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Two Leading Hypothesis

Dark & Featureless: D-tyep? Circular & Equatorial

capture giant impact
origin origin

supported by spectral features supported by orbital elements
Craddock (1994, 2011)
Burns (1978) Citron et al. (2015)
Murchie et al. (1991) Rosenblatt et al. (2016)

Hesselbrock & Minton (2017)
Hyodo et al. (2017ab, 2018b)
Canup & Salmon (2018)
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Mars system exploration

2031: a space odyssey

NASA and the European Space Agency (ESA) have a $7 billion
plan to gather 30 small rock cores on Mars and return them to
Earth in 2031. The mission would include the first rocket launch

from another planet and a daring rendezvous to snare the
samples in orbit.
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Mars system exploration

2031: a space odyssey

NASA and the European Space Agency (ESA) have a $7 billion
plan to gather 30 small rock cores on Mars and return them to
Earth in 2031. The mission would include the first rocket launch
from another planet and a daring rendezvous to snare the

samples in orbit. M
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Earth entry
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After snaring the sample
container in Mars orbit,
the spacecraft would use
ion thrusters to make the
trip back to Earth.
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Impact ejecta from Mars to its moons

Chappaz et al. (2013), Ramsley&Head (2013)



Impact ejecta from Mars to its moons

Simple cone-shape distribution model

Chappaz et al. (2013), Ramsley&Head (2013)

3D SPH simulations Orbital calculations

5 4 3 2 1 0 1 2 3 4 5
e.g. Vimp=12km/s, 6=45deg Hyodo et al. (2019) SciRep




A Big Bonus on Phobos sample 1

Significant update of the impact ejecta from Mars to its moons
410-100 times larger in mass than the previous estimation (Efii‘ffyi;iﬁiﬁ )
4 Total of ~1000 ppm Mars fraction in Phobos regolith

S more than 34 Martian particles in 10 g sample (median value)

Cubic Martian particles \
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natureresearch

Transport of impact ejecta from
Mars to its moons as a means to
reveal Martian history

Ryuki Hyodo©%?*, Kosuke Kurosawa“3, Hidenori Genda (2, Tomohiro Usui®? &
Kazuhisa Fujita®

Throughout the history of the solar system, Mars has experienced continuous asteroidal impacts. These
impacts have produced impact-generated Mars ejecta, and a fraction of this debris is delivered to Earth
as Martian meteorites. Another fraction of the ejecta is delivered to the moons of Mars, Phobos and
Deimos. Here, we studied the amount and condition of recent delivery of impact ejecta from Mars to

its moons. Using state-of-the-art numerical approaches, we report, for the first time, that materials
delivered from Mars to its moons are physically and chemically different from the Martian meteorites,
which are all igneous rocks with a limited range of ages. We show that Mars ejecta mixed in the regolith
of its moons potentially covers all its geological eras and consists of all types of rocks, from sedimentary
to igneous. A Martian moons sample-return mission will bring such materials back to Earth, and the
samples will provide a wealth of “time-resolved” geochemical information about the evolution of
Martian surface environments.




A Big Bonus on Phobos sample 11

Hyodo et al. 2019, SciRep

Random nature of impacts




A Big Bonus on Phobos sample 11

Hyodo et al. 2019, SciRep
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A Big Bonus on Phobos sample 11

Hyodo et al. 2019, SciRep

Initial depth [Rimp]

Random nature of impacts 5 . = T
non- meltlng meltlng a4
12 Vlmp—12km/s E
= .
g sf )
!
| _
S
E 4 _
2 b o {.?'oi

S8 ){: i E’-‘ &
A ""..?‘ ) L 394 t ‘a”’z é‘wﬁl
| |

0 25 50 75 100 125 150
Peak pressure [GPa]

cf. Martian meteorites:

e all igneous rocks

¢ mostly young (<1.3Ga)

e relatively shocked (>5GPa)

Phobos sample potentially covers all its geological eras and
consists of all types of rocks, from sedimentary to igneous
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Hyodo et al. 2019, SciRep

cf. Martian meteorites:

e all igneous rocks

® mostly young (<1.3Ga)

e relatively shocked (>5GPa)

Phobos sample potentially covers all its geological eras and
consists of all types of rocks, from sedimentary to igneous
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Impact origin of the Moon

A giant impact forms an impact debris
(e.g. Canup 2004, Cuk et al. 2016)
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Impact origin of the Moon

A giant impact forms an impact debris The Moon accretes from spreading debris
(e.g. Canup 2004, Cuk et al. 2016) (e.g. Ida et al. 1997, Kokubo et al. 2000, Hyodo et al. 2015)
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Accretion of the Moon completes at ~3Rg (e.g. Salmon & Canup 2010)



