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When plate tectonics began on the Earth has been long debated and here we argue this topic based on
the records of Earth-Moon geology and asteroid belt to conclude that the onset of plate tectonics was
during the middle Hadean (4.37e4.20 Ga). The trigger of the initiation of plate tectonics is the ABEL
Bombardment, which delivered oceanic and atmospheric components on a completely dry reductive
Earth, originally comprised of enstatite chondrite-like materials. Through the accretion of volatiles, shock
metamorphism processed with vaporization of both CI chondrite and supracrustal rocks at the bom-
barded location, and significant recrystallization went through under wet conditions, caused consider-
able eclogitization in the primordial continents composed of felsic upper crust of 21 km thick
anorthosite, and 50 km or even thicker KREEP lower crust. Eclogitization must have yielded a powerful
slab-pull force to initiate plate tectonics in the middle Hadean. Another important factor is the size of the
bombardment. By creating Pacific Ocean class crater by 1000 km across impactor, rigid plate operating
stagnant lid tectonics since the early Hadean was severely destroyed, and oceanic lithosphere was
generated to have bi-modal lithosphere on the Earth to enable the operation of plate tectonics.
Considering the importance of the ABEL Bombardment event which initiated plate tectonics including
the appearance of ocean and atmosphere, we propose that the Hadean Eon can be subdivided into
three periods: (1) early Hadean (4.57e4.37 Ga), (2) middle Hadean (4.37e4.20 Ga), and (3) late Hadean
(4.20e4.00 Ga).

� 2017, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The Earth is the only example among all planets in our solar
system with active plate tectonics (Fig. 1), and also life-bearing
since Hadean (e.g. Turner et al., 2014; Ebisuzaki and Maruyama,
2017). This rocky planet is characterized by both H2O ocean and
wide-spread granitic continents covering its surface. The appear-
ance of ocean triggered the operation of plate tectonics, which
promoted subduction of oceanic plate at the trench and generation
of TTG (tonalite-trondhjemite-granodiorite) magmas at the
ma).
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continental region. As a result, important nutrients are being
continuously supplied for the survival for life, together with CO2,
N2, and H2O as components of the building blocks of life. Thus, the
Habitable Trinity environment is sustainedwhich is one of the basic
conditions for life. Plate tectonics, life, H2O ocean, and granitic
continents must genetically relate with each other (e.g. Dohm and
Maruyama, 2015).

“When plate tectonics began on this planet” is one of the most
heated debates in Earth Sciences ever since the new paradigm of
plate tectonics was established in 1968 (e.g., Le Pichon, 1968;
Morgan, 1968; McKenzie, 1969). The major argument to demon-
strate the operation of plate tectonics was based on the presence or
absence of ophiolites remaining as a thin and narrow belt within
orogenic belts as an index of the tectonic movement of the oceanic
plates which have already disappeared by collision of continents
ction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
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Figure 1. A summary of planetary tectonics (modified after Kumazawa and Maruyama, 1994). The mechanism of plate tectonics is dominant in upper mantle of present day Earth. In
contrast, Mars and Venus are dominated by stagnant-lid convection at present in which the mantle convection is caused by upwelling and downwelling of plumes only beneath a
rigid and immobile lid or plate.
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(e.g. Komiya et al., 1999). However, definition of ophiolite depends
on the rock assemblages (Maruyama et al., 1989), and therefore
when, where, and how plate tectonics began to operate remains
unsolved. To tackle these questions, we start from clarifying what
plate tectonics is from its most essential characters such as rigidity,
plate boundary processes, role of water as a driving force, mantle
potential temperature, and evaluate the multi-disciplinary aspects
of the theory. Finally, we propose a trigger to initiate plate tectonics
on Hadean Earth.

2. What is plate tectonics?

2.1. Definition of plate tectonics and three-dimensional structure of
lithosphere

Plate tectonics is basically defined as follows; The Earth’s surface
is covered by more than a dozen rigid lithospheres called plate. The
movement of these plates is rotational motion on the spherical
body of the Earth. Hence both the rotational pole and angular ve-
locity of the rotation are given to all plates on the globe. Thus, the
motion at any point on the globe is determined, if both direction of
plate motion and speed are given on the globe. This is the core of
the theory of plate tectonics.

Another important factor of plate tectonics is the rigidity of the
plate. The Earth is characterized by rigid lithospheric plates, and the
rigidity accompanies brittle deformation. However, the deforma-
tion mechanism of rocks changes with increase in temperature
from brittle to ductile, as seen in rock types from basalts, gabbros
and mantle peridotites which can be highly ductile above 800 �C
(Arzi, 1978; Kohlstedt et al., 1995). If volatiles such as H2O and CO2
are present, rocks start melting at around this temperature. The
presence of volatiles and melts are imaged through velocity drop in
geophysical studies (e.g. Nehlig, 1993). Furthermore, the ductility
acts as a catalyzer to promote slippage at the bottom of the
lithosphere.

One of the major features of plate tectonics is the three-
dimensional subduction of lithosphere in the shape of plate.
In the upper mantle, the platy structure of lithosphere is pre-
served during the subduction process. However, the lithosphere
cannot keep the platy form in the lower mantle. Platy or
curtain-like structure of lithosphere seen above 410 km changes
to blob-shaped structure in the lower mantle through the
mantle transition zone at 410e660 km depth with the phase
changes from olivine to wadsleyite at 410 km, wadsleyite to
ringwoodite at 520 km, and finally into perovskite and wüstite
at 660 km depth. The recent observations, particularly derived
from seismic tomographic data, have revealed the architecture
of subducting plates at depth (Fukao, 1992; Maruyama, 1994;
Maruyama et al., 2007) including the total amount of accumu-
lated slabs.

