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•  In	a	later	stage	of	Earth	formaIon,	a	relaIvely	large	body	collided	
obliquely.	à	large	angular	momentum	à	mantle	materials	are	
ejected	à	the	Moon	is	made	of	rocky	materials	(no	big	core).	

•  Classic	calcula)on	(1986):	the	Moon	is	mostly	from	the	impactor	
•  This	is	OK	if	we	are	concerned	only	with	the	bulk	composi)on.	
•  Recent	high-resolu)on	geochemical	measurements		

	à	(i)	close	similarity	of	isotopes	between	the	Moon	and	Earth.	
	à		(ii)	“wet”	Moon			

(i)	If	the	Moon	is	made	mainly	of	the	impactor,	why	are	the	isotopic	
raIos	of	the	Moon	so	similar	to	those	of	Earth	?	
à isotopic	crisis	(how	to	explain	the	isotopic	similarity	together	with	the	large	

angular	momentum?)	

(ii)	“wet”	Moon:	Shouldn’t	water	be	lost	during	a	giant	impact?	
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The	giant	impact	model		
Hartmann-Davis	(1975),	Cameron-Ward	(1976)	

😅	



•  Conven)onal	approaches:	
–  Fate	of	a	giant	impact	is	controlled	by	the	“mechanics”	of	an	
impact	not	by	the	physical	proper)es	of	maFer	
(convenIonal	modeling	approach).	

–  Vola)le	content	is	determined	by	the	condensa)on	from	a	
gas	to	solids	(convenIonal	cosmochemistry).	

à	Physics	and	chemistry	of	maFers	maFer!	
•  The	role	of	liquids	in	vola)le	reten)on	(“wet	Moon”)	
•  The	role	of	liquids	in	giant	impact	(à	vaporiza)on	à	
disk	forma)on:	isotopic	similarity,	FeO	content)	

à	Can	solve	most	of	puzzles	(?)	
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Limita)ons	of	previous	approaches	
à	a	new	approach	



“wet”	Moon	?	

measurements, and Cl contents of <50 ppm that
were limited by electron microprobe detection
limits. Reheated Apollo 12 melt inclusions, con-
taining medium-Ti magmas (5 to 6 wt % TiO2),
show sulfur contents that are 20% higher than
our data on average (23). In our data set, we
observe a correlation of all the volatiles with
each other (Fig. 3), pointing toward the degassed
compositions of the matrix glass rinds and vol-
canic glass beads (4).

Themost important aspect of our volatile data
on lunar melt inclusions is their similarity to melt
inclusions from primitive samples of terrestrial
mid-ocean ridge basalts (MORBs), like those
recovered from spreading centers located within
transform faults (24); the melt inclusions from
74220 are markedly similar to melt inclusions
from the Siqueiros Fracture Zone on the East
Pacific Rise, some of the most primitive mid-
ocean ridge magmas that have been measured
(Fig. 3). These similarities suggest that the vol-
atile signature of the lunar mantle source of the
high-Ti melt inclusions is very similar to that of
the upper mantle source of MORB.

It is important that we have made these
measurements on inclusions from olivine crys-
tals contained within primitive lunar volcanic
glasses. These inclusions were quenched within
minutes after their eruption (4), providing min-
imal opportunity for posteruptive hydrogen dif-
fusion out of the inclusions and affording a
direct H2O measurement on primary lunar mag-
ma samples that have not experienced poster-
uptive degassing and associated loss of volatiles.
The water concentrations that we measured are
20 to 100 times as high as previous direct mea-
surements of the lunar glass beads from this
same sample, which was estimated to have suf-
fered 95 to 98% loss of H2O via degassing (4),
and they are higher than estimates derived from
lunar apatite measurements, which require a 95
to 99% correction for fractional crystallization
to estimate primary magma volatile contents
(5, 6). Our results are direct measurements on
primary lunar magma compositions that require
no such extrapolations.

Our melt inclusion data allow us to place
some constraints on the volatile content of the
lunar mantle source that generated the high-Ti
picritic magmas. Using the most water-rich melt
inclusion composition after correction for post-
entrapment crystallization, and an estimation that
the high-Ti magmas originated from 5 to 30%
batch partial melting with partitioning similar to
that of terrestrial mantle-derived melts (17), we
estimate lunar mantle volatile concentrations of
79 to 409 ppm H2O, 7 to 26 ppm F, 193 to 352
ppm S, and 0.14 to 0.83 ppm Cl. These estimates
overlap most estimates for the volatile content of
the terrestrial MORB mantle (24–27) and are
much higher than previous estimates for the lunar
mantle based on the volatile content of lunar
apatite (5, 6) and the variation of Cl isotopes in
lunar rocks (28), including the sample 74220 that
we have studied here. The melt inclusions indi-

cate definitively that some reservoirs within the
interiors of Earth and the Moon not only have
similar water contents, but also similar contents
of fluorine, sulfur, and chlorine associated with
this water, a volatile abundance signature shared
by both bodies.

These results show that the Moon is the only
planetary object in our solar system currently

identified to have an internal reservoir with a
volatile content similar to that of Earth’s upper
mantle, and that previous estimates of the lunar
inventory for highly volatile elements are biased
to low concentrations owing to the degassed na-
ture of lunar samples thus far studied. The Moon
has erupted a wide variety of magmas during its
history, and it remains to be seen whether other
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C16OH/30Si

Fig. 2. (A to F) NanoSIMS scanning isotope images of olivines A1, A2, N3, N6, N8, and N9 fromApollo 17
sample 74220, showing the distribution of water within melt inclusions from the olivine grains shown in
Fig. 1. The images show the distribution of the isotope ratio 16OH/30Si indicated by the color scale shown
in (A), which ranges from dark regions corresponding to low 16OH/30Si ratios (e.g., olivine surrounding
melt inclusions), to red regions within melt inclusions with 16OH/30Si ratios approaching 0.25
(corresponding to ~1400 ppm H2O). The color scale is the same in all images, and all images show a scale
bar of 1 mm. Rectangular areas are regions of interest within which each isotope ratio is calculated and
converted to a concentration.

