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Experimental constraints on the sources
of lithium-rich granites and pegmatites
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Rare-metal granites and pegmatites are enriched in critical metals, such as lithium (>5000 ppm),
relative to conventional granites in the crust (<100 ppm). The petrogenesis of lithium-bearing
pegmatites has been historically associated with the high-degree fractional crystallisation of parental
granites. However, the extent of lithium enrichment during this process remains debated due to
uncertainties concerning the partitioning behaviour of lithium between minerals and felsic melts.
Alternatively, lithium enrichment in granitic pegmatites may reflect the composition of their crustal
source. To test the anatectic origin of rare-metal granites and pegmatites, partial melting experiments
were performed on variably enrichedmetasedimentary rocks (100–800 ppm lithium). The experiments
produced felsic melts with a lithium content of 180–2200 ppm and constrained mineral-melt partition
coefficients for granitic systems. Trace element modelling demonstrates that high-grade granite-
related deposits (>5000 ppm lithium) are sourced from the anatexis of enriched crustal rocks
(>300 ppm lithium), followed by the moderate fractional crystallisation of the partial melts.

Granitic rocks have a diverse geochemical composition, which has been
interpreted to reflect magmatic processes, such as fractional crystallisation,
or the compositional diversity of their source material1. A notable example
of this variability is the range of lithium contents observed in peraluminous
granites.Anend-memberof this compositional range constitutes rare-metal
granites and pegmatites (RMGPs; Fig. 1a), which are regarded as important
deposits of lithium (up to 11,800 ppm2) and other rare metals (Rb, Cs, Ta,
W, and Nb). Lithium is of particularly high economic interest due to its
rising demand for modern-day technologies, such as batteries. Approxi-
mately 60% of the global lithium supply is sourced from granitic
pegmatites2. These deposits are enriched by over two orders of magnitude
relative to the median composition of peraluminous granites in the crust
(25 ppm; Fig. 1b). The elevated lithium content of RMGPs has been his-
torically associatedwith the high-degree fractional crystallisation of residual
felsic melts extracted from a parental granite3–5. Alternative hypotheses
propose that RMGPs form by the direct anatexis of metasedimentary rocks
or orthogneisses6–9. Thus, the enrichment of lithium in RMGPsmay reflect
the composition of their crustal source, in addition to magmatic evolu-
tion (Fig. 1a).

Recent studies have proposed thatRMGPs form in a two-stage process,
involving both anatexis and fractionation10–13. In the first stage of RMGP
genesis, the low-degree (<10%) partial melting of metasedimentary rocks
produces a lithium-rich, felsic melt10,11,13. In the second stage, these partial
melts undergo high-degree fractional crystallisation (80–99%) to produce

RMGPs10,11. Alternatively, the extracted melts may first crystallise to form a
granitic pluton and re-melt during a second anatectic event12,13. Low-degree
(7%) partial melts may then get extracted and crystallise to form RMGPs.

Although these models constitute considerable progress in the
understanding of RMGP genesis, several limitations impede their
application. Firstly, the mechanism of low-degree melt extraction
remains debated in the literature. The efficiency of residual melt
extraction in highly fractionated granitic systems (>70–75% crystallinity)
is impeded by the development of a low-permeability crystalline
framework14,15. Secondly, the validity of petrogenetic models relies on the
accuracy of mineral-melt partition coefficients. Experimental partition
coefficients of lithium between minerals and granitic melts are scarce and
vary considerably as a function of crystallisation conditions, as well as the
composition of minerals and melts (Supplementary Data 1)16–23. The use
of these partition coefficients may lead to strikingly different inter-
pretations of lithium enrichment during RMGP genesis. Lastly, the
geochemically diverse crustal source of peraluminous granites remains
poorly explored. Previous studies have considered the anatexis of
metapelites and gneisses that are moderately enriched in rare metals
(~50–270 ppm lithium) relative to the median composition of metase-
dimentary rocks in the crust (20 ppm lithium; Fig. 1b)10,11,13,24,25. To better
understand the enrichment of lithium during crustal anatexis, it is
important to also consider the partial melting of enriched metasedi-
mentary rocks that are observed in nature (Fig. 1b).
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Fig. 1 | The lithium cycle in the continental crust. a The distribution and possible
cycling of lithium between magmatic, sedimentary, and metamorphic reservoirs
(modified fromGloaguen et al.29 and Lefebvre andTavignot70). Numbers in brackets
indicate the highest recorded lithium content in each deposit (Supplementary
Data 2)2. b Violin plots of the lithium distribution in various crustal reservoirs (see

Supplementary Data 2). Filled and open circles represent the composition of the
starting materials and the mean composition of the glasses from the low-degree,
fluid-absent partial melting experiments, respectively. Error bars, defined as the
standard deviation of the mean (1σm), are smaller than the size of the symbols. ‘n’
denotes the number of analyses.
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Lithium can accumulate in clay, evaporite, bauxite, and altered
volcano-sedimentary deposits, which contain up to ~2500, ~2000, ~8200,
and ~8400 ppm lithium, respectively2,26–28 (Fig. 1b). These sedimentary
rocks may undergo metamorphism, during which ~20–50% of the bulk
lithium content can be removed by devolatilisation29. The medium to high-
grade metamorphism of enriched protoliths produces metabauxites,
metapelites, paragneisses, granulites, metavolcanic rocks, amphibolites,
metagraywackes, and orthogneisses, containing up to 2290, 600, 560, 280,
260, 240, 210, and 160 ppm lithium, respectively (see Supplementary Note
and SupplementaryData 2). Inmetasedimentary rocks, lithium is primarily
hosted in staurolite, followed by cordierite, biotite, muscovite, garnet, and
tourmaline30. Staurolite is typically considered to be absent during the onset
of partial melting due to its subsolidus breakdown at ~650 °C31. However,
experimental, analytical, and numerical studies have demonstrated that
staurolite can contribute to melting reactions during crustal anatexis, par-
ticularly in lithium-rich metapelites (see Supplementary Discussion). The
partial melting of enriched, staurolite-bearing metasedimentary rocks may
produce lithium-rich melts that crystallise to form RMGPs or rare-metal
rhyolites32.

To test the anatectic origin of RMGPs, partial melting and crystal-
lisation experiments were performed on two micaschists (ST19.03 and
FM1) and a metabauxite (Barr888), with bulk lithium contents of 102, 193,
and 800 ppm, respectively (Fig. 1b). The partial melting experiments were
conducted in either a piston-cylinder apparatus or an internally heated
pressure vessel at 750–800 °C and 400–1000MPa, for up to 430 h (Table 1).
Crystallisation experiments were performed under the same conditions to
identify whether equilibrium has been attained. All experiments were per-
formed either at fluid-absent (no added H2O) or fluid-present conditions
(10 wt% added H2O) to investigate the effect of the degree of melting on
lithium enrichment. Minerals and glasses in run products were imaged by
scanning electron microscopy, whereas their major and trace element
compositions were determined by electron probe microanalysis and laser
ablation inductively coupled plasma mass spectrometry, respectively
(Supplementary Fig. 1; Tables S1 and S2 in Supplementary Data 1). The
experimental results demonstrate that the raremetal content of partialmelts
varies as a function of the starting material composition, the degree of
melting, and the partitioning of rare metals into residual or newly crystal-
lising minerals. The enrichment of lithium during crustal anatexis was
further investigated by trace element modelling using newly constrained
mineral-melt partition coefficients and the modal mineralogy of the
experimental run products, determined by mass balance calculations
(Tables S3 and S4 in Supplementary Data 1). The modelled results are
consistent with RMGPs being sourced from enriched crustal rocks. The
partial melts produced by anatexis may become further enriched in lithium
and other rare metals during fractional crystallisation, the re-melting of
granitic plutons, or late-stage metasomatic processes.

