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ARTICLE INFO ABSTRACT

Editor: Dr Fang-Zhen Teng S-type granites are far less abundant during much of the Archean than in the Phanerozoic, and this paucity
remains puzzling. We propose that the suppression of S-type granite formation at scale may have been an
inherent consequence of the hotter Archean crust. A key insight from fossil P-T-t paths in representative orogens
is that the onset of melting can trigger exhumation and thereby limit the maximum burial depth of sediments. In
a hot crust, this maximum burial depth is relatively shallow, because hot geotherms initiate melting at shallow
depths due to the pressure dependence of dehydration melting. By contrast, colder geotherms in Phanerozoic
orogens effectively suppress melting until higher pressures and temperatures. As a result, Archean sedimentary
packages were exhumed too early to undergo extensive decompression and dehydration melting attainable in
modern cycles. Phase equilibria modeling shows that the exhuming metasediments in the Archean may only
generate melt fractions 1/3 to 1/2 of those in the Phanerozoic. Such low melt productivity in the Archean may
have inhibited the formation of large S-type plutons and batholiths. More broadly, these processes may have
impeded deep recycling of sediments and, by limiting upward distillation of heat-producing elements, slowed the

Keywords:

Early earth

S-type granites

Crustal thermal state
Decompression melting
Exhumation

Continent formation

cooling of the Archean continental crust.

1. Introduction

Earth evolves through continuous interactions between its surface
processes and deep-seated tectonic cycles (Cawood et al., 2022).
Weathering and erosion transform continental crust into clastic sedi-
ments, which may later be buried deep within the lithosphere during
mountain building events. At depth, these metamorphosed sediments
eventually melt to form S-type granites—peraluminous to strongly
peraluminous granites that record the coupled evolution of Earth’s
surface environment and its long-term tectonic history (Chappell and
White, 1992; Frost and Da Prat, 2021).

S-type granites are rare in rock records on early Earth. Preserved
Archean crusts are dominated by TTGs (tonalite-trondhjemite—-
granodiorite) interpreted to have formed from basalt remelting
(Johnson et al., 2019; Moyen and Martin, 2012). The oldest S-type
granites with strongly peraluminous compositions are Mesoarchean in
age, and occur as small intrusions (Barton et al., 1987; Bucholz and
Spencer, 2019; Poujol et al., 2021). Later in the Neoarchean, S-type
granites became more widespread (Breaks and Moore, 1992; Bucholz,
2025; Poujol et al., 2021). It is also possible to track the occurrence of
S-type granite magmatism from detrital zircons, although this approach
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heavily relies on zircon provenance proxies. A recent machine learning
study (Jiang et al., 2024) indicates voluminous S-type granites present in
Earth’s crust since the Hadean. The robustness of Jiang et al.’s zircon
classification model can be further tested using additional training and
data, particularly from Archean S-type granites. By contrast, all other
zircon proxy-based studies imply limited S-type granite magmatism in
the Hadean and Archean (Burnham and Berry, 2017; Roberts et al.,
2024; Trail et al., 2017; Zhu et al., 2020).

Several hypotheses may provide insights into the paucity of S-type
granites on early Earth. One possibility is that extensive subaerial crust
did not emerge until the Neoarchean (Bindeman et al, 2018;
Chowdhury et al., 2025), limiting the production of clastic sediments
(Frost and Da Prat, 2021; Zhu et al., 2020). However, abundant clastic
sedimentary successions have been documented in many Archean cra-
tons, and many of them were deposited in the Mesoarchean or earlier
(Supplementary Material 3). Examples include the 3.4 Ga Strelley Pool
Formation in the Pilbara Craton (Hickman, 2023), the 3.2 Ga Moodies
Group and 3.0-2.8 Ga Witwatersrand-Pongola Supergroup in the
Kaapvaal Craton (Kroner and Hofmann, 2019), and the ~2.9 Ga Central
Slave Cover Group in the Slave Craton (Bleeker et al., 1999). These
ancient successions suggest that Earth’s surface was not devoid of clastic
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sediments since the Paleoarchean, although the emergence of subaerial
crust may have been intermittent in the early Archean.