A C
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Fig. 1. (A to F) Optical photographs of olivines A1, A2, N3, N6, N8, and N9 from Apollo 17 sample
74220. Inclusions within circles indicate the inclusions that were imaged in Fig. 2. Scale bars are 10 mm
in all photos.
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lunar mantle sources are as volatile rich as the
source ofApollo 17 high-Timagmas.Nevertheless,
the hydrated nature of at least part of the Moon’s
interior is a result that is not consistent with the
notion that the Moon lost its entire volatile in-
ventory to the vacuum of space during degassing
after a high-energy giant impact, which would
be expected to leave a highly desiccated lunar
interior.

If the bulk of the lunar interior has a volatile
content similar to our estimate for the high-Ti
mantle source, then our results present difficulties
for late-accretion models that require volatile
delivery to Earth and the Moon after their for-
mation, because these two bodies have very dif-
ferent accretion cross sections that would predict
different internal volatile contents. An Earth-Moon
similarity in volatiles could indicate that chemical
exchange of even the most volatile elements be-
tween the molten Earth and the proto-lunar disc
might have been pervasive and extensive, result-
ing in homogenization at the very high temper-
atures expected after a giant impact; this could
have been aided by the presence of a high-
temperature convective atmospheric envelope sur-
rounding Earth and the proto-lunar disc as the
Moon solidified (29). Alternatively, it is con-
ceivable that a portion of the lunar interior

escaped the widespread melting expected in the
aftermath of a giant impact and simply inherited
the inventory of water and other volatiles that is
characteristic of Earth’s upper mantle. Any model
for the formation of Earth-Moon system must
meet the constraints imposed by the presence of
H2O in the lunar interior, with an abundance sim-
ilar to that of Earth’s upper mantle and with a
complement of fluorine, sulfur, and chlorine also
present at terrestrial levels. To the extent that lu-
nar formation models predict very different vol-
atile contents of Earth and the Moon, our results
on the volatile content of lunar melt inclusions
suggest that we lack understanding on some crit-
ical aspects of the physics of planetary moon for-
mation by collisional impact.

Our findings also have implications for the
origin of water ice in shadowed lunar craters,
which has been attributed to cometary and
meteoritic impacts (30). It is conceivable that
some of this water could have originated from
magmatic degassing during emplacement and
eruption of lunar magmas (31). These results also
underscore the importance of pyroclastic volcan-
ic samples in unraveling the history and compo-
sition of theMoon’s interior; indeed, such deposits
have been identified and mapped on the surfaces
of all the terrestrial planets and many satellites.
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Fig. 3. (A to C) Volatile abun-
dances for lunar melt inclusions
(orange circle with black rims) and
matrix glasses (orange circles) from
Apollo 17 sample 74220. Melt in-
clusions show the highest concen-
trations (>600 ppm H2O) whereas
matrix glasses show the lowest con-
centrations due to degassing (≤30
ppm H2O). The black curves show
lunar magma degassing trends,
scaled from the volatile-volatile
correlations observed in core-rim
NanoSIMS data on a lunar glass
bead reported by Saal et al. (4);
the core-rim data were scaled by
multiplying the originally reported
data for each element, by the ratio
of the highest melt inclusion com-
position to that of the core com-
position reported in table 2 of (4).
The gray field surrounds data for
melt inclusions from the Siqueiros
Fracture Zone on the East Pacific
Rise, as an example of depleted
MORB (24).
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Saal	et	al.	(2008,	2013)	(olivine)	
Hauri	et	al.	(2011)	(olivine)	
[Greenwood	et	al.	(2011)	(apa)te)]	

Inclusions	in	olivine	in	some	lunar	rocks	show	volaIle	content	similar	to	Earth.		
à Lunar	interior	is	as	wet	as	Earth’s	upper	mantle	(depleted	but	not-so-dry	

(~100	ppm	wt	water)).				
à But	are	these	samples	representa)ve	of	the	Moon?	

4	

Hauri	et	al.	(2011)	

The	“dry	Moon”	paradigm	is	challenged	by	high-resoluIon	chemical	analyses.	

(sample:	74220	(Apollo	17))	
MORB	(Earth)	

lunar	sample	
(Moon)	

H2O	

F	

S	

Cl	



How	about	geophysical	observa)ons?	

•  Geophysical	observa)ons	=	global	(indirect)	
•  Which	observaIons?	

– Seismic	wave	velociIes	
– Electrical	conducIvity	
– Tidal	Q	(viscosity)	

10/19/19	 5	

3 7 6  P. GOLDREICH AND S. SOTER 

B ~ ,  
m 

FIG. 1. The force of attraction between the satellite m and the nearer tidal bulge A exceeds that  between 
m and B; a component of the net torque retards the rotation of the planet M and accelerates the satellite 
in its orbit. 

The asymmetrical position of lhe tidal 
bulges with respect to the line of centers, 
Mm, introduces a net torque between the 
planet and satellite. Because the satellite is 
a t t racted more strongly by  the near side 
bulge which is leading it in longitude, the 
torque acts to transfer angular momentum 
and energy from the planet's rotation into 
the satellite's orbital revolution. The excess 
planetary spin energy is dissii.~ated as heat 
in the planet's interior. As a familiar exam- 
ple, the Earth 's  rotation is gradually slowing 
down while the lunar semimajor axis is 
expanding. In addition to affecting the 
satellite's semimajor axis, the frictionally 
retarded tides on the planet also produce 
secular changes in eccentricity, inclination, 
and obliquity. As we are particularly inter- 
ested in the changes of eccentricity, we shall 
briefly describe the mechanism by which 
they are produced. 

