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16 ABSTRACT

17 The continental lower crust constitutes a key zone for understanding the mantle-crust 

18 magmatic and mechanical transfers, but its study is hampered by the paucity of lower crust 

19 samples. Here, we characterise the petrological, geochemical and petrophysical processes 

20 structuring the lower crust of the North Patagonian Massif (NPM; Argentina) using a suite of 

21 representative mafic granulite and websterite xenoliths. These xenoliths were entrained by 

22 alkaline lavas from 5 volcanic centres that erupted between the Oligocene and Pleistocene. 

23 Electron microprobe and laser ablation inductively coupled plasma mass spectrometer (LA-

24 ICPMS) were used to obtain in-situ geochemical data on the minerals, while microstructural 

25 data were obtained by Electron Backscatter Diffraction (EBSD). Both granulites and 
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26 websterites display a granoblastic texture and sometimes a weak inherited magmatic layering. 

27 Mafic granulite xenoliths show a plagioclase + clinopyroxene ± orthopyroxene assemblage 

28 commonly associated with spinel or titanomagnetite. Websterite xenoliths show an 

29 association of clinopyroxene + orthopyroxene + spinel, along with accessory plagioclase. 

30 Mafic granulites and websterites have SiO2 contents ranging from 44 to 53 wt% while their 

31 Mg# varies from 53 to 79. Clinopyroxenes are characterised by weak convex upward 

32 chondrite-normalised Rare Earth Elements - REE patterns (Light-REE </<< Mid-REE > 

33 Heavy-REE) which are similar to clinopyroxene phenocrysts and megacrysts from intra-plate 

34 basalts. Calculated liquid in equilibrium with clinopyroxene have similar REE patterns to 

35 those found in Cenozoic basalts from the NPM, suggesting that the xenolith suite represents 

36 evidence for underplating processes, possibly related to one of the magmatic events that have 

37 occured in the NPM since the Permo-Trias. Mafic granulites and websterites show a weak 

38 mineral shape preferred orientation and an associated weak crystal preferred orientation 

39 (CPO) related to the magmatic layering. Recorded plastic deformation is associated with the 

40 activation of both (100)[001] and (001)[100] slip systems in clinopyroxene, (100)[001] in 

41 orthopyroxene and (010)[001] in plagioclase. However, the activation of slip systems is 

42 generally not correlated with CPO in granulites, suggesting that the lower crust underwent 

43 subsolidus equilibration and weak plastic deformation in an inactive tectonic context, thereby 

44 preserving an inherited magmatic layering. Two-pyroxene (Fe-Mg) thermometer and 

45 pseudosection calculations define P-T conditions of the main paragenesis at 760-1120°C and 
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46 7.2-10.3 kbar, which allows to define the Cenozoic geotherm of the NPM crust at 30°C/km 

47 and to reconsider the petrologic Moho depth at ca. 40 km.

48

49 Keywords: Xenoliths, mafic granulites, microstructure, thermobarometry, trace elements, 

50 Patagonia

51

52 INTRODUCTION

53 The debate on the constitution and structuring of the continental lower crust, and its transition 

54 to the mantle, is still ongoing. The lower crust is an important zone for understanding the 

55 complex processes of crust-mantle transfers. These transfers can be magmatic in nature, with  

56 magma underplating, associated magma fractionation and assimilation, or lithospheric 

57 delamination (Cawood et al., 2013, 2022; Gianni & Navarrete, 2022) and mechanical, with 

58 the transfer of plate tectonic strain into the crust via decoupling processes at the crust-mantle 

59 boundary (Coltice et al., 2019; Mouthereau et al., 2021). However, understanding the effects 

60 of these transfers on the structure of the continental lower crust is challenging for two main 

61 reasons: the lower crust is rarely exposed at the Earth's surface, and existing knowledge is 

62 mainly derived from xenoliths studies, which do not provide spatial resolution (Mengel & 

63 Kern, 1992; Rudnick & Fountain, 1995; O’Reilly & Griffin, 2013; Hacker et al., 2015).

64 The North Patagonian Massif (NPM; Rio Negro Province, Argentina) lacks outcrops 

65 of mid-to-lower crustal rock (e.g. Rapela & Pankhurst, 2020), so the nature of its lower crust 

66 remains controversial. While the oldest exposed rocks in the massif are igneous and 

67 metasedimentary Early Paleozoic (Early Cambrian to Silurian), the age of the basement has 

68 been indirectly inferred as Mesoproterozoic (1200-1000 Ma) from U-Pb ages of detrital 

69 zircons (Pankhurst et al., 2006; Rapalini et al., 2013), from U-Pb ages and Hf model ages of 

70 inherited metamorphic and magmatic zircon cores (Rapalini et al., 2013; Pankhurst et al., 
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71 2014; Rapela & Pankhurst, 2020), and from whole-rock Nd model ages of Paleozoic igneous 

72 rocks (Martínez Dopico et al., 2011; Pankhurst et al., 2014). The NPM Mesoproterozoic 

73 lower crust of the NPM has a refractory character based on the geochemical study of xenoliths 

74 from the Sierra de los Chacays (Southern NPM, Pankhurst & Rapela, 1995). It recorded 

75 crustal anatexis, magmatic remobilisation between the Devonian (Late Paleozoic) and the 

76 Jurassic (Pankhurst & Rapela, 1995; Pankhurst et al., 1998; Pankhurst et al., 2006; Luppo et 

77 al., 2018; Zaffarana et al., 2020; Falco et al., 2022; Gianni & Navarrete, 2022, Oriolo et al., 

78 2023). These studies of the NPM lower crust have demonstrated the occurrence of successive 

79 melts and magmatic events, which are responsible for its compositional heterogeneities, and 

80 structure.

