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Stable Sr isotopes (§%Sr) provide a process specific tracer of plagioclase behaviour in
magmatic systems. Because plagioclase liquidus is sensitive to the water content of
melt, 8%Sr can be applied as a tool to discriminate fluid-present from fluid-absent
melting to form early continental crust. Here, we present high precision §**Sr data for
the ~3.45 Ga Tsawela gneiss (TG) of the Kaapvaal Craton. The samples display a
narrow, mantle-like 8%8Sr range (0.19-0.30 %o, average 0.25 + 0.07 %o) and low initial
87Sr/8Sr that shows no correlation with SiO, Sr content and Eu anomaly.
Plagioclase fractional crystallisation would produce melts with lighter §%Sr values
and lower Sr content. The results indicate suppressed plagioclase crystallisation dur-
ing melt evolution, providing direct isotopic evidence for fluid-present melting. This

interpretation aligns with the calc-alkaline trends and the low pressure TTG trace element signature of the TG suite. Phase equi-
libria modelling also indicates that a progressive increase in melt H,O content lowers the plagioclase liquidus from >1200 °C to
~750 °C. Given that the TG samples were formed in an Archean mafic plateau setting, this indicates that the early felsic crust can
be efficiently generated under water-rich conditions without requiring modern style subduction.
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! Introduction

Earth is the only terrestrial planet with voluminous felsic
continental crust. The formation of early Archean crust is a fun-
damental issue for understanding planetary differentiation and
habitability. Water is widely regarded as a decisive factor during
the generation and evolution of silicic rocks (e.g., tonalite-
trondhjemite-granodiorite, TTG). Water significantly lowers
rock solidus temperature, reduces melt viscosity, enhances melt
volume, thereby influencing the composition of residual mineral
assemblages, melt compositions and differentiation pathways
(Collins et al., 2020). Based on the mode of water involvement
during melting, previous studies have proposed two fundamen-
tal end member models with significant tectonic implications:
fluid-present and fluid-absent melting (Beard and Lofgren,
1991; Pourteau et al., 2020; Tamblyn et al., 2023). The former typ-
ically involves the influx of external free fluids, enabling melting
at relatively low temperatures and is commonly invoked to sup-
port subduction or water-rich tectonic environments. In con-
trast, the latter primarily occurs in the absence of a free fluid
phase and is driven by heating or decompression that induces
the breakdown of hydrous minerals, typically associated with
thickened lower crust or a mafic plateau setting. It is suggested
that hydrous mantle plateaus occurred occasionally in the
Phanerozoic (Liu et al., 2017). Distinguishing between those
two melting mechanisms is not only a fundamental petrological
issue but also central to evaluate whether water-rich conditions
within mafic plateaus existed in the Archean (Roman and Arndt,
2020; Smithies et al., 2021).

However, precisely identifying the specific mechanisms of
partial melting remains challenging. On the one hand, tradi-
tional thermobarometry highly depends on pressure, melt
composition, water activity, and equilibrium state, making it dif-
ficult to serve as a direct indicator for fluid-present melting
(Schwindinger et al., 2019). On the other hand, Archean felsic
terranes commonly underwent amphibolite to granulite facies
metamorphic overprinting, obscuring primary magmatic signa-
tures. Because the stability of plagioclase is highly sensitive to the
water content of melts, fluid-present melting suppresses plagio-
clase stability, whereas fluid-absent melting stabilises plagio-
clase (Beard and Lofgren, 1991; Miintener and Ulmer, 2018).
Plagioclase is the primary reservoir of Sr in magmatic systems
and preferentially incorporates heavy Sr isotopes relative to the
bulk rock, such that its fractionation or residue produces resolv-
able stable Sr isotope fractionation (Charlier et al., 2012; Klaver
et al., 2020; Chen et al., 2025b). This highlights stable Sr isotope
(8%Sr) as a potentially powerful tracer of plagioclase behaviour
and melting mechanism.

The Kaapvaal Craton is one of the classic regions for
studying the formation of Archean continental crust. The
~3.45 Ga Tsawela Gneiss (TG) from the Ancient Gneiss
Complex (AGC) (Fig. S-1) is mainly composed of tonalite to
trondhjemite (Fig. S-2a), providing a critical window into the
debate over fluid-present versus fluid-absent melting. The TG
exhibits calc-alkaline trends (Fig. S-2b), moderate Sr contents,
and low Sr/Y ratios, consistent with a low pressure TTG
origin (Fig. S-3). The TG displays weak deformation, lack
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migmatisation features, and has low loss on ignition (LOI) val-
ues, indicating relatively limited later modification (Hoffmann
et al., 2016). The source of TG is close to depleted mantle and
lacks clear evidence for the involvement of ancient continental
crustal materials (Hoffmann et al., 2016). Based on rock assemb-
lages, geochemistry and palaeomagnetic detection, these rocks
are commonly interpreted to have formed in a mafic plateau tec-
tonic setting during the early Archean (Hoffmann et al., 2016;
Brenner et al., 2026).

