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A B S T R A C T

Earth’s continental crust is its most chemically evolved and diverse reservoir. Numerous studies have investi
gated its stable metal isotope character to understand its formation and secular evolution. Molybdenum (Mo) 
isotopes are useful tracers of petrogenetic processes in Phanerozoic igneous rocks, but Archean granitoids, which 
make up much of Earth’s early continental crust, remain poorly characterized. Here, we report high-precision 
whole-rock Mo isotope data for 28 Archean granitoids from Australia’s Pilbara and Yilgarn cratons, with crys
tallization ages from 3.52 to 2.63 Ga. The samples cover a spectrum of magmatic series, including tonalite- 
trondhjemite-granodiorite (TTG), TTG hybrid, sanukitoid, potassic, and potassic hybrid magmas.

After assessing the effects of alteration, crustal contamination, and fluid exsolution, we interpret the observed 
δ98/95Mo range of − 0.93 to +0.25‰ as primarily reflecting magmatic source characteristics. TTG and TTG hybrid 
granitoids, together with samples derived from unenriched meta-mafic or mantle-like sources, have mean and 
median δ98/95Mo values close to, or slightly higher than, chondrite and depleted MORB mantle (DMM). In 
contrast, potassic, potassic hybrid, and sanukitoid series granitoids, as well as samples derived from enriched 
meta-mafic or felsic crustal sources, extend to lower, sub-mantle δ98/95Mo values.

Elemental proxy relationships, major- and trace-element modeling, and phase-equilibrium constraints indicate 
that source composition and residual mineralogy during partial melting primarily control Mo isotope variability 
in these rocks. In crustally-derived granitoids, lower δ98/95Mo values are associated with more mature source 
compositions and with changes in the abundance and composition of residual feldspar. Amphibole, garnet, and 
biotite may also have subordinate effects. These relationships suggest that Mo isotopes track the progressive 
reworking of Archean crust. Juvenile crust-derived TTG magmatism is characterized by near- to suprachondritic 
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δ98/95Mo, whereas later sanukitoid and potassic granitoid magmatism, linked respectively to mantle meta
somatism and reworking of TTG-dominated gray gneiss, shifts toward lower δ98/95Mo values.

The observed trends imply that intracrustal reworking alone can push continental averages to sub-mantle 
values, with ramifications for mass-balance models. Although TTGs are generally suprachondritic, their δ98/ 

95Mo values are not high enough to easily support models requiring large volumes of Hadean to Paleoarchean 
continental extraction from a chondritic mantle to offset the subchondritic Mo isotope composition inferred for 
the depleted mantle from Archean komatiites. The strong Mo isotope contrast between continental crust and 
upper mantle may therefore have developed after 2.6 Ga, once crustal recycling became more extensive.

1. Introduction

Continental crust formation began within the first Gyr of Earth’s 
history. This early evolved crust was likely covered by water, with 
perhaps 30–80% of the present-day crustal volume reached by 3 Ga, as 
indicated by recent models (e.g., Korenaga and Spencer, 2025 and ref
erences therein). The growth of the planet’s most evolved reservoir has 
led to the subaerial emergence of evolved crust and the exogenic in
teractions and element cycling that this entails (e.g., Smit and Mezger, 
2017; Chowdhury et al., 2021; 2025; Lipp et al., 2021). Reconstructing 
the growth and evolution of early crustal reservoirs is difficult due to 
their partial preservation and subsequent tectonic overprints. The 
Archean continental crust is primarily comprised of granitoids, which, 
since 4 Ga, have intruded greenstone belts variably composed of basaltic 
lavas and subordinate shales and volcaniclastic sediments, equating to a 
calculated average andesitic composition (Rudnick and Gao, 2003; 
Kamber and Ossa Ossa, 2025). Understanding the early crust's extraction 
from the mantle and its evolution requires radiogenic isotopes, which 
trace time-integrated source evolution, alongside stable isotopes, which 
are sensitive to the mineralogy and conditions of magma generation. 
However, the stable isotope compositions of early crust remain poorly 
constrained for many elements, limiting our ability to reconstruct its 
evolution.

In cratons, which preserve the only direct records of the first two 
billion years of Earth’s history, the granitoid component of the crust is 
(i) dominated by the high-Na, low-K tonalite-trondhjemite-granodiorite 
(TTG) series and (ii) the low-Na, high-K potassic series comprising 
granites, monzonites and syenites, with (iii) a subordinate contribution 
by the high-Mg, − Cr, − Ni and − LILE sanukitoid series. Each of these 
series is broadly characteristic of specific stages of a craton’s formation 
and typically occurs in a common sequential order, a consequence of the 
changing tectonomagmatic environments accompanying their growth 
(e.g., Laurent et al., 2014; Cawood et al., 2018; Moyen and Laurent, 
2018; Vandenburg et al., 2023a).

TTGs are the first granitoid series to appear in the lifecycle of a craton 
and are generally accepted to be the products of the anatexis of hydrated 
mafic protoliths (e.g., Rapp et al., 1991; Moyen and Martin, 2012; Palin 
et al., 2016; Tamblyn et al., 2023; Laurent et al., 2024), often (but not 
exclusively) due to the thickening of a mafic–ultramafic protocratonic 
plateau through volcanic resurfacing (e.g., Van Kranendonk et al., 2015; 
Chowdhury et al., 2021; Smit et al., 2024). Crucially, these magmas 
show little evidence for a direct or substantial mantle involvement in 
their petrogenesis (e.g., Smithies, 2000), reflecting a wholly crustally 
confined process. Their radiogenic isotopes, however, imply a relatively 
short crustal residence time for these sources, probably no more than 
100–200 Myrs (e.g., Gardiner et al., 2021).

Later, sanukitoids appear, which are derived from sections of sub- 
protocratonic mantle metasomatized by TTG/adakitic melts (Laurent, 
2012; Spencer et al., 2024). This mantle metasomatism is generally 
interpreted as the result of delamination and foundering of the eclogi
tized lower crust of a plateau (Smithies et al., 2021) or by melting of a 
slab-like feature during a primitive subduction-like process (Smithies 
and Champion, 2000). Sanukitoids are usually the most spatiotempo
rally restricted of the three series (e.g., Laurent et al., 2014; Cawood 
et al., 2022), especially compared to TTGs.

Potassic granitoids generally appear last among the three main 
magmatic series in a craton (Cawood et al., 2022). Outside of isolated 
earlier occurrences comprising low melt fractions of meta-mafic sources 
(e.g., Gardiner et al., 2018), their presence reflects the reworking of 
composite “gray gneisses” comprised of earlier TTGs and subordinate 
supracrustal rocks (Moyen, 2011), often marking the incipient stabili
zation of a craton (Laurent et al., 2014; Cawood et al., 2018; Nebel et al., 
2018).

Molybdenum (Mo) isotopes have gained considerable attention over 
the past decade, as studies have revealed substantial isotopic variation 
within- and between igneous rocks from different magmatic settings (e. 
g., Freymuth et al., 2015; Bezard et al., 2016; Yang et al., 2017; McCoy- 
West et al., 2019; Villalobos-Orchard et al., 2020; Hin et al., 2022; 
Willbold and Elliott, 2023; Zhao et al., 2025). Because Mo is both redox- 
sensitive and fluid mobile under oxidizing conditions, especially at 
lower temperatures (Kendall et al., 2017), Mo isotopes are strongly 
influenced by isotopic fractionation arising from seafloor alteration of 
the oceanic crust (Freymuth et al., 2015; Ahmad et al., 2021) and the 
dehydration of subducting slabs in subduction zones; the latter process 
of which produces isotopically heavy fluids and complementary isoto
pically light eclogites and anhydrous sediments (e.g., Freymuth et al., 
2015; Gaschnig et al., 2017; Chen et al., 2019; Ahmad et al., 2021; 
Stegner et al., 2025). As such, Mo isotopes show utility in tracing the 
input of recycled components into the mantle, including in volcanic arcs 
(e.g., König et al., 2016; Villlalobos-Orchard et al., 2020; Ahmad et al., 
2022; Rojas-Kolomiets et al., 2023; Willbold and Messling, 2023; Liu 
et al., 2024), ocean island basalts (OIB; Gaschnig et al., 2021; Ahmad 
et al., 2023; Willbold and Elliott, 2023) and even mid-ocean ridge ba
salts (MORB; Chen et al, 2022b; Hin et al., 2022; Chen et al., 2025; 
Rodney et al., 2025). In contrast, nominally anhydrous partial melting of 
the mantle (e.g., at mid-ocean ridges) produces only limited Mo isotope 
fractionation (McCoy-West et al., 2019). In the crust, studies on gran
itoids have provided insights into the complexities of their petrogenesis. 
Initially, Mo isotope variations in granitoids were suggested to be 
dominated by source heterogeneity, perhaps modified by hydrous 
mineral crystallization (Yang et al., 2017; Chen et al., 2022a). Subse
quent investigations have revealed the role of fluids in granitoids, 
which, if present during melting, result in melts with heavier δ98/95Mo 
than anhydrous melting (Fan et al., 2023; Zeng et al., 2024; Xia et al., 
2025a, b), and if saturated in a closed magmatic system, can limit 
changes in δ98/95Mo arising from crystal fractionation (Fan et al., 2022).

The Mo isotope record of Archean magmatic systems remains 
limited; to date, only four studies have been conducted on 
mafic–ultramafic rocks: two on products of high degrees of deep mantle 
melting (i.e. komatiites: Greber et al., 2015; McCoy-West et al., 2019), 
yielding an average δ98/95Mo of − 0.21 ± 0.06‰ (2 SD); and two others 
on melt products from cratonic metasomatized lithosphere: layered in
trusions (Nebel-Jacobsen et al., 2021), yielding an average δ98/95Mo 
of − 0.29 ± 0.16‰ (2 SD), and Neoarchean dykes (Chatterjee et al., 
2025), with variable δ98/95Mo ranging from − 0.27‰ to − 0.04‰. 
Notably, none of these rock types likely represents typical shallow 
Archean mantle magmatism. Although much more common during this 
time, komatiites and layered intrusions were scarce even within cratons 
(e.g., Smith et al., 2024; Kamber and Ossa Ossa, 2025). Nevertheless, 
McCoy-West et al. (2019) used the δ98/95Mo compositions of Archean 
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komatiites to argue for present-day mantle depletion by 3.5 Ga, 
requiring the extraction of two times the modern volume of continental 
crust during the first billion years of Earth’s history.

