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Selected Moons of the Solar System, with Earth for Scale
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the Universe
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mass | radius | density Mol
(10°°kg) | (km) | (kg/m?3) (C/MR?)
lo 893.2 | 1822 | 3529.5| 0.37685+0.00035
Europa 478.0 | 1565 | 2989.5 0.346-+-0.005
Ganymede 1481.7 | 2634 | 1935.6 0.3105+-0.0028
Callisto 1075.9| 2410 | 18344 0.359--0.005

Anderson+, 1996, 1998, 2001a,b
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Accretional temperature profile

Safronov, 1969; Schubert+, 1986

T, =150K, c¢=1800J/kgK
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Moon

Jupiter
Callisto
mass | radius | density Mol
(102°kg) | (km) | (kg/m3) (C/IMR?)

lo 893.2 | 1822 | 3529.5 | 0.37685+0.00035
Europa 478.0 | 1565 | 2989.5 0.346+-0.005
Ganymede | 1481.7 | 2634 | 1935.6 0.3105+-0.0028
Callisto 1075.9 | 2410 | 1834.4 0.359+-0.005

[(Ganymede] rot70z%. zomeoz X
ISENEE YT ANHE L, KEADE X L RRES A
RbDIZH) VERAFZEANTIDEBELT Y —IL 256
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mass radius | density \Y[e]
(10%kg) | (km) | (kg/m3) | (C/MR?)
lo 893.2 1822 3529.5 0.377
Europa 478.0 1565 2989.5 0.346
Ganymede 1481.7 2634 1935.6 0.3105
Callisto 1075.9 2410 1834.4 0.359
Dipole moment (101> T m?3) 13
Tilt angle (degree) 176
Surface strength (nT) at the equator 719
Surface strength (nT) at the poles 1440
Ambient Jovian field (nT) 120

(Kivelson+ 2002)

Completely

Differentiated
(H,0O, Rock, a

Grooved
surface

nd Metal)

Core-driven
magnetic field




Cratering age

(Zahnle+, 2003)
_ (Pappalardo+ 1998)

- grabens resulting from lithospheric
extension (global expansion).

2.0 GYI' (with large ambiguity) | e

Grooved
surface

Completely
Differentiated




Surface geology on Ganymede

steep tit -_
block face ™

ging wall

* ligtric fault
tesmination

Pappalardo+ (1998)..
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Surface extensive tectonics on Gal]de

‘\‘ I.I' b =

A

ghallow tilt
block fac

@ Cratering age ~ 2 (32 (with extremely high ambiguity)
(Zahnle+ 2003)
® Radius increase of 0.02-19% (Golombek 1982),
2.5-4 % (coiins 1998) i required to form all
grooves.

second generation

tension fracture



Grooved
surface

Cratering age |
2.0 GYI' (with large ambiguity) " . - ., .
(Zahnle+, 2003) :

Pappalardo+ 1998)

Completely
; Differentiated | Core-driven
- grabens resulting from lithospheric (HZO‘, .Roc’k,‘a}nld Metal) magn eti c field

extension (global expansion). :
: N
x\g\:
&\*&

Internal heating allows the formation of a conductlve
core and global expansion durmg Ganymede’s history.
But their mechanisms still remain an open question.




Previous works that focused on the tectonics
and the metallic core of Ganymede

The surface tectonics (global expansion) originated from...

- post-accretional differentiation
(Squyres 1980, Mueller & McKinnon 1988)

- differentiation during LHB
(Barr & Canup, 2010)

- Ice re-melting via orbital evolution
(Showman+ 1999, Bland+ 2009).

The magnetic field originates from...

- convection in the molten metallic core
(Hauck+ 2006, Bland+ 2008, Kimura+ 2009)

Silicate
+

\WEIE]
mixture

Silicate
+
Water
mixture

- inconsistent with the apparent
youth of the terrain ~ 2 Ga.

- inconsistent with the apparent
youth of the terrain = 2 Ga.

- Induced expansion is much lower
than geological estimate.

- Assuming the core has formed just after
the end of accretion. But accretional
heating is insufficient to form the core.

Callisto



Accretional temperature profile

Safronov, 1969; Schubert+, 1986

T, =150K, c¢=1800J/kgK
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Previous works that focused on the tectonics
and the metallic core of Ganymede

The surface tectonics (global expansion) originated from...

- post-accretional differentiation - inconsistent with the apparent
(Squyres 1980, Mueller & McKinnon 1988) youth of the terrain ~ 2 Ga.

- differentiation during LHB - inconsistent with the apparent
(Barr & Canup, 2010) youth of the terrain ~ 2 Ga.

- Ice re-melting via orbital evolution _ Induced expansion is much |OWeR
(Showman+ 1999, Bland+ 2009). than geological estimate.

The magnetic field originates from... ,

] tion in the molten metallic cor - Assuming the core has formed
convection in the _ core just after the end of accretion. But
(Hauck+ 2006, Bland+ 2008, Kimura+ 2009) accretional heating is insufficient

to form the core.

