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Giant lithium-rich pegmatites in Archean
cratons form by remelting refertilised
roots of greenstone belts
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Around 80% of the world’s hard-rock lithium supply comes from pegmatites formed in the Archean
Eon, yet our understanding of how Lithium-pegmatites form assumes magma source compositions
not relevant to those Archean cratons hosting most of the giant Lithium-pegmatites. These models
emphasize extraction of residual pegmatitic liquids from granitic magmas formed through melting
sedimentary sequences. However, there is no evidence that such sequences provided the source to

Lithium-rich granites and related giant Lithium-pegmatites in the Archean cratons of Western
Australia. Economically important Lithium-pegmatites in these terrains form near faulted contacts
between regional granites and basalt-dominated greenstone belts. Where spatially associated
granites are Lithium-rich, they also contain unusually radiogenic Neodymium, resembling earlier, but
spatially associated hydrated high-Magnesium diorites of mantle origin (sanukitoid). Intrusion of
sanukitoids along crustal-scale structures prior to granitic magmatism induced Lithium-rich biotite
alteration of the felsic basement beneath greenstone belts. Analogous to melting metasomatized
lithospheric mantle to produce sanukitoids, melting of sanukitoid-infused basement beneath
greenstone roots produced Lithium-rich granites and ultimately Lithium-pegmatite. Melting buried
metasediments might produce Lithium-pegmatites, but most of the world’s giant Lithium-pegmatites
formed along major crustal boundaries in response to the transfer of hydrous mantle-derived magma
from metasomatized deep lithospheric domains in the Archean.

Lithium is critical for the global transition to new, clean, energy sources, with
a predicted future demand that greatly exceeds current production. Most
current production is from Li-pegmatites. These deposits have smaller
environmental footprints and higher grades'” than other Li resources.
Currently, Li-pegmatites in Archean terrains of Western Australia account
for around 35% of world Li production, more than 1.5 times the cumulative
Li-production from hard-rock and brine deposits of the next largest pro-
ducer - Chile".

Li-pegmatites typically contain high concentrations of both Cs and Ta,
forming a petrogenetic family of granite pegmatites referred to as LCT
pegmatites’. This distinguishes them from the NYF (Nb-Y-F) pegmatite
family, and other more common pegmatite varieties that lack rare metals.

One of the challenges in finding the Li resources required to meet
future demand is in understanding how Li-pegmatites form in the first place.
Studies of pegmatites from the Archean terrains of Canada made early
advances in understanding pegmatite petrogenesis and classification®’.
Studies of post-Archean occurrences have also influenced models for LCT
type pegmatite genesis in Archean and younger terranes''™'* and have thus
influenced strategies for finding new Li resources. Rare studies have
acknowledged a potential® or likely'” role of juvenile, meta-igneous, rocks in
the melt-sources of some granite—Li-pegmatite systems. However, most
studies, and consequent exploration strategies, conclude that Li-pegmatites
ultimately require a sediment-rich crustal source''*"* buried to melting
depths during crustal thickening”. This produces peraluminous S-type
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granitic magmas capable of yielding Li-rich residual liquids by extended
crystallisation'®' or through remelting during later thermal events™. As Li-
concentrations in pegmatites can exceed levels normally considered possible
through mineral/melt partitioning in granitic melts, source evolution is
thought to require multiple stages of crustal reworking and enrichment in Li
and associated rare metals such as Cs, Rb, Nb, Ta and Sn'**, or zone-
refining type crystallisation models'®.

‘Sediment-source’ petrogenetic models are commonly assumed to be
generally valid for Archean Li-pegmatites'"'*'*, despite suggestions to the
contrary*’. However, in the Yilgarn and Pilbara Cratons of Western Aus-
tralia, where most of the world’s hard-rock Li is currently mined, viable
sedimentary sources are not observed.

Li-pegmatites of the Pilbara and Yilgarn cratons are typically emplaced
into shear zones at the margins of basalt-dominated (+ultramafic lavas +
sediments) ‘greenstone’ sequences™, proximal to contacts with light-
coloured (leucocratic), silica-rich (SiO, typically > 70 wt%), monzo- to
syenogranites, poor in mafic minerals (herein referred to as ‘leucogranites’).
Such leucogranites flooded the crust of the Pilbara Craton at c. 2.93 Ga and
2.86-2.83 Gaand the Yilgarn Craton at c. 2.69-2.61 Ga**(Fig. 1), reflecting
late to post orogenic, craton-wide, mid-crustal melting events in the lead up
to final cratonization””. These younger leucogranites are spatially asso-
ciated with Li-pegmatites. They represent the only felsic magmatism con-
temporaneous with the pegmatites, and isotopic evidence additionally
supports a genetic relationship”. In the Yilgarn Craton, magmatic ages
(mainly U-Pb from zircon—see ‘Data Availability’) from 87 leucogranite
samples show continuous magmatism between 2.655 and 2.61 Ga, embra-
cing the ages of the directly dated pegmatites”’. One potential exception is
the Greenbushes pegmatite in the far southwest of the Yilgarn Craton for
which several different Neoarchean ages have been proposed™.

