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Introduction
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• Potentially habitable ocean worlds are abundant in 
the solar system

• Deep oceans expand the parameter space of possible 
ocean properties

• Thermodynamics and forward models enhance the 
science return from spacecraft missions
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How icy ocean worlds 
may differ from Earth



Ganymede

Europa

Enceladus



Pluto ErisTriton

N2

CO

more Kuiper Belt and Oort Cloud objects,
and exomoons!

NH3

CH4

2

O2

H2O

CO2

images NASA/JPL

Distance from Sun
(temperature)

Io

Europa

Ganymede

Callisto

Titan

Enceladus



Pluto ErisTriton

N2

CO

more Kuiper Belt and Oort Cloud objects,
and exomoons!

NH3

CH4

2

O2

H2O

CO2

images NASA/JPL

Distance from Sun
(temperature)

Io

Europa

Ganymede

Callisto

Titan

Enceladus



Pluto ErisTriton

N2

CO

more Kuiper Belt and Oort Cloud objects,
and exomoons!

NH3

CH4

2

O2

H2O

CO2

images NASA/JPL

Distance from Sun
(temperature)

Io

Europa

Ganymede

Callisto

Titan

Enceladus



Pluto ErisTriton

N2

CO

more Kuiper Belt and Oort Cloud objects,
and exomoons!

NH3

CH4

2

O2

H2O

CO2

images NASA/JPL

Distance from Sun
(temperature)

Io

Europa

Ganymede

Callisto

Titan

Enceladus



Pluto ErisTriton

N2

CO

more Kuiper Belt and Oort Cloud objects,
and exomoons!

NH3

CH4

2

O2

H2O

CO2

images NASA/JPL

Distance from Sun
(temperature)

Io

Europa

Ganymede

Callisto

Titan

Enceladus



Hussmann et al. 2006





NASA/JPL-Caltech



NASA/JPL-Caltech



Don Davis



(Dynamic) Habitability



Ingredients for Life
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Earth Images: NASA

1e.g., Canales et al. 2002
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life’s origin?2

2e.g., Martin et al. 2008
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http://wiki.fis-ski.com/index.php/Earth_Systems

The Earth System



From “Adventures with cyanobacteria: a personal perspective,“ Govindjee et al. 2011



Europa

Modified from the 2016
Europa Lander Study Report

See also Vance et al. 2016



The Surface Radiation Environment of Europa

∼10 km

Graphic: Kevin Hand



Vance, Hand, and Pappalardo 2016
Also Vance et al. 2007
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Deep oceans expand the 
parameter space of possible 

ocean properties





Ganymede’s
Cryosphere

Concentrated MgSO4 solutions are 
convectively stable under high-pressure ices

De
ns

ity
 (ρ

) à

ßPressure (MPa)
Temperature à

Europa’s
Ocean Earth’s

Ocean

Modified from Vance and Brown 2013.



Phase diagram for aqueous magnesium sulfate (MgSO4)

Vance et al. 2014, Planetary and Space Science



Vance et al. 2014, Planetary and Space Science



Constraint on depth to silicate mantle, size of Fe-FeS core

Calculate radii from Galileo 
constraints on Ganymede’s density 

(1,942±4.8 kg/m3) and 
gravitational moment of inertia 

(C/MR2 = 0.3105±0.028) 
Schubert+ 2004

ρsilicate = 3,125 kg m-3

Vance et al. 2014, Planetary and Space Science



Thermal model constrains Ganymede’s internal structure

• ice I melting: Tb

• Follow melting curves in 
ice III, V, VI layers

10 Wt % MgSO4 ocean

Modified from Vance et al. 2014, Planetary and Space Science



Salinity determines cryosphere structure
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Vance et al. 2014, Planetary and Space Science



How does salt concentration affect ocean structure?     

