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The preserved archive of continental crust suggests that various secular geologic and geochemical 
transitions took place during the Mesoarchean and Neoarchean (∼3.2–2.5 Ga). These transitions, 
which are imprinted in the metamorphic and magmatic rock-record, include the emergence of 
paired metamorphism, an increasing depth of tonalite-trondhjemite-granodiorite (TTG) formation, the 
widespread appearance of granites and changes in the composition of mafic rock. Previous studies have 
argued that these secular transitions reflect secular cooling of the mantle and herald a gradual transition 
from pre-plate tectonic to plate tectonic regimes. However, their tectonic driver remains elusive, in part 
due to a lack of detailed understanding of lithospheric dynamics prevalent during this transitional period 
when the mantle was warmer compared to the present-day. Here, we demonstrate that lithospheric 
convergence driven by peel-back (/peeling) process under warmer mantle conditions – termed as 
peel-back convergence – may explain the late Archean secular transitions. This tectonic phenomena 
features large-scale peeling (a form of delamination, but not dripping) of the mantle lithosphere 
with or without lower crustal rocks during convergence. We simulated numerical models of peel-
back convergence under Archean crust-mantle conditions and predicted the pressure-temperature (P-T) 
conditions of crustal metamorphism and melting. The evolution of peel-back convergent setting features 
juxtaposition of a colder, compressional regime with thickened crust that forms at the site of peeling, 
and a warmer, extensional regime with thinned crust forming behind it. The metamorphic and magmatic 
P-T conditions prevalent in these two tectonothermal sites replicate the features of the late Archean 
rock record, including the: appearance of coeval high-T /P and intermediate-T /P metamorphic rocks; 
greater abundance of high-T /P relative to intermediate-T /P metamorphic rocks; dominant formation of 
TTGs at higher pressures where garnet ± rutile is stable in the residue; reworking of pre-existing felsic 
rocks/sediments to produce potassic granites; and interaction of crustal melts and mantle to form hybrid 
granitoids. Thus, peel-back convergence can explain the thermobaric bimodality of late Archean rocks 
within an asymmetric tectono-thermal framework. However, unlike modern convergent plate boundaries, 
the asymmetry is controlled by lithospheric peeling.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The Earth underwent several fundamental geological and geo-
chemical transitions during the Mesoarchean-Neoarchean eras that 
includes: (1) extensive felsic magmatism and the widespread 
emergence of felsic continents (Dhuime et al., 2015; Tang et al., 
2016), (2) evidence of compressive deformation associated with 
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lateral movement of the crust (Cawood et al., 2006, 2018; Evans 
and Pisarevsky, 2008), (3) formation of large sedimentary basins 
(Fedo and Eriksson, 1994; Cawood et al., 2018), (4) co-existence 
of high-pressure granulites (E-HPG) with low-/medium-pressure 
high-temperature granulites (G-UHT) that is consistent with the 
appearance of paired metamorphism (Brown, 2006; Brown and 
Johnson, 2019, 2018; Holder et al., 2019), (5) a decreasing degree 
of mantle melting as well as compositional changes within mafic 
and felsic magmatic rocks (Martin and Moyen, 2002; Moyen and 
Martin, 2012; Keller and Schoene, 2012; Johnson et al., 2019), and 
(6) the first eclogitic inclusions in diamonds (Shirey and Richard-
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son, 2011). Whereas recent studies have constrained the timing 
of these geologic changes to the ∼3.2–2.5 Ga age-window, their 
causes and link to the prevalent geodynamic regime remain poorly 
understood (Cawood et al., 2018; Condie, 2018).

Though debated, geodynamic modeling and the preserved rock 
record is consistent with a stagnant-lid tectonic regime during the 
Hadean-to-early Archean, which then gradually transitioned into 
plate tectonics by the end of Archean-to-early Proterozoic (Cawood 
et al., 2018; Condie, 2018; Fischer and Gerya, 2016; O’Neill et al., 
2018). The late Archean geological changes may relate to this tran-
sitional phase between stagnant-lid tectonics and plate tectonics 
(Cawood et al., 2018; Condie, 2018; Capitanio et al., 2019). How-
ever, the nature of this transitional tectonic regime remain uncer-
tain, thus leaving the geodynamic causes for these fundamental 
geological transitions open to conjecture (Cawood et al., 2018).

In this study, we seek to reconcile the late Archean geologic 
record with geodynamic models to investigate the tectonic set-
ting that can explain the aforementioned secular geologic transi-
tions. Previous studies have suggested that the late Archean period 
witnessed horizontal lithospheric movements and plate margin-
type processes that were significantly different from those acting 
at modern plate margins. Particularly, convergent settings at that 
time record extensive magmatism, widely distributed deformation 
pattern(s), long-lived tectonothermal processes, lack of ultra-high-
pressure (UHP) metamorphism, and lack of significant topography-
all of which are different from modern subduction-collision set-
tings (Rey and Houseman, 2006; Dewey, 2007; Hamilton, 2007; 
Chardon et al., 2009; van Hunen and Moyen, 2012; Sizova et al., 
2014; Ernst et al., 2016; Cawood et al., 2018; Stern, 2018; Clark et 
al., 2018; Chowdhury and Chakraborty, 2019; Taylor et al., 2020; 
see Palin and White, 2016 for alternate views). These differences 
in the tectonic styles are linked to the thermal evolution of the 
mantle (van Hunen and Moyen, 2012; Ernst et al., 2016; Condie et 
al., 2016; Condie, 2018; Cawood et al., 2018), which is expected to 
have been warmer by ∼100–200 ◦C during the late Archean com-
pared to the present-day (Supplementary Fig. 1; Herzberg et al., 
2010; Ganne and Feng, 2017; Korenaga, 2018; Aulbach and Arndt, 
2019). Indeed, numerical modeling at higher mantle potential tem-
peratures (T p) suggest that convergent boundaries, if they existed, 
would have been characterized by shallow slab break-off, juvenile 
magmatism, extensive crustal recycling, and widespread zones of 
lithospheric delamination, features that are uncommon today (van 
Hunen and van den Berg, 2008; van Hunen and Moyen, 2012; 
Sizova et al., 2014, 2015; Fischer and Gerya, 2016; Chowdhury et 
al., 2017; Perchuk et al., 2018; O’Neill et al., 2018; Aulbach and 
Arndt, 2019; Weller et al., 2019).