The tidal torque on a satellite which 
moves in an eccentric orbit is larger at 
pericenter than at apocenter. For  this rea- 
son, we may  approximate the total addition 
of angular momentum to the satellite orbit 
by one impulse at pericenter and by another, 
somewhat smaller impulse at apocenter. Due 
to the periodic nature of bound orbits in an 
inverse-square-law force field, it is evident 
that  an impulse at pericenter increases the 
apocenter distance without altering the 
distance to pericenter. Similarly, an impulse 
at apocenter increases the pcricenter dis- 
tance but doesn't affect, the distance Co 
apocenter. Because the larger impulse occurs 
at pericenter, the net effect of the ~idal 

torque is to increase the eccentricity, as 
well as the semimajor axis, of the sateIlite's 
orbit. The tangential component of force 
on the satellite, which is responsible for the 
tidal torque, is not the only component 
which affects the eccentricity. The radial 
component also plays a role in this process. 
Consider the situation where the satellite's 
orbital period just equals the planet's 
rotation period. High tide on a perfectly 
elastic planet would occur when the satellite 
was at pericenter. In reality, the maximum 
occurs some time after pericenter due to 
dissipation in these radial tides. Now con- 
sider the more usual case of relative rotation 
between the planet and satellite: the tides 
still retain a periodic radial component, pro- 
vided e ~ 0. Although this component in- 
volves no net torques that  transfer angular 
momentum between the planet and satellite, 
it nonetheless dissipates mechanical energy 
of the system. Because they decrease the 
orbital energy without changing the orbital 
angular momentum, the radial tides must 
diminish the eccentricity of the relative 
orbit. The net change in eccentricity, due to 
both the tidal torque and the radial forces, 
may be shown to be positive if the planet 
rotates much faster than the satellite 
revolves in its orbit. For  constant Q, the 
planet's spin rate must be at  least 50% 
faster than the satellite's mean motion in 
order that  the eccentricity be increasing. 

Up to now we have discussed the tides 
raised by a satellite on its planet. Tides 
raised on a satellite by its planet work to 
retard the satellite's spin (e.g., the Moon's 

Electro-magneIc	inducIon	
(electrical	conducIvity)	

Tidal	dissipaIon	(viscosity)	



Constraining	water	content	and	temperature	
using	both	conduc)vity	and	)dal	Q	
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à Lunar	mantle	is	cooler	than	Earth’s	mantle,	but	its	water	content	is	
	similar	to	the	Earth’s	asthenosphere	(or	slightly	less).	

Earth’s	asthenosphere	

Karato	(2013)	
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Why	wasn’t	water	lost	during	the	Moon	
forma)on	from	a	high-T	gas?	

Karato	(2013)	

gasà	solid:	large	water	loss	
gasà	liquid	(melt):	not	much	water	loss	
What	controls	the	condensaIon	to	solid	or	liquid?	



The	pressure	of	a	gas	determines	either	liquid	or	solid	
condensates	(the	phase	diagram).	
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3424 S. Yoneda and L. Grossman 

Temperature (K) = 
1600 1800 2000 2200 2400 

2 

7 6.5 6 5.5 5 4.5 4 

. 1/T(K) x 10 4 

FtG. 5. The ranges of total pressure and temperature over which 
CMAS condensate liquids are stable in a system of solar composition. 
Liquid in and liquid out refer to the appearance and disappearance 
of liquid, respectively, upon isobaric cooling. Liq, liquid; V, vapor; 
Xls, crystalline phases. Other abbreviations as used previously. 

1.5 atm except for a progressive shift of  the equilibria to lower 
temperatures with decreasing total pressure, temperature gaps 
where liquids do not exist which widen with decreasing P " ' ,  
and small changes in the relative temperatures of  the inflection 
points as the sequence of  appearance of  solid phases with 
falling temperature changes slightly with decreasing P"'.  Ex- 
amples of  the latter at 1 atm are the break in the rate of fall 
of the A1203 content where melilite precipitates (b) at 1821 K, 
the crystallization of  spinel at the temperature at which the 
liquid first disappears, and the complete melting of melilite 
(d) at the temperature at which the liquid reappears. At P "  
= 0.3 atm, the liquid first disappears when melilite, rather 
than spinel, crystallizes from it, with spinel forming in the 
absence of  liquid at a temperature above that at which the 
liquid reappears. As p,o, falls, truncation of  the increase in 
MgO content of  the liquid with falling temperature by con- 
densation of forsterite occurs at progressively lower MgO 
concentrations, causing the low-temperature parts of  the MgO 
and CaO curves to come closer together until, at 0.1 atm, the 
CaO contents of  the liquids are higher than the MgO contents. 

These liquids are highly non-ideal. Using the liquids which 
form at 1 atm as examples, the activity coefficients for CaO, 
MgO, A1203, and SiO2 are 3.3 x 10 ~, 0.21, 0.35, and 4.5 
× 10 2, respectively, relative to pure liquid oxides at 1991 K, 
the temperature of  initial condensation of  liquid. When the 
liquid disappears due to precipitation of  spinel and melilite at 
1781 K, the activity coefficients are 7.1 × 10 4, 0.17, 0.27, 
and 0.11, respectively. They are 3.5 × 10 4, 5.1 × 10 2,0.19, 
and 0.25, respectively, when forsterite condenses at 1717 K 
and 1.2 × 10 -s, 9.6 × 10 3, 4.0 x 10 2, and 1.01, respec- 
tively, when the liquid disappears due to precipitation of  fas- 
saite and plagioclase at 1526 K. 

