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Plate-tectonic evolution of the Earth: bottom-up and top-down
mantle circulation1

W.G. Ernst, Norman H. Sleep, and Tatsuki Tsujimori

Abstract: Intense devolatilization and chemical-density differentiation attended accretion of planetesimals on the primordial
Earth. These processes gradually abated after cooling and solidification of an early magma ocean. By 4.3 or 4.2 Ga, water oceans
were present, so surface temperatures had fallen far below low-pressure solidi of dry peridotite, basalt, and granite, �1300,
�1120, and �950 °C, respectively. At less than half their T solidi, rocky materials existed as thin lithospheric slabs in the
near-surface Hadean Earth. Stagnant-lid convection may have occurred initially but was at least episodically overwhelmed by
subduction because effective, massive heat transfer necessitated vigorous mantle overturn in the early, hot planet. Bottom-up
mantle convection, including voluminous plume ascent, efficiently rid the Earth of deep-seated heat. It declined over time as
cooling and top-down lithospheric sinking increased. Thickening and both lateral extensional + contractional deformation
typified the post-Hadean lithosphere. Stages of geologic evolution included (i) 4.5–4.4 Ga, magma ocean overturn involved
ephemeral, surficial rocky platelets; (ii) 4.4–2.7 Ga, formation of oceanic and small continental plates were obliterated by return
mantle flow prior to �4.0 Ga; continental material gradually accumulated as largely sub-sea, sialic crust-capped lithospheric
collages; (iii) 2.7–1.0 Ga, progressive suturing of old shields + younger orogenic belts led to cratonal plates typified by emerging
continental freeboard, increasing sedimentary differentiation, and episodic glaciation during transpolar drift; onset of tempo-
rally limited stagnant-lid mantle convection occurred beneath enlarging supercontinents; (iv) 1.0 Ga–present, laminar-flowing
asthenospheric cells are now capped by giant, stately moving plates. Near-restriction of komatiitic lavas to the Archean, and
appearance of multicycle sediments, ophiolite complexes ± alkaline igneous rocks, and high-pressure–ultrahigh-pressure
(HP–UHP) metamorphic belts in progressively younger Proterozoic and Phanerozoic orogens reflect increasing negative buoyancy of
cool oceanic lithosphere, but decreasing subductability of enlarging, more buoyant continental plates. Attending superconti-
nental assembly, density instabilities of thickening oceanic plates began to control overturn of suboceanic mantle as cold,
top-down convection. Over time, the scales and dynamics of hot asthenospheric upwelling versus lithospheric foundering +
mantle return flow (bottom-up plume-driven ascent versus top-down plate subduction) evolved gradually, reflecting planetary
cooling. These evolving plate-tectonic processes have accompanied the Earth’s thermal history since �4.4 Ga.

Résumé : Un intense dégagement de matières volatiles et une différentiation selon la densité chimique faisait partie de
l’accrétion de planétésimaux à la Terre primordiale. Ces processus ont grandement diminué après le refroidissement et la
solidification d’un océan primitif de magma. Vers 4,3 ou 4,2 Ga, il existait des océans d’eau et les températures à la surface
avaient chuté bien en deçà des températures de « solidus » de basse pression de la péridotite, du basalte et du granite secs, soit
respectivement �1300, �1120, et �950 °C. À moins de la moitié de leur température de « solidus », des matériaux rocheux
existaient sous forme de minces dalles lithosphériques près de la surface de la Terre à l’Hadéen. De la convection sous une
couverture stagnante pourrait avoir eu lieu initialement mais elle était surpassée, au moins épisodiquement, par de la subduc-
tion; en effet, le transfert efficace de chaleur massive demandait un retournement vigoureux du manteau dans la chaude planète
naissante. Une convection ascendante du manteau, incluant la montée de volumineux panaches, a efficacement débarrassé la
Terre de sa chaleur profonde. Elle a décliné avec le temps alors que le refroidissement et l’enfoncement de la lithosphère
s’effectuait de plus en plus du haut vers le bas. L’épaississement et la déformation par extension et contraction latérales sont
typiques de la lithosphère post-hadéenne. Les stades de l’évolution géologique comprennent : (i) de 4,5 à 4,4 Ga, le renversement
de l’océan de magma impliquait des plaquettes rocheuses éphémères superficielles; (ii) de 4,4 à 2,7 Ga, la formation de plaques
océaniques et de petites plaques continentales a été oblitérée par le retour à un écoulement du manteau avant �4,0 Ga; le matériel
continental s’est graduellement accumulé sous une forme générale de collages, sous la mer, de lithosphère recouverte d’une croûte
sialique; (iii) de 2,7 à 1,0 Ga, les sutures progressives d’anciens boucliers et de jeunes ceintures orogéniques ont mené à des plaques
cratoniques ayant les caractéristiques suivantes : l’émergence d’un franc-bord continental, une augmentation de la différenciation
sédimentaire et des glaciations épisodiques durant la dérive transpolaire; le début, limité dans le temps, d’une convection du
manteau à couverture stagnante a eu lieu sous les supercontinents qui s’agrandissaient; (iv) de 1,0 Ga au présent, des cellules
asthénosphériques à écoulement laminaire sont maintenant recouvertes par des plaques géantes imposantes qui se déplacent.
La presque restriction des laves komatiitiques à l’Archéen et la venue de sédiments multi-cycles, de complexes ophiolitiques ±
roches ignées alcalines et de ceintures métamorphiques à haute/très haute pression dans des orogènes protérozoïques et
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phanérozoïques progressivement de plus en plus jeunes reflètent la flottabilité décroissante de la lithosphère océanique refroi-
die mais aussi la subductabilité décroissante de plaques continentales élargies et plus flottantes. Étant présentes à l’assemblage
des supercontinents, les instabilités de densité des plaques océaniques épaississantes ont commencé à contrôler le renversement
du manteau sous-océanique sous forme de convection froide descendante. Avec le temps, les échelles et la dynamique de la
remontée asthénosphérique chaude par opposition à l’affaissement + l’écoulement de retour du manteau (une ascension de bas
en haut poussée par un panache par opposition à une subduction descendante des plaques) ont évolué graduellement, té-
moignant du refroidissement de la planète. Ces processus d’évolution des plaques tectoniques ont accompagné l’historique
thermique de la Terre depuis �4,4 Ga. [Traduit par la Rédaction]

Introduction
Our goal is to sketch the thermotectonic history of the Earth’s

lithosphere–asthenosphere system to provide clearer constraints
on the onset and evolution of plate-tectonic processes, the appar-
ently incremental growth of sialic crust, and the Proterozoic rise
of supercontinents (e.g., see Nutman et al. 2015). We combine
geologic, petrologic, geochronologic, geochemical, and structural
information in a planetary framework to minimize some of the
uncertainties involved in extrapolating so far back in time. Our
resultant plate-tectonic scenario is an approximation, but it may
inspire other researchers to provide an improved synthesis.

Lithosphere–asthenosphere coupling and mantle circulation
reflect a cause-and-effect relationship. But how and when did
plate-tectonic processes commence, very early in Earth history
(Kröner 1981; Ernst 1983; Sleep 1992, 2005; Komiya et al. 1999;
Parman et al. 2001; Polat et al. 2002; Smithies et al. 2003, 2005a;
Condie 2005; Cawood et al. 2006; Dilek and Polat 2008; Nutman
and Friend 2009; Sleep et al. 2014; Turner et al. 2014) or much later
(Davies 1992; Hamilton 1998, 2003, 2007; Stern 2005, 2007, 2008;
Dewey 2007; Brown 2008; Shirey and Richardson 2011; Shirey et al.
2013)? In a sense, this is just a terminological problem, for the early,
hot mantle must have circulated beneath a mobile outer rind since
solidification of the postulated magma ocean. Once thermally driven
mantle flow began, how did lithosphere–asthenosphere interactions
change over time? Chemical evolution of the Earth (Hazen et al.
2008) testifies to the gradual maturing and increasing mineralogic
complexity of the terrestrial lithospheric–asthenospheric system in
response to the thermally driven pressure–temperature (P–T)-
compositional history of the planet.

