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A summary of the latest data on isotope geochemistry of the lunar rocks shows that their silicon,
oxygen and refractory metals isotopic composition are no different from terrestrial one, indicating a
single source of origin of both Earth’s and Moon’s substances. At the same time, the isotopic signature
of the volatiles along with rubidium, zinc, gallium, potassium, iron in lunar rocks is fractionated
considerably, showing heavy isotope enrichment compared to Earth’s ones. Kinetic isotope effect,
underlying this phenomenon, occurs during the process of lava degassing when volatiles emits from the
magma surface to the vacuum of space. Thus, conditions of the crystallization of lunar rocks deviate
significantly from those of Earth.
We consider the formation of the Moon following Marakushev’s fission theory. In the view of the
theory, the Moon has been spun from proto-Earth, while a necessary impulse moment reached due to
a proto-Earth’s initial fluid veneer. This event dates to approximately 50 Ma from the moment of the
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Solar system formation and coincides with the beginning of the proto-Earth’s core impulse segregation.
The future Moon consisted of the relatively light silicate material, but also included a portion of the
proto-Earth mantle. Meanwhile, other reasonable hypotheses of the Moon formation, such as impact
and evaporation theories, are powerless to explain all the peculiarities of the isotopic signatures of the
lunar rocks as well as the genesis of the Galilean moons.
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Introduction
According to the official sources of NASA, during the Apollo program, 382 kg of rocks
have been transported from the Moon’s surface to Earth. Being studied carefully (along with
326 g of lunar material brought by Uncrewed spaceflight of Soviet Luna program: Luna
16, 20, 24), it was revealed that the Moon and Earth have common early history within the
interval of 4-4.5 billion years. However, there are no terrestrial rocks of that time, except for
the single zircon crystal. Meanwhile, new compelling evidence on the structure and isotopy
of the Moon are available nowadays. Thus, revision of this data in the light of the most widely
debated theories of the Moon origin will shed some light on the earliest Earth’s history and
is the objective of this report.

Facts concerning the Moon
Among the Solar system’s inner planets, which include Mars, Earth, Venus and Mercury,
Earth is the only one with its own massive satellite, The Moon. Even though Mars has two
satellites, Phobos and Deimos, both are tiny bodies of irregular shape.
According to recent estimates, the distance from Earth to the Moon is 384,400 km. The
Moon’s average density (3.34 g/cm3) is similar to the density of the Earth’s upper mantle
(3.30-3.40 g/cm3). Interestingly, the average Earth’s density rated to the normal pressure (1
atm) is approximately 4.45 g/cm3. Such a distinction is caused by Earth’s massive iron and
nickel core, which is 32% of the total Earth’s mass. According to Kuskov and coauthors, who
generalized a large block of geophysical data, the Moon’s core radius was 350-380 km (for
an iron core hypothesis) and 500 km (for an iron-sulfide hypothesis), respectively (Kuskov
et al., 2008). They also estimated the content of iron, which is 10-12% of the total Moon’s
mass. The value of iron and silicate ratio does not exceed 0.4-0.5, which is one of the least
known in the Solar system, i.e., the Moon is exceptionally iron-depleted. Besides, the Moon
does not have any regular magnetic field, but there are elongated residual magnetic fields, as
it has been revealed by the lunar magnetometers of Lunokhod-2 and Apollo12, 14, 15, 16.
Based on the seismic data, Nakamura (Nakamura, 1983) suggested the model of the
Moon structure which consisted of crust (58 km thick), upper mantle (58-270 km), middle
mantle (270-500 km) and lower mantle (500-1000 km). Due to its rotation, the Moon has a
slightly flattened shape; its polar diameter is 3,471.94 km, while the equatorial diameter is
3,476.28 km, which is about a quarter of the Earth’s diameter.
Another feature is the presence of the dark patterns on the Moon’s surface, so-called
“lunar seas,” along with the fair patterns of “lunar continents.” Dry seas of the Moon are
young geological structures and cover nearly 16% of the total area. Its average height is
at 2.5 km below than the height of the lunar continents, so dark mare basalts have flooded
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these lowlands. The deepest depression (8 km depth) locates on the dark side of the Moon.
It is of great interest that the difference between the deepest and the highest points accounts
for 16 km.
Numerous craters cover the surface of the Moon. There are more than 17,000 large craters
(up to 3,500 m in diameter), and most of them are on the lunar continents. These craters are
evidence of intensive meteorite bombarding. Interestingly, the dark outer side of the Moon
has many more craters than the visible one. In addition, the Lunar Reconnaissance Orbiter of
NASA discovered 40 craters filled with frozen water at least 2 meters thick in the North Pole
of the Moon. The Moon is moving away from Earth at 38 mm/year, caused by kinetic energy
loss (on a side note, this loss is related to the Moon tidal pull).
Feared by the first constructors of lunar vehicles, thick layers of dust did not materialize,
but a thin coat (no more than 1 cm) of regolith was presented. Regolith is like cement and
binds together so heavily that the portion of this substance can hardly be poured from a testtube under room conditions (Hazen, 2019).
The age of the Moon is 50-70 million years from the beginning of the Solar system
formation (Galimov, 2013). Since the beginning of the Solar system formation dates from
4,567.3±0.16 Ma (Connelly et al., 2012), the age of the Moon is 4,517- 4,497 Ма or roughly
4.507 billion years. All existing isotope-geochronological methods estimate the age of Earth
at 4.56 billion years. In other words, the Moon is just a little younger than Earth itself (no
more than 30 million years, according to Connelly et al., 2012), and this fact should be
considered when we hypothesize about the Moon’s origin.
Bellucci and coauthors have recently published a paradoxical outcome of the study of
an unusual zircon from the lunar breccia N 14321 brought by Apollo 14 (Bellucci et al.,
2019). Surprisingly, the signature of redox potential, as well as the values of crystallization
temperature and pressure of this zircon, corresponded to not lunar, but terrestrial origin. This
zircon was in paragenetic relations with quartz and feldspar, which is irregular for lunar
rocks. The isotopic age of the zircon was 4,011 Мa, while the age of bulk rock varied from
4,110±200 Ма to 4,090±110 Ма.