A vital, but underexplored aspect is the composition of the crustal 
products themselves: the Mo isotopic compositions of Archean granit
oids remain essentially unknown. The only existing data come from two 
Fennoscandian TTG samples with disparate isotopic compositions 
(− 0.10‰ and +0.21‰) analyzed by Greber et al. (2015), for which no 
trace element data are available, and a handful of TTGs from the Yangtze 
Craton (Liu et al., 2026), for which no geological reference materials 
were analyzed, making it impossible to evaluate the accuracy of the data 
(their results are therefore not discussed here). Understanding the 
composition of the early continental crust is crucial for assessing existing 
Mo isotope secular crustal extraction and recycling models, which use 
the crust-mantle isotopic contrast to estimate how much crust was 
extracted from the mantle and later recycled into it (McCoy-West et al., 
2019; Tian et al., 2025). These have relied solely on inferences from 
Archean-Phanerozoic mafic–ultramafic rocks and Phanerozoic granit
oids, with no data on the actual rocks for which the latter are invoked as 
a stand-in.

To address this gap, we present high-precision whole-rock molyb
denum isotope data for a selection of well-characterized >3.52–2.63 Ga 
granitoids from the Pilbara and Yilgarn cratons of Western Australia. By 
analyzing samples from disparate intrusions, we provide a (multi) 
terrane-scale survey of the key craton building blocks, which we use to 
examine how magmatic processes and source influence the isotopic 
composition of Archean granitoids. This can provide insights into the Mo 
isotope composition of the early continental crust.

2. Samples and classification

The samples analyzed here are from the Paleo–Mesoarchean Pilbara 
Craton and Eo–Neoarchean Yilgarn Craton (Fig. 1), portions of the larger 
Western Australian Craton assembled during a series of Paleoproter
ozoic orogenies (Cawood and Korsch, 2008). Both cratons record pro
tracted, widespread magmatic activity during the Archean and consist of 
amalgamated patchworks of distinct lithotectonic blocks, including 
some of the world’s largest intact pieces of pre-3.2 Ga continental crust. 
We provide the geological histories of both cratons in the Supplementary 
Information.

These samples comprise a subset of the YiPi collection, an internally 
consistent, representative reference collection of granitoids and supra
crustal rocks collected during a field campaign in September–October 
2019. The samples come from unaltered outcrops previously charac
terized for geochemistry and geochronology by the Geological Survey of 
Western Australia (GSWA), from the same part of the outcrop when 
possible, or at least from the same phase/rock type. The sample set 
spans > 3.52 to 2.83 Ga in the Pilbara Craton and 2.96 to 2.62 Ga in the 
Yilgarn Craton (Geological Survey of Western Australia, 2020, 2021). 
Granitoids from the Pilbara Craton portion of the collection were pre
viously characterized for whole-rock geochemistry and in situ Rb-Sr 
dating by Vandenburg et al. (2023a, b). The 28 samples analyzed 
cover the entire age range and compositional spectrum of the collection 
(Figs. 2 and 3).

We classify the samples in two ways: magmatic series and source 
affinity, using the ternary diagrams of Laurent et al. (2014) (Fig. 2b–c). 
Here, magmatic series is divided into the three main types of granitoids, 
TTG, potassic, and sanukitoid (sensu lato), along with their hybrids, 
using the Na2O/K2O – 2 ACNK (molecular Al/[2Ca +Na + K]) – 2 FMSB 
([FeOt +MgO] × [Sr + Ba], in wt.%) ternary diagram. At times in this 
study, we refer to TTGs and potassic granitoids (along with their hy
brids, as these reflect the dominant component) as “crustally-derived 
granitoids”, in that they are not associated with coeval mafic magmas 
and do not have a direct mantle source (following the “C-type” termi
nology of Moyen, 2020). The classification scheme employed here 
groups sanukitoids and sanukitoid-like rocks into a single series, 

“sanukitoid sensu lato.” This partly reflects ambiguity in the definition of 
a sanukitoid (Spencer, 2025) and includes samples that other schemes 
would not classify as such (cf. Lowrey et al., 2023). There are two main 
types of hybrid: (i) purely crustally-derived and (ii) crust-mantle. Purely 
crustally-derived hybrids represent mixtures of TTG and potassic 
magmas or are derived from melting a source between these two end
members (i.e., intermediate crust) (e.g., Laurent et al., 2014; Moyen, 
2020). This has been used to explain the presence of “enriched” or 
“transitional” TTGs (Champion and Smithies, 2001). Crust-mantle hy
brids reflect mixing and/or assimilation between mantle- and crust- 
derived melts/sources. For simplicity, we classify these samples based 
on the dominant magmatic series component, in this case either hybrid 
TTGs or potassic hybrids; further separation of these into purely 
crustally-derived and crust-mantle hybrids is beyond the scope of this 
study.

Source affinity is divided into five groups: low-K mafic rocks, high-K 
mafic rocks, mantle, felsic rocks, and sediments, based on the 3 CaO – A/ 
FM (Al2O3/[FeOt +MgO]) – 5 K2O/Na2O ternary first presented by 
Laurent et al. (2014) and subsequently presented in a modified form to 
accommodate the sources of more mafic endmembers in Laurent et al. 
(2019). The boundaries of this ternary are based on experimental 
studies of partial melting of various sources. We employ this ternary to 
assign the most likely dominant source component to our samples. It 
should be noted that the “mantle” field here represents a broadly 
mantle-like source; granitoids in this field may be derived from the 
mantle in part through fractional crystallization or mixing with mantle- 
derived magmas, or in some cases, represent a crustal source that is more 
primitive and perhaps less altered than the low-K mafic rock source, 
such as a gabbro.

These two classification schemes are not necessarily mutually in
clusive; grouping them occasionally leads to unusual inferences (e.g., 
potassic granitoids derived from low-K mafic rocks). This arises from 
imposing distinct categorical boundaries upon a compositional spec
trum, a perennial issue in granitoid geochemistry, and the occasional 
occurrence of lithologies with unique petrogeneses. The magmatic series 
and source affinity schemes represent only two of an infinite number of 
ways to classify our samples (c.f., Lowrey et al., 2023; Spencer, 2025). In 
our discussions, we treat magmatic series and source affinity separately 
to minimize contradiction.

2.1. Pilbara Craton granitoids

The granitoids from the Pilbara Craton (n = 19) range in age from 
3.52 to 2.83 Ga and comprise every major granitoid supersuite from the 
craton (Hickman, 2023), except for the Railway and Elizabeth Hill 
supersuites (Fig. 1a). The sample suite is petrographically diverse, 
including two enclave specimens (see sample descriptions in Table S1). 
A primitive sanukitoid with 52.5 wt.% SiO2 notwithstanding, their SiO2 
contents range from 59.9 to 77.0 wt.% and comprise CIPW-normative 
tonalites, trondhjemites, granodiorites, and granites belonging to the 
TTG, TTG hybrid, potassic, potassic hybrid, and sanukitoid (s.l.) 
magmatic series, with a diverse range of source affinities based on the 
classification schemes of Laurent et al. (2014) (Fig. 2, Fig. S1).

2.2. Yilgarn Craton granitoids

Granitoid samples from the Yilgarn Craton (n = 9) range in age from 
2.95 to 2.63 Ga and are confined to the northwestern portion of the 
Youanmi Terrane, comprising the Bunnawarra, Rothsay, Big Bell, and 
Walganna Suites (Fig. 1b). In hand specimens, most samples are 
described as monzogranites or tonalites (see sample descriptions in 
Table S1). Geochemically, however, they are nearly as diverse as the 
Pilbara subset, with samples ranging from 63.9 to 74.4 wt.% SiO2 that 
comprise CIPW-normative trondhjemites, granodiorites, quartz monzo
nites and granites. Their magmatic series and source affinities largely 
mirror those of the Pilbara, excluding TTGs and sediment-derived 
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Fig. 1. Geological maps of the portions of the Western Australian Craton (WAC) involved in this study, showing sample localities. The inset shows the total 
extent of the exposed and concealed portions of the Pilbara and Yilgarn cratons within the WAC. (a) Geological map of the exposed portion of the Pilbara Craton. 
Inset i displays the lithotectonic subdivisions of the exposed portion of the craton. CPTZ – Central Pilbara Tectonic Zone; EPT – East Pilbara Terrane; KT – Karratha 
Terrane; KUT – Kurrana Terrane; MCB – Mosquito Creek Basin; RT – Regal Terrane; ST – Sholl Terrane. (b) Geological map of the studied northwestern portion of the 
Younami Terrane of the Yilgarn Craton, illustrating the spatial distribution and affinities of granitoid supersuites and mafic–ultramafic intrusive suites. Inset ii 
displays the lithotectonic subdivisions of the Yilgarn Craton. BT – Burtville Terrane; EGST – Eastern Goldfields Superterrane; KgT – Kalgoorlie Terrane; KnT – 
Kurnalpi Terrane; NT – Narryer Terrane; SWT – South West Terrane; YT – Youanmi Terrane; YmT – Yamarna Terrane. Maps were constructed using shapefiles from 
the Geological Survey of Western Australia (2021).
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granitoids, respectively (Fig. 2, Fig. S1).

3. Methods

3.1. Sample preparation

Very large representative samples, generally ~ 3–5 kg, were 
collected from unaltered outcrops and cleaned in the field as much as 
possible to remove weathering rinds. To minimize contamination during 
preparation at Monash University (Clayton, Australia), samples were 
cleaned by trimming off the remaining weathering rinds with a diamond 
blade saw, rinsed with deionized water, removed of metal abrasion, 
crushed with a ceramic jaw crusher and disc crusher, and finally milled 
in an agate ring mill. These powders were used for whole-rock major, 
minor and trace element, and Mo isotope analyses. Whole-rock major, 
minor and trace element geochemical analyses were conducted at ALS 
Minerals, Perth, Western Australia, as previously described in 
Vandenburg et al. (2023a).

3.2. Mo isotope analysis

Rock powder digestion, Mo purification and Mo isotope analysis 

were performed at the School of Earth, Atmosphere and Environment, 
Monash University. Molybdenum isotope compositions were deter
mined using a double-spike MC-ICP-MS technique following Archer and 
Vance (2008), with Mo separation following Willbold et al. (2015).