Because melt-fertile metasedimentary sources are characteristically
peraluminous, with an Aluminium Saturation Index (ASI = mol Al/(Ca +
Na + K)) > 1.1, the evolution of S-type granite magmas does not result in
ASI<1.0". Although the Yilgarn and Pilbara leucogranites evolve to ASI
values between 1.0 and 1.1, the trend with decreasing silica is towards
ASI < 1. This requires metaluminous (i.e. ASI < 1) parental magmas (Fig. 2)
formed through melting of crustal source regions dominantly of felsic
metaigneous origin™.

In both the Yilgarn and Pilbara cratons, metasedimentary rocks are
minor components of most greenstone belts, and there is little evidence for
regionally voluminous clastic accumulations in basement terrains—and
certainly not of the extent required to account for the regionally voluminous
leucogranites (Fig. 1). Where clastic basins are in areas associated with Li-
pegmatites or Li-rich leucogranites, they formed late in the regional Archean
tectonic evolution”** and exposed metamorphic assemblages typically do
not exceed greenschist facies. Hence, nowhere in the Australian Archean
record are S-type granites or their residual mineral assemblages identified.
In this respect, the Australian Archean record differs from some Archean
terranes such as the Superior Province of Canada, where S-type granites and
associated pegmatites have been noted”.

Results
If we accept the evidence that Li-pegmatites of the Yilgarn and Pilbara
cratons are the evolved products of spatially, temporally and isotopically
related leucogranite magmas that were not derived through melting of
sedimentary sources, can we demonstrate that alternative melt source
regions with a similar intrinsic Li-enrichment (~125 ppm™) existed in the
right place and at the right time to explain the presence and distribution of
Li-rich leucogranites? To investigate this, we use a large dataset combining
new and published whole-rock geochemical data (4531 Samples), SIMS
zircon U-Pb geochronology and whole-rock Sm-Nd isotope data™** (see
‘Data Availability’). Datasets covering the Yilgarn Craton are considerably
more extensive than those for the Pilbara Craton, and hence much of our
discussion is centred on the former craton.

The median Li concentration for the Yilgarn leucogranites is ~22 ppm,
and we consider concentrations > 70 ppm (95 percentile) to be anomalous.

The maximum whole-rock concentrations of the leucogranites are ~300
ppm and ~450 ppm in the Yilgarn leucogranites and c. 2.85 Ga Pilbara
leucogranites respectively. This is significantly lower than the
5000-11,000 ppm’” required for melt saturation of primary Li aluminosi-
licates, but similar to the Li concentrations of granites elsewhere thought to
be genetically related to Li-pegmatites™**. For example, leucogranites with
an average of ~200 ppm Li (80-560 ppm range) are considered parental to
lepidolite-saturated magmas of southern China with 2200-19,300 ppm Li
and with no physical evidence of intermediate compositions®. Similarly, the
Lhozhag leucogranite, with 23-108 ppm Li has been shown to be the par-
ental magma to spodumene pegmatites in the eastern Himilaya™. In the case
of the Yilgarn and Pilbara leucogranites, it is possible that Li might have been
lost to alteration or weathering. It is also possible that whole-rock Li con-
centrations underestimate original magmatic Li concentrations. Never-
theless, the trend to higher Li with decreasing K/Rb (Fig. 3) (and decreasing
modal biotite) clearly reflects igneous differentiation. Irrespective, our
purpose here is not to investigate the complex processes that ultimately
allow felsic magmas to reach Li-saturation, but to reconcile the presences of
globally predominant Li-pegmatite resources with the absence of sedi-
mentary melt sources.

Yilgarn Craton leucogranites

Like other Archean cratons, the Yilgarn and Pilbara cratons are dominated
by rocks of the tonalite-trondhjemite-granodiorite (TTG) series and by
leucogranites, reflecting melting of mafic lower-crust and of composition-
ally more evolved mid-crust respectively”. In both cratons (Fig. 1), rocks of
these series collectively comprise at least 80% of granitic rocks in roughly
equal proportions. TTGs in the Yilgarn Craton form basement to, and have
intruded into, greenstone belts.

