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Distant Mirrors
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Similarity 1:Melting Relationship

H20-Methanol-Ammonia System Fo-Di-An System

Cryovolcanism



Similarity 2:Phase Change
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Tidal dissipation in lo
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Melting of 1o by Tidal Dissipation

Abstract. The dissipation of tidal energy in Jupiter's satellite lo is
likely to have melted a major fraction of the mass. Consequences
of a largely molten interior may be evident in pictures of Io's surface
returned by Voyager 1.

by S.Peale, P.Cassen and R.Reynolds
Science 203,892,1979
Jan. 1979/pub. March 2




Average heat flux:2.5 W/m?
Veeder et al, 1994

Terrestrial heat flux:
Continental regions: 65 mW/m?
Oceanic regions: 94 mW/m?

Jaupart et al, 2004
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 internal structure - decreasing with dissipation

= rheology - increasing with resonance

| Kawakami, S., & Mizutani, H. (1987).  Ojakangas, G., & Stevenson, D. (1986).
- ' Thermal History of the Jovian Episodic Volcanlsm of Tidally Heated
. Satellite lo. Icarus, 70, 78-98. Satellites, Icarus, 66, 341-358. g




Laplace Resonance

lo Europa Ganymed Callisto
R,10% km 427 6/1 1071 1884
Revolution,d 1.769 3.551 /.155 16.689
Spin,d 1.769 3.551 /.155 16.689
eccentricity 0.0041 0.0101 0.0015 0.0073
INnclination 0.03 0.46 0.18 0.25
, 2 BE [~ \ Conjuction lo-Europa
P(FEuropa) _ 3.551 — 9007 6D ) | At
P(lo) 1.769 \\\’:-- /) Apojove(aphelion) of Europa
P(Ganymede) _ 7155 5 014
P(FEuropa) 3.441 @ N
e ___:;’\ Conjuction Europa-Ganyme
P(Callisto) 16.689 RO pholion) of E
118t _ . — 9339 \ \\/ / erijove(periphelion) of Europa

P(Ganymede) 7.155 NS



Eccentricity is variable!
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Eccentricity couples with dissipation!
Ojakangas & Stevenson (1986)
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Place where tidal dissipation is significant
example of Deep Focus Moonquakes

o

T
Mantle

[Lithosphere) 11°S, 28.5°W

23 May 1970

e
o

is WOVDS '
. Attenuated |

Ay events

—
v
-~
N
L8
~—
w
w
L
-
—
w
-~
L]
L
=
w
€
=
E
>
o
=

Velocity 1

800 1200
Depth (km)

o
SN . o T T S ———

\._._,‘—"—'—-0‘..—&.__._“_ .

T i TN 930 SIMMOMION




~- - ST TN- # & ~
P e sl - - 2 o e e =, - " - . . " - e
oy g AR = o g At . s o ol S - - e A. " - g g -'» R T et T ) Sz ¥
P i 3 ) ..(M (_’ “z » - ~ e A s w51 i oY

v

&

'Example: internal structure controls tidal deformation =

Core Radius = 600 km, H,O Thickness = 130 km
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- Fig. 3. The variation of the effective stress with respect to the shell
- thickness at the sub-Jovian point under the peri-Jove.
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Tidal dissipation is controlled by
internal structure
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Summary:Tidal Dissipation
orbit
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, Enigma(Parad()x) for Tidal Dissipatioh |

1. lo
1. Heat budget?
2. Episodicity/Oscillation
3. Hard lithosphere?
Enceladus
1. why Enceladus?
2. Heat budget?
3. Resonance
Phobos
1. Martian interior
Ganymede




1.1 lo Paradox-1:heat generation

Upper limit of heat dissipation in lo
3.3x101° W ( 0.8Wm-2)

Peale 1986

Observed heat flow
1-2 x1014 W ( 2.5-5.0 Wm-2)

Veeder et al, 1994
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1.2 lo Paradox-2: Periodicity in flux from Loki

AIRTF 3.8 microns
¢IRTF 3.5 microns

. ONIMS 3.5 microns

X +WIRO 4.8 microns

1 *WIRO 3:39 microns : |
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Date of Observation (year)

Periodicity in flux from Loki 540 days

Rathbun, J. A., Spencer, J. R., Davies, A. G., Howell, R. R., & Wilson, L. (2002). Loki, lo: A periodic volcano. Geophysical Research
Letters, 29(10), 84—1-84—4.
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Ground-based observations

