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Introduction

* 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
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more Kuiper Belt and Oort Cloud objects,
and exomoons!
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(Dynamic) Habitability
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The Earth System

0, atmosphere 100 km

le.g., Canales et al. 2002
2e.g., Martin et al. 2008

Earth Images: NASA



The Earth System
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Europa

Modified from the 2016
Europa Lander Study Report

See also Vance et al. 2016
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The Surface Radiation Environment of Europa
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|lce Shell Thickness (km)
20 10

EE - O40 30 6 _
10" a
10E _?
10k .
- -
8 - (presentdaymantleradiogenicheat ;
10° £ ﬂ ﬂ x x x x
~0 05 T 1.5 2 2.5 3 3.5

Tidal Heating in Europa’s Seafloor (TW)

Vance, Hand, and Pappalardo, 2016



Deep oceans expand the
parameter space of possible
ocean properties



Jet Propulsion Laboratory
California Institute of Technology

NEWS | MAY 1, 2014

Ganymede May Harbor 'Club Sandwich' of Oceans and Ice

This artist's concept of Jupiter's moon Ganymede, the largest moon in the solar system, illustrates the "club sandwich" model of its interior oceans. Image credit: NASA/JPL-Caltech

> Full image and caption

The largest moon in our solar system, a companion to Jupiter named Ganymede, might have ice
and oceans stacked up in several layers like a club sandwich, according to new NASA-funded
research that models the moon's makeup.

Previously, the moon was thought to harbor a thick ocean sandwiched between just two layers of
ice, one on top and one on bottom.

"Ganymede's ocean might be organized like a Dagwood sandwich," said Steve Vance of NASA's
Jet Propulsion Laboratory in Pasadena, Calif., explaining the moon's resemblance to the
"Blondie" cartoon character's multi-tiered sandwiches. The study, led by Vance, provides new
theoretical evidence for the team's "club sandwich" model, first proposed last year. The research
appears in the journal Planetary and Space Science.

The results support the idea that primitive life might have possibly arisen on the icy moon.
Scientists say that places where water and rock interact are important for the development of
life; for example, it's possible life began on Earth in bubbling vents on our sea floor. Prior to the

Jupiter's 'Club Sandwich' Moon

Popular



Concentrated MgSO, solutions are
convectrvely stable under hrgh pressure ices
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Modified from Vance and Brown 2013.



Phase diagram for agueous magnesium sulfate (MgSO,)
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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 An
(C/MR2 =0.3105+0.028) Mo = M — My.0 — — 0. (RS, — RS

Schubert+ 2004 0 = 5P (it = Biron)

Riron = (M — Mu,0 — %"PsuRia)l/ ’
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8w
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Vance et al. 2014, Planetary and Space Science



Thermal model constrains Ganymede’s internal structure
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Salinity determines cryosphere structure
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Geophysical Investigations of Habitability in Ice-Covered
Ocean Worlds

Steven D. Vance'' "', Mark P. Panning'""’, Simon Stéahler?>3 ", Fabio Cammarano*' "', Bruce G. Bills’,

Gabriel Tobie>®" "', Shunichi Kamata’' ', Sharon Kedar', Christophe Sotin', William T. Pike®
Ralph Lorenz®'"’', Hsin-Hua Huang'®''""’, Jennifer M. Jackson'®, and Bruce Banerdt’
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PlanetProfile

github.com/vancesteven/PlanetProfile

Vance et al. 2018 JGR: Planets
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Mitri et al. 2014
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Tidal Dissipation

Contributed by
Gabriel Tobie and
Shunichi Kamata

Vance et al. 2018 JGR: Planets
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Vance et al. 2018 JGR: Planets.
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Thermodynamics and forward models
enhance the science return from
spacecraft missions
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Europa Clipper Mission Science

Goal: Explore Europa to investigate its habitability

Ice Shell and Composition Plumes Reconnaissance

Copyright 2018 California Institute of Technology. Government sponsorship acknowledged