81 The thickness and the geotherm of the NPM lower crust are mainly constrained by 

82 interpretation of gravity anomalies and seismic tomography models. The depth of the Moho is 

83 estimated at ca. 30-40 km (Assumpção et al., 2013; Chulick et al., 2013; Van der Meijde et 

84 al., 2013), while the high surface heat flow (ca. 65-135 mW/m²; Idárraga-García & Vargas, 

85 2018; Christiansen et al., 2022) and the thin lithosphere (<100 km; e.g. Afonso et al., 2019) 

86 indicate the likelihood of high temperatures and a high geothermal gradient in the lower crust. 

87 However, another geophysical model, combining many types of data (tomography models, 

88 rock density, rock thermal conductivity and heat flow data), proposed a deeper Moho at 40-50 

89 km, a crustal geotherm of 25°C/km for the first 30 km and a lithospheric thickness ranging 

90 between 115 and 200 km suggesting a colder thermal regime than previously proposed 

91 (Gómez-Dacal et al., 2017, 2021). The petrological and geochemical nature and evolution of 

92 the NPM lower crust are still poorly characterised, (Pankhurst & Rapela, 1995), and its 

93 petrophysical characteristics remain unknown.

94 A detailed petrological, geochemical and microstructural characterisation of the NPM 

95 lower crust, will better constrain the magmatic and rheological relationships at the mantle-
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96 crust transition. In this study, the rheology and the magmatic processes of the NPM lower 

97 crust has been investigated in detail by analysing the microstructure of granulites and 

98 websterites, as well as the chemical composition of minerals (major and trace elements). The 

99 combination of these new data allows us to present a model of the deformation, the thermal 

100 regime, the thickness, the origin and the evolution of the recent lower crust of the North 

101 Patagonian Massif. To build this model we use a collection of xenoliths of mafic granulites 

102 and websterites of Oligo-Miocene to Pleistocene volcanics from five different localities 

103 within the massif.

104

105 GEOLOGICAL SETTING

106 The North Patagonian Massif (NPM) is a plateau extended to 100 000 km², located in the 

107 provinces of Río Negro and Chubut, Argentina (39-43° S; Fig. 1). The NPM is bounded to the 

108 north by Neuquén and Colorado basins, and to the south by the Cañadón Asfalto and the San 

109 Jorge basins. To the East, it is underlain by Andean Cordillera mountain range and magmatic 

110 arc, resulting from the east-dipping long-lived ocean-continent subduction (e.g. Aragón et al., 

111 2011). The NPM, together with the Deseado massif to the south, is known to be one of the 

112 two massifs exposing basement rocks of the Patagonian geological province (Ramos, 2008). 

113 The basement outcrops show scarce Early to Late Paleozoic magmatic and metamorphic 

114 rocks (Cambro-Ordivician in the northeast, Devonian to Carboniferous in the west; Pankhurst 

115 et al., 2006; Martínez Dopico et al., 2011) and abundant Permo-Triassic magmatic rocks, the 

116 latter including granitoids, andesites and rhyolites (Pankhurst et al., 2006). This exposed 

117 basement is overlain by Jurassic andesites, rhyolites and rare granitoids (Zaffarana et al., 

118 2020). Late Paleozoic to Jurassic magmatic rocks include Devonian to Permian I- to S- type 

119 magmatism (Oriolo et al. 2023) and the formation of the Choiyoi (Permian-Lower Trias; 295-

120 248 Ma) and Chon Aike (Early Jurassic; 200-175 Ma) silicic large igneous provinces (SLIP; 
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121 Pankhurst & Rapela, 1995; Pankhurst et al., 1998; Luppo et al., 2018; Zaffarana et al., 2020; 

122 Falco et al., 2022; Gianni & Navarrete, 2022), and provide significant evidence for lower 

123 crustal growth and reworking of the NPM basement. In addition, mafic crustal xenoliths 

124 found in the Paso de Indios Paleogene basalts (Cañadón Asfalto Basin, south to the NPM) 

125 have been dated at 175.9 Ma by U-Pb zircon dating method (Castro et al., 2011), and thus 

126 have been attributed to the formation of a residual crust during the Chon Aike SLIP. The 

127 lithosphere of the NPM is thought to have been thinned and reworked which is directly related 

128 to thermal erosion associated with the intense magmatic activity during both the Choiyoi and 

129 Chon Aike SLIP (Navarrete et al., 2019; Gianni and Navarrete, 2022). This is supported by 

130 Re-Os systematics applied to peridotite xenoliths from Pleistocene volcanics which yielded 

131 Mesoproterozoic to Phanerozoic TRD ages (1.3-0 Ga; Schilling et al., 2008, 2017; Mundl et 

132 al., 2016).

