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A B S T R A C T

Archean cratons are the oldest domains of tectonically stable continental crust and their formation coincided 
with the widespread emplacement of potassic granites, which reflects reorganization of crustal composition. 
However, the factors influencing the shifts in crustal composition and craton stability remain controversial. In 
this study of ca. 3.51–3.22 Ga trondhjemite-tonalite-granodiorite (TTG) and ca. 3.11–3.10 Ga potassic granites of 
the eastern Kaapvaal craton, we apply a newly developed zircon oxybarometer-hygrometer and document a 
progressive increase of magmatic fO2 values and H2O contents from ca. 3.51 to 3.22 Ga, peaking at ca. 3.10 Ga 
with values higher than those of known Archean granitic rocks and similar to modern orogenic granites. Con
current increases in magma crystallization depths and crustal thickness culminated at 3.11–3.10 Ga. These trends 
reflect a tectonic transition from stagnant lid (3.66–3.23 Ga) to mobile lid (3.22–3.10 Ga) in eastern Kaapvaal 
craton, supported by isotopic shifts from juvenile to evolved Hf-O signatures. The combination of thermody
namic and geochemical modeling demonstrates that the widespread ca. 3.11–3.10 Ga potassic granites origi
nated from partial melting of the middle to lower crust in regions of crustal thickening. The Kaapvaal Craton is 
proposed to be among the earliest cratons that witnessed tectonic thickening in stagnant to mobile lid transition, 
which might have played a critical role in the earliest stabilization and maturation of cratons.

1. Introduction

Cratons represent the oldest and most stable geological units on 
Earth. They preserve vital clues about the formation and evolution of 
early felsic crust and offer invaluable insights into our planet’s early 
history (De Wit et al., 1992; Hawkesworth et al., 2017). These stable 
units typically have substantial roots, comprising thickened crust and an 
underlying cold, dry, and residue-rich lithosphere (Griffin et al., 2003; 
Pearson et al., 2021; Cawood et al., 2022). The cratonic middle and 
upper crust is composed of granitoids and greenstones, with the former 
comprising predominantly sodium-rich trondhjemite-tonalite-granodi
orite (TTG) with less potassic granites (Laurent et al., 2014). TTGs are 
thought to have formed through partial melting of hydrated mafic crust 
to form sodium-rich TTG magmas (Smithies, 2000; Martin et al., 2005; 
Moyen and Martin, 2012). In contrast, the potassic granites appear to 
have been derived from the reworking of felsic crust or mafic protocrust 

(Næraa et al., 2014; Moyen et al., 2021; Rollinson et al., 2024). Globally, 
a significant and abrupt shift of felsic magmatism within cratons is 
observed in many cratons, with the composition transitioning from 
sodium-rich TTG suites to potassium-rich magmatic rocks (Keller and 
Schoene, 2012; Laurent et al., 2014; Cawood et al., 2022). This 
compositional transition is widely regarded as concomitant with the 
stabilization of Archean cratons, although the exact timing of this sta
bilization varied between different cratons (Dhuime et al., 2015; 
Cawood et al., 2022). Nonetheless, the mechanism that drives the 
change of granitic magmatism and whether it corresponds to a shift in 
tectonic settings remains unclear.

Extensive occurrences of potassium-rich magmatic events linked to 
cratonization have been documented at around 3.10 Ga in the eastern 
Kaapvaal craton and Singhbhum craton (Robb et al., 2021; Hofmann 
et al., 2022). While sporadic occurrences of older (>3.5 Ga) potassic 
granites exist as clasts within younger strata (Sanchez-Garrido et al., 

* Corresponding author.
E-mail address: wxl@nju.edu.cn (X.-L. Wang). 

Contents lists available at ScienceDirect

Chemical Geology

journal homepage: www.elsevier.com/locate/chemgeo

https://doi.org/10.1016/j.chemgeo.2025.123093
Received 3 June 2025; Received in revised form 26 September 2025; Accepted 12 October 2025  

Chemical Geology 696 (2025) 123093 

Available online 13 October 2025 
0009-2541/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:wxl@nju.edu.cn
www.sciencedirect.com/science/journal/00092541
https://www.elsevier.com/locate/chemgeo
https://doi.org/10.1016/j.chemgeo.2025.123093
https://doi.org/10.1016/j.chemgeo.2025.123093
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2025.123093&domain=pdf


2011; Kröner et al., 2018), their presence does not necessarily signify 
cratonization. Instead, they are more likely products of magmatic evo
lution or localized reworking of early felsic rocks (Ding et al., 2024). 
Situated in the eastern part of the Kaapvaal craton, the Barberton 
granitoid-greenstone terrain (BGGT) in South Africa and the adjacent 
deeper crustal equivalent, the Ancient Gneiss Complex (AGC) in Eswa
tini, document a chronological sequence of rocks spanning from the 
Paleoarchean to the Mesoarchean (Kröner and Hofmann, 2019; Moyen 
et al., 2019). This encompasses ca. 3.66–3.22 Ga TTGs and their gneissic 
equivalents and ca. 3.11–3.10 Ga potassic granites. The tectonic settings 

that operated in this area are highly debated, including ca. 3.66–3.20 Ga 
long-lived oceanic plateau/stagnant lid (André et al., 2022; Lowe, 2024) 
and ca. 3.30–3.22 Ga subduction models (Schoene et al., 2009; Wang 
et al., 2022). Furthermore, the mechanism of transition from ca. 
3.51–3.22 Ga long-term episodic TTG magmatic events toward ca. 
3.11–3.10 Ga short-term potassic granitoids remains a matter of dis
cussion (Laurent et al., 2014; Robb et al., 2021; Moyen et al., 2021). 
These granitoids in BGGT and AGC therefore provide a critical window 
to understand the tectonic processes and their relationship with craton 
stabilization.