Alternatively, plate tectonics may not have been fully operative
through most of the Archean (Cawood et al., 2022; Dhuime et al., 2012;
Tang et al., 2016) so that sediments cannot be buried by plate conver-
gence. A key challenge for this hypothesis is that exactly when plate
tectonics started remains highly uncertain (Arndt, 2013; Palin et al.,
2020). Moreover, It remains unclear whether plate tectonics is the sole
tectonic regime capable of transporting sediments to Earth’s interior
(Chelle-Michou et al., 2022). In any case, a number of observations have
shown that deep recycling of crustal rocks that had interacted with
seawater and atmosphere was possible in the Archean (Deng et al., 2019;
Ge et al., 2023; Tamblyn et al., 2023; Wang et al., 2022).

Preservation bias may introduce additional complexities, but it is
unlikely to fully explain the scarcity of Archean S-type granites relative
to TTGs. First, TTGs and S-type granites have broadly similar chemical
and mineralogical compositions, and thus similar weathering suscepti-
bilities. Even if S-type granites were preferentially removed by erosion,
the detrital zircon records do not support more abundant S-type granites
except for the results of Jiang et al. (2024).

While the mechanisms outlined above remain possible, they criti-
cally depend on key assumptions that are difficult to test with current
observations. Here, we take a different approach and address whether
and why S-type granites may have been rare in the Archean from a
tectonic-magmatic coupling perspective.

2. Exhumation, decompression melting, and S-type granite
formation

One clear clue is that S-type granites predominantly form during
orogenic collapse (Collins and Richards, 2008; Sylvester, 1998). Clastic
sediments deposited at the surface are buried into the deep crust during
orogenic compression and crustal thickening. At this burial stage,
however, sediment melting is limited because thermal lag delays heating
and the sediments typically follow a shallow T/P path during burial
(Philpotts and Ague, 2022). Orogenic collapse subsequently causes
crustal thinning and exhumation of deep buried metasediments. During
exhumation, pressure drops rapidly, but thermal lag slows cooling as
deep, hot metasediments rise. Additional heat supplied by mantle up-
welling, where present, may cause the rising metasediments to follow a
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near-isothermal decompression path with or without thermal relaxation
(Ji et al., 2024; Whitney et al., 2004). Because anatexis is largely
controlled by pressure-dependent muscovite and biotite dehydration
melting (Thompson, 1982; White et al., 2007), this decompression as
well as slow cooling may lead to extensive melting. Therefore, the for-
mation of S-type granite at scale reflects the combined effects of thermal
lag during both burial and exhumation, and the pressure dependence of
metasediment dehydration melting (Fig. 1).

3. Melting-limited burial of sediments

Of particular interest here is the initiation of exhumation, which
determines both the maximum burial depth and the extent of subsequent
decompression melting. There is no doubt that exhumation at scale is
often driven by tectonic processes, but regardless of the tectonic context,
melting can also initiate exhumation, and this process limits how deep
sediments can be buried in orogenic crust. Once melting occurs, the bulk
density of the metasedimentary package decreases, and buoyancy drives
upward migration of the package (Mintrone et al., 2022; Vanderhaeghe,
2009). More importantly, a small fraction of melt (5-7%) can dramati-
cally reduce the strength of rocks (Rosenberg and Handy, 2005) and
result in strain localization (Brown, 2001; Hollister, 1993). As a conse-
quence, further burial is largely terminated, and exhumation may then
take place either along melt-lubricated shear zones or by diapiric ascent
(Hollister and Crawford, 1986; Whitney et al., 2004).