2.2 micron 3.8 micron Keck images of Loki and Kanehekili in 2010
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Gemini images of Loki and Kanehekili in 2010
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Radiant flux fromJdanus Patera & Kanehekili Fluctus

B Janus Patera + Kanehekili Fluctus, NIMS

© Janus Patera, NIMS, 1007 & 2001

¢ Janus Patera, AO data, 2001, (Marchis et al, 2005)
©Janus Patera, AO data, 2001, (de Pater et al., 2004)
¢ Janus Patera, Keck, 26 Jan 2003

© Janus Patera, Keck, 2004-2009, 5 microns

¢ Janus Patera, Keck, 21 Aug 2010

A Kaneheldli Fluctus, NIMS

4 Kaneheldli Fluctus, Keck, 2004-2009, 5 microns

4 Kaneheldli Fluctus, Gemini, 17 Sep 2010

A Kaneheldli Fluctus, Keck, 21 Aug 2010

A Kaneheldli Fluctus, Gemini, 23 Nov 2010

Q@Janus P, + Kanehekili F. 3.5 micron data, Rathbun and Spencer (2010)
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de Pater, I, Davies, A. G., McGregor, A., Truijillo, C., Adamkovics, M., Veeder, G. J., et al. (2014). Global near-IR maps from Gemini-N and Keck in 2010, with a special
focus on Janus Patera and Kanehekili Fluctus. Icarus, 242, 379—-395. http://doi.org/10.1016/j.icarus.2014.06.019
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Loki Patera

JGR 111,2006 Matson et al
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1.3 lo Paradox-3: Hard lithosphere

Fig. 1. Examples of mountains on lo. (a) Skythia Mons with plateau morphology located
at 16.00 N and 104.30 W; (b) Isolated peak in the Hi'iaka Montes is a good

example of the peak morphology and has a height of ~4 km; (c) Mongibello Mons

is an example of a ridge on lo and has a double rise that reaches 8.6 km; and

(d) Tohil Mons is a massif complex rising to a maximum height of ~9 km. Data

and nomenclature from Schenk et al. (2001). Modified from NASA Planetary Photojournal
images PIA03600, PIA02540, PIA01103, and PIA03886.

High mountains on lo

28



\ e "\’t . (o
&90“ A..f'ﬁ":r\\*m
% etee * e e \'~ 1“ b
?_‘LJJGC:J“LH [ H
RPN va 1,@* 7
;‘\_‘\*’

Kirchoff, M. R., & Mckinnon, W. B. (2009). Formation of mountains on lo: Variable volcanism and
thermal stresses. Icarus, 201(2), 598—614.
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tvles of volcanic activities on lo
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2.1 Enceladus Paradox-1:why Enceladus?

Satellite Orbital Position

. : \B_# \\e?
Jupiter Q.\\QQ&Q&@:&@ Jovian System . \x«“"‘\;\,,s\“‘e
SIS & o\'ed 22"
XSRS lo Europa Ganymede O "~y to Callisto
—, = — g — — — — — 0 = — ——— - 0 — — — ————— S S —
equatorial plane Ras;, o 4 B
PR S/pheee ke, C
100,00 km Oope N 2 Grm
sawm \,bé’ Saturnian System s
rings an o \O
small moons__&& q‘ 5 and friends  Rhea Titan /
— L= e e e i — e ]
Diere and friend equatorial plane/- ’o,o,5
100,00 km W@ J
Uranian System Neptunian System s
N\
Uranus ‘&\\@ &€ 6’9(\ 4@‘\ o Neptune
: . ==
D S e e T """'__—-']'_—) e S e 8 T T s T 7 T
g(\° equatorial plane K. 3rings and equatorial plane
6 moons (NI-6)
e f—
100,00 km 100,00 km e Triton

Fig. 6.1.1. An overall view of the satellite and ring systems of the giant planets. After Elliot J. and Kerr R. (1984)
Rings, p. 181, Fig. 10.1, MIT, Cambridge.



Enceladus Temperature Map

Predicted Observed
Temperatures Temperatures




2.2 Enceladus Paradox-2

Heat budget & enigma

- present total heat flux: 4.7-15.8 GW

* present radiogenic heat generation:0.3 GW

- tidal dissipation at equilibrium resonance:

1.1 GW Meyer and Wisdom 2007
Tb = Ts 2 with existence of ocean
W=k X AT R D~100km,DT~100-200K

3-6 GW
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lo 4.2x10° 1.77
Enceladus BrEOql5 1.37
Europa 6.7x10° 3.55
Moon 3.8x106 27.3
Charon 2.0x104 6.4

Phobos 9378 0.32

GMm GMm
(R—7r)2 (R+1r)?