Here, we investigate the ~3.45 Ga TG exposed in the
Kaapvaal Craton for high precision stable Sr isotopic analysis
to distinguish the melting mechanisms. By integrating whole
rock geochemistry and modelling, we aim to (1) evaluate plagio-
clase behaviour during TG petrogenesis, and (2) test the reliabil-
ity of stable Sr isotopes in distinguishing fluid-present versus
fluid-absent melting during ~3.45 Ga TG formation.

! Geological Background

Background. The Kaapvaal Craton preserves some of Earth’s rep-
resentative Archean crustal fragments, comprising the AGC in
Eswatini and the 3.6-3.2 Ga Barberton granitoid-greenstone ter-
rane (BGGT) in South Africa (Hoffmann et al., 2016). The AGC is
primarily composed of the 3.66-3.2 Ga Ngwane Gneiss (NG),
the 3.47-3.42 Ga TG and ~3.46 Ga Dwalile Supracrustal Suite
(DSS) (Hoffmann et al., 2016). The NG exhibits a bimodal char-
acter with interlayered felsic and mafic components. It is
intensely deformed and experienced upper amphibolite to
granulite facies metamorphism, and represents the oldest base-
ment component of the AGC. The TG is a weakly to well foliated
TTG suite (Fig. S-2a) and intruded the older NG and Dwalile
Greenstone remnants (Hoffmann et al., 2016). Within the TG,
SiO, contents range from 58.67 to 71.48 wt. %. They originated
from a juvenile source supported by Nd and Hf isotopic compo-
sitions (Zeh et al., 2011; Hoffmann et al., 2016). Importantly, the
low initial 8’Sr/%Sr ratios reported for the AGC (Davies and
Allsopp, 1976) suggest negligible involvement of pre-existing
siliceous crust. Interpretation of major and trace element proxies
is complicated by source heterogeneity, fractional crystallisation,
and melting depth (Kendrick and Yakymchuk, 2020). We inte-
grate stable Srisotopes with modelling to constrain the petroge-
netic regime of the TG suite.

Samples and methods. Six TG and one NG samples were
analysed; sample location (Fig. S-1), petrography, major and
trace element data, U-Pb zircon ages, and Hf-Nd isotopes were
reported in Hoffmann et al. (2016). TG samples are medium to
coarse grained tonalitic gneisses with weak deformation; sample
AGC502T exhibits more pronounced fabric development. The
studied NG sample (AGC470) is a strongly deformed migmatitic
orthogneiss.

Stable and radiogenic Sr isotope measurements were per-
formed at the State Key Laboratory of Lithospheric and
Environmental Coevolution, University of Science and
Technology of China, following the protocol of Chen et al.
(2022). Long term external reproducibility was 0.03 %o (2 s.d.)
for 8%Sr and 0.000025 (2 s.d.) for 87Sr/8Sr. Procedural blanks
were <0.18 ng Sr. Initial ¥Sr/%Sr ratios were calculated at
3.45 Ga. Results for international standards and replicate analy-
ses (Table S-1) are in agreement with certified values, ensuring
data robustness. For the TG samples, replicate analyses show
differences of 87Sr/%¢Sr but a consistent 8%Sr value, which were
attributed to the slight heterogeneity of the Rb/Sr ratio among
the different mineral phases within the bulk rock powders, while
5%8Sr remains homogeneous at the hand specimen scale (Chen
et al., 2025b).

! Results

The 8%Sr and Sr/%Sr ratios for the AGC gneisses are summar-
ised in Table S-1. TG samples exhibit 87Sr/*Sr ratios of
0.723139-0.773669 and initial (87Sr/*°Sr), values of 0.69799—
0.71722. Their 8%Sr values range from 0.19 %o to 0.30 %o
(2 s.d. < 0.04 %o), with a mean of 0.25 + 0.07 %o (2 s.d.)
(Figs. 1, S-4), largely overlapping with the reported Bulk
Silicate Earth (BSE) values (0.27 + 0.05 %o, Moynier et al,
2010; 0.29 + 0.07 %o, Charlier et al., 2012; 0.30 + 0.02 %o,
Amsellem et al., 2018). Compared with the wide range for gran-
itoids 8%Sr (=1.51 %o to 0.54 %o) (Chen et al., 2025a, 2025b) (Fig.
S-4), the stable Sr isotope fractionation in the TG sample is neg-
ligible (Fig. 1).

The NG sample shows §%Sr = 0.10 + 0.02 %o, significantly
lighter than both TG samples and BSE. Its 8’Sr/%Sr ratio is
0.758083, with a calculated initial (¥7Sr/®Sr), value of 0.70597.