Results
Starting materials
The FM1 and ST19.03 micaschists formed by the high-grade (amphibolite
facies) metamorphism of a pelitic protolith in the Variscan orogenic belt33,
whereas the Barr888 metabauxite formed at upper greenschist facies con-
ditions in a subduction zone setting34. The metasedimentary samples are
composed of an assemblage of staurolite+muscovite+ quartz+ rutile ±
biotite ±margarite ± garnet ± plagioclase ± ilmenite ± kyanite ±
pyrophillite (Fig. 2;Tables S5 andS6 inSupplementaryData 1). The ST19.03
micaschist is weakly enriched in Li, Rb, Cs, Ta, Nb, andW, whereas FM1 is
moderately enriched in all raremetals relative to themedian composition of
metasedimentary rocks in nature (Fig. 1b and Table 2). In contrast, the
Barr888 metabauxite has a relatively low rubidium and caesium content;
however, it is highly enriched in Li, Ta, Nb, andW relative to conventional
metasedimentary rocks (Fig. 1b and Table 2). Lithium is primarily hosted in
staurolite, followed by margarite, biotite, garnet, and muscovite (Fig. 2 and
Table S7 in Supplementary Data 1). In the micaschists, Rb, Cs, Nb, and Ta
are principally hosted in biotite, whereas tungsten is predominantly found

in muscovite (Table S7 in Supplementary Data 1). Ilmenite and rutile are
enriched inNb,Ta, andW,particularly inBarr888,wherein biotite is absent.
In the metabauxite, rare metals are almost exclusively hosted in staurolite,
micas, and oxides, which can remain stable during high-grade
metamorphism35. Thus, the bulk lithium content of Barr888 is interpreted
to be representative of lithium enrichment in high-grade metabauxites.

Experimental run products
The experiments produced a felsicmelt ± staurolite ± quartz ± plagioclase ±
sillimanite ± rutile ± biotite ± cordierite ± tourmaline ± garnet ±magnetit-
e ± Fe–Ti oxides ± hercynite ± gahnite ± alkali feldspar ± corundum (Fig. 3
and Table 1). The degree of melting varies from 15–35% in the fluid-absent
melting experiments to 60–80% in all crystallisation and fluid-present
melting experiments (Tables 2, S3 and S8 in Supplementary Data 1). Partial
melting of themetasedimentary rocks is primarily driven by the breakdown
of muscovite (± margarite) in a schematic reaction that forms a melt, alkali
feldspar (± plagioclase), and sillimanite36 (Fig. 3a and b):

MuscoviteðresÞ þ PlagioclaseðresÞ þQuartzðresÞ
! Meltþ Alkali FeldsparðnewÞ þ SillimaniteðnewÞ

ð1Þ

Newly crystallisingbiotite is absent in all partialmelting runproducts,which
is consistentwith previous experimental studies conductedonmetapelites36.
Residual biotite (± garnet) partially breaks down in the fluid-absentmelting
experiments (Fig. 3c and d), which produces a melt+ cordierite+
magnetite (± tourmaline):

BiotiteðresÞ þ SillimaniteðnewÞ þ PlagioclaseðresÞ þQuartzðresÞ
! Meltþ CordieriteðnewÞ þMagnetiteðnewÞ

ð2Þ

Staurolite is a residual phase in the fluid-absent and fluid-present partial
melting experiments (Table 1). In the Barr888 experimental run products,
staurolite partially breaks down to form amelt, sillimanite, and hercynite or
gahnite (Fig. 3e):

StauroliteðresÞ þMuscoviteðresÞ
! Meltþ SillimaniteðnewÞ ±HercyniteðnewÞ ±GahniteðnewÞ

ð3Þ

In the FM1 and ST19.03 experiments, ilmenite breaks down to form
intergrowths of magnetite and rutile pseudomorphs (Fig. 3f). This reaction
is interpreted to be a function of the increasingly oxidising conditions of the
experiments following the dissociation of water to H2, and the outward
diffusion of hydrogen through the capsules37:

IlmeniteðresÞ þWater ! RutileðnewÞ þMagnetiteðnewÞ þHydrogen ð4Þ

The Barr888 experiments were buffered at CCO by the presence of carbon
and sulfur in the accessory minerals ankerite and pyrite, respectively37.
Therefore, magnetite is absent in the reducing experiments performed on
the Barr888 metabauxite.

In the fluid-present melting experiments, muscovite, biotite, and gar-
net completely break down, as illustrated by the schematic Eqs. (1) and (2)
(Fig. 3g). Plagioclase is also consumed in these reactions; therefore, feldspars
are absent in the run products of the fluid-present melting experiments.
Corundum crystallises following the complete or partial breakdown of
peliticminerals (micas, garnet, and staurolite), which indicates that themelt
is saturated in Al2O3.

Staurolite is absent in all crystallisation experiments (Fig. 3h), which
demonstrates that it is unstable during low-temperature (750–800 °C)
crustal anatexis. The breakdown of staurolite results in the crystallisation of
hercynite ± gahnite ± sillimanite ± corundum (see schematic Eq. (3) and
Supplementary Fig. 2). Garnet and feldspars are absent, whereas biotite is
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stable in all FM1 crystallisation run products (Fig. 3i). Plagioclase ± alkali
feldspar ± biotite+ Fe–Ti oxides are also present in the crystallisation
experiments of the Barr888 metabauxite (Table 1).

The melting reactions observed in the experiments (see schematic
Eqs. (1)–(4)) have a pronounced effect on the modal mineralogy of the run
products. The partial melting of the metasedimentary rocks is associated
with the decrease in the modal proportion of residual staurolite, biotite,
muscovite, garnet, plagioclase, quartz, and ilmenite, aswell as the increase in
the proportion of newly crystallising cordierite, tourmaline, alkali feldspar,
hercynite, rutile,magnetite, and sillimanite in the run products compared to
the startingmaterials (Supplementary Fig. 3 andTable S3 in Supplementary
Data 1). The complete breakdown of biotite and garnet in the fluid-present
melting experiments is consistent with the increased proportion of cor-
dierite, tourmaline, and melt in the run products (Supplementary Fig. 3).

Major element composition of partial melts
The major element compositions of the glasses in the fluid-absent melting,
fluid-present melting, and crystallisation experiments are comparable to the
geochemical signature of RMGPs and melts produced in previous experi-
mental studies25,35,36 (Table 2 and Supplementary Figs. 4 and 5). All glasses are
interpreted to be fluid under-saturated, containing <10wt% water, which is
consistent with anatectic granites observed in nature38. The partial melts are
marked by their elevated SiO2, Al2O3, Na2O, and K2O contents, as well as their
low TiO2, FeO, MgO, and MnO contents, which is characteristic of evolved
granitic rocks (Table 2). The melts are also highly peraluminous, with an
aluminium saturation index (ASI, defined as themolar ratio of Al2O3 toNa2O,
K2O, and CaO) of 1.2–1.4, which is similar to the ASI of RMGPs (Table 2).
Fluxing components (F and P2O5) and the Na2O/K2O ratio of the experi-
mental glasses are depleted relative to RMGPs; however, they are consistent
with previous experimental studies35,36. The Na2O/K2O ratio of RMGPs is
interpreted to be higher due to the crystallisation of alkali feldspar and biotite
during fractionation39 or the late-stage metasomatic alteration of alkali feldspar
to albite40. Fluxing components may also become further enriched during
fractional crystallisation or late-stage metasomatic processes10.