Fig. 1. (a) Distribution of Archean cratons, Proterozoic shields and Phanerozoic orogens in the world (modified from Furnes et al., 2015). The locations of Archean 
rocks discussed in this manuscript was labeled. (b) Simplified geographical locations of South Africa, Eswatini and Barberton granitoid-greenstone terrain (BGGT). (c) 
Simplified geological map of the BGGT and part of Ancient Gneiss Complex (AGC) in Eswatini (modified from Moyen et al., 2021; Byerly et al., 2019).
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Granites formed in different tectonic settings vary in oxygen 
fugacity, water content, and isotopic signatures. Specifically, subduction 
zone granites typically exhibit higher oxygen fugacity, water content, 
and oxygen isotope values than those from intraplate environments 
(Cottrell et al., 2021; Ge et al., 2023). In this study, we investigate the 
geochemical proxies of zircon and document that the magmatic fO2 and 
H2O content increased from ca. 3.51–3.22 Ga TTG to ca. 3.11–3.10 Ga 
potassic granites, at values higher than those of other known Archean 
granitic rocks and similar to modern orogenic granites and collision-type 
porphyry deposits. We argue that the increased magmatic fO2 and H2O 
reflects a change in tectonic setting in the eastern Kaapvaal craton at ca. 
3.23–3.10 Ga, and that this transition facilitated the stabilization and 
maturation of the craton. This model is further supported by the increase 
in crustal thickness and the shift from mainly juvenile to more evolved 
isotopic signatures from ca. 3.51 Ga to ca. 3.22–3.10 Ga. The formation 
of a stable and more oxidized continent at ca. 3.2–3.1 Ga in the eastern 
Kaapvaal craton is accompanied by intensified weathering and erosion, 
which likely drove changes in the surficial environment and influence 
the early ocean and atmosphere.

2. Geological background

The BGGT in South Africa and the neighboring AGC in Eswatini 
collectively form the eastern core of the Kaapvaal Craton, featuring 
rocks that were generated between ca. 3.66 and 3.10 Ga (Kamo and 
Davis, 1994; Kröner and Hofmann, 2019; Moyen et al., 2019; Fig. 1). 
Following widespread granite emplacement at ca. 3.11–3.10 Ga, the 
eastern Kaapvaal Craton stabilized as a continental block, largely un
touched by later tectonic overprinting. This stability facilitated the 
formation of extensive intracontinental basins from ca. 3.00 to 2.06 Ga 
(Moser et al., 2001; Kröner and Hofmann, 2019). Prior to ca. 3.11 Ga, 
there was a series of continental growth and tectonic events, as evi
denced by the Barberton Greenstone Belt (BGB), surrounding granitoid 
plutons, and AGC gneisses (Kisters and Anhaeusser, 1995; Kröner et al., 
2014; Moyen et al., 2019).

The BGB consists of a suite of low-grade supracrustal rocks, starting 
with the mafic to ultramafic strata of the Onverwacht Group, dated 
between ca. 3.53 and 3.26 Ga (Armstrong et al., 1990; Byerly et al., 
2019; Lowe, 2024). This is succeeded by the compositionally diverse Fig 
Tree Group (ca. 3.26 to 3.23 Ga), composed of intermediate to felsic 
volcanic rocks, together with clastic and chemical sediments. These are 
capped by the Moodies Group (ca. 3.23 to 3.21 Ga), featuring extensive 
strata of conglomerates and sandstones (Lowe, 2024). The Moodies 
Group unconformably overlies the older units, contains intraformational 
unconformities, and is deformed into tight, upright synclines, suggestive 
of syn-depositional tectonism (Byerly et al., 2019). The shift in sedi
mentary patterns, in conjunction with the belt’s deformation, suggests a 
major tectonic episode (or episodes) during deposition of the Fig Tree 
and Moodies groups and its immediate aftermath (around 3.25 to 3.20 
Ga). Coinciding with this timeframe is the amphibolite-facies meta
morphism recorded in the nearby gneissic terrains (Dziggel et al., 2002; 
Cutts et al., 2014; Suhr et al., 2015). Surrounding the BGB, three main 
magmatic episodes gave rise to the formation of TTG plutons and 
gneissic equivalents older than 3.22 Ga (Fig. 1). These include the ca. 
3.51 Ga Steynsdorp pluton; the ca. 3.45 Ga Stolzburg, Theespruit and 
related plutons; and the ca. 3.28 Ga (older phases of the Badplaas 
pluton) to ca. 3.22 Ga (younger phase of the Badplaas pluton, and the 
Nelshoogte and Kaap Valley plutons) TTGs (Moyen et al., 2019). To the 
south of the BGB, the AGC represents a segment of Archean middle to 
lower crust, mainly comprised of ca. 3.66–3.45 Ga multiply deformed 
granitoid gneisses, greenstone remnants and interlayered amphibolites, 
many of which are probably derived from mafic dykes (Hoffmann et al., 
2016; Hoffmann and Kröner, 2019). In the center of the AGC, the 
Luboya-Kubuta terrane preserved ca. 3.11–3.07 Ga granulites at pres
sures of ~0.7 GPa and along clock-wise P-T paths, similar to those 
documented for metamorphism in modern collisional orogens (Taylor 

et al., 2012).
The ca. 3.11–3.10 Ga Granodiorite-Monzogranite-Syenite (GMS) 

suite consists of four main batholiths (Fig. 1): the Nelspruit batholith 
situated north of the BGB, the Pigg’s Peak batholith located to the 
southeast within Eswatini, the Mpuluzi batholith to the south, and the 
Heerenveen batholith to the southwest (Robb et al., 2021; Moyen et al., 
2021). The GMS batholiths are composite but dominantly granodiorite 
to monzogranite accompanied by smaller bodies of syenite to syenog
ranite, such as the Boesmanskop, Weergevonden and Kees Zyn Doorns 
intrusions emplaced at the same time as the larger batholiths (Kröner 
and Hofmann, 2019). Based on available geochronological data, the 
formation of the GMS suites can be constrained to a brief timespan, 
within the ca. 3.11 to 3.10 Ga interval (Moyen et al., 2019). Unlike the 
well-studied long-term episodic TTG magmatic events, the genesis of 
these short-term explosive potassic granitoids remains an enigma.

