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ABSTRACT
Temporal changes in Earth’s tectonic style play a crucial role in understanding the planet’s 
evolution. Modern-style tectonics is characterized by the formation of basaltic crust at divergent 
plate boundaries and its subsequent recycling at subduction zones, accompanied by wedge 
mantle formation and arc magmatism. It is commonly believed that the secular cooling of the 
mantle modified the tectonic style from stagnant lid or heat pipe on an early hotter Earth to 
horizontal tectonics during Meso-Neoarchean. However, various field, petrographic, and geochem
ical studies suggest that the onset of plate tectonics ranges from Hadean to Neoproterozoic. In this 
study, we re-evaluate the primary magma temperature (mantle potential temperature, Tp) of the 
upper ambient mantle, spanning from Eoarchean to Neoproterozoic. We used basalts from several 
Archean and Proterozoic greenstone belts worldwide, along with Proterozoic ophiolites, to (re) 
calculate the Tp using the FRACTIONATE-PT method. We observed a Tp range of 1444–1639°C 
during the Archean and 1414–1611°C during the Proterozoic. These findings indicate a strong 
correlation with previously estimated Tp values obtained from PRIMELT3 method. This further 
highlights strong internal consistency among different methods and supports models of a hot 
ambient mantle during the Archean and Proterozoic. We further reviewed numerical models 
regarding the effect of mantle temperature on the viability of early Earth plate tectonics. Such 
model results, composition of Archean continental crust, recent crustal growth models, and field 
evidence are consistent with the operation of plate tectonics on an early hotter Earth. The 
transition from a hotter mantle to a colder one from Eo-Neoarchean resulted in thinner oceanic 
lithosphere and a less depleted lithospheric mantle. Subduction of this thinner oceanic lithosphere 
led to modern-style tectonics. The intensity and style of plate tectonics on the early Earth differed 
from modern tectonics, which emerged during the Neoarchean.
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1. Introduction

Basalts and basaltic rocks constitute the most abundant 
igneous rocks on the planet. Since the compositions of 
basaltic magmas change with variations in mantle ther
mal conditions (Langmuir and Hanson 1980; Putirka 
2005; Herzberg et al. 2007), examining these magmas 
enables effective constraint and tracking of a planet’s 
thermal evolution. Mckenzie and Bickle (1988) coined 
the term mantle potential temperature (Tp) to express 
the thermal state of the mantle. Later, many authors 
used basalt geochemistry to evaluate the temporal var
iation of Tp (Herzberg and O’Hara 2002; Putirka 2005, 
2008; Herzberg et al. 2010; Ganne and Feng 2017). 
However, the calculation of Tp through geochemical 
modelling depends on factors such as extent of frac
tional crystallization of the primary magma before its

emplacement at crustal level (Herzberg et al. 2007, 
2010; Herzberg and Asimow 2008; Ganne and Feng 
2017). As volcanic rocks, e.g. basalts, are the direct frac
tionation products of mantle-derived primary melts, 
their compositions are the best candidates to track the 
thermal evolution of the mantle. The cumulate counter
parts, i.e. gabbros, are the by-products of magmatic 
differentiation and thus more refractory than the volca
nic ones (Wu et al. 2022).

Tp traditionally refers to the temperature of the man
tle at surface if it ascends adiabatically without melting 
(Mckenzie and Bickle 1988). The relations between the 
mantle peridotite solidus and adiabatic decompression 
melting are as follows: (i) The mantle peridotite remains 
solid below the solidus curve and undergoes partial 
melting only when it exceeds the solidus. (ii) The gentler
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slope of the mantle adiabat than that of the solidus (i.e. 
dT/dPAdiabat < dT/dPSolidus) enables decompression melt
ing. This is because the mantle rising adiabatically can 
intersect and surpass the solidus temperature. (iii) The 
adiabatically rising mantle with a higher potential tem
perature (e.g. plumes) intersects the solidus at greater 
depths than the rising mantle with a lower potential 
temperature (e.g. at ocean ridges).

Tp is dependent on (i) convective and conductive heat 
loss and the heat gain due to radioactive decay in the 
mantle, and (ii) gravitational heating at the core-mantle 
boundary (Korenaga 2008; Davies 2009; Ganne and Feng 
2017). The decreasing abundance of radioactive ele
ments and the segregation of the inner core from the 
outer core indicate that the Tp decreased from its initial 
value due to secular cooling (Verhoogen 1961; Davies 
2015). The temporal variation of Tp is a complex and 
dynamic process that plays a crucial role in shaping the 
Earth’s geologic history. For example, lithospheric differ
entiation driven by mantle melting develops a depleted 
residual mantle and a continental crust enriched in ele
ments, e.g. K, Rb, U, Th, and light rare-earth elements 
(LREEs) (Capitanio et al. 2020; Giuliani et al. 2021). 
Further, the temporal evolution of Earth’s tectonics has 
presumably evolved due to the secular cooling of the 
mantle (Palin et al. 2020).

Previous studies suggest that during Archean, rela
tively higher Tp led to greater degrees of mantle melting, 
as high as 40–50%, depending on the tectonic regime 
(Herzberg and Rudnick 2012). Studies argue that the 
mantle started to cool after the Archean (Korenaga 
2008). In support of this, several authors documented 
signatures of modern-style plate tectonics during the 
Paleoproterozoic. Supplementary Table S1 summarizes 
such evidence, e.g. presence of ophiolites and retro
graded eclogites (Vijaya Kumar et al. 2010; Ganne et al. 
2012; Imayama et al. 2017; Weller and St-Onge 2017; 
François et al. 2018; Loose and Schenk 2018; Müller 
et al. 2018; Xu et al. 2018; Liu and Zhang 2019; de 
Oliveira Chaves and Porcher 2020; Pereira et al. 2021; 
Wang et al. 2021) from India, West Africa, North America, 
Republic of Congo during the Paleoproterozoic. Studies 
supporting early Earth plate tectonics commonly pro
pose that the Archean was characterized by warm duc
tile subduction, later changing into cold subduction 
associated with rigid plate boundaries since the 
Neoproterozoic (Zheng and Zhao 2020).

Previous studies on the plausibility of Archean plate 
tectonics were based on two models. (i) With increasing 
Tp, the vigour of mantle convection increases, manifesting 
faster plate tectonics (Christensen 1985). In contrast, 
O’Neill et al. (2007) argued that elevated Tp could prohibit 
tectonic activity by reducing convective stress, effectively

leading to negligible tectonic movement. Introducing the 
concept of ‘sluggish’ plate tectonics, Korenaga (2006) 
suggested that high Tp would reduce plate velocities 
due to the development of a thick residual lithospheric 
mantle. (ii) At high Tp ~1700°C, komatiitic oceanic crust 
formed during the Archean (Nisbet and Fowler 1983). In 
this condition, the oceanic crust would be denser than the 
underlying mantle and could subduct easily below the 
asthenospheric mantle. When the Tp decreased to  
~1500°C, the oceanic crust produced, would be lighter 
than the underlying mantle, and the nascent lithosphere 
might have cooled for a longer time before the density 
inversion. However, the komatiitic crust resulted from 
plume melting, and not the ambient mantle, which is 
believed to comprise the majority of the upper mantle. 
Moreover, the Archean was dominated by oceanic crust, 
formed through decompression melting of the ambient 
convecting mantle. The subductibility of this oceanic crust 
remains uncertain, as it hinges on parameters such as 
lithospheric thickness, buoyancy, density, and viscosity 
of the unmelted mantle (Korenaga 2006; Weller et al. 
2019), all of which are influenced by the mantle’s compo
sition and thermal state.

Geoscientists have been debating the mechanism of 
plate tectonics, especially the subduction mechanism, 
during the Archean (van Hunen and Moyen 2012; 
Condie 2021; Duarte 2023). As the subduction process 
is related to the genesis of various ore deposits, e.g. 
porphyry Cu-Mo, volcanic massive sulphide (VMS), and 
large-scale gold and iron deposits (Bradley and Leach 
2003; Sun et al. 2007, 2016; Wang et al. 2018), under
standing paleo-subduction mechanisms can provide 
insights on such ancient mineralizations. The net influx 
of water into the deep mantle, early atmospheric carbon 
sequestration, regulation of geomagnetism, and origin 
and evolution of life have further been described in the 
light of tectonic evolution of the Earth (Korenaga 2011; 
Korenaga et al. 2017; Catling and Zahnle 2020; Fu et al. 
2024). Therefore, backtracking the onset of plate tec
tonics becomes crucial.

In this study, we investigate the mantle potential 
temperature from non-arc basalts across the globe that 
range from Archean to Proterozoic and review the major 
petrological and geochemical changes that occurred 
since the Hadean. The objective is to determine the 
timeframe when plate tectonics or subduction-related 
tectonic were initiated by investigating the long-term 
thermal changes of the Earth’s mantle.

2. Method

Based on the trace element and isotopic composition, 
three mantle sources have been identified for basalts
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(Condie 2015): (i) the depleted mantle (DM), (ii) the 
enriched mantle (EM), and (iii) the hydrated mantle 
(HM). Further, komatiites, which possibly derive from 
a distinct hotter mantle plume, have been assigned to 
a separate source: the komatiitic mantle (KM) (Cawthorn 
1975; Richard et al. 1996; Puchtel et al. 2022). The DM- 
derived basalts are sampled from the spreading centres 
or mid-oceanic ridges (Condie 2003, 2015). The EM- 
derived basalts can presently be found in hot spots or 
plume centres. However, during the Archean, basalts 
derived from EM did not have a plume source. Instead, 
they formed from an undifferentiated mantle resem
bling the primitive mantle (Condie et al. 2016). To sum
marize, during the Archean, both DM and EM basalts 
originated from a convecting upper ambient mantle, 
and after that, the EM basalts were obtained through 
mantle plumes. The HM-derived basalts represent water- 
saturated magmas that originate from arc-related tec
tonic settings.

Our study focuses on the secular thermal evolution of 
the convecting ambient mantle through the calculation 
of mantle potential temperature (Tp). The compiled data
set of basalt major oxide composition by Condie et al. 
(2016) from different Archean and Proterozoic green
stone belts and Proterozoic ophiolites has been used in 
this study (Supplementary Material, SM1). Specifically, 
we have utilized the Archean basalts derived from both 
the depleted mantle (DM) and enriched mantle (EM), as 
well as exclusively the DM-derived basalts from the 
Proterozoic, as those indicate convective upper ambient 
mantle thermal conditions.

Several previous authors (Herzberg et al. 2007, 2010; 
Ganne and Feng 2017) have employed the compositions 
of non-arc basalts to infer the thermal history of the 
Earth’s upper mantle using the PRIMELT software pack
age (PRIMELT2 (Herzberg and Asimow 2008) and 
PRIMELT3 (Herzberg and Asimow 2015)). In this study, 
we have used the programme FRACTIONATE-PT by Lee 
et al. (2009). Both the programmes calculate the primary 
magma composition for peridotite-derived melts that 
have experienced only olivine fractionation. However, 
PRIMELT calculates the primary magma composition 
for both accumulated fractional melting and batch melt
ing model by adding or subtracting olivine to or from 
the basalt when there is a common melt fraction in 
MgO-FeO and Ol-An-Qz projection spaces for the fertile 
peridotite (see Figure 1 in Herzberg and Asimow (2015)). 
In contrast, FRACTIONATE-PT calculates the primary 
magma composition for batch melting by adding or 
subtracting olivine when it is in equilibrium with an 
assumed residual olivine composition. FRACTIONATE- 
PT is versatile in its applicability to both hydrous and 
anhydrous magmas. Nevertheless, its H2O expression is

suitable for water-saturated arc basalts (IIT Bombay 
Repository R1). As the Tp estimations in our study are 
based on ambient mantle-derived basalts, we con
ducted all calculations assuming an anhydrous source 
(IIT Bombay Repository R1).