The enrichment of rare metals during crustal anatexis
The partial melting of the metasedimentary rocks produced a melt that is
enriched in Li, Rb, and Cs, whereas the glass is depleted in Nb, Ta, and W
relative to the starting materials (Fig. 4). The experimental results demon-
strate that rare metal endowment in the partial melts is most pronounced
during the anatexis of enriched crustal rocks. The enrichment of raremetals
can be further enhanced or limited by the partitioning of trace elements
between minerals and melts, which can be estimated using mineral-melt
partition coefficients (DMineral=Melt

i ):

DMineral=Melt
i ¼ CMineral

i

CMelt
i

; ð5Þ

where CMineral
i is the concentration of a trace element in the mineral and

CMelt
i is the concentration of a trace element in the melt. Partition coeffi-

cients of Li, Rb, Ta, Nb, and W are comparable between fluid-absent
melting, fluid-present melting, and crystallisation experiments, which
demonstrates an approach to equilibrium (see Supplementary Discussion).
Due to the incompatible nature of the rare metals, the glasses produced by
the low-degree, fluid-absent melting experiments are inherently more
enriched relative to the high-degree, fluid-present melting and crystal-
lisation experiments (Table S8 in Supplementary Data 1). Furthermore,
residualminerals are generally depleted in Li, Rb, Cs, Ta, Nb, andWrelative
to the composition of theminerals in the startingmaterials. These elements
either partition into the melt or into newly formed minerals, such as
cordierite, tourmaline, alkali feldspar, rutile, and magnetite.

The glasses in the fluid-absent melting experiments are enriched in
rubidium (up to 432 ppm) and caesium (up to 130 ppm) relative to the
starting materials by a factor of ~2–3 following the breakdown of white
micas and the partial breakdown of biotite (Fig. 4 and Table 2). Enrichment
in the melt is limited by the partitioning of rubidium and caesium into
residual biotite (DBt=Melt

Rb;Cs = 1.8–2.0), as well as newly crystallising alkali
feldspar (DAfs=Melt

Rb = 0.79) and cordierite (DCrd=Melt
Cs = 0.34) produced by

incongruent melting (Table 3). The rubidium and caesium content of the
partial melts produced by the FM1 fluid-absent melting experiments is
consistent with weakly enriched RMGPs; however, it is depleted relative to
high-grade deposits (Fig. 4).

Tantalum (<1 ppm), Nb (<14 ppm), and W (<7 ppm) are depleted in
the partialmelts relative to the startingmaterials due to the crystallisation of
rutile and magnetite in the FM1 and ST19.03 experiments (Fig. 4 and
Table 3). Tantalum and niobium are highly compatible in rutile

(DRt=Melt
Ta = 130, DRt=Melt

Nb = 75) and magnetite (DMag=Melt
Ta = 17,

DMag=Melt
Nb = 12), whereas tungsten is also compatible in magnetite

(DMag=Melt
W = 6.6). In contrast to the Barr888, FM1, and ST19.03 experi-

ments, the partial melting of an orthogneiss by Michaud et al.25 produced a
melt that is enriched in Ta, Nb, andW by a factor of ~1.5–3.5 relative to its
starting composition. The enrichment of these elements is interpreted to be
a function of the oxygen fugacity of the experiments. At reducing conditions
in natural systems41 and in the experiments of Michaud et al.25, ilmenite is
stable, wherein Ta, Nb, andW are depleted relative to rutile and magnetite
(see Supplementary Data 3). Therefore, the anatexis of enriched crustal
rocks at reducing conditions can produce melts with a niobium and tung-
sten signature that is comparable toRMGPs (Fig. 4). In contrast, tantalum is
depleted relative to RMGPs in all experimental run products.

The enrichment of lithium during crustal anatexis
The complete breakdown of white micas and the partial breakdown of
staurolite ± biotite, produced a melt with 180–2200 ppm lithium (Fig. 1b).
The enrichment of lithium is most pronounced in the fluid-absent melting
experiments, wherein the glasses are enriched by a factor of ~2–3 relative to

Fig. 2 | Representative thin-section images of the starting materials and the
distribution of lithium betweenminerals. a FM1micaschist. b ST19.03micaschist.
c Barr888 metabauxite. Bt = biotite, Grt = garnet, Ilm = ilmenite, Ky = kyanite,

Mrg =margarite, Ms = muscovite, Pl = plagioclase, Prl = pyrophyllite, Qz = quartz,
Rt = rutile, St = staurolite.

https://doi.org/10.1038/s43247-025-02923-9 Article

Communications Earth & Environment |           (2025) 6:966 5

www.nature.com/commsenv


their metasedimentary source. Conversely, the glasses produced by all
crystallisation and fluid-present melting experiments are enriched in
lithium by a factor of ~1.1–1.5 (Table S8 in Supplementary Data 1) due to
the dilution of incompatible elements during high-degree melting42. The
degree of lithium enrichment is consistent between the reducing (Barr888)
and oxidising (FM1 and ST19.03) experiments, which demonstrates that
oxygen fugacity has a negligible effect on lithium endowment during crustal
anatexis. The lithium content of the glasses produced by the partial melting
of Barr888 is comparable tomoderately enrichedRMGPs; however, they are
depleted relative tohigh-grade deposits, such as themost evolved ‘B1’unit of
the Beauvoir granite (5800 ppm43) or the Tanco pegmatite (11,800 ppm2).
The enrichment of lithium in the partial melts may be furthered following
the complete breakdown of rare-metal-bearingminerals, such as biotite and
staurolite, assuming that the latter is stable or metastable during the
onset of melting. Lithium is enriched in these residual phases (along with
garnet, and plagioclase) relative to newly crystallising minerals (e.g., cor-
dierite, tourmaline, and alkali feldspar), which demonstrates that lithium

primarily partitions into the melt during anatexis (Tables 3, S9–S11 in
Supplementary Data 1). For example, the incongruent melting of staurolite
produces minerals that are depleted in rare metals (sillimanite ±
hercynite ± gahnite; Table 3); therefore, lithium is predominantly incor-
porated into themelt. In comparison, the dehydrationmelting ofmuscovite
and biotite (+ plagioclase ± garnet ± quartz ± sillimanite) produces cor-
dierite and alkali feldspar (± magnetite ± sillimanite), which can sequester
rare metals in the run products (Table 3). Lithium also partitions into
residual plagioclase (Table 3), which may further limit enrichment during
anatexis44.