Recent modeling studies suggest that lithospheric convergences 
under warmer Archean mantle conditions, particularly those in-
volving thick crust bearing lithospheres (called protocontinents
hereafter), were controlled by large-scale peeling of the litho-
spheric mantle and lower crust (Chowdhury et al., 2017; Perchuk 
et al., 2018). This tectonic process is termed as peel-back (earlier 
called peeling-off) convergence. Here, we explore the potential of 
this tectonic process in reconciling the late Archean rock record 
via numerical modeling. We particularly focus on a comparison of 
the model predictions with the secular transitions in metamorphic 
and magmatic record. Our study has implications for the nature of 
convergent settings that dominated the late Archean, transitional 
tectonic regime.

2. Modeling peel-back convergence

The term peel-back (/peeling-off or peel-off) refers to the clas-
sical definition of delamination where the mantle lithosphere peels 
off from the overlying crust (cf. Göğüş and Ueda, 2018). Thus, 
the peel-back convergent setting distinguishes itself from other 
tectonic settings where Rayleigh-Taylor instabilities or foundering 
processes dominate (Johnson et al., 2014; Chowdhury et al., 2017). 
The term protocontinent refers to Archean lithospheric segments 
with thick (∼30–40 km), mafic-dominated and rheologically dif-
ferentiated crust that rise above the adjacent seafloor (not neces-
sarily above the sea-level) and may contain some volume of felsic 
rocks (Lee et al., 2016). Given that protocontinental crust under-
went transitions from dominantly mafic to more felsic, subaqueous 
to subaerial and became thicker during the late Archean (Dhuime 
et al., 2015; Lee et al., 2016; Cawood and Hawkesworth, 2019), 
we used the prefix proto in the definition to separate it from the 
fully developed andesitic, thick and subaerial continental crust that 
formed subsequently.

Chowdhury et al. (2017) characterized the nature of peel-back 
convergence through a detailed parametric study involving changes 
in mantle T p , oceanic plate characteristics, subduction velocity and 
eclogitization (also see Perchuk et al., 2018). For the purpose of 
this study, numerical models are simulated to document the P-T
evolution of protocontinental crust that undergoes metamorphism 
and partial melting during peel-back convergence. The P-T values 
are obtained from the rock-markers that are present in the mod-
els and carry information about specific rock types (see Section 2.3
for details). We used the model-set of Chowdhury et al. (2017) as 
well as simulated new models (Table 1) to track the rock-markers. 
The new models also explore the effect of variable crustal compo-
sition, lithospheric thickness and Moho-temperature (Moho-T ) of 
the protocontinents on peel-back convergence; thus, extending the 
existing parameter space (Table 1). We present brief descriptions 
of the initial model setup and the evolution of our new models 
followed by a detailed description of the methods of retrieving the 
P-T information of metamorphism and melting using rock-markers.

2.1. Model setup

The numerical modeling was performed using the thermome-
chanical code I2VIS (cf. Gerya, 2010). The model dimensions are 
4000 km × 1400 km and is resolved using 1361 × 351 nodes and 
∼11.5 million randomly distributed Lagrangian markers. Following 
the models of Chowdhury et al. (2017), our initial setup includes 
two protocontinents separated by an oceanic lithosphere (Supple-
mentary Fig. 2). The oceanic lithosphere is prescribed to undergo 
subduction under the right-hand side protocontinent via a weak 
zone. The prescribed velocity field is removed towards the end 
of subduction and the subsequent peel-back convergence evolves 
spontaneously. This imposed subduction represents the short-lived 
subduction-type (or any lid-overturn) events of the Archean that 
may have occurred either spontaneously through mantle convec-
tion, or triggered by plume emplacements or meteoritic impacts 
(Gerya et al., 2015; Sizova et al., 2015; O’Neill et al., 2018, 2020; 
Brown and Johnson, 2019). Furthermore, studies show that param-
eters controlling the subduction-type processes do not critically 
affect the long-term evolution of the peel-back convergence, which 
is our focus (Chowdhury et al., 2017; Perchuk et al., 2018). Conse-
quently, we did not investigate these parameters.

Each protocontinent consists of a 40-km thick crust that is 
equally divided into upper, weak (wet quartzite flow law) and 
lower, strong (plagioclase An75 flow law) crustal layers (Supple-
mentary Fig. 2a). We investigated two protocontinental types (Sup-
plementary Fig. 2; see Supplementary Text for details), each char-
acterized by a specific crustal composition- (1) mafic protoconti-
nent: consisting of a mafic-dominated upper crust (2850 kg/m3) 
and a fully mafic (3000 kg/m3) lower crust, and (2) intermediate 
protocontinent: consisting of upper felsic (2700 kg/m3) and lower 
mafic (3000 kg/m3) crustal layers. We further varied the proto-
continental lithospheric thickness between 90–140 km, which re-
sulted in Moho-T ranging between ∼470–700 ◦C (Supplementary 
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Table 1
Summary of model-conditions and results.

Model Mantle T p

(◦C)
Proto-continental plate Proto-oceanic plate

Crustal 
type

Crust density [Up;Lr]
(kg/m3)

Lithosp. thick. 
(km)

Initial Moho-T
(◦C)

Cooling age 
(Ma)

Imposed vel. 
(cm/a)

clrd 1525 Intermediate 2700; 3000 140 476 80 5
clrh 1525 Intermediate 2700; 3000 140 476 20 5
clrl 1525 Intermediate 2700; 3000 140 476 80 5
clce 1525 Mafic 2850; 3000 140 476 80 5
clcc† 1525 Mafic 2850; 3000 140 476 20 5
hlra 1525 Intermediate 2700; 3000 105 600 80 10
hlrb 1525 Mafic 2850; 3000 96 650 20 10
hlrc 1525 Intermediate 2700; 3000 96 650 80 10
hlrd 1525 Intermediate 2700; 3000 90 700 80 10
hlrf 1525 Intermediate 2700; 3000 96 650 60 10

† Upper crust has strong rheology (plagioclase An75 flow law). See Supplementary Fig. 2c. Parameters for first four model are modified after Chowdhury et al. (2017). See 
Section 2 and Supplementary Material for numerical methodology.
Fig. 2b; Table 1). The protocontinental thickness is thermally de-
fined by the break in the slope of geotherm which represents 
the lithosphere-asthenosphere boundary (Supplementary Fig. 2b). 
A mantle T p of 1525 ◦C with an adiabat of ∼0.5 ◦C/km is used for 
the convecting mantle in all the models (Fig. 2b). Although there 
is a consensus that mantle was warmer in the Archean than to-
day, the magnitude of this difference is debatable and could be 
either ∼100–150 ◦C (e.g., Ganne and Feng, 2017) or ∼150–250 ◦C 
(e.g., Herzberg et al., 2010; Korenaga, 2018). In view of these un-
certainties, our chosen mantle T p of 1525 ◦C (� Tp = 175 ◦C) is 
appropriate for the ∼3.2–2.5 Ga period (Supplementary Fig. 1). The 
models also account for radioactive heating appropriately adjusted 
for the Archean times (Perchuk et al., 2018; Sizova et al., 2015). 
A more detailed description of the numerical techniques is given 
in the Supplementary Material. All the physical properties of the 
different rock types used in modeling are given in Supplementary 
Fig. 2c.