The variation of  XAk in melilite with temperature is shown 
at different total pressures in Fig. 7. At all pressures, XAk is 
lowest in the highest-temperature melilite to form, rises 

steadily with falling temperature, and reaches a maximum at 
a temperature just above the temperature of melilite disap- 
pearance. In all cases, the maximum XAk reached increases 
with the width of the temperature interval for melilite stability. 
With increasing total pressure, the latter increases up to O.l 
atm and then decreases, the reversal being due to the fact that 
melilite disappears by reaction with the gas to form either 
fassaite or rankinite at P'"' - 1 x 10 2 atm but by a different 
mechanism, dissolution in condensate liquids, at higher pres- 
sures. As a result, the maximum XAk increases from 0.13 at 1 
atm to 0.57 at 0.1 atm and then decreases to 0.16 at 1 × 10 *' 
atm. The fiat top on the curve for 1 x 10 2 atm is due to the 
coincidental coexistence of both spinel and forsterite with 
melilite, making the XAk/Xc,,. ratio of  the latter almost constant 
over a small temperature range at this ptot. The unusually 
large gap between the curves for 1 X 10- 2 and 0.1 atm is due 
to our use of the thermodynamic data of Berman (1983) for 
5kermanite at P~"' ----- 0.1 atm, where liquids are stable, and of  
the data of  Charlu et al. ( 1981 ) at lower pressures. The added 
stability of ~kermanite in Berman's  data shifts all the high- 
pressure curves higher by about 15 K. 

The variation of the composition of  high-temperature, A1- 
rich spinel with temperature is shown at different total pres- 
sures in Fig. 8b and d. The form of the variation of the molar 
Fe/Fe + Mg ratio with temperature is different at different 
total pressures, due entirely to the pressure-dependent varia- 
tion of  the relative condensation temperatures of the metal 
alloy, spinel, and forsterite. At P~'" -> 0.1 atm, the ratio is a 
maximum at the initial formation temperature of spinel, falls 
rapidly with decreasing temperature as co-condensing metal- 
lic iron removes Fe from the gas, then increases gradually 
with decreasing temperature after forsterite condensation be- 
gins to remove significant Mg from the gas. With increasing 
P'" ' ,  the fraction of  the Fe already condensed as metal prior 
to spinel formation increases steadily, causing the initial mo- 
lar Fe/Fe + Mg ratio in the spinel to fall from 1.7 x 10 3 at 
0.1 atm to 1.1 x 10 3 at 1.5 atm. In this pressure range, the 
minimum and final molar Fe/Fe + Mg ratios are 3 .7-4.5 
x 10 4 and 5 .6-6 .3  x 10 4, respectively. At 1 x 10 2 and 
1 x 10 3 atm, Al-rich spinel condenses at a higher tempera- 
ture than metallic iron. The resulting curves are similar to 
those at higher pressures except for the addition of high-tem- 
perature segments in which the molar Fe/Fe + Mg ratios fall 
gradually with decreasing temperature due to formation of 
MgAI204 as a by-product of  Mg enrichment of melilite. In the 
pressure range of 1 x 10 ~ to 1 x 10 6 atm, the final Fe/Fe 
+ Mg ratio is higher than the initial one. At high temperature, 
the ratio falls with decreasing temperature due to the melilite 
reaction, then rises after forsterite condensation begins to con- 
sume Mg. At 1 x 10 4 atm, forsterite and metallic iron con- 
dense at almost the same temperature, but iron condenses after 
forsterite at lower pressure. At 1 x 10 4 and 1 x 10 5 atm, 
the relative rate of  condensation of  Mg in forsterite is faster 
than that of Fe in the alloy, allowing the Fe/Fe + Mg ratio of 
coexisting spinel to continue to rise with falling temperature 
after metal alloy condensation. At 1 × 10 6 atm, spinel dis- 
appears prior to metallic iron condensation. The initial, min- 
imum, and final molar Fe/Fe + Mg ratios vary from 6.0 
× 10 4, 4.9 × 10 4, and 7.1 × 10 4 respectively, at 1 

Yoneda-Grossman	(1995)	

Pdisk ≈ π
2 Gσ

2 ≈ 1
2π G

M2

R4

vapor	
only	

Temperature	à	

Lo
g	
P	
(a
tm

)	

solids	+	
vapor	

liquid	+	
vapor	Moon-forming	disk	

Solar	nebula	

gas	à	solid:	Solar	nebula	(planet	formaIon)	(low	P)	
gas	à	liquid:	Moon-forming	disk	(high	P)		

	 	(because	of	the	small	space	due	to	the	gravity	of	Earth)	



Support	for	high-P	condensa)on	during	the	Moon	forma)on	

10/19/19	 9	

Isotope	composiIon	of	K	of	the	lunar	rocks	à	condensaIon	in	the	
high-P	environment	(~1	MPa	(~10	bar))	

	 	 	 	 	 	 	 	 	 	 	 	 	Wang-Jacobsen	(2016)	



But,	liquid	should	finally	solidify.	Then	all	water	will	be	gone				.	
Can	the	Moon	be	formed	before	the	complete	solidifica)on?	
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Although the mechanism by which the Moon was formed is currently unknown, several lines of evidence point to its

accretion from a circumterrestrial disk of debris generated by a giant impact on the Earth. Theoretical simulations

show that a single large moon can be produced from such a disk in less than a year, and establish a direct relationship

between the size of the accreted moon and the initial configuration of the debris disk.

Many models have been proposed for formation of the Moon1, but
no one has succeeded in showing the formation satisfactorily. The
popular ‘‘giant impact’’2,3 model states that a Mars-sized proto-
planet hit the proto-Earth and generated a circumterrestrial debris
disk from which the Moon accreted. This model has been favoured
as it may well account for the dynamical and geochemical char-
acteristics of the Moon (large angular momentum of Earth–Moon
system, depletion of volatiles and iron). Many hydrodynamic
simulations (a smoothed particle method) have modelled the
impact process4–7. They calculated the impact between two large
protoplanets with iron cores and silicate mantles and followed the
orbital evolution of the debris after the impact for short timescales
(on the order of a few orbital periods). It is found that an impact by a
Mars-sized body usually results in formation of a circumterrestrial
disk rather than direct formation of a clump. (This trend is most
clear in recent simulations5–7.) The disk mass is usually smaller than
2.5ML, where ML is the present lunar mass (0.0123M!; M! is the
Earth mass). Most of the disk material is distributed near or interior
to the radius aR of the Roche limit (,2.9R!, where R! is the radius
of the Earth) if the orbital angular momentum of the impact is 1–2
JEM, where JEM is the angular momentum of the present Earth/Moon
system. Within and near the Roche limit, the tidal force of the Earth
inhibits accretional growth.