The unfiltered dataset consist of 1146 Archean and 68 
Proterozoic basaltic samples. Figure 1 compiles sample 
locations on the world map (see SM1 for the final basaltic 
samples used to calculate Tp after the filtration process). 
The initial step in the filtration process entails discriminat
ing samples that demonstrate mineral fractionation his
tories distinct from that of olivine. Highly evolved 
magmas are saturated with clinopyroxene (cpx) and pla
gioclase (plg), along with olivine. Back tracking the frac
tional crystallization of such magma is much more 
difficult. This is because the exact proportion of each 
fractionating mineral is not known. However, considering 
the most primitive magma composition will minimize the 
effect of cpx or plg fractionation (Lee et al. 2009). This 
explains why many workers choose olivine-based thermo
meters to calculate the Tp (Herzberg et al. 2007; Herzberg 
and Asimow 2008, 2015; Putirka 2008). Although Lee 
et al.’s thermobarometry is calibrated for input magma 
composition with MgO >8.5 wt%, cpx fractionates when 
MgO <9.2 wt% (Hao et al. 2021), and plg does when MgO 
<9.5 wt% (Lesher and Arndt 1995; Ganne and Feng 2017). 
For an accurate investigation, we considered basalts with 
a minimum 9.5 wt% of MgO. The SiO2 content of the input 
basalts ranges from 43 to 52 wt%, according to the total 
alkali silica (TAS) classification (le Maitre 1984). Out of 1214 
samples, 622 fall within this composition range. However, 
for the input basalts, FRACTIONATE-PT is calibrated for 
a total major oxide concentration of ≥97 wt%. Using this 
criterion, another 188 samples were filtered out.

Although it is widely believed that peridotites on 
partial melting produce basalts, pyroxenite can be 
another source (Lambart et al. 2016; Hole 2018). 
Notwithstanding, Lee et al. (2009) calibrated their ther
mobarometry for peridotite source melting. Peridotites 
constitute the bulk of the mantle with subordinate 
amounts of pyroxenites. Having a lower solidus than 
the peridotites, melting of pyroxenites under similar 
thermal conditions would result in a much higher 
degree of melting. Such melting will therefore yield 
higher temperatures than those obtained for peridotite 
melting. However, compositionally it is difficult to distin
guish all pyroxenite-derived melts from those of perido
tite-derived melts. And few pyroxenite-derived melts 
might equilibrate with Ol+Opx, a criterion required by 
the FRACTIONATE-PT calibration. Furthermore, 
FRACTIONATE-PT yields absolute temperatures and 
pressures for pyroxenite-sourced magmas that can be 
both too low and too high (e.g. Herzberg et al. 2023 and
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references therein). Hence, considering basalts originat
ing from a pyroxenite source can be misleading in this 
work.

We have used parameter, e.g. FC3MS [(FeOT/CaO) - 
(3×MgO/SiO2), all in wt%)] (Yang and Zhou 2013) 
(Figures 2(a,b)) and FCKANTMS [ln (FeO/CaO) − 0.08 × ln 
(K2O/Al2O3) − 0.052 × ln (TiO2/Na2O) − 0.036 × ln (Na2O/ 
K2O) × ln (Na2O/TiO2) − 0.062 × (ln (MgO/SiO2))3 −0.641 ×  
(ln (MgO/SiO2))2 −1.871 × ln (MgO/SiO2) − 1.473, all in wt 
%] (Yang et al. 2019) (Figure 2(c)) to distinguish samples of 
pyroxenite source melting. For peridotite-derived melts, 
Yang and Zhou (2013) showed that [FC3MS]max = 0.65. 
However, FCKANTMS is a more robust parameter than 
FC3MS, and a combination of both parameters can exclude

most of the pyroxenite-sourced basalts. A comparison 
between (SiO2/(CaO+Na2O+TiO2)) and FCKANTMS is 
shown in Figure 2(c), where the red and black line indicates 
experimentally constrained constant Mg# values of 0.6 and 
0.7, respectively. Yang et al. (2019) suggested that any 
natural basalts resulting from peridotite melting with 
Mg# = 0.6–0.7 must fall within these two lines, while basalts 
with Mg# >0.7 should lie below it. Using these constraints, 
we sorted out 239 basaltic samples of pyroxenite origin.

However, cpx may crystallize from primary melts at 
crustal or mantle depths with elevated MgO content 
(Herzberg and Asimow 2008). The range of MgO vs. 
CaO for primary melts, which have not experienced any 
fractionation or accumulation of cpx was first

Figure 1. World-map (modified after Pearson and Wittig 2014) showing the sample locations of basalts used to calculate Tp in this 
work. The representative Archean basaltic compositions are from Greenland, Superior, and Wyoming craton (U.S.A. and Canada), 
Barberton craton (South Africa), Pilbara craton (Australia), Yilgarn craton (Australia), Baltic craton (Karelian Province, Finland), Dharwar 
craton (India). The representative proterozoic basaltic compositions are from Flin Flon and Cape Smith (Canada) and the Phulad 
ophiolite (India) (see IIT Bombay repository R2 for original basalt references).
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established experimentally by Walter (1998) and later 
modelled by Herzberg and Asimow (2008). 
Nevertheless, the narrow range of CaO established by 
the previous authors is based on the model accumulated 
fractional melts of a single fertile peridotite, KR-4003. In 
contrast, FRACTIONATE-PT has been calibrated using 
experimental melt compositions from various peridotite 
sources and is based on a batch melting approach for 
thermobarometry. Studies have shown that basalts pro
duced through batch melting exhibit a broader range of 
CaO content (Herzberg 2006, 2011). Consequently, 
employing the MgO vs. CaO relationship (Figure 2(d)) 
would delineate the upper limit for clinopyroxene frac
tionation or accumulation. Using the MgO vs. CaO rela
tion we filtered out 94 more samples. For the final 
calculation, we have 101 samples.

To calculate Tp, a certain assumption regarding the 
redox condition is necessary. An extreme redox condi
tion can affect the measured temperature values. For 
example, Tp calculated in an oxidizing environment 
yields a lower value than that in a more reduced

condition (Ganne and Feng 2017). Hence, a neutral 
redox condition of Fe+3/Fe Total = 0.1 has been consid
ered at the magma source by previous workers. We 
proceed here with the same consideration.

Unlike the fractional melting model, FRACTIONATE- 
PT does not simultaneously yield the Tp value and solve 
iteratively for the olivine Mg# due to its batch melting 
model of calculation. It rather requires the residual 
olivine Mg# (IIT Bombay Repository R1) to derive the 
primary magma composition from the input basalt, and 
subsequently determine the average pressure (Pg) and 
temperature (Tg). Conversely, Tp, calculated based on 
the accumulated fractional melting model, determines 
the Mg# of olivine to be crystallized from the primary 
melt at 1 atm pressure (Herzberg and Asimow 2015). 
With other conditions remaining the same, increasing 
the value of residual olivine Mg# elevates Tp and vice 
versa. For example, increasing olivine Mg# to 1 unit 
increases the Tp to ~50–100°C. Due to higher melting 
degrees, the residual olivine Mg# during the Archean 
was higher than those during the Proterozoic and

Figure 2. (a) Na2O + K2O vs. FC3MS for the input basalt compositions. The parameter FC3MS is after Yang and Zhou (2013). (b) Mg# vs. 
FC3MS for the input basalt compositions (c) ln (SiO2/(CaO+Na2O+TiO2)) vs. FCKANTMS for input basalts (Yang et al. 2019). The red and 
black line indicate Mg# value of 0.5 - 0.6 and 0.7, respectively. The mafic transitional lithology indicates intermediate composition 
between peridotite and pyroxenite, whereas the mafic lithology indicates pyroxenites. (d) MgO vs. CaO of DM and EM-derived basalts. 
The shaded area indicates the range of primary magma compositions established based on the accumulated fractional melting model 
of a single fertile peridotite, KR-4003, which has not experienced clinopyroxene fractionation or accumulation. For the upper curve 
CaO = 1.095 + 0.154×MgO +116.58/MgO. For lower curve CaO = 11.436 – 0.104×MgO, when MgO content is < 20.6% and 
CaO = −23.209 + 3.643×MgO −0.1×MgO2 when MgO content is > 20.6% (modified after Herzberg and Asimow 2008).
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Phanerozoic (Herzberg and Rudnick 2012; see their 
Figures 3(d) and 4). As per the present work, a mean 
residual olivine Mg# value of 0.92 is assumed to calcu
late Tp (Herzberg and Rudnick 2012; Servali and 
Korenaga 2018) (IIT Bombay Repository R1). However, 
it is noteworthy that assuming a residual olivine Mg# of 
0.92 might overestimate the Tp value for Proterozoic 
basalts by a few degrees. Alternatively, we consider 
a second scenario, assuming an olivine Mg# of 0.92 
only to the Archean samples, and a value of 0.91 for 
the Proterozoic samples (IIT Bombay Repository R1).

The magma generation pressure (Pg) and tempera
ture (Tg) for the input basalts calculated by 
FRACTIONATE-PT represent the average pressure-tem
perature (P-T) conditions and do not correspond to the 
potential temperature. This is because heat loss during 
adiabatic decompression melting reduces temperature 
relative to the solid mantle adiabat (Cawthorn 1975; 

Putirka et al. 2007). However, considering only the heat 
loss due to adiabatic decompression will lead to appar
ent potential temperature (T�p ). On other hand, calcula
tion of the true potential temperature will require 
precise information regarding the degree of melting 
(F), rate of melt productivity (dF/dP) S (entropy) (1–1.5% 
Kbar−1 (Asimow et al. 1995, 1997; Behn and Grove 2015)) 
as was done by Putirka et al. (2007).

The apparent potential temperature (T�p ) from the 
calculated Pg and Tg has been calculated by assuming 
an adiabatic gradient of 0.4°C km−1 (0.4–0.5°C km−1 for 
the upper mantle) (Katsura et al. 2010) and a depth (d) 
decrease of 31.5 km G Pa−1 (Aulbach and Arndt 2019). 

However, we simply use the term Tp to represent T�p in 
this study.

Figure 3. Comparison between (a) T�p vs. TPRIMELT3
p and (b) Tg vs. TOl=L

P observed from this study. T PRIMELT3
p is calculated using the primary 

magma MgO wt% from FRACTIONATE-PT. TOl=L
P is calculated using primary magma MgO wt% and average pressure (Pg) from 

FRACTIONATE-PT (see text for description). The dashed lines represent ± 50.
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3. Accuracy and limitations in Tp estimations

As discussed in the previous section, the calculated T�p at 
any given residual olivine Mg# is lower than the actual Tp 

due to the consideration of a solid-state adiabatic 
decompression (dT/dD). To calculate Tp, one requires 
the initial pressure and temperature of melting; how
ever, FRACTIONATE-PT calculates the average pressure 
and temperature. The only condition where T�p = Tp is 
when melting begins at the solidus. Under all other 
conditions, T�p < Tp. However, studies show that the 
MgO content of primary magma remains almost con
stant during decompression (Herzberg and O’Hara 2002; 
Herzberg and Asimow 2008). Assuming that the adia
batic path follows the MgO isopleth during decompres
sion, the PRIMELT algorithm (Herzberg and Asimow 
2015) calculates Tp using the following equation: 

We have estimated the T PRIMELT3
p value for our calculated 

primary magmas using equation 2, where MgO is the 
estimated primary magma MgO from FRACTIONATE-PT. 
A comparison between T PRIMELT3

p and T�p is shown in 

Figure 3(a), where the ∆Tp (T PRIMELT3
p - T�p ) varies from 

15°C to 45°C, with an average value of 29°C.
For a direct comparison, we have calculated the oli

vine liquidus temperature (T Ol=L
P Þ at pressure P using the 

following equation from Herzberg and Asimow (2015). 

Here MgO and P are the estimated primary magma MgO 
and average pressure (Pg) from FRACTIONATE-PT. We 
then compared the T Ol=L

P with Tg (Figure 3(b)). The ∆T 

(T Ol=L
P � Tg) varies from −14°C to 45°C, with an average 

value of 12°C. Table R1T1 (IIT Bombay repository R1) 
presents a comparison of mantle potential temperature 
(Tp) values obtained through accumulated fractional 
melting and batch-melting model for non-arc basalts. 
The basalts were originally employed by Herzberg et al. 
(2010). The Tp values are re-calculated using their 
updated PRIMELT3 (Herzberg and Asimow 2015) algo
rithm and, concurrently, determined through the 
FRACTIONATE-PT method, incorporating an olivine 
Mg# of 0.92. The results are in good agreement and 
show strong internal consistency between the 
FRACTIONATE-PT and PRIMELT3 methods for calculating 
mantle potential temperature during the Precambrian. 
These findings support models of a hot ambient mantle 
in the Proterozoic and Archean.

