
1. Introduction
Our planet is unique in the solar system in having a bimodal distribution of crustal types (continental and oceanic), 
the presence of liquid water at its surface, an oxygenated atmosphere, and a prolific and diverse biosphere. The 
evolving yet linked nature of these elements, across the range of spatial and temporal scales that operate on the 
planet, indicates complex and dynamic cycling between the solid (lithosphere, mantle, and core) and surficial 
(oceans, atmosphere, and biosphere) reservoirs. This linked evolution occurs in response to heat dissipation from 
the planet's interior, modulated by input of solar energy to the surficial reservoirs. During its very early history the 
Earth lacked these crustal and surficial features and, after initial accretion from the solar nebula, likely consisted 
of a magma ocean (e.g., Elkins-Tanton, 2012). Cooling, density settling, and crystallization resulted in rapid 
differentiation of the Earth, perhaps over a few tens of millions of years, and included formation of core, mantle, 
proto-crust, and atmosphere (Figure  1; Elkins-Tanton,  2008,  2012). Establishing the cascading succession of 
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“Primordial Earth” (ca. 4.45–3.80 Ga); (c) “Primitive Earth” (ca. 3.8–3.2 Ga); (d) “Juvenile Earth” (ca. 
3.2–2.5 Ga); (e) “Youthful Earth” (ca. 2.5–1.8 Ga); (f) “Middle Earth” (ca. 1.8–0.8 Ga); and (g) “Contemporary 
Earth” (since ca. 0.8 Ga). Integrating this record with knowledge of secular cooling of the mantle and 
lithospheric rheology constrains the changes in the tectonic modes that operated through Earth history. Initial 
accretion and the Moon forming impact during the Proto-Earth phase likely resulted in a magma ocean. The 
solidification of this magma ocean produced the Primordial Earth lithosphere, which preserves evidence for 
intra-lithospheric reworking of a rigid lid, but which also likely experienced partial recycling through mantle 
overturn and meteorite impacts. Evidence for craton formation and stabilization from ca. 3.8 to 2.5 Ga, during 
the Primitive and Juvenile Earth phases, likely reflects some degree of coupling between the convecting 
mantle and a lithosphere initially weak enough to favor an internally deformable, squishy-lid behavior, which 
led to a transition to more rigid, plate like, behavior by the end of the early Earth phases. The Youthful to 
Contemporary phases of Earth, all occurred within a plate tectonic framework with changes between phases 
linked to lithospheric behavior and the supercontinent cycle.

Plain Language Summary The record of Earth evolution is preserved in the continental rock 
archive, but is incomplete and our knowledge of it decreases with increasing age and depth of preservation. 
Based on secular cooling of the mantle and associated changing lithospheric properties, we recognize 
three dominant tectonic modes that have operated on Earth; stagnant lid, squishy lid, and plate tectonics. 
After solidification of the Earth's initial magma ocean (>4.45 Ga), the lithosphere was likely dominated 
by mafic crust that existed until ca. 3.8 Ga. The tectonic mode that operated at this time involved either no 
lithosphere-mantle coupling (cf., stagnant lid), or coupling between non-rigid lithosphere and convecting 
mantle (cf., squishy lid). The latter mode likely operated through most of the Archean (ca. 3.8–2.5 Ga), and 
was associated with the formation of the stable interior of continents, called cratons. The stabilization of these 
cratons in the latter half of the Archean (ca. 3.2–2.5 Ga) is associated with the development of rigid lithosphere 
and the transition to a plate tectonic mode that continues to the present day. Further changes, likely in response 
to the supercontinent cycle, lead to subdivisions of the Earth system between ca. 1.8 and 0.8 Ga.
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events, their links, and processes responsible for the change from this initial condition to the present day are key 
questions in the Earth Sciences (e.g., National Academies of Sciences, Engineering, and Medicine, 2020).

The continental crust serves as a record of change and is the long-term archive of our planet's evolution (Cawood 
et al., 2013; C. J. Hawkesworth et al., 2017). Unambiguously unraveling this record has been hindered by the 
incomplete nature of the continental rock record, which increases with increasing age, potential selective biasing 
of the record by the processes of its preservation, and the application of proxies for determining processes from 
the records, and thus open to varying degrees of interpretation. The aim of this paper is to review the first-order 
characteristics of the continents, outline secular changes in the continental record, especially during its early 
history, and speculate on tectonic modes that controlled their evolution. These changes detail that continental 
evolution resulted in a multifaceted and pulsed record, and the tectonic drivers are a response to the evolving 
thermal state of the mantle (cf., Holmes, 1931). In particular, changes in the rock- and mineral archive linked 
with secular changes in mantle temperature and its impact on lithospheric rheology indicate distinct changes at 
and after ca. 3.8 Ga that we relate to a change from a probable stagnant lid to internally deformable, squishy-lid 
behavior, and then by ca. 2.5 Ga a further transition to global-scale plate tectonics (e.g., Cawood et al., 2018; 
Mulder et al., 2021).

2. Key Terms and Definitions
The crust and the semi-rigid, non-convecting upper mantle defines the lithosphere, the mechanically strong outer 
layer of the Earth (Barrell, 1914; R. Daly, 1940). The lithosphere of the contemporary Earth is divisible into 
a series of rigid tectonic plates, the boundaries of which are marked by focused, generally narrow, zones of 
deformation (Kreemer et al., 2014). The plates are in motion with respect to each other and with the underly-
ing convecting mantle (asthenosphere), and the plate boundaries form a continuous, linked system (Figure 2). 
The thickness of the lithosphere varies from <10 km at mid-ocean ridges to ∼200 km or greater under cratons 
(e.g., Artemieva, 2009). Heat transport in the lithosphere is mostly conductive, and the base marks a rheological 
boundary with the convecting mantle (Sleep, 2005), and thus, the lithosphere-asthenosphere boundary repre-
sents the change from conductive, rheologically strong, to convecting, rheologically weak, and upper mantle 
(cf., Artemieva, 2009). The lithosphere-asthenosphere boundary is generally taken as an isotherm at ∼1350°C 
(Herzberg et al., 2010) but is hard to delineate because deformation at the boundary is aseismic and it does not 
correspond to a marked change in composition or temperature (Priestley et al., 2018). In addition, different prox-
ies are used to define the boundary (e.g., petrologic, geochemical, thermal, seismic velocity, seismic anisotropy, 
and electrical conductivity, Eaton et al., 2009), resulting in a number of definitions (seismic, electrical, and elastic 
lithosphere), the depths of which may vary (Figure 3).

The crust constitutes <0.5% of the mass of the Earth, yet its origin is fundamental to understanding the evolution 
of the planet. It ranges from no more than a few kilometers thick under mid-oceanic ridges to ∼80 km under the 
Himalayas. The boundary between the crust and the underlying mantle, the Mohorovičić discontinuity (Moho), 
is marked by a jump in the velocity of seismic primary waves (P-waves), reflecting an increase in the density 
(and changing composition) across the boundary (Mohorovičić, 1910). Seismic reflection profiles and data from 
xenoliths suggest a transitional, layered structure for the crust-mantle boundary, notably in off-craton zones, 
consisting of interlayered mafic and ultramafic rocks, with the mapped Moho corresponding to the base of this 
transition zone (Hale & Thompson, 1982; Mooney & Brocher, 1987; O'Reilly & Griffin, 2013). In addition to 
the seismic Moho, the boundary between crust and mantle has been based on mineralogy and rock composi tion, 
and electrical properties (Q. Wang et  al.,  2013). The petrologic Moho lies at the boundary of lower crustal 
felsic and mafic rocks containing feldspar, and their metamorphic equivalents (e.g., granulites), with underlying 
olivine dominated (peridotite) upper mantle (Mengel & Kern, 1992). The depth of the Moho at any place may 
vary slightly depending on the criteria (petrologic vs. seismic) used. Furthermore, like the continental crust, the 
development of the Moho reflects a complex multistage process (e.g., Grad et al., 2009; Jagoutz & Behn, 2013).

The crust is divisible into oceanic and continental types characterized by contrasting chemical and mechanical 
properties resulting in a bimodal hypsometry (Figure 4). On the contemporary Earth, continental crust is largely 
exposed across the continents of Africa, Antarctica, Asia, Australia, Europe, North America, and South America, 
and includes the bulk of the emerged crust as well as the submerged continental shelves, together constituting 
∼40% (∼210 × 10 6 km 2) of the planet's surface area (Figure 2) but 70% of the total volume of oceanic and 
continental crust (∼7,182 × 10 6 km 3). Continental crust has an average thickness of ∼35–40 km but ranges from 
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Figure 1. Schematic secular evolution of Earth since initial accretion from the solar nebula and intense early meteorite bombardment to today, highlighting changes 
in internal structure of the solid Earth, relative to decreasing mantle temperature, and changes in continental volume, tectonic mode, atmosphere composition, and 
biosphere evolution. Sources include: Cawood (2020), Cawood and Hawkesworth (2019), Hamblin and Christiansen (2004), Herzberg et al. (2010), Knoll and 
Nowak (2017), and Lyons et al. (2014). Major divisions of the Earth into various internal and surficial layers date from around the time of its accretion, apart from 
the inner core, which based on estimates from experimental measurement of electrical resistivity of iron only formed at ca. 1 Ga (Y. Zhang et al., 2020), but see also 
Biggin et al. (2015) and Ohta et al. (2016) for alternative ages of inner core formation. Timing of differentiation into upper and lower mantle is not well constrained and 
shown at ca. 3.8 Ga on figure. See discussion through the text for references on the timing of changes and duration of events (including phases I–VII) through the Earth 
system. Abbreviations: ao, accretionary orogen; co, collisional orogen; GOE, great oxidation event; LLSVP, large low-shear velocity provinces; NOE, Neoproterozoic 
oxidation event; pE, Proto-Earth; mo, magma ocean.
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Figure 2. Present day global topography, plate boundaries and modern orogen types (Alpine-Himalayan collisional orogen, Cordillera accretionary orogen and Tien 
Shan intracontinental orogen). Global relief model based on National Oceanic and Atmospheric Administration (NOAA) ETOPO1 1 Arc-Minute Global Relief Model 
(Amante & Eakins, 2009).

Figure 3. Diagram, adapted from Eaton et al. (2009), showing the lithosphere-boundary based on a range of criteria 
(a–e). Based on strain rate, the lithosphere is defined as a mechanical boundary layer, with the start of the asthenosphere 
representing a zone of decoupling and marked by increasing strain rate. The lithosphere as a thermal boundary layer (TBL) 
is divisible into a conductive lid and a transition layer, and is a region where temperature deviates from the adiabat. The 
lithosphere-asthenosphere boundary defined by seismic velocity (Vs) is taken as a region of decreasing velocity below a 
high-velocity lid. The position and velocity change corresponding to the base of the lid is dependent of velocity contrasts 
related to lithologies either side of the boundary and may vary spatially. The lithosphere-asthenosphere boundary may also 
correspond with extinction of, or change in direction of, seismic anisotropy. The electrical boundary marks a reduction in 
electrical resistivity.
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<20 km under hyperextended continental margins to >80 km under continent-continent collision zones such 
as the Himalayas in Tibet (Mooney, 2003; Priestley et al., 2008; Y. Huang et al., 2013). Owing to such thick 
crust, continents (including their submerged shelf areas) almost inevitably rest at higher elevation relative to 
the surrounding seafloor. Oceanic crust is relatively thin, being generally 6–7 km but it can range to as great as 
∼40 km at oceanic plateaus (Furumoto et al., 1976; Kerr, 2003) and zero at structurally modified sites at oceanic 
core complexes (e.g., Blackman et al., 2002; MacLeod et al., 2009). Compositionally, oceanic crust has a mafic 
composition (rich in FeO-MgO but poor in SiO2) as compared to the andesitic composition of the bulk continen-
tal crust (rich in SiO2, Al2O3 but depleted in FeO-MgO; see Section 3.1 for more discussion). The archaic terms 
sima and sial, meaning layers rick in silica and magnesium and silica and aluminum respectively, were applied to 
oceanic and continental crust, although continental crust also consists of a sialic upper layer and a simatic lower 
part (Jackson, 1997).

Notably, the distinction between continental and oceanic crust, whether in terms of thickness or composition, is 
a characteristic feature of the modern Earth and may have persisted over the last 2.5 billion years (cf., Cawood 
& Hawkesworth, 2019; Cawood et al., 2013). Prior to this time, the distinction between these two crustal types 
is less clear. It has been inferred that the >2.5 Ga-old oceanic-type crust was likely thicker (>20  km; e.g., 
Herzberg et al., 2010) than its modern counterpart, whereas the coeval continental-type crust may have been 
more mafic than its modern bulk composition (e.g., C. Hawkesworth & Jaupart, 2021; Dhuime et al., 2015; K. 
Chen et al., 2020; Tang et al., 2016). Therefore, in the context of pre-2.5 Ga Earth, it is necessary to agree on 
definitions of the oceanic and continental crust.

3. Continental Lithospheric Architecture
3.1. Crustal Structure, Composition, and Thermal Regime

The internal structure and composition of the continental crust and its relationship to underlying lithospheric 
mantle reveal a complex spatial and temporal record due to a protracted history of formation and reworking. 
The structure of the crust at any particular point in time records the cumulative history of multiple magmatic, 
deformational, metamorphic and sedimentary events. The heterogeneous internal structure of the crust revealed 
from mapping across a range of exposed crustal levels, xenolith data and geophysical studies are homogenized 
into crustal models divisible into two to three layers. These layers consist of an upper crust of felsic composition 
containing low-metamorphic grade igneous and sedimentary rocks transitioning into middle and/or lower crust of 
increasing metamorphic grade and more mafic composition (Figure 5; e.g., Rudnick & Fountain, 1995; Rudnick 
& Gao, 2003; Y. Huang et al., 2013; but Hacker et al. (2015) in their two layer model argue for a felsic lower 
crust). Differences between these two- and three-layer models relate to differences in the inferred distribution 

Figure 4. Histogram (a) and hypsographic curve (b, also termed hypsometric) of Earth's present day surface based on 
ETOPO1 global relief model (Amante & Eakins, 2009). Earth's surface is characterized by a bimodal elevation reflecting the 
contrasting physio-chemical properties of continental and oceanic lithosphere.
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of silica, and the resultant concentrations of heat producing elements (U, Th, and K), in the crust and heat flow 
input from the mantle, as well as the inferred processes for generating the continental crust's bulk composition 
(e.g., delamination vs. relamination). The inferred bulk composition of modern continental crust is similar to 
andesite with minor and trace element values typical of subduction-related magmas, arguing for continental 
growth at convergent plate margins (Davidson & Arculus, 2006; Hacker et al., 2011; Rudnick & Gao, 2003; S. 
R. Taylor, 1967). The overall andesitic composition of the continental crust necessitates a multistage formation 
process involving initial extraction of mafic magmas from the mantle and their differentiation by fractional crys-
tallization or re-melting, followed by the return of the cumulate or residue to the mantle and/or relamination of 
previously formed crust (e.g., Davidson & Arculus, 2006; Hacker et al., 2011; but see also Castro et al. (2013), 
for direct formation of andesitic crust by melting of subducted rock mélanges). Furthermore, the preserved record 

Figure 5. (a) Schematic sections of Hadean, Archean and modern continental-type crust, along with sections of early mafic crust and modern oceanic crust. Hadean 
and Archean sections for primordial and cratonic crust adapted from Kamber et al. (2005) and modern crust from C. J. Hawkesworth and Kemp (2006), the latter based 
on an internal three layer structure. (b) Whole rock SiO2 distributions of igneous rocks from modern convergent margins and Archean cratons. Data sources are from 
GEOROC (http://georoc.mpch-mainz.gwdg.de/georoc/) and Gard et al. (2019), respectively.
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of the continental crust suggests fundamental changes in composition (and structure) in the late Archean (e.g., 
Figure 5).

Compilations of elemental abundances and ratios from sedimentary and igneous rocks suggest a change in the 
composition of at least the upper crust in the late Archean (C. B. Keller & Schoene,  2012; S. R. Taylor & 
McLennan, 1985). Tang et al. (2016) subsequently documented high Ni/Co and Cr/Zr ratios in Archean shales 
and glacial diamictites compared to younger sedimentary rocks. These ratios correlate with MgO contents in 
igneous rocks, suggesting the upper crust sampled by sedimentary rocks had MgO contents of ∼15% at 3.2 Ga 
and that this value had dropped to values similar to modern upper continental crust of ∼4% by 2.6 Ga. Similarly, 
compiled Cr/U in terrigenous sedimentary rocks suggest derivation from predominantly mafic crust prior to ca. 
3 Ga, followed by a transition to crust of andesitic composition in post-Archean rocks (Smit & Mezger, 2017). 
The links between the composition of the bulk crust and the upper crust sampled by sediments remain a matter of 
debate (C. J. Hawkesworth et al., 2020).

In addition to the general increase in silica content of the continental crust through time, statistical geochemistry 
has revealed secular compositional changes within felsic and mafic continental igneous rocks (e.g., B. Keller & 
Schoene, 2018; C. B. Keller & Schoene, 2012; Johnson et al., 2019; Moyen & Laurent, 2018). Felsic igneous 
rocks show a decrease in Na2O/K2O, Sr and Eu/Eu* through time, which are interpreted to reflect a secular 
change in the physical conditions of felsic magmatism. Whereas secular changes in the composition of mafic 
igneous rocks, including an increase in La/Yb, a secular decrease in compatible element contents, and an increase 
in incompatible element contents are interpreted to reflect a decrease in the degrees of mantle melting through 
time in response to declining mantle temperatures.

The continental crust has a 100-fold enrichment of heat producing elements (U, Th, and K) over the mantle 
(Rudnick & Gao, 2003) such that although the crust only constitutes ∼0.5% of the Earth's mass, it contributes 
one-third of the radiogenic heat (Y. Huang et al., 2013). The surface heat flux of the present-day continental crust 
varies from place to place depending on the age of the terranes. It is generally low in Archean cratons, of the order 
of 30–40 mW m −2, and as high as 60–80 mW m −2 in Proterozoic and younger crust (Jaupart et al., 2016). These 
values correspond to both decreasing lithospheric thickness from cratons to Phanerozoic orogens (e.g., Figure 6) 
and to the changing bulk composition of the continental crust (Figure 5). Integrating surface heat flow data from 
Archean cratons with P-T estimates from lithospheric mantle xenoliths, C. Hawkesworth and Jaupart  (2021) 
calculated bulk crustal heat production values. These indicate that ∼70% of Archean continental crust, in the 
areas where heat flow data were available, had a relatively mafic composition (cf., Figure 5) and bulk crust MgO 
values of up to 10% compared to ∼5% for post-Archean crust. For comparison, the proportion of mafic crust in 
the present-day bulk continental crust is estimated by Rudnick and Gao (2014) at ∼43%, and is concentrated in 
the lower crust.

Figure 6. Idealized cross section of continental lithosphere displaying different overall thickness characteristics of 
Archean, Proterozoic and Phanerozoic crust and lithospheric mantle. Lithosphere beneath Archean regions is of the order of 
200–250 km thick and oceanic lithosphere is up to 100 km. Abbreviation: cb, cratonic basin; LIP, large igneous province; 
MOR, mid-ocean ridge.
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3.2. Continental Lithospheric Mantle

The lithospheric mantle contains melt-depleted peridotite. Extracting melt from peridotite results in an increase in 
MgO content and decreasing density and water content relative to undepleted asthenospheric peridotite (Pearson 
et al., 2021, and references therein). Together with cooling of the lithospheric mantle, the compositional changes 
induced by melt loss result in a more viscous and buoyant character relative to the underlying convecting mantle 
and account for the long-term stability of continental lithosphere (Jordan, 1978, 1988; Lee et al., 2011).

