma	ocean,	K2	
~	0.5	

•  Similar	values	for	Europa	
with	or	without	an	ocean	

Amplitude of tidal response h2,k2 
•  Love numbers: dimensionless degree-2 

response of shape (h2) and gravity (k2) 
to applied tidal potential 

•  Large k2, h2 means large response 
•  k2 is easier to measure . .  
•  But measuring both  is advantageous 

A.E.H. Love 

•  For a uniform, strengthless body h2=2.5 and k2=1.5 
•  Rigidity and/or density concentration will reduce 

Love numbers 
•  Effective rigidity is dependent on forcing frequency – 

at long periods, body will have larger Love numbers 
•  So tidal h2, k2 < long-term (“fluid”) h2,k2 in general 



Libration amplitude can also indicate that an ocean is 
present if the shell is sufficiently rigid 

Large	libration	amplitude	
indicates	global	ocean	in	
Enceladus	(Thomas	et	al.	
2016)	

	

Io	believed	to	have	a	cold,	
rigid	lithosphere	(heat	
pipe	model).		



Magnetic induction: Electrical conductivity of subsurface layer 

•  Khurana	et	al	(2011)	concluded	
Io’s	upper	mantle	is	at	least	20%	
molten	to	match	Galileo	
magnetometer	data.		

•  20%	melt	fraction	not	stable—
melt	will	quickly	segregate,	so	a	
magma	ocean	seems	likely	

•  Other	workers	have	questioned	
this	result	due	to	poorly-
characterized	plasma	
interactions.	

•  Need	a	future	mission	with	good	
plasma	measurements	and	
carefully	designed	Io	flybys	

•  Potential	of	multi-frequency	
induction	to	give	more	than	a	
lower	limit	on	melt	abundance	
and	distribution.		