133 Finally, Cenozoic volcanic rocks, mainly Oligo-Miocene flood basalts (Cordenons et 

134 al., 2020), form the upper part of the sequence. They belong to a Cenozoic intraplate large 

135 igneous province (LIP) with an asthenospheric mantle source that occurred in Patagonia (Kay 

136 et al., 2007; Navarrete et al., 2020) and are thought to include lower crust fractionation of the 

137 mantle source melts (Kay et al., 2007; Cordenons et al., 2020). The origin of the 

138 asthenospheric melting is not well constrained, in contrast to the magmatic evolution of the 

139 LIP (Kay et al., 2007; Cordenons et al., 2020). Early to middle Oligocene initial magmatic 

140 phases are mainly alkaline. Late Oligocene to Early Miocene phases are dominated by the 

141 production of tholeiitic flood basalts, followed by Middle to Late Miocene alkaline phases 

142 synonymous with the extinction of the LIP. The associated lower crust has not been 

143 characterised, however, extensive Cenozoic tectonics did not affect the NPM, except for 
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144 minor faulting and uplift when it affected all the surrounding basins (Aragón et al., 2011). 

145 Therefore, the basement is compared to a cratonic block. 

146 North Patagonian Massif xenoliths occur in Oligocene to Pleistocene volcanic rocks 

147 and display spinel and rare garnet peridotites, spinel pyroxenites, and granulites. Mantle 

148 peridotite xenoliths have been previously studied and discussed from petrological and 

149 geochemical perspectives (e.g. Bjerg et al., 2005, 2009; Mundl et al., 2016; Schilling et al., 

150 2017; Melchiorre et al., 2020). However, despite their importance to characterise the lower 

151 crust, granulite xenoliths have not yet been studied in the NPM.

152

153 SAMPLE COLLECTION AND ANALYTICAL METHODS

154 Samples collection

155 Xenoliths were sampled within lava flows, basaltic necks or basaltic dykes from 5 different 

156 localities in northern Patagonia: Comallo, Cerro Traful, Cerro Aznares, Estancia Alvarez and 

157 Cerro Chenque (Fig. 1). The host rocks are Late Oligocene to Early Miocene alkaline 

158 trachybasalts and basalts with Cerro Chenque and Cerro Traful dated at 23 to 25 Ma and 

159 Cerro Aznares and Estancia Alvarez at 20 to 29 Ma (Mallmann, 2004; Bjerg et al., 2005; 

160 Dantas, 2007; Mundl et al., 2016; Melchiorre et al., 2020), except Comallo where the host-

161 lava flow was dated to the Early Pleistocene from 0.9 to 1.4 Ma (Mundl et al., 2016). The 

162 xenoliths have an average diameter of 8 to 12 cm. A series of 20 mafic granulites and 3 

163 websterites collected by T. Ntaflos and E. Bjerg in 2001, and a xenolith collection from C. 

164 Dantas (2007) consisting of 7 websterites and 1 mafic granulite from Cerro Aznares were 

165 used for this study (Table 1). Among these two collections, 9 granulites and 1 websterite were 

166 selected for major and trace elements bulk-rock analysis, 7 granulites and 2 websterites for 
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167 major element analysis on minerals, 5 granulites and 2 websterites for trace element analysis 

168 on minerals, 6 granulites and 2 websterites for detailed microstructural analyses. 

169

170 Bulk-rock analyses

171 Bulk rock preparation has been done using the following protocol. All samples were crushed 

172 in an agate-crusher and subsequently reduced to powder using an agate disk mill. Bulk rock 

173 major and the trace elements Ba, Co, Cr, Ga, Ni, Rb, Sc, Sr, V, Zn and Zr were analysed with 

174 the sequential X-ray spectrometer Philips PW 2400, equipped with an Rh-excitation source 

175 (University of Vienna, Department of Lithospheric Research). Fused beads were produced at 

176 950°C from a mixture of the specimen and Li2B4O7 flux, diluted 1:5 to gain accurate and 

177 precise results. The trace elements were measured on powder pellets. Reference material used 

178 for the calibration were international geostandards BCR-1, BHVO-1, BIR-1, DR-N, SGD-1a, 

179 MO-1, GSR-2, GSR3-3 (Govindaraju, 1989). Replicate analyses of geo-standard GSR-3 gave 

180 an overall procedural uncertainty better than 2% for major elements and 5% (Cu=8.5%) for 

181 trace elements. The Loss On Ignition (LOI) has not been measured as the samples are fresh 

182 and there are no hydrous phases, which means the LOI is insignificant.

183 For small-size samples a bulk rock chemical analysis was not possible and their 

184 compositions have been calculated combining their mineral modal compositions obtained by 

185 Electron Backscatter Diffraction maps and mineral major elements composition obtained by 

186 microprobe analyses (Table 2). Bulk Fe2O3 was calculated based on the ratio Fe2O3/FeOt in 

187 two pyroxenes and spinel or titanomagnetite in two samples.