! Discussion

What controls 8%8Sr in the early Archean felsic magmas?
Available data for Archean mantle derived rocks indicate that
the stable Sr isotopic composition of the convecting mantle
has remained constant since the Paleoarchean (Amsellem et al.,
2018). Importantly, mafic igneous processes have limited effect
on stable Sr isotope fractionation (Amsellem et al., 2018). Stable
Sr isotopes in felsic magmas are primarily governed by feldspar
and apatite, either through crystallisation or as residual phase.
Plagioclase and apatite preferentially incorporate heavy Sr iso-
topes, while K feldspar favours light isotopes (Charlier et al.,
2012; Andrews and Jacobson, 2018; Klaver et al., 2020; Chen et al.,
2025b). In this study, the TG exhibits an average §%Sr of 0.25 +
0.07 %o, consistent with the mantle/BSE composition (Moynier
etal.,, 2010), suggesting that plagioclase was a negligible residual
phase in the melting source. The lack of correlations between
8%Sr and SiO,, Sr contents, Eu/Eu* (Fig. 1) suggests negligible
plagioclase, K feldspar and apatite fractionation. In addition,
Rayleigh fractionation modelling (Fig. 2) suggests that 10 wt. %
plagioclase fractionation would decrease the §*¥Sr value of whole
rock to 0.14 %o (for plagioclase-melt fractionation factor
apiper = 1.0003 from Chen et al., 2025b) and 0.00 %o (for
apryer = 1.0007 from Charlier et al., 2012). This demonstrates
that 8%Sr is sufficiently sensitive to detect even a small amount
of plagioclase crystallisation. However, this deviation is not
observed in the TG suite. Also, the coarse grained texture of
the TG precludes rapid cooling as a potential mechanism for
suppressed plagioclase fractionation.

Secondary processes are unlikely to account for the
restricted 8%8Sr values observed in the TG samples. First, the
TG samples are fresh, as indicated by low LOI values, and no
correlation exists between LOI and 8%Sr (Fig. S-5). Second,
the major Sr hosting minerals (feldspar, apatite) are relatively
stable during amphibolite facies metamorphism. The narrow
8%Sr range despite variable initial Sr isotopes (Fig. S-5b) and
bulk compositions argue against substantial metamorphic reset-
ting or crustal contamination. Previous hybridisation models
require mixing between mafic and felsic end members
(Hoffmann et al., 2016); however, reproducing the observed Sr
concentrations through such a process would require the mafic
component to contain an extremely high Sr content (800 ppm),
which is inconsistent with typical mafic melts (Fig. S-10b).
Moreover, magma mixing between isotopically distinct end
members would be expected to generate resolvable §%Sr hetero-
geneity (Fig. S-10a), which is not observed. Therefore, the nar-
row 8%Sr range of the TG samples likely reflects their primary
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respectively.

magmatic compositions, consistent with the preservation of their
relatively low initial Sr isotope compositions (Davies and
Allsopp, 1976; this study).

However, the Sr content of TG samples decreases with
increasing SiO, (Fig. S-5a) (Hoffmann et al., 2016). This trend
may indicate heterogeneous Sr contents in their mafic precur-
sors, consistent with the observed heterogeneity in whole rock
Hf-Nd and initial (7Sr/%°Sr), values (Davies and Allsopp, 1976;
Fig. S-6) (Hoffmann et al., 2016). This interpretation is further
supported by the wide variation in Sr contents (~25-
250 ppm), Sr/Y (1.2-9.8), and Eu/Eu* (0.78-1.02) of the ~3.46
Ga DSS greenstone remnants (Fig. S-7) (Hoffmann et al., 2020).

Fluid-present melting and tectonic implications. A mafic
plateau setting has been proposed as a viable tectonic environ-
ment for the formation of voluminous felsic crust during the early
Archean (Johnson et al., 2017). However, this view has been
challenged by the argument that the lower crust of thick mafic
plateaus is predominantly dry, thereby limiting the production
of large volumes of silicic melt (Roman and Arndt, 2020).
Resolving the presence or absence of fluids in mafic plateaus
is therefore critical for understanding the mechanisms of early
continental crust formation and differentiation.

Thermochemically, magmatic water reduces melt poly-
merisation by breaking Si-O-Si bonds (Stolper, 1982), which sig-
nificantly depresses the plagioclase liquidus while expanding the
stability field of amphibole (Beard and Lofgren, 1991; Pichavant
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Figure 2 Rayleigh fractionation models for stable Sr isotope evo-
lution of residual melt during fractional crystallisation of sodium
rich magma. Bulk fractionation factors (ap.ner) between plagio-
clase and melt of 1.0003 and 1.0007 are assumed according to
Chen et al. (2025b) and Charlier et al. (2012), respectively. Cq is
the initial Sr content in primary melt, with values of 162 and
393 ppm corresponding to the observed range of the TG samples.
Circular markers on each curve represent 10 wt. % increments of
plagioclase fractionation.
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Figure3 Pseudosectionsillustrating the suppression of plagioclase (Pl) liquidus relative to amphibole (Amp) liquidus during magmatic cool-
ing at 4-10 kbar, with labels indicating H,O contents (in wt. %). Calculations using samples (a) AGC502T (primitive melt proxy) and (b)
AGC500 (evolved), demonstrate that the suppression of plagioclase by high melt H,O content is consistent regardless of bulk SiO, variations.