Recent multidisciplinary research of the deep Earth including
deep mantle and even core have brought new insights into the
dynamics of the Earth combined with geologic history of the Earth,
particularly back to 200 Ma, with information on the location of
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slab graveyards that have been well documented in seismic
tomographic images. A ca. 300 m topographic bulge over 3000 km
above the Pacific superplume has been identified where 5 inde-
pendent hot spots are concentrated beneath the southern Pacific
region (e.g. Zhao, 2007). These observations have led to the concept
of a coupled tectonic system where upper mantle is dominated by
horizontal plate movement with curtain-like upwelling beneath
the mid-oceanic ridge down to the 400 km depth (Zhao, 2004,
2009; Zhao et al., 2007). Curtain-like upwelling makes the platy
lithosphere at mid-oceanic ridge which then moves to the trench
and subducts to a depth of 660 km. At the mantle transition zone
from 410 to 660 km, the platy structure becomes unclear with
stagnation. From this depth to the bottom of the core-mantle
boundary (CMB), the plates do not show a simple curtain-like
structure. Instead, blob shaped structure can be seen presumably
in the transition zone where olivine recrystallizes to wadsleyite
(beta phase), ringwoodite (gamma phase) and finally to perovskite
plus wüstite. In the presence of water, such recrystallization results
in fine-grained crystal aggregates and reduction in viscosity by 2 to
3 order of magnitude, causing the shape change of lithosphere
(Fig. 2). Tomographic images clearly indicate blob shaped inde-
pendent down-going slabs that finally accumulate in the D00 layer at
the bottom of the mantle. This is what we define as vertical tec-
tonics, or drip tectonics. On the other hand, rising mega-plume
such as those documented underneath Africa and southern Pa-
cific originated from older slab graveyards formed during the
amalgamation of Gondwana and Rodinia supercontinents, respec-
tively. Thus, the Permian superplume of Africa originated from the
slab graveyard of Gondwana, and the Pacific superplume from that
of Neoproterozoic Rodinia (Maruyama et al., 2007). Mantle up-
welling is the characteristic feature in the lower mantle, and
therefore, the lower mantle is controlled by vertical tectonics,
mainly superplume and plume which is different from the hori-
zontal tectonics of the upper mantle. In general, the behavior of the
upper mantle is independent from the lower mantle. But over the
Figure 2. Shape change of lithosphere from the surface through mantle transition zone and
the trench and subducts down to 660 km in depth. At the mantle transition zone from 410 t
From this depth to bottom of the core-mantle boundary (CMB), the plates do not show the
the transition zone.
long geological duration, the scenario turns to be different, like the
case of the Cretaceous pulse (Larson, 1991). Large volume of stag-
nant slabs at 660 kmmust have collapsed tomake slab avalanche to
the bottom of CMB, and generated extensive magmatism only in
the Pacific domain. It did not affect the Indian and Atlantic domains,
as have been well documented from the width of magnetic stripe.
About double to four times more production of MORB in the Pacific
domain as well as OIB volcanism was caused by faster subduction
along the Pacific subduction zones to create voluminous TTG, basalt
and felsic volcanics (Maruyama, 1994). Episodic collapse of cold
slabs onto the top of the CMB may drive more extensive geomag-
netism through more activated convection in the liquid outer core.
2.2. Plate boundary process

There are three types of plate boundary process: (1) divergent
(Fig. 3A and B), (2) convergent (Fig. 3C and D), and (3) transform
(Fig. 3 map view). The divergent plate boundary is represented by
mid-oceanic ridge where oceanic plates are formed as schemati-
cally shown in Fig. 3A. Another type of divergent boundary is the
continental rift where initial doming of continents occurs by
mantle upwelling located beneath the continent, followed by
subsidence to form continental rift valley (Fig. 3B). In this process,
low pressure UHT and HT metamorphism could be expected. The
convergent plate boundaries are of two types: the first one is
subduction zone where descending slab is dehydrated to generate
calc-alkaline magma that increase the volume of continental crust
(Fig. 3C), accompanied by the formation of accretionary complex
and subduction zone regional metamorphism to form blueschist
and eclogite along Benioff thrust. The second one is the collisional
plate boundary where mountain building occurs such as the
Himalaya and Alps to exhume HP-UHP metamorphic belts and
associated sedimentation to form huge deltaic sediments on the
neighboring ocean floor (Fig. 3D).
in the lower mantle. Platy lithosphere is created at mid-oceanic ridge which moves to
o 660 km, the platy structure becomes unclear and also stagnation has been identified.
simple curtain like structure. Instead, blob shaped structure can be seen presumably in
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Plate tectonics has significant effects in not only planetary
interior but also the surface and atmosphere. A key role of plate
tectonics is to stabilize the surface environment of the Earth
through the steady-state lithospheric circulation between the sur-
face of the Earth and deep Earth from mantle transition zone
(410e660 km) down to the CMB (2900 km in depth). At the same
time, mantle upwellings transport volatiles from mantle to atmo-
sphere and ocean to balance the material circulation between the
surface and deepmantle. Assuming the on-going production rate of
MORB crust as 25 km3/yr since 2.0 Ga, the production rate might
have been double prior to 2.0 Ga, suggesting that the whole mantle
must have melted at least once. This contributes to the long-term
stability of surface environment of the Earth through the steady-
state energy circulation and avoid stocking all slabs in particular
domains in the solid Earth (e.g., Maruyama et al., 2007).

3. What are the requirements for plate tectonics?

3.1. The importance of water on plate tectonics

Plate tectonics is fundamentally controlled by fluids acting as
lubricant, particularly H2O (see details in Section 3.2). If CO2 is
present as the dominant constituent, it would impart a negative
effect like the case of Venus (McGovern and Schubert, 1989;
Figure 3. Plate boundary processes: plate boundary processes of divergent (A, B), converge
plate boundary at mid-oceanic ridge (A) and also in continental rift (B). Pacific-type (C) an
Korenaga, 2010). Whereas the convergent plate margins on the
Earth are characterized by production of voluminous subduction
zone magmas, there is no equivalent calc-alkaline (CA) magmatism
on Venus, although Venus is said to be similar to the Earth in terms
of trench-like topographic features and the large scale of land-
scapes caused by rising and downwelling plumes. This distinction
between Venus and Earth might be related to the dominance of CO2
in Venus against H2O on Earth. This example underpins the
important role played by liquid water in plate tectonics. In other
words, plate tectonics is not operated on a planet if liquid water
does not cover at least the surface of the planet.We further evaluate
the role of liquid water andmechanism to operate plate tectonics in
the next section.

3.2. Mechanism of plate tectonics and water circulation

The top of lithosphere is hydrated at the mid-oceanic ridge
through water-rock interaction by circulating water. As a result, a
number of hydrous silicates are formed on the upper layer of
oceanic basalts usually on the surface, and sometimes reaching to
1.5e2 km in depth (Alt et al., 1986). This is the most critical process
to operate plate tectonics.

Subsequently, the separation of saline water at mid-oceanic
ridge produce two phases, one is nearly fresh water and the other
nt (C, D) and transform fault boundaries. Formation of new plate proceeds at divergent
d collision-type orogenies (D) occur at consuming plate boundary.
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is dense saline brine, which penetrate into the gabbroic layers of
the oceanic crust, where brown hornblende is stable as demon-
strated by dredge samples from the Indian ocean (Maruyama et al.,
1989). The hydrated topmost part of lithosphere moves horizon-
tally to subduction zones where it descents into the deep mantle
accompanied by progressive dehydration along the subduction
zone geotherm (Fig. 4). Most of the hydrous minerals break down
into anhydrous phases above 50 km depth, below which dry eclo-
gitic assemblages are stabilized (Maruyama et al., 1996). The change
inwater contents from blueschist to eclogite transition ranges from
2 wt.% to less than 0.5 wt.% (Okamoto and Maruyama, 2004). From
the stability field of amphibole lawsonite, the rocks move down to
epidote, zoisite, and eclogite with minor amphibole and finally to
dry eclogite with garnet, omphacite, and quartz (Okamoto and
Maruyama, 1999, 2004). At further depth, coesite appears and is
finally replaced by stishovite at 230 km depth (Komabayashi et al.,
2007). Omphacite gradually starts to break down to garnetite and
other minor accessory ultrahigh-pressure mineral phases at the
depth above ca. 70 km. The trench turbidite and underlying deep
sea sediments become dried out between 50 and 100 km in depth
in the subduction channel, with the surviving K feldspar turning to
hollandite at 200 km deep (Irifune et al., 1994).