The abundant, mildly peraluminous, leucogranites of the Yilgarn
Craton typically contain minor amounts of biotite (+fluorite,
allanite-titanite) and dominate the vast granitic tracts separating greenstone
belts (Fig. 1a). Approximately 95% of 170 dated leucogranites within the
Yilgarn Craton formed in the period from c. 2.7 to 2.6 Ga, with the onset of
voluminous magmatism coinciding with the c. 2.67 Ga end of greenstone
deposition and start of regional crustal thickening’. Apart from pegmatites,
these leucogranites represent the only felsic magmatism after c. 2.65 Ga.
This post-orogenic period accounts for 54% of dated leucogranites and
~80% of the observed anomalies in Li (or Cs > 8 ppm where Li has not been
determined), consistent with all dated Li-pegmatites being 2.655 Ga or
younger”. Viewing the entire leucogranite population, ~60% of samples
with anomalous Li occur within 5km of a known granite-greenstone
contact (Fig. 4). This increases to 65% in the eastern part of the craton,
where generally higher crustal levels are exposed, suggesting that uplift of the
more deeply eroded southwestern Yilgarn has removed greenstones but not
those Li-rich leucogranites emplaced at deeper levels.

Nd-isotopic analyses of Yilgarn leucogranites (n = 126) show a total
£Nd (2.65Ga) Fange from c. —8 to +2, reflecting melt sources of widely differing
bulk age and composition (Fig. 5a). Nearly all samples showing anomalous
concentrations of Li and Cs fall in the most radiogenic part of the array for
leucogranite (eng (2.6562) = —2.0 to +2.0) and largely overlap the most
juvenile part of the Nd-isotopic array for all Yilgarn felsic rocks (Fig. 5a).
This implies a link between Li endowment and the age of the magma source.

Since many of the leucogranites do not contain abundant inherited
zircon'**!, the zircon saturation thermometer* can be used to estimate
magmatic temperatures. Although the thermometer is strictly applicable to
liquid compositions, the partial cumulate assemblages studied here return
what appear to be reasonable temperatures, consistently between ~750 and
820°C throughout the Neoarchean evolution of the Yilgarn Craton
(Fig. 5b). However, from ~2.66 Ga onwards, two temperature trends are
discernible. The first trend continues the 750-820 °C path and includes
nearly all leucogranites with anomalous Li (or Cs). The second trend shows
temperatures increasing to as high as ~950 °C by c. 2.6 Ga and includes
nearly all leucogranites with anomalous Nb concentrations (>25ppm).
Leucogranites forming the high-temperature trend also include a group that
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the Pilbara Craton showing the location of leucogranite suites. TTG refers to rocks of
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the Archean tonalite-trondhjemite-granodiorite series, also forming the main
component of ‘unassigned granites’ in (c).

can be distinguished by enrichments in TiO,, Fe,O5", Y, Nb and heavy rare
earth elements, characteristics of A-type granites”. The Ti-enriched leu-
cogranites lie within the non-radiogenic portion (exgd (2.65Ga) mostly < —2.0)
(Fig. 5a) of the Nd-isotopic compositional field of leucogranites, suggesting

melting of crustal sources that were older than the sources for leucogranites
with anomalous Li (Cs). These compositional variations suggest melting of
crustal sources over a range of temperatures (and perhaps depths) with
higher crustal temperatures allowing fusion of older and more refractory
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Fig. 2 | Variation in Aluminium Saturation Index with SiO,. Variation in the
Aluminium Saturation Index [ASI = Molecular ratio Al/(Ca + Na + K)] with SiO,
for leucogranites of the Yilgarn and Pilbara cratons. Note that the leucogranites form
fields that follow the same trends as those of the tonalite-trondhjemite-granodiorite
(TTG) series rocks which represent melts of mafic, igneous, lower crust™.

500
R Leucogranite
° ® Pilbara 2.93 Ga
400 ° ® Pilbara 2.86 — 2.83 Ga
© Yilgarn 2.69 — 2.62 Ga
g 3001 g, ©
=3 [ ]
2 ¥ 3
= 200 e % °°
°®
100+
0- : B X ~j -
0 100 200 300 400 500
RHS1373 KIRb 19/02/25

Fig. 3 | Variation in Li concentration with K/Rb ratio. Co-variation of Li con-
centrations with K/Rb, showing Li-enrichment trends in leucogranites from the
Yilgarn and Pilbara cratons.

crustal components (ie. transitioning to more A-type characteristics).
Regardless of the process forming the Ti-enriched leucogranites, magmatic
enrichments in Li do not seem to have occurred, although such composi-
tions may favour formation of niobium-yttrium-fluorine (NYF) rare metal
pegmatites.