4. Overall Tp trend during Archean

We observed an overall Tp range of 1444–1639°C during 
the Archean. The range of petrological Tp during the 
Precambrian is influenced by various factors, including

Figure 4. Summary of mantle potential temperature estimates during Archean from present study. All successful FRACTIONATE-PT 
solutions are given in supplementary material, SM1. Range of Tp during Archean is 1444–1639°C with a mean Tp of 1549 ± 97°C (2σ).
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metamorphic alteration and mineralogical sorting, which 
are discussed later in this section. A single analysis show
ing significantly lower values of T�p (1378 ℃) and T PRIMELT3

p 
(1423 ℃) is excluded, as these values fall well below the 
lower outlier of Tp estimations and may be related to 
extensive metamorphic alteration during the Archean 
(Herzberg 2022b). The mean Tp value during Archean is 
1549± 97°C (2σ) (Figure 4). The mean values of Tp from 
this study are 1569 ± 13°C (SE) (n = 11) during the 
Eoarchean, 1564 ± 18°C (n = 7) during the Paleoarchean, 
1558 ± 7°C (n = 22) during the Mesoarchean, and 1537 ±  
7°C (n = 46) during the Neoarchean. Our result is in excel
lent agreement with a Tp of 1550 ± 48°C (1σ), originally 
estimated by Herzberg et al. (2010) using PRIMELT2 from 
14 samples of Archean age. This drops slightly to 1530 ±  
57°C (1σ) using PRIMELT3 (Herzberg and Asimow 2015) on 
that same database.

While existing models of secular thermal evolution 
converge at a similar present-day Tp value, the

magnitudes differ significantly during the Archean. 
Supplementary Table S2 summarizes studies regarding 
the thermal evolution of the Earth, and a few major 
conclusions are presented below.

Many petrological as well as modelled Tp estimations 
(e.g. Abbott et al. 1994; Davies 2009; Ganne and Feng 
2017; Keller and Schoene 2018) suggest a relatively 
colder Archean upper mantle. The authors argued that 
the upper mantle cooled from a maximum 1520–1400°C 
during 4000 Ma to the present-day value of 1350– 
1300°C (Figure 5). However, some of these Tp estima
tions (e.g. Keller and Schoene 2018) cannot be used to 
constrain the thermal evolution of the ambient convec
tive mantle. This is partly because their Tp values pertain 
to continental arc basalts. These lower values explain the 
thermal evolution of a hydrous mantle rather than the 
anhydrous ambient mantle. Additionally, these basalts 
represent average compositions, reflecting fractionated 
lavas and not primary magmas.

Figure 5. Variation in mantle potential temperature (Tp) with age. Orange circles represent Tp values calculated from basaltic magma 
generation temperature (Tg) and pressure (Pg) in the present study, using an olivine Mg# of 0.92. Redox conditions are considered as 
Fe+3/FeTotal = 0.1. The three Urey ratio values (0.08, 0.23 and 0.38) are from Korenaga (2008). The black curve illustrates the thermal 
evolution of the MORB source mantle from Davies (2009) (D09), based on parameterized convection models with conventional heat- 
flow scaling. Ambient mantle Tp from non-arc basalts from Herzberg et al. (2010) are shown in yellow hexagons. Blue pentagons 
represent Tp solutions at redox conditions of Fe2+/FeTotal = 0.9 for non-arc basalts from Ganne and Feng (2017). Ambient mantle Tp 

variations from Ganne and Feng (2017) are shown with green curves: dashed (Fe2+/FeTotal = 0.8). The solid green curve represents the 
Tp variation calculated by Mitchell and Ganne (2022) at redox condition of Fe2+/FeTotal = 0.9, based on the analysis of Ganne and Feng 
(2017) (detail in the text). Tp range for a pressure of 2.2 to 3.2 GPa based on the chemical composition of continental basalts, e.g. 
condition in the arc mantle wedge from Keller and Schoene (2018) (K&S, 2018) are shown (shaded region). For comparison, Tp values 
from Komatiites and phanerozoic plume are shown (Herzberg 2022a). ML: magmatic lull from 2300 to 2200 Ma (Spencer et al. 2018). 
Boring billion from 1800 to 800 Ma (Roberts 2013).
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Ganne and Feng (2017) used the PRIMELT3 pro
gramme (Herzberg and Asimow 2015) to calculate Tp 

from the non-arc basalts, assuming Fe+2/Fe Total of 0.8 
and 0.9. Their individual Tp solutions for the more 
reduced condition, Fe+2/Fe Total = 0.9, are in good agree
ment with those obtained in this work and Herzberg 
et al. (2010). Primitive modern MORB that formed from 
ambient mantle melting also have Fe+2/Fe Total = 0.9 
(Berry et al. 2018; Gaborieau et al. 2020; Bézos et al. 
2021), but early Earth ambient mantle may have been 
more reducing (Hirschmann 2023). In case our assumed 
Fe+2/Fe Total = 0.9 in primary magma calculation is too 
low, our Tp results will also be slightly low as well; for 
example, it will be too low by ~30°C if Fe+2/Fe Total = 0.95. 
However, estimates made with more oxidizing condi
tions (Fe+2/Fe Total = 0.8) yields lower Tp values as in 
Ganne and Feng (2017). These authors further assumed 
that ambient mantle Tp was represented by their low Tp 

outlier solutions, not their averages. Moreover, outliers 
are insignificant because they could have been compro
mised by metamorphic alteration and/or long wave
length variations in ambient mantle Tp about a mean 
(Herzberg 2022b). The outlier Tp solution by Ganne and 
Feng (2017) at Fe+2/Fe Total = 0.8 suggests an ambient 
mantle Tp = 1450–1520°C during 2500–3800 Ma. 
Additionally, Mitchell and Ganne (2022) reported an out
lier Tp solution for a more reduced condition of Fe+2/Fe 
Total = 0.9, based on the earlier work by Ganne and Feng 
(2017), which predicts an ambient mantle Tp of ~1500°C 
during 2700–2800 Ma. However, the ambient Tp varia
tion obtained by Ganne and Feng (2017) and Mitchell 
and Ganne (2022) are cooler than the results presented 
here and in Herzberg et al. (2010).

Besides the petrological constraints, another para
meter called the ‘Urey ratio’ is used to estimate mantle 
thermal evolution. The Urey ratio is a measure of mantle 
heat production due to internal heating relative to man
tle heat flux. The thermal history proposed by Davies 
(2009) assumes a much higher value of convective Urey 
ratio – 0.84, while the present-day thermal budget fits to 
a much lower value of Urey ratio (~0.3) (Korenaga 2013). 
Considering a higher Urey ratio further suggests a minor 
role of secular cooling in Earth’s evolution (Korenaga 
2017). The petrological estimation by Abbott et al. 
(1994) shows similar results to that of Davies (2009). 
However, Abbott et al. (1994) constrained the olivine 
liquidus temperature from basalts and komatiites, not 
the mantle potential temperature.

Besides previous observations, a much hotter upper 
ambient mantle model was proposed by Herzberg et al. 
(2010). They used the tectonic setting as a proxy to 
select basaltic samples to calculate Tp using the 
PRIMELT software. They argued that the Earth warmed

up vigorously for the initial ~1500 My, and latter started 
to cool after ~3000 Ma. Most of the estimated Tp values 
by Herzberg and co-workers were > 1500°C during the 
Archean, reaching to a maximum of 1650°C. Komiya et al. 
(2002) also pointed out a hotter MORB source with Tp 

≥1500°C during the Paleoarchean (3500 Ma) from the 
Pilbara craton.

With hot and cold thermal models in consideration, 
a critical question comes up: which thermal model best 
fits with the Earth’s evolution? As the mantle tempera
ture is a function of internal heat production due to 
radiogenic heating, Korenaga (2008) estimated mantle 
temperature through time by backward modelling, con
sidering a present-day Tp value of 1350°C and present- 
day convective heat production value of 8.5 ± 5.5 TW. 
They suggested that the secular cooling of the mantle 
corresponds to a present-day convective Urey ratio of 
0.23 ± 0.15. When compared, the petrological Tp expres
sions for Precambrian non-arc basalts from Herzberg 
et al. (2010) exhibited remarkable concordance with an 
Urey ratio of 0.38, with Tp values distributed within ±  
100°C around the Urey ratio curve of 0.38. In contrast, 
plume-derived magmas, such as komatiites, showed Tp 

values in excess of 150–200°C than the ambient mantle 
(Figure 5).

At any given time during Precambrian, the variation 
in petrological Tp estimation depends on several factors. 
For example, Herzberg (2022a) showed that processes 
like metamorphic alteration and the addition of Fe-rich 
olivine can account for a ±68°C variation in Tp values for 
the Paleoproterozoic CSLIP basalts. Consequently, Tp 

values during Archean might be compromised depend
ing on the degree of metamorphic alteration and/or 
mineralogical sorting. Additionally, Herzberg (2022b) 
pointed out that the long wavelength variations in TP 

within the ambient mantle may have been ±50°C, based 
on the estimates for present-day MORB-producing ambi
ent mantle. Considering these factors as sources of error, 
the distribution of most Tp values within ±100°C around 
the curve for a Urey ratio of 0.38 can account for the total 
variability of ambient mantle temperature during the 
Precambrian. The remarkable correlation between the 
petrological (Herzberg et al. 2010) and geophysical find
ings (Korenaga 2008) has supported their combined 
thermal model, making it widely accepted in the geos
cientific community.

The range of Tp values observed in this study sup
ports a hotter Archean mantle hypothesis. Moreover, it 
aligns with the thermal evolution path proposed by 
Korenaga (2008) (Figure 5), where the Tp values are 
distributed within approximately ±100°C of an Urey 
ratio curve of 0.38. Our ‘hotter Archean’ hypothesis is 
further reinforced through the calculation of TPRIMELT3

p
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using the primary magma MgO wt% from this study, 
where the T�p is, on average, only 29°C less than the 

T PRIMELT3
p (Section 3). Notwithstanding, several authors 

contend that Tp values obtained from Archean non-arc 
basalts represent plume temperatures rather than those 
of the ambient mantle. This issue is further addressed in 
section 5.

5. Archean non-arc basalts: a dichotomy in 
genesis

Archean greenstone belts are characterized by wide
spread occurrences of basalts, having both arc and 
non-arc signatures and a minor amount of komatiites 
(<5 vol%) (de Wit and Ashwal 1997). The basalts are 
sometimes intercalated with komatiites but are typically 
observed as thick sequences of Archean tholeiites 
(Hallberg 1972). Archean non-arc basalts often occur as 
prodigious sequences of complex flows and define pil
low structure. Some authors question the ambient man
tle origin of non-arc basalts during the Archean and 
suggest that those formed due to melting of the colder 
plume head, whereas the komatiites were formed due to 
melting of the hotter plume axis (Campbell et al. 1989; 
Campbell and Griffiths 1990; Hauri et al. 1994). However, 
recent petrological constraints from many Phanerozoic 
plumes (e.g. Galapagos, Iceland) suggest the opposite; 
for example, basalts initially erupted from the plume 
head are hotter than the basalts erupted later from the 
plume axis (Thompson and Gibson 2000; Herzberg and 
Gazel 2009; Trela et al. 2015). There is a growing con
sensus that during the Archean, typical plume melting 
would result in Al-depleted and undepleted komatiites/ 
ferrokomatiites from the axial and head regions respec
tively, and that basalts can only be produced from the 
periphery region, where the plume temperature is 
equivalent to the ambient mantle temperature (Gibson 
2002; Sproule et al. 2002; Sleep 2008). On the other hand, 
based on the plume head-tail structure, several Archean 
greenstones have been described to be formed in a hot 
spot setting, although the physical and thermal struc
ture of the plume is debated (Supplementary Table S3).