NASA-Selected Europa Instruments

MASPEX ICEMAG
Mass Spectrometer Mag.netometer
sniffing atmospheric SUDA sensing opean PIMS
composition Duet Analyzer RIopEEs Faraday Cups
surface & plume plasma
composition environment
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Copyright 2018 California Institute of Technology. Government sponsorship acknowledged




Europa Clipper Spacecraft and Flybys

5 mICEMAG
Boom
3 m HighGain
Antenna

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

-

== 16 m Radar HF Antenna(x2)

'y
B 4 \ ) o b » . < Disfance: 2.413.800km—
- _A . » 3 ¥ > Relotive speed: 5.3 /s
- - - .

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 at Europa
«— Vector at Europa

by Michael Carroll

Copyright 2018 California Institute of Technology. Government sponsorship acknowledged
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Ocean Thickness (km)
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Seismology of Icy Ocean Worlds R

Ice qyakes..

Fluid flow induced rq!
seismicity: continuous Old Faithful Geyser (~20Hz) 0.5 sécontis|
| | | I

background “hum”
} 5 seconds |

Mt. Erebus \/olcano, Antachtica (~2Hz) |

é’\N\M |
Oceap hum, Mo;ave Desert, CA (~0 2Hz) :

¢
g

. LR : \:‘
 Surface'waves. |

Il

|
9
o ‘
L
wn
i 9
j
9
b

Europa’s ice is young and geologlcally active
Vance et al. 2018 Astrobiology

How might an ocean world sound?




Seismic Models
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Sensing the mantle and ice
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Sensing the mantle and ice
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water creates interface
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at the sea-floor




Each Ocean World Has a Unique Seismic Signature

Stahler et al. 2018, JGR Planets.
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Each Ocean World Has a Unique Seismic Signature

Stahler et al. 2018, JGR Planets.
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Produced by Simon Stahler using AXiSEM
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Estimating the Background Noise

Panning et al. 201

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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~JGR Planets.
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time: 8100 sec
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Conclusions
* 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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Thermochemistry of H,0(s)-MgS0O4(aq)
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Eutectic composition vs pressure
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Conclusions J—

e Comprehensive experimental coverage of ices/solution equilibriums at T
> 300K (melting, eutectic and relative density)

e EOS framework (Mie Gruneisen + Gibbs LBF) that enable realistic and
comprehensive thermodynamic propertieg description over large PT
range for each ice polymorphs

e Combination with aqueous solution LBF allow phase boundary predictions
for HoO-(Mg,Na,CIl,S04) systems

e Representation easily sharable (1 file 50 Ko) and updatable with new
data. (http://earthweb.ess.washington.eduflOrowny/)

- New behavior to play with in simulations (density inversions, melting
point depression)

EOS Spline fit

B
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summary —

High pressure physical chemistry have permitted to suggests that :

- Aqueous salty solution can be stable to much greater depth than
predicted with just pure water

- Salt solutes can be transported by high pressure ices

- Large water-rich planetary bodies should not be ruled out as potential
habitable worlds!

- Experimental high pressure physical chemistry has a major role to play in
constraining the habitability of deep extraterrestrial environments

'A

Sylvain Petitgirard (BGl), Tiziana
Boffa-Ballaran (BGl), Anya
Pakhomova (DESY),

|. Collins (ESRF)

|. Daniel (ENS-Lyon)

=il 9
J. M. Brown (UW) E. Abramson (UW)

O. Bollengie (UW)
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Tidal Dissipation °°
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Gabriel Tobie and
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Acceleration Spectral density [m/s2/vVHz]

Can we hear it?
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Project OASIS: Organic and Aqueous Systems in Icy Satellites

OASIS strategy: Combining experimental and OASIS consortium (PI. G. Tobie)

: . , France: LPG (Nantes), ISTerre
modeling approaches to provide constraints on (Grenoble), CRPG (Nancy): Czech Rep.:

the aqueous alteration processes occurring Charles Univ. (Prague); Germany: Univ.
inside icy worlds from their accretion to present. Heidelberg; US: JPL-Caltech (Pasadena),

