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Earth has a number of differences from the planets of the Solar System, as well as other stellar-planetary systems, which
were acquired during its formation and geological history. The early Chaotian acon was marked by Earth’s accretion, the
differentiation of its primary material into a mantle and a core, as well as the by formation of its satellite (Moon). Earth’s
geological history began 4500 million years ago in the Hadean acon. At that time, the endogenous processes on Earth were
largely controlled by meteorite and asteroid bombardments, which caused large-scale melting and differentiation of its up-
per layers. In magmatic chambers, differentiation proceeded until the appearance of granitoid melts. The Hadean continen-
tal crust was almost completely destroyed by meteorite bombardments, with the last heavy bombardment occurring at the
end of the Hadean acon (4000—-3900 Ma). Conclusions about the geological situation of this acon can be drawn only from
the preserved Hadean zircons. In particular, their geochemical features indicate that Earth had an atmosphere. The Hadean
aeon was replaced by the Archaean one, starting from which the processes of self-organisation were predominant on Earth.
At that time, a crust composed of komatiite-basalt and tonalite-trondhjemite-granodiorite (TTG) rock series was forming.
Its formation was driven by sagduction processes — vertical growth of the crust over rising mantle plumes. Thus, the low-
er basaltic crust subsided into the mantle, eclogitised and melted, which led to the appearance of sodium TTG rocks se-
ries. At the end of the Archaean aeon (3.1-3.0 Ga), lid tectonics, which determined the structure and development of the
Archaean crust, was replaced by small-plate tectonics that later evolved into modern plate tectonics combined with man-
tle plume tectonics.
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INTRODUCTION

Earth is different from other terrestrial planets of the
Solar System. What is more, it has no analogues among
the planets of 600 stellar-planetary systems that have
been discovered in recent decades. It is not a coinciden-
ce that the authors of the article “Born from the cha-
os” [S. Batygin et al., 2016] called Earth a black sheep.
An outstanding geologist K. Condy identified a number
of characteristics inherent to Earth [Condie, 2011],
which allowed it to become the cradle of humankind.
The characteristic features of our planet, including its
size and mass, a near-circular orbit, existence of a sat-
ellite (Moon), were acquired during the birth of the So-
lar System and then during the Chaotian aeon [Gold-
blatt et al., 2010]. Earth acquired its other important
characteristics, such as the division of Earth’s interi-
or into a number of layers, during its subsequent histo-
ry. The above-mentioned layers include the continental
crust containing a significant amount of granitoids, as
well as the atmosphere and hydrosphere. The first gran-
ites on Earth appeared in the Hadean aeon, while gran-
itoids, well-preserved to our days, were already fairly
widespread in the Archaean aeon. The Earth’s birth, its
formation as a planet, as well as possible mechanisms
for the development of the first granitoid rocks in the

Hadean and Archaean aeons will be discussed in this
work.

Knowing when the tectonics of lithospheric plates
got started is of great importance for understanding the
geological history of our planet. The mechanisms of
endogenous processes stipulated by this theory are well
studied. They describe the formation of basic geologi-
cal structures, such as continents, oceans, orogens. Not
coincidentally, in 2008 following a corresponding con-
ference the Geological Society of America published
a special issue, which contained articles by a number
of prominent geologists covering the onset of plate
tectonics on Earth. In his article published in this is-
sue K. Condi writes: “It is unlikely that plate tecton-
ics began on Earth as a single global ‘event’ at a dis-
tinct time, but rather it is probable that it began local-
ly and progressively became more widespread from the
early to the late Archaean”. However, even today, such
well-known Japanese geologists as S. Maruyama and
his colleague [Maruyama, Ebisuzaki, 2017], establish
the exact start date of plate tectonics (4.37—4.20 Ga)
when proposing a new model of the Earth’s formation
(ABEL). Similar start dates of the plate tectonics on
Earth are proposed in the works of other geologists. In
the same issue published by the Geological Society of
America, R. Stern wrote more cautiously and prudent-
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ly about the significance of the early tectonic style on
Earth saying that we will not be able to understand the
current system until we know when the current tectonic
style began and what preceded it [Stern, 2008].

ORIGIN OF THE SOLAR SYSTEM AND EARLY
STAGES OF ITS EVOLUTION

The solar system originated 4568 million years
ago in a massive dust and gas cloud. The reason for
the formation of this protosolar nebula, which must
have included a large variety of chemical elements
along with various short- and long-lived isotopes, is
of the essence here. This cloud (nebula) could have
originated from the explosion of a supernova in the
vicinity of the future Solar System. Due to nucle-
ar reactions, the explosion of a massive star brought
about the synthesis (nucleosynthesis) and, naturally,
the appearance of various elements, in particular, ra-
dioactive isotopes. This explosion could have induced
the condensation of interstellar matter resulting from
gravitational compression. Short-lived isotopes and
their decay products help to identify a number of fea-

tures associated the formation of the Solar System and
Earth in particular.

The calculations of astronomers and planetary sci-
entists show that a star (proto-Sun) appeared in the cen-
tre of the nebula under the influence of gravity in less
than 100 thousand years. The proto-Sun was surround-
ed by a wide disk of gas and dust — a protoplanetary
disk [Lin, 2008], which served as the building material
for the planets of the Solar System. When moving, par-
ticles of dust and gas collided and slowed down, with
many of them spiralling onto the proto-Star. Upon col-
lision, solid particles heated, whereas water and other
volatiles having a low boiling point evaporated. This
resulted in a natural boundary between the areas of
the protoplanetary disk, with the predominance of sol-
id particles in one part and volatiles in the other. This
boundary (a region between the orbits of Mars and Ju-
piter) is referred to as the snow line, dividing the Solar
System into the inner region, where the terrestrial plan-
ets were formed, and the outer one, where the gas giant
planets were located [Batygin et al., 2016]. This sep-
aration occurred 2 million years after the onset of the
Solar System formation (Fig. 1).

