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Supplementary Note 

Geochemical database (Fig. 1b). The geochemical composition of sedimentary rocks was 

compiled from the Sedimentary Geochemistry and Paleoenvironments (SGP) Project dataset1 

(Supplementary Data 2). The SGP database was filtered for siliciclastic, volcano-sedimentary, 

and evaporitic deposits (n = 10015). The volcano-sedimentary deposit in Jadar, Serbia (8360 

ppm lithium2) and lithium-rich bauxites (up to 8200 ppm lithium3) were added to the database 

to highlight the most enriched sedimentary rocks that are observed in nature (n = 628). The 

geochemical composition of metamorphic and granitic rocks was derived from the GEOROC 

database (https://georoc.eu/) on the 3rd of June, 2024. The metamorphic rocks were filtered for 

metasedimentary rocks and gneisses (n = 1481), which are considered to be fertile sources of 

peraluminous, granitic melts4,5. Enriched metabauxites (up to 2290 ppm lithium) from Goffé6, 

https://georoc.eu/


Franceschelli et al.7, and Verlaguet et al.8 were also added to the database (n = 37). Lithium 

may become enriched in metamorphic rocks during supergene processes9; therefore, altered 

metasedimentary rocks were removed from the database. The granitic dataset was filtered for 

peraluminous granites (n = 3059), which may form by the partial melting of crustal rocks4,5. 

The composition of rare-metal granites was obtained from Linnen and Cuney10 and references 

therein (n = 86). Only the peraluminous, high-phosphorous (PHP) rare-metal granites were 

considered, which are interpreted to have a metasedimentary source10. Rare-metal pegmatites, 

including Tanco11, Greenbushes12, Chèdeville13, Whabouchi14, and Kamativi15 were 

subsequently added to this dataset (n = 68). Rare-metal granites and pegmatites often undergo 

late-stage hydrothermal alteration, which may alter the lithium budget of the system16,17. The 

effect of hydrothermal alteration on the lithium budget of RMGPs is poorly constrained; 

therefore, altered deposits were also included in the RMGP dataset. In contrast, the extrusive 

equivalent of RMGPs, termed rare-metal rhyolites, are considered to be unaltered by late-

stage hydrothermal processes18-20. There are only two known examples of peraluminous, high-

phosphorous rare-metal rhyolites in nature, namely the Macusani volcanics18,19 and the 

Richemont rhyolite20. Rare-metal rhyolites, granites, and pegmatites are inherently over-

represented in the geochemical database due to their economic significance. Furthermore, 

metasedimentary rocks are under-represented relative to peraluminous granites due to a 

sampling bias towards the latter. 

 

Supplementary Discussion 

The stability of staurolite during crustal anatexis. Staurolite is typically considered to be 

absent during crustal anatexis due to its subsolidus breakdown at ~650oC during Barrovian 

metamorphism, according to schematic equation S121:  



Staurolite + Muscovite + Quartz  Biotite + Garnet + Kyanite + Fluid. (S1) 

Nevertheless, there are several lines of evidence to suggest that staurolite can contribute to 

melting reactions during the anatexis of metapelites. Firstly, the incorporation of Al, Zn, and 

Li into staurolite can considerably enhance its stability field in lithium-rich metasedimentary 

rocks22-24. Secondly, staurolite melting reactions have been texturally documented in the 

Barr888 and the FM1 experimental run products (Fig. 3e and Supplementary Fig. 2. Thirdly, 

several experimental24-28 and numerical29-31 studies have demonstrated that staurolite can 

contribute to melt formation or remain stable above the solidus (up to 855oC) during the fluid-

present or fluid-absent partial melting of metapelites. The contribution of staurolite to melting 

reactions is enhanced during fluid-present melting, due to the pronounced effect of excess 

fluids on the solidus of metapelitic systems (<700oC)24. Fourthly, staurolite may remain 

metastable following subsolidus breakdown due to its sluggish dissolution21, akin to the 

partial melting experiments in this study. Therefore, metastable staurolite may contribute to 

melting reactions if the temperature difference between staurolite breakdown and the solidus 

is low31. In summary, experimental, analytical, and numerical studies demonstrate that 

staurolite can contribute to melting reactions during crustal anatexis, particularly in lithium-

rich metasedimentary rocks. This reaction is likely under-represented in the geological record 

due to the narrow stability field of staurolite and its progressive consumption during partial 

melting24,28. 