188

189 Backscatter images and minerals major elements compositions

190 Polished thick sections were covered with a 20 nm carbon deposit using a carbon evaporator 

191 Leica EM ACE600 for secondary Electron Microscope (SEM) observations and microprobe 
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192 measurements. SEM qualitative chemical analyses were carried out at the Géosciences 

193 Environnement Toulouse (GET) laboratory (CNRS-CNES-IRD-University Paul Sabatier, 

194 Toulouse), Observatoire Midi Pyrénées (Toulouse, France), using a Tescan Vega 4 equipped 

195 with an EDS Bruker Quantax 30mm². The analyses were conducted with an acceleration 

196 voltage of 20 kV, a probe current of 3 nA and a working distance of 15 mm.

197 Minerals major element analyses were carried out using a Cameca SX Five electron 

198 microprobe from the micro-characterisation centre Raimond Castaing (University Paul 

199 Sabatier, Toulouse). Measurements were made with an acceleration voltage of 15 kV and a 

200 probe current of 20 nA. Acquisition times were 10 s on peak and 5 s on either side of the peak 

201 for the continuous background. The reference materials used are natural or synthetic minerals 

202 as well as pure metals. The data summary and detection limits are available in Supplementary 

203 Table S1.

204

205 Clinopyroxene trace elements

206 Trace element contents in clinopyroxene was measured using the ELEMENT XR High 

207 Resolution ICP-MS (Thermo Scientific) coupled to the New Wave Research NWR213 Nd 

208 YAG 213 nm laser ablation unit from the GET laboratory (Observatoire Midi Pyrénées, 

209 Toulouse, France). Ablations were performed in a pure He atmosphere (500-600 xl/min) 

210 using a 50 or 30 μm spot size with a fluence of 1.5-2 J/cm2, an energy of 20-30 % and 10 Hz 

211 repetition (pulse) rate. Counting time for one analysis was 210 s (60 s on gas blank to 

212 establish background, then 120 s for data acquisition followed by 30 s washout). The 

213 reference materials NIST SRM 610 and NIST SRM 612 were used as external reference 

214 material (Jochum et al., 2011), bracketing at most 12 unknowns. CaO values (wt%) 

215 determined with the electron microprobe served as an internal reference material. The 

216 uncertainties for laser analysis range from 1 to 10% for most of the elements, and is at 15% 
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217 for Nb and Ta. The theoretical detection limits range from 10 to 60 ppb and for Sc and V is 

218 100 ppb, for Ti is 2 ppm and for Ni and Cr is 0.7 ppm. Data reduction and processing were 

219 performed using the Glitter software (Van Achterbergh, 2001; Griffin et al., 2008).

220

221 Thermobarometry

222 Modelling was performed in the Na2O-CaO-K2O-FeO-MgO-TiO2-Al2O3-SiO2-O2 system, 

223 using the Perple_X 6.9.1 software and the internally consistent thermodynamic dataset 

224 (hp622ver) of Holland & Powell (2011). The solution models used were those of Fuhrman & 

225 Lindsley (1988) for plagioclase (Pl), Green et al. (2016) for clinopyroxene (Cpx) and melt, 

226 White et al. (2014) for orthopyroxene (Opx) and garnet (Grt), White et al. (2002) for spinel 

227 (Sp) and Holland & Powell (2004) for olivine (Ol). To avoid host lava interfering with 

228 xenolith bulk composition, calculated bulk rock compositions based on mineralogical 

229 proportions and microprobe analyses were preferred for pseudosection calculation. The O2 

230 content was calculated using the formula O2 mol = 0.5*Fe2O3 mol. The TiO2 from pyroxenes 

231 was not included in the bulk rock incrementation into Perple_X, as solution models of 

232 minerals without titanium were used. Four samples were selected for isochemical phase 

233 diagram calculations because they are well-preserved from lava interaction.

234

235 Crystallographic orientations of minerals

236 A mechanic-chemical polishing using a Vibromet (Buehler) was applied on 8 thick sections 

237 for 1h15 with a colloidal silica suspension (pH 10) to remove mechanically induced surface 

238 damage. Electron Backscatter Diffraction (EBSD) data acquisition was performed with a 

239 JEOL 7100 Secondary Electron microscope at the centre of micro-characterization Raimond 

240 Castaing (University Paul Sabatier, Toulouse), equipped with an EBSD camera CMOS 

241 Symmetry S2 (Oxford Instruments). Analyses were performed with an acceleration voltage of 
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242 20 kV, a probe current of 16 nA and a working distance of 15 or 17 mm with a stage tilt of 

243 70°. Automatic indexing was performed using AZTec software (version 6.0 Oxford 

244 Instruments). The step size used for mapping varied between 15 and 20 µm depending on the 

245 grain size. The EBSD data were then processed in MATLAB (version R2020b) using the 

246 MTex toolbox (version 5.7.0; Bachmann et al., 2010, 2011). A value of 10° as the cut-off 

247 angle for the determination of the grains was used, and low-angle boundaries are ≥ 2° and < 

248 10°. Pole figures were plotted on a lower-hemisphere, equal-area stereographic projection. To 

249 avoid oversampling of large clinopyroxene and orthopyroxene crystals, pole figures were 

250 plotted with one point per grain, while plagioclase pole figures represent all the available 

251 measurements as twins increase the number of grains detected. The strength of the 

252 crystallographic preferred orientation was estimated using both the J- and M-indices (Bunge, 

253 1982; Skemer et al., 2005). In addition, the misorientation of each pixel was calculated 

254 relative to the mean orientation of its corresponding grain and then combined as maps of 

255 misorientation relative to mean grain orientation. In parallel, for each sample, pixel 

256 proportions relative to their misorientation angle were plotted in normalised histograms.