Fig. 1. Initial stage of the Solar System’s evolution 4568 Ma ago [Batygin et al., 2016].

The beginning of the Chaotian acon of the Solar System; birth of the proto-Sun; formation of the internal area consisting of stony
fragments; snow lines — internal border of the external gas-ice region, where giant planets Saturn and Jupiter were formed 2 mil-

lion years after the birth of the Solar System.
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Thus, in the first 2 million years of the Solar Sys-
tem’s history, numerous planetary embryos (planetes-
imals), as well as giant planets beyond the snow line
(Jupiter and Saturn) were formed. In this respect, the
Solar System is very different from other planetary sys-
tems, where similar giants are located much closer to
the sun. According to K. Batygin and his colleagues
[2016], such features of the Solar System are prod-
ucts of its youth, which included more drama and cha-
os. The complex interaction of giant peripheral plan-
ets constituted an important part of the primary cha-
os. For the first time, this was noted in the computer
model of F. Masset and M. Snellgrove [Masset, Snell-
grove, 2001], who described the simultaneous evolu-
tion of Saturn’s and Jupiter’s orbits in the protoplane-
tary disk. These studies showed that due to inward mi-
gration, the giant planets acquired a certain mutual con-
figuration, due to which they were able to influence the
protoplanetary disk. The established balance of forc-
es (gravity, angular momentum, the gravitational influ-
ence of the outer belt of comets, etc.) changed the mo-
tion of both planets.

Developing these ideas, K. Batygin and his col-
leagues [2016] demonstrated that a change in the mo-
tion direction of the giant planets (tacking) mainly re-
sulted in the attack of Jupiter and Saturn on the ‘pop-
ulation’ of the primary inner planets of the Solar Sys-
tem, i.e. terrestrial planets. Even when migrating to-
wards the Sun, the giants affected the motion of small
bodies, which shattering in collisions formed swarms
of debris., The mass of debris that could fall on the Sun
over hundreds of thousands of years is comparable to
any super-Earth (planet exceeding the Earth in mass).
As the former super-Earths were driven into the Sun,
they had to leave behind a gap in a protoplanetary neb-
ula. It is assumed that, before changing the tack, Jupi-
ter migrated towards the Sun to the current position of
Mars. In doing so, Jupiter pushed accumulations of ice,
evidently along with solid material, having a mass of
more than 10 Earth’s masses towards the inner region
of the Solar System, thus enriching it with water and
other volatile substances. The proto-planets forward-
ed to the inner parts of the Solar System changed the
orbital angular momentum of both Jupiter and Saturn,
which resulted in their outward migration. The build-
ing material brought by the giant planets ensured a fair-
ly large mass of Earth and Venus.

Gradually, the migrating planets stabilised their or-
bits, which was facilitated by their interaction with oth-
er giant planets (Neptune and Uranus), as well as the
outer Kuiper Belt. It is assumed that the stabilisation of
their orbits resulted in sending another swarm of debris
into the inner region of the Solar System, thus caus-
ing powerful asteroid bombardments of the inner plan-
ets. The asteroid bombardments left their mark in the
form of craters on the surface of the Moon, Mercury
and Mars, whereas on Earth they led to the almost com-
plete destruction of the Hadean continental crust — the
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first crust in the geological history of our planet. Ap-
proximately 3.9 billion years ago, the giant planets set-
tled down. Thus, the Solar System acquired its current
structure [Batygin et al., 2016].

Astronomers distinguish a chaotic period in the So-
lar System’s development (beginning of Earth’s forma-
tion to 4.0-3.9 hillion years). In the geological liter-
ature, this period is divided into two aeons: Chaotian
(4568-4500 Ma) and Hadean (4500—4000 / 3900 Ma)
[Goldblatt et al., 2010].

EARLY STAGES OF EARTH’S FORMATION
AND EVOLUTION

Chaotian Eon (4568-4500 Ma)

The accretion of Earth took place in this period. As
little as 11 million years after the onset of its formation,
Earth acquired 63% of its current mass, in 30 million
years amounting to 93% [Wood, 2011]. During this pe-
riod, accreted Earth underwent differentiation into a
liquid iron-nickel core and a silicate mantle, accompa-
nied by the formation of the Earth’s satellite (Moon)
resulting from the collision of a large space body with
proto-Earth.

Data on the composition of the protosolar nebula,
from which the Sun and the planets of the Solar Sys-
tem were formed, are of great importance for calculat-
ing the composition of the Earth’s layers. It has been
established that the composition of the Sun is simi-
lar to that of the nebula from which this whole sys-
tem originated [Kuzmin, 2014]. Carbonaceous chon-
drites correspond to this composition. With the excep-
tion of hydrogen and helium, they have the same com-
position as the Sun, which can be observed from the
diagram (Fig. 2) comparing the relative abundances
of elements on the Sun’s surface and in carbonaceous
chondrites [Wood, 2011]. The composition of carbona-
ceous chondrites differs from that of the Sun in the con-
tent of lithium that is destroyed by thermonuclear reac-
tions in the Sun. In addition, meteorites are character-
ised by reduced content of three volatile components —
N, C, O. This is quite understandable, as in the initial
period of the Solar System’s formation (first 2 million
years) these gases were driven into its outer part, where
they were used, among other things, to form gas gi-
ant planets. As can be seen from this diagram, Fe, O,
Mg, Si and Ni account for 95% of the Solar System’s
mass (that is not H and He) and, naturally, the terres-
trial planets, with 9 more elements — Cu, Al, S, Cr, Ni,
Mn, P, Ti and Co — bringing the total to over 99% [Lau-
retta, 2011].