and Macdonald, 2007; Mintener and Ulmer, 2018). The result-
ing melts are consequently enriched in Al,Oj, follow calc-alka-
line differentiation trends, exhibit low Sr/Y ratios (Beard and
Lofgren, 1991; Pichavant and Macdonald, 2007; Mintener
and Ulmer, 2018) and most importantly, preserve §%Sr values
indistinguishable from mantle compositions because plagio-
clase, the primary Sr-rich phase that preferentially incorporates
heavy Sr, is largely absent from the fractional crystallisation
assemblages. The restricted, mantle-like 8%8Sr values of the
TG samples require minimal isotopic fractionation, which in turn
demands suppression of plagioclase crystallisation. While high
pressure (>1.5 GPa) can also destabilise plagioclase, the TG sam-
ples are characterised by low pressure TTG signatures (Fig. S-3),
ruling out a deep origin. We therefore ascribe the suppression of
plagioclase crystallisation to fluid-present melting. This interpre-
tation is independently supported by their calc-alkaline differen-
tiation trend (Hoffmann et al., 2016), low pressure TTG affinity
(Fig. S-3; Pourteau et al., 2020) and no obvious Eu anomaly
(Hoffmann et al., 2016). In contrast, fluid-absent melting favours
plagioclase crystallisation, producing melts with lighter §%Sr and
tholeiitic differentiation trends (Miintener and Ulmer, 2018).

To quantitatively evaluate the impact of magmatic H,O
content on mineral crystallisation sequences during magma
cooling, we performed thermodynamic forward modelling at
4-10 kbar using the bulk compositions of sample AGC502T
(primitive proxy) and AGC500 (evolved). Phase equilibrium
modelling (Figs. 3, S-8) quantitatively confirms these experi-
mental relationships linking water content to the stability fields
of plagioclase and amphibole (Beard and Lofgren, 1991;
Miintener and Ulmer, 2018). A progressive increase in melt
H,O content lowers the plagioclase liquidus from >1200 °C to
~750 °C while simultaneously extending the stability field of
amphibole to ~1050 °C (Figs. 3, S-8). Crucially, the effect of
water activity on depressing the plagioclase liquidus far exceeds
that of temperature and pressure variations in the upper to lower
crustal regime, serving as the principal control on plagioclase
stability, independent of the bulk composition (Fig. 3a,b).

aaaaaaaaaaaa

Plagioclase fractionation may be suspended due to insuf-
ficient gravitational settling in a viscous magma chamber, which
would drive magma to higher Sr contents, 5%Sr values and pos-
itive Eu anomalies in the cumulate portions. However, those fea-
tures are absent in the TG suite (Figs. 1, S-5). Thus, plagioclase
was neither a significant fractionating nor a cumulate-forming
phase, consistent with suppressed plagioclase crystallisation
under water-rich conditions.

These findings challenge the prevailing assumption that
the lower crust of mafic plateaus is inherently water-poor
(Roman and Arndt, 2020). Their “wet” geochemical signature
suggests that fluid activity was pivotal in non-plate tectonic
regimes. Water not only enhances melt productivity by depress-
ing the solidus but also promotes calc-alkaline differentiation,
facilitating rapid generation of voluminous felsic crust.
Consequently, early continental growth may not require modern
style subduction; instead, it could have occurred within hydrated
mafic plateaus (Fig. 4).

The ultimate source of these fluids remains uncertain, but
can be constrained. Seawater hydrothermal alteration is a poten-
tial source (Vezinet et al., 2018); however, intensely altered
oceanic crust is characterised by elevated §%Sr values (0.27-
0.34 %o), higher Sr/%Sr, and correlated enrichments in fluid
mobile element ratios such as K/La and K/Th ratios (Klaver et al.,
2020; Liu and He, 2021). In contrast, the TG samples display
mantle-like stable Sr isotopic compositions and lack systematic
correlations with K/La and K/Th ratios (Fig. S-9), suggesting that
the involvement of hydrothermal alteration fluids was likely
minimal. Altered komatiites within oceanic plateaus represent
another potential fluid source through dehydration (Tamblyn
et al., 2023). Although Barberton komatiites exhibit relatively
heavy 8%Sr values (0.16-0.97 %o) (Amsellem et al., 2018), the
isotopic composition of the fluids released remains poorly
constrained. By comparison, the low Sr content of komatiites
(average Sr contents = 23 ppm; Chavagnac, 2004) limits their
ability to significantly modify the bulk Sr isotopic compositions
of the mafic source. On the other hand, natural observations
reveal that low temperature, slab derived fluids are enriched
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Figure4 Schematic modelfor fluid-present melting of mafic crustin a Paleoarchean plateau setting, producing the ~3.45 Ga Tsawela Gneiss

in Kaapvaal Craton. The source of fluid is discussed in the main text.

in light Sr isotopes (§%Sr = 0.122-0.157 %o) (Kani et al., 2023),
whereas high temperature fluids (>700 °C) tend to equilibrate
with their source rocks, preserving a mantle-like isotopic signa-
ture (Klaver et al., 2020). Therefore, the mantle-like §%Sr values
exclude shallow, fractionated fluids but are consistent with high
temperature fluid-rock equilibrium. Collectively, these observa-
tions suggest that the TG magmas were influenced by deep
seated, high temperature fluids, partially derived from hydrated
komatiites from the middle-lower crust (Tamblyn et al., 2023)
and possibly from mantle plumes underplating the oldest
continental fragments (Liu ef al., 2017; Pourteau et al., 2020;
Smithies et al., 2021), facilitating efficient crustal differentiation
without the prerequisite of modern style plate subduction,
although these sources cannot be uniquely distinguished.