Characteristics of lunar magmatic rocks
Samples of lunar rocks brought to Earth usually are breccia’s, regolith, and rocks with
clear evidence of metamorphic impact events. Furthermore, most lunar rocks were obtained
from the Moon’s surface. This layer underwent intense metamorphism due to meteorites
bombardment, resulting in melting and even evaporation of rock-forming elements as well
as fluid degassing. In other words, the petrological data available, may not be representative
information about initial rocks which have been and, still, are in the Moon’s depth beneath
the regolith layer. However, our knowledge of lunar and terrestrial geology, petrology, and
geochemistry are not comparable in general terms. That is why data on the geology of the
Moon should be considered as preliminary, which requires further verification and addition.
Magmatic rocks, represented basalt, gabbro, anorthosite, etc., predominate on the
Moon, while ultrabasic, intermediate, and felsic rocks are far more limited. Lunar rocks are
depleted in alkaline (0.1-2 wt. %) and silica (34-53 wt. %) in comparison with terrestrial ones
(Bogatikov et al., 1985).
Ilmenite basalt, dolerite, and gabbro, which determine the minimum silica content, occur
much more frequently on the Moon than on Earth.
Mafic rocks, in particular, their extrusive varieties, formed vast plateaus on the Moon and
were found in every sample point by all Apollo missions.
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Lunar continents and seas have a different composition. Continents predominantly
consist of intrusive igneous rocks such as anorthosite, plagioclase gabbro, olivine gabbro,
and troctolite, while volcanic rocks are limited. In contrast, lunar seas are composed mainly
by volcanic rocks, including picrobasalts, picrodolerites, olivine basalts, ilmenite basalts,
and dolerites, whereas plutonic rocks like olivine and ilmenite gabbro are rare (Igneous
rocks, 1985). Nevertheless, Alexey Marakushev assumed that all lunar rocks represented
exclusively by volcanic formation, both crystalline and glassy, so, considering this, the use
of the term “plutonic” for lunar rocks is unreasonable (Marakushev, 1999).
It is of great interest that rich in potassium oxides, phosphorus, rubidium, and lanthanides
bipyroxene basalts, co-called KREEP-rocks, were revealed in the central parts of the lunar
continents (Bogatikov et al., 1985). Besides, a new type of Very High Potassium (VHP)
basalts (with potassium oxide content more than 0.5 wt. % and K2O/Na2O >1) presented at
the 46th Lunar-planetary scientific conference (Roberts & Neal, 2015). The details of their
origin remain unclear, but its potassium enrichment is probably related to the secondary
metasomatic processes.
The principal minerals of lunar rocks are plagioclase, clinopyroxene, olivine, cristobalite,
tridymite, orthopyroxene, ilmenite, and spinel group. Interestingly, clinoenstatite, a common
mineral for lunar rocks, is extremely rare on Earth. It can be found only in some exotic rocks
of the boninite and marianite group.
Minerals with volatiles are of secondary importance, but still present in some varieties
of the lunar rocks. In the first approximation, lunar rocks are richer in TiO2 and FeO than
terrestrial
analogues,
but some
these
rocks are almost
identical chemically.
However, tridymite,
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Interestingly, continental lunar KREEP basalts, norites, troctolites and granulites have
the highest values of δ37Cl, varying from +25 to +35‰. There are high bulk concentrations
in these apatite samples (1-1.4 wt %), which noticeably exceeds the Cl content in apatite
of terrestrial rocks (Fig. 2). Moreover, high δ37Cl concentrations (from +12.8 ±2.4 to +10.1
±3.2‰ on average) were also found in melt inclusions in pyroxene and olivine from the lunar
basalts (Stephant et al., 2019).
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According to Canup, the most probable collision scenario requires Thea’s mass equal 1/6
of this of Earth, wherein 4/5 of the Moon’s substance should come from Thea (Canup, 2004).
Consequently, Thea’s initial chemical composition was as close to that of Earth as the Moon
at present. Nevertheless, it means that Earth and Thea should be formed in close orbits and
similar distances from the Sun to absorb the same substance. That is why the question arises:
Is it possible to have two large bodies in the same orbit? Next, could not one body simply
absorb another?
In 2015, Alessandra Mastrobuono-Battisti and her team calculated 40 models of the last
stage of planetary accretion. It was initially predicted that bodies with equidistant orbits,
relatively the Sun, should have a close composition; however, the modelling showed that
there is an only one-in-three chance that Thea has the same chemical composition as Earth
(Mastrobuono-Battisti et al., 2015). Thus, in the light of this hypothesis, a close resemblance
between terrestrial and lunar volcanic rocks seemingly does not have any contradictions.
Since a hypothetic catastrophic collision occurred after the Earth’s core was formed, the
standard impact theory can explain such facts as the high angular momentum of the EarthMoon system, the Earth’s axial tilt and low iron content in the lunar rocks. Besides, iron
concentrated in the Earth’s core and the Moon formed from the stony matter in the Earth’s
mantle. Therefore, as Ian Stuart claimed, in order to have a consistent variant in impact
theories, in terms of both chemical composition and momentum, we cannot do without a
large attacking body (Stewart, 2016).