Spatial relationship between Li-pegmatites, leucogranites,
greenstone-granite contacts and isotopically juvenile sources
The spatial association between Li-pegmatites and greenstone-granite
contacts is well established but not well understood™. The association
between Li-rich leucogranite and greenstone—granite contacts (Figs. 4, 6)
suggests that sources of Li-enriched leucogranite developed in association
with greenstone belt evolution and with greenstone-granite contacts. Our
data also shows that these sources are surprisingly isotopically juvenile. This
is consistent with Li-rich leucogranites, and their source regions, typically
lying within zones of felsic crust with primitive Nd-isotopic compositions
surrounding many Yilgarn greenstone belts or within regions characterised
by isotopically primitive granite source regions (Fig. 6). The isotopic gra-
dients displayed in Fig. 6 specifically suggest that the crustal source regions
of granites became more juvenile closer to greenstone belts.
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Fig. 4 | Cumulative probability diagrams testing spatial relationships between
granite types and greenstone-granite contacts. Cumulative probability diagrams
showing the spatial relationships between Yilgarn Craton greenstone-granite con-
tacts and both sanukitoids and Li (Cs) anomalous leucogranites.

The role of hydrated, mantle-derived magmas— sanukitoid series
Sanukitoid describes a series of rocks derived through hornblende-
dominated fractionation of mantle-derived, mafic-ultramafic lampro-
phyres. At upper crustal levels they are dominated by evolved compositions
in the monzodiorite to diorite range but typically retain Mg’ > 60 and ele-
vated Sr, Ba and LREE implicating melting of a hydrated, metasomatized,
mantle source* . They form the most hydrous Archean magmas known™.
Sanukitoid series rocks also represent the most isotopically primitive felsic
magmas in the Yilgarn Craton, with ex4 (2,65 Ga) Values up to +-2.5 (Fig. 5a).
They form 5-10% of the granite inventory of the Yilgarn Craton and are
virtually restricted to greenstones belts (Fig. 1b). Roughly 90% of exposed
sanukitoid samples were emplaced along shear zones within greenstone
belts or at greenstone margins, and 97% of samples are exposed within 5 km
of greenstone-granite boundaries (Fig. 4), implying a relationship with
greenstone forming processes and architecture™. In the Yilgarn Craton,
sanukitoid magmatism occurred continuously from 2.7 to 2.65 Ga, over-
lapping the early period of leucogranite magmatism, but was very rare or
absent during the subsequent, and peak, period of pegmatite-leucogranite
magmatism”. Emplacement during this prolonged duration of sanukitoid
magmatism occurred as a series of pulsed, nested, magma batches each
intruding wholly to partially solidified earlier sanukitoid intrusions, as
indicated by a complex cognate xenolith suite and abundant antecrystic
zircons”.

We suggest that the isotopic patterns seen in Fig. 6 can largely be
accounted for in terms of the large proportion of hydrated mantle-derived
magmas, and their felsic derivative melts (sanukitoid series magmas) that
were incorporated into greenstone-proximal melt-sources during the late-
stage (c. 2.7-2.65 Ga) construction of the greenstone sequences™. These
interpretations suggest that these mantle-derived ‘sanukitoids’ form a major
component of the crustal melt-source of Li-rich leucogranites in the Yilgarn
Craton.

Comparisons with Pilbara Craton granites

Yilgarn leucogranite magmatism occurred without a perceptible break
between c. 2.69 and 2.61 Ga. In contrast, at least two distinct episodes of
leucogranite magmatism (c. 2.93 Ga and 2.86-2.83 Ga) occurred in the
Pilbara Craton, the two groups largely overlapping in geographical extent
(Fig. 1c), but broadly distinct in terms of compositional range. In particular,
the older Sisters Supersuite***’ leucogranites show a much wider compo-
sitional range that extends to lower SiO, (mostly < 74 wt%) and higher K/Rb
ratios (99% > 120) than the younger Split Rock Supersuite (SiO, mostly >
73 wt%, K/Rb mostly < 150) (Supplementary Fig. 1), with limited overlap.
In the regions where both groups crop out, major- and trace-element trends
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respect to greenstone belts; b Nd-isotope map contoured for two-stage depleted mantle model ages (Tpy®) (Nd-isotope data: refs. 35,36).

and Nd-isotope data suggest that younger Split Rock Supersuite leuco-
granites either represent lower degree melts of the same source composi-
tions that produced the older leucogranites, or are partial melts of the Sisters
leucogranites themselves, or both (Fig. 7¢, and Supplementary Fig. 1).
Craton-wide, the Nd-isotopic compositions of Split Rock leucogranites
range from eng (2.85Ga)<—5 to + 1.8 (Fig. 7). The radiogenic part of this range

occurs only in a northeast-trending juvenile’ corridor (‘juvenile western
margin’ in Fig. 7b, c) between the central Pilbara and the western part of the
Eastern Pilbara, where the £n4 (2.8564) Values of the Split Rock leucogranites
and the Sisters leucogranites overlap (Fig. 7). Here, both the 2.93 Ga and
2.86-2.83 Ga leucogranites are too radiogenic to be derived from pre 3.2 Ga
components of Pilbara lithosphere alone™**"', ie. they require an
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additional younger component. This juvenile’ corridor includes the two
major operating Li-pegmatite mines of the Pilbara Craton - Wodgina and
Pilgangoora (Fig. 7). Notably, the Hf isotope composition of cassiterite from
the Wodgina Li-pegmatite mine also requires a source that was younger
than pre 3.2 Ga Pilbara lithosphere™.

