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Typically found in rare-metal granites and pegmatites, lithium micas are increasingly considered a 
resource for lithium as global demand surges. In a recently discovered major lithium resource within 
the Macusani Volcanic Field in P���������������������������������
represent an important ore constituent. The mm-scale mica clasts comprise a zinnwaldite core and a 
lepidolite rim. Compositionally similar to micas in global peraluminous, rare-metal-rich leucogranites 
and LCT pegmatites, the����������������������������������������
to micas in other volcanogenic and intrusive units in the Macusani Volcanic Field. The compositions of 
���������������������������������������������������
vapor phase during their crystallization in a ligand-rich, peraluminous crystal mush. 40Ar/39Ar dating 
of zinnwaldite-lepidolite crystal clasts reveals cooling between 8823 ± 9 and 8717 ± 44 ka, coinciding 
with a regional magmatic lull in the Central Andes of southern Peru. A general slowdown in magmatic 
��������������������������������������������������
volatile build-up. This study provides crucial insights for lithium exploration, highlighting volcanogenic-
��������������������������������������������������
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The Neogene Macusani Volcanic Field in Peru stands as a natural laboratory for understanding peraluminous 
magmatism and rare-metal enrichment processes. Since the discovery of ‘macusanite’—a rhyolitic glass highly 
enriched in lithophile elements (Li > 2000 ppm)—in the 1920s1–5, this area has attracted considerable scientific 
interest. In addition to macusanite, the volcanic field features diverse magmatic products derived from strongly 
peraluminous silicic magmas with unusually high concentrations of fluxing elements (F, B, P)6–8. Unlike typical 
rare-metal leucogranites, Macusani magmas reached the surface, producing pyroclastic mega-eruptions4,9–11. 
Macusani has served as an exceptional natural laboratory to study magmatic processes. For example, London 
et al.5 selected macusanite to investigate “melt-vapor solubilities and elemental partitioning in peraluminous 
granite-pegmatite systems”, while Pichavant et al.12 employed the Macusani volcanic rocks to study trace element 
partitioning in “strongly peraluminous rare-metal silicic magmas”.

The area has gained renewed attention due to the global demand for lithium resources. In 2017, a significant 
lithium resource (0.9 Mt Li) was identified in the Falchani Lithium Project in the central part of the volcanic field13 
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(Figs. 1, S1). This resource occurs primarily within the so-called Lithium-rich Tuff—a previously uncatalogued 
tuffaceous mudstone within the late-Miocene Macusani Formation—where lithium micas constitute important 
ore minerals14.

The presence of lithium mica crystal clasts with compositions resembling those of micas in peraluminous, 
rare-metal-rich leucogranites and Li-Cs-Ta (LCT) pegmatites within a tuffaceous mudstone raises fundamental 
questions about their genesis. To our knowledge, this represents the first documented occurrence of lithium 
micas in volcanogenic sedimentary rocks, marking a significant advance in understanding potential lithium 
mineralization environments. In this study, we employ a multi-analytical approach combining petrographic 

Fig. 1. Simplified geological map of the Macusani Volcanic Field and adjacent areas in the Eastern Cordillera. 
This is an original map created using QGIS 3.40 (https://qgis.org) incorporating geological information 
from15–18 as well as our own field observations. The location of samples analyzed in this and previous 
studies 4,6,9–11,15,1920–23 is indicated. Our 40Ar/39Ar dates are shown in bold. Dotted patterns indicate intrusive 
rocks. The shaded relief map (background) was generated from a digital elevation model obtained from the 
Alaska Satellite Facility Data Search Vertex website (https://search.asf.alaska.edu/#/).
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analysis, in-situ geochemical characterization, and 40Ar/39Ar age determinations of these lithium mica crystal 
clasts to constrain their formation processes and provide insights into novel lithium exploration targets in 
volcanogenic sedimentary settings.

Geological setting
The Neogene Macusani Volcanic Field is located in the Eastern Cordillera of the Central Andes in southeastern 
Peru11. In southern Peru, the Eastern Cordillera exposes an exhumed west-verging fold-thrust belt involving 
Paleozoic and Mesozoic strata24–28. Thermochronological data29,30 show that major shortening and crustal 
thickening of the Eastern Cordillera occurred since the Late Miocene.

The Macusani Volcanic Field covers an approximate area of ∼1,300 km2 (Fig. 1) at an elevation of 4,400 m.a.s.l. 
It is the northernmost of a series of Cenozoic volcanic fields located in the NW-trending Macusani Structural 
Zone28,29 that lies between the Cordillera de Carabaya to the northeast and the Central Andean Backthrust 
Belt to the southwest (Fig. 1). The Macusani Volcanic Field also represents the northernmost expression of the 
Neogene Ignimbrite Province of the Central Andes in the so-called rear or inner arc running along the Eastern 
Cordillera and Puna-Altiplano plateau31.