257

258 RESULTS

259 Sample description and petrography

260 Mafic granulites

261 Mafic granulite xenoliths are metagabbros and metagabbronorites composed of plagioclase 

262 (14-72 vol.%; Table 1), clinopyroxene (12-85 vol.%) ± orthopyroxene (0-52 vol.%), together 

263 with either spinel (samples CXTRA1, CXTRA4, CXALV1, CXCHE4 and CXAZN2; Fig. 

264 2a), titanomagnetite (samples CXAZN1, CXCHE3 and CXTRA2; Fig. 2b, c) or without oxide 

265 in sample CXCHE2 from Cerro Chenque (Fig. 2f). Sample CXALV1 from Estancia Alvarez 

266 is characterised by two types of spinel, Ferrian-pleonaste and Al-magnetite, which can form a 

Page 11 of 73

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

Manuscript submitted to Journal of Petrology

https://www.zotero.org/google-docs/?broken=aShfCh


267 symplectite with a single-crystal-like shape (Fig. 2d). Accessory olivine was found only in the 

268 sample CXAZN1 (Fig. 2c). Traces of ilmenite also occur in this sample.

269 Mafic granulites display a granoblastic texture with clinopyroxene- or plagioclase-rich 

270 layers where crystals are flattened and slightly elongated (aspect ratio up to 2:1; Fig. 2b, c, e). 

271 The grain size distribution is rather unimodal with clinopyroxene, plagioclase and 

272 orthopyroxene ranging from 0.3 to 5 mm (Fig. 2). Many samples display linear grain 

273 boundaries (samples CXALV1, CXAZN2, CXCHE3, CXTRA1, CXTRA4) with numerous 

274 120° triple junctions (Fig. 2a, b, e) and some samples present slightly curved grain boundaries 

275 (CXAZN1, CXCHE4; Fig. 2c). Metagabbro CXCHE2 has a texture that differs from the suite 

276 by exhibiting fine (ca. 0.3 mm) to very coarse plagioclase grains (up to 1 cm) together with 

277 curved grain boundaries and rare 120° triple junctions (Fig. 2f). Albite twinning is observed in 

278 all samples and is sometimes tapered (Fig. 2a). Partial melting during xenolith transport by 

279 the host lava produces, at the expense of orthopyroxene, subhedral olivine II grains that can 

280 reach 100 µm in size, orthopyroxene II rims (<50 µm) on orthopyroxene I grains and 

281 interstitial glass and potassic feldspar (Supplementary Fig. S1). These reactions are almost 

282 absent (e.g. CXTRA4) to ubiquitous and sometimes form pockets (e.g. CXCHE3; Fig. 2b). 

283 Spongy rims of clinopyroxene II can also be observed on clinopyroxenes, produced during 

284 host lava transport, usually a few micrometres in size, except in sample CXAZN1 where they 

285 are 50 µm width (Fig. 2c). Finally, clinopyroxene in some samples displays Fe-Ti exsolution 

286 lamellae too thin to be analysed with the microprobe.

287

288 Websterites

289 Spinel-websterites from Comallo, Cerro Aznares and Cerro Chenque (samples CO10A1, 

290 PM6C8 and CXCHE1) display a granoblastic texture. They are composed of clinopyroxene 

291 and orthopyroxene with a grain size varying from 0.5 to 3 mm, spinel (grain size from 0.1 to 

Page 12 of 73

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

Manuscript submitted to Journal of Petrology



292 1.5 mm), and a small amount of plagioclase (0.1-1 mm; Fig. 2g; Table 1). No shape preferred 

293 orientation is observed, and almost no deformation markers are observed, as there is no 

294 undulose extinction, grain boundaries between phases are slightly curved, and 120° triple 

295 junctions are common. 

296 Reactions with the host lava, similar to those in granulites, result in the crystallisation 

297 of secondary olivine, clinopyroxene, K-feldspar, as well as the formation of glass. 