There is currently no compelling evidence for the 
unique head-tail structure of plumes. For example, 
recent numerical modelling (Farnetani and Samuel 
2005) suggests that the classical head-tail structure 
must not be true for all mantle plumes and that different 
plume geometries can be possible. The end member 
includes a poorly developed plume head with a ‘spout’ 
like structure. During Hadean and Archean, the core heat 
flux was higher than it is at present (Labrosse 2015; 
Korenaga 2017). However, predicting whether this

higher heat flux from the core would have resulted in 
larger plumes or more numerous plumes is challenging 
due to the largely unknown nature of the core-mantle 
boundary (CMB) during that period (Yamazaki and 
Karato 2001; Schott and Yuen 2004).

Geoscientists, advocating for the plume origin of 
granite-greenstone belts, often refer to the Paleo- 
Mesoarchean east Pilbara craton in Western Australia. 
The craton contains well-preserved, little deformed 
supracrustal belts. Based on stratigraphic relations and 
field evidence, it was previously suggested that the 
Paleo-Mesoarchean eastern Pilbara craton formed over 
a plume setting (Van Kranendonk et al. 2004, 2007; 
Smithies et al. 2005; Hickman 2012; Barnes et al. 2021). 
However, comprehensive studies by others (Kusky et al. 
2018, 2021; Windley et al. 2021) challenge this view, 
indicating that the preserved stratigraphy in the eastern 
Pilbara craton matches more closely with an Oceanic 
Plate Stratigraphy (OPS) rather than a plume setting. 
Importantly, identifying features of sea-floor spreading 
in the greenstone belts can provide consensus on the 
nature of non-arc basalts. For example, the presence of 
sheeted dikes. The presence or absence of sheeted dike 
complexes is critically controlled by the relationship 
between spreading rate and magma supply (Robinson 
et al. 2008). These complexes develop when there is 
sufficient melt to fill the fractures created by spreading, 
a balance commonly observed at mid-ocean ridges (see 
reviews in Furnes and Dilek 2022; Kusky and Celâl Şengör 
2023). Although rarely preserved (e.g. Kusky and Celâl 
Şengör 2023), few sheeted dike complexes have been 
identified in Archean greenstone belts, such as those in 
the 3800 Ma Isua greenstone belt (Greenland craton) 
(Furnes et al. 2009), the 3300 Ma Barberton Greenstone 
Belt (BGB, South Africa) (Grosch and Slama 2017) and the 
2700 Ma Yellowknife volcanic belt (Slave craton, Canada) 
(Corcoran et al. 2004), indicating features of ocean 
spreading centres. It is important to note that non-arc 
basalts need not be associated with oceanic crust 
formed at spreading centres. Evidence from the CSLIP 
shows that they may form by ambient mantle melting in 
continental rift environments (Herzberg 2022a). This 
model may also work well for the Archean greenstone 
terranes of the eastern Yilgarn Craton (Barnes et al. 
2021).

Previous Tp estimates show that non-arc basalts dur
ing Archean formed by ambient mantle melting, and 
that the komatiites represent mantle potential tempera
tures that are ~150–250°C greater than the then ambient 
mantle temperature (Nisbet et al. 1993; Herzberg 2022b). 
Herzberg and co-workers (Herzberg et al. 2010; Herzberg 
2022b) calculated the potential temperature from 
basalts and then compared those values with the
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modelled present-day secular cooling curve of the ambi
ent mantle of Korenaga (2008). This corresponds to an 
Urey ratio of ~ 0.38. The thermal evolution outlined by 
Korenaga is consistent with the present-day thermal 
budget of the Earth and hence a significant deviation 
from these values is equivalent to neglecting the estab
lished geophysical and geochemical constraints 
(Korenaga 2021). The strong fit between the petrological 
estimation and the modelled value led to the conclusion 
that the temperatures deduced from the Archean non- 
arc basalts were actually those of the convecting upper 
mantle and not the Archean plumes. Notwithstanding, 
based on trace element ratios, Brown et al. (2024) 
demonstrated the absence of present-day MORB-type 
crust during the Archean. They proposed that Archean 
non-arc basalts were derived through plume-crust inter
action, as their composition is similar to present-day 
oceanic plateau basalts (OPB). However, given the 
higher ambient mantle Tp during Archean (~250°C 
higher than today), others (Herzberg and Gazel 2009; 
Herzberg and Rudnick 2012) have shown that basalts 
derived from ambient mantle melting during Archean 
have similar composition to those of Phanerozoic pla
teau basalts. This is further evident from the secular 
thermal evolution of the ambient mantle and the 
plume. For example, the ambient mantle Tp during 
Archean ranges from 1450°C to 1650°C (this study; 
Korenaga 2008; Herzberg et al. 2010), which is compar
able to the Phanerozoic plume temperature (1450–1600 
℃) (Herzberg 2022b).

6. Early earth tectonics: inferred from various 
numerical modelling

The idea of a hotter Archean sparked interest among 
geoscientists, as researchers sought to rigorously assess 
the feasibility of plate tectonics on a warmer Earth 
through various numerical models. It is commonly 
believed that the characteristics of plate tectonics 
evolved due to the secular cooling of the mantle 
(O’Neill et al. 2007), with the recycling of oceanic crust 
via subduction occurring in a somewhat later phase of 
Earth’s history (Palin et al. 2020). Although plate recon
struction modelling shows the presence of prominent 
subduction zones since the early Neoarchean (review in 
Chatterjee and Mukherjee (2022)), ‘when did the plate 
tectonics begin?’ is still debated (Condie and Kröner 
2008; Van Kranendonk 2010; Korenaga 2013). 
Numerical models provide some indirect and intriguing 
results. However, it is important to note that the numer
ical models rely on various parameters, including ocean 
lithospheric thickness, density, plate velocity, slab 
length, as well as the viscosity of the convecting mantle.

These parameters are not understood accurately. 
A robust estimation of these parameters has remained 
contentious, and varying these parameters can yield 
different model results (Korenaga 2006). Results from 
several 2D and 3D thermomechanical models show the 
plausibility of both vertical tectonics and plate tectonics 
during the early Earth (Supplementary Table S4), which 
are briefly discussed below.

6.1. Vertical tectonics

Three mechanisms of vertical tectonics have been pro
posed: (i) sagduction, (ii) heat-pipe and (iii) stagnant-lid. 
Stagnant-lid considers a single lithospheric plate gov
erned by intrusive type of magmatism (O’Neill et al. 
2007). Heat-pipe, the most unstable type of stagnant- 
lid is characterized by surface volcanism, where magma 
traverses the lithosphere to the surface through vertical 
conduits (Stern et al. 2018). Sagduction, a less rigid 
mechanism than stagnant-lid convection, involves the 
foundering and partial melting of the base of 
a magmatically overthickened oceanic crust (Johnson 
et al. 2014).

The stagnant-lid hypothesis during early Earth is 
rooted in the idea that the mantle convected vigorously 
due to elevated internal temperatures resulting from 
higher internal heating (O’Neill et al. 2007; Beall et al. 
2018; Bédard 2018). During the Hadean-early Archean, 
elevated internal temperatures plausibly reduced the 
convective stress, and could not exceed the lithospheric 
strength. Consequently, the lithosphere remained intact 
and did not promote plate tectonics. However, the 
assumption of a purely internally heated mantle in pre
vious models has been questioned, given that the 
Earth’s mantle likely exhibits mixed heating – heating 
from both within and below (Korenaga 2017; Lenardic 
et al. 2021). Moreover, a mixed-heated mantle does not 
exhibit lower convective stress, as convective stress 
depends on the magnitude of basal heating rather 
than internal temperature (Korenaga 2017). The core 
heat flux during Hadean and Archean was higher than 
at present, decreasing from approximately 40% at 4500  
Ma to 25% at present (Korenaga 2017). The stagnant-lid 
mode further assumes a layered mantle convection dur
ing the Hadean-early Archean (e.g. Bédard 2018). 
However, thermodynamic experiments show whole- 
mantle convection and a more efficient plate subduction 
during early hotter Earth that better matches with the 
thermal evolution of the Earth (c.f., Agrusta et al. 2018).

Moore and Webb (2013) proposed a heat-pipe 
mechanism for the Hadean and early Archean Earth, 
inspired by its original proposal for Jupiter’s satellite Io. 
However, their heat-pipe model produces a lower
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geothermal gradient for the bulk lithosphere during 
Hadean and early Archean, which is considered as 
a major drawback of their model (Rozel et al. 2017; 
Roman and Arndt 2020; Korenaga 2021), and hence the 
model results cannot be applied to Earth-like planets.

‘Sagduction,’ a more widely accepted pre-plate tec
tonics mechanism, considers the destabilization and 
sinking of the base of a thick oceanic crust into the 
underlying hotter mantle. The central idea of sagduction 
comes from field observations, where the dome-and- 
keel structure of many Archean batholiths has been 
postulated to form from the down-sagging of the volca
nic pile and subsequent upwelling of the granitic mass 
(Macgregor 1951; Sandiford et al. 2004; Hickman 2012). 
However, such a structure is not unique to Archean, and 
similar structures are found in many Phanerozoic and 
Proterozoic accretionary orogenic belts as well. In such 
cases, arc-related granitic domes rise through the older 
volcano-sedimentary sequence (reviews in Kusky et al. 
2018; Windley et al. 2021). Given the analogous rock 
record and structural patterns observed in both modern 
accretionary orogens and Archean dome-and-keel pro
vinces, the authors (Kusky et al. 2018, 2021; Windley et al. 
2021) suggested that the later formed most likely within 
a mobile-lid setting rather than a stagnant-lid. Despite 
these debates, several workers performed numerical 
modelling of sagduction on a hotter Earth.

Studies show that the oceanic crust thickness is propor
tional to Tp (Sleep and Windley 1982; Van Thienen et al. 
2004; Herzberg and Rudnick 2012). Melting and mantle 
depletion begins at ~45 km beneath the modern spread
ing ridges but initiate at 35 km deeper for every 100°C 
increase in mantle temperature (Vlaar et al. 1994). In other 
words, a colder mantle intersects the peridotite solidus at 
shallower depths. As a result, the oceanic crust produced at 
a colder Tp is significantly thinner. Various numerical mod
els (Herzberg 2014; Johnson et al. 2014; Sizova et al. 2015; 
Rozel et al. 2017; Piccolo et al. 2019) show that at the base 
of a thick oceanic crust, the basalt converts to a garnet-rich 
dense lithology, most probably garnet amphibolite, which 
delaminates into the underlying mantle due to density 
inversion. The garnet amphibolite being hydrous produces 
TTG magma upon partial melting (Johnson et al. 2017).

However, the sagduction hypothesis has recently 
been re-evaluated and significant drawbacks have 
been pointed out. (i) First, all the models consider 
a homogeneous 40–45 km thick oceanic crust. In con
trast, Archean oceanic crust is internally differentiated. 
With basalts at the top and gabbros forming the middle 
crust, the lower part of a thick Archean oceanic crust 
contains olivine ± pyroxene bearing ultramafic anhy
drous cumulates (Roman and Arndt 2020). The in-situ 
transformation of these low-aluminium ultramafic

cumulates to a garnet-dominated lithology hence not 
feasible at the base of an oceanic crust. Recent experi
mental results further suggest that pressure in excess of 
1.5 GPa (~54 km depth) is required for a hydrous basalt 
to stabilize plagioclase, amphibole, garnet and rutile to 
achieve the required Eoarchean TTG composition (Hastie 
et al. 2023). This equilibrium pressure is higher than 
those at the base of overthickened basaltic crust during 
Archean and may require subduction for their formation. 
(ii) Most models do not consider the true rheology of 
a garnet-dominated lithology, e.g. incorporating the 
viscosity of a garnet-dominated lithology yields a time 
period of 1–10 Ga for crustal delamination, making sag
duction almost impossible (Mondal and Korenaga 2018). 
(iii) The volume of felsic crust produced by the sagduc
tion model is much less than the recently proposed 
crustal production rate during Archean (Rosas and 
Korenaga 2018; Guo and Korenaga 2020). Moreover, 
the production of felsic crust requires both basalt and 
water at the site of melting. Sagduction model fails to 
explain the presence of both and therefore, crustal 
growth by sagduction is less likely during the early Earth.

