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Summary. Numerous attempts have been made to understand the rules of Earth’s tectono-
geodynamic processes over the past centuries. While no paradigm has offered comprehensive an-
swers to all of the questions, the present review aims to acquaint readers with the modern state of
developments in the tectonic insights of Earth's evolution. A number of very interesting and unique
processes and features took place during the evolution of early Earth. Most of these, however,
were largely erased over the course of Earth’s ensuing evolution; some leaving only traces of their
existence and remnant phenomena, especially those taking place in the Hadean and Early to Late
Archean. Among such processes and features are: the planetary accretion of Earth, formation of
unique rock complexes, initiation of the plate tectonics phenomenon, main forces driving plate tec-
tonics, significant influence of thermal parameters, role of overpressure under different physical-
geological environments, stratification of Earth's crust and lithosphere by density, and various oth-
er thermodynamic models. Nearly all of these remain enigmatic, due to considerable uncertainty in
the timing and method of their evolution, and the ambiguity of their secondary processes and tec-
tono- geophysical indicators. At the same time, these tectono-geodynamic processes and features
are also interrelated, and the simultaneous fluctuation of myriad different factors plays a signifi-
cant role in their formation. Some of these intricate questions are discussed in this paper. What is
the role of the plate tectonics phenomenon and when did this process initiate on Earth? Especial
attention is paid in the review to the sophisticated historical methods of understanding tectonic
processes over the course of various generations of geoscientists. In the conducted analyses, cer-
tain physical data derived from other planets of the Solar System were utilized as well.
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Introduction

osphere tectonic processes could finally commence.

It is evident that solidification of the magma-
ocean and formation of the lithosphere were among
the first steps necessary to initiate different tectonic
processes on Earth (e.g., Pilchin and Eppelbaum,
2009). It is then essential to understand which tec-
tonic processes operated during early Earth evolu-
tion. At a time with only partial solidification of the
magma-ocean, any formed (or partly formed) solid
blocks could undertake strictly vertical movements,
as dictated by Newton’s law of gravity and Archi-
medes' law of buoyancy. However, it would be
premature to account such movements of solid
blocks floating within the magma-ocean as tectonic
processes. Only as the magma-ocean solidified,
with the formation and thickening of the early lith-

It is important to determine what types of tectonic
processes were operational at the time: Were they
caused mostly by vertical (isostatic) movements
(one of the fixist models) or horizontal (one of the
mobilistic models)? There are myriad differences
between these two groups of models. Fixist models
(e.g., contraction theory, theory of isostasy, gravita-
tional differentiation, expanding Earth, pulsating
Earth, geosynclinal theory, rifting, and diapir mod-
el) postulate an unchanged position of continents
over the asthenosphere, emphasizing vertical
movements and not permitting horizontal dis-
placement by greater than tens of kilometers. In
contrast, mobilist models (e.g., continental drift,
seafloor spreading, plate tectonics) postulate im-
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mense (hundreds and thousands of kilometers) hor-
izontal displacements of the lithosphere (including
continents) over the asthenosphere, with subordi-
nate vertical displacements.

The known fixist models explain tectonic evo-
lution as a consecutive change of stages: pre-
geosynclinal (formation of oceanic crust; basaltic
layer); geosynclinal (formation of continental crust;
granitic-metamorphic layer); and platform (transi-
tion from active regimes to quiet and stable ones)
(e.g., Gnibidenko and Shashkin, 1970; Xawun, 1973;
Benoycos, 1975). The geosynclinal theory stood as
the primary tectonic methodology for over a hun-
dred years (e.g., Xaun, Illlefitnman, 1960), before
most scientists adopted the plate tectonics theory as
the main tectonic model of Earth evolution. In re-
cent times some scientists (for instance, private
communications with V.E.Khain in 2010) consider
it obsolete.

The geosyncline theory, the most comprehen-
sive of the fixist models, was first introduced by

J.Hall in his meeting report in 1857 (Knopf,
1960, Knopoff, 1964) and his subsequent publica-
tion (Hall, 1859), to be further elaborated by Dana
(Dana, 1873; Knopf, 1960, Knopoff, 1964). Addi-
tional improvements on this theory are attributed to
such scientists as Daly (1912), Kober (1921), Stille
(1924, 1940, 1944) and many others (Knopf, 1960,
Knopoff, 1964). This theory helped explain many
tectonic processes taking place on continents, but
from the onset of the second half of the 20th century,
a growing number of geological and geophysical
data for oceanic regions raised new problems that it
could not explain. This led to the introduction of a
new model in a number of publications at the end of
the 1960s and 1970s, plate tectonics, which took the
geosynclinal theory’s place as the foundational geo-
tectonic model.

The following is under question: can the fixist
models be used to explain the tectonic regime in the
Hadean — Early Archean. We beleive that the answer
is 'yes' — some fixist models can be applied to illus-
trate the tectonic evolution in the Hadean — Early
Archean. This period of Earth’s evolution was char-
acterized by a regime of cooling (solidification of
the magma-ocean, and formation and cooling of the
lithosphere), which means that the contracting Earth
theory (e.g., AuseitaukoB u ap., 2001; Stacey and
Davis, 2008) can at least partially be applied to tec-
tonic evolution. At the same time during most of the
Hadean — Early Archean, the upper mantle was hot
and the asthenosphere likely not yet completely so-
lidified. Logically, the early lithosphere would then
have been floating atop the remnants of the magma-
ocean in the cooling mantle, and the lithospheric
temperature would have been comparatively high,
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with surface temperatures dropping to 500-600 K
only at the very end of the Early Archean (Pilchin,
2011; Pilchin and Eppelbaum, 2012; Eppelbaum et
al., 2014). This would mean that the lithosphere was
likely dictated by vertical forces, which could be
explained by the isostatic theory (Anderson, 2007;
Stacey and Davis, 2008). However the geosynclinal
theory could not be applied to tectonic evolution in
the Hadean — Early Archean, even though regions of
the early Earth were represented by ancient shields
that were not tectonically active. The reason for this
is the fact that the water-ocean only emerged at
~3.42-3.26 Ga, at the end of the Early Archean
(Pilchin and Eppelbaum, 2012; Eppelbaum et al.,
2014), which eliminates the possibility of oceanic
crust formation (pre-geosynclinal stage) prior to that
time. Moreover, the geosynclinal stage requires the
collection of a thick sedimentary layer, while no sig-
nificant amounts of sedimentary deposits are known
in the Hadean and Early Archean before the start of
the formation of Moodies Group, Barberton GSB,
South Africa at about 3.26-3.259 Ga (Eppelbaum et
al., 2014). This means that the geosyncline theory
cannot be used for analysis of possible tectonic pro-
cesses during early Earth evolution.

The plate tectonics theory is accepted at present
by the absolute majority of geoscientists, it is im-
portant to analyze the geological-geophysical facts
(evidence) which may help facilitate further evalua-
tion of this theory.

What is the plate tectonics model?

Before delving into the plate tectonics model,
let us briefly discuss what modeling means in sci-
ence, and in geology in particular. Scientific model-
ing is the generation of a physical, conceptual or
mathematical representation of a real phenomenon
that is difficult to observe directly (Roger, 2015).
While over the past decades modeling has become a
powerful method of research, scientific models re-
main approximations of the objects and systems they
represent, rather than their exact replicas (Roger,
2015). The aim of scientific modeling is to visualize
certain events and processes for easier learning and
better understanding. The purpose of modeling is
generating new knowledge about the objects in ques-
tion (Schwarz et al., 2009). Various (sometimes spe-
cific) types of modeling are utilized in different sci-
entific disciplines (e.g., Cartwright, 1983; Hacking,
1983). A scientific model is usually based on certain
empirical facts and observations related to events,
phenomena and physical processes reflecting or rep-
resenting the reality as closely as possible. A good
model should focus on the key features to explain
and predict the scientific phenomena (Schwarz et al.,
2009). The main criteria for a model are: the ability
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to explain past observations better than other mod-
els, revealing new knowledge about the object of
modeling, and making predictions for future obser-
vations (actual testing of the model). Models that are
employed should be perpetually re- evaluated and
revised (e.g., Schwarz et al., 2009). Geologic model-
ing (geomodeling) is usually related to representa-
tions of different parts of the Earth (layers, regions,
areas, structures, blocks, slabs, domains, objects)
based on geological and geophysical data and obser-
vations (it could be computerized, 1D, 2D or 3D)
(e.g., Mallet, 2008).

One of the most complete reviews on the prob-
lems of modeling, collecting data and data interpre-
tation (analysis) in geology is given by Naimark
(Haiimapk, 2006) on the basis of discussions be-
tween followers of the fixist and mobilist models in
geotectonics. He states that one of the most urgent
problems in geoscience is the correct modeling of
different intricate geologic features and processes.
Naimark (2006) asserts that since none of the mod-
els (fixist, mobilist, or any other concept) encapsu-
late our physical-geological reality, by definition
they can neither entirely describe our reality, nor
entirely disprove our understanding of it. He indi-
cates that there are no clear facts that uniquely speak
for themselves without the necessity for interpreta-
tion, which always relies on certain methodologies.
This makes any modeling fundamentally subjective,
because any model is developed by a researcher
whose views on different matters could be vastly
different from those of others. However, any real
object could be represented by multiple different
models in a fashion that is not arbitrary, but reflects
real facts and observations. Interestingly, one of the
authors of this paper previously realized this idea in
exploration geophysics (Qnmensbaym, 1987), where
he suggested the application of a multi-model ap-
proach to these same subjects under study.

The notion of objectivity in geoscience means
that something is independent of our individual
awareness of reality (AOpamoBuy, 1978). Ivin
(UBuH,1986) states that any fact exists within the
framework of a certain theoretical construction, and
is therefore always theoretically loaded; that behind
any fact there is always some reasoning. Frolov
(®ponos, 2002) believes that objectively collected
and correctly summarized facts will lead to a correct
interpretation on their own. Yet we must ask: where
does such criteria and correct summarizing of facts
come from? Researchers themselves develop these
over a framework of their experience, where they
employ certain theoretical views (Haiimapk, 2006).
Verhoogen et al. (1970) also point out that while
field observations are an important source of infor-
mation in geology, they could only be fully inter-

preted by analytical methods. Naimark (Haiimapk,
2006) notes that if any particular concept at present
solves a great number of fundamental problems
more effectively than alternative concepts, then it is
a better reflection of reality than the others. Based
on such inquiry, Naimark (Hafimapxk, 2006) came to
the following conclusions:

(1) the direct purpose of a model is not reflect-
ing reality absolutely fully and exactly (as that is
impossible), but to be convenient for solving certain
important problems effectively; (2) preference of
specific scientific concept is justified only to the ex-
tent in which it is effective for the explanations, re-
constructions and predictions of natural processes;
(3) a model should include only those properties and
relations that are necessary for solving a specific
problem; and (4) the main purpose of any research is
not to search for truth as such, but the development
of models of reality based on which it would be pos-
sible to solve problems more effectively.