Metamorphic records from many orogenic terranes support melting-
limited burial (Fig. 2). Based on the classification of Brown and Johnson
(2018), we compiled clockwise P-T-t paths of metasediments in inter-
mediate and high T/P series, which reflect burial and exhumation dur-
ing mountain building and collapse. Prograde paths are typically poorly
constrained, and peak pressures are partially overprinted by
low-pressure, high-temperature metamorphism during exhumation
(Groppo et al., 2007). Despite these uncertainties, the initiation of
exhumation, inferred from the peak pressures along these paths, plot
within or close to the nascent melting regime of average shales (Fig. 2).
These observations are consistent with the suggestion that the onset of
melting can initiate exhumation and thus set an upper bound on the
depth of sediment burial.
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Fig. 1. Conceptual diagram showing burial, exhumation, and decompression-driven melting of metasediments in an orogenic cycle. Because of thermal lag,
melting is more extensive during exhumation, which takes place at scale during orogen collapse.
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Fig. 2. Clockwise P-T-t paths of sediment metamorphism in the Archean and Phanerozoic. Archean paths are subdivided into pre-2.7 Ga and 2.7-2.5 Ga groups
since strongly peraluminous granites became more prominent near the end of the Archean. Filled circles mark the inferred burial-to-exhumation transitions. For paths
lacking a discernible prograde segment, the corresponding transition is shown with a faded symbol. The red and blue shaded areas mark the 0-10% melting windows
of average Archean and Phanerozoic shales, respectively (Condie, 1993); they provide a reference for nascent melting conditions of clastic metasediment, although
the exact melting conditions may vary with metasediment composition. Note that the Archean metasediments exhibit systematically lower pressures than their
Phanerozoic counterparts. Sources of P-T-t paths are listed in the Supplementary Material 2.

4. Maximum melting potential linked to burial T/P gradient

Melt productivity, or melting potential, during subsequent decom-
pression is strongly influenced by the pressure and temperature condi-
tions at burial-exhumation transition. High initial pressure and
temperature conditions allow rocks to undergo extensive decompression
and yield greater melting potentials because metasediment dehydration
melting is pressure-dependent (Fig. 3). This same pressure dependence
makes the T/P gradient of the burial path critical, as it determines where
the burial path passes the solidus. Given the melting-limited burial
discussed above, the burial T/P gradient ultimately determines the
maximum depth of the burial-exhumation transition. Along a hot (high
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Fig. 3. Conceptual diagram showing the influence of burial T/P gradient
on maximum melting potential during exhumation. For simplicity, this
conceptual diagram illustrates the idea with a widely occurring scenario of
isothermal decompression. Both cooling and heating are possible during
decompression, but the systematic difference in melting potential for deep vs.
shallow exhumation remains unchanged.

T/P) burial path, metasediments pass solidus at relatively low pressure
and temperature conditions and are exhumed early on. By contrast,
along a cold (low T/P) path, metasediments can be buried to greater
depth before melting occurs and triggers exhumation. Therefore, met-
asediments buried along a hot path are expected to produce systemati-
cally less melt during exhumation than those buried along a cold path.
Although this conclusion may seem counterintuitive, it follows naturally
from the coupling between melting and exhumation.

5. Archean hot crust reduced sediment melting potential

We now turn to the formation of S-type granites in the Archean. The
Archean tectonic regime is highly uncertain, and sediment burial may
have been driven by either Phanerozoic-style orogenesis or sagduction
(see discussion below). Nevertheless, the crust in the Archean is widely
thought to have been hotter than in the Phanerozoic (Condie, 1984) due
to a hotter underlying mantle and greater radiogenic heat production
(Herzberg et al., 2010; Lee and Chin, 2014). Accordingly, hotter
Archean orogens would have promoted hotter burial and shallower
exhumation. This inference is supported by the lack of high-pressure
metamorphism in the Archean. Specifically, metasediments of
high-pressure granulite facies were rare in the Archean (Fig. 2A), and
the few known examples occurred near the end of the Archean (O'brien
and Rotzler, 2003), including those in the North China Craton (Wang
and Guo, 2017) and North Atlantic Craton (Dyck et al., 2015). This is
also when S-type granites became more widespread in major Archean
cratons (Bucholz, 2025). By contrast, high-pressure pelitic granulites
became more widespread in the Phanerozoic (Fig. 2B).