Univ. Washington (Seattle), ASU (Tempe)

High pressure

OASIS

Experimentation

Numerical modeling

Enceladus
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Russell et al. 2017
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The Surface Radiation Environment of Europa

e CHNOPS
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“Plate Tectonics” on Europa

subsumption of plate
. into shell interior

Kattenhorn and Prockter 2014



Europa

W\ ,’

NASA/JPL/University of Arizona g, and do ! Subsidence, faulling and

ne mobilization, drainage

conductive lid

lower ductile
layer

Schmidt et al. 2011 Sotin et al. 2002
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High-T Hydrothermal Reductants

Volcanic hydrothermal flux should scale with Europa’s heat:
Q=H/c, AT (Lowell and Dubose 2004)

assume AT=350°C and 2-6 mm H, (Holland 2002)



Low-T Hydrothermal Reductants

A reducing mantle interface without
tides heating the rock
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Vance et al. 2007, Vance and Goodman 2009
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A cracking model is applied to a cooling mantle

K,_\/; / ayyiz_){dx P./ra

() = EAa(T'—T) 4L> 4L
Oyy\¥') = 2xa1—?2) \ ILZF-(2L—=)?  IL21a2
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+ In [ 1 ] 2 In |: 402 422 ]

Q/R

d{o)  1206,D,E ¢~/ () OFAa T~ N
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Vance et al. 2007, Vance and Goodman 2009
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Neveu et al. 2014
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3Fe,Si0, + 2H,0= 2Fe;0, + 3Si0,(aq)+2Ha(aq)

fayalite + water = magnetite + silica + hydrogen

3FeS103+H,0= Fe304 + 3S105(aq)+Hs(aq)

Heat

ferrosilite + water = magnetite + silica + hydrogen. 41 kJ/mol olivine

2Mg,Si0, + 3H,0 = Mg(OH), + Mg;Si,05(0OH),

forsterite 4+ water = brucite + serpentine.



Now accounting for estimates of H, and O, from the Earth System
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Sherwood-Lollar et al. 2014



Redox Flux (moles yr™)
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20 10

EE - O40 30 6 _
10" a
10E _?
10k .
- -
8 - (presentdaymantleradiogenicheat ;
10° £ ﬂ ﬂ x x x x
~0 05 T 1.5 2 2.5 3 3.5

Tidal Heating in Europa’s Seafloor (TW)
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eccentricities evolved
through time
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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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Ocean thickness (km)
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Equation of State of Ammonia-Water Liquid: Derivation and
Planetological Applications’

S. K. CROFT, J. I. LUNINE, anp J. KARGEL
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Temperature (K)

Slide courtesy of Jeff Kargel

The Ammonia—Water System and the Chemical Differentiation
of Icy Satellites

Hogenboom, Kargel, Consolmagno et al. 1997
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1. Atmospheric
synthesis

3. Model
validation
by observations

11. Biosignatures
detected

Atmosphere

10. Biosignatures
emplaced

2. Surface transport -

8. Biosignatures
produced

Surface Sediments

Atmospheric Fallout
Potential Life
Inorganic lons
Delivered Organics

Volatile Methane

Potential Chemical
Biosignatures




Exploring materia

- ¥ -] | g

Olivier Bollengier, Mineral Physics Lab, UW Seattle



Equations of State
(here come some thermodynamics)



® ® [ \ /&3
GlbbS Enel‘gy Del‘lvatlves J Michael Brown

G is solution of an ODE

Volume  (1/Density) V =dG/dP
Measure These ———————————

Specific Heat (constant pressure) -Co/T
Predict These

Chemical Potential n

Thermal Expansivity o

Sound Speed u?