The partitioning of lithium between minerals and melts
Lithium is moderately incompatible in staurolite, biotite, plagioclase, cor-
dierite, garnet, and alkali feldspar (DMineral=Melt

Li = 0.2–0.5), whereas it is
highly incompatible in tourmaline, hercynite, magnetite, rutile, and quartz
(DMineral=Melt

Li = 0.01–0.1; Fig. 5). The DMineral=Melt
Li obtained in this study are

consistent with previous experimental partition coefficients16–23 and are

Table 2 | Representative major and trace element compositions of the starting materials, experimental glasses, and RMGs

Starting materials Fluid-absent melting experiments RMGPs

Sample FM1 ST19.03 Barr888 GAR 01 GAR 09 A2 F RMGs
wt% n = 10 n = 10 n = 12 n = 19 n = 11 n = 3 n = 127

SiO2 63.7 (4) 61.2 (3) 45.3 (9) 71 (1) 73.3 (7) 68.4 (3) 70 (2)

TiO2 0.82 (2) 0.94 (4) 1.99 (9) 0.14 (6) 0.13 (3) 0.29 (1) b.d. to 0.02

Al2O3 17.1 (2) 18.6 (3) 35 (1) 12.7 (5) 12.7 (3) 14.7 (2) 16.4 (9)

FeO(t) 7.0 (2) 6.7 (1) 2.3 (2) 1.3 (4) 0.44 (6) 1.1 (1) 0.4 (2)

MgO 2.11 (6) 2.40 (6) 0.25 (3) 0.3 (1) 0.11 (3) 0.10 (1) 0.2 (2)

MnO 0.17 (3) 0.08 (3) n.a.a 0.11 (3) 0.02 (2) b.d.b b.d. to 0.35

CaO 0.23 (2) 0.25 (2) 3.3 (1) 0.38 (6) 0.17 (1) 0.99 (2) 0.6 (6)

Na2O 1.01 (8) 2.05 (7) 1.29 (7) 1.9 (4) 2.8 (2) 1.2 (4) 4.3 (8)

K2O 3.89 (8) 3.67 (7) 2.3 (1) 5.6 (5) 5.2 (1) 6.2 (3) 3.3 (6)

ZnO n.a. n.a. 0.4 (1) n.a. 0.04 (2) 0.0902 (6) n.a.

P2O5 0.11 (4) 0.14 (3) 0.03 (2) 0.16 (8) 0.15 (5) 0.04 (2) 2 (1)

F b.d. b.d. b.d. 0.06 (5) 0.2 (1) 0.46 (6) 2 (1)

Cl 0.02 (1) 0.010 (6) n.a. 0.22 (3) 0.006 (4) n.a. n.a.

–(F,Cl) =O 0.005 (3) 0.002 (1) b.d. b.d. to 0.02 0.08 (5) 0.20 (3) 0.7 (5)

Total 96.1 (5) 96.0 (4) 92 (1) 94 (2) 95.0 (6) 93.2 (6) 98 (1)

ppm n = 10 n = 10 n = 16 n = 13 n = 7 n = 8 n = 127

Li 193 (3) 102 (1) 800 (40) 470 (30) 180 (10) 1900 (80) 3000 (2000)

Rb 224 (2) 138 (2) 80 (4) 432 (6) 240 (20) 235 (8) 3000 (1000)

Nb 14.4 (2) 10.9 (3) 37 (2) 13 (2) 8 (2) 2.1 (9) 90 (30)

Cs 49.5 (5) 6.9 (1) 8.1 (0.3) 130 (20) 12.3 (5) 25 (2) 300 (200)

Ta 0.91 (6) 0.70 (5) 2.5 (1) 0.8 (3) 0.5 (1) 0.2 (1) 200 (100)

W 1.5 (2) 0.9 (1) 6.2 (4) 2 (1) 1.2 (5) 3 (1) 40 (30)

Bulk DLi
c n.a. n.a. n.a. 0.15 0.22 0.22 n.a.

Bulk DRb n.a. n.a. n.a. 0.34 0.37 0.004 n.a.

Bulk DNb n.a. n.a. n.a. 1.84 1.95 2.29 n.a.

Bulk DCs n.a. n.a. n.a. 0.22 0.29 0.004 n.a.

Bulk DTa n.a. n.a. n.a. 2.05 2.30 4.01 n.a.

Bulk DW n.a. n.a. n.a. 0.44 0.39 0.01 n.a.

ASId n.a. n.a. n.a. 1.3 (1) 1.21 (4) 1.4 (1) 1.5 (2)

Melt Fraction n.a. n.a. n.a. 18% 25% 34% n.a.

Detailedmajor and trace element compositionsof glasses are reported in TableS8 in SupplementaryData 1.Compositionof ‘PHP’RMGs is taken fromLinnen andCuney5.Uncertainty is reported to the last
digit(s) in the brackets as the standard deviation of the mean (1σm). ‘n’ denotes the number of analyses.
an.a. = not analysed.
bb.d. = below detection.
cBulk partition coefficients are calculated using Eq. (6).
dASI is calculated as the molar ratio of Al2O3/(Na2O+K2O+ (CaO−⅓P2O5)).
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largely consistent with DMineral=Melt
Li derived from migmatites and

rhyolites10,44–48 (Fig. 5).
Partition coefficients derived fromgranites andpegmatites49,50werenot

considered in this study because of several limitations that hinder their
application tomagmatic processes. Firstly, lithium-rich pegmatites form by
disequilibrium crystallisation at a low temperature (<600 °C22) compared to
anatectic regimes in nature (>750 °C), which likely influences the parti-
tioning behaviour of trace elements51. Secondly, lithium behaves as a major
element in micas in RMGPs; therefore, conventional partition coefficients
derived fromzinnwaldite or lepidolite are not representative due to the non-
Henry’s law behaviour of lithium52. Lastly, the redistribution of trace ele-
ments during post-magmatic metasomatic processes may overprint the
geochemical signature of granites and pegmatites40, which likely results in
considerable variability in apparent partition coefficients. The highmobility
of lithium during late-stage processes is also reflected by the range of par-
tition coefficients calculated from rhyolites and migmatites46 (Fig. 5);

therefore, DMineral=Melt
Li derived from natural samples should be used

cautiously.
Experimental DMineral=Melt

Li may also vary markedly as a function of
experimental conditions, and its effect on the composition of minerals and
melts (Fig. 5). Most notably, the DPl=Melt

Li (0.48 ± 0.07) and DAfs=Melt
Li

(0.2 ± 0.1) obtained in this study are over an order ofmagnitude higher than
the partition coefficients that were previously used to model lithium
enrichment during crustal anatexis (0.01–0.02)13. LowDPl=Melt

Li andDAfs=Melt
Li

are typically derived from pegmatites49,50 or a single low-temperature crys-

tallisation experimental study (600 °C)23. The comparatively high DPl=Melt
Li

from this study are consistent with the range of experimental partition

coefficients obtained at magmatic conditions (>750 °C; Fig. 6a)21 and with

DPl=Melt
Li derived from rhyolites ormigmatites10,44–48. At first order, there is an

observed temperature effect on the substitutionof lithium intoplagioclase in
granitic systems. A similar temperature effect on the partitioning of lithium

Fig. 3 | Representative scanning electron microscopy images of mineral textures
in the experimental run products. a Melt pockets next to residual quartz pheno-
crysts. b The replacement of residual plagioclase rims with newly crystallising alkali
feldspar. cThe breakdownofmuscovite to sillimanite andmelt, and the exsolution of
magnetite from residual biotite. dThe incomplete breakdown of garnet to cordierite,
magnetite, and melt. e The partial breakdown of staurolite to gahnite, sillimanite,
and melt. f Rutile and magnetite intergrowths in pseudomorphs of ilmenite. g The

complete breakdown of biotite to garnet, tourmaline, magnetite, and melt in the
fluid-present melting experiments. h Representative mineralogy of Barr888 crys-
tallisation experiments. i Representative mineralogy of the FM1 crystallisation
experiments. Afs = alkali feldspar, Bt = biotite, Crd = cordierite, Crn = corundum,
Ghn = gahnite, Gl = glass, Grt = garnet, Hc = hercynite, Mag = magnetite, Pl =
plagioclase, Qz = quartz, Rt = rutile, Sill = sillimanite, St = staurolite. ‘res’ denotes
residual phases, whereas ‘new’ signifies newly crystallised minerals.
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into alkali feldspar couldnot be identified (Fig. 6b); therefore, the reasons for
the variation remain unclear. The DAfs=Melt

Li from this study are consistent
with the partition coefficients calculated from the experiments of Maneta
and Baker18 and Sirbescu et al.20, as well asDAfs=Melt

Li obtained from rhyolites
and migmatites44–48. In contrast, DAfs=Melt

Li derived from granites and
pegmatites49,50 is up to an order of magnitude lower than the DAfs=Melt

Li
observed in rhyolites and migmatites44–48.