Formation of the Earth
Numerical models suggest that the solar system condensed

from a dense cloud of interstellar gas that spun up to form a
rotating disc (Safronov 1972; Cameron 1978; Taylor 1992) around a
new T-Tauri proto-Sun (Hutchison et al. 2001). Sweep-up of plane-
tesimals in the solar disc gave rise to Sun-orbiting planetary bod-
ies (Shoemaker 1984). Early condensates may have arrived cold,
but impact heating of the growing mass and gravitational accel-
eration would have produced an increasingly hotter accreting
Earth (Wetherill 1976; Kaula 1979; Zahnle et al. 2007). This initial
planetary phase was completed by �4.6 Ga (Patterson 1956;
Papanastassiou and Wasserburg 1971; Amelin et al. 2002). Largest
of the four terrestrial planets, the Earth is the only body in the
solar system that currently exhibits plate-tectonic processes (Stevenson
2003). The other inner planets are too small to have retained suffi-
cient internal heat since planetesimal accretion to drive an overturn-
ing lithosphere–asthenosphere system (Head and Solomon 1981);
Mercury, Venus, and Mars have high surface-to-volume ratios, so
they possess strong lithospheres (Hansen 2007). For somewhat
larger bodies, Valencia et al. (2007) calculated that terrestrial-type
exoplanets ranging from 1 to �10 Earth masses could have retained
enough heat to require advection and plate-tectonic behavior.

Decay of long-lived radioactive isotopes (e.g., U, Th, 40K) and
especially short-lived isotopes (e.g., 26Al) further heated the young
Earth (Lee 1970). Molten, negatively buoyant Fe–Ni melts sank
toward the planetary center and accumulated as a metallic liquid
core, overlain by a largely solid Mg + Si-rich, refractory mantle

(Elsasser 1963; Stevenson 1983; Kleine et al. 2004). Due to conver-
sion of potential and kinetic energy to heat, infall of the core
raised planetary temperatures substantially, causing more complete
separation of liquid Fe–Ni from the solid, Mg-rich silicate mantle
(Birch 1965; Flasar and Birch 1973; Golabek et al. 2008). The appar-
ent very early impact of a Mars-sized body supplied additional heat
and flung chiefly mantle material into a satellitic Earth orbit
(Wetherill 1988, 1990; Cameron and Benz 1991; Halliday 2004;
Carlson et al. 2014). Judging by petrochemical-isotopic data for the
Moon and meteorites, a near surface, hundreds-of-kilometres-thick
terrestrial magma ocean (Stolper et al. 1981; Herzberg 1987; Abe
1997; Davies 1999; Elkins-Tanton 2008; Sleep et al. 2014) formed
after this �4.5 Ga impact (Boyet and Carlson 2005; Kleine et al. 2005;
McSween 2015; Bottke et al. 2015), then cooled and solidified.

Sleep et al. (2014) showed that on the early Earth, insufficient in-
ternal thermal heat sources (i.e., energy generated by planetesimal
impact, infall of the core, and radioactivity + energy released by tidal
coupling) were available to keep a magma ocean molten more than
�20 Myr after the Moon-forming collision. Thus, the terrestrial sur-
face likely was solid by �4.5–4.4 Ga (see also Harrison et al. 2008). A
long-lived thermal state where heat flow was an order of magnitude
greater than the present value could not be maintained. Radioactive
heat available during 4.4–4.0 Ga was slightly more than current man-
tle heat flow. Consequently, Late Hadean and even Early Archean
mantle circulation and plate-tectonic processes could have been rel-
atively sluggish (Korenaga 2006; Foley et al. 2014).

The low-P, anhydrous melting T of granite, �950 °C, takes place
150–200 °C below the solidi of dry mantle peridotite, �1300 °C,
and basalt, �1120 °C, and the presence of H2O ± CO2 would have
lowered these T values further (see Fig. 1). Thus by �4.4 Ga, a thin
refractory, rocky skin must have formed, accounting for the pres-
ence of detrital grains of 4.3–4.2 Ga igneous zircons that crystal-
lized from western Australian, now-eroded, granitoids (Compston
and Pidgeon 1986; Mojzsis et al. 2001; Wilde et al. 2001; Watson
and Harrison 2005; Harrison 2009; Hopkins et al. 2008, 2010).
Remanent magnetism measured in single zircon crystals also sup-
ports the presence of shallow-level sialic crust by 4.2 Ga (Tarduno
et al. 2015). To form such a protocrust, solid oceanic crust and
uppermost mantle must have been extant in the near-surface
environment at P–T conditions well below their fusion T. How-
ever, such Hadean crust apparently was totally recycled by viscous
drag into the overturning mantle (Amelin et al. 1999; Boyet and
Carlson 2005; Scherer et al. 2007). The �4.03 Ga granitic orthog-
neisses of northwestern Canada appear to be the oldest well-
documented, surviving terrestrial rocks (Bowring and Williams
1999; Mojzsis et al. 2014). Based on Nd–Sm bulk-rock analyses, O’Neil
et al. (2008, 2011) reported the existence of yet older �4.28 Ga rocks
in the Nuvvuagittuq greenstone belt, northeastern Canada, but
Cates et al. (2013) indicated a possible maximum age of �3.78 Ga
for these supercrustals. In any case, water-laid metasedimentary
rocks in western Greenland requires that tracts of the Earth’s
surface had cooled below the boiling point of H2O by �3.8 Ga at
the very latest (Moorbath et al. 1972; Moorbath 1984; Nutman et al.
1997; Komiya et al. 2002, 2015) but possibly up to at least 300 Myr
earlier (Wilde et al. 2001; Mojzsis et al. 2001, Valley et al. 2002;
Harrison 2009; Sleep et al. 2014). Apparently, segments of solid
crust and mantle were present in the early Earth (Davies 2006,
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2007; Hynes 2008). Reflecting the ubiquity of mafic pillow lavas
and complete lack of mature, multicycle sedimentary rocks (Ronov
and Migdisov 1971; Condie 1982, 1998), a globe-encircling water
ocean bathed the planetary surface several hundred million years
before stabilization of the surviving Archean rock record (Mojzsis
et al. 2001; Sleep et al. 2001; Harrison et al. 2005; Trail et al. 2007).

Jackson et al. (2008) showed that seismogenic activity and plate-
like behavior typifies rock units at P–T conditions less than about
half their T solidi. Thus, by �4.4 Ga the Earth’s surface must have
been underlain by small lithospheric platelets. The early Earth
may have been attended by periods of stagnant-lid mantle circu-
lation (O’Neill and Debaille 2014; Griffin et al. 2014), punctuated
by at least episodic overturn as seems required by the terrestrial
heat budget. Conduction is much less efficient at transferring
thermal energy than is convection–advection (Sleep 2000). There-
fore, primitive plate-tectonic processes evidently began during
Hadean time (i.e., �4.4–4.0 Ga; Hopkins et al. 2008; Foley et al.
2014; Turner et al. 2014). Thickening of lithospheric platelets prob-
ably occurred gradually, reflecting thermal relaxation of the planet.
In several ancient cratons, diamonds as old as �3.5 Ga have been
dated from kimberlite pipes (Richardson et al. 1984; Jacob 2004;
Shirey et al. 2004, 2013; Westerlund et al. 2006; Shirey and
Richardson 2011), so by the Early Archean, some segments of the
Earth must have been typified by thick lithosphere subjected to
differential plate motions (see Fig. 1). Locally thick Hadean litho-
sphere was postulated to account for microdiamond “inclusions”
in detrital zircons as old as �4.3–4.2 Ga from western Australia
(Menneken et al. 2007), but these microdiamonds are now viewed as
introduced during sample polishing (Dobrzhinetskaya et al. 2014).

The planets and satellites of the inner solar system are pock-
marked by ancient impacts; some exhibit the effects of post-
accretion tectonism, weathering, and erosion. Development of
erosional and depositional features is a function of planetary mass

(Head and Solomon 1981; Valencia et al. 2007). Large bodies such as
the Earth, Venus, and Mars have undergone different degrees of
resurfacing, whereas surficial reworking is nearly lacking on Mer-
cury and the Moon. Small bodies, and those especially close to the
Sun, have insufficient gravitational attraction to retain their original
complement of volatiles, which consequently largely escaped into
space; those distant from the Sun are too cold to allow formation of
a water ocean. The Earth, however, possesses an appropriate mass
and orbital location for effective retention of volatiles, allowing se-
questration of H2O in the atmosphere, the surface ocean, and in the
solid body. In contrast to the CO2-rich atmosphere of Venus, persis-
tence of the terrestrial oceans allowed CO2 in aqueous solution to be
combined with Ca ± Mg and precipitated chiefly as carbonate-rich
marine strata, and as alteration products of oceanic lithosphere sink-
ing back into the mantle.

