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This paper discusses fractionation of the chemical compositions of the Moon and the
Earth and the thermal history of the Moon for formation of the Moon from an Earth-
orbiting swarm of bodies, during the accumulation of the Earth.

This report will consider only a model for
formation of the Moon in orbit around the
Earth. This model is closely connected with
the theory of formation of the Earth and the
planets that has been developed in the O. Yu
Schmidt Institute of Earth Physics, Acad-
emy of Sciences, Moscow (refs. 1 and 2). We
will not dwell on a review of different hy-
potheses of lunar formation because they are
given in published works (refs. 3, 4, and 5).

It is interesting to discuss those questions
which traditionally are considered most diffi-
cult for this model: (1) differences in chemi-
cal composition of the Moon and the Earth
and (2) the initial and boundary conditions
of the thermal history of the Moon that con-
form to its current state.

Our physical-mechanical scheme of devel-
opment for the Moon is built on the concept
that during the active stage of growth of the
Earth a satellite swarm of small bodies and
particles formed around it. In order to be-
come satellites of the Earth, these particles
and bodies revolved in heliocentric orbits in
the zone of the preplanetary cloud which the
egrowing nucleus of the Earth was gradually
sweeping out. As a consequence of inelastic
collisions near the Earth, a certain fraction
of the particles change to geocentric orbits.
The satellite swarm of the Earth is very
small. Its maximum radius is 100 times
smaller than the distance from the Earth to
the Sun, and that part of the swarm where
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an increased density over that of the ‘back-
ground” is achieved is tens of times smaller
in size, such that the capture of particles in
Earth orbit is most likely for near-Earth col-
lisions. In this scheme, the Moon represents
the final product of “assembly” of the par-
ticles and bodies of the satellite swarm.

If only the mutual collisions of particles in
heliocentric orbits are taken into considera-
tion, the mass of the satellite swarm proves
to be several orders of magnitude less than
the mass of the Moon. If the collision of free
particles with those already captured is con-
sidered, an exponential growth of the mass
of the swarm can be obtained and will over-
take the mass growth of the Earth. However,
if the density in some part of the cluster
exceeds the “background” density by a fac-
tor of two or three orders of magnitude, the
growth of an Earth satellite is activated in
the swarm and quickly (in 102 to 10® yr)
sweeps up newly entering particles, prevent-
ing too rapid growth of the swarm. With the
process balanced in this manner, the maxi-
mum filling of the swarm is applied to the
mass of the protoearth and is equal to two-
fifths to one-half its modern mass (fig. 1). In
order to obtain the required mass and geo-
centric moment of the swarm, it is not im-
portant how much time growth of the Earth
takes because formation of the swarm is an
accompanying process. However, chemical
fractionation between the material of the
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Figure 1.—Rate of accretion of the Earth, according
to Safronov (ref. 2).

Earth and the material of the satellite swarm
is not indifferent to the duration of the en-
tire process. We assume a long time scale
for growth of the Earth (108 yr), which is
currently the most solidly based from the
dynamical point of view (ref. 2).

Differences in Chemical Composi-
tion of the Earth and Moon
During Formation of the Moon
From the Earth Satellite