The thickness of continental lithospheric mantle varies from as little as a few 10s of km under hyper-extended 
continental margins to some 200 km or greater under some Precambrian cratons (Figure 7; Cooper et al., 2017; 
Priestley et al., 2018). The combination of tectonic and magmatic processes results in the thickness of crust and 
lithospheric mantle evolving over time, which on the contemporary Earth occurs close to active plate boundaries. 
The ratio between the thickness of continental crust and lithospheric mantle varies with overall age, and degree 
of depletion, of the lithosphere and tectonic setting (cf., Dewey, 1982). Modern convergent plate margins have a 
relatively large ratio of crust to lithospheric mantle thickness approaching 1, whereas stable Archean cratons can 
have ratios as small as 0.1 (Cooper et al., 2017; Pasyanos et al., 2014).

4. Continental Lithosphere Types: Orogens, Cratons, Basins, and LIPs
The preserved crustal record of the continental lithosphere is divisible into orogens (including cratons), basins, 
and large igneous provinces (LIPs) (Figure 6). The lithotectonic units and tectonothermal events of these conti-
nental lithospheric elements have differing but linked spatial and temporal histories. Orogens are the key building 
block of continents; they shape much of the rock record and what is preserved. Their history of sedimentation, 
magmatism, deformation and metamorphism provide the main record of continental formation, reworking, and 
stabilization. Cratons are orogens that have remained stable for long periods after their formation and are gener-
ally considered to be at least mid-Proterozoic in age or older (e.g., Pearson et al., 2021; Şengör et al., 2021). 
LIPs consist predominantly of mafic igneous rock sourced from upwelling and melting of mantle underlying the 

Figure 7. Global lithospheric thickness model (from Priestley et al. (2018)) derived from the VS(T) relationship and the upper mantle tomographic VSv model 
CAM2016Vsv. The yellow contour denotes the geologically mapped boundary of the shields at the surface (from Goodwin (1996)).
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lithosphere. Sedimentary basins form a cover on the other continental lithospheric components and are made up 
of clastic detritus derived from pre-existing elements, along with chemical sediments and biogenic accumula-
tions. Basin deposits and LIPS are variously incorporated into orogens during tectonothermal events.

4.1. Orogens

Orogens contain a variably deformed and metamorphosed assemblage of sedimentary and igneous rocks. 
Orogens are segments of continental lithosphere that are generated and evolve through one or more cycles of 
sedimentation, subsidence, and igneous activity. The records of orogens are punctuated by tectonothermal events 
(orogenies), involving deformation, metamorphism, sedimentation, and further igneous activity that lead to thick-
ening and stabilization of the lithosphere (Cawood et al., 2009; van Hinsbergen et al., 2021). Orogens may remain 
active over prolonged periods of time ranging from 10s to 100s of millions of years, with their duration thought 
to decrease with the age of Earth, perhaps in relation to mantle cooling (Chowdhury, Chakraborty, et al., 2021). 
Such long-lived orogens may have either experienced a single, continuous tectonothermal event (e.g., Napier 
Complex; Clark et al., 2018) or multiple tectonothermal events separated by periods of quiescence, each span-
ning over few 10s of millions of years (e.g., Central Indian Tectonic Zone; Bhowmik & Chakraborty, 2017). 
Short-lived orogenesis is known to have occurred on Earth (e.g., Dewey, 2005) and is on the order of millions 
to tens of millions of years. Cratons are those orogens that have been undeformed and stable for long periods of 
time (e.g., Figure 6; Holmes, 1965).

Orogen evolution involves the development of initial sites of subsidence, generally associated with lithospheric 
extension and/or thermal subsidence that act as a focus for later compression and basin inversion, lithospheric 
thickening and stabilization (Cawood et al., 2009). Based on the nature of the lithosphere involved (continen-
tal vs. oceanic) orogens can be grouped into three endmember types (Figure 8): collisional, accretionary, and 
intracontinental (Cawood et al., 2009). Collisional orogens form through collision of buoyant continental litho-
spheric fragments, whereas accretionary orogens form at the boundary between buoyant continental and dense 
oceanic lithosphere, and intracontinental orogens form within a pre-existing segment of buoyant lithosphere. 
The Alpine-Himalayan, Cordillera, and Tian Shan, respectively, are modern actualistic examples of these three 
orogen types (Figure 2). Subsidence associated with initiation of an orogenic cycle is driven by lithospheric 
extension with associated near surface rift basin sedimentation, faulting and magmatism and lower lithosphere 
ductile necking, which may progress to ultimate breakup and separation of lithosphere and resultant thermal 
subsidence leading to passive continental margin formation. Convergence between lithospheric segments with 
resultant coupling can result in periodic thickening and tectonothermal activity forming accretionary and colli-
sional orogens, depending on whether one of the lithospheres is sufficiently thin and dense to be recycled into 
the mantle, or whether both lithospheres are buoyant, and convergence is terminated. Subsidence associated 
with intracontinental orogens occurs through thermal and/or rheological weakening (Sandiford et  al.,  2001) 
with subsequent crustal thickening and stabilization taking place away from active lithospheric margins but 
generally associated with far-field stresses (Cawood et al., 2009; Raimondo et al., 2014). The circum-Pacific 
Gondwanide and Terra Australis orogens are examples of accretionary orogens (Cawood, 2005), whereas the 
Variscan, Appalachian-Caledonian, Grenville and Trans-Hudson orogens formed through continent-continent 
collision (Dewey & Bird, 1970; Hoffman, 1988; Rivers, 2009; Weller et al., 2021; Wilson, 1966), and the Alice 
Springs and Petermann orogens of Central Australia and the Kwangsian (or Wuyi-Yunkai) orogen in South China 
(Li et al., 2010; Shu et al., 2015; Xu et al., 2016) formed in intra-continental settings (Raimondo et al., 2014). 
Although the role and extent of modern-style plate tectonics on the Precambrian Earth is disputed, classification 
into collisional, accretionary, and intracontinental, based on site of orogenesis with respect to lithosphere type, 
remains applicable irrespective of the ultimate geodynamic regime and tectonic driver (i.e., it can also be applied 
to non-plate tectonic regimes). In addition, the ultra-hot to hot Precambrian orogens (Chardon et  al.,  2009; 
Chowdhury et al., 2017; Perchuk et al., 2018) that are characterized by delamination, broad and flat zones of 
distributed deformation, melting, and ultra-high temperature metamorphism, form through convergence between 
thin blocks of continental lithosphere. These are different from modern collisional orogens and rather mimic the 
thermomechanical architecture of accretionary orogens. Their numerical simulations, which were undertaken 
at mantle temperatures hotter than today, resulted in an initial thickened collisional orogen that evolves into a 
long-lived hot broad accretionary-like orogen underlain by partially molten asthenosphere through delamination 
and peel-back tectonics (cf., Chowdhury et al., 2020).
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Younger orogens inherit features from spatially overlapping older belts, in part by reworking of older rock assem-
blages, which commonly form a basement for the carapace of unconformably overlying syn-orogenic rock units. 
Accretionary and collisional orogens are sites for new crustal generation as well as for crustal reworking (Cawood 
et al., 2013; C. Hawkesworth et al., 2010). Accretionary orogens and the convergent stages of collisional orogens 
can result in the generation of continental crust. For accretionary orogens, this is generally invoked to involve 
fluxing of fluid and sediment derived from recycled dense oceanic lithosphere driving melting in the mantle and 
magmatism in the overlying lithosphere (Marschall & Schumacher, 2012). For recent collisional orogens, heat 
input to the lithosphere, perhaps facilitated by an increase in the rate of convergence or slab break-off, drives 
melting of the lower crust (D. C. Zhu et al., 2022a), whereas during the Earth's early history, high mantle potential 
temperatures would likely lead to decompression melting during inferred delamination and lithospheric peel-back 
in the zone of convergence (Chowdhury et  al.,  2020; Perchuk et  al.,  2018). The termination of convergence 
in collisional orogens results in continental growth and reworking through the assembly of largely preexisting 
lithosphere. As such, collisional orogens lie in the interior of continental lithosphere at the time of formation 
(Figure 2). On our constant radius Earth, the termination of convergence with the formation of collisional orogens 
appears to be compensated by, and coincident with, the development of convergence (and initiation of periph-
eral accretionary orogens) outboard, and at the margins, of the assembled continental lithosphere (Cawood & 
Buchan, 2007; Cawood et al., 2016, 2021; Murphy & Nance, 1991).

4.2. Cratons

The term “kratogen” was introduced by Kober (1921) to refer to strong crust that could resist buckling. It was 
shortened to “kraton,” and the concept was further developed by Stille (1936), and then anglicized to “craton” by 
Kay (1944, 1951), and applied to areas of stable crust bounded by mountain belts (geosynclines). The meaning 

Figure 8. Orogen types. Orogen classification into accretionary, collisional and intracontinental based on nature of 
lithosphere (thick and buoyant or thin and dense). Collisional orogen is stabilized through collision between blocks of thick 
buoyant lithosphere. In an accretionary orogen, orogenesis is the result of coupling between thin dense lithosphere being 
recycled into the mantle and thick buoyant lithosphere. In an intracontinental orogen, orogenesis occurs within thick buoyant 
lithosphere in response to compression driven by far-field stresses.
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of the term has continued to evolve with increasing knowledge of the continental lithosphere, especially of the 
cratonic roots, but also on whether the emphasis is top down (sedimentary successions accumulating on the 
craton) or bottom up (character of the underlying lithospheric mantle). The former focuses on long-term stability 
and overlying basins (e.g., Sloss,  1988a), whereas the latter is often concerned with thickness and composi-
tion of the lower crust and lithospheric mantle, and the boundary layer with the asthenosphere (e.g., Cooper & 
Conrad, 2009; Pearson et al., 2021; Priestley et al., 2018).

Cratons originally included both oceanic and continental crust that were separated by “orthogeosynclines” (i.e., 
orogens). The inclusion of oceanic crust was based on the belief that oceans were long-lived and stable. However, 
with the realization that oceanic crust is young and ephemeral, the term is now restricted to the stable interiors of 
continents (Sloss, 1988a) bounded by younger orogens. Cratons in the lithostratigraphic sense are strong stable 
surfaces that have generally maintained positions at or near sea-level for long periods of time, as evidenced by 
unconformably overlying sub-horizontal sedimentary sequences as old as late Archean and early Paleoprotero-
zoic (e.g., Fairbridge & Finkl, 1980; Hickman, 2012; Occhipinti et al., 2017). Geophysical and geochemical data 
demonstrate that cratonic lithosphere is thick, generally in the range 170–250 km, with Archean cratons charac-
terized by low heat flow relative to Proterozoic and Phanerozoic lithosphere (Artemieva, 2009; Lee et al., 2011). 
The cratonic lithospheric mantle is composed of dehydrated, melt-depleted peridotite (e.g., Griffin et al., 2009; 
Pearson et al., 1995), resulting in it being intrinsically buoyant and strong, which counteracts the destabilizing 
effect of its cold thermal state (Lee et al., 2011). Although characteristically thick, some cratons have a litho-
spheric thickness of less than 100 km (e.g., North China and Wyoming) attributed to subsequent removal of the 
thick root by thermal and chemical processes (S. Gao et al., 2002; Snyder et al., 2017). Furthermore, the Slave 
craton in Canada shows evidence, from the petrology of mantle xenoliths in kimberlites and geophysical data, 
for thinning in the Mesoproterozoic to <80 km and subsequent thickening to ∼200 km by the end of the Protero-
zoic. This deconstruction and reconstruction of the Slave lithosphere has been related to mantle upwelling of the 
Mackenzie LIP (J. Liu et al., 2021).

Cratons are divisible into shields, containing exposed crystalline igneous and metamorphic rocks, and platforms, 
which are overlain by flat lying to weakly deformed sedimentary successions (Figure 6; Holmes, 1965), with the 
latter divisible into two end-member successions of platform and cratonic basins (see below). Up to ∼60% of the 
present day continental lithosphere can be classified as cratons, depending on the definition used (e.g., Pearson 
et al., 2021). Some have argued that cratons may be continuing to form today. McKenzie and Priestley (2008) 
have highlighted that modern-day tectonically active regions such as the Tibet and Iran plateaus have lithosphere 
up to 260 km thick (Figure 7), although the lithospheric thickness in Tibet is variable and less under parts of 
northern and eastern Tibet (X. Zhang et  al.,  2014; Z. Zhang et  al.,  2010). Their formation and preservation 
requires stabilization of the lithosphere against convective instability and, like their Precambrian counterparts, 
this likely involves a reduction in mantle density through depletion by melt removal, which in combination 
with compression results in thickening of both the crust and lithospheric mantle (McKenzie & Priestley, 2016; 
Priestley et al., 2020). It has not been established that these inferred, recently formed, cratons contain low-Fe 
mantle lithosphere, a feature of Archean cratons (cf., Griffin et al., 2009; Pearson et al., 2021), and hence whether 
such regions are ultimately preserved can only be assessed with the passage of time. However, they provide poten-
tial insight into the processes of generating thick stable lithosphere.

The maximum thickness of the chemically defined continental lithosphere based on xenolith data is ∼200 km, 
whereas the maximum thickness based on thermal structure, as inferred from geophysical data, may be 
deeper (∼250 km) and include a transition zone between rigid lithosphere and convecting mantle (Cooper & 
Conrad, 2009). The thick roots of cratons are likely to increase coupling with the convecting asthenospheric 
mantle and potentially limit maximum lithospheric thickness (Conrad & Lithgow-Bertelloni, 2006; Cooper & 
Conrad, 2009). The thermal boundary layer at the base of the lithosphere will absorb some of the shear deforma-
tion resulting from coupling with the convecting mantle and the thickness of this layer decreases with increasing 
thickness of the cratonic root (rigid chemical boundary layer). Furthermore, Cooper and Conrad (2009) argue  that 
vigorous convection in the hotter mantle of the early Earth promoted the generation of thick cratons because the 
convective stresses were smaller.

Relatively abrupt decreases in thickness at the margins of cratons mark major boundaries in the continental lith-
osphere. These are likely zones of stress localization (Yoshida & Yoshizawa, 2021) and may constitute zones of 
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focused magmatic activity, fluid movement, and resultant large-scale mineralization (Groves & Santosh, 2020; 
Hoggard et al., 2020).

4.3. Basins

Subsidence of continental lithosphere is driven by lithospheric extension, thermal subsidence, and lithospheric 
loading. A carapace of sedimentary rocks extending from the continental interior to the margin often blankets 
continental crust. These sedimentary units are divisible into platform successions and cratonic basins, the latter 
also referred to as intracratonic basins (Figure 6). The platform succession consists of little deformed, unconform-
ity bound, sequences that onlap onto the continent and extend into, and are reworked within, adjoining orogens 
(Bally, 1989; Sloss, 1963, 1988b), as well as extending onto modern continental margins. They provide a record 
of extension and thermal subsidence along the continental margin, associated with stretching and breakup of 
lithosphere, as well as eustatic events (Figure 9). Basins positioned inboard of contemporaneous accretionary 
and collisional orogens are termed foreland basins and inferred to form through lithospheric loading from the 
adjoining orogen (Figure 9; Beaumont, 1981; DeCelles & Giles, 1996). Foreland basin deposits can become 
variably incorporated into the orogen as the deformational front advances inboard toward the foreland. The oldest 
preserved large-scale passive margin and foreland basins recognized in the geological record are of the order 
of 3 Ga and their formation requires lateral motion of lithosphere through extension and compression, respec-
tively (Bhattacharjee et al., 2021; Bradley, 2008; Camiré & Burg, 1993; Catuneanu, 2001; De, 2021; Hofmann 
et  al.,  2001; Mueller et  al.,  2005). The occurrence of large-scale, focused regions of lithospheric extension 
must be compensated by zones of concurrent compression, and vice versa (cf., B. Huang et al., 2022; Cawood 
et al., 2018). Thus, it is perhaps not surprising that passive margins and foreland basins both appear at similar 
times in the geological archive.

Cratonic basins are large, isolated, long-lived, slowly subsiding subcircular to equant basins filled with shallow 
marine to terrestrial sedimentary rocks (M. C. Daly et al., 2018). They unconformably overlie thick cratonic lith-
osphere (e.g., Figure 6) and generally lack evidence for extension, with subsidence related to cooling (McKenzie 
& Priestley, 2016; Sleep, 2018a).

4.4. Large Igneous Provinces

LIPs include extrusive phases and their feeder systems of dykes, sills, layered intrusions and crustal underplates. 
They are produced by large volume (>10 5 million km 3), dominantly mafic and ultramafic magmatic events that 

Figure 9. Schematic cross-sections of principal basin types. At a passive continental margin the transition from rift to 
thermal subsidence phases is marked by the break-up unconformity and the onset of sea-floor spreading. In a collisional 
setting, loading and subsidence of buoyant lithosphere being overridden leads to development of a foreland basin.
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are emplaced in one or more pulses over a short duration (1 to <50  Ma) 
in both oceanic and continental intraplate settings (Figure 6; Ernst, 2014a; 
Ernst et al., 2021). They are linked to the input of heat associated with mantle 
plumes (Ernst et al., 2021), but many continental LIPs also displaying varia-
ble input from sub-continental lithospheric mantle (Pearce et al., 2021). The 
mantle plume source for LIPs is commonly linked to large low-shear-ve-
locity provinces at the core mantle boundary (Figure 1; Burke et al., 2008; 
Koppers et al., 2021). The sub-aerial and high-level crustal components of 
pre-Mesozoic LIPs have mostly been removed by erosion, with evidence for 
them based on deep level dyke swarms (e.g., Mackenzie dyke swarm), sill 
provinces (e.g., Karoo sill province), and large layered intrusions (e.g., Bush-
veld). LIPs occur at semi-regular intervals throughout Earth history, extend-
ing back at least until the Paleoarchean (ca. 3.5 Ga; e.g., Ernst et al., 2021; 
G. R. Byerly et  al.,  2019a). The earliest LIPs in the geological record are 
submarine but subaerial LIPs are first recorded around 3 Ga in the Pilbara 
and Kaapvaal cratons and then become more widespread across late Archean 
cratons (Kump & Barley, 2007). LIPs can host major mineral deposits, nota-
bly nickel and platinum group elements (e.g., Noril'sk, Bushveld). Kimber-
lites and carbonatites, which are associated by some with LIPs, can host 
diamonds and rare-earth deposits, respectively (e.g., kimberlites, southern 
African; Bayan Obo carbonatite, China; Ernst, 2014b; Ernst & Bell, 2010).