! Conclusions

Stable Sr isotopes demonstrate that the ~3.45 Ga Tsawela
Gneiss formed through fluid-present melting of mafic crust.
The mantle-like 8%Sr values, consistency with calc-alkaline
trends and phase equilibrium modelling provide direct Sr iso-
topic evidence for water-rich conditions in a Paleoarchean mafic
plateau setting. Voluminous felsic crust can be generated effi-
ciently under hydrous conditions without modern style subduc-
tion. Water is a critical driver of early continental growth,
enabling differentiation of mafic plateaus and shaping the ther-
mal volatile evolution of the early Earth.
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Thermodynamic modeling

To evaluate the effect of water content and pressure on the crystallization sequence of minerals during
magma cooling (rather than modeling the partial melting of a mafic protolith), phase equilibrium modeling was

performed for the bulk compositions of sample AGC502T and AGC500 using Perple X software (version 7.1.9)
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(Connolly, 2005) in the MnO-K>0-Na,O-CaO-FeO-MgO-Al>,03-S102-H20-Ti02-O, system with the
hp62ver.dat thermodynamic database (Holland and Powell, 2011). Sample AGC502T represents the primitive
melt proxy, because it has the lowest SiO2 (58.67 wt. %) and highest MgO contents, while sample AGC500
represents the evolved end-member (highest SiO> content, 69.46 wt. %). Because part of the CaO was hosted
in the apatite and P>Os was not included in the modeling due to the lack of phosphorus-bearing mineral activity-
solution models, the modeled CaO content was reduced according to the P2Os content in the bulk rock, assuming
that all phosphorus is bound to apatite. The following activity-solution models were used: clinopyroxene, melt
and amphibole from Green et al. (2016); biotite, mica, orthopyroxene, and garnet from White et al. (2014);
epidote from Holland and Powell (2011); ilmenite from White et al. (2000); and feldspar from Holland and
Powell (2003). Quartz and titanite are regarded as the pure phase. The X(Fe**)/Y (Fe?*+Fe*") of the whole rock
was fixed at 0.1. The bulk-rock compositions (wt. %) used for phase-equilibrium modeling are summarized in
Table S-2.

Two complementary modeling strategies were implemented. For each bulk composition, calculations were
first conducted at a fixed pressure of 8 kbar (simulating the mid- to lower-crustal cooling) with temperature
ranging from 650 °C to 1300 °C and water content of 0—12 wt. % (Fig. S-8). To systematically assess the
combined effects of pressure and melt H2O content on the liquidus temperature of plagioclase and amphibole,
P-T pseudosections were performed at 4-10 kbar and 700-1200 °C, under fixed water content of 2 wt. %, 4
wt. %, and 8 wt. % (Fig. 3). The P-T modeling results in Fig. 3 suggest that, under high melt H>O conditions
(e.g., 8 wt. %), higher pressure depresses the plagioclase liquidus relative to the amphibole liquidus during

cooling, indicating that pressure plays a secondary yet supportive role relative to melt H>O content.

The metamorphic overprinting of ~3.45 Ga NG sample
The NG sample of AGC470 appears to have experienced a complicated metamorphic history. The pyroxene

cores were overprinted by amphibole and later biotite. The sample contains abundant late-stage overgrowths of
biotite and chlorite, as well as minor amounts of opaque minerals. Collectively, the sample experienced

granulite-facies metamorphism followed by retrogression through the amphibolite facies and greenschist facies.
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Rayleigh fractionation modeling

To quantify the influence of plagioclase fractionation on stable Sr isotopic composition during magmatic

crystallization, Rayleigh fractionation modeling was performed following the approach of Charlier ef al. (2012):

Ciett = Cumeit,0 % Finetr !
3388 merr = (0% Srmeir, 0 + 1000)X fonerr 1-1000
Jmelt = Cmet/Cmelr,0
where Cmelt and Celr,0 denote the Sr concentrations of the residual and initial melts, respectively; D represents
the partition coefficient between plagioclase (P1) and melt; 6**Srer,0 and 6%3Sr e correspond to the stable Sr
isotopic compositions of the initial and residual melt, respectively; fuei 1s the fraction of Sr remaining in the
melt; Fmelt is the residual melt fraction; o is the equilibrium isotope fractionation factor between plagioclase and
melt.