NASA

Ocean and Ice Thicknesses

conductive,  k=D/T   à

convective, uniform salinity

phase boundaries determine thicknesses

Vance et al. 2018; also Vance et al. 2014
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MoI = 0.3318

*moment of inertia
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V

VI

Vs,ice Vp,iceVp,ocean
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15wt%
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4

10

Mitri et al. 2014
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5
3
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Vance et al. 2018 JGR: Planets
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Contributed by 
Gabriel Tobie and 
Shunichi Kamata

Tidal Dissipation

Vance et al. 2018 JGR: Planets
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Callisto

Vance et al. 2018 JGR: Planets.
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Thermodynamics and forward models
enhance the science return from 

spacecraft missions



NaCl

High vs low pH may differ seismically

Modified from Zolotov 2008
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Reference herein to any 
specific commercial 
product, process, or 
service by trade name, 
trademark, manufacturer, 
or otherwise, does not 
constitute or imply its 
endorsement by the 
United States Government 
or the Jet Propulsion 
Laboratory, California 
Institute of Technology. 
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Ice Shell and 
Ocean

Europa Clipper Mission Science
Goal: Explore Europa to investigate itshabitability

Copyright 2018 California Institute of Technology. Government sponsorship acknowledged

Composition Geology Plumes Reconnaissance



NASA-Selected Europa Instruments

MASPEX
Mass Spectrometer  

sniffing atmospheric  
composition

SUDA
Duet Analyzer  

surface & plume  
composition

ICEMAG
Magnetometer  

sensing ocean  
properties PIMS

Faraday Cups  
plasma  

environment

Europa-UVS
UV Spectrograph

surface & plume/atmo-
sphere composition

EIS
Narrow-angle Camera +

Wide-angle Camera
mapping alien landscape in  

3D & color

E-THEMIS
Thermal Imager  
searching for  

hot spots

MISE
IR Spectrometer  

surface chemical  
fingerprints

REASON
Ice-Pentrating Radar

plumbing the ice shell

In Situ

Copyright 2018 California Institute of Technology. Government sponsorship acknowledged

Remote Sensing



Europa Clipper Spacecraft and Flybys

22 N Thrusters(x16)

Solar Array Panels  
(4.5 per wing)
~90 m2 area

Forward-Pointed Instruments

Downward-Pointed Instruments

Radar VHF Antenna(x4)

16 m Radar HF Antenna(x2)

5 m ICEMAG
Boom

3 m HighGain  
Antenna

Copyright 2018 California Institute of Technology. Government sponsorship acknowledged



Europa’s Magnetic Personality
Europa’s Induced Magnetic Field

Europa orbit plane  
Mag. equator

Field line atEuropa  
Vector at Europa

Illustration by Michael Carroll

Copyright 2018 California Institute of Technology. Government sponsorship acknowledged







Khurana et al. 2009

Bruce Bills Corey Cochrane Marshall Styczinski

based on D.H. Eckhard, JGR 1963 
Geomagnetic Induction in a Concentrically Stratified Earth
Also, see Seufert et al. 2011



How might an ocean world sound? 49

Europa’s ice is young and geologically active

Geysering

Cryovolcanism

Ice quakes

Fluid flow induced 
seismicity: continuous 
background “hum”

p s Surface waves

Seismology of Icy Ocean Worlds

Vance et al. 2018 Astrobiology



Seismic Models
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Earth Europa (5km Ice) Europa (20km Ice) Enceladus

Stähler et al. 2018



Sensing the mantle and ice
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Sensing the mantle and ice
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Enceladus
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Ganymede

Each Ocean World Has a Unique Seismic Signature
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Produced by Simon Stähler using AxiSEM



Estimating the Background Noise
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Europa (5km ice) Europa (20km ice)

Panning et al. 2018: JGR Planets.
Assumptions:
• Tidal dissipation 
• Largest moment release

AxiSEM/Instaseis is used to compute a series of 1 week long noise 
records, 
which are used to compute probabilistic power spectral density 
plots for different seismicity models and Europa structure models,
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Estimating the Background Noise
Panning et al. 2018: JGR Planets.



