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Abstract The regime of plate tectonics on early Earth is one of the fundamental problems in Earth sciences. Precambrian era
takes the majority (ca. 88%) of Earth’s history and thus plays a key role in understanding the onset of plate tectonics and the
mechanism, distribution and process of Precambrian subduction zones. This paper presents a review on the progresses of
subduction and subduction zones in different stages of Precambrian era, and sorts out some key issues and fields that merits
further attention. We suggest that there was progressive onset and evolution of subduction and plate tectonics from Archean to
Proterozoic eras. We emphasize the importance of comprehensive studies on subduction mechanism, metamorphic type, plate
tectonics regime, the compositional evolution of continental crust, and petrogenesis of diverse granitoids formed in the Archean.
It is proposed that innovative analytical techniques, big data, experimental petrology and numerical geodynamic modeling will
facilitate future studies of Precambrian subduction zones.
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Introduction

The term subduction refers to the geological process of one
lithospheric plate descending beneath another into the asthenosphere along convergent plate boundaries (Zheng,
2020a). Subduction zone, which was initially discerned
based on seismological data, is commonly composed of
descending plate, trench, accretionary wedge, magmatic arc,
paired metamorphic belts and so on (Stern, 2002; Zheng and
Chen, 2016). It is not only a place witnessing frequently
geological hazard like earthquake and volcanic explosion,
but also an important site for crust-mantle interaction and a
key area of mineralization (Bierlein et al., 2009) and continental growth (Davidson and Arculus, 2006; Jagoutz and
Kelemen, 2015; Zheng, 2020b). Whatever ocean-ocean

subduction, ocean-continent subduction, or continent-continent subduction, subduction zone is essentially linked to
plate tectonics in its formation (Zheng, 2020b), and it was
even considered as an “engine” for plate tectonics (Forsyth
and Uyeda, 1975).
It should be noted that the definitions and studies of subduction and subduction zone mainly arise from the observations of associated magmatism, metamorphism,
mineralization and crustal recycling in Phanerozoic subduction systems. This is partly because of the poor preservation of Precambrian subduction zones due to later
tectonic overprinting or reworking. On the other hand, it is
very difficult to get a full understanding on the exact constitution, dynamic mechanism and formation of such old, and
possibly destructed, subduction zones without reliable geophysical studies. Moreover, the onset of plate tectonics is
obviously controlled by Earth’s thermal state, but when the
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Earth was cool enough to initiate subduction is still a mystery
and whether we can use the theory of plate tectonics to explain the geological processes in early Precambrian remains
unclear. In this regard, when and how plate tectonics initiated
in the Earth’s history rise to be a key problem in the study of
Precambrian subduction zones. A great debate has been
raised on the regime of plate tectonics in the early Earth and
even the definitions of subduction and plate tectonics (e.g.,
Tang et al., 2016; Greber et al., 2017; Bédard, 2018; Hawkesworth and Brown, 2018; Stern, 2018; André et al., 2019;
Deng et al., 2019; Holder et al., 2019; Liu et al., 2019; Sobolev and Brown, 2019; Brown et al., 2020; Cawood, 2020a;
Turner et al., 2020; Wan et al., 2020; Zhai et al., 2020). Based
on a comprehensive study of global metamorphism with
time, Zheng and Zhao (2020) emphasize the differential roles
of both hot rifting and cold subduction along convergent
plate boundaries in the operation of plate tectonics, leading
to the distinction between ancient and modern plate tectonics
with a series of differences in the nature of lithospheric activity and crust-mantle interaction in the early and late Earth.
Their model integrates the subduction in Earth’s different
periods in different styles and thus sheds light on the nature
of plate tectonics and the evolution of the early Earth (Cawood, 2020b; Kusky, 2020; Zhai and Peng, 2020).
To provide insights into the initiation of plate tectonics, it
is necessary to revisit the subduction zones in Precambrian
era that takes up to 88% of Earth’s history. Below we firstly
introduce Precambrian subduction and subduction zone in
geochronological order, then conclude some important aspects on this issue. We highlight a progressive and heterogeneous feature for the onset and evolution of plate tectonics
in the early Earth. This will not only contribute to our understanding of continental formation and evolution, but also
has bearing on the driving mechanism of the interaction
between different layers of the Earth, the origin and evolution of life, and Earth’s habitability.

2.

Hadean to Archean era

2.1

Hadean to Eoarchean era (≥3.6 Ga)

Hadean to Eoarchean crustal materials are scarcely preserved
on Earth due to long-term meteorite impacts and tectonic
overprinting. To date, the oldest known rock is the ca. 4.02
Ga Acasta granitic-dioritic gneiss in northwestern Canada
(Bowring and Williams, 1999; Mojzsis et al., 2014; Reimink
et al., 2016), and only a few occurrences of 3.8–3.6 Ga rocks
are sporadically distributed in other places (Kinny, 1986; Liu
et al., 1992; Shimoyama and Matsubaya, 1992; Mojzsis et
al., 1996; Wan et al., 2005, 2009; Condie, 2019). Ultramafic
142
to mafic rocks with ages of 4.4–4.3 Ga ( Nd “age”) were
once reported in the Nuvvuagittuq Supracrustal Belt of
Northern Quebec (Canada) (O’Neil et al., 2012). However,
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the Nd “age” is questionable due to possible inheritance of
Nd-anomalies stored either in pre-existing crust or previously enriched mantle sources, and an alternative age of
~3.8 Ga was proposed (Roth et al., 2013). Despite of the
scarcity of outcrops, study on detrital zircon and other
sporadic upper-crust materials provide an alternative way to
explore the possible roles of subduction and plate tectonics in
Hadean to Eoarchean eras.
Hadean (≥4.0 Ga, according to the International Chronostratigraphic Chart in its 2018 online version) detrital zircon
from quartzite in Jack Hills area (Western Australia) provide
valuable insight into the tectonic evolution of the Hadean
era. These zircon grains mostly show a primary magmatic
origin by their high Th/U ratios (>0.1) and magmatic oscillatory zonation, and they may crystallize at temperatures
with a peak of ~700°C by the Ti-in-zircon thermometry
(Watson and Harrison, 2005). However, the nature of the
parental magma where the zircon crystalized is controversial,
with four main viewpoints proposed: (1) low-temperature
hydrous granitic magma (Mojzsis et al., 2001; Trail et al.,
2011); (2) andesitic magma resembling that in modern subduction setting (Turner et al., 2020); (3) within-plate basaltic
magma (Kemp et al., 2010; Dhuime et al., 2015); and (4)
differentiated impact melt (Darling et al., 2009; Marchi et al.,
2014; Kenny et al., 2016). The former one hints the existence
of hydrosphere-crust interaction in Hadean time and the
second one requires the onset of modern plate tectonics
which is not necessarily claimed by the latter two. In terms of
zircon structure and Hf-O isotopes, the latter two mechanisms, if existed, could not fully explain the formation of the
Jack Hills zircons. In addition, some scholars proposed a low
near-surface heat flow in Hadean convergent margins based
on analyses of mineral assemblages captured by the Hadean
zircon, and suggested slab subduction had occurred in Hadean time (Hopkins et al., 2008; Harrison, 2009). However,
zircon trace element analyses suggest that they might crystallize from TTG-like (TTG=Tonalite-trondhjemite-granodiorite) magma with similar magma source (mafic crust),
rather than S-type granitic magma (Martin et al., 2014;
Burnham and Berry, 2017; Moyen et al., 2019; Turner et al.,
2020). In fact, the interpretation of zircon trace element
composition is not unique for its geochemical significance
and thus further constraints are necessary from the analyses
of associated minerals, bulk rock or geological work.
Therefore, the implications for early Earth’s subduction and
plate tectonics were solely deduced from Hadean zircon,
which seems to be ambiguous.
Further studies on the scarce Hadean–Eoarchean rock
outcrops are also beneficial to understanding the onset of
plate tectonics in the early Earth. According to the bulk rock
142
182
Nd and
W isotopic analyses, the
geochemistry and
~4.02 Ga Acasta gneiss are suggested to have been formed
by partial melting of hydrous mafic crust above garnet-sta142
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bility field (Reimink et al., 2018). Similarly, some ca. 3.8 Ga
Baijiafen and Shengousi trondhjemite samples in the Anshan
area of North China craton show heterogeneous geochemistry and hence possibly complicated petrogenesis, with
some not having fractionated REE (rare earth elements)
patterns in contrast to typical TTG rocks (Wan et al., 1999,
2005; Zhang J H et al., 2018; Wen et al., 2019) as others do
(Song et al., 1996; Wang et al., 2015). The compositional
diversity of Hadean-Eoarchean rocks may result from various crustal melting conditions (e.g., thermal gradient, extent
of crustal thickening and melting process) but fails to have a
direct link with subduction process. Some scholars attempted
to use a comprehensive study on geochemistry of mafic
rocks and petrological modeling to deepen the discussion on
this issue. For example, Shirey et al. (2008) suggested
modern-style plate tectonics had occurred at ca. 3.9 Ga according to the changes of Nb/Th and Th/U ratios of ultramafic–mafic rocks, as well as their arc-like geochemistry and
142
short-decay Nd isotopes. Turner et al. (2014) proposed a
pre-3.8 Ga subduction in the Nuvvuagittuq supracrustal belt
(Northern Quebec, Canada) since the rock association of
low-Ti calc-alkaline and high-Ti tholeiitic basalts and boninite in this area is comparable to the arc rocks in the IzuBonin-Mariana area. Lately, Ge et al. (2018) attributed the
~3.7 Ga high-P TTGs in the Tarim craton to partial melting
of subducted ancient arc materials. However, since bulk rock
geochemistry could be controlled by many factors regardless
of geodynamic settings, whether above rocks could serve as
indicator of modern plate tectonics merits more studies.
Nevertheless, the “arc”-like geochemical signatures were
indeed found in some magmatic rocks on early Earth. If such
arc signatures were only generated by the subduction zone
process, the early operation of plate tectonics can be deduced
from the inheritance of magma sources. In addition, little
attention has been paid to detailed magmatic process in the
early Earth, so that the role of crystal-liquid separation
within “crystal mush” in generating the diversity of TTG
magmas (Laurent et al., 2020) needs to be clarified.
2.2