In contrast, little has been done to simulate the accretional
process of the Moon. The only published accretion calculation is
that of Canup and Esposito8 with a gas dynamic approach. They
approximated disk particles as particles in a box and tracked the
evolution of the mass distribution function at individual regions of
the disk, modelling velocity evolution, accretion and rebounding of

the disk particles. They showed that, in general, many small moon-
lets are formed initially rather than a single large moon and
concluded that the simplest way to form the present-sized moon
is to begin with at least a lunar mass of material outside the Roche
limit. However, in gas-dynamic calculations it is difficult to
include non-local effects such as radial migration of the disk
material and global interaction between formed moons and the
disk. The importance of the radial diffusion out from the Roche
limit has been pointed out through analytical argument9.

Here we perform directly N-body simulations, which automati-
cally include non-local effects, to investigate global lunar accretion
processes. The sequence of accretion of the moon from an impact-
generated disk might be as follows8,10 (see Fig. 1). Initially, the disk
would probably be a hot, silicate-vapour atmosphere/torus6,7. Solid
particles condense owing to cooling of the disk, possibly after some
radial migration10. Subsequent collisions and fragmentation of the
particles would damp initially large orbital eccentricities and
inclinations of the particles to moderate values in a few orbital
periods. Our simulations start from this stage and follow the
collisional evolution to a moon(s). On a longer timescale, one or
more formed moons gradually migrate outwards by tidal inter-
action with the Earth8,10, sweeping remnants. We do not pursue such
long-term evolution here.

We present the results of 27 simulations with different initial disk
conditions. We found that a single large moon, rather than multiple
moons, is usually formed at similar distance from the proto-Earth in
100–1,000 orbital periods (about a month to a year). We also found
that the final moon mass is mostly determined by a simple function
of initial total mass and angular momentum of the disk. To estimate

Figure 1 Schematic illustrationsof the formation of the Moon by a giant impact: a,

a Mars-sized body’s impact on the proto-Earth; b, a hot, silicate vapour

atmosphere/torus; c, a solid particle disk from which one or more moons

accrete; d, outward migration of the formed moon(s) by tidal interaction with the

Earth. We adopted stage c as the initial conditions for N-body simulations. The

particle disk is modelled as follows. The disk consists of solid particles with a

power-law size distribution as nðmÞdm ~ m2 pdm, where m is mass of the

particles. The surface density of the disk is given by SðaÞ ~ a2 q for

0:35aR , a , amax, where a is the semimajor axis. The orbits of the disk particles

are integrated bya fourth-order hermitian integrator16 with a hierarchical individual

time step17, calculating all gravitational interactions between the particles, in

geocentric cartesian coordinates. We take out particles from the system if they

collide with the Earth or are scattered into hyperbolic orbits. We adopt the

accretion criteria of Canup and Esposito11 (see text).
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τ cooling

τ accretion

10	

Condensed	materials	
(liquids	dominate?)	

Lunar-forming impacts 441

Fig. 2. Continued.

Figures 3c–3e show a mapping of final particle state
(escape, orbiting, or in planet) onto the original objects
(Figs. 3c–3d), and the objects just after the initial impact
(Fig. 3e); here yellow–green particles are those that com-
prise the final disk, red particles escape, and blue particles
are accreted by the planet. Most of the material that ends
up in orbit originates from the leading face of the impactor
that was just exterior (e.g., at greater radial distance from
the center of the target) to the primary impact interface.
A region of escaping particles on the impactor just below
this region is associated with the front edge of the initial
impact site, which from Figs. 3a–3b is shown to be highly-
heated/vaporized material; this is likely a result of “jetting”
(e.g., Vickery and Melosh, 1987) from the initial oblique im-

pact. Figure 3f shows the instantaneous particle temperatures
at the time step shown in Fig. 3e; only particles within a
4000-km slice centered on the z = 0 plane are plotted, to-
gether with vectors whose length is proportional to particle
velocity. From the velocity vectors in Fig. 3f, it can be seen
that the leading material in Fig. 3e that eventually escapes
has been significantly accelerated as a result of the initial
impact (e.g., the highest magnitude velocity at this time is
∼ 14 km/sec, vs. an impact velocity ∼ 9 km/sec).
Comparison of Fig. 3d with the temperature map in

Fig. 3b shows that the impactor material that eventually
comprises the orbiting disk is primarily the least thermally
heated of all of the material originally in the impactor, hav-
ing for the most part avoided direct impact with the pro-

 
 
 
 
 
 
 
 
 
 

Moon-forming disk 
High P (high mass density) à condensation to liquids 
and  
( 100 y, 1-100 y) 
à a large fraction of materials accrete as liquids  
à little depletion in volatiles 
 
Proto-solar nebula 
Low P (low mass density) à condensation to solids 
[and ] 
à high degree of depletion in volatiles 
	

😅	



Earth	

Moon	

(Zhang	et	al.,	2012)	

The	“isotopic	crisis”	
Very	similar	isotopic	composi)ons	(e.g.,	Ti,	Si,	O)	
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ε 50Ti = 50Ti / 47Ti( )sample / 50Ti / 47Ti( )standard −1⎡⎣ ⎤⎦ ×10
4
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Isotopic	composiIons	are	different	among	different	meteorites.	
But,	isotopic	composiIon	of	the	Moon	is	very	similar	to	that	of	Earth.	

carbonaceous		
chondrite	

enstaIte	chondrite	

ordinary	chondrite	

achondrite	
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Moon	

Earth	

Khan	et	al.	(2006)	

Different	FeO	content	

Moon	

Isotope	à	very	similar	to	Earth	
[FeO]		à	higher	than	that	of	(average)	Earth	
How	can	we	explain	both?	
[FeO	content	issue	is	usually	ignored]	

Earth	

ß	High	FeO	content	 Melosh	(2014)	