In the Macusani Volcanic Field, Tertiary extrusive rocks include subordinate exposures of Oligocene-
Miocene rhyodacitic tuff and basaltic andesite of the Picotani Group, and volumetrically dominant rhyolitic 
rocks of the Macusani Formation, the youngest formation of the middle- to late-Miocene Quenamari Group15 
(Fig. S2A). Small silicic stocks and dikes of the Quenamari and Picotani intrusive suites are petrographically 
similar to and largely coeval with the homonymous volcanogenic rocks15.

The Macusani Formation, which hosts the lithium-bearing unit studied, encompasses 250 to 450 m-thick, 
non-welded, poorly stratified, crystal-rich, rhyolitic pyroclastic flows of ash- and lapilli-sized fragments11. It is 
composed of strongly peraluminous silicic volcanic series related to S-type reduced magmas that are enriched 
in lithophile incompatible elements compared to average values in highly silicic igneous rocks7,10,12. 40Ar/39Ar 
biotite dates revealed two short eruptive episodes at 10 ± 1 and 7 ± 1 Ma11. López16 defines three intra-
formational members separated by erosive unconformities within the Macusani Formation, which are, from 
older to younger, the Chacacuniza, Sapanuta, and Yapamayo members (Figs. 1, S1-S2B).

�������������������
The so-called Lithium-rich Tuff, which hosts the main lithium resources of the Falchani Lithium Project with 
contents ∼3000 ppm Li, is 50 to 140 m thick (Fig. S2C). It is interpreted to have been deposited subaerially in 
a lacustrine environment13. The Lithium-rich Tuff shows a variety of structures including fine, often slumped, 
alternating white and pale cream and gray laminations of millimeter scale, as well as nodular, porous, brecciated, 
and massive layers (Figs. 2A, S3). Rocks in this unit are probably best described as tuffaceous mudstone, as they 
are a mud-grade volcaniclastic rocks derived from rapid syn-eruptive resedimentation of texturally unmodified, 
freshly erupted pyroclastic particles constituting more than 90% of the rock volume32.

Mica crystal clasts are dark brown to black in hand specimen and range in size from 0.5 to 2 mm. They are 
usually oriented with (001) planes parallel to the rock lamination, although larger crystal clasts may disrupt 
the laminations and be enclosed in sag structures (Fig.  2B). The crystal clasts are embedded in a very fine-
grained matrix composed mostly of alkali feldspar, quartz, lepidolite, “chalcedony” (which at the micro- and 
nano-scale is comprised of polycrystalline quartz, cristobalite/opal-C, and amorphous silica/opal-A), kaolinite, 
and lesser amounts of topaz (Figs. 2C-F and 3A). The modal proportion of mica crystal clasts in the tuffaceous 
mudstone is between ~ 1 and 2 vol% in most of the samples, which makes them implausible to account for the 
~ 3,000 ppm Li in bulk analyses of the same rocks. Lithium micas in the matrix are probably also important Li 
carriers, potentially contributing more to the final Li grades than the mica crystal clasts. The matrix displays 
heterogeneous textures, with domains of varying crystallinity and compaction, and a complex intergrowth 
of cryptocrystalline to microcrystalline phases with relict vitroclastic textures (Fig.  2D) suggesting partial 
devitrification of original volcanic glass. The matrix shows evidence of hydrothermal alteration, indicated by the 
development of secondary silica phases and kaolinite, which fills most original pore spaces. TEM images reveal 
fine intergrowths between mica and alkali feldspar and kaolinite replacement of mica crystals along cleavage 
planes (Figs. 4A, S6). The lattice-fringe images and electron diffraction patterns reveal the 2M polytype (Fig. 4B-
C).

Some mica crystal clasts in the Lithium-rich Tuff show well-defined rims a few tens of microns thick, which 
are darker than the corresponding crystal cores in backscattered electron SEM (BSE-SEM) images (Figs. 3B, S4). 
The contact between the rim and the core is planar and sharp. The darker rim is distinctively corroded along 
the outer boundaries. The X-ray element maps show that the rims are enriched in Si, Rb, and F and depleted 
in Fe, Mg, and Ti compared to the cores (Figs.  3C-I, S4). Compositionally, the mica cores can be classified 
as zinnwaldite (siderophyllite-polylithionite join) and the rims as lepidolite (trilithionite-polylithionite join; 
Fig. 5A-C, Tables S2-S4). The strong 705 cm− 1 band in micro-Raman spectra obtained in lepidolite rims (Fig. S5) 
is often observed in the lepidolite series, and in the trilithionite and polylithionite endmembers34. The lepidolite 
rims are systematically enriched in Li, F, Rb, Cs, Nb, Ta, Sn, W, Zr, and Hf, and depleted in Ba compared to the 
zinnwaldite cores (Fig. 6; Table S3). Lepidolites also have lower Nb/Ta and Zr/Hf ratios (1.75–3.13 and 4.10-
13.95, respectively) than zinnwaldites (3.81–5.23 and 6.64–17.22; Fig. 6A).