Sleep et al. (2014) envisioned two likely end-member conditions
for the Earth’s earliest atmosphere. (1) Directly after the Mars-sized
impact, total vaporization of volatile species would have pro-
duced a massive C–O–H greenhouse characterized by �10 MPa of
CO2. Initial surface temperatures would have exceeded 200 °C, but
on cooling, most of the H2O in the atmosphere precipitated, forming
the globe-encircling oceans. The remaining CO2-rich atmosphere,
strongly out of chemical equilibrium with the lithosphere, progres-
sively reacted to form calcareous sedimentary rocks and carbonate-
altered oceanic basalt. (2) Thus, on subduction, the CO2 pressure
would have declined toward a P of 0.1 MPa (1 bar). Once most of the
CO2 was removed from the atmosphere, clement-to-cold surface
temperatures would have typified the terrestrial surface. This is a
consequence of the fact that the Sun was so weak during the Hadean
that 1 bar CO2 atmosphere + N2 would have provided an environ-
ment hospitable for life (Sleep et al. 2001; Rosing et al. 2010). Geologic
evidence indicates that banded iron formations and black shales are
among the oldest sediments, and may have supported life through

Fig. 1. Experimentally determined P–T melting curves for fertile peridotite, dry and with minor H2O or CO2 and of granite, dry and with minor or
excess H2O (Luth et al. 1964; Ito and Kennedy 1967; Lambert and Wyllie 1972; Wyllie 1979, 1981; Presnall and Gudfinnsson 2005). The H2O-saturated
solidus of basalt lies �200 °C above that of wet granite (Hill and Boettcher 1970; Poli and Schmidt 1995; Liu et al. 1996). The diamond–graphite
phase-equilibrium P–T curve is from Kennedy and Kennedy (1976). Modern intraplate suboceanic and subcratonal geothermal gradients (Clark and
Ringwood 1964) and a 3.6 Ga geothermal gradient assuming �300% of the modern radiogenic heat production in a stratified Archean mantle are
illustrated (Lambert 1976; Richter 1988; Pollack 1997).
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Fe- and S-based photosynthesis (Mojzsis et al. 1996; Sleep and Bird
2007). By �3.8 Ga, oceanic crust, primitive sialic crust, and thin litho-
spheric plates surmounting a convecting mantle would have pro-
vided plate-tectonic environments hospitable for life.

As shown in Fig. 1, polar molecules like H2O are very soluble in
silicate melts, strongly lowering fusion temperatures. This solu-
bility of volatiles enhances the planetary capacity for solid–liq-
uid–vapor fractionation–differentiation, and by lowering solidus
temperatures, decreases the depth of the lithosphere–astheno-
sphere transition relative to anhydrous P–T conditions. Partial
melting generates high-T density instabilities in the deep Earth.
Upwelling mantle and diapiric decompression melts thus serve as
vehicles efficiently promoting surfaceward transfer of buried
heat. Such bottom-up advective transport is manifest especially by
deep-seated mantle overturn and by rising plumes (e.g., Yuen et al.
2007; French and Romanowicz 2015). Coupled with return flow,
this type of mantle circulation represented an important mecha-
nism for the differential transport and tectonic reworking of the
low-density rocky veneer that consolidated early in terrestrial his-
tory. With cooling, a thicker, buoyant continental lithosphere
gradually became stabilized in the near-surface environment.
Concomitantly over time, growth of thicker, cooler, denser basaltic
crust-capped plates resulted in enhanced gravitational instability of
the oceanic lithosphere, causing top-down convective overturn in
the suboceanic upper mantle. Thus, both bottom-up and top-down
mantle circulation characterize the evolution of the planet, driven
by thermal/chemical gravitational overturn; plume ascent was more
important attending the high-T early Earth, whereas by degrees, the
plate sinking came to dominate later, cooler stages of mantle flow.

Terrestrial heat content and mantle circulation
We distinguish between heat sources within the mantle, its

internal T, changing rates of global tectonics, and effects of
tectonic processes on the rock record preserved almost exclusively
within the continental crust. It is generally regarded that the
Earth’s surface and interior were hottest shortly after the hypoth-
esized Mars-sized collision, and that temperatures have progres-
sively declined ever since (e.g., Davies 1980, 2009). Wanke et al.
(1984) estimated that the global heat from accretion and from Fe + Ni
core formation was far greater than the heat subsequently re-
leased by radioactive decay of K, Th, and U. More recent analyses
posit accretion of the Earth from large bodies with already differ-
entiated cores, ending in the Moon-forming impact, but do not
change this basic conclusion. Most of the gravitational heat from
accretion and core formation had escaped by �20 Myr after the
Moon-forming impact through circulation of the magma ocean
(Sleep et al. 2014). The planetary interior was chiefly solid. Subse-
quent cooling and radioactive decay over geologic time have con-
tributed comparable amounts of heat.

Regarding the importance of radioactivity, geodynamicists de-
fine the Urey number as the ratio of current global radioactive
heat production to global heat loss. The latter quantity is well
constrained because much of the heat flow reflects the geometri-
cally simple cooling of oceanic crust. The present mantle heat flux
is estimated to be 35 TW, equivalent to a globally averaged mantle
heat flow of 0.070 W m−2 (Perry et al. 2009; Mareschal et al. 2012).
Studies of geoneutrinos (antineutrinos from U and Th decay) re-
flect the current radioactive heat production (Krauss et al. 1984;
Araki et al. 2005; Dye 2007; Tolich 2012; Bellini et al. 2013). Anti-
neutrinos from 40K decay within the Earth cannot presently be
detected. Geochemists infer the K/U ratio and hence the total

radioactive heat production through studies of element ratios in
mantle-derived rocks.

Current estimates suggest that the Urey ratio is less than 1/3
with a compiled range of 0.08–0.3 (Šrámek et al. 2012, 2013). If
these values are globally applicable, the interior of the Earth is
now cooling. For reference, cooling supplies all the present man-
tle heat flow of 0.070 W m−2 at a Urey number of zero. Then the
whole mantle would need to cool at 225 K Gyr−1 and the entire
Earth would need to cool at 180 K Gyr−1 (i.e., degrees of cooling per
billion years; Sleep et al. 2014). A low Urey number implies that
mantle radioactivity was not an intense heat source during the
Hadean (Korenaga 2006, 2008a, 2008b; Herzberg et al. 2010; Foley
et al. 2014). The global mantle heat flow in balance with radioac-
tivity was comparable to or even less than the current mantle heat
flow. Accordingly, ancient plate-tectonic rates did not have to be
significantly greater than present ones. It is even possible that
Hadean and Archean rates were sluggish compared to modern
rates (Korenaga 2006). If so, the Earth’s interior may have gradu-
ally heated during the Hadean and Early Archean, and reached a
maximum before �3 Ga.

In any case, Hadean and Archean mantle temperatures were
higher than modern values (Fig. 1). The effects of such tempera-
tures on the kinematics of tectonics and volcanism needed to be
distinguished from the effects on rates. In this regard, Sleep (2000,
2007) described three types of planetary heat transfer potentially
applicable once solid lithosphere formed on the Earth: (i) magma
oceans; (ii) plume + plate tectonics; and (iii) stagnant-lid convec-
tion. The first, most energetic mode likely typified the Early Hadean
stage of terrestrial evolution. The third, least energetic mode now
operates on Venus and Mars, but it is only locally present on Earth
beneath stable, nonsubducting continental plates. Much of the
modern, Wilson-cycle2 of plate-tectonic heat dissipation reflects
convective overturn in the suboceanic lithosphere–asthenosphere
system. In contrast, sialic craton-capped lithosphere acts as a stag-
nant insulating lid, leading to the build-up of sublithospheric T
and consequently, episodic continental break-up and dispersal
(Gurnis 1988; Lowman and Jarvis 1996; Silver and Behn 2008).
During rifting and subduction, some low-density lithosphere is
returned to the mantle by viscous drag. However, Lenardic et al.
(2003) showed that a high brittle yield strength, combined with
chemical–mineralogical buoyancy and a high-viscosity crustal
root promotes long-term stabilization of cratonal lithosphere rel-
ative to denser oceanic plates (Irifune 1993), whereas the latter are
continuously recycled back into the deep Earth. Granitic crust
thus has accumulated, especially during early geologic time.