 

Approach to equilibrium. Partial melting and crystallisation experiments at <800oC have 

demonstrated that kinetics are sluggish in low-temperature felsic systems21,27,32-34. Therefore, 

the attainment of equilibrium between minerals and melts in experimental and natural 

anatectic settings has been questioned by several studies35-41. For example, the partial melting 

experiments of Acosta-Vigil et al.40 demonstrate that the dissolution of minerals is limited to 



their interface and produces disequilibrium melts. Although such studies provide important 

constraints on melting reactions during anatexis, there are several geochemical and textural 

observations which demonstrate an approach to equilibrium between residual minerals and 

melts in the partial melting experiments. Firstly, mineral-melt partition coefficients of rare 

metals (e.g., Li, Rb, Nb, Ta, and W) are comparable between residual and newly crystallised 

biotite from GAR 01 and GAR 15, respectively (Table 3 and Table S9 in Supplementary Data 

1). The partition coefficient of caesium between biotite and melt is slightly higher in the 

melting experiments than in the crystallisation experiments; therefore, the caesium content of 

the GAR 01 glasses is interpreted to be a lower estimate of enrichment. Secondly, textural 

(Figs. 1 and 3) and compositional (Table 3; Tables S6 and S7 in Supplementary Data 1) 

differences are observed between residual minerals in the run products and the starting 

materials, which is consistent with previous experimental studies5,24,27,34,42-44 and natural 

anatectic enclaves45,46. The depletion of rare metals in residual minerals relative to their 

starting composition demonstrates that melting reactions are not limited to crystal rims; 

therefore, bulk partition coefficients of rare metals are <1 (Table 2). Thirdly, rare metals 

behave as trace elements and obey Henry’s law in all major and accessory phases that are 

observed in the experiments, as well as in lithium-undersaturated rhyolites, migmatites, and 

metapelites in nature37. Fourthly, the major element composition of glasses is consistent 

between experiments of varying timescales (48 to 430 hours; Supplementary Fig. 4). Lastly, 

the trace element compositions of minerals and glasses are homogenous in the run products 

(Tables S8-S11 in Supplementary Data 1), which demonstrates the equilibration of rare metals 

by diffusion34. 

The applicability of experimental studies to natural systems and the attainment of 

chemical equilibrium in migmatites is further supported by the fast diffusivity of Li, Rb, and 

Cs. Brown et al.36 proposed that trace elements can achieve equilibrium distribution between 



residual minerals and melts if their diffusivity is faster than 10-17 m2s-1 at 800oC. Alkali metals 

diffuse at least an order of magnitude faster than this threshold (~10-10 m2s-1 to ~10-16 m2s-1 at 

800oC)47; therefore, chemical equilibrium is inferred between residual minerals and partial 

melts. Lithium is a light element that diffuses particularly fast in felsic systems. At 800oC, the 

diffusion distance of lithium in partial melts is >26 cm/year34,48, which is considerably faster 

than the rate of residual melt extraction in migmatites (~1-2 cm/year)35. The equilibration of 

lithium between minerals and melts is further supported by the fast diffusivity of lithium in 

residual phases. For example, Charlier et al.49 demonstrated that lithium equilibrates in 

plagioclase on a scale of minutes to hours at 737oC in crystals that are up to ~500 µm in size. 