Sanukitoid magmatism is also well established in the central Pilbara
Craton and has been related to parental mafic-ultramafic partial melts
extracted from a mantle source metasomatized during a 3.2-3.12 Ga sub-
duction event that reunited the Eastern and Western Pilbara cratons™.
They form a voluminous c. 2.945 Ga suite emplaced along crustal-scale
structures related to the slightly earlier evolution of the clastic c. 2.97 Ga
Mallina Basin. The sanukitoids also occur peripheral to, and southeast of,
the Mallina Basin, intruding granite-greenstone contacts, and form xeno-
liths within younger leucogranite, within the juvenile western margin
between the central Pilbara and in the Eastern Pilbara (Fig. 7a). Here, the
leucogranites also overlap the Nd-isotopic compositional range of the
sanukitoids and collectively comprise the most radiogenic felsic compo-
nents of the Pilbara crust. This is particularly apparent surrounding the
Wodgina Li mine (the single Nd-isotopic data point near Pilgangoora is
likewise superchondritic) (Fig. 7).

As in the Yilgarn Craton, the Pilbara leucogranites spatially and tem-
porally associated with Li-enrichments have the most radiogenic Nd-
isotope compositions, localised within primitive zones of felsic crust (Fig. 7)
likely reflecting the earlier intrusion of sanukitoid.

Discussion

Regional geological and geochemical considerations indicate that most
Li-pegmatites of the Yilgarn and Pilbara Cratons are related to Li-rich
leucogranitic magmas that were not derived from sediment-rich crustal
sources. Instead, our data strongly suggest that these Li-rich leucogranites
formed through melting of crustal sources that had specific isotopic
compositions resembling sanukitoids and that formed along
greenstone-granite contacts known to have previously channelled large
volumes of sanukitoid magmas.

The voluminous leucogranite magmatic episodes in both cratons
reflect late to post orogenic, craton-wide, mid-crustal melting in the lead up
to final cratonisation”*. Geochemical and isotopic trends and thermal
evolution modelling”** are consistent with these mid-crustal sources
essentially comprising metaigneous components dominated by earlier TTG.
Our data suggest that the Li-rich leucogranites formed through melting
crustal source regions that were previously intruded by sanukitoid magma
in the root zones of greenstone belts (Fig. 8).

We suggest that metasomatically hydrated and enriched mantle
lithospheric source regions yielded mafic to ultramafic partial melts during
the late stages of greenstone belt development. These magmas were chan-
nelled along crustal-scale structures, including greenstone-granite contacts,
related to greenstone belt formation, fractionating to strongly hydrous felsic
sanukitoid intrusions (Fig. 8). We hypothesise that later melting of these
greenstone-proximal crustal regions produced leucogranite magmas
intrinsically more enriched in Li (Cs, Rb) and with higher ex4 (2.856) and €p¢
(2.85Ga) Values than contemporaneous leucogranites produced in regions
distal to greenstone belts. These enriched leucogranite magmas either
directly fractionated to the extent required to produce Li-rich pegmatitic
liquids or perhaps solidified and were again partially remelted and
fractionated”, prior to yielding pegmatitic magmas. To investigate this
hypothesis, we assess evidence that interaction with sanukitoid might lead to
Li enrichment of a putative mid-crustal melt source region.

Were sanukitoids Li-rich?

It has been suggested that Phanerozoic mantle source regions metasoma-
tically enriched at subducting margins through melt-infiltration, rather than
fluid-infiltration, can produce primitive magmas with 2-3-fold enrichment
in Li (to ~13 ppm) compared to magmas derived from unenriched mantle™.
These primitive Li-enriched magmas have the additional capacity to frac-
tionate to Li-enriched residual felsic melts (Li> 100 ppm™). There is an

additional potential for a two-fold increase in the concentrations of Li in
mantle-derived magmas formed beneath thick (~60 km) crust, reflecting
lower degrees of mantle melting (i.e. greater melt enrichment)™.

The variation in Li concentration with Mg’ for least-altered samples of
Yilgarn and Pilbara sanukitoids shows a poorly defined trend to slightly
higher Li concentrations broadly consistent with fractional crystallisation.
Perhaps clearer is that least-altered samples can have concentrations as high
as 50 ppm and that primitive magmas have Li concentrations as high as 21
ppm (Supplementary Fig. 2).