Unfortunately, many geologists believe that ge-
ology is too complex to follow the classical laws of
physics (e.g., Thomas, 1932; Wilson, 1990), with
some scientists going so far as to outright challenge
physical laws as contradictory to geological process-
es (e.g., Petrini and Podladchikov, 2000; Dunlop,
2009). With respect to this, it should be stated that
regardless of the given model chosen by a researcher
in geology, the model still necessarily includes rocks
and/or rock complexes. Rock complexes are charac-
terized by their: position within geologic structures;
dimensions (length, width, height); volume; inci-
dence angle (slope angle); contacts with other rock
complexes, water bodies, and/or atmosphere; and
other properties. Certain rock complexes have cate-
gorical rock compositions, and each rock has certain
mineral compositions. In turn, every mineral has a
certain chemical composition, which is characterized
by physical and chemical properties. There are char-
acteristic features among the physical properties of
any mineral: density, melting point, liquidus and
solidus temperatures, hardness, volume thermal ex-
pansion, compressibility, tensile, shear and compres-
sive strength limits, conditions of stability at tem-
perature and pressure, and others. Among the most
important chemical properties of any mineral are:
reaction with oxygen; reaction with water; reaction
with aggressive fluids formed within the Earth lay-
ers; transformations between rocks and minerals un-
der certain conditions (e.g., transformation of ferrous
iron oxides to ferric iron oxides, transformation of
basalt to eclogite, metamorphic processes, and many
others), and certain others. Whether or not all of
these properties are discussed in a geological (geo-
physical) model, they are nevertheless always in ef-
fect and will always play a role under certain condi-
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tions. Any geologic process is dictated by certain
physical and chemical properties, and it is wrong to
say geology does not follow the proven laws of
physics.

The plate tectonics model is based on two pre-
vious mobilist models: (a) Mantle convection, and
(b) Seafloor spreading (or continental drift). Convec-
tion is a key component in the plate tectonics model,
as seafloor spreading also depends on mantle con-
vection.

Hopkins (1839, 1847) was the first to use math-
ematical analysis and mechanical principles to pro-
pose the possibility of convection below Earth’s
crust (Davies, 1999; Glen, 2005), even though he
believed the solid crust was hundreds of miles thick.
Fisher (1878, 1881) discussed a thin fluid layer just
below the crust in the Earth’s interior, proposing
mantle convection as a tectonic agent, with flow ris-
ing beneath the oceans and descending under conti-
nents to explain mountain building (Davies, 1999;
Glen, 2005). Ampferer (1906) was the first to intro-
duce the hypothesis of understreaming currents in
the mantle as the driving force for mountain build-
ing. He postulated that compression forces and the
formation of nappes were generated by mass cur-
rents beneath mountain ranges. Ampferer (1906)
also proposed the existence of downwelling mantle
convection currents (Unterstromungen) causing oro-
genic folding and shearing. Joly (1909) offered an
explanation to Ampferer’s ideas, suggesting that ra-
diogenic heat cyclically melted and solidified the
subcrust to produce convection. Schwinner (1915,
1919) used Ampferer’s ideas to develop a theory
stating that convective heat transport produces cur-
rents in the Earth’s interior. He modeled convection
currents in a tectonosphere as crustal plates posi-
tioned atop convecting flows. Lord Rayleigh (1916)
offered a correct theoretical interpretation of Bé-
nard’s (1900, 1901) experiments using thin liquid
layers. The idea of mantle convection was intro-
duced by Bull (1921) to explain continental drift
(Herndon, 2010). Jeffreys (1927) came to the con-
clusion that the viscosity of the mantle would not
disallow convection. Based on the above ideas,
Holmes (1928a,b, 1929, 1930, 1931) introduced the
model of a convection engine for seafloor spreading,
which is generally implemented in the present plate
tectonics model. His model is described in greater
detail in Holmes (1944).

Theories related to the movement of continents
were offered by a number of researchers starting
from the 16th century (Romm, 1994). Ortelius
(1596) was the first to propose the basic elements of
the continental drift theory. Among other researchers
to offer such theories, the following should be men-
tioned here: von Humboldt (1801), who can be con-
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sidered one of the founders of Geothermics (Ep-
pelbaum et al., 2014), proposed that the lands bor-
dering the Atlantic Ocean had once been joined to-
gether (see Schmeling, 2004); and later Antonio
Snider-Pellegrini (1859) proposed that the Americas
were at one time connected to Europe and Africa.
These problems were also discussed by Taylor in
1908 (as described in: Leviton et al., 1985 and Frank
B. Taylor, 2015) and in Taylor (1910), who linked
the formation of Earth’s Tertiary fold-mountain belts
to horizontal thrust movements directed inland from
the ocean, invoking the notion of continental colli-
sion to explain the formation of certain mountain
ranges (e.g., Frank B. Taylor, 2015). His model of
the “horizontal sliding of continental crust-sheets”
was subsequently published in greater detail (Taylor,
1930). However, the hypothesis that the continents
once formed a single landmass called Pangaea, be-
fore breaking apart and drifting to their present loca-
tions was first presented by Wegener (1912). He also
introduced the term ‘continental drift,” and a more
complete version of the continental drift hypothesis
was offered in Wegener (1929). The concept of ‘sea-
floor spreading’ was introduced by Holmes (1931)
(Meyerhoff and Meyerhoff, 1987), who also indicat-
ed that mantle convection is a mechanism for conti-
nental drift (seafloor spreading) and offered the first
model for such convection (see Fig. 2 in Holmes,
1931). Hess in 1960 (Meyerhoff and Meyerhoff,
1987; Hey, 2011), Dietz (1961), and Hess (1962)
offered a new vision for the concept of seafloor
spreading, which was adopted later by the plate tec-
tonics model. Hess (1962) proposed a model in
which mantle convection carried the seafloor and
continents away from seafloor spreading centers
(mid-ocean ridges), toward trenches. According to
the model offered by Dietz (1961), the lithosphere
moves on top of the plastic asthenosphere with con-
vection currents.

The subduction process plays a pivotal role in
the plate tectonics model. Ampferer and Hammer
(1911) introduced the term “Verschluckungs-Zone”
(literally, the swallowing-up zone: White et al.
(1970)). André Amstutz (1951) was the first to in-
troduce the word ‘subduction’ to replace the earlier
term, in relation to the development of tectonic
nappes in the Swiss Alps, and this was the term later
recommended by White et al. (1970) for use in the
plate tectonics model.

In 1967 and 1968 several papers (McKenzie and
Parker, 1967; Morgan, 1968; Le Pichon, 1968;
Isacks et al., 1968) offered a model which laid the
groundwork of plate tectonics (Cox, 1973; McKen-
zie, 1977; Stewart, 1990). The model assumed that
the earth’s surface was composed of a set of rigid
plates that were separated from each other by
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boundaries of different types, and that new seafloor
was formed at ridge axes and destroyed in trenches
(Stewart, 1990; Hey, 2011). Unfortunately, the mod-
el was offered as a package of highly generalized
postulates, requirements, and assumptions, primarily
of kinematic significance; yet it is still represented in
this form with minor additions to this day:
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The Earth's surface consists of a number of rigid
plates (e.g., Morgan, 1968) that move relative to
one another. The rigidity of lithospheric plates is
one of the fundamental tenets of plate tectonics
(e.g., Solomon et al., 1975). These plates move
at velocities of 1-10 cm per year (Richter, 1973).
Main tectonic processes take place at plate
boundaries, of which three types exist (e.g.,
Stewart, 1990; Meissner, 2002): (1) transform
boundaries, (2) divergent boundaries (construc-
tive; seafloor spreading centers), and (3) con-
vergent boundaries (destructive; subduction).
Transform faults (or boundaries), introduced by
Wilson (1965), neither create nor destroy litho-
sphere; their relative motion is predominantly
horizontal. These are the most important type of
faults for plate tectonics (Hey, 2011).

Mantle convection with large convection cells is
the main cause of plate motion (e.g., Chapple
and Tullis, 1977; Anderson, 1989). Convection
currents are the driving force of Earth’s tectonic
system (e.g., Holmes, 1931, 1944).

Under long sustained loads, the Earth's mantle
behaves as a viscous fluid which will convect if
heated from below or within, or cooled from
above (Anderson, 1989).

Thermal convection (as a whole) in some form
is the only source of sufficient energy for tecton-
ic processes (e.g., McKenzie, 1969). The energy
for convection is provided by the decay of radi-
oactive isotopes of uranium, thorium and potas-
sium, as well as the cooling and crystallization
of Earth (Anderson, 1989).

Mantle convection could mean: whole-mantle
convection with the dimensions of major litho-
spheric plates in the order of 10° to 10* km (e.g.,
Anderson, 1989); small-scale convection (verti-
cal scale convection of 500 and 1000 km) (e.g.,
Solomatov, 2004); stratified convection (e.g.,
Gutenberg et al., 1951; Jordan et al., 1989);
within very weak upper mantle or asthenosphere
(e.g., Elsasser, 1971); and plate-sized convection
cells, or convection cell size as wide as the layer
is thick (Bercovici et al., 2000).

Mantle convection is caused by radiogenic heat
produced by the radioactive decay of isotopes in
the crust and mantle, and the primordial heat
remaining from the formation of Earth (e.g.,
Turcotte and Schubert, 2002). This role of radi-
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ogenic heat in generating of mantle convection
is greatly emphasized (e.g., Schubert et al.,
1980; Davies, 1980, 2011; Turcotte and Schu-
bert, 1982; Lyubetskaya and Korenaga, 2007;
Lee, 2014).

Mantle convection is a fundamental mechanism
for the loss of primordial and radiogenic heat
(e.g., Bercovici, 2011).

(10) Seafloor spreading (Dietz, 1961; Hess, 1962) is

related to mid-ocean ridges and the creation of
oceanic crust and upper mantle within them.
Formation of new oceanic crust/lithosphere
within mid-ocean ridges requires the destruction
of lithosphere (its consumption) in subduction
zones (for instance, within trenches and island
arcs) (e.g., McKenzie, 1969).

(1) Subduction commonly involves convergence

and underthrusting of adjacent lithospheric
plates, but may also involve downfolding within
a single plate (White et al., 1970). Initiation of
subduction is a vital phase of the plate tectonic
cycle (Gurnis et al., 2004), because it is the
method of consumption and re-working of oce-
anic lithosphere formed in spreading centers.
The lithosphere is consumed asymmetrically by
island arcs (e.g., McKenzie, 1969). The subduc-
tion process requires dense rigid plates (e.g.,
Anderson, 2007). It is also viewed as a method
of cooling Earth’s interiors (e.g., Stern, 2007)
and delivering water to deep levels within the
mantle.