3. Methods

3.1. Phase equilibria and trace elements modeling

To conduct phase equilibria modeling, we used Perple_X (version 
6.9.1) software package (https://www.perplex.ethz.ch/; Connolly, 
2009) in the Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2-O2 
(NCKFMASHTO) chemical system, with the Holland and Powell (2011)
(hp622ver.dat) thermodynamic database. Several mineral solid solution 
models were selected for crust melting, including tonalitic melt [Melt 
(HGP)], garnet [Gt(HGP)], biotite [Bi(HGP)], orthopyroxene [Opx 
(HGP)], amphibole [cAmph(G)], ilmenite [Ilm(WPH)], mica [Mica(W)], 
epidote [Ep(HP11)], and feldspar. The modeling was conducted at 
temperatures of 600–1000 ◦C and pressures of 0.3–1.8 GPa. The median 
composition of 3.55 Ga AGC gneiss (Kröner et al., 2014), Barberton 
TTGs, sedimentary rocks (shale, sandstone and greywacke of Fig Tree 
formation) was utilized as source of the 3.1 Ga GMS. We assumed the 
Fe3+/(Fe3++Fe2+) ratio of 0.1, in agreement with the general assump
tion that the Archaean surface environment was less oxygenated than 
modern environments of hydrothermal alteration for which Fe3+/ 
(Fe3++Fe2+) ratio typically exceeds around 0.3 (Reimink and Smye, 
2024). The initial water content was set at 4 wt%, considering the 
presence of a small amount of amphibole in ca. 3.2 Ga Barberton TTGs. 
We calculated mineral phase equilibria every 10 ◦C and 0.1 GPa from 
600 to 1000 ◦C and 0.3–1.8 GPa for crustal rocks.

Based on phase equilibrium modeling, we obtained the compositions 
and proportions of minerals and melt for various temperatures, pres
sures, and water contents. To estimate the trace element composition of 
the melt, we employed the batch (equilibrium) melting equation (Shaw, 
1970): Cmelt/Csource = 1/[D + F×(1–D)], where Csource and Cmelt denote 
the concentration of trace elements in the source and the melt, respec
tively, F represents the melt percentage, and D is the bulk partition co
efficient: D = x1Kd1 + x2Kd2 + x3Kd3 …, where Kd is the mineral/melt 
partition coefficient and xi refers to the mass fraction of a particular 
mineral out of the total crystallized assemblages (Supplementary 
Table 8).

3.2. Magmatic fO2 and H2O calculation

Based on thermodynamic considerations and empirical calibration, 
Loucks et al. (2020) proposed an independent oxybarometer based on 
Ce, U and Ti contents (ppm) in zircon: ΔFMQ =3.998 (±0.124) log[Ce/ 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Ui × Ti

√
] + 0.2284 (±0.101), in which ΔFMQ is magmatic fO2 relative 

to the FMQ buffer and Ui is initial U corrected for radioactive decay. For 
H2O content, we employed a recently developed zircon-based oxy
barometer-hygrometer as detailed in Ge et al., 2023. This innovative 
method requires input of zircon trace elements, oxygen fugacity (fO2) 
values, as well as whole-rock major and trace element compositions. 
Calculations are performed through an electronic spreadsheet. 
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Comprehensive methodology and additional information are available 
in Ge et al., 2023.

The zircon U-Pb dating and trace elements analysis were acquired 
using a Cameca IMS-1300HR SIMS at Nanjing University. Detailed 
analytical methods are available in Supplementary information.

3.3. Proxies used to filter altered zircon

Early Earth zircons are susceptible to radiation damage, often 
showing significant alpha-dose accumulation leading to amorphization 
even at moderate actinide contents (Bell et al., 2016). Radiation- 
damaged zircons, being porous and fractured, are particularly sensi
tive to fluid-induced chemical modifications. This results in enrichment 
of light rare earth elements (LREEs), calcium (Ca), and iron (Fe), or their 
replacement by secondary alteration products (Kitajima et al., 2012). 
Several chemical alteration proxies were used to identify altered zircons 
in this study. (1) The Light Rare Earth Element Index (LREE-I): 
Following Bell et al. (2016), this index is calculated as (Dy/Nd) + (Dy/ 

Sm). A threshold value of LREE-I > 30 was used to identify pristine 
zircons. (2) Lanthanum (La) concentrations: La shows the most signifi
cant modification during post-magmatic alteration among the REEs. 
Pristine zircons have La concentrations normalized to C1 chondrite 
(LaN) < 1 (Zeh et al., 2014). This threshold was relaxed to <2 in this 
study to account for the often substantial uncertainties in La measure
ments. (3) Calcium and iron concentrations: A maximum limit of 150 
ppm was set for both Ca and Fe concentrations to identify pristine zir
cons (Kitajima et al., 2012). (4) U-Pb isotopic data: Pristine zircons were 
commonly identified by a degree of discordance <5 % and a fraction of 
non-radiogenic Pb < 1 % (Zeh et al., 2014).

4. Results and discussion

4.1. fO2 and H2O of Paleo- to Meso- Archean granitoid rocks

Magmatic oxygen fugacity (fO2) and water content (H2O) are pivotal 
factors influencing magma formation, differentiation, and metallogenic 

Fig. 2. The secular variations of magmatic oxygen fugacity and water content of granitoid rocks from Hadean to Archean. (a) Variation of magmatic oxygen fugacity 
(fO2) of granitoid rocks with age, each symbol represent median ± 2 s.e., same as in b. In addition, fO2 of Archean porphyry deposits (PCDs) are also plotted. (b) 
Variation of magmatic water content (H2O) of granitoid rocks, which shows a similar trend with magmatic fO2. The grey rectangles show the ranges of model H2O 
contents for the Jack Hills zircons calculated assuming source compositions (Ge et al., 2023). The blue shaded time window (4.0–3.6 Ga) of increasing magmatic fO2 
and H2O contents indicate the onset of subduction and deep-water recycling (Ge et al., 2023). Data on worldwide TTG, PCDs, and Jack Hills zircons are complied 
from literatures (Supplementary Table 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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processes (Kelley and Cottrell, 2009; Zimmer et al., 2010), and they 
exhibit distinct characteristics across different tectonic settings. In sub
duction zones, arc magmas typically display elevated fO2 and H2O 
contents due to the infiltration of oxidizing fluids from the subducting 
oceanic crust into the mantle wedge (Kelley and Cottrell, 2009; Lee 
et al., 2010; Zimmer et al., 2010; Gao et al., 2022). By contrast, magmas 
in intraplate settings generally have low fO2 and H2O contents, reflect
ing the relatively dry and reduced environments of the Earth’s deep 
mantle (Berry et al., 2008; Cottrell et al., 2021). Therefore, examining 
the fO2 values and H2O contents of Archean granitoids provides critical 
insights into the tectonic processes on the early Earth.