Paleoarchean era (3.6–3.2 Ga)

The pre-3.2 Ga geological history of the Earth was termed as
“pre-plate tectonic stage” by Cawood (2020b), but there was
already the operation of ancient plate tectonics in this period
(Zheng, 2020a). Large volumes of greenstone and TTG rocks
formed during this period and they are mainly preserved in
the Kaapvaal craton of South Africa, the Pilbara craton of
western Australia, the North China craton, the Bundelkhand
craton of northern India, the Singhbhum craton of southeastern India and so on. These cratons witnessed the uplift,
weathering, accretion, and compositional change of early
continents. Their initial formations on early Earth also suggest the start of evident difference in composition between
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oceanic and continental crust in local or regional areas and
thus may provide an essential ingredient for the onset of
subduction in the early Earth. Therefore, Paleoarchean era
could be the most likely period to give birth to nascent
subduction and plate tectonics.
More geological data are available in the Paleoarchean
than the Hadean for understanding the initiation of subduction and plate tectonics. For example, ca. 3.23 Ga amphibolite-facies metamorphism and associated deformation
were identified in the Archean greenstone-TTG belt of the
Kaapvaal craton (Dziggel et al., 2003), possibly in response
to the amalgamation between two oceanic plateaus along the
Inyoka Fault (de Ronde and de Wit, 1994), although it is still
controversial whether the metamorphism was linked to highpressure metamorphism during deep subduction process
(Moyen et al., 2006; Peng et al., 2019). Moreover, the ca. 3.5
Ga Barberton komatiites in the Kaapvaal craton resemble
modern boninite in geochemistry and could be explained by
partial melting of hydrous mantle in subduction zones
(Parman et al., 2001, 2004), which possibly suggest the onset
of subduction before 3.5 Ga in this area. In addition, the trace
and platinum-group element analyses of boninite and associated arc basalts from the Bundelkhand and Singhbhum
cratons (India) are also linked to possible subduction of
oceanic slab at 3.5–3.3 Ga (Manikyamba et al., 2015). Similarly, van Kranendonk et al. (2007) investigated the rock
association in the Pilbara craton and proposed the onset of
modern-style arc magmatism (boninite and flux melting) and
subduction at >3.12 Ga, following three stages of mantleplume events at 3.53–3.43, 3.35–3.29, and 3.27–3.24 Ga,
18
respectively. This is also consistent with the elevated δ O
values in zircon of ca. 3.2 Ga TTGs in the area, which may be
facilitated by crustal recycling like the modern Earth (van
Kranendonk et al., 2015).
The above clues hint at least the onset of modern-like plate
tectonics proceeded prior to 3.2 Ga in a local area, despite the
uncertainties in explanation of geology, petrology and geochemistry of igneous rocks at that time. However, it is interesting that no other terrestrial planet exhibits plate tectonics in
our solar system, which leads us to figure out alternative
mechanisms responsible for early-Earth dynamic processes.
Based on numerical simulations, Moore and Webb (2013)
proposed a “heat-pipe mode” (Figure 1a) on early Earth and
suggested similar dynamics with modern Jupiter’s Moon Io.
The mode illustrates the transportation of heat and material
between different layers of the earth by frequent volcanic
eruptions and advected surface materials downwards through
the heat pipes. The “heat-pipe mode” can be transformed to
“single plate mode” (Figure 1b and 1c) in which global lithosphere can be regarded as a single plate, as shown by
present process in Mars (Lenardic, 2018). Tang C A et al.
(2020) develop a spherical shell model to simulate a series of
self-organized fracture processes on the early Earth, in which
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Figure 1 Schematic diagrams showing the formation of magmatism and lithosphere-asthenosphere recycling in the stagnant regime of the early Earth
(modified after Stern et al., 2018). Specific plate regimes for some planets are shown here.

globe-spanning rifting occurs as a result of horizontal extension; the results show that, the rigid lithosphere can be ruptured to provide the initial impetus for plate tectonics.
2.3

Meso-Neoarchean era (3.2–2.5 Ga)

The Meso-Neoarchean era was thought to be the transition
period from the stagnant lid to the mobile lid, i.e. plate tectonics (Cawood, 2020a), but there are more lines of evidence
from magmatism, metamorphism and sedimentology for the
operation of ancient plate tectonics in this period (Zheng,
2020a). The occurrence of a series of magmatic rocks
bearing arc-like geochemistry implications for melting of
subducted slab, in combination of contemporaneous tectonic
molasse, provides evidence for the initiation of plate tectonics during this period.
Magmatic rocks of this period show evident variations in
rock type and bulk rock geochemistry. The rock association
within greenstone belts generally exhibits a compositional
transition from bimodal (komatiite and the interlayering
felsic volcanic rocks) to calc-alkaline, as exemplified in the
increasing proportion of calc-alkaline rocks at ca. 2.7 Ga in
the North China craton (Zhai et al., 2020). Additionally, there
is also a compositional tendency of TTGs from Na-rich to Krich, as extensively behaved in cratons like Pilbara, Kaapvaal, Amazonia and Dharwar. Such occurrences of the ex-