To minimize contamination, we undertook sample digestion and Mo 
purification in an ISO-4 clean laboratory using double-distilled acids. 
We adopted a two-stage procedure combining hotplate and microwave 
digestion to ensure complete dissolution of refractory minerals such as 
zircon. Depending on Mo concentrations, 100–1100 mg of sample 
powder, targeting 100–220 ng of Mo, was weighed out and mixed with a 
97Mo-100Mo double spike solution in a 1:1 M proportion of Mo in the 
sample-spike mixture, then digested in a 4:4:1 mixture of concentrated 
HF-HNO3-HCl. Residues were repeatedly taken up in 6 M HCl and 
treated with aqua regia to dissolve precipitated fluorides, before being 
dissolved in 3 M HCl with ascorbic acid added to reduce iron to its 
ferrous state. Molybdenum was then separated from the matrix and 
interfering elements by single-column anion exchange chromatography 
using BioRad AG1x8 100–200 mesh resin, following Willbold et al. 
(2015). Samples were treated with an HNO3-H2O2 mixture to elimi
nate organic residue and taken up in 0.32 M HNO3-0.28 M HF for 
analysis. Full details of the digestion and purification procedures, 
including reagent volumes, temperatures and durations, are given in the 

Fig. 2. Geochemical classifications of studied samples and their representativeness of Eo–Neoarchean granitoids from the Pilbara and Yilgarn Cratons. (a) CIPW- 
normative feldspar classification ternary of O'Connor (1965). (b) Magmatic series classification ternary of Laurent et al. (2014, 2019). (c) Source affinity classifi
cation ternary of Laurent et al. (2014). A/CNK = molecular Al/(2Ca + Na + K); A/FM = Al2O3/(FeOt +MgO); FMSB = (FeOt + MgO) × (Sr + Ba) (in weight percent). 
Samples analyzed in this study are represented by larger symbols with outlines; smaller symbols correspond to data compiled from the Yilgarn (Lowrey et al., 2023) 
and Pilbara (Vandenburg et al., 2023a) cratons. Density contours for each magmatic series endmember in (a) and (c) are calculated using the compiled data. Grd – 
granodiorite; QMz – quartz monzonite; Tdj – trondhjemite.

E.D. Vandenburg et al.                                                                                                                                                                                                                         Geochimica et Cosmochimica Acta 433 (2026) 71–90 

75 



Supplementary Methods.
Molybdenum isotopic analyses were performed on a Thermo Scien

tific™ NeptunePlus® MC-ICP-MS connected to a Cetac® Aridus II des
olvating nebulizer system with a ca. 50 μL/min aspiration rate in static, 
low-resolution mode under dry plasma conditions. Six Mo isotopes 
(94Mo, 95Mo, 96Mo, 97Mo, 98Mo, and 100Mo) were measured concur
rently with 99Ru and 101Ru to monitor potential isobaric interferences. 
Measurements of each sample, diluted to 62–90 ppb concentrations, 
were bracketed by measurements of spiked 75 ppb NIST SRM 3134 so
lutions (within 20% of unknowns), typically corresponding to a 98Mo 
intensity of 2.5 V on a 1011 Ω amplifier. Individual measurements con
sisted of 60 s uptake, followed by 35 cycles (for samples analyzed twice) 
and 70 cycles (for samples analyzed once) of 4.194 s integration time, 
and a 4-minute washout in a 0.32 M HNO3-0.28 M HF wash solution. 
Data reduction utilized an offline MATLAB script, based on the double- 

spike deconvolution procedure of Rudge et al. (2009). All 98Mo/95Mo 
isotope data are presented as permil deviations from the NIST SRM 3134 
Mo reference material (Greber et al., 2012): 

δ98/95Mo(‰) =

⎡

⎢
⎣

(
98Mo/95Mo

)

sample(
98Mo/95Mo

)

NIST3134

− 1

⎤

⎥
⎦× 1000 

Mo concentrations were calculated via the double spike isotope dilution 
method. Total procedural blanks of 0.16 and 0.40 ng translate to < 1% 
blank contributions for all samples, with blank-corrected and uncor
rected data identical within uncertainty (we present the latter in all 
tables and figures). Repeated measurements of NIST SRM 3134 and an 
in-house J&M standard solution (JMCBern) over two years gave an 
isotopic difference of Δ98/95Mo = 0.268 ± 0.045‰ (2 SD, n = 20), in 

Fig. 3. Hand sample photographs (a–c) and photomicrographs (d–f) of selected samples analyzed in this study. The samples in this study largely retain their 
primary mineralogy and igneous textures. Afs – alkali feldspar; Amp – amphibole; Ap – apatite; Bt – biotite; Chl – chlorite; Ms – muscovite; Pl – plagioclase; Qz – 
quartz; Ttn – titanite; Zrn – zircon.
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agreement with previous studies (Greber et al., 2012; Ahmad et al., 
2021, 2022, 2023; Kaufmann et al., 2021). Repeated digestions of 
whole-rock reference materials USGS AGV-2 (andesite) and W-2a (dia
base) yielded δ98/95Mo of − 0.16 ± 0.06‰ (2 SD, number of digestions 
[n] = 2, number of runs [N ] = 6); and − 0.06 ± 0.05‰ (2 SD, n = 3, 
N = 6) (Table S2), which are within uncertainty of previously deter
mined values (Table S3; e.g., Willbold et al., 2015; Villalobos-Orchard 
et al., 2020; Ahmad et al., 2021; Nebel-Jacobsen et al., 2021; Hin 
et al., 2022; Rojas-Kolomiets et al., 2023; Pontow et al., 2025). We 
assign a 2 SD uncertainty for our unknown samples using the most 
conservative reproducibility of ± 0.06‰, based on the repeat analysis of 
W-2a. Individual digestions of whole-rock reference materials USGS 
BIR-1 (basalt) and GSJ JB-2 (basalt) are also within this reproducibility 
and yielded δ98/95Mo of − 0.11 ± 0.01‰ (2 SEm, N = 1) and 
0.08 ± 0.01‰ (2 SEm, N = 1) (Table S2), in line with previously 

determined values (Table S3; e.g., Burkhardt et al., 2014; Willbold et al., 
2015; McCoy-West et al., 2019; Villalobos-Orchard et al., 2020; Hin 
et al., 2022; Willbold and Messling, 2023; Pontow et al., 2025). We 
obtained average Mo concentrations of 1.728 ± 0.008 μg/g (2 SD, n = 2) 
and 0.379 ± 0.008 μg/g (2 SD, n = 3) for AGV-2 and W-2a, respectively. 
These concentrations are lower than the compiled values of Jochum 
et al. (2016) but agree with published values from other Mo isotope 
studies (see above references for δ98/95Mo).

4. Results

Table S1 presents the molybdenum contents and isotopic composi
tions of the Pilbara and Yilgarn granitoids alongside whole-rock 
geochemistry. The granitoids exhibit a large range in δ98/95Mo be
tween − 0.93‰ and +0.25‰ (n = 28; Table S1), which is both lighter 

Fig. 4. Molybdenum isotope ratios vs. Mo (a) and SiO2 (b) contents of Archean (this study) and Phanerozoic (compiled) granitoids, and Mo isotope ratios of Archean 
granitoids vs. sample age. The dark gray band represents the estimated δ98/95Mo composition of the depleted MORB mantle (DMM) from Hin et al. (2022), whereas 
the light gray band represents the δ98/95Mo composition of chondrites from McCoy-West et al. (2019). Error bars indicate 2 SD external reproducibility on our 
samples. Gangdese Belt data are from Fan et al. (2022, 2025); Tibet data are from Fan et al. (2021); Paleozoic Chinese orogens data are from Chen et al. (2022a), Fan 
et al. (2022), and Xia et al. (2025a, b); and Scottish Caledonides, Lachlan Fold Belt and New England Fold Belt data are from Yang et al. (2017).
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and heavier than estimates of the depleted mantle (− 0.22‰ to − 0.20‰; 
McCoy-West et al., 2019; Hin et al., 2022), but well within the range 
observed in Phanerozoic granitoids and adakites (Figs. 4 and 5). The 
same variability extends to the craton scale, with samples from the 
Pilbara Craton ranging from − 0.93‰ to +0.11‰ (n = 19), and samples 
from the Yilgarn Craton ranging from − 0.77‰ to +0.25‰ (n = 9). This 
Mo isotope variability is also moderately associated with SiO2 content 
(Spearman’s ρ = − 0.446, p = 0.0173; Fig. 4b).

Molybdenum isotope compositions vary systematically with source 
affinity, with mean and median δ98/95Mo increasing in the order felsic 
rocks < high-K mafic rocks < low-K mafic rocks <mantle (Fig. 5). 
Granitoids with felsic (n = 3) and high-K mafic (n = 8) source affinities 
are lighter than depleted mantle on both measures, whereas those with 
low-K mafic (n = 10) and mantle-like (n = 6) affinities are heavier. Dif
ferences between magmatic series are less pronounced, but in the same 
sense, with mean and median δ98/95Mo increasing from potassic gran
itoids through the potassic hybrid and sanukitoid series to hybrid TTGs 
and TTGs, although the relative positions of potassic hybrids and 
sanukitoids differ between mean and median. While still variable, the 
potassic (n = 6) and sanukitoid (n = 7) series granitoids have mean and 
median δ98/95Mo that are lighter than depleted mantle, whereas potassic 
hybrid (n = 7) samples have median δ98/95Mo lighter than depleted 
mantle and mean indistinguishable from it (Fig. 5). TTG series granitoids 
(n = 4) have mean and median δ98/95Mo heavier than depleted mantle. 
TTG hybrids (n = 4) are also indistinguishable from depleted mantle, 
with a median of − 0.215‰ and a heavier mean reflecting a single 
sample at + 0.04‰ (Fig. 5). There is no apparent temporal trend in Mo 
isotope compositions, either within each craton or combined (Fig. 4c). 
Molybdenum contents are low but heterogeneous, ranging from 0.078 to 

1.004 μg/g and generally highest in sanukitoids (Fig. 4a).

