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21 ABSTRACT

22 The recently discovered Falchani volcanogenic sedimentary lithium deposit, situated within the 

23 Neogene Macusani Volcanic Field in SE Peru, represents one of the world’s most significant 

24 resources of this metal. The Li ore is mainly hosted in the so-called Lithium-rich Tuff, a 

25 tuffaceous mudstone that is sandwiched between two Li-rich volcaniclastic units (Upper and 

26 Lower Breccia). The major and trace element composition of the Li-ore units differs from that of 

27 previously reported ash-flow tuff in the Macusani Volcanic Field. Rather, it approximates the 

28 chemistry of highly evolved peraluminous obsidian glasses, known as macusanite, and exhibits 

29 the characteristic geochemical fingerprint of peraluminous rare-metal granites and Li-Cs-Ta 

30 (LCT) pegmatites. The parental magmas of the Li-ore units have been modeled as containing <25 

31 % of a mantle component with the isotopic signature of potassic to ultra-potassic basaltic melts. 

32 The remaining is attributed to partial melts of Proterozoic and Paleozoic paragneiss and 

33 metapelites. High fluorine activity in the melt lowered the solidus and delayed fluid-melt 

34 immiscibility, promoting high degrees of differentiation through fractional crystallization. Pre-

35 eruptive metasomatic processes in the upper part of the crystal mush could have increased the 

36 concentration of Li and other fluid-mobile elements. Contrary to many volcanogenic sedimentary 

37 lithium deposits worldwide, in situ post-depositional metasomatic processes associated with the 

38 formation of secondary clay and zeolite assemblages did not result in lithium enrichment, but in 

39 its partial leaching. Falchani represents a first documentation of a volcanogenic sedimentary 

40 deposit where the primary lithium enrichment to economic grades was related to pre-eruptive 

41 magmatic processes.

42 Keywords: Central Andes; macusanite; peraluminous; rare metal granites; volcanogenic 

43 sedimentary lithium deposits
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44 INTRODUCTION

45 The Neogene magmatic history of the Central Andes is marked by large-scale caldera- and 

46 ignimbrite-forming eruptive events (de Silva, 1989a, b; de Silva & Gosnold, 2007; Ward et al., 

47 2017; de Silva & Kay, 2018). These events have led to the formation of one of the largest 

48 ignimbrite provinces on Earth, the so-called Neogene Ignimbrite Province of the Central Andes, 

49 which extends from southern Peru to western Argentina (Baker, 1981; de Silva et al., 2006; Fig. 

50 1). It includes regionally extensive dacitic to rhyolitic monotonous ignimbrite sheets, cake-shaped 

51 domes, and large multi-phase calderas and ignimbrite-dome complexes (Baker, 1981; Gardeweg 

52 & Ramirez, 1987; Lindsay et al., 2001; de Silva et al., 2006). Several ignimbrite eruptions have 

53 occurred since the end of the Oligocene (e.g., Noble et al., 1974; Cheilletz et al., 1992; Wörner et 

54 al., 2000; Salisbury et al., 2011).

55 Changes in plate-tectonic conditions, including subduction geometry and thickness and 

56 thermal regimes of the Andean crust, and the existence of different lithospheric domains have 

57 impacted the distribution and composition of magmas along the Neogene Ignimbrite Province of 

58 the Central Andes (Wörner et al., 2018). Most of the ignimbritic activity has concentrated along 

59 successive arcs (main-arc domain), including the active Central Volcanic Zone (e.g., Siebel et al., 

60 2001), stretching along the Western Cordillera and western boundary of the Altiplano plateau 

61 (Ramos, 2018). Peripheral, continent-ward to the main arc, a series of discrete, isolated 

62 ignimbrite fields occur along the so-called inner arc domain (Clark et al., 1983, 1990; Sandeman 

63 et al., 1995) or reararc (Kay et al., 2010; Salisbury et al., 2022), which is mostly restricted to the 

64 Eastern Cordillera. Contrasting to the main arc domain, profuse silicic magmatism along the 

65 inner arc domain is not related to subduction and is mostly peraluminous in composition (Clark et 

66 al., 1990). In both domains, the injection and ponding of hot, mantle-derived magmas in the 
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67 lower crust induced high silicic magma productivity by promoting the generation of crustal melts 

68 as well as the favorable rheological conditions for magma differentiation (de Silva et al., 2006; de 

69 Silva & Gosnold, 2007; Salisbury et al., 2011; Kaiser et al., 2017; de Silva & Kay, 2018; Wörner 

70 et al., 2000, 2018). Such primitive magmas are derived from two distinct deep lithospheric 

71 mantle blocks beneath the eastern versus the western Andes, as documented by Carlier et al. 

72 (2005) in southeastern Peru, further enriching the element and isotope compositional variability 

73 of ignimbrite suites along the province.

74 In SE Peru, the most prominent examples of ignimbrite eruptive centers in the inner-arc 

75 domain are the Macusani and Picotani volcanic fields (Fig. 1; ca. 26-6.5 Ma, Sandeman et al., 

76 1997). The Macusani Volcanic Field, the focus of our study, hosts igneous suites that are a 

77 reference example for the generation of large volumes of strongly peraluminous, rare-metal 

78 silicic magmatism (Barnes et al., 1970; Noble et al., 1984; Pichavant et al., 1988a, b; 2024a, b). 

79 Subordinated to volumetrically dominant ash-flow tuff in this locality is the so-called macusanite, 

80 a non-hydrated obsidian glass with extreme enrichment in incompatible lithophile elements (Li, 

81 Rb, Cs, Sn, U, B, and F) and an exotic mineralogy including andalusite, sillimanite, wollastonite, 

82 scapolite, and virgilite, a rare lithium aluminum silicate (Linck, 1926; French & Meyer, 1970; 

83 French et al., 1978; Pichavant et al., 1987, 1988a). Reports of macusanite are limited to boulders 

84 from specific ravines and valleys of glacio-fluvial origin and riverbeds, and a single report of in 

85 situ, coarse ash-sized, non-vesicular glass clasts interbedded in Miocene ignimbrite (Pichavant et 

86 al., 1987). Radiometric dating constrains the age of macusanite between ca. 8 Ma and 3 Ma 

87 (Barnes et al., 1970; Pichavant et al., 1987; Cheilletz et al., 1992; Poupeau et al., 1992, 1993). 

88 Previous authors inferred that the genesis of macusanite-like melts is related to extreme crystal 
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89 fractionation products of dry, F-, B-, Li-, and P-rich, felsic peraluminous magmas (Pichavant et 

90 al., 1987, 2024a, b).

91 The recent discovery of a major Li resource at the Falchani Lithium Project (Fig. 2) by 

92 Macusani Yellowcake S.A.C., the Peruvian subsidiary of the Canadian company American 

93 Lithium, has broadened the attention to the Macusani Volcanic Field from an economic geology 

94 point of view. Falchani hosts indicated plus inferred resources of 5 Mt Li (NI-43-101-compliant 

95 technical report; Nupen, 2019). More recently, American Lithium issued a press release 

96 announcing a 476 % increase in measured plus indicated Li resources (Clarke, 2023). The 

97 Falchani Lithium Project is located 750 km to the north of the so-called Lithium Triangle of the 

98 Andes, where Li resources are hosted by brines in salt flats, with a significant portion of the Li 

99 ultimately sourced from leaching of volcanic rocks of the Neogene Ignimbrite Province of the 

100 Central Andes (Meixner et al., 2020; López Steinmetz & Salvi, 2021). In contrast, at Falchani, 

101 the Li ore is hard-rock and hosted by a tuffaceous sequence called Lithium-rich Tuff, which has 

102 grades of 0.3-0.4 wt % Li and, to a lesser extent, in the Upper Breccia and Lower Breccia units 

103 (Fig. 3; Nupen, 2019).

104 The occurrence of a large volcanogenic sedimentary lithium mineralization at Falchani raises 

105 questions about the petrogenetic specificities that led to the exceptional Li enrichment in the Li-

106 ore units compared to other volcanogenic units in the Macusani Volcanic Field and, more 

107 broadly, among volcanic fields of the Neogene Ignimbrite Province of the Central Andes, in 

108 which lithium contents are typically < 50 g/g (Meixner et al., 2020). Therefore, we present a 

109 geochemical and isotopic characterization of the Li-ore units of the Falchani Lithium Project, 

110 with a main focus on pre-eruptive magma petrogenesis. In addition, since Li-ore rocks at 

111 Falchani are variably altered to clay and zeolite minerals (Segovia-More et al., 2023), we also 
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112 focused on the low temperature alteration process that led to post-depositional modifications of 

113 the primary igneous suite.

114

115 GEOLOGICAL SETTING

116 Tectonic framework of the Eastern Cordillera in southern Peru

117 The Eastern Cordillera is an east-directed retroarc fold-thrust belt exposing one of the longest 

118 Paleozoic metamorphic and magmatic belts in South America (Dorbath et al., 1991; Horton, 

119 2018; Sundell et al., 2019; Gérard et al., 2021). A regional synthesis of the Proto-Andean 

120 evolution of the Eastern Cordillera of Peru by Chew et al. (2016) documents a series of 

121 polycyclic orogenies that shaped the western margin of Gondwana and dictated the initial 

122 framework for the subsequent Andean orogeny. This model describes the Eastern Cordillera as 

123 extending between the tectonic boundaries of Western Amazonia and allochthonous to 

124 parautochthonous terranes (Mišković et al., 2009). At the latitudes of southern Peru (south of 

125 14ºS), the Paleoproterozoic Arequipa terrane, which constitute the northernmost and oldest 

126 crustal domain of the Arequipa-Antofalla basement block (Loewy et al., 2004), represents a 

127 segment of a dismembered, Grenville-age orogenic belt that was first accreted to the Amazonian 

128 craton during the amalgamation of Rodinia in the Mesoproterozoic (Ramos, 2008, 2018).

129 The suture between the Arequipa terrane and the Amazonian craton has been a locus of 

130 magmatism, as well as of formation of extensional basins and repeated tectonic inversion 

131 (Ramos, 2018; Carlotto et al., 2023). It concentrated the extension during the middle 

132 Neoproterozoic breakup of Rodinia, which was aborted by the Permian Gondwanide orogeny 

133 heralding the complete assembly of Pangea. This suture also controlled the formation of a back-

134 arc rift system, comprising half-grabens and pull-apart basins, during the initial stages of Pangea 
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135 dismemberment in the Late Permian and Triassic. Syn-rift Triassic igneous and sedimentary 

136 deposits in Peru have been grouped under the Mitu Group, which comprises molasse facies and 

137 alkaline to subalkaline basalt and andesite (Spikings et al., 2016 and references therein).

138 The Eastern Cordillera developed during the Andean orogeny, mostly from selective tectonic 

139 inversion of pre-Cenozoic normal faults with its axis coinciding with that of the Triassic rift 

140 (Sempere et al., 2002), since the middle Eocene (Benjamin et al., 1987; Farrar et al., 1988; 

141 Allmendinger et al., 1997; Kley et al., 1997; Gillis et al., 2006; Buford Parks et al., 2023). The 

142 Eastern Cordillera in southern Peru encompasses three SE-oriented morpho-structural domains, 

143 which, from northeast to southwest, include the Cordillera de Carabaya, the Macusani Structural 

144 Zone, where the study area is located, and the Central Andean Backthrust Belt (Fig. 2a). The 

145 Macusani Structural Zone (Perez et al., 2016) was previously designated as a ‘Late Hercynian’ 

146 fold domain (Laubacher, 1978) or Pre-Cordillera de Carabaya (Kontak et al., 1990; Sandeman et 

147 al., 1997). It coincides with the northernmost segment of a late Permian Gondwanide orogenic 

148 belt recording multiphase, non-coaxial deformation of Permo-Carboniferous strata sealed by 

149 thick (>1 km) Triassic deposits of the Mitu Group (Mégard et al., 1978; Laubacher, 1978; Perez 

150 et al., 2016; Spikings et al., 2016). Three major Tertiary volcanic fields, represented 

151 geomorphologically by the Macusani (a.k.a. Quenamari; Audebaud, 1973; Rodríguez et al., 

152 2021), Cayconi, and Picotani mesetas, are spatially related to intermontane topographic 

153 depressions, namely Macusani, Crucero, and Ananea-Ancocala (Kontak et al., 1990; Sandeman 

154 et al., 1997). Sandeman et al. (1997) grouped the Tertiary extrusive rocks in these volcanic fields 

155 under the Crucero Supergroup, and the small, petrographically similar, and broadly coeval silicic 

156 stocks and dykes under the Crucero Intrusive Supersuite.

157
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158 The Macusani Volcanic Field

159 The Macusani Volcanic Field stands as the northernmost expression of the Neogene Ignimbrite 

160 Province of the Central Andes in the inner arc domain, Eastern Cordillera, and hosts the youngest 

161 Neogene eruptive system in the Macusani Structural Zone. The preserved ignimbrite sheets of the 

162 Macusani Volcanic Field delineate a perimeter with a broadly quadrilateral shape covering an 

163 approximate area of ~1300 km2 (Fig. 2a; Cheilletz et al., 1992). The volcano-sedimentary 

164 sequence overlies Silurian-Devonian pelite and psammite, Carboniferous limestone, sandstone 

165 and shale, Triassic syn-rift red siliciclastic rocks and intra-plate alkaline basalt, Jurassic extrusive 

166 peralkaline rocks, and Cretaceous to Paleogene clastic sedimentary series. The outcropping 

167 volcanic and volcano-sedimentary strata include restricted exposures of rhyodacitic tuff and 

168 basaltic andesite of the Oligocene-Miocene Picotani Group and volumetrically dominant rhyolitic 

169 rocks of the Macusani Formation, which represents the youngest formation of the middle- to late-

170 Miocene Quenamari Group (Sandeman et al., 1997).

171 The Macusani Formation is a sequence of whitish-gray, poorly stratified, unwelded, crystal-

172 rich, rhyolitic ash- and lapilli-flow tuff (Sandeman et al., 1997). Erosional unconformities 

173 separate the Macusani Formation from the underlying Paleozoic-Mesozoic basement rocks and 

174 Oligocene-Miocene Picotani Group. The original thickness of the Macusani Formation is 

175 unknown due to the erosion of its uppermost section. In the eastern margin of the volcanic field, 

176 where the youngest units are exposed, the thickness ranges from 340 to 440 m (Cheilletz et al., 

177 1992). 40Ar/39Ar biotite dates through five stratigraphic sections revealed two brief eruption 

178 episodes recorded by two intraformational members at 10  1 and 7  1 Ma (Cheilletz et al., 

179 1992). There have been several attempts to subdivide the Macusani Formation into different sub-

180 units. López (1996) identified three intra-formational members within the Macusani Formation 
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181 separated by erosive unconformities that are continuously mappable at a regional scale, which 

182 from bottom to top are Chacacuniza, Sapanuta, and Yapamayo (Fig. 2). Li (2016) also attempted 

183 to subdivide the Macusani Formation into three sub-units, designated as Units A, B, and C based 

184 on field and drill-core observations in the NE portion of the Macusani Volcanic Field. However, 

185 both sub-divisions are not supported by accompanying geochronological data.