The DBt=Melt
Li obtained in this study (0.5 ± 0.1) are consistent with pre-

vious experimental DBt=Melt
Li (Fig. 5); however, they are lower than the par-

tition coefficients used by Knoll et al.11 and Koopmans et al.13 for trace
element modelling (1.6–1.7). The effect of temperature or mineral and melt
compositions on DBt=Melt

Li could not be identified due to the limited tem-
perature range of biotite stability and the complex substitution mechanism
of lithium into both lattice and interstitial sites in micas47 (Fig. 6c). Never-
theless, the comparatively higher lithium content in staurolite relative to
biotite is consistent with the partitioning behaviour of lithium between
common metamorphic minerals. In micas, lithium substitutes into octa-
hedral sites, whereas in staurolite, lithium partitions into energetically

favourable tetrahedral sites30. Consequently, lithiumpreferentially partitions

into staurolite over biotite30, which is reflected by the higherDSt=Melt
Li relative

to DBt=Melt
Li in the experimental run products. In natural rhyolitic samples,

DBt=Melt
Li is considered to be unusually high due to the entrapment of

exsolved, lithium-rich fluids during the low-temperature crystallisation of

micas53,54. In contrast, unaltered biotite that crystallised at high temperature

(e.g., in phonolites) yields DBt=Melt
Li that are consistent with experimental

partition coefficients53. The lithium content of residual biotite and plagio-

clase is comparable in the experiments from this study, which is consistent

with previous analyses in unaltered migmatites44.

Experimental DCrd=Melt
Li from this study and from Evensen and

London17 are considerably lower than the partition coefficients derived from
migmatites10,44 (Fig. 5). The lithium content of cordierite is governed by the
substitution of Li+ forMg2+ due to the similar ionic radii of the two cations55.
Cordierite from migmatites is typically magnesium-poor (and iron-rich);
therefore, it has a relatively high lithium content10,44. In comparison, newly

crystallised cordierite from this study and from Evensen and London17 is
magnesium-rich and iron-poor. Consequently, the lithium content of
experimental cordierite is relatively low compared to some natural samples.
Similar to biotite, lithium preferentially partitions into staurolite over
cordierite30, which is consistent with the calculated DMineral=Melt

Li in the
experiments.

Partition coefficients of lithium inquartz also vary betweennatural and
experimental samples. The lithium content of quartz is controlled by the
coupled substitution56 of Li+ and Al3+ for Si4+. The aluminium content of
quartz in the experiments is considerably lower than in natural volcanic
rocks46–48, which likely reflects the slow diffusivity of aluminium at mag-
matic conditions. The diffusive modification of aluminium in quartz is
considered to be negligible at 750 °C over several millions of years56.
Therefore, residual crystals of quartz in anatectic regimes are depleted in
aluminium and lithium, similar to their metamorphic source

(Tables S6 and S7 in Supplementary Data 1). The DQuartz=Melt
Li obtained in

this study are comparable to the partition coefficients calculated from the
experiments of Maneta and Baker18 and Pichavant22; therefore, they are
considered to be representative of natural systems.

The newly constrained partition coefficients from this study demon-
strate that lithium is not as incompatible in minerals as previously inter-
preted from DMineral=Melt

Li derived from granitic rocks. Pegmatites form by
low-temperature, disequilibrium crystallisation, during which trace elements
may behave differently compared to high-temperature magmatic processes51.
In contrast, partition coefficients derived from natural rhyolitic and mig-
matitic samples are likely overestimated due to the late-stage alteration of
minerals (e.g., micas; Fig. 5) and glasses by hydrothermal fluids53,54. There-
fore, lithium enrichment during crustal anatexis is likely overestimated or
underestimated in trace element models using partition coefficients derived
from granites13 and rhyolites48,57, respectively (Supplementary Fig. 6). To fully
understand the variability of mineral-melt partition coefficients, it is
imperative to further investigate the effect of experimental conditions and the
composition of minerals and melts on the partitioning behaviour of lithium
in felsic systems. At present, the existing and newly constrained DMineral=Melt

Li
should only be applied to systems that crystallised at conditions that are
comparable to the experimental conditions in this study.

Fig. 4 | Themean raremetal content of the starting
metasedimentary rocks (⬤) and glasses from the
low-degree, fluid-absent partial melting experi-
ments (〇). Violin plots in grey and blue represent
the distribution of rare metals in metasedimentary
rocks (n= 1481; see Supplementary Data 2) and rare-
metal granites (n= 86)5, respectively. The ‘Pg’ and ‘Og’
experiments were derived from Michaud et al.25. Error
bars, defined as the standard deviation of the mean
(1σm), are smaller than the size of the symbols.
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Discussion
The lithium content of partial melts is a complex function of the metase-
dimentary source composition, themelting reactions, the degree ofmelting,
and the partitioning of rare metals between minerals and melts. The
enrichmentof lithium ismaximisedduring the low-degree partialmeltingof
lithium-rich metasedimentary rocks and the complete breakdown of
staurolite, which can remain stable up to 700–855 °C11,35,58–60. To further
constrain lithium enrichment in such anatectic regimes, the partial melting
of crustal rocks was modelled.

The model was first used to quantify the enrichment of lithium in the
experiments from this study, the partial melting experiments of Michaud
et al.25, and the crystallisation experimentsofPichavant22 (Fig. 7a andb).The

calculations were constrained using the mean DMineral=Melt
Li from this study

and the modal mineralogy of the run products (Supplementary Fig. 3;
Tables S3 and S12 in Supplementary Data 1). Partition coefficients of cor-
undumand sillimanite couldnot bedetermineddue to the small size of these
crystals (e.g., Fig. 3); therefore, DAls=Melt

Li and DCrn=Melt
Li were fixed to 0.01,

based on the analyses of matrix glasses and phenocrysts in natural rhyolitic
samples48. Bulk partition coefficients of lithium (�DLi) were determined
according to the equation:

�DLi ¼
Xn

i¼0

DMineral=Melt
Li × XMineral

i ; ð6Þ

where XMineral
i is the modal proportion of a phase in the assemblage. Bulk

partition coefficients are comparable between fluid-absent melting, fluid-
presentmelting, and crystallisation experiments of all startingmaterials. The
�DLi of the experiments varies between 0.12 and 0.22 (Table 2 andTable S8 in
Supplementary Data 1), which demonstrates that lithium is moderately
incompatible in the minerals of the run products. Crustal anatexis was
modelled using a modal batch melting model42:

CMelt ¼
CBulk

F 1� �DLi

� � þ �DLi

; ð7Þ

where CMelt is the lithium content in the melt, CBulk is the bulk lithium
content in the metasedimentary rocks, and F is the fraction of melt pro-
duced. The modelled and experimental results are in good agreement
(Fig. 7a andb),which corroborates the applicability of thenewly constrained
partition coefficients and verifies that all lithium-bearing phases were
accounted for in the experiments.