Dehydrated fluid is removed to the upper seismic zones. Fluids
released during progressive dehydration plays a critical role as
lubricant and imparts a slippery top surface of the down-going
plate. Thus, both top and bottom boundaries of the plate act as
slippage planes in subduction zones (Fig. 4).

The lower zone of the double seismic plane starts from right
inside the trench axis and both the lower and upper zones are
located not within the oceanic crust, but in the peridotite slab
Figure 4. Global water circulation in association of birth of plate and consumption of plate a
of lithosphere moves horizontally to subduction zones where it descents into the deep m
Dehydrated fluid is removed to the upper seismic zones. Fluids released during progressive
down-going plate. Thus, both top and bottom boundaries of the plate act as slippage planes i
the trench axis and both the lower and upper zones are located not within the oceanic crust,
and finally disappears.
(Hasegawa et al., 2005, 2009, 2013). The double seismic zone con-
verges at around 200 km in depth, and finally disappears (Fig. 4).

From approximately 200e660 km in depth, the occurrence of
minor earthquakes suggests continuous dehydration to transport
fluids into the mantle transition zone (410e660 km in depth) as a
huge water tank as large as 5 times that of the of ocean water in
volume (Murakami et al., 2002; Maruyama and Liou, 2005).

The largest and richest hydrated mantle transition zone occurs
in the western Pacific and East Asia, and hydrous mantle plumes
generated at 410 km depth cause active surface dynamics in this
region (Komiya and Maruyama, 2007).

3.3. Conditions to operate plate tectonics

What is the requirement to initiate plate tectonics with sub-
duction of plate? Although this question is still controversial, this
can be evaluated in conjunctionwith the history of evolution of the
Earth.

The mechanism of plate tectonics is dominant in the upper
mantle of present day Earth. In contrast, Mars and Venus are
dominated by the stagnant-lid convection at present where the
mantle convection is caused by upwelling and downwelling
plumes beneath a rigid and immobile lid or plate (Fig. 1) (Moresi
and Solomatov, 1998; Reese et al., 1998). The difference in the
dominant style of tectonics significantly influences the evolution of
terrestrial planets. Plate tectonics can efficiently cool the planetary
interior and carry crustal materials containing water and heat-
producing elements, such as uranium (U), thorium (Th), and po-
tassium (K), into deep mantle. Subducted crustal materials may
become the heat source of the plume in planetary interior. The
t 660 km depth (modified after Maruyama and Liou, 2005). The hydrated topmost part
antle accompanied by progressive dehydration along the subduction zone geotherm.
dehydration play a critical role as lubricant and imparts a slippery top surface of the

n subduction zones. The lower zone of the double seismic plane starts from right inside
but in the peridotite slab. The double seismic zone converges at around 200 km depth,
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numerical calculations in previous studies have identified the
necessary conditions for initiation of plate tectonics which include
the following: (1) moderate strength of plate to enable the plate to
keep its form without hindrance to the development of plate
boundaries; (2) the low frictional coefficient between plate
boundaries to allow the independent movement of each plate
including plate subduction; and (3) the driving forces, i.e. slab pull,
ridge push, and mantle convection, that keep the constant move-
ment and subduction of plate.

3.3.1. Plate strength as a function of water
In this section, we focus on the plate strength of the Earth in the

past and discuss the reasons why plate tectonics was initiated on
Earth.

Laboratory studies have indicated that the rock strength (or
plate strength) depends on the temperature and water content
(e.g., Karato and Wu, 1993). The existence of water may be a key
to allow the operation of plate tectonics on the terrestrial
planets as is evident when compared to the case of Mars and
Venus that have no ocean. Therefore, the formation of the ocean
must have been an important factor for the initiation and
operation of plate tectonics. In brittle deformation regions, water
plays a role as pore pressure, which has physical and chemical
effects on the rock strength. As a physical effect, the pore
pressure Pp reduces the effective pressure Pe. As a result, the
reduction of frictional strength occurs (Eq. (1)).

s ¼ s0 þ fcPe ¼ s0 þ fc
�
Pc � aPp

�
(1)

where fc is frictional coefficient, s0 and a are the constant. The
frictional strength s decreases with increasing pore pressure Pp
(Fig. 5). On the other hand, it has been reported for sheet-
structure minerals such as clay minerals that the frictional co-
efficient itself decreases under water-saturated conditions
without pore pressure (e.g., Morrow et al., 2000). For instance,
the frictional coefficient of smectite is mostly no different from
that of Byerlee’s law (0.6e0.85) under dry conditions, whereas
the frictional coefficient is significantly low (0.2e0.3) under
water-saturated conditions (e.g., Kubo and Katayama, 2015).
Therefore, water reduces the plate strength and the frictional
strength of plate boundaries, and helps the movement of plate to
develop plate boundaries.

Water has significant effect on rock strength even in ductile
deformation region. Water (hydrogen) increases the concentration
of intracrystalline point defects and the rock strength (viscosity)
decreases (e.g., Karato and Wu, 1993; Hirth and Kohlstedt, 2003).
In fact, viscosity difference between mantle lithosphere (dry) and
asthenosphere (wet) is large, which is a key to make thin plates,
and the low viscosity of the asthenosphere can play a role as
lubricant to platemotion. From the above results, it is clear that the
initiation of plate tectonics requires water (fluid), which would
suggest the presence of ocean on Hadean Earth. Belowwe evaluate
the rheological structure of Hadean Earth and discuss the possi-
bility of initiation of plate tectonics in Hadean due to the formation
of ocean.

To determine the rheological structure of Hadean Earth, the
thermal structure of Earth’s interior is the key. Potential tem-
perature in Hadean Earth is not well known, but Archean po-
tential temperature was at least 150e200 �C higher (i.e.
1500e1550 �C) than that in current Earth (1350 �C) (e.g.,
Komiya, 2004). We calculated the thermal structure of Hadean
Earth based on a model of transient half-space cooling (Turcotte
and Schubert, 2002) at given mantle and surface temperature
parameters at 1600 �C as the liquidus temperature of mantle
peridotite and 100 �C, respectively (Fig. 6A), and the crustal
thickness is assumed to be 30 km for early Hadean Earth. In the
calculation of the rheological structures, the rock strength in
brittle regions was computed not only from Byerlee’s law
(Byerlee, 1978), but also frictional coefficient of sheet silicate
minerals under saturated conditions. It is inferred that the plate
strength notably depends on whether the water covers the plate
boundaries (ridges, subduction zones, and transform faults)
because the frictional strength itself of sheet silicate minerals
decreases under water-saturated conditions (Fig. 5). In ductile
deformation region, the strength of oceanic crust is calculated
from flow laws of plagioclase (Rybacki and Dresen, 2000;
Azuma et al., 2014). Mantle rheology is determined by flow
laws of olivine (Karato and Jung, 2003; Katayama and Karato,
2008). In both brittle region and ductile region, the effect of
water is taken into account. Fig. 6BeD shows the calculated
rheological structures at plate age of 10e40 Myr in Hadean
Earth. Plate strength is different between wet and dry condi-
tions because of the effect of water to friction coefficient of
sheet silicate mineral. We infer the change of plate strength in
Hadean based on Fig. 6. If the early Earth was a naked planet
without ocean (Maruyama et al., 2013), the plate strength of the
Earth was quite high to operate the stagnant lid tectonics
(Fig. 7). However, the formation of ocean made the strength of
plate (<200e300 MPa) and plate boundaries (frictional coeffi-
cient <0.1e0.2) weak (Fig. 7). The decrease of plate strength
promoted the development of plate boundaries and the inde-
pendent motion of plate, indicating that the Earth would have
potential for the initiation of plate tectonics in the Hadean. This
also means that water is necessary for the initiation of plate
tectonics, and the formation age of ocean is a key to discuss
when plate tectonics began on the Earth.