2.2. Evolution of peel-back convergence

The evolutionary stages of peel-back convergence are shown in 
Figs. 1 and 2. The evolution of a representative model with mafic 
protocontinents (model hlrb) starts with the imposed subduction 
of oceanic lithosphere (Fig. 1a). As mentioned above, this stage 
represents the isolated subduction or lid overturn events of the 
Archean (e.g., Sizova et al., 2015; Brown and Johnson, 2019). Even-
tually, the oceanic lithosphere breaks-off marking the onset of pro-
tocontinental convergence (Fig. 1b). This shallow break-off (and/or 
slab roll-back) of the oceanic plate leads to mantle upwelling 
(Fig. 1b-c), which thermally weakens the protocontinental crust 
and initiates its melting (Fig. 1c). This forms a weak area within 
the crustal region that facilitates the decoupling of the upper 
crustal layer from the underlying lithospheric mantle and lower 
crustal layer. Subsequently, the lithospheric mantle and lower 
crustal rocks delaminate, which in turn causes large-scale man-
tle upwelling (Fig. 1d). Intermittently, mantle-heat induced viscous 
detachments occur within the hanging part of the delaminating 
lithosphere (Fig. 1d). These episodic detachments slow down the 
lithospheric peeling, however the convective flow of mantle around 
the delaminating lithosphere outlasts such impedances and sus-
tains the peel-back process over time. Changing the lithospheric 
thickness, crustal composition and Moho-T of the protocontinents 
do not affect this tectonic style (Figs. 1, 2 & Supplementary Fig. 3), 
although thick and cold lithospheric structure accounts for devel-
opment of well-developed, thrust plane bounded thickened crustal 
zone at the peel-back front (cf. Figs. 1 & 2). These different mod-
els are now used for predicting the metamorphic and magmatic 
evolution of protocontinental crust.
2.3. Tracking rock-markers for P-T information

Rock-markers are the Lagrangian tracers/particles that move 
through the Eulerian grid system according to the velocity field. 
Each rock-marker represents a specific solid or molten rock type 
and carries the information about its physical properties (Gerya, 
2010; Sizova et al., 2014, 2015). These rock-markers can be tracked 
over the entire model-time and the evolution of their physical 
properties can be obtained. We predicted the P-T conditions of 
crustal metamorphism and melting by tracking rock-markers from 
selected cross-sections of the protocontinental crust during the 
evolution of representative models as shown in Figs. 1 and 2. 
These model-derived P-T conditions are compared against the nat-
ural record of metamorphic and magmatic P-T values.

To recover the peak metamorphic P-T, we tracked all the rock-
markers present within a representative section of the protocon-
tinental crust from the model clrd (the box in Fig. 2b). However, 
we chose to consider only those rock-markers that were exhumed 
to shallow crustal depths (<0.35 GPa) after reaching peak meta-
morphic conditions and remain preserved in the crust, assum-
ing that they will be representative of the preserved rock record. 
The peak metamorphic conditions of each rock-marker were ob-
tained by identifying the maximum temperature (peak-T ) attained 
during the whole model evolution and then taking the corre-
sponding pressure (peak-P ) value. It must be noted that peak-P
obtained from any metamorphic rock does not necessarily repre-
sent the highest pressure attained by that rock, rather it com-
monly represents the pressure at the peak-T . Consequently, the 
retrieved metamorphic information from the rocks represent the 
preserved peak-T and the corresponding pressure. Also, the de-
termined peak-T may not represent the true highest temperature 
experienced by the rock, rather it represents the preserved, maxi-
mum temperature that did not get overprinted during subsequent 
retrogression or any other thermal event. Notwithstanding these 
uncertainties, our approach of retrieving the peak P-T conditions 
from the models using the rock-markers is consistent with the 
meaning of peak metamorphic conditions obtained from the rock 
record.

For elucidating the P-T conditions of crustal melting, we tracked 
all rock-markers from the representative cross-sections of models 
hlrb and clrd that represent the partially molten protocontinental 
crust. Our objective is to show the simultaneous melting of fel-
sic and mafic crust at various P-T conditions which would lead 
to different melt compositions as observed in the igneous rock 
record. For this, we analyzed the P-T conditions of molten litholo-
gies within the model at a fixed time-instant. We also calculated 
the amount of melt associated with each molten rock-marker us-
ing a simple linear batch melting model (Sizova et al., 2014, 2015; 
Fischer and Gerya, 2016; Perchuk et al., 2018):



4 P. Chowdhury et al. / Earth and Planetary Science Letters 538 (2020) 116224

Fig. 1. Evolution of peel-back convergence involving thin, mafic protocontinents under Archean mantle conditions (model hlrb). Mantle T p is 1525 ◦C, protocontinental 
thickness is 96 km and initial Moho-T is 650 ◦C. (a-b) Prescribed subduction of the oceanic lithosphere (20 Ma cooling age) followed by its termination via shallow break-off.
(c-e) Initiation and evolution of peel-back convergence. Upwelled mantle between the protocontinental plates initiates crustal melting that facilitates lithospheric peeling. 
Profuse crustal reworking can be observed. Viscous detachments within the delaminating lithospheres can be seen. (f) Density map, corresponding to compositional map of 
Fig. (e) shows the mantle decompression. White lines are isotherms in ◦C. See Table 1 and Supplementary Table 1 for model details. (For interpretation of the colors in the 
figure(s), the reader is referred to the web version of this article.)
M =