186 The Macusani Formation comprises strongly peraluminous felsic volcanogenic series 

187 characterized by a strong enrichment in lithophile incompatible elements, such as Li, Rb, Cs, Be, 

188 B, Sn, F, P, and U (Noble et al., 1984; Pichavant et al., 1988b). Mineralogically, it chiefly 

189 consists of quartz, sanidine, plagioclase, biotite, and muscovite, minor amounts of tourmaline, 

190 spinel, cordierite, and sillimanite, and accessory ilmenite, apatite, monazite, and zircon 

191 (Pichavant et al., 1988a).

192 More recently, Nupen (2019) reported white, very fine-grained, tuffaceous rocks with Li 

193 contents up to 0.4 wt %, namely the Lithium-rich Tuff, and transitional Li-rich breccias located in 

194 the central area of Macusani Volcanic Field. The Lithium-rich Tuff is a 50 to 140 m-thick unit 

195 sandwiched between the 10-20 m-thick Upper Breccia and the <175 m-thick Lower Breccia units 

196 (Fig. 3a). According to Nupen (2019), the Lithium-rich Tuff comprises finely laminated to 

197 massive facies, which were deposited in a crater lake volcano-sedimentary environment. Mica 

198 crystal clasts in the Lithium-rich Tuff yielded 40Ar/39Ar plateau dates in the range from 8,979 ± 

199 73 ka to 8,717 ± 44 ka (Sanandres-Flores, 2024).

200 Silicic stocks and dykes of the Crucero Intrusive Supersuite are exposed across the Macusani 

201 Volcanic Field. These include the biotite-cordierite monzogranitic Quebrada Centilla and 

202 Ninahuisa stocks and the Revancha dyke of the Picotani Intrusive Suite and the two-mica 
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203 syenogranitic Chacacuniza stock and Nevado Ollo Quenamari and Cayo Orjo plugs of the 

204 Quenamari Intrusive Suite (Sandeman et al., 1997).

205

206 MATERIALS AND METHODS

207 Sampling: strategy and lithotypes

208 A list of the analyzed samples and their locations and field descriptions is provided in the 

209 Supplementary Table S1. Rock samples were collected from rock outcrops and drill cores. 

210 Twenty-nine samples (including duplicates) of tuff and intrusive rocks were selected for 

211 investigation of their major and trace element compositions. Additionally, fourteen of these 

212 samples were also analyzed for isotope (Sr, Nd, Pb) composition. With a main focus on the 

213 Lithium-rich Tuff unit, the selection criteria included petrographic, geographic, and stratigraphic 

214 diversity. Most of the analyzed samples were collected from the Falchani Lithium Project (n = 

215 25), which encompasses both the Falchani and Ocacasa 4 concessions situated in the central 

216 portion of the volcanic field (Fig. 2a-b). Additional samples were obtained from the Quelcaya (n 

217 = 3) and Cerro Sumpiruni (n = 1) areas. The studied samples were divided into six lithotypes as 

218 described below.

219

220 Upper Breccia

221 The studied samples of Upper Breccia (n = 4) were collected from the Falchani concession (Fig. 

222 2). This unit includes altered, brecciated, volcaniclastic facies located stratigraphically above the 

223 Lithium-rich Tuff (Fig. 3a). The rocks in the Upper Breccia are mostly non-cohesive, clayey, and 

224 white to grayish-white in color (Fig. 3b). The breccia is predominantly clast-supported, with 

225 angular clasts ranging in size between 2 and 5 cm. Scarce medium to coarse ash-sized dark mica, 
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226 K-feldspar, and translucent quartz crystal fragments within clasts are matrix-supported. The 

227 samples are pervasively altered to dioctahedral smectite and zeolites (Segovia-More et al., 2023).

228

229 Lithium-rich Tuff

230 The analyzed Lithium-rich Tuff samples were obtained from the Ocacasa 4 (n = 2) and Falchani 

231 (n = 15) concessions (Fig. 2). It comprises finely laminated—with alternating white/gray 

232 laminae—or locally massive volcanic mudstone with a characteristic white color (Fig. 3c-d). The 

233 Lithium-rich Tuff is mostly cohesive and massive, except for the occurrence of cavernous, 

234 globular, cm-scale concretions that are aligned parallel to the general rock lamination in some 

235 samples (Fig. 3c). The lamination is mostly strongly folded and contorted, including 

236 disorganized, asymmetric, slump structures (Fig. 3c) indicating pre-lithification, sub-aqueous 

237 deformation of soft sediments. Since it is a pyroclastic-rich, resedimented deposit, it is best 

238 classified as a tuffaceous mudstone (McPhie et al., 1993). Fairly abundant interlayered dark mica 

239 crystal clasts up to 3 mm in size stand in the white rock (Fig. 3e). Compositionally, these micas 

240 are zinnwaldite and lepidolite, and often the crystal clasts include a core of zinnwaldite and a thin 

241 rim of lepidolite (see compositional and textural data of the Li-F micas in Torró et al., 2023). The 

242 other minerals in the Lithium-rich Tuff are very fine grained and comprise feldspar, plagioclase, 

243 K-feldspar, and variable proportions of kaolinite subgroup (kaolinite  halloysite) and zeolite 

244 minerals (Segovia-More et al., 2023).

245

246 Lower Breccia

247 The studied samples of Lower Breccia were collected from the Falchani (n = 1) and Ocacasa 4 (n 

248 = 1) concessions (Fig. 2). This unit consists of brecciated volcaniclastic facies located 
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249 stratigraphically below the Lithium-rich Tuff. The pervasive alteration of the samples to 

250 dioctahedral smectite and zeolites (Segovia-More et al., 2023) has obliterated most primary 

251 textures and led to distinctive low hardness and clayey textures. Scarce, medium ash-sized biotite 

252 crystal clasts are observed very locally.

253

254 Ash-flow tuff

255 The ash-flow tuff samples in our study are divided into pre- and post-Li-ore units according to 

256 their stratigraphic position. Pre-Li-ore ash-flow tuff occurs stratigraphically below the Lower 

257 Breccia and was sampled in the Falchani concession (n = 2). Post-Li-ore ash-flow tuff occurs 

258 stratigraphically above the Upper Breccia unit and was sampled in the Falchani (n = 2) and 

259 Ocacasa 4 (n = 2) concessions and in the Quelcaya area (n = 2; Fig. 2). The ash-flow tuff samples 

260 are poorly sorted and crystal-rich, exhibiting a white, aphanitic matrix and variable proportions of 

261 coarse lapilli-sized juvenile clasts. Their characteristics align closely with those described in ash-

262 flow tuff of the Macusani Formation by Sandeman et al. (1997).

263

264 Quenamari Suite granite

265 This term refers to sampled intrusive stocks belonging to the middle- to late Miocene Quenamari 

266 Suite of the Crucero Intrusive Supersuite (Sandeman et al., 1997). The studied samples include a 

267 stock in the Falchani concession (n = 1) and a dyke in the Quelcaya area (n = 1; Fig. 2). The 

268 samples consist of leucocratic, medium- to coarse-grained, tourmaline-bearing, two-mica 

269 granites. They show porphyritic and hypidiomorphic textures and a white and aphanitic 

270 groundmass. Coarse- to very coarse-grained K-feldspar phenocrysts occur along fine- to medium-
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271 grained quartz phenocrysts and medium- to very fine-grained biotite, muscovite, and rare 

272 tourmaline phenocrysts.

273

274 Picotani Suite granite

275 This term refers to a granite sample that belongs to the Oligocene-Miocene Picotani Suite of the 

276 Crucero Intrusive Supersuite (Sandeman et al., 1997). The studied sample (n = 1) was collected 

277 from the Ninahuisa Stock (Fig. 2) and is a leucocratic, medium-grained, cordierite-biotite granite 

278 with porphyritic and hypidiomorphic textures and a pinkish-brown aphanitic groundmass. The 

279 most notable textural feature of the sample is the conspicuous occurrence of K-feldspar 

280 megacrysts that are up to 15 cm long. Coarse-grained quartz and medium- to very fine-grained 

281 biotite phenocrysts are also abundant, while medium- to very coarse-grained (up to 20 mm), 

282 greenish brown, pinitized cordierite phenocrysts appear in lesser amounts.

283

284 Sample preparation

285 For bulk geochemical analyses, weathered parts of rock samples were removed by cutting with a 

286 diamond saw. The cut samples were then dried at 70 °C overnight and subsequently crushed with 

287 a jaw crusher until a fine powder was obtained. A representative fraction of about 10 g of the 

288 crushed rock samples was separated through rotary splitters and then manually powdered to <50 

289 μm using an agate mortar and pestle.

290 The Loss On Ignition (LOI) was analyzed using a programmable Carbolite furnace with a 

291 Eurotherm 301 temperature controller. Approximately 3.5 g of powdered sample were heated in a 

292 ceramic crucible at a heating rate of 15 °C/min, and then subjected to two thermal treatments: i) 

293 24 hours at 100 °C to volatilize water (H2O) within rock porosity; and ii) 48 hours at 950°C to 
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294 release structurally-bounded water (OH-, H2O). The weight changes of each sample were 

295 registered before and after both thermal treatments.

296 A 2 g fraction of each thermally treated sample was utilized to prepare fused beads 

297 (homogeneous glass). A homogeneous mixture of 1:5 of thermally treated sample and flux 

298 (66.67% Li2B4O7, 32.83% LiBO2, 0.5% LiBr) was introduced into a Katanax K1 Prime Electric 

299 Fluxer with a platinum crucible and a cylindrical standard sample holder of 16 mm in diameter 

300 and 2.5 mm in height.

301

302 Whole-rock element geochemistry

303 The whole-rock major and minor element contents (SiO2, TiO2, Al2O3, Fe2O3tot, MnO, MgO, 

304 CaO, Na2O, K2O, Cr2O3, and NiO) were determined by X-ray fluorescence (XRF) using a 

305 Bruker-S8 Tiger available in the Centro de Caracterización de Materiales of the Pontifical 

306 Catholic University of Peru (CAM-PUCP). The analyses were conducted on the fused beads. 

307 Calibration was based on the standards G-1 (USGS), RGM-2 (USGS), JA-3 (Japan GS), and JB-3 

308 (Japan GS). The data are reported on a LOI-free basis. The limits of detection for each element 

309 were determined to be in the range of 20 to 80 ppm.

310 The trace element contents were determined in the same fused beads used for XRF analyses 

311 by means of laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). 

312 Measurements were performed with an Excimer 193 nm (ArF) GeoLas (Coherent) laser system 

313 coupled to a Perkin Elmer Nexion 2000 quadrupole mass spectrometer at ETH Zürich. 

314 Measurements were conducted using a laser repetition rate of 10 Hz and a laser energy density of 

315 ~10 J/cm2 on the sample surface. The ablation aerosol was mixed in the in-house built ablation 

316 cell with carrier gas consisting of helium (~1 L/min). The ablated aerosol was then mixed with 
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317 argon make-up gas and homogenized by flushing through an in-house built squid device before 

318 introduction into the plasma torch. An analytical scheme of 30 s recording gas blank and 40 s of 

319 target ablation was implemented following standard-sample bracketing procedure. Synthetic 

320 glass NIST SRM610 (Jochum et al., 2011) was analyzed every 15 unknowns with a spot size of 

321 40 μm and used as primary reference material for normalization and instrumental drift correction. 

322 Fluxer blank was ablated using a spot size of 110 μm to correct for matrix effects on the glass 

323 beads. Secondary standard USGS BCR-2 (Raczek et al., 2001) was also analyzed with a spot size 

324 of 110 μm to test the accuracy and reproducibility of the analysis (ca. in the range of 2%–10% for 

325 the elements of interest). Three individual measurements per sample were made following the 

326 same parameters as for blanks and secondary standards. Data reduction was carried out in the 

327 MATLAB-based SILLS program (Guillong et al., 2008). XRF results (SiO2 content) were used 

328 as an internal standard.

329 Whole-rock B and Li contents were determined at ALS Laboratories (Vancouver, Canada) 

330 by sodium peroxide fusion followed by ICP-MS analysis using the ME-ICP82b analytical 

331 package. Whole-rock Cl and F contents were analyzed in the same laboratory by KOH fusion and 

332 ion chromatography using the Cl-IC881 and F-IC881 analytical packages, respectively. The 

333 whole-rock major and trace element contents are provided in the Supplementary Table S2.

334

335 Whole-rock isotope geochemistry

336 Lead isotopic compositions were measured on powdered samples using a Thermo Neptune Plus 

337 Multi-Collector ICP-MS in static mode at the University of Geneva following the method 

338 described in Chiaradia et al. (2020). External reproducibility (1σ) of the Pb isotope analyses 
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339 assessed using the NIST SRM 981 is 0.11% for 206Pb/204Pb, 0.12% for 207Pb/204Pb, and 0.20% for 

340 208Pb/204Pb.