TEM examination of lepidolite reveals the ubiquitous occurrence of myriad submicron, polygonal, elongated, 
mineral inclusions or the voids left by them (Fig. 4D-E). Their long axes are oriented parallel to the mica cleavage. 
These features indicate that they are primary inclusions trapped during the crystal growth. TEM-EDX point 
analyses and maps show that the inclusions correspond to Cs(±Mn)Cl and NaCl salts (Figs. 4F-H, S7-S8).
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Origin of the lithium mica clasts
The compositions of mica crystal clasts in the Lithium-rich Tuff from the Falchani Lithium Project contrast with 
those of mica crystals in other volcanogenic units, including ash flow tuff and obsidian glass (macusanite), and 
mica phenocrysts in granitic rocks from the Macusani Volcanic Field (Figs. 5 and 6, Tables S2-S4). Specifically, 

Fig. 2. Aspects of the Lithium-rich Tuff and lithium mica crystal clasts hosted therein. (A) Photograph of a 
typical rock sample from this unit. (B) Medium to coarse ash-sized, dark brown to black mica crystal clasts 
stand out against the pale tuffaceous mudstone background. (C-F) SEM backscattered electron (SEM-BSE) 
images of a mica crystal clast embedded in a very fine-grained matrix. Abbreviations33: Cldn—“chalcedony”; 
Afs—alkali feldspar; Kln—kaolinite; Mca—mica; Lpd—lepidolite; Tpz—topaz; Znw—zinnwaldite; Zrn—
zircon.
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micas in the other magmatic units in Macusani broadly classify as siderophyllite-biotite and muscovite (Fig. 5). 
Furthermore, mica crystal clasts from the Lithium-rich Tuff, particularly lepidolite, are enriched in incompatible, 
fluid-mobile elements such as Li, Sn, W, Cs, and Rb, depleted in Ti and Ba, and exhibit lower Nb/Ta and Zr/
Hf ratios relative to regional micas. This compositional signature closely resembles that of micas in strongly 
peraluminous, rare-metal-rich leucogranites and LCT pegmatites (Fig. 6).

Changes in the ratios of geochemical twin elements like Nb/Ta and Zr/Hf, which share a same charge and 
very similar radii, are particularly informative as they are relatively unaffected by processes of partial melting 
and normal degrees of igneous fractionation (i.e., CHARAC—CHArge-and-RAdius-Controlled—behavior;47). 
Thus, during ‘regular’ magmatic processes, these element pairs typically maintain their respective chondritic 
ratios. Low Nb/Ta (< 8) and Zr/Hf (< 25) values compared to chondrite meteorites (Nb/Ta: 17.6 ± 0.4 Zr/Hf: 
36.3 ± 0.348) and CHARAC ranges (Nb/Ta: 11–19; Zr/Hf: 26–4647,49) in bulk analyses are attributed to extreme 
degrees of magmatic differentiation in polymerized, peraluminous melts50,51 and/or exsolution of ligand (e.g., 

Fig. 3. SEM back-scattered electrons (SEM-BSE) images (A-B) and quantified X-ray maps generated by EPMA 
showing chemical zoning (C-I) in a mica crystal clast in a sample of Lithium-rich Tuff, with a zinnwaldite core 
and a narrow lepidolite rim. The locations of Raman analyses R1 and R2 provided in Fig. S5 are shown as green 
dots. Abbreviations33: Cldn—“chalcedony”; Kln—kaolinite; Mca—mica; Mnz—monazite; Zrn—zircon.
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F, B)-rich, acidic, and reduced magmatic fluids52. These are common features in rare-metal-rich peraluminous 
granitic rocks52,53 and micas thereof54–56. Therefore, the overall lower Nb/Ta and Zr/Hf in lithium micas from 
the Lithium-rich Tuff agree with higher degrees of differentiation and/or the exsolution of a magmatic volatile 
phase rich in ligands such as F as differential facts from other mica-bearing volcanogenic and intrusive units in 
the Macusani Volcanic Field. We contend that lithium mica crystal clasts in the Lithium-rich Tuff formed in the 
upper parts of a crystallizing, strongly evolved peraluminous crystal mush (cf57). In this context, the lepidolite 
rims, which show sharp contacts with the zinnwaldite cores and yielded the lowest Nb/Ta and Zr/Hf and the 