(12) The subducting slab is colder than the mantle

(Elsasser, 1969; McKenzie, 1969; Chapple and
Tullis, 1977; Bina et al., 2001; Wessel and
Miiller, 2009; Kirdyashkin and Kirdyashkin,
2014) and must be denser than mantle rocks.
The cooling subducting lithosphere is heavier
than the underlying mantle and therefore drags
the attached plate (Elsasser, 1967; Cruciani et
al., 2005). The oceanic lithosphere is isostati-
cally sinking away from the mid-ocean ridge as
it cools and densifies (Wilson, 1993). Slab
buoyancy provides the primary driving force
for subduction (e.g., Forsyth and Uyeda, 1975;
Chapple and Tullis 1977). Plate tectonics is
driven by negative buoyancy of the outer shell
(Richardson, 1992; Anderson, 2001). This ne-
gative buoyancy of the slab is proportional to
the age of the oceanic lithosphere (Cruciani et
al., 2005). Buoyant slab material entering the
subduction system steepens the slab angle and
reduces the velocity of the trench (Royden and
Husson, 2009). The negative buoyancy of a
subducting oceanic slab provides a peak sub-
duction rate of 5 cm per year (Mahatsente and
Ranalli, 2004).
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(13) The sinking slab must be brittle enough to pro-
duce earthquakes by fracturing, and sufficiently
undeformable to maintain its shape at a depth of
600 km (Sykes, 1966). The concept of rigid
plates with deformations primarily concentrated
near plate boundaries provides a comprehensive
understanding of the global distribution of
earthquakes (Isacks et al., 1968). The motion of
a slab is well known from the location of deep
earthquakes (Sykes, 1966). Earthquakes are re-
stricted to those regions of the mantle which are
colder than a certain temperature (e.g., McKen-
zie, 1969). There is an apparent relationship be-
tween the depths of the deepest earthquakes and
the temperature distribution within the sinking
lithosphere (e.g., McKenzie, 1969). Plate tecton-
ics has related seafloor spreading to the focal
mechanisms of earthquakes (e.g.,, McKenzie,
1969). The relative motion between plates may
be determined from these focal mechanisms
(McKenzie and Parker 1967; Isacks et al., 1968).

(14) Plate boundary and plate body forces are re-
sponsible for the initiation of plate movements.
These primary forces are: basal drag, ridge push,
slab pull, trench suction, and collisional re-
sistance (e.g., Richardson, 1992).

(15 Plate tectonics is a far-from-equilibrium self-
organized system (Anderson, 2001, 2002, 2007;
Stern, 2007).

(16) Plate tectonics is a late-stage method for cooling
off the interior (e.g., Anderson, 2007).

Peculiarities of plate tectonic processes are de-
scribed in: McKenzie and Parker (1967), Le Pichon
(1968), Morgan (1968), McKenzie (1969), Cox
(1973), McKenzie (1977), Cox and Hart (1986),
Turcotte and Schubert (1982, 2002), Anderson
(1989, 2001, 2002, 2007), Kearey et al. (2009),
Wessel and Miiller (2009), Kirdyashkin and Kir-
dyashkin (2014).

Hey (2011) notes that a key step in building the
plate tectonics model was Wilson’s (1965) conclu-
sion that the deformation of Earth’s crust is concen-
trated in narrow mobile belts that are interconnected
in a global network. Hey (2011) calls this introduc-
tion of transform faults and other ideas presented in
Wilson (1965) as the first qualitative model of plate
tectonics. McKenzie (1969, p. 2) also believed that
“Wilson stated the basic assumptions of plate theory,
but made no further use of them.”

Among other mobilist models related to plate
tectonics here should be mentioned: the Wilson cy-
cle, formation and breakup of supercontinents, and
the Benioff zone (Benioff, 1949, 1954).

Wilson (1966) offered a tectonic model now
known as the “Wilson cycle” (e.g., Whitmeyer et al.,
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2007; Burke, 2011). According to this model, over-
all tectonic evolution follows alternating cycles of
oceanic opening and closing (e.g., Atlantic Ocean).
Wilson (1965) identified six specific stages within
each cycle (e.g., Jacobs et al., 1973): 1) embryonic
(uplifts); 2) young (spreading); 3) mature (spread-
ing); 4) declining (shrinking); 5) terminal (shrinking
and uplifts); 6) relic scar or geosuture (shrinking and
uplift). Silver (2007, p. 30) characterized this model
as follows: “This alternating ocean opening and
closing, continental breakup and continental colli-
sion — now termed the Wilson Cycle — is arguably
the single most important principle in continental
evolution, providing an elegant explanation for the
semi-periodic creation of mountain chains through-
out Earth’s history.” Subsequent researchers pro-
posed a nine-stage model of the Wilson cycle (e.g.,
Whitmeyer et al., 2007) containing the following
stages: A) stable craton; B) hot spot/rifting; C) early
divergent margin; D) full divergent margin; E) vol-
canic arc mountain building; F) island arc/continent
collision; G) cordilleran mountain building; H) con-
tinent-continent mountain building; 1) stable conti-
nental craton. This model was also used to propose a
series of supercontinents assembled and broken up
during Earth’s evolution (e.g., Santosh et al., 2009;
Nance and Morphy, 2013; Pastor-Galan et al., 2018).

Corresponding to the Wilson Cycle (1965), the
most ancient oceanic crust is usually restricted to
the Middle Jurassic (175-180 Ma); with some in-
vestigators indicating a maximum age limit dating
to the end of the Jurassic (~200 Ma) (e.g., Cogné et
al., 2006; Xawun, 2001; Xaun, KopoHosckuii, 2007).
This is because the Wilson Cycle requires periodic
reworking of the oceanic crust in subduction pro-
cesses, consuming the older oceanic lithosphere.
However, a comparatively recent study in the East-
ern Mediterranean on the basis of combined mag-
netic-paleomagnetic-gravity-seismic and tectonic-
structural-petrological-radiometric  analyses has
revealed the Kiama paleomagnetic hyperzone of
inverse polarity (Figure 1) (Eppelbaum et al., 2014;
Eppelbaum, 2015; Eppelbaum and Katz, 2015a,b).
This zone covers a period between 293-242 Ma (47
million years) within the Permian epoch and its
discovery contradicts the Wilson Cycle, which as-
sumes that age of the most ancient oceanic crust
should not exist beyond 180-200 Ma. It is neces-
sary to note that the theoretical possibility of the
presence of more ancient oceanic crust (230-270
Ma) in the Mediterranean Sea was displayed earlier
in Miiller et al. (2008) and Stern and Scholl (2010).
However, practically identifying this large block of
ancient oceanic crust, the Kiama paleomagnetic
hyperzone necessitates further correction of the
Wilson Cycle.
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Fig. 1. A: Location of seismic-gravity-magnetic profiles placed on the bathymetric map, B: Results of 3D magnetic field modeling
along profile Il — 11 (similar results were received for profiles | — I and I11 — I11). 1 — granitic layer, 2 — basaltic layer, 3 — seismic ve-
locity, km/s, 4 — physical properties (numerator, density, kg/m3, denominator, magnetization, mA/m), 5 — direction of the magnetiza-
tion vector other than the geomagnetic field inclination of the region, 6 — boundary discovered between the continental and oceanic
crust within the Sinai plate, 7 — delineated contour of the Kiama paleomagnetic zone, 8 — interplate deep faults of the Eastern Medi-
terranean: SF, Sinai Fault and DST, Dead Sea Transform, 9 — deep fault separating the Alpine Belt and oceanic depression of the
Easternmost Mediterranean (after Eppelbaum and Katz (2015a), with modifications).
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A number of supercontinents have been pro-
posed to exist on Earth at different time periods
(e.g., Zhao et al., 2002, 2004 and references therein):
Vaalbara (between ~3.6 and ~2.8 Ga); Ur (at ~3 Ga);
Kenorland (between ~2.7 and ~2.1 Ga); Columbia
(between ~1.8 and ~1.5 Ga); Rodinia (between
~1.25 Ga and ~750 Ma) and Pannotia (at ~600 Ma).
Fragments of the breakup of the supercontinent Pan-
notia are believed to have ultimately collided and
formed the supercontinent Pangaea, which in turn
broke up during the opening of the Atlantic Ocean
and closing of the Greater Tethys between ~203-125
Ma (e.g., Keppie, 2015) to form Laurasia and
Gondwanaland.

Benioff (1949) introduced a method for deter-
mining planes of seismicity along a particular fault.
Such planes applied to plate tectonics were named
Benioff zones (or Wadati-Benioff zones) (e.g., Con-
die, 1987; Hasegawa and Takagi, 1987; Zhao et al.,
1997). Condie (1987) especially indicates that in
terms of plate tectonics, the Benioff zone is the site
of plate consumption and often referred to as a sub-
duction zone. This assumption allows hypocenters
and the distributions of deep earthquakes to be used
in tracing subduction zones.

Main forces operating in plate tectonics

processes

Classical mechanics, also known as Newtonian
mechanics, is composed of three main segments:
kinematics (describing the motion of material points,
objects and systems of objects without consideration
to the causes of motion); dynamics (describing the
motion of objects under the influence of forces); and
statics (describing bodies at rest and forces in equi-
librium). Since moving plates have limited veloci-
ties, their movement must satisfy the corresponding
laws of classical mechanics (Pilchin, 2016b). How-
ever, from this point of view, most of the earliest
publications on plate tectonics (e.g., McKenzie and
Parker, 1967; Morgan, 1968 and many others) were
only concerned with the kinematics of plate motion,
rather than the causes of their movement (e.g., Stew-
art, 1990). Unfortunately, the authors of most subse-
quent articles were also generally more concerned
with the kinematic part of plate motion, rather than
its dynamics. This brings us to today, where the dy-
namics of plate motion are still greatly underdevel-
oped. Pratt (2000, p. 342) states that “There is no
consensus on the thickness of the ‘plates’ and no
certainty as to the forces responsible for their sup-
posed movement.” This can be clearly seen from the
forces postulated to operate in plate tectonics, as
they are described in the most general form with
very little or no detail, and seldom actually used in
discussing plate movements.
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Alvarez (1990) also notes that even though the
plate tectonics model has been nearly universally
accepted, researchers still do not understand the
driving mechanisms in anything other than the most
general terms. In plate tectonics, where dynamics is
the fundamental element, as the motion of a plate
results from forces perpetually applied to it, it is ab-
solutely crucial for the precise forces to be explained
in detail. In the early years of developing the plate
tectonics model, McKenzie (1969, p. 3) wrote that:
“The major remaining problem in plate theory is the
driving mechanism.”