Sanukitoid-related Li-rich alteration assemblages

Micas, and biotite in particular, are the main crustal carrier of Li, Cs, Rb and
volatiles, and can be a major host of rare metals such as Sn, W, Nb and Ta
(refs. 22,55-57). Magmatic biotite can contain Li-concentrations in the
several 1000’s ppm™”. Even in existing sediment-source Li-pegmatite
models, the key to forming and preserving a Li enriched source is primarily
related to the capacity of a source rock to form micas that both retain existing
Li (Cs, Rb) and capture additional contributions from brines or circulating
hydrothermal fluids.

Sanukitoids represent the most hydrated magmas known from the
Archean Eon, with parental magmas estimated to have up to 7-9 wt%
dissolved H,O (ref. 46). This ensures that they reached vapour saturation at
an early stage of ascent and crystallisation. Experimental work on parti-
tioning of Li between felsic melts and coexisting fluid phases® for magmas of
calc-alkaline compositions suggest that Li has a moderate preference for the
melt phase (D™ ~ 0.3-0.5), although this is dependent on the Cl and
CO, content of the fluid’"”. This is consistent with the observed magmatic
enrichment trends for evolving sanukitoids (Supplementary Fig. 2) but also
allows for a large proportion of magmatic Li to enter the vapour phase and
be transported along country rock fluid pathways. Biotite-rich assemblages
are a prominent feature of alteration haloes observed around sanukitoid
intrusions® in the Yilgarn Cratons and are hence also expected to form a
large component of the mid-crustal regions lying in the ‘sanukitoid-infused’
root zones of greenstone belts (Fig. 8). The complex, pulsing, emplacement
mode of sanukitoids, as indicated by the abundance of cognate xenoliths**,
suggests that in addition to country rock, earlier sanukitoid was probably
also altered as successive magmatic pulses achieved vapour saturation.
Biotite in alteration zones related to sanukitoid emplacement has con-
centrated up to 700 ppm Li (ref. 63). Anomalously Li-enriched sanukitoid
samples in our dataset (Supplementary Fig. 2) include sanukitoid variably
biotite-altered during subsequent sanukitoid emplacement and show Li
concentrations up to 300 ppm. Consequently, it seems plausible that, irre-
spective of whether primary sanukitoid magmas were Li-enriched or not,
mid-crustal regions lying in the ‘sanukitoid-infused” root zones of green-
stone belts contained enrichments in Li at least similar to the 125.5 ppm
global average of siliciclastic sedimentary sources™.

Source melting and crustal recycling

The thermal conditions in the Yilgarn Craton evolved primarily due to
the upwards magmatic redistribution of radiogenic heat-producing ele-
ments (U, Th and K), as well as magmatic advection itself, in the lead up
to cratonization. Recent thermal modelling””** has shown that conditions
favouring biotite-dehydration melting were likely achieved at mid-crustal
levels after c. 2.70 Ga, and at depths as shallow as 20 km or less soon after
2.65Ga when most Li-rich leucogranite magmatism occurred. This
thermal evolution is largely independent of sanukitoid intrusions but
indicates that very soon after greenstone-proximal, sanukitoid-infused
source regions formed, conditions became regionally favourable for
remelting of mid-crustal sources to form younger leucogranites. Where
this included greenstone-proximal, sanukitoid-infused, source regions,
we predict that Li-rich leucogranite magma would have formed (Fig. 8),
analogues in many respects with recent source recycling models for Li-
pegmatites”. In this respect, Archean Li-rich leucogranites and LCT
pegmatites worldwide might be viewed as a reflection of final cratoni-
zation. The Li concentrations in the resulting leucogranites will depend
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Fig. 7 | Geological map and Nd-isotope contours for the central part of the magmatic age for felsic magmatic units throughout the Pilbara Craton. Although

Pilbara Craton. a Geological basement map of the central portion of the Pilbara granites within the area outlined by the bold dashed line in (b) (denoted ‘juvenile
Craton; b Nd-isotope map covering the same region as in (a) and contoured for two-  western margin’) lie within the ‘geological’ East Pilbara (based mainly on greenstone
stage depleted mantle model ages (Tpu). Also shown is the boundary between the  stratigraphy), they are isotopically equivalent to the juvenile Central Pilbara. Pink
East Pilbara Craton and the Central Pilbara**", the ‘juvenile western margin’ (bold  band shows the isotopic evolution of old (>3.3 Ga) Pilbara crust. Gold stars in (a, b)
dashed lines) as well as the outlines of sanukitoid (red dash) and Split Rock leuco-  represent major Li-pegmatite projects or mines. Nd-isotope data refs. 35,36.
granites (grey dash); ¢ Plot of Nd-isotopic composition (initial £y4) against