Fig. 4. TEM observations on lepidolite from the Lithium-rich Tuff. (A) Low magnification HAADF image of 
lepidolite coexisting with alkali feldspar and partly replaced by kaolinite (see TEM-EDX maps of the same area 
in Fig. S6). (B) High resolution image with d001 spacings of 20.59 Å. (C) Electron diffraction pattern normal 
to < 110 > showing 20 Å spacing for (hhl), which identifies the polytype 2M of mica. (D-E) HAADF images of 
preserved and empty sub-micron inclusions. (F) TEM-EDX of a Cl-Cs-Mn-rich inclusion. (G-H) TEM-EDX 
maps for Cl, Cs, Mn, and Na of the same areas as in (D) and (E). Abbreviations33: Cldn—“chalcedony”; Afs—
alkali feldspar; Kln—kaolinite; Lpd—lepidolite.
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highest fluid-mobile element contents, probably record the exsolution of a magmatic fluid phase before the 
explosive eruption.

The occurrence of primary, monophase solid NaCl and CsCl inclusions in lepidolite is intriguing. In 
particular, natural inclusions of CsCl in minerals have not been previously reported in the literature. They could 
have resulted from the trapping of salt-saturated magmatic brines. However, this would have typically resulted in 
multi-phase inclusions including one or more fluid phases. The separate occurrence of NaCl and CsCl primary 
inclusions (Fig.  4G) also challenges this hypothesis. As an alternative, we propose that the inclusions might 
have formed from immiscible molten salts, which provide an explanation for the simultaneous formation of 
inclusions of different compositions and their monophase nature. The melting temperature of pure CsCl is 645 
ºC under atmospheric pressure58, while molten salt mixtures exhibit substantially lower melting temperatures59 
particularly in the binary CsCl-LiCl system, with a eutectic melting temperature of 326 ºC at LiCl/(CsCl + LiCl) 
of 0.5860. Such low melting temperatures suggest that CsCl salts and their mixtures could remain molten even in 
highly undercooled, metal-rich granitic magmas (e.g., LCT pegmatites: ∼515 ± 20 °C61). Molten salts inclusions 
have been recently documented in magmatic-hydrothermal systems such as magnetite-apatite62 and porphyry 
gold63 deposits. The molten salts hypothesis is consistent with the idea that lithium micas in the Lithium-rich 
Tuff formed at near-solidus temperatures in the apical portion of a crystallizing magma body with a coexistence 
of residual melts—including immiscible ionic melts—and probably also a magmatic-volatile phase, as suggested 
by64 for lithium mica compositions in rhyolitic melts.

Fig. 5. Classification of micas from the Lithium-rich Tuff and other volcanic and intrusive rocks from the 
Macusani Volcanic Field (this study and6,10,12) in (A) Mg-Li–Fetot + Mn + Ti-VIAl binary diagram after35 and (B) 
Fe + Mg + Mn–Al–Li and (C) (CFe + Mg + Mn–Al–Li ternary diagrams after36. Lithium contents were measured 
by LA-ICP-MS, except for TEM-AEM measurements on lepidolite. For some literature data, Li values were 
calculated from EPMA measurements following35.

 

������eports |        (2025) 15:13023 7| https://doi.org/10.1038/s41598-025-96173-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 6. Composition of micas from the Lithium-rich Tuff and other volcanic and intrusive rocks from the 
Macusani Volcanic Field (this study and6,10,12) in Nb/Ta versus Zr/Hf (A), Li ((B), Rb (C), Cs (D), and W (E) 
plots. The composition of micas in peraluminous granites associated with rare metal deposits12,35,37–43 and LCT 
pegmatites44–46 in the literature is shown for comparison. Lithium contents were determined by LA-ICP-MS. 
Compositions of micas in rare metal deposits and LCT pegmatites in the literature are not shown in plot A due 
to general lack of Hf data.
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The 40Ar/39Ar incremental heating age determinations on mica crystal clasts range from 8978 ± 73  ka to 
8717 ± 44  ka (Fig.  7; Tables S5-S13). Although the dated micas appeared homogeneous under binocular 
examination, exhibiting the dark-brown coloration characteristic of zinnwaldite, the presence of narrow lepidolite 
rims on some analyzed crystals cannot be completely ruled out. Consequently, the obtained ages may in some 