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



Speeds of sound in Na-Mg-C

Local basis functions*

-50,-NH; brines
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Speed of sound: the Na-Mg-C|-SO, brines
The Na-Mg-CI-SO, brines

SCARCE LITERATURE

e all salts to 100 MPa [Chen et al. 1977]

e MgSO, to 700 MPa @ 0.25% [Vance and Brown 2013]
e 1 m Na,SO,to 3 GPa @ 2% [Mantegazzi et al. 2012]

e 1,3 m NaClto 4.5 GPa @ 2% [Mantegazzi et al. 2013]

UW BRINES DATABASE

NaCl, NaSO,, MgS0,, MgCl, @ 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




New JPL High-Pressure Facility

based on the UW simulator for icy world interiors (SIWI)

Pressure Vessel
Harwood Engineering
SK-1544-C, 200 ksi

Hand Pump
Newport Scientific
46-12180-1, 40 ksi

X10 Pressure Intensifier
Harwood Engineering
B2.5, 100 ksi

10 ksi Gauge
Mcmaster carr
4053K18

Dead Volume Piston position

Indicator
Mcmaster carr
1201K12

100,000 psi operating pressure

Optical Absorption Cell
Newport Scientific
41-11552, 100 ksi

Pressure Transducers
Omega Engineering
PX91P0-200KSI, 200 ksi

e (

Pressure Safety Head
High Pressure Co. (HIP)
60-61HM4, 60 ksi,

11,500 psi rapture disk

plus 6% and minus 3% tolerance

ST



Speed of sound: the Na-Mg-CI-SO,-NH; brines

A high-pressure apparatus to measure sound speeds

@ end closure / buffer rod sample end deflector
?_O B aram) (tem),_(em)
r ‘ — ]]D N
% sealing bellows
= LI
S e |
é g g LTI g j
< = Y =< :
g Qg? H é a || | ‘ ;%IIIIIIIIIIIIIIW j
3 > I;ls |
S § % v é
o O
S e The end supports the sample chamber
> . . .
2 g (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.

Insulated high-pressure tank Maximum pressure: 800 MPa (Ti alloy).



Speed of sound: the Na-Mg-C|-SO, brines

Sound speed measurements

1st sample
: reflection * 2nd sample
i reflection ¥ 3rd sample ath |
: sample
reflection ¥ np 5th sample 6th sample
reflection ! "
reflection ¥ reflection ¥
- 1* ! y M 0
l |
A
buffer rod
reflection | \ \ \ \
0 10 20 30 40 50 60

Time (microsec.)

LT

LAy




Sound speed, dev. IAPWS (%)

Sound speed, dev. IAPWS (%)

Speed of sound: the Na-Mg-C|-SO, brines

The pure water dataset
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Liquid-lce Interactions
(beware more thermodynamics toward the end)



Phase equilibria
H>-O-NaCl

ice VI ice VII
» = |

B
|3
ice crystal

0.01 mol.kg"

Journaux et al. (2013)

Complex thermodynamical evolution as ocean freezes

0.5 mol.kg-"
NaxSO4

Density inversion

Ice VII

H>O-Na>SO4

Temperature (°C)
= (o]
o o

o

e
~3.3 mol/kg

1 2 3
Concentration (mol/kg)

Kalousova, K., et al., Icarus 299 (2018)
133-147

112



Methods Diamond anvil cell (DAC)

Pistono

o Cylinder

T T Shen and Mao (2017)




Methods HP exper e

=
| Cryostat
/ f.‘ | . ﬁ

detector

P-Tc

—

ontrols

r l 31 A
T IR -
" y“s \Q ‘ 7
; / )»

* Diamond Anvil Cell (DAC) in cryostat
(200 - 300K) from 0.3 - 2 GPa

* Powder and Single Crystal X-Ray
diffraction @ ID15b (ESRF)




Methods HP experiment

Structure and volume from powder and Single Crystal X-Ray diffraction

Electron density
Measurement -> Structure (ice IlI)

Shen and Mao (2017)




HP ices Combination with XRD results

Volume determined with X-Ray diffraction and combined with chemistry from XRF to obtain density