3.3.2. Driving force of plate tectonics: generation of slab-pull force
The dominance of free fluids immediately above the down-

going slabs in subduction zones becomes the major driving force
for the slab pull of plates. On the other hand, ridge push serves to
push up the spreading axis by about 2.5 km from the base of
surrounding ocean floor, where the curtain-like steady state
mantle upwelling is seen in modern mid-Atlantic ridge (Zhao,
2004). This generates a sliding slope extending for about
15,000 km in the Atlantic Ocean from spreading axis to the
200 Ma ocean-floor at continental margin. Along the slope,
oceanic lithosphere together with continents slides at the rate of
1e2 cm/yr. Compared to the Atlantic Ocean, the Pacific Ocean is
marked by active subduction zones at continental margin, without
continents in the oceanic domain, and sliding rate is 5 times faster
than that of Atlantic region. A combination of effective ridge push
and slab pull forces associated with subduction in convergent
margins creates five times faster spreading rate (Forsyth and
Uyeda, 1975).

4. When plate tectonics began on Earth?

4.1. Previous studies based on geological evidence

When did plate tectonics begin on the Earth? Although
extensively discussed based on various geological evidence, the
timing of onset of plate tectonics remains controversial. The
geological evidence commonly used as an indicator of plate
tectonics is the presence of ophiolite (Dewey and Bird, 1971),
blueschists, characteristics of accretionary complex, duplex
structure (Komiya et al., 1999), ultra-high pressure (UHP)
metamorphism including the occurrence of coesite and dia-
mond, geochemical data from zircons, among other features
(e.g., Wilde et al., 2001; Harrison et al., 2005; Stern, 2005;



Figure 5. Frictional intensity as a function of water. In the calculation of the rheological structures, the rock strength in brittle regions is calculated not only from Byerlee’s law
(Byerlee, 1978), but also frictional coefficient of sheet silicate minerals under saturated conditions. It is inferred that the plate strength notably depends on whether the water covers
the plate boundaries because the frictional strength itself of sheet silicate mineral decreases under water-saturated conditions.

S. Maruyama et al. / Geoscience Frontiers 9 (2018) 1033e1048 1039
Furnes et al., 2007; Hopkins et al., 2008; Hamilton, 2011;
Komiya et al., 2015). These lines of evidence were derived
mainly from the Precambrian Earth. However, it can be said that
UHP metamorphism may not be strong evidence for plate tec-
tonics because UHP metamorphism is typical feature seen after
600 Ma through the Earth’s history as well as blueschist since
ca. 800 Ma. The style of plate tectonics has been changing
through time and its feature was possibly different between the
early and present day Earth (Komiya et al., 1999; Maruyama
et al., 2007). These features also suggest that slab melting
must have occurred when the potential temperature of early
Earth was higher than that of current Earth. Therefore, most of
evidence focusing on the timing of initiation of plate tectonics
is derived from Hadean zircons. Mineral inclusions and oxygen
isotopes in these Hadean zircons suggest the derivation from
TTG magma, indicating that plate tectonics began at 4.4 Ga (e.g.,
Wilde et al., 2001).
4.2. The trigger of plate tectonics: ABEL Bombardment

The initiation of plate tectonics requires the presence of ocean
(see Section 3). However, the Earth must have been formed as a dry
planet through the extensive accretion of planetesimals within a
few millions of years after CAI formation at 4.567 Ga (Amelin et al.,
2002, 2010). At the end of this period, the Earth must have wit-
nessed extensive melting termed the magma ocean under the dry
condition, because the source meteorites were dry enstatite
chondrite-like materials (Maruyama et al., 2013; Maruyama and
Ebisuzaki, 2017). If so, how did the Earth obtain the volatiles after
magma ocean and its solidification to bear ocean? The most
possible scenario is the delivery of volatiles to Earth to generate
ocean through bombardment as proposed by Maruyama and
Ebisuzaki (2017) who coined the term “ABEL” (advent of bio-
elements) model. According to this proposal, the completely dry
Earth was formed at 4.56 Ga and volatiles and highly siderophile
elements were delivered by carbonaceous chondrites dominantly
during 4.37e4.20 Ga from outer asteroid belts due to gravitational
scattering by gas giants such as Jupiter, Saturn, and the missing
“Black Sheep”. This delivery event is termed ABEL Bombardment
which enabled the initially reductive Earth to have ocean and at-
mosphere. Through this bombardment, the Earth’s crust is esti-
mated to have accreted by ca. 3 km (Morgan et al., 2001; Becker
et al., 2006), or 17 km (Walker, 2009) as originally derived from
the abundance of PGEs in the mantle (Maruyama and Ebisuzaki,
2017).

Bombardment induced instantaneous shock metamorphism,
melting, and gas explosion. The crashed material was deposited as
dust and glass on the surface, whereas the volatiles generated the
atmosphere and ocean. The basement rocks were fragmented,
brecciated to soil or partly related to be glassy tektite and micro-
tektite, together with falling nano-sized particles of glassy CI
chondrites. After adequate volume of oceanic and atmospheric
components were delivered, ca. 4 km thick ocean and atmosphere
of over 10 bars were generated, and hydrological material circula-
tion began through weathering, erosion and transportation to
transport onland-materials into lakes or oceans. By analogy with
the thick regolith layers on the Moon reaching up to 10 km thick-
ness depending on the localities, composed of a mixture of base-
ment rocks and powders of CI chondrites, the early Earth might
have also been presumably covered by a few kilometers thick
regolith layers.
4.3. Mechanism to initiate the plate tectonics on the Hadean Earth

Due to repeated bombardment by carbonaceous chondrites
from outer asteroid belts, the primordial continents were destroyed
and brecciated to mix with sub-micron sized dust originated from
asteroids and primordial continents, such as glassy tektites, orange



Figure 6. Differential stress (MPa) vs. depth at given temperature to define the strength of lithospheric plate. (A) Thermal structures of oceanic plate at plate age
of 10e40 Myr in Hadean Earth. The thermal structures are calculated from a model of transient half-space cooling at given mantle and surface temperature parameters
at 1600 �C as the liquids temperature of mantle peridotite and 100 �C, respectively; (B), (C), and (D) show the calculated rheological structures at plate
age of 10e40 Myr in Hadean Earth. Plate strength is different between wet and dry conditions because of the effect of water to friction coefficient of sheet silicate
mineral.
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or green soils, and breccias. Total thickness of sediment generated
by crashed materials may have accumulated over a few km to cover
the primordial continents (Maruyama and Ebisuzaki, 2017). At the
same time, the formation of atmosphere and hydrosphere gradu-
ally progressed due to the accumulation of water components, CO2,
and N2 through ABEL Bombardments (Fig. 8).