The fission hypothesis
Proposed by Charles Darwin’s son George Howard, in the 19th century, the fission theory
states that the Moon formed for the account of the separation of a piece of the Earth’s
substance by centrifugal force. The theory proposed that at the initial stage, the molten
Earth rotated so rapidly that a part of it eventually was detached. Moreover, building on his
calculations, George Darwin predicted that the Moon must gradually move away from the
Earth, as confirmed by up-to-date estimates of the distance from Earth to the Moon.
However, by the 1930s, its inconsistency had been proved, as the total angular momentum
of the Earth-Moon system is insufficient to cause rotation instability even for liquid Earth;
otherwise, it could lead to the partial loss the Earth’s substance by centrifugal force (Stewart,
2016). However, these calculations relied, of course, on the mass of the present-day Earth.
A well-known Russian petrologist and academician Alexey Marakushev injected fresh
momentum to the fission theory, hypothesizing that proto-Earth mass was far beyond than
now (Marakushev, 1999). He developed his original hypothesis in his later years, and the
hypothesis is still hardly known to the scientific community. As the authors tend to support
this very theory of the Moon formation, we consider it in detail.
The general structure of the Solar system is described as follows. Firstly, the outer
envelope is surrounded by a vast majority of small cometary bodies, such as the Clouds of
Horta and Kopeir Belt (which are close in physical condition and location to Pluto). Next,
there are giant planets with water and helium-hydrogen fluids, namely, Uranus (14.6 in
units of the Earth’s mass), Neptune (17.2), Saturn (92.2), and Jupiter (317.9). Finally, they
followed by degassed planets of the Earth group, occupying a circum-solar position — Mars
(0.1074), Earth (1.0), Venus (0.8150) and Mercury (0.0558). Besides, there is an asteroid belt
between Jupiter and Mars, consisting of numerous debris of independent stony-iron planets
or, perhaps, satellites lost by main planets.
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There are two key ideas in Marakushev’s theory. First, it is a posit that the planets of the
Earth group initially (at the protoplanetary stage) had giant fluid veneers, later lost under the
solar wind. The latter, composed of protons and electrons, is moving away with supersonic
speed from the Sun, reaching the distance of 200 AU. Within the framework of this model,
Proto-Earth is naturally integrated into the Gain-planet system by its diameter, mass and
momentum (Fig. 4, Table 1).
The second key idea concerns the physical and chemical effect of fluid-silicate
immiscibility inside proto-planets, which led to the differentiation of protoplanets into dense,
heavy iron-stone cores and less dense fluid shells. Dense components, like MgO, SiO2, Fe,
FeO, Ni, etc., were mainly concentrated in the core, but their content in gaseous dust cloud
was initially low. That is why the stony-iron cores of the planets are small in comparison with
the total size of the giant planets.
Indeed, these Marakushev’s ideas are very reasonable (Marakushev, 1999). Thus, massive
fluid Jupiter-sized planets, surrounded by small stars like Sun, have been recently discovered
as a result of precise measurements of the Doppler effect using “Advanced Fiber Optic
Echelle spectrometer” (Mayor & Frey, 2003; Noyes et al., 1997; Powell, 1997).
For example, two groups of researchers, studying the Doppler spectral variation of
51 Pegasi star, found a planet near half-sized Jupiter by mass (Powell, 1997). At the same
time, Neil Tyson & Donald Goldsmith mentioned a giant exoplanet almost twice the mass of
Jupiter, which rotates around the sun-like star HD 73256 at an average distance of only 3.7%
of the distance between Earth and the Sun (Tyson & Goldsmith, 2008).
Also, a series of experiments have been conducted in order to prove the fluid-silicate
immiscibility effect (Marakushev, 1999). Differentiation, or liquid immiscibility, was
experimentally modelled, using the material of “Tsarev” chondrite (Marakushev, 1999).
A distinct fractionation of matter (exposure time — 5 hours, temperature — 1400oC, the
pressure of the water-hydrogen mixture — 400 MPa, hydrogen molar fraction — 0.65) into
three zones have been achieved, namely, mafic, ultramafic, and metallic. Sharp borders
separated all zones. Interestingly, the ultrabasic layer includes rounded extractions (drops) of
the metallic phase. These droplets precipitate by gravity, forming the lower layer composed
of nickel-iron and sulfides with the minor impurities of silicate material. This fractionation,
following Marakushev’s opinion, is broadly similar to chondrite differentiation into chondras
and matrix.
Table 1. Main characteristics of the Sun, Earth, Proto-Earth, fluid giant planets and Pluto.
They are summarized after (Marakushev, 1999) and (Smulsky & Krotov, 2015).
Parameters