tensive K-rich granitoids possibly indicates the initiation of
plate tectonics on a broader scale (Moyen et al., 2003;
Laurent et al., 2014) and the widespread crustal recycling
and maturation of continents. For example, voluminous nonTTG crust-derived granodiorite formed at the period 2.6–2.5
Ga in the North China craton, indicating the maturation of
continent crust which may be facilitated by initiation of plate
tectonics in the area (Wan et al., 2017). The occurrence of
massive K-rich granites also indicated that the cratonization
of the North China craton largely finished during 2.5–2.45
Ga (Zhai et al., 2020). The onset of plate tectonics in the
North China craton can be constrained at ca. 2.56 Ga based
on the Wutai granites that sourced from juvenile crust (Zhao
et al., 2007). In addition, granitoids sourced from recycled
supracrustal materials could have been formed as early as
3.02–2.91 Ga in the North China craton (Dong et al., 2017),
implying the roles of some specific tectonic processes triggering the deep recycling of supracrustal materials. On the
contrary, other scholars thought the Neoarchean assembly
and related subduction-collision processes in the North
China craton may just take place in local areas, in contrast to
the large-scale (globally) plate tectonics developed in Phanerozoic time (Zhai and Santosh, 2011; Zhao and Zhai,
2013). Moreover, even though the Neoarchean TTGs in
some areas like the Bundelkhand (India) and the North China
craton can be linked to partial melting of sub-arc mafic
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source in subduction zone settings (Mohan et al., 2012; Peng
et al., 2015; Wang et al., 2016), more lines of solid evidence
for the melting are still necessary. If the role of subducted
slab contributed to the formation of Meso-Neoarchean
TTGs, m investigations are necessary to figure out the differences in magma source from the Paleo-Mesoarchean
TTGs which were generally thought to be formed by partial
melting of basaltic rocks at the bottom of oceanic plateau.
A combination of geochemical characteristics of mafic–
ultramafic rocks and associated tectonic features is provides
additional evidence for the existence of modern-style plate
tectonics in the Meso-Neoarchean. For example, the ca. 2.7
Ga high-Mg andesite, Nb-enriched basalt and adakitic rocks
in the Wawa Greenstone Belt (Superior Province of North
America) are possibly correlated with shallow subduction of
young and hot oceanic lithosphere (Polat and Kerrich, 2001).
These rocks show tectonic contact with diachronous volcanic-sedimentary rocks and tectonic molasse, possibly representing subduction and accretionary orogenesis in the
Neoarchean era (Polat and Kerrich, 2001). In addition, the
formation of ca. 2.89 Ga eclogitic diamond revealed by ReOs isotopes of sulfide inclusions within diamond from
kimberlite provides solid evidence for recycling of subduction-related oceanic crust around the Kaapvaal craton (Richardson et al., 2001).
In general, besides the aforementioned studies on magmatic rocks, several lines of evidence in terms of geology
and geochemistry support that modern-style plate tectonics
may have operated before Meso-Neoarchean: (1) paired
metamorphic belt formed along active plate margins since
Neoarchean (2.7–2.5 Ga) according to the compilation of
global metamorphism (Brown and Johnson, 2018; Holder et
al., 2019); (2) the composition of continental crust (like Rb/
Sr, Ni/Co, and Cr/Zn ratios) changed significantly during ca.
3.0–2.5 Ga (Dhuime et al., 2015; Tang et al., 2016); (3) the
appearance of eclogitic inclusion in diamond indicates the
existence of deep subduction prior to ca. 3.0 Ga (Shirey and
Richardson, 2011); and (4) newly published paleomagnetic
data of the Pilbara craton illustrate a modern-like plate motion of lithosphere before ca. 3.18 Ga (Brenner et al., 2020).

3.

Paleoproterozoic era

3.1 Global tectonic background during the Paleoproterozoic era
Global tectonics may have stepped into a new stage from
Archean to Paleoproterozoic era, as supported by the transitions of crustal composition to felsic and stable (Tang et al.,
2016) and granite composition to non-TTG features (Moyen
and Martin, 2012). According to available zircon U-Pb age
data, there is a relative magmatic quiescence during this period, whatever the significant changes on Earth’s surface, in-
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cluding the Great Oxidation Event, the termination of the
striking mass-independent sulfur isotopic fractionation, the
deposition of large amounts of banded iron formation, and the
significant compositional change of seawater (Condie et al.,
2009). During early Paleoproterozoic, the global volcanism
shutdown reduced endogeneous CO2 input into atmosphere–
hydrosphere, while exogeneous CO2 was largely consumed
due to significant continental weathering, both of which
contributed to the 2.4–2.3 Ga global cooling and freezing
(Rasmussen et al., 2013; Tang and Chen, 2013). After ca. 2.2
Ga, global plate tectonics restarted due to the assembly of
Columbia (or “Nuna”) supercontinent, which resulted in extensive subduction-accretion-collision processes followed by
rifting-related lithospheric extension at ca. 1.75 Ga. Generally,
it’s obvious that main continents have formed and oceancontinent transform has turned to be stable during the Paleoproterozoic and thus subduction and plate tectonics have
played a crucial role in crustal evolution of this period.
3.2 Early Paleoproterozoic magmatism and subduction
before supercontinent amalgamation
The Earth was probably dominated by vertical tectonics at
the early Paleoproterozoic before the assembly of supercontinent Columbia, as marked by the global rifting system
induced by 2.5–2.4 Ga super-plume event, resulted in large
igneous provinces (LIP) and associated mafic to ultramafic
layered intrusions and volcanics dominantly preserved in
Baltica, Canada, Western Australia, and Antarctica (Puchtel
et al., 1997; Bayanova et al., 2009). Thereafter, oceanic and
continental arc systems were widely developed in different
continents at ca. 2.45 Ga, indicating a new tectonic regime on
the earth.
During the global magmatic shutdown at 2.45–2.22 Ga
(Condie et al., 2009), tectono-magmatic activities were still
active in some areas, featured by active convergent plate
tectonics and juvenile crust production, resulting in several
accretionary orogens as found in western Canada, China,
India, Africa, Australia and Greenland (Partin et al., 2014).
Typical early Paleoproterozoic orogenic belts could be represented by the 2.54–2.28 Ga ca. 1500 km long Arrowsmith
orogen along western Rae craton in North America. The
initiation of the orogenesis was marked by Andes-style accretion processes, forming a series of arc plutons (Berman et
al., 2013). The collisional process of this orogen may be
diachronous with ages of >2.34 Ga in north and post-2.28 Ga
in the south (Berman et al., 2013), resulting in middle–high
grade metamorphism and syn- to post-collisional granitoids
(Hartlaub et al., 2007) and sedimentary basins (Ashton et al.,
2012). Similar accretionary orogens are also recorded in the
São Francisco craton in South America, as documented by
the 2.35–2.30 Ga quartz diorite, trondhjemite and amphibolite under arc settings in the Minas accretionary orogen
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that finally led to the formation and stabilization of the São
Francisco ancient continent (Teixeira et al., 2015). The
Singhbhum craton in eastern India served as another case
witnessing early Paleoproterozoic subduction and melting of
the mantle wedge that had been metasomatized by slab-derived materials as revealed by ca. 2.25 Ga volcanic rocks
(including arc-like basalt, boninite, high-Mg andesite and
Nb-enriched basalt) (Singh et al., 2017).
3.3 Paleoproterozoic subduction during supercontinent
assembly
During the period 2.22–1.75 Ga, the global tectonics was
marked by long-term and intermittent subduction-accretioncollision processes associated with Columbia assembly, with
the peaking age at 2.05–1.80 Ga (Hartlaub et al., 2007; Wan et
al., 2020). Only few cratons were involved in the early stage
(2.2–2.0 Ga) accretionary orogenesis, including the West
Africa, Amazonian, Congo, São Francisco cratons and so on.
They were mainly distributed on the southern part of the
Columbia supercontinent and constituted the main body of the
supercontinent (Pehrsson et al., 2015). With the ongoing
global convergence, the 2.00–1.95 Ga accretion and collision
took place in Baltica, Siberia, Laurentia and Greenland
(Pehrsson et al., 2015). This stage could be exemplified by the
2.15–1.98 Ga Eburnean orogen in the Leoman Shield (West
Africa) which is characterized by highly deformed and folded
calc-alkaline volcanic-sedimentary sequences followed by
granitoid formation by melting of subducted slab or mafic
lower crust (Baratoux et al., 2011). Similar subduction–accretion–collision processes are also evident between several
independent Archean cratons in the proto-Laurentia (Hoffman, 2014). For example, the Rae and Slave cratons were
surrounded by 1.99–1.96 Ga I-type granite and contemporaneous back-arc sedimentary sequences, 1.94–1.93 Ga
syn-collisional S-type granite and associated high-grade metamorphism (McDonough et al., 2000). Contemporaneous
geological events were also developed in other places, such as
the ca. 2.0 Ga collision-related orogeny in the Yangtze craton
(Yin et al., 2013; Han et al., 2017) and 1.91–1.87 Ga orogeny
in the Cathaysia terrane (Yu et al., 2012). Later, the convergence between Rae and North Atlantic cratons generated a
250 km-long Nagssugtoqidian orogen along the east coast of
Greenland (Kolb, 2014). This orogen could be even extended
to Trans Hudson orogen in Canada, constituting a large-scale
plate subduction and crustal accretion between different terranes (St-Onge et al., 2009; Garde and Hollis, 2010). During
ca. 1.88–1.78 Ga, the closure of oceans and the formation of
associated intense tectonic and metamorphic events between
Laurentia, Siberia and Baltica marked the final amalgamation
of Columbia supercontinent.
With respect to the North China craton, its west-east assembly (also known as the “Lvliang Movement”) also oc-
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curred during this period, leaving the 2.10–1.97 Ga
subduction-collision and 1.95–1.82 Ga high P, high-ultra
high T metamorphic imprints (Zhai et al., 1992; Zhai and
Santosh, 2011; Santosh et al., 2012; Tang and Santosh,
2018). The formations of the Jiao-Liao-Ji Belt and the
Khondalite Belt can also be linked with the amalgamation
(Zhao and Zhai, 2013). Santosh (2010) proposed a double
divergent subduction model accounting for the Paleoproterozoic orogenesis in the North China craton. Trap et al. (2012)
claimed a 1.88–1.80 Ga continent-continent collision in the
Trans-North China orogen based on studies of tectonic, deformation and geochronology. Similarly, Zhao et al. (2012)
carried out a comprehensive analysis on metamorphism,
stratigraphy, tectonics, geochemistry and geochronology,
and proposed a west-east assembly at ca. 1.85 Ga, a ca. 1.95
Ga collision in the interior of western North China craton to
form the high-T, middle P metamorphism in Khondalite
Belt, and complex history for the formation of the Jiao-LiaoJi Belt in the eastern North China craton. In general, the
amalgamation of these micro-blocks akin to modern plate
tectonics in terms of tectonic movement, sedimentation, and
lithology, while related metamorphism was featured by
higher thermal gradients (Zhai et al., 2020). For high-T to
ultrahigh-T granulite facies metamorphic rocks, the low
metamorphic pressure (in the sillimanite stability field) at
such high temperatures requires high heat flow from the
asthenospheric mantle into the crust. This is responsible for a
tectonic setting of extension rather than compression (Zheng
and Chen, 2017), marking the operation of continental rifting
(either aborted or successful) after supercontinent assembly
(Zheng and Zhao, 2020). Although the scales of such tectonism may be not fully comparable to modern plate tectonics, they at least represent the onset of ancient plate
tectonics in the North China craton during the Paleoproterozoic (Zhai and Santosh, 2011) and reflect the accretion
processes along the margins of the early supercontinent.
3.4