Considering the geochemical properties of the ele-
ments, as well as the composition of the Earth’s silicate
mantle, data on the composition of the material (car-
bonaceous chondrites) from which Earth was formed
allows us to estimate the composition of Earth’s core
[Allegre et al., 1995; McDonough, Sun, 1995]. In this



Fig. 2. Comparison of elemental abundances in car-
bonaceous chondrites (CI) and on the Sun’s surface
according to [Wood, 2011].

The general content of the petrogenic and rare elements in
the Sun and carbonaceous meteorites (CI) is the same with
the exception of Li which is destroyed on the Sun in the
course of nuclear reactions. The content of volatile compo-
nents (N, C, O) in meteorites is less than in the Sun, since
in the first 1-2 Ma most of these volatile elements were in-
volved in the formation of gas giant planets in the outer part
of the Solar System.

connection, knowing the properties of individual ele-
ments in terms of their affinity with iron, silicate and
volatile elements is of great importance [Allegre et al.,
1995; Kuzmin, 2014]. According to the analysis, sili-
cate Earth (i.e. mantle) contains the same amount of re-
fractory lithophile elements (Zr, Al, Sc, rare-earth ele-
ments, Ti, Ca, Mg) as carbonaceous chondrites, where-
as the content of siderophile elements in the mantle is
low as compared to chondrites, as they accumulate in
the core. Silicate Earth has the lowest content of highly-
siderophile elements (Pd, Pt, Re, Os, etc.), whose con-
centration is maximum in the core. However, judging
by the mantle xenoliths found in kimberlites, a slight-
ly higher content of these elements in the mantle is oc-
casionally observed, which may have been caused by
the meteorite shower that hit the Earth after most of the
core had already been formed [ Wood, Halliday, 2010].

The time of the Earth’s core formation can be esti-
mated using the data on the distribution of products of
short-lived isotope systems (Fig. 3), whose parent and
daughter isotopes could have different geochemical
properties, in the silicate layer of Earth. As a result, they
behaved differently in the course of the Earth’s differ-
entiation into layers. In this respect, the most interest-
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Fig. 3. Model of Earth’s differentiation in the course
of accretion according to [Wood, 2011].

a. Formation of the mantle and the core under the aster-
oid and meteorite bombardments of proto-Earth. The ener-
gy produced by asteroids colliding with Earth led to the for-
mation of large magmatic basins reaching a depth of 400-
700 km. Drops of siderophile elements formed during the
melting of the iron-stone material of asteroids (meteorites)
and were submerged to the bottom of the magmatic basin,
where they formed accumulations of molten metal, which
plunged through the lower mantle, thus increasing the core.
b. Time of the core’s formation determined using ">Hf —
192\ system; T,, = 8.9. The diagram shows changes in the
182W/14W ratio depending on the system (iron core, car-
bonaceous chondrites, silicate mantle) according to [Wood,
2011]. They indicate that the core was mostly formed in
about 20 Ma, with almost the entire core being formed in
50 Ma.

ing results were produced by the ¥?Hf — 82\ system.
Its parent isotope 82Hf having a half-life of about 9 mil-
lion years almost disappeared during the first 50 mil-
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lion years of the Earth’s history. Unlike the siderophile
daughter isotope 82W, hafnium is a lithophile element.
In the course of the planet’s differentiation into the iron
core and the silicate mantle, W headed towards the
core, whereas ®Hf remained in the mantle (see Fig. 3).
If the core had formed immediately following accre-
tion, the daughter isotope would have remained with
the parent isotope in the mantle and would have cor-
responded to the composition of chondrites. As com-
pared to chondrites, the mantle is depleted of tungsten
(Hf / W = 19 and 1.1, respectively), which indicates
that the core formed at a certain interval of geological
time during which tungsten along with iron was partial-
ly redistributed to the nucleus. Judging by the tungsten
isotopic composition of the Earth’s mantle, the min-
imum time (following the onset of Earth’s accretion)
required for the core to form is estimated at 34 + 7 Ma
[Kostitsyn, 2012].

Thus, the Earth’s differentiation began almost from
the moment of its formation. Collisions of the emerg-
ing planet with large asteroids, as well as the heat of ra-
dioactive decay (primarily of short-lived isotopes) re-
sulted in the melting of its silicate layer to the extent
that magma oceans were formed. At a high temperature
and pressures of 20-23 hPa, magma was divided in-
to silicate and iron melts [Wood, 2011]. After the first
5-8 Ma, the volume of Earth was already half of its
present size. Collisions with large asteroids could re-
sult in the formation of magma basins reaching up to
400 km in depth. Iron melts, as the heavier ones, accu-
mulated at the bottom and then fell through it, thus in-
creasing the core [Wood, 2011].

The Moon’s formation (Fig. 4) — which took place
approximately 30 million years after the birth of the
Solar System — is of great importance for Earth. Differ-
ent scenarios for its formation were proposed: fission
of proto-Earth; joint formation of Earth and Moon; cap-
ture of an independent space body by Earth. The avail-
able facts are most consistent with the impact origin of
the Moon. The Moon was formed as a result a Mars-
sized body Theia (about 0.14% of Earth’s mass) col-
liding with Earth at a velocity of about 5 km/s [Con-
die, 2011]. By that time, the Earth’s core was largely
formed and separated from the mantle; Earth had an at-
mosphere similar to that of Venus (this example shows
what the Earth’s atmosphere would have been like if it
had not been affected by such a large collision).