Fig. 7. 40Ar/39Ar step heating profiles for zinnwaldite-lepidolite crystal clasts from Lithium-rich Tuff samples 
from the Macusani Volcanic Field. The 2021-MAC-05 age is recalibrated using the concordant inverse 
isochron 40Ar/36Ar  40Ar/36Ar intercept of 321.8 ± 0.3.
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cases represent mixed analyses in which the zinnwaldite component is far more predominant. The oldest plateau 
date (sample 2021-MAC-048) does not overlap with plateau dates for the other samples of Lithium-rich Tuff 
(Fig. S9). The age difference (261 ± 85 ka) cannot be explained in terms of stratigraphic position or later tectonic 
deformation and is probably due to the presence of excess 40Ar between crystal layers (cf65). Excluding this 
measurement, a time span of ca. 106 kyr results between the oldest (8.822.7 ± 9.2 ka) and youngest plateau dates. 
These dates likely represent cooling ages, as Ar diffusion closure temperatures of mica (~ 300–400 °C66,67) are 
lower than the emplacement temperatures of highly-fluxed, rare-metal rich, peraluminous granite systems (e.g., 
~ 560–590 °C solidus temperature for the Beauvoir granite, France68) and LCT pegmatites (~ 400–500 °C61,69). 
Since the dated micas occur as crystal clasts within tuffaceous mudstone, the youngest date provides a maximum 
constraint on the eruption age.

The new dates, even including that of sample 2021-MAC-048, fall between the two previously documented 
eruptive episodes in the Macusani Formation at 10 ± 1 Ma and 7 ± 1 Ma11. Notably, these dates do not overlap 
with any radiometric ages obtained from other extrusive and intrusive units from the Macusani Volcanic Field 
(Fig.  1) or from other volcanic fields within the Macusani Structural Zone and adjacent morphostructural 
domains (Fig. 8). It follows that the cooling of the lithium mica crystal clasts in the Lithium-rich Tuff occurred 
during an apparently short regional magmatic lull—lasting at least 1 Myr between ca. 10 ± 1 and 7 ± 1 Ma11—
in the Eastern Cordillera of the Central Andes in southern Peru. Beyond their distinctive age, the chemical 
composition of the lithium micas also differentiates them from micas found in other volcanogenic and intrusive 
units in the Macusani Volcanic Field (Figs. 5 and 6). Both observations eliminate the possibility that the lithium 
mica clasts were eroded from older igneous rocks.

Both the Neogene Picotani and Quenamari groups, the latter including the Macusani Formation, and 
cogenetic shallow intrusive suites15 are excellent examples of peraluminous magmatism in a back-arc position 
during extensional tectonics affecting a previously overthickened crust8 (see also76 for further global examples). 
This setting can be nicely demonstrated in the study area. At the approximate latitudes of the Macusani Volcanic 
Field, the nearby Coasa Pluton in Cordillera de Carabaya records two periods of significant uplift and exhumation 
at ca. 30 − 26  Ma and 17 − 11 Ma29. Each of these exhumation periods was followed by the emplacement of 
voluminous, mostly peraluminous, volcanic—and cogenetic hypabyssal—units of the Picotani (from ca. 24 Ma) 
and Quenamari (from ca. 10 Ma) groups in the Macusani Volcanic Field15.

According to Pichavant et al.8, decompression of the overthickened crust favored mantle upwelling and 
injection of mantle-derived magmas into the crust. Mantle-derived magmas, mostly potassic – ultra-potassic 
in nature77,78, contributed heat and volatiles and triggered dehydration melting of F-rich mica in the crustal 
source region. As concluded by Pichavant et al.8, the high-temperature, H2O-unsaturated melting conditions 
and abundance of volatiles such as F were key to extensive magma fractionation and allowed the shallow 
emplacement, and even extrusion, of the peraluminous magmas. Taking into account this general scenario, the 
fact that the Macusani Formation records two main eruptive episodes separated by a ca. 1 Myr gap suggests a 
pulsatile character of magmatism that could be related with disruption of the aforementioned lithosphere-scale 
dynamics. It is noteworthy that the short magmatic lull coincides with the onset of the Altiplano uplift at the 
latitudes of Macusani (∼14 to 16 ºS) from ca. 9 Ma79, suggesting that a regional tectonic perturbation could 
have discontinued ignimbritic magmatism. As a working hypothesis, we propose that transient compressional 
tectonics inhibited magma rise to surface and delayed ignimbritic eruption from a thermally primed middle 
and upper crust (cf80), thus favoring the extra magmatic differentiation and volatile-phase build up necessary 
to crystallize the highly evolved lithium micas at ca. 8.9  Ma in the Lithium-rich Tuff. The related tectonic 
mechanism is unknown, but it was plausibly related to the propagation of the East Andean Thrust ramp or 
conjugate west-verging faults in the Eastern Cordillera associated with accelerated westward subduction of the 
Brazilian shield since ca. 10–7 Ma81.