Paleoproterozoic ophiolite suites

The occurrence of ophiolite suite serves as robust evidence
for the existence of subduction and collisional processes. As
one of the most reliable marks of plate suture zone, the oldest
known ophiolite suite is Paleoproterozoic, and no reliable
Hadean to Archean ophiolite suite was published so far. This
may be resulted from the unusual tectonic pattern, the timing
and mechanism for early subduction, mantle temperature, the
feature of early oceanic lithosphere, and the hard preservation conditions in Hadean to Archean era. The Paleoproterozoic ophiolite suites mainly outcrop in Greenland, Canada,
India and Finland (Baltic Shield). Among them, the Purtuniq
ophiolite (ca. 2.0 Ga) in Canada (Scott et al., 1992) and the
Jormua ophiolite (ca. 1.99 Ga) in Finland (Peltonen et al.,
1998) are the oldest and they were largely dismembered by
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lateral events but keep the whole elements of a typical
ophiolite suite. Recently, ca. 2.0 Ga ophiolite suite was also
reported in the Kongling Complex, Yangtze craton (Han et
al., 2017), but more studies are necessary on its detailed
compositions and tectonic settings. In addition, some scholars reported ca. 2.5 Ga ophiolite suite in the North China
craton (Wang et al., 1997; Kusky et al., 2001), but it still
lacks enough solid evidence (Zhao et al., 2007).
According to available data, the Paleoproterozoic ophiolite
suites resemble modern ones in terms of constitution, including tectonic peridotite (now commonly serpentinite)
intruded by gabbro, gabbro cumulate, sheet-like mafic dykes,
pillow lava (meta-basaltic pillow lava and breccia), thinlayer meta-carbonate rocks, meta-siliceous rocks, black
schist, layered tuff, chert, and overlying meta-turbidite (Scott
et al., 1992; Peltonen et al., 1998). The discovery of Paleoproterozoic ophiolite suites provides reliable petrological
evidence for the Paleoproterozoic subduction-collision orogenesis. In this regard, many scholars insist the onset of
global plate tectonics at Paleoproterozoic.

4.

Mesoproterozoic era

4.1 Global tectonic background during the Mesoproterozoic era
Global tectonic movement and magmatism during the Mesoproterozoic (1.6–1.0 Ga) seem to be more inactive than in
the Paleoproterozoic, and plate movement, biological evolution and climate change were all gentle at that time (Holland, 2006; Piper, 2013a; Young, 2013; Cawood and
Hawkesworth, 2014). As the transition from Columbia to
Rodinia supercontinent, the Mesoproterozoic era only held a
few accretionary orogens and they mainly formed prior to
1.2 Ga along the margins of Columbia supercontinent (Figure 2), possibly in response to the further expansion of Columbia supercontinent. The Mesoproterozoic orogenesis
may be followed by Grenville-age collisional events that led
to the final assembly of Rodinia supercontinent. In addition,
Mesoproterozoic rifting tectonics was also evident in the
Columbia supercontinent, but it did not remarkably breakup
the supercontinent and increase the passive margins (Cawood and Hawkesworth, 2014).
Such Mesoproterozoic linear accretionary orogens are
preserved in some of the main continents or terranes during
the period, such as the long-term accretion in Laurentia and
Baltica, and other cases in Amazonia, Australia and India
(Figure 2; Betts and Giles, 2006; Dharma Rao et al., 2013).
4.2 Early-middle Mesoproterozoic subduction zone:
Distribution and feature
The early-middle Mesoproterozoic subduction zones are
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clearly distributed along the western margin of the Columbia
supercontinent (Figure 2). Among them, the Grenville-age
orogenic belts on the southeastern margin (present coordinate) of Laurentia possibly underwent Early Mesoproterozoic (~1.6 and 1.52–1.45 Ga) subduction-related
accretionary orogenesis, producing long-term, extensive, and
calc-alkaline magmatic rocks (McLelland et al., 2010).
Thereafter, Andes-style magmatism and associated terrane
accretion and juvenile crust formation in the area only occurred in local places and can last to ca. 1.30 Ga (Hynes and
Rivers, 2010). In the south part of Baltica, Andes-type orogeny-related magmatic rocks are developed in the 1.47–
1.38 Ga Hallandian orogen, with main rock types of granite
and quartz monzodiorite (Roberts and Slagstad, 2015; Ulmius et al., 2015). Similar accretion processes on the western
Amazonian margin didn’t finished until ca. 1.3 Ga, forming
the 1.80–1.45 Ga Rio Nero-Juruena Belt and 1.45–1.30 Ga
Rondonian-San Ignacio Belt which are mainly composed of
supracrustal rocks and juvenile arc rocks (Tassinari and
Macambira, 1999; Geraldes et al., 2001). Late Paleoproterozoic (ca. 1.8 Ga) to early Mesoproterozoic (ca. 1.5 Ga)
accretionary orogens are also reported in southern and
eastern margins of northern Australia craton, occurring as
tectonic windows (Myers et al., 1996). In addition, the
Xiong’er volcanic rocks on southern margin of the North
China craton was ever considered to be formed by PaleoMesoproterozoic accretionary orogenesis (He et al., 2009),
although there are some debates on this topic.
It should be noted that late Mesoproterozoic subductionrelated accretionary orogenesis was developed in many
places, including India, Australia, southern Antarctic and
Laurentia, Amazonia, Baltica, Congo and the Kalahari block.
For example, the 1.24–1.22 Ga Elzevirian and 1.20–1.14 Ga
Shawinigan accretionary orogenesis documented on southwestern Grenville orogen led to the accretion of a series of
exotic terranes onto the margins of Laurentia (Marsh and
Culshaw, 2014). Till ca. 1.09 Ga, continent collision caused
extensive tectonic deformation and high-grade metamorphism in the Grenville orogen, indicating the termination of
Mesoproterozoic orogenic events. In the eastern part of
Zambia, South Irumide Belt, voluminous late Mesoproterozoic calc-alkaline gneiss and volcanic-sedimentary sequences are suggested to be linked to the 1.09–1.00 Ga
continental arc and 1.02–1.0 Ga intraplate extension, respectively (Karmakar and Schenk, 2016).
Apart from the aforementioned accretionary orogeny
along supercontinent margins, rifting process were also developed in the interior of supercontinent Columbia, as indicated by the ca. 1.38 Ga LIP event in western Siberia,
northern Australia, Laurentia and Baltica (Zhang S H et al.,
2018), the 1.33–1.30 Ga LIP event in the north part of the
North China craton (Zhang S H et al., 2017), and the ca. 1.1
Ga Midcontinent rifting within the Laurentia continent
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Reconstruction map of the Columbia supercontinent showing the accretionary orogens along its margins (modified after Condie, 2013).