It has been yet another quarter century since
Wilson (1993) noted how earth scientists have de-
bated the nature of the forces which drive the litho-
spheric plates for more than a quarter of a century.
“Plate tectonics offers no explanation for the forces
that drive plates” (Frankel, 2012; Introduction, p.
XXI). Lyttleton and Bondi (1992; p. 195) state that
“A further difficulty with the plate-tectonic hypothe-
sis is the absence of even a notional causative force
for the plate movements” and “the absence of an
identifiable driving force and a quantitative analysis
of the source of the alleged motions remains, in our
view, the biggest gap in the plate tectonics theory.”
The forces that were once postulated with no satisfac-
tory explanation therefore remain unchanged from the
time of their conception until now (e.g., Kirdyashkin
and Kirdyashkin, 2014), because most publications
still define these forces as they were in the very be-
ginning, lacking any viable detail. Frankel (2012; In-
troduction, p. XXI) gives his full support to this situa-
tion, stating: “Ironically, it is remarkable that plate
tectonics was accepted almost immediately even
though it is a kinematic not a dynamic theory. Once
accepted, the lack of mechanism was no longer a dif-
ficulty but an advantage, freeing the discussion of the
relentless and unnecessary burden it had carried for so
long.” Bercovici (2003, p. 108) also points out that
there has been little to no change in vision of the plate
tectonics model: “Many students of geology are
taught how mantle convection drives plate tectonics
in much the same way that Arthur Holmes envisioned
it 70 years ago, i.e. convective ‘wheels’ driving the
tectonic ‘conveyor belt.”” However, as they say, the
devil is always in the details.

There are a number of traditional driving forces
that were postulated for plate tectonics, which in-
clude: slab pull, ridge push, basal drag, trench suc-
tion, and collisional resistance (e.g., Forsyth and
Uyeda, 1975; Richardson, 1992; Wilson, 1993).
These forces are generally treated as either plate
boundary or plate body forces. For example, ridge
push is considered both: a body force caused by
cooling and thickening of the oceanic lithosphere
with age (e.g., McKenzie, 1969; Richardson, 1992);
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and a boundary force caused by the ‘gravity wedg-
ing’ effect (Bott, 1993).

Slab pull forces are believed to originate from
the negative buoyancy of the cold subducting litho-
sphere (e.g., Chapple and Tullis, 1977), and is con-
sidered a boundary force (e.g., Wilson, 1993). In
slab pull, it is assumed that the slab is mechanically
attached to the subducting plate, and its weight will
pull on the subducting plate, drawing it toward the
subduction zone (e.g., Conrad and Lithgow-
Bertelloni, 2002). Slab pull is usually considered one
of the dominant acting forces, and may account for
roughly half of the total driving force exerted in
plate movement (Anderson, 2007).

Basal drag (or basal shear traction) is associated
with the interface between the upper mantle and the
lithosphere and is caused by mantle convection
(Wilson, 1993).

Trench suction forces are usually observed in
the overriding plate at subduction zones as a net
trenchward pull (Forsyth and Uyeda, 1975; Chase,
1978). In the slab suction mechanism, it is usually
assumed that slabs are detached from their surface
plates and sink within the upper mantle (e.g., Conrad
and Lithgow-Bertelloni, 2002).

Collisional resistance force directly opposes the
slab pull force (e.g., Richardson, 1992). This occurs
because the mantle resists subduction to some extent
due to friction and when continental plates collide
(e.g., Cloetingh and Wortel, 1986). Such forces are
considered to be only locally significant (e.g., Cloe-
tingh and Wortel, 1986).

There is no consensus among researchers about
the importance of one main force compared to the oth-
ers (e.g., Wilson, 1993), and in the case of the basal
drag force even any indication of it operating at all is
uncertain (e.g., Richardson, 1983; Anderson, 2007).

Some researchers consider basal drag as a pas-
sive force, either driving or resisting plate motion,
but not dominating it (e.g., Chapple and Tullis,
1977; Richardson, 1992), while drag due to classical
Rayleigh-Bénard convection in the upper mantle is
not an adequate driving force (Richter, 1973; Solo-
mon et al., 1975). However, Chapple and Tullis
(1977) state that motion of lithospheric plates is a
manifestation of convection, while other researchers
believe that mantle forces related to large convection
cells dominate the driving forces (e.g., Jacoby,
1980). Ziegler (1993) also believes that the basal
drag (shear-traction) force exerted by the convecting
asthenosphere on the base of the lithosphere plays an
important and sometimes even dominant role as a
plate-moving mechanism.

Ziegler (1992) states that in the Western Hemi-
sphere frictional forces exerted on the base of the
lithosphere by the slowly convecting sub-litho-

spheric upper mantle play a key role as the driving
mechanism of plate movements, and such forces as
slab-pull and ridge-push can be considered second-
ary. At the same time, in a formula for determining
plate velocity Carlson (1981) marks basal drag force
as negative (opposing plate movement). Forsyth and
Uyeda (1975) also indicate that drag on the bottom
of plates resists motion, and would be stronger under
continents than under oceans. Richardson (1983)
guestions whether the drag force is negative or posi-
tive as well. Bercovici (2003, p. 108) openly accuses
some researchers (e.g., Jurdy and Stefanick, 1991;
Anderson, 2001) of stepping back from the main
postulates of the plate tectonics model, stating that:
“... there are several fundamental aspects of it that are
misleading at best; in particular, it portrays the plates
and convection as separate entities, with convection
currents prying open mid-ocean ridges and dragging
down subducting slabs. The other limit of plate mod-
els disregard convection, referring instead to pre-
existing plates moved by forces such as slab pull and
ridge push ... that are somehow unrelated to the con-
vective energy source that fuels these forces ...”. If
mantle convection with large convection cells is the
main cause of plate motion (e.g., Chapple and Tullis,
1977; Anderson, 1989), and convection currents are
the driving force behind the Earth’s tectonic system
(e.g., Holmes, 1931, 1944), how could it be that the
drag force generated by mantle convection would
not be the most significant force?

Certain researchers presume that plate motions
are mostly dictated by ridge push and subduction
pull forces (e.g., Dewey, 1988; Anderson et al.,
1992; Lithgow-Bertelloni and Richards, 1995; An-
derson, 2001; Buiter et al., 2001; Conrad and Lith-
gow-Bertelloni, 2002). Cruciani et al. (2005, p. 298)
states that: “During the last years has become quite
popular the idea that the slab pull is primarily driv-
ing plate tectonics.” Bott (1993, p. 949) comes to the
conclusion that “It has been tacitly assumed by the
author that the plates are essentially driven by edge
forces such as ridge push and subduction pull, rather
than by underside frictional drag exerted by mantle
convection.”

Chapple and Tullis (1977) consider the ridge
push force as very minor. They believe in the im-
portance of the different forces acting on plates, due
to the fact that each of them has an unknown sign
and magnitude. Wilson (1993) states that the relative
importance of the different forces involved may vary
both in the space and time, and they may either rein-
force or counterbalance each other depending upon
the tectonic setting.

Forsyth and Uyeda (1975) suggest that the forc-
es exerted on a downgoing slab dictate the velocity
of attached oceanic plates, being an order of magni-
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tude stronger than any other force, and causing any
oceanic plates attached to substantial amounts of
downgoing slabs to move with ‘terminal velocity.’
They assert that at such velocity, the gravitational
body force pulling the slab downward would be
nearly balanced with the resistance acting upon the
slab, regardless of other features of the trailing plate.

However, some researchers also emphasize the
importance of resisting forces. Buiter et al. (2001)
showed that plates are largely driven by slab pull
and ridge push forces, which are counteracted by
resistive forces (e.g., plate contact resistance and
viscous resistance). Forces resisting drag beneath
continents and net pull toward trenches on upper
plates are small but significant (Chapple and Tullis,
1977). Tectonic resistive forces are considered equal
and opposite in sign to the force exerted on the sub-
ducting plate, and therefore do not contribute greatly
to the net driving force of plate motion (Meijer and
Wortel, 1992). Wilson (1993) asserts that plate tec-
tonic resistive forces are exerted on the overriding
plate in a subduction zone at the interface with the
descending slab.

Other researchers believe that plate tectonics is
a far-from-equilibrium self-organized system (An-
derson, 2001, 2002, 2007; Stern, 2007). Bird (1998,
p. 115) states that “... it became natural to regard
plates of lithosphere as driving themselves and, inci-
dentally, stirring the rest of the mantle.” Hamilton
(2002) further believes that upper mantle convection
is a product, not a cause, of plate motion.

At the same time, many researchers have con-
sistently pointed out the persistent problems in un-
derstanding the processes driving lithospheric
plates. In the 1970s, Forsyth and Uyeda (1975, p.
164) noted how “...rather little is known about the
driving mechanisms of plate tectonics, although
various types of forces have been suggested.” In
the 1980s, Alvarez (1982) wrote that “the driving
mechanism of plate tectonics remains elusive.” In
the 1990s, Wilson (1993) stated that the processes
which drive the lithospheric plates were still not
fully understood, and Kerr (1995) indicated that the
next central unsolved mystery was: What drives
plates in the first place? Bokelmann (2002, p. 1027)
stated that “Although the concept of plates moving
on Earth's surface is universally accepted, it is less
clear which forces cause that motion,” while
Schellart (2004) pointed to the considerable debate
about the driving forces of tectonic plates and their
relative contribution. More recently, Van Andel
(2015) specified that: “... the lithospheric plates
move across Earth’s surface, driven by forces as
yet not fully understood ...”

Some scientists have also suggested that plate
tectonics may be triggered by the effect of tidal vari-
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ations across many hundreds of millions of years
(influence of the Moon and Sun’s gravity) (Riguzzi
et al., 2010; Eppelbaum and Isakov, 2015). Howev-
er, there is currently no theoretical or practical
methodology for testing this hypothesis.

Certain researchers (e.g., Skobelin et al. (1990);
Xawmn, (2001)) indicate that the plate tectonics model
cannot account for intraplate (platform) magmatism
(e.g., traps, platobasalts, kimberlites) and metalloge-
ny. From this point of view, the discovery of a giant
quasi-ring counterclockwise-rotating structure in the
Earth's mantle centered below the Cyprus Island
holds significant importance (Eppelbaum et al.,
2020; Eppelbaum and Katz, 2020). This deep struc-
ture helps explain the linear nature of continental
magmatism, which had not been previously given
sufficient tectonic-geophysical justification.

As a rule, any net force different from zero must
create acceleration in the direction of the net force.
At the same time, terminal velocity is achieved only
when the forces of friction are overcome by the oth-
er forces applied to the plate. Consequently, a sub-
ducting plate must either move with acceleration or
not move at all.

All of the abovementioned illustrates how there
is no clear definition of the forces operating in plate
tectonics and plate movement. In none of the cases
the role of different forces is made clear, and in
many it is not yet understood. In over fifty years
since introducing the plate tectonics model, the
question “What are the forces that drive plate
movement?” still remains unanswered, and the an-
swer is long overdue.

Did plate tectonics operate in the Hadean
and Early Archean?

Determining when plate tectonics began on
Earth is among the most important and enigmatic
problems in modern day geology. However, here it
is most important to learn whether plate tectonics
operated during the early Earth evolution (mostly the
Hadean — Early Archean).