5. Continental Rock Record
Understanding the nature and origin of the rock record is the prime prerequisite 
for interpreting its significance in unraveling Earth processes. Oceanic lith-
osphere, which constitutes 60% of the current surface area, is dense, relative 
to the underlying convecting mantle, resulting in its recycling into the mantle 
(Cloos, 1993). Apart from minor slivers, preserved as ophiolites, and now 
emplaced into continents (Coleman, 1971, 1977), the oceanic lithosphere is 
generally <200 Ma (Granot, 2016; Seton et al., 2020). In contrast, continental 
lithosphere is more buoyant than the underlying mantle making it difficult to 
recycle and hence is the long-term archive of Earth history, extending back at 
least 4 Ga. However, the preserved area of continental crust, and the inferred 
corresponding volume, decreases with increasing age (Figure 10a). Yet, most 
estimates of continental volume are considerably greater than the preserved 
volume for any given time period; for example, the preserved volume of conti-
nental crust of Archean age is <15%, whereas the estimated volume present 
at that time may have been >75% of the present-day volume (Figure 10a). 
This discrepancy requires extensive recycling of continental lithosphere, 
and at times this must have been equal to, or greater than, the rate of conti-
nental generation (Armstrong, 1991; C. Hawkesworth et al., 2013; Dhuime 
et al., 2017; Fyfe, 1978; Korenaga, 2018b; McCoy-West et al., 2019). Esti-
mates of current rates of generation and recycling of continental crust suggest 
recycling may be greater than generation by ∼1  km 3/a at least since the 
Mesozoic and possibly longer (e.g., Cawood & Hawkesworth, 2019; Cawood 
et al., 2013; Clift et al., 2009; C. R. Stern, 2011), which would equate to a 
15% decrease in continental volume since the mid-Neoproterozoic.

The discrepancy between inferred and preserved volumes of continental crust 
raises concerns over how representative the crustal archive is of the geolog-
ical processes that have operated through Earth history. In particular, is the 
preservation of continental lithosphere a random process or is it selective 
and dependent on the characteristics of the lithosphere (e.g., thickness and 
density) and/or the processes of crustal generation and recycling (e.g., plate 

Figure 10. (a) Selected crustal growth models compared to the age 
distribution of presently preserved crust from Goodwin (1996). Models are 
determined relative to the present volume of the continental crust. Some 
curves are based on present day distributions and do not account for the 
current paucity of the early rock record due to possible selective preservation 
and recycling of material back into the mantle. Such curves include the 
black dashed and solid red curves in which the volume of crust is based 
on present preserved variation in age and thickness data of continental 
crust (Artemieva, 2006), Nd isotope ratios in Australian shales (Allègre & 
Rousseau, 1984), and volumes of rocks with different Nd or Hf crust formation 
ages (Condie & Aster, 2010). Curves colored blue and green attempt to 
estimate the volumes of continental crust at different times in Earth history, 
independent of the relative volumes preserved today. These are based on the 
proportions of reworked and juvenile crust in the zircon record (Belousova 
et al., 2010; Dhuime et al., 2012; Roberts & Spencer, 2015), modeled secular 
evolution of atmospheric argon based on measurements of  40Ar/ 36Ar in fluid 
inclusions in 3.5 Ga quartz (Pujol et al., 2013), and Nb/U ratio of Archean 
basalts and komatiites derived from the mantle, along with modeled secular 
variations (Campbell, 2003). A limitation with all these approaches is that 
the curves are based on cumulative growth of the crust and sum to unity at 
the present day, and hence no curve can have a past volume greater than the 
current volume. The purple curves of Fyfe (1978) and Armstrong (1981) 
present a set of schematic curves and were amongst the first to highlight 
that growth not only involved the generation of continental crust through 
the extraction and crystallization of magma from the mantle, but also its 
recycling back into the mantle. (b) Selected models for the evolution of mantle 
potential temperature (Tp) through time. These mantle Tp curves are estimated 
either from the chemical composition of non-arc basaltic magmas (B. Keller 
& Schoene, 2018; Ganne & Feng, 2017; Herzberg et al., 2010), or via 
thermal modeling after extrapolating the present-day Urey ratio back in time 
(Davies, 2009; Korenaga, 2018a).
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tectonic vs. non-plate tectonic modes)? Furthermore, the preserved rock record, and the proxies inferred from 
it, are episodic with a heterogeneous distribution in space and time. The ages of igneous crystallization events, 
metamorphism, continental margins, and mineralization, as well as changes in seawater and atmospheric compo-
sition, are distributed about a series of peaks and troughs or display a secular evolution marked by step changes 
(Figure 11). From at least the late Archean onwards, these changes correspond with inferred periods of conti-
nental assembly (e.g., Campbell & Allen, 2008; Cawood & Hawkesworth, 2015; C. Hawkesworth et al., 2009; 
Roberts, 2012; Spencer et al., 2015). There has been significant discussion about the drivers for the episodic 

Figure 11. (a) Temporal distribution of glaciations (Bradley, 2011), atmospheric oxygen (Catling & Zahnle, 2020), and seawater sulfate (adapted from Pope and 
Grotzinger (2003) and Farquhar et al. (2010)). (b) Iron formation abundance (Bekker et al., 2010) and age distribution of ancient and modern passive margins 
(Bradley, 2008). (c) Normalized seawater  87Sr/ 86Sr curve (X. Chen et al., 2022) and the running mean of initial εHf in ∼7,000 detrital zircons from recent sediments 
(Cawood et al., 2013). (d) Histogram of >600,000 detrital zircon analyses showing several peaks in their U-Pb crystallization ages over course of Earth history (Puetz & 
Condie, 2019) that are very similar to ages of supercontinent assembly. Also shown is apparent thermal gradient versus age of peak metamorphism for three main types 
of granulite facies metamorphic belts (Brown, Johnson, et al., 2020); high T/P (granulite-UHT), intermediate T/P (HP granulites), and low T/P (UHP blueschists). (e) 
Orogenic gold (Huston et al., 2015). (f) Volcanic-hosted massive sulfide (VHMS) deposits (Huston et al., 2015). (g) Anorthosite abundance (Ashwal & Bybee, 2017). 
(h) Distribution of large igneous provinces (Condie et al., 2015). The timeframe ca. 1.8–0.8 Ga corresponds to Earth's middle age (cf., Cawood & Hawkesworth, 2014).
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record, with end-member models proposing that it represents either a primary or a secondary signal. The former 
suggests the record represents changes in the rate of magmatic addition to the continental crust (Condie, 1998; 
Parman, 2015; Puetz & Condie, 2020; Rino et al., 2004), whereas the alternative model argues for enhanced pres-
ervation of continental crust during the later stages of continental collision and assembly (Cawood et al., 2013; 
C. Hawkesworth et al., 2009; Mulder & Cawood, 2022; Roberts, 2012; Spencer, 2020).

We define a primary, generational signal as a direct record of processes or events related to Earth evolution 
that is preserved in the rock record. This signal may reflect events external to the Earth (meteorite impacts), 
processes driven by the mantle (bottom-up processes), or surficial processes related to the atmosphere, ocean, 
and biosphere. A secondary, preservational signal is a record of processes or events modified and/or controlled by 
tectonic processes, especially those focused at plate margins, including the supercontinent cycle. We consider that 
some primary processes probably have a secondary component if, for example, the preserved rock archive is itself 
biased by the supercontinent cycle. Scale is important in impacting whether a record is likely to be biased (C. J. 
Hawkesworth et al., 2020). Processes or events that homogenize over a short period and on a global scale (e.g., 
atmosphere and ocean compositions) are likely to preserve a primary record, whereas processes or events that are 
spatially and temporally heterogeneous (e.g., continental crust), are difficult to produce an overall spatially and 
temporally representative sample, and are thus more likely to be biased.

The physio-chemical resilience of zircon and its relative ease of age, trace element and isotopic analysis by 
modern mass spectrometry, has resulted in large databases with a global spatial and temporal range (e.g., Puetz 
et al., 2021; Voice et al., 2011), which represent the most comprehensive archive of crustal evolution. Conse-
quently, arguments on the nature of the rock record and specifically the rate of igneous crust generation are 
often centered on the age distribution, isotopic character and trace element composition of zircon (e.g., Balica 
et al., 2020; Cawood et al., 2013; C. Hawkesworth et al., 2009; Condie et al., 2017; Dhuime et al., 2012; McKenzie 
et al., 2018; Parman, 2015; Roberts & Spencer, 2015; Tang et al., 2021; Verdel et al., 2021).

We consider the rock record, including inferences from mineral phases such as zircon, to be affected by pres-
ervation bias (C. Hawkesworth et al., 2009). Cawood et al. (2013) suggested that data sets based on frequency 
distribution, such as igneous crystallization ages, ages of metamorphism, or of passive margins (Figure  11), 
are secondary signals affected by the proportions of rocks and minerals of a specific age preserved by collision 
processes in the supercontinent cycle. In support of this interpretation, they pointed out that not only the distribu-
tion of zircon ages, but a range of other proxies display an episodic temporal distribution. For example, ancient 
passive margins display peaks in the late Archean, late Paleoproterozoic, and late Neoproterozoic to early Paleo-
zoic (Bradley, 2008), corresponding to times of supercontinent aggregation rather than the time of supercontinent 
breakup, which would be expected if passive margins were an unbiased record, as breakup marks an increase in 
area of continental margins. In contrast, for the youngest supercontinent Pangea, the peak in frequency of passive 
margins post-dates its breakup, conforming to the increased area of passive margins expected during supercon-
tinent dispersal. This discrepancy between Pangea and earlier supercontinent phases may be due to the Pangean 
record not yet being biased by incorporation into the next cycle of continental amalgamation.

Relationships to the supercontinent cycle may also impact the distribution of certain types of mineral deposits. 
For example, Phanerozoic orogenic gold and volcanic massive sulphide (VMS) deposits display a relatively 
continuous temporal distribution and are spatially associated with convergent plate margins of the circum-Pacific 
(Bierlein et al., 2009; Goldfarb et al., 2001; Huston et al., 2010). The Pacific opened in the Neoproterozoic and 
is yet to close (Cawood, 2005). Hence, it has not been through a complete Wilson or supercontinent cycle and 
rock units are yet to experience any resultant preservation bias. Frequency data driven by bottom-up, deep Earth 
processes may be more independent of secondary controls and tend to display a primary signal. For example, 
mineral deposits emplaced within intra-plate stable continental interiors and originating from deep mantle driven 
events (e.g., Ni-Cu-platinum group element deposits) are less likely to have their distribution controlled and 
modified by plate margin processes associated with the supercontinent cycle (Cawood & Hawkesworth, 2015).

Attempts to establish more rigorous tests to differentiate primary versus secondary signals have focused on the 
zircon record, due in part to the large data set, its broad spatial and temporal distribution, and the derivation of 
the bulk of the zircon crystals from magmas of felsic and intermediate composition, and hence a prime compo-
nent of the continental crust (Rudnick & Gao, 2003; S. R. Taylor & McLennan, 1985). For example, Domeier 
et al. (2018) showed that the episodic distribution of Phanerozoic igneous and detrital zircons from SW and SE 
convergent plate margins of the Pacific correlate with fluctuations in the amount of subduction at these margins, 
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requiring the associated felsic magmatism to be a primary feature. Pulses in the volume of arc magmatism are 
well established (DeCelles et al., 2009, 2015; Wolfram et al., 2019), but they do not differentiate primary versus 
secondary signals in the long-term rock archive. This is because pulses in the frequency of arc magmatism are 
second-order signals of the order of 10s of millions of years, which reflect local events in the arc system and are 
an order of magnitude smaller than the first-order, 100s of millions of year frequency variations of the global 
zircon archive and its correlation with the supercontinent cycle (Campbell & Allen, 2008). It is difficult to know 
how regional variations in magmatism from specific parts of the circum-Pacific, which operate on such 10s or 
millions of year (or less) duration, will scale to global rates of production of continental crust through time. 
Furthermore, and as noted above, only after the circum-Pacific has gone through a complete supercontinent cycle 
will its long-term signal in the rock record be known (Cawood & Hawkesworth, 2015).

Further efforts to test the veracity of the continental record have endeavored to quantify the detrital zircon 
frequency age peaks with respect to the age of the enclosing sedimentary succession. As clastic sediments 
sample large regions of continents (e.g., Dhuime et al., 2017), their detrital zircon records provide a broad and 
time-integrated sampling of the continental crust that was generated and exposed at the surface prior to the depo-
sition of the host sedimentary sequence. Parman (2015) argued that the zircon frequency peaks do not vary with 
age of the host sedimentary sequence, implying that the age peaks correspond to discrete periods of enhanced 
crust formation and hence episodic continental growth. In contrast, Spencer  (2020) using an updated zircon 
database and a smaller bin-size to filter the data, showed that zircon frequency peaks decrease in age in younger 
sedimentary successions. He interpreted this change to reflect continuous zircon growth with peaks modified by 
ongoing tectonic processes, and hence that the crustal archive is biased. In another study, Spencer et al. (2022) 
noted secular disparities in the oxygen isotopes of detrital and igneous zircons, including that the δ 18O of detrital 
zircons is conspicuously higher during periods of supercontinent assembly. They proposed that this discrepancy 
is due to erosional bias in which high δ 18O zircons are sourced from igneous rocks with a high sedimentary 
melt component, which are characteristic of collisional orogens (i.e., S-types granites). Recently, Mulder and 
Cawood (2022) compare a compilation of monazite ages, which preserves a global record of collisional orogen-
esis, with the zircon archive of continental growth. They demonstrate that the two data sets strongly correlate 
throughout most of Earth history, with peaks in monazite ages generally younger than peaks in zircon ages by a 
few tens of millions of years (Figure 12). They interpreted this age offset to represent a link between collisional 
orogenesis and the record of continental growth inferred from zircon ages. This interpretation is further supported 
by the correlation of major detrital zircon age peaks with other proxies for collisional tectonics including meta-
morphic rutile ages, S-type granite zircon ages, and increases in the proportion of reworked sediment in magmas 
as inferred from the δ 18O systematics of zircon (Figure 12). The correlation between detrital zircon age peaks 
and multiple proxies for collisional tectonics supports the interpretation that the continental crust represents a 
preservational, rather than generational, archive of continental growth.

6. Secular Evolution of the Continental Record—A Pulsed Archive
Considering the scale of observation recorded by a data set, whether temporal or spatial, is important in unrave-
ling the processes controlling that record (C. J. Hawkesworth et al., 2020). Scale provides the context for whether 
evidence is local or global in importance; is the age of an event at one location limited to that region or is it 
part of a global event of similar character? This can be resolved by comparing local data sets to global compi-
lations of the same type of data. A more challenging task is to integrate different data types into a coherent 
framework and to determine what, if any, controls exist between different data types and the processes they 
represent. For example, the time of India-Asia collision is based on a range of criteria including sedimentary 
facies, geochemical and geochronological data on magmatic activity, and paleomagnetic and geophysical data on 
plate kinematics and  crustal structure. These diverse data types have yielded interpreted ages for the initiation of 
continent-continent collision that range over 10s of millions of years (ca. 60–30 Ma; Aitchison et al., 2007; D. 
C. Zhu et al., 2015; Hu et al., 2016; van Hinsbergen et al., 2019). This age range reflects differences in what is 
recorded by each data type with respect to collision, the time lag between what is preserved and its first appear-
ance in the rock record, and different interpretations of the same data (cf., Cawood, 2020; Cawood et al., 2018). 
Thus, establishing links between data sets ultimately requires an understanding of the processes involved to vali-
date how they correlate spatially and temporally, and remains a key, yet often unresolved, issue in differentiating 
cause and effect in the Earth system processes.
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The continental crust displays a punctuated record of step-changes in the ages of occurrence of mineral phases, 
rock types, and tectonothermal events. This contrasts with the progressive change in mantle potential temperature 
through time (e.g., Figure 10). Data sets based on frequency of a rock type or event often show an episodic distri-
bution, at least from the Neoarchean onwards (e.g., zircon ages of magmatic activity, monazite ages of metamor-
phic events, passive margins, various mineral deposit types, Figures 11 and 12). Data sets based on the mean of 
a range (or the maximum or minimum value of a range) show trends of broader duration (e.g., the radiogenic Sr 
composition of seawater and zircon radiogenic Hf isotope compositions, Figure 11).

Figure 12. (a) Histograms of global monazite and detrital zircon age distributions from Mulder and Cawood (2022). Bin 
width is 25 Ma. Top panels summarize the results of cross-correlation analysis. Lag is the difference between the monazite 
and zircon age frequencies in 10 Ma bins. The transparent brown horizontal field encompasses results that cannot be excluded 
from the null hypothesis (no correlation) at the p = 0.05 significance level. Calculations were performed in R (https://www.r-
project.org/). Schematic inset in the main diagram provides a summary of the cross-correlation results. (b) Histograms of 
global metamorphic rutile U-Pb ages (see Data Set S1 in Supporting Information S1 for references). (c) Histogram of global 
zircon ages inferred to be derived from S-type granites following Z. Zhu et al. (2020) with additional data compiled from 
Tang et al. (2021). The brown curve in panel (c) shows the moving average of the sediment reworking index based on the 
δ 18O systematics of zircon (Spencer et al., 2014).
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Based on the frequency and range of available data sets, in part supplemented by knowledge of planetary geology 
for the unpreserved portion of Earth's early history we propose seven phases in Earth evolution (Figure 1). These 
are: (a) Proto-Earth—initiation and Earth formation (4.57–4.45 Ga); (b) Primordial Earth—mafic and initial 
felsic crust formation ca. 4.45–3.80 Ga; (c) Primitive Earth—large-scale craton formation at ca. 3.8–3.2 Ga; (d) 
Juvenile Earth—craton stabilization at 3.2–2.5 Ga; (e) Youthful Earth—craton dispersal and initial continental 
assembly at 2.5–1.8 Ga; (f) Middle Earth—apparent global stability of much of the Earth system during Earth's 
middle age at ca. 1.8–0.8 Ga; and (g) Contemporary Earth—establishing the current Earth system since 0.8 Ga. 
The temporal boundaries between these phases are approximate, and tend to correspond with the first appearance 
of a key feature of that phase. We informally refer to the pre-Proterozoic (i.e., greater than ca. 2.5 Ga) as the early 
Earth. The Primitive and Juvenile Earth phases, which approximate the Archean eon, are dominated by the forma-
tion and ultimate stabilization of cratons, leading to the long-term preservation of the early continental crust. The 
data sets for these two phases (as well as for the preceding two) are limited, with the first appearance of a rock 
association or event often restricted to no more than a few occurrences, perhaps in a single craton. Other cratons 
may show similar but younger changes. Thus, boundaries between phases may be transitional over 10s or even 
100s of millions of years, and likely varied in space and time.

6.1. Proto-Earth: Initiation and Earth Formation—ca. 4.57–4.45 Ga

Gravitational collapse of a molecular cloud into the solar nebula, which then separated over a few million years 
into the sun, planets, and planetesimals, including the proto-Earth, is dated on the basis of Pb-Pb chronometry 
of Ca-Al rich inclusions in carbonaceous chondrite meteorites at ca. 4.567 Ga (Connelly et al., 2017). Accretion 
from the solar nebula also resulted in the formation of the first mineral phases, preserved in chondritic meteorites, 
which further diversified through partial melting, differentiation and alteration during planet formation (Hazen 
et al., 2008). Analysis of the compositional character of the Earth-Moon system, notably from short-lived isotopic 
systems, suggested it formed within ca. 100 Ma of initial accretion of the proto-Earth through impact with the 
hypothetical planet Theia (e.g., Halliday, 2000; Jacobson et al., 2014). During these initial accretion and impact 
events, the Earth was largely molten (Elkins-Tanton, 2008), enabling rapid (no more than a few 10s of millions 
of years) segregation of siderophile elements (e.g., Fe and Ni), refractory metals (e.g., Cr), and some iron soluble 
elements (e.g., S and Si) into the core (Figure 1; Wood et al., 2006).