Sun

Average distance
0
from the Sun, a.i.
Period of
circulation, years
Rotation period,
27-32
day
Orbital speed,
0
km/s
Mass (Earth=1)
333000
12

Earth

ProtoJupiter Saturn Uranus Neptune Pluto
Earth

1.00

1.00

5.203

9.539

19.18

30.06

39.75

1

1

11.86

29.46

84.01

164.8

247.7

1.0

0.4

0.411

0.426

0.459

0.668

6.38

29.8

29.8

13.1

9.6

6.8

5.4

4.7

1

570

317.82

95.28

14.56

17.28

0.11
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Diameter, km105
Density, g/cm3
Gravity (Earth=1)
Impulsive
moment,
kg⋅ m2/sec

13.91
1.41
28

0.127
5.52
1.00

2.5
1.3
4.3

7.2⋅1033 3.8⋅1039

1.43
1.3
2.64

1.20
0. 1
1.15

0.518
1.47
1.17

0.7 ⋅
1039

1.3 ⋅
1038

2.5 ⋅
1036

0.49
2.27
1.18
2.3 ⋅ 1036

0.03
1.0
9.9 ⋅
1028

Overall, chondrites are iron-rock meteorites, which structure fixed the process of
fractionation of meteorite substance into tiny silicate droplets (chondras) and a nickel-rich
matrix. Chondrites are therefore fragments of stony-iron planets in the very early stages
of their evolution. Thus, the experiments, as well as chondrite meteorites, could evidence
Marakushev’s idea.
According to this theory, the planetary system of the Solar System initially consists of
several homogeneous giant planets, including the near-solar planets of the Earth group.
Masses of the Protoplanets accounted for (in units of Jupiter): Proto-Mercury (3.4), ProtoVenus (2.8), Proto-Earth (2.52), Proto-Mars (2.13), Proto-Jupiter (1), Proto-Saturn (0.3),
Proto-Uranus (0.05), and Proto-Neptune (0.05). During evolution, these planets have
differentiated into fluid shells and iron-silicate cores due to the fluid-silicate immiscibility
phenomenon. Separation of the heavy planet’s core was impulsive and accompanied by the
removal of lighter silicate material into satellite systems under centrifugal forces. Relatively
lighter iron-depleted material concentrated in satellites, enriching the cores of protoplanets
with iron. Circum-solar protoplanets with giant fluid veneers could generate massive stone
satellites, and this separation only increased the proportion of iron in their molten cores.
Thus, Proto-Earth has been once a giant planet with a helium-hydrogen fluid shell, like up-todate Jupiter, and was the parental planet of modern Earth and the Moon (Marakushev, 1999).
The Moon Proto-Earth mass ratio at the beginning of the Moon’s birth, obviously, is
insignificant by analogy with the Io-Jupiter system, for which it equals 3.9×10-5 (Avsyuk,
1996). The loss of the Proto- Earth’s fluid veneer by the solar wind changed the initial mass
ratio to today’s value (1.2×10-2), which, consequently, caused a weakening of the Earth’s
gravitational field and losing small Earth’s satellites (only the large Moon remains). Other
giant circumsolar Protoplanets (Proto-Mercury, Proto-Venus, and Proto-Mars) have also lost
their fluid shells as well as previously formed systems of small satellites. These satellites
were lost on the protoplanetary stage, which determined their iron-silicate ratio since they
were composed of relatively light silicate. By the total iron-nickel ratio (in wt. %), the
circumsolar planets form a raw: Mercury — 66, Earth — 36, Venus — 32, Mars — 25. Thus,
the initial mass of the solar system was, evidently, much larger than the current. The fluidsilicate melt substance of the future Moon had been separated (along with the Proto-Earth
mantle’s captured piece) even before the giant Proto-Earth lost its fluid shell.
Further, the Moon eventually evolved by the strong gravitational field of Proto-Earth,
which controlled the endogenous activity of the Moon over 4.5-3.2 billion years. During that
period, the Moon’s molten core has been forming, accompanied by its enrichment with iron.
This durable process caused the raising of fluid plumes from the molten core and replacing
the primary crust by newly forming volcanic depressions (“seas”). The latter, interestingly,
mainly occurs on the visible side of the Moon. Thus, the Moon’s asymmetrical structure,
expressed by the presence of the volcanic depressions and thinner crust on the visible side,
developed in the earliest stages of its evolution.
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About 3 billion years ago, the Moon, due to the hardening of its core, the cessation of
degassing and elimination of fluid flows from the core, consolidated almost entirely. An end
of volcanism, consequently, led to the loss of the magnetic field, and The Moon has become
an endogenously passive (“dead”) planet.
The hypothesis above is a consistent variant of the Moon’s origin requiring no attacking
body, taking into account such facts as the close isotopic composition of volcanic rocks of
both Earth and the Moon, the unusually large the Earth-Moon angular momentum, and the
relative depletion of the Moon with iron. The hypothesis embraces the main features of the
formation of the Moon and other satellites of the Solar System; it represents an entirely new
point of view on the evolution of the Protoplanets and their subsequent transformation into
the planets we know today.