Conclusions
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• Potentially habitable ocean worlds are abundant in 
the solar system

• Deep oceans expand the parameter space of possible 
ocean properties

• Thermodynamics and forward models enhance the 
science return from spacecraft missions



Thermochemistry of H2O(s)-MgSO4(aq)

µH2O
L (P,T,XH2O

L ) = µH2O,pure
L + RT ln(γH2O

L XH2O
L )

RT lnγ =W (1− XH2O
L )2

W = w0 1+w1 tanh(w 2P)( ) 1+ w3
(T −To )

2

"

#
$

%

&
'

µH2O
L = µH2O

S in equilibrium from Choukroun and Grasset 2010 µH2O
S

Eutectic Data

Vance, Bouffard, Choukroun, and Sotin, 2014.



Eutectic composition vs pressure

MgSO4•7H2O — MgSO4•11H2O
(Fortes et al. 2008)
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Tobie et al. 2006

Tidal Dissipation

Europa

Vance et al. 2017 JGR



Tidal Dissipation
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Contributed by 
Gabriel Tobie and 
Shunichi Kamata

Vance et al. 2017 JGR



Can we hear it?
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F. Fressin (CfA)

Project OASIS: Organic and Aqueous Systems in Icy Satellites

F. Fressin (CfA) 

	

Figure 1 : Schematic illustration of the OASIS project, relying on 
experimental investigations and numerical modeling from small icy 
moons like Enceladus to large moons like Titan or Ganymede.	

OASIS strategy: Combining experimental and 
modeling approaches to provide constraints on 
the aqueous alteration processes occurring 
inside icy worlds from their accretion to present. 

OASIS consortium (P.I. G. Tobie) 
F r a n c e : L P G ( N a n t e s ) , I S Te r r e 
(Grenoble), CRPG (Nancy); Czech Rep.: 
Charles Univ. (Prague); Germany: Univ. 
Heidelberg; US: JPL-Caltech (Pasadena), 
Univ. Washington (Seattle), ASU (Tempe)



Tobie et al. 2006

Tidal Dissipation

Europa

Vance et al. 2017 JGR



Tidal Dissipation
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Contributed by 
Gabriel Tobie and 
Shunichi Kamata

Vance et al. 2017 JGR



Russell et al. 2017



Europa

15
60
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exosphere

mostly 
MgSO4 (aq)?(1a)

or
NaCl?(1b)

1ae.g., Zolotov and Kargel 2009
1b Brown and Hand 2013

Europa



The Surface Radiation Environment of Europa

∼10 km

Graphic: Kevin Hand



Kattenhorn and Prockter 2014

“Plate Tectonics” on Europa



Schmidt et al. 2011 Sotin et al. 2002

NASA/JPL/University of Arizona

Chaos on Europa



109  moles per year reductant sink from seafloor

Hand et al. 2007, 2009



High-T Hydrothermal Reductants
Abundance(1) 

(mm)
Flux at Europa(2)
(x109 moles yr-1)

CH4 4.9 0.15
H2 12.0 3.6

H2S 33.0 1.0
Fe2+* 0.30 0.09

1) McCollom 1999
2) McCollom (1999), scaled from Earth’s 3x1013 kg yr-1 (Elderfield and Schultz 1996) 
*flux Fe2+ could be higher if Europa has less iron in its core.

Hand et al. 2007, 2009

Volcanic hydrothermal flux should scale with Europa’s heat:
Q = H/cw△T (Lowell and Dubose 2004)

assume △T=350°C  and 2-6 mm H2 (Holland 2002)



A reducing mantle interface without 
tides heating the rock

Low-T Hydrothermal Reductants



Hydrogen from interactions
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Neveu et al. 2014

Vance et al. 2007, Vance and Goodman 2009



y
xa

2L

A cracking model is applied to a cooling mantle

Vance et al. 2007, Vance and Goodman 2009

olivine
Grain size = 2L
Max flaw size = a

Neveu et al. 2014



Vance, Hand, and Pappalardo, 2016



H2

Heat
41 kJ/mol olivine



Sherwood-Lollar et al. 2014

Now accounting for estimates of H2 and O2 from the Earth System
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EUROPA



Hussmann et al. 2004

eccentricities evolved 
through time

(average) mantle 
temperature changes in 
response to changes in 
tidal forcing.