Primordial continents together with sediment cover and dikes-
sills of mafic-ultramafic rocks in the upper continental crust of
anorthosite with schreibersite (Fe3P), uranites, and other metallic
elements, such as Mo, Zn, Mn, Mg, Fe2þ, Cr3þ, were all concentrated
in the final residues of magma ocean. Thus, KREEP gabbros were
largely settled in the lower crust but locally intruded into the upper
crust or erupted on the surface of the primordial continents
together with komatiitic lava-flows at earlier stages. The nutrients
supplied by these might have played significant role to cause
enzyme-forming pre-biotic reactions for the emergence of life.
Fluids, as the most important catalytic agent to promote recrys-
tallization reaction, infiltrated from entire basement crust (pri-
mordial crust) into mantle depths by the large asteroid
bombardments. Through the formation of thickened crust



Figure 7. Change of plate strength in Hadean Earth. If the early Earth was a naked planet without ocean, the plate strength of the Earth was quite high to operate the stagnant lid
tectonics. However, the formation of ocean made the strength of plate (<200e300 MPa) and plate boundaries (frictional coefficient <0.1e0.2) weak, and facilitated the eclogiti-
zation. The decrease of plate strength promoted the development of plate boundaries and the independent motion of plate, indicating that the Earth would have potential for the
initiation of plate tectonics in the Hadean.
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(ca. 10e40 km in maximum) by addition of CI chondrite falls
enriched in volatiles, along the weakened lineaments (connected
through accidental arrangement of bombarded craters), led to the
development of the first subsidence of linear depression and to
evolve the first trench line. This marked the formation of the first
consuming plate boundary (Fig. 9).

Associated with development of trench line along the conti-
nental margin, mantle upwelling by plumes made topographic
highs to push up primordial continents. If several (at least three)
plumes are connected, a linear fracture can be formed due to the
development of the linear mantle upwelling combining two
hotspots, which is analogous to spreading axis like mid-Atlantic
ridge (Fig. 9). Continuous spreading and accompanying hori-
zontal compression lead to further subduction analogous to the
modern-style plate tectonics, although under the double-layered
mantle convection regime, because of high-T mantle ca. 1500 �C
(Fig. 9).

In contrast to the Moon, the Earth has kept primordial at-
mosphere and ocean. These volatiles could have contributed to
recrystallization, which was the key to initiate plate tectonics.
Recrystallization of anorthosite, iron rich basalt and mantle
peridotite were garnet-bearing phases in spite of high
geothermal gradient, since garnet is highly dense, and thus the
lower half would turn to eclogite due to high-pressure (Fig. 10).
Along the heterogeneous plate boundary on the Hadean Earth, a
number of nearly vertical faults transformed to oblique because
of mantle upwelling which pushed up from below. If recrys-
tallization is rapid enough to promote phase transformation into
high density crust under the presence of H2O fluid, subduction
starts along the now reclined faults, combined with plume-
related mantle upwelling. The analogy of such features is
modern Africa, where the plume heads are connected (Burke,
1988), followed by the initiation of vertical mantle upwelling
corresponding to the process at the divergent plate boundary.
The surface portion of the rigid plate starts to subduct along
linear boundary on the faults within primordial continents,
including the newly grown portions. At the divergent plate
boundary, new oceanic crust could be formed without any
primordial continents, marking the appearance of oceanic lith-
osphere. In the case of Hadean Earth, double thick lithosphere
(Fig. 9) having high content of garnet may have promoted the
subduction of heavy primordial continental crust into deep
mantle, which is the cause of slab pull force. Once it reached to
300 km in depth, the SiO2 component in eclogitized KREEP
rocks would enhance the slab pull force because of phase
transformation from coesite (density 2.6 g/cm3) to stishovite
(density 4.4 g/cm3) with respect to mantle peridotite (density
3.5 g/cm3). We consider this as the scenario for initiation of
plate tectonics.

4.4. Eclogitization triggered by ABEL Bombardment

Fig. 10 shows the phase diagram of MORB þ H2O system (after
Maruyama et al., 1996; Okamoto and Maruyama, 2004). The figure
shows the Hadean and Phanerozoic subduction zone geotherms
along the Benioff plane from 0 to 50 kbar pressure and temperature
up to 1500 �C. Along the Phanerozoic geotherm, blueschist and
low-temperature eclogite appear which is consistent with the
geological observation. In contrast, blueschist does not appear
during Precambrian including Hadean, whereas eclogite facies is
stable in a wide range from low-temperature to over 1500 �C under
high-temperature and high-pressure conditions. Eclogite contains
lawsonite at low-temperature, but amphibole and zoisite is stable
between low-temperature and high-temperature, and dry eclogite
is stable over ca. 1050 �C. Dry eclogite can be observed in kimberlite
from Cretaceous continental rift in Africa or in the Pacific domain
such as Malaita Island in Solomon Islands (Ishikawa et al., 2007).
Mantle xenoliths carried to the surface by alnöitic magma
commonly contain dry eclogite originated from basalt. These ba-
salts were originally ocean island basalt (OIB) or MORB of 600 Ma,
and even dates back 3.0 Ga. Such ancient history indicates that dry
eclogite was stable in the deep parts of subduction zone in Archean,
which is consistent with the phase diagram shown in Fig. 10.

Hadean geotherm immediately after the solidification of magma
ocean must be lower than dry solidus of MORB. In the domain
between dry solidus and wet solidus, which is solid-melt region in



Figure 8. Schematic model for ABEL Bombardment. Due to repeated bombardment by carbonaceous chondrites from outer asteroid belts, the primordial continents were destroyed
and brecciated to mix with sub-micron sized dust originated from asteroids and primordial continents, such as glassy tektites, orange or green soils, and breccias. The sediment
generated by crashed materials may have accumulated over a few kilometers to cover the primordial continents. At the same time, the formation of atmosphere and hydrosphere
gradually progressed due to the accumulation of water components, CO2, and N2 through ABEL Bombardments.
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Fig. 10, both magma and crystallized minerals are present. In Ha-
dean, the temperature of mantle was high enough, therefore solid-
melt region should have been smaller, andwet solidus was closer to
the dry solidus.

Themost important factor to bementioned here is the density of
eclogite as ca. 3.5e4.0 g/cm3 depending on pressure and Fe/Mg
ratio, which is markedly denser than that of surrounding mantle
peridotite with a density of ca. 3.5 g/cm3 up to 50 kbar. The dif-
ference in the density produces strong slab pull force. In the case of
modern subduction zone, oceanic plate aging less than 200 Ma
comprises only 6 km MORB crust within the 60 km thick litho-
sphere. Eclogitization of MORB crust is considered to account for
80% of driving force of plate tectonics. Given the rock assemblage
consisting of lithosphere at the initiation of plate tectonics, KREEP
lower crust is thought to be extremely thick (over 100 km),
compared with the 6 km thickness in modern Earth or 20 km in
early Archean. Moreover, KREEP basalt is enriched in iron, therefore
chemical composition is expected to contribute to the higher
density. The combinations of bigger sized crustal body and high
density in Hadean are the critical factors to initiate the operation of
plate tectonics.