In this study, we present 362 in-situ trace-element and 145 in situ U- 
Pb dating analyses for magmatic zircons of ca. 3.51–3.22 Ga TTGs and 
ca. 3.11–3.10 Ga potassic granites from the eastern Kaapvaal craton 
(Supplementary Table 1 and 2; Fig. S1). A recently developed zircon- 
based oxybarometer-hygrometer (Ge et al., 2023; Loucks et al., 2020) 
was used to estimate the fO2 values and H2O contents. The results 
indicate that the ca. 3.51 Ga TTGs exhibit magmatic fO2 within 1 log 
unit of the fayalite–magnetite–quartz (FMQ) buffer (median FMQ − 0.02 
± 0.2, 2 standard error (2 s.e.), which are used throughout the text), 
whereas the two ca. 3.45 Ga TTG plutons show a median ΔFMQ of +0.09 
± 0.31 and + 0.62 ± 0.1. Moving forward in time, the ca. 3.25 Ga TTGs 
display a median ΔFMQ of +0.59 ± 0.2, and the subsequent ca. 3.22 Ga 
TTGs exhibit a broader range with ΔFMQ ranging from +0.07 ± 0.3 to 
+1.4 ± 0.3 (Fig. 2a). In contrast, the ca. 3.11–3.10 Ga GMS rocks display 
a wide variation in magmatic fO2, with a median ΔFMQ spanning from 
+0.3 ± 0.1 to +2.7 ± 0.3 (Fig. 2a). Consistent with the fO2 trends, the 
H2O content shows a similar progression: the median H2O content in the 
magmas decreases from 7.1 wt% at ca. 3.51 Ga, to 5.1 wt% around 3.45 
Ga. It subsequently rises again to 6.0 wt% at about 3.25 Ga, and for the 
ca. 3.22 Ga samples, it spans a broader range from 6.4 to 7.9 wt% 
(Fig. 2b). The ca. 3.11–3.10 Ga GMS rocks have H2O contents that 
significantly surpass the average of the ca. 3.51 to 3.22 Ga TTGs, 
exhibiting a broad span from 6.9 to 12.2 wt% (Fig. 2b).

To provide a comparative perspective, we plotted the fO2 and H2O 
contents of ca. 4.0–2.7 Ga old TTGs from different cratons, of ca. 4.3–3.4 
Ga Jack Hills zircon, binned in 100-million-year intervals, and of ca. 
3.0–2.7 Ga porphyry Cu-Au-Mo deposits (Fig. 2a,b; Supplementary 
Table 3). The observation of an overall increase in magmatic fO2 and 
H2O in granitoids during the Eoarchaean (4.0–3.6 Ga) has been inter
preted as indicative of a shift from stagnant-lid to mobile-lid tectonics 
(Ge et al., 2023). This interpretation is supported by Ti and Si isotope 
studies that record the onset of recycling of hydrated crust (Aarons et al., 
2020; Zhang et al., 2023) and is further corroborated by the positive 
shift in initial zircon Hf isotope compositions (Næraa et al., 2012; Bauer 
et al., 2020). While individual cratons have distinct evolutionary paths, 
linked to their regional tectonic histories, a common theme emerges in 
the progression from initially low magmatic fO2 and H2O concentrations 
toward higher values (Gao et al., 2022).

The BGGT exhibits a comparable trend between ca. 3.51 and 3.22 Ga, 
with a conspicuous peak in fO2 for the TTGs around 3.22 Ga (median 
ΔFMQ of +1.4 ± 0.3), surpassing the mean value recorded in worldwide 
TTGs. The abrupt increase in fO2 and H2O content of TTGs in ca. 
3.23–3.22 Ga (Fig. 2a,b) is consistent with increased δ18O values of 
zircon and whole-rock Dy/Yb ratios (Fig. 4b; Wang et al., 2022), which 
indicate seawater hydrothermal alterated crust transported to depth and 
melting through subduction (Wang et al., 2022). Although the mecha
nism of subduction initiation remains debated, impact events have been 
proposed as a plausible trigger for promoting subduction, as supported 
by both numerical simulations (O’Neill et al., 2020) and terrestrial 
impact records in BGGT (Lowe, 2024). The subducted slab brings water 
and oxidized material to the depth (i.e., source region of TTG), similar to 
modern subduction zones, which feature water-rich and oxidized arc 
rocks (Kelley and Cottrell, 2009; Lee et al., 2010). With the advent of 
GMS rocks at ca. 3.11 Ga, both fO2 and H2O contents reached high 
values unprecedented in Archean era (Fig. 2a,b). The marked increase in 

magmatic fO2 and H2O contents, associated with the shift from TTGs to 
potassic granites in the eastern Kaapvaal craton, implies a potential shift 
in tectonic setting.

We further compared fO2 and H2O in Archean granitoids (including 
TTGs and GMS rocks) with basalts and granites of different ages from 
diverse tectonic environments (Fig. 3; Supplementary Table 3). During 
the Phanerozoic, there is a coherent increase in fO2 and H2O content 
from MORB, through arc basalts, culminating in the highest values in 
collision-related granites and Cu-Au deposits (Fig. 3). Arc magmas are 
characterized by elevated fO2 values and H2O contents, a consequence 
of the infiltration of oxidizing fluids from subducting oceanic crust 
(Kelley and Cottrell, 2009; Lee et al., 2010). As the tectonic setting shifts 
from subduction to collision, arc-related rocks are progressively incor
porated into collisional process, signifying a transformation from crustal 
growth to reworking (Cawood et al., 2022). The collision-related granite 
and porphyry deposits show higher fO2 values and H2O contents, as 
observed in modern collisional belts (Fig. 3; Supplementary Table 3). 
For the Archean, a parallel trend emerges: MORB-like basalts exhibit the 
lowest values of fO2, followed by a gradual increase through arc-like 
basalts and TTGs from diverse cratons, ultimately reaching peak 
values in ca. 3.11–3.10 Ga GMS rocks (Fig. 3). Considering the parallel 
trends, the ca. 3.11–3.10 Ga GMS rocks in the BGGT, with their notably 
high fO2 and H2O contents, are taken to reflect the horizontal tectonic 
thickening that might be driven by subduction between ca. 3.2 and 3.1 
Ga. Experiments suggest that granitic magmas formed under high- 
pressure conditions exhibit higher water solubility (Baker and Alletti, 
2012), which supports the hypothesis that GMS rocks formed in a 
thickened crustal setting.