Besides the mechanisms discussed above, where sag
duction and crustal drips seem implausible for producing 
granitic masses, other mechanisms, such as intracrustal 
melting of Archean oceanic crust, might explain TTG for
mation on the early Earth. For example, the oceanic crust 
during the Archean might contain sills of melts that differ
entiated to form a thick middle and lower gabbroic crust, 
as seen in the present-day Iceland (Maclennan 2019; 
Baxter et al. 2023). Intracrustal melting of this gabbro 
under Archean geotherm can generate TTG melt, given 
that they are hydrous and have low Mg# to stabilize 
garnet, rutile and amphibole at a relatively low pressure 
(1 GPa ~36 km depth) (Smit et al. 2024). The TTG forma
tion stage might be followed by crustal drip or delamina
tion (e.g. Bédard 2006; Nebel et al. 2018; Smit et al. 2024). 
However, the Mg# in Archean gabbros ranges from 99 to 
12, with a mean value of 53. Considering a low Mg# (e.g. 
≤35) for the mafic source might lower the equilibrium 
pressure for garnet stability but would generate TTG 
with much lower Mg# than natural TTGs (e.g. Huang 
et al. 2020; c.f.; Johnson et al. 2017).

6.2. Plate tectonics

While vertical tectonics gained popularity amongst 
modellers, some authors attempted to model plate tec
tonics and subduction on an early hotter Earth (van 
Hunen and van den Berg 2008; van Hunen and Moyen 
2012; Foley 2018; Weller et al. 2019; Perchuk et al. 2021, 
2023). They proposed that subduction can happen 
under hotter mantle conditions for Tp = 1550–1600°C,
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but would experience frequent slab break-off due to the 
lower viscosity of the convective mantle. The lower visc
osity of the mantle resulting from higher temperatures 
in the past would reduce oceanic lithosphere strength, 
leading to slab break-offs occurring approximately every 
5–20 My (van Hunen and van den Berg 2008; van Hunen 
and Moyen 2012).

While temperature has a first-order control on mantle 
viscosity, the net water content also plays a significant 
role. For example, a hotter and drier mantle may have 
a viscosity similar to that of a colder wetter mantle (Hirth 
and Kohlstedt 1996; Crowley et al. 2011). The Archean 
convective mantle was drier and hotter than the pre
sent-day convective mantle (Korenaga et al. 2017). This 
challenges the notion that the early mantle invariably 
had a much lower viscosity than the present-day mantle. 
A quantitative estimation of the temperature-dependent 
viscosity profile of the convective mantle suggests ~12- 
fold increase in viscosity over the last 4000 Ma. However, 
when accounting for the effect of water, there is only a  
~3-fold increase in viscosity over the same period 
(Crowley et al. 2011). Accounting for this viscosity effect 
in models can produce a different time period for slab- 
break off during the Archean. A drier Archean mantle is 
consistent with the fact that, a substantial volume of 
ocean covered the surface during most of the Archean 
(Harrison 1999; Pope et al. 2012; Korenaga et al. 2017; 
Johnson and Wing 2020; Reimink et al. 2021).

Decompression melting at a high Tp produces a thick 
oceanic crust as well as a thick layer of dehydrated refrac
tory lithospheric mantle (Bickle 1986; Korenaga 2006). 
When considering this effect of dehydration stiffening, 
the oceanic lithosphere as a whole may not necessarily 
exhibit lower strength at high Tp. For example, incorpor
ating the effect of dehydration stiffening in numerical 
models revealed a substantial increase in the slab break- 
off time to 20 My (van Hunen and Moyen 2012), whereas 
neglecting this effect, indicates a significantly shorter 
break-off period of ~ 5 My (van Hunen and van den Berg 
2008; van Hunen and Moyen 2012).

Oceanic crust produced at higher Tp are denser than 
that produced at lower Tp (Korenaga 2006; Weller et al. 
2019). Consequently, one would anticipate a denser 
Archean oceanic crust than what is present today. 
Despite this, immediate subduction of the oceanic litho
sphere during the Archean is not guaranteed. This is 
because the oceanic crust and the depleted lithospheric 
mantle produced at higher Tp still remain positively 
buoyant compared to the unmelted mantle (Korenaga 
2006). Note that to initiate subduction, the oceanic litho
sphere must acquire a net negative buoyancy. Two 
schools of thought exist, with various authors proposing 
different mechanisms for the oceanic lithosphere to

achieve negative buoyancy during Archean. The first 
mechanism involves the basalt-to-eclogite transition, 
where an external stimulus, such as plume-induced sub
duction, may be necessary (Gerya et al. 2015; Davaille 
et al. 2017; Baes et al. 2020; Tran et al. 2023). Once 
initiated, subduction can be sustained under a variety 
of scenarios. The second mechanism proposes a sluggish 
plate motion than the present, starting from the early 
Archean and potentially continuing into the 
Paleoproterozoic, allowing the lithosphere to attain 
a net negative buoyancy that facilitates subduction 
(Solomatov 1995; Korenaga 2003, 2006; Bradley 2008; 
Herzberg et al. 2010; Foley 2018, 2022). However, other 
studies, based on detailed mineral physics calculations, 
argue that net negative buoyancy is not a necessary 
requirement for subduction (Hynes 2005; Afonso et al. 
2007). While grappling with these challenges, the task of 
bending and subducting a thick and stiff oceanic litho
sphere during the Archean becomes complex. 
Notwithstanding, thermal cracking, encompassing the 
fracture and hydration of the stiff lithosphere in the 
presence of surface water, can introduce localized 
zones of weakness. This promotes bending and subduc
tion of the lithospheric plate (Korenaga 2007, 2011).

Other mechanisms such as drip-like local subduction 
without involving a true plate boundary have been pro
posed for high Tp during the Hadean-early Archean (Foley 
2018; Gunawardana et al. 2024). This later evolved into 
modern-style slab subduction during the Mesoarchean as 
the Tp declined. However, considering the effects of ther
mal cracking, core heating related high convective stress, 
and a wet and heterogeneous mantle, other researchers 
(e.g. Korenaga 2011; Miyazaki and Korenaga 2022) pro
posed a plate boundary-related subduction since the 
Hadean. The drier mantle and a sluggish plate motion 
discussed above mostly applies to the Archean. In con
trast, the Hadean experienced a faster tempo of plate 
tectonics due to a wetter and hotter mantle, resulting in 
a much lower mantle viscosity (Moresi and Solomatov 
1998; Turcotte and Schubert 2002). A vigorously convect
ing mantle with low viscosity can drive convecting 
instabilities that can erode and weakens the lithosphere 
(Huang et al. 2003; Korenaga and Jordan 2003). 
Consequently, subduction associated with frequent slab 
break-offs on a scale of a few million years might repre
sent a potential tectonic scenario during the Hadean.

7. When did plate tectonics begin: constraints 
from geochemical, isotopic, mineralogic & 
petrologic evidence

While numerical modelling offers intriguing insights into 
the feasibility of plate tectonics on an early hotter Earth,
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these studies are only indirect evidence. Direct evidence 
of plate tectonics is derived from petrological, mineralo
gic, geochemical, isotopic, and field studies. Several work
ers have contributed to estimating the time period of the 
onset of plate tectonics, suggesting a broad temporal 
spectrum extending from the Hadean to the 
Neoproterozoic. Referring to plate tectonics, while some 
authors assert the exclusive significance of subduction 
(Stern and Gerya 2018), others stress on the importance 
of the entire Wilson cycle (Shirey and Richardson 2011). 
Due to the nature of plate tectonics, which tends to erase 
the past evidence, caution must be exercised in interpret
ing the available data before establishing a timeline for 
the onset of plate tectonics. The existing evidence does 
not definitively establish a timeline for the same, and 
multiple working hypotheses should be considered 
(Harrison 2024). Therefore, rather than asking when 
plate tectonics began, a more pertinent question arises: 
is there any geological period devoid of discernible sig
natures of plate tectonics? (Kusky et al. 2018; Harrison 
2024). See Supplementary Table S5 for a review of timing 
of onset of plate tectonics.

7.1. Proterozoic

Drawing upon numerous present-day subduction-zone 
indicators such as ophiolites, glaucophane-bearing blues
chist facies rocks, and ultra-high pressure (UHP) rocks – 
several authors (Hamilton 1998, 2011; Stern 2005; Zheng 
and Zhao 2020; Chen et al. 2022) proposed that plate 
tectonics commenced during the Neoproterozoic. 
Others suggested a Mesoproterozoic (1400–1100 Ma) 
time for its onset based on the age of neutral buoyancy 
of oceanic lithosphere (Davies 1992) and widespread 
occurrences of kimberlites (Stern et al. 2016). However, 
Stern (2023) provided compelling evidence for plate tec
tonics including the presence of ophiolites, low T/P meta
morphism including eclogites, seismic images of paleo- 
subduction zones, ore deposits, passive margin formation, 
etc., during the Orosirian period (2050–1800 Ma), 
Paleoproterozoic (see Supplementary Table S1 for other 
references). He further suggested that during the 
Proterozoic, the Earth shifted from a regime of plate 
tectonics to a single lid multiple times, with the single 
lid being associated with supercontinents.

Given their unstable nature, the ophiolites, blueschist 
facies, and the UHP rocks are susceptible to erosion, and 
the absence of these features from the geologic record 
probably reflects preservation issues (Harrison 2020). An 
illustrative contemporary example of this phenomenon 
is evident in the ongoing Himalayan orogeny, where 
approximately 70% of the exposed ophiolites, along 
with half of the accretionary complexes and nearly all

the UHP rocks, have been eroded (Yin and Harrison 
2000). Nevertheless, the unequivocal examples of 
Paleoproterozoic ophiolites have been documented in 
various parts of the world (Supplementary Table S1), and 
the presence of such formations may extend further 
back in time, as evidenced by Neoarchean ophiolites 
from the North China craton associated with eclogite 
facies metagabbro (Ning et al. 2022) and Eoarchean 
Isua supracrustal belt in Greenland (Furnes et al. 2009). 
Following the 1972 Penrose field conference on ophio
lites by Geological Society of America (GSA) (Anonymous 
1972), several geologists have argued that to be classi
fied as an ophiolite, the entire sequence, ranging from 
basal depleted harzburgites to the sheeted dike com
plex, must be preserved. However, preservation issues 
and dismemberment during ophiolite emplacement 
often result in scattered remnants. During Archean, 
higher Tp led to thicker oceanic crust, and a thickened 
crust during ophiolite emplacement could only effec
tively preserve the upper sections (Kusky and Celâl 
Şengör 2023; Zheng 2024), while the predominance of 
complete Penrose-type ophiolites since ~900 Ma indi
cates significant oceanic crust thinning due to secular 
cooling (Condie and Stern 2023).

Preserving UHP rocks poses a significant challenge, 
and observation of both oceanic and continental UHP 
rocks at surface is constrained by the exhumation process. 
Firstly, the exhumation of deeply subducted rocks is not 
a continuous process. Various factors, including the sub
duction geotherm and slab dip angle control crucially the 
exhumation of UHP rocks (Mukherjee and Mulchrone 
2012). For example, a higher subduction geotherm and 
a shallower dip angle can exhume negligibly (Agard et al. 
2009; Perchuk et al. 2023). Consequently, appearance of 
UHP rocks in the later rock-record might be an artefact of 
a steeper subduction angle and a colder mantle geotherm 
(Zheng and Zhao 2020) and not necessarily indicate the 
onset of plate tectonics. Recent developments in machine 
learning utilize the global litho-geochemical data to cal
culate the lithospheric thickness and correlate it with the 
secular change in metamorphic gradient (Zhang et al. 
2023). These analyses reveal that low to intermediate T/ 
P metamorphism has become widespread since the 
Neoproterozoic, whereas prior to this, subduction zone 
metamorphism was characterized by high to intermediate 
T/P conditions due to the warm and ductile nature of 
subduction (Brown and Johnson 2018; Brown et al. 2024).