Swarm

PARTIAL LOSS OF VOLATILE AND SEMI-
VOLATILE ELEMENTS AND ASSOCI-
ATED ENRICHMENT OF THE SWARM
WITH REFRACTORY SILICATES

Because the circumterrestrial swarm is
secondary and formed later than the Earth,
the material of the Moon should have been
in a dispersed state longer: at first in the
preplanetary cloud and then in circumter-
restrial orbits. This lag in accumulation is at
least 5 X 107 to 108 yr. During this time, the
small bodies and particles experience numer-
ous collisions at velocities determined by
perturbations due to the protoearth: in the
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protoplanetary cloud the velocities are 3 to 4
km/s on the average and 5 to 7 km/s during
capture into the swarm. A characteristic
time for dissipation of light gases from the
region of the terrestrial group of planets by
the solar wind is 108 yr. As Kuiper showed
(ref. 6), the solar wind is capable of ioniz-
ing and blowing the atoms of any element
right out of the solar system if the space is
free for radiation. It can be shown that the
protoplanetary cloud was quite transparent
in the radial direction from the Sun (r ==1)
out to the distance of the Earth from the
Sun, if the radial distribution of the proto-
planetary bodies followed the law dN (a) ~
a"da, where n < 3.5, with the mass of the
material equal to the mass of the terrestrial
planets and with @ue, =~ 102 em. Much mate-
rial evaporates in collisions of solid particles
with velocities of several km/s; this shows
up particularly in the low-melting and vola-
tile components (H.0, Pb, Bi, TI, etec.). We
(ref. 7) considered an example of selective
removal of volatiles in a single collision,
where the collision led to capture into the
swarm. The colliding particles lose the evap-
orating components, a certain fraction re-
condenses into particles within the cluster,
and the remaining ones are expelled from the
swarm by the solar wind. Particles adsorbed
by the growing Earth fall into it with high
velocities (10 km/s) and also undergo evap-
oration. However, the strong gravitational
field of the Earth prevents the evaporated
material from escaping, and the inner,
denser, and more opaque part of the swarm
protects them from the action of the solar
wind. Thus, two features should be consid-
ered as facilitating the Earth’s acquiring
relatively more volatiles and the Moon’s
acquiring relatively more refractory mate-
rial: (1) earlier accumulation of the Earth
from material that passed through a shorter
sequence of collisions and (2) the presence
of Earth gravity when the Earth and the
satellite cluster simultaneously acquired ma-
terial. It should be added that the work of
Prof. E. Anders and colleagues (ref. 8),
based on analyses of the first basalt samples
returned from Mare Serenitatis in 1969 and
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in which the fact was established of deple-
tion of volatiles from lunar samples and their
enrichment in refractory elements, was an
occasion for our discussion in 1971 of selec-
tive removal of volatiles from the particles
of the circumterrestrial swarm. Subsequent
investigations by the same authors and other
groups showed how universal the regularity
they discovered is for the Moon.

SELECTIVE REMOVAL OF THE SMALL-
EST PARTICLES BY CAPTURE IN THE
SWARM AND ASSOCIATED ENRICH-
MENT OF THE LUNAR MATERIAL IN
SILICATES

Let us proceed to the question of fraction-
ation of iron and silicates. Studies of the size
distribution of preplanetary bodies using co-
agulation theory, with allowance for frag-
mentation, have shown that this distribution
asymptotically approaches the power law
dN (a) ~a™ da, when n, < 3+5 (for a mass
distribution, this corresponds to the expo-
nent 11/6) (refs. 2, 9, and 10). A simplify-
ing assumption unavoidably has to be made
in these studies, i.e., that the entire set of
bodies and particles has uniform physical-
mechanical properties, as well as com-
position. The predominant factor in the
collisional interactions of the particles is
mass, hence the important role of the largest
bodies in the process of planetary growth.
During the accretion of the terrestrial plan-
ets, the exponential-type distribution men-
tioned above becomes established among the
protoplanetary bodies, where the size range
is 12 to 13 orders of magnitude. At n, ~ 3.5
(and generally, at 3 < n; < 4), there is an
interesting feature that is illustrated in fig-
ure 2. A large part of the mass of the bodies
is concentrated in the largest bodies, and a
large part of the total surface is concen-
trated in the largest bodies, and a large part
of the total surface is concentrated in the
smaller fraction. This means that in process
where the main role is played by the fre-
quency of interactions, the small particles
have the greatest activity. We have shown
that in capture in the swarm the size distri-
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bution of the particles changes in the direc-
tion of enrichment with the smaller fraction
(ref. 11). Thus, if the exponent for proto-
planetary bodies was 3.5 after capture in the
swarm (without considering the accumulat-
ing satellites) there would be a distribution
with the exponent n, ~ 4.0. Thus, there is a
shift in the direction of smaller bodies. In
this case, the mass is not concentrated in the
largest bodies, but is uniformly distributed
over the entire range of particle sizes.