What	do	we	need	to	have	ader	a	collision?	
Mass	balance	and	the	isotopic	raIo	upon	a	giant	impact	
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isotopic	ratio	of	“1”:	target	
	 	 				“2”:	impactor	
relative	to	that	of	Earth	

We	need	to	have	a	small	fE-fM	

to	explain	small							for	large	
	

εM
ε1 − ε2( )
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How	to	explain	the	isotopic	similari)es?	
the	isotopic	crisis	

“classic	model”:	oblique	collision	
Hartmann-Davis	(1975),	Cameron-Ward	(1976)	
Benz	et	al.	(1986),	Canup	(2004)	
à  large	distorIon	of	an	impactor	
à  the	Moon	mainly	from	the	impactor	

Ćuk-Stewart	(2012)	

Canup	(2012)	

	 	Seek	soluIons	by	changing	the	“mechanics”	of	collision		
à DifficulIes	in	explaining	the	large	angular	momentum	(and	FeO	content)	
à They	(need	to)	invoke	rare	events	(how	probable??)	

“new	models”:	head-on	collision	



Ćuk-Stewart	(2012)	

Problems	with	the	Ćuk-Stewart	model	
1.  Only	in	a	small	parameter	space,	can	one	have	the	composiIon	similar		
to	Earth	(by	chance?).	
2.  Predicts	FeO	content	inconsistent	with	the	observaIon.	
3.  Angular	momentum?	

10/19/19	 15	
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Canup(2012)	

Problems	with	the	Canup	(2012)	model	
1.  Only	in	a	small	parameter	space	one	can	have	composiIon	similar		
to	Earth	(by	chance?).	
2.  Predicts	FeO	content	inconsistent	with	the	observaIon.	
3.  Difficult	to	explain	the	large	angular	momentum	
	



What	controls	the	composi)on	of	the	Moon	
formed	by	a	giant	impact?	

Fate	of	ejected	materials	ader	an	impact	

10/19/19	 17	

A:	escape	
B:	orbiIng	Earth	à	Moon	
C:	re-impact	

Collision	ejects	materials	à	materials	ejected	to	the	relaIvely	high	
level	(and	velocity)	will	become	the	Moon	

impactor	

						target	
(proto-Earth)	

Melosh-Soner	(1986)	



To	get	more	proto-Earth	materials	to	the	orbit,	one	needs	to	
have	a	mechanism	to	heat	the	proto-Earth	more	than	the	target	

x = h
R⊕

Stevenson	(1987)	

Shock	heaIng	à	gas	à	expand	à	large												à	more	chance	to	
get	into	the	proto-Earth	surrounding	orbit	to	become	the	Moon	
à Is	there	a	physical	mechanism	to	heat	the	target	()the	proto-

Earth)	more	than	the	impactor?	à	thermodynamics	of	maFer	
10/19/19	 18	

x = h
R⊕

x = h
R⊕



collision	à	hea)ng:	material	dependent	

•  In	all	previous	studies,	the	same	
materials	properIes	(equa)on	of	
state)	was	used	for	the	proto-Earth	
and	the	impactor	(Theia).	

•  Proto-Earth	is	likely	covered	by	a	
magma	ocean	(liquids),	but	an	
impactor	is	likely	solids.	

•  Solids	and	liquids	have	very	
different	equaIon	of	state	(next	
slide;	Jing-Karato,	2011).	à	different	
degree	of	heaIng	

10/19/19	 19	
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Unique	compressional	proper)es	of	liquids	
à When	a	liquid	(magma	ocean)	collides	a	solid	body		

à  the	liquid	will	be	heated	more	than	solid.	

Bulk	moduli	of	complex	liquids	
(silicate,	oxide	melts)	have	lirle	
correlaIon	with	those	of	
corresponding	solids	à	lirle	
role	of	chemical	bonding	(internal		
energy)	

Grüneisen	parameter	decreases	with		
compression	in	solids,	but	it	increases	with	
compression	in	liquids	à	intense	heaIng		
upon	compression	

(modified	from	Jing-Karato	(2011))	 (Mosenfelder	et	al.	(2007))	

bridgmanite	

γ = ∂logT
∂logρ( )ad
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Unique	compressional	proper)es	of	liquids	cont.	
RIVERS AND CARMICHAEL' ULTRASONIC STUDIES OF SILICATE MELTS 9267 
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Fig. 10. Ratio of the sound speed to the low-frequency (relaxed) sound speed as a function of roz s. The line segments 

join data for the same composition at different frequencies and temperatures. The smooth line is the response of a fluid 
with a single relaxation time and R = 3.84. 

mum value of sit. Differentiating (29) above with respect to for 

and equating to zero yields 

(røZ)m"x = (R + 1) •/2 (32) 
Substitution yields 

r•R 

(0•'•)max = 2(R + 1) •/2 (33) 
The data in Figure 11 indicate that (•;t)m,x = 1.4. Solving (33) 

yields R = 1.4 also. 

Individually, Figures 10 and 11 would seem to indicate that 

our dispersion and absorption data for silicate melts can be 

modeled with a single relaxation time equal to O.010sfls. The 

width of the "band" around the theoretical curve is equivalent 

to a factor of 2-3 in the shear viscosity, and this is equal to the 

estimated uncertainty in 0s, particularly for the very high vis- 
cosity melts which most influence the relaxation model. 

However, the values of R which one determines from the 

two types of data are very different, indicating failure of the 

single relaxation time mechanism. The value R = 3.8 from the 

dispersion data would predict (•;t)m,, = 2.7, nearly twice the 

observed value. Similarly, the value R = 1.4 from the absorp- 

tion data predicts c•/c o = 1.5, much less than the observed 
value. 

Either the assumption that z v = r s and/or the assumption 

that either is really a single relaxation time must be incorrect. 