Blueschist, a high-P and low-T metamorphic facies 
rock dominated by a Na-rich amphibole called glauco
phane, is often cited in studies advocating the initia
tion of plate tectonics during the Neoproterozoic. 
Models explaining the absence of blueschist in older 
rock records include preservation bias, lack of
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exhumation, or a hotter mantle (e.g. Pereira et al. 2021; 
Wu et al. 2024). An alternative model suggests that the 
absence of blueschist in ancient rock records is attrib
uted to the high-MgO basaltic composition in the past. 
Petrological modelling indicates that high Tp in the 
past produced high-MgO basalts, leading to the desta
bilization of glaucophane during subduction (Palin and 
White 2016). However, with secular cooling, the pro
duction of low MgO basalts became prevalent, contri
buting to the widespread occurrences of glaucophane- 
bearing blueschists since the early Neoproterozoic (Wu 
et al. 2024).

Davies (1992) showed that Archean was characterized 
by rapid plate motion due to high mantle temperature. 
Based on this observation, he argued that the oceanic 
crust began to attain a neutral buoyancy since ~1400 Ma 
due to a gradual fall in plate velocity. However, this 
observation is contentious. High Tp during Archean 
would not necessarily indicate rapid plate motion, 
when the oceanic lithosphere was much thicker than 
the present. Further, the average age of the subducting 
slab was higher in the past (Korenaga 2006), suggesting 
a sluggish plate motion during Archean than the present 
(Section 6.2).

Stern et al. (2016) proposed that the ‘build-up’ of 
H2O and CO2 in the convecting mantle, resulting from 
the onset of modern-style deep subduction at ~1200 Ma, 
played a major role in initiating the frequent occurrence 
of subsequent kimberlite magmatism. Despite steeper 
subduction being a characteristic of the Proterozoic, its 
correlation with the distribution of kimberlite remains 
uncertain (e.g. Tappe et al. 2018). For example, the oldest 
known kimberlite is of late Mesoarchean age (2850 Ma) 
(de Wit et al. 2016). Recent petrologic and geochemical 
constraints suggest that the volatile-rich nature of kim
berlite melt requires the incipient melting of the upper 
convecting mantle (Giuliani et al. 2023), a condition 
achievable in a relatively colder mantle. Tappe et al. 
(2018) proposed that secular cooling of the mantle has 
the dominant effect on the kimberlite magmatism and 
onset of plate tectonics cannot be inferred from the 
kimberlite distribution alone, although others (e.g. Liu 
et al. 2023) have acknowledged the importance of both 
thermo-tectonic changes for the occurrence of kimber
lite throughout Earth’s history.

7.2. Archean

7.2.1. Metamorphic T/P constraint
Paired metamorphic belts are parallel linear rock units 
that exhibit contrasting metamorphic P-T conditions. 
These belts are typically formed along convergent 
plate boundaries. Authors like Brown and Johnson

(2018) and Brown et al. (2024) proposed a widespread 
occurrence of two contrasting metamorphisms in terms 
of high and intermediate dT/dP in rock records since the 
beginning of the Neoarchean (Figure 6(a)). Although 
such metamorphism occurred during the Meso and 
Paleoarchean periods, they were local. They argued 
that the occurrence of dual thermal regimes, i.e. ultra- 
high temperature metamorphism (UHTM) with eclogite- 
high-pressure granulite (EHPG) metamorphism indicates 
the operation of modern plate tectonics at least since 
the Neoarchean. The paucity of such a metamorphic 
record in the older Meso-Paleoarchean rocks is attribu
ted to preservation bias (Brown and Johnson 2018), 
emphasizing ‘absence of evidence is not the evidence of 
absence.’ For example, Nutman et al. (2020) recently 
documented Phanerozoic-like low and high T/P meta
morphic conditions from the Eoarchean (3800 Ma) Itsaq 
Gneissic complex, Greenland. Olivine in these rocks is in 
equilibrium with antigorite and displays intergrowths of 
titano-clinohumite replacing titano-chondrodite, an 
apparent feature of decompression through a pressure  
~3.0 GPa and 500–700°C.

7.2.2. Detrital zircons & orogenic records
Based on zircon U-Pb age data, Condie and others 
(Condie 2000; Puetz and Condie 2021) proposed that 
the peak age distribution of zircon corresponds to oro
genic plutonism. Consequently, they suggested that 
local and global subduction commenced ~3000 Ma, 
reaching its peak around 2700 Ma. They further showed 
that subsequent periods of supercontinent (e.g. 1870, 
600 Ma) assemblage (Figure 6(b)) are the major periods 
of crust formation. However, this inference has been 
debated.

First, the Archean rock record is susceptible to pre
servation challenges. For instance, the efficient recycling 
of Archean continental mass (Section 7.2.6) has pre
served only a small fraction, ~8% of the actual mass 
produced during the Archean (Goodwin 1996). Second, 
since Zr is an incompatible element, its concentration in 
igneous rocks decreases with increasing age due to 
a higher degree of melting at higher Tp (Keller et al. 
2017). This has two implications. First, similar mass 
added to the crust in the past would produce less zircon 
than at present. Second, older zircons might represent 
a greater volume of the crust due to the high degree of 
partial melting (Korenaga 2018b). Lastly, the zircon age 
peak coincides with the period of supercontinent assem
blage and not the final stage of supercontinent amalga
mation, and most of the crust was produced during the 
accretionary orogenic phase (Condie et al. 2017; Spencer 
et al. 2017). Based on the preserved field evidence and 
geochemical signatures, it is best to apply the recent

514 S. DASH ET AL.



Figure 6. Indicators of continental tectonics: (a) metamorphic thermal gradient (dT/dP) grouped into three types are plotted against 
age. The three types of metamorphism shown are high dT/dP in black, intermediate dT/dP in red, and low dT/dP in green (Brown and 
Johnson 2018). The earliest record of paired metamorphism dates back to the Neoarchean, coinciding with the formation of first 
supercontinent (supercraton) around 2800–2700 Ma. First occurrence of low dT/dP metamorphism was during the Paleoproterozoic 
era, coinciding with the Columbia supercontinent period. (b) Relative frequency of collisional orogeny through time (Puetz and Condie 
2021), starting from Neoarchean. High frequency of collisional orogeny are observed during the period of supercontinent formation, 
e.g. Columbia, Gondwana (shaded areas). (c) Continental plate velocity through time starting from Meso-Neoarchean boundary (Piper 
2013), and continental angular speed since the last 2000 Ma (Condie et al. 2021). Supercontinent assembly, cyan; breakup, orange 
(modified after Condie et al. 2021). The Paleoproterozoic ‘Magmatic Lull’ (2300-2200 Ma) is characterized by tectono-magmatic 
shutdown (Spencer et al. 2018). The Mid-Proterozoic ‘Boring billion’ period (1800–800 Ma) (Roberts 2013) has also been shown, 
indicating a phase of tectonic stability where the Earth’s surface likely featured a single lithospheric lid (Stern 2023), leading to lower 
continental velocities, reduced frequency of continental orogeny, and a diminished record of metamorphism.
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model of plate tectonics that accretionary orogen has 
been operating at least since ~4000 Ma (Windley 1993; 
Komiya et al. 1999; Nutman et al. 2002; Bédard et al. 
2003; Shirey et al. 2008; Kusky et al. 2018; Windley et al. 
2021; Kusky and Wang 2022), whereas the Wilson cycle 
started to operate since ~2700–2500 Ma (Section 8).

7.2.3. Palaeomagnetism and continental plate 
motion
Palaeomagnetic investigations show continental plate 
motion since the Neoarchean, with peak velocity coin
ciding with the period of supercontinent assemblage 
(Cawood et al. 2006, 2018; Piper 2013) (Figure 6(c)) and 
detrital zircon age distribution (Figure 6(b)). Based on 
this observation, the authors propose that a change 
from a stagnant lid to a mobile lid occurred during the 
Neoarchean, with peak continental velocity coinciding 
with enhanced subduction activity during the supercon
tinent assembly phase, although a recent study (Condie 
et al. 2021) indicates that the plate velocity has been 
nearly constant over the last 2000 Ma. However, the 
palaeomagnetic indicator of plate tectonics is debated, 
with the evidence most likely suggesting Wilson cycle- 
related plate tectonics over the accretionary model. This 
is because the Wilson cycle requires a huge and stable 
continental mass, which was most likely absent until the 
mid-Archean (Section 8). The older rocks have further 
undergone intense metamorphism, overprinting the pri
mary geomagnetic features (Komiya et al. 2015). 
Nevertheless, few other studies have found modern 
plate-like motion in the Kaapvaal craton (Kröner 1991) 
and the Pilbara craton (Usui et al. 2020; Brenner et al. 
2022) dating back to the Meso-Paleoarchean (3200– 
3470 Ma).

7.2.4. Eclogite xenoliths
Eclogites or eclogitic minerals can occur as discrete rocks 
or minerals, such as xenoliths or xenocrysts in kimber
lites, or as inclusions within the continental lithospheric 
mantle (CLM) derived diamonds. Aulbach and Arndt 
(2019) identified the bi-mineralic eclogite xenoliths 
from the cratonic lithosphere as remnants of subducted 
oceanic crust, although a contrasting view suggests their 
formation via melt-rock reaction (e.g. Herzberg 2019; 
Emo and Kamber 2022). However, study (Shirey and 
Richardson 2011) suggests that the inclusions in the 
CLM-derived diamonds changed predominantly from 
peridotitic to eclogitic after 3000 Ma. Following the argu
ment, others (e.g. Farquhar et al. 2002; Smit et al. 2019) 
analysed the sulphide inclusions in diamonds and 
showed mass-independent fractionation of sulphur, 
which can only happen at surface anoxic conditions.

Based on these observations, the authors suggested 
that subduction and plate tectonics started ~3000 Ma.

The scarcity of eclogite xenoliths or eclogitic inclu
sions in older (>3000 Ma) diamonds as well as the highly 
depleted nature of the Archean CLM led geoscientists to 
argue that the Archean CLM was produced in-situ by 
plume magmatism (Griffin et al. 2003; Griffin and 
O’Reilly 2007). However, recent petrological and geo
chemical observations support a shallower depth of ori
gin for the CLM building blocks, similar to an Archean 
MOR setting, which later became continental through 
orogenic thickening or underthrusting (Bickle 1986; 
Kelemen et al. 1998; Gibson et al. 2008; Herzberg et al. 
2010; Herzberg and Rudnick 2012; Pearson and Wittig 
2014; Servali and Korenaga 2018). The mass imbalance 
arising from the absence of contemporaneous oceanic 
crust in the CLM can be explained by the viscous drai
nage of oceanic crust into the asthenosphere, which was 
incorporated early into the CLM at higher Tp (Wang et al. 
2022). Those incorporated after a certain period are still 
preserved (Luo and Korenaga 2021; Wang et al. 2022). 
Therefore, the lack of older eclogites in the CLM does not 
necessarily indicate that plate tectonics was not operat
ing before 3000 Ma.