(Stern et al., 2018). In addition, Mesoproterozoic bimodal
magmatism was also found on southwestern margin of the
Yangtze craton, possibly in response to the rifting processes
(Chen et al., 2014, 2018).
4.3
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Mesoproterozoic metamorphism and ophiolite suite

The Mesoproterozoic metamorphism was mainly characterized by high-ultrahigh T, except for the collision-related
metamorphism behaved in the Grenville orogen. Such highultrahigh T metamorphism has been identified in the interior
of Australia, southeastern North America, Central Indian
Tectonic Zone, and south part of Africa. For example, the
north part of the Gawler craton (Australia) bears two suites
of ca. 1.59 Ga ultrahigh-T granulite facies metamorphism
with corresponding P-T conditions of 925°C/6.5 kbar and
850°C/9 kbar, respectively (Cutts et al., 2011).
During the late Mesoproterozoic era, a series of ophiolite
suites were formed in response to the transition from Columbia rifting to Rodinia assembly, including the ca. 1.39 Ga

Chewore ophiolite suite in Kibaran Belt (Africa; Johnson
and Oliver, 2000), the ca. 1.33 Ga Kanigiri ophiolitic mélange in Nellore-Khamman Gneiss (southern India; Dharma
Rao et al., 2011), the ca. 1.1 Ga Miaowan ophiolite suite in
northern Kongling region (Yangtze craton; Deng et al.,
2017), the ca. 1.06 Ga Shimian ophiolite suite in western
Yangtze craton (Hu et al., 2017), the ca. 1.03 Ga Songshugou
ophiolite suite in the Qinling Orogenic Belt (Dong et al.,
2008, 2014), the ca. 1.02 Ga Dunzhugur ophiolite suite in
western Siberia craton (Khain et al., 2002), and so on.
Among them, the Yangtze craton is featured by several occurrences of 1.1–1.0 Ga ophiolite suite. Despite the debates
on their specific tectonic settings, they have close spatial
relationship with the early Neoproterozoic intra-oceanic arc
magmatism and Rodinia assembly.

5.

Neoproterozoic era

There is a consensus that modern plate tectonics have played
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an important role in the Neoproterozoic era, which can be
evidenced by the existence of arc magmatism, orogen-related
basins, accretionary prism, high-P and High-T metamorphism, paired metamorphic belt, ophiolite suite, post-orogenic
collapse and delamination, and so on (Stern, 2008; Zheng
and Zhao, 2020). In particular, the identification of blueschist
facies metamorphism in this period provides a robust indicator of low thermal gradients in subduction zones. In
general, debates on subduction in this period may arise on
local areas be further complicated by the transition from
Rodinia to Gondwana supercontinent. In contrast, no significant debate exists on the mechanism and characteristics
of global subduction zones. Therefore, here we only give a
brief introduction on the subduction zones of this period.
5.1

Distribution of Neoproterozoic subduction zones

Only a few early-middle Neoproterozoic subduction belts
were developed around the world, and they are mainly distributed on the margins of the Rodinia supercontinent which
were less involved in the Columbia-related tectonics. In
particular, the subduction zones and related magmatism of
this period are remarkably documented on the southeastern,
western and northern margins of the Yangtze craton (Zhou et
al., 2002; Wang X L et al., 2006, 2014; Zhao et al., 2008,
2011; Li et al., 2009; Zhang F F et al., 2017), some areas of
western Cathaysia terrane (Wang Y J et al., 2014; Xia et al.,
2015), the Tarim Block (Shu et al., 2011; Zong et al., 2017),
and other places like Sri Lanka, Madagascar and Seychelles
(Ashwal et al., 2002, 2013). The Neoproterozoic subduction
and orogenesis commonly witnessed significant growth and
rapid reworking of juvenile crust, resembling typical accretionary orogens. This is supported by the depleted mantlelike bulk Sr-Nd isotopes and zircon Hf isotopes (Wu et al.,
2006; Zheng et al., 2007, 2008, 2009; Wang X L et al., 2014),
18
and mildly increased zircon δ O values (Zheng et al., 2007,
2009; Zhao et al., 2013; Wang et al., 2013; Qi and Zhao,
2020). Considering the abundant literatures on the subduction zones of this period, whatever the great debates on
magmatic characteristics and tectonic setting of specific
areas, we will not give further details due to limitation of
space.
Along with the rifting of Rodinia supercontinent during the
middle-late Neoproterozoic era (ca. 0.8 Ga; Huang et al.,
2019), the assembly of Gondwana supercontinent was
launched, generating a large scale of Pan-African orogeny in
Africa, southern African and Antarctica. The prelude of PanAfrican orogeny can be traced as early as ca. 0.8 Ga (Rino et
al., 2008), followed by the amalgamation of many cratons in
Africa and the final suture of West and East Gondwana
during the main period 0.6–0.5 Ga. Similar to the earlymiddle Neoproterozoic orogenesis, the late phase of Neoproterozoic orogeny was also featured by significant growth
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and rapid reworking of juvenile crust, as well as evident
high-grade metamorphism (Santosh and Yoshida, 2001;
Kröner and Stern, 2004).
5.2 The role of Neoproterozoic subduction in supercontinent evolution
In general, the early-middle Neoproterozoic subduction-related magmatism was not significantly behaved in major
blocks of the Rodinia supercontinent. Correspondingly, the
1.0–0.8 Ga crustal growth was not remarkably manifested in
zircon U-Pb age spectrum (Condie, 2008). Therefore, this
period of subduction-related accretionary orogeny and related crustal growth may mainly take place along the periphery of the Rodinia supercontinent. Some of the early
Neoproterozoic collisional orogens may serve as the extension of Grenville-age orogeny and were related with amalgamation on the margins of Rodinia supercontinent (Cawood
and Pisarevsky, 2017).
During the middle–late Neoproterozoic era, following the
rifting of Rodina supercontinent, breakup did not happen in
some aborted rifts while the others successfully resulted in
seafloor spreading and the generation of new continental
margins, along which subsequent Pan-African accretionary
and collisional orogenesis could take place (Rino et al.,
2008). Therefore, in course of global tectonic evolution,
diachronous rifting and subduction may always exist and
they could be coupled or decoupled in different continents. In
this regard, further investigation on the supercontinent evolution during transition from Grenville-age orogeny to PanAfrican orogeny and the evolution of Neoproterozoic subduction zones along supercontinent margins could be
meaningful for us to figure out the formation of modern plate
tectonics and subduction zones.