In their detailed study of B20 3 melt, Macedo and Litovitz 

[1965] and Tauke et al. [1968] showed that the data below 

1073 K required a distribution of relaxation times which was 

Gaussian in logarithmic frequency. The effect of such a spec- 

trum of relaxation times is to broaden both the dispersion and 

absorption curves. It will also lower the value of (0d0m• be- 

cause at any given value of for not all of the relaxation 

"modes" are equally active. The value of c•/c o is not affected, 

since at very high frequencies all of the modes will be "frozen 
OUt." 

Figures 10 and 11 are quite useful for predicting the acous- 

tic behavior of silicate melts as a function composition, tem- 

perature, and frequency, For instance, if one is interested in 
10-Hz seismic waves, then one will obtain "relaxed" sound 

velocities when for = 2r•lOflsO.010 s < 0.1 (Figure 10). For a 

melt with ils=7 x 10 -• Pa -•, then 0s must be less than 
2 x 10 9 Pa s, or 2 x 108 P. Only a very dry obsidian melt 

would display dispersive behavior at these frequencies. The 

absorption per wavelength of such a wave would be very close 
to zero for melts less viscous than this, and there will be very 
little attenuation of seismic P waves in silicate melts. 

CONCLUSIONS 

We have shown that the relaxed ultrasonic sound speeds of 
silicate melts can be modeled as a linear function of the 

volume fraction of the component oxides with an error of 

about 4%. The sound speed coefficients decrease with in- 
creased cation radius for the alkali and alkaline earth oxide 

components. 

While there is substantial variation in the derived iso- 

thermal compressibilities with composition for the range of 

liquids we have studied, the variation in natural compositions 

is much more restricted. For instance, we predict (using the 

values in Table 8) that a picritic melt with a density of 2.71 

Rivers and Carmichael (1987) 

	 	frequency-dependent	sound	velocity	
à	compression	involves	some	viscous	(Ime-dependent)	processes	
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Compression	of	solids	changes	mostly	their	internal	energy.	
Resistance	for	compression	of	complex	liquids	has	no	
correlation	with	that	of	corresponding	solids.		
à 	Compression	of	liquids	changes	entropy		

	 	
	
P = − ∂F

∂V( )T = − ∂U
∂V( )T +T ∂S

∂V( )T 	
	

à 		upon	compression,	much	of	the	free	energy	change		
is	change	in	entropy		à 	high	degree	of	heating			
à 	liquids	expand	and	go	to	the	orbit	(to	form	the	Moon)	

	

liquid	

solid	

solids	

liquids	



A	simple	analy)cal	model		
(a	“flat	Earth”	model)	
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Karato	(2014)	

heaIng	of	liquids	>>	heaIng	of	solids		
à more	materials	go	to	the	orbit	from	the	magma	ocean	
à  the	Moon	is	mainly	from	the	magma	ocean	of	the	proto-Earth?	

dT = − Tγ
V + 1

2Cυ
P − Po( ) + Vo −V( ) dPdV⎡⎣ ⎤⎦{ }dV

γ = ∂logT
∂logρ( )ad
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(a)  convenIonal	model:	impactor	is	distorted	by	an	oblique	collision	
à	most	materials	for	the	Moon	are	from	the	impactor	

(b)  with	a	magma	ocean	on	the	target	(proto-Earth)	à	most	of	
ejected	materials	are	from	the	magma	ocean	à	explain	the	
isotopic	similarity,	FeO-enrichment	(together	with	large	angular	
momentum)?	

Karato	(2014)	



Beyond	the	flat	Earth	
3-D	numerical	modeling	using	a	modified	SPH*		

(K	(	京	)-computer,	RIKEN,	Kobe,	Japan)	
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*:	A	standard	SPH	(Smoothed	ParIcle	Hydrodynamics)	code	cannot	treat	
a	density	disconInuity	properly.	à		“DISPH”	(density-independent	SPH)	

Hosono	et	al.	(2019)	



P-T	condiIons	axer	a	giant	impact	
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Consequence	of	a	collision	depends	strongly	on	EoS	(equa)on	of	state)	
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Solid	+	gas	EoS	
(Tillotson	EoS)	

Mie-Grüneisen	EoS	
for	magma	ocean	

Hard-Sphere	EoS	
for	magma	ocean	

DISPH	

Standard	SPH	

(Hosono	et	al.	2019)	
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Target	(proto-Earth)	materials	form	a	large	fracIon	of	the	Moon.	

(Hosono	et	al.	2019)	

Angular	momentum/(M-E	angular	momentum)	
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A	small	fE		-	fM	is	needed	to	explain	the		
similar	isotopic	composiIon	between	
the	Moon	and	Earth.	
	
In	a	convenIonal	model	with	an	oblique	
collision	(that	explains	large	angular	
momentum),	fE		-	fM	is	too	large		
à  Needs	to	invoke	“unusual”	collision	
condiIons.	
	
With	a	magma	ocean	+	improved	
SPH	(DISPH),	fE		-	fM	can	be	reduced		
substanIally.	à	the	composiIon	and	the	
angular	momentum	of	the	Moon	can	
be	explained	more	naturally.	

															Composi)on	of	the	Moon	(and	Earth)	
axer	a	giant	impact	that	produces	required	angular	momentum	

(Hosono	et	al.	2019)	



What	type	of	impactors?	
A	comparison	to	isotopic	observa)ons	
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l  For	a	convenIonal	model,	impactor	has	to	be	very	similar	to	Earth.	
l  For	the	present	magma	ocean	model,	a	broader	range	of	materials		

	are	acceptable	as	an	impactor.	
à	The	Moon	as	observed	can	be	explained	more	naturally.	

(Hosono	et	al.	2019)	



10/19/19	 31	

FeO	goes	more	to	the	melt	(but	lirle	change	in	isotopic	composiIon)	
à magma	ocean	will	have	higher	FeO	than	the	bulk	of	Earth	
à If	the	ejected	materials	are	mostly	from	the	magma	ocean,		
this	explains	the	high	FeO	of	the	Moon	

The	magma	ocean	model	also	explains	high	FeO	of	the	Moon.	