A recent study posits that relatively oxidizing and wet magmas 
resembling Archean granitoids worldwide can result from melts derived 
from partial melting of an overthickened mafic crust in a non-subduction 
scenario (Hernández-Uribe, 2024), and these thermodynamic-based 
modeling results are also plotted in Fig. 3. The fO2 values and H2O 
contents of modeled melts cover the spectrum of Archean TTGs, indi
cating that subduction was not the only way for achieving such high fO2 
values and H2O contents (Fig. 3). However, fO2 values of the ca. 
3.11–3.10 Ga GMS rocks are significantly higher, up to 1–2 orders of 
magnitude higher than those predicted by these modeled melts and 
Archean TTGs, and their H2O contents are also higher, up to 10–14 wt% 
(Fig. 3; Supplementary Table 3). Endogenic oxidation by garnet reten
tion/fractionation cannot explain the high fO2 values and H2O contents 
in these GMS rocks even if the melting depth was as deep as 40–45 km as 
suggested by Hernández-Uribe (2024). We therefore conclude that more 
oxidized and water-rich source components played a crucial role in the 
genesis of GMS rocks.

Overall, the trend for Archean rocks falls below that of Phanerozoic 
rocks in terms of fO2 and H2O contents (Fig. 3). Possible explanations 
include that slabs in the Archean subducted to shallower depths than in 
the Phanerozoic and were more prone to break-off due to higher mantle 
temperatures (Herzberg et al., 2010; Van Hunen and Moyen, 2012). As a 
result, this short-lived subduction has limited time to transport a large 
volume of water or oxidized material into deep source areas. Further
more, the nature of the subducted seafloor material during the early 
Archean, particularly around the proposed onset of tectonics at ~3.2 Ga, 
may have differed significantly from modern analogues (Cawood et al., 
2022; Ge et al., 2023). Rather than typical oceanic crust formed through 
seafloor spreading, the earliest subducted material might have been 
dominated by thick, volcanic plateau-like sequences formed through 
flood volcanism or similar processes (Byerly et al., 2019; Lowe, 2024). 
Such primitive oceanic crust would likely have been thicker and 
compositionally distinct, potentially affecting its alteration process and 
water content (Roman and Arndt, 2020). Additionally, the sedimentary 
cover on such crust was likely minimal and compositionally atypi
cal—possibly including more mafic or chemically precipitated sedi
ments rather than the oxidized terrigenous sediments common in later 
times (Lyons et al., 2014). Collectively, these factors would have 
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lowered the fO2 of fluids and melts released during subduction, thereby 
imposing a first-order control on the redox state of associated magmas 
(Fig. 3).

Variations in mantle oxygen fugacity may influence geochemical 
properties of crustal materials, a topic that has been extensively debated 
in recent years (Aulbach and Stagno, 2016; Nicklas et al., 2018, 2019; 
O’Neill and Aulbach, 2022). In particular, the rise in upper mantle fO2 at 
the end of Archean has been attributed to the entrainment of perovskite 
from the deep mantle (O’Neill and Aulbach, 2022). This secular oxida
tion likely influenced the mantle source of arc volcanics, contributing to 
the observed shift in fO2 of magmatic rocks over time. The gradually 
increasing mantle oxygen fugacity is also considered a potential factor in 
the occurrence of the Great Oxidation Event (Nicklas et al., 2019; 
O’Neill and Aulbach, 2022). However, the specific mechanisms through 
which this deep redox evolution affected shallow crustal oxidation 
processes—particularly in subduction zone settings—require further 
investigation.

4.2. Constraint from isotopes, thermodynamic and geochemical modeling

Earth’s primordial cratons emerged through the recycling of Hadean 
to early Eoarchean crust (>3.80 Ga) by the addition of isotopically ju
venile mantle-derived melts (Cawood et al., 2022). These processes are 
recorded in Hf isotope systematics as bimodal signatures (Hawkesworth 
et al., 2017; Cawood et al., 2022): suprachondritic values (reflecting 
mantle-derived inputs) and subchondritic values (indicative of crustal 
reworking). During later evolution, remelting of pre-existing continental 

crust—manifested by widespread potassic granite generation—drove a 
transition toward increasingly subchondritic isotopic compositions 
(Moyen et al., 2021; Rollinson et al., 2024). This diachronous shift 
across different cratons highlights their unique geodynamic histories 
(Cawood et al., 2022).

The eastern Kaapvaal craton records a multi-stage crustal evolution 
history between ca. 3.66 and 2.60 Ga, recorded by Lu-Hf and O isotope 
variations (Fig. 4a,b; Supplementary Table 4 and 5). Three temporally 
distinct periods are identified: (1) Primary crustal growth (ca. 
3.66–3.40 Ga): supra-chondritic εHf(t) values (0 to +4.0) and mantle-like 
zircon δ18O values (5.0–6.5 ‰) dominate this period (Fig. 4a,b), indi
cating derivation from a depleted mantle source with limited crustal 
contamination. (2) Transitional growth-reworking (ca. 3.28–3.22 Ga): 
this interval exhibits mixed isotopic signatures (Fig. 4a), including ju
venile εHf(t) values (0 to +3.8) and moderately crustal-influenced εHf(t) 
values (− 3.2 to 0). A pronounced shift is observed at ca. 3.22 Ga 
(Fig. 4b), marked by elevated zircon δ18O (6.5–7.5 ‰) and increased 
TTG whole-rock Dy/Yb ratios (>2.5; Wang et al., 2022). These features 
suggest the involvement of supracrustal materials in magma generation 
at depths >40 km, potentially facilitated by proto-subduction processes 
(Wang et al., 2022), implying a tectonic shift toward crustal thickening 
or underthrusting. (3) Mature crustal reworking (ca. 3.11–2.60 Ga): sub- 
chondritic εHf(t) values (− 12 to +1) prevail (Fig. 4a), reflecting exten
sive recycling of pre-existing continental crust.