New proposition in this work:

Contribution of dehydration of primordial hydrous rock.
—> Trying to explain both events of the formation of the metallic core
and the tectonics (global expansion) on relatively young age
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Initially hydrous rock and its dehydration

» Assuming that silicate rock will be

iNiti e ;_:'F.

initially hydrated. e
o e B A o s o

- similarity in reflectance spectra among b R S i oS

hydrated carbonaceous chondrites and
asteroids near Jovian orbit (e.g., Cruikshank+
2001, Rivkin+ 2002, Karlsson+ 2009).

- 50% PYXTC
~ 29% Pyx70 (30

—— A0 PyxGd (30) 10
__[|. PyxE0 (30) 5°
= 9% Py B0 (0] 1%

Composite spectrum of Trojan asteroid Hektor
from UKIRT, ECAS, and IRTF data, which shows Lonb
that the hydrous silicate serpentine could exist ' ‘Wavelengih (ur)

on Hektor in concentrations up to about 40%
(Cruikshank+ 2001 Icarus).

reb zite (zee



Dehydration of hydrous rock

»Dehydration Temperature

720 C@2.0 GPa, 690 C@3.0 GPa, 620 C@5.0GPa (Ulmer & Trommsdorff, 1995)
690 C@2.0 GPa, 610 C@5.0 GPa (Song+ 1996)

550 C@0.3 GPa, 600 C@0.4 GPa (Hirose+ 2006)

(Ulmer & Trommsdorff, 1995 Science)
(Mg, Fe)38i205(OH)4—> (Mg, Fe)28i04 +(Mg, Fe)SIOs+2H20 |

(O Ant

»Viscosity changing J L
- Deformation experiment of Serpentine:

-@1 and 4 GPa, 200~500 C (Hilairet+ 2007) 3
- Strain rate 105~10* /s

- Viscosity ~ 1x10%° Pas@104 /s 28107
Mot = Ag™" EXP( : T ]
- If dehydrated, 7., = 4.9x10° exp(23.25T, /T)

: : (Karato+ 1986)
»Reaction (endothermic) heat
- ~4x10° J/kg (Weber+ 1965).

550 600 650

Temperature (°C)



Framework of the numerical simulation

11-D Model for thermal history

oT
,OCp (91: =V (Fcond + conv) ,OQ
- k VT COI’]V k ( T)

. oT oT

0 (EHEL

K, =+ Pcpga|4 (GTJ (51') oT oT
sy |Lar ) Lar (Ej g (EL

(e.g., Sasaki & Nakazawa 1986,
Abe 1997, Kimura+ 2009)

cond

- Phase change in the

(pure) H,O layer is A
considered. Hydrous
Rock
-Ts=100 K o
Conductive
EElS

- Initial T-profile:
- H,0 shell is whole liquid
with adiabatic T-grad.
- H,O ice solidus in the
mixed-core.

mixture

i Heat sources
- Radiogenic heating
U: 12 ppb

Th/U=3.3, K/U= 7x10%
(e.g., Schubert+ 1986)

- no tidal heating
- dehydration heat (4 x 105 J/kg)

1 Rheology

- Water 1ice
n, =10"exp[25(T, /T -1)]
- Hydrous rock
Moo = (1.0x10% Jexp(3.8x102 /T )

-> if dehydrated (T>900 K),
Mgeny = 4.9%10° exp(23.25T, /T)




Structural settings

® Ganymede model
@ Parameters

Densities
-H,0 : 1200 kg/m?
-Silicate : 3000-4000 kg/m?
-Conductive Metal
(e.g., FeS, Fe;O,) : 5150 kg/m?

Silicate
rock

3-layered interior 2-layered interior 65
constrained by Mol model as initial

and bulk density condition for the »
(Anderson+, 1998) thermal history s

Various silicate frac-

50 N
tions are assumed.

45
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Results: Temperature

210

profiles (primordial core) o

2.64

Sil. frac. ~48 wt% Ganymede

- ~1.0-1.5 Gyr, deeper region in

SRR primordial core will be dehyd-

(Naldrett 1969, Urakawa+ 1987)

Dehydration temp.
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X
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e
©
S
(e
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Dehydrated
0.0 Gyr
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Results: Temperature

2179 l I

profiles (primordial core) o

2.50

Sil. frac. ~54 wt% Ganymede

Eutectic for Fe-FeS-Fe;O,
(Naldrett 1969, Urakawa+ 1987)
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Systematic simulations with various
silicate fractions (core forming-diagram)

Sil.frac.  canymede:
~54 wt% ’

V' Tc exceeds eutectic for Fe-FeS-FeO (1250 K)

Temperature at center [K]

77777777 Formation of the e o
1 ‘ conductive core 1

Sil.frac. o
—~48 wt%

Not forming the
conductive core

=)
N
+
=
a
o
=
Q
=
G
7]
2
g
Q
+
<
&
:
o -
N

Temperature at center [K]

25 A S R
2300 2350 2400 2450 2500 2550 2600 2650 2700

radius [m]

Time [Gyr]



Dehydration could explain to induce
surface extensional tectomcs"

® Grooves on Ganymede - grabens resulting from
lithspheric extension (global expansion).