Elemental abundances in Earth & Moon

Moderately Volatile Elements | Refractory Elements

Tl Na Li Si
In CdZnRb GaK Mn | Mg CaTi Al

, | Solar Composition
- @ -
7 O
i Earth’s Q 1. Constancy in
D Mantle @, ‘. abundance (&
% 0.1 isotopes!) of
= O Moon's refractory elements
- Mantle
" O o
S 2. Strong
C O O : :
& 0014 | depletion in
= Volatile loss volatile elements
g relative to Earth’s
O ! mantle
0.001 OO

400 600 800 1000 1200 1400 1600 1800
Nebular Condensation Temperature (K) Credit: P. Sossi



Existing Models

Viscous spreading & vap/liq separation Synestia & Rain-out
(Charnoz & Michaut, 2015, Canup et al. 2015) (Lock et al. 2018)

— 1. High-energy, high-AM giant impacts
produce synestias

2. Radiation causes
condensation at the

photosphere and
torrential rain

- i ‘e
N AR B

2 _‘
/?\— s ‘w1 A 4 s “
5 “235;’:% Liquid (and solid?) disk U U WA
\g« f i D i L :
\Qéo . . 4 - j . . 3
5 3 . ®u k,

| . - Specific entropy S
i E 4. Condensates rapidly accrete 3. Downwelling condensates
| ! into a lunar seed penetrate deep into the synestia

1)Mass loss from Earth-Moon disk requires unrealistically high temperatures (>100,000 K)

2) Physics of these disks are poorly known

3) Fraction of material ejected beyond Roche Limit uncertain



Distance btw Earth and Moon

Outward migration of the Moon proportional to 1/Q (Tidal ‘Q’ factor)
Poorly known

20.0
—— Q=10
17.5 - Q=100
—— Q=1000
o 15.0 -
12.5 -
Likely current Tidal Q values (~100)
10.0 -
7.5 -
5.0 -
// The Moon stays below ~6Rgartn
2.5 - for <103- 105 years with Q—10 1000

10° 101 102 103 104 105 106 107
Time (Yrs)



Tides

BERAAR

ﬁﬁé@ﬁé,\t\_?JTi(ﬁ’a—,\ Z. nadLSIC, AZFR - 7]—743’3 BHWAGREFBLT WS,
= P, . U U7 G S T i IRRK DI/ HIZERNZ " C (L C V) Bz |7 Ve 57
Lﬁﬂ@b&b?ﬁﬁk&%#%&T 9%§Fénfab\ﬁi¥®ﬁﬁﬂ mrfAlERE KD BEEMIC

ARERDRIEY E UTERE NS e, FERTBBERDERENRE S ETHARELM. OWTIK
TEBIEDS. RERTBBEDCERODERNEIND,

FITCAMESTIE. LE2A—EBHFOMEBERSLHEEZBNUH VL., BERFERICOWTIRIEWEREEAHNS U
L. BRAEDERBEZIT O,

Hyodo & Ohtuski (2014) ApJ
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Tides

Satellite system is nof always a miniature version of planetary system

Free space (Vimp << Vesc)

Time=0.00477688

Hyodo & Ohtuski (2014) ApJ
Hyodo & Ohtsuki (2015) Nature Geo.



Tides

Satellite system is nof always a miniature version of planetary system

Free space (Vimp << Vesc) Tital field: @1.1RRoche (Vimp~0.6Vesc)

Time=0.00477688 Time[TK]=0.0015931

rotation

Hyodo & Ohtuski (2014) ApJ
Hyodo & Ohtsuki (2015) Nature Geo.



Temperature required to escape from the Moon

Ts >105K(!) i1s required to escape from the Earth-Moon system
(e.g. molecular mass > 20g/mol for moderately volatile elements)

Hill sphere...........

o)
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Escaping Temperature (K)

10°

102
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104.
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—— Moon at the Earth s Roche limit

— Moonat5Rg

—— Teq for Ts=1600K

----- Teq for Ts=1800K

—-—- Teq for Ts=2000K
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Research question:
Is hydrodynamical escape assisted by Earth Tide?

Hill sphere

Temperature constrains:
L1/Na systematics (Magna et al. 2006)

and

» Cr isotope systematics (Sossi & Fegley 2018)
|

N

%

(—

Magma ocean temperature of Ts=1600-1800K
for volatile loss

@




Governing equations

Structure

e Assume a surface temperature set by the lunar magma ocean T
e Solve the ‘Parker wind’ equations (Parker, 1963) in Earth’s tidal field

Euler Equations
For two-phase flow:

opvr? _
P 0 Mass conservation in steady state
or \
P = Pliq + Pvap
v oP
pv—— = ———+pA(r) Conservation of linear momentum
or or \
Acceleration due to the rotating frame
oCyT P op + L(T) 0X . budaet
- - ner uage
P or p or P or \ 9y J
o : Pliq
X(r): liquid fraction ( )
pliq + pvap