Mantle convection is propelled by both bottom-up and top-down,
T-induced density instabilities, i.e., hot, buoyant, plume-driven man-
tle overturn, and cold, dense, sinking lithospheric slabs, respectively
(Davies 1999; Anderson 2001; Maruyama et al. 2007; Crameri et al.
2012). The existence of deep-seated, elevated temperatures and
surficial platelets in the Hadean Earth suggest that times of wide-
spread, vigorous overturn and plume ascent from the base of high-T
mantle realms mainly powered convection (Lambert 1981; Davies
1993; Condie 1994, 2005; Sleep 2007). Rather than achieving a
dynamic steady state, high-T regimes and low mantle viscosities
in the early Earth might have led to episodes of rapid sea-floor
spreading, fast-moving plates, and avalanches of platelet descent
into the lower mantle, as well as to major intervals of relative
quiescence, according to analyses by Moresi and Solomatov (1998),
O’Neill et al. (2007), and Sleep et al. (2014). A general sluggishness

2The opening and closing of oceanic basins, first emphasized by J. Tuzo Wilson (Wilson 1968). Divergent plate boundaries are marked by low-P, high-T
production of new oceanic lithosphere, preserved in the rock record as ophiolite complexes and greenstone belts. Convergent plate boundaries are
characterized by landward, high-T calcalkaline arcs and seaward, high-P subduction zones, the latter including Phanerozoic blueschist and eclogite
belts—lithologic assemblages disfavored in a hotter Precambrian Earth (Ernst 1972).
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of Hadean plate motions was also postulated by Korenaga (2006,
2008a, 2008b), Herzberg et al. (2010), and Foley et al. (2014).

By �3.0–2.5 Ga, thermal heterogeneities in the deep mantle
evidently had lessened. Due to longer residence times at the sur-
face and thus greater heat losses, progressively cooler, thicker,
oceanic lithospheric plates would have become more negatively
buoyant, resulting in foundering, driving mantle convection from
the planetary surface downward (Anderson 1987; Conrad and
Lithgow-Bertelloni 2002; Anderson and Natland 2014). Craton-
capped plates are chemically–mineralogically buoyant, and hence
they are preferentially retained at the Earth’s surface. Most of
today’s heat loss occurs in and around oceanic spreading centers,
whereas, because heat flow decreases approximately with the square
root of crustal age, thermal fluxes in older parts of the oceanic
crust and in continental assemblies possessing depleted keels are
substantially lower. Thus mantle heat flow through the sialic crust
represents a minor global contribution (Sclater et al. 1980; Van
Kranendonk et al. 2004).

The early Earth supported a higher internal mantle T, reflected
by the abundance of Archean komatiites, but their near absence
from Proterozoic and younger rocks. Depending on their H2O
contents, low-viscosity ultramafic lavas characteristic of ancient
greenstone belts were completely molten at temperatures in the
range 1300–1600 °C (Green 1975, 1981; Nisbet et al. 1977; Abbott
et al. 1994; Grove and Parman 2004), requiring relatively large
degrees of partial melting of an upwelling, fertile mantle. Such
komatiitic liquids could only have formed in oceanic and rifted
continental regions of elevated heat flow above hot, upwelling
mantle. In contrast, thick, coherent crustal sections of high-grade
granulitic gray gneiss (TTG) typify Archean cratons (Lambert 1976;
Boyd et al. 1985; Polat et al. 1998; Artemieva and Mooney 2001;
Sleep 2005; Brown 2008; Kisters et al. 2012; Wang et al. 2013),
demonstrating that some regions of the continental lithosphere
were subjected to warm but less extreme geothermal gradients.

Hadean mantle circulation apparently was dominated by poorly
organized, small asthenospheric cells (Condie 2005; Ernst 2007)
and by plume-driven advective heat transfer (Abbott et al. 1994;
Tackley 2000), bringing thermal energy to the surface. Mantle
return flow may have resulted in the accumulation of deep-seated
refractory residua, but no rock record is known for this inferred
chaotic period of Earth history. As major T anomalies in deep-
seated mantle declined, and near-surface sections cooled below
peridotite and basalt solidi, Archean production of mantle plumes
and small, rapidly overturning asthenospheric cells would have
promoted the continuing transfer of heat from the mantle toward
the surface—even if ponded plume material collected at the base
of the lithosphere, and was underlain by cooler mantle. Driven
chiefly by bottom-up mantle flow, a thin, discontinuous rind of
lithosphere must have capped these circulating systems, and
platelet tectonics would have begun. Compared with the present-
day planet, lowered viscosity in a hotter Archean mantle probably
allowed periods of more rapid circulation (O’Neil et al. 2008) and
in much smaller scale convection cells typified by lower aspect
ratios (Turcotte and Schubert 1982). The horizontal dimensions of
these circulating systems evidently were controlled by the high-T,
thin lithospheric platelets, and by the rapid ascent of columns of
hot, buoyant mantle.

In contrast to the modern configuration dominated by differen-
tial motions of large-scale plates and their underlying laminar-
flowing convection cells (Anderson 2005), the Early Archean Earth
probably was typified by oceanic regions underlain by numerous
small, rapidly circulating upper mantle cells, with immature is-
land arcs + continental debris entrained into cooler regions of
mantle stagnation or regional downwelling (Baer 1981a, 1981b;
Boak and Dymek 1982; Ernst 1983; Richter 1984; Smithies et al.
2007). This scenario may account for the surviving Archean rock
record, if the dimensions of asthenospheric convection cells mir-
ror the structures and sizes of the preserved continental crustal

units and their inferred mantle lithospheric underpinnings. Con-
vergent plate-tectonic features of accretionary complexes, forearc
basins, and alkaline igneous arcs of the present-day continental
crust are recognizable in some Proterozoic orogens (e.g., Windley
1995; Lucas et al. 1996; Korsman et al. 1999; Cook et al. 1999;
Condie 2005). Apparently the disaggregated, small-scale architec-
tures of Archean granite–greenstone belts and spatially associ-
ated TTG terranes (Goodwin 1981a, 1981b; Percival et al. 1994)
evolved by degrees into the long, paired-metamorphic + volcanic–
plutonic belts typical of the Phanerozoic Era (Miyashiro 1961,
1972). Of course, over the broad sweep of geologic time, progres-
sive accumulation of rifting, drifting, and suturing episodes un-
doubtedly has fragmented the rock record of ancient crustal
amalgams; the surviving orogens are likely more dislocated and
dispersed than were the original belts.

Separation and growth of the continental crust
Formed by decompression partial melting of rising astheno-

spheric columns, modern oceanic crust and its depleted mantle
underpinnings cool, recrystallize, are partially hydrated–carbonated,
and return to the deep upper mantle. Probably, mafic–ultramafic
lithosphere also was carried back into the Archean mantle by
return flow necessary to accommodate new oceanic plates con-
tinuously generated by active mantle overturn and ascending
plumes. The fate of descending oceanic plates is yet debated, but
in the Phanerozoic, their devolatilization and partial melting and
(or) that of the overlying, refertilized, slightly more oxidized man-
tle wedge ± mafic igneous rocks underplated beneath sections of
the sialic crust have produced the calcalkaline magmas that typify
mature island arcs and active continental margins (Green and
Ringwood 1967; Martin 1986; Rudnick 1995; Rapp et al. 1999; Tatsumi
2000; Stern 2002; Brounce et al. 2015). Intermediate and silicic
igneous rocks are less refractory and more buoyant than the mantle,
so they are selectively retained near the Earth’s surface. Along
with off-loaded accretionary prisms, underplated subducted trench
deposits, stranded microcontinental terranes, and tectonic slices
of oceanic crust, calcalkaline plutonic + volcanic rocks have accu-
mulated over time and make up the chemically–mineralogically
buoyant continental crust. Many crustal rocks consist of recycled
material, but igneous arcs have provided virtually all of the juvenile
additions to the granitic crust; other secondary rocks, including met-
amorphic and sedimentary lithologies, represent reworking of the
calcalkaline suite (Ernst 1999; Tatsumi 2005).