-0.015
e Salty Ice Vl is lighter

0.02 0.03 0.04 0.05 0.06
ice mol % Rbl

« Crystal volume increases for ice VI & VI
ice VI - But for ice VII the larger amount of salt

incorporated makes the salty ice denser

- Similar effects on ice VI for NaCl and MgSO;,

% (new synchrotron results - feb 2017)
’ « More experiments to come for other HP ices
(UW, synchrotron)

b oyt PY¥. ceVil




Phase equilibria (DAC measurements)

Current knowledge on HP ices Thermodynamics

Ih
Il

1l
Vv

\

Vi
Liquid

Many Yes

<10* No

<15* No

< 15* No
28 Yes> 300K

> 200 Yes

> 1000 Yes

* no or low consistency between volumes and methods

'

400 4

200 4

Temperature (°C)

 Lots of PVT

-200 4

data p
1
]
]
O ]
\L\°°\ /
V4
1w

0,01

Pressure (GPa)

Need for new PVT data taken in-situ < 300 K and
between 0.3 - 2 GPa




Phase equilibria (DAC measurements)

« / Study of the (Na-Cl-Mg-SOa) + H20 systems
in the 50 MPa - 10GPa ; 200 - 600 K range

Solutes NaCl MgSOa4 Na>SO4 MgCl> Mix

Melting curve

Eutectic

REIEE
density

OO Y
O O




Results HP Data

Ice Il
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Results Equation of state + LBF

Ice VI Thermal expansion coefficient «

P (V,T) = PO (V) + Plhermal (V,T)

Mie Gruneisen EOS fit

R
R
X
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R R
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300
250

Pressure (GPa)
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Results lce VI surface
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Optical anvil cells: the H,0-CO, system
Exploring phase diagram using optical anvil cells

Allen screw

Upper plate
‘\1l" Backing seat with anvil

,|| Tungsten gasket

Backing seat with anvil
Guide pin

Lower plate

Microscopic sample D|amond anV|Is Anvil cell

OPTICAL ANVIL CELLS

e access to multi-GPa pressures and high temperatures

e wide EM capabilities (visual monitoring, spectroscopy)
e nL (100 microns) loads: metastability, loading problems



Pressure (GPa)

()

N

Optical anvil cells: the H,0-CO, system
A new solid: the carbonic acid monohydrate
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New melting curves in the H,0-CO, system H,CO; monohydrate



[AMERICAN JOURNAL OF SCIENCE, VOL. 317, NOVEMBER, 2017, P. 967-989, DOI 10.2475/09.2017.01]

American Journal of Science

NOVEMBER 2017

THE WATER-CARBON DIOXIDE MISCIBILITY SURFACE TO 450 °C
e AND 7 GPa

EVAN H. ABRAMSONT, OLIVIER BOLLENGIER, and J. MICHAEL BROWN

Figure 4. Photomicrograph of crystals growing from a water-CO, fluid at 240°C and 6.5 GPa. Crystals “a” and
“b” are both of phase S3 and were observed to fall through the fluid. At first “b” was clear, but then abruptly

darkened, presumably as trapped fluid (non-stoichiometric relative to S3) precipitated crystallites of the
H,0O(VII)-S3 eutectic. Crystals “c” are H,O(VII) which floated up through the fluid.

SCIENTIFIC REP{%}RTS

oFEN Water-carbon dioxide solid phase
_equilibria at pressures above 4 GPa

E. H. Abramson(, O. Bollengier & J. M. Brown




Upcoming work : I

e |ce |Ih and ice VIl Gibbs surfaces

e Solid - solid phase transition

e Salts melting point depression measurements atd < 300K

e Combine effects of NaCl and MgSO4 (densitydincorporation, equilibriums)
e Combine effects of volatiles (CO2, NH3, CH4, etc.)

e Implementation in Planetary interior simulation engoing in Nantes (Tobie) and JPL
(Vance)

e |ce |l PVT data (ESRF beam time granted!)
e Study the influence of salt incorporation
e Open source Python Package

New DAC cryostat (220-300 K) :