In the course of discussing the first models of
the impact Moon formation, some questions were
raised [Cameron, 1986; Hartmann, 1986] which pre-
vented the proposed model to be conclusively accept-
ed. The above-mentioned questions were primarily re-
lated to the composition of the cosmic body with which
proto-Earth had collided. The determination of the lu-
nar soil composition solved this issue. Lunar rocks
have the same isotopic composition of oxygen as those
of Earth. They are also characterised by a deficiency of
siderophile elements. This fact suggests that the cos-
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mic body called Theia was formed in the inner part
of the Solar System along with other terrestrial plan-
ets. Hence, like proto-Earth, Theia had a formed core
and mantle. A computer simulation carried out in 1989
[Newsom, Taylor, 1989] revealed that, as a result of the
impact, the silicate (mantle) part of this cosmic body,
together with the Earth’s mantle, turned into the im-
pact-generated melt and dust cloud, whereas the iron
core of this cosmic body sank into the core of proto-
Earth merging with it. Figure 4a shows some modelled
images of Earth’s collision with Theia. According to
H. Newsom and S. Taylor [1989], the formation of the
Moon was completed in no more than first hundreds of
years.

Figure 4b shows a scheme of Theia colliding with
proto-Earth and the resulting formation of the Moon
from the melt and dust cloud generated by the impact.
This cloud consisted of molten mantle silicates from
the colliding bodies, silicate dust particles, and, pos-
sibly, the gases of proto-Earth’s atmosphere. Most
likely, this cloud was stretching in the direction of the
Earth’s collision with the cosmic body. The core of
Theia penetrated into that of Earth, increasing it. On
the periphery of the cloud, the Moon began to accrete
from its molten part. A comparative geochemical anal-
ysis of the silicate parts of Earth and the Moon [Con-
die, 2011] reveals that Iunar rocks are enriched in re-
fractory oxides (according to K. Condie’s classifica-
tion) (Ca, Sc, Ti, Th). In addition, volatile lithophile
(Na, K, Rb, Sr) and especially siderophile (Co, Ni) el-
ements are shown to be depleted in the lunar mantle,
as compared to that of Earth. Such geochemical char-
acteristics are quite explicable. The Moon crystallised
from the inner part of the molten silicate disc of the im-
pact cloud; therefore, it was slightly enriched with re-
fractory elements, whereas Earth’s rocks were enriched
with lithophile (volatile, according to [Condie, 2011])
elements having lower condensation temperatures. As
for siderophile elements, they were concentrated in the
cores of two planetary bodies during accretion and ini-
tial differentiation. Volatile components (proto-Earth’s
atmosphere) appeared into the Earth’s atmosphere af-
ter it cooled down, which is confirmed by the presence
of oxygen in the Earth’s atmosphere at the beginning of
the Hadean aeon.

Considering the crystallisation of the Moon’s and
Earth’s magma oceans (on Earth it reached about
700 km in depth and maybe more), all these events
ended by 4520-4505 Ma, given that 4,500 Ma ago
the Moon and Earth were already solid, which is evi-
denced by the traces of meteorite bombardments on the
Moon’s surface.

Hadean aeon
The Hadean aeon was proposed in the 1980s when

zircons dated at 4376 Ma were found in metamor-
phosed sedimentary rocks outcropping in the Jack
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Fig. 4. Formation of the Moon as a result of the cosmic body (Theia) colliding with Earth.

a. Computer simulation of Theia colliding with Earth and the resulting formation of the Moon according to [Newsom, Taylor,

1989].

According to the model, the birth of the moon took 24 h. The authors of the model believe that the Moon’s formation took no more

than hundreds of years following the collision.
b. Model of the Moon’s formation [Condie, 2011].

A. A planetary embryo (Theia) colliding with almost formed Earth.
B. Following the collision, a melt-dust disc was formed stretching in the direction of the location where the Moon was formed.
C. The Moon formed on the periphery of the disc; the mantle crystallised around the Earth’s core.

Hills of Western Australia [Myers, 1988]. This peri-
od marks the beginning of the Earth’s geological his-
tory. At first, there were great doubts whether it was
possible to uncover the conditions for the formation
of the first rocks on Earth, relying on such scarce ma-
terials as accessory minerals preserved from those
rocks. However, due to the development of modern
analytical research methods, tangible results were ob-
tained in as early as the 21st century, which allow us
to understand the geological situation on Earth in the
Hadean aeon.

The results of detailed studies on Hadean zircons are
given in [Nebel et al., 2014]. In addition, recent data on
the geological situation in the Hadean acon are present-
ed in [Kuzmin, 2014; Kuzmin, Yarmolyuk, 2016; and

etc.]. The first results on the content of rare elements in
Hadean zircons were obtained by R. Maas and his col-
leagues [Maas et al., 1992]. The results showed that the
content of Hf in these zircons reached 0.86—1.30 wt %,
with Zr / Hf = 30-57. In addition, fractional distribu-
tion of REE (high ratio of HREE / LREE), exhibited
both positive Ce and negative Eu anomalies. The same
researchers discovered inclusions of potassium feld-
spar, quartz, plagioclase, monocyte and apatite in zir-
cons, which allowed the authors to conclude the granite
composition of the Hadean zircon source.

Studies on the oxygen isotopic composition of zir-
cons were of great importance for uncovering the con-
ditions for their crystallisation in the Hadean aeon. It
should be pointed out that oxygen isotopes can frac-
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tionate during magmatic differentiation. The isotop-
ic composition of primary rocks can be significantly
changed in the course of weathering when weathering
products are enriched with a heavy oxygen isotope. Re-
spective changes in the oxygen isotopic composition
were detected in the Hadean zircons, which led to the
following conclusions: 1) weathering processes, simi-
lar to modern ones, were active during the Hadean ae-
on; 2) granitoid melts were formed under near-surface
conditions [Nebel et al., 2014].