However, eclogite is ultrahigh pressuremetamorphic rock. Thus,
eclogitization needs ultrahigh pressure. The initiation of eclogiti-
zation was achieved through ABEL Bombardment, which delivered
volatiles onto dry Earth for the first time. As explained in earlier
section, the formation of ocean is one of the most important con-
ditions to initiate plate tectonics. Specifically, the presence of vol-
atiles enabled ultrahigh pressure (UHP) metamorphism (e.g.
eclogitization) by the accretion of water component in KREEP crust
or part of mantle. As a result of ABEL Bombardment, accreted vol-
atiles could dramatically accelerate recrystallization in KREEP crust
to generate equilibrated eclogite. If volatiles were absent, recrys-
tallization could not proceed even if KREEP crust is carried into
deep mantle by convection. Such examples are well observed in
UHP metamorphic rocks in Kokchetav, Kazakhstan. Internal struc-
ture of a few mm sized zircon from Kokchetav Massif shows a
distinct zonation texture such as the core, mantle, and outer rim.
The core part and outer rim of zircon contains low-pressure and
high temperature mineral inclusions, such as albite, quartz, and
graphite, whereas the mantle domain contains jadeite, coesite, and
diamond which is characteristic of UHP and high temperature
metamorphism (Katayama and Maruyama, 2009). This zoning
structure indicates that inclusions contained in each domain grew
under specific P-T conditions; core and outer rim experienced low-
pressure metamorphism, and mantle part was under ultrahigh
pressure and temperature metamorphism. After the core part was
grown under low-pressure metamorphism, this part should have
experienced UHP metamorphism when the mantle part was
growing. However, inclusions in the core did not change, remaining
low-pressure phases. Likewise, UHP minerals in mantle part was
not relocated to lower P-T conditions such as 5e6 kbar and 600 �C
when outer rim was growing, and inclusions were remained
without phase change. This means that hydration with lowering of
temperature and pressure was not in progress but inclusions
trapped in zircon did not experience phase transition, which was
due to absence of fluid within zircon crystal. Thus, phase transition
does not occur if fluid is absent, even if crystals were put under
ultrahigh P-T conditions during 30 Myr (Komiya and Maruyama,
2007). Therefore, it is evident that eclogitization could not have
occurred prior to ABEL Bombardment, as the Earth did not have
water component.

As described above, strong slab pull force was generated by
phase transition, e.g. eclogitization. No eclogitization would pre-
vent subduction due to buoyancy. Therefore, the presence of vol-
atile is the most critical factor for the phase transition as
eclogitization, and the trigger of plate tectonics. Volatiles were



Figure 9. Initiation of plate tectonics. (A) Plate tectonics was initiated by generation of slab-pull force through eclogitization of thick KREEP lower crust (ca. 100 km) together with
anorthositic upper crust (21 km thick) under the ABEL Bombardment which delivered volatiles onto dry Earth for the first time. It may have continued a few to several hundred
millions years during 4.37e4.20 Ga. Associated with the development of trench line along the continental margin, mantle upwelling by plumes made topographic highs to push up
primordial continents, which generated ridge pull force. (B) Eclogitization started after volatiles were delivered by ABEL Bombardment. Denser eclogite generated slab pull force to
initiate plate tectonics.
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delivered to the Earth by ABEL Bombardment, and we therefore
consider this as an exceedingly important event in the Earth history
to evolve into habitable planet.

4.5. The size of impactors to initiate plate tectonics

Through the ABEL Bombardment, volatiles were circulated
within the interior of the Earth down to mantle depth, facilitating
continuous eclogitization. It is clear that this process initiated the
operation of plate tectonics following to the appearance of ocean on
Earth’s surface. However, there is another important factor to
initiate plate tectonics. It is the size of a crater formed by the
bombardment.

After the Earth’s layered structure was made through the
consolidation of the magma ocean since 4.53 Ga, the early Hadean
Earth formed a global rigid continental lithosphere as thick as
100e150 km. It means there was no horizontal/vertical movement
like modern plate tectonics, which should have had stagnant lid
tectonics (Moresi and Solomatov, 1995; Solomatov, 1995;
Solomatov and Moresi, 1996). Therefore, it is necessary to switch
from stagnant lid tectonics to plate tectonics, and such process
should have followed by the breakup of rigid plate. The ABEL
Bombardment was a critical event to destroy rigid plate formed on
the Earth. Moreover, such destruction by impactors must have been
extreme, which is not like 500 km or 1000 km wide, rather Pacific
Ocean sized huge crater must have formed by single bombardment
or intensive bombardments within short period. If 1000 km across
impactor bombarded the Earth, impactor itself and the surface of
the Earth, or up to a certain depth of lithosphere, instantaneously
have vaporized. As a result, 10,000 km across crater formed where
mantle rebound occurred to balance the deficit caused by the
bombardment, which resulted in the formation of first bi-modal
lithosphere on the Earth. Consequently, slab pull force, as the ma-
jor and powerful driving force of plate tectonics, was generated at
the subduction zone due to eclogitization. Also following to mantle
rebound after the bombardment, if some plume heads appeared,
curtain-like upwelling was generated by the connection of two
plumes to create mid-oceanic ridge, where decompression melting
through mantle upwelling provided basalt in divergent region to
cause the ridge push force. This is the process to initiate modern
plate tectonics after stagnant lid tectonics.

Regarding Hadean surface state after bombardments, Marchi
et al. (2014) suggested how the surface was disrupted during the
first 100 Myr after the formation of the Earth, assuming several
conditions such as early Earth’s impactor size-frequency (Fig. 11A),
lunar impact flux, and impact-generated melt volume. Fig. 11B
shows that the spatial distribution and sizes of craters formed on
the early Earth at four different times given from their model,
indicating that the first 25 Myr after the formation of the Earth,
almost all Earth’s surface is affected by bombardments and
reworked by impact-generated melt, while there are areas that
were not influenced by impact-generated melt at each time steps
since 4.450 Ga. However, it can be interpreted that almost all
Earth’s surface was reproduced between 4.450 Ga and 4.400 Ga.



Figure 10. Phase diagram of MORB þ H2O system to explain eclogitization (modified after Maruyama et al., 1996; Okamoto and Maruyama, 2004). The green arrowed lines are the
Hadean and Phanerozoic subduction zone geotherms along the Benioff plane. In Hadean, the temperature of mantle was high enough, therefore solid-melt region should have been
smaller, and wet solidus was closer to the dry solidus. The density of eclogite (ca. 3.5e4.0 g/cm3) is markedly higher than that of the surrounding mantle peridotite (ca. 3.5 g/cm3),
which produces strong slab pull force. In the rock assemblage consisting of lithosphere at the initiation of plate tectonics, KREEP lower crust is thought to be extremely thick over
100 km, compared to 6 km of modern Earth or 20 km in early Archean. The combination of bigger sized crustal body and high density in Hadean becomes the most important factor
to initiate the operation of plate tectonics.
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They estimated that up to 60e70% of the Earth’s surface was
reproduced to 20 km depth approximately before 4.400 Ga. As seen
in a series of map in Fig. 11B, vast area is reproduced after bom-
bardments, suggesting Hadean rigid continental lithosphere must
have severely broken in early stage, and Pacific Ocean sized proto-
primordial continental lithosphere as thick as over 100 km was
replaced by oceanic lithosphere and mafic peridotite less than
50 km (Maruyama and Ebisuzaki, 2017).