The api-melr 1s taken as 1.0007 based on Charlier et al. (2012), and alternatively 1.0003, calculated from
A¥¥Srpimert = 10°Inapimere for the Huili granite, China (Chen et al., 2025) in Fig. 2. The partition coefficient D
(=4.4) is adopted from Hanson (1978). The mean value of the TG samples §%¥Sr = 0.25%o is used to approximate
the initial melt composition. The Sr content of initial melt (Cperz,0) is assigned a range of 162-393 ppm based

on the TG samples (Hoffmann et al., 2016).

Binary mixing modeling of mafic and felsic melts

To evaluate whether the magma mixing hypothesis proposed by Hoffmann ez al. (2016)—involving mixing
between mantle-derived melts and partial melts of the older Ngwane Gneiss (NG)—is applicable to the stable
Sr isotope compositions of our samples, we conducted quantitative binary mixing modeling (Fig. S-10). For any
mixed product, the fraction of the mafic end-member is denoted as f (with 0<f<1) and that of the felsic end-
member as (/-f). The concentration of Sr or SiO» in the mixture is calculated by:

Cuix = Cuafic X f + Cleisic ¥ (1-f)
where Chix, Cuafic and Crsic represent the contents of the relevant component (Sr or Si0O2) in the mixed melt,
mafic and felsic end-member. For the stable Sr isotope composition, the composition in the mixed melt is
performed by:
%8S mix = (5%3Srmapic X Cmagic X f + 6% Sr1eisic X Cheisic % (1-)/Cunix
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where 3%3Srmix, 0% Srmafic and 5%4Srysic represent the compositions of the mixed melt, mafic and felsic end-
member, respectively.

In Fig. S-10a, we modeled binary mixing in Sr concentration versus 5**Sr space between two end-members:
a mantle-derived mafic melt (5*¥Sr = 0.27%o) and a felsic melt derived from the NG basement (sample AGC470,
5%8Sr = 0.10%o). In Fig. S-10a, four scenarios were tested by varying the Sr concentrations of the end-members:
Stmafic =25 ppm and 250 ppm, corresponding to the observed range of Sr concentrations in the DSS greenstone
belt (~25-250 ppm, Fig. S-7, from Hoffmann et al. 2020), and Srsisic = 161 ppm and 583 ppm, corresponding
to the observed range of Sr contents in the TG samples. In Fig. S-10b, binary mixing was evaluated in
Sr versus Si02 space, using a mafic end-member (Si02 =45 wt. %) and a felsic end-member (Si02 =71 wt. %).
Four mixing combinations were calculated using S7nqsc values of 250 ppm and 800 ppm, and Srssic values of
161 ppm and 583 ppm. We first used 250 ppm, representing the high-Sr end of the observed range of the DSS
mafic rocks. Because this value cannot reproduce the observed Sr-SiO» relationships of the TG samples, we
additionally tested an extreme high-Sr mafic end-member of 800 ppm to evaluate whether binary mixing could

reproduce the observed trend even under an unrealistically high-Sr scenario.

Discussion: evaluation of potential non-primary factors
Weathering and metamorphism

Chemical weathering can fractionate 5**Sr depending on pH and mineral stability (Luo et al., 2024).
However, our samples are remarkably fresh, characterized by low chemical index of alteration (CIA) values
(45-51, Table S-1) and low loss on ignition (LOI). The lack of correlation between 8%Sr and CIA or LOI
indicates that subaerial weathering has not significantly modified the primary Sr isotope signatures (Fig. S-5c,
S-5d). Similarly, while the TG has undergone metamorphism, the primary reservoirs of Sr (plagioclase, K-
feldspar and apatite) remain relatively stable under low- to medium-grade metamorphic conditions. The absence
of petrographic evidence for fluid-induced metasomatism, e.g., quartz veining, epidotisation or partial melt
veins, suggests that metamorphic overprinting on 8%Sr is negligible (Hoffmann et al., 2016; Fig. S-11). In
addition, the limited variation in 8%Sr, despite variable initial (*”Sr/*®Sr), values (Fig. S-5b), indicates that stable
Sr isotope compositions were not substantially modified during post-magmatic processes. The relatively low

initial (3”St/%Sr); values of bulk rocks and primary igneous mineral apatite (Davies and Allsopp, 1976; Caton
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et al., 2022; this study) further suggest negligible incorporation of older crust and limited post-magmatic
disturbance of the Sr isotope system. The heterogeneity in initial (}’Sr/*°Sr), values, however, is interpreted to
reflect source heterogeneity rather than metamorphic redistribution, consistent with the heterogeneous whole-

rock Hf-Nd isotope compositions (Fig. S-6).

Crustal contamination and magma mixing

The 8%®Sr composition of continental crust exhibits wide variability (Andrews and Jacobson, 2018; Chen
et al., 2025). Although the TG intruded the older Ngwane Gneiss (NG) basement, several lines of evidence
argue against significant crustal contamination: (i) the TG samples are lithologically homogeneous without field
evidence of xenoliths or mixing; (i1) their geochemical signatures deviate from binary mixing between mantle-
derived melts and evolved crust (Hoffmann et al., 2016), and (iii) the restricted range of initial ’Sr/3®Sr ratios
supports evolution within a coherent magmatic system.