6. The progressive onset and evolution of Precambrian subduction
Based on the above review on the distribution and feature of
subduction zones in different geological periods, the onset of
subduction in the early Earth remains the key issue, and its
style is highly debatable for the pre-Mesoarchean time.
Present studies on the Venus have indicated that local tectonic divergence, lateral shear, and/or convergence can take
place on early solid planets (Lenardic, 2018). In this regard,
different from the concept of plate tectonics, subduction of
this period does not necessarily require the generation and
maintaining of a global network of plate margins. Therefore,
subduction and plate tectonics are not always accompanied
with each other.
In general, massive plate motions of solid earth are fundamentally constrained by horizontal diversity of the litho-
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sphere density in subduction zones. Some estimate that 10%
of the force necessary for driving plate motion comes from
ridge push, with another 90% coming from slab pull in
subduction zones, while the latter force includes tractive
force coming from the sinking of subducted slab and its
ambient lithosphere (Forsyth and Uyeda, 1975; Conrad and
Lithgow-Bertelloni, 2002; Faccenna et al., 2013). In contrast,
the friction and buoyancy force coming from subducted slab
play negative effect on slab subduction (Davies, 1999;
Billen, 2008). The rigidity and buoyancy of subducted slab
were significantly affected by the high temperature and low
viscosity of the Archean mantle. Therefore, it is widely accepted that subduction may have operated in the Archean,
and cold subduction would locally exist in the Paleoproterozoic (Zheng and Zhao, 2020). However, there are two
contrasting viewpoints on the operation of ancient plate
tectonics in the Archean: (1) As part of mantle convection,
slab subduction in the early Earth was very fast and it might
be very different from modern subduction because of the
high temperature and thus fast convection at that time
(Christensen, 1985; Korenaga, 2006, 2013); and (2) slab
subduction could not happen during the Archean because of
higher buoyancy (Nisbet and Fowler, 1983). However, the
major driving force of plate subduction is the gravitational
force of subducting slab rather than the fractional force of
mantle convection. Because the Archean asthenosphere was
hotter than the present one, the lithosphere was less rigid than
the present one and thus its crustal portion is more susceptible to partial melting for TTG magmatism in the Archean
than in the Phanerozoic (Zheng, 2020b).
In addition, the debate also comes from understanding of
different scholars on the definition of “subduction”, since the
Archean subduction may behave somewhat different from
modern one in terms of tectonic regime. If we follow the
conception that “subduction” refers to the geological process
of one lithospheric plate descending beneath another into the
asthenosphere along convergent plate boundaries (Zheng,
2020a), it is necessary to define when plate tectonics initiated
and how plate tectonics operated in the early Earth. If we
consider the term subduction only describes the descending
process of one block into asthenosphere beneath another
block, there is large possibility that it could happen during
the Archean, which had been testified by numerical geodynamic modeling studies (van Hunen and van den Berg, 2008;
Sizova et al., 2010; Gerya, 2014; Fischer and Gerya, 2016).
Numerical modeling results indicate that upper mantle
temperature is the principle controlling factor on whether
subduction took place or not and how it operated on early
Earth period. In general, early-Earth’s subducted slab could
be easily broke off due to the high thermal gradient in convergent boundaries generated by high-T mantle, so that it was
hard for slab subduction to persist for a long timescale (van
Hunen and van den Berg, 2008). Therefore, the early-Earth’s
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subduction tends to be intermittent. Furthermore, according
to numerical modeling of Sizova et al. (2010), when uppermantle temperature of the early Earth was >250°C higher
than the present-day value, the horizontal movements of
small deformed plate fragments can be accommodated by
internal strain, which finally generated a “non-subduction”
regime; when the temperature difference was 175–250°C,
the plates were weakened by intense percolation of melts
derived from the underlying sub-lithospheric mantle, resulting in bidirectional lithospheric sinking and shallow
underthrusting of oceanic plate; when the temperature difference was <175°C, magma flux decreased, leading to less
damage on lithosphere and a more rigid plate, which was
finally stabilized to form modern style subduction (Sizova et
al., 2010). Although the slab descending revealed by numerical modeling could fit the definition of subduction in
results, it is different from what were initially defined by the
geophysicists in modern subduction zones, and the specific
components in typical modern subduction zones sometimes
could hardly be identified in ancient subduction zones of
early Earth. Zheng and Zhao (2020) pointed out that Archean
plate margins were ductile due to high mantle temperature,
and in this circumstance, it is expected to generate warm
subduction and hot rifting, which in turn would promote
mobilization of plate margins and partial melting of mafic
crust for the formation of TTG magmatism (Zheng, 2020b).
According to available numerical modeling results, the initial
transition from early-stage special “subduction” to modernstyle subduction may occur at Meso-Neoarchean (~3.2–2.5
Ga) (Gerya, 2014; Cawood, 2020b), and this process may
last to the Paleoproterozoic era (Zhai and Peng, 2020).
On account of the large differences of mantle temperature
and viscosity between the Earth’s early and modern ages,
early subduction styles like “sagduction” (Francois et al.,
2014; Brown, 2015) and “proto-subduction” (Kisters et al.,
2010) were both proposed. Each subduction style is supposed to explain how the composition of Earth’s crust
changed through the Archean. After the “magma ocean”
event in the Hadean, the primary crustal composition was
mafic and the crustal thickness might be thick in the Archean
(Tang M et al., 2016, 2020). Partial melting of the mafic crust
can generate early-stage TTGs, leaving a residue within the
stability field of garnet. Due to the high temperature of the
asthenopsheric mantle at that time, the high-density residue
was prone to be delaminated into the asthenosphere. This
delamination is featured by early recycling of the crust into
the mantle, which behaved like ancient plate tectonism in
local regions and may suggest warm subduction during the
Eoarchean-Paleoarchean era (Moyen et al., 2019). In the
Hadean, the whole crust remained in a single plate mode
while the Earth was surfaced by a mafic layer, and this kind
of structure (Figure 1), i.e. the stagnant lid tectonics (Richter,
1985; Solomatov and Moresi, 1997, 2000; Ernst, 2009;
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Sleep, 2000; van Thienen et al., 2005; Debaille et al., 2013;
Piper, 2013b; O’Neill and Debaille, 2014). Due to the heterogeneous thermal state in different regions, the stagnant lid
tectonics would be transformed to the mobile lid tectonics in
the Eoarchean through the magma generation and mass exchange between lithosphere and asthenosphere in different
modes, such as heat pipe mode and mantle plume as well as
sagduction (Francois et al., 2014; Brown, 2015), hot rifting
(Zheng and Zhao, 2020), delamination, and drip (Sizova et
al., 2015; Fischer and Gerya, 2016; Stern, 2018; Bédard,
2018). On the other hand, there was no hydrosphere on the
Hadean Earth, so that the mafic crust in the lithosphere was
of the oceanic property at that time. After entering the mobile
lid tectonics in the Eoarchean, hydrosphere began to form on
the Earth’s surface. While the juvenile mafic crust was
generated by partial melting of the asthenospheric mantle
along divergent plate boundaries in the early Archean, the
outcropped crust above the sea level is still of the oceanic
property.
Along with continuous generation of TTGs and delamination of lower crustal residue, the bulk crust composition
progressively evolved towards intermediate–felsic composition. Meanwhile, some part of the crust started to emerge
above sea level due to buoyancy, resulting in the formation of
early continental crust and subsequently associated supracrustal sedimentary rocks. Dome-and-keel structure could be
easily identified within the Archean continents, as shown by
the vertical movement at marginal areas of TTG domes and
downward movement of wall rocks (i.e., greenstone) relative
to TTG dome (Marshak et al., 1992; Sandiford et al., 2004).
In general, the special tectonic process in the early Earth can
take place in local places or extensively in some continental
nuclei and it brought the surface materials into the base of
lower-crust or even deeper, generating the deep recycling of
supracrustal materials in the early Earth. Such deep recycling
can be reflected by slightly increased zircon O isotopes
(Vezinet et al., 2019) and unradiogenic zircon Hf isotopes
18
(Bauer et al., 2020) of TTGs. The elevation of zircon δ O
may be diachronous in different continents, implying the
diachronous generation and reworking of juvenile crust. This
may further suggest a progressive onset of subduction over
time, rather than a sudden transition to modern subduction
and plate tectonics. The progressive process is mainly controlled by the change of mantle temperature and rheology
(Zheng and Zhao, 2020) and is consistent with the progressive variation of rock compositions (Condie, 2018). Note
the process probably did not proceed at the same rate, but
may behave faster or slower in some periods, such as an
evident rise during 3.8–3.6 Ga (Bauer et al., 2020) and a
sudden rate change at ca. 3.2 Ga (van Kranendonk et al.,
2015) or ca. 3.0 Ga (Dhuime et al., 2018). From this perspective, the progressive onset and evolution of subduction
does not contradict with the episodic evolution model in-
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sisted by Zhai and Peng (2020). Based on numerical modeling, Debaille et al. (2013) suggested that the transition from
stagnant lid tectonics to the mobile lid tectonics became
gradually active in early Archean (Figure 1), and eventually
gave rise to ancient plate tectonics at ca. 4.0–3.8 Ga (Zheng,
2020a). However, the exact transition may be diachronous in
different ancient plates due to their different maturation
(cratonization) history regardless of big data results which
may conceal local specific features in constraining a global
change. It is possible that some cratons (continents) may
have the similar transition history and they together documented ancient plate tectonics and warm subduction in the
early Earth. More accurate geochronological and geochemical data are necessary to further constrain the secular evolution in different continents.