⎧⎪⎪⎨
⎪⎪⎩

0, T < Tsolidus

T −Tsolidus
T liquidus−Tsolidus

, Tsolidus < T < T liquidus

1, T > T liquidus

(1)

where, M is the volumetric degree of melting and Tsolidus and 
Tliquidus are the different solidus and liquidus temperatures of the 
crustal lithologies (Supplementary Fig. 2c). These different solidii 
and liquidii are consistent with the other modeling studies that 
investigated Hadean-Archean geodynamics and crustal evolution 
(Sizova et al., 2014, 2015; Fischer and Gerya, 2016; Perchuk et 
al., 2018). The melting (and crystallization) algorithm is indepen-
dent of the phase transition calculations. We considered only those 
rock-markers for further analyses that represent a melt-fraction 
varying between 5%–50%. This range is consistent with natural 
melting systems. For example, TTGs are inferred to mostly repre-
sent ∼20%–40% melting of their source rock (reviewed in Moyen 
and Martin, 2012; Palin et al., 2016; Johnson et al., 2017). Melt 
compositions are not directly obtained from the thermomechani-
cal models. Instead, we compared the model-predicted P-T condi-
tions of mafic/felsic crustal melting with the P-T windows where 
TTGs/granites are inferred to form based on experimental and 
phase equilibria studies (e.g., Rozel et al., 2017).
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Fig. 2. Evolution of peel-back convergence involving thick, intermediate protocontinents under Archean mantle conditions (model clrd). Mantle T p is 1525 ◦C, protocontinental 
thickness is 140 km and initial Moho-T is ∼500 ◦C. (a) Prescribed subduction. Slab roll-back occurs because of the extremely dense structure (80 Ma cooling-age) of oceanic 
lithosphere and a hotter (and, weaker) mantle. (b-d) Evolution of the subsequent peel-back stage. Well-developed, thickened crustal wedge can be seen above the peel-back 
front. Crustal reworking at various depths is evident. White lines are isotherms in ◦C. See Table 1 and Supplementary Table 1 for model details.
3. Late Archean transitions and model results

In this section, we present the P-T results of crustal metamor-
phism and magmatism as obtained from our models and compare 
them against the rock record.

3.1. Transitions in crustal metamorphism

A compilation of the available peak P-T conditions and ther-
mobaric ratios (= T /P ; earlier called apparent thermal gradi-
ents) of preserved metamorphic rocks shows that metamorphism 
along two contrasting T /P values – high-T /P (>775 ◦C/GPa) 
and intermediate-T /P (375–775 ◦C/GPa) – appeared at ∼2.8 Ga 
(Brown, 2006; updated in Brown and Johnson, 2018, 2019). Such 
contemporaneous crustal metamorphism along hotter and rela-
tively, colder T /P values represents signatures of paired meta-
morphism and its appearance in the rock record marks a secular 
change (cf. Brown and Johnson, 2018; Johnson et al., 2019). Ther-
mobaric ratio (T /P = peak-T /peak-P ) is a proxy of the transient 
thermal gradient recorded by a rock during its peak metamor-
phism, but it is not synonymous with geotherm or metamorphic 
field gradient. A plot of the peak P-T conditions of all >2.5 Ga 
metamorphic rocks compiled by Brown and Johnson (2018) dis-
plays the duality in T /P values along which peak metamorphism 
occurred (Fig. 3a). We further carried out kernel density estimation 
of this natural rock record to predict the distribution of high-T /P
and intermediate-T /P rocks within the bivariate P-T field (Fig. 3a). 
The calculations reveal partly overlapping but distinct P-T domains 
for the high-T /P and intermediate-T /P metamorphism (Fig. 3a). In 
terms of rock types, the high-T /P metamorphism is exemplified by 
upper amphibolite and granulite facies rocks to ultra-high temper-
ature (UHT) rocks, whereas high-P amphibolites to granulites and 
eclogites show intermediate-T /P metamorphism (Fig. 3b). Evaluat-
ing this compilation is beyond the scope of this work, but for our 
purpose, this dataset provides robust evidence of coeval metamor-
phism at tectonic settings with contrasting thermal regimes that 
can be quantitatively compared against our modeling results.

Our modeling also predicts similar attributes of paired meta-
morphism within the protocontinental crust during the evolu-
tion of peel-back convergence. The peak metamorphic P-T con-
ditions retrieved from the crustal rock-markers (see Section 2.3) 
are shown in Figs. 3c-d and 4. To do a more precise compari-
son with the natural metamorphic record, we have filtered the 
obtained dataset by considering only those rock-markers having 
peak-T ≥ 500 ◦C and peak-P ≥ 3.5 kbar. The P-T data of these fil-
tered set of rock-markers are then plotted along with their T /P
values (Figs. 3c-d and 4). Results show a considerable spread 
in the T /P values varying from <500 ◦C/GPa to >2000 ◦C/GPa 
(Fig. 3c). However, a distinct bimodality in the peak P-T condi-
tions of rock-markers is visible, which corresponds to metamor-
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Fig. 3. Comparison of model-predicted P-T data of crustal metamorphism with the late Archean rock record. (a) Plot showing the peak P-T conditions obtained from ≥2.5 
Ga metamorphic rocks (Brown and Johnson, 2018) overlain on the metamorphic facies diagram. Red and green dots represent the high-T /P and intermediate-T /P dataset 
respectively. (b) Kernel density distribution of natural high-T /P (red field) and intermediate-T /P (green field) rocks in the P-T space. The solid blue lines represent the 
bracketing T /P values for low-T /P (<375 ◦C/GPa), intermediate-T /P (375–775 ◦C/GPa) and high-T /P (>775–1500 ◦C/GPa) metamorphism (Brown and Johnson, 2018). (c-d)
Plot of model predicted metamorphic P-T data superimposed over the metamorphic facies diagram (Fig. c) and the kernel density distributions of ≥2.5 Ga rock-record (Fig. 
d). The rock-markers’ P-T conditions are obtained from a representative section of protocontinental crust present in model clrd (see Sections 2.3). The data are color-coded 
as per their T /P values. The rock-marker data overlaps with the kernel density fields of natural rocks. n is the number of rock-markers.
phism along either T /P > 1000 ◦C /GPa or ≤775 ◦C/GPa (Fig. 3c). 
This bimodality of model-derived peak metamorphic conditions 
together with the T /P values are consistent with the kernel 
density distributions of natural high-T /P and intermediate-T /P
metamorphic rocks in the P-T space (Fig. 3d). The model P-
T results further show significant variation in the T /P ratios 
within each group. For example, the high-T /P rock-markers dis-
play an overall range of >775 to 2500 ◦C/GPa, but the majority 
fall in the interval of ∼1000–1500 ◦C/GPa. On the other hand, 
intermediate-T /P rock-markers show less variations in T /P val-
ues with most falling in the 500–750 ◦C/GPa range (Fig. 3d). These 
details also concur with the ≥2.5 Ga old rock record, which 
shows average T /P values of ∼1100 ◦C/GPa and ∼670 ◦C/GPa 
for high-T /P and intermediate-T /P rocks, respectively. However, 
we also obtained some high-T /P rock markers showing T /P >

2000 ◦C/GPa (Fig. 3c–d), for which no representative natural ana-
logues were listed in the recent compilations (Brown, 2006; Brown 
and Johnson, 2018, 2019; Holder et al., 2019).