Almost all Early Archean crustal rocks were returned to the
mantle, likely due to viscous coupling attending rapid astheno-
spheric circulation (Condie 1980, 2005; Hargraves 1981; Lenardic
et al. 2003; Rogers and Santosh 2004). Bulk-rock isotopic data
suggest that thorough reincorporation of sialic materials into the
mantle continued until �3.8 Ga, that the average age of continen-
tal crust separated from the mantle is �2.3 ± 0.5 Ga, and that much
of this material (70% or more) was generated by Late Archean or
Early Proterozoic time (Veizer 1976; Jacobsen and Wasserburg
1981; DePaolo 1981; Nelson and DePaolo 1985; Taylor and McLennan
1985; Turcotte and Kellogg 1986; DePaolo et al. 1991; Condie 1998;
Hawkesworth et al. 2013). Calcalkaline igneous arcs also were pro-
duced by Hadean subduction, but long-term preservation of con-
tinental crust did not begin until the Early Archean (Moorbath
et al. 1972; Komiya et al. 2015). The existence of igneous zircons as
old as �4.3–4.2 Ga (Compston and Pidgeon 1986; Wilde et al. 2001;
Harrison 2009; Hopkins et al. 2008, 2010) in mid-Archean sedi-
mentary rocks reflects at least short-term near-surface retention
of some ancient arc material. By �3.8 Ga however, the rate of
return of juvenile sialic crust to the mantle appears to have fallen
below its rate of production. Thus, gradually increasing amounts
accumulated as quartzofeldspathic crust and were preserved due
to vigorous but decelerating asthenospheric convection, and pos-
sibly due to a slight increase in the oxidation state of the upper-
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most mantle (Catling et al. 2007; Pope et al. 2012). This process
removed LIL and incompatible elements from the residual mantle
and, as thermal input to the convective system declined, the gen-
eration of mafic + felsic crust from progressively more depleted
mantle declined toward present low and very low generation
rates, respectively. Scholl and von Huene (2007, 2009) calculated
that the rates of production of new continental crust versus its
subduction-induced erosion and return to the mantle are nearly
equal today, and they may have been so since the Late Archean
(see also Armstrong 1968, 1981; von Huene and Scholl 1991; for
proposed later stage high crustal growth rates, see Rino et al.
2008). This recycling probably has contributed to geochemical
heterogeneities, including slight oxidation, of the upper mantle.

Based largely on isotopic data, the rate of episodic or continu-
ous additions of mass to the continental crust reached a peak in
the Late Archean (�2.7 Ga), and apparently has decreased ever
since (O’Nions et al. 1980; Lambert 1980; Jacobsen and Wasserburg
1981; Nelson and DePaolo 1984; Reymer and Schubert 1986;
McCulloch and Bennett 1994; O’Neill et al. 2007; Condie 2007;
Voice et al. 2011; Valley 2015). Reflecting progressive depletion of
crustal components in the convecting mantle source realm over
the past �4 Gyr, we infer that the rate of formation of juvenile
crust has gradually diminished over time, and it is now about
equal to its rate of return to the mantle. Figure 2 schematically
shows progressive net accumulation of granitic crust, based on
the following contrasting assumptions: (i) a smoothly varying

function of a gradual thermal relaxation of the planet (Scholl and
von Huene 2007, 2009); or (ii) a consequence of punctuated rapid
mantle overturn and (or) continental accretion (Cawood et al.
2013). If the aggregation suturing of supercontinental assemblies
and their subsequent fragmentation dispersal strongly affect
rates of subduction and sea-floor spreading (Moresi and
Solomatov 1998; O’Neill et al. 2007; Silver and Behn 2008;
Condie et al. 2015), growth and preservation versus destruction of
the crust likely was a complex function of time.

The Earth’s rock record and plate-tectonic
implications

General petrologic considerations
Continents and ocean basins are first-order, near-surface fea-

tures of the planet, reflecting outward transport of buried heat.
Contrasting-density-propelled mantle overturn and differential
plate motions generate this ongoing energy transfer. Thermal, grav-
itational, and petrochemical differentiations need to be integrated
with the ancient-to-modern terrestrial rock record to clarify the
changing styles of planetary evolution. An increasingly frag-
mentary preservation of older rock assemblages is retained only
in the continental crust, with nothing more ancient than �4.0 Ga.
Contrasts in lithologies reflect markedly different Archean ver-
sus Phanerozoic P–T trajectories in both crust and upper mantle,
as evident from the metamorphic facies diagram of Fig. 3. Most

Fig. 2. Schematic diagram of competing crustal generation and mantle return (i.e., subduction transportation + subcrustal erosion) of
juvenile calcalkaline rocks attending mantle–crust differentiation, illustrating net accumulation of sialic material over geologic time
(e.g., Jacobsen and Wasserburg 1981; Ernst 1983; DePaolo et al. 1991; Condie 1998, 2007; Condie and Kröner 2013). In (a), net preservation of
continental crust is assumed to be a smoothly changing function of planetary cooling. In (b), episodes of rapid overturn and greater loss of
continental crust due to viscous coupling is conjectured to have preceded by �100 Myr the high rates of calcalkaline igneous arc activity
and consequent high rates of formation of granitic crust at 3.5?, 2.7, 2.0, and 1.1 Ga. For a quantitative synthesis of global growth rates of
continental crust, see O’Neill et al. (2007, fig. 1), Valley (2015, fig. 1), and Fig. 5.
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mid-Proterozoic and older continental orogens formed under pro-
grade geothermal gradients of 30 °C/km or greater, whereas younger
belts recrystallized under a broader realm of P–T trajectories rang-
ing from �30 to �5 °C/km.

The preserved Archean crust is typified by pillowed (i.e., sub-
sea) greenstone belts invaded by granitic plutons, komatiitic ba-
salts, and gray tonalitic gneiss terranes, but it lacks mafic alkaline
igneous rocks, complete ophiolite sections, mature, multicycle
clastic sediments, high-P blueschist + low-T eclogite belts, and UHP
continental metamorphic complexes (Ernst 1972, 2007; Maruyama
et al. 1996; Rogers and Santosh 2004; Bailey and Woolley 2005; Stern
2005, 2007, 2008). Some of the distinctive lithologies readily assigned
to Wilson-cycle plate-tectonic processes, such as blueschists, strati-
graphically intact ophiolite suites (Peltonen and Kontinen 2004),
and chemically–mineralogically-evolved, multicycle platform sedi-
mentary strata (Fig. 4), do not appear unequivocally in the rock
record until the end of Archean or later time. Archean ophiolites

reported by Furnes et al. (2007), and by Dilek and Polat (2008), remain
controversial. Rare lithostratigraphic structures of Phanerozoic-style
accretionary prisms are recognized in some ancient greenstone
belts (e.g., Ohta et al. 1996; Komiya et al. 1999). However, fossil
geotherms suggested by Precambrian metamorphic facies series
substantially exceed those of Phanerozoic HP–UHP belts (e.g.,
Komiya et al. 2002; Diener et al. 2006). Middle Archean blueschist-
facies metamorphism was proposed for a garnet amphibolite
from the Barberton terrane of South Africa (Moyen et al. 2006),
whereas the rock actually contains hornblende—not glaucophane.
Nevertheless, relatively high-P conditions also were suggested for
a South African greenschist (Ganne et al. 2012).