(R R —1r)?
Um[u

(R—17r)2(R+r)?

4]?7 dr

GMm = GMm—.
R4 R3




de  [0.49Mc.
dt MdOCCa

R\ M\ [ Q,\ [Kkae :
D, = (R_s) (E) ( )(—) s: Saturn, e: Enceladus, d:Dione

kas

}e2(1 — 30.69D.e?),

BUEE

In case for viscoelastic body

0, — RE(T<23> N |I~<26|
* T Im(ky)  Im(i) (RER

R. ’ M; . Qs I
= (i) () () imik

ARENDE ¢

— .




Results by Shoji, Hussmann, Sohl & Kurita (2014)
Icarus, 235 75-85, 2014

Model
-parameters:core radius,Tb,u2/ul, n2/n1,Qs. ul U 1

. Core radius:155km-165km
. Schubert et al., 2007

u2

- Tb>175K >
- n2/n 1>50 (Robuchon et al., 2012), BL"’

U 2/,u 157 urgers
-Qs>18,000(Meyer and Wisdom, 2007) 1, = 1o €XP (Rb;“ (TT’“ — 1>>

Ea=35 kJ/mol (Kargel et al., 1991)
Tm =176 K (Durhan et al., 1993)
no=10'7 Pa s (Arakawa and Maeno, 1994)

u2=3.3 GPa

Initial condition

-Initial T linearly changes with r

- initial eccentricity:0.0047

37



u/u1=30, n2/n 1=6x104

silicate core:;160km
Th: 175 K
Qs=18,000

Heating Rate

1.5 x 10°
1.4x10°
1.3x10°
1.2x10°
1.1 x 10°
1.0x 10° }

Heating rate [W]

9.0x 108}

8.0 x 108 : : : : :
0O 100 200 300 400 500 600

Time [Myr]

Results

Ice layer thickness [km]

Eccentricity

Thickness of ice shell

KHBEDES

87

0 100 200 300 400 500 600
Time [Myr]

Eccentricity

(e)

0.007

0.0065 |

0.006 |

0.0055

0.005

Pr n
0.0045 present

0 100 200 300 400 500 600
Time [Myr]
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o Feedback
dissipation> resonance

@ e-decrease @ T-decrease II

Core > W > o solidification
A
Rapid Heating | Rapid Cooling
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resonance> dissipation
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| Still problems have been remained

1. Heterogeneoud dissipation pattern
* why south pole?

2. Strange resonant pair
* why with Dione?

3. Origin of high density

* why 1608,highest?
4. Young origin
* why recent activation?




Mean density
1.609 £ 5 kgm™°

Thomas 2010

density

1.15
1.608 JLCEIELTE
0.973
1.476
1.233

South Pole

Cassini camera




PIA12757 Northern Hemisphere
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- recent activation?



http.//www.astronomy.ohio-state.edu/~pogge/TeachRes/Ast161/Enceladus/Enceladus_plumes_PIA10355.jpg



http://www.astronomy.ohio-state.edu/~pogge/TeachRes/Ast161/Enceladus/Enceladus_plumes_PIA10355.jpg

Plume activities around south pole
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Orbital Information

Mimas 185539 198.2 1.15 0.0196 0.942
INIELLUEE 238037 252.1 1.608 0.0047 1.37
Tethys 294672 533 0.973 0.0001 1.888
Dione 377415 561.7 1.476 0.0022 2.737
Rhea 527068 764.3 1.233 0.001 4.518

A

\J

* Why with Dione?
* Why not Mimas?



Orbital Evolution?
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Mimas




r—

Shallow density
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Sllicate core
(no tidal heating)
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Tiger stripes
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and salt grains
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Behounkova et al 2012

Heterogeneous Structure:localized ocean

no-slip
beat NMux 0.85 mWim*

liquid waer layer
force equilibrium/ -
free-slip, T=273K 100 150 200 250

A 0o =10""Pa.s, E'2
B Neor=10"Pa.s, E’
C 1pr=10"Pa.s, E'/2

L} L} L] L}
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e
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Phobos D7 E# (BillsDEIR)

Phobos shadow
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