5. Discussion

5.1. Effects of post-emplacement alteration

Molybdenum is a fluid-mobile element; hence, its isotope signature is 
susceptible to modification by low-temperature fluids and post- 
emplacement processes, such as chemical weathering (McCoy-West 
et al., 2019; Gaschnig et al., 2021). Preferential aqueous mobilization of 
Mo6+ during chemical weathering releases isotopically heavy Mo, 
shifting a rock’s isotopic composition to lighter values. Hydrothermal 
fluids may also change Mo isotope compositions, but the effect is not 
particularly straightforward and can shift δ98/95Mo to both lighter and 
heavier values (Greber et al., 2014; Neely et al., 2018; Kaufmann et al., 
2021; Bezard and Guo, 2023). Supercritical hydrothermal fluids are 
particularly important to granitoid systems (Bezard and Guo, 2023). 
Preferential partitioning of isotopically heavy Mo into such fluids can 
drive residual granitoids to ultralight δ98/95Mo (< − 1.00‰) during 
secondary alteration, as observed in the Fleet and Loch Doon plutons of 
Scotland (Yang et al., 2017) (Fig. 4). The mechanism is discussed further 
in the Supplementary Information.

Our samples come from a reference collection that avoided sampling 
areas with pervasive alteration and veining to ensure original magmatic 
compositions. Their Chemical Index of Alteration (CIA; Nesbitt and 
Young, 1982) values fall between 45.1 and 53.1, within the range ex
pected for fresh granitoids (~45–55), except for primitive sanukitoid 
235918 (CIA = 38.7), which, at 52.8 wt.% SiO2 lies within the range 
expected for fresh mafic rocks (~30–45) (Fig. S2b). Consistent with this, 

Fig. 5. Molybdenum isotopic variations in Archean granitoids from this study and Phanerozoic granitoids and selected Archean and modern mantle-derived rocks 
from the literature. δ98/95Mo variation exists both within and between magmatic series, with portions of their interquartile ranges overlapping with each other, as 
well as with chondrites (light gray band; McCoy-West et al., 2019) and depleted MORB mantle (DMM; Hin et al., 2022) for all series other than potassic granitoids. 
Potassic granitoids, albeit variable, generally exhibit the lowest δ98/95Mo, resembling Cenozoic granitoids from the Gangdese Belt. However, source affinity appears 
to exert the dominant control on Archean granitoids, with mean, median and interquartile bound values decreasing from mantle-derived to felsic rock-derived 
granitoids. Only the interquartile range of the mantle and low-K mafic rock affinity groups overlap in δ98/95Mo with chondrites and/or DMM. Sample symbols as 
per Figs. 2 and 3. The box on each group defines the 25th–75th percentiles (interquartile range; IQR), while the enclosed solid and dashed lines denote the median 
and mean values, respectively. Whiskers are 1.5 times the IQR. Phanerozoic granitoid data are compiled from the same sources as Fig. 4 (Table S11). Archean 
komatiite data are compiled from Greber et al. (2015) and McCoy-West et al. (2019); MORB data are compiled from Bezard et al. (2016), Chen et al. (2022b), Ahmad 
et al. (2022), and Hin et al. (2022) (Table S12); ocean island basalt (OIB) data is from the compilation of Fang et al. (2023); compiled arc lavas and their references 
are provided Table S13; high-Mg andesite data is compiled from Liu et al. (2024) and Zeng et al. (2025); and adakite data is compiled from Bezard et al. (2023), Liu 
et al. (2023), Rojas-Kolomiets et al. (2023), Liu et al. (2024), and Zeng et al. (2024) (Table S13).
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all samples plot on the igneous trend of the Mafic-Felsic-Weathered 
(MFW) diagram of Ohta and Arai (2007) (Fig. S2a), and within the ex
pected region of the Chlorite-Carbonate-Pyrite Index (CCPI) versus 
Ishikawa Alteration Index (AI; Ishikawa et al., 1976) diagram of Large 
et al. (2001) (Fig. S2c). Loss on ignition (LOI) contents are corre
spondingly low (<2.5 wt.%, with 20 of 28 samples below 1 wt.%), 
indicating minimal growth of secondary hydrous minerals, particularly 
given that some LOI is intrinsic to the hydrous mineralogy of most 
granitoids (e.g., Clemens, 1984; Whitney, 1990).

In the Pilbara, the granitoid complexes experienced unroofing 
around 400–350 Ma (Morón et al., 2020) and in the Yilgarn after 315 Ma 
(Veevers et al., 2005; Weber et al., 2005). Thus, we must rule out 
oxidative alteration, particularly oxidative weathering. The insignifi
cant Ce anomalies (Ce/Ce* = 0.786–1.089; CeN/√[LaN x PrN]; normal
ized to primitive mantle of Palme and O’Neill, 2013) in our samples 
suggest minimal, if any, oxidative alteration. Furthermore, systematic 
relationships between Ce/Ce* and Mo/Nb (Fig. S2d) are absent, sug
gesting no alteration-controlled oxidation has redistributed Mo in our 
samples.

The third line of evidence comes from the Mo isotope signatures of 
our samples and their lack of an appreciable relationship with the 
aforementioned geochemical proxies of alteration and weathering. Our 
granitoids exhibit δ98/95Mo > − 1.00‰, heavier than isotopic signatures 
in previously documented hydrothermally-altered granitoid occur
rences, which can be as light as − 1.73‰ (e.g., Yang et al., 2017; Fan 
et al., 2022). Second, molybdenum isotope compositions show no sta
tistically significant relationship with LOI (ρ = 0.25, p = 0.20, n = 28) or 
CIA (Spearman’s ρ = − 0.36, p = 0.06, n = 27; note 235918 excluded, as 
above; Fig. S2e–f). Nor could the weak covariation with CIA plausibly 
represent an alteration signal: our granitoids span only 8 CIA units, and 
none exceeds 53.1, whereas the Ca, Na and K loss needed to drive δ98/ 

95Mo lighter through chemical weathering would push CIA tens of units 
higher, towards clay-rich shale compositions (~70–75).

5.2. Late-stage fluid exsolution and removal

During differentiation, silicate magmas become increasingly 
enriched in volatile components, such as H2O, F, Cl, and B, which 
behave incompatibly (e.g., Wyllie, 1979; Williams-Jones and Heinrich, 
2005; Doleǰs and Zajacz, 2018; Audétat and Edmonds, 2020). Fluid 
saturation occurs in response to fractional crystallization and decreasing 
pressure, leading to the exsolution of an aqueous fluid phase (Thomas 
et al., 2005; Heinrich and Candela, 2013; Wilkinson, 2013). Molybde
num is preferentially transported in hydrothermal fluids (Candela and 
Holland, 1984; Zajacz et al., 2008; Tattich and Blundy, 2017), so this 
separation process could deplete Mo relative to similarly incompatible 
fluid-immobile elements in granitoids, as observed in some plutonic 
suites (Greaney et al., 2018). The Supplementary Information provides an 
in-depth discussion of the contradictory consequences of fluid exsolu
tion on Mo isotopes inferred from the literature.

Because the samples in our dataset are not genetically related, 
tracing the effects of fluid exsolution is difficult, as each sample is likely 
derived from parental melts with different sources and geochemical 
signatures. However, several source-insensitive geochemical proxies can 
assess fluid exsolution and its impact on Mo isotopes. Zirconium and 
hafnium have identical valence and similar ionic radii, and thus behave 
similarly during magmatic differentiation (Louvel et al., 2014); Zr/Hf of 
26 to 46, within the charge-and-radius-controlled field, is characteristic 
of magmatic systems (Bau, 1996). However, exsolution of F-rich fluids 
during extreme fractionation of (typically peraluminous) granitic 
magmas can significantly decouple Zr and Hf, pushing Zr/Hf to low 
values outside the charge-and-radius-controlled field due to compati
bility differences (Bau, 1996; Wilke et al., 2012). Fluid exsolution can 
also be evaluated by examining the degree of the lanthanide tetrad effect 
(TE1,3); that is, the shape (convexity vs concavity) of the rounded di
visions of the first (La–Nd) and third (Gd–Ho) tetrads (Irber, 1999). A 

TE1,3 value > 1.1 defines the tetrad effect threshold, observed during the 
final stages of extreme granitic magma evolution, where a highly 
evolved residual melt coexists with high-temperature magmatic-derived 
fluids (Irber, 1999). Twenty-seven of our 28 samples exhibit magmatic 
Zr/Hf (26–46) coupled with TE1,3 below the threshold of 1.1 (Fig. S3a). 
The exception, 169044, has Zr/Hf of 14 and TE1,3 of 1.16, and is also our 
lightest sample (δ98/95Mo = − 0.93‰; Fig. S3b). This sample records 
fluid exsolution, although these indices alone cannot establish whether 
its Mo isotope composition was modified as a result. We retain it because 
it is from the Moolyella Monzogranite, a highly fractionated granite 
associated with pegmatite-hosted Sn-Ta mineralization (Hickman, 
2023); such autometasomatized, rare-metal-bearing granites are a 
characteristic terminal product of Archean potassic magmatism rather 
than an aberration. To ensure this uncertainty does not impact our 
conclusions, we report all correlation statistics both with and without 
this sample (Table S4). The remaining 27 samples show no evidence of 
fluid exsolution, including a lack of correlation with alteration indices 
(Section 5.1) and between δ98/95Mo and Ba/Nb (Fig. S3c); their Mo 
isotope compositions are therefore magmatic. The same is likely true of 
169044, though this cannot be established independently.

5.3. Effect of magmatic processes on Mo isotope compositions of Archean 
granitoids

Like fluid exsolution, evaluating the impacts of crustal contamina
tion and fractional crystallization on the Mo isotope compositions of our 
granitoids is complicated because the samples are not genetically 
related. An added complexity is the crustally-derived nature of the TTG 
and potassic series (e.g., Moyen, 2020), such that many of the minerals 
that crystallize out of the melts are also the minerals that comprise 
significant proportions of their source protoliths (e.g., amphibole, 
plagioclase, quartz, and biotite, ± alkali feldspar if the source is 
comprised of felsic crust) and adjacent country rocks (e.g., Moyen and 
Martin, 2012; Johnson et al., 2017; White et al., 2017; Rollinson, 2021). 
Below, we disentangle the effects of crustal contamination and frac
tional crystallization on the Mo isotope compositions of our granitoids.