Regarding magma mixing, while Hoffmann ef al. (2016) suggested a hybrid origin for the TG, our stable
Sr data do not show systematic isotopic shifts expected from the mixing of two distinct end-members. It should
be noted that during binary mixing modeling, using the Sr-Si0»-5%¥Sr compositions of the TG samples to
represent the felsic melt end-member is a simplification. The resulting mixing trajectories in Sr-8%Sr space fail
to capture the observed stable Sr isotope compositions of the TG samples (Fig. S-10a). Although the TG data
points align along the Sr-SiO> mixing curve corresponding to a mixture between a high-Sr mafic end-member
(800 ppm) and a low-Sr felsic end-member (161 ppm), such a high Sr concentration is unlikely for mantle-
derived basaltic melts (Fig. S-10b), given that the ~3.46 Ga DSS greenstone belt in the AGC region has Sr
content of ~25-250 ppm (Fig. S-7, Hoffmann et al., 2020). The above confirms that magma mixing between
mantle-derived melts and partial melts of the older Ngwane Gneiss (NG) cannot explain the petrogenesis of the
TG samples.

Furthermore, the decoupling between SiO; and enf(t) and ena(t) contradicts the high-efficiency mixing
model. We suggest that the apparent mixing trends in trace elements reflect source heterogeneity or
differentiation paths rather than physical hybridization. Previous mixing models overemphasized plagioclase
fractionation (50 wt. % plagioclase and 50 wt. % amphibole) without considering Fe-Ti oxide crystallization,

which led to a potential misinterpretation of the liquid line of descent. Fe-Ti oxide crystallization is important
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for suppressing Fe-enrichment and driving the residual melt along a calc-alkaline trend (Thy and Lofgren, 1994;

Nandedkar et al., 2014; Zhang et al., 2023).

Partial melting and source residue fingerprinting

During the melting of a mafic source, if plagioclase remains in the residue, it would sequester heavy Sr
isotopes, leaving the generated melt (the TG precursor) with a slightly lighter 8% Sr signature (Charlier et al.,
2012; Klaver et al., 2020; Chen et al., 2025). However, the TG samples are indistinguishable from the BSE
value, which implies that the plagioclase-to-hornblende ratio of the source residue was extremely low. This is
consistent with fluid-present melting. Under hydrous conditions, the stability field of plagioclase is drastically
reduced while that of hornblende is expanded. The absence of a heavy Sr isotope signature in the melt (which
would occur if K-feldspar were the dominant residual phase) (Chen ef al., 2025) and the lack of a strong light
signature (which would occur with significant plagioclase fractionation) both point to a hornblende-dominated,
plagioclase-poor residual assemblage. This provides a new, independent isotope line of evidence for fluid-
present melting in the early Archean Kaapvaal crust, as water is the most efficient agent for suppressing
plagioclase stability in these settings (Beard and Lofgren, 1991; Pichavant and Macdonald, 2007; Muntener and
Ulmer, 2018).
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Figure S-1 (a) Simplified geological map of the eastern Kaapvaal Craton. L = Lesotho;
S = Eswatini. (b) Simplified geological map of the Ancient Gneiss Complex (AGC),
Eswatini, showing the distribution of exposed ~3.45 Ga Ngwane and Tsawela Gneisses
and the locations of samples analysed in this study (modified after Hoffmann et al.,

2016).
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Figure S-3 The logio(St/Y) versus logio(La/Yb). The data are derived from Hoffmann

et al. (2016). The classification background is from Johnson et al. (2017).
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Figure S-4 Stable Sr isotopic compositions of the ~3.45 Ga Tsawela and Ngwane

Gneiss (this study), seawater (Liu et al., 2021), MORBs (Charlier et al., 2012;

Amsellem et al., 2018; Klaver et al., 2020), altered oceanic crust (AOC) (Klaver et al.,

2020), komatiites (Amsellem et al., 2018), serpentinite (Ma et al., 2013), OIBs

(Andrews and Jacobson, 2017; Amsellem et al., 2018), mafic arc lavas (Klaver ef al.,

2020), andesites (Ohno and Hirata, 2007; Moynier et al., 2010; Charlier et al., 2012;

Ma et al., 2013; Andrews et al., 2016), and granitoids (Moynier et al., 2010; Charlier

etal.,2012; Chen et al., 2025).
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Figure S-5 (a) SiO> vs. Sr contents; (b) (¥’Sr/%Sr); vs. *%Sr, (¢) §%¥Sr vs. LOI, and (d)