The discovery of zircons on the Moon played a
great role in understanding the geological process-
es in the Hadean aeon as well. Hadean zircons [Nebel
et al., 2014], as well as the ones found on the Moon
[Taylor et al., 2009], are dated at 4.0-4.4 Ga; how-
ever, their formation temperatures differ: the Hadean
zircons crystallised at =700°C [Harrison et al., 2008],
whereas the lunar ones did at 975-1150 °C [Taylor et
al., 2009]. Normalised graphs showing REE distribu-
tion in the lunar (Fig. 5a) and Hadean (Fig. 5b) zircons
are similar and characterised by the predominance of

HREE over LREE. At the same time, lunar zircons dif-
fer from the Hadean ones in the absence of a positive
Ce anomaly; hence, they were formed in a reducing
environment. An important conclusion on the crystals
of lunar zircon was made when studying the zircon
microstructure [Grange et al., 2013]. The study of the
zircon microstructure revealed local areas of recrystal-
lisation, localised amorphous areas, plastic crystal de-
formations and faults, cracks, i.e. typical traces of im-
pact structures.

Considering the proximity between the Moon and
Earth on a cosmic scale, it is clear that these two bod-
ies were simultaneously subjected to meteorite and as-
teroid bombardments. While on the Moon, these bom-
bardments resulted in numerous meteorite craters; on
Earth, these bombardments continuously destroyed
the continental crust being created, plunging into the
mantle where it melted. Nonetheless, refractory zir-
con crystals were preserved and as a result of mantle
plumes poured onto the surface together with the new
portions of the primary mantle magma. On the surface,

Fig. 5. Chondrite-normalised graphs showing the content of rare-earth elements in the lunar (a; according to [Taylor
et al., 2009]) and Hadean (b; according to [Maas et al., 1992]) zircons.

Age of the lunar and Hadean zircon is estimated at 4.0-4.4 Ga. Lunar and Hadean zircons formed at 975-1150°C [Taylor et al.,

2009] and =~ 700°C [Harrison et al., 2008], respectively.
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they underwent differentiation, while zonal zircons
crystallised from small volumes of granitoid melts.
This served as a sort of recycling for the Hadean conti-
nental crust, as evidenced by the zonal Hadean zircons
[Nebel et al., 2014].

Despite the heavy bombardment of the terrestrial
planets, which was caused, as mentioned above, by the
stabilisation of the giant planets’ orbits (Saturn and Ju-
piter), a small part of the Hadean primary crust was pre-
served, discovered and described in detail in [O’Neil et
al., 2012]. These most ancient rocks of Earth were re-
cently discovered in the Nuvvuagittuq Greenstone Belt
on the northeast coast of the Hudson Bay (Canada).
Its central part (Ujaraaluk unit) is composed of basic
and ultrabasic volcanic and intrusive rocks. The age of
rocks was estimated by the ratio of decay products of
short-lived (**Sm — ?Nd; T1/2 = 68 Ma) and long-
lived (*Sm — *Nd, T1/2 = 106 Ga) isotope systems,
amounting to about 4,400 Ma. The obtained results
indicate that these rocks belong to the oldest crust of
Earth, which developed following the Moon’s forma-
tion. Age determination of the Hadean rocks is shown
in Fig. 6 [O’Neil et al., 2012].

A small rock unit (Idiwhaa) outcropping 4.03 Ga
Hadean granitoids was recently discovered among the
rocks of the Nuvvuagittugq Greenstone Belt [Reimink
et al., 2014]. These granitoids occur among typical Ar-
chaean TTG (tonalite-trondhjemite-granodiorite) rocks
in the Acasta Gneiss Complex (Canada). The identi-
fied granitoids from the Idiwhaa unit form thin inter-
layers in amphibolites and gneisses with a thickness
ranging from several centimetres to a decimetre. The
constituent minerals of tonalites include plagiocla-
se, quartz, hornblende and biotite. Their composition
comprises 57.9-66.9 wt % of SiO, with a low content
of Al,O; (13.8-14.1 wt %), high content of total iron
> FeO (8.6-15.2 wt %) and a low magnesian coeffi-
cient Mg# (13—18 wt %). Unlike Archaean TTG rocks,
the Hadean tonalites have a completely different distri-
bution of normalised REEs (Fig. 7). While Archaean
TTG rocks are enriched with LREEs, which indicates
their formation during the partial melting of the man-
tle substance in the presence of garnet, the Hadean to-
nalites originated at shallower depths during the partial
melting of the hydrous basalt crust in the presence of
plagioclase, which contributed to the development of a
negative Eu anomaly.

Hadean granitoid rocks of such genesis were obvi-
ously formed at various points in time. 4.2 Ga zircon
xenocrystals were found in Archaean TTG rocks dat-
ed at 3.9 Ga [lizuka et al., 2006]. An example of such
xenocrystal, located in the centre of a magmatic zircon
dated at approximately 3.9 Ga, is shown in Fig. 8a. In
this case, magma that generated Archaean TTG rocks
must have been smelted from the residual magmatic
reservoir of the Hadean time. It could have been a par-
tially melted remnant of the Hadean crust which was
immersed in the mantle as a result of a meteorite bom-

Fig. 6. Age of the Ujaraaluk series obtained using
two isotopic pairs *’Sm — **Nd (T,,= 106 Ga) and
146Sm — %Nd (T,,= 68 Ma) according to [O’Neil et
al., 2012].

Perhaps this is the only part of the Hadean crust left after
the giant impact that formed the Moon. The site was pre-
served after the last heavy bombardment of Earth, which
destroyed the Hadean crust.

bardment. Figure 8b shows the distribution of normal-
ised REEs in Hadean zircons dated at approximately
4.2 Ga. In terms of the REE distribution, these zircons
are comparable to Hadean zircons found in Austria. It
should be pointed out that zircon xenocrystals of the
Hadean time were found in various cratons, which in-
dicates a wide distribution of the Hadean continental
crust on Earth.

Among all else, available data on a possible mech-
anism for the formation of Hadean zircon melt sug-
gest that granitoid melts could have been formed in the
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Fig. 7. Normalised distribution of rare-earth elements
in the tonalite gneisses of the Idiwhaa site (4.03 Ga)
and in Archaean TTG rock series according to [Re-
imink et al., 2014].