341 Whole rock Sr and Nd isotopic compositions were obtained in GET-OMP, Toulouse 

342 University (France), using the Thermo Scientific TRITON+ solid source mass spectrometer, 

343 following Li et al. (2011, 2012) and Labou et al. (2020) procedures. Before measurement, about 

344 100 mg of whole rock powder was weighed in a Teflon beaker and dissolved in a mixture 

345 HF/HNO3 1:1. After dissolution, samples were diluted in 1 ml, 2% HNO3 and Nd/Sr were 

346 extracted from the matrix (2N HNO3) using a combination of Sr-Spec and Thru-spec Eichrom 

347 resins. Mixed Sr and REE were loaded on a Re filament and run sequentially (first Sr then Nd) 

348 using a double Re filament protocol. The monitoring of the interferences of 87Rb and 144Sm was 

349 performed according to the protocol of Li et al. (2012) and the quality and reproducibility of the 

350 measurements were controlled using a sequential measurement of isotopic standards (SRM 987 

351 and JNdi), doped isotopic standards (NBS 987+ Rb and JNdi + Sm), and laboratory-dedicated 

352 Sr+REE artificial solutions. Standard reproducibilities are 0.710270  20 (n=47) for SRM-987 

353 and 0.512099  7 (n=22) for JNdi and fall within the recommended values. Measured blanks are 

354 300 pg for Sr and 7 pg for Nd. 87Sr/86Sr and 143Nd/144Nd ratios were normalized against 86Sr/88Sr 

355 = 0.1194 and 146Nd/144Nd = 0.7219 respectively, after corrections from isobaric interferences 

356 using 87Rb/85Sr = 0.387041 on 87Sr and combination of 147Sm/149Sm = 1.08583 and 147Sm/144Sm 

357 = 4.87090 on 144Nd.

358 The whole-rock isotopic compositions are provided in Table 1. The isotopic ratios were 

359 corrected for an age of 8.9 Ma based on new 40Ar/39Ar dates on mica crystal clasts from the 

360 Lithium-rich Tuff (Sanandres-Flores, 2024).

361
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362 RESULTS

363 Major element geochemistry

364 The Lithium-rich Tuff, macusanite, and ash-flow tuff have relatively homogeneous total alkalis 

365 (Na2O+K2O) and SiO2 contents (Fig. 4a; Table S1) and display subalkaline rhyolitic 

366 compositions (Fig. 4b). The samples of Li-ore with higher LOI values, particularly those of the 

367 Upper and Lower Breccia, are scattered outside the main data cluster due to a depletion in SiO2 

368 and alkalis (Fig. 4a), specifically in K2O (Figs. 5a, S1), probably representing a non-magmatic 

369 signature as discussed below.

370 All the analyzed samples are strongly peraluminous with A/CNK values between 1.1 and 2.8 

371 (Fig. 4c). In the B-A diagram of Debon & Lefort (1983), all the Li-ore samples plot mostly above 

372 the felsic peraluminous field due to their very low B (i.e., Fe+Mg+Ti) and extremely high A (i.e., 

373 Al-(K+Na+2Ca)) values, similar to the macusanite and highly-evolved rare-metal granites and 

374 volcanic rocks (Fig. 4d). In contrast, most ash-flow tuff from the Macusani Formation samples 

375 have A-B values comparable to those of muscovite-biotite and muscovite granites. The 

376 geochemical similarity between the magmatic rocks in the Macusani Volcanic Field and rare-

377 metal and peraluminous granites had been previously noted by Pichavant et al. (2024a).

378 The Li-ore samples exhibit very high F contents (1.05-1.98 wt %), which are up to 30x above 

379 the average values reported for the upper continental crust (Figs. 5a, S1). The P2O5 contents (0.2-

380 0.8 wt %) are also high, up to five times higher than in the upper continental crust. Other minor 

381 elements (TiO2, Fe2O3tot, MnO, MgO, and CaO) collectively add to 1.13 wt %, on average. The 

382 MgO contents are particularly low, typically below the detection limit at 0.02 wt %. Compared to 

383 the ash-flow tuff from the Macusani Formation, the Li-ore rocks are enriched in Al2O3, P2O5, and 

384 MnO and depleted in TiO2, K2O, CaO, MgO, and Fe2O3tot. In contrast, the Li-ore units, and 
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385 particularly the samples of Lithium-rich Tuff with LOI < 2.7 wt %, show similar compositions to 

386 macusanite in terms of most minor elements except for a general depletion in Na2O (Fig. 5a).

387

388 Trace element geochemistry

389 The Lithium-rich Tuff exhibits strong enrichment in Li (2920-4160 g/g [ppm]; median = 3540 

390 ppm) and Rb (1139-2177 ppm; median = 1502 ppm), mostly at the thousands of ppm level, 

391 compared to the upper continental crust. Other elements that are also enriched in the Lithium-rich 

392 Tuff compared to the upper continental crust include B, Cs, Sn, and Be, mostly at the hundreds of 

393 ppm level, and Nb, Ta, and U, mostly at the tens of ppm level (Figs. 5a, S2; Table S2). In 

394 contrast, the Lithium-rich Tuff is depleted relative to the upper continental crust in Cl, Ba, Zr, Sr, 

395 and Th. A similar geochemical footprint is observed for the Upper Breccia and Lower Breccia, 

396 which are strongly enriched in Li (780-2890 ppm; median = 1285 ppm), B (600-2100 ppm; 

397 median = 1600 ppm), Cs (656-1822 ppm; median = 1356 ppm), and Rb (1139-2177 ppm; median 

398 = 1095 ppm), mostly at the thousands of ppm level, compared to the upper continental crust. In 

399 addition, they are enriched in Cl, Sn, and Be, mostly at the hundreds of ppm level, and Nb, Ta, 

400 and U, mostly at the tens of ppm level, and depleted in Zr, Ba, Sr, and Th, relative to upper 

401 continental crust values (Figs. 5a, S2; Table S2).

402 In terms of minor and trace elements, the Li-ore is strongly enriched in volatiles such as 

403 halogens (F, Cl) and B and other incompatible lithophile elements such as Li, Be, and some LILE 

404 (Cs, Rb) and HFSE (Nb, Ta, Sn, W) compared to the ash-flow tuff from the Macusani Formation 

405 (Fig. 5a, S2). In contrast, the Li-ore is depleted in other HFSE (Zr, Hf, Th) and LILE (Ba, Sr) and 

406 show equivalent Pb compared to the ash-flow tuff. As with major elements, the trace element 

407 contents in the Li-ore units, in particular the Lithium-rich Tuff, are similar to those of 
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408 macusanite, particularly in terms of F, Li, Be, Rb, Sr, Nb, Zr, Hf, Cs, and Ba, with lower contents 

409 of B and U and higher contents of Ta and Pb.

410 The Li-ore samples yield individual REE and Y values that are 1 to 20 times enriched 

411 relative to chondrite C1 values (Fig. 5b). The chondrite-normalized REY (lanthanides + Y) 

412 patterns have negative slopes ((La/Sm)CN = 2.3-3.6), (Sm/Yb)CN = 1.2-2.9) and negative Eu 

413 anomalies ((Eu/Eu*)CN = 0.11-0.34). Most Li-ore analyses show ΣREE and Y contents that are 

414 intermediate between those of Macusani Formation ash-flow tuff and macusanite (Fig. 5b). The 

415 chondrite-normalized REY patterns of Li-ore units closely resemble those of macusanite except 

416 for slightly higher La/Sm and less pronounced Eu negative anomalies. The analyses of ash-flow 

417 tuff yield higher (La/Sm)CN and (Sm/Yb)CN and lower to non-existent Eu negative anomalies 

418 relative to the Li-ore units.

419

420 Mass balance

421 Mass balance and relative element gains and losses due to metasomatism, principally post-

422 depositional alteration, were addressed with isocon diagrams (cf. Grant, 1986, 2005) for Upper 

423 and Lower Breccia (Fig. 6a) and Lithium-rich Tuff (Fig. 6b). Given that the alteration minerals 

424 identified in the Li-ore samples comprise hydrated phases (i.e., kaolinite, zeolite, smectite; 

425 Segovia-More et al., 2023), the LOI values can effectively be used as a monitor for the degree of 

426 alteration. The least altered composition (CO) was calculated as the average element contents of 

427 seven Lithium-rich Tuff samples with LOI < 2.7 wt %. In the absence of low-LOI Upper Breccia 

428 and Lower Breccia samples, and given the similarity between their trace-element patterns and 

429 those of the Lithium-rich Tuff (Fig. 5a-b), a unique protolith composition was assumed. The use 

430 of pre- or post-lithium ore ash-flow tuff as CO was discarded due to the above-described 
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431 systematic geochemical differences with Li-ore samples. Alteration quantification (CA) was 

432 conducted on samples with LOI values between 1.68 and 13.5 wt % including five Lithium-rich 

433 Tuff, four Upper Breccia, and two Lower Breccia samples. Isocon lines were established under 

434 the assumption that TiO2 remained immobile during post-depositional alteration processes. This 

435 assumption is common in mass balance analyses applied to rocks that have undergone 

436 hydrothermal alteration and/or weathering (Grant, 2005) due to the very limited mobility of 

437 titanium in these environments (e.g., Hill et al., 2000; Ulrich & Heinrich, 2002). The results 

438 indicate a total mass loss of 3.9 wt % in the Lithium-rich Tuff and of 6.5 wt % in the Upper and 

439 Lower Breccia. The isocon diagrams indicate general gains in Ca, Mg, Mn, Zn, As, Cl, Sr, Cs, B, 

440 and Bi, and losses in SiO2, Na2O, K2O, Li, Rb, W, and F. According to our results, Al2O3, Fe2O3, 

441 Th, Nb, Ta, and Sn were mostly conserved during alteration. Zirconium and Y remained 

442 immobile except for a strong gain in a sample of Breccia (2021-MAC-051). Lithium losses were 

443 more pronounced in the samples of Breccia than in the samples of Lithium-rich Tuff.

444

445 Isotopic data (Pb, Sr, and Nd)

446 Initial isotope ratios have been recalculated at 8.9 Ma except for the granite sample from the 

447 Picotani Suite, which was recalculated at 24 Ma (Table 1). Lead isotope compositions of the 

448 analyzed samples exhibit a high degree of homogeneity, with 206Pb/204Pb(t), 207Pb/204Pb(t), and 

449 208Pb/204Pb(t) ratios in the range of 18.7861–18.9191 (avg. = 18.8625 ± 0.0024, 2), 15.6838–

450 15.7011 (avg. = 15.6907 ± 0.0020), and 38.8559–38.9753 (avg. = 38.9405 ± 0.0050), 

451 respectively (Fig. 7a, c). Excluding the Lithium-rich Tuff sample 2021-MAC-031, which is a 

452 clear outlier, 87Sr/86Sr(t) ratios are between 0.715426 and 0.728031 (avg. = 0.721278 ± 0.000005), 

453 and 143Nd/144Nd(t) ratios are in the narrow range between 0.512080 and 0.512186 (avg. = 
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454 0.512171 ± 0.000007; Fig. 8a), which correspond to negative 𝜀𝑡
𝑁𝑑 values ranging from -10.3 to -

455 8.0 (avg. = -8.7). The sample 2021-MAC-031 yielded significantly lower 87Sr/86Sr(t) (0.703868) 

456 and higher 143Nd/144Nd(t) (0.512990) ratios and 𝜀𝑡
𝑁𝑑 (7.4) values. Most of the new data plot within 

457 the Pb-isotope compositional range defined by macusanite, which is characterized by a larger 

458 dispersion than the analyzed samples (Fig. 7a, c). While the new data show similar 143Nd/144Nd as 

459 macusanite, the latter is characterized by much higher 87Sr/86Sr values (Fig. 8b).

460

461 DISCUSSION

462 Nature of the magmatic component in the lithium ore units

463 Given the alteration features documented in Li-ore rocks from the Falchani Lithium Project 

464 (Segovia-More et al., 2023), immobile elements will be employed to approximate the nature of 

465 the magmatic protolith. Elements such as Al, Ti, Zr, Y, Nb, and Ta are relatively immobile upon 

466 low-temperature hydrothermal alteration and weathering and hence could be used as proxies for 

467 the primary petrogenetic processes (Winter, 2014; Rollinson & Pease, 2021). However, it should 

468 be noted that some of these elements have been demonstrated to mobilize under certain 

469 hydrothermal conditions (e.g., Zr in F-rich hydrothermal systems, Rubin et al., 1993) and 

470 therefore the conclusions drawn from these proxies should be considered with a degree of 

471 caution. In our isocon diagrams, Al, Ti, Zr, Nb, and Ta remained mostly unchanged and only one 

472 sample of breccia showed a significant enrichment in Zr and Y (Fig. 6). In the Zr-Al2O3-TiO2 

473 provenance discrimination plot for weathered rocks of García et al. (1994), most of the Lithium-

474 rich Tuff, Upper Breccia, and Lower Breccia datapoints plot in the field of strongly peraluminous 

475 granites, akin to macusanite and ash-flow tuff from the Macusani Formation (Fig. S3).
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476 The Lithium-rich Tuff and Upper and Lower Breccia have lower Nb/Ta and Zr/Hf than the 

477 CHARAC (CHArge-and-RAdius-Controlled) range (Fig. 9a), indicating that elements of similar 

478 charge and radius did not behave coherently as expected in pure, depolymerized silicate melts 

479 (Bau, 1996; Schmidt et al., 2014). This feature is common in peraluminous, rare-metal-rich 

480 granitic rocks (Fig. 9a) and is attributed to either interaction with ligand- (e.g., F) rich, acidic, and 

481 reduced magmatic fluids (Ballouard et al., 2016) or fractional crystallization (Linnen & Keppler, 

482 1997, 2002). The Lithium-rich Tuff and Upper Breccia exhibit a composition similar to several 

483 Variscan rare metal-rich granites and highly evolved volcanic equivalents in terms of Nb, Ta, 

484 Nb/Ta, Rb, and Li signatures (Michaud et al., 2021; Fig. S4). In contrast, the samples of ash-flow 

485 tuff plot in the biotite, biotite-muscovite, and muscovite Variscan granites compositional fields. 