Allows calculation of exact velocity of the gas at the Lagrange points



Models

Solve the ‘Parker wind’ equations (Parker, 1963) in Earth’s tidal field

Dry model: adiabatic gas with no condensation Wet model: vap/liq equilibrium with the surface
S lowest energy case (no release of latent heat) S energy gain from the release of latent heat

Hill radius




Flux (Moon mass/year)

Escaping of the gas: Dry model

Escaping flux for Proto-Moon Mass=1.0 lunar mass

1073 Hill radius
10-4 Ts=2200K
Ts=2000K
107>
Ts=1800K
1076 \\\\\\\\\\\‘\\\\\\\\\\
Ts=1600K
10-7 |
Ts=1400K
108
1079
10-10

3.0 3.5 4.0 4.5
Earth-Moon Distance/Re



Escaping of the gas: Wet model

(b) escape

Hill radius

o
w

Liquid fraction at the bottom of the atmosphere (X)

log: Flux (Moon mass per year)

| = 06
11?200 1400 1600 1800 2000 2200 2400
Surface Temperature (K)
0
(c) escape a liquid/gas equilibrium
04

o
~

log: Flux (Moon mass per year)
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Surface Temperature (K)



10.0
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Fate of volatile particles

After escaping from Hill sphere of the Moon,
gas/dusts never comes back to the Moon

Gas drag (rotating frame) Radiation pressure (rotating frame)

/ N\ \ S SN \;"A = = ,.,//-’{; J
ar \ \ N ——— ——— o
: pa— -10.0 \\\\\\Q ——— Z >z

XIRe X/Re



Composition
(Earth’s Mantle-like 1nitial)

- -
- -
- -~ -
- - -
- ~
- -
- -
- -
- ‘~
- -

M"O g) 't,mji‘ (g)'

Ethbrlum W Mole fraction

Saturation vapour pressure: p (MXO'%) - f(éz))zsf T Céé:#-\é'-tgnt
ICI

Values of K and y determined experimentally for each metal species (Sossi et al. 2019)

Total pressure:

p (03) =0



Final Mass fraction in Moon/BSE

Na — K — Zn fractionation

100 Fractionated vaporization down to K abundance in the Moon
= ~— 1300K
—— 1500K
—— 2000K
— 2200K
A Frac Vap.
o Equil Vap.
Hill radius
10—1 |
102
|
10—3 . " i
Na K Zn
Temperature (K) 1200 1400 1600 1800 2000 2200

Lunar mass fraction evaporated | 0.019 % | 0.039 % | 0.088 % | 0.197 % [}0.33% | 0.55 %
for equilibrium evaporation
Lunar mass fraction evaporated | 0.034 % | 0.055 % | 0.083 % | 0.115 % [}0.154% | 0.223 %
for fractionated evaporation/




Summary

Inspired by binary stars and close-in exoplanets,
Earth’s tides are considered for the volatile loss from the Moon

Charnoz,.., Hyodo,.. Nature Geo. Under review

e Vap/lig Parker wind equation 1s considered
® Tides assisted the loss of volatile vap/liq from the Moon

e 200-20000 yrs at Ts<=1500-2000K may reproduce volatile depletion on the Moon
(depending on dry/wet models, distance to the Earth and X <— reasonable values)

Future works: Droplets composition, Radiative heating/cooling, 3D calculations, etc



Chemical similarities

@ carb. chondrites 5
i carbonaceous
O non_c.:arb. chondr. chondrites
4 - A ureilites
+ other differentiated
3_
2_
-
S 1 HEDs, MG
w 14 pallasites,
mesosiderites
Earth
0 - . +‘+ Moon
Mars E(a o
-1 - c‘ + t L
= +
i s + angrites
-2 —

A0 (%o)

854CI‘

-1.2 -08 -0.4 0.0 0.4 0.8

Warren (2011)

3
angrites, IlIAB O
and aubrites -~ R/
2 HEDs, meso- |
siderites and -
1- MG pallasites ,LLOO L
G95
/o - ®
/ ars_,_ M°on
0- J T~ + + G+,
7 g E "Earth
/ g / A
-1 - A‘n
ureilites
-2 - A
-3 -
-4
5 ES pallasites
-16 -12 -08 -04 0.0

e>Cr

* |sotopic differences expressed as variations in parts per 10,000

« Variations arise from nucleosynthetic differences (mass-independent)

« Earth and Moon are indistinguishable in each system (Cr, Ti, O)

Moon and Earth were formed from identical building blocks




Thermodynamic model of lunar atmosphere

Evaporation reactions determined from experiments are used
to calculate the gas species present in the lunar atmosphere

Equilibrium Partial Pressures

— Total Pressure
-=-= VF 2013

— Na

— K

Pressure (bars)

1500 1600 1700 1800 1900 2000
Temperature (K)