298

299 Bulk rock chemistry

300 Major elements

301 All xenoliths have a SiO2 contents ranging from 44 to 53 wt% while Mg# (100 x 

302 Mg/(Mg+Fet), mol) varies from 53 to 79 (Fig. 3; Table 2). The Mg# is high in websterites 

303 (samples CO10A1, CXCHE1 and PM6C8), in three metagabbronorites (CXTRA1, CXTRA4 

304 and CXAZN2) and in a metagabbro (CXCHE2). These samples plot in the mafic 1 field from 

305 Kempton & Harmon (1992; Fig. 3). Three samples plot in the primitive basalt fields 

306 (CXTRA2, CXCHE2 and CXAZN1). The SiO2/Al2O3 ratio varies from 2.16 to 3.95, with the 

307 highest ratio found in the websterite from Comallo and the lowest in the metagabbro from 

308 Estancia Alvarez. Some samples have lower SiO2/Al2O3 ratios (CXTRA4, CXALV1, 

309 CXAZN2, CXCHE4) that can be attributed to the accumulation of Al-rich mineral phases 

310 such as plagioclase or spinel (Fig. 3). The Na2O content covers a wide range from 0.54 to 3.88 

311 wt% (Table 2). The Al2O3, Na2O, Sr and Ba contents correlate positively with the volume 

312 proportion of plagioclase and negatively with the MgO, Ni, Co and Cr contents. 

313 The bulk rock compositions of the investigated xenoliths plot within the mafic 2, 

314 mafic 3 or intermediate fields of the granulite classification proposed by Kempton & Harmon 

315 (1992; Fig. 3). When plotted within this classification, the North Patagonian Cenozoic lavas 

316 (Kay et al., 2004, 2007; Jacques et al., 2014; Massaferro et al., 2014, Asiain et al., 2022) form 
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317 a field that follows the alkaline differentiation trend, characterised by a decrease in Mg# with 

318 a constant SiO2/Al2O3 ratio (Fig. 3). Titanomagnetite-bearing granulites have higher 

319 abundances of TiO2 (0.73-1.38 wt%) than other granulites (0.19-0.57 wt%). Granulite 

320 xenoliths from Pankhurst & Rapela (1995; Sierra de los Chacays, southern NPM) and Castro 

321 et al. (2011; Pasos de Indios, Cañadon Asfalto basin) display similar Mg# and SiO2/Al2O3 

322 ratios for most of them and plot in the mafic 1, 2 or 3 fields (Fig. 3). 

323

324 Trace elements

325 The xenolith suite, excluding CXTRA2, displays homogeneous and low concentrations of 

326 incompatible elements such as Nb, Zr, Y and Rb, with Nb ranging from 2 to 8 ppm, Zr from 8 

327 to 46 ppm, Y from 3 to 17 ppm and Rb from 7 to 15 ppm (Table 2). The factor of variation 

328 ranges between 2 and 6 across samples. In contrast, sample CXTRA2 displays high 

329 concentrations of Nb (29 ppm), Zr (141 ppm), and Rb (37 ppm). Some compatible elements, 

330 such as Ni (between 24 and 242 ppm) and Co (between 29 and 75 ppm), show heterogeneous 

331 concentrations within the suite (Table 2). Sr and Cr display higher abundances compared to 

332 the above elements (334-1291 ppm and 52-450 ppm respectively), while Ba, which is 

333 compatible with plagioclase, has highly variable concentrations ranging from 2 to 695 ppm, 

334 representing a 400-fold variation.

335 Titanomagnetite-bearing granulites show higher abundances of Y (9-17 ppm) than 

336 other granulites (3-7 ppm), a trend that is also observed for TiO2. The whole xenolith suite 
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337 displays a continuous major and trace element compositional range, with no compositional 

338 gap between metagabbro, metagrabbronorite, and websterites.

339

340 Minerals major elements composition

341 Clinopyroxene

342 Clinopyroxene is mainly Al-diopside (Al2O3 > 4 wt%), although diopside sensu stricto occurs 

343 in the titanomagnetite and olivine-bearing metagabbronorite CXAZN1 from Cerro Aznares, 

344 and Al-Augite in sample CXCHE2 and some websterites of the suite from Dantas (2007; 

345 PM6Cx from Cerro Aznares; Fig. 4a, c; Supplementary Table S1). The clinopyroxene crystals 

346 of all the investigated samples have an Al distribution between IV and VI sites that follows a 

347 ratio close to 1:1 (Fig. 4b), and they fall within the granulite field of the classification of Aoki 

348 & Kushiro (1968; Fig. 4b). The Al2O3 content varies between 5.7 and 9.4 wt%, but for the 

349 metagabbronorites CXAZN1 and the websterite suite PM6Cx, values range from 2.5 to 4 wt% 

350 and from 3.1 to 4.1 wt%, respectively (Fig. 4c). Mg# ranges from 66 to 79, except for the 

351 websterites PM6C8 and the websterite suite PM6Cx from Cerro Aznares which have high 

352 Mg# values (83-90). The investigated suite is characterised by a negative correlation between 

353 Al2O3 content and Mg#, except for sample CXAZN1 (Fig. 4c). Samples from Cerro Aznares 

354 (CXAZN1, CXAZN2, PM6C8, suite PM6Cx) have low TiO2 content (0.25-0.48 wt%) while 

355 those from Comallo, Cerro Traful and Estancia Alvarez display a higher TiO2 content (0.6-

356 1.12 wt%) (Fig. 4d). Finally, the Cerro Chenque xenoliths have high TiO2 content (0.84-1.72 