Certain eclogites formed at relatively elevated temperatures,
such as characterize high-grade gneiss terranes and xenoliths in
kimberlite diatremes (Coleman et al. 1965). These high-T eclogites
occur as lenses + pods in their host rocks; a few are as old as
Proterozoic or possibly even latest Archean. Figure 5 shows gen-

Fig. 3. Petrogenetic grid for rocks of basaltic bulk composition, after Liou et al. (1998) and Okamoto and Maruyama (1999). The 3.6 Ga early
Earth geothermal gradient is from Fig. 1. Phanerozoic P–T paths for outboard Pacific-type (high-P) and Alpine-type (UHP) underflow and
collision are from Ernst (2007); an Archean subduction zone P–T trajectory would lie at a considerably higher T for a given P (Brown 2006,
2007, 2008). For comparison, P–T estimates of various subduction–collisional metamorphic rocks from Neoproterozoic + younger, and
Mesoproterozoic + older orogens (Komiya et al. 2002; Maruyama and Liou 2005) are also shown. A very low-T (e.g., Phanerozoic) subduction-
zone geothermal gradient of 5 °C/km and a 20 °C/km are shown for reference. Citations to experimental phase equilibria are in Liou et al.
(1998). Mineral abbreviations: Dia, diamond; Gr, graphite; Tlc, talk; Gln, glaucophane; Jd, jadeite; Qz, quartz; Ab, albite. Metamorphic-facies
abbreviations: AM, amphibolite; Amp-EC, amphibolite-eclogite; BS, blueschist; EA, epidote amphibolite; EC, eclogite; Ep-EC, epidote-eclogite;
GR, sillimanite-granulite; GS, greenschist; HGR, kyanite-granulite; Lw-EC, lawsonite-eclogite. Weakly recrystallized rocks of the zeolite,
prehnite, pumpellyite–actinolite, and prehnite–pumpellyite subfacies (not illustrated) lie at lower P–T values than GS and BS.
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eral petrologic–geothermal relationships over time of the conti-
nental crust (see also Valley 2015). The oldest crustal eclogite
occurrences are latest Early Proterozoic, associated with high-P
granulites in the Usagaran–Ubendian mobile belts of Tanzania
(Sklyarov et al. 1998; Möller 1995; Boniface et al. 2012). Archean
eclogite was reported from the Kola Peninsula, Russia (Volodichev
et al. 2004; Mints et al. 2010), but U–Pb zircon geochronology
identified Early Proterozoic metamorphic rims around Archean
magmatic zircon cores (Skublov et al. 2011). Eclogites, particularly
those formed in a transitional eclogite–granulite facies P–T
range, thus are not necessarily indicators of subduction-zone
metamorphism. Evidently such high-T metabasaltic eclogites can
form in deep continental crustal roots (>60 km; e.g., De Paoli et al.
2009). Significantly, no reports of Early Proterozoic jadeite + quartz
assemblages or lawsonite exist that would attest to modern-style
P–T subduction-zone environments (Ernst 1972; Tsujimori and
Ernst 2014).

Unambiguous indicators of plate underflow—blueschist + low-T
eclogite belts and HP–UHP cratonal subduction complexes (Figs. 3
and 5)—date from about 0.75 and 0.53 Ga, respectively (Ernst 1983;
Scott et al. 1992; Maruyama et al. 1996; Kusky et al. 2001; Condie
2005; Polat et al. 2005, 2007, 2008; Brown 2006, 2008; Tsujimori
and Ernst 2014). Eclogitic micro-inclusions in diamonds as ancient
as �3.0 Ga were reported by Shirey and Richardson (2011), and
they have been interpreted by these authors as marking the onset
of the Wilson-cycle of plate tectonics. These and other Proterozoic
and possible Late Archean eclogitic occurrences could well have
been generated in subduction zones. However, although more
ancient kimberlitic diamonds are known (i.e., 3.5 Ga; Westerlund
et al. 2006), eclogites older than 3.0 Ga have never been clearly
documented. Either such diagnostic lithologies were obliterated

by later tectonic and (or) erosional events or eclogites did not form
during the petrotectonic development of Archean TTG–granite–
greenstone belts, probably due to substantially higher geothermal
gradients.

Did plate tectonics operate on the early Earth? Advective heat
transfer attended terrestrial evolution since infall of the Fe–Ni
liquid core, formation of the Moon and solidification of a magma
ocean at 4.5–4.4 Ga, but rocks have not survived from Hadean
time. Nevertheless, a peripheral solid rind and small, thin, plate-
lets intruded by granitoids must have bounded the rocky surface
by �4.3–4.2 Ga, judging from igneous zircons with such U–Pb
ages. Lowermost Archean metasedimentary strata require that
the hydrosphere was extant no later than 3.8 Ga, but a liquid H2O
ocean may have been present much earlier (Wilde et al. 2001;
Mojzsis et al. 2001; Watson and Harrison 2005; Zahnle et al. 2007;
Sleep et al. 2014). Thus, lithosphere at less than half its fusion T
(Jackson et al. 2008) was clearly present prior to ages of the oldest
surviving rocks. The relatively cool modern Earth exhibits asthe-
nospheric overturn, in the process bringing deep-seated heat to
the surface, and it must have transported thermal energy surface-
ward yet more vigorously during its higher T, higher geothermal
gradient geologic past, dominated by bottom-up, hot, buoyant
(Smithies et al. 2005b), and to a lesser extent by top-down, cold,
negatively buoyant (Moyen et al. 2006) gravitational instabilities.
Lithospheric plates thus were present at the Earth’s surface since
solidification of a magma ocean at �4.5–4.4 Ga. However, the
scales and aspect ratios of the plates, as well as the rates of mantle
circulation probably have changed dramatically over geologic
time.

Fig. 4. Evolving proportions of superjacent layered rocks preserved in the geologic record as a function of age, after Ronov and Migdisov
(1971) and Condie (1982). For additional estimates of granitic crustal generation, see McCulloch and Bennett (1994) and Condie (1998). BIF,
banded iron formation. Due to episodic production ± preservation of sialic material over time, such smoothly varying accumulation curves
are only approximations to the growth of the upper crust (see Fig. 2).
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Hadean–Archean platelet stage
On the very young Earth, most of the C–O–H volatiles not se-

questered within the planetary interior formed a dense, highly
reducing atmosphere; initially, the surface was too hot to form a
condensed hydrosphere (Sleep et al. 2014). Rapidly circulating,
poorly organized mantle cells would have driven surficial seg-
ments of a semisolid lithospheric rind against and beneath one
another. Reflecting elevated mantle temperatures and thus thin-
ness of slabs typified by small lithosphere–asthenosphere density
inversions, platelets probably would not have been deeply sub-
ducted before heat from the hotter, rapidly overturning mantle
eliminated their coherence as discrete platelets. This dynamic
thermal regime accounts for the lack of high-P blueschist and
low-T eclogite belts in all but the youngest Proterozoic terranes. In
Phanerozoic Wilson-cycle subduction zones, thick lithospheric
plates carry relatively cool rocks to great depths, allowing the
formation of UHP sialic complexes. In marked contrast, Archean
underflow carried down small, warm slabs, which were rapidly
heated, to mantle temperatures, generating low-P–high-T ter-
ranes. Modern alkalic mafic igneous rocks, such as ocean-island
basalts, form through very small degrees of partial fusion of the
deep upper mantle, but they are virtually lacking in Archean crust
because the Earth’s ancient geothermal gradient was too high.
Instead, due to elevated T, larger degrees of partial melting at
relatively shallow mantle depths produced substantial volumes of
refractory komatiitic lava. Some ancient sections of oceanic crust
were relatively thick—surmounting thin lithospheric mantle—
due to extensive partial melting of virtually undepleted mantle
(Sleep and Windley 1982).

The occurrence of ductile microplates also may account for the
small scale of the surviving Archean granite–greenstone belts,
assuming that the mafic rocks formed as oceanic crust, then were
sutured against primitive sialic island arcs (e.g., Percival et al.
1994; Mueller et al. 2002; Wyman et al. 2002; Garde 2007; Szilas
et al. 2012; Komiya et al. 2015). These oceanic arcs include abun-
dant pillow lavas, so they were covered by shallow seas, reflecting
early Earth condensation of H2O from the cooling atmosphere.
With the Archean rise of cyanobacteria, anaerobic photosynthesis
gradually generated a more oxidized hydrosphere and atmo-
sphere ± lithosphere (e.g., Nisbet and Sleep 2001; Oyarzun et al.
2008). The decomposition of methane and escape of H2 into space
may also have contributed to progressive oxidation (Catling et al.
2007; Pope et al. 2012). Alternatively, some greenstone complexes
might have been generated at shallow, slightly more oxidized
depths by fractional crystallization of basaltic magma (i.e., Bowen
1928; Sisson et al. 2004), through partial fusion of high-T eclogite
and (or) garnet amphibolite (Green and Ringwood 1967; Holloway
and Burnham 1972; Boettcher 1973; Pertermann and Hirschmann
2003; Dufek and Bergantz 2005; Hamilton 2007; Nair and Chacko
2008), or by incipient melting of hydrous, fertile upper mantle
peridotite (Kushiro et al. 1968; Mysen and Boettcher 1975; Arculus
1981; Ulmer 2001). The sweeping together, decapitation, and su-
turing of near-surface portions of oceanic crust ± oceanic plateaus
against primitive island arcs could have produced the ubiquitous
Archean granite–greenstone belts. The size of these amalgams
probably mirrors the small lateral dimensions of the convecting
Archean asthenosphere (Smithies et al. 2007). By Early Proterozoic
time, sustained planetary cooling resulted in lower geothermal