on the amount of source enrichment, but also on the proportion of lower degree partial melts of the same sanukitoid-rich source that produced
source biotite and the temperature interval required to achieve complete  the older leucogranites. If the older leucogranites form a source component
biotite breakdown"’. to the younger leucogranites, then the increase in mean Li concentration
The thermal evolution of the Pilbara Craton is less well constrained — from the older (2.93 Ga) leucogranites (54 ppm; 95 percentile > 101 ppm) to
than that of the Yilgarn Craton and possibly more complex, given the large  the younger leucogranites (80.5 ppm; 95 percentile > 247 ppm) might reflect
time gap between Split Rock and Sisters leucogranite magmatism. Field, an additional crustal Li-enrichment event. Leucogranite magmatism in the
geochemical and isotopic evidence suggest the evolution of the older leu-  Yilgarn Craton occurred over a similar duration as that in the Pilbara
cogranites involved melting a sanukitoid-bearing source and that either ~ Craton, but geochronological evidence identifies no clear breaks in mag-
deeper crustal equivalents of older leucogranites then remelted to form the = matism and no time-constrained compositional variation. Recycling within
distinctly younger leucogranites or the younger leucogranites represent  the Yilgarn leucogranite suite nevertheless also remains possible.
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Fig. 8 | Schematic block diagrams of evolving magmatism along a
greenstone-granite margin in the Yilgarn Craton. Schematic block diagrams
representative of the eastern Yilgarn Craton showing, a granitic magmatism at the
late stage of greenstone-belt evolution within an already TTG-rich crustal column.
Magmatism includes ongoing TTG production from the more mafic lower part of
the crust, leucogranite production from the more TTG-rich mid-levels of the crust
and sanukitoid series rocks from the lithospheric mantle. Magma ascent and
emplacement is facilitated by crustal-scale structures involved in the formation and
evolution of the greenstone belts. b At c. 2.65 Ga, biotite-dehydration melting
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becomes viable at crustal levels as shallow as ~20 km*’. Leucogranite melts formed at
this stage additionally include those formed from altered and hydrated sanukitoid-
infused sources in the immediate root zones beneath greenstone-belts. In this
respect, production of Li-enriched Archean granites is intricately linked to
greenstone-belt formation. Today’s surface level (depicted) exposes c. 2.65 Ga
‘surface’ deposits and is a reasonable estimation of the surface during leucogranite
magmatism. In the case of the southwest Yilgarn, the present surface exposes crustal
levels perhaps slightly higher than those at which biotite dehydration melting was
possible.

Although our purpose here is not to investigate the transition from
leucogranite to Li-pegmatite, it has been suggested that many Precambrian
rare metal pegmatites typically appear to have evolved from much more
voluminous granite systems than younger counterparts™. Larger melt
volumes potentially allowed combinations of fractional crystallisation and
zoning-refining type crystallisation processes™ to play the primary role in
Li-enrichment, provided effective means of liquid extraction and ponding
existed”. Although extended and complex fractionation paths do not make
sense if a metasedimentary source model is applied to Australian Archean
terranes, it is fully consistent with the outcrop and geophysically inferred
extents of the leucogranites of those terranes. This is particularly evident in
the case of the Pilbara Craton (e.g. Fig. 1c), where batholithic tracts of
leucogranite lying at or close to granitic minimum melt compositions
(Fig. 9), can potentially be spatially and temporally linked to Li-pegmatite
systems.

Conclusion
Studies positing that Li-pegmatites represent extreme residual magmas
extracted from S-type leucogranite parental bodies are typically based on the
observation that contemporaneous, strongly peraluminous, and often iso-
topically similar S-type magmas are found nearby. Archives of granite
geochemistry for the Australian Archean are amongst the most detailed of
granitic terranes globally™. Paradoxically, whilst pegmatite in Australian
Archean terranes currently represents the world’s most productive source of
Li from hard-rock sources, the granite archives reveal no evidence for S-type
granites and hence for voluminous sedimentary stratigraphy that might
have undergone melting. The obvious conclusion is that other mechanisms
can be responsible for generation of Li-rich leucogranites and these may
have been more important, at least in the Archean.

A more plausible melt-source for Li-rich leucogranites and related Li-
pegmatites in the Australian Archean cratons includes mid-crustal felsic
domains marginal to greenstone belts, where source enrichment in Li is

controlled by volatile-rich mantle derived magmas channelled along
crustal-scale structures that controlled greenstone basin development. It is
quite likely that this also applies to other Archean Cratons.
Greenstone—-granite terranes in Zimbabwe, for example, closely resemble
the Yilgarn Craton in terms of granite compositions, including sanukitoids,
and have Li-pegmatites that appear to be related to late, strongly fractionated
leucogranites®.