In summary, magmatism slowdown and volcanic arrest might have promoted extreme magma differentiation 
in a long-lived, crystal-rich magma reservoir and the production of pressurized magmatic volatile phases that 
were exceptionally rich in incompatible, fluid-mobile elements. Volumetrically restricted tuffaceous units in 
peraluminous volcanic fields deposited between ignimbrite flare-ups stand as prospective for volcanogenic 
lithium deposits in the Neogene Ignimbrite Province of the Central Andes. Furthermore, this study presents 
the first documented occurrence of lithium micas in pyroclastic rocks, with significant implications for lithium 
exploration. Our findings identify volcanogenic sedimentary deposits in peraluminous volcanic fields as 
promising exploration targets globally, establishing a framework that expands lithium resource exploration 
beyond traditional deposit types.

Materials and methods
Materials
Micas from a total of 14 rock samples were analyzed. The selected rock samples are representative of the Lithium-
rich Tuff (n = 8), the Macusani Formation (Quenamari Group) ash-flow tuff (n = 2), the Quenamari Suite granite 
(n = 1), the Picotani Group ash-flow tuff (n = 1), and the Picotani Suite granite (n = 2; Fig. S1). Eleven of the 
samples were extracted from rock outcrops, and the remaining three samples were extracted from drill holes. 
Detailed descriptions of the sampled rock units are provided in a Supplementary Dossier. A list of the studied 
samples, their location, and brief textural and mineralogical descriptions is provided in Table S1. Pictures of 
individual rock samples are provided in Fig. S3.

Field emission SEM (FE-SEM)
The textures of the mica grains and matrix in the Lithium-rich Tuff were studied with a JEOL JSM-7001 F field 
emission scanning electron microscope (FE-SEM) at the Scientific and Technological Centers of the Universitat 
de Barcelona (CCiT-UB; Spain). The instrument was operated at an accelerating voltage of 20 kV.
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Fig. 8. Geochronologic chart of Cenozoic rocks in the Macusani Structural Zone and Cordillera de 
Carabaya6,9–11,15,20–23,70–73, including the new 40Ar/39Ar zinnwaldite-lepidolite dates on Lithium-rich Tuff from 
the Falchani Lithium Project in the Macusani Volcanic Field. Some of the published 40Ar/39Ar ages11,15,72 were 
calibrated against a LP-6 fluence monitor that does not have reliable intercalibration factors to the Fish Canyon 
Tuff sanidine monitor74. However, the available intercalibration ratios75 indicate the previously determined 
ages should be ~ 1% older when recalculated using the same decay constant and fluence monitor age as our 
new age determinations.
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Electron probe micro analyzer (EPMA)
Major and minor element (Si, Ti, Al, Fe, Mg, Mn, Ca, K, Na, Ba, Rb, Zn, F, and Cl) contents in micas were 
obtained using an Electron Probe Micro Analyzer (EPMA) at the Centre Castaing - University Paul Sabatier 
(Toulouse, France) with a CAMECA SXFive instrument. Surface areas of 2 × 2  µm were analyzed with an 
accelerating voltage of 15 kV and a beam current of 10 nA. The calibration standards consisted of topaz (F), 
albite (Na), periclase (Mg), corundum (Al), tugtupite (Cl), sanidine (K), wollastonite (Ca, Si), pyrophanite (Mn, 
Ti), hematite (Fe), chromium oxide (Cr), barite (Ba), and Ge-Al-Ca-Rb glass (Rb). The structural formula of 
micas was normalized to 11 O, and H2O was determined by assuming (OH + F + Cl) = 2 atoms per formula unit 
(apfu). Lithium contents from EPMA data were calculated using equations tri1 [SiO2 > 34% and MgO < 6%] and 
tri2 [SiO2 > 34% and MgO > 6%] of Tischendorf et al.35. Chemical compositions of micas are reported in weight 
per cent (wt%) of the oxides, and the structural formulae are expressed in apfu in Table S2.