On the metamorphic facies diagram, the rock-markers show 
a continuous spectrum of peak P-T conditions that span the 
greenschist-amphibolite transition to granulite facies metamor-
phism (Fig. 3c). The modeled high-T /P rock-markers include the 
diagnostic low/medium-P granulites to UHT facies rocks with 
peak-T > 800–1000 ◦C (few reaching >1000 ◦C), whereas the in-
termediate −T /P variety includes the characteristic high-P gran-
ulite facies rocks showing peak-P > 1–1.3 GPa at peak-T >∼750 ◦C 
(Fig. 3c). Furthermore, the P-T paths of these rock-markers (Fig. 4) 
suggest that both high-T /P and intermediate-T /P varieties follow 
clockwise P-T evolution with intermediate-T /P markers undergo-
ing significant decompression with simultaneous or little cooling 
after peak metamorphism and high-T /P rock-markers mostly ex-
periencing near-isobaric cooling. These predicted P-T paths also 
suggest that high-T /P rock-markers reach high pressures (>1 GPa) 
at low temperatures (<600 ◦C) prior to their subsequent prograde 
metamorphism at P < 0.8–1 GPa and T > 600 ◦C for prolonged du-
ration within the delaminated zone (Fig. 4). Such re-equilibration 
at high-T conditions is likely to erase the earlier high-P history, 
and this process may have been common within the peel-back 
convergent setting. This can potentially explain the greater abun-
dance of high-T /P rocks as compared to the intermediate-T /P
rocks in the Archean rock record (Brown and Johnson, 2018) and 
thus, provides a tectonic means of biasing the geologic record to-
wards the high-T , low-P rocks.

The agreements between the model results and natural rock 
record can also be seen when using ≥2 Ga metamorphic record 
for comparison (Fig. 5). The ≥2 Ga old metamorphic data show 
good resemblance with our model results, although the fit for the 
intermediate-T /P rocks is slightly compromised at higher pres-
sures because of the increasing abundance of >1.3–1.5 GPa gran-
ulites during the Paleoproterozoic. Nevertheless, the model results 
reconcile the metamorphic P-T data of late Archean to very early 
Paleoproterozoic age including the trend of paired metamorphism 
that appeared during the Neoarchean.
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Fig. 4. Snapshots from model evolution showing the metamorphic P-T evolution of protocontinental crust. The spatial position of the rock-markers and the corresponding P-T
paths are tracked during the evolution of model clrd (see Fig. 2). Blue rock-markers represent intermediate-T /P metamorphism whereas red rock-markers depict high-T /P
metamorphism. Note that red rock-markers show overprinting of their early high-P (∼1.3–1.5 GPa) history by subsequent lower-P , high-T conditions. Light blue lines 
represent the bracketing T /P values for the low-T /P , high-T /P and intermediate-T /P metamorphism (after Brown and Johnson, 2018).
3.2. Transitions in crustal magmatism

The late Archean igneous rock record also shows secular 
changes, including decreasing degrees of mantle melting, changes 
in the depths of TTG formation, and increased abundance of gran-
ites and sanukitoids (Smithies, 2000; Martin and Moyen, 2002; 
Martin et al., 2005; Condie, 2005; Moyen and Martin, 2012; Keller 
and Schoene, 2012; Laurent et al., 2014; Johnson et al., 2019). 
Whereas the decreasing degree of mantle melting reflects secular 
cooling of the mantle (Keller and Schoene, 2012), the changes in 
the crustal record of felsic-to-intermediate rocks are often linked 
to a changing tectonic regime (reviewed in Moyen and Martin, 
2012), and is our focus below.

The archetypal felsic rock suite of Archean terranes – the TTG 
– show increasing abundance of high-P TTGs with decreasing age 
during the late Archean (Smithies, 2000; Martin and Moyen, 2002; 
Martin et al., 2005; Condie, 2005; Johnson et al., 2019). This is 
exemplified by their chemistry, such as the Sr/Y, La/Yb, Nb/Ta ra-
tios; all of which suggest that rutile and large volumes of garnet 
with low/no plagioclase are stable within the residual phase as-
semblage; thus, requiring melting of the mafic source rocks at 
greater depths (Smithies, 2000; Martin and Moyen, 2002; Martin et 
al., 2005; Condie, 2005; Johnson et al., 2019). However, low-P and 
medium-P TTGs also formed during this time-period (cf. Moyen 
and Martin, 2012). Experimental studies indicate that high-P TTGs 
form at pressures (≥2 GPa) where rutile and abundant garnet 
are stable within the residue; medium-P TTGs form at pressures 
(∼1.5 GPa) where melt residues are rich in abundant garnet but 
with little to no plagioclase and rutile; and low-P TTGs form by 
shallow melting (< ∼1–1.2 GPa) where residues are rich in plagio-
clase but devoid of garnet and rutile. The late Archean TTGs also 
show increasing concentrations of MgO, Ni and Cr, which are com-
monly considered to indicate the interaction of TTG melts with the 
mantle (Smithies, 2000; Martin and Moyen, 2002; Martin et al., 
2005; Condie, 2005). In addition, the late Archean period also wit-
nessed the widespread appearance of potassic(K)-granites, which 
are the partial melts of pre-existing TTGs and/sedimentary rocks 
(Laurent et al., 2014; Moyen and Martin, 2012). For correlating all 
these changes with our models, we compared the melting condi-
tions of felsic and mafic protocontinental crust obtained from the 
models with those inferred for the formation of K-granites and dif-
ferent TTG types, respectively.