5.3.1. Crustal contamination
Crustal assimilation features in many granitoid plutons (e.g., Clem

ens and Stevens, 2016; Moyen et al., 2021a, b) and can potentially 
modify magmatic Mo isotope compositions. Our sampling cannot 
exclude it directly, but several considerations suggest it is unlikely to 
account for the between-group differences we observe. The samples 
investigated here span nearly 1 Ga of Earth's history across two cratons, 
so any contaminants would be expected to vary widely in composition; 
producing the systematic differences between source affinity groups 
seen in Fig. 5 would require contamination that was correspondingly 
systematic in space and time. Moreover, the compositions of crustally- 
derived granitoids reflect the crust they are derived from, including 
the assimilant.

Two further considerations apply to the crustally-derived granitoids 
(TTGs, potassic granitoids and their hybrids). First, crustally-derived 
granitoid magmas generally sit close to their solidus, and the heat 
required to assimilate country rocks efficiently would freeze the melt 
(Roberts and Clemens, 1995; Glazner, 2007). Second, in the specific case 
of Archean crustally-derived granitoids, the available contaminant is 
compositionally close to either the source of the magma in the early 
stages of craton formation (e.g., amphibolites) or to the magma itself in 
the later stages (e.g., TTG-dominated felsic crust; e.g., Hoffmann et al., 
2019; Moyen, 2020).

For the sanukitoids, which have the highest Mo concentrations of the 
five magmatic series, the direction of any contamination effect argues 
against it. Molybdenum contents in these samples do not change 
significantly with magnesium number (Mg#; Fig. S4a). Mg# shows a 
moderate correlation with δ98/95Mo (Spearman’s ρ = 0.49; Fig. S4b), but 
the potential assimilants (e.g., TTGs) have lower Mo concentrations and 
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generally heavier Mo isotope compositions than the sanukitoids (Fig. 4a 
and 5), so substantial contamination would be required to shift their Mo 
isotope compositions, which would be towards heavier rather than 
lighter values. Source composition therefore remains the more parsi
monious explanation for the Mo isotope systematics of our granitoids.

5.3.2. Fractional crystallization
We thoroughly discuss the literature constraints on Mo isotope 

fractionation during fractional crystallization in the Supplementary 
Discussion. However, mineral–melt fractionation of Mo isotopes in 
magmatic systems remains poorly constrained because no targeted 
experimental studies exist, and the only available Δ98/95Momineral-melt 
estimates (biotite and amphibole from Kos; Voegelin et al., 2014) are 
debated and may not be widely applicable. On this limited basis, it is 
commonly inferred that hydrous calc-alkaline magmas evolve toward 
heavier Mo isotope compositions as amphibole and biotite fractionate 
from the melt, whereas tholeiitic magmas do not (e.g., Voegelin et al., 
2014; Yang et al., 2015; Willbold and Elliott, 2017; Wille et al., 2018; 
Nebel-Jacobsen et al., 2021; Pontow et al., 2025). This is attributed to 
preferential incorporation of light Mo isotopes into hydroxyl-bearing 
octahedrally-coordinated sites in amphibole and biotite, relative to 
tetrahedrally-coordinated Mo6+ in the silicate melt (Ghose, 1965; Farges 
et al., 2006a; Voegelin et al., 2014; Wille et al., 2018), although the 
fractionation factors remain uncertain. In contrast, studies of Gangdese 
granites show decreasing δ98/95Mo with increasing SiO2 that correlates 
with feldspar fractionation, consistent with feldspar, biotite and 
magnetite separates commonly having Δ98/95Momineral-whole rock > 0‰ 
(Fan et al., 2021, 2022). This implies that heavy Mo isotopes may be 
preferentially partitioned into crystalline phases in highly polymerized, 
high-SiO2, volatile-rich magmas, and drive the residual melt toward 
lighter δ98/95Mo (Farges et al., 2006a, b; Fan et al., 2021, 2022).

These contrasting behaviors are further complicated by the open- 
system nature of granitoid plutons, which consist of evolving crystal 
mushes and mixed melts rather than true liquids. Crystals form over 
protracted intervals and are only intermittently segregated from melt 
and thus may display Mo isotope disequilibrium with their host rocks 
and with one another (e.g., Lee and Morton, 2015; Bachmann and 
Huber, 2016, 2019; Holness, 2018; Deng et al., 2021; Fan et al., 2022; 
Bezard et al., 2023; Bucholz, 2025). Consequently, bulk-rock δ98/95Mo 
in granitoids typically reflects an amalgam of minerals with diverse 
isotopic histories mixed with residual interstitial melt, which can 
obscure systematic signals of fractional crystallization.

Each intrusive phase studied here is represented by a single sample, 
and since the groups are neither cogenetic nor comagmatic, we cannot 
assess the effects of fractional crystallization within suites. We therefore 
cannot exclude fractional crystallization based on within-suite system
atics, and note only that we find no positive evidence for it; δ98/95Mo 
does not show a clear correlation with F, the proxy for amphibole and 
feldspar fractionation devised by Smit et al. (2024) (10 − ([Nb − 8]/[Ti/ 
Ti* − 1], where Ti/Ti* = TiN/√[ZrN ×GdN], normalized to primitive 
mantle of Hofmann, 1988) (Fig. S4d), and the magmatic groups deviate 
from the Zr vs SiO2 evolutionary trend expected for closed-system dif
ferentiation (Lee and Bachmann, 2014; Fig. S4c). Together with the 
crystal mush processes discussed above, which tend to obscure rather 
than preserve fractionation signals, this leads us to favor source varia
tion as the explanation for the between-group differences in δ98/95Mo.

5.3.3. No evidence for Mo isotope control by sulfides or Fe-Ti oxides
Sulfides are unlikely to influence the Mo isotope compositions of our 

samples, whether present in the source or formed by sulfur saturation of 
the magma during ascent. Magmatic sulfides (e.g., pyrrhotite, chalco
pyrite) are not significant Mo hosts, likely because Mo is not sufficiently 
reduced (O'Neill and Eggins, 2002; Greaney et al., 2018; Neely et al., 
2018). We nonetheless test this expectation because a phase need not be 
a major host to impart an isotopic signature; biotite, hornblende and 
garnet contain little Mo yet have been proposed to exert mineralogical 

controls on granitoid δ98/95Mo (Yang et al., 2017; Fan et al., 2022). 
Sulfide is the principal host of Cu in granitoids, so bulk Cu contents track 
the sulfide component; δ98/95Mo would be expected to covary with Cu if 
sulfide exerts control. No such relationship exists (Spearman’s ρ = 0.06, 
p = 0.78; Fig. S5a), across Cu contents spanning more than two orders of 
magnitude (0.58–126 μg/g). Furthermore, immiscible sulfide phase 
separation would generate a positive correlation between Cu/Mo and 
Mo/Ce, since compatibility in a sulfide melt decreases Cu >Mo > Ce 
(Ma et al., 2022); no such correlation is observed (Spearman’s ρ =
− 0.05; Fig. S5b).

The most important Mo-bearing phases in granitoids are titanite and 
Fe-Ti oxides, such as magnetite, ilmenite, and rutile (Greaney et al., 
2018). Due to its similar ionic radius, octahedrally-coordinated Mo 
can be incorporated in its hexavalent state in the Ti4+ site via coupled 
substitution (e.g., Ti4+↔Fe3+; Shannon, 1976; Willbold and Elliott, 
2017; Greaney et al., 2018), or, if locally reduced to Mo4+, isovalently 
substitutes for Ti4+ (Zack et al., 2002; Skora et al., 2017; Prytulak and 
König, 2025). Thus, in principle, Ti-bearing phases may fractionate the 
Mo isotope compositions of melts (Chen et al., 2019). However, multiple 
lines of evidence suggest these phases do not impact the Mo isotope 
compositions of our samples. The lack of correlation between δ98/95Mo 
and TiO2 (Fig. S5c) likely rules out influence by titanite fractionation. In 
addition, titanite crystallizes relatively late in a cooling magma despite 
being a common accessory phase in Archean granitoids (e.g., Moyen, 
2020), such that crystallinity and melt viscosity considerations render 
segregation from the melt unlikely (e.g., Michael, 1984; Lee and Morton, 
2015; Bachmann and Huber, 2019). Therefore, like other minerals, 
titanite directly reflects magma chemistry. Likewise, correlations be
tween δ98/95Mo and TiO2 and Nb/La are absent (Fig. S5c–d), demon
strating that Fe/Ti oxides cannot explain the variability of δ98/95Mo in 
our samples. Furthermore, Yang et al. (2015) observed no resolvable 
effects on Mo isotopes from Ti-magnetite fractionation in the dry Hekla 
suite in Iceland. However, it remains unknown whether this holds for 
crustal settings.

5.4. Source controls on Mo isotope compositions

Having found no evidence of control by fluid or magmatic processes, 
we interpret the Mo isotope compositions of our granitoids in terms of 
their sources. Grouping our samples by the affinity of their source pro
toliths, following the classification of Laurent et al. (2014), reveals a 
systematic relationship between δ98/95Mo and inferred source compo
sition (Fig. 5), with δ98/95Mo increasing as the source becomes more 
primitive (from felsic crust to mafic crust to mantle-like; Spearman on 
ordinal ranks: ρ = 0.62, p < 0.001, n = 27). Differences between 
magmatic series exhibit a similar trend (from TTG through sanukitoids 
to potassic granitoids; Spearman on ordinal ranks: ρ = 0.42, p = 0.028, 
n = 28), consistent with source composition rather than magmatic 
lineage being the dominant control. Notably, a similar, albeit inverse, 
trend distinguishing “mafic” versus “felsic” sources is observed in Zn 
isotopes from granitoids from the northern Kaapvaal Craton, where 
TTGs and sanukitoids derived from mafic/mantle sources generally have 
lighter δ66Zn than potassic granitoids derived from felsic crustal sources 
(Doucet et al., 2018, 2020). The petrogenesis of each magmatic series 
nonetheless involves a mixture of sources, a continuum that reflects the 
heterogeneous nature of the crust from which TTGs and potassic gran
itoids are derived and the degree of interaction between this crust and 
metasomatized mantle-derived magmas that produces sanukitoids and 
their hybrids (e.g., Moyen, 2011, 2020; Laurent et al., 2014). This 
continuum is expressed in the δ98/95Mo overlap between source affinity 
groups (Fig. 5) and between the contours of pure magmatic series end
members in Fig. 2c. Because each series draws on a range of protoliths 
rather than one, series-based groupings resolve isotopic variation less 
clearly than source-based groupings. The source affinity scheme is 
therefore better understood as identifying the dominant component in a 
mixture of sources than as a discrete classification, and it appears to 
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control the Mo isotope composition of the magmas.