6.2. Primordial Earth: Initial Felsic Crust Formation—ca. 4.45–3.80 Ga

Rocks formed between 4.45 and 3.80 Ga have either been largely recycled into the mantle or destroyed during 
meteorite impacts. Knowledge of this period is derived from analysis of exceptionally rare and spatially restricted 
(km- to dm-scale) remnants of crust of this age, zircon grains reworked into younger rocks, and isotopic data from 
younger igneous rocks, which provide information on the nature of an older source. The character of other bodies 
in the solar system that preserve early crust and mantle not reworked or recycled by later events (e.g., meteorites, 
Mars, and Moon; Norman, 2019; Smrekar et al., 2019; Yoshizaki & McDonough, 2020, 2021) also provides 
insights into the nature of the Earth at this time. These data suggest that although the Earth's early crust is 
now destroyed, significant tracts, or their reworked products, existed until the late Archean (Carlson et al., 2019; 
Kamber, 2015; Kemp et al., 2010; Mulder et al., 2021; O'Neil & Carlson, 2017).

The early crust is assumed to have solidified from the magma ocean and to have been mafic to ultramafic 
in composition (e.g., Carlson et  al.,  2019; Elkins-Tanton,  2008). The presence of Hadean (>4.0  Ga) zircons 
in younger rocks (Harrison et al., 2017) and outcrops of ca. 4 Ga felsic crust in the Acasta Gneiss Complex 
(Bowring & Williams, 1999; Reimink et al., 2014), provides direct evidence for the generation of felsic melts 
on the Primordial Earth. The geochemistry and radiogenic isotope systematics of the only known outcrops of 
Hadean felsic crust, the Idawhaa Gneiss of the Acasta Gneiss Complex (Reimink et al., 2014, 2016), are consist-
ent with a petrogenesis involving the production of felsic melts by shallow differentiation (Reimink et al., 2014) 
or re-melting (Johnson et al., 2018) of mafic-ultramafic crust.

Detrital and xenocryst zircon grains in younger rocks extend the record of Hadean felsic magmatism back to ca. 
4.4 Ga (Cavosie et al., 2019; Wilde et al., 2001). Hadean zircons have now been identified from most present-day 
continents (Harrison et al., 2017) with the vast majority (>99%) recovered from the Jack Hills and Mount Narryer 
regions of the Yilgarn Craton (Cavosie et al., 2019; Dunn et al., 2005; Froude et al., 1983; Holden et al., 2009; 
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Mulder et al., 2021; Wyche et al., 2019), and additional important caches from the Barberton Greenstone Belt of 
the Kaapvaal craton (B. L. Byerly et al., 2018) and from the Simlipal volcano-sedimentary complex, Older Meta-
morphic Tonalitic Gneiss and modern river sediments within the Singhbhum craton (Bhattacharjee et al., 2021; 
Chaudhuri et al., 2018; Miller et al., 2018). Hadean zircons have been interrogated using a remarkable variety 
of geochemical and isotopic tracers, the results of which have led to often conflicting interpretations of the 
nature, volume, and geodynamic setting of their source rocks (e.g., Cavosie et al., 2019; Harrison, 2020; Nebel 
et  al.,  2014). One endmember group of models propose that Hadean zircons were derived from felsic melts 
produced in a subduction zone setting (e.g., Harrison et  al.,  2005,  2008; Hopkins et  al.,  2008,  2010; Turner 
et al., 2020), with the volume of continental crust produced in the Hadean possibly being of comparable magni-
tude to present day values (Harrison et al., 2005). Alternative interpretations of geochemical and isotopic data 
favor the formation of Hadean zircons in small felsic melt pockets produced through prolonged crustal re-melting 
of mafic-ultramafic precursors, possibly associated with meteorite bombardment or magmatic overthickening 
(Burnham & Berry, 2017; Johnson et al., 2018; Kemp et al., 2010; Laurent et al., 2022; Reimink et al., 2014; 
Rollinson, 2008). Compilations of zircon La/Yb, Sm/Yb and Eu/Eu*, and whole rock Eu-Eu*, which fluctuate 
over a limited range during the timeframe of the Primordial Earth (at least after 4.2 Ga), along with experimen-
tal data suggest the host felsic rocks crystallized from magma reservoirs formed either at deep crustal levels 
(>30 km) or at shallow crustal levels (∼10 km) depending on the source rock composition and the dominant 
petrogenetic process (Balica et al., 2020; Borisova et al., 2021, 2022; Tang et al., 2020). Although debate will 
continue to be driven by novel geochemical and isotopic analyses of these exceptional archives of the Primordial 
Earth, the formation of Hadean zircons in low-volume felsic melts in an otherwise mafic-ultramafic crust appears 
to be consistent with thermal and geochemical models of the early Earth (Elkins-Tanton, 2008), lunar analogs 
(D. J. Taylor et al., 2009; Kemp et al., 2010), and the petrogenesis of preserved Hadean felsic crust in the Acasta 
Gneiss Complex, northern Canada (Johnson et al., 2018; Reimink et al., 2016).

In addition to formation of the initial mafic proto-crust and at least localized reworking into regions of felsic crust 
(e.g., Acasta), the period from 4.45–3.80 Ga marks the development of the Earth's initial atmosphere, oceans, and 
biosphere. The dynamic linked nature of the Earth system also continued to mediate and diversify the mineral 
species present on Earth (Hazen et al., 2008, 2013). Degassing during solidification of the magma ocean resulted 
in an early, possibly steam dominated, atmosphere that cooled over millions to tens of millions of years to a water 
ocean (Elkins-Tanton, 2012) and an anoxic reducing atmosphere rich in CO2 and N2 (Catling & Zahnle, 2020). 
Direct evidence for liquid water early in the Earth's history is provided by O isotopic data from detrital zircons 
from Jack Hills as old as ca. 4.4 Ga (Valley et al., 2014; Wilde et al., 2001). Life on Earth also likely commenced 
during this period. The earliest undisputed fossil evidence of life dates from around 3.5–3.4 Ga (Baumgartner 
et al., 2020; Cavalazzi et al., 2021; Schopf et al., 2018), but sedimentary rocks with inferred but challenged traces 
of life are dated back to ca. 3.85 Ga (Nutman, Bennett, et al., 2019; Papineau et al., 2010), and modeling of molec-
ular clocks suggest life began prior to ca. 3.9 Ga (Betts et al., 2018; Sleep, 2018b). An older limiting age on the 
initiation of life is provided by the timing of the Moon-forming impact and solidification of the magma ocean, 
prior to and during which, the Earth was inhospitable to life. Potential pathways for RNA formation on the early 
Earth suggest that a major post-Moon forming impact was necessary to provide a suitably reducing atmosphere, 
which then facilitated rapid RNA formation by ca. 4.36 Ga (Benner et al., 2020).

6.3. Primitive Earth: Large-Scale Craton Formation—ca. 3.8–3.2 Ga

The beginning of this phase (ca. 3.8 Ga) is marked by the preservation of significant rock associations in the 
geological record (Bleeker, 2003; Kamber, 2015). The Hf isotopic systematics of early Earth zircons also signal 
an important change in the source of felsic crust formation from ca. 3.80 Ga onwards (Bauer et al., 2020; Mulder 
et al., 2021). Whereas pre-3.80 Ga zircon grains have almost exclusively sub-chondritic Hf isotopic composi-
tions (Kemp et al., 2010; Mulder et al., 2021), 3.8–3.2 Ga zircon populations from many early Archean cratons 
define vertical arrays in εHf(t) time-space spanning (supra-)chondritic to sub-chondritic endmembers (Figure 13). 
The sub-chondritic endmember compositions of these arrays lie along an evolutionary array consistent with 
continued reworking of the pre-3.8 Ga crust sampled by older zircons (Guitreau et al., 2019; Kemp et al., 2010; 
Kirkland et al., 2021; Mulder et al., 2021; Naeraa et al., 2012; OʼNeil et al., 2013), whereas the chondritic or 
supra-chondritic endmember requires interaction with a younger and more isotopically juvenile source. Together 
with the preservation of Hadean crustal Pb and  142Nd isotopic signatures in early Archean mafic rocks (e.g., 
Kamber, 2015; O'Neil et al., 2008), the Hf isotopic record of early Earth zircons, representing felsic rocks, is 
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Figure 13. Compilation of initial epsilon Hf composition of zircon grains from Archean cratons that preserve evidence 
for reworking of Hadean crust in their formation as summarized by Mulder et al. (2021). The purple field encompasses the 
Hf isotopic evolution of mafic crust extracted from the mantle at ca. 4.45 Ga. The upper bound of the evolutionary array is 
defined by mafic crust with a Lu/Hf typical of modern mid-ocean ridge basalt (Lu/Hf = 0.026) and the lower bound defined 
by a representative enriched Archean basalt (Lu/Hf = 0.016; Gardiner et al., 2018). The dashed black vertical lines mark 
the age of the oldest preserved crust in each craton (Mulder et al., 2021). See Data Set S2 in Supporting Information S1 for 
references.
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consistent with the interpretation that the earliest stable cratons formed through reworking of long-lived Hadean 
and early Eoarchean (>3.80 Ga) crust by the addition of isotopically juvenile, mantle-derived melts (Drabon 
et al., 2022; Mulder et al., 2021).

The preserved rock associations comprising early Archean continental crust are dominated by granite—greenstone 
terranes with a corresponding bimodal distribution of SiO2 (Figure 5; C. Hawkesworth & Kemp, 2021; C. J. 
Hawkesworth et al., 2016; Kamber, 2015). The greenstone belts consist of mafic and ultramafic extrusive volcanic 
rocks and their high-level intrusive equivalents along with interstratified volcaniclastic, clastic, carbonate, and 
chemical sedimentary rocks. The well-preserved greenstone successions in the Pilbara and Kaapvaal cratons are 
built up by multiple cycles of igneous activity and sedimentation extending over 100s of millions of years and 
are up to 1000s of meters thick (G. R. Byerly et al., 2019b; Hickman, 2012; Kemp et al., 2023; Van Kranendonk, 
Smithies, et al., 2019). The igneous rocks include komatiites, komatiitic basalts, basalts, and basaltic andesites 
along with variable volumes of dacite and rhyolite (e.g., Van Kranendonk, Smithies, et  al.,  2019). Rocks of 
alkaline affinities are absent from greenstone belts (Moyen & Laurent, 2018). Komatiites are a distinctive but 
volumetrically minor component of the belts. They are characterized by low alkalis and high Mg contents, and 
have been divided into Al-depleted and Al-undepleted types for a given MgO (or TiO2) content, with the latter 
thought to become more common after 3 Ga (Barnes & Arndt, 2019, and references therein; Barnes et al., 2021), 
although Sossi et al.  (2016) did not find any temporal variation in the distribution of the two types. Spinifex 
textures involving bladed olivine and clinopyroxene within komatiites indicate rapid crystallization from a high 
temperature magma and have played an important role in constraining the thermal evolution of the Earth's early 
mantle (Herzberg et al., 2010; Nisbet et al., 1993). Komatiites are rare in the Phanerozoic rock record, which is 
taken to reflect secular cooling of the mantle (Trela et al., 2017).

On the modern Earth, mafic rocks are separated into arc and non-arc rocks on the basis of trace element patterns 
(e.g., Th/Yb and Nb/Yb), which correspond to mantle melting under wet and dry conditions, respectively. In 
contrast, Archean mafic rocks cluster in an intermediate position suggestive of a near-primitive mantle source 
with moderate amounts of input from crustal material or fluids (Moyen & Laurent, 2018; Pearce, 2008).

The high silica component of the bimodal Archean rock association includes the tonalite–trondhjemite–gran-
odiorite series (TTGs), which contain plagioclase as the main feldspar phase and thus high Na/K (Moyen & 
Martin, 2012). TTGs are rare in the modern rock record (Moyen & Laurent, 2018) and are characterized by elevated 
Sr/Y and are generally depleted in HREE, which is indicative of residual garnet in the source (Moyen, 2011). 
Experimental and petrological data show that TTGs mainly formed through the partial melting of hydrated 
metabasalts in the lower crust at depths of >25–45 km (Chowdhury, Mulder, et al., 2021; Johnson et al., 2017; 
Moyen, 2011; Palin et al., 2016; Rapp et al., 2003; S. F. Foley et al., 2003; Smithies et al., 2021), implying deep 
burial of hydrated surficial crust. Shifts in the εHf(t) isotopic signature of detrital zircons to more juvenile compo-
sitions from ca. 3.8 Ga onwards corresponds with the widespread incoming of TTGs in early Archean cratons 
(Figures 13 and 14). An increase in Sr/Y, La/Yb, and Nb/Ta of TTGs between 3.8 and 3.2 Ga suggests a progres-
sive deepening of the melt source region with time (Johnson et  al., 2019; Martin & Moyen, 2002). Through 
petrogenetic modeling, Chowdhury, Mulder, et al. (2021) confirmed that TTG formation in the Singhbhum craton 
progressed from ∼33 km at ca. 3.5 Ga to ∼48 km by ca. 3.2 Ga. Empirical estimates of melt formation depth 
made from Eu/Eu* systematics in zircon also increase through this timeframe from a global average of around 
40 km at ca. 3.8 Ga to ∼55 km at ca. 3.2 Ga (Tang et al., 2021).

Eo- to Paleoarchean sedimentary rocks, including clastic, carbonate and chemical sediments, are a relatively 
minor component within the volcanic succession of the greenstone belts (Fedo et  al.,  2001; K. A. Eriksson 
et al., 1994; Kröner & Hofmann, 2019; Mazumder & Chaudhuri, 2021; Nutman, Friend, et al., 2019). Their pres-
ence, including shallow marine platformal and lagoonal deposits, implies at least local and transient emergence 
of the cratons in which they occur and provides evidence for weathering with implications for atmospheric and 
ocean chemical evolution (Buick et al., 1995; K. A. Eriksson et al., 1994; P. G. Eriksson et al., 2013). Further-
more, these volcanic sedimentary associations provide the first unequivocal evidence for the development of 
life including possible terrestrial organisms and involved oxygen and methane-producing life forms (Planavsky 
et al., 2021; Van Kranendonk et al., 2021).
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6.4. Juvenile Earth: Craton Stabilization—ca. 3.2–2.5 Ga

The granite-greenstone rock association continued into the later part of the Archean, from 3.2 to 2.5 Ga, but there 
is an overall, and relatively abrupt, change in the composition of felsic magmatism within individual cratons 
from the Na-rich TTG suite to more potassic magmatic rocks starting around 3 Ga (Figure 14), and is a defin-
ing characteristic of this phase. This change is associated with the stabilization and termination of magmatism 
across the Archean cratons. The timing of this change varies from craton to craton, but all record a similar overall 
compositional change (Cawood et al., 2018; Laurent et al., 2014). Furthermore, and in contrast to TTG magma-
tism that extended over many 10s to 100s of millions of years, the late potassic magmatism was generally active 
for no more than a few 10s of millions of years (Figure 14). The K-granitoids are referred to as high-K or biotite 
granites (Laurent et al., 2014; cf., Nebel et al., 2018). In addition, this phase of craton magmatism is associated 
with the emplacement of a minor component of peraluminous (S-type) granites as well as sanukitoids, which are 
granitoids rich in Mg, Fe, K, Cr, and Ni (Heilimo et al., 2010; Laurent et al., 2014). The compositional character 

Figure 14. Time-space plot for the Superior, Karelian, Dhawar, North China, Pilbara, Yilgarn, Zimbabwe, and Kaapvaal cratons for the period 3.5–2.4 Ga, showing 
the time of major felsic and mafic/ultramafic igneous activity, deformational events that are late stage in the orogenic cycle of the craton, mafic dyke emplacement and 
major late sedimentary basin deposition. Distribution of felsic magmatism adapted from Laurent et al. (2014) and for mafic magmatism from L. Gao et al. (2022b).
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of K-granitoids requires their formation at shallow depths (<35 km) either via partial melting of pre-existing TTG 
crust or via fractionation crystallization of TTG melts (Laurent et al., 2014; Moyen, 2011). Low-degree melting 
(<10%; Johnson et al., 2017) of hydrated metabasalts can also produce K-granitoids but such low melt fractions 
are unlikely to form extensive batholiths unless huge amount of basalts participate in melting. Thus, the origin of 
the K-granitoids is suggestive of intracrustal partial melting and consistent with evidence for the occurrence of 
peraluminous granites at this time, whereas sanukitoids require interaction of TTG with a mantle derived compo-
nent (Heilimo et al., 2010; Laurent et al., 2014; Nebel et al., 2018; Rapp et al., 2010).

The termination of cratonic magmatism corresponds with regional deformation in many cratons (Figure 14). The 
associated K-granitoids and sanukitoids are syn- to post-tectonic with respect to regional deformation (Laurent 
et al., 2014). The structural style of the cratons ranges from those with a well-developed dome and keel struc-
ture (e.g., Pilbara, Zimbabwe, Dharwar, and Singhbhum cratons; Choukroune et al., 1997; Collins et al., 1998; 
Eskola, 1948; MacGregor, 1951), to those dominated by linear structural belts (e.g., Yilgarn and Superior cratons; 
Czarnota et al., 2010; Percival et al., 2012), but also displaying localized dome formation (Jones et al., 2021; 
Zibra et al., 2018). The termination of dome and keel structures is often marked by the subsequent development 
of linear orogenic belts along the margins of, as well as internally within, these cratons and reflects a change 
from vertical to horizontal tectonic forces. Examples include the development and accretion of the linear West 
Pilbara terranes with the dome and keel structures of the East Pilbara terrane (Hickman, 2004), the accretion of 
the Rengali Province to the southwestern margin of the domal Singhbhum craton along the Barakot Shear Zone 
(Bose et al., 2021), the accretion of the Pietersburg block along the northern margin of the eastern Kaapvaal 
cratonic nucleus (Laurent et al., 2019), and the overall along strike continuity of belts within the Yilgarn and 
Superior cratons (Mole et al., 2014; Percival et al., 2012).

Thickening of the cratonic lithosphere resulting from magmatism and deformation led to stabilization and 
the long-term survival of the cratons, and is associated with overall depletion of lithospheric mantle (Griffin 
et al., 2009; Jordan, 1978, 1988; Pearson et al., 2021; Priestley et al., 2020). Following the termination of magma-
tism, the stabilized cratons were exhumed and eroded to variable extent, and then subsided to be unconformably 
overlain by laterally extensive basinal successions; for example, the Singhbhum Cover Sequence that accumulated 
across much of the Singhbhum Craton, the Fortescue Supergroup along the southern and eastern margins of the 
Pilbara Craton, the Pongola, Witwatersrand and Transvaal successions preserved in the central and eastern parts 
of the Kaapvaal Craton, and the Huronian Supergroup on the southern margin of the Superior Craton (Bennett 
et al., 1991; Catuneanu & Eriksson, 1999; Chowdhury, Mulder, et al., 2021; Frimmel, 2019; Hickman, 2012; 
Luskin et al., 2019; P. G. Eriksson et al., 2011; Thorne & Trendall, 2001). Empirical estimates of continental 
crustal thickness in the period 3.2–2.5 Ga suggest a slight decrease overall, either from ∼55 to ∼50 km (Tang 
et al., 2021) or from ∼40 to ∼35 km (Balica et al., 2020).