Elemental X-ray maps of micas were performed at the CCiT-UB using a JEOL JXA-8230 electron microprobe 
equipped with five wavelength-dispersive spectrometers (WDS). The instrument was operated at 15  kV 
accelerating voltage, 10 nA beam current, and a beam diameter of 1 µm. A first map covering a whole mica 
grain (Fig. S4) was obtained with a step (pixel) size of 1 µm and a dwell time of 40 ms. A second map covering 
a zoned rim of a mica grain (Fig. 3) was obtained with a step (pixel) size of 0.30 µm and a dwell time of 50 ms. 
The X-ray maps were converted into concentration maps by applying the ZAF matrix correction, assuming O2 
by stoichiometry, and using the following natural and synthetic standards: diopside (Si), kyanite (Al), rutile (Ti), 
Cr2O3 (Cr), periclase (Mg), albite (Na), fluorite (F), hematite (Fe), rhodonite (Mn), wollastonite (Ca), orthoclase 
(K), barite (Ba), and RTP (RbTiOPO4; Rb).

LA-ICP-MS
The mica trace-element content was analyzed by laser ablation – inductively coupled plasma – mass spectrometry 
(LA-ICP-MS) using a femtosecond laser ablation system (ESI - New Wave NWRfemto) coupled to an Element 
HR-ICPMS (ThermoScientific) at the Service ICP-MS of Observatoire Midi-Pyrénées in Toulouse, France. The 
optimal laser configuration was determined by carrying out several experimental measurements on different 
types of mica with different chemistries and resistance to the laser pulse, in order to avoid the transition from 
pulse counting to analogue counting mode during the acquisition. The selected laser parameters comprise an 
energy level of 20% (resulting in a fluence of ca. 3 Jcm− 2), a frequency of 8 Hz and a spot diameter of 40 µm. 
The exception to this is the lepidolite rims, where ablation was performed using a 20 µm spot diameter due 
to limited size of the rim. Ablation was carried out in the built-in, dual-volume sample chamber (effective 
washout volume < 1 cm3), fluxed with carrier gas consisting of high-purity helium (ca. 600 mL/min) to which 
was admixed argon from the ICP-MS (ca. 0.87 L/min) downstream of the ablation chamber. Each acquisition 
was segmented in 20 s of background recording followed by 25 s of ablation.

Before each analysis session, the ICP-MS was fine-tuned by ablating a reference material made of NIST SRM 
610 glass82 to ensure highest sensitivity across the entire mass range while keeping the oxide formation rate as 
low as possible (typically, 254UO+/238U+ <0.1%) and elemental fractionation (U/Th) as close to 1 as possible. 
Intensities were acquired in static, triple detector mode (pulse counting, analog and Faraday) for the following 
masses: 7Li, 9Be, 23Na, 25Mg, 27Al, 31P, 39K, 49Ti, 55Mn, 57Fe, 72Ge, 85Rb, 88Sr, 90Zr, 93Nb, 118Sn, 132Cs, 138Ba, 180Hf, 
181Ta, 182W, 232Th, and 238U. Dwell times were set to 20 ms for all elements.

The resulting intensities were processed offline with the Iolite v2.5 software, using the built-in data reduction 
scheme for trace elements83. Determination of elemental sensitivities and correction of instrumental drift were 
performed using NIST SRM 612 glass reference material82 using conventional standard-sample bracketing. 
Relative sensitivity (i.e. matrix effect) was corrected employing the mica Si content measured by EPMA as an 
internal standard. The accuracy and reproducibility of the analyses were validated by running repeated analyses 
of reference materials (NIST SRM 610, BHVO-2G82,84). To detect the occurrence of mineral inclusions, the 
presence of anomalous peaks in the flat part of the signal was monitored and excluded from the integration. 
Detection limits are provided for each element in supplementary materials. Total uncertainties were below 20% 
relative for concentrations at least one order of magnitude above the detection limit. The LA-ICP-MS results are 
presented in Table S3.

Raman
Raman spectra were obtained on polished thin sections with a HORIBA JobinYvon LabRam HR 800 dispersive 
spectrometer equipped with an Olympus BXFM optical microscope at the CCiT-UB. Non polarized spectra 
were obtained in confocal geometry by applying a 532 nm laser, using 50x and 100x objectives (beam size around 
2 µm), with 5 measurement repetitions for 20 s each. The instrument was calibrated by checking the position 
of the metallic Si band at ~ 520 cm− 1. The spectra were processed using the LabSpec® software (JobinYvon). The 
final spectra were produced by extracting the background fluorescence, and in some cases the white lamp was 
also removed in order to minimize the instrument noise (Fig. S5).