357 wt%). The calculated Fe2O3 content (by stoichiometry) is homogeneous between samples 

358 (1.5-3.5 wt%), whereas FeO content may vary between samples (7.7-8.3 wt% in samples 

359 CXCHE2 and CXAZN1 respectively and 3.5-5.8 wt% for the others; Supplementary Table 

360 S1). The Na2O content is always less than 1 wt%. The compositions of the clinopyroxene 

361 spongy rims are similar to those of the cores, except for the TiO2 contents which can decrease 
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362 by <0.2 wt%. Clinopyroxene II and spongy clinopyroxene rims (Supplementary Fig. S1) 

363 measured in samples CXAZN1, CXCHE2 and CXCHE3 has Al2O3 contents lower than 1 

364 wt% and has Mg# values bracketed between 75 and 79. Otherwise, it has similar 

365 compositions to clinopyroxene I. 

366

367 Orthopyroxene

368 Orthopyroxene from metagabbros and metagabbronorite is Al-enstatite (Al2O3 content 

369 between 4 and 6.5 wt%) and displays a Mg# varying from 71 to 77 (Fig. 5a, c; Supplementary 

370 Table S1). The Mg# and Al2O3 diagram displays a negative correlation trend as already 

371 observed for clinopyroxene (Fig. 4). As for clinopyroxene, the orthopyroxene from sample 

372 CXAZN1 (Cerro Aznares) has significantly lower Mg# (61-62), and Al2O3 content (2 wt%) 

373 than other granulites (Fig. 5b). Orthopyroxene from websterites CO10A1 (Comallo) and 

374 PM6C8 (Cerro Aznares) has slightly higher Mg# (77-81) and similar Al2O3 content (4.9-5.4 

375 wt%) than other granulites. Cerro Aznares websterites from Dantas (2007; suite PM6Cx) have 

376 high Mg# (80-86) and Cr2O3 content (up to 0.37) but display low Al2O3 content (1.2-3.2 

377 wt%), similar to those from CXAZN1. Orthopyroxene II measured in samples CXTRA4, 

378 CXAZN1, CXAZN2, and CXCHE2 has the same composition as orthopyroxene I.

379

380 Plagioclase

381 Plagioclase varies from bytownite to andesine (An88-40) with orthoclase contents always <5 

382 mol% (Fig. 5d; Supplementary Table S1). Plagioclase from metagabbronorite granulites 

383 CXAZN2, CXTRA1 and CXTRA4 is the most calcic plagioclase of the whole suite with a 

384 bytownite (An88-65) composition. Websterites CO10A1 and PM6C8 have accessory 

385 plagioclase that varies between bytownite and labradorite (An66 and An63-72, respectively). 
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386 The plagioclase from CXALV1 and CXCHE3 is essentially labradorite (An65-46), whereas that 

387 of the samples CXCHE2 and CXAZN1 is essentially andesine (An50-40).

388

389 Spinel group

390 In spinel-websterites and granulites, spinel is usually pleonaste (samples CXTRA1, CXTRA4, 

391 CXAZN2, CO10A1, PM6C8; Supplementary Table S1; Supplementary Fig. S2). TiO2 and 

392 Cr2O3 contents are low (<0.56 wt% and <1.61 wt%, respectively) and Fe2O3 content increases 

393 up to 13 wt% when the Al2O3 content decreases from 62 to 52 wt% (Supplementary Table 

394 S1). Websterite PM6C8 is characterised by a spinel with a higher Mg# (67-69) compared to 

395 other samples (56-61). Metagabbro CXALV1 (Estancia Alvarez) hosts two different types of 

396 spinel: ferrian-pleonaste and Al-magnetite (Supplementary Fig. S1). They have low Cr2O3 

397 <0.2 wt% and MnO and 0.17-0.32 wt% contents. Ferrian-pleonaste has a Mg# of 41-47, an 

398 Al2O3 content of 41-43 wt%, a high Fe2O3 (20-23 wt%) and a low TiO2 (1.5-2 wt%). Al-

399 magnetite has a lower Mg# (20-24), lower content of Al2O3 (15-19 wt%), higher Fe2O3 (36-39 

400 wt%) and TiO2 (6-8 wt%) than other spinels.

401 Titanomagnetite in samples CXAZN1 and CXCHE3 is characterised by low contents 

402 of MgO (2.1-3.6 wt%) and Al2O3 (2.1-5.1 wt%). Titanomagnetite in sample CXCHE3 has 
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403 TiO2 contents of 13.7-15.1 wt% and FeOt contents of 68.3-73.2 wt%. CXAZN1 has higher 

404 TiO2 contents (21.6-22.6 wt%) but lower FeOt contents (65.7-67.6 wt%).

405

406 Accessory minerals (olivine, ilmenite)

407 Metaggabronorite CXAZN1 displays accessory olivine with a Mg# of 61 and traces of 

408 ilmenite (Supplementary Table S1).