Thickening and stabilization of the cratonic lithosphere in the period 3.2–2.5  Ga would have resulted in the 
widespread emergence of continental crust, which would in turn affect atmospheric and ocean compositions 
through weathering and runoff with associated follow-on effects on the biosphere. The early Mesoarchean (ca. 
3.1–3.0 Ga) terrestrial-to-shallow marine deposits of vast extent, like those deposited on the stabilized crust of the 
Singhbhum and Kaapvaal cratons, mark the widespread subaerial emergence of stable continents (Chowdhury, 
Mulder, et al., 2021). Weathering of emergent cratons, including associated LIPs, likely lead to drawdown of CO2, 
and may be expressed through evidence for whiffs of oxygen in the cratonic sedimentary record (Chowdhury, 
Mulder, et al., 2021; Meixnerová et al., 2021; Ostrander et al., 2021, and references therein; but see Slotznick 
et al. (2022) for alternative interpretation). Deviation of the normalized seawater  87Sr/ 86Sr curve from the mantle 
reference line, as well as patterns in other isotopic systems and elemental ratios (e.g., depleted δ 18O, δ 66Zn, K/
La), and the presence of the earliest glacial deposits, provide evidence for weathering of continental crust in the 
latter half of the Archean (Chowdhury, Mulder, et al., 2021; C. T. Liu & He, 2021; Ostrander et al., 2021; Pons 
et al., 2013; Shields, 2007; W. Wang et al., 2021a; X. Chen et al., 2022). Direct evidence for the onset of conti-
nental emergence on a global scale during the Mesoarchean is provided by ca. 3.0 Ga paleosols in the Kaapvaal 
(Heard et al., 2021) and Singhbhum (Mukhopadhyay et al., 2014) cratons, 3.2–2.8 Ga shallow marine and terres-
trial, quartz-rich clastic sedimentary rocks on most cratons, and the global zircon record (Chowdhury, Mulder, 
et al., 2021; E. L. Simpson et al., 2012; Fralick & Riding, 2015; Hickman, 2021; K. A. Eriksson & Wilde, 2010; 
K. A. Eriksson et al., 1994; Mueller et al., 2005; Reimink et al., 2020; Sunder Raju & Mazumder, 2020; Szilas 
et al., 2014). We do note however, that the inferred general paucity of S-type granitoids throughout the Archean 
(Figure 12; Z. Zhu et al., 2020) suggests that the supply, burial and melting of sediments within, and along the 
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margins of, cratons was limited. This in turn could imply that the overall proportion of emergent, actively eroding, 
and high relief crust was limited relative to later time periods in Earth history, where S-type granites are more 
prevalent.

The Meso- to Neoarchean timeframe also corresponds with evidence for the extensive recycling of older crust 
(Dhuime et al., 2012; Kirkland et al., 2021; L. Gao et al., 2022a; X. Wang et al., 2021b). Dhuime et al. (2012; 
see also Dhuime et al., 2017, 2018) used igneous zircon U-Pb, Hf, and O data to argue for a change in the rate 
of continental growth at 3 Ga, which they related to increased recycling of crust into the mantle. Recently, X. 
Wang et al. (2021b) noted an increase in the oxygen isotopic composition of zircon from TTG's in the Kaapvaal 
craton at ca. 3.2 Ga. They speculate that this increase relates to the onset of recycling of mafic oceanic crust that 
underwent seawater hydrothermal alteration at low temperature. In contrast, Kirkland et al. (2021) from a study 
of Hf isotopic data of Archean to Paleoproterozoic detrital zircon from modern stream sediments, West Green-
land, augmented by a global Hf data compilation, noted reworking of felsic Hadean-to-Eoarchean crust during 
subsequent periods of magmatism, and an overall shift to more juvenile Hf values 3.2 to 3.0 billion years ago (see 
also Figure 13). They suggested this crustal rejuvenation was coincident with an inferred peak in mantle potential 
temperatures, which resulted in greater degrees of mantle melting and injection of mafic magmas into older felsic 
crust. Based on whole-rock geochemical data of Archean (3.8–2.5 Ga) basalts from 14 cratons, Gao et al. (2022a) 
developed a V-Ti proxy of mantle redox conditions (fO2). Each craton, independent of the age of magmatism, 
showed an increase in fO2 values of around 1 log unit indicating progressive oxidation of the underlying mantle. 
Increases in mantle fO2 are closely associated with changes in basalt Th/Nb ratios and Nd isotopes that are sensi-
tive to crustal recycling. These increases in mantle oxidation and crustal recycling show similar trends for each 
of the studied cratons independent of the absolute age range of magmatism and correspond with the progressive 
stabilization of each craton.

6.5. Youthful Earth: Craton Dispersal and Initial Continental Assembly—ca. 2.5–1.8 Ga

The Archean to the Proterozoic marks a major transition in the evolution of the Earth system. The late Archean 
corresponds with the final stabilization of the major cratons and the assembly, of at least some, into supercratons/
supercontinents (e.g., Bleeker, 2003). This stabilization marks a major change in the type and composition of 
igneous rocks. Komatiites and TTGs decrease dramatically in abundance across the Archean-Proterozoic transi-
tion. This lithologic change is associated with a decrease in MgO, Ni, and Cr, and increasing Na2O and La/Yb in 
mafic lithologies, whereas felsic lithologies display decreasing Na2O/K2O, La/Yb, Eu/Eu*, and Sr fractionation 
(C. B. Keller & Schoene, 2012).

Post-craton stabilization LIP activity, marked by dyke swarms and associated volcanic mafic extrusive lavas, is 
enhanced during the late Archean to early Paleoproterozoic transition (Figure 14; Ernst et al., 2021). The earliest 
manifestations of this magmatic activity include the 2.78 Ga Black Range dykes that intrude across much of the 
Pilbara craton and the associated Mount Roe Basalt of the lower Fortescue Group that accumulated on the craton 
(Arndt et al., 2001; Hickman, 2012; Wingate, 1999), the 2.8–2.76 Ga Newer Dolerite Dyke swarms (Keshargaria 
and Ghatgaon) that occur throughout the Singhbhum Craton (Srivastava et al., 2019), and similar age magma-
tism in the Ventersdorp Supergroup within the central Kaapvaal craton (Gumsley et al., 2020). By the end of the 
Archean and into the Paleoproterozoic, this igneous activity is widespread across numerous cratons, including the 
2.57 Ga Great Dyke, Zimbabwe Craton (Oberthür et al., 2002; Söderlund et al., 2010), the 2.46–2.45 Ga event 
in the Pilbara, Superior, Karelian-Kola and possibly Wyoming cratons, the 2.42–2.40 Ga activity in the Yilgarn, 
Zimbabwe, Superior, North Atlantic, and Karelian-Kola cratons (Davey et al., 2020; Ernst et al., 2021; Nemchin 
& Pidgeon, 1998; Pisarevsky et al., 2015), and the ca. 2.22 Ga activity in the Slave, Karelia-Kola, Dharwar, 
Singhbhum, Superior, North Atlantic, and Pilbara cratons (Ernst et al., 2021; Söderlund et al., 2019). Analysis of 
atmospheric xenon trapped in samples from the Archean to recent shows a step-change in Δ 129Xe from slightly 
depleted values prior to 2.6 Ga to modern values by 2.0 Ga, which Marty et al. (2019) argue requires a mantle 
degassing rate at the end of the Archean at least one order of magnitude higher than today. They propose a burst 
of mantle activity at the end of the Archean that extended for a few 100 million years, which is perhaps consistent 
with the extensive late Archean to early Paleoproterozoic LIP events preserved across the cratons. These LIP 
events indicate that the cratons were stable and rigid, and subjected to broad-scale brittle extension associated 
with dyke swarm emplacement (Cawood et  al.,  2018), which is generally related to mantle upwelling (Ernst 
et  al., 2021). However, the distribution of this activity across all major cratons immediately succeeding their 
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stabilization suggests it is not simply due to the random intersection of plumes and cratonic lithosphere but could 
reflect an inherent characteristic of the thermal evolution in thick cratonic lithosphere (cf., Coltice et al., 2009).

Lithospheric extension of the Archean cratons associated with the LIP activity led to formation of basinal succes-
sions that record rift and thermal subsidence related histories. Taken together, the igneous and sedimentary 
successions therefore record breakup of larger cratonic masses. The inferred late Archean supercratons, variously 
termed Superia, Sclavia, Kenor, and Vaalbara, disaggregated into the smaller constituent cratons we recognize 
today; for example, Pilbara, Kaapvaal, Yilgarn, Zimbabwe, and Superior cratons, the Aldan and Anabar shields 
in Siberia, and the Archean blocks of Baltica and India (Bleeker, 2003; Bleeker & Ernst, 2006; Cheney, 1996; 
Davey et al., 2020; Gardiner et al., 2021; Söderlund et al., 2010; Williams et al., 1991).

The margins of the Archean cratons, including onlapping early Paleoproterozoic sedimentary successions, are 
overprinted and delineated by a series of late Paleoproterozoic orogenic belts (ca. 2.1–1.75 Ga). Together, these 
lithotectonic assemblages provide a record of initial craton rifting and subsidence followed by their convergence 
and assembly. Belts of this age are present on most of the present-day continents; North America (Hoffman, 1988), 
Baltica (Korja et  al.,  2006), Siberia (Glebovitsky et  al.,  2008; Kostrovitsky et  al.,  2016; Rosen et  al.,  2005), 
Australia (Cawood & Korsch, 2008), North China (G. Zhao & Cawood, 2012; G. Zhao et al., 2012), and India 
(Dey et al., 2016; Meert & Pandit, 2015). For example, the Yilgarn and Pilbara cratons have spatially and tempo-
rally independent histories of Archean granite-greenstone formation (Figure 14). The now adjoining margins of 
these two cratons are overlain by late Archean and early Paleoproterozoic basins recording cycles of extension 
and subsidence, consistent with continental rifting and passive margin thermal subsidence. The two cratons 
were juxtaposed along the intervening Capricorn Orogen with its record of foreland basin sequences, accreted 
continental fragments and magmatic arc successions and associated tectonothermal pulses, including the 2 and 
1.8 Ga Glenburgh and Capricorn orogenies (Cawood & Tyler, 2004; Jahn et al., 2021; Sheppard et al., 2004). 
The West Australian and North Australian cratons are also inferred to have undergone assembly at this time 
(Cawood & Korsch, 2008; L. Zhao et al., 2022). Similarly, the Trans-Hudson Orogen records a history of conver-
gence and subsequent collision between the Churchill composite craton and the Superior craton, which constitute 
key elements in the assembly of Laurentia during the late Paleoproterozoic (Hoffman,  1988,  1989; St-Onge 
et al., 2009; Weller et al., 2021).

The early Paleoproterozoic record of sedimentation and LIP-related magmatism on stabilized Archean cratons 
and their subsequent juxtaposition across major linear late Paleoproterozoic orogenic belts is witness to a series 
of Wilson cycles of ocean opening and closure. In combination, these events are interpreted to mark the assembly 
of Earth's first supercontinent, Nuna/Columbia (Hoffman, 1996; Rogers & Santosh, 2002; G. Zhao et al., 2002).

The Archean-Proterozoic transition corresponds with major environmental changes including the Great Oxygena-
tion Event (GOE; Holland, 2002), a linked spike in carbon isotope ratios in marine carbonates (Eguchi et al., 2020; 
but see also Prave et al., 2021), extensive (possibly global) glaciations (Rasmussen et al., 2013), a change in ocean 
redox (Poulton et al., 2021), and a greater range of marine authigenic minerals (Hazen et al., 2008). Recent work 
suggests the GOE may be a protracted transition that extended over 10s to 100s of millions of years (Hodgskiss 
& Sperling, 2021; Ostrander et al., 2021). Thus, the drivers of the GOE likely commenced in the late Archean 
and included subaerial exposure of the cratons and widespread mafic magmatism, with associated extensive 
degassing (including volcanic H2O, CO2, N2, and SO2) and weathering (Ciborowski & Kerr, 2016; Hodgskiss 
& Sperling, 2021; Marty et al., 2019; Meixnerová et al., 2021; Zerkle et al., 2021). In turn, these events would 
have increased nutrient supply to the oceans and enhanced biological activity (Cox et al., 2018; Hao et al., 2020). 
Increased oxidized weathering of terrestrial rocks as a consequence of the GOE likely accounts for the change 
from more reduced to more oxidized compositions of biotite and whole rock from Archean to Proterozoic strongly 
peralkaline granites (Bucholz et al., 2018; Bucholz & Spencer, 2019).

6.6. Middle Earth: Earth's Stable Middle Age—ca. 1.8–0.8 Ga

The period from the late Paleoproterozoic at around 1.8–1.7 Ga to the Neoproterozoic at ca. 0.8–0.75 Ga provides 
evidence for an extended phase of stability in the Earth system that is marked by apparent limited activity in 
the preserved records related to the environment, biosphere and lithosphere (Brasier & Lindsay, 1998), and has 
been variously termed Earth's middle age (Cawood & Hawkesworth, 2014) or the boring billion (Holland, 2006; 
Roberts, 2013). This time interval is characterized by anomalous distribution of elemental concentrations, mineral 
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phases, rock types and ore deposits relative to preceding and succeeding time intervals (Figure 11). These include 
a paucity of passive margins (Bradley, 2008), an absence of glacial deposits (Bradley, 2011) and iron formations 
(Bekker et al., 2010), low U and Mo concentrations in black shales (C. Scott et al., 2008; Partin et al., 2013), and 
a scarcity of phosphorite (Cook & McElhinny, 1979; Papineau, 2010). It is also a period of limited orogenic gold, 
VMS and sediment rock hosted manganese deposits (Bierlein et al., 2009; Frimmel, 2018; Huston et al., 2010; 
Maynard, 2010). In contrast, during this time interval there is an abundance of massif type anorthosites and 
related magmatism (AMCG—anorthosite-mangerite-charnockite-granite, rapakivi granite; Ashwal,  2010; 
Ashwal & Bybee, 2017) and associated Fe-Ti oxide deposits (Barley & Groves, 1992; Groves et al., 2005), and 
carbonatites and associated REE-bearing ore deposits (C. Liu et al., 2017, 2019). The recently revised Sr isotope 
paleo-seawater curve displays an initial drop at the start of middle age and then an overall increase with second 
order peaks and troughs (X. Chen et al., 2022), whereas εHf(t) in detrital zircons maintain an overall constant 
mean value (Belousova et al., 2010; Roberts & Spencer, 2015). Proxies for crustal thickness, whether based on 
whole rock Rb/Sr ratios of new crust and La/Yb for average continental crust, or Eu/Eu* in zircon from areas of 
active continental crust remain relatively constant through this interval (Balica et al., 2020; Dhuime et al., 2015; 
Tang et  al.,  2021). Time series analysis of the thermobaric ratio of metamorphic rocks indicates the highest 
mean T/P approximates the timeframe of Earth's middle age (ca. 1830–900 Ma; Brown, Kirkland, et al., 2020). 
Similarly, Liu et al. (2019) noted the enhanced occurrence of high-T minerals (igneous, metamorphic and hydro-
thermal, which are often enriched in Th, F, Nb, Y, and REE) during this interval (see also Tamblyn et al., 2021).

Earth's middle age is bookended by the assembly of the Nuna supercontinent and the breakup of the succeeding 
Rodinia supercontinent (Figures 1 and 11). Importantly, core elements of Nuna, including Laurentia, Siberia and 
Baltica, remained largely unchanged during the transition into Rodinia as evidenced by an apparent paucity of 
passive margins related to Nuna breakup and the lack of evidence for end Mesoproterozoic orogenesis in and round 
cratons such as Siberia (Bradley, 2008; Cawood & Hawkesworth, 2014; Evans, 2013; Gladkochub et al., 2010). 
This contrasts with the well-established major changes in continental configurations during assembly of Nuna 
and the transition from Rodinia to Gondwana (plus or minus Pannotia; Cawood et al., 2021; Evans, 2013; G. 
Zhao et al., 2002; Murphy et al., 2020) and has supported the notion of long-term lithospheric stability between 
1.80 and 0.8 Ga.

The lack of evidence for breakup and reassembly of the core cratons of Laurentia, Siberia and Baltica during the 
transition from Nuna to Rodinia, have led to proposals for limited development of thick orogenic crust (at least 
between these core cratons) with an associated lack of weathering, erosion and run-off of nutrients into the oceans 
(Tang et al., 2021; Z. Zhu et al., 2022b). However, paleomagnetic and geological data from several major continen-
tal blocks suggest that significant relative plate motions and orogenic activity still occurred during Earth's middle 
age (Pisarevsky, Elming, et al., 2014; Spencer et al., 2021), notably on the margins of the Laurentia-Siberia-Bal-
tica core. For example, the late Paleoproterozoic and Mesoproterozoic records of eastern Australia-Antarctica 
and western Laurentia provide evidence for a full Wilson Cycle, on a scale comparable those of the Phanero-
zoic, during the Nuna-Rodinia transition. There is evidence for continent-continent collision between eastern 
Australia-Antarctica and western Laurentia at ca. 1.60 Ga (Pourteau et al., 2018; Volante et al., 2020), possibly 
marking the final assembly of Nuna (Pisarevsky, Elming, et al., 2014). Paleomagnetic data imply wide separation 
of Australia and Laurentia by ca. 1.20 Ga (Elming et al., 2021; Pisarevsky, Wingate, et al., 2014), which may have 
been achieved through continental rifting associated with regional extension, basin formation, and mafic magma-
tism, along both continental margins at ca. 1.45–1.30 Ga (Halpin et al., 2014; Morrissey et al., 2019; Mulder 
et al., 2015; Sears et al., 1998; Yang et al., 2018). Similarly, East Laurentia and southern Baltica provide evidence 
for widespread Grenville-Sveconorwegian orogenesis during the end Mesoproterozoic and early Neoprotero-
zoic inferred to be related to Amazonia collision (Bingen et al., 2008; Cawood & Pisarevsky, 2017; Hynes & 
Rivers, 2010) or accretionary margin processes (Roberts & Slagstad, 2015; Slagstad et al., 2013).

6.7. Contemporary Earth: Modern Plate Tectonics—ca. 0.8 Ga to Present Day

The Neoproterozoic marks the appearance in the geologic record of rock associations and events that are consid-
ered the archetypal features of our present-day dynamic planet. Thus, many of the distinctive features that charac-
terize Cenozoic plate tectonics first became widespread in the Neoproterozoic (R. J. Stern, 2018, and references 
therein). These include ophiolites, blueschists and kindred metamorphic assemblages, and ultrahigh pressure 
(UHP) rocks. Ophiolites are indicators of extension of oceanic lithosphere and form in both non-subduction 
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(e.g., mid-ocean ridges) and subduction zone settings (e.g., subduction initiation ophiolites and back arc basin 
ophiolites). They delineate suture zones in Phanerozoic collisional and accretionary orogens (e.g., Bay of Islands 
ophiolite, Appalachian-Caledonian orogen; Semail, Spontang and Xigaze ophiolites, Alpine-Tethyan orogen; 
Great Serpentine Belt and western Tasmanian ophiolite, Terra Australis orogen; Dun Mountain ophiolite belt, 
Gondwanide orogen; Great Valley ophiolite, North American Cordillera). Blueschists, glaucophane-bearing 
eclogites, lawsonite-bearing metamorphic rocks, and jadeitites are associated with subduction zones at active 
convergent plate margins. UHP rocks along with the gemstones ruby and sapphire in continental collision zones 
become common in Neoproterozoic and younger orogenic tracks. However, some of these mineral and rock 
associations also occur in older successions. Mafic and ultramafic associations, inferred to represent oceanic 
lithosphere, are reported from the Mesoproterozoic, late Paleoproterozoic and Archean (D. J. Scott et al., 1992; 
Furnes & Dilek, 2022; Kusky & Li, 2010; Moores, 2002), but alternative interpretations are also possible (e.g., 
Waterton et al., 2022). Although low T/P metamorphic assemblages are largely Neoproterozoic and younger, rare 
late Mesoproterozoic and late Paleoproterozoic occurrences have also been recorded (Brown & Johnson, 2018; 
Weller & St-Onge, 2017, and references therein).