Hadean aeon in various ways, but in shallow chambers
and usually in an oxidising environment when the hy-
drous basalt crust was melting.

In concluding the analysis of the Hadean geolog-
ical history, we consider it necessary to draw atten-
tion to one important factor observed in [Jackson et al.,
2017]. The authors of this work noted high values of
the *He/*He ratio in some basalts, which was shown
to be related to hot plumes, namely Hawaiian and Ice-
landic. In these basalts, the value of the *He/*He ra-
tio was 3050 times higher than its atmospheric val-
ues. It was suggested that this could be due to the pres-
ence of non-degassed reservoirs in the mantle, which
have survived to the present. It is likely, that such res-
ervoirs had high density, so they were not mixed in the
course of mantle convection. The authors of this arti-
cle refer to the Oligocene basalts (Baffin Island, West
Greenland) associated with the proto-Iceland plume,
which are plotted between the 4.55 Ga and 4.45 Ga ge-
ochrons in lead isotope diagrams, as shown in [Jack-
son et al., 2010]. However, basalts from a number of
hot spots not having high *He/*He ratios, as well as ba-
salts from mid-oceanic ridges, are plotted in the same
area of this diagram (in terms of the lead isotope ratio),
which does not allow basalts having a high *He/*He ra-
tio to be clearly identified as the products of ancient
non-degassed mantle reservoirs. At the same time, it is
known that volatiles, in particular He and H, can form
compounds with metals (He — metal of high density).
It is likely, that some of them got into the core in the
course of the Earth’s accretion and the formation of its
core [Gilat, Vol, 2012]. Subsequently, these elements
(or compounds) concentrated in the outer core, whose
density is lower than that of the inner core; then they
could get into the D layer, which according to geo-
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Fig. 8. Comparison of Hadean xenocrystals with Ar-
chaean zircon from the rocks of the Acasta Gneiss
Complex (Canada) according to [lizuka et al., 2012].
a. Position of xenocrystals in the zircon host and their age
characteristics.

b. Normalised distribution of chondrite-normalised con-
tents of rare-earth elements in zircon xenocrysts. The dis-
tribution of REE in gabbro is given for comparison.

physicists, comprises ultrahigh velocity zones [Garn-
ero, McNamara, 2008], probably, represented by mag-
matic chambers feeding mantle plumes. Obviously, re-
search in this direction should be continued, since it
will help solve a number of issues related to the early
evolution of Earth.

ARCHAEAN TTG ROCKS:
PRESERVED PRIMORDIAL CONTINENTAL
CRUST OF EARTH

The Archaean acon was marked by the preserva-
tion of the continental crust represented by the tonal-
ite-trondhjemite-granodiorite (TTG) rock association.
There are marked petrochemical and geochemical dif-
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ferences between early Archaecan TTG rocks (grey
gneisses) and Phanerozoic granitoids [Condie, 2011].
TTG rocks are notably different (petrochemically
and geochemically) from the late Archaean, Protero-
zoic and Phanerozoic rocks. It can be seen in Figure 9a
that TTGs are typical sodic rocks plotted at the Na-
apex of the ternary Na—K—Ca diagram. It is quite clear
that the ancient mantle of Earth — which has not yet
parted with most of the lithospheric elements used in
the formation of the Earth’s continental crust — served
as the parent material for TTG rocks [Kuzmin, Yar-
molyuk, 2017]. Post-Archaean calc-alkaline rocks,
usually confined to subduction zones, exhibit a sig-

nificantly higher potassium content, since the lithos-
phere together with the continental crust served as the
basis for their genesis. The rocks are even more con-
trasted in terms of the rare element content (Fig. 9b).
Firstly, TTG rocks are strongly enriched with LREESs.
This is obviously due to the considerable depth at
which partial melting of the Archaean basaltic crust
immersed in the mantle took place. The Archaean ba-
saltic crust must have been enriched with lithophile el-
ements, as compared to the Phanerozoic MORB (mid-
ocean ridge basalts), whose ancient basic rocks rep-
resented by proto-ophiolites were identified in 1977
[Glukhovskii et al., 1977]. A distinct prevalence of

Fig. 9. Comparison of the rock formations of the Archaean tonalite-trondhjemite-granodiorite series (A) and the post-

Archaean granites (B) according to [Condie, 2011]).

a. K-Na—Ca diagrams show differences determined mainly by the sodium composition of TTG series and by the calc-alkaline com-
position of the post-Archaean volcanites and granites, according to [Condie, 2011].

b. Distribution of normalised REE contents, as well as the La/Yb ratio on the La/Yb—Yb,.m plot in the TTG and post-Archaean
rocks. The TTG rocks are enriched with light REE, as compared to heavy REE.
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LREE in TTG rocks can be observed in Figure 9c.
Post-Archaean granitoids and calc-alkaline volcanites
also exhibit high contents of LREEs, as compared to
HREEs; however, they are not as predominant, which
may indicate that Phanerozoic volcanites were formed
at shallower depths.

Summarising the data on the TTG composition, it is
clear that these preserved Archaean continental rocks
are of mantle genesis considering the published data
on the isotopic composition of TTG rocks, obtained
from the U-Th-Pb, Sm—Nd, Rb — Sr and Re-Os sys-
tems, many of which are given in the monograph [Con-
die, 2011]. It has been established that TTG rocks were
formed during the melting of highly hydrolysed ba-
salts at sufficiently high pressures, at which the gar-
net remained stable in refractory residue [Reimink et
al., 2014], which indicates eclogite paragenesis. At the
same time, the increased values of incoherent elements
in the source basalts indicate that the composition of
TTG rocks is comparable with the island-arc rocks of
the Phanerozoic time. However, no traces of subduc-
tions occurring in the course of TTG formation were
detected. It can be assumed that basic and ultrabasic
mantle magmas derived from Archaean plumes were
responsible for the formation of a thick basaltoid crust.
Having been formed from these magmas, Archaean
basaltoids were enriched with lithophile elements, as
compared to Phanerozoic MORBs.