7. The progressive onset and evolution of Precambrian plate tectonics
It can be drawn from the above discussion that the debates on
the onset of plate tectonics also depends on how we understand the definition of “plate tectonics”, as seen in the debate
during the 2006 Penrose Conference at Wyoming. Alexandra
Witze, the chief editor of Nature, concluded three key indicators of “plate tectonics” that are generally accepted by
the attendees: (1) There must be rigid plates at the surface of
the Earth; (2) those plates must move apart through ocean
spreading, with new crust generated where the sea floor pulls
apart; and (3) the plates must on occasion dive beneath each
other in subduction zones (Witze, 2006). Among them, only
the last one could leave some testable rock records, including
subduction-related magmatic rock association, high-P metamorphic rocks, regional metamorphism, and continentcontinent collision, and so on. (Zhao et al., 2007). Lenardic
(2018) reviewed the debate and emphasized that the initial
definition of “plate tectonics” was rigid plate interiors and
narrow zones of active deformation (i.e., plate boundaries).
This theory is testable and fits Euler’s theorem (Lenardic,
2018). The debate on the onset of modern plate tectonics also
comes from how scientists treat and explain the different
geological observations. For example, Stern (2008, 2018)
argued modern plate tectonics has initiated since the Neoproterozoic (post-1.0 Ga) because there was the lack of low
T/P blueschist facies and uhtrahigh-P metamorphism in the
rocks record before 1.0 Ga. On the contrary, some geologists
argue for an onset of ancient plate tectonics since at least the
Neoarchean based on the occurrences of orogenic belts, accretionary prism and paired metamorphic belt (e.g., Korenaga, 2013; Holder et al., 2019).
Like the assembly of supercontinent that is commonly
accomplished by successive amalgamation of multi continent fragments, the onset of plate tectonics in the early
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Earth was possibly diachronous in different continental
blocks (or cratons) (Condie and Kröner, 2008). Therefore,
when considering “when did global plate tectonics initiate”,
we should premise the existences of “global” and “nonglobal” plate tectonics in Earth’s history. The transition from
“non-global” to “global” tectonics could not be abrupt in
whole, so that the onset and evolution of plate tectonic on
Earth must be progressive. As mentioned in the last section,
episodic evolution (Zhai and Peng, 2020) is another style of
progressive evolution and could also be responsible for the
transition of different plate tectonic styles. In some areas of
early Earth, plate tectonics may have occurred very early in
local areas, even though its duration and scale were largely
restricted by thermal state and plate rigidity. That means
voluminous felsic continental crust composition may have
been formed in some local areas (e.g., Greenland; Nutman et
al., 1993) due to the onset of local subduction and plate
tectonics. In a global view, the analysis on the compiled
geochemistry indicates a compositional transition of continental crust to felsic at ca. 3.0 Ga (Dhuime et al., 2015;
Tang et al., 2016). However, it should be noted that this is
based on the statistics and the analysis on big data and the
calculated average values might conceal some important
processes in specific areas.
The recognition of the existence of subduction and plate
tectonics in the early Earth based on petrological and geochemical analyses could be true, but it still lacks enough
evidence. Some scholars pointed out that convective stress
and viscosity in the early Earth is too low because of the high
mantle temperature to overcome the strength of stagnant-lid
and to generate the mobile-lid regimes, although convection
would have operated in the asthenosphere beneath the stagnant-lid (O’Neill et al., 2007; Rey et al., 2014). As soon as
the lithosphere became ruptured to generate several plates
(Tang C A et al., 2020), the stagnant-lid tectonics was
transformed to the mobile-lid regime tectonics (Zheng,
2020a). Under this circumstance, the delamination of eclogitic lower crust and the collapse of continent may drive
sagduction-like process, recycling of stagnant lid, and “proto
subduction”. Water recycling can be accomplished through
sinking of the hydrous crust into the deep level and thus
promoted the formation of voluminous magmatic rocks. This
kind of plate tectonics would gradually reshape the Earth’s
surface, and possibly have played a crucial role in the Archean geodynamics. During this period, the early continents
acted as “kick-starters” (Rey et al., 2014) or “stop-start
mode” (Turner et al., 2020) of subduction until plate tectonics became self-sustaining. Zhai and Peng (2020) also
thought that the onset of plate tectonics were episodic based
on their detailed studies of the North China craton. Such
episodic initiation made the operation and propagation of
ancient plate tectonics gradually so that they can finally
persist a long timescale by progressively broadening con-
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tinental areas and increasing the negative buoyancy of
oceanic plate. Therefore, the key for investigating the onset
of plate tectonics is to understand how plate tectonics has
evolved from the stagnant-lid to mobile-lid regimes in the
Earth’s history. From the global data, it is no problem that
modern plate tectonics has operated in a global scale since
the Neoproterozoic era and there were large-scale plate
margins, both rigid and warm plates and subduction in the
Paleoproterozoic era (Zheng and Zhao, 2020), despite the
difference in the thermal gradient of subduction zones.
During the Archean era, the Earth’s tectonics could be
mainly operated by both warm subduction and hot rifting
(Zheng and Zhao, 2020). Along with the decrease in asthenospheric temperature since the Archean, it is evident that
the style of plate tectonics has progressively evolved to cold
subduction and hot rifting, although the evolution may be
episodic rather than linear. Generally, the evolution in the
regime of plate tectonics was essentially determined by the
change of thermal state along plate boundaries (Zhai et al.,
2020; Zheng and Zhao, 2020).
The variation in metamorphic P-T conditions of continental crust through time may reflect the secular evolution
of the Earth’s tectonic process (Brown and Johnson, 2019;
Holder et al., 2019; Zheng and Zhao, 2020). The geothermal
gradient of subduction zones has changed with time due to
the secular evolution of mantle temperature, and it is expected that the Paleoproterozoic subduction zones seem to be
warmer than the Phanerozoic ones but colder than the Archean ones. The earliest reliable eclogite facies metamorphism so far was found in the Usagaran orogen, Tanzania
(ca. 2.0 Ga; Möller et al., 1995; Collins et al., 2004) and the
younger one is the ca. 1.87 Ga Salma eclogite from Kola
Peninsula. To date, the oldest known high-P granulite formed
during the Neoarchean (ca. 2.5 Ga) in the Jianping Complex
in eastern North China craton (Wei et al., 2001; O’Brien and
Rötzler, 2003; Liu et al., 2011; Lu et al., 2017). The oldest
known blueschist appeared in the Neoproterozoic (Stern,
2008). Therefore, it can be concluded that the high-P metamorphism in the Earth, if no preservation bias existed
(Baldwin et al., 2004), is generally recorded by high-P
granulite, eclogite and blueschist in the Neoarchean, Paleoproterozoic, and Neoproterozoic, respectively, which possibly reflect a progressive cooling of the Earth and thus a
decrease in the geothermal gradient of subduction zones
through the Earth’s history. Therefore, the warm subduction
would prevail along convergent plate boundaries in the early
Earth (Zheng and Zhao, 2020).
According to the compilation of P-T conditions and ages of
metamorphism in convergent margins throughout the Earth’s
history (Brown and Johnson, 2019), the paired low T/P and
high T/P metamorphic belts may have developed in the Archean, tracing from ca. 2.5 Ga back to even 3.7 Ga (Capitanio et al., 2019). The distribution of metamorphic T/P
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ratios has progressively become more and more widespread
and more variable from the Neoarchean to the Phanerozoic
(Figure 3), indicating an increase in the intensity of deep
subduction with time (Holder et al., 2019). Generally, the
metamorphic conditions has progressively evolved
throughout the Earth’s history and there are overlaps between different periods (Figure 3): (1) Blueschist facies
metamorphism definitely appeared in Neoproterozoic subduction zones but whether it would also occurred in the
Paleoproterozoic needs more data; (2) high-T eclogite facies
metamorphism would also occur more remarkably during the
Neoproterozoic than the Paleo- to Mesoproterozoic; and (3)
The Paleoarchean was dominated by amphibolite facies
metamorphism while high-P granulite facies metamorphism
would occur during the Meso- to Neoarchean. For the
Eoarchean, the Earth was generally in a state of high T/P
ratios, but it may be very complicated due to local tectonic
processes (Figure 3), which may indicate the heterogeneity
of tectonics after entering the mobile-lid tectonics. Considering a large difference in the thermal state between the
early and modern Earth, the operation of ancient plate tectonics may not need the involvement of cold subduction and
associated blueschist facies metamorphism (Imayama et al.,
2017). On the other side, the Archean metamorphic records
could be hardly preserved, so that the existence of cold
subduction and plate tectonics (may not as cold as modern
subduction zones) in the early Earth could not be fully precluded (Figure 3). This may be exemplified as few reported
low T/P metamorphic conditions (Brown and Johnson, 2018;
Capitanio et al., 2019). The possible existence of cold subduction and plate tectonics during the Archean could also be
supported by the following lines of evidence: (1) The velocity of modern style-like plate motion occurs during the
Paleo-Mesoarchean era as revealed by the paleomagnetic
study (Brenner et al., 2020); (2) the compositional change
(more evolved from ca. 3.5 Ga to the end of Archean) of
continental crust occurs in the Pilbara craton according to
geophysical data (Yuan, 2015); (3) the eclogitic inclusion
found in ≤3.0 Ga diamond (Shirey and Richardson, 2011);
and (4) the compositional change of granitic rocks in the late
Archean (Martin, 1993; Martin et al., 2010; Moyen, 2011;
Laurent et al., 2014). Even so, more studies of different
ancient plates are necessary to further constrain the global
initiation of ancient plate tectonics.