In addition to the widespread preservation of distinctive metamorphic and igneous rock associations, the transi-
tion to the Contemporary Earth is marked by the Neoproterozoic Sturtian and Marinoan global glaciations (e.g., 
Hoffman et al., 1998). These events are followed by a further rise in atmospheric oxygen to present-day levels 
(Holland, 2006; Lyons et al., 2014), and the emergence in the Phanerozoic biosphere of complex plant and animal 
forms (Figure 1; Knoll & Nowak, 2017). In addition, there is the reoccurrence of rock associations that were 
largely absent in the preceding middle age, for example, gold and VMS deposits (Figure 11; Goldfarb et al., 2001; 
Huston et al., 2010).

7. Speculations on Tectonic Modes and Earth Evolution
There is an ever growing list of papers discussing when, where, and why the Earth's current tectonic mode, 
plate tectonics, initiated and the possible precursor modes it may have succeeded (e.g., Bédard, 2020; B. Keller 
& Schoene, 2018; Brown, Johnson, et al., 2020; Cawood et al., 2018; C. J. Hawkesworth et al., 2016; Dewey 
et al., 2021; Hamilton, 2011; Korenaga, 2013; Palin & Santosh, 2021; R. J. Stern, 2018; R. Zhu et al., 2021; T. 
Gerya, 2022; Windley et al., 2021; Zheng & Zhao, 2019). There is general agreement that whatever the tectonic 
mode operating at a particular time, it occurred within and was influenced by a framework of a secular decrease 
in mantle potential temperature (Figure 10b). However, our understanding of how the lithosphere responded to 
this cooling of the mantle, and in particular how mantle melting impacted lithospheric composition and rheology, 
remain a source of discussion. This has led to the differing interpretations of tectonic mode with suggestions for 
when plate tectonics initiated, ranging over ∼85% of Earth history from the Hadean to the Neoproterozoic. This 
level of uncertainty for the fundamental process controlling the Earth system is remarkable.

The range of opinions on which tectonic modes operated when, stem from a combination of how we define plate 
tectonics and alternative modes of operation, and by differing interpretations and selective emphasis on available 
data (cf., Cawood et al., 2018). The specific tectonic mode operating on the early Earth has become an a priori 
assumption of many studies, rather than being critically evaluated in the context of the available, yet ambiguous, 
data. As a result, we are prone to confirmation bias in interpreting the rock record (Chelle-Michou et al., 2022). 
To move forward and reach consensus we need to countenance data and alternative interpretations that may not 
conform to our preferred model. Field observations, petrology, geochemistry, geochronology, geophysics, and 
computational analysis across a range of spatial and temporal scales (cf., C. J. Hawkesworth et al., 2020) have, 
and will continue to provide, the data needed to evaluate and limit the tectonic modes that may have operated on 
the Earth.

Furthermore, establishing the tectonic modes that have operated on Earth is fundamental to understanding the 
evolution of the Earth system, as changes in mode will impact the nature and character of the preserved rock 
record and the rate and method of cycling between reservoirs. In the following, we discuss possible tectonic 
modes that operate on planetary bodies and constraints on lithosphere-mantle behavior for the early history of the 
Earth. We then outline possible links between likely tectonic modes and the evolving Earth system.
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7.1. Tectonic Mode(s)

Tectonic mode encompasses the geological activities (e.g., magmatism, deformation, metamorphism, and sedi-
mentation) that characterize a planetary body at a global scale, and is effectively the means by which the body 
loses heat (Lenardic, 2018). Depending upon how actively the lithospheric lid participates in mantle convection, 
the following endmember modes have been suggested: stagnant lid, sluggish lid, and active lid, each with a vari-
ety of sub-modes (Lenardic, 2018).

The stagnant lid mode (also known as rigid lid or single-plate mode; Figure 15) excludes any involvement of 
the lithosphere in mantle convection and is, therefore, characterized by a laterally immobile lid atop the under-
lying mantle (Moresi & Solomatov, 1998). However, the lithospheric lid experiences variable magmatism and 
tectonic deformation depending on the planet's thermal state, which gives rise to two sub-modes. A “hot” stag-
nant lid mode operates when the planet is hot inside, has a convecting mantle and loses heat either via heat-pipe 
mode of volcanism (e.g., like Jupiter's moon Io) or by plume activity (e.g., like Mars) in addition to conduction 
(Lenardic, 2018; Moore et al., 2017). Heat-pipes are focused zones of mantle upwelling that brings hot material 

Figure 15. Schematic representation of various planetary tectonic modes postulated based on geodynamic modeling that 
have implications for early Earth tectonics. The modes are: (a) stagnant lid mode; (b) active lid mode with broad zones of 
deformation, and (c) active lid mode with narrow zones of deformation, akin to modern plate tectonics. The stagnant-lid 
mode figure includes two variants: one with a hot interior and volcanically active planetary body (a “hot stagnant lid”; e.g., 
Venus), and other with a cold interior and volcanically inactive body (a “cold stagnant lid”; e.g., moon). Plots on the right 
are the surface velocities obtained from 2D numerical models of mantle convection and tectonics for the respective modes 
(Lenardic, 2018; Richards et al., 2001). Note that the surface velocity profiles for the two variants of the active lid mode. One 
with wide zones of deformation are characterized by large gradients in horizontal velocity, suggesting internal deformation 
of the lithosphere. In contrast, the other variant with narrow zones of deformation suggests that deformation is concentrated 
between two rigid lithospheric segments.
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directly to the surface of the lithosphere via volcanism and, in the process, advects the pre-existing lithosphere 
downward. This leads to small scale recycling of the lithosphere through drips. A “cold” stagnant-lid mode oper-
ates when the planetary body is volcanically inactive and comprises a lithosphere lying atop a cold, solid, mantle 
(e.g., the Moon; R. J. Stern, 2018).

In contrast, the active (or mobile) lid tectonic mode involves strong coupling between the lithosphere and the 
convecting mantle (Figure 15). In this mode, the (negative) buoyancy of the lithosphere exerts a strong control 
on mantle convection, whether this occurs via intermittent and episodic lithospheric downwelling or ongoing 
and long-lived subduction. This mode is divisible into a plate tectonic sub-mode with rigid plate interiors and 
narrow focused zones of deformation at plate boundaries, and a distributed deformation sub-mode consisting of 
wide zones of deformation (i.e., diffuse plate boundaries) that cover most of the planetary surface (Figure 16; 
Lenardic, 2018). Consequently, the proportion of rigid plates is lower in the latter case than in the former, plate 
tectonic mode. These two sub-modes can also be differentiated based on the plate velocity gradients. Sharp 
changes in the plate velocities occur over a narrow zone in the case of plate tectonics, while in case of distributed 
deformation mode, the plate velocities change rather gradually over a broad zone (Figure 15).

The sluggish lid mode (Figure 15) is also characterized by a laterally mobile lithosphere but in this case, mobility 
is generally inferred to be driven by the traction force exerted by convecting mantle along the lithosphere-mantle 
boundary and not by the buoyancy structure of the lithosphere (Lenardic,  2018). In addition, the numerical 
models of Sizova et al. (2015) suggest that some lithospheric motion unrelated to drag from the mantle can occur 
in response to lithospheric drips and delamination. In the sluggish lid mode lithosphere velocities are low and 
inferred to generally remain lower than those of the convecting mantle, whereas the two are comparable in the 
active-lid mode (Lenardic, 2018). A variety of sub-modes have been proposed for this mode (Lenardic, 2018). 
One is the squishy-lid sub-mode, which has been proposed for the early Archean Earth and the present-day Venus 
(Lourenço et al., 2020; Rozel et al., 2017). This sub-mode includes small, rigid lithospheric segments separated 
by wide zones of non-rigid, melt-impregnated lithosphere that features surface motion and compressional defor-
mation around the sites of mantle downwelling (Lourenço et al., 2020; Rozel et al., 2017). Thus, this sub-mode 
can reproduce some of the key geological features of an active-lid (distributed deformation) sub-mode.

Another class of models suggests that a planet can alternate between these endmember modes in time or in space. 
For example, the numerical models of Rozel et al. (2017) showed temporal switching between stagnant and slug-
gish lid modes, whereas the models of Capitanio, Nebel, Cawood, Weinberg, and Clos (2019) showed adjoining 
and contemporaneous occurrence of stagnant and mobile lid modes, which they referred to as lid-and-plate mode. 
These models show the controls of long-term depletion of the lithospheric mantle on the formation of rigid lith-
ospheric keels (Capitanio et al., 2020), which suppresses mobility, “freezing” tectonics features, such as rifts and 
lithospheric foundering, now preserved as fossil features in cratons. The intervening of stiffer lithospheric blocks 
amid a thermal boundary layer is key to the planetary thermal evolution as it reduces the heat released through 
the Earth's surface (Capitanio et al., 2022; Korenaga, 2006; Lenardic, 1998), while implying a high mobility.

Notably these tectonic modes are largely defined based on the relative motion of lithosphere and the convecting 
mantle (Figure 16; Lenardic, 2018). As a result, assigning these tectonic modes to different periods of the Earth 
history has often proved difficult because: (a) we have increasingly little knowledge of this relative motion as we 
go back in time, particularly of the speed of mantle convection, and (b) different tectonic modes/sub-modes can 
produce overlapping tectonic environments, leading to the development of similar rock records. For example, 
both active and sluggish lid modes can account for horizontal mobility of lithosphere leading to the development 
of extensional (e.g., rift) and compressional (e.g., orogenic) sites, the formation of particular rock assemblages 
in the Archean (Bédard, 2018; Windley et al., 2021), as well as the evolution of similar P-T conditions in the 
metamorphic and petrogenetic record (Capitanio, Nebel, Cawood, Weinberg, & Chowdhury, 2019; Chowdhury 
et al., 2020). Additionally, the thermal evolution of the Earth during its early history requires either lower surface 
velocities, as in a sluggish lid (Korenaga,  2006; Lenardic,  2018), or short episodes of high surface velocity, 
accounting for inferred short-lived tectonics features (Capitanio et  al.,  2022; O'Neill et  al.,  2007), although 
constraining velocities further has proven difficult.

Therefore, knowledge of lithospheric and mantle velocities is required to distinguish between tectonic modes, 
which are at best are poorly constrained and in reality largely unknown during the Archean. We suggest that for all 
practical purposes, these tectonic modes/sub-modes can be simplified into three categories to understand Earth's 
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Figure 16. Snapshots of model evolution from different studies investigating the tectonic styles on a hot Earth. (a) Model 
showing lithosphere stretching and rifting and formation of depleted, stiffer continental lithospheric mantle. The rifting 
migrates laterally, until large volumes of depleted mantle are embedded in the cold lithosphere and partially entrained in 
downwellings (modified from Capitanio et al., 2020). (b) Model showing the transition from a dripping-and-rifting regime 
to a subduction-and-rifting regime (modified after Gunawardana, Chowdhury, Morra and Cawood, unpublished data). The 
transition from drips to subduction occurs self-consistently within the model as the convecting mantle (Tp) cools down 
by >150°C (from an initial Tp of ∼1600°C). (c) Model showing a lithospheric peel-back driven (collisional) orogenic setting 
under hotter mantle conditions (initial Tp of 1525°C; modified after Chowdhury et al. (2020)). The viscosity and density 
distribution are also shown for the upper 250 km. Note the reduced thickness of the orogen due to lithospheric peeling and 
the mantle upwelling beneath it. The viscosity map shows that the orogenic crust is composed of a brittle upper crust and 
partially molten lower crust. The orogen is also marked by a laterally extensive, flat Moho surface. This orogenic mode may 
have operated during late Archean to early Proterozoic conditions when the mantle was hotter and rheologically differentiated 
continental lithospheres came into existence.
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tectonic regime through time: (a) a stagnant-lid mode, (b) a sluggish-to-active lid mode with distributed defor-
mation (squishy-lid tectonics), and (c) an active lid mode featuring narrow zones of deformation (plate tectonics).

7.2. Controls on Early Earth Behavior

The strength and buoyancy of lithosphere played key roles in controlling the type and viability of tectonic modes 
on early Earth, and both these lithospheric properties are largely controlled by the mantle thermal structure (e.g., 
Chowdhury et al., 2017, 2020; Herzberg & Rudnick, 2012; Sizova et al., 2010; Sleep & Windley, 1982; van Hunen 
& van den Berg, 2008). Although we know that mantle potential temperature was higher during the early history 
of the Earth, the absolute magnitude of the temperature and the rate of cooling are disputed (e.g., Figure 10) and 
are in part dependent on tectonic mode (e.g., stagnant lid vs. active lid; Lenardic, 2018), which in turn are depend-
ent on inferred mantle temperature; a key conundrum in early Earth research. A hotter mantle has more vigorous 
convection involving cells of smaller dimension (Bunge et al., 1996; Grigné et al., 2005, 2007; Rolf et al., 2012; 
Zhong et al., 2007), and results in a warmer lithosphere with a great proportion of impregnated melt (e.g., Sizova 
et al., 2010). As a result, the lithosphere remains weak with low viscous strength (non-rigid; e.g., van Hunen & 
van den Berg, 2008; Sizova et al., 2010). In such a scenario, zones of lithospheric extension, whether above upper 
mantle convection cells or deep mantle plumes, will have limited spatial extent (both along and across strike) and 
are unlikely to produce linear zones of extension like those found on the modern Earth (e.g., mid-ocean ridges, 
continental rift zones). Such weak lithospheres will also accommodate compressive stresses largely through inter-
nal deformation with limited lateral motion (Sizova et al., 2010). This will hinder the development of subduction 
zones or orogens like those we observe on the modern Earth (Chowdhury et al., 2017, 2020; Sizova et al., 2010). 
Local subduction events may occur under hotter mantle conditions (Capitanio et al., 2020; O”Neill et al., 2020; 
Sizova et al., 2015; T. V. Gerya et al., 2015), but they will be impeded/terminated by shallow slab break-off 
event(s) since the subducted lithosphere will readily undergo viscous detachment due to its low yield strength that 
would prevent the development of a continuous “slab-pull” force (van Hunen & van den Berg, 2008), or to rheo-
logical stiffening of the mantle wedge following extensive dehydration (Capitanio et al., 2020). Similarly, orogen-
esis involving hot and weak continental lithospheres will be controlled by lithospheric peel-back (Chowdhury 
et al., 2017, 2020). Besides providing rheological weakening, a hotter mantle leads to greater degrees of adiaba-
tic decompression melting, producing thicker basaltic crust and a residual harzburgitic lithospheric mantle that 
has greater buoyancy than modern oceanic lithospheres (Herzberg & Rudnick, 2012; Sleep & Windley, 1982). 
These factors would have negatively influenced the viability of plate tectonics, at least in its present form, on 
the early Earth. In contrast, the lithospheres may have experienced intense dripping and delamination (e.g., B. J. 
Foley, 2018; Chowdhury et al., 2017, 2020; Johnson et al., 2014; Lourenço et al., 2020; Rozel et al., 2017; Sizova 
et al., 2015).

7.3. Linking Tectonic Modes to the Evolution of the Earth System

7.3.1. Magma Ocean and a Stagnant/Squishy Lid Mode

Figure 17 is our attempt to link the proposed stages in the evolution of the Earth system with a tectonic mode. 
After formation of the Earth-Moon system and solidification of the magma ocean (phase I, ca. 4.57–4.45 Ga), a 
lithosphere with thick, mafic primary crust likely prevailed throughout the Primordial Earth stage (ca. 4.4–3.8 Ga; 
Kramers, 2007). We infer this initial lithosphere behaved as a stagnant lid based on the sub-chondritic Hf isotopic 
composition of early Earth zircons (Figure 13), which indicates crystallization from felsic melts produced via 
intra-lithospheric reworking, with little or no juvenile mantle input (Mulder et al., 2021). The lack of evidence 
for juvenile magmatic additions to the crust argues against overturn and recycling of the initial lithosphere, or 
the injection within it of significant volumes of mantle-derived magmas, at least in the sources for the preserved 
detrital zircon record (which are from areas that included relatively thick felsic crust). This implies that although 
a stagnant-lid mode may have been viable, a “heat-pipe” mode of volcanism (e.g., Moore et al., 2017) was likely 
not prevalent, at least in the lithospheric portions that have survived. These inferences are also consistent with the 
results of numerical modeling investigating Hadean geodynamics (e.g., O'Neill & Zhang, 2019). However, given 
the limited nature of the preserved Hadean record we cannot rule out that heat-pipe tectonics and/or other tectonic 
modes (like squishy lid tectonics), operated in parts of the globe that are not preserved.
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Figure 17. Linking various tectonic styles to different phases of Earth's evolution. The schematic diagrams represent the dominant tectonic style that may have been 
operating during the different phases. The tectonic styles are classified according to the three main modes and their sub-modes mentioned in this study (see text; cf., 
Figure 15). The Earth likely started with a magma-ocean conditions and evolved through various sub-modes of stagnant/sluggish lid modes before entering the plate 
tectonic mode by the end of Archean. The plate tectonic mode also likely evolved from an “early, hot style” to the “modern, cold style” during the Proterozoic and 
Phanerozoic eons. Coeval with this tectonic change, the secular cooling of Earth's mantle is also shown. Given mantle thermal conditions exert the first order control 
of tectonics and it may have varied between places at any given point of time, other tectonic modes may have also operated besides the dominant tectonic mode during 
any evolutionary phase. The acronyms on the right side of the tectonic diagrams represent these subsidiary tectonic modes for each evolutionary phase. For example, 
modern plate tectonic processes may have occurred sporadically during the Youthful Earth phase (see text for more discussion).
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7.3.2. Squishy Lid Mode

The period from ca. 3.8 to 2.5  Ga (i.e., during phases III and IV) marks the formation and stabilization of 
Earth's cratons. The beginning of this time range is marked by the preservation of granite-greenstone terranes and 
high-grade gneisses in the rock record, and after 3.2 Ga there was ongoing craton formation and also widespread 
stabilization of these associations leading to their long-term preservation. Voluminous mafic volcanism during 
greenstone belt formation and the concomitant production of TTGs with supra-chondritic Hf signature during 
ca. 3.8–3.2 Ga suggests significant input of mantle-derived, juvenile melts during this time-period (Figure 13; 
Mulder et al., 2021). These rock types eventually formed the cratonic crust and were shielded from the convecting 
mantle by a rigid layer of harzburgitic lithospheric mantle (cratonic keel). Formation of this continental litho-
spheric mantle during juvenile melt extraction was fundamental in ensuring the cratons' long-term preservation 
(Korenaga, 2006; Pearson et al., 2021). Studies of the cratonic mantle lithosphere reveal internal layering due to 
variations in the amount of melt depletion (Griffin et al., 2003; Yuan & Romanowicz, 2010). Furthermore, the 
numerical models of Perchuk et al. (2020) propose that this layering is a complex multistage process that occurs 
through the juxtaposition of depleted lithospheric mantle by spatially and temporally discrete processes (cf., Z. 
Wang et al., 2022). Importantly, the formation of these lithospheric keels likely marks the transformation of a 
lithosphere region undergoing intense plutonism and non-rigid, distributed deformation to a rigid and buoyant 
lithosphere (cratonic core) that is a prerequisite for plate tectonics. Coincident with increased rigidity is evidence 
after ca. 3.2 Ga for increased thickening of the lithosphere including geochemical data for increased depth of 
crustal melting in the production of TTG's, the evolving source of felsic magmatism from melting of mafic 
lower crust to TTG-like compositions for potassic granites (Moyen & Laurent, 2018; Moyen & Martin, 2012; 
Nebel et al., 2018), and evidence for continental emergence above sea-level at craton scale (Chowdhury, Mulder, 
et al., 2021; Reimink et al., 2020; W. Wang et al., 2021a). In addition, data from modeling proportions of juvenile 
versus evolved global detrital zircon populations as well as orogen specific studies (Dhuime et al., 2018; L. Gao 
et al., 2022a; S. Gao et al., 2002; X. Wang et al., 2021b) provide evidence for recycling and hence destruction of 
lithospheric mantle throughout the Archean (<3.8 Ga).