The model was subsequently used to simulate the partial melting of
crustal rocks with variable lithium contents (Fig. 7c). The degree of melting
was limited to 7–30%, comparable to previous numericalmodels10,11,13. First,
the anatexis of conventional metasedimentary rocks (20 ppm lithium) and
the subsequent magmatic differentiation of the partial melts were modelled
to demonstrate the petrogenesis of common lithium-poor peraluminous
granites in the crust (<100 ppm lithium; Supplementary Discussion and
Supplementary Fig. 7). Then, the partial melting of enriched crustal rocks
was investigated to constrain the anatectic source of RMGPs. Two crustal
rocks were considered, including the staurolite-bearing micaschist from
Knoll et al.11 (‘RS34/01’; 269 ppm lithium) and the anatectic granite from
Koopmans et al.13 (‘Granite–Greywacke source’; 538 ppm lithium). The
lithium content of the anatectic granite is comparable to the highest
recorded lithiumcontent inmetapelites and gneisses observed innature (see
Supplementary Data 2). The partial melting of the mean (1000 ppm
lithium) andmost enriched units (2290 ppm lithium) of an unconventional
metabauxitewas also considered (‘Mb’)61. Such lithologies are representative
of metasedimentary rocks that may form by themetamorphism of lithium-
rich bauxites, clays, or volcano-sedimentary deposits26–28. The model was
constrained using the range of �DLi determined from all fluid-absentmelting
experiments in this study, assuming a fixed modal mineralogy, the stability

Fig. 5 | Mineral-melt partition coefficients of lithium obtained from the partial
melting and crystallisation experiments (red circles and box plots). The range of
partition coefficients fromnatural samples10,44–48 and from previous experimental studies
in felsic systems16–23 are indicated by the orange box and the blue circles, respectively. The
box plots highlight the median (centre line), upper and lower quartiles (box limits), and
the maximum andminimum values within 1.5× the interquartile range (whiskers) from
the experimental partition coefficients obtained in this study. Mineral abbreviations are
reported in Fig. 3. ‘n’ denotes the number of analyses.

Fig. 6 | The effect of temperature on the partitioning of lithium into residual and
newly crystallising minerals. a Plagioclase. b Alkali feldspar. c Biotite. Partition
coefficients are presented from this study (red circles), felsic experiments in the
literature16,18–23 (blue circles), mafic experiments in the literature (green circles;

Table S14 in Supplementary Data 1; Supplementary References), and natural
samples10,44–48 (range shown by the orange box). The dashed line highlights the
preferred values that were subsequently used for trace element modelling. The error
bars represent the standard deviation of the mean (1σm).
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or metastability of staurolite during the onset of partial melting, and the
subsequent breakdown of staurolite and biotite during anatexis (�DLi = 0.09
to 0.21; Table S13 in Supplementary Data 1). The partial breakdown of
biotite was also investigated (Fig. 7d), which has a marked effect on the
enrichment of lithium, as well as other rare metals such as Rb, Cs, W, Nb,
and Ta (Supplementary Discussion and Supplementary Fig. 8).

Lithium may become enriched in the partial melts by up to a
factor of 5–6 during the low-degree (<10%) dehydration-melting of
staurolite and biotite (Fig. 7c). The anatexis of the RS34/01 micas-
chist produces a partial melt with up to ~1500 ppm lithium (Fig. 7c),
which is comparable to weakly enriched RMGPs (Fig. 1b). The low-
degree partial melting of the anatectic granite forms a melt with a
lithium content that is consistent with the mean composition of
RMGPs and rare-metal rhyolites (~3000 ppm lithium). The partial
melts produced by the anatexis of the micaschist and the granite
must become further enriched by moderate fractional
crystallisation48,57 or the re-melting of granitic cumulates13 to produce

high-grade RMGP deposits (>5000 ppm lithium). Assuming that the
partitioning behaviour of lithium is similar during anatexis and
fractionation, it is estimated that the parental melts of highly frac-
tionated RMGPs and rare-metal rhyolites (>3000 ppm lithium, ~75%
fractional crystallisation) must contain at least 1000 ppm lithium
(Fig. 7c). These modelled results are consistent with high-grade
granite-related deposits being sourced from enriched crustal rocks.

Analternative hypothesis to this petrogeneticmodel is the formationof
potential RMGPs by the anatexis of unconventionalmetasedimentary rocks
(>1000 ppm lithium). The partial melting of the mean and most enriched
units of the Mb metabauxite may produce a melt with up to ~6500 and
~14,000 ppm lithium, respectively.Other raremetals (Rb,Cs,Ta) andmajor
elements (Na2O, P2O5, and F) can become further enriched during the
moderate fractional crystallisation of extracted melts (<75%)48,57 or late-
stage metasomatic processes40. The magmatic differentiation and sub-
sequent emplacement of undercooled melts in the upper crust can further
reconcile the geochemical and textural features of pegmatites4. To test

Fig. 7 | The enrichment of lithium during crustal anatexis. a The enrichment of
lithium in the partial melts of the experiments from this study and the ‘Pg’
experiment of Michaud et al.25. Filled circles represent fluid-absent melting
experiments, whereas open circles represent glasses from crystallisation, fluid-
present, or high-temperature experiments. The modelled, lower, and upper esti-
mates of lithium enrichment were calculated using the mean, minimum, and
maximum values of partition coefficients, respectively, and themodalmineralogy of
the fluid-absent melting experiments. b Comparison of the experimental and

modelled lithium contents in partial melts. The error bars represent the standard
deviation of themean (1σm). cThe enrichment of lithium during the partial melting
of crustal rocks of diverse compositions, taken from Franceschelli et al. (‘Mb’; 1000
and 2290 ppm lithium)61, Knoll et al. (‘RS34/01’; 229 ppm lithium)11, and Koop-
mans et al. (‘Granite–Greywacke source’; 538 ppm lithium)13.d Sensitivity test of the
trace element model to highlight the effect of biotite breakdown during the anatexis
of the FM1 micaschist. The effect of using variable DMineral=Melt

Li from previous
experimental studies is demonstrated by the dashed lines.