5%8Sr vs. CIA. The BSE value is from Moynier et al. (2010).
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Figure S-7 The SiO; vs. Sr content of basaltic rocks in ~3.46 Ga Dwalile greenstone

remnants from Hoffmann ez al. (2020).
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Figure S-8 The T-X(H>O) pseudosections show the effect of water content on the
liquidus temperatures of amphibole (Amp) and plagioclase (Pl) for samples (a)
AGCS502T (low SiO2) and (b) AGCS500 (high SiO3).
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Figure S-10 The binary-mixing modeling of mafic and felsic melts in (a) Sr vs. 5%%Sr
and (b) Sr vs. SiO> space. The cross markers on each curve represent 10 wt. %
increments of the mixed melt. The data of ~3.45 Ga NG and TG were derived from
Hoffmann et al. (2016) and Kroner et al. (2014). The compositions of Dwalile

greenstone remnants are derived from Hoffmann et al. (2020).
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Figure S-11 Field photograph of the TG sample AGC 497, showing its fresh appearance

and the absence of petrographic evidence for fluid-mediated metasomatism (e.g., quartz

veining, epidotisation or partial melt veins).
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Table S-1 Stable Sr isotopic compositions of the Tsawela Gneiss and Ngwane gneiss, Ancient Gneiss Complex, Eswatini.

87Sr/36Sr Sr¢ Y® Age*
87Sr/3%Sr S%8Sr (%o) Sr/Y® Eu/Eu’® CIA8
Sample (Age) (ng/g)  (ng/e) (Ma) 59
Average 2SD? N’  Average 2SD N .
Tsawela gneiss ;:
AGC58 0.723139  0.000016 2 0.19 0.00 2 0.70271 310 14.4 21.53 3457.8+0.8 0.90 4862
AGC75 0.726724  0.000006 2 0.30 0.00 2 0.69799 393 15.5 2529 3478.1%+1.2 0.87 4763
AGC497 0.759063  0.000024 2 0.26 0.01 2 0.70759 197 14.5 13.59 3436 (?) 0.83 4964
AGC500 0.773669  0.000037 2 0.23 001 2 0.71737 162 17.2 9.42 3450 (?) 0.74 5065
AGC501 0.733210  0.000030 2 0.27 0.00 2 0.70607 278 19.1 1455  3441%23 0.82 4866
Replicate®  0.733899  0.000041 2 0.23 001 2 0.70676 7
Average 0.733555  0.000796 4 0.25 0.04 4 0.70642 68
AGCS502T  0.723205  0.000006 2 0.28 002 2 0.70092 265 16.2 16.36 <3447 0.94 4569
Replicate 0.724005  0.000041 2 0.24 002 2 0.70172 20
Average 0.723605  0.000924 4 0.26 0.04 4 0.70132 -
Ngwane gneiss 72
AGC470 0.758072  0.000001 2 0.09 0.01 2 0.70596 110 46.7 235  34533%£13 0.78 5173
Replicate 0.758094  0.000006 2 0.11 0.00 2 0.70598 24
Average 0.758083  0.000025 4 0.10 0.02 4 0.70597 -
Reference materials 76
GBW07104  0.704930  0.000023 2 0.23 0.02 7
BHVO-2 0.703476  0.000015 2 0.25 001 2 78
RGM-1 0.704201  0.000012 2 0.18 0.03 -0

228D represents twice the standard deviation of the population of N repeated measurements of the same sample. * N indicates the number of mass

Q)E
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spectrometry analyses for the same sample.® data derived from Hoffmann ez al. (2016), Ew/Eu*=Eux /N(Smx*Gdy), where subscript N denotes CI chondrite-
normalised values from Sun and McDonough (1989).¢ CIA = [ALLO3/(ALLO;+CaO"+Na,O+K,0)]*100, the chemical index of alteration (CIA) using molecular
proportions, CaO" is the amount of CaO in the silicate fraction of the rock (Nesbitt and Young, 1982). ¢Replicate implies repeated sample dissolution, column

chemistry and analysis.
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Table S-2 The bulk-rock compositions (wt. %) for phase-equilibrium modeling.

Sample AGCs502T AGCs500

SiO, 5892 57.72 5531 60.12 5290 69.56 68.14 6530 7098 62.46
TiO» 0.63  0.61 0.59 0.64 056 038 037 0.36 039 0.34
ALO; 17.04 1669 16.00 1739 1530 1445 14.16 13.57 1475 1298
FeO 538 527 5.05 549 4383 3.11 3.04 292 3.17 279
MnO 0.09  0.09 0.08 0.09 0.08 0.06 0.06  0.06 0.06  0.05
MgO 359 3.52 3.37 3.67 323 1.29 1.27 121 1.32 1.16
CaO 6.85  6.71 6.43 6.99  6.15 3.07 3.00 2.88 3.13 275
Na,O 434 425 4.07 443 390 371 3.64 349 379 333
K20 1.11 1.08 1.04 1.13 099 234 229 220 239 210
0O 0.06  0.06 0.06 0.06 006 0.03 0.03 0.03 0.03  0.03
H,O 2.00 4.00 8.00 0.00 12.00 2.00 4.00 8.00 0.00 12.00
Total 100 100 100 100 100 100 100 100 100 100
Figure 3a 3a 3a S-8a  S-8a 3b 3b 3b S-8b  S-8b

Note: H>O was varied systematically to evaluate its effect on the plagioclase and amphibole liquidus
temperatures, while the relative proportions of other major-element components were kept constant and

the compositions were renormalized to 100 wt. %.
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