Based on an analysis of the detrital zircons
from Jack Hills (Western Australia), Harrison et al.
(2005) concluded that a continental crust with vol-
ume similar in magnitude to the present day crust
had formed by 4.4 to 4.5 Ga, and was rapidly recy-
cled into the mantle. Many recent investigations
established the geochemistry of Hadean zircons
from the Jack Hills (Yilgarn Craton, Western Aus-
tralia) (ranging from ca. 4.4 to 3.0 Ga), showing
that their Hf isotope compositions suggest domi-
nant sourcing from the ancient felsic crust (Bell,
2013). Nebel et al. (2014) also indicate that previ-
ous researches from Jack Hills contain detrital zir-
con grains with ages as old as 4.37 Ga which are
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rare remnants of the Hadean (4.5-4.0 Ga) terrestrial
crust, and only a small proportion of detrital zir-
cons shows the Hadean age spectra. On top of this,
younger overgrowth rims on all ‘Hadean’ grains
indicate multiple recycling events. Their elemental
and isotope budget and mineral inclusions were
utilized in postulating the presence of an evolved
water-rich Hadean crust. The use of these zircons
for proposing that plate tectonics operated in the
Hadean is in many cases self-evident (e.g.,
Maruyama et al., 2016). Really, if we accept that
these zircons are remnants from a continental crust
that somehow disappeared sometime in the Hadean,
it is easy to surmise that the Hadean crust was
simply recycled into the mantle over the course of
plate tectonic processes. These zircons found in the
Jack Hills area (Yilgarn Craton of Western Austral-
ia) are held as evidence of the presence of a conti-
nental crust and oceans at the time of their for-
mation, with the oldest being nearly 4.4 Ga based
on its 5'®0 values (Peck et al., 2001; Wilde et al.,
2001).

Analysis presented in (Wilde et al., 2001)
demonstrates that this oldest zircon is zoned with
respect to rare earth elements and oxygen isotope
ratios (5'%0 values vary from 7.4%o to 5.0%o), and
that some data point to its growth from a granitic
melt. However, it is not the isotope 5'%0, but some
very specific rocks which can be formed only within
oceanic environments (e.g., carbonates, evaporites,
the presence of oceanic crust fragments (ophiolites,
peridotite layer)) that characterize the presence of a
water ocean, yet none of these rocks are known for
this period. This then places doubts on the existence
of a water ocean in the Hadean (e.g., Pilchin and
Eppelbaum, 2009; Eppelbaum et al., 2014). Differ-
ent scientists have come to conclusions that Earth’s
oceans were formed as early as: by ~4.5 Ga (Condie,
1989), in the Hadean (Morse and Mackenzie, 1998),
at ~4.4 Ga (Peck et al., 2001; Wilde et al., 2001,
Valley et al.,, 2002; Liu, 2004), ~4.3 Ga (Lowe,
1994; Mojzsis et al., 2003), by 4.2 Ga (Sleep et al.,
2001; Mojzsis et al., 2003), by 3.85 Ga (Nutman et
al., 1997), by 3.8 Ga (Lambert, 1982; Nisbet and
Sleep, 2001), by 3.6 Ga (Grotzinger and Kasting,
1993), ~3.5 Ga (Knauth and Lowe, 2003; Nunn,
1998).

Contrastingly, Pilchin and Eppelbaum (2012)
have shown that the oldest zircon of up to 4.4 Ga
found in the Jack Hills area does not prove that
oceans were necessarily present at the time of its
formation, as there could have been numerous other
causes for the elevation of §*%0 values in this zir-
con. A number of facts will be found to contradict
the presumption that 'O values within the zoned
zircon of 4.4 Ga (from the Jack Hills area) indicate

the existence of oceans prior to about 4.4 Ga. Since
the zircon was grown from a granitic melt, its §'%0
content should not be compared with the standard
mantle 3'80 content, especially as granitic melts are
not usually formed in the mantle. Data of Peck et
al. (2001) and Wilde et al. (2001) show that zircons
from the Jack Hills area are characterized by §'%0
values of about: 7.4%o at 4.353 Ga, 5.7%o at 4.15
Ga, 7.2%o at 4.13 Ga, 6.8%0 at 4.01 Ga, and 6.3%o
at 3.6-3.3 Ga, which would suggest that oceans ex-
isted at some periods, but not in other periods of
the Hadean-Archean. The strong relationship be-
tween 380 values and the formation temperature of
quartz (SiOy) should indicate that there were drasti-
cally fluctuating temperatures during the Hadean-
Archean.

According to experimental data derived from
zircons discovered in the Jack Hills area and the
relationship between the 50 values and the tem-
perature of quartz formation (Clayton et al., 1972;
Spooner et al., 1974), the temperatures during the
formation of those zircons were greater than 583-
623 K. Based on the micro-inclusions of SiO; in
zircons from the Jack Hills area, Wilde et al.
(2001), Valley et al. (2006) and Harrison et al.
(2006) came to the conclusion that the zircons
formed from silica-saturated granitic or granitoid
magma. However, silica-saturated magmas are
known for the high 5'®0 content in quartz (Mariano
et al., 1990; Knight et al., 2000), which may have
been a possible cause for the elevated 5'80 values
of some grains of these zircons. Moreover, §'%0
values are higher for quartz formed at relatively
higher temperatures (Mariano et al., 1990; Gal-
lagher et al., 1992; Knight et al., 2000). Tempera-
ture estimations indicate that Jack Hills zircons
ranging from 4.0 to 4.35 Ga yielded crystallization
temperature peaks at 943 K and 983 K (Harrison
and Watson, 2005), which would be favorable for
the elevated 50 values in quartz and some zircons
(Pilchin and Eppelbaum, 2009). Research also
shows that 80 values are high for carbonates
(Ducea and Saleeby, 2003; Sharp et al., 2003), CO;
(Sharp et al., 2003), and sulfates (Bindeman et al.,
2007). This means that the zircons of Jack Hills
could have become enriched with §'®0 through
contact with carbonate or sulfate rocks, or with CO»
itself from the early Earth atmosphere (Pilchin and
Eppelbaum, 2012). Elevated 3'°0 values for barite
from the Pilbara block of Western Australia (Rich-
ards et al., 2001) and Barberton Mountland of South
Africa (Gutzmer et al., 2006) also point to the possi-
ble involvement of sulfates and SO; in the elevated
580 values of the zircons from the Jack Hills area of
the Yilgarn Craton (Pilchin and Eppelbaum, 2009).
Conversely, data of Fehlhaber and Bird (1991) have
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shown that some minerals in gabbros that have been
in contact with supercritical water (which was wide-
ly present in the early Earth atmosphere (Pilchin and
Eppelbaum, 2012; Eppelbaum et al., 2014)) actually
have lowered values of 5'%0.

Pilchin and Eppelbaum (2012) note that taking
all of these details into account, it is more likely that
the zircons from the Jack Hills area represent the
first or one of the first attempts of Earth crust for-
mation. The only thing certain about those zircons is
the fact that after formation they were never again
heated above ~1173 K, or their age records would
have been completely erased. It is also clear that the
presence of an ocean is not necessary to form a
zoned zircon with §*%0 values in some grains a little
bit higher than those of the average mantle (Pilchin
and Eppelbaum, 2009, 2012). This also means that
such zircons existing in a local isolated place (or
even several places) likewise would not indicate the
existence of plate tectonics in the Hadean. This is in
agreement with results of other researches. For in-
stance, Shirey et al. (2008) come to the conclusion
that subduction was initiated by 3.9 Ga or at least by
3.5 Ga. They also dismiss the idea that Hadean zir-
cons aged between 4.4 and 4.0 Ga were formed in
continents, stating instead that they were most likely
derived from a continent-absent, mafic to ultramafic
protocrust that was remelted multiple times between
4.4 and 4.0 Ga.

Based on an investigation of the over 4-billion-
year history of the Jack Hills zircons, Bell (2013)
interprets the Hf isotope record as evidence of sub-
duction-related recycling, mainly from the ancient
Hadean crust at ca. 3.8-3.7 Ga. Nebel et al. (2014)
also state that the Hadean detrital zircon grains
from the Jack Hills area of the Narryer Terrane
(Western Australia’s Yilgarn Craton) were formed
not within the granitic continental crust, but within
the initially homogeneous thin mafic layer. They
believe that late heavy bombardment (3.85-3.90
Ga) is related to the onset of Archean-style tecton-
ics, likely associated with subduction activity and
lasting until ~3 Ga, when modern style plate tec-
tonics emerged. On the other hand, it was shown
earlier (Pilchin and Eppelbaum, 2012; Eppelbaum
et al., 2014) that formation of oceans on Earth only
began at the end of the Early Archean, at ~3.42-
3.26 Ga (most likely at ~3.26 Ga).

Among other researches pointing to the possi-
bility of plate tectonics operating in the Hadean-
Eoarchean, the following should be mentioned here.
Based on analysis of the Hadean to Eoarchean,
Turner et al. (2014) point to the possibility of sub-
duction of Earth’s crust and modern-day plate tec-
tonics in the Hadean. De Wit (1998) presumes that
the formation of oceanic lithosphere started from
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~4.5 Ga, the hydrosphere was accumulated by about
4.0 Ga, and modern plate tectonics probably started
between 4.2 and 4.0 Ga. Ernst (2009) argues that by
~4.3 Ga shallow seas were present, so surface tem-
peratures had fallen well below the (1) ~1573 K, (2)
~1393 K, and (3) ~1223 K (temperatures which are
much greater than those of the liquefaction of at-
mospheric water from the early Earth (Pilchin and
Eppelbaum, 2012; Eppelbaum et al., 2014)) for low-
pressure solidi of (1) peridotite, (2) basalt, and (3)
granite, and he proposes there was growth of the
oceanic and continental plates during 4.4-2.7 Ga.

Based on analysis of Hadean to Eoarchean
rocks from Nuvvuagittug Greenstone Belt (Canada),
O'Neil and Carlson (2014) suggest that a process
similar to subduction, if not subduction itself, was
active as early as in the Hadean or Eoarchean. Sleep
(2010) states that the Earth began hot after the
moon-forming impact, and cooled to the point where
liquid water was present within about 10 million
years. He also believes that a warm 500 K, 100 bar
CO, greenhouse persisted until subducted oceanic
crust sequestered CO; into the mantle, mentioning as
an example carbonate subduction by 4.26 Ga in In-
dia, and indicating that mantle-derived rocks, espe-
cially kimberlites and similar CO,-rich magmas,
preserve evidence of the subducted upper oceanic
crust. Foley et al. (2014) argue that subduction was
possible in the Hadean's Earth (referring to it as pro-
to-subduction or proto-plate tectonics), and that this
proto-subduction tectonics differed from modern
plate tectonics. They state that at high mantle tem-
peratures of ~2000 K, the mode of subduction
switches to a “sluggish subduction” style. They also
indicate that a number of models of post-magma-
ocean mantle convection demonstrates that proto-
plate tectonics likely initiated within ~100 My of the
magma ocean’s solidification. Arndt and Nisbet
(2012) state that after the Moon-forming event oc-
curred at ~4.5 Ga, the ocean/atmosphere system and
uppermost few kilometers of the crust cooled within
a few million years and, if early subduction were
efficient, this could have taken as little as 10 million
years, leaving a cold lifeless Earth, its oceans white
with ice. They also suggest that from ~4.4 to 4.0 Ga,
wide areas of the planet may have been covered in
lava flows beneath a deep ice-covered ocean.