5.4.1. Crustally-derived granitoids
For crustally-derived Archean granitoids, the balance in the source 

protolith between major elements K, Na and Ca and trace elements Rb 
and Sr is the dominant control on the compositional variability that 
encompasses the TTG-potassic granitoid magmatic spectrum (e.g., 
Moyen, 2011, 2020; Nebel et al., 2018; Vandenburg et al., 2023a). 
Moyen (2011, 2020) proposed a compositional spectrum where melting 
of basaltic amphibolites produces sodic TTG magmas, melting of leu
coamphibolites/diorites produces “enriched TTGs” (Champion and 
Smithies, 2019) with higher K than regular TTGs, melting of gray 
gneiss/tonalite produces “ordinary” potassic granites, and melting of 
clay-rich metasediments produces K-rich two-mica granites. Owing to 
the composite nature expected of source regions, this is a simplification; 
many of these compositions can also be produced by a mixture of sources 
and melts (Moyen, 2020), particularly “enriched TTGs”, which have 
been hypothesized in the Zimbabwe Craton to arise from the involve
ment of a TTG crust-derived melt phase (Rollinson et al., 2024). 
Nevertheless, it conceptually illustrates the source effect on the 
compositional variability of Archean magmas.

The Mo isotope signatures of our samples indicate a strong compo
sitional control related to the balance of alkali and alkaline earth metals 
(Fig. 6). In the crustally-derived granitoids, δ98/95Mo shows strong 
negative associations with Rb/Sr, K2O/CaO, and the modified alkali- 
lime index (MALI; K2O +Na2O − CaO; Frost et al., 2001; Fig. 6a–c). 
The previously noted decrease in δ98/95Mo with SiO2 might instead 
suggest a differentiation control. However, this relationship is not 
resolved once K2O/CaO is held constant (partial ρ = 0.27, p = 0.26), 
whereas the relationship with K2O/CaO persists when SiO2 is held 
constant (partial ρ = − 0.55, p = 0.013), and the same asymmetry holds 
for Rb/Sr (Table S4). Source composition therefore accounts for the 
apparent silica dependence rather than the opposite. In Archean gran
itoids, MALI, K2O/CaO, and Rb/Sr increase as their source becomes 
more enriched/evolved (Fig. 8a–b, S10a). Similar, albeit weaker, trends 
are observed in granitoids from the Gangdese Belt (Fan et al., 2022, 
2025), the North Qilian Orogen (Chen et al., 2022a), and the Himalayan 
Block (Fan, 2021). Fan et al. (2021, 2022) suggest that the trends 
observed in their data, including a positive association between δ98/ 

95Mo and europium anomaly (Eu/Eu*), result from feldspar dissolution 
in the source during partial melting. Given the moderate positive cor
relation between δ98/95Mo and Eu/Eu* for our samples (Fig. 7a), feld
spar in the source must exert some control on the Mo isotope 

composition of Archean granitoids. However, the dominant mineralog
ical controls on the Ca-Na-K budget vary with source.

Although feldspar (and to a lesser extent, micas) control the budget 
of these elements in felsic and pelitic source rocks, in metabasalts other 
minerals play a predominant role; for Ca, amphibole is the predominant 
host, along with garnet (depending on the pressure of melting); for Na, 
amphibole and clinopyroxene are the predominant hosts; and for K, 
amphibole and micas are the predominant hosts. Given the purported, 
albeit debated (i.e., Chen et al., 2022a), role of amphibole and biotite in 
fractionating Mo isotopes (Voegelin et al., 2014; Wille et al., 2018), the 
associations discussed above cannot be solely ascribed to feldspar, as 
suggested by the moderate negative correlation of δ98/95Mo with Th/La 
(Fig. 7b). Other minerals such as amphibole, biotite and garnet are also 
likely to impact the Mo isotope composition of granitoid, but isolating 
their effect in our sample set is difficult.

The lack of experimental constraints on δ98/95Mo mineral-melt 
fractionation means we cannot accurately model Mo isotope behavior 
during the partial melting of crustal lithologies. However, we can indi
rectly assess the effects of changes in melt and source composition and 
source mineralogy by employing geochemical proxies correlated with 
δ98/95Mo in our granitoids. To further elucidate and verify the miner
alogical and compositional source controls influencing the Mo isotope 
systematics of granitoids, we simulated partial melting of a variety of 
sources along multiple geothermal gradients using MAGEMin (Riel 
et al., 2022), allowing us to calculate the major and trace element 
compositions of the resultant magmas. The modeled starting materials 
range from juvenile metabasalts and enriched meta-mafic lithologies to 
intermediate and felsic lithologies (Table S5). For the mafic and inter
mediate lithologies, we assumed fractional melting conditions with a 7 
vol.% critical melt connectivity threshold (Rosenberg and Handy, 2005; 
Huang et al., 2020) along 50, 75, and 100 ◦C/kbar gradients, with H2O 
mostly set to minimal excess (1.5 wt.% following Hernández-Uribe, 
2024). For felsic protoliths, we assumed isobaric equilibrium melting 
at 4, 6, and 8 kbar with H2O set to LOI of these lithologies (<1 wt.%). 
The Supplementary Information provides a full description of the 
modeling methods and rationale. We provide the results in 
Tables S5–S8, pressure–temperature pseudosections for equilibrium 
melting in Figs. S6–S7, and melting path modebox plots for predicted 
phases in Figs. S8–S9.

Irrespective of the pressure of melting, as the starting protolith be
comes increasingly enriched/evolved (i.e., mafic amphibolite vs felsic 
gray gneiss), the mean, median and interquartile range values of the 
resultant modeled melts across realistic degrees of melting (10–40 wt.%) 

Fig. 6. Source compositional control related to the balance of alkali and alkaline earth metals strongly influences the Mo isotope signatures of Archean crustally- 
derived granitoids and their hybrids. Plots of δ98/95Mo vs the modified alkali-lime index (MALI; K2O + Na2O − CaO; Frost et al., 2001) (a), K2O/CaO (b), and 
Rb/Sr (c). Also plotted for comparison are Archean sanukitoids and samples from Phanerozoic granitoid suites in the Gangdese Belt (Fan et al., 2022, 2025), the 
North Qilian Orogen (Chen et al., 2022a), and the Himalayan Block (Tibet; Fan, 2021). Solid orange lines and shaded areas represent the robust linear regression line 
and corresponding 2 se confidence envelope for crustally-derived granitoids (i.e., non-sanukitoids; n = 21). Also provided are Spearman’s ρ and p-values for the 
crustally-derived Archean granitoids.
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show progressive increases in K2O/CaO, Rb/Sr (Fig. 8a–b) and to a lesser 
degree, MALI (Fig. S10a) and a progressive decrease in Eu/Eu* (Fig. 8c). 
The directions of the trends in these parameters agree with their 
observed associations with δ98/95Mo (Figs. 6, 7) and suggest that the Mo 
isotope composition of granitoids become progressively lighter as the 
source becomes more evolved. This relationship is also supported by an 
increase in the fractional crystallization and melting-insensitive 
enrichment parameter ΔTh (Th [ppm] − [0.5 SiO2 {wt.%} − 20]; 
Moyen et al., 2009) in the models with increasing degrees of source 
evolution (Fig. 8e). Although melt enrichment is affected by the starting 
compositions of the protoliths themselves, the magnitude of the differ
ences between protoliths, particularly for Rb/Sr and Eu/Eu*, is rela
tively small. Thus, source mineralogy must also play a role by dictating 
the melt's chemical composition, itself dictated by the source's chemical 
composition. Indeed, in the models, this source evolution is accompa
nied by an increase in the mean and median modal weight of feldspar in 
the source (solely plagioclase for all except felsic lithologies) and a 
decrease in the mean and median anorthite content of plagioclase 
(Fig. S11a–b). This suggests that feldspar abundance and composition 
act to amplify these compositional differences between sources.

On the other hand, mean and median Th/La in the melt increase in 
our models as the initial source evolves from mafic to felsic (Fig. 8d), in 
agreement with the hypothesized role of source evolution in producing 
the negative correlation between δ98/95Mo and Th/La (Fig. 7b). 
Furthermore, in our compiled geochemical dataset of granitoids from 
the Pilbara and Yilgarn cratons, the differences in Th/La between groups 
supports the assertion that it is an effective discriminant of source af
finity and can differentiate between TTG and potassic series magmas 
(Fig. S12a–b), which are higher in the latter. This increase appears to be 
controlled by differences in Th/La between the protoliths themselves, 
which is higher in more evolved/enriched sources.

Due to differences in residue mineralogy, which in turn result from 
compositional differences, melts derived from evolved/enriched proto
liths exhibit a higher degree of polymerization. This is demonstrated by 
the increase in the melt compositional parameter G ([3 Al2O3 + SiO2]/ 
[Na2O + K2O + CaO +MgO + FeO]; Gervasoni et al., 2016), which de
scribes the degree of polymerization of the melt, as observed in our 
models (Fig. 8f). When calculated for our samples, δ98/95Mo shows a 
moderate negative correlation with G (Fig. 7c). This suggests that melt 
structure exerts a direct control on the Mo isotope systematics of gran
itoids. Equilibrium stable isotope fractionation is governed by the 
principle that heavier isotopes are preferentially incorporated into 
phases with the stiffest, and therefore strongest, bonds (Bigeleisen and 
Mayer, 1947; Urey, 1947), which form around atoms with the lowest 
coordination and highest valence state (Schauble, 2004). Molybdenum 

exists as Mo6+ in terrestrial silicate phases under redox conditions 
applicable to the upper mantle and crust (Holzheid et al., 1994; Willbold 
and Elliott, 2017), so high-temperature Mo isotope fractionation is 
coordination-dependent. Molybdenum in silicate melts is generally 
tetrahedrally-coordinated, existing as molybdate anions (Mo[IV]O4

2− ; 
Candela and Holland, 1984; Holzheid et al., 1994; Farges et al., 2006a, 
b). However, petrological experiments suggest that octahedrally- 
coordinated Mo (Mo[VI]O6

6− ) may also be present in high-SiO2 
magmas due to their highly polymerized nature, and their high volatile 
content may even increase the stability of Mo4+ (Farges et al., 2006a, b; 
Fan et al., 2022). This would enable the melt to preferentially incorpo
rate light Mo isotopes during partial melting of evolved, silicic sources, 
which are then retained during fractional crystallization of mineral 
phases. Fan et al. (2022) proposed that this shift in melt coordination 
from tetrahedral to octahedral could explain the light δ98/95Mo observed 
in Himalayan granites, resulting from the fractional crystallization of 
less polymerized magma. We take this one step further and suggest that 
this shift can be an inherent characteristic of the parental melt, 
depending on the source.