Transmission electron microscopy
The samples were first disaggregated, dispersed in ethanol, and sonicated. Mica grains were deposited onto 
Formvar®-covered Cu grids to determine their composition by Analytical Electron Microscopy (AEM) in 
a HAADF Thermo Fisher Scientific TALOS F200X Transmission Electron Microscope (TEM) at the Centro 
de Instrumentación Científica of the Universidad de Granada (CIC-UGR; Spain). Operating conditions were 
200 kV, with a point-to-point resolution of 1.2 Å in the TEM mode and 1.9 Å in the scanning (STEM) mode. 
The quantitative micro- to nano-chemical analyses in STEM mode were obtained by energy dispersive X-ray 
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microscopy (AEM-EDX) using the Super-X system. Mineral standards were used to obtain K-factors according 
to the method proposed by Lorimer and Cliff85. AEM results are provided in Table S4.

High-resolution TEM (HRTEM) images and selected-area electron diffraction (SAED) patterns were taken 
with a HAADF FEI TITAN G2 instrument with a XFEG emission gun, spherical aberration corrector, and 
HAADF detector, operated at 300 kV, at the CIC-UGR. The point-to-point resolution was 0.8 Å in the HRTEM 
mode and 2 Å in the STEM mode. To prepare the samples for these analyses, copper rings were glued to selected 
areas of interest of the three samples prepared as thin sections with a thermo-fusible resin, so that the TEM 
specimens could be separated from the sections via moderate heating. This mode of preparation allowed the 
preservation of the original textural relations of the minerals in the sample (Figs. S6-S8). These specimens were 
further thinned with a Fischione Model 1010 ion mill at 5 mA and an accelerating voltage of 5 kV at ± 15° until 
the first hole was achieved, and 3 kV for final cleaning, first at ± 7° and after at ± 5°, and were finished with carbon 
coating.

40Ar/39Ar geochronology
Micas separates from the nine selected rock samples were analyzed by the 40Ar/39Ar incremental heating method 
at the Nevada Isotope Geochronology Laboratory at the University of Nevada, Las Vegas. To perform the 
irradiation, the samples were wrapped in Al foil and stacked in sealed fused silica tubes with internal diameter 
of 6 mm. Neutron fluence monitors (Fish Canyon Tuff sanidine) were placed at the base, top, and between every 
three unknown samples in the tube. Additionally, to monitor neutron induced argon interferences from K and 
Ca, synthetic K-glass and optical grade CaF2 were included in the irradiation packages. The loaded tubes were 
packed in an Al container and irradiated for six hours at the Oregon State TRIGA Reactor in Corvallis, Oregon. 
J factors were determined by fusion of 6–10 individual crystals of neutron fluence monitors. The determined J 
values were used to fit a 2nd order error weighted polynomial curve and interpolated by height to determine the 
J value for each unknown sample.

To perform the step heating method for analyzing the samples, a double vacuum resistance furnace was used. 
At each heating step, reactive gases were removed by three GP-50 SAES getters before being admitted into an 
Isotopx NGX multi-collector mass spectrometer. Faraday cups with ATONA amplifiers were used to measure 
peak intensities for m/z 40, 39, 38, and 37. The 36 m/z peak was measured using an ion counting discrete 
dynode electron multiplier. Mass discrimination factors (MDF) were monitored assuming an atmospheric 
40Ar/36Ar value of 298.5686. Furnace blanks were analyzed at appropriate incrementally increasing temperatures 
immediately prior to sample admittance. All age determinations and associated uncertainties were calculated 
using ArArCalc v.2.7.087. The uncertainties are provided at a 2σ confidence level and include errors in data 
regression, baseline corrections, irradiation constants, the J curve value, mass fractionation, blanks, and post 
irradiation decay of 37Ar and 39Ar. External uncertainties include additional propagated errors from natural 
element abundances, the decay constant, and fluence monitor age. An age of 28.201 Ma88 was used for the Fish 
Canyon Tuff sanidine fluence monitor when calculating ages for the samples. Ages were calculated using the 
total 40K decay constant of 5.530 ± 0.097 × 10− 10 yr− 189.

For a successful 40Ar/39Ar date determination, a plateau segment must consist of five or more contiguous gas 
fractions having analytically indistinguishable ages (i.e., all plateau steps overlap in age at ± 2σ analytical error) 
and comprising a significant portion of the total gas released (> 50%). Total gas (integrated) ages were calculated 
by weighting by the amount of 39Ar released, whereas plateau ages are weighted by the inverse of the variance 
(Fig. 7; Tables S5-S13). For each sample, inverse isochron diagrams are examined to check for the effects of 
excess argon. Reliable isochrons and plateaus are checked using a probability of fit factor wherein values greater 
than 5% indicate a concordant plateau or isochron within the 2σ certainty.

Data availability
Data is provided within the manuscript and supplementary information files.
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