Our findings do not invalidate the sediment-source models for post-
Archean (or indeed some Archean) LCT-pegmatites, particularly where
strongly peraluminous granites and peraluminous-granite trends are also
found, but there is no compelling reason why Li-pegmatites in post-Archean
terranes could not have evolved in similar settings and from similar sources
as those in the Yilgarn and Pilbara Cratons. Whether these Archean
settings have direct analogues in modern plate tectonic settings remains
uncertain’* and is beyond the scope of this study. However, the geological
environments described here do share many similarities with modern
continental arcs. In both, voluminous dioritic to granodioritic magmas
evolved from metasomatically enriched mantle melts are emplaced into
thick crust along linear crustal-scale structures. These magmas have the
capacity to enrich the mid- to upper crust with Li (refs. 53,54), and
potentially even link mantle source regions with evaporite-related salar
brine Li deposits, at the surface, in a crustal scale Li-cycle™*. Within this
context it is possible that having post-collisional, basin-forming, crustal-
scale structures able to channel hydrated mantled-derived magmas (e.g.
sanukitoid or their post Archean equivalents, including appinites), is the
most important factor in developing Li-pegmatites — even some directly
related to melting metasedimentary basins.

Methods

The geochronological data and Sm-Nd isotope data contained in refs. 35-37
are mostly from databases maintained by the Geological Survey of Western
Australia (GSWA) and Geoscience Australia (Canberra) and were carried
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Fig. 9 | Normative Q-Ab-Or plot of Yilgarn and Pilbara craton leucogranites.
Compositions of leucogranites expressed in terms of normative quartz (Q)—albite
(Ab)—and orthoclase (Or) components. The density cloud contains data for the
Yilgarn leucogranites and the c. 2.93 Ga Sisters Supersuite leucogranites of the
Pilbara Craton. Red dots show the composition of the c. 2.86-2.83 Ga Split Rock
leucogranites of the Pilbara Craton. Thin black lines show the positions of the water-
saturated quartz + feldspar cotectics labelled with pressure®’. Green line traces the
composition for the granite minima at pressures from 1 to 10 kbar’’. Blue line traces
the composition for the granite minima at excess water at 1 kbar and with 0 to 4%
added F".

out mainly onwards of 2000 and at a range of laboratories and institutions.
The majority of the SIMS zircon U-Pb geochronology was collected at the
SHRIMP facilities either at Geoscience Australia, in Canberra, or at the John
de Laeter Center, Curtin University, Perth.

Most whole-rock major- and trace-element geochemical data in ref. 35
and in the Supplementary information files (Supplementary Table 1) were
collected since 2020 and are on samples either newly collect during GSWA
mapping/sampling programs or re-analyses of archive samples originally
collected by GSWA or Geoscience Australia (>80% of archive samples).
New samples were visibly inspected, and any weathering or excessive vein
material was removed. Each sample was crushed by the GSWA using a plate
jaw crusher and splitter and milled by ALS using a low-Cr steel mill to
produce a pulp with a nominal particle size of 85%<75um. A
quartz—feldspar aggregate material containing below detection level con-
centrations of transition and precious metals was milled between each
sample to scrub any remaining pulp residue from the previous sample.
Representative pulp aliquots were analysed for 14 elements as major and
minor oxide element components, mass LOI and 60 elements as trace
elements. Major and minor elements were determined by mixing a 0.66 g
aliquot of sample with lithium borate flux (LiBO,, LiB,O; and LiNOs) in a
1:10 ratio, and then fusing the mixture at 1025 °C and pouring it into a
platinum mould. The resulting disk was analysed by XRF (ALS method ME-
XRF26). LOI was determined by thermogravimetric analysis (ALS method
ME-GRAQO5). For trace elements associated with minerals that are not fully
dissolved by mixed acid digests alone (i.e. Cr, V, Cs, Rb, Ba, Sr, Th, U, Nb, Zr,
Hf, Y, La, Ce, Pr,Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu), an aliquot
of the sample was mixed with lithium borate flux and fused, then digested in
acid and analysed by inductively coupled plasma mass spectroscopy (ICP-
MS; ALS method ME-MS81). For the remaining trace elements (Ag, As, Be,

Bi, Cd, Co, Cu, Ge, In, Li, Mo, Ni, Pb, Re, Sb, Sc, Se, Te, Tl and Zn); that is,
predominantly transition metals, a 0.25 g aliquot of sample was digested
with a mixture of concentrated acids (HCIO4, HNO; and HF), heated at
185 °C until incipient dryness, then leached with 50% HCI and diluted to
volume with weak HC, then analysed by ICP-MS and inductively coupled
plasma atomic emission spectroscopy (ALS method ME-MS61L).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data used in this manuscript (including those required to produce the
Figures) are included in the published article (and its supplementary
information files). These include a recent whole-rock geochemical and SIMS
zircon U-Pb geochronology dataset for the Yilgarn Craton™, and whole-
rock Sm-Nd isotope data from both the Yilgarn and Pilbara cratons’*.
New whole-rock geochemical and Sm-Nd isotope data for the Pilbara
Craton are also presented. All analytical data are available at Figshare (at
https://doi.org/10.6084/m9.figshare.29561312).
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