Because G omits H2O, which depolymerizes melts, and Ti, whose 
effect is variable (e.g., Russell et al., 2006; Mysen and Richet, 2019), we 
also calculated a modified non-bridging oxygen to tetrahedra ratio 
incorporating both (NBO/Thydrous; Tables S7 and S8). It yields the same 
trend as G, becoming more polymerized as the source evolves 
(Fig. S10b), indicating that the trend is not an artifact of how G is 
calculated. With this parameter, however, it may partly reflect the as
sumptions about water saturation used in the starting compositions of 
our models, which reflect the current understanding of Archean gran
itoid petrogenesis (e.g., Johnson et al., 2021; Hernández-Uribe, 2024; 
Laurent et al., 2024). Further investigation of this concept will none
theless require experimental studies. While largely outside the scope of 
this study, we briefly discuss the speculative effects of fluid activity 
during melting in the Supplementary Discussion.

5.4.2. Sanukitoids
Sanukitoids differ from crustally-derived TTG and potassic granit

oids in that they come from metasomatized mantle sources, typically via 
interaction between mantle peridotite and crustally-derived melts, fol
lowed by evolution toward granitic compositions (e.g., Martin et al., 
2005; Martin et al., 2009; Laurent et al., 2013; Moyen, 2020). The δ98/ 

95Mo of Pilbara and Yilgarn sanukitoids overlaps with Cenozoic ada
kites, particularly on the lighter side of the distribution, whereas 
Cenozoic high-Mg andesites (HMAs) are generally heavier than Archean 
sanukitoids at comparable SiO2 (Fig. 5). Although these Phanerozoic 
analogs are volcanic and not strictly equivalent to Archean plutonic 

Fig. 7. Associations between δ98/95Mo and potential proxies of source evolution/enrichment and melt structure in Archean granitoids. Plots of δ98/95Mo vs europium 
anomaly (Eu/Eu*) (a), Th/La (b), and the compositional parameter of polymerization, G (Gervasoni et al., 2016) (c). The solid orange lines and shaded areas are 
robust linear regression lines and corresponding 2 se confidence envelopes for crustally-derived granitoids (i.e., non-sanukitoids; n = 21). Spearman’s ρ and p-values 
for the crustally-derived Archean granitoids are also provided. The δ98/95Mo-Th/La relationship is marginal when sample 169044 is excluded (p = 0.053; Table S4).
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sanukitoids, they provide a useful reference frame for interpreting Mo 
isotope systematics.

Only one sanukitoid in our dataset is primitive (SiO2 < 58 wt.%, 
MgO > 5.5 wt.%; Spencer et al., 2024). This sample (235918, Central 

Pilbara Tectonic Zone, c. 2.95 Ga) has the heaviest δ98/95Mo of the series 
(0.06‰) and is part of the Mallina high-Mg diorite suite. Smithies and 
Champion (2000) modeled this suite as melts derived from a mantle 
source metasomatized by TTG-like slab-derived melts, which is 

Fig. 8. Modeled variations in δ98/95Mo-correlated geochemical proxies as a function of of source enrichment/evolution. Box-and-whisker plots of K2O/CaO (a), Rb/ 
Sr (b), Eu/Eu* (c), Th/La (d), ΔTh (Th [ppm] − [0.5 SiO2 {wt.%} − 20]; Moyen et al., 2009) (e), and compositional parameter G (f) of realistic melt fractions (10–40 
wt.%) from a selection of mafic, intermediate and felsic protoliths across all P-T gradients. The box on each group defines the 25th–75th percentiles (IQR), while the 
enclosed solid and dashed lines denote the median and mean values, respectively. Whiskers are 1.5 times the IQR, and filled circles denote outliers. Hexagons denote 
parameter values for each protolith before melting, and arrows denote the direction of increasing δ98/95Mo observed in Archean granitoids. The starting materials 
modeled range from juvenile metabasalts (average Pilbara tholeiite – Smithies et al., 2021), enriched metamafic lithologies (Mount Webber Gabbro – Petersson et al., 
2019; Coucal Basalt [CF2] – Johnson et al., 2017), intermediate lithologies (CF1 – Smithies et al., 2019a; OG1 – Vandenburg et al., 2023a) and through to felsic 
lithologies (average Callina Supersuite tonalite, average non-granitic Tambina Supersuite granitoids [Tambina NG], average pre-Cleland Supersuite felsic crust, 
[composite Callina-Tambina-Emu Pool – CTEP] – Vandenburg et al., 2023a).
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consistent with our observation that 235918 has Mo isotope composi
tions resembling older granitoids with mantle or low-K mafic crustal 
source affinities (Fig. 4c). In contrast, modern low-Si adakites that tap 
slab-melt metasomatized mantle typically have light δ98/95Mo, reflect
ing prior loss of heavy Mo in slab fluids (e.g. Ahmad et al., 2021; Liu 
et al., 2024). One possible explanation is a difference in slab redox: 
reduced Archean oceanic crust would have limited Mo loss and isotopic 
fractionation during slab dehydration, producing slab melts with 
comparatively heavy, unfractionated δ98/95Mo. Modern arcs where 
reduced sediments suppress Mo isotope fractionation during subduction 
offer some support for this (e.g., Freymuth et al., 2016; Gaschnig et al., 
2017; Ahmad et al., 2022, 2023), but with a single primitive sanukitoid 
available, further studies are needed to test this hypothesis.

More evolved sanukitoids show δ98/95Mo values that range from 
slightly supra- to strongly subchondritic. They show geochemical vari
ations, for example, differing MgO/TiO2 ratios, that suggest varying 
degrees of source metasomatism relative to degrees of melting (F/a; 
Fig. 9a; e.g., Moyen, 2009). However, this is not correlated with δ98/ 

95Mo (Fig. 9b), suggesting that metasomatism relative to melting is not 
an important control on their isotopic compositions, or at least is 
obscured. However, the sanukitoids share several covariations in δ98/ 

95Mo and elemental parameters with their crustally-derived counter
parts, such as the positive association with Eu/Eu* and the negative 
associations with Rb/Sr, K2O/CaO, and MALI (Fig. 6a–c, 7a). This sug
gests that the same aspects of melt structure that govern the Mo isotope 
compositions of crustally-derived granitoids also control the composi
tions of sanukitoids. Another possibility is that the sanukitoid source 
material exhibits substantial isotopic heterogeneity, resulting in a larger 
spread in δ98/95Mo. Disentangling source and differentiation requires 
experimental constraints on Mo elemental and isotopic partitioning and 
a more in-depth study, similar to work by Spencer et al. (2024) on Ti 
isotopes.

5.5. Crustal evolution

Having established that source characteristics, rather than open- 
system or internal magmatic processes, govern the Mo isotope signa
tures of Archean granitoids, we can use δ98/95Mo as a tracer of source 
character and, by extension, of the degree of crustal reworking. The 

clearest expression of this trend is a systematic decrease in 
concentration-weighted δ98/95Mo with increasingly evolved source af
finity: from mantle-derived (− 0.16 ± 0.35‰; 95% CI, n = 6), through 
low-K mafic rock-derived (− 0.34 ± 0.36‰; n = 10) and high-K mafic 
rock-derived (− 0.38 ± 0.19‰; n = 8), to felsic igneous rock-derived 
granitoids (− 0.76 ± 2.04‰; n = 3; the large uncertainty reflects the 
small effective sample size). We attribute this trend to source miner
alogy, particularly the balance and presence of feldspars, along with 
contributions from amphibole, garnet and biotite, and to the resulting 
melt polymerization, which together govern Mo isotope compositions in 
Archean granitoids. Therefore, δ98/95Mo can provide an independent 
record of how reworked a granitoid's source is, a control also operating 
in Phanerozoic granitoids (Fig. S13).

The observed decrease in δ98/95Mo with increasing source evolution/ 
enrichment and towards more granitic compositions aligns with estab
lished multistage models of protocraton development (e.g., Smithies 
et al., 2005; Van Kranendonk et al., 2015; Chowdhury et al., 2021; Smit 
et al., 2024; Zoleikhaei et al., 2025). In the first stage, infracrustal 
melting of hydrated metabasalt generates TTGs once a mafic–ultramafic 
plateau exceeds a critical thickness (Johnson et al., 2017) in response to 
volcanic resurfacing (Fig. 10a–b). These TTGs tend to have chondritic to 
suprachondritic εHf(t), indicating provenance from chondritic mantle- 
derived juvenile (basaltic) material with short crustal residence times 
(e.g., Petersson et al., 2020; Salerno et al., 2021; Kemp et al., 2023). The 
derivation from rapidly reworked juvenile material is also evidenced in 
the heavy δ98/95Mo of TTGs, which has a concentration-weighted mean 
of − 0.11 ± 0.49‰ (95% CI, n = 4); note that the large uncertainty re
sults from the small sample size. This is also observed more broadly from 
the more juvenile crustal source-derived granitoids (Fig. 5), in particular 
for the concentration-weighted mean of composite hybrid and non- 
hybrid TTGs (− 0.12 ± 0.16‰; 95% CI, n = 8), and to a lesser extent, 
the granitoids belonging to the low-K mafic rock source affinity group. 
Exceptions exist, however, such as potassic granite sample 235954 
(− 0.58‰) from the 3.47 Ga Homeward Bound Granite of the Callina 
Supersuite in the Pilbara Craton, likely produced by low-degree melting 
(Gardiner et al., 2018) or fractionation owing to its εHf(t) slightly above 
CHUR (average 0.2; Kemp et al., 2023). Thus, because δ98/95Mo appears 
to decrease as the number of reworking events increases, these first- 
stage magmas are closest in composition to the source components 

Fig. 9. No apparent control by melting/metasomatism ratios on the δ98/95Mo of Archean sanukitoids. (a) TiO2 vs MgO diagram of compiled sanukitoids from the 
Pilbara (Vandenburg et al., 2023a) and Yilgarn (Lowrey et al., 2023) cratons illustrating the subdivision of sanukitoids into high- and low-Ti subsets and how MgO/ 
TiO2 (dashed lines) is controlled by the ratio of F, the degree of melting, to a, the amount of metasomatic component. Note that MgO/TiO2 remains relatively constant 
during evolution and crustal contamination. (b) Plot of δ98/95Mo vs MgO/TiO2 illustrating the apparent lack of influence that F/a plays on the Mo isotope com
positions of sanukitoids. Symbology as for previous figures.
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driving the craton’s evolution: the basalts forming the initial plateau 
(Fig. 10a–c).