486 Finally, the analyses of Li-ore rocks systematically plot in the Li-mineralized pegmatite field in 

487 the Mg/Li versus La/Ta diagram of Shaw et al. (2022), while all the other analyzed samples plot 

488 in the “unmineralized pegmatites and granites” field (Fig. 9b).

489 In summary, while the Li-ore, ash-flow tuff from the Macusani Formation, and related 

490 intrusive rocks all share geochemical signatures with peraluminous granitic systems, the 

491 composition of the Lithium-rich Tuff is close to that of the most fractionated lithologies observed 

492 in these systems. Additionally, Torró et al. (2023) described contrasting, more evolved 

493 compositions for mica crystal clasts in the Lithium-rich Tuff (zinnwaldite and lepidolite) relative 

494 to micas in other Neogene volcanic and intrusive rocks from the Macusani Volcanic Field, which 

495 approximate the compositions of siderophyllite and muscovite. The only exceptions are mica 

496 crystals in macusanite (Pichavant et al., 1988a), which plot near the compositional field defined 

497 by zinnwaldite from the Lithium-rich Tuff (Torró et al., 2023). This further emphasizes the 
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498 identification of parental magmas to the Lithium-rich Tuff with highly evolved, peraluminous 

499 rhyolitic melts.

500

501 Source regions of parental magmas to the Lithium-rich Tuff

502 The petrogenesis of the Macusani Formation ash-flow tuff and macusanite has been previously 

503 explained by Pichavant et al. (1987; 1988a, b; 2024a) in terms of batch melting of isotopically 

504 heterogeneous crustal rocks dominated by pelitic metasedimentary lithologies. The low fH2O/fF 

505 recorded in biotite, tourmaline, and apatite, as well as the absence of muscovite in the early 

506 magmatic stage indicate partial melting under H2O-undersaturated conditions, with aH2O 

507 internally controlled by dehydration melting of F-rich muscovite and incipient melting of biotite 

508 (Pichavant et al., 1988a, b). The relatively high anorthite content (>30 % An) and the strong 

509 enrichment in Sr, Ba, and La in cores of plagioclase from this early magmatic stage have been 

510 interpreted by Pichavant et al. (2024a) as evidence of interaction between crustal melts and 

511 potassic to ultrapotassic (K-UK), mantle-derived magmas at the source level. The role of crustal 

512 and mantle components is discussed below by combining literature and newly acquired isotopic 

513 data.

514 Pelitic rocks from the Andean basement that are suitable proxies for the compositions of crustal 

515 end-members include Proterozoic and Paleozoic paragneiss from the Puna plateau and Sierras 

516 Pampeanas (DIGIS Team, 2023), and Ordovician metapelite rocks of the Sandia Formation 

517 exposed in the Macusani Structural Zone (Harlaux et al., 2021). The selected paragneiss samples 

518 are located over 1000 km to the south of the Macusani Volcanic Field (Fig. 1), yet they exemplify 

519 an ancient Andean crustal end-member of meta-sedimentary origin with elevated Rb/Sr ratios. The 

520 only comparable lithologies of similar age in the Eastern Cordillera of southern Peru are the poorly 
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521 studied gneissic rocks of the pre-Cambrian Iscaybamba metamorphic complex in the Cordillera de 

522 Carabaya, for which no Sr-Nd isotopic data are available (Laubacher, 1978; Sánchez & Zapata, 

523 2003). On the other hand, Paleozoic metapelite rocks in the Macusani Structural Zone have been 

524 proposed as a source component of granites from the Picotani Suite in the San Rafael and Santo 

525 Domingo intrusive complexes (Harlaux et al., 2021). Noteworthy, recent studies have highlighted 

526 that partial melting of felsic meta-igneous (orthogneiss) rocks that are initially enriched in both F 

527 and Li can evolve into rare-metal granite compositions (Ballouard et al., 2023a). However, 

528 Ordovician, Silurian-Devonian, Carboniferous, Permian, and Triassic granitoids located between 

529 12-14°S (Reitsma, 2012; Martínez et al., 2019) are too rich in radiogenic Nd to be considered as 

530 possible end-members in the context of our study case (Fig. 8b).

531 Despite the Macusani Volcanic Field is proximal to the northern domain of the Arequipa-

532 Antofalla basement block (Fig. 1), the Lithium-rich Tuff and other Neogene volcanogenic and 

533 intrusive units in Macusani exhibit Pb-Nd isotope ratios that are consistent with those of the 

534 Mesoproterozoic, central—particularly the Quebrada Choja— crustal domain of this basement 

535 block (Figs. 7b, d, 8d). The Sm/Nd TDM ages calculated for Macusani Formation rocks extend 

536 from ca. 1.5 Ga to values as high as 3.8 Ga (Fig. 8d; Table 1). This marked dispersion is 

537 attributed to an artifact resulting from lower (La/Sm)CN values and higher Sm/Nd ratios in the 

538 more fractionated rocks. The depletion in LREE during magmatic differentiation in Macusani 

539 magmas has been explained by Pichavant et al. (1988b). The least fractionated Lithium-rich Tuff 

540 sample yields a Sm/Nd TDM age of ca. 1.5 Ga, which agrees with a metapelitic source ultimately 

541 derived from juvenile Mesoproterozoic crust. Nevertheless, a mixed metapelitic source including 

542 a mixture of detrital material from various—older and younger—ages giving a coincidental 

543 model age of 1.5 Ga cannot be discarded (see Couzinié et al., 2019).
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544 With regard to the mantle-derived end-member, the most suitable candidates are the 

545 Cenozoic K-UK mafic intrusions exposed in the Eastern Cordillera. These lithologies were 

546 interpreted by Carlier et al. (2005) as derived from hybridized magmas consisting mainly of 

547 enriched mantle-derived melts and a volumetrically minor depleted asthenospheric mantle 

548 component. Given the absence of late Miocene—i.e., the age of the Macusani Formation—

549 equivalents in the Macusani Structural Zone, a late Miocene (7.51 ± 0.05 Ma; 40Ar/39Ar 

550 phlogopite date, error 2σ) olivine minette from the Eastern Cordillera (Carlier et al., 2005) 

551 located ~200 km to the northwest of the Macusani Volcanic Field (Fig. 1) was selected as the 

552 mantle-derived end-member.

553 To assess the relative contributions of continental crust- and mantle-derived melts in 

554 magmas that were parental to the Lithium-rich Tuff and other Neogene volcanogenic and intrusive 

555 materials in the Macusani Volcanic Field, we have developed a simple binary mixing model based 

556 on Sr-Nd isotope relations (Fig. 10). Noteworthy, the calculated Rb-Sr isochron age of 9.9  1.6 

557 Ma for the Lithium-rich Tuff (Fig. 8c) is virtually equivalent to the 40Ar/39Ar mica dates for the 

558 same rocks (ca. 8.9 Ma; Sanandres-Flores, 2024), indicating that the Sr isotope ratios have not been 

559 disturbed during post-eruptive events. The produced mixing model reproduce the Sr-Nd 

560 composition of the studied rocks as containing ~5-25% of mantle contribution and 75-95% of 

561 paragneiss and/or metapelite contribution. We note that defining crustal end-members as the 

562 average values of rocks that exhibit significant scatter in terms of Sr-Nd isotope ratios (Figs. 8b, 

563 10) may be an oversimplification. Consequently, the obtained percentages in the mixing model 

564 should be regarded as approximations.

565 The mixing model would suggest that most Lithium-rich Tuff samples record slightly 

566 higher mantle contributions compared to other Neogene igneous rocks in the Macusani Volcanic 
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567 Field (Fig. 10). The relatively high dispersion of 88Sr/87Sr ratios in the volcanogenic material of the 

568 Macusani Formation can also be explained either by different melting mechanisms and kinetics 

569 (Farina et al., 2014) and/or isotopically heterogeneous crustal protoliths (e.g., Pichavant et al., 

570 1988b; Guillot & Le Fort, 1995; Romer et al., 2014) combined with a lack of complete 87Sr/86Sr 

571 homogenization during metamorphism and anatexis (Wolf et al., 2019; Pichavant et al., 2024b).

572 Finally, the Neogene volcanic rocks from the Macusani Volcanic Field, including those from 

573 the Li-ore units, exhibit elevated 87Sr/86Sr(t) ratios relative to other Neogene to Quaternary 

574 ignimbrite rocks in the Central Andes (Fig. 8b). This indicates a greater proportion of crustal 

575 component and/or the contribution of crustal rocks with high Rb/Sr ratios and strongly supports 

576 that the felsic nature of the igneous rocks from the Macusani Formation is at least in part the 

577 result of a distinctively elevated crustal contribution to parental magmas.

578

579 Controls on the composition of Li-ore

580 As outlined above, the Lithium-rich Tuff displays a notable compositional similarity with 

581 macusanite, a characteristic that distinguishes it from other volcanogenic materials within the 

582 Macusani Formation. This and the exclusive presence of magmatic Li-F micas (zinnwaldite and 

583 lepidolite, Torró et al., 2023) suggest that the petrogenesis of the volcanogenic material in the 

584 Lithium-rich Tuff might be, to some extent, comparable to that of peraluminous rare metal-rich 

585 magmas in general and of macusanite in particular. The petrogenesis of the Lithium-rich Tuff will 

586 therefore be first discussed in the context of previously asserted petrogenetic processes for 

587 macusanite. Since the Lithium-rich Tuff is a volcanogenic sedimentary rock and not an obsidian, 

588 compositional changes due to physical segregation during pyroclastic and sedimentary processes 
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589 (cf. Cas & Wright, 1988; McPhie et al., 1993) will also be discussed. Finally, the potential impact 

590 of fluid-mediated processes in the composition of the Li-ore samples is evaluated.

591

592 Magma differentiation

593 According to Pichavant et al. (1988a, b), an early crystallization stage, which is recorded as 

594 early phases in ash-flow tuff of the Macusani Formation, occurred at ~800 °C and < 5-7.5 kbar at 

595 or near the magma source region. This event was followed by the main crystallization stage, 

596 triggered by a rapid ascent of the magmas and consequent drop in temperature and pressure to ~650 

597 °C and 1.5 kbar. In this frame, macusanite would have resulted from crystal fractionation of 

598 interstitial liquids in magmas parental to the ash-flow tuff from the driest and F-, B-, Li-, and P-

599 richest magma batches (Pichavant et al., 1987). From mineral/melt partition coefficients 

600 determined directly on Macusani volcanics, Pichavant et al. (2024a) modeled chemical 

601 fractionation in Macusani magmas. The model was based on the composition of matrix glass and 

602 mineral abundances in ash-flow tuff (Pichavant et al., 1988a) and on alternative scenarios created 

603 by arbitrarily varying the proportion of phenocrysts and/or slightly adjusting partition coefficients 

604 and the initial composition of the melt. By doing so, the authors constrained that the trace element 

605 contents in macusanite can be reproduced for 50-70% crystallization of matrix glass in the ash-

606 flow tuff.

607 We reproduced the fractional crystallization models of Pichavant et al. (2024a) using Rb as a 

608 differentiation index, the composition of the least-evolved interstitial glass in ash-flow tuff (MA85-

609 4, MA85-7 in Pichavant et al., 2024a) as the initial melt, and the six different modal proportions of 

610 phenocrysts considered by these authors (Figs. 11-12; model parameters provided in Fig. 11 

611 caption). We have labeled this model set as Model 1. In addition, we produced additional fractional 
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612 crystallization models considering a range of various plausible scenarios, incorporating varying 

613 initial compositions of the differentiating melt within the petrogenetic model of Pichavant et al. 

614 (2024a). To encompass this diversity, we modeled fractional crystallization from i) the most 

615 evolved glasses in ash-flow tuff (glass inclusions in sample MH1 in Pichavant et al., 2024a) as a 

616 potential non-cogenetic melt (cf. Pichavant et al. 1988a, b) (Model 2); and ii) from a theoretical 

617 initial melt resulting from magma hybridization of the respective initial melts with increasing 

618 contributions of mantle-derived melts (Model 3; Figs. 11-12). Model 3 was applied to both the 

619 least-evolved interstitial glass (Model 3a) and the most evolved glasses (Model 3b) in ash-flow 

620 tuff.

621 Model 3 stems from the observation that the mantle contribution to melt progenitors of 

622 Macusani volcanics varied within a range of ~5 to 25 %, as suggested by Sr-Nd data, with most of 

623 the Lithium-rich Tuff data clustering in the higher mantle-contribution end (Fig. 10). Our models 

624 focus on the magma hybridization at or near the magma source region in the middle crust 

625 (Pichavant et al., 2024a). Since the bulk composition of ash-flow tuff samples may have been 

626 variably affected by the accumulation of crystal phases, the composition of the parental crystal 

627 mush can be tentatively calculated by inverting the evolution of the interstitial melts (Figs. S5 and 

628 S6). The degree of crystallization is tested at 20, 30, and 40%, i.e., lower than the 45-55 % crystal 

629 contents in Macusani Formation ash-flow tuff (Pichavant et al., 1988a; Cheilletz et al., 1992), for 

630 considering the crystal accumulation effect during the pyroclastic eruption and transport. This 

631 oversimplification does not consider the effect of antecrystal recycling in long-lived, large-volume, 

632 crystal-rich magmatic chambers (e.g., Jerram & Martin, 2008; Folkes et al., 2011). Assuming a 5% 

633 of mantle-derived component for ash-flow tuff parental melts, we added 20% of mantle-derived 

634 component in order to attain the 25 % suggested by Sr-Nd data for the Lithium-rich Tuff (Fig. 10). 
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635 Details on the calculation parameters and references are provided in Figures S5 and S6. This 

636 exercise allows us to critically evaluate if significant mantle contributions in felsic peraluminous 

637 magmas are compatible with the generation of highly evolved rare-metal-rich magmas.