In contrast to the alkali metals, Nb, Ta, and W diffuse notably slower in residual minerals and 

melts. However, these high-field strength elements are primarily hosted in newly crystallising 

minerals (magnetite and rutile), wherein equilibrium partitioning is inferred37. Consequently, 

the effect of disequilibrium partitioning between residual minerals and melts on the Nb, Ta, 

W content of the extracted partial melts is negligible. These observations highlight that 

equilibrium mineral-melt partition coefficients of rare metals accurately capture trace element 

behaviour during crustal anatexis.  

 

The anatexis of conventional metasedimentary rocks. To demonstrate the petrogenesis of 

common peraluminous granites in the crust (<100 ppm lithium), the anatexis of conventional 

metasedimentary rocks (20 ppm lithium; Fig. 1b) was simulated using a modal batch melting 

model (equation (6)) and the range of bulk partition coefficients from Fig. 7c (𝐷𝐷�𝐿𝐿𝐿𝐿 = 0.09 to 

0.21). The low-degree partial melting (<10%) of conventional metasedimentary rocks 

produces partial melts with up to ~120 ppm lithium (Supplementary Fig. 7, which is 

comparable to anatectic enclaves and migmatites in nature45,50. Assuming that the partitioning 

behaviour of lithium is similar during anatexis and fractionation, the high-degree fractional 



crystallisation (>90%) of conventional peraluminous granites in the crust (~25 ppm lithium; 

Fig. 1b) would also produce felsic melts that contain <150 ppm lithium. The enrichment of 

lithium in the residual melts is comparable to highly fractionated rhyolites observed in 

nature51. To test whether lithium-poor parental melts can source RMGPs, the magmatic 

differentiation of the extracted anatectic melts (120 ppm lithium) was modelled (equation (6); 

Supplementary Fig. 7). The re-melting of granitic cumulates or the high-degree fractional 

crystallisation (>90%) of extracted melts may produce granitic rocks with up to 720 ppm 

lithium (Supplementary Fig. 7), which are depleted by up to an order of magnitude relative to 

economic grade RMGPs (>5000 ppm lithium). The extraction of these highly fractionated 

melts, followed by a third stage of magmatic differentiation (>90% fractionation or <10% 

melting) would again produce residual melts that are depleted relative to economic grade 

RMGPs (up to 4320 ppm lithium; Supplementary Fig. 7). The modelled results demonstrate 

that the low-degree partial melting (<10%) of conventional metasedimentary rocks (~20 

ppm), and the two-stage high-degree fractional crystallisation (>90%) of the extracted melts is 

unlikely to produce RMGPs. Therefore, the crustal sources of RMGPs must be pre-enriched, 

which is consistent with the experimental results in this study. 

 

The enrichment of rare metals during crustal anatexis. The enrichment of rubidium and 

caesium during the anatexis of the FM1 micaschist was calculated using a modal batch 

melting model (equation (6)), assuming the complete breakdown of staurolite and biotite 

(Supplementary Fig. 8). The resulting bulk partition coefficients of rubidium and caesium 

range between 0.01-0.16 and 0.01-0.08, respectively (Table S13 in Supplementary Data 1). 

Following the complete breakdown of biotite, rubidium and caesium may become enriched by 

up to a factor of ~10 during low-degree (~10%) anatexis. The produced partial melts contain 

up to ~2500 ppm rubidium and ~600 ppm caesium, which is comparable to rare-metal 



rhyolites18-20 and the most evolved unit of the Beauvoir Granite (B1)52. In contrast, the 

anatexis of weakly enriched crustal rocks, such as the Barr888 metabauxite (80 ppm rubidium 

and 8.1 ppm caesium) produces a melt with up to 800 ppm rubidium and 80 ppm caesium 

(assuming an enrichment factor of 10), which is depleted relative to high-grade RMGP 

deposits. The modelled results demonstrate the significance of rare metal enrichment in the 

crustal source and the importance of biotite breakdown to maximise rubidium and caesium 

enrichment during crustal anatexis. Partial melts produced by the anatexis of weakly enriched 

crustal rocks (e.g., the Barr888 metabauxite), must become further enriched by fractional 

crystallization19 or late-stage metasomatic processes53 to produce RMGPs. 