Could this feature of the formation of the
swarm lead to its enrichment in silicates or
somehow to the depletion of iron? At the
present time more data have appeared in
favor of this possibility than there were in
1971 when we proposed this process based
only on the qualitative considerations of
Orowan (ref. 12). Recent experiments on
collision of metallic particles have demon-
strated that in a large velocity range, from
0.5 km/s to 10 km/s metallic particles weld
themselves together, while at velocities less
than 0.5 ¢cm/s they undergo semielastic re-
pulsion (ref. 13). Experiments with silicate
particles confirmed the idea of Orowan that
behavior of silicate particles is completely
opposite to the behavior of metallic ones;
i.e., in the impact velocity range from 1.5
km/s to 9.5 km/s destruction of the particles
predominates over their agglomeration (ref.
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Figure 2.—Characteristic features of the size distrib-
ution of bodies of the type dN (r)~ r™** dr.
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14). Only at velocities of less than 0.4 km/s
is agglomeration possible (on condition that
there is some adhesive agent on the surface
of the silicate particles, e.g., frozen volatiles
or an electrostatic charge). Investigations
of the changes in materials “treated” by im-
pacts with velocities of several km/s have
shown that brittle material—silicates, hy-
drides—are broken up into very fine par-
ticles of micron and submicron sizes which
cannot be obtained by other mechanical dis-
integration methods (ref. 15). But metals
display only plastic deformation. The results
of these experiments could be applied com-
paratively simply to protoplanetary particles
if they were strictly divided into silicate and
iron particles. However, a certain portion of
the iron in the protoplanetary cloud could be
oxidized and included in the particles in the
form of FeO or Fe;04. The oxides are rather
more brittle than plastic materials. There are
no similar experimental data for them in im-
pacts with cosmic velocities. There is great
interest in comparison of the results of im-
pact treatment of iron oxides and silicon
oxides as likely structural elements of the
protoplanetary material in the region of the
terrestrial group of planets. There are indi-
cations that at low velocities, on the order of
1 m/s, pulverization of silica (Si0O.;) pro-
duces two times more total surface than
pulverization of magnetite Fez;O, (ref. 16).
If the same behavior is displayed at cosmic
velocities as a result of mutual collisions, a
unique dependence of particle composition
and size should develop. On the average, it
could be represented in the form of a grad-
ual increase in content of iron and metals in
the most massive bodies and a gradual in-
crease in silicate content in the smallest
fraction (fig. 2). In this case, there seems to
be a basis for enrichment of the circumter-
restrial swarm in silicate materials by means
of the predominant capture of the smaller
fraction.

There are currently few experimental data
supporting such a conclusion; however, the
tendency is completely clear.

Differentiation in composition between the
planets and the satellites occurs in the entire
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solar system but, since the “structural mate-
rial” is different everywhere, the nature of
the fractionation differs for different sys-
tems.

Accretion of the Moon and Its
Initial Temperature

The obviousness of early heating of the
Moon has led many authors to the assump-
tion of its rapid collapse during which a con-
siderable portion of its gravitational energy
is retained in the interior. If there was a
mechanism which would permit accumula-
tion of the satellite swarm during the entire
growth of the Earth (10® yr) and then
accrete all the material of the swarm into a
single mass in a short time (< 10® yr), the
initial temperature of the Moon would have
been close to the melting temperature some-
where in the region of the upper mantle
(ref. 17). However, this process seems arti-
ficial. Assumption of a “short” time scale for
growth of the Earth (10% yr) cannot help
here because the time scale is also too long to
rétain the energy of accretion.

Let us examine the possibility of acereting
the Moon by an acceptable method within the
long time scale for growth of the Earth, 108
yr. By an acceptable method, we mean satis-
faction of the following conditions:

1. Accretion of the Moon must be com-
pleted at a distance undoubtedly less than 30
Re and, probably close to 20 Re, based on
the limits given by the tidal evolution of the
lunar orbit (ref. 18) and consideration of
the geocentric moment of the swarm (ref.
19) (R is the radius of the Earth).

2. The initial temperature of the Moon
must be higher than some limit T,(7), in
order to ensure heating of the layers respon-
sible for fusion of the continental crust in
the “Wasserburg gap” time range (4.6 to
4.0 X 10° yr) (ref. 20), i.e., most likely,
within the first 0.3 to 0.4 X 10° yr. Later
heating of the deeper layers is responsible
for the fusion of the mare basalts. Calcula-
tions of Mayeva show that T, (=) should
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Figure 3.—Diagram of early thermal history of the
Moon. The solid curve was calculated by Maysua
for U = 2.7 X 10°°%; Th/U = 4; K/U = 2600.

have the form shown in figure 3, i.e., reach
1000 K or higher in the upper mantle of the
Moon and not increase with depth. In par-
ticular, the temperature curve for rapid ac-
cretion decreases in temperature toward the
center (dashed line). The calculation was
carried out for a spherical-symmetrical
model having a solid outer layer, 700 to 800
km deep at the present time, and a heat flux
equal to that observed. However, the initial
conditions of the Moon can scarcely be con-
sidered to be spherically symmetrical. The
present difference in thickness of the con-
tinental crust on the visible and the back
sides of the Moon and the great irregularities
in structure and composition of the Moon
indicate the necessity for asymmetry in the
construction, composition, and initial tem-
perature distribution. Therefore, still an-
other condition should be imposed.

3. The rather large structural asymmetry
of the Moon may be due to the impacts of
very large bodies. We note immediately that
the probability of collision of the Moon with
a large body moving in a heliocentric orbit is
very low. Still less likely (ref. 21) is the
collision near Earth of two moon-like masses
moving in heliocentric orbits.