https://doi.org/10.1038/s43247-025-02923-9 Article

Communications Earth & Environment |           (2025) 6:966 11

www.nature.com/commsenv


whether RMGPs are sourced from unconventional deposits, it is important
to constrain the occurrence and size of enriched metasedimentary rocks in
nature. There are several known examples of bauxites or low-grade meta-
bauxites at active continental margins, which may contain up to 8200 ppm
lithium28,62.However, thehigh-grade equivalents of thesedeposits arepoorly
explored in orogenic settings due to their low preservation potential and
small volume. Lithium-rich metabauxites are typically found as thin lenses
(~1–15m) within carbonate rocks that extend for up to a few hundred
metres in length61,62. The anatexis of interlayered bauxite and carbonate
units can produce weakly peraluminous felsic melts63; however, the Al2O3

and K2O content of glasses produced by such experiments is enriched
relative to RMGPs or glasses produced by the anatexis of metapelites.
Furthermore, the partial melting of thin lenses of metabauxites (<1 km3)
would produce small-volume potential pegmatite-formingmelts. However,
in order to produce a Beauvoir-like granite (~1 km3 and ~5800 ppm
lithium) by low-degree anatexis (<10%), ~10 km3 of a lithium-rich
(~1000 ppm) metasedimentary sequence must be melted (Fig. 7c). The
erosion of bauxites and their subsequent deposition in sedimentary
sequences28 may form such voluminous pelitic rocks that can source
RMGPs. Alternatively, the metamorphism of lithium-rich clays (up to
2400 ppm)2, tuffaceous sedimentary rocks (up to 4160 ppm)57, or Jadar-type
deposits (8400 ppm)2 may also produce extensive metapelitic or meta-
volcanic sequences containing >1000 ppm lithium following metamorphic
devolatilisation. Although metapelites became widespread by the late
Archean (2.8–2.5 Ga)64, it is unlikely that such rocks could have sourced the
oldest RMGPs observed in nature (~3 Ga)12 due to the scarcity of highly
aluminous metapelites in the Mesoarchean4. In contrast, paragneisses and
orthogneisses metasomatised by volatile-rich mantle-derived granitoids
(sanukitoids) are abundant in Archean terranes; therefore, they are inferred
to be important sources of several Precambrian RMGPs65,66. Paragneisses in
particular canhave anotably high lithiumcontent (up to 560 ppm),which is
comparable to metapelitic rocks observed in diverse geological settings (up
to 600 ppm lithium; see Supplementary Data 2). However, unconventional
metapelites, gneisses, and metavolcanic rocks containing >1000 ppm
lithium have not yet been identified in nature. Therefore, it is imperative to
improve exploration prospects for such lithologies to test whether they can
source RMGPs. The complex structural, temporal, and spatial variability of
sedimentary rocks, metamorphic rocks, and RMGPs in nature makes it
challenging to establish a link between pegmatites and their crustal source.
Partial melts sourced from metasedimentary rocks must get extracted and
transported several kilometres through the crust before getting emplaced in
host rocks that facilitate undercooling9. Thus, lithium-rich sedimentary
rocks that are Cenozoic in age do not provide an accurate representation of
the crustal rocks that source Precambrian or Palaeozoic RMGPs that are
found in nature12. Therefore, it is critical to better constrain the redis-
tribution of lithium duringmetamorphism in order to interpret the lithium
content of metasedimentary rocks that are sourced from enriched sedi-
mentary protoliths.

Conclusions
In conclusion, lithium enrichment in RMGPs begins with the anatexis of an
enriched crustal source (>300 ppm lithium). The metamorphism of
lithium-rich sedimentary deposits may produce unconventional metase-
dimentary rocks (>1000 ppm lithium), which can undergo anatexis to
produce potential pegmatite-formingmelts, containing>5000 ppm lithium.
Other raremetals (Rb, Cs, andTa) andmajor elements (Na2O, P2O5, and F)
can become further enriched during the fractional crystallisation of
extracted melts or late-stage metasomatic processes. Alternatively, high-
grade RMGPs (>5000 ppm lithium) may form by the low-degree (~10%)
partialmelting of enriched crustal rocks observed in nature (~300–600 ppm
lithium), followed by the moderate fractional crystallisation (<75%) of the
extracted melts or the re-melting of granitic cumulates. Lithium-rich
metasedimentary rocks (>300 ppm lithium) are poorly explored in nature;
therefore, it is important to further investigate their occurrence to better
constrain the sources of RMGPs.

Methods
Experimental setup
The experimentswere conducted in either a piston-cylinder apparatus or an
internally heated pressure vessel at the Institute des Sciences de la Terre
d’Orléans (ISTO), France (CNRS, BRGM, Université d’Orléans) (Table 1).
To prepare the starting materials, the metasedimentary samples were
powdered or melted at 1200 °C. Partial melting and crystallisation experi-
ments were performed on rock powders and glasses, respectively, at
750–800 °C and 400–1000MPa. The pressure–temperature conditions
were chosen to investigate the dehydration melting of white micas and
staurolite in orogenic settings25,35,36,58–60. Water was added to some of the
charges to investigate the melting of biotite (Table 1).

The starting materials (~200 g) were crushed and ground using an
agate mortar until the minerals were finely powdered (<10 µm). The pow-
ders (30–50mg) were loaded in 5mm outer diameter gold capsules for the
partial melting experiments, and Au–Pd (80% gold, 20% palladium) cap-
sules for the crystallisation and high-temperature experiments. Water was
subsequently added to the fluid-present experiments (3–5ml, equivalent to
10 wt%), and the capsules were welded shut.

The high-temperature melting experiments were performed in an
internally heated pressure vessel at 1200 °C (±0.1 °C) and 200–400MPa
(±0.1MPa)67. The vessel was pressurisedwith pure argon and 20MPa of an
Ar–H2 gas mixture (2% volume hydrogen) in order to buffer the oxygen
fugacity (fO2

) of the system, which is calculated to be ~QFM. The apparatus
was heated to 1200 °C, which wasmonitored using a K-type thermocouple.
After 72 h, the sampleswere quenched using a drop-quenchmechanism.At
the start of the experiments, the capsules were placed in an alumina basket,
whichwas suspended near the hot end of the vessel with a platinumwire. At
the end of the experiments, the wire was cut by a current, and the alumina
basket with the capsules fell down to the cold end of the vessel. The Barr888
glass was extracted, crushed, and reloaded into Au–Pd capsules for the
crystallisation experiments (Table 1). The low-temperature partial melting
and crystallisation experiments of Barr888 were subsequently performed in
an internally heatedpressure vessel at 800 °C, 400MPa, and an fO2

of ~QFM
(20MPa of Ar–H2). At the end of the experiments (up to 120 h), the power
to the vessels was cut, and the samples were quenched within ~5min by the
cooling system.

Low-temperature partialmelting and crystallisation experiments of the
three metasedimentary rocks were also performed in a Bristol-type piston-
cylinder apparatus37,68 using ¾ inch assemblies. The capsules were wrapped
in an MgO sleeve, and the empty space was filled with MgO powder. The
sleeve was placed in a graphite-Pyrex-talc assemblage. The piston-cylinder
was over-pressurised and heated to the desired temperature (monitored
using a B-type thermocouple). The FM1 and ST19.03 partial melting
and crystallisation experiments were conducted at 750 °C (±0.1 °C) and
700MPa(±1MPa). In the crystallisation experiments, the sampleswerefirst
melted at 1150 °C for ~24 h, then the apparatus was cooled down to 750 °C.
The Barr888 low-temperature partial melting and crystallisation experi-
ments were performed at 750–800 °C and 700–1000MPa. High-
temperature melting experiments were also performed on the metabaux-
ite at 1000–1200 °C and 700–1000MPa. The oxygen fugacity in the Barr888
experiments was buffered at CCO by the presence of carbon (ankerite) and
sulfur (pyrite) in the metabauxite37. In contrast, the oxygen fugacity of the
FM1 and ST19.03 experiments evolved from intrinsic (CCO)37 to increas-
ingly oxidising conditions following the dissociation of water to H2, and the
diffusion of hydrogen through the capsule walls37. The piston-cylinder
experiments lasted between 48 and 430 h. At the end of the experiments,
power to the apparatus was cut, and the samples were rapidly quenched
within <1min by the cooling system.After the quenching, the capsules were
cut in half, mounted in a 1-inch ringmount, and the samples were polished.