We interpret the rock association and geochemical changes commencing at 3.8 Ga to result from a sluggish/active-
lid regime, involving some degree of coupling between the convecting mantle and the lithosphere resulting in 
lateral mobility of the latter. Direct paleomagnetic evidence for lithospheric mobility is however limited to 
Meso- and Neoarchean (and younger) rock successions (Brenner et al., 2020; Cawood et al., 2018). Modeling 
geodynamics and felsic crust production at mantle potential temperatures through this time suggest the lith-
osphere was not uniformly rigid (Capitanio et  al.,  2020; Lourenço et  al.,  2020; Rozel et  al.,  2017), leading 
to the formation of small, rigid lithospheric segments (proto-plates) separated by wide zones of hot and weak 
lithosphere experiencing deformation and plutonism (Figure 16; i.e., squishy lid tectonics involving distributed 
deformation). Downwelling of lithospheric mantle (±crust) in the form of drips or delamination likely occurred 
around these weak zones, resulting in lateral surface motion that gradually accentuated toward the downwelling 
sites. Thus, fast lateral velocities may have existed in the vicinity of dripping/delamination sites triggered by the 
downwelling lithosphere, while sluggish motion of lithospheric segments lying away from these sites may have 
resulted from convective traction (Capitanio et al., 2020; Lourenço et al., 2020). Localized subduction may have 
also occurred in this tectonic regime either triggered by plumes/meteorite impacts (O’Neill et al., 2020; T. V. 
Gerya et al., 2015), or by mantle convection (Sizova et al., 2015). In addition, the recycling of lithosphere requires 
compensation through the generation of new lithosphere along zones of extension (rifts), and together imply 
lithospheric mobility (Capitanio et al., 2020). Modeling studies showed that such extensional zones may have 
developed at the sites of the convective upwelling of mantle and its decompressive melting. Some models even 
showed these extensional zones to be the sites where rigid lithospheric mantle, constituting the cratonic cores, 
may have formed via melt loss (Capitanio et al., 2020).

Proposed evidence for recycling of Archean lithosphere (e.g., Smart et al., 2016), and for geochemical signatures 
comparable to modern convergent plate margins (e.g., Windley et al., 2021), lies at the heart of many arguments 
as to the viability of Hadean-to-Archean plate tectonics. However, modeling studies have shown that these signa-
tures are also consistent with non-plate tectonic modes; that is, lithospheric recycling need not be synonymous 
with subduction. Thus, lithospheric recycling via drips or delamination are characteristic of the active/sluggish 
lid tectonic modes likely operating during the early-to-mid Archean (Capitanio et  al.,  2019b,  2020; Johnson 
et al., 2014; Lourenço et al., 2020; Rozel et al., 2017). These processes are also capable of imparting geochemical 
signatures based on relatively immobile elements to Archean igneous rocks similar to those found in modern 
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convergent plate margins (e.g., Chowdhury, Mulder, et al., 2021; Gunawardana et al., 2020; Johnson et al., 2017; 
Nebel et al., 2018; Smithies et al., 2021). From this, we infer that although variable coupling between mantle 
and lithosphere during this time-period resulted in simultaneous multi-mode tectonic environments, none of 
them were akin to the modern day globally linked system of plate boundaries (cf., Capitanio, Nebel, Cawood, 
Weinberg, & Clos, 2019; Cawood et al., 2018). The regions of lithospheric extension and convergence are likely 
to taper out and not extend along strike for significant distances, thus inhibiting linked continuous lithospheric 
boundaries (Figure 17). Furthermore, the reduced strength of Archean lithosphere at predicted mantle poten-
tial temperatures results in any lithosphere undergoing recycling disaggregating into lenses via viscous detach-
ments at shallow mantle depths (Fischer & Gerya, 2016; Moyen & van Hunen, 2012; van Hunen & van den 
Berg, 2008). This prevents the formation of coherent continuous subducting slabs, and hence the development of 
a slab-pull force, which constitutes a major force driving long-lived/continuous subduction processes at a global 
scale (Forsyth & Uyeda, 1975).

7.3.3. Transition From Squishy Lid Mode to Plate Tectonics Mode

During the late Archean (ca. 3.2–2.5 Ga), the preserved rock record indicates cratonic stabilization and thick-
ening. We consider that this increasing rigidity of the lithosphere represents a gradual global transition from 
tectonic modes with distributed deformation (i.e., squishy lid) to an active lid mode involving rigid plates (i.e., 
plate tectonics). The development of rigid lithospheric blocks and plate margin processes are consistent with the 
appearance of massive dyke swarms, granulite facies metamorphism, and linear, orogenic (accretionary) belts 
around the cratonic cores during the late Archean. It has been argued that metamorphic P/T data can be split into 
two groups for the Proterozoic and Archean, and that these be regarded as evidence for paired metamorphism 
(Brown & Johnson, 2018; Brown, Johnson, et al., 2020), and hence for the development of plate tectonics. Like 
most data from the early Earth, there are spatial and temporal limitations on the distribution of such P/T groups 
and the interpretive significance that can be placed on them. For example, the data for paired metamorphic belts 
are essentially a temporally constrained data set with their relative spatial distribution at the time of formation 
largely unconstrained, yet spatial controls remain central to any interpretation of tectonic processes (Marimon 
et al., 2022). Recently, however, B. Huang et al. (2020) argued for a spatially and temporally linked paired meta-
morphic belt in the Neoarchean of North China.

The development of rigid cratonic cores likely played a significant role in concentrating horizontal stresses 
along their margins, leading to lithospheric failures and recycling via dripping and incipient subduction, and 
craton assembly. For example, evidence for block accretion onto the margins of the East Pilbara, Singhbhum and 
Kaapvaal cratons requires these margins being sites of focused deformation (Bose et al., 2021; Hickman, 2012; 
Laurent et al., 2019). In addition, the geochemistry of basalts suggests that the mantle underwent significant cool-
ing during this time (e.g., B. Keller & Schoene, 2018; C. B. Keller & Schoene, 2012), allowing the development of 
long wavelength convective cells and better lithosphere-mantle coupling (Bunge et al., 1996; Grigné et al., 2005; 
Zhong et al., 2007). Evidence for assembly of cratons with discrete earlier histories (implying spatial separa-
tion) into supercratons (Bleeker, 2003; Söderlund et al., 2010), along with limited paleomagnetic data (Brenner 
et al., 2020; Cawood et al., 2018), provide further evidence for lithospheric mobility. However, the transition to 
plate tectonics at a global scale happened over a protracted time period and most likely, was not completed until 
ca. 2.5 Ga (cf., Brown, Johnson, et al., 2020; Cawood et al., 2018). This is based on the diachronous development 
of geological evidence in favor of plate margin processes in different cratons (e.g., Figure 14). Furthermore, 
the form of plate tectonic processes that operated during this time remains contentious, as the mantle was still 
warmer when compared to its modern thermal state (cf., Ganne & Feng, 2017; Herzberg et al., 2010). Modeling 
shows that accretionary/collisional processes were dominated by lithospheric peeling (Figure 16; Chowdhury 
et al., 2017, 2020), which is a process that also occurs on modern Earth where weak lithospheres are involved 
(e.g., Apennines; Magni et al., 2013). Subduction under warmer mantle conditions was likely impeded by slab 
breakoffs and intense trench roll back leading to mantle decompression and melting (Perchuk et al., 2019; Sizova 
et al., 2010).

7.3.4. Plate Tectonic Mode

Evidence for widespread dyke emplacement into brittle cratonic crust commenced in the late Archean and dykes 
become globally distributed through the early Paleoproterozoic (Figure 14; Cawood et al., 2018). These dykes, 
along with the development of rift and passive margin sedimentation along the edges of a number of cratons, 
provides evidence for subsidence associated with lithospheric extension. This, together with the development 
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of linear late Paleoproterozoic collisional orogenic belts, suggests a pattern of oceans opening and closing that 
we associate with a globally linked pattern of focused plate boundaries. This led to the assembly of the Archean 
cratons into the first supercontinent Nuna by the late Paleoproterozoic (G. Zhao et al., 2002; Mitchell et al., 2021). 
Modeling studies show that, although plate tectonics was likely operating under the warm mantle conditions 
of this time, the nature of the convergent margin processes were likely different (e.g., Chardon et  al.,  2009) 
from their modern counterparts. In particular, orogenic processes controlled by lithospheric peeling may have 
continued to occur (Chowdhury et al., 2017, 2020), while subduction process may have been characterized by 
faster descent of the slabs along with significant trench roll-back and associated mantle upwelling (Perchuk 
et al., 2019). Local appearance of high-pressure metamorphic rocks by ca. 1.8 Ga in certain localities (e.g., eclog-
ites in the Trans-Hudson orogen; Weller & St-Onge, 2017) suggests modern type of convergent margin processes 
may have also appeared during this time period, but possibly limited to areas where the mantle was relatively 
colder (Brown, Johnson, et al., 2020; Holder et al., 2019).

Commencing in the late Archean, but mainly from the Paleoproterozoic to the present day, the presence for 
globally distributed passive margins along the edges of pre-existing continental fragments, linear belts of accre-
tionary and collisional orogens with associated tectonothermal events, and paleomagnetic data indicative of rela-
tive motion of continental fragments (Bradley, 2008; Cawood et al., 2009; Evans, 2013; G. Zhao et al., 2002; 
Karlstrom et al., 2001; Wan et al., 2020; Weller et al., 2021) argues for a linked system of divergent and conver-
gent plate margins that formed in an active lid, plate tectonic regime (Cawood et al., 2018; Mitchell et al., 2021). 
Changes in the distribution of rock associations between 1.8 and 0.8 Ga and from 0.8 Ga to the present day corre-
spond to stages of the plate tectonic driven supercontinent cycle (Cawood & Hawkesworth, 2014).

The Middle Earth phase (ca. 1.8–0.8 Ga) is characterized by the supercontinental cycle involving the formation of 
Nuna and Rodinia, and the ultimate breakup of the latter (Cawood & Hawkesworth, 2014). What remains unclear 
is how prominent the supercontinental break-up phase was prior to Rodinia assembly, with direct implications 
toward the prevailing tectonic style. The prevalence of A-type granitoid magmatism, along with the inferred 
absence of a complete subduction girdle around the periphery of Nuna, as well as a lack of subduction-related 
geochemical fingerprints and linked mineral deposits supports a long-lived Nuna-Rodinia supercontinent (cf., 
Cawood et al., 2016, 2021; Tang et al., 2021). However, a record of well-developed orogens contradicts this inter-
pretation (Spencer et al., 2021). These Mesoproterozoic orogens are further marked by thin crust and unusually 
high heat flux (causing UHT metamorphism). A long-lived supercontinent may have caused a thermal blanketing 
effect on the underlying mantle (Gurnis, 1988; Jellinek et al., 2020; Lenardic et al., 2005, 2011), which in turn 
may have led to warming and weakening the continental lithosphere, limiting the height of mountains that could 
be supported (Tang et al., 2021). On the contrary, similar features can be generated if the collisional orogens 
involved weak continental lithospheres and thus deviated from modern orogenic styles (Spencer et al., 2021). 
The weakening of continental lithospheres may have been caused either by the heat coming from upwelled 
mantle (due to syn-orogenic lithospheric delamination or shallow slab break-off; Sizova et al., 2014; Spencer 
et al., 2021), or due to the presence of highly radiogenic crustal lithologies such as pelites or granitoids (McLaren 
et al., 2003). The preserved continental rock-record is perhaps best reconciled if the effects of a protracted super-
continental cycle and a different orogenic style are considered together. While large tracts of Nuna, notably 
the core elements of Laurentia, Baltica and Siberia, likely remained largely intact throughout this time-period, 
marginal blocks disaggregated and re-assembled during the Rodinia assembly via collisional orogenic events that 
occurred within the overall plate tectonic regime but differed from the modern orogenic style.

The transition to the Contemporary Earth phase (i.e., phase VII) is marked by the widespread appearance of 
rocks/rock-assemblages that are considered the hallmark of modern-style plate tectonics, particularly of the 
subduction-collisional settings (e.g., UHP rocks, blueschists, ophiolites, etc.). During this phase, the mantle is 
inferred to have cooled down to its modern thermal state that kickstarted steady and continuous subduction of the 
oceanic lithospheres without undergoing shallow break offs (e.g., Fischer & Gerya, 2016; Sizova et al., 2010; van 
Hunen & van den Berg, 2008). Bending of subducting oceanic lithosphere at the outer rises of trenches results in 
intense brittle-viscous weakening of the lithosphere and a tendency for slab detachment at elevated temperatures 
in the mantle (T. V. Gerya et al., 2021). On a hotter early Earth, this tendency would either inhibit subduction or 
result in punctuated intermittent subduction through frequent slab breakoff. The colder mantle and the increased 
mechanical integrity of lithospheres on the Contemporary Earth further promoted the coupling between the 
oceanic and continental lithospheres, which allowed the oceanic lithospheres to pull the attached continental lith-
ospheres deep into the mantle (Chowdhury et al., 2017; Magni et al., 2013; Sizova et al., 2014). These processes 
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led to the burial of colder crustal material to great depths, leading to their metamorphism along low T/P ther-
mobaric ratios and forming unique lithologies like blueschists and UHP rocks (Chowdhury et al., 2017; Sizova 
et al., 2014). A consequence of greater oceanic-continental lithospheric coupling and deep continental burial is 
that it enhanced the recycling of continental crustal material to mantle depths, a part of which never returns due 
to slab break-off at great depths (e.g., Figure 9). Chowdhury et al. (2017) determined via modeling that the rate 
of  this break-off-mediated continental recycling varies within ∼0.4 to 0.7 km 3/a (which is somewhat higher than 
the earlier estimates of ∼0.3 to 0.4 km 3/a; cf., Scholl and von Huene, 2009). This additional recycling of conti-
nental material during this phase may correspond with an inferred on-going decrease in the continental volume 
since  the Neoproterozoic (Cawood & Hawkesworth, 2019; Cawood et al., 2013; Dhuime et al., 2015).

8. Bimodal Hypsometry, Continental Emergence, and Tectonics
The evolution of the continental lithosphere and tectonics through time has direct implications for the surficial 
morphology of our planet and the Earth system as a whole. The bimodal hypsometry of the modern Earth with 
the associated 40:60 ratio of continental to oceanic lithosphere (Figure 4; e.g., Cawood & Hawkesworth, 2019) is 
a direct outcome of plate tectonics in which oceanic lithosphere forms at divergent mid-oceanic ridges whereas 
continental lithosphere forms at the convergent subduction zone settings. These processes lead to contrasting 
physical and chemical characteristics of the resultant lithosphere: oceanic lithosphere is thin and dense relative 
to thicker and less dense continental lithosphere, resulting in the bimodal hypsometry. Most of the other terres-
trial planetary bodies, along with the Moon, have a unimodal hypsometry, which is related to an overall, mafic 
dominated, crust (Aharonson et al., 2001; Criss & Hofmeister, 2020; Stoddard & Jurdy, 2012). Mars, however, 
has a bimodal hypsometry like the Earth consisting of the northern lowlands with thin and younger crust relative 
to the southern highlands with thick and older crust. But, unlike the Earth, this hypsometry is not related to plate 
tectonics (Smrekar et al., 2019).

The timing of development of Earth's bimodal hypsometry and whether it can be uniquely linked to a tectonic 
mode remain critically unresolved issues in unraveling secular evolution. Petrogenetic models and knowledge of 
mantle cooling indicate that early mafic crust (prevalent during the Hadean-Archean) was considerably thicker 
(∼20 to 30 km) than the modern oceanic crust (Herzberg et al., 2010; Korenaga, 2013; Sleep & Windley, 1982). 
Similarly, models of the origin of the felsic component of Archean continental crust require crustal thick-
nesses of at least 25–35 km for the generation of TTGs (Chowdhury, Mulder, et al., 2021; Johnson et al., 2017; 
Moyen,  2011). The blurring of the difference between the thickness of the early mafic crust and the conti-
nental crust must have impeded the development of bimodal hypsometry. Moreover, the cratonic crust started 
becoming stable, compositionally mature, and thick (>40–45 km) only since ca. 3.2 Ga (Figure 14; cf., Cawood 
et al., 2018; Chowdhury, Mulder, et al., 2021). Prior to that its composition was significantly mafic and thus, 
must have showed limited positive buoyancy compared to the thick, early mafic crust. Owing to these diminished 
differences in the thickness and bulk composition of the two lithospheres on the early Earth, a distinct bimodal 
hypsometry is unlikely to have prevailed at that time. Consequently, during its early history, the Earth may have 
been a water world with no significant amount of stable, emergent landmasses (except for some volcanic islands). 
This has been corroborated by the variations in the isotopic proxies for seawater through time (e.g., Sr-curve, 
Zn-in BIF; Pons et al., 2013; X. Chen et al., 2022). Once the stabilized cratons with thick (∼40 to 50 km), mature 
crust came into existence by ca. 3.2–3.0 Ga (marked by the presence of K-granite magmatism within cratonic 
cores), the bimodal hypsometry started to become prominent. However, these early episodes of continental emer-
gence need not have been controlled by plate tectonic processes. Instead, the formation of thick, felsic crust 
bearing cratons (like, the Singhbhum, Pilbara and Kaapvaal cratons) at non-plate tectonic settings imparted them 
a significant isostatic uplift relative to the ambient, mafic crust and eventually pushed them above the sea level, 
leading to the appearance of stable, continental landmasses by ca. 3.2–3.0 Ga (Chowdhury, Mulder, et al., 2021; 
Roberts & Santosh, 2018; W. Wang et al., 2021a).