The upper mantle derived from rising plumes was
saturated with fluids, whereas crustal basalts were sat-
urated with incoherent elements. Under the weight of
a massive basaltoid crust, basaltoids sagged, being im-
mersed into the mantle. This process involving vertical
motions [Hain, 2003] is called sagduction.

The most ancient (3.9-3.8 Ga) TTG rocks originat-
ed from protoliths or the Hadean crustal matter dur-
ing the formation of primary magmas for Archaean
TTG rocks. Drawing on the study of Lu—Hf and U-—
Pb isotopes in gneisses, the work of A. Bauer and his
colleagues [Bauer et al., 2017] provides detailed evi-
dence of the Hadean mantle source (age > 4.0 Ga) be-
ing involved in the formation of Archaean gneissic
TTG rocks (Canada). Figure 10 shows the distribu-
tion of isotopic characteristics exhibited by the tonal-
ites (TTG) of the Acasta Gneiss Complex (Canada) for
the two above-mentioned isotopic series. In terms of
the subchondritic *"Lu /*""Hf ratio, they are connect-
ed by two ratio values 0.015 and 0.022; whereas in
terms of age, five rock groups are distinguished: 3.96—
3.94 Ga (group A), 3.74-3.72 Ga (B), 3.66— 3.58 Ga
(C), =3.4 Ga (D) and 2.9 Ga (E). As shown in [Bau-
er et al., 2017], these TTG rocks are obviously derived
from two Hadean igneous protoliths originating at dif-
ferent times. The rocks of groups A, B and partly C (the
lower part of this group in Fig. 10) are linked to the
subchondritic *"Lu/*"Hf isotope ratio of 0.015, where-
as groups D and E, as well as the upper part of group
C, are linked to the subchondritic ratio of the same iso-
topes equal to 0.022. As rightly noted in [Bauer et al.,
2017], this is due to the different depths to which the
remnants of the Hadean crust originating at different
times sank into the mantle as a result of meteorite bom-
bardments. This Hadean crust was melted and mixed
with the mantle material. Subsequently, this material
served as a protolith for magmas that gave rise to Ar-
chaean TTG rocks. The protolith (source of younger
rocks) could have formed at great depths; thus later it
was involved in magma formation.

Fig. 10. Model Lu/Hf age of TTG sources from the Acasta Gneiss (Canada) according to [Bauer et al., 2017].

Judging by the presented data, the gneiss source of groups A and B is less radioactive than the magma source of younger gneisses.
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In [Bauer et al., 2017], the authors also stud-
ied Archaean rocks from Greenland and Central Af-
rica using a similar method: they established close
age groups having slightly different subchondritic
Lu/Hf isotope ratios. These observations indicate a
wide distribution of the Hadean crust on Earth.

In his work [Bédard, 2006], J. Bédard gives a de-
tailed consideration of a sagduction model drawing
from a detailed petrological and geochemical study
of a greenstone belt (Superior Province, Canada).
The greenstone belt in question comprises volcanites
of basalt-komatiite composition, which are associat-
ed with the rocks of the tonalite-trondhjemite series
(Fig. 11). The model is as follows: bazaltoid volcanic
series of high-thickness crust are intruded by magmas
generated by a rising plume. As a result, the volcan-
ites are partially melted and restites subside, where-
as granitoid (tholeiitic) magmas rise from the lower
crust to its upper levels. The formation of TTG se-
ries consists of multiple stages. In the proposed mod-
el, it includes at least 3-4 stages. To some extent, this
model can be applied to the formation of oceanic pla-
teaus. It is evident that the drilling of modern ocean-
ic plateaus, which, like Archaean TTG series, occur
above mantle plumes, will give a better understand-
ing of this process. The formation of granitoid rocks
is in many ways similar to the formation of calc-alka-
line series of subduction-related volcanites and gran-
itoids. Unlike subduction, the sagduction process in-

volves vertical subsidence of basaltoid rocks into the
depths of the mantle.

In 2011-2016, an international program aimed at
studying the Archaean magmatism of Earth was car-
ried out. The results of these studies were published as
a collective work [Halla et al., 2017]. In the course of
work, Archaean granitoid formations in North Atlan-
tic, Fennoscandian, Indian and Ukrainian shields were
studied.

The researches working on the program came to the
following conclusions.

The formation of tonalite-trondhjemite-granodiorite
rock associations (called grey gneisses in Russia) from
the studied cratons is dated at 3.9-3.6-3.4-3.1 Ga.
Granitoid massifs — including batholiths — younger
than 3.1 Ga were replaced by potassium calc-alkaline
granitoids (sanukitoids, monzogranites enriched with
rare elements and quartz monzonites).

According to the authors of [Halla et al., 2017], a
change in the Earth’s dynamics triggered plate tecto-
nics.

It is assumed [Halla et al., 2017] that during the for-
mation of K granitoids dated at 3.1-2.5 Ga, some Pre-
cambrian cratons, which previously constituted a sin-
gle supercontinent, were divided into a series of small-
er ones separated by oceanic basins.

Thus, lid tectonics, the tectonics of mantle over-
turns and deep mantle plumes of ultrabasic-basic com-
position lasted until 3.1 Ga.

Fig. 11. Model of sagduction describing the generation of 3.9-3.1 Ga TTG rocks [Bédard, 2006].