The ca. 3.11–3.10 Ga GMS in BGGT primarily signifies a continental 
reworking period, as indicated by their sub-chondritic zircon εHf(t) 
values (Fig. 4a). To constrain the genesis of GMS rocks, three assumed 

Fig. 3. fO2 versus H2O content of different tectonic settings and times. The melt inclusion data (square symbol) for Phanerozoic mid-ocean ridge basalt (MORB), 
back-arc basin basalt (BABB), island arc basalt (IAB) (Kelley and Cottrell, 2009; Zimmer et al., 2010), as well as fO2 of MORB-like and IAB-like Archean basalts 
estimated using V/Ti ratios (triangle symbol) (Gao et al., 2022), are shown for comparison. In addition, fO2 of Archean and Phanerozoic collision-related porphyry Cu 
± Au ± Mo deposits (PCDs) and collision granite (COLG), calculated by zircon oxybarometer-hygrometer (circle symbol) are also plotted (data and cited literatures in 
Supplementary Table 3). Data of TTG melt modeling are given by Hernández-Uribe, 2024, and other data are complied from Ge et al., 2023. Each symbol represent 
the median, and error bars are 2 s.e.m. for the zircon oxybarometer-hygrometer results, 10 % for H2O content and 0.25 log units for fO2 for Phanerozoic melt 
inclusion data, and 1 s.d. for fO2 of Archaean basalts.
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sources have been proposed (Fig. 4a): (1) the ca. 3.55–3.45 Ga AGC grey 
gneisses, whose evolutionary domain encompasses a portion of sub- 
chondritic values, implying it could partly contribute to the formation 
of the GMS; (2) the ca. 3.51–3.22 Ga TTGs in BGGT; and (3) the ca. 3.2 
Ga sedimentary rocks in the BGB (Fig. 4a).

The petrogenetic relationship between TTGs and GMS rocks remains 
a subject of ongoing investigation. While there is broad consensus that 
TTGs originate from partial melting of hydrated and silicified mafic crust 
(Moyen and Martin, 2012; Ding et al., 2024), the genesis of GMS rocks 
continues to present unresolved complexities (Moyen et al., 2021; 
Rollinson et al., 2024). Geochemical distinctions are particularly evident 
in the GMS suite, which exhibits marked potassium enrichment (K2O/ 
Na2O > 0.6) compared to typical TTGs (K2O/Na2O < 0.6), along with 
3–5 times higher concentrations of most trace elements (excluding Sr, 

Eu, and Ti) (Fig. S2; Supplementary Table 6). These characteristics 
suggest either derivation from a more evolved source or generation 
through a lower degree of partial melting (Moyen et al., 2021; Rollinson 
et al., 2024). To address these uncertainties, we conducted integrated 
thermodynamic-geochemical modeling of three potential source reser
voirs (Fig. 5; Fig. S3; details in Methods; data in Supplementary Table 7 
and 8).

Initial consideration of TTGs as potential precursors appears plau
sible given their crustal abundance and capacity to explain potassium 
enrichment through partial melting (Moyen and Martin, 2012; Rollinson 
et al., 2024). However, modeling results demonstrate fundamental in
compatibilities, particularly regarding trace element concentration. 
Partial melts derived from TTGs in BGGT fail to replicate the enriched 
trace element contents observed in GMS rocks, with pronounced 

Fig. 4. Variation of Hf and O isotope data of BGGT and AGC with time. (a) Zircon and whole-rock Hf isotope data from different geological units of the BGGT and 
AGC; two evolutionary arrays are plotted: Hadean protocrust (light grey shadow) and AGC gneiss (light blue shadow). Each symbol represents one mineral or whole 
rock of one sample. (b) O isotope data of the BGGT magmatic zircons, global magmatic and detrital zircons. Each symbol represent median ± 2 s.e. Hf and O isotope 
data are complied from literatures (Supplementary Table 4 and 5). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)
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discrepancies in heavy rare earth element (HREE) patterns (Fig. 5c; 
Fig. S3). This mismatch likely reflects the inherent HREE depletion in 
TTGs, a geochemical signature inherited from garnet-bearing residues in 
their deep-seated source regions (Moyen and Martin, 2012). Similarly, 
while ca. 3.2 Ga BGB metasediments exhibit compatible εHf(t) values 
(Fig. 4a), both their bulk trace element compositions and modeled 
partial melts show significant deviations from GMS characteristics 
(Fig. 5b, Fig. S3). The argument against sedimentary sources gains 
additional support from low Ge/Si ratios in GMS rocks, which contrast 
sharply with values typical of sedimentary-derived melts (André et al., 
2022).

In contrast, combined thermodynamic and trace-elements modeling 
demonstrates that 20–40 % partial melting of AGC grey gneisses (ca. 
3.55–3.45 Ga) successfully reproduces trace element signatures of the 
GMS suite (Fig. 5a, Fig. S3). These heterogeneous crustal units, 
comprising metamorphosed TTGs, volcanosedimentary sequences, and 
amphibolites (Moyen and Martin, 2012), provide a viable source due to 
their volumetric dominance in Archean mid- to lower crust (Kröner 
et al., 2014; Hoffmann et al., 2016) and inherent geochemical vari
ability. Isotopic evidence further supports this model, with εHf(t) 
evolutionary trends showing continuity between AGC gneisses and GMS 
rocks (Fig. 4a). The combined geochemical and isotopic evidence thus 
strongly implicates AGC grey gneisses as the primary source for ca. 
3.11–3.10 Ga GMS rocks (Fig. 4a; Fig. 5a, Fig. S3), with potassium 
enrichment likely facilitated by biotite breakdown during gneiss melting 
and trace element enrichment achieved through moderate degree partial 
melting processes.