Evaporation hypothesis
The hypothesis of simultaneous formation of Earth and the Moon as a dual system due to
dust cloud collapse was proposed and developed by Erik Galimov and his team (Main trends
of geochemistry, 1995; Galimov et al., 2005; Galimov, 2008; Galimov, 2011; Galimov, 2013;
Galimov, 2019). This theory’s central point is the depletion of the Moon in iron and some
volatile components due to evaporation and accumulation of the cloud into two condensed
bodies with different iron content. Nothing is surprising about the process of evaporation
of rock-forming elements and iron, since experiments (Hashimoto, 1983; Markova et al.,
1986) have shown that during the melting of chondrite (as the closest to the original cosmic
substance which formed the planets) subsequent to the most volatile components, such as
compounds of carbon, sulfur, chlorine, the alkaline metals (K, Na) begin to evaporate and
then the iron. Further evaporation will cause volatilization of Si, followed by Mg. Ultimately,
the melts will be enriched by the least volatile elements like Al, Ca, Ti. However, there were
two inconsistencies to solve in this hypothesis. The first problem is to defy how and why one
dust cloud separated into two fragments, large, which has become Earth and, small, the future
Moon? The second question concern with the composition of both fragments. Why is Earth
not so depleted with iron, silicon, and magnesium as the Moon, if they, by this hypothesis,
formed simultaneously from the same dust cloud?
The Moon, according to Galimov, is highly depleted with such components as K, Na,
Rb, Fe and, especially, Pb compared to the Earth (Galimov, 2011). The depletion of the
Moon with iron and lead is explained by Galimov by a peculiar mechanism of evaporation
when the substances evaporate not from the surface of the Moon but relatively small bodies
or particles. Thus, it came to pass; the process of evaporation does not leave any traces of
isotope fractionation (Galimov, 2011; Galimov, 2019). The absence of isotope fractionation
during evaporation is explained by the fact that the isotope fractionation levels reflect the
thermodynamic (rather than kinetic) isotope effect, which is exceedingly small at high
temperatures.
This situation may be realistic in a high temperature collapsing cloud of hot scattered
particles in equilibrium with their saturated steam, which means that evaporation occurs in
a closed system. Steam passes into the outer zone of the cloud, and the loss of components
occurs “layer by layer” as the cloud shrinks. The squeezed steam flees away by the directed
flow of solar wind. Meanwhile, the idea of a closed system is inapplicable to a melt released
into Earth orbit and vaporized into outer space; nevertheless, it is quite consistent with the
processes in a cloud of particles. When the evaporating particles are surrounded by their
14
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vapors, the cloud, as a whole, is a closed system. It compresses by gravity and then collapses.
After that, the evaporated substance squeezes out; so that the remaining particles became
depleted in mobile elements. Therefore, there are almost no signs of isotope fractionation.
The collapse of a cloud of particles was simulated by computer modelling (Galimov et al.,
2005; Le-Zakharov & Krivtsov, 2008).
However, the simulation indicated the forming of a central body with increasing
temperature; there was no fragmentation of the cloud in modelling the first stage. In
other words, there was one body instead of the dual Earth-Moon system. The angular
momentum of this system was insufficient to divide the entire body of the cloud into two
fragments. However, if we take into account the effect of evaporation, the situation changes
fundamentally. Evaporation from the particle surface causes a repulsion effect, leading to
rotation instability, which can be a reason for the formation of two hot bodies (Galimov et
al., 2005). After fission and segregation of these two bodies, the mass of matter remains in
the surrounding cloud of particles.
At the same time, both fragments, the future Moon and Earth, were depleted in mobile
elements and iron at almost the same degree. However, computer simulation has shown that
if one fragment is (arbitrary) a little bit more massive than the another, further accumulation
of substance proceeds extremely asymmetrically (Galimov et al., 2005). A larger nucleus
grows much faster. As the difference in size increases, the difference in accumulation rates
of rest matter of the cloud increases exponentially. As a result, a smaller nucleus changes its
composition only slightly, while a larger nucleus (the future Earth) withdraws nearly all the
primary substance of the cloud. The latter eventually acquires a composition very close to
the primary chondrite substance, except for the volatiles and the most mobile components
that leave the collapsing cloud irretrievably. The loss of the volatile components, in this case,
occurs not only due to evaporation into space, but also due to the extraction of the residual
vapour by the collapsing cloud without any noticeable isotope fractionation. Summarizing,
the partition of the cloud into two fragments along with the Moon’s depletion in iron and
other mobile components compared to the Earth explained with the special mechanism of
evaporation of mobile components from a collapsing cloud of particles, minimizing or,
even, prohibiting isotope fractionation. Galimov’s hypothesis for the first time proposed a
mathematical solution for the dual Earth-Moon system under real physical parameters.