We used phase equilibria modeling to estimate the maximum
melting potential of metasediments during exhumation in the Archean
and Phanerozoic orogens. We considered graywackes and shales (met-
apelites) as two endmember source rocks of S-type granites (Chappell
and White, 1992). For simplicity, we modeled isothermal decompres-
sion from the pressure and temperature conditions at which 7% melting
is reached. This isothermal decompression terminates in the middle to
upper crust (~5 kbar), after which cooling takes place with slower
exhumation. We adopted 7% melting as the critical point of
burial-exhumation transition because the presence of 5-7% melts
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dramatically reduces the strength of rocks (Rosenberg and Handy,
2005). Since not all sediments are buried to the depth of melting
before exhumation initiates, our calculated melting potentials represent
the upper bounds. These burial-exhumation paths are no doubt highly
simplified, but they provide reasonable contexts for evaluating how
contrasting crustal thermal regimes influenced sediment burial and
melting in the Archean vs. Phanerozoic. We also note that Archean
shales tend to have higher Mg and Fe contents than the Phanerozoic ones
(Table S1), likely reflecting the more mafic composition in Archean
crusts (Tang et al., 2016), and/or interactions with the ferruginous
oceans (Swanner et al., 2020). This compositional difference further
lowers melting potential of the Archean shales because higher bulk Mg
and Fe contents favor biotite relative to muscovite.

Intermediate T/P series is interpreted to reflect Barrovian-type
metamorphism typical of thickened orogenic crust (Brown and
Johnson, 2018). If their average T/P are taken to approximate those
of the burial paths (67 + 7 °C/kbar vs. 55 + 12 °C/kbar (1 o) for the
Archean and Phanerozoic, respectively), then both graywackes and
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shales can hardly be buried to > 14 kbar in the Archean but could reach
up to 18-20 kbar in the Phanerozoic (Figs. 4 and 5). Because of this
shallower burial, Archean metasediments undergo substantially lower
degrees of melting during decompression. Shales are more fertile than
graywackes in terms of melt production along the same
burial-exhumation paths. For a graywacke-dominated source, decom-
pression melting can reach 10-20% in the Phanerozoic but remains
below 10% in the Archean (Fig. 4); for a shale-dominated source,
melting can reach 30-50% in the Phanerozoic but terminates at 10-20%
in the Archean (Fig. 5). We also modeled melting of 50% shales + 50%
graywackes as these sedimentary lithologies are usually interbedded
(Supplementary Material 3). The results are provided in Supplementary
Material 1 and also show a pronounced contrast in melt production
between the Archean and Phanerozoic. Overall, maximum melt frac-
tions in Archean metasediments are roughly 1/3 - 1/2 of those of the
Phanerozoic. Consequently, hot Archean orogens may have formed
voluminous melt-bearing migmatites but supplied limited extractable
melts to assemble voluminous S-type plutons (Fig. 6). This conclusion is
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Fig. 4. Melting of graywackes in the Archean vs. Phanerozoic orogens. A and B. Burial-exhumation paths with various burial T/P gradients. These paths
represent the maximum burial depth scenarios in which the burial-exhumation transitions are triggered by melting. See texts for explanation. The bold lines and
shaded areas plot the paths along the mean T/P gradients of intermediate T/P metamorphism with 1 ¢ envelopes. The melt fraction contours are from phase
equilibria modeling. C. Melt production along the exhumation paths shown in A and B.
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Fig. 5. Melting of shales (metapelites) in the Archean vs. Phanerozoic orogens. See Fig. 4 for more details of figure explanation.
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Fig. 6. Cartoon illustrating exhumation and melting of buried sediments in the Archean vs. Phanerozoic. Owing to melting-limited burial, sediments can only be

buried to shallow depth in the hot Archean crust before exhumation initiates. This shallow burial reduced the decompression melting potential during subse-
quent exhumation.

consistent with the widespread occurrence of paragneissic migmatites in 6. Complexities and caveats

most major Archean cratons (Block et al., 2013; Donohue and Essene,

2005; Dziggel et al., 2014; Guevara et al., 2017; Millonig et al., 2008; While the average burial T/P gradients imply limited deep burial and
Nicoli et al., 2015; Taylor et al., 2012; Valli et al., 2004; Wang and Guo, melting of sediments in the Archean, our model does not preclude the
2017). possibility of localized deep burial in certain tectonic settings. For

instance, small sedimentary bodies may be encapsulated within other
units and transported to greater depths. In addition, substantial