Hussmann et al. 2004
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Introduction

• Deep oceans on other worlds!
• Expand the parameter space of possible ocean properties
• A broad range of P, T, and undetermined composition
• Ocean and ice composition affect thermal properties, melting 

points.
• These are being explored in the lab

• This will be important as new spacecraft measurements
improve constraints on 
• composition, heat flow, density structure, etc…
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NaCl

High vs low pH may differ seismically

Modified from Zolotov 2008
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Cadek et al. 2016
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Exploring material properties

Olivier Bollengier, Mineral Physics Lab, UW Seattle



Equations of State
(here come some thermodynamics)



Gibbs Energy Derivatives

Volume       (1/Density)

Thermal Expansivity

Specific Heat (constant pressure)

Sound Speed

GPV = dG/dP

-Cp/T G2T

a GPT/GP

u2
GP

2G2T

GPT
2 – G2TG2P

Chemical Potential µ Gx

Measure These Determine G

Know GPredict These

G is solution of an ODE

Gibbs energy at high pressure is determined from sound speeds vs P, T, and m

J Michael Brown



Speeds of sound in Na-Mg-Cl-SO4-NH3 brines

dG/d
P

dG/dT

σv~10 σρ~ 10

Integration
(PTX)

*Brown 2018, Fluid Phase Equilibria

Local basis functions*

J Michael Brown



Speed of sound: the Na-Mg-Cl-SO4 brines
The Na-Mg-Cl-SO4 brines

SCARCE LITERATURE
• all salts to 100 MPa [Chen et al. 1977]
• MgSO4 to 700 MPa @ 0.25% [Vance and Brown 2013]
• 1 m Na2SO4 to 3 GPa @ 2% [Mantegazzi et al. 2012]
• 1, 3 m NaCl to 4.5 GPa @ 2% [Mantegazzi et al. 2013]

UW BRINES DATABASE
• NaCl, NaSO4, MgSO4, MgCl2 @ 0.02%
• 0.1-700 MPa, 250-350 K
• 1/3, 1, 3 molal (+ 5 molal for Cl brines)
• 19 samples, 3300 sound speeds
• self-consistent pure water
• data collection recently completed
• beginning mixed solutions
• beginning the addition of NH3
• building additional experiment at JPL
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New JPL High-Pressure Facility 
based on the UW simulator for icy world interiors (SIWI)



Speed of sound: the Na-Mg-Cl-SO4-NH3 brines
A high-pressure apparatus to measure sound speeds

Insulated high-pressure tank

The end supports the sample chamber
(inside the tank), and the ultrasonic
transducer (outside the tank). The
bellows adapt to change of sample
volume (compressibility, expansivity)
while keeping the sample pristine.

Maximum pressure: 800 MPa (Ti alloy).
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Time (microsec.)
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reflection

1st sample
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reflection 5th sample
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reflection

Speed of sound: the Na-Mg-Cl-SO4 brines
Sound speed measurements



Speed of sound: the Na-Mg-Cl-SO4 brines
The pure water dataset
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Bollengier et al, in prep.



Liquid-Ice Interactions
(beware more thermodynamics toward the end)
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Optical anvil cells: the H2O-CO2 system
Exploring phase diagram using optical anvil cells

OPTICAL ANVIL CELLS
• access to multi-GPa pressures and high temperatures
• wide EM capabilities (visual monitoring, spectroscopy)
• nL (100 microns) loads: metastability, loading problems

Microscopic sample Diamond anvils Anvil cell



Optical anvil cells: the H2O-CO2 system
A new solid: the carbonic acid monohydrate

New melting curves in the H2O-CO2 system H2CO3 monohydrate