Although our trace element modeling and Hf isotopic constraints 
indicate that the grey gneiss of the AGC was the primary source of the 
GMS, we cannot exclude some contribution from more ancient Hadean/ 
Eoarchean protocrust in the formation of these late-stage potassic rocks 
(Fig. 4a). According to Hf isotopic evolutionary trends, reworking of 
such ancient protocrust began around 3.6 Ga and continued until 
approximately 2.6 Ga (Fig. 4a; Zeh et al., 2014; Kröner et al., 2014). 
However, the extent and precise proportion of this protocrustal contri
bution to both the formation and reworking of the continental crust 
remain uncertain and warrant further investigation.

4.3. Magma crystallization depths in the eastern Kaapvaal craton

In transcrustal magmatic systems, magma derived from deep sources 
may experience multistage stagnation during ascent before ultimately 
consolidating at comparable depths (Annen et al., 2006; Bachmann and 
Huber, 2016). During the ascent of magma, continuously crystallizing 
minerals (e.g., zircon) record a series of pressure variations, which may 
correspond to the pressure differences as the magma moves from its 
source region to emplacement and consolidation (Brown, 1994; Moreira 

et al., 2023). Crucially, the final crystallization depth of magmatic sys
tems is fundamentally governed by regional crustal thickness 
(Vigneresse et al., 1999; Loucks, 2021). In compressional tectonic set
tings, crustal thickening (>40 km) not only drives deeper partial melting 
(e.g., eclogite-facies depths >60 km) but also suppresses magma ascent 
through enhanced lithospheric viscosity, resulting in deep-seated crys
tallization (15–25 km). Conversely, in extensional settings, crustal 
thinning (<30 km) reduces melting temperatures and facilitates the 
formation of stable shallow magma chambers at 5–10 km depths 
(Vigneresse et al., 1999; Loucks, 2021). This tectono-depth coupling is 
globally validated by zircon-bearing magmas: plutons during super
continent amalgamation (e.g., Rodinia) exhibit ~25 km average 
emplacement depths, approximately 12 km deeper than those (~8 km) 
during breakup stage (Moreira et al., 2023).

Here, we employ zircon 176Lu/177Hf barometry to constrain magma 
crystallization depths of ca. 3.51–3.10 Ga granitoid plutons in the BGGT 
and AGC (Moreira et al., 2023, Supplementary Table 4). The results 
show that the depths of TTG magma crystallization gradually increase 
from ca. 3.51 to 3.23 Ga, and that from ca. 3.22 to 3.10 Ga, there was a 
marked increase in the crystallization depth of the granitic magmas from 
~15 km to ~50 km, coinciding with the petrogenetic shift from TTGs to 
potassic granites (Fig. 6). Notably, four magmatic pulses (ca. 3.51, ca. 
3.45, ca. 3.23–3.22, and ca. 3.11–3.10 Ga) display significant variability 
of inferred magma crystallization depths within each episode (Fig. 6). 
The maximum crystallization depth in each episode can be taken to 
reflect the upper limit of the depths at which the magmas were gener
ated within the crust, a depth constrained by the crust’s thickness at that 
time (Vigneresse et al., 1999; Loucks, 2021). Thus, from ca. 3.22 to 3.10 
Ga, the marked increase in the maximum crystallization depth of magma 
is taken to indicate progressive crustal thickening during this period 
(Fig. 6).

The interpretation of crustal thickening from ca. 3.22 to 3.10 Ga is 
reinforced by independent crustal thickness estimates: (i) detrital zircon 
Eu/Eu* systematics (Tang et al., 2021), and (ii) granitoid La/Yb ratios 
tracking garnet stability in the residue (Profeta et al., 2015). Both 
proxies show congruent thickening trends (Fig. S4), with crustal thick
ness increasing from ~40 km at 3.51 Ga to >70 km by 3.10 Ga. Such 
extreme thickening likely records the onset of horizontal tectonics at 
~3.2 Ga, as evidenced by: (a) coeval high-pressure granulite facies 
metamorphism (Moyen et al., 2006; Taylor et al., 2012), and (b) 
development of thrust-imbricated greenstone belts (De Wit et al., 1992). 
These processes collectively enhanced lithospheric rigidity, culminating 
in cratonic stabilization of the eastern Kaapvaal by 3.1 Ga (Fig. 7).

4.4. Implications for craton stabilization and surficial environments

The long-term stability of cratonic crust has been classically 

Fig. 5. Partial melting modeling of AGC grey gneiss (a), sedimentary rocks (b) and Barberton TTG (c). The coloured lines (except the red line) are 3.11–3.10 Ga GMS 
rocks. The blue shadows are modeled partial melts plotted for comparison. The pressure is set as 1.5 GPa, and modeling results for other pressure conditions are 
provided in Supplementary information. The initial water content is set as 4 wt%, considering the hornblende could be found in the Barberton TTGs. The data of AGC 
grey gneiss, sedimentary rocks and Barberton TTG were complied from literatures (more details in Methods section). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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attributed to the presence of a rigid lithospheric mantle root charac
terized by exceptional thickness, thermal deficit, anhydrous nature, and 
melt-depletion (Lee et al., 2011; Pearson et al., 2021). Although such 
chemically distinct thermal boundary layers exhibit prolonged isolation 
from the convecting mantle, their formation mechanisms remain 
controversial (Lee et al., 2011). While mantle plume models posit that 
high-temperature melting events generate dehydrated, depleted 

lithospheric keels (Griffin et al., 2003), this paradigm is difficult to 
reconcile with two key observations in the eastern Kaapvaal craton: (1) 
the systematic increase in magmatic oxygen fugacity (ΔFMQ 0.59–1.4 to 
0.3–2.7) and water content (6.0–7.9 to 6.9–12.2 wt%) recorded in 
granitic magmas during 3.22–3.10 Ga (Fig. 2a,b); and (2) the concom
itant deepening of magma crystallization depths as evidenced by zircon 
barometry (Fig. 6). These temporal correlations strongly suggest crustal 