8.

Key issues and future research fields

To sum up, the scale, characteristics and mechanism of
subduction have varied in different Precambrian stages and
different plates. It is widely accepted that the operation of
modern plate tectonics had operated on a global scale during
the Neoproterozoic. Increasing clues indicate the existence
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Figure 3 P-T distribution of metamorphism of different periods of the
Earth (modified after Imayama et al., 2017). The data are from Brown and
Johnson (2019).

of ancient plate tectonics and warm subduction during the
Paleoproterozoic. The Paleoproterozoic is an important
period in the operation of plate tectonics because the rock
associations and compositions of this period are largely
different from those of Archean but similar to those of postPaleoproterozoic era, with significant reworking of the ancient crust along convergent plate boundaries. As discussed
above, the characteristics and criterion of Archean subduction zones may be distinct from those of modern subduction
zones. The available data on the compositional change of
continental crust, metamorphic conditions and numerical
modelling all indicate a possible existence of subduction
since ca. 4.0 Ga. However, it should be noted that different
cratons may have different styles of tectonic evolution and
the initiation of subduction in individual cratons may be
diachronous.
More studies on a multi-level, multi-discipline approach
will be helpful to further decipher the properties of subduction and plate tectonics in the early Earth in terms of the
following key issues: (1) How did subduction and plate
tectonics operate and evolve in the Archean? What were the
mechanisms for the differences of subduction style (oceanocean, ocean-continent, and continent-continent), scale
(crust, mantle, and in particular lithosphere), and characteristics (warm vs. cold subduction) in different areas? (2) what
kind of mechanisms drove the formation and compositional
change of continental crust from the Eoarchean to Neoproterozoic? (3) where was the “arc”-like geochemical feature
of TTGs originated from? (4) what is the primary mechanism
accounting for the compositional variety of Archean granitic
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rocks? How did non-TTG granitic and volcanic rocks form
during the Archean era? How did volcanic-sedimentary rock
assemblage evolve throughout the Earth’s history? (5) what
drove the transition of magmatic composition and tectonic
style from the Archean to Paleoproterozoic era? and (6) how
was external subduction coupled with internal rifting during
the cyclic evolution of supercontinents?
Concerning the above scientific issues, it is necessary to
carry out detailed studies of petrology, geochronology and
geochemistry on some typical Precambrian rock outcrops. In
particular, the following research fields could be further
explored: (1) the roles of compositional change and metamorphism in continental evolution, subduction and plate
tectonics based on big data analyses, regional comparison,
and numerical modeling; (2) the petrogenesis of typical
rocks (e.g., early-period TTGs and non-TTG rocks, felsic
volcanic rocks and charnockite) using in situ analytical
techniques; (3) thermodynamics, numerical modeling and
high P-T experiments to further constrain the physicochemical conditions and source features; (4) the relationships
of Precambrian magmatism, continent evolution, and recognition of ancient subduction ocean with climate change;
(5) the characteristics of Archean mantle and mass recycling
during the processes of ancient plate tectonics; and (6) the
relationship of tectonics, magmatism, metamorphism and
sedimentology during the Paleo- to Neoproterozoic with
supercontinent evolution. These investigations, in combination with international correlation and joint geological field
work on typical areas, would be undoubtedly helpful for our
understanding of the Precambrian continent formation and
supercontinent evolution.

9.

Concluding remarks

The long Precambrian period recorded the complicated
evolution of Earth. The evolution of thermal gradient and
lithospheric rheology at convergent plate boundaries was
affected by the Earth’s thermal evolution and in turn defines
the characteristics and scale of subduction. It is concluded
that the onset of subduction and plate tectonics was progressive from ancient plate tectonics since the Eorchean to
modern plate tectonics since the Neoproterozoic, and the
decrease in the thermal gradient of subduction zones would
not only promote the initiation of modern plate tectonics but
also drive crust-mantle recycling and the compositional
changes of both crust and ocean. Despite the current studies
on the onset, distribution and style of the Precambrian subduction, more details on the specific processes in magmatism, metamorphism and geochemical dynamics are
necessary in the future. The Precambrian cratons in China
have different histories and behaved variously in supercontinent cycles. They provide ideal and unique platforms
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for us to explore the Precambrian scientific problems and to
get remarkable and innovative research findings.
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