The second-stage magmas, sanukitoids, are the most restricted stage 
in a craton’s evolution, both volumetrically and temporally. Sanukitoids 
carry intermediate values (concentration-weighted mean: 
− 0.29 ± 0.23‰; 95% CI n = 7), and we note that our Mo data do not 
discriminate between the subduction-like (i.e., “dripduction”; Moyen 
and Laurent, 2018; Vandenburg et al., 2026) and delamination 
(Smithies et al., 2019b) scenarios proposed for their genesis (Fig. 10d). 
Their evolved members have a subchondritic concentration-weighted 
mean δ98/95Mo (− 0.35 ± 0.22‰; 95% CI, n = 6), lighter than the sin
gle primitive sample discussed in Section 5.4.2, consistent with differ
entiation from a metasomatized mantle source towards lighter 
compositions.

Potassic hybrid granitoids begin to appear contemporaneously with 
sanukitoids (Fig. 10d). Their large spread in δ98/95Mo (concentration- 
weighted mean: − 0.38 ± 0.50‰; 95% CI, n = 7) likely testifies to their 
varied origins (e.g., Champion and Sheraton, 1997; Laurent, 2012; 
Laurent et al., 2014). At least some potassic hybrids with relatively 
heavy δ98/95Mo may have been produced by interactions between 
fractionated sanukitoids or metasomatized mantle-derived mafic melts 
(comparatively high [Mo], heavy δ98/95Mo) and granitic crustal melts 
(low [Mo], light δ98/95Mo) (Fig. 10, inset iii). Conversely, interactions 
between purely crustal-derived melts may explain potassic hybrids with 
light δ98/95Mo.

The third stage of magmatic activity, potassic granitoids, largely 
originates from shallow intracrustal partial melting of composite gray 
gneisses comprised of interleaved, multiphase TTGs and minor volcanic 
rocks and sediments, characterized by long crustal residence times in 
εHf(t) (e.g., Nebel et al., 2018; Mole et al., 2019; Moyen, 2020; 
Chowdhury et al., 2021; Moyen et al., 2021b; Zoleikhaei et al., 2025). 
The concentration-weighted mean δ98/95Mo for potassic granitoids 
(− 0.66 ± 0.44‰; 95% CI, n = 6) indicates that reworking of these 
composite gray gneisses produces magmas with very light Mo isotopes 
(Fig. 10e). These ultralight Mo isotope compositions are similar in range 
to granitoids from modern collisional orogens, such as the Gangdese Belt 
(Fan et al., 2022, 2025); we stress that this should not be used as evi
dence to support the operation of modern-style collisional tectonics in 
the Archean. As with most cratons, granitoids with sediment source 
affinities are rare in the Pilbara and Yilgarn cratons (Fig. 2c), and S-type 
granites are arguably nonexistent (Smithies et al., 2025), with excep
tions in the Superior Craton (Bucholz and Spencer, 2019). Recent work 
by Ding et al. (2025) shows that many Himalayan leucogranites are 
derived from reworked igneous crust despite being commonly classified 
as S-types. Therefore, source evolution likely explains the commonality 
between Archean high-K granites and their isotopically analogous 
Cenozoic counterparts.

Taken together, the diversification and reworking of granitoid 
sources reach a common result: Archean continental crust with bulk δ98/ 

95Mo similar to the modern depleted mantle, clustering around the 

reservoir with heavier values in samples with more mafic sources, and 
lighter values towards more evolved sources. Throughout a craton’s 
lifecycle, crustal reworking produces magmas with progressively lighter 
Mo isotopes, reflecting evolving sources in granitoid petrogenetic en
vironments. Because TTGs with mafic source affinities are likely more 
abundant than felsic-sourced potassic granitoids (e.g., Moyen, 2020), 
the average Archean crust, considered together with greenstone-belt 
mafic volcanic rocks, probably lies within the uncertainty of chon
dritic or depleted-mantle values (− 0.14 to − 0.22‰; McCoy-West et al., 
2019; Hin et al., 2022). The mass balance between these source types is 
unknown; we therefore do not attempt to calculate a true Archean 
crustal value.

Under the crustal extraction hypothesis of McCoy-West et al. (2019)
as the cause of the subchondritic δ98/95Mo of the Archean mantle as 
sampled by komatiites, the average δ98/95Mo of Archean TTGs necessi
tates an even larger volume of crustal extraction during the Hadean- 
Eoarchean for their model to remain viable. This demand may be un
realistic, instead lending weight to the crustal recycling model of Hin 
et al. (2022) or the delamination model of Tian et al. (2025). Howev
er, the former does not consider the consequences of crustal recycling on 
mantle radiogenic isotope compositions and extensive crustal recycling 
on the required scale is unlikely before 3.5 Ga. Nevertheless, discrimi
nating among these will require Mo isotope data for typical Archean 
basalts.

6. Conclusion

We present high-precision whole-rock Mo isotope data for 28 gran
itoids emplaced between 3.52 and 2.63 Ga from the Australian Pilbara 
and Yilgarn cratons. Their δ98/95Mo spans from − 0.93 to +0.25‰, 
within the range observed in Mo isotopes of modern terrestrial igneous 
reservoirs.

However, the Archean population is, on average, isotopically lighter 
than depleted mantle (McCoy-West et al., 2019; Hin et al., 2022) or 
chondrite. Lighter isotope values than depleted mantle develop during 
reworking of TTGs, but this intracrustal genesis means they do not 
reflect mantle isotope compositions. Crucially, the data show no secular 
trend from 3.52 to 2.63 Ga, either within individual cratons or com
bined, pointing towards petrogenetic processes as the key driver of 
isotopic variability. Major- and trace-element considerations, along with 
thermodynamic modeling, suggest that Mo isotopes in Archean granit
oids primarily fingerprint source composition and mineralogy.

As cratons mature, juvenile crust-derived TTG magmatism gives way 
to sanukitoid magmatism linked to mantle metasomatism, and finally to 
potassic granitoid magmatism sourced from the reworking of TTG- 
dominated composite gray gneiss, a pattern mirrored by progressively 
lighter δ98/95Mo in granitoids. These results have two immediate im
plications. First, granitoid Mo isotope budgets evolve toward values 
lighter than modern DMM as crustal sources become more evolved, 
implying that intracrustal reworking alone can push continental 

Fig. 10. Schematic of granitoid magmatism and Mo isotope systematics during the evolution of an Archean craton. Extensive subaqueous basaltic (± komatiitic) 
volcanism from upwelling asthenospheric mantle thickens the mafic protocrust into a mafic–ultramafic plateau with enriched domains (a). This plateau eventually 
reaches sufficient thickness (~30 km) for the occurrence of intracrustal melting of metabasalt, producing early TTGs (b). TTGs (i) have the heaviest Mo isotope 
compositions of the five magmatic series. (c) Further resurfacing thickens the crust, increasing the pressures at which crustal melting occurs, producing TTGs with 
potentially lighter Mo isotope compositions and generating dense and unstable restites at the base of the crust that begin to founder into the asthenosphere as drips. 
These drips form the source of TTGs, which ascend through the crust and the peripheral mantle, which may metasomatize the mantle and produce melts that 
fractionate to form evolved sanukitoid-like magmas with moderate δ98/95Mo. Melting of enriched metabasalt/andesite incorporated into greenstone packages 
produces hybrid TTGs (ii). (d) Adakitic melts produced from the melting of either a dripducting “slab” or the sinking into the asthenosphere of delaminated restitic 
lower crustal sections (these are not mutually exclusive) react with the surrounding mantle. Decompression melting of upwelling metasomatized mantle in areas of 
foundering generates primitive sanukitoids with comparatively heavy δ98/95Mo, which can evolve towards moderate δ98/95Mo. Around the same time, potassic hybrid 
granitoids (iii) appear, the product of interaction between fractionated sanukitoids/metasomatized mantle-derived mafic melts and granitic crustal melts (heavy δ98/ 

95Mo) or interactions between purely crustal-derived melts (moderate to light δ98/95Mo). (e) Shallow intracrustal partial melting of composite gray gneiss due to 
upwellings or perturbation of crustal geotherms in response to post-delamination crustal relaxation generates potassic granites (iv) with light δ98/95Mo. This stage 
marks craton stabilization and generally coincides with the subaerial emersion of continental crust (e.g., Chowdhury et al., 2021, 2025). Navy blue and red dashed 
lines approximate the garnet-in and plagioclase-out isograds from Johnson et al. (2017). Values provided are Mo concentration-weighted means.
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averages to sub-mantle values. As the genesis is independent of the 
mantle, no immediate effect on mantle values is expected. Second, at
tempts to resolve the origin of the Archean (upper) mantle’s sub
chondritic δ98/95Mo cannot rely solely on granitoids. A decisive test 
requires Mo isotope measurements on coeval Archean basalts to estab
lish the contemporaneous mantle signal, alongside targeted high- 
temperature experiments to quantify how melting conditions and 
source mineralogy affect Mo isotope partitioning.
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Greber, N.D., Pettke, T., Nägler, T.F., 2014. Magmatic-hydrothermal molybdenum 
isotope fractionation and its relevance to the igneous crustal signature. Lithos 
190–191, 104–110.
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