Discussion
Geochemical features of the isotope behaviour in the Moon’s rocks are determining
factors when choosing a reliable and inconsistent hypothesis of its origin. Even though
the isotopic composition of oxygen, silicon, chromium, tungsten titanium, zirconium in
the lunar and terrestrial rocks, differ slightly, the affinity of the isotopic compositions of
such elements as titanium and zirconium is particularly significant. This fact evidences a
single source of origin of the Earth’s and the Moon’s substances, which all three hypotheses
above substantiate. Thus, it is clear that the Moon originated from a substance similar in
composition to that of Earth rocks.
At the same time, the isotopic compositions of mobile components in the Moon’s and
Earth’s rocks, such as chlorine, rubidium, gallium, zinc, potassium and even iron, as we have
already mentioned, are different.
The fact is that the isotopic composition of these components in lunar rocks enriched
with heavy isotopes or, in other words, is strongly fractionated, which can be explained by
the kinetic isotopic effect, due to the dissipation of mobile components into the open space.
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Fractionation of chlorine (Fig. 2), gallium, and zinc (Fig. 3) is particularly indicative. Thus,
the concentration of heavy chlorine in the Moon apatite is in order of magnitude higher than
in terrestrial ones.
However, this isotopic fractionation of a wide range of elements contradicts Galimov’s
hypothesis. This theory assumes a particular mechanism of evaporation of mobile components
from the collapsing cloud, minimizing or, even, excluding fractionation of isotopes (Galimov,
2011; Galimov, 2019). Next, another Galimov’s idea about the super-depletion of the Moon
in mobile components is also objectionable. For example, the bulk chlorine content in apatite
from some lunar magmatic rocks exceeds the chlorine content in terrestrial apatite (Fig. 2);
hence during this lunar apatite crystallization, chlorine potential was higher compared to
terrestrial basalts.
Besides, there is direct evidence of the presence of volatiles in lunar magmatic; for
example, volcanic glasses, contain numerous microvacuoles with minerals of volatile
components such as galite, sylvine, and aldhamite (Bogatikov et al., 1979). This association
of glass and chlorides is not secondary, as it does not conform to impact fractures. In addition,
numerous studied samples containing impurities of fluorine, chlorine and sulphur prove that
and some of them ‘undoubtedly formed during endogenous mineral formation. There were
findings of rhodium iodide, hydroxy chlorides, antimony fluoride and chloride compounds,
as we as barite and celestine. These findings prove a very active role of halogens and sulphur,
and, probably, indicate the presence of gaseous oxygen in mineral genesis (Mokhov et al.,
2007).
The crucial role of chlorine in the processes of lunar mineralization is emphasized since it
can serve as a transport component during the element transfer in a gas environment, as well
as halides and sulphur (Ashikhmina et al., 1979). Based on a quantity of various halogencontaining phases, this process is quite common on the Moon.
Interestingly, the water content in alkaline feldspars of the so-called lunar granites (sample
Apollo 15405) reaches 20 ppm (Mills et al., 1979), which is comparable to ones from the
Earth’s rhyolites, where these values vary from 10 to 1000 ppm (Johnson & Rossman, 2004).
The zircon age of these lunar granites is 4.3-3.9 Ga, i.e. crystallization of lunar rhyolite
magmas occurred after the formation of the Moon itself and could not have come from dry
melts. Thus, the isotopic fractionation phenomenon, along with the fact of the presence of
mobile and volatile components in lunar rocks, contradicts the ideas of Galimov and does not
allow to accept his hypothesis of the Moon formation.
Currently, variations of the impact hypothesis of the Moon formation are the leading
theories. However, there were difficulties. The main problem is that the striker’s substance
must be very close to the terrestrial ones in the isotopic composition of refractory elements.
Therefore, the striker must take the same orbit as Earth and then collide with it tangentially,
forming the Moon mostly at its own expense (of matter 80% or more). Despite a 30%