M. Tang et al.

radiogenic heat production within the crust may also cause significant
heating and thereby enhance melting (Clark et al., 2011). Such cases
have been documented in both the Archean and Phanerozoic meta-
morphic records (Fig. 2). However, these processes do not, on a first
order, negate the systematic contrast in maximum burial pressure and
melt productivity between the hot Archean and cold Phanerozoic crust.

Another complexity arises if sediment burial and exhumation in the
Archean were dominated by sagduction, which likely formed the dome-
and-keel structures seen in many Archean cratons (Macgregor, 1951).
Metamorphic P-T-t paths associated with sagduction are not necessarily
clockwise as assumed here (Yu et al., 2022; Zhao and Zhai, 2013). In the
case of counterclockwise P-T-t paths, burial in response to magmatic
loading would take place along even hotter T/P gradients, and exhu-
mation/decompression may lag behind cooling (Zhao and Zhai, 2013).
Both effects could further hinder decompression melting and thus
reduce melt productivity.

Our findings emphasize exhumation and decompression melting in
S-type granite formation, but this mechanism need not be the dominant
explanation for the paucity of S-type granites in the Archean. Limited
continental emergence (Chowdhury et al., 2025) may have restricted the
supply of clastic sediments in the Archean. While sediment availability
determines whether the source rocks of S-type granites existed, our
exploration addresses whether these sediments, if present, could pro-
duce enough melt to form large S-type plutons.

7. Conclusions and implications

Our conceptual model underscores a fundamental control of crustal
thermal conditions on sediment burial and melting. Critical to our model
is melting-limited burial of sediments, wherein the onset of melting
triggers exhumation, and thereby caps the maximum burial depth. This
mechanism is based on the physical responses of rocks to melting,
including density reduction and mechanical weakening. Melting-limited
burial should thus operate irrespective of the tectonic process driving
burial, be it horizontal compression or vertical sagduction. Conse-
quently, hotter Archean crust would have inherently suppressed S-type
granite generation at scale, regardless of the debated tectonic regime in
the Archean.

Two important implications may follow. First, shallow initiation of
exhumation may have largely confined clastic sediment recycling to the
upper ~40 km of the lithosphere on early Earth. This may partially
explain the lack of K-rich calc-alkaline rocks until the Neoarchean. K-
rich calc-alkaline rocks are widespread in Phanerozoic magmatic oro-
gens, and their high K contents may result from clastic sediment incor-
poration in the sources (Gao et al., 2026; Plank and Langmuir, 1993).
Although the scarcity of clastic sediments in the Archean remains
possible, hindered recycling of these sediments may have further
diminished their influence on deep crustal or mantle magmatism.

Another important consequence pertains to crustal thermal evolu-
tion and differentiation. Clastic sediments are enriched in heat-
producing elements (K, Th, and U) (Hasterok et al., 2018). Clastic
sediment burial thus increases heat production of the crustal interior and
heats the crust. Partial melting of these buried sediments can facilitate
crustal cooling by extracting heat-producing elements into melts which
then rise, solidify, and are ultimately eroded away. This melting-driven
upward distillation and erosional stripping of heat-producing elements
are critical to cooling and stabilization of the continental crust (Reimink
and Smye, 2024; Smye and Kelemen, 2025). However, our work sug-
gests that extensive melting of metasediments may have been inherently
suppressed in the hot Archean crust due to shallow burial. As a result, a
large proportion of the heat-producing elements remain locked up in the
crust containing bodies of metasedimentary rocks that underwent
limited melting. Therefore, other mechanisms must have been operating
to cool the crust before deep burial and extensive decompression
melting became more efficient. In this context, widespread segregation
of peraluminous melts and emplacement of S-type granites in the
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Neoarchean marks either the completion of cratonization or substantial
cooling of the ambient mantle.
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