Marchi et al. (2014) also suggested that the Hadean was pre-
sumably characterized by one to four impactors larger than
1000 km, and by three to seven impactors larger than 500 km.
Considering the size of impactors, it is natural to allow that the
larger impactors to hit the Earth than the Moon as the Earth’s mass
is 50 times larger than the Moon. Such a specific bombardment
image delivered by their scenario is well fit to the ABEL model
(Maruyama and Ebisuzaki, 2017), and the suggested process to
initiate the plate tectonics following to the generation of Pacific
Ocean class crater.

On the other hand, some assumptions in Marchi et al. (2014) can
be modified based on recent detailed studies for lunar samples (e.g.
Borg et al., 2015; Hopkins and Mojzsis, 2015). First, concerning the
terrestrial impact rate, they basically assumed the so-called lunar
sawtooth model to extrapolate to the Earth. However, the peak age
of the bombardment has been reviewed through the recent research
for lunar zircon to back to 4.37e4.20 Ga (Maruyama and Ebisuzaki,
2017), which can be taking into consideration for the method of
further simulation. Second, the scenario of terrestrial bombardment
including planetary formation should be enhanced to distinct the
nature of the bombardment. For example, sawtoothmodel provides
two peaks of the bombardment; e.g., 4.56 Ga and 3.9 Ga. In view of
planetary formation theory, the bombardment around 4.56 Ga
means the formation of each planet such as primitive Earth orMars.
This is totally different event from the bombardment which
occurred as so-called late heavy bombardment or the ABEL
Bombardment. “The bombardment” to form a planet and the
bombardment occurred on formed planet must be distinguished.

4.6. An implication to the Hadean plate tectonic history

Fig. 12 is schematic figure to show the history of Hadean plate
tectonics from 4.55 Ga to 4.0 Ga. At 4.55 Ga, magma ocean entirely
covered the Earth, and solid iron core was present. By 4.53 Ga,
mantle was solidified to form layered structure remaining residual
magma (lherzolite) on the top and bottom of the lower mantle. A
few hundred km thick topmost upper part is composed of anor-
thositic upper crust underplated by primarily generated KREEP
basaltic lower crust (hereafter, KREEP I). The surface of the conti-
nental lithospheremust be covered by komatiitic lava flow together
with KREEP I flow. At that time, the rigid and thick continental
lithosphere covered the surface of the Earth to enable stagnant lid



Figure 11. (A) Early Earth’s impactor size-frequency: The red curve corresponds to current main-belt asteroids larger than 10 km across where Ceres is the largest object (w913 km
in diameter). Black curve is extrapolated to 4000 km across object by using the slop in the size range 500e913 km in diameter. Note that larger impactor than Ceres could make
more than the Pacific Ocean size crater by single bombardment (modified after Marchi et al., 2014). (B) Melt spreading over the first 100 Myr of the Earth history: Cumulative record
of craters at four different times (Marchi et al., 2014). At each time step, Earth’s surface has the region that are not influenced by impact-induced melt, excepting for >4.475 Gyr.
However, almost all Earth’s surface is affected by impactors by 4.4 Gyr.

S. Maruyama et al. / Geoscience Frontiers 9 (2018) 1033e1048 1045
tectonics and there was no oceanic lithosphere. Underneath the
continental lithosphere, there remained high temperature upper-
most magma ocean which was fertile and enriched in Fe. Through
time, it was solidified but those liquid may have episodically
penetrated the stagnant lid to flood the KREEP I. The bottom of the
KREEP I as the lower crust may have been dripping down by the
phase transformation, while numbers of rising mantle plume
underplated below the stagnant lid. Thus, the stagnant lid tectonics
must have prevailed since 4.53 Ga until 4.37 Ga when the ABEL
Bombardment started.

Between 4.37 Ga and 4.20 Ga, the ABEL Bombardment pro-
gressed. Icy asteroids, derived from the outer margin of the asteroid
belt at 4e5 AU, have been delivered to inner rocky planets. Owing
to 50 times larger Earth’s mass than the Moon, the Earth experi-
enced heavier bombardment than the Moon. Through this
bombardment, the Earth was delivered oceanic and atmospheric
component including 10 km thick solid component (Maruyama and
Ebisuzaki, 2017). Estimated total mass of icy asteroid was in the
order of 1022 kg (Morgan et al., 2001; Becker et al., 2006; Walker,
2009). The expected size of the largest asteroid was 1000 km
class in diameter, or larger than it. Those huge sized asteroids
reproduced nearly 70% of continental lithosphere (Marchi et al.,
2014). Due to the massive destruction of rigid continental litho-
sphere accompanying the delivery of water component, oceanic
lithosphere was generated to balance the lost continental litho-
sphere. At the same time, water component, delivered by bom-
bardments, facilitated the eclogitization to initiate the operation of
plate tectonics.

After 4.30 Ga, due to the operation of plate tectonics, primordial
continent composed of anorthosite, komatiite, and KREEP I started
to be removed into deep mantle by tectonic erosion. Anorthosite is
being accumulated at the top of the lower mantle due to density
contrast. On the other hand, the densest KREEP I among whole
mantle dripped down to the bottom of the mantle to accumulate
(almost all KREEP I should have accumulated at CMB by 4.0 Ga).
They contained 400 times more radioactive elements such as ura-
nium, potassium, and thorium than surrounding mantle, which
heated up the bottom of the lower mantle to generate plumes at
CMB. Accumulated KREEP I at CMBwas oncemelting by radioactive
decay heat, and then solidified to form anti-crust composed of Fe-
rich silicate, producing a stable rock unit called anti-crust, which is
density stratification contrasting to the crustal density stratification
formed at the surface (Maruyama et al., 2007). After the formation
of anti-crust, residual KREEP I is restite enriched in Ca-perovskite
which split off from KREEP I to be high temperature solid plume
to travel upward through the lower mantle. They finally accumu-
lated at the top of the lowermantle as stable Ca rich layer. This layer
will grow until 2.6 Ga to be delivered to the surface of the Earth as
flood basalt by mantle overturn. On the other hand, solid core also
melts down due to radioactive decay heat to result in the appear-
ance of liquid core to generate the strong geomagnetic field by
4.2 Ga (Tarduno et al., 2015).

By 4.20 Ga, TTG magma was generated to increase granitic
continental crust at the consuming plate boundary due to the
operation of plate tectonics. Removed anorthositic crust by tectonic
erosion moved down to 660e1000 km in depth to accumulate.
Within the lower mantle, coming up plumes from CMB travel to
660 km in depth to accumulate there.