feasibility of this impact event, according to computer simulation, the uncertainties of such a
mechanism for the Moon’s formation are at least alarming.
Moreover, Galimov emphasized the low probability of coincidence of the impactor matter
with the Earth’s one in the isotopic compositions of oxygen and the hafnium-tungsten system
as a difficult or even insurmountable problem (Galimov, 2011). We are convinced that the
impact theory is an artificially introduced one, as they say, “ad hoc,” and is of little use to
explain, for example, the formation of the Galilean satellites of Jupiter.
The fission hypothesis of the Moon formation, in our opinion, is the most plausible
(Marakushev, 1999). It assumes the same isotopic composition of refractory elements in
16
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terrestrial and lunar rocks. Also, it does not contradict the isotopic fractionation of volatile
and mobile components. At the same time, the Proto-Earth mass is sufficient to provide the
necessary angular moment for detaching of the Moon by centrifugal force (Table 1). Besides,
the lunar mass was detached at the protoplanetary stage of the Proto-Earth simultaneously
with the beginning of the impulse separation of the Proto-Earth’s heavy core. This event
dates to about 50 million years from the beginning of the Solar system. A relatively light
silicate material was given to the future Moon plus a captured part of the Proto-Earth mantle.
This hypothesis clearly explains the bulk iron depletion of the Moon. At the same time,
iron content in the Earth’s mantle is currently estimated at eight wt. %, while for the Moon,
these estimates are 12-13 wt. % (Kuskov et al., 2018). Therefore, Earth’s core formation was
spread over time and had eventually completed after the Moon separation, which led to the
fact that the current of iron content in the Earth’s mantle is different from that of the formation
of the Moon. During the period of 4.5-3.2 billion years, the formation of the Moon’s core
continued, accompanied by magmatism and the formation of volcanic depressions (“seas”)
and uplifts (“continents”) caused by fluid plumes from the melted core. The formation of
lunar volcanogenic rocks with subsequent evaporation of volatile and mobile components
into the open space followed by the kinetic isotope effect, which in turn caused the isotope
fractionations. About 3 billion years ago, the Moon entirely consolidated; its core got hard; so
fluid flows and volcanism dissipated; fluid shell and own magnetic field were lost.
Marakusev’s fission hypothesis is also capable of explaining the formation of other
planets’ satellites in the Solar system. As an example, the developed satellite system of Jupiter
demonstrates the difference between massive satellites of the inner zone and small satellites
of intermediate and outer zones. Galilean satellites, Callisto, Ganymede, Europe, and Io, are
on the inner zone, and are peculiar only to Jupiter, varying in density from 1.8 to 3.5 g/cm3.
Interestingly, the density of satellites increases as they approach Jupiter — 1.8-1.9-3.1-3.5
(g/cm3), respectively. For instance, Io has a diameter of 3,640 km, density of 3.5 (g/cm3),
distance to Jupiter 422,000 km and mass 8.9 ×1022. In comparison, the Moon has almost the
same parameters (equatorial diameter — 3,476.28 km, density -3.34 (g/cm3), distance to
Earth — 384,400 km and mass 7,347 x 1022kg. This fact underlines the probable analogy
between the mechanisms of formation of the Moon and Io as well as other Galilean satellites.
It also evidences the fission hypothesis of the Moon formation and makes us think that 4.5
billion years ago, Proto-Earth looked like Jupiter now. Note that the Proto-Earth’s angular
momentum was five times more than this of today’s Jupiter (Table 1), and, to create such
an impulse, modern Earth should rotate at the rate exceeding two revolutions per second.
Therefore, no impact hypothesis is required to increase Proto-Earth’s angular momentum and
explain the Moon’s separation from Proto-Earth. In our opinion, Marakushev’s hypothesis
of the Moon formation is, firstly, free from contradictions, secondly, in agreement with the
available factual material on the isotopic composition, thirdly, able to explain the formation
of other satellites of the Solar system, and, finally, the most rational.