The enrichment or depletion of Nb, Ta, and W during anatexis was not considered in 

the trace element model due to the sensitivity of the calculations as a function of the modal 

proportion of oxides. Furthermore, partition coefficients of niobium and tantalum in rutile 

vary markedly as a function of rutile composition54, which results in high degrees of 

uncertainty in the model. Tin is also enriched in RMGPs; however, it was not considered in 

this study due to the loss of tin to capsule walls during the experiments55.  



 

Supplementary Fig. 1 Representative analyses of trace elements in plagioclase by LA-

ICP-MS. a. Analysis of residual plagioclase. b. Contamination of residual plagioclase 

analyses by glass, which results in fluctuations of trace elements.  

  



 

Supplementary Fig. 2 Representative SEM images of staurolite melting reactions 

observed in the experiments. Replacement or complete breakdown of metastable staurolite 

to sillimanite, hercynite/gahnite, and melt pseudomorphs in the a. fluid-absent melting 

experiments, b. high-temperature melting experiments, c. fluid-absent crystallisation 

experiments, and d. fluid-present crystallisation experiments. Mineral abbreviations are: Bt = 

biotite, Crn = corundum, Ghn = gahnite, Gl = glass, Hc = hercynite, Pl = plagioclase, Qz = 

quartz, Rt = rutile, Sill = sillimanite. ‘res’ denotes residual phases, whereas ‘new’ signifies 

newly crystallised minerals. 

  



 

Supplementary Fig. 3 The modal mineralogy of the starting materials and the 

experimental run products. Mineral abbreviations are: St = staurolite, Bt = biotite, Ms = 

muscovite, Mrg = margarite, Grt = garnet, Qz = quartz, Pl = plagioclase, Als = 

aluminosilicates (including sillimanite, pyrophillite, and corundum), Crd = cordierite, Tur = 

tourmaline, Afs = alkali feldspar, Hc = hercynite. The oxides include ilmenite, rutile, and 

magnetite. 



 

Supplementary Fig. 4 The major element composition of glasses as a function of 

experiment duration. The lack of compositional variability over time demonstrates an 

approach to equilibrium.  



 

Supplementary Fig. 5 The normalised major element composition of the experimental 

glasses. The composition of the glasses was compared with melt compositions from previous 

experimental studies5,21,25, rare-metal granites10, and rare-metal rhyolites18-20 (Supplementary 

Data 2).  



 

Supplementary Fig. 6 Sensitivity test of the trace element model to demonstrate the 

effect of variable 𝑫𝑫𝑳𝑳𝑳𝑳
𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴/𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 on lithium enrichment during the partial melting of the 

FM1 micaschist. The degree of lithium enrichment during crustal anatexis is overestimated 

or underestimated using partition coefficients derived from granites and rhyolites, 

respectively.  



 

Supplementary Fig. 7 Lithium enrichment during the partial melting of conventional 

metasedimentary rocks (20 ppm lithium) and the subsequent magmatic differentiation 

of low-degree (7%) partial melts. Event 1 highlights the partial melting of the 

metasedimentary source, whereas Events 2 and 3 reflect the magmatic differentiation of the 

extracted melts by fractional crystallisation or the re-melting of granitic cumulates. In the 

model, it is assumed that the partitioning behaviour of lithium is similar during crustal 

anatexis and fractional crystallisation. Therefore, 10% melting is considered to be the same as 

90% crystallisation. 

  



 

Supplementary Fig. 8 The enrichment of rubidium and caesium during anatexis. The 

enrichment of rubidium (a) and caesium (b) during the partial melting of the FM1 micaschist, 

assuming the complete breakdown of biotite and staurolite.   
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