® Required radius increase of 0.02-1% (Golombek 1982),
2.5-4 % (Collins 2008).

® Dehydr. of serpentine -- 10.3 v1% incr. ono+ 2007).

Pappalardo el al. [1998]

Cratering age
ngydrated region ~2.0 Ga? (Zahnle+ 2003)

1482 km 16.1 km
(fsi~54 %) (0.61 %)

1137 km 7.3 km
(fsi~48 %) (0.28 %)

912 km 3.8 km
S0 oo 1e00 2000 | P S ;
Radius [km] (fsi 0) (0.14 %)

Temperature [K]

Radius increment [km]
= o
uoneipiyaqg

($)]

® Radius increase and dehydration age are roughly
consistent with the previous geological estimate
and the cratering age.

Time [Gyr]
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Ganymede and Callisto

RETIE 2634 km 2403 km

Mean density 1.936 g/cc 1.834 g/cc
Surface Tectonic Heavily cratered
Interior Clearly differentiated Incompletely

Ganymede and Callisto have similar size and mean density,
but they have remarkably different interiors.



Callisto Ganymede ///
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- the metallic core formation
- the tectonic activity (global expansion




Surface contrasting morphology
between Ganymede and Callisto

® Ganymede - tectonic & cratered surface (2 Ga)

® Callisto - crater-saturated surface (4 Ga)



Results:
Temperature profiles

Temperature at center [K]

Ganymede

Eutectic for Fe-FeS-Fe;O, - 2. 3
(Naldrett, 1969; Urakawa+, 1987) Time [Gyr]

Temperature [K]
Temperature [K]

M\‘ - . \‘;‘

| | | | | | | |
500 1000 1500 2000 500 1000 1500 2000
Radius [km] Radius [km]

- implying the formation of a conductive core only in Ganymede, and
the creation of an interior dichotomy.




Systematic simulations with various
silicate fractions
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Systematic simulations with various
silicate fractions
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Contrasting interior from Callisto
- Structural regime that is capable of differentiation -

Specific range for the silicate fractions, that is capable of conduc-
tive core differentiating

| | | | ® Smaller moon needs
Calllsto larger s1hcate fracel—

| | on to make it possible
to form the conduct-
ive metallic core.

Formatlon ofthe
conductive core

T @ For intermediate
Not forming the value of the silicate
- conductivecore - fraction (47-50 wt%),
\/ Tc exceeds eutectic for Fe- FeS FeO (1250 K) Ganymede can
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Ongoing works

® Advection heat transport due to a released water
associated with dehydration

® Structural evolution associated with dehydration,

thickening the outer water layer while shrinking the
inner region.

® Comparing final state for the interior structure in these
simulations with the current moment of inertia.

‘ Hydrous . “
‘ Dry Silicate

+
Qonductivg
eta

Metal
mixed
core




Summary

® Numerical simulations for the internal thermal history considering
with the primordial hydrous core and its dehydration are
performed.

@ Dehydration results in the sharp viscosity increase, and the central
temperature possibly exceeds the eutectic point of conductive
materials, allowing the formation of a conductive core. And
accompanying volume expansion is possibly enough large for the
formation of the grooved terrains on Ganymede.

@ This may explain the observed dichotomy in the surface geology
and internal structure between the both giant icy satellites.
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Toward future explorations of Jupiter and Saturn system

Jovian and Saturnian explorations
SHXE PM1 (1345 - 1815 i1 iE Sl EZfT
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Giant planetz are the most prominent representative bodies not anly in the salar svstem but alzo in the extrazalar
zvetemz. In thiz seszion, origin, interior, atmosphere, compozition, surface feature, and electro— maegnetic field etc. of the
Jovian planets and the icy moons will be comprebensively dizcussed. Toward future exploration missions, we'd like to
promote the study of giant planetary svstems, and also proeress in developing a zolar zail mizzion to obzerve Jovian
zvetem and Trojan asteraids will be discussed.
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Session Title lcy Satellites and Rings

Session Description This session will be devoted to outer planet satellites, rings and icy dwarf planets. The session will include
solicited, contributed, and poster presentations addressing observational, laboratery, and theoretical studies
relevant to past, ongoing, and future missions. Relevant topics include:

{1} interior structure, composition and thermal evolution,

(2y surface geology and composition,

(3} orbital dynamics and satellite interactions,

(4} structure and dynamics of planetary rings,

(3} physical properties of ring particles and small satellites of outer planet satelites.

Expected Duration of Session 1 day
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Ozgur Karatekin (Royal Observatory of Belgium)
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