Fig. 6. Crystallization depth of granitic magma in the eastern Kaapvaal craton. Each blue circle represents a single TTG pluton in BGGT, and each red circle rep
resents a sample from the GMS batholith. Each point is based on more than 10 analytical data, and represents median ± 2 s.e. The data highlight that the maximum 
depth of magma crystallization increased from ca. 3.51 to 3.10 Ga. The global data are time averaged data points from Moreira et al., 2023. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Tectono-magmatic model for the eastern Kaapvaal Craton from approximately 3.3 to 3.1 Ga. (a) 3.3–3.2 Ga: Subducted slab transported supracrustal 
marterial to the deep area. Magmas from slab, lower and middle crust feature high-, middle-, and low-pressure characteristics. (b) 3.2–3.1 Ga: A massive volume of 
potassic granite are orginated from the grey gneiss of the lower continental crust during horizontal tectonic thickening. This figure is merely a conceptual illustration, 
so it could not provide precise boundaries of the tectonic plates.
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thickening through horizontal tectonic processes rather than vertical 
plume-driven mechanisms.

We propose that subduction-driven accretion during ca. 3.22–3.10 
Ga initiated lithospheric stabilization through the following multi-stage 
process: First, the input of hydrated oceanic materials via slab subduc
tion elevated deep oxidation states and fluid activity, accounting for the 
increase of magmatic fO2, H2O contents and δ18O values (Fig. 2a,b; 
Fig. 4b). Second, lateral tectonic compression induced crustal short
ening, explaining both the pressure estimates of coeval granulite-facies 
metamorphism (Moyen et al., 2006; Taylor et al., 2012) and the sys
tematic increase in magma emplacement depths (Fig. 6). Third, crustal 
thickening promoted intracrustal differentiation, as demonstrated by 
the transition from ca. 3.66–3.22 Ga juvenile isotopic signatures to 
evolved crustal sources at ca. 3.11–3.10 Ga (Fig. 4a), particularly 
through remelting of pre-existing grey gneiss protoliths (Fig. 5). The 
protracted crustal evolution from 3.66 to 3.10 Ga progressively depleted 
the lithospheric mantle in heat-producing elements (HPEs; U, Th, K) 
through magmatic differentiation (Reimink and Smye, 2024). This 
geochemical depletion, combined with tectonic thickening, created a 
refractory mantle root resistant to remelting without external thermal 
input, ultimately establishing the craton’s long-term stability (Liu et al., 
2021).

From a geodynamic standpoint, the exceptional stability of Archean 
cratons is attributed to a unique, high-stress tectonic regime that was 
fundamentally different from modern plate tectonics. As proposed by 
Beall et al. (2018), their formation was not the product of persistent, 
Phanerozoic-style subduction but rather a catastrophic “lid-breaking” 
event during the transition from a stagnant-lid mantle convection mode 
to the onset of mobile-lid tectonics around 3 Ga. This episodic collapse of 
the stagnant lid generated transient, extreme compressional stresses 
(~150 MPa), far exceeding those in any subsequent tectonic regime. 
These stresses caused massive horizontal shortening and thrusting of 
buoyant, melt-depleted lithosphere, effectively stacking and amalgam
ating it into thick, stable cratonic nuclei. This mechanism explains why 
cratons formed almost exclusively in the Archean: post-Archean mantle 
cooling resulted in lower convective stresses (~75 MPa), preventing the 
recurrence of such extreme deformation events (Beall et al., 2018). 
Therefore, the episodic subduction-collision events suggested for the 
BGGT represent a manifestation of this brief, high-stress geodynamic 
threshold, which was critical for the irreversible stabilization of cratonic 
lithosphere.

The shift in tectonic processes in the eastern Kaapvaal craton during 
ca. 3.2–3.1 Ga appears to be linked to crustal thickening and cratoni
zation (Fig. 7). The stabilization of felsic crust due to cratonization likely 
led to intense terrestrial weathering, and runoff transported essential 
nutrients, such as phosphorus, into the oceans, fueling the expansion of 
early life forms (Bindeman et al., 2018). Sediments from a more oxidized 
continent and increased population of oxygen-producing microbes in 
shallow coastal areas led to elevated levels of oxygen first in the shallow 
oceans and later in the atmosphere (Campbell and Davies, 2017). This 
link between continental emersion and the development of oxygenated 
environments is supported by several lines of evidence for shallow- 
marine oxygen oases as early as 3.0 Ga ago (Lyons et al., 2014; Eick
mann et al., 2018). Additionally, the onset of widespread silicate 
weathering on the cratons is believed to have significantly reduced at
mospheric CO2 levels, facilitating a cooling effect and the onset of glacial 
periods, as suggested by the presence of Mesoarchean glacial diamictite 
formations (Hofmann and Bindeman, 2023). As more and more land
masses emerged from the oceans, alterations to Earth’s surface envi
ronments became increasingly pronounced, enduring, and widespread, 
fundamentally reshaping the planet’s habitability and climate dynamics 
(Bindeman et al., 2018).

5. Conclusions

(1) The eastern Kaapvaal craton underwent a tectonic transition from 
stagnant lid (3.66–3.23 Ga) to mobile lid (3.22–3.10 Ga) settings. 
This shift was recorded by marked increases in magmatic oxygen 
fugacity (fO2), H2O contents and δ18O value from ca. 3.51–3.23 to 
3.22–3.10 Ga. Concurrently, deeper magma crystallization 
depths and crustal thickness peaked at 3.11–3.10 Ga, reflecting 
horizontal tectonic thickening.

(2) Thermodynamic and geochemical modeling indicates that the ca. 
3.11–3.10 Ga potassic granites formed by partial melting of the 
middle to lower crust (AGC gneiss) in regions of crustal thick
ening. This is also supported by isotopic shifts from juvenile to 
evolved Hf-O signatures.

(3) The Kaapvaal craton exemplifies how tectonic thickening during 
early mobile lid settings drove crustal maturation and craton 
stablization. This study highlights that tectonic transitions were 
critical in establishing the stability of Earth’s earliest continents.
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