Many researchers believe that plate tectonics
started in the Archean (Bercovici, 2003; Shervais,
2006) or even in the beginning of the Early Arche-
an (probably from 3.8 Ga; Shervais, 2006). At the
same time, the initiation of recognizable plate-
tectonic processes occurred by 3.0 Ga (Shervais,
2006). Tatsumi et al. (2015) found mounting evi-
dence that both ocean formation and plate tectonics
operation took place in the Early Archean between
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3.6-3.9 Ga. Nutman et al. (2002) report horizontal
movements in the Isua supracrustal belt between
3.65-3.60 Ga, and propose that some form of plate
tectonics was operational back then. Kroner and
Layer (1992) state that rigid continental plates must
have existed since at least 3.5 Ga. Based on paleo-
magnetic, geochemical and tectonostratigraphic
data, Cawood et al. (2006) establish that plate tec-
tonics have been active since at least 3.1 Ga. Con-
die and Kréner (2008) also state that modern plate
tectonics were operational at least in some regions
on Earth since 3.0 Ga, or even earlier, and that they
became widespread since 2.7 Ga. Rapp et al. (2008)
indicate the appearance of monzodiorites and
trachyandesites of the sanukitoid suite in ~3.0-2.8
Ga, marking it the beginning of “modern-style”
plate tectonic subduction. Calvert et al. (1995) dis-
cuss the following items: (1) start of plate tectonics
at ~1.89 Ga in the Svecofennian orogen (Fen-
noscandian Shield); (2) inferred plate convergence,
subduction and accretion in the Trans-Hudson oro-
gen (Precambrian Canadian Shield and North
American Craton) at ~1.91-1.79 Ga; and (3) com-
bining seismic data with geochronology and struc-
tural mapping to identify the collision zone in the
Superior Province of Canada (involving the Abitibi
Subprovince and the Opatica belt), which repre-
sents a relict 2.69 Ga suture associated with sub-
duction, thereby arguing this is a period of active
plate tectonics.

Sizova et al. (2010) used numerical modeling to
identify a first-order transition from a “no-
subduction” tectonic regime (with upper-mantle
temperatures >250 K higher than present), through a
“pre-subduction” tectonic regime (upper-mantle
temperatures 175-250 K higher than present), to the
modern form of subduction (when upper mantle
temperatures dropped below 175-160 K higher than
present). These results suggest that the transition to
the modern plate tectonic regime may have occurred
during the Mesoarchean-Neoarchean period (~3.2-
2.5 Ga). Grove and Parman (2004) distinguish that
the decline in the abundance of komatiites from the
Archean to the Phanerozoic is evidence of secular
cooling of the mantle (up to 773 K between 3.5 Ga
and today). In another model they show hydrous
melting at shallow mantle depths in a subduction
environment within the Archean mantle to produce
komatiites at only slightly hotter temperatures than
at present (~373 K), indicating that subduction oper-
ated in the Archean.

Some researchers point out that the hotter man-
tle (~200 K hotter, e.g., Hamilton, 1998, 2007b;
~175-250 K hotter, e.g., Sizova et al., 2010) during
early periods of Earth’s evolution (such as the Ar-
chean) would produce a thick and buoyant crust that

could pose a problem for subductability of the oce-
anic lithosphere (e.g., Hamilton, 1998, 2007b; Ko-
renaga, 2008). Hamilton (2007b) shows that mantle
temperatures are likely to have been hotter than at
present by about 300 K at 3.5 Ga, 200 K at 2.5 Ga,
and 120 K at 2.0 Ga; with a secular cooling of the
upper mantle by 75 K-100 K per Ga (Anderson,
2007; Hamilton, 2007a,b). Korenaga (2008) believes
that such high mantle temperatures could present a
problem for the emergence of plate tectonics prior to
the Proterozoic.

Hamilton (2007a,b) shows that plate tectonic
processes did not operate in the Archean, with some
elements of plate tectonics beginning at ~2.1 Ga,
though they were quite distinct from the modern
form, which began to operate only from Neoprotero-
zoic or very early Paleozoic period. He links initia-
tion of the present form of plate tectonics with the
formation of ophiolites and ultra-high pressure
rocks. Sharkov and Bogatikov (2001) also indicate
that the onset of plate tectonics on Earth took place
at 2.2-2.0 Ga.

Hamilton (2011) shows that Archean, Paleopro-
terozoic and Mesoproterozoic rocks, assemblages
and structures greatly differ from each other and
from modern ones; he indicates a lack of evidence
for subduction and seafloor spreading in rocks of
Mesoproterozoic age and older, while they are wide-
spread in Phanerozoic terrains. He states that sub-
duction began at ~850 Ma, while fully modern plate-
tectonic processes only started in the Ordovician.
Stern (2005, 2007, 2008) argues that criteria for the
operation of plate tectonics includes ophiolites,
blueschists, and ultra-high-pressure metamorphic
belts, all of which predominantly appear after ~1 Ga,
which is the reason why modern style plate tectonics
began at this time or later in the Neoproterozoic.
Ophiolites are very rare before ~1 Ga, and they man-
ifest two modes of lithospheric motion expected
from subduction tectonics: seafloor spreading and
obduction. However, if the appearance of UHP rocks
was explained as processes only taking place at great
depths in subduction zones (Ernst, 1971), then the
absence of these rocks prior to ~620 Ma (Stern,
2005) would put in the question the existence of the
subduction process at earlier time periods. On the
other hand, obduction is the most well-known pro-
cess of plate tectonics (e.g., Pilchin, 2015), and al-
ways includes the presence of serpentinized perido-
tites and ophiolites.

The process of obduction with a model of the
following evolution of region is thoroughly dis-
cussed in Pilchin and Eppelbaum (2002) and two
simplified models for obduction on continental mar-
gin (1), and parts of ocean plate onto itself (2) are
presented in Figures 2 and 3, respectively.
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Fig. 2. Simplified diagram of tectonic activity of an oceanic
plate near the continental margin caused by serpentinization
within its peridotite layer: a) initial push of activated oceanic
plate against the continental margin; b) formation of decol-
lement and start of the obduction process; ¢) formation of the
decollement and start of the subduction process. CM — continen-
tal margin; OP — oceanic plate; SZ — zone of serpentinization of
peridotite layer of oceanic plate; SL — sea level; DO — possible
position of decollement for starting the obduction process; DS —
possible position of decollement for starting the subduction pro-
cess; DB — detached block of continental margin.
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Fig. 3. Simplified diagram of tectonic activity of an oceanic
plate in the oceanic areas caused by serpentinization within its
peridotite layer. The designations are the same that in Fig. 2.

The aforementioned means that the absolute
majority of ophiolites appearing only after ~1 Ga
also creates problems explaining obduction pro-
cesses at earlier time periods. Certain other rese-
archers also note the scarcity of complete ophiolites
before 1 Ga (Condie and Kroner, 2008). Additio-
nally, it is important to mention that blueschists
(usually having age <800 Ma (Stern, 2005), <I Ga
(Condie and Kroner, 2008)) are always associated
with ophiolites and serpentinite-containing thrusts
(e.g., Pilchin, 2005), which is the main reason why
they were chosen as one of the markers of the onset
of plate tectonics. Stern (2005) indicates that plate
tectonics could not have begun until the Earth
cooled sufficiently. Davies (1992) shows that the
corresponding cooling of the crust and upper mantle
necessary for the onset of plate tectonics took place
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sometime between 0.9-1.4 Ga. He also notes that
plate tectonics could have operated at earlier times,
but more slowly.

The problem of plate tectonics emerging on
Earth was thoroughly discussed at the Geological
Society of America Penrose Conference in
Lander, Wyoming, USA (June, 2006), where
among others researchers came to the conclusion
that “Earth is the only planet with plate tectonics,
and it is controversial why and when this began.
Some argue that plate tectonics already operated
in Archean time, whereas others argue for a much
later beginning... Demonstrating that plate tecton-
ics operated at any given time requires evidence
for subduction and independent plate motion and
rotation. Understanding when and why plate tec-
tonics began is one of the most important unre-
solved problems in understanding Earth...” (Stern,
2007; pp. 578-579). Reporting the discussions
from this conference, Witze (2006) states that the
65 attendees came up with 18 different definitions
of plate tectonics, with the majority voting that
plate tectonics started between 3 billion and 4 bil-
lion years ago. Most researchers at this conference
agreed on three components required for plate tec-
tonics (Witze, 2006): (1) there must be rigid plates
at the surface of the Earth; (2) those plates must
move apart through ocean spreading with new
crust being made where the sea floor pulls apart,
and (3) the plates must dive on occasion beneath
each other in subduction zones.

At the same time, researchers accepted sub-
duction as a diagnostic factor for plate tectonics.
However, the word “rigid” means “unbending,”
which as it was shown above could be a problem
for the initiation of subduction. A rigid plate also
means that it must be able to transfer applied force
(pressure) to its other parts without altering its
shape. This would require the plate to contain an
elastic layer (elastic lithosphere) of significant
thickness for the plate to operate as a single unit.
The plate therefore could not be brittle, because it
would then simply break apart before accomplish-
ing the processes required for plate tectonics. We
know that any typical lithospheric plate is com-
posed of an upper brittle layer (with temperatures
<~573 K), an intermediate elastic lithosphere
(with temperatures between 573 K and 873 K),
and a lower more plastic part of the lithosphere
(with temperatures >~873 K). It is indeed the elas-
tic lithosphere that holds the plate together and
provides necessary support for its operation as a
single unit, so naturally a plate will be stronger
when its elastic part is thicker. At the same time, a
colder plate would have a thinner lower (plastic)
part, which would also make the plate much
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stronger. This clearly indicates that thermodynam-
ic conditions (primarily temperature conditions) of
the surface and within the lithosphere are key pa-
rameters to the characteristics of lithospheric
plates and their formation.