Conclusions
1. The Earth and the Moon have a single source of origin of their composing
substance, which is proved by the close isotopic composition of oxygen, silicon,
chromium, tungsten, titanium and zirconium.
2. The isotopic composition of the volatile and mobile components of lunar rocks,
such as chlorine, rubidium, zinc, gallium, potassium, iron, is distinctly fractionated
and enriched with heavy isotopes, which is explained by the kinetic isotopic effect
Philosophy and Cosmology, Volume 26, 2021
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when these components dissipate from the surface of magma into the vacuum of
space.
3. The origin of the Moon is considered in the light of Marakushev’s fission
hypothesis, which assumes the Moon separated from the Proto-Earth. Due to the
fluid veneer, Proto-Earth’s mass exceeded the mass of modern-day Earth more
than 500 times, which created the necessary angular momentum. This event dates
to about 50 million years since the beginning of the solar system. It coincided
with the beginning of the impulse separation of the Proto-Earth’s heavy core. The
future Moon was composed of relatively light silicate material but included the
part of the Proto-Earth’s mantle.
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Fig. 1 The nearside of the Moon (a combination of 1300 images made by NASA lunar orbiter)
demonstrates dark patterns of volcanic depressions (lunar seas) and numerous meteorite craters of
different sizes. https://apod.nasa.gov/apod/ap110303.html
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Fig. 2. Value of δ37Cl SMOC‰ in lunar apatite rated to apatite chlorine content, according to
(Barnes et al., 2016).

Fig. 3. The correlation between gallium and zinc isotope composition in lunar samples with the
highest values of (δ71Ga) and (δ66Zn) in the lunar regolith (after Kato & Moynier, 2017). BSE (Bulk
Silicate Earth) is the bulk silicate composition of Earth.
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Fig. 4. The hypothetical position of Proto-Earth among the planets of the Solar system by their
diameter and mass (Marakushev, 1999). 1-ice comet-like planets; 2-planets stratified with iron-rock
nuclei and giant fluid shells; 3- modern Earth.
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