At 4.0 Ga, subducting oceanic lithosphere has accumulated at
660 km in depth as stagnant slab. TTG crust also removed from the
surface through tectonic erosion to accumulate at the mantle
transition zone (410e660 km), forming second continent. At the
bottom of the lower mantle, D00 layer mostly formed to be third
continent (Kawai et al., 2009). Gradually, the upper mantle
depleted basaltic component by plate tectonic operation or arc
subduction to cool down and weaken the mantle convection.
Through the time, upper mantle cooled down against warming
lower mantle by radiogenic heating from the D00 layer. Finally,
mantle overturn occurred at 2.6 Ga due to local inversion of density
between upper and lower mantle.

5. Discussion

The formation of the Earth has long been discussed in many
studies, and majority of researchers considered that the Earth was
covered by ocean and atmosphere since the birth of the planet at ca.
4.567 Ga. In the newly proposed ABEL (advent of bio-elements)
model, specific aspects associated with the formation of Earth
were reconsidered based on material science derived from chro-
nology of meteorites and the Moon, and analyses of isotopic ratios.



Figure 12. Hadean history of the Earth. At 4.55 Ga, dry Earth was formed. By 4.53 Ga, mantle was solidified to form layered structure and stagnant lid tectonics operated.
Between 4.37 and 4.20 Ga, ABEL Bombardment progressed deliver atmospheric and oceanic components on dry Earth. Due to great destruction of stagnant lid by huge
impactors, stagnant lid tectonics shifted to plate tectonics. By 4.30 Ga, bi-modal lithosphere (continental curst and oceanic crust) appeared following to bombardment to
operate plate tectonics. Due to tectonic erosion, primordial continent (anorthosite, komatiite, and KREEP I) was removed into deep mantle. The densest KREEP I dripped down
to the bottom of the mantle to accumulate (almost all KREEP I should have accumulated at CMB by 4.0 Ga). KREEP I heated up the bottom of the lower mantle to generate
plumes at CMB due to radioactive decay heat, where anti-crust formed at the same time. Restite enriched in Ca-perovskite split off from KREEP I as high temperature solid
plume to accumulate at the top of the lower mantle. On the other hand, solid core also melts down due to radioactive decay heat. By 4.20 Ga, TTG magma was generated to
increase granitic continental crust at the consuming plate boundary. Removed anorthositic crust moved down to 660e1000 km depth to accumulate. Within the lower
mantle, coming up plumes from CMB accumulated at 660 km depth. At 4.0 Ga, subducting oceanic lithosphere has accumulated at 660 km depth as stagnant slab. TTG crust
also removed from the surface to accumulate at the mantle transition zone (410e660 km), forming second continent. At the bottom of the lower mantle, D00 layer mostly
formed to be third continent.
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According to the ABEL model, the Earth was born as a completely
dry planet from enstatite chondrite-like materials, and oceanic and
atmospheric components (which are bio-elements such as carbon
(C), hydrogen (H), oxygen (O), and nitrogen (N)) were delivered as
secondary components together with other volatiles and side-
rophile elements from outer asteroid belt due to gravitational
disturbance by three gas giants of Jupiter, Saturn, and currently
missing “Black Sheep” during 4.37e4.20 Ga (Maruyama and
Ebisuzaki, 2017).

The recent investigations suggest that the LHB occurred in the
middle of Hadean (Hopkins and Mojzsis, 2015). Maruyama and
Ebisuzaki (2017) redefined the event as ABEL Bombardment and
proposed this to be the most important event to evolve Earth into
life sustaining planet. During the 170 Myr long bombardments,
global hydrological material circulation began to change chemical
composition and volume of ocean and atmosphere. Moreover, the
ABEL Bombardment could be the trigger of operation of plate tec-
tonics as well as the initiation of metabolism for the emergence of
life. Based on this redefined significant event, we propose the
subdivisions of Hadean Eon into 3 periods; i.e. the early Hadean
(4.567e4.37 Ga; from the formation age of dry Earth until the
beginning of ABEL Bombardment), the middle Hadean
(4.37e4.20 Ga; period of ABEL Bombardment), and the late Hadean
(4.20e4.0 Ga; after ABEL Bombardment and the period to bear life).

The early Hadean is characterized by dry rocky planet without
ocean and atmosphere. It is important to have this period as the
reductive planet. The mixing of reductive material and oxidized
material is the trigger of the metabolism to lead to the emergence
of life. The middle Hadean started with the most important event
on the whole Earth history which is the advent of bio-elements
(ABEL Bombardment) occurred by bombardment of carbonaceous
chondrites caused by the gravitational disturbance of asteroid belt
by three gas giants; i.e. Jupiter, Saturn, and the missing third big
giant “Black Sheep”. Through the accumulation of water compo-
nents on the Earth, primordial ocean appeared for the first time to
initiate the plate tectonics on this planet. After this significant
event, the Earth witnessed the late Hadean which must have the
emergence of life with the global material circulation driven by
plate tectonics.

One more point to be emphasized here is the terrific destruc-
tion of the surface of the Earth was caused through the ABEL
Bombardment. The size of impactors of bombardments were ex-
pected to be huge, and larger in earlier stage of the ABEL
Bombardment to cause Pacific Ocean sized crater on the Earth to
destroy rigid continental lithosphere and newly formed oceanic
lithosphere. As a result, bi-modal lithosphere appeared to initiate
the operation of plate tectonics. However, current majority of re-
searchers have totally different image for such a bombardment
event, for example, LHB is regarded to be minor event and it did
not play important role through the Earth’s history. On the con-
trary, the ABEL model suggested completely dissimilar scenario.
Further researches should demonstrate or validate previously
proposed models based on detailed analyses using specific mate-
rial such as meteorites, and returned samples including lunar
rocks.

6. Conclusion

Plate tectonics is a unique feature restricted to themodern Earth
among other planets in our solar system. Among the various factors
that initiated and operated plate tectonics, the most critical is the
presence of water.

The Earth was formed as a dry reductive planet at 4.567 Ga, after
which volatiles were delivered from outer asteroid belts by
carbonaceous chondrites at 4.37e4.20 Ga due to gravitational
disturbance of asteroid belt by three gas giants of Jupiter, Saturn,
and missing “Black Sheep”. This event is called ABEL Bombardment
which is the trigger of the operation of plate tectonics on Hadean
Earth with the formation of ocean and atmosphere.

In earlier stage of the ABEL Bombardment, 1000 km across im-
pactors bombarded the Earth to destroy rigid continental litho-
sphere operating stagnant lid tectonics since the formation of the
Earth. Due to terrific destruction by gigantic impactor to create
Pacific Ocean class crater, oceanic lithosphere was generated on the
surface of the Earth for the first time through the history. Through
the ABEL Bombardment, water component accumulated as ocean
gradually, and mixed into the interior of the Earth through bom-
bardments. Through this process, eclogitization facilitated to
initiate the operation of plate tectonics at bi-modal lithosphere.
Eclogitization of primordial continental crust at both upper and
lower, caused by the ABEL Bombardment, gave the strong slab-pull
force to initiate the process of subduction. This is the scenario to
shift from stagnant lid tectonics to modern plate tectonics.

Because of the significance of the events of initiation of plate
tectonics on the Earth which lead to the emergence of life, a sub-
division of Hadean Eon is proposed as follows: (1) the early Hadean
(4.57e4.37 Ga), (2) the middle Hadean (4.37e4.20 Ga), and (3) the
late Hadean (4.20e4.00 Ga).
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