Fig. 6 shows the instantaneous P-T conditions of all the par-
tially molten rock-markers of the protocontinental crust that are 
present within the model dimensions shown in adjoining compo-
sitional maps. The results highlight that crustal melting occurs over 
a broad P-T range. However, the upper and lower crustal rocks 
preferentially melt at relatively lower (<1–1.2 GPa) and higher 
(≥1.2–1.5 GPa) pressures, respectively. This is exemplified by the P-
T conditions of melting shown in Fig. 6a, in which protocontinents 
with intermediate crust show dominant melting of the felsic, up-
per crustal rocks at shallower depths (≤1 GPa), whereas the mafic 
rocks dominantly melt at higher pressures (>1–1.5 GPa). A similar 
pattern occurs in the melting conditions obtained from the model 
with mafic protocontinents (Fig. 6b) but is not readily discernible 
because of the melting of mafic crustal rocks at both shallow and 
higher pressures. These model-predicted melting conditions would 
produce different melt compositions depending on the source rock 
type. For example, the shallow melting (P < 1–1.2 GPa) of felsic 
rocks from the upper crust, as can be seen in Fig. 6a, would form 
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Fig. 5. Comparison of model-predicted metamorphic P-T data with the ≥2 Ga old 
rock record. Left panel shows the kernel density distribution of natural low-T /P
(blue field), intermediate-T /P (green field) and high-T /P (red field) metamorphic 
rocks whereas the right panel shows the comparison of model results with the 
≥2 Ga natural data (Brown and Johnson, 2018). Compare this correlation with that 
shown in Fig. 3c. Blue lines and the remaining details are same as defined in Fig. 3.

more evolved, granitic melts. These melting conditions resemble 
those shown by the K-granitoids, which are inferred to be the 
products of shallow (<1.2 GPa) partial melting of pre-existing fel-
sic rocks based on their Eu-anomalies and low Sr/Y ratio (Laurent 
et al., 2014 and references cited therein).

In contrast, the melting of mafic rocks at different pressure 
and temperature conditions can produce a variety of chemically 
evolved melt compositions, like the TTGs. Fig. 7a shows that melt-
ing of mafic protocontinental crust would dominantly occur at 
three different pressure intervals: (1) at P < ∼0.8 GPa (and T <

∼1000 ◦C); (2) at P within ∼0.8–1.5 GPa (and T ≤ ∼1000 ◦C); and 
(3) at P > 1.5 GPa (and T < ∼1150 ◦C). These P-T domains overlap 
with the formation conditions of low-P , medium-P and high-P
TTGs, respectively (Moyen and Martin, 2012). The kernel density 
distribution of these model-derived P-T data (Fig. 7b-c) further pre-
dicts that during the late Archean: (1) medium-P TTGs would be 
the most abundant lithological variety despite the increasing abun-
dance of high-P TTGs, and (2) low-P TTGs would also form during 
that time. These features are also consistent with the rock record 
and phase equilibria modeling of TTG formation (cf. Moyen and 
Martin, 2012; Palin et al., 2016; Johnson et al., 2017). If the rock-
markers with low melt-fractions (<15%) are screened out from 
the kernel density calculations recognizing the fact that TTG melts 
represent ∼20–40% melting of mafic source rocks, the result sug-
gests that high-degree partial melting of the mafic crust (>15%) 
dominantly occurs within the P-T window of ∼0.9–1.7 GPa and 
>800–1000 ◦C (Fig. 7c-d). This agrees well with the optimal P-T
range of TTG formation (within the stability field of garnet) con-
strained by experimental (reviewed in Moyen and Martin, 2012) 
and recent phase equilibria studies (Palin et al., 2016; Johnson et 
al., 2017).

Although the aforementioned baric classification scheme of TTG 
is valid, the bracketing pressure-ranges change depending on the 
absolute composition of the mafic source rock (cf. Fig. 7c & d); 
thus extending or shrinking the stability fields of these different 
TTG-types (Johnson et al., 2017). Nevertheless, the model-derived 
melting conditions of mafic crust show good concurrence with the 
fields of high-P , medium-P and low-P TTG generation (Fig. 7d). 
Apart from the TTGs, the low-melt fractions formed at shallow-
to-medium pressure conditions (P < 1.5 GPa and T < 750–800 C) 
coincide with the phase-equilibria predicted P-T domain of K-rich 
melt formation from mafic precursor rocks (Johnson et al., 2017).

The peel-back convergent setting further allows the medium-
to-high pressure felsic melts to interact with the ambient mantle, 
which would produce hybrid TTGs and granitoids like sanukitoids 
featuring high MgO, Ni and Cr contents, as observed in the rock 
record (Smithies, 2000; Martin and Moyen, 2002; Martin et al., 
2005; Condie, 2005; Johnson et al., 2019). Additionally, the up-
welled mantle would undergo decompression melting leading to 
voluminous juvenile mafic magmatism. Although we have not con-
sidered decompressive mantle melting in our models, it can be 
surmised from the extent of mantle upwelling observed in the 
models (Figs. 1–2).

4. Discussion

In the modern Earth, plate tectonics has provided a context 
to understand the relationship of metamorphism and magmatism 
with different tectonic settings. However, a similar relationship be-
tween the tectonic processes and rock record remain poorly known 
for the Hadean-Archean eons. Our results suggest that peel-back 
convergence provides one plausible tectonic context to interpret 
the P-T trends of late Archean metamorphism and magmatism. 
Most importantly, this tectonic process can account for the sig-
natures of thermal bimodality in the rock record (Chardon et al., 
2009; Moyen and Martin, 2012; Brown and Johnson, 2018, 2019) 
that are otherwise considered to be compatible only with the mod-
ern convergent plate margins.