7.2.5. Isotopic evidence
Short-lived radioactive isotopes have been studied to 
understand the nature of mantle convection and, con
sequently, the tectonic style. Given that the short-lived 
parent nuclides ceased to exist within the first 
few million years of Earth’s formation, the changes 
observed in their daughter nuclide within the mantle 
are attributed to the efficiency of convective mixing. In 
other words, due to a more rapid decay rate, the early 
mantle plausibly contained elevated concentrations of 
these radiogenic daughter isotopes. However, since 
there were no parent nuclides to undergo decay and 
generate new daughter nuclides after a certain period, 
the effective mixing and homogenization of the mantle 
would have erased these early signs. Two such short- 
lived radioactive nuclides are 146Sm and 182Hf, which 
decay to 142Nd and 182W, respectively. Debaille et al. 
(2013) showed that the mantle had a consistently posi
tive µ142Nd value until 2700 Ma, gradually declining to 
negative values thereafter. Drawing from this observa
tion, they proposed that Earth underwent a transition 
from a stagnant-lid to a mobile-lid during the 
Neoarchean. Their argument rests on the idea that if 
plate tectonics were active during early Earth, it would 
have eliminated the positive µ142Nd signature in the 
mantle due to vigorous convective mixing. Supporting 
evidence can be found in the182Hf-182W systematics, 
which shows a decrease in µ182W value from a range
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of +20 to +12 during the Eoarchean to a modern mantle- 
like value of +8 to 0 around 3600 Ma. This shift signifies 
the initiation of convective mixing attributed to the 
onset of plate tectonics (Mei et al. 2020). However, the 
idea of inefficient mixing does not necessarily rule out 
the existence of plate tectonics, given the likelihood that 
plate tectonics operated at a slower pace during the 
Archean (Section 6.2). Furthermore, plate tectonics can
not homogenize the entire mantle equally, as early sig
natures of Nd-mantle heterogeneity persist in the 
modern-day mantle as well (Hyung and Jacobsen 
2020). Variations in isotopic signatures can be explained 
by processes other than convective mixing. For example, 
the observed secular variation in µ142Nd for the depleted 
MORB-source mantle can be explained by rapid crustal 
production rate and efficient crustal recycling during the 
Hadean-Eoarchean (Rosas and Korenaga 2018). Unlike 
the 146Sm-142Nd systematics, 182Hf-182W is insensitive 
to silicate differentiation (Reimink et al. 2020) and pro
cesses such as core-mantle interaction and the mixing of 
CMB-derived material (µ182W~ −200) with the ambient 
mantle can explain the observed shift in 
µ182W magnitudes (Rizo et al. 2019; Reimink et al. 2020).

Hydrogen isotopes (δD) and other trace element ratios, 
e.g. H2O/Ce, in melt inclusions of olivine from the 
Paleoarchean Barberton komatiites indicate a hydrous 
source for their origin (Sobolev et al. 2019). 
A comparable hydrous origin has been identified for 
Neoarchean komatiites in Zimbabwe and the Superior 
craton (Sobolev et al. 2016; Asafov et al. 2018). These 
findings support the notion of a long-term process of 
water recycling of global ocean and continuous mantle 
hydration attributed to the subduction process. 
Continuous recycling of water reduced the surface 
ocean volume towards the end of Mesoarchean, allowing 
continental land masses to emerge above sea level 
(Flament et al. 2008; Korenaga et al. 2017; Bada and 
Korenaga 2018; Bindeman et al. 2018; Reimink et al. 2021).

7.2.6. Secular compositional change of continental 
crust
Early continental crust is believed to have a more mafic 
composition (SiO2 ~60 wt%, MgO ~4.7 wt%) and gradu
ally transitioned to its present-day felsic composition (SiO2 

~66 wt%, MgO ~2.2 wt%) (Taylor and McLennan 1985; 
Tang et al. 2016). The reconstructed MgO and SiO2 con
centrations of the upper continental crust (UCC), calcu
lated from trace element ratios (e.g. Cr/U, Cu/Ag, Ni/Co, 
and Cr/Zn) in shales and glacial diamictites, reveal 
a significant shift (Tang et al. 2016; Smit and Mezger 
2017; Chen et al. 2020). Specifically, the average MgO 
content decreased from ~15 wt% at 3200 Ma to ~4 wt% 
at 2600 Ma, while the average SiO2 increased from ~53 wt

% at 3000 Ma to ~65 wt% at 2400 Ma. This translates to 
a UCC comprising ~50–90% basalt-komatiite and 10–40% 
granite before 3000 Ma (Windley et al. 2021). Dhuime et al. 
(2015), based on the Rb/Sr ratio of ~13,000 igneous rocks 
with Nd model ages spanning from Hadean to 
Phanerozoic, proposed that the juvenile crust had lower 
SiO2 concentrations and was predominantly mafic before 
3200–3000 Ma. These observations led to the hypothesis 
that plate tectonics commenced around 3000 Ma.

The trace element variation in the Archean and post- 
Archean shales, based on which the previous authors 
argued for an early mafic continental crust was further 
carefully investigated. First, a decline in the concentration 
of compatible elements, e.g. Cr and Ni, and major oxides, 
e.g. MgO, after 3000 Ma may be attributed to a reduction 
in the production of high-MgO-producing rocks in 
response to a decrease in potential temperature (Komiya 
2007; Konhauser et al. 2009; Herzberg et al. 2010; Marty 
et al. 2019). Second, elements such as Cu, Zn, U, and Cr are 
redox sensitive and behave differently at different Eh-pH 
conditions. These variations in the post-Archean sedi
ments might be attributed to the effect of oxygenation 
of ocean-atmospheric system due to the Great Oxidation 
Event (GOE) at ~2500 Ma (Keller and Harrison 2020). The 
reference model developed by Keller and Harrison (2020), 
where the mixture of mafic, intermediate, and felsic rock 
maintains a constant SiO2 over time, can reproduce 
a similar Rb/Sr ratio for the continental crust as predicted 
by Dhuime et al. (2015) if the effect of secular cooling is 
considered. Similarly, the uniform Ti isotopic (δ49Ti) com
position observed in shales (Greber et al. 2017) across 
ages (3500–0 Ma) suggests that the continental crust has 
been predominantly felsic at least since 3500 Ma. This 
observation has recently been confirmed by Zhang et al. 
(2023), who found limited Ti isotopic fractionation in 
Archean TTGs, a trend observed in modern calc-alkaline 
differentiation series. These results are consistent with the 
inverse mixing model of Ptáček et al. (2020) for terrige
nous sediments, where it is argued that the UCC consisted 
of at least 50% felsic material at 3500 Ma, suggesting an 
early onset of plate tectonics.

Studies that argue for an onset of plate tectonics dur
ing 3000 Ma on the basis of UCC composition often cite 
the crustal growth rate of Dhuime et al. (2012). Based on 
the systematic variation in the hafnium and oxygen iso
tope of the detrital zircons, they showed that there is 
a marked decrease in crustal growth rate at 3000 Ma, 
which they demarcated as the period of onset of plate 
tectonics. However, the record of detrital zircon cannot 
quantify the total volume of crust recycled in the past, as 
net crustal growth reflects the running balance between 
the juvenile crust produced, internal overprinting, and 
crustal recycling (Harrison 2020; Condie 2021). And most
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of the crustal growth models proposed till date misinter
pret the present-day distribution of crust formation age as 
the net crustal growth (review in Korenaga (2018a)). The 
crustal growth model based on the mantle depletion 
history by Armstrong (1981) first predicted that continen
tal crust, equivalent to 80% of present-day continental 
mass, existed by the end of Hadean (Figure 7). Given 
that the surface age distribution of Archean or older 
rocks comprises only 8% of the present-day continent 
(Goodwin 1996), Armstrong (1981) concluded a higher 
continental recycling rate in the past. However, 
Armstrong’s model was overshadowed by alternative the
ories until recently, when an emerging consensus among 
contemporary models validated its significance. The esti
mated crustal growth rate, derived from both the secular 
Nd-isotopic variation of the depleted MORB-source man
tle (Rosas and Korenaga 2018) and the mantle’s argon 
degassing history (Guo and Korenaga 2020), aligns closely 
with Armstrong’s crustal growth rate curve (Figure 7). This 
alignment suggests that the early Earth witnessed both 
rapid juvenile crust production and effective recycling of 
these crust. Such a high rate of crustal production during 
the early Earth indicates an active plate tectonic scenario.

Starting from 3000 Ma, the continental crust witnessed 
the appearance of sanukitoid, reaching its peak around 
2700–2500 Ma (Martin et al. 2009; Laurent et al. 2014). This 
transition from predominantly TTG crust to a sanukitoid

one has been argued to demarcate the onset of modern- 
plate tectonics. It is widely accepted that sanukitoids are 
generated by the mixing of slab melt and sediment-dri
ven melt metasomatized mantle wedge (Halla 2005; 
Laurent et al. 2011, 2014; Mikkola et al. 2011; Li et al. 
2024). The high large ion lithophile element (LILE) budget 
and enriched radiogenic isotopes of sanukitoids signify 
continental input in their source (Martin et al. 2009). 
However, the absence of sanukitoid before 3000 Ma was 
mainly limited by two factors, e.g. the opening of mantle 
wedge and availability of terrigenous sediment. For exam
ple, flat subduction during early Earth (Abbott et al. 1994; 
Martin et al. 2005; Cawood et al. 2006; Perchuk et al. 2023) 
would leave a little space for the wedge mantle to form. 
Conversely, a relatively steep-dip subduction occurred in 
later periods due to secular cooling of the mantle that 
developed a prominent mantle wedge (Section 8). 
Terrigenous sediments were limited on the early Earth 
due to the limited exposure of continents above sea 
level. As stated in section 7.2.5, continents emerged 
above sea level during the Meso-Neoarchean period, 
which initiated subaerial weathering and supplied conti
nental sediments to the ocean floor. The formation of 
a metasomatized wedge mantle during this period can 
describe the appearance of sanukitoids and large-scale 
orogenic, porphyric, and epithermal gold deposits 
(Frimmel 2018) and the emergence of S-type granites in

Figure 7. Crustal growth models. The dark-yellow curve represents the crustal growth model proposed by Dhuime et al. (2012), 
indicating a decrease in crustal growth rate around 3000 Ma. This decrease might be linked to the initiation of subduction-related 
activity. The higher crustal growth rates during the early earth are indicated by the black, green, and red curves (Armstrong 1981, 
Rosas and Korenaga 2018; Guo and Korenaga 2020) indicating an early earth plate tectonics.
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a continent collision zone (Zhu et al. 2020). Further effects 
of large-scale continental emergence and subaerial 
weathering are reflected in the isotopic variation of sea
water, such as the enrichment of radiogenic isotopes 
(Satkoski et al. 2017) and a decline in δ18O values 
(Johnson and Wing 2020) during the Meso-Neoarchean.

7.3. Hadean

In the absence of preserved rocks older than 4000 Ma, most 
of the insights into the nature of the Hadean Earth are 
derived from the preserved zircons found in the Archean 
metasedimentary rock in the Yilgarn Craton, Western 
Australia. Notably, recent discoveries have expanded the 
presence of Hadean age zircons to 15 different sites glob
ally (Harrison 2020). Various zircon geochemical techni
ques, including δ18O, Ti thermometry, inclusion 
mineralogy, and trace element chemistry, have been 
employed to assess the crustal composition and petrogen
esis of the Jack Hills zircon source. The δ18O values 
observed in the 4300 Ma Jack Hills zircons are higher than 
the pristine mantle value, suggesting that the zircons crys
tallized from magmas, incorporating supracrustal material 
that formed in the presence of surface water. This ulti
mately indicates the presence of a liquid hydrosphere dur
ing the Hadean (Mojzsis et al. 2001; Wilde et al. 2001). 
However, the operation of stagnant-lid appears to be 
inconsistent with the presence of a liquid hydrosphere 
during the Hadean (Mojzsis et al. 2001; Wilde et al. 2001).

The identification of silicic magmatism, constituting  
~10% by volume in the present-day Iceland plume set
ting, sparked the development of the ‘Icelandic rhyolite’ 
model to elucidate the origin of the Jack Hills zircons 
(Valley et al. 2002). However, the crystallization tempera
ture calculated from Ti concentrations in Jack Hills zircons 
(4200 Ma) is 680 ± 25°C (1σ), contrasting sharply with the 
higher average value of 780 ± 50°C (1σ) for Icelandic zir
cons (Harrison 2009). The lower crystallization tempera
ture for the Jack Hills zircons suggests water-saturated 
conditions during their formation. This challenges the 
plume origin proposed in the ‘Icelandic rhyolite’ model. 
The markedly low crystallization temperature of Jack Hills 
zircons further distinguishes them from the impact-pro
duced zircons, which exhibit a considerably higher aver
age crystallization temperature (773 ℃) (Wielicki et al. 
2012; Kenny et al. 2016). This interpretation gains addi
tional support through thermobarometric calculations 
involving primary muscovite inclusions (Siapfu ~3.45) 
from the 4200 Ma zircons. The geotherm value inferred 
from the inclusion study, measuring at 75 mW m−2, is 
three to five times lower than the estimated heat flow 
during the Hadean. This finding suggests a low heat flow 
under-thrusting environment as the likely origin for these

zircons. Consequently, the Jack Hills zircons are inter
preted to have formed in a subduction setting (Hopkins 
et al. 2008). Recent geochemical studies indicate a range 
of parent melt compositions for the Jack Hills zircons 
(3700–4400 Ma) ranging from an intermediate andesitic 
(Turner et al. 2020) to an I-type or a clay-rich S-type 
magma (Chowdhury et al. 2023). All these indicate 
a subduction zone origin.