638 To test the fit between the fractional crystallization models and the composition of Li-ore, we 

639 represented samples with LOI <2.7 wt %. The four models systematically underestimate the 

640 contents of elements that behaved as compatible (Sr, Ba, Ti, Pb; Fig. 12). While some models 

641 explain the contents of some elements that behaved as incompatible (Model 1: Be, W, Nb, and in 

642 part, Sn, Model 2: Sn, F; Model 3a: Be, Nb; Model 3b: Nb) and Nb/Ta ratios (Models 2 and 3b) in 

643 the Lithium-rich Tuff, some other incompatible elements are systematically underestimated (Li, 

644 Ta) or overestimated (Cs). Therefore, fractional crystallization alone does not provide a satisfactory 

645 explanation of the composition of the Lithium-rich Tuff, as a unique configuration is not 

646 consistently applicable to all elements (Figs. 11-12). Interestingly, Model 1 is insufficient to 

647 explain the enrichment in rare metals like Li, Sn, W, and Ta, W in the most evolved glass in ash-

648 flow tuff (MH1 in Pichavant et al., 2024a) as well as a set of macusanite specimens (Fig. 11). This 

649 would agree with fractionation from non-cogenetic, spatially and/or temporally separate magma 

650 bodies as proposed by Pichavant et al. (1988a, b).

651 The models developed in this study suggest that the hybridization of magma with specialized 

652 (K-UK) mantle-derived melts does not result in a substantial depletion of the contents of Rb and 

653 Cs (Figs. 11 and S5). Conversely, it has been observed that this process can result in a differential 

654 increase in the contents of Li, Be, Sn, Nb, and Ta, which becomes progressively more pronounced 

655 through crystal fractionation. It is noteworthy that the high Sr, Ba, Ti, and Pb geochemical signature 

656 of mantle-derived magmas is largely cancelled out at fractional crystallization degrees higher than 

657 ~60 % (Fig. 12). This implies that the strong depletion in these elements in highly evolved, rare 
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658 metal-rich felsic peraluminous magmas is not incompatible with a significant increase (20 %) in a 

659 mantle-derived component. It is also noteworthy that K-UK mafic series have been found to 

660 contain more than 0.4 wt % F (Edgar et al., 1996), which exceeds the ~0.25 wt % F on average 

661 calculated by Ballouard et al. (2023a) for anatectic melts in equilibrium with micas in suprasolidus 

662 metapelites, and the ~0.35 wt % F on average in suprasolidus orthogneiss. Consequently, even if 

663 the most significant source of F in Macusani magmas were micas from source metapelitic rocks 

664 (Pichavant et al., 1988b), a greater contribution of mantle-derived melts would enhance, rather than 

665 dilute, the F content in the magma source region. The elevated F concentrations in the peraluminous 

666 melt lowered the solidus and viscosity, delayed fluid-melt immiscibility (Troch et al., 2022), and 

667 facilitated shallower differentiation “en route” (Tartèse & Boulvais, 2010).

668 The underestimation of Li in all models is conspicuous and could be due to several reasons. 

669 Ballouard et al. (2023b) interpreted the substantial range of δ7Li values and their positive 

670 correlation with Li contents in glass in ash-flow tuff from the Macusani Formation as a 

671 consequence of Li loss by equilibrium degassing or fluid exsolution of a Li-rich vapor/fluid from 

672 an initial rhyolitic melt with 750 ppm Li. This interpretation would involve that partition 

673 coefficients calculated by Pichavant et al. (2024a) for Li in Macusani volcanics may be 

674 overestimated and that the initial Li contents of the fractionating melts in our models are probably 

675 underestimated, resulting in the crystal fractionation models significantly underestimating the Li 

676 enrichment in the most evolved melts (Fig. 11). Furthermore, Pichavant et al. (1987) have invoked 

677 degassing of the magma prior to and during the eruption to explain the wide and negative range of 

678 δD values of macusanite. We hypothesize that, in addition to fractional crystallization, the 

679 exsolution of magmatic, ligand (e.g., F, B)-rich, volatile phases could have enhanced the 

680 enrichment of fluid-mobile elements such as Li and Ta (Brenan et al., 1998; London et al., 1988; 
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681 Thomas & Davidson, 2012; Iveson et al., 2019) in the magmas parental to the Li-ore. The 

682 involvement of these ligands has been deemed crucial to explain metal enrichment in rare-metal-

683 rich, peraluminous granites and pegmatites (Ballouard et al., 2020; Troch et al., 2022).

684 The crystallization of Li-F micas from these highly evolved peraluminous melts, potentially 

685 in the presence of a magmatic-vapor phase, in the top layer of a crystal mush locked Li from a more 

686 severe depletion during degassing prior to and during eruption (cf. Neukampf et al., 2021, 2022). 

687 In this context, the explosive eruption was probably triggered by the progressive degassing from 

688 deeper, more fractionated, and compacted horizons of the magma reservoir, and upward migration 

689 and accumulation of a magmatic volatile phase (Cassidy et al., 2018; Townsend et al., 2019; Cortes-

690 Calderon et al., in press).

691

692 Tephra segregation

693 The pronounced enrichment in elements that behaved as compatible, such as Sr, Ba, Pb, and 

694 Ti, in the Lithium-rich Tuff compared to crystal fractionation models and macusanite (Fig. 12) is 

695 inconsistent with the notion that its compositions can be explained exclusively in terms of strong 

696 differentiation of a rhyolitic melt. Instead, the systematic enrichment in these elements is consistent 

697 with the accumulation of feldspars and Li-F mica crystals (Fig. 12). To a certain extent, the 

698 accumulation of Li-F micas likely also contributed to the observed enrichment in Li relative to 

699 macusanite and the fractional crystallization models.

700 The physical accumulation of zircon and monazite would explain the higher zircon (TZr, based 

701 on Zr contents; Watson & Harrison, 1983) and monazite (TREE, based on REE contents; Montel, 

702 1993) saturation temperatures calculated for the Lithium-rich Tuff (650-720 °C; Fig. 13) compared 

703 to the main crystallization stage in Macusani magmas (~650 °C; Pichavant et al., 1988 a, b) and 
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704 macusanite (TZr and TREE of 600-700 °C, Fig. 13; liquidus temperature of 645 ± 10 °C at vapor 

705 saturation and 200 MPa according to experimental data of London et al., 1988).

706

707 Low-temperature, fluid-mediated processes

708 Secondary element mobility may certainly have occurred in the Li-ore units after their 

709 deposition. The pervasive alteration in Falchani is largely confined to the Upper and Lower 

710 Breccia, which strongly suggests that fluid-rock interaction at higher water/rock ratios was 

711 enhanced along the most permeable levels. In contrast, the Lithium-rich Tuff, which is 

712 characterized by a fine-grained and cohesive texture, was likely refractory to efficient circulation 

713 of surficial fluids. Notwithstanding the disparate degrees of alteration, the Lithium-rich Tuff and 

714 Upper and Lower Breccia record similar element mobility patterns in the isocon diagram (Fig. 6). 

715 The coupled depletion in alkalis (K2O+Na2O) and SiO2, particularly in samples in which the 

716 alteration assemblages are dominated by smectite or zeolite (LOI = 8.2-13.5 wt %) as defined by 

717 Segovia-More et al. (2023), is consistent with alkali and silica leaching during feldspar and mica 

718 hydrolysis under alkaline pH conditions (Aagaard & Helgeson, 1983; Qinhua & Aizhen, 1991; 

719 Acker et al., 1992; Bagheri et al., 2022a, b; Jiménez et al., 2022).

720 Noteworthy, Cl and B were enriched in the most altered samples while F was depleted (Fig. 

721 6). Alkaline, chloride-rich waters are common in geysers and cold springs in active geothermal 

722 systems along Neogene ignimbrite units in the region (e.g., El Tatio, in Chile, Cortecci et al., 2005) 

723 and could explain the enrichment in Cl in the most altered samples. The strong B metasomatism in 

724 Falchani might indicate participation of local groundwaters re-equilibrated with late Miocene 

725 ignimbrites and/or tourmaline-rich granites and metasedimentary rocks from the Paleozoic 

726 basement, similarly to what has been proposed for Cenozoic geothermal systems of the Argentina 
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727 Puna Plateau (Kasemann et al., 2004; Steinmetz et al., 2017). Regarding the distinctively high 

728 contents of Cs and Sr in zeolite-rich samples (e.g., 2021-MAC-053), these are consistent with Cs+ 

729 and Sr2+ being selectively adsorbed onto zeolites such as mordenite (e.g., Munthali et al., 2015). 

730 Finally, it is also noteworthy that the post-depositional, low-T hydrothermal alteration at Falchani, 

731 particularly along the Upper and Lower Breccia, resulted in the partial leaching of Li (Fig. 6a). 

732 This is a notable contrast to other volcanogenic sedimentary deposits in which post-depositional 

733 processes are invoked to explain secondary lithium enrichment to economic grades, as discussed 

734 in the following section.

735

736 Volcanogenic sedimentary lithium deposits: Born or raised?

737 In volcanogenic sedimentary lithium deposits—a term used here broadly and interchangeably 

738 with volcano-sedimentary lithium deposits—lithium ore typically occurs in secondary minerals 

739 formed through in situ alteration of pre-enriched rhyolitic volcanic or volcanogenic sedimentary 

740 rocks (Starkey, 1982; Benson et al., 2017, 2023; Bowell et al., 2020; Borojević Šoštarić & 

741 Brenko, 2023). Regarding the role of pre-enriched protoliths in these deposits, Benson et al. 

742 (2017) demonstrated that rhyolitic rocks with higher proportions of felsic crustal contributions 

743 contain quartz-hosted glass inclusions enriched in Li. Our study confirms the dominant crustal 

744 component (>75%; Fig. 10) in the parental magma of the Li-ore units. However, both the 

745 proportion and nature of crustal components in magmas associated with the Li-ore units are 

746 comparable to those of other Neogene volcanogenic units in the Macusani Volcanic Field (e.g., 

747 Macusani Formation ash-flow tuff). This suggests that neither an increased proportion of crustal 

748 material nor a more felsic source rock alone can fully explain the elevated Li contents observed 

749 in the Li-ore units of the Macusani Volcanic Field.
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750 Benson et al. (2023) proposed that peralkaline suites are most prospective for volcanogenic 

751 sedimentary lithium deposits due to their characteristically lower water contents and consequent 

752 reduced crystallization of Li-fractionating biotite. However, our findings from the Falchani 

753 deposit challenge this model, as they demonstrate an association with strongly peraluminous 

754 magmas. Indeed, the segregation of a magmatic-fluid phase in a shallow crustal magma reservoir 

755 could have enhanced primary enrichment of Li in Falchani. In this line of evidence, the 

756 occurrence of Li-F micas (zinnwaldite and lepidolite; Torró et al., 2023), typically associated 

757 with rare-metal granites and pegmatites, as crystal clasts in the Falchani Li ore (Fig. 3e) contrasts 

758 with other volcanogenic deposits and is probably fundamental to explain the distinctive primary 

759 (i.e., pre-eruptive) lithium enrichment in the studied tuffaceous rocks. We propose that Li was in 

760 part trapped in Li-F micas that crystallized at near-solidus temperatures (cf. Ellis et al., 2022) in 

761 the top layer of a crystal mush prior to explosive eruption. This mechanism would have 

762 minimized Li vapor loss and explains the exceptionally high lithium contents in the ejected 

763 pristine volcanic material (see also Cortes-Calderon et al., in press).

764 The formation of economic volcanogenic sedimentary lithium deposits typically requires 

765 lithium leaching and reconcentration in secondary minerals, particularly clays (Davis et al., 1986; 

766 Munk et al., 2011; Bowell et al., 2020; Benson et al., 2023). However, our results indicate that 

767 post-depositional, in situ alteration had minimal impact on lithium grades at Falchani. In fact, 

768 mass balance calculations reveal that post-eruptive alteration led to partial Li leaching, 

769 particularly along more permeable horizons (i.e., the Upper and Lower Breccia; Fig. 6).

770 To advance towards a metallogenic conceptualization for the Falchani deposit, an integrated 

771 perspective that incorporates crustal-scale magmatic evolution prior to the explosive eruption is 

772 necessary (Fig. 14). The correlation between felsic peraluminous magmatism and the thickest 
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773 crust in the Andes (Ward et al., 2016) along the retroarc fold-thrust belt of the Eastern Cordillera 

774 (Perez et al., 2016) is conspicuous (Fig. 1). Crustal thickening through transcrustal ramp stacking 

775 after ca. 10 Ma (e.g., Garzione et al., 2017; Baby et al., 2018) likely promoted favorable 

776 conditions for partial melting of metasedimentary basement rocks (Wang et al., 2021) and 

777 extraction of magma batches from the source region (Rosenberg & Handy, 2005). Thermal 

778 priming of the crust in the Eastern Cordillera of southern Peru is evidenced by a significant influx 

779 of mantle-derived magmas and extensive crustal melting occurring during the Oligocene-

780 Miocene (Sandeman et al., 1997; Carlier et al., 2005). During the late Miocene, the crust was 

781 thicker and hotter than in the late Oligocene (Garzione et al., 2017), which enhanced melting-

782 assimilation-storage-homogenization (MASH) processes in a mid-crustal anatectic region 

783 (Pichavant et al., 2024a) and promoted the stability of long-lived magmatic reservoirs at 

784 shallower crustal depths (de Silva et al., 2006; Kaiser et al., 2017; de Silva & Kay, 2018). In this 

785 context, the TZr and TREE calculated for the Lithium-rich Tuff parental magmas are lower than 

786 those of ash-flow tuff from the Macusani Formation and granites of the Quenamari Suite (Fig. 