4.1. Contrasting tectonothermal sites of peel-back convergent setting

The numerical models demonstrate that peel-back convergence 
juxtaposes two tectonic settings with contrasting thermal regimes: 
(i) a colder, compressional setting that forms at the site of active 
lithospheric peeling peel-back and leads to crustal thickening; and, 
(ii) a hotter, extensional setting with thinned crust that develops 
behind the thickened crust (Fig. 8a-c). The hotter setting – referred 
to as the peeled-off zone – develops after the occurrence of litho-
spheric peeling. The resultant deformed and thinned crust rests 
atop the hot, upwelled mantle along a nearly flat, transient Moho 
at depths of ∼25–30 km and at temperatures of >800–900 ◦C 
(Fig. 8a-b). Thus, homogenous high-T conditions at uniform, low 
pressures prevail laterally within this zone that creates a hotter 
thermal gradient. In contrast, the colder setting – referred to as 
the zone of crustal thickening – develops due to compression within 
the protocontinent undergoing lithospheric peel-back. This zone is 
marked by down-warping of the isotherms that sets up a colder 
thermal gradient (Fig. 8a-c). Furthermore, thicker protocontinents 
with low Moho-T display a well-developed, thrust-bounded, thick-
ened crustal wedge as compared to the thinner protocontinents 
which have high Moho-T (cf. Fig. 8a & 8b). This is because a 
thicker lithospheric mantle and a colder geotherm augments the 
mechanical strength of a thicker protocontinent, which supports 
crustal thickening and facilitates plastic deformation within its 
colder regions.
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Fig. 6. Model-predicted P-T conditions of crustal melting. The P-T values are retrieved from all the partially molten rock-markers of protocontinental crust that are present 
within the top ∼120 km (≤4 GPa) of the model domain shown in adjoining compositional maps. Markers with melt-fractions within 5%–50% are considered (see Section 2.3). 
The P-T conditions are predicted from model hlrb (a) and clrd (b) to account for the compositional differences within their protocontinental crust. Solid and dashed lines in 
the P-T plots show water-saturated solidii and dry liquidii for felsic (orange colored) and mafic (blue colored) crustal rocks, respectively. n is the number of rock markers. 
See Sections 2.3 and 3.2 for details.
Thus, the peel-back convergent setting creates dual tectonother-
mal sites like those recorded at the modern convergent plate mar-
gins (Fig. 8c). In fact, the two tectonic sites: the peeled-off zone 
and the zone of crustal thickening, resemble the thermal and stress 
regimes of a typical modern arc (cold, compressional) and back-
arc (hot, extensional) setting respectively. However, unlike typical 
modern convergent plate margins, the peel-back tectonic setup 
operates for prolonged durations (>50–100 Ma); feature later-
ally extensive sites of high-T metamorphism at shallow pressures 
(high-T /P rocks); and show extensive juvenile magmatism as well 
as crustal reworking. Furthermore, the peeled-off zone shows lo-
calized deformation in the cold, brittle upper crust of the peeled-
off zone whereas the laterally mobile, hot lower crustal layer dis-
plays more distributed deformation (Fig. 8a-b), which prevents sig-
nificant crustal thickening in this zone. Significant vertical flow of 
mass and heat can also be observed within this zone, including 
the ascent of plutons from the molten lower crust that occasion-
ally leads to dome-and-basin structure (e.g., Fig. 1e). The partially 
molten crustal layer together with the decompressive mantle melts 
would form the new lower crust within the peeled-off zone. All 
these features resemble those of the ultra-hot orogen model of 
Precambrian accretionary orogenesis (Chardon et al., 2009).

4.2. Tectonic sites of late Archean metamorphism and magmatism

The P-T evolution of the rock-markers suggest that the peeled-
off zone features transient geothermal gradients appropriate to 
generate the high-T /P metamorphic rocks including the low-to-
moderate pressure granulites to UHTs, whereas the intermediate-
T /P rocks form within the thickened crustal zone developed atop 
the peel-back front and includes the diagnostic high-P gran-
ulites (Fig. 8d). The prevalence of high-T conditions at shallower 
depths within the peeled-off zone is controlled by the under-
plating of partially-molten lower crustal rocks and the upwelled 
mantle (Fig. 8a-b). Moreover, the long-lived nature of this tectonic 
process can sustain granulite-UHT forming conditions within the 
peeled-off for 10’s-100’s of millions of years, which can account 
for some of the long-lived, late Archean to early Proterozoic G-UHT 
terrains, like the Lewisian complex and the Southern Granulite Ter-
rain (e.g., Chowdhury and Chakraborty, 2019; Taylor et al., 2020). 
Intriguingly, our models predict metamorphism along very high 
T /P values (>2000 ◦C/GPa) within the peeled-off zone which is, 
however, missing from the rock record. This could be due to the 
lack of preservation as lower peak-P of these rock-markers sug-
gest residence near the surface which would make them prone to 
weathering.

Like metamorphism, the P-T conditions of mafic crustal melting 
within the delaminating protocontinent concur with the forma-
tion of medium-P to high-P TTGs, whereas melting at the base 
of thinned mafic crust within the peeled-off zone corroborates 
the formation conditions of low-P to medium-P TTGs (Fig. 8d). 
In case of a protocontinent with felsic upper crust (e.g., Fig. 8a), 
the shallow melting of the upper felsic crust within the peeled-off 
zone would form K-granitoids. Moreover, the inferred interaction 
of deeply sourced TTG melts with the ambient mantle during their 
ascent, leading to the formation of hybrid granitoids is also con-
sistent with the peel-back tectonic framework. Our results have 
also accurately predicted the dominant production of TTGs within 
the garnet ± rutile stability field (medium-P to high-P) during 
the late Archean, which agrees with the rock record. However, 
we would like to note that the peel-back convergence is not a 
pre-requisite for TTG formation. Rozel et al. (2017) and Sizova et 
al. (2015) showed that an earlier squishy-lid-type tectonic regime 
may have persisted till the Paleoarchean leading to the dominant 
production of low-P to medium-P TTGs through dripping, local 
crustal thickening and convective overturn processes, which then 
transitioned during the Mesoarchean into a tectonic mode char-
acterized by resurfacing events that facilitated the production of 
medium-P to high-P TTGs. Rozel et al. (2017) further suggested 
that this resurfacing tectonic mode is likely to represent incipi-
ent plate margin-type processes, but elucidating its exact nature 
at the crustal scale is beyond the scope of their study. We suggest 
that the global transition from the squishy-lid tectonic processes 
to peel-back convergent setting may indeed correspond to these 
resurfacing events that also mark an important change in the dom-
inant TTG formation mechanisms.

4.3. Timing of peel-back convergence

This study links the ∼3.2 to 2.5 Ga old secular transitions in 
crustal metamorphism and magmatism with peel back conver-
gence, implying that this tectonic process of lithospheric conver-
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Fig. 7. Comparison of model-predicted melting conditions of mafic crust with the rock record of TTG formation. The P-T values are from Fig. 6b. (a) Model predicted data 
(dots) are superimposed over the colored P-T fields corresponding to the formation of high-P TTGs (blue field), medium-P TTGs (green field) and low-P TTGs (yellow field) 
of Moyen and Martin (2012). The rock-markers are color-coded according to their melt-fraction (see Section 2.3). (b-c) Kernel density distribution of P-T conditions of all 
the molten rock-markers shown in Fig. (a), and a subset of rock-markers having melt-fraction >15–50%, respectively. The kernel density estimates predict abundant melting 
of mafic crust at P > ∼1–1.8 GPa and T > ∼800–1000 ◦C, corresponding to the P-T domains of medium-P and high-P TTGs. (d) Superimposition of the model results over 
the domains of low-P , medium-P and high-P TTG as suggested by Johnson et al. (2017). The shifts in the P-T fields of different TTG-types correspond to the compositional 
variability of the mafic source rock. The red box denotes the dominant TTG forming P-T window proposed by Palin et al. (2016) based on exhaustive thermodynamic 
modeling. Notwithstanding the variability in the P-T fields of different TTG-types, our results satisfactorily predict the abundant formation of medium-to-high-P TTGs, as 
found in the late Archean rock record. n is the number of rock-markers. See text for details.
gence was prevalent during that time period. This inference is 
further corroborated by our model setup that includes warmer 
mantle conditions and mafic-dominated protocontinental crust ap-
propriate for late Archean times (Cawood et al., 2018; Condie, 
2018). In addition, geological proxies and numerical studies sug-
gest that isolated events of subduction-type process caused by 
mantle upwellings like plumes and meteoritic impacts, may have 
happened during the Mesoarchean (Gerya et al., 2015; Cawood et 
al., 2018; Brown and Johnson, 2019; Holder et al., 2019; O’Neill 
et al., 2020). However, these subduction events are short-lived 
and rapid as compared to modern mature subduction events 
(O’Neill et al., 2018, 2020; van Hunen and van den Berg, 2008; 
van Hunen and Moyen, 2012; Sizova et al., 2015; Gerya et al., 
2015; Fischer and Gerya, 2016). Nevertheless, as suggested by our 
models, occurrences of such short-lived subduction-events may 
have kick-started the widespread occurrence of peel-back con-
vergence around ∼3.2–3 Ga. On the modern Earth, peel-back 
controlled continental collisions are extremely rare but do oc-
cur where weaker continental lithospheres are involved, like in 
the Apennines (cf. Göğüş and Ueda, 2018). This demonstrates the 
feasibility of frequent occurrences of the peel-back process dur-
ing late Archean when lithospheric weakening was common be-
cause of the warmer mantle, higher radioactivity and existence of 
thick (>30–45 km) mafic-dominated crust with rheological hetero-
geneities (imparted by hydration, presence of weaker felsic rocks, 
and melt-impregnation).