The Archaean crust of high thickness subsides into the mantle to a depth at which garnet remains in restite after melting. Under the
influence of high mantle temperatures, the TTG rocks are melted from the eclogitised Archaean basaltoid, which intrude into the
main Archaean crust, forming the preserved first continental crust. J.H. Bédard noted that there could be 3—4 such stages.
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Fig. 12. Diagram showing tectonic-magmatic events involved in the formation of the geological structure of Pilbara
Craton (Australia) according to [Pease et al., 2008] with additions.

We believe that the time interval of 3.1-2.7 Ga in-
cluded a period of small-plate tectonics, whereas the
interval of 2.7-2.0 Ga constituted a transitional peri-
od from the small-plate tectonics to modern-style tec-
tonics. At that time, all the Earth’s inner layers were
formed [Kuzmin, Yarmolyuk, 2016, 2017]. The chang-
es of tectonic movements, as well as the types of tec-
tonic structures, that took place from the beginning of
the Archaean aeon to the onset of plate tectonics, can
be illustrated by a diagram (Fig. 12) containing the au-
thors’ additions.

CONCLUSION

Studying the early stages of the Earth’s evolution
constitutes the basis for understanding its further ge-
ological history. The Chaotian aecon was marked by
cosmic events that determined the initial development
of our planet. At that time (4568—4500 Ga), the Earth
formed as a result of planetesimal accretion and cos-
mic factors determined all the processes occurring on
Earth: differentiation into the core and the mantle, for-
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mation of the Earth’s satellite — the Moon. At the same
time, the evolution of the Solar System itself deter-
mined its division into rocky inner and gas-water out-
er parts, in which the terrestrial planets were located
closer to the Sun, whereas its outer part was occupied
by giant gas-ice planets. The early history of the giant
planets, as well as the intensity with which the terrestri-
al planets were bombarded by meteorites, greatly con-
tributed to the delivery of building material to the inner
part of the system.

Heavy meteorite bombardments of the Earth con-
tinued in the Hadean acon as well. At the time, the first
crust of the Earth began to form; however it was prac-
tically destroyed at the end of the Hadean acon when
the giant planets settled in their orbits and the main me-
teorite material was accreted by the terrestrial planets,
with a significant part of it being absorbed by the Sun.
Despite the fact that the Hadean aeon is seen as the be-
ginning of the Earth’s geological history, it was domi-
nated by cosmic events. In particular, Earth, like other
planets of the terrestrial group, was constantly subject-
ed to meteorite and asteroid bombardments. Figure 13
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Fig. 13. Models of possible endogenous processes in the Hadean acon and the Eoarchaean era.

In the Hadean aeon, a thin crust was formed by mantle magmas, whose eruptions were induced by asteroid bombardments. The
bombardments destroyed the crust that subsided into the upper part of the mantle forming the Hadean protolith for subsequent mag-
ma generation. Whole-mantle convection began in the Archaean aecon, which also involved the Hadean protolith in melting. The
melting of the lower crust under the influence of mantle magmas caused the appearance of melts forming TTG complexes. The res-
tite of the lower crust descended into the lower mantle (see the text for explanation).

shows a model of the manifested endogenous processes
characteristic of the Hadean time. A high temperature
of the Hadean mantle, on the one hand, resulted from
recently crystallised hot mantle ocean produced by
the Moon-forming impact and, on the other, from the
presence of a great number of short-lived isotope sys-
tems releasing a large amount of energy during the ra-
dioactive decay of parent isotopes. In this connection,
whole-mantle convection most likely did not exist in
the Hadean acon. A flat stagnated surface of Earth was
hit by cosmic asteroids or large meteorites destroying
the planet’s surface represented by rocks formed dur-
ing the outpouring and differentiation of basic mantle
magmas. The fragments of surface rocks subsided in-
to the mantle, melting and mixing with the mantle ma-
terial. This material subsequently formed the protoliths
of the late-Hadean and Archacan magmas, which could
contain refractory zircon crystals. New portions of the
basic and komatiitic mantle magmas poured into the
destroyed parts of the Hadean Earth’s surface, which
were restored by the subsequent crystallisation of mag-
ma and damaged again during the next bombardment.
Thus, the Earth’s endogenous activity in the Hadean
acon was completely affected by space processes.

At the end of the Hadean aeon, the mantle temper-
ature was lowered due to the loss of a large amount of
endogenous energy following the last heavy meteorite
bombardment, as well as to the cessation of the radio-
active decay of short-lived isotopes, which marked the
beginning of the Archaean period of the Earth’s geo-
logical history.

It can be assumed that due to the beginning of the
whole-mantle convection (see Fig. 13), a decrease in
mantle temperature did not affect the thermal state of
the Earth’s core. Consequently, Earth became a self-
organised unit, which led to the manifestation of deep
tectonic processes, i.e. endogenous activity of the plan-
et itself, whereas cosmic impact on Earth decreased
significantly. The Earth’s surface remained flat and
stagnated, i.e. the operation of lid tectonics continued,;
however it was torn apart by rising deep plumes car-
rying magmas of ultrabasic-basic composition, which
formed a thick crust of the basic (basaltoid) composi-
tion at the exit points. The surface layer of Earth could
not withstand the load of the upper layer, which, un-
dergoing sagduction, subsided forming granitoid mag-
mas, subsequently producing rocks of the TTG series.
Pouring onto the surface, magmas formed the Archae-
an granitoid continental crust that has been preserved
to date.

With its thickness gradually increasing, the conti-
nental crust started to break and sink into the mantle:
marking the onset of small-plate tectonics, which due
to the formation of the Earth’s inner layers [Condie,
2011; Kuzmin, Yarmolyuk, 2017] further evolved in-
to the modern-style tectonics combining plate tectonics
and plume tectonics.

Surely, this general view of our planet’s evolution
is largely speculative and needs to be further revised,
which in turn requires detailed comprehensive geolog-
ical studies.
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