787 13), likely reflecting higher degrees of differentiation of a fluxing-rich magma (Pichavant et al., 

788 2024a). These magmas reached saturation in zircon and monazite at or near the magma source 

789 region (see Montel, 1993), and then deviated from the TZr:TREE 1:1 line through differentiation 

790 processes, following the evolution path of the macusanite glass (Fig. 13). The elevated F 

791 concentrations in the peraluminous melt lowered the solidus and viscosity, delayed fluid-melt 

792 immiscibility (Troch et al., 2022), and facilitated shallower differentiation “en route” (cf. Tartèse 

793 & Boulvais, 2010). Ongoing fractional crystallization probably led to magma degassing and 

794 possible migration of a magmatic-fluid phase through the crystal mush column (Ballouard et al., 

795 2020; Troch et al., 2022; Tavazzani et al., 2024), which could have further enhanced the 
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796 concentration in incompatible, fluid-mobile, lithophile elements in the top of the magma body. 

797 The crystallization of Li-F micas, either through direct magmatic crystallization or via melt-

798 crystal-volatile interactions, prior to the explosive eruption likely sequestered a significant 

799 fraction of lithium, preventing its loss during syn-eruptive degassing. The subsequent 

800 incorporation of these Li-F-rich micas into the eruptive products resulted in the anomalously high 

801 lithium concentrations observed in the Li-ore at Falchani.

802

803 CONCLUSIONS

804 The composition of samples from Li-ore units of the Falchani Lithium Project in the Macusani 

805 Volcanic Field (i.e. Lithium-rich Tuff and Upper and Lower Breccia) indicates derivation from a 

806 strongly peraluminous and highly evolved rhyolitic magma with compositions that are equivalent 

807 to rare metal-rich peraluminous granites and LCT pegmatites. Their incompatible trace element 

808 compositions and REY patterns are more similar to those of macusanite than to previously 

809 reported ash-flow tuff from the Macusani Volcanic Field, which suggests derivation from highly 

810 evolved material, such as residual melts from the crystallization of the tuff parental magmas.

811 Mixing models based on Nd-Sr isotope ratios indicates a dominant contribution of 

812 Proterozoic and Paleozoic paragneiss and metapelite and <25 % of mantle contribution to the 

813 parental magma. The conspicuous felsic nature of the studied tuffaceous rocks could be explained 

814 in part by the high crustal contribution compared to other late Miocene ignimbrite fields in the 

815 Neogene Ignimbrite Province of the Central Andes.

816 Fractional crystallization was the most important mechanism for the rare metal enrichment in 

817 Macusani melts, but it is insufficient to fully account for the composition of the volcanogenic Li 

818 ore. Pre-eruptive metasomatism involving a magmatic volatile phase exsolved from a volatile-
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819 rich, highly fractionated, crystal-rich magmatic reservoir could have increased the concentration 

820 of fluid-mobile elements such as Li in the top of a mushy magma body. In addition, the 

821 accumulation of crystals, including plagioclase and Li-F micas, during tephra transport explains 

822 the observed enrichment in elements that behaved as compatible.

823 In contrast to most volcanogenic sedimentary lithium deposits, the pre-eruptive magmatic 

824 evolution was the key to upgrading Li contents to economic levels in Li-ore units at Falchani, 

825 while post-eruptive, in situ alteration processes associated with the formation of secondary clays 

826 and zeolites promoted Li leaching, but not enrichment. We attribute this feature to the extreme 

827 magma differentiation favored by elevated F concentrations that lowered the solidus and the 

828 possible segregation of a magmatic-vapor phase strongly enriched in incompatible volatile 

829 elements in a mushy magma body leading to the crystallization of lithium minerals such as 

830 zinnwaldite and lepidolite micas, previous to the eventual eruption.
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1431 FIGURE CAPTIONS

1432 Fig. 1 Location map of the Macusani Volcanic Field within the Neogene Ignimbrite Province of 

1433 the Central Andes extending between 13 °S and 28 °S (Sandeman et al., 1997; Wörner et al., 2018). 

1434 Structural boundaries between morphotectonic domains (Laubacher, 1978; Scheuber et al., 2006; 

1435 Armijo et al., 2015; Baby et al., 2018) and the projection of the three Arequipa-Antofalla basement 

1436 block domains (Loewy et al., 2004) are shown. The location of samples analyzed by previous 

1437 authors with Sr and Nd isotope data used in our discussion is provided (Pichavant et al., 1987, 

1438 1988b; Loewy et al., 2004; Carlier et al., 2005; Kay et al., 2010; Reitsma, 2012; Kato, 2013; 

1439 Martínez et al. 2019; Harlaux et al., 2021; DIGIS Team, 2023).

1440

1441 Fig. 2 Simplified geological map of the Macusani Volcanic Field and adjacent areas in the Eastern 

1442 Cordillera modified from López (1996), Sandeman et al. (1997), Choquehuanca et al. (2015), and 

1443 Rodríguez et al. (2015). Dotted patterns indicate intrusive rocks. The location of samples analyzed 

1444 for whole rock geochemistry in this and previous studies is indicated. References: [1] Linck (1926); 

1445 [2] Francis (1953); [3] Martin & de Sitter-Koomans (1955); [4] Elliott & Moss (1965); [5] Barnes 

1446 et al. (1970); [6] Noble et al. (1984); [7] Valencia & Arroyo (1985); [8] Pichavant et al. (1987); [9] 

1447 Pichavant et al. (1988b); [10] Poupeau et al. (1992); [11] MacDonald et al. (1992); [12] Craig et 

1448 al. (2010); [13] Pichavant et al. (2024a).

1449

1450 Fig. 3 (a) S-N cross section of the Li-ore bearing units at the Falchani Lithium Project (modified 

1451 from Nupen, 2019). (b) Aspect of the Upper Breccia in a drill core sample, with a white color and 

1452 clayey, brecciated texture. (c-d) Aspect of the Lithium-rich Tuff in hand sample; note the mm-

1453 scale, alternating slightly darker and lighter laminae defining anastomosed to contorted banding 
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1454 and slump structures. (e) Detail of dark Li-F mica crystal clasts scattered in a sample of Lithium-

1455 rich Tuff.

1456

1457 Fig. 4 Major elements bivariate plots showcasing analyzed samples from the Macusani Volcanic 

1458 Field. (a) Na2O+K2O vs. SiO2 diagram. (b) TAS diagram of Le Maitre et al. (1989); note that in 

1459 (b), data have been recalculated to 100% on an anhydrous (volatile-free) basis. (c) 

1460 Al2O3/(CaO+Na2O+K2O) vs. Al2O3/(Na2O+K2O) diagram after Shand (1943). (d) B vs. A diagram 

1461 after Debon & Le Fort (1983). Compositional fields of highly evolved rare metal-rich granites, 

1462 highly evolved volcanic rocks, evolved granites, muscovite-biotite and muscovite granites, and 

1463 biotite granites are after Michaud et al. (2021). Compositional fields of other volcanic and intrusive 

1464 rocks in the study area are plotted for comparison. References: [1] Linck (1926); [2] Francis (1953); 

1465 [3] Martin & de Sitter-Koomans (1955); [4] Elliott & Moss (1965); [5] Barnes et al. (1970); [6] 

1466 Noble et al. (1984); [7] Arribas & Figueroa (1985); [8] Valencia & Arroyo (1985); [9] Pichavant 

1467 et al. (1987); [10] Pichavant et al. (1988b); [11] Poupeau et al. (1992); [12] Harlaux et al. (2021); 

1468 [13] Pichavant et al. (2024a).

1469

1470 Fig. 5 Normalized composition of volcanogenic rocks from the Macusani Volcanic Field. (a) Upper 

1471 continental crust-normalized multi-element spider diagrams; upper continental crust values after 

1472 Rudnick & Gao (2003). (b) Chondrite-normalized REY spider diagrams; C1 chondrite values after 

1473 McDonough & Sun (1995). Median values are represented as thick lines, individual analyses as 

1474 thinner lines, and compositional ranges as polygons. References: [1] Linck (1926); [2] Martin & 

1475 de Sitter-Koomans (1955); [4] Elliott & Moss (1965); [5] Barnes et al. (1970); [6] Noble et al. 

1476 (1984); [7] Arribas and Figueroa (1985); [8] Valencia & Arroyo (1985); [9] Pichavant et al. 

Page 61 of 85

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1477 (1988b); [10] Poupeau et al. (1992); [11] MacDonald et al. (1992); [12] Craig et al. (2010); [13] 

1478 Pichavant et al. (2024a).

1479
1480 Fig. 6 Isocon diagram (Grant 1986) for (a) Upper Breccia and Lower Breccia and (b) Lithium-

1481 rich Tuff from the Falchani Lithium Project in the Macusani Volcanic Field. In the insets, the 

1482 vertical scales are enhanced for clarity. See text for details.

1483
1484 Fig. 7 Whole-rock radiogenic Pb isotopes of volcanogenic and intrusive rocks from the Macusani 

1485 Volcanic Field (this and previous studies) and other key igneous and basement entities in the 

1486 Central Andes including those of the Arequipa-Antofalla Basement Block (AABB) and Ordovician 

1487 metapelites of the Sandia Formation in the Macusani Structural Zone. The lower and upper crust, 

1488 and mantle Pb growth curves are generated by the plumbotectonics model version 2 (Zartman & 

1489 Doe, 1981). Analytical uncertainties are smaller than the size of the points. References: [1] 

1490 Pichavant et al. (1987); [2] Pichavant et al. (1988b); [3] Loewy et al. (2004); [4] Harlaux et al. 

1491 (2021).

1492
1493 Fig. 8 Whole-rock radiogenic Sr and Nd isotopes of volcanogenic and intrusive rocks from the 

1494 Macusani Volcanic Field (this and previous studies) and other key igneous and basement entities 

1495 in the Central Andes including those of the Arequipa-Antofalla Basement Block (AABB) and 

1496 Ordovician metapelites of the Sandia Formation in the Macusani Structural Zone. (a-b) Strontium 

1497 and Nd isotope compositions in the 87Sr/86Sr(t) vs. 143Nd/144Nd(t) diagram. All data were recalculated 

1498 to 8.9 Ma with the exception of macusanite, for which 143Nd/144Nd(t) cannot be calculated since Nd 

1499 contents are not provided in the referenced works. (c) Whole rock Rb-Sr isochrone for four samples 

1500 of Lithium-rich Tuff rocks calculated using IsoplotR (Vermeesch, 2018). Two samples (2021-

1501 MAC-031 and 2021-MAC-038) were excluded because they fall far from the Rb-Sr isochrone. (d) 
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1502 Sm/Nd TDM vs. 𝜀0
𝑁𝑑 diagram. Analytical uncertainties are smaller than the size of the points. 

1503 References: [1] Pichavant et al. (1987); [2] Pichavant et al. (1988b); [3] Loewy et al. (2004); [4] 

1504 Carlier et al. (2005); [5] Kay et al. (2010); [6] Reitsma (2012); [7] Kato (2013); [8] Martínez et al. 

1505 (2019); [9] Harlaux et al. (2021); [10] DIGIS Team (2023). Abbreviations: DM—depleted mantle 

1506 (Salters & Stracke, 2004). CHUR—chondritic uniform reservoir (Goldstein et аl., 1984).

1507

1508 Fig. 9 Geochemical composition of samples from the Macusani Volcanic Field in terms of (a) 

1509 Zr/Hf vs. Nb/Ta and (b) Mg/Li vs. La/Ta. The compositional fields in (a) are after Ballouard et al. 

1510 (2016), and compositional fields in (b) are after Shaw et al. (2022). CHARAC field is after Schmidt 

1511 et al. (2014).

1512

1513 Fig. 10 Strontium and Nd isotope ratios corrected to 8.9 Ma of volcanogenic and intrusive rocks 

1514 from the Macusani Volcanic Field and the San Rafael Intrusive Complex and compositional fields 

1515 of regional rocks discussed in the main text. The compositional field of Proterozoic and Paleozoic 

1516 paragneiss from the Puna Plateau and Sierras Pampeanas encompasses 80% of the corresponding 

1517 data presented in Figure 8, thereby effectively excluding outliers. The selected crustal rock end-

1518 members represent average isotopic values of Proterozoic and Paleozoic paragneiss in the Puna 

1519 plateau and Sierras Pampeanas (S1; DIGIS Team, 2023) and Ordovician metapelite of the Sandia 

1520 Formation (S2; Harlaux et al., 2021). The selected mantle-derived end-member is a late Miocene 

1521 (7.51 ± 0.05 Ma; 40Ar/39Ar phlogopite date, error 2σ) olivine minette from the Eastern Cordillera 

1522 (Carlier et al. 2005). The employed models assume complete chemical mixing of two end-members 

1523 resulting in a homogeneous mixture (i.e. hybridization; Heinonen et al., 2021). Percentages 

1524 represent the fraction of the mantle-derived end-member. References: [1] Carlier et al. (2005); [2] 
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1525 Reitsma (2012); [3] Martínez et al. (2019); [4] Harlaux et al. (2021); [5] DIGIS Team (2023). 