Conclusions	
•  Many	“puzzles”	of	the	lunar	composiIon	can	be	understood	as	a	

natural	consequence	of	the	Moon	forma)on	(giant	impact	
model)	if	the	importance	of	liquids	is	included	in	the	model.	

•  Isotopic	composiIons	and	FeO	content:	A	giant	impact	à	magma	
ocean	materials	on	the	proto-Earth	materials	are	heated	more	
than	the	impactor	à	majority	of	the	disk	(to	become	the	Moon)	
was	the	magma	ocean	materials	à	isotopic	similarity,	FeO	
content	difference.	

•  “wet	Moon”:	When	the	hot	disk	gas	cooled,	condensa)on	
occurred	to	liquids	(not	to	solids)	due	to	high	P	of	the	disk	(~1	
MPa)	à	only	small	loss	of	vola)les.	
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What’s	next?	
–  How	oden	is	the	Moon-type	satellite	formed?	

•  Is	the	Earth-Moon	system	so	“rare”	that	Earth-like	planet	will	be	very	
unique	(“Rare	Earth”	hypothesis)?	

•  Some)mes,	mantle	of	the	target	planet	is	stripped	off	(Mercury).	
–  When	is	a	satellite	formed?	When	does	mantle	materials	escape?	

–  Our	model	explain	isotopic	similariIes	(Ti,	Si,	O	---).	But	some	
isotopes	show	differences	(e.g.,	Zn,	K).	

•  What	do	they	tell	us	about	the	Moon	formaIon?	

–  Explain	the	major	element	chemistry	(FeO,	Al2O3,	CaO)	
–  More	complete	equa)on	of	state	(limit	of	the	hard-sphere	
model):	the	hard-sphere	equaIon	of	state	will	not	work	at	very	
high	degree	of	compression.	
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geology	(petrology)	
[parIal	melIng]	 	 	Solid	

(doen’t	like	volaIles)	

gas	

	Liquid	
(loves	volaIles)	

Moon	formaIon	
(cosmochemistry)	 (most	of)	

cosmochemistry	

Earth	(terrestrial	planets)	lost	most	of	vola)les	during	
forma)on,	but	the	Moon	did	not	lose	much	water:	why?	

gas
solid

liquid

pr
es
su
re

temperature
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Not	much	water	loss	due	to	the	condensaIon	to	liquid	
(major	water	loss	due	to	the	condensaIon	to	solid)	

Karato	(2013)	



total	 disk	(Moon)	 target	(Earth)	 escaping	parIcles	

impactor	(rock)	
impactor	(Fe	core)	
target	magma	ocean	

EvoluIon	of	composiIon	of	the	disk	during	an	impact	

(Hosono	et	al.	2019)	



•  Explains	the	large	angular	momentum	+	chemistry	of	
the	Moon	(lack	of	a	Fe-rich	core)	

•  Giant	impact	model	is	ques)oned	by	the	results	of	
modern	geochemical	measurements.	
– Unexpected	observa)ons:	

	(1)	“wet”	Moon?	
	(2)	very	close	agreement	in	(most)	isotopic	raIos	
	 	 	 	(higher	FeO	content)	
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A	giant	impact	model	



Background		
Planetary	forma)on	and	forma)on	of	the	Moon	
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F i g .  1. S e e  t e x t .  

like that described above, only conditions for gravitational instability in the subdisk 
were more severe. Dispersion equation (1) can be applied to the dust subdisk if 
we take into account the interaction of particles with the gas. There were four 
types of such interactions: (a) due to turbulent stirring of the subdisk, particles 

k2v  2 acquired random velocities vp, (therefore term k2c 2 should be changed to pz,, 
(b) the term taking into account the resistance of gas to a perturbation motion of 
particles n/te should be added where te = v/(dv/dt)  is the response time to the 
gas drag force, which depends on sizes of bodies and on their velocities relative to 
gas, (c) initially gas perturbs together with particles, but its perturbation does not 
develop and it returns soon to equilibrium state. It could be carried by the dust only 
at an implausibly high dust density Pp/Pa > 106" Therefore, without appreciable 
error perturbations in the gas can be neglected, (d) gas lag from the Keplerian 
rotation caused a radial rnotion of particles toward the sun, which depended on their 

Star	formaIon:	gravitaIonal	collapse	of		
a	molecular	cloud	
à  heaIng		
à  formaIon	of	a	hot	nebular	gas	disk		
à  cooling	(by	radiaIon)	
à  condensa)on	à	dust	formaIon	
à  gravitaIonal	instability	
à “planetesimals”	
à 	planetesimal	size	increases	
à 	big	ones	get	hot	(a	magma	ocean)	
à 	small	ones	remain	cold	(																						)	
à 	collision	of	big	bodies	(giant	impacts)	
à 	hot	gas	à	cooling	à	condensa)on	
à the	Moon	

Mc ≈ 2MMars

Hayashi (林忠四郎) and Safronov 



Key	features	of	the	Moon	

•  The	Moon	is	a	relaIvely	large	planetary		
	body	(~1/4	of	the	Earth	size,	~1/100	of		
	the	Earth	mass)	yet	composiIon	is	nearly	

	 	homogeneous	(very	small	core),	and		
	made	mostly	of	rocks.	

•  Most	of	other	planetary	bodies	of	this	size	are	differen)ated:	
mantle-core	structure	(e.g.,	parent	bodies	of	iron	meteorites).	

•  Formed	in	the	later	stage	of	planetary	formaIon	(~50-60	Ma).	
•  The	Earth-Moon	system	has	large	angular	momentum.	
à	How	can	we	explain	rocky	composi)on	of	the	Moon	(and	the	
large	angular	momentum)?	[need	to	understand	how	composiIon	
is	controlled	during	the	complex	processes	of	Moon	formaIon]	
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Models	of	the	Moon	forma)on	
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Fission	model	 Capture	model	 A	giant	impact	model	
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George	Darwin	(1845-1912)	

Hartmann-Davis	(1975)	
Cameron-Ward	(1976)	

Dynamically	not	feasible	
Chemically	not	feasible	