The number of stabilized cratons increased during the Neoarchean and also during this time orogenesis associ-
ated with incipient plate tectonic processes appeared. These factors likely resulted in vast continental areas with 
thick crust, which led to a significant increase in the proportion of emergent continental landmasses by the end 
of Archean to early Paleoproterozoic (Bindeman et al., 2018; Flament et al., 2008; Reimink et al., 2020). This 
emergence event is distinctly corroborated by the divergence of the Sr-in-seawater curve from the depleted mantle 
evolution curve (Shields, 2007; X. Chen et al., 2022), a change in the O-isotope of shales (Bindeman et al., 2018) 
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and zircons (Spencer et al., 2014, 2019), and an increase in the proportion of subaerial continental LIPs in the 
geological record (Kump & Barley, 2007). This change in the continental freeboard condition has even been 
surmised to facilitate the GOE (Campbell & Davies, 2017; Kump & Barley, 2007; Spencer et al., 2019; X. Chen 
et  al.,  2022). The amalgamation of Nuna during the late Paleoproterozoic tectonically accentuated the conti-
nental crust thickness through global-scale collisional events, thus maintaining the bimodal hypsometry. This 
tectonic-related crustal thickening facilitated continental uplift and a high freeboard during that time, which led 
to high weathering fluxes to the oceans (X. Chen et al., 2022; Z. Zhu et al., 2022b).

The middle Proterozoic is inferred to be characterized by thin, orogenic continental crust (Tang et al., 2021), 
which led to lower continental elevations above sea level. This is corroborated by a decline in the radiogenic Sr 
composition of the seawater around that time-period, which implies a lower influx of continental detritus into the 
oceans. The Rodinia amalgamation did not impart a large change in the Sr-isotopic composition, implying either 
the orogenic events of that time did not lead to thicker crust and enhanced continental weathering, or an increased 
input of juvenile material (Cawood & Hawkesworth, 2014; Cawood et al., 2013; Spencer et al., 2013; X. Chen 
et al., 2022). This hypsometric evolution is in accordance with the occurrence of a different style of collisional 
tectonics (cf., Spencer et al., 2021). The Neoproterozoic era is characterized by the re-appearance of orogenic 
mountains comprising thickened continental crust, which led to an increase in emergent landmass as well as 
in the continental elevation (Campbell & Squire, 2010; Tang et al., 2021). An overall increase in the  87Sr/ 86Sr 
of seawater during this time reflects a gradual increase in the continental weathering rates and the consequent 
increased supply of nutrients to the oceans (Campbell & Squire, 2010; Shields, 2007; X. Chen et al., 2022; Z. 
Zhu et al., 2022b). The bimodal hypsometry and the continental freeboard seem to have remained constant subse-
quently through modern plate tectonics of the Contemporary Earth (e.g., Cawood & Hawkesworth, 2019; Tang 
et al., 2021).

9. Timescale
Discussions of the geological timescale are largely beyond the remit of this paper but based on our observations 
of secular changes and the proposal to divide Earth's evolution into seven phases, we would make the following 
general comments. First order divisions of eon, era and period of the Mesoproterozoic and older divisions of 
the Precambrian were erected on the basis of changes in episodes of sedimentation, magmatism and orogeny 
(Plumb, 1991) and are based on approximate ages rounded to the nearest 100 Ma. Subsequent work has high-
lighted the need to refine the boundaries in terms of new data and better tie them to specific and observable events 
in the rock archive (Bleeker, 2004; Cloud, 1987; Shields et al., 2021; Strachan et al., 2020). This approach is the 
foundation for the Phanerozoic timescale, with the events that define eon, era, and period boundaries based on 
changes in surficial reservoirs (e.g., changes in environment and relationship to species evolution). Although 
there have been important developments in establishing global biostratigraphic markers for the Precambrian (e.g., 
Adam et al., 2017; Porter, 2016), the approach of refining the Proterozoic timescale through changes in surficial 
reservoirs has been hampered by the lack of high precision age constraints on potential global events (e.g., the 
GOE) and that such events likely occur over a relatively protracted timeframe (millions of years and longer) rather 
than the relative short, sharp events that divide the Phanerozoic timescale. This scarcity of high-precision age 
constraints in part reflects the tendency for the best-preserved Proterozoic strata, particularly pre-Neoproterozoic 
strata, to have formed in intracontinental settings. Although intracontinental basins have high preservation 
potential, their location distal from plate boundaries results in a general paucity of widespread and frequent 
syn-sedimentary volcanism (e.g., Cawood et al., 2012), precluding high-precision U-Pb dating of interstratified 
volcanic units as has been widely applied in refining the Phanerozoic timescale (e.g., Gradstein et al., 2020). 
In this regard, emerging geochronology techniques such as U-Th-Pb dating of authigenic phosphate minerals 
(Rasmussen et al., 2001), U-Pb and Lu-Hf dating of carbonates (A. Simpson et al., 2022; Roberts et al., 2020), 
and Rb/Sr dating of shales (Subarkah et al., 2022) offer a promising way forward by providing a means of abso-
lute dating of sedimentary sequences that lack a well-established biostratigraphy or intercalated volcanic units.

Furthermore, the increasingly fragmented nature of the Precambrian record with increasing age and the fact that 
any changes in the record largely apply to the solid Earth reservoirs that can vary in timing from craton to craton 
limit the value of any such changes in their role as possible chronostratigraphic boundaries; for example, the 
termination of widespread TTG or komatiite magmatism. The two major boundaries of the Precambrian are the 
Hadean-Archean and Archean-Proterozoic and we make the following observations. The Hadean is informally 
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defined as the period of Earth history predating the rock record (Cloud, 1972). The boundary with the Archean 
is generally taken at 4.0 Ga (Shields et al., 2021), which fortuitously corresponds with the age of the Acasta 
Gneiss, the oldest accepted fragment of continental crust (Bowring & Williams, 1999), although ages >4 Ga 
have been proposed for parts of the Nuvvuagittuq greenstone belt (O'Neil et al., 2012). Others have suggested 
the lower boundary of the Hadean should be taken at 3.85 Ga corresponding with the increasing preservation 
of crust across multiple cratonic fragments (Bleeker, 2004; Kamber, 2015; see also Van Kranendonk, Bennett, 
& Hoffman, 2019, and references therein). We note that 3.8 Ga corresponds with evidence for input of juvenile 
igneous rocks (based of Hf in zircon, Figure 13) and may constitute an appropriate boundary, but although this 
appears to be widespread event recorded in most cratons, its timing on presently available data varies from craton 
to craton.

The Archean-Proterozoic boundary is taken at 2.5 Ga (Plumb, 1991). Developments of a better geochronological 
database of events around the boundary have allowed a greater understanding of the time of changes in the rock 
record. Recent work has suggested placing the boundary at 2.45 or 2.4 Ga on the basis of events such as oxygen-
ation of the atmosphere, and changing proportions of U/Pb, Hf-isotope and trace-element data on zircon, and 
Re–Os model ages on sulphides (Griffin et al., 2014; Shields et al., 2021). Again, it is not clear whether the timing 
of these events is synchronous or sufficiently abrupt to be an adequate chronologic division. Furthermore, such 
changes require significant analytical data sets on suitable samples and are, at the very least, difficult to observe 
directly in the rock archive.

10. Conclusions
Since accretion from the solar nebula, the composition and character of Earth has continued to evolve. For exam-
ple, initial differentiation of the solid and surficial reservoirs, including changing compositions and redox state 
of the oceans, the evolution of the biosphere, cycling between the surficial and solid Earth reservoirs, develop-
ment and changing mineral and rock associations and resultant evolving mafic and felsic crust compositions, the 
changing nature of continental lithospheric mantle, the thermal evolution of the mantle and the development of 
depleted mantle, and crystallization of an inner core.

The evolution of the Earth's solid reservoirs, including cycling with the surficial reservoirs, is largely driven by 
internal cooling resulting from temperatures generated through gravitational collapse during initial accretion with 
increasing contributions over time from radioactive decay. Direct effects of solar energy input are limited to the 
surficial reservoirs. Although there has been continuous and largely secular cooling of the mantle, the preserved 
continental record displays a punctuated history with periodic, relatively rapid, step changes in rock associations 
and events. These changes imply that at various times the Earth system reaches a critical point and transitions to 
a new equilibrium state. Thus, it is possible to divide the geological evolution of the planet into a series of broad 
phases. What is less clear, and a source of much debate is how, or even if, such phases relate to the tectonic models 
that are inferred to have operated on Earth. In addition, it is necessary to differentiate such phases against changes 
such as peaks and troughs in rock ages and events that relate to preservation bias.

Arguments for which tectonic modes may have operated at times thought Earth history are built on geologi-
cal observations (e.g., Cawood et al., 2006, 2018) and numerical models (e.g., T. Gerya, 2022; van Hunen & 
Moyen, 2012). These numerical models are particularly useful in exploring possible environments that existed 
given the incomplete and selective nature of the early Earth record. Such models have their own set of limitations 
including, at this stage, their largely 2D nature and uncertainties about the values and significance of some early 
Earth parameters. Integrated geological data and numerical modeling suggest three main tectonic modes may 
have operated on Earth during its secular evolution: stagnant lid, squishy lid, and plate tectonic modes. We argue 
on the basis of the limited preserved record that after initial accretion and post-solidification of the magma ocean, 
the early Earth likely operated in a stagnant lid mode, which entails a rigid, continuous lid above a convecting 
mantle (i.e., a single plate), and that this mode of behavior probably extended until around 3.8 Ga. However, 
we recognize that the preserved record is highly limited and selective and at a global scale a squishy lid mode 
involving some lithospheric mobility and diffuse deformation may be equally plausible, especially on the basis of 
numerical modeling (Capitanio et al., 2019b, 2020).

By 3.8 Ga, variable coupling between the lithosphere and convecting mantle resulted in lithospheric mobility, 
with sites of extension and compression. High mantle temperatures and likely widespread impregnation of the 
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lithosphere with melt resulted in a rheologically weak crust, while leaving a rigid residue in lithospheric mantle 
roots, and broad scale distributed deformation. Only in the period 3.2–2.5 Ga did the transformation into a rigid 
whole lithosphere occur, enabling the development of a globally linked system of plate boundaries with the 
Earth operating under an active lid, plate tectonic mode since at least 2.5 Ga. Zones of focused compressional 
and extensional deformation are recognized prior to 2.5 Ga, as are geochemical signatures of fluid flux melting. 
However, the record is insufficient to establish the localized versus global extent of such features and if these 
represent some form of plate tectonics (i.e., active lid, focused deformation). The later parts of the Archean 
could have involved regions of lithosphere continuing to undergo squish lid behavior and experiencing distrib-
uted deformation but with other segments containing rigid lithosphere with focused zones of deformation. Since 
2.5 Ga, a globally linked system of focused convergent and extension boundaries separating internally rigid plates 
are inferred to have operated, as evidenced from fragmentation of the Archean supercratons and the subsequent 
assembly of the dispersed cratonic fragments into Nuna, the first supercontinent (Cawood et  al.,  2018; Wan 
et al., 2020).

Events at ca. 1.8 and 0.8 Ga, that represent board scale changes in the Earth system and correspond with assembly 
of Nuna and dispersal of the Rodinia supercontinents, subdivide the overall post-2.5 Ga plate tectonic frame-
work under which the Earth was operating. For the Contemporary Earth, extending from 0.8 Ga to the present 
day, mantle potential temperatures had cooled sufficiently to enable deep continental subduction at collision 
zones. Earth's surficial reservoirs continued to evolve and interact with the solid Earth reservoirs through our 
planet's evolution as expressed in broad-scale changes in composition of the atmosphere, oceans, and biosphere. 
Although the surficial reservoirs react and homogenize on short timescales with diurnal to millennial periodicity, 
first order changes within these systems (e.g., oxygenation of the atmosphere, changes in ocean composition, and 
appearance of major life forms) appear to correspond to phases of lithosphere evolution (e.g., Figure 1) reflecting 
feedback loops within the system.

The evolution of the individual elements of the Earth system and links between them need to be viewed through 
the lens of any potential bias in the rock record. Ocean and continental lithosphere have different preservation 
potential as does thick versus thin continental lithosphere. Similarly, the supercontinent cycle has impacted the 
preserved rock archive. Thus, for the most part we can expect bias in the long-term continental record. This is a 
consequence of both the way different tectonic modes impart a discrete signature on the record and are then varia-
bly preserved. The resultant continental lithosphere is spatially and temporally heterogeneous (C. J. Hawkesworth 
et al., 2020). Thus, mixing through convection continually homogenizes the oceans, atmosphere, and mantle (but 
on different temporal scales) and contrasts with continental lithosphere in which heterogeneities form and are 
largely locked into the preserved record. This complex multistage and multiscale architecture of the continental 
lithosphere is now preserved in a record extending back at least 4.4 Ga and contrasts with that of oceanic litho-
sphere, which is temporally restricted to the last 200 Ma and is much more homogeneous due to its single stage 
record related to adiabatic decompression melting of the mantle (and magma chamber fractional crystallization).

Although much is made in the Earth Sciences of the concept of uniformitarianism (Hutton, 1788), encapsulated 
in the phrase “the present is the key to the past,” the pulsed and evolving nature of the continental rock record, 
likely in response to progressive mantle cooling, suggests that the planet has operated under different tectonic 
modes through its history and each is likely to have imparted a distinctive and likely non-uniform signature into 
the rock record.

11. Future Directions (A Way Forward)
Our overview of secular changes in Earth history is based on the rock and mineral archive of the continental 
crust, integrated with constraints from numerical models that are calibrated for evolving mantle temperatures and 
consequent lithospheric rheology. From this, we propose seven phases in Earth evolution based on the incoming 
of, or changes in, distinctive features in the rock record, which from thermal evolution models are related to three 
broad tectonic modes (e.g., Figure 1). We accept that both the division into phases and the tectonic modes we link 
to them are open to re-interpretation and indeed rejection by others, especially as additional data are generated 
in the future. We welcome new data and interpretations and would highlight the following as first order issues 
to consider.
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Continuing study of the other terrestrial planets, especially the potential for sample return missions from the 
Moon and Mars, along with work on meteorites, will provide much new, albeit statistically limited, data and 
ideas on the Proto- and Primordial phases of Earth evolution. Ongoing numerical modeling of mantle processes 
and refinement of mantle potential temperatures, along with an improved understanding of mantle convection 
(whole vs. layered) will provide a better framework in which to unravel our planet's evolution. Furthermore, a 
better understanding of the processes of intra- and inter-reservoir cycling, together with additional work on the 
limited pre-3.8 Ga mineral and rock archive, particularly from novel isotopic systems, has the potential to provide 
new and better constraints on thermal regimes, melting patterns, and lithospheric character and behavior through 
Earth history.

Processes of biasing, along with decreasing preservation with increasing age, mean we need approaches to better 
understanding what is missing (known unknowns) and what implications that might have had for Earth processes, 
notably for the Hadean and Archean eons (prior to phase V, Figure 1). Thus, for example, can we reverse engi-
neer the preserved rock record, perhaps in conjunction with constraints from experimental data, to better deter-
mine mantle thermal structure and its secular evolution? This approach has already been used (e.g., Herzberg 
et al., 2010) but future work is likely to better constrain the variables involved and improve precision. Similarly, 
are there new approaches that can be applied to what is preserved to understand how rock units and events inter-
acted with, and were constrained by (and vice versa), those known unknowns that are no longer present?

Our inference of mantle-lithosphere coupling in an overall squishy lid regime requires variable but ongoing 
movement of lithosphere during the early phases of Earth evolution. Such a regime over this timeframe is based 
on evidence from numerical modeling, geochemical data for either reworking or recycling of lithosphere, and 
restricted paleomagnetic data, the latter limited to the Juvenile Earth phase. If lateral motion in a squishy-lid 
regime is valid, it must also be able to account for the spatially focused greenstone and TTG magmatic records 
of cratons that temporally extends over 100s of millions of years (Figure 11; e.g., Hickman, 2012; Kemp, 2018). 
The geochemical and isotopic signature of this magmatism indicates ongoing mantle input as well as crustal 
melting and reworking (e.g., Figure 13; Mulder et al., 2021). However, it is possible to define and justify a range 
of tectonic modes based on numerical models. Some of these are known to occur on other planets and plane-
tary bodies (e.g., different types of stagnant lid behavior on the Moon and Venus and heat pipes on Io; Moore 
et al., 2017; R. J. Stern, 2018) and have thus been invoked for Earth's early history. However, given the large 
gaps in our record over this early history, the critical evaluation of, and discrimination between, such modes 
with respect to the available preserved record has yet to reach a consensus, and we suspect this is unlikely to be 
achieved anytime soon. Thus, can future researchers provide observations from the rock record that can deliver 
unique criteria to differentiate (or even test) stagnant versus squishy versus rigid lid tectonic models? Data and 
models presented to date from mesoscopic (outcrop) and regional scales produce similar features and rock asso-
ciations (often based on the same set of observations) that are interpreted as justification for plate tectonic (rigid 
lid) and non-plate tectonic (including squishy lid) modes for the same regions.

A plate tectonic framework operating through the Proterozoic and Phanerozoic has achieved a greater consensus 
among researchers than the range of tectonic modes proposed for the pre-Proterozoic (but see R. J. Stern, 2018, 
for a discussion of alternative views). This reflects the presence of post-Archean rock associations that are both 
different from those in the Archean and generally similar to the contemporary Earth, as well as the greater volume 
of the preserved rock record allowing for a more detailed interrogation across a range of spatial and temporal 
scales, including global. This has enabled an increasing insight into the development and evolution of the Earth's 
surficial reservoirs and links to deep Earth processes through this time (Cawood & Hawkesworth, 2014; Lyons 
et al., 2021). However, better understanding the extent and scale of feedbacks between the solid and surficial 
Earth, and the potential for time lags between feedbacks (Cawood, 2020) are essential for a deeper understanding 
of the Earth system, and likely have implications that will enhance our understanding of the pre-Proterozoic 
Earth.

The use of terms developed for processes and rock associations on the Contemporary Earth and their application 
to the Earth during its early history are likely to remain an ongoing issue. The beauty of language is the power of 
words to evolve and adapt as our knowledge grows; for example, what we understand by craton and orogen (née 
geosyncline) continue to evolve. Thus, it is important to understand the context in which a word is used. What do 
terms such as subduction, plate tectonics, oceanic lithosphere and continental lithosphere mean when applied to 
the early Earth (e.g., Chelle-Michou et al., 2022)? On the Contemporary Earth, the concepts of subduction and 
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convergent plate margin were developed to explain the increasing depth of earthquake foci extending from linear 
oceanic trenches to depth beneath linear magmatic belts. Without this kinematic context, the terms are applied 
in the rock record on the basis of field criteria (i.e., magmatic belts) and increasingly geochemical criteria. What 
is important to note is that geochemical criteria are a proxy for a process (e.g., fluid flux melting), and as such 
may yield ambiguous results when applied to inferred tectonic modes? Furthermore, numerical models of lith-
ospheric processes that operated during the early history of the Earth suggest that mechanisms of lithospheric 
recycling other than subduction may have been operative and if so, would likely also result in fluid flux melting 
in the mantle.

Compilation of large and often multi-proxy data sets (geochemical, isotopic, and geophysical) is playing an 
increasingly important role in understanding temporal and spatial changes into the age of rocks, timing of 
processes, the genesis of individual suites of rocks, and the character of the crust, lithosphere and mantle. New 
proxies may help identifying other aspect of rock genesis, and ever improving precision of existing methods 
will  provide a higher resolution and with this a more profound picture of Earth's past. Ultimately, we as a commu-
nity need to find practical ways to make use of large data sets with respect to data quality, technique comparison 
and ways to sensibly bin data. The combination of those aspects will undoubtedly result in a better understanding 
of system Earth.
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