Widespread occurrence of peel-back convergence prior to 
the Mesoarchean seems unlikely based on the existing rock 
record. The Hadean-early Archean rock record is more consis-
tent with a stagnant-lid type tectonic regime featuring mainly 
vertical tectono-magmatic processes with intermittent horizontal 
lid-overturn/resurfacing events (Bédard, 2006; O’Neill and Debaille, 
2014; Sizova et al., 2015; Johnson et al., 2017; Rozel et al., 2017; 
O’Neill et al., 2018). Consequently, only sporadic occurrences of 
peel-back convergence may have happened before ∼3.2 Ga associ-
ated with these occasional lid-overturn events. On the other hand, 
peel-back controlled continental collisions may have continued in 
the Proterozoic, particularly during the early Proterozoic (>2 Ga) 
when the mantle was still warmer by ∼100–150 ◦C (Chowdhury 
et al., 2017; Perchuk et al., 2018). This is corroborated by model-
derived metamorphic P-T data that fits to the metamorphic rock 
till ∼2 Ga (Fig. 5).
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Fig. 8. Morphology of the peel-back convergent setting. (a-b) Snapshots showing the compositional and viscosity maps of protocontinental lithospheres during the evolution 
of model hlrb and clrd, respectively. For visualizing the larger model domains, refer to Figs. 1e and 2c, respectively. Note the thickening of crust above the peel-back front-
the thickened crustal zone, and the thinned crust – the peeled-off zone – formed at its front. Thickened crustal wedge showing localized formation (low viscosity zone) can be 
seen in Fig. (a). Furthermore, disposition of the colder, brittle upper crust above the hot, partially molten lower crustal rocks can be seen in the peeled-off zone. Uniform 
low viscosity of the molten lower crust suggests homogenous deformation pattern. (c) Schematic diagram of the peel-back convergent setting, highlighting the tectonics sites 
with contrasting thermal and mechanical characters. (d) Schematic diagram showing the relationship of different metamorphic and magmatic rocks with the tectonics sites. 
HPG: high-P granulites, G-UHT: granulite and UHT metamorphic rocks. See text for details.
4.4. Status of peel-back convergence in Archean geodynamics

In the context of global geodynamic regimes in the early Earth, 
the late Archean time-period corresponds to a transitional tectonic 
phase between the early stagnant-lid and the latter plate tectonics. 
Global metamorphic, geochemical and paleomagnetic dataset sug-
gest that this transitional phase was characterized by the forma-
tion of ‘embryonic’ tectonic cells featuring laterally mobile litho-
spheric blocks and plate margin-type processes, as the mantle 
began to cool and lithospheric rigidity increased since ∼3.2 Ga 
(e.g., Cawood et al., 2018; Brown and Johnson, 2019; Holder et 
al., 2019). However, whether these tectonic cells and the plate 
margin-type processes became formed a sustained, globally-linked 
network of plate margins during the late Archean or not, remain 
contentious (Cawood et al., 2018). This is crucial because estab-
lishing the existence of ‘a globally linked system of plates’ is an 
unavoidable pre-requisite for defining a tectonic regime as plate 
tectonics (Lenardic, 2018). Although answering this question is be-
yond the scope of this work, our suggested model of peel-back 
convergence is not contingent on the presence or absence of a 
linked system of plate boundaries. Thus, in agreement with the re-
cent studies (e.g., Brown and Johnson, 2019; Cawood et al., 2018), 
we infer that peel-back convergent settings represent the most 
characteristic form of lithospheric convergence occurring within 
the transitional tectonic regime of late Archean.

5. Conclusions

This study proposes that geodynamic cause of secular geologic 
changes of the late Archean is peel back tectonics, which repro-
duces:

1. the trend of crustal metamorphism along contrasting T /P ra-
tios that marked the Neoarchean metamorphic record. It also 
replicates the peak P-T conditions of these rocks, including 
those that emerged for the first time in the rock record 
during this time period, such as high-P granulites and low-
/moderate-P granulites to UHT rocks.

2. the P-T regimes appropriate for producing high-P to medium-P
TTGs together with volumetrically subordinate low-P TTGs; 
thus, accounting for the increasing depth of TTG formation 
since the Mesoarchean. Besides TTGs, this tectonic style also 



12 P. Chowdhury et al. / Earth and Planetary Science Letters 538 (2020) 116224
explains the rise of K-granites and hybrid granitoids during 
the Neoarchean via reworking of pre-existing felsic rocks/sed-
iments and melt-mantle interaction, respectively.

3. the bimodality of thermal conditions as found in the arc-
backarc or orogenic hinterland settings of modern convergent 
plate margins.

Consequently, we suggest that the enigmatic geologic transitions of 
the late Archean were triggered by the widespread occurrence of 
peel-back convergence and thus, they do not warrant the presence 
of ‘modern-style’ plate tectonics. This convergent setting emerged 
on the warmer, late Archean Earth within the framework of a tran-
sitional tectonic regime between the preceding stagnant-lid and 
succeeding plate tectonic regimes.
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