Let us take a look at the thermodynamic con-
ditions of Earth’s surface, and conditions of for-
mation of the earliest lithosphere during the early
Earth evolution. It was shown earlier (e.g., Pilchin
and Eppelbaum, 2009; Eppelbaum et al., 2014;
Pilchin, 2015) that after accretion of the Earth and
other planets, the Moon and terrestrial planets
were covered with a magma-ocean, which for
Earth was ~1000 km deep. This means that for-
mation of the early Earth lithosphere, as well as
that of any other planet, first began with solidifi-
cation of the magma-ocean, and was strongly de-
pendent on the rate of cooling of its surface and
upper layers as it solidified (e.g., Pilchin and Ep-
pelbaum, 2012). Formation of the early litho-
sphere in the Earth first began with the solidifica-
tion of a forsterite layer at a depth of 70-100 km
in Archean cratons within the magma-ocean
(Pilchin, 2011; Pilchin and Eppelbaum, 2012).

The following features are among the best
markers of the surface temperature conditions of
early Earth: (1) drop of temperatures below 1173 K
in the Hadean-Eoarchean during formation of zir-
cons in the Jack Hills area (Yilgarn Craton, Western
Australia); (2) formation of first Algoma-type band-
ed iron formations (BIFs) as early as 3.85 Ga in
Greenland (Klein, 2005) and 3.5 Ga in Australia
(Klein, 2005), indicating a drop of surface tempera-
tures below 843 K; (3) temperatures dropping to
~600 K at the time of the start of water-ocean for-
mation at ~3.42-3.26 Ga in Barberton GSB (South
Africa) (Pilchin and Eppelbaum, 2012; Eppelbaum
etal., 2014).

These temperature values clearly show that:
formation of a brittle layer of lithosphere was not
possible in the Hadean — Early Archean; no elastic
layer of lithosphere could have been formed during
the Hadean; the thin elastic lithosphere in the Early
Archean began directly from the surface and had no
contact with the convecting mantle. All this clearly
demonstrates that the formation of strong rigid plates
was not possible in the Hadean — Early Archean. It
also means that plate tectonics did not operate on
Earth during the Hadean — Early Archean. Analysis
of conditions of the formation of granulites during
different periods of the Archean and Early Protero-
zoic (Eppelbaum et al., 2014) reveals the following
average temperatures:

This data indicates that crustal temperatures
were relatively high at depths of the lower crust dur-

ing the Early Archean — Early Proterozoic, and that
the effective elastic thickness (Te) of the continental
lithosphere within Archean cratons during these pe-
riods of granulites formation was below 9-12 km,
with a total thickness of the young lithosphere of
~100 km (e.g., Pilchin and Eppelbaum, 2012). Such
high temperatures and such low effective elastic
lithospheric thickness would force it to lose some or
even most of its strength and rigidity, and conse-
guently such lithospheric plates would not be able to
participate in plate tectonic processes at this period
(Pilchin and Eppelbaum, 2012). This is in agreement
with data of Artyushkov et al. (2000) on the loss of
lithospheric rigidity in areas with high temperatures
and low effective elastic thickness.

Table 1

Averaged relationship between the age,
temperature and depth of Earth's crustal blocks

Age Temperature, K Diﬁ:h‘
Early and Middle Archean 1059 30.3
Late Archean 1127 30.0
Early Palaeoproterozoic 1040 23
Late Palaeoproterozoic 1087 28.4

At the same time, for subduction to take
place, crustal rocks must first be converted to
dense eclogite to form the negative buoyancy
force required (Pilchin, 2015). Analysis of the
thermodynamic conditions of the formation of ec-
logites indicates that they were formed at average
depths of ~64 km (within the subcontinental litho-
spheric mantle) with average temperatures of 856
K and an average geothermal gradient of 9.1
K/km. This means that for the formation of eclo-
gites through a basalt-eclogite phase transfor-
mation or other process involving the presence of
crustal rocks, those rocks must first somehow be
delivered to a depth of ~64 km (e.g., Pilchin,
2015). It should also be stated that eclogites
formed during the solidification of basaltic magma
within magma chambers or magmatic channels
would not form layers, especially not dense ho-
mogeneous layers, but rather eclogite pockets. It is
also evident that the average temperature expected
for eclogite formation at depths of ~64 km is
much lower than temperatures at shallower depths
defined by conditions of granulite formation dur-
ing the Early Archean — Early Proterozoic. Table
2 displays an analysis of thermodynamic condi-
tions of the formation of eclogites at different
temperatures (low, intermediate, and high temper-
atures).
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Table 2

Thermodynamic conditions for the formation of eclogites with different origins
(after Pilchin (2011), with modifications)

Eclogites Formed at Temper- | Average Average Aver:ige Average Depth Average Geothermal
atures K, (n) T, K P, GPa PIT™, of Lithostatic Gradient (K/km)
' ’ ’ MPa/K Pressure, km
T <843 (n=279) 762 1.51 3.10 50 9.8
843 <T <993 (n=216) 910 2.13 3.34 70 9.1
T>993(n=61) 1075.3 2.77 3.46 90 8.7

*Average P/T values were calculated as the average of the P/T ratios

If we compare temperatures of the formation of
eclogites (Table 2) with those of the formation of
granulites at different periods of the Early Archean —
Early Proterozoic (Pilchin and Eppelbaum, 2012; Ep-
pelbaum et al., 2014), it becomes clear that only high
temperature eclogites (if any) could have been formed
at depths greater than 30 km; and the average depths
of high-temperature eclogite formation are ~90 km.
This means that crustal protoliths for the formation of
eclogites during the Early Archean — Early Proterozo-
ic would have to be delivered to an average depth of
~90 km rather than ~64 km. This makes the problem
even more complicated, because of the immensely
gigantic force that would be required to push a
plate/slab downwards to such an extent. Moreover,
even though all kimberlites within cratonic areas of
southern Africa contain eclogite (Gurney et al., 1991),
it nonetheless remains a rare type of xenolith in most
localities (Gurney et al., 1991; Pearson et al., 2003).
Schulze (1989) concluded that the amount of eclogite
in the upper 200 km of the subcontinental upper man-
tle is perhaps less than 1% by volume. Carlson et al.
(2005) show that in general, high-velocity bodies con-
sistent with large masses of eclogite are not observed
in the continental mantle, and that at present eclogite
appears to be a relatively minor component of the con-
tinental lithospheric mantle. At the same time, eclo-
gites of Hadean — Early Archean age are completely
unknown. All of the above means that during the Ar-
chean eclogite content within the subcontinental litho-
spheric mantle ranged from very low to negligible and
could not play a significant role in generating condi-
tions with negative buoyancy, and therefore the con-
ventional subduction process was not possible.

Another problem that appeared with the onset of
plate tectonics and subduction during early Earth evo-
lution is related to the fact that the iron content of
magmatic rocks in the Archean was the lowest, in-
creasing towards the present time (Pilchin and Ep-
pelbaum, 2008, 2009). Careful examination of mag-
matic rocks during most of Earth’s evolution shows
that mafic magmas in significant amounts only began
to appear in continents from the Late Archean
(Pilchin and Eppelbaum, 2008). The content of FeO
(as total iron content) in mafic magmatic rocks in
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continents was <10-11% in the Archean, 11.5-13.7%
in the Proterozoic-Mesozoic and 12.25-14% in the
Tertiary (Pilchin and Eppelbaum, 2012). Additional-
ly, the FeO-content of oceanic magmas is significant-
ly lower, at about 8.3-9.1% for mid-ocean ridge bas-
alts, 8.5-9.7% for island arc basalts, 10.2% for ocean
floor basalts and 10.6-12.6% for oceanic intraplate
volcanism. While this means that continental rocks
were less dense in the Archean, the low iron content
in oceanic rocks also creates a density problem for the
oceanic lithosphere, which would have been even
more buoyant than continental rocks. This is a fun-
damental obstacle to the start of the subduction pro-
cess for which negative buoyancy is crucial.

On other hand, the fact that water-ocean formation
began only at the end of the Early Archean (at ~ 3.26
Ga; Pilchin and Eppelbaum, 2012; Eppelbaum et al.,
2014) means that during the Hadean — Early Archean,
the oceanic lithosphere as we know did not exist, ren-
dering the present form of plate tectonics impossible
during these time periods. It also means that formation
of the oceanic lithosphere started around the boundary
between the Early and Middle Archean. It is difficult to
pinpoint when the first oceanic lithosphere emerged on
Earth, but we know that formation of obduction pro-
cesses and the appearance of remnants of an oceanic
peridotite layer on the surface started only in the Early
Proterozoic (e.g., Pilchin, 2016b). In other words, for-
mation of the oceanic lithosphere and the start of plate
tectonic processes in the Earth took place a long time
after the Early Archean.

To reiterate, the high surface temperatures, a
mostly plastic lithosphere, the presence of magma
layers at shallow depths, absence of a water-ocean
and oceanic lithosphere, absence of eclogites, ab-
sence of serpentinites and many other mentioned
above reasons made it impossible for plate tectonics
to operate on Earth in Hadean — Early Archean.

Let us take a look at the possibility of plate tecton-
ics operating on other planets of the Solar System dur-
ing their early evolution. It is generally accepted that
the Earth is the only known planet with subduction
zones and plate tectonics (e.g., Stevenson, 1994; Stern,
2005, 2008). At the same time, some researchers be-
lieve that some form of plate tectonics could have oc-
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curred in the history of Mars and Venus (Sleep, 1994;
Schubert et al., 2001; Fowler and O’Brien, 1996; Tur-
cotte et al., 1999; Solomatov, 2004).

Dohm et al. (2015) hypothesize plate tectonics
on Mars to have terminated sometime prior to the
~4.0 Ga Hellas impact events, which is referred to as
the Mars plate-tectonic-basement hypothesis and
includes the Claritas subduction zone region. The
data points to a Hadean-age-equivalent phase of
plate tectonism on Mars.

Pilchin (2016a) has shown that the region of Ve-
nus’s accretion within the solar nebula was relatively
hot (750-850K), and that the planet was most likely
able to collect more heat energy during accretion than
Earth or Mars. Venus was under heavy bombardment
during its early evolution, as any other planet, and
received much more heat energy from the Sun than
Earth or Mars, making it likely that VVenus never had
a surface temperature lower than it currently does
(~740K). This means that the Venusian surface never
cooled below the temperature of water-ocean for-
mation, and subsequently never had an oceanic litho-
sphere. It would also mean that its lithosphere never
formed an elastic layer thicker than a few kilometers,
which always ran from the surface. The plastic and
molten rocks at shallow depths would not permit any
plate to descend under such thermal conditions
(Pilchin, 2015). It is of course too early to talk about
plate tectonics on Venus, as it does not yet have thick
elastic plates, nor has it yet cooled sufficiently to form
rigid plates. However, the impossibility of a water-
ocean forming, not to mention an oceanic lithosphere,
and the impossibility for the serpentinization process
to take place makes Earth-type plate tectonics on Ve-
nus simply unimaginable in its future.