1526 Abbreviations: DM—Depleted mantle; EM—Enriched mantle.

1527

1528 Fig. 11 Bivariant plots of Rb vs. elements that behaved as incompatible in parental magmas to 

1529 Macusani Formation rocks including (a) Li, (b) Be, (c) B, (d) F, (e) Cs, (f) Sn, (g) W, (h) Nb, and 

1530 (i) Ta, and (j) Nb/Ta ratio. Fractional crystallization is modeled as outlined in Rollinson & Pease 

1531 (2021). The percentages indicate the proportion of crystal fractionation. Experimental mineral/melt 

1532 partition coefficients in felsic peraluminous magmas of Villaros & Pichavant (2019) and Pichavant 

1533 et al. (2024a) were employed. Thick lines represent models with a fractionated assemblage 

1534 corresponding to average modal proportions of phenocrysts in ash-flow tuff as estimated by 

1535 Pichavant et al. (1988a) [quartz (0.330), alkali feldspar (0.367), plagioclase (0.239), biotite (0.051), 

1536 andalusite (0.007), and muscovite (0.006)]. Thin gray lines represent the six different phenocryst 

1537 modes considered by Pichavant et al. (2024a) to account for the effect of antecryst recycling in 

1538 long-lived, large-volume silicic systems. Curves with different colors represent melt evolution 

1539 during crystallization-differentiation when initial melts are established as the least evolved glass in 

1540 Macusani Formation ash-flow tuff (black line; Model 1) or the average of glass in the most evolved 

1541 Macusani Formation ash-flow tuff (pale orange line; Model 2). The compositions of starting melts 

1542 with an additional 20% mantle-derived contribution (Model 3; see calculation in Figs. S5 and S6) 

1543 are also considered for the aforementioned least (Model 3a; purple line) and most (Model 3b; dark 

1544 orange line) evolved glasses. Given the little variation in the final products of hybridization with a 

1545 mantle-derived component for the different considered degrees of fractional crystallization, a 30 % 

1546 of crystallization was chosen as it represents and intermediate, plausible value. All Lithium-rich 

1547 Tuff samples with LOI > 2.7 wt % or plotting outside the Rb-Sr isochrone were not considered in 
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1548 the plots. References: [1] Barnes et al. (1970); [2] Pichavant et al. (1987); [3] Pichavant et al. 

1549 (1988b); [4] Craig et al. (2010); [5] Pichavant et al. (2024a).

1550

1551 Fig. 12 Bivariant plots of Rb vs. elements that behaved as compatible in parental magmas to 

1552 Macusani Formation rocks including (a) Sr, (b) Ba, (c) Ti, and (d) Pb. Fractional crystallization 

1553 (curves) models were calculated using the same parameters and references as in Figure 11. Physical 

1554 segregation (accumulation; arrows) of crystals was calculated by adding zinnwaldite, lepidolite, 

1555 and feldspars at increasing 2% proportions to a glass with the average composition of the most 

1556 evolved macusanite specimens (JV3, CH1, and CH0). The composition of Li-F micas was extracted 

1557 from Torró et al. (2023) and the composition of feldspars was extracted from the most evolved 

1558 feldspars in Macusani Formation ash-flow tuff as reported by Pichavant et al. (2024a).

1559

1560 Fig. 13 TREE (Montel, 1993) vs. TZr (Watson & Harrison, 1983) plot for volcanogenic and intrusive 

1561 units in the Macusani Volcanic Field and intrusive rocks in the San Rafael intrusive complex. 

1562 References: [1] Pichavant et al. (1987); [2] Pichavant et al. (1988b); [3] Harlaux et al. (2021).

1563

1564 Fig. 14 Transcrustal magmatic model in the Eastern Cordillera of southern Peru for the genesis of 

1565 magmas parental to Li-ore units in the Falchani Lithium Project. Mantle-derived input and different 

1566 crustal magmatic reservoirs beneath the Macusani Volcanic Field are inspired in Pichavant et al. 

1567 (1988b, 2024b). Lithospheric mantle, underplated basalts, and mafic granulites in accordance to 

1568 the high wave speed anomaly reported by Garzione et al. (2017) and petrological interpretations of 

1569 Carlier et al. (2005). The ~55-65 km crustal thickness during the late Miocene is based on Garzione 

1570 et al. (2017). This overthickened crust is likely the result of crustal-scale thrust stacking (Perez et 
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1571 al., 2016; Baby et al., 2018). Fractional crystallization drove volatile exsolution and, potentially, 

1572 fluid migration through the crystal mush, concentrating incompatible lithophile elements at the 

1573 magma chamber roof. Pre-eruptive crystallization of Li-F micas retained lithium in the system, 

1574 while their subsequent entrainment in the erupted products led to the high Li contents in the 

1575 Falchani deposit. References: [1] Pichavant et al. (1988a); [2] Pichavant et al. (1988b); [3] Carlier 

1576 et al. (2005); [4] Tartèse & Boulvais (2010); [5] Garzione et al. (2017); [6] Pichavant et al. (2024a).

1577

1578 TABLE CAPTIONS

1579 Table 1 Whole-rock radiogenic Sr, Nd, and Pb isotope results.
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Fig. 1 Location map of the Macusani Volcanic Field within the Neogene Ignimbrite Province of the Central 
Andes extending between 13 °S and 28 °S (Sandeman et al., 1997; Wörner et al., 2018). Structural 

boundaries between morphotectonic domains (Laubacher, 1978; Scheuber et al., 2006; Armijo et al., 2015; 
Baby et al., 2018) and the projection of the three Arequipa-Antofalla basement block domains (Loewy et al., 
2004) are shown. The location of samples analyzed by previous authors with Sr and Nd isotope data used in 

our discussion is provided (Pichavant et al., 1987, 1988b; Loewy et al., 2004; Carlier et al., 2005; Kay et 
al., 2010; Reitsma, 2012; Kato, 2013; Martínez et al. 2019; Harlaux et al., 2021; DIGIS Team, 2023). 
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Fig. 2 Simplified geological map of the Macusani Volcanic Field and adjacent areas in the Eastern Cordillera 
modified from López (1996), Sandeman et al. (1997), Choquehuanca et al. (2015), and Rodríguez et al. 

(2015). Dotted patterns indicate intrusive rocks. The location of samples analyzed for whole rock 
geochemistry in this and previous studies is indicated. References: [1] Linck (1926); [2] Francis (1953); [3] 

Martin & de Sitter-Koomans (1955); [4] Elliott & Moss (1965); [5] Barnes et al. (1970); [6] Noble et al. 
(1984); [7] Valencia & Arroyo (1985); [8] Pichavant et al. (1987); [9] Pichavant et al. (1988b); [10] 
Poupeau et al. (1992); [11] MacDonald et al. (1992); [12] Craig et al. (2010); [13] Pichavant et al. 

(2024a). 

188x288mm (150 x 150 DPI) 

Page 68 of 85

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



 

Fig. 3 (a) S-N cross section of the Li-ore bearing units at the Falchani Lithium Project (modified from Nupen, 
2019). (b) Aspect of the Upper Breccia in a drill core sample, with a white color and clayey, brecciated 

texture. (c-d) Aspect of the Lithium-rich Tuff in hand sample; note the mm-scale, alternating slightly darker 
and lighter laminae defining anastomosed to contorted banding and slump structures. (e) Detail of dark Li-F 

mica crystal clasts scattered in a sample of Lithium-rich Tuff. 
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Fig. 4 Major elements bivariate plots showcasing analyzed samples from the Macusani Volcanic Field. (a) 
Na2O+K2O vs. SiO2 diagram. (b) TAS diagram of Le Maitre et al. (1989); note that in (b), data have been 

recalculated to 100% on an anhydrous (volatile-free) basis. (c) Al2O3/(CaO+Na2O+K2O) vs. 
Al2O3/(Na2O+K2O) diagram after Shand (1943). (d) B vs. A diagram after Debon & Le Fort (1983). 

Compositional fields of highly evolved rare metal-rich granites, highly evolved volcanic rocks, evolved 
granites, muscovite-biotite and muscovite granites, and biotite granites are after Michaud et al. (2021). 
Compositional fields of other volcanic and intrusive rocks in the study area are plotted for comparison. 

References: [1] Linck (1926); [2] Francis (1953); [3] Martin & de Sitter-Koomans (1955); [4] Elliott & Moss 
(1965); [5] Barnes et al. (1970); [6] Noble et al. (1984); [7] Arribas & Figueroa (1985); [8] Valencia & 

Arroyo (1985); [9] Pichavant et al. (1987); [10] Pichavant et al. (1988b); [11] Poupeau et al. (1992); [12] 
Harlaux et al. (2021); [13] Pichavant et al. (2024a). 
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Fig. 5 Normalized composition of volcanogenic rocks from the Macusani Volcanic Field. (a) Upper continental 
crust-normalized multi-element spider diagrams; upper continental crust values after Rudnick & Gao (2003). 
(b) Chondrite-normalized REY spider diagrams; C1 chondrite values after McDonough & Sun (1995). Median 

values are represented as thick lines, individual analyses as thinner lines, and compositional ranges as 
polygons. References: [1] Linck (1926); [2] Martin & de Sitter-Koomans (1955); [4] Elliott & Moss (1965); 
[5] Barnes et al. (1970); [6] Noble et al. (1984); [7] Arribas and Figueroa (1985); [8] Valencia & Arroyo 

(1985); [9] Pichavant et al. (1988b); [10] Poupeau et al. (1992); [11] MacDonald et al. (1992); [12] Craig 
et al. (2010); [13] Pichavant et al. (2024a). 
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Fig. 6 Isocon diagram (Grant 1986) for (a) Upper Breccia and Lower Breccia and (b) Lithium-rich Tuff from 
the Falchani Lithium Project in the Macusani Volcanic Field. In the insets, the vertical scales are enhanced 

for clarity. See text for details. 
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Fig. 7 Whole-rock radiogenic Pb isotopes of volcanogenic and intrusive rocks from the Macusani Volcanic 
Field (this and previous studies) and other key igneous and basement entities in the Central Andes including 
those of the Arequipa-Antofalla Basement Block (AABB) and Ordovician metapelites of the Sandia Formation 
in the Macusani Structural Zone. The lower and upper crust, and mantle Pb growth curves are generated by 
the plumbotectonics model version 2 (Zartman & Doe, 1981). Analytical uncertainties are smaller than the 
size of the points. References: [1] Pichavant et al. (1987); [2] Pichavant et al. (1988b); [3] Loewy et al. 

(2004); [4] Harlaux et al. (2021). 
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Fig. 8 Whole-rock radiogenic Sr and Nd isotopes of volcanogenic and intrusive rocks from the Macusani 
Volcanic Field (this and previous studies) and other key igneous and basement entities in the Central Andes 
including those of the Arequipa-Antofalla Basement Block (AABB) and Ordovician metapelites of the Sandia 
Formation in the Macusani Structural Zone. (a-b) Strontium and Nd isotope compositions in the 87Sr/86Sr(t) 

vs. 143Nd/144Nd(t) diagram. All data were recalculated to 8.9 Ma with the exception of macusanite, for 
which 143Nd/144Nd(t) cannot be calculated since Nd contents are not provided in the referenced works. (c) 

Whole rock Rb-Sr isochrone for four samples of Lithium-rich Tuff rocks calculated using IsoplotR 
(Vermeesch, 2018). Two samples (2021-MAC-031 and 2021-MAC-038) were excluded because they fall far 
from the Rb-Sr isochrone. (d) Sm/Nd TDM vs. εNd

0 diagram. Analytical uncertainties are smaller than the 
size of the points. References: [1] Pichavant et al. (1987); [2] Pichavant et al. (1988b); [3] Loewy et al. 

(2004); [4] Carlier et al. (2005); [5] Kay et al. (2010); [6] Reitsma (2012); [7] Kato (2013); [8] Martínez 
et al. (2019); [9] Harlaux et al. (2021); [10] DIGIS Team (2023). Abbreviations: DM—depleted mantle 

(Salters & Stracke, 2004). CHUR—chondritic uniform reservoir (Goldstein et аl., 1984). 
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Fig. 9 Geochemical composition of samples from the Macusani Volcanic Field in terms of (a) Zr/Hf vs. Nb/Ta 
and (b) Mg/Li vs. La/Ta. The compositional fields in (a) are after Ballouard et al. (2016), and compositional 

fields in (b) are after Shaw et al. (2022). CHARAC field is after Schmidt et al. (2014). 
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Fig. 10 Strontium and Nd isotope ratios corrected to 8.9 Ma of volcanogenic and intrusive rocks from the 
Macusani Volcanic Field and the San Rafael Intrusive Complex and compositional fields of regional rocks 

discussed in the main text. The compositional field of Proterozoic and Paleozoic paragneiss from the Puna 
Plateau and Sierras Pampeanas encompasses 80% of the corresponding data presented in Figure 8, thereby 
effectively excluding outliers. The selected crustal rock end-members represent average isotopic values of 
Proterozoic and Paleozoic paragneiss in the Puna plateau and Sierras Pampeanas (S1; DIGIS Team, 2023) 
and Ordovician metapelite of the Sandia Formation (S2; Harlaux et al., 2021). The selected mantle-derived 
end-member is a late Miocene (7.51 ± 0.05 Ma; 40Ar/39Ar phlogopite date, error 2σ) olivine minette from 
the Eastern Cordillera (Carlier et al. 2005). The employed models assume complete chemical mixing of two 
end-members resulting in a homogeneous mixture (i.e. hybridization; Heinonen et al., 2021). Percentages 

represent the fraction of the mantle-derived end-member. References: [1] Carlier et al. (2005); [2] Reitsma 
(2012); [3] Martínez et al. (2019); [4] Harlaux et al. (2021); [5] DIGIS Team (2023). Abbreviations: DM—

Depleted mantle; EM—Enriched mantle. 
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Fig. 11 Bivariant plots of Rb vs. elements that behaved as incompatible in parental magmas to Macusani 
Formation rocks including (a) Li, (b) Be, (c) B, (d) F, (e) Cs, (f) Sn, (g) W, (h) Nb, and (i) Ta, and (j) Nb/Ta 
ratio. Fractional crystallization is modeled as outlined in Rollinson & Pease (2021). The percentages indicate 
the proportion of crystal fractionation. Experimental mineral/melt partition coefficients in felsic peraluminous 
magmas of Villaros & Pichavant (2019) and Pichavant et al. (2024a) were employed. Thick lines represent 
models with a fractionated assemblage corresponding to average modal proportions of phenocrysts in ash-

flow tuff as estimated by Pichavant et al. (1988a) [quartz (0.330), alkali feldspar (0.367), plagioclase 
(0.239), biotite (0.051), andalusite (0.007), and muscovite (0.006)]. Thin gray lines represent the six 

different phenocryst modes considered by Pichavant et al. (2024a) to account for the effect of antecryst 
recycling in long-lived, large-volume silicic systems. Curves with different colors represent melt evolution 

during crystallization-differentiation when initial melts are established as the least evolved glass in Macusani 
Formation ash-flow tuff (black line; Model 1) or the average of glass in the most evolved Macusani 

Formation ash-flow tuff (pale orange line; Model 2). The compositions of starting melts with an additional 
20% mantle-derived contribution (Model 3; see calculation in Figs. S5 and S6) are also considered for the 
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aforementioned least (Model 3a; purple line) and most (Model 3b; dark orange line) evolved glasses. Given 
the little variation in the final products of hybridization with a mantle-derived component for the different 
considered degrees of fractional crystallization, a 30 % of crystallization was chosen as it represents and 

intermediate, plausible value. All Lithium-rich Tuff samples with LOI > 2.7 wt % or plotting outside the Rb-
Sr isochrone were not considered in the plots. References: [1] Barnes et al. (1970); [2] Pichavant et al. 