While all the geochemical signatures point towards 
a subduction origin for the Jack Hills zircon, the possibi
lity of continental crust produced in an oceanic island 
setting during the Hadean cannot be entirely dismissed 
(Reimink et al. 2014). For example, the high average 
crystallization temperature observed in the Hadean 
Zhejiang detrital zircon in Eastern China (Xing et al. 
2014) may indicate a plume environment for its 
formation.

8. From proto-tectonics to modern-style 
tectonic evolution of the Earth: discussions & 
concluding remarks

The evolution of plate tectonics has primarily been dis
cussed in the context of crustal evolution. Generation of 
felsic crust without subduction requires a suitable proto
lith composition to stabilize the necessary residual miner
alogy in an overthickened crust (Section 6.1). Plate 
tectonics, supposedly active since the Hadean, plays cri
tical roles beyond continental crust generation, including 
the regulation of the geodynamo (e.g. Fu et al. 2024; c.f.; 
Tarduno et al. 2023) and the rapid sequestration of early 
atmospheric CO2 (Catling and Zahnle 2020). As per some 
definitions, ‘plate tectonics’ refers to the existence of 
a global network of interconnected plate boundaries, 
characterized by sustained and stable subduction. 
Several authors (e.g. Bédard 2006; O’Neill et al. 2007; 
Johnson et al. 2017; Nebel et al. 2018) have suggested 
that the early Earth was characterized by a stagnant-lid 
regime that transitioned to a mobile-lid during the Meso- 
Neoarchean Period. Contrarily, others (e.g. Korenaga 2021; 
Kusky et al. 2021; Windley et al. 2021) propose that the 
Earth is likely to enter a stagnant-lid mode in future since 
tectonic activity diminishes due to gradual cooling. 
However, the fundamental question remains: ‘Was the 
Earth devoid of any mobile-lid activity during the Hadean 
or early Archean, even though the modern-day definition of 
plate tectonics does not fit this time-span?’ Studies show 
that plate boundary formation during the Hadean and 
early Archean was facilitated by the presence of surface 
water and a higher rate of core heating in the past 
(Section 6.2). In the absence of these factors, a different 
tectonic condition, e.g. a plutonic squishy lid might repre
sent an early Earth tectonic feature (Bédard 2006;
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Lourenço and Rozel 2023). However, observational as well 
as theoretical evidence support the former.

There are numerous geological and geochemical indi
cators since the Hadean/early Archean that indicate 
operation of plate tectonics. Moreover, the preserved 
structural features of Archean can well be explained by 
compressional horizontal tectonics (Kusky et al. 2021; 
Cutts et al. 2024; Aldoud et al. 2024), eliminating the 
need for untestable models regarding the early Earth 
evolution. In the present-day tectonically active Earth, 
convergent margins occupy only ~2.4% of the Earth’s 
total surface area (Kusky and Wang 2022). And whether 
globally connected or not, the Archean Earth might have 
similarly represented a mobile-lid planet.

After reviewing various numerical studies on the viabi
lity of plate tectonics on a hotter Earth, along with numer
ous investigations encompassing geochemical, isotopic, 
field and petrographic aspects, we now provide a concise 
overview of how plate tectonics evolved over time in 
tandem with the secular cooling of the mantle. The physi
cal evidence for the mantle’s thermal state, expressed in 
terms of mantle potential temperature (Tp) can be traced 
back to 3800 Ma (this study; Korenaga 2008; Herzberg et al. 
2010; Ganne and Feng 2017; Herzberg 2022a). Theoretical 
calculations suggest a Tp value of ~1700°C at the end of 
putative magma ocean solidification (Abe 1997; Solomatov 
2000) during the early Hadean (Figure 8); however, there is 
currently no direct physical evidence of the thermal state of 
the Hadean mantle. Theoretical studies argue initiation of 
proto-plate tectonics on a chemically stratified heteroge
neous mantle formed by solidifying the magma ocean (e.g. 
Ernst (2017); Miyazaki and Korenaga (2022) and references 
therein). With most of the water in the mantle, the hotter 
Hadean mantle would facilitate a faster plate movement 
due to reduced viscosity of the mantle (Turcotte and 
Schubert 2002; Osei Tutu et al. 2018). The early onset of 
plate tectonics is consistent with the zircon geochemistry 
(Section 7.3), whereas the faster tempo of plate tectonics is 
reflected in a higher rate of crust generation rate 
(Section 7.2.6). Rapid plate movement would facilitate 
quick degassing (Li et al. 2016, Nakagawa 2023), forming 
a global ocean and a homogenous pyrolytic mantle 
towards the end of Hadean (Davies 2006; Miyazaki and 
Korenaga 2022). Formation of a global ocean is equivalent 
to a dry mantle during the early Archean.

Decompression melting of a pyrolytic mantle beneath 
mid-ocean ridges (MOR) would produce a thick crust and 
a thick melt-depleted lithospheric mantle at elevated Tp 

during the early Archean (Bickle 1986; Van Thienen et al. 
2004; Korenaga 2006; Herzberg et al. 2010; Herzberg and 
Rudnick 2012). A thick oceanic lithospheric over a viscous 
mantle demarcates the onset of sluggish plate motion 
since the early Archean (Section 6.2). Sluggish tectonics

facilitates subduction of an older and thicker plate. Since 
a thicker plate is stiffer, subduction of such a plate would 
result in a wider curvature with a lower dip at shallower 
depths leading to flat subduction (Section 7.2.6).

The thermal evolution of Earth has further played 
a significant role in shaping continental tectonics tempo
rally. Most of the felsic continental crust produced during 
the early Earth existed within a small relict oceanic arc 
setting, with only a minor portion produced in an oceanic 
island setting. The oldest continental mass, e.g. an Archean 
craton formed due to collision of such proto-arcs (e.g. 
Windley et al. 2021 and references therein). This idea is 
consistent with recent petrological estimations for the for
mation of cratonic mantle keels (Section 7.2.4). Highly 
depleted peridotites with low density, resulting from melt
ing at high Tp, served as the building blocks of the cratonic 
lithospheric mantle, making mantle keels specifically 
unique to the Archean. However, peridotite xenoliths 
from Archean cratons indicate a formation age distribution 
between 3500 and 2500 Ma (Pearson et al. 2021). The 
absence of evidence of cratonic peridotite before 3500  
Ma indicates that the early-formed cratons may have 
been destroyed.

Cratons form during orogenic thickening, and an 
initial grain-size reduction is a prerequisite for the oro
genesis (Lee and Chin 2023). However, elevated Tp limits 
this factor, thereby hindering orogenic thickening dur
ing the Hadean or early Archean (England and Bickle 
1984; Rey and Coltice 2008; Lee and Chin 2023). Even 
an overthickened lithospheric structure during the early 
Earth would be unstable because of high radiogenic 
heat production in the early-formed continental crust 
(Morgan 1985). An overthickened crust would eventually 
increase the total budget of heat-producing elements, 
resulting in further heating through the radioactive 
decay of elements such as U, Th and K. High radiogenic 
heating would elevate the Moho temperature to 
a threshold value of 800°C. Beyond this point, the total 
lithospheric structure becomes unstable, leading to the 
complete delamination of the lithospheric mantle along 
with the Moho (Morency and Doin 2004). Other observa
tions suggest a lower stability of the CLM due to reduced 
viscosity of the convecting mantle during the Hadean 
(Section 6.2), while the stability of the CLM evolved 
through gradual hydration of the convecting mantle, 
driven by a net positive regassing during the Archean 
(Karato 2010; Korenaga 2013, 2018b). Lithospheric man
tle is unlikely to be stabilized by hydrous flux melting, as 
this process would add water to the lithosphere and thus 
weaken it (Pearson and Wittig 2008). Interestingly, the 
Earth shifted from a state of net degassing to a state of 
regassing around 3500 Ma (Crowley et al. 2011), preser
ving the highly viscous nature of the continental
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lithospheric mantle. Continuous collision of these stable 
proto-arcs led to the formation of cratons, which subse
quently amalgamated to form the first supercontinent

during the Neoarchean, demarketing the initiation of the 
Wilson cycle (Figure 8). With this in mind, the rapid 
crustal recycling rate during the Hadean or early

Figure 8. Schematic diagram illustrating major phases in tectonic evolution through Earth’s history. Tp at the end of putative magma 
ocean phase is estimated to be ~1700°C (Abe 1997; Solomatov 2000). Tp decreased from an average value of 1569°C in the Eoarchean 
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Archean (Section 7.2.6) might be attributed to litho
spheric mantle instability, where the continental crust 
was recycled via processes like arc subduction or sub
duction erosion (Yamamoto et al. 2009; Azuma et al. 
2017).

Through continuous subduction and a net positive 
influx of water, the mantle efficiently cooled and under
went gradual hydration (Section 7.2.5). This process 
further led to the emergence of continents, initiating 
subaerial weathering and supplying terrigenous sedi
ments to the ocean floor during the Meso-Neoarchean 
period (Section 7.2.6). Presence of oldest kimberlite of 
late Mesoarchean age (2850 Ma) (de Wit et al. 2016) 
supports the idea that a relatively colder ambient mantle 
was present locally during that period indicating rapid 
cooling of the mantle owing to subduction and positive 
water influx to mantle. With decreasing average Tp 

values from Eo-Neoarchean, decompression melting of 
a pyrolytic mantle resulted in a thinner oceanic litho
sphere. Subduction of this thinner lithosphere facilitated 
a relatively steeper subduction geometry and laid the 
foundation for modern plate tectonics by developing 
a prominent wedge mantle and arc magmatism. With 
further secular cooling of the mantle, a contemporary 
tectonic style developed, giving rise to various present- 
day subduction zone features, e.g. blueschist facies, and 
UHP rocks since the Neoproterozoic (Section 7.1).

Some of the key observations from this study are 
listed below

● Unlike the colder Archean mantle theory, a hotter 
early Earth and its secular cooling can describe the 
geodynamical changes through Earth’s history.

● Tp values observed from this study support a hotter 
Archean ambient mantle theory and is consistent 
with the present-day thermal budget of the Earth.

● Limited preserved evidence prior to 3000-3500 Ma 
indicate plate tectonics was operating deep in the 
time.

● The subduction geometry evolved temporally due 
to secular cooling of the mantle, with modern plate 

tectonics initiating in the Neoarchean. A more typi
cal present-day plate tectonics began during the 
Neoproterozoic.

Highlights

(1) Our Tp estimation suggests a hot ambient mantle condition 
during Archean and Proterozoic.

(2) The secular cooling of the mantle significantly influenced 
subduction geometry, with modern-style subduction 
beginning in the Neoarchean.

(3) Preserved field, petrographic and geochemical evidences 
suggest that subduction-related tectonics have been active 
throughout Earth’s history.

Abbreviations

CLM Continental Lithospheric Mantle
CMB Core-Mantle-Boundary
Cpx Clinopyroxene
D Depth
(dF/dP)S Melt productivity
DM Depleted mantle
dT/dD Adiabatic gradient with depth
EM Enriched mantle
HM Hydrated mantle
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Mg# Magnesium number
MOR Mid-oceanic ridge
MORB Mid-oceanic ridge basalt
OPB Oceanic Plateau Basalt
Pg Magma generation pressure
Plg Plagioclase
Tp Potential temperature
T�p Apparent potential temperature
Tg Magma generation temperature
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