Scanning electron microscopy (SEM)
All analyses of the startingmaterials and the runproductswere carriedout at
ISTO-CNRS-BRGM. The imaging of the samples and the identification of
minerals were performed using a Merlin compact ZEISS scanning electron
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microscope67. Imaging was performed by backscattered electron imaging,
and minerals were identified using a Bruker QUANTAX-Xflash6 energy-
dispersive spectrometer. The analyseswere conducted using a focused beam
with an accelerating voltage of 15 kV and a diaphragm diameter of 60 µm.

Electron probe microanalysis (EPMA)
Major element analyses were conducted using a CAMECA SX-Five or a
JEOL IHP 200F electron probe microanalyser67. Analyses were performed
using a defocused beam, with a diameter of 1–20 µm for minerals and
10–20 µm for glasses in order to limit the diffusion of alkalis. The accel-
erating voltage and intensity of the electron beam were 15 kV and 5–6 nA,
respectively. Major elements were quantified by wavelength-dispersive
spectroscopy. Sodium and potassium were analysed first in order to limit
their diffusion under the electron beam. The conditions, standards, and
crystals used for the analyses of both microprobes are summarised in
Table S1 in Supplementary Data 1. All analyses are reported in Supple-
mentary Data 3.

Laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS)
Trace element analyses were performed using a RESOlution-SE 193 nm
Ar–F excimer laser ablation system with a Laurin Technique S155 ablation
cell coupled with an Agilent 8900QQQquadrupolemass spectrometer67. A
detailed description of the system parameters is summarised in Table S2 in
Supplementary Data 1. The fluence and repetition rate of the beam were
varied according to the phase analysed.Glasseswere analysed at 2 J/cm2 and
5Hz, micas at 4–5 J/cm2 and 5Hz, other ferromagnesian minerals (staur-
olite, garnet, cordierite, and tourmaline) at 5 J/cm2 and 5Hz, oxides at
4 J/cm2 and 3Hz, feldspars at 4 J/cm2 and 5Hz, and quartz at 5–7 J/cm2 and
5Hz. All analyses were performed with a SQUID to smooth out signals at
the low repetition rates. The beam diameterwas kept constant at 10–20 µm.
The trace element composition of phases could not be determined in some
experiments due to the small size ofmelt pockets and crystals (<10 µm). The
analysed isotopes include 7Li, 9Be, 11B, 23Na, 24Mg, 27Al, 29Si, 31P, 35Cl, 39K,
44Ca, 47Ti, 51V, 53Cr, 55Mn, 56Fe, 59Co, 60Ni, 63Cu, 66Zn, 71Ga, 72Ge, 85Rb, 88Sr,
89Y, 90Zr, 93Nb, 115In, 118Sn, 133Cs, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu,
157Gd, 172Yb, 178Hf, 181Ta, 182W, 208Pb, 232Th, and 238U. The isotopes were each
measured at a dwell time of 10ms, with a total sweep time of 0.4–0.7 s. The
instrument settings were tuned following the ablation of a NIST-612 stan-
dard in order to minimise isotope fractionation (U/Th = 1.00 ± 0.02%), the
production of oxides (ThO/Th < 0.1%), and the production of doubly
charged ions (42Ca2+/42Ca+ < 0.2%). A NIST-610 glass was used as the
external standard, and NIST-612 and BCR-2G glasses were used as stan-
dards for quality control in silicate minerals. For the oxides, a GSE-2G glass
was used as the external standard, and GSD-2G as a standard for quality
control. Three analyses were performed on the external standards, and 1
analysis was performed on the quality control standards after every 10–15
analyses of the samples. The raw data were processed with Glitter69 using a
linearfit to correct for instrument drift. To quantify the trace elements, SiO2

andFeOorTiO2wereused as the internal standards for silicateminerals and
Fe-Ti oxides, respectively. The signals were individually screened to identify
contaminated analyses. Time-resolved signals that showed element spikes
or irregular shapes resulting from the analyses of mixed phases were dis-
carded (Supplementary Fig. 1). The precision and accuracy of lithium
analyses in the quality control referencematerials (NIST-612, BCR-2g, and
GSD-2G) were mostly better than 2%, 5%, and 15%, respectively (see
Supplementary Data 4).

Bulk composition
The bulk composition of all three starting materials was determined by
major (EPMA) and trace element (LA-ICP-MS) analyses of the homo-
geneous glasses produced by the high-temperature (1200 °C) melting
experiments in an internally heated pressure vessel at ISTO-CNRS-BRGM
(Table 1). The starting materials used for the high-temperature and low-

temperature partial melting experiments were derived from the same rock
powders to ensure that bulk rock analyses are representative.Minor tracesof
sillimanite and corundum are present as evenly distributed residual phases
in the Barr888 high-temperature experiment (A1); therefore, major and
trace element analyses were performed with a beam size of 100 µm on
clusters of glass, corundum, and sillimanite.

Modal mineralogy
The modal proportion of phases in the metasedimentary rocks and the run
products was determined by mass balance calculations (Supplementary
Fig. 3) due to theheterogeneousnature of the samples. A linear least-squares
regression fit was applied to the normalised major element composition of
the assemblages (minerals, glasses, and bulk rock) using the lsqlin function
inMATLAB24. In the calculations, it is assumed that the bulk compositionof
the sample remains constant before and after the experiments. The modal
mineralogy of the starting materials and the run products, as well as the
uncertainty associated with the calculations, is reported in Tables S3 and S4
in Supplementary Data 1, respectively. Phase proportions could only be
determined for someof the experiments because themineralswere too small
to be analysed in several samples using an electron microprobe.

Trace element modelling
The anatectic model was constrained using the experiments from this study,
partial melting experiments on a paragneiss (‘Pg’) by Michaud et al.25, and
the crystallisation experiments on the Beauvoir granite by Pichavant22

(Fig. 7a and b). Themodal mineralogy of the Pg experiment (6% biotite, 35%
plagioclase, 9% alkali feldspar, 42% quartz, 5% orthopyroxene, 4% spinel)
was calculated using the modal abundance of minerals in the paragneiss and
the stoichiometry of the melting reactions established in Michaud et al.25.
Partition coefficients of orthopyroxene (0.2) were derived from Neukampf
et al.46. The modal mineralogy of the Beauvoir crystallisation experiments
was taken from Pichavant22. Michaud et al.25 have also performed partial
melting experiments on an orthogneiss (‘Og’); however, these were not
considered for the trace element modelling of lithium due to under-
estimations of the bulk lithium and caesium contents by mass balance
calculations25.

The anatexis of variably enriched crustal rocks in nature (Fig. 7c) was
modelled using the meanDMineral=Melt

Li obtained from all experiments in this
study. The sensitivity of the model was tested using variable DMineral=Melt

Li
derived from previous experimental studies16–23, rhyolites48, and granites13.
The use of variable partition coefficients can yield awide range of �DLi values
(0.02–0.31), which can lead to strikingly different interpretations of lithium
endowment during crustal anatexis. For example, at low melt fractions
(~10%), the enrichment of lithium during the complete breakdown of
biotite may vary between a factor of ~2.5 and ~10 as a function of �DLi
calculated from previous experiments (Fig. 7d) or natural rhyolitic and
granitic samples (Supplementary Fig. 6).

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

Data availability
The authors declare that the data supporting the findings of this study are
available within the paper and its supplementary files. The Supplementary
Data are also available on Recherche Data Gouv, at https://doi.org/10.
57745/UILJWI.
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