(1987); [3] Pichavant et al. (1988b); [4] Craig et al. (2010); [5] Pichavant et al. (2024a). 
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Fig. 12 Bivariant plots of Rb vs. elements that behaved as compatible in parental magmas to Macusani 
Formation rocks including (a) Sr, (b) Ba, (c) Ti, and (d) Pb. Fractional crystallization (curves) models were 
calculated using the same parameters and references as in Figure 11. Physical segregation (accumulation; 

arrows) of crystals was calculated by adding zinnwaldite, lepidolite, and feldspars at increasing 2% 
proportions to a glass with the average composition of the most evolved macusanite specimens (JV3, CH1, 

and CH0). The composition of Li-F micas was extracted from Torró et al. (2023) and the composition of 
feldspars was extracted from the most evolved feldspars in Macusani Formation ash-flow tuff as reported by 

Pichavant et al. (2024a). 
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Fig. 13 TREE (Montel, 1993) vs. TZr (Watson & Harrison, 1983) plot for volcanogenic and intrusive units in 
the Macusani Volcanic Field and intrusive rocks in the San Rafael intrusive complex. References: [1] 

Pichavant et al. (1987); [2] Pichavant et al. (1988b); [3] Harlaux et al. (2021). 
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Fig. 14 Transcrustal magmatic model in the Eastern Cordillera of southern Peru for the genesis of magmas 
parental to Li-ore units in the Falchani Lithium Project. Mantle-derived input and different crustal magmatic 
reservoirs beneath the Macusani Volcanic Field are inspired in Pichavant et al. (1988b, 2024b). Lithospheric 
mantle, underplated basalts, and mafic granulites in accordance to the high wave speed anomaly reported 
by Garzione et al. (2017) and petrological interpretations of Carlier et al. (2005). The ~55-65 km crustal 
thickness during the late Miocene is based on Garzione et al. (2017). This overthickened crust is likely the 

result of crustal-scale thrust stacking (Perez et al., 2016; Baby et al., 2018). Fractional crystallization drove 
volatile exsolution and, potentially, fluid migration through the crystal mush, concentrating incompatible 

lithophile elements at the magma chamber roof. Pre-eruptive crystallization of Li-F micas retained lithium in 
the system, while their subsequent entrainment in the erupted products led to the high Li contents in the 
Falchani deposit. References: [1] Pichavant et al. (1988a); [2] Pichavant et al. (1988b); [3] Carlier et al. 

(2005); [4] Tartèse & Boulvais (2010); [5] Garzione et al. (2017); [6] Pichavant et al. (2024a). 
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Table 1 Whole-rock radiogenic Sr, Nd, and Pb isotope results.
Sample 2021-MAC-003 2021-MAC-012 2021-MAC-025 2021-MAC-031
Lithotype Quenamari Suite

granite
Post-lithium-ore
ash-flow tuff

Lithium-rich Tuff Lithium-rich Tuff

Rb/Sr* 5.939871 2.437626 62.662358 144.106453
87Rb/86Sr 17.222766 7.066090 181.942717 419.170906
87Sr/86Sr 0.724218 0.721533 0.738421 0.756846
2σ 0.000005 0.000004 0.000005 0.000007
87Sr/86Sr(t) 0.722041 0.720640 0.715426 0.703868
Sm/Nd* 0.256471 0.219041 0.257369 0.289327
147Sm/144Nd 0.158230 0.135137 0.158784 0.178500
143Nd/144Nd 0.512181 0.512190 0.512176 0.513000
2σ 0.000007 0.000007 0.000005 0.000006
143Nd/144Nd(t) 0.512172 0.512182 0.512167 0.512990
εNd(t) -8.5 -8.3 -8.6 7.4
Sm/Nd TDM 2.33 1.62 2.37 0.21
U/Pb* 0.3425 0.1324 0.4183 0.7504
Th/U* 0.3983 1.5775 0.2122 0.1884
206Pb/204Pb 18.8691 18.8289 18.9329 18.9753
1σ 0.0009 0.0033 0.0008 0.0008
207Pb/204Pb 15.6943 15.6874 15.6926 15.7041
1σ 0.0007 0.0027 0.0007 0.0007
208Pb/204Pb 38.9525 38.9628 38.8560 38.9346
1σ 0.0019 0.0067 0.0017 0.0017
206Pb/204Pb(t) 18.8404 18.8178 18.8978 18.9123
207Pb/204Pb(t) 15.6930 15.6869 15.6910 15.7011
208Pb/204Pb(t) 38.9524 38.9621 38.8559 38.9345
Isotopic ratios were corrected for an age of 8.9 Ma based on 40Ar/39Ar dates on mica crystals from the Lithium-rich Tuff (unpublished data). All calculations are done following the procedure described in Faure & Mensing (2005).
We used the following decay constants (λ) for calculations: λ(87Rb) = 1.42 х 10-11 years-1 (Steiger & Jager, 1977), λ(147Sm) = 6.54 х 10-12 years-1 (Lugmair & Marti, 1978),  λ(238U) = 0.0155125 х 10-9 years-1, λ(235U) = 0.98485 x 10-9 years-1, and λ(232Th) = 0.049475 x 10-9 years-1  (Steiger & Jager, 1977).
Chondrite Uniform Reservoir (CHUR) values are used to calculate the εNd(t) values [εNd(t)=((143Nd/144Nd(rock,t)/143Nd/144Nd(CHUR,t))-1)x104] (Rollinson & Pease, 2021). The present-day 143Nd/144NdCHUR ratio normalized against 146Nd/144Nd = 0.7219 is extracted from Goldstein et аl. (1984). The 143Nd/144NdCHUR ratio at a time t is calculated considering a Sm/NdCHUR ratio of 0.325 (Wasserburg et аl., 1981).
Sm/Nd TDM ages are calculated using the depleted mantle model of DePaolo (1981).
*Measured by ICP-MS (this study).
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Isotopic ratios were corrected for an age of 8.9 Ma based on 40Ar/39Ar dates on mica crystals from the Lithium-rich Tuff (unpublished data). All calculations are done following the procedure described in Faure & Mensing (2005).
We used the following decay constants (λ) for calculations: λ(87Rb) = 1.42 х 10-11 years-1 (Steiger & Jager, 1977), λ(147Sm) = 6.54 х 10-12 years-1 (Lugmair & Marti, 1978),  λ(238U) = 0.0155125 х 10-9 years-1, λ(235U) = 0.98485 x 10-9 years-1, and λ(232Th) = 0.049475 x 10-9 years-1  (Steiger & Jager, 1977).
Chondrite Uniform Reservoir (CHUR) values are used to calculate the εNd(t) values [εNd(t)=((143Nd/144Nd(rock,t)/143Nd/144Nd(CHUR,t))-1)x104] (Rollinson & Pease, 2021). The present-day 143Nd/144NdCHUR ratio normalized against 146Nd/144Nd = 0.7219 is extracted from Goldstein et аl. (1984). The 143Nd/144NdCHUR ratio at a time t is calculated considering a Sm/NdCHUR ratio of 0.325 (Wasserburg et аl., 1981).

2021-MAC-033 2021-MAC-034 2021-MAC-038 2021-MAC-039 2021-MAC-040
Post-lithium-ore
ash-flow tuff

Post-lithium-ore
ash-flow tuff

Lithium-rich Tuff Lithium-rich Tuff Lithium-rich Tuff

2.636161 2.554153 123.684365 140.065148 109.655500
7.642233 7.404578 360.285536 407.854388 318.949068
0.722388 0.722510 0.771622 0.767905 0.756449
0.000006 0.000005 0.000006 0.000006 0.000005
0.721422 0.721574 0.726086 0.716357 0.716138
0.228766 0.218259 0.199712 0.245339 0.248148
0.141137 0.134655 0.123212 0.151362 0.153095
0.512168 0.512190 0.512174 0.512189 0.512178
0.000006 0.000005 0.000007 0.000008 0.000007
0.512160 0.512182 0.512167 0.512180 0.512169
-8.8 -8.3 -8.6 -8.4 -8.6
1.80 1.61 1.43 2.04 2.13
0.0691 0.1251 0.3768 0.6467 0.6854
0.7793 0.6810 0.1709 0.2634 0.1253
18.8448 18.8395 18.9160 18.9155 18.9767
0.0011 0.0008 0.0003 0.0002 0.0013
15.6903 15.6920 15.6921 15.6923 15.6864
0.0009 0.0007 0.0003 0.0002 0.0011
38.9725 38.9756 38.9256 38.9298 38.9029
0.0023 0.0017 0.0007 0.0006 0.0026
18.8448 18.8395 18.8844 18.8612 18.9191
15.6900 15.6915 15.6906 15.6898 15.6838
38.9721 38.9753 38.9255 38.9297 38.9029
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Isotopic ratios were corrected for an age of 8.9 Ma based on 40Ar/39Ar dates on mica crystals from the Lithium-rich Tuff (unpublished data). All calculations are done following the procedure described in Faure & Mensing (2005).
We used the following decay constants (λ) for calculations: λ(87Rb) = 1.42 х 10-11 years-1 (Steiger & Jager, 1977), λ(147Sm) = 6.54 х 10-12 years-1 (Lugmair & Marti, 1978),  λ(238U) = 0.0155125 х 10-9 years-1, λ(235U) = 0.98485 x 10-9 years-1, and λ(232Th) = 0.049475 x 10-9 years-1  (Steiger & Jager, 1977).
Chondrite Uniform Reservoir (CHUR) values are used to calculate the εNd(t) values [εNd(t)=((143Nd/144Nd(rock,t)/143Nd/144Nd(CHUR,t))-1)x104] (Rollinson & Pease, 2021). The present-day 143Nd/144NdCHUR ratio normalized against 146Nd/144Nd = 0.7219 is extracted from Goldstein et аl. (1984). The 143Nd/144NdCHUR ratio at a time t is calculated considering a Sm/NdCHUR ratio of 0.325 (Wasserburg et аl., 1981).

2021-MAC-045 2021-MAC-046 2021-MAC-047 2021-MAC-048 2021-MAC-055
Pre-lithium-ore
ash-flow tuff

Pre-lithium-ore
ash-flow tuff

Post-lithium-ore
ash-flow tuff

Lithium-rich Tuff Picotani Suite
granite

6.405349 6.056142 2.719262 87.639075 2.106763
18.577863 17.564721 7.883145 254.762456 6.107737
0.727213 0.727031 0.722391 0.750461 0.722775
0.000004 0.000004 0.000005 0.000006 0.000005
0.724865 0.724811 0.721395 0.718262 0.722003
0.204957 0.211923 0.213494 0.287275 0.266563
0.126448 0.130746 0.131715 0.177234 0.164456
0.512172 0.512160 0.512185 0.512196 0.512090
0.000007 0.000006 0.000003 0.000006 0.000008
0.512165 0.512152 0.512177 0.512186 0.512080
-8.7 -8.9 -8.4 -8.2 -10.3
1.49 1.59 1.56 3.67 2.95
0.2156 0.1504 0.2586 0.6026 0.2204
0.4150 0.4032 0.6592 0.2046 2.1871
18.8622 18.8365 18.8571 18.9666 18.8046
0.0005 0.0005 0.0005 0.0003 0.0004
15.6927 15.6909 15.6914 15.6931 15.6901
0.0004 0.0004 0.0005 0.0003 0.0003
38.9467 38.9423 38.9691 38.9280 38.9720
0.0010 0.0011 0.0011 0.0007 0.0009
18.8622 18.8365 18.8571 18.9160 18.7861
15.6919 15.6903 15.6904 15.6907 15.6893
38.9465 38.9421 38.9688 38.9279 38.9710
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We used the following decay constants (λ) for calculations: λ(87Rb) = 1.42 х 10-11 years-1 (Steiger & Jager, 1977), λ(147Sm) = 6.54 х 10-12 years-1 (Lugmair & Marti, 1978),  λ(238U) = 0.0155125 х 10-9 years-1, λ(235U) = 0.98485 x 10-9 years-1, and λ(232Th) = 0.049475 x 10-9 years-1  (Steiger & Jager, 1977).
Chondrite Uniform Reservoir (CHUR) values are used to calculate the εNd(t) values [εNd(t)=((143Nd/144Nd(rock,t)/143Nd/144Nd(CHUR,t))-1)x104] (Rollinson & Pease, 2021). The present-day 143Nd/144NdCHUR ratio normalized against 146Nd/144Nd = 0.7219 is extracted from Goldstein et аl. (1984). The 143Nd/144NdCHUR ratio at a time t is calculated considering a Sm/NdCHUR ratio of 0.325 (Wasserburg et аl., 1981).
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Chondrite Uniform Reservoir (CHUR) values are used to calculate the εNd(t) values [εNd(t)=((143Nd/144Nd(rock,t)/143Nd/144Nd(CHUR,t))-1)x104] (Rollinson & Pease, 2021). The present-day 143Nd/144NdCHUR ratio normalized against 146Nd/144Nd = 0.7219 is extracted from Goldstein et аl. (1984). The 143Nd/144NdCHUR ratio at a time t is calculated considering a Sm/NdCHUR ratio of 0.325 (Wasserburg et аl., 1981).
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