With these conditions, we will select one of
three versions of accretion of the Moon.
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a. Formation of an Earth-Moon system
from a binary nucleus with initial
masses much less than the present
ones, mainly by means of absorption
of particles from heliocentric orbits

b. Gradual growth of the Moon from
a small nucleus, in a swarm where
the mass of the Earth was about
one-half ne

c. Accretion of the Moon for several
large satellites, which grew in the
circumterrestrial swarm

Each of these versions can be analyzed in
detail, but we note here that the first and
second methods lead to a low (about 300 K)
initial temperature of the Moon and do not
cause any large irregularities in its struec-
ture. We shall consider the third version fur-
ther.

We (ref. 22) analyzed the possibility of
forming several large Earth satellites each
with its own supply zone. Within 20 to 25
Re, a system of two to three large satellites
could have formed with masses 1% to 14 j.q .
With tidal friction such a system could have
existed only as long as required for close ap-
proaches which result in considerable inter-
active perturbations of the satellites. The
rate of tidal removal at such an early epoch
is very indefinite. For agreement with the
age of the Earth-Moon system, 4.5 X 10? yr,
a whole set of functions of the type 8¢ =
8o + at” can be used, where §, is the effective
lag angle for the entire Earth, £ is the time,
80 and « are constants, and n =1, 2, 3, etc.
(fig. 4). The time for tidal removal of large
protomoons from the system to 10 Rg is 10°
to 107 yr and 20 Re requires up to 107 — 5 X
108 yr, which is 10 to 100 times the removal
time of such satellites to 8¢ = 8¢ present
=~ 4°,

We carried out some numerical experi-
ments for the purpose of determining the
evolution of a system of several massive
satellites where the satellite orbits were
brought together by friction, almost to com-
mensurable 1:1 periods (ref. 23). For sim-
plicity, plane two-satellite systems were
studied, with initial circular orbits relative
to the Earth. All three bodies were consid-
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Figure 4.—Rate of tidal removal of Moon from Earth for various forms of the function Se (p):
1. 8B = 8% + at; 8 @ present = 1.7
2. 8§D = &". + at?; 8 @ present = 2°.2
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Figure 5.—FExample of the evolution of orbits for two
massive satellites, with initial circular orbits at
distances of 4 R @ and 4.5 R ® from Earth.

ered to be physical points. One of the ex-
amples of orbital evolution is of two satellites
with masses of 14 p¢ is shown in figure 5. We
see strong perturbations of the eccentricities
of the orbits, frequent crossing of the orbits,
and one case of close passage at a distance
of a little less than the sum of the two radii
of the satellites, which can be considered to
be a collision of the bodies. The rate of rela-
tive approach of the satellites is close to
parabolic (about 2 km/s) ; therefore, a col-
lision in systems of this type must always
be “frontal,” as if the satellites strike one
another from an infinitely great distance.
The time of evolution of the two-satellite
system to a probable collision within 10 Re
is numbered in days and, within 20 R,, in
years. Allowance for three-dimensionality
should lengthen the lifetime of the system
10 to 100 yr.

We have not yet carried out such experi-
ments, but, except in the three-dimensional
case, the perturbing quantity, except for ec-
centricity, should be the inclination of the
orbit. For such a system, one must consider
the precession of the orbits due to the action
of the equatorial flattening of the Earth and
precession of the axis of the Earth, ie., a

point approximation for the mass of the
Earth must be rejected. The problem with
two satellites was considered by Goldreich
and becomes a much more complicated prob-
lem for the Earth-Moon system (ref. 18).
One might think that all the limitations indi-
cated by Goldreich for the initial distance of
the Moon would be preserved for a system of
two protomoons; in particular, in the ex-
treme case one of the two protomoons may
form within 10 Re and initially have an
“equatorial” orbit. Related to this, we also
considered orbits at 4, 6, and 8 Re.

A fusion of two satellites into one body is
a very rapid process, lasting about 1 hour.
The energy given off is sufficient to heat the
entire mass to an average temperature sev-
eral hundred degrees above its equilibrium
temperature or to produce a temperature
distribution in the interior like that caused
by rapid accretion, as mentioned above (see
fig. 3). In this manner, formation of the
Moon from large bodies, comparable to each
other in mass, gives the most acceptable
initial temperature from the point of view
of subsequent evolution of the Moon. More-
over, the possibility is now open for the
creation of large inhomogeneities in structure
and composition, as a consequence of the in-
homogeneous differentiation of the interior of
the Moon.
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