Fig. 5. Diagram depicting evolution of the sialic crust (see also Valley 2015, fig. 1) based on compiled detrital zircon U–Pb ages (≤5% discordant
filtered) in the Global Detrital Zircon Database—GDZDb—of Voice et al. (2011), metamorphic-facies types as a function of geothermal
gradients (Brown 2007), ophiolite ages (Dilek 2003), and times of supercontinental assembly (Bradley 2011; Cawood et al. 2013; Condie et al.
2015). Arrow shows age of oldest well-documented ophiolite complex (Peltonen and Kontinen 2004). Times of the breakups of Superia and
Sclavia may be as young as �2.3 and �2.1 Ga, respectively.
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gradients, the generation of thinner sections of oceanic crust, and
a deepening of the brittle–ductile transition; thus, complete ba-
salt–gabbro–cumulate peridotite sections of oceanic crust began
to behave as integral units, and more complete ophiolite com-
plexes were sheared off and jammed into the accreting granitic
continental crust during plate underflow, as well as by emplace-
ment through back-arc and intra-arc (i.e., supra-subduction zone)
rifting.

Proterozoic supercontinental stage
Combined with igneous differentiation–segregation and anatexis,

oceanic island arcs, TTG terranes, and sialic volcanic–plutonic
masses that formed chiefly during mantle overturn apparently
were sutured and accumulated as buoyant continental cratons,
gradually gaining freeboard toward the end of Archean time
(Williams et al. 1991; Aspler and Chiarenzelli 1998; Bleeker 2002,
2003; Mitchell et al. 2014). Enlarging supercontinental entities

self-assembled by subduction-induced continental collision, as
indicated by production of relatively high-P rock types (e.g.,
Mosher et al. 2008; Brown 2008). This period was also typified by
the gradual transition from thin, hot Archean platelets, carried
about by many small, rapidly convecting mantle cells and plumes,
to relatively thicker, laterally extensive, cooler lithospheric
plates. Differential motions of these larger plates probably were a
function of mantle flow on a grander scale, as well as due to
widespread foundering of the oceanic lithosphere (Ernst 1983).

Archean time apparently was typified by dispersed, mostly sub-
sea accumulations of sialic arcs, as is also suggested by the ubiq-
uity of submarine pillows in the preserved greenstone belts. In
contrast, emergent landmasses of broad areal extent became com-
mon during the Early Proterozoic (Schubert and Reymer 1985;
Condie 2007), so erosion and sedimentation began to yield multi-
cycle strata of chemically mature, isotopically contrasting sedi-

Fig. 6. Schematic, transitional stages in evolution of the terrestrial crust–mantle system, after Ernst (2007). For simplicity, we invoke-mantle
convection but do not specify sizes or morphologies of cells. French and Romanowicz (2015) provide tomographic indications of present-day
circulating cells in the upper 1000 km of the planet, whereas Tsuchiya et al. (2013) posit double-layer convection prior to about 2.6 Ga (see also
Yuen et al. 2007). Oceanic crust is shown in dark green, continental crust in pink. Increasing thicknesses with time of lithospheric plates are
exaggerated for clarity. Early advective heat transport, chiefly by at least episodic—if not continuous—bottom-up asthenospheric mantle
convection + plume ascent, is indicated in red–orange. Over time, thickening, enlarging oceanic lithospheric plates and chemically–mineralogically
buoyant cratonal lids began to dominate mantle overturn through top-down oceanic slab descent. At times, asthenospheric convection was
generated beneath chemically buoyant stagnant-lid lithosphere following supercontinental accretion; thermal build-up in the subcontinental
mantle thus caused rifting and supercontinent dispersal, as shown in stage c. See text for discussion.
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mentary facies (Fig. 4). Siliciclastic sediments form through
repeated cycles of weathering, erosion, and deposition. Continen-
tal platforms, and shallow seas provide appropriate geologic
environments necessary for the genesis of such rock types. More-
over, by Early Proterozoic time, continental climates combined
with high-latitude drift produced episodes of icehouse conditions
and glacial deposits. These various relationships reflect the progres-
sive accumulation of sialic material over time, and the occasional
construction (and later dispersal) of Proterozoic and younger su-
percontinental assemblies.

Evolution of the crust-mantle system was manifested in the
bulk-rock composition of igneous rocks as well (e.g., Valley et al.
2005). Biologically generated increasing O2 content of the atmo-
sphere resulted in more intense chemical weathering and in fur-
ther differentiation of superjacent rocks (Holland 1984, 1994,
2002; Kasting 2001; Melezhik et al. 2005; Kump and Barley 2007).
Re-injection of subduction-zone volatiles back into the mantle
caused aqueous fluid-mediated metasomatism and oxidation of
parts of the uppermost mantle. Transpolar drift of supercontinen-
tal plates led to glaciation and to yet more strongly contrasting
bulk compositions of sedimentary strata.

A result of the episodic formation of supercontinents (Condie
2007; Condie et al. 2015) was that enlarging, sial-capped litho-
spheric plates not only became chemically–mineralogically more
buoyant but also began to serve as regional thermal insulators,
trapping heat flow from the deep Earth. The appearance of super-
continental plates thus promoted a spatially, temporally restricted
type of stagnant-lid behavior (Sleep 2007). After a sufficient post-
amalgamation interval, heat build-up of the subcontinental man-
tle led to vigorous intraplate convection, spreading, continental
rifting, and a renewed cycle of drift. Overturn of the oceanic
lithosphere–asthenosphere system is the most efficient method of
transferring planetary heat surfaceward (Gurnis 1988; Lowman
and Jarvis 1996; Sleep 2007), so it is likely that episodic continental
collisions and supercontinental assembly might cause a tempo-
rary deceleration in plate-tectonic processes in the oceanic and
circum-oceanic realms, rather than in complete cessation of dif-
ferential plate motion, as speculated by Silver and Behn (2008).
Judging from the thermally induced competition between
bottom-up and top-down mantle overturn, mantle circulation
may well have varied in intensity (O’Neill et al. 2007), but it is
unlikely to have stopped for a lengthy geologic time period.

Phanerozoic Wilson-cycle stage
Ophiolite lithostratigraphic sections, oceanic island arcs, active

continental-margin calcalkaline igneous suites, and HP–UHP met-
amorphic terranes are manifestations of the operation of modern,
Wilson-cycle plate-tectonic processes—reflecting the stately con-
vection of enormous, large-aspect-ratio mantle cells. Rifted, trans-
current faulted, and imbricate-thrust-stacked crustal complexes
also attest to divergent, transform, and convergent motions, re-
spectively of the lithospheric plates, as do sites and architectures
of sedimentary basins, orogenic belts, and terrane amalgams. The
generation of oceanic plateaus, large mafic igneous provinces,
and oceanic island chains characterized by positive thermal
anomalies (Putirka 2008) attest to the continued existence of
broad-scale mantle plumes (French and Romanowicz 2015) and
bottom-up mantle overturn.

Late Proterozoic–Phanerozoic contractional mountain belts
form near active continental edges and island arcs. All reflect the
convergence of lithospheric plates attending subduction of
oceanic crust and the transport + accretion of spreading centers,
oceanic plateaus, island arcs, microcontinents, and (or) salients of
continental crust. Long-continued underflow builds a landward
calcalkaline volcanic–plutonic arc on the nonsubducted plate
(DePaolo 1981; Drummond and Defant 1990; Hawkesworth et al.
1993; Clift et al. 2001; Hickey-Vargas et al. 2002), and a seaward
trench complex (Ernst 1971; Miyashiro 1972; Frey et al. 1974;

Maruyama et al. 1996). Brief episodes of plate convergence, such as
result from underflow of a small intervening ocean basin, also
produce an outboard subduction complex, but an inboard volcanic–
plutonic belt is only incipiently formed or fails to develop,
because substantial tracts of oceanic lithosphere must be sub-
ducted to form the plumbing system required to generate a
continental-margin arc and new sialic crust. Although they share
many features, no two orogenic belts are identical. Some colli-
sional terranes contain rare, scattered mineralogic relics reflect-
ing an early stage of UHP metamorphism (Chopin 1984; Smith
1984; Sobolev and Shatsky 1990; Coleman and Wang 1995; Liou
et al. 1998; Liu et al. 2004), but because of thorough retrogression
during exhumation, many other sutured convergent complexes
that may have been subjected to similar P–T conditions no longer
retain evidence of an earlier UHP event.