In the case of Mars, many researchers believe
that a water-ocean has existed on the planet at some
period (e.g., Carr, 1996; Clifford and Parker, 2001),
with different researches proposing various sizes for
it. Such an ocean may have contained a significant
amount of water, estimated at a global equivalent lay-
er (GEL) of ~500-1000 m in the Late Hesperian —
Early Amazonian (Carr, 1996), and alternatively at a
total GEL of ~550-1400 m (Clifford and Parker,
2001). This means that the formation of an oceanic
crust/lithosphere was possible in the past. This is in
agreement with recent discoveries of serpentine on
the Martian surface (e.g., Ehlmann et al., 2010) in
mélange terrains of the Claritas Rise and the Nili Fos-
sae, several southern highlands impact craters, and the
regional olivine-rich stratigraphic unit near the Isidis
basin. This evidence of the presence of serpentine is
very important in analyzing the possibility of the ex-
istence of a Martian water-ocean, as well as that of
plate tectonics having operated on the planet in its
past, since on Earth the formation of serpentine is in-

variably associated with the serpentinization process.
That the presence of serpentine on Mars is uncommon
(e.g., Ehlmann et al., 2010) means that serpentiniza-
tion took place at some depth, and that the process
was of a limited scale, preventing the evolution of
thrust systems. The fact that serpentine is found in
association with mélange terrains at the Claritas Rise
and the Nili Fossae is unequivocal evidence that the
serpentinization process did in fact take place on
Mars, as the formation of mélanges is also typical for
the serpentinization process on Earth (e.g., Pilchin,
2005). However, the presence of significant amounts
of olivine on Mars (e.g., Ehlmann et al., 2010) indi-
cates that serpentinization was not widely spread
across the planet. It also suggests either a quick cool-
ing of the planet’s crust to below about 473-523 K, or
a lack of water within the crust in contact with oli-
vine. Ehlmann et al. (2010) come to the conclusion
that serpentine-bearing materials appear to be restrict-
ed to Noachian-aged rocks in the Nili-Fossae olivine-
carbonate-serpentine unit. Since it is clear that water
was present on Mars in significant quantities, it is then
likely that the temperature at some depths within the
crust dropped below 473-523 K by the end of the Noa-
chian. In which case, most of the crust would have
been much colder than is required to form the elastic
portion of the lithosphere, and it is possible that plates
were then too thick to initiate plate tectonics. Moreo-
ver, the absence of SO, from the present Martian at-
mosphere (e.g., Catling, 2004) indicates the lack of any
significant volcanic activity for a long period of time.
The abovementioned shows that Mars does not have
the energy required for plate tectonics at this time, and
its ensuing cooling hinders any expectations for plate
tectonic processes in the planet’s future.

Lastly, to briefly mention conditions on our
nearest terrestrial neighbor. The presence of a 52-
km-thick (Taylor and McLennan, 2009) buoyant
anorthosite crust on the Moon and a lack of energy
sources indicate that plate tectonics was not possible
there in the past, and nor will it take place there in
the future. The enigmatic event proposed to have
taken place on the Moon between 3.4-3.9 billion
years ago (Pechersky and Eppelbaum, 2018) re-
quires further study for possible connection with
plate tectonic processes.

Conclusions

The review given here does not at all exhaust
such a complex topic as the assessment of the mutu-
al influence of plate tectonics and Earth evolution. It
is multicomponent and intricately prolonged (over
hundreds of millions of years). Due to the lack of
sufficient space in the journal, some key processes
of Earth’s development preceding the start of plate
tectonics were overlooked such as: 'Formation, evo-
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lution, and solidification of the magma-ocean’,
'Problems relating to the Earth's primordial crust',
'Formation of overpressure', 'Eclogite problems' and
others. Nevertheless, the authors hope that this study
will contribute to a deeper understanding of these
complex processes that have shaped the modern face
of the Earth.
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OCTaBHIIN JIMIIG CJIA0BIE CIIEBI CBOETO CYIIECTBOBAHMS M HEKOTOPBIE OCTATOUHBIE (P(HEKTHI (0COOEHHO Te, ITO UMEIH MECTO B Ka-
Tepxee M paHHeM-TI03HeM apxee). Cpely Takux MpOILEcCOB MOXXHO OTMETHTH IUIaHETapHYIO aKKpeIHio 3eMin, oOpa3oBaHue psia
YHUKAJIBHBIX TOPHBIX KOMIUIEKCOB, HHHUIIMAPOBAaHHE IIpoLiecca TEKTOHUKH IUIHT, TTOSIBJIEHHE OCHOBHBIX CHJI, ABI)KYIIMX TEKTOHHKY
IUTUT, 3HAYUTENILHOE BIMSHHUE TEIUIOBBIX MApaMeTPOB, POJIb H30BITOYHOTO AABICHUS B Pa3IHYHBIX (M3UKO-TEOTIOTHYECKUX YCIOBH-
X, CTpaTH(UKALUIO 3eMHOIl KOpBI U JUTOChEpBl MO INIOTHOCTH U PSR JPYTHX TEPMOAMHAMHYECKHX TporeccoB. [loutn Bce oHH
OCTAIOTCSI HEAOCTATOYHO HCCIIEJOBAaHHBIMU BBUAY 3HAUMTEIBHON HEONPEIEIEHHOCTH B CPOKaX M CIOCO0aX MX 3BOJIOLHUHM, a TAKKe
HEOJHO3HAYHOCTH HX BTOPHYHBIX MOKa3aTelle M TEKTOHOreO(PU3MUECKUX XapaKTePUCTHK. B To >xe BpeMs MHOTHE TEKTOHO-
Te0JMHAMUYECKHE MIPOIECCHl U MapaMeTPsl OBUTH M OCTAIOTCS B3aUMOCBS3aHHBIMH, M OZHOBPEMEHHOE HM3MEHEHHE MHOXKECTBA Pas3-
JIMYHBIX (PaKTOPOB Urpallo CYIIECTBEHHYIO POJb B X BO3/CHCTBHU Ha T€OJIOTHYECKYIO cpexy. HekoTopsle U3 3THX CIOXKHBIX BOIIPO-
cOB 00CYy>KIaroTCs B JaHHOM cTaThe. Hampumep, kakoBa poib (heHOMEHA TEKTOHHKH IUIAT M KOTJ[a Ha 3eMile HaqaJcs STOT mporecc?
Oco6oe BHIMaHKE B 0030pe yASNICHO HETIPOCTHIM METOAaM aHaJIN3a MPUPO/BI TEKTOHNYECKHX IPOIECCOB, IPHMEHIEMbIM YIeHBIMH-
reojoraMy Ha NPOTSDKEHUM MHOTHX TIOKOJIEHHH. B mpoBeaeHHOM 0030pe TakKe HCIOIb30BaJINCh HEKOTOpPbIE (hM3NUECKHe apamMerT-
PBl, IOJTyYeHHBIE Ha Apyrux miaHerax CoJHEYHOH CHCTEMBI.

Kniouesvie cnosa: mekmonuxa nium, oCHOGHbIE 0BUdICYWUE CUTbL, TMEPMOOUHAMUYECKUEe MOOeNU, POlb NIOMHOCHU, MOOelU
2NYOUNHHO20 CIMPOeHUs, PANHAS I80IOYUA emnu

PLiTOLOR TEKTONIKASI VO YERIN TOKAMULU: KONSEPTUAL iCMAL

Pil¢in A.N., Eppelbaum L.V.2
tUniversal Geoelm Va Otraf Miihit UZRO Konsalting sirkati, Ontario, Kanada
M2M4B1, Kanada, Ontario, Villoudale, Xilda av., 205:Ipilchin@gmail.com
2Yer Elmlori bolmasi, Daqiq elmlor fagiiltasi, Tel- Oviv Universiteti,
6997801, Ramat Oviv, Tel-Bviv, Israel: levar@post.tau.ac.il
3Azorbaycan Doviat Neft va Sanaye Universiteti,
AZ1010, Azarbaycan, Baki sah., Azadliq prosp. 20

Xiilasa. Son yuzilliklor arzinds Yerds bas veran tektonik-geodinamik proseslorin ganunauygunlugunun dark edilmasina ¢oxsay-
11 cohdlorlo togobbiis gdstorilmisdir. Horgond heg bir paradigma biitiin mosalaloro tam cavab vermomisdir, bu icmal Yerin tokamiiliino
dair tektonik tosovviirlorin inkisafinin miasir voziyyati ilo oxucular: tanig etmoys ¢agirigdir. Qeyd etmok lazimdir ki, ilkin Yerin to-
kamiilii geyri-konvensional parametrlorlo saciyyslonan bir sira unikal proseslorlo xarakterizo edilir. Lakin onlarin oksoriyyatinin fizi-
ki-kimyovi-geoloji parametrlori Yerin sonraki tokamiiliiniin gedisindo miihiim doracado itirilmigdir (silinmisdir); bozi proseslor 6zlo-
rinin méveiidlugunun yalmz zeif izlorini vo qalhq effektlorini (xiisusilo Katerxeyds vo Ilkin-Gec Arxeyds bas veronlor) saxlamslar.
Belo proseslar igorisinds Yerin planetar akkresiyasi, bir sira dag komplekslarinin amoala galmosi, plitslor tektonikast prosesinin 6yro-
nilmasina togobbiis, plitolar tektonikasini harokoto gotiran osas qiivvalorin tozahiiri, istilik parametrlorinin mithiim tosiri, miixtolif fi-
ziki-geoloji soraitds artiq tozyiqin rolu, yer gabig: va litosferin sixliga goro stratifikasiyasi vo bir sira digor termodinamik proseslori
geyd etmok olar. Onlarin, demoak olar ki, hamisi tokamiiliiniin miiddatlorinds vs tisullarindaki mithiim geyri-miioyyoanliys, hamginin
onlarin ikincidoracali gostaricilorinin vo tektonik-geofiziki xarakteristikalarin geyri-birmonaliligina goro, kifayot dorocods todgiq
edilmamigdir. Eyni zamanda bir ¢ox tektonik-geodinamik proseslor vo parametrlor garsiligli olagods olmuslar vo olurlar, va ¢oxsayli
miixtolif faktorlarin eyni vaxtda doyisilmasi onlarin geoloji miihits tasirinds miihiim rol oynamisdir. Bu miirokkob masalslardan bazi-
lori hazirki mogalods miizakira olunur. Masalan, plitalor tektonikas: fenomeninin rolu necadir va Yerds bu proses no vaxt baglamigdir?
Bir ¢ox nasillor arzinds alim-geologlar torafindan totbiq edilon tektonik proseslorin tobistinin analizinin sads olmayan metodlarina ic-
malda asas diqgst yetirilmisdir. Aparilmis icmalda Giines sisteminin digar planetlorinds alinmis bazi fiziki parametlordon ds istifads
edilmisdir.

Agar sézlar: plitalor tektonikasi, asas harakatverici giivwalar, termodinamik modellar, sixligin rolu, darinlik qurulusunun model-
lori, ilkin Yerin tokamiilii
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