A broad continuum of intermediate crustal architectures thus
links two distinct kinds of mountain building (Bally 1981; Ernst
2005). (i) Alpine-type orogens form during subduction of a geo-
graphically narrow tract of oceanic lithosphere lying between two
sialic blocks, resulting in continental collision. Characterized by
an imbricate sequence of oceanward-verging nappes, some
Alpine-type orogens also exhibit superimposed late-stage back
thrusting. Metamorphism of deeply subducted portions of conti-
nental terranes ranges from moderately HP to UHP. Alpine oro-
gens are not commonly accompanied by a coeval calcalkaline arc,
reflecting the incomplete development of a magmatic plumbing
system. (ii) Pacific-type belts, in contrast, develop within and land-
ward from long-sustained oceanic subduction zones. They consist
of an outboard trench–forearc amalgam and a massive inboard
calcalkaline arc. The subducted oceanic section recrystallized un-
der HP conditions, and fold vergence is chiefly oceanward. Con-
sisting dominantly of metaluminous, I-type intermediate igneous
rocks, the roughly coeval volcanic–plutonic arc sits on the non-
subducted plate landward from the trench complex. In the arc,
associated metamorphic wall rocks are of the high-T–low-P type.

Wilson cycles of Phanerozoic Pacific and Alpine convergent
growth of granitic crust have lithologic analogues in Archean–
Early Proterozoic basement terranes. Modern outboard subduc-
tion zone – inboard calcalkaline arcs and continental collision
belts exhibit similarities to ancient granite–greenstone belts and
TTG terranes of the high-T early Earth (Kröner 1981; Condie 1982;
Sleep 1992; Windley 1995; Ernst 2007; Brown 2008; Nutman et al.
2015). If this inferred relationship is correct, the scales, dynamics,
and thermal structures of the crust–mantle system have gradually
evolved in response to planetary cooling, but the controlling pro-
cesses of mantle circulation, lithosphere generation, and plate
tectonics have changed mainly in degree, not in kind. The high-T
thermal structure of the early Earth disfavored the Archean
production of alkaline igneous rocks, blueschists, and low-T ec-
logites; in contrast, it generated refractory komatiitic lavas, green-
stone ribbon belts, and gray tonalitic gneiss terranes.

Plate-tectonic evolution of the Earth
We infer four stages in the continuum of thermo-gravitationally

driven mantle overturn, plate scales + dimensions (i.e., aspect
ratios), and asthenosphere–lithosphere couplings, as typifying
the Earth over geologic time (Smith 1981; Kröner 1981; Goodwin
1981a, 1981b; Condie 1982, 2005; Ernst 2007; Sleep 2007). Progress-
ing from early to late, these postulated stages reflect the declining
planetary heat budget. (i) The Hadean stage (4.5–4.4 Ga) was at-
tended by a near-surface magma ocean, and the consolidation of a
thin, ephemeral rocky rind as surface temperatures fell well be-
low the peridotite and basalt solidi. Reflecting viscous drag,
poorly organized, rapid convection re-inserted thin platelets into
the hotter mantle, completely recycling and obliterating any rock
record of the former magma ocean. (ii) This condition gave way to
the Hadean–Archean stage (4.4–2.7 Ga) in which the Earth’s sur-
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face was covered by small, soft, hot, weakly subductable platelets.
Decompression partial fusion of upwelling mantle as abundant,
deep-seated, rising plumes generated thick sections of basaltic
crust (Sleep and Windley 1982); shallow return flow and near-
surface partial fusion of the basaltic crust produced granite–
greenstone belts and TTG complexes, none of which survived
prior to �4.03 (or perhaps �4.28) Ga. The collision and amalga-
mation of these lithotectonic entities resulted in the first arcs and
small protocontinents. (iii) Continued growth of granitic crust
near the end of the Archean gradually led to a Proterozoic super-
continental stage (2.7–1.0 Ga) involving the development of broad
continental platforms, emergence of crustal freeboard + coeval
sedimentary differentiation, as well as to intracontinental oro-
genic belts (such as ancient analogues of the Paleozoic Altaids;
Şengör et al. 1993; Şengör and Natal’in 1996). Construction and
retention of large, buoyant, sial-capped lithospheric plates caused
temporally limited stagnant-lid convection in the underlying,
heating mantle, followed by continental break-up and drifting.
Biogenically mediated increase in O2 content of the atmosphere
raised the oxidation state of the crust ± parts of the uppermost
mantle. Sequestration of CO2 in marine sediments and in altered
oceanic crust, combined with episodic transpolar drift of super-
continental assemblies resulted in terrestrial glaciation (Holland
1984, 1994, 2002; Melezhik et al. 2005). (iv) Attending lateral broad-
ening of the capping lithospheric plates, and thus of much larger
asthenospheric convection cells, a Late Proterozoic–Phanerozoic
stage (1.0 Ga–present) of modern-style plate tectonics gradually
arose. It involved crustal development through the formation of
long, subparallel outboard high-P–low-T subduction-zone com-
plexes and inboard high-T–low-P volcanic–plutonic arcs.

Inferred relationships are shown schematically in Fig. 6,
emphasizing a transitional, gradually increasing breadth and
thickness of the Earth’s lithospheric plates. Attending thermal
relaxation, early planetary stages were typified by rapid ascent of
deep-seated mantle plumes and vigorous circulation of hot as-
thenosphere, reflecting heterogeneous mantle heat sources. Over
time and progressive lateral enlargement + thickening of the
lithospheric plates, convective overturn began to be controlled by
the sinking of dense, negatively buoyant oceanic plates. Mantle
circulation in the early Earth was rapid, liberating vast amounts
of heat at the terrestrial surface, whereas over geologic time, the
gradual transition to larger, laminar-flowing convection cells be-
came driven more completely by descent of increasingly dense
oceanic slabs, and by the near-surface stabilization of chemically
buoyant continental lithosphere.

Geologic summary
In the early Earth, advective heat transfer in the mantle was

dominated by hot, rising asthenosphere and incipiently melted
mantle plumes, reflecting bottom-up driven mantle overturn. By
�4.4 Ga, patches of a rocky scum had solidified, and primitive
platelet tectonics began. Due to elevated geothermal gradients,
high degrees of decompression partial melting of ascending Ar-
chean mantle plumes generated komatiitic lavas and locally thick
sections of oceanic crust ± oceanic plateaus. Platelet descent oc-
curred in P–T regimes too hot to generate HP–UHP complexes in
the downgoing lithospheric slabs. Over time, mantle flow typified
by the differential transport of rapidly moving platelets gradually
gave way to more rigid capping plates and to mantle circulation
cells of increasing lateral dimensions. Cooling cratonal plates be-
came thicker and chemically more buoyant, reflecting accumu-
lated sialic products of crust–mantle differentiation. Accretion of
supercontinental assemblies led to limited, episodic stagnant-lid
behavior in the heating subcontinental mantle. Oceanic crust-
capped plates concurrently became cooler and thicker and were
typified by increasingly negative buoyancy. These oceanic plates
began to control the sizes and dynamics of circulating astheno-

spheric cells through top-down mantle overturn. Restriction
of chemically–mineralogically mature sediments and intact
ophiolites ± alkali basalts to Proterozoic and younger crust and of
blueschist + low-T eclogite belts and UHP continental collisional
complexes to ages of �0.75 Ga and younger crust reflects emer-
gence of the modern Wilson-cycle of plate tectonics, involving the
underflow of relatively cool, negatively buoyant oceanic litho-
sphere. Generation and suturing of convergent margin crustal
terranes has resulted from at least shallow subduction since in-
cipient, fragmentary preservation of the terrestrial rock record at
�4.0 Ga; the plate-tectonic process is supported by the existence
of amalgamated Archean oceanic and calcalkaline arc belts and by
the collision–accretion of sialic terranes. Phanerozoic Pacific and
Alpine convergent orogens have early Earth plate-tectonic ana-
logues in granite–greenstone belts and in tonalitic gneiss ter-
ranes, respectively.
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