409

410 Clinopyroxene trace elements

411 Rare Earth Elements

412 All the investigated samples are characterised by smooth convex chondrite-normalised rare 

413 earth elements (REE) patterns associated with an enrichment in medium rare earth elements 

414 (MREE; Sm to Ho) over light rare earth elements (LREE; La to Nd) and heavy rare earth 

415 elements (HREE; Er to Lu; 0.1<Lan/Smn<0.9; 0.3<Ybn/Smn<0.4; Fig. 6a; Table 3). The 

416 metagabbronorites from Cerro Aznares display a higher REE concentration than the other 

417 samples, especially metagabbronorites CXAZN1 and PM6C10, the former displaying a 

418 negative Eu anomaly and HREE enrichment. The two metagabbros (CXALV1 and CXCHE2) 

419 have similar MREE and HREE concentrations but sample CXALV1 has lower LREE 

420 contents that widely vary between clinopyroxene grains (see Supplementary Fig. S3), and a 

421 slight positive Eu anomaly. Websterite CO10A1 from Comallo displays a similar pattern to 

422 that of websterite PM6C8 but at a higher level of concentration (Fig. 6a). Websterite suite 

423 PM6Cx from Dantas (2007) displays similar patterns and REE concentrations bracketed 
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424 between the two investigated websterites CO10A1 and PM6C8, except for LREE values 

425 which can reach lower concentrations than in websterite PM6C8.

426

427 Trace Elements

428 The investigated clinopyroxene grains are characterised by a Ti anomaly that can be strongly 

429 negative (sample CXAZN1), slightly negative (samples CO10A1, CXTRA4, CXALV1, 

430 PM6C8, PM6C10), or slightly positive (sample CXCHE2; Fig. 6b). All samples display a Zr-

431 Hf negative anomaly, deeper in sample CXALV1. With the exception of sample CXALV1, 

432 all the investigated granulites have a negative Sr anomaly, which is even stronger for the two 

433 metagabbronorites CXAZN1 and PM6C10 (Fig. 6). Clinopyroxene from the two websterites 

434 display a positive Sr anomaly, deep in sample PM6C8 and weak in sample CO10A1.

435

436 Thermobarometry

437 The Fe-Mg exchange two-pyroxene thermometer from Wells (1977) was applied to all the 

438 investigated samples that contain both pyroxenes (4 metagabbronorites, 2 metagabbros, 2 

439 websterites; Table 1) and on the websterite suite PM6Cx from Dantas (2007). It yields a 

440 temperature range of 762-1070°C ±70°C and mafic granulites and websterites have similar 

441 temperature ranges.

442 Pseudosection calculations were applied to two metagabbronorites (CXTRA1, 

443 CXTRA4) and two websterites (CO10A1, PM6C8). Among these samples, sample CXTRA4 

444 from Cerro Traful is representative of the main rock type, i.e. metagrabbronorite with modal 

445 proportions of plagioclase > clinopyroxene > orthopyroxene > spinel (Table 1), so results 

446 from this sample are presented in detail (Fig. 7a). Pseudosection calculations applied to other 

447 samples are presented in Supplementary Fig. S4. The metagabbronorite CXTRA4 contains 55 

448 vol.% plagioclase, 31 vol.% clinopyroxene, 11 vol.% orthopyroxene, spinel as an accessory 
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449 mineral and 2 vol.% interstitial olivine (olivine II) which is not part of the main paragenesis 

450 (Table 1). The comparison of pseudosection topology and petrological observations, as well 

451 as the comparison between calculated and observed modal proportions, define P-T conditions 

452 at 9-9.8 kbar and 1000-1050°C (red area in Fig. 7a). In Figure 7b, all pseudosection 

453 calculations are reported and yield pressure conditions between 7 and 11.8 kbar and 

454 temperature between 760 and 1150°C within the orthopyroxene-granulite stability field (Fig. 

455 7b; Supplementary Fig. S4). This estimation includes both the Pleistocene xenolith (sample 

456 CO10A1, 7-8.8 kbar, 770-930 °C; Fig. 7b) and the Oligo-Miocene xenoliths (all the other 

457 samples). In conclusion, the pseudosection calculations with petrological observations allow 

458 to define a geotherm between 28°C/km and 31.5°C/km (Fig. 7b).

459

460 Microstructures

461 Crystallographic Preferential Orientation (CPO)

462 Clinopyroxene. Most of the mafic granulite samples (i.e. metagabbros and 

463 metagabbronorites) from all localities display weak CPO patterns (J-index 1.49-2.8; M-index 

464 0.007-0.036) with a point concentration on [100] axes parallel to X that could represent a 

465 lineation, and a more scattered distribution on [010] and [001] axes (Fig. 8). The metagabbro 

466 from Cerro Traful, CXTRA1, display strong clusters on [010] axes parallel to Z, 

467 perpendicular to the layering and [001] axes forming a weak girdle in the XY plane with 

468 concentration points within the layering. [100] axes in that sample weakly cluster near [001] 

469 axes concentration points. The metagabbronorite CXCHE4 displays a second point 

470 concentration on [100] near Z, and [010] axes cluster parallel to Y. The titanomagnetite-

471 metagabbronorite sample CXAZN1 from Cerro Aznares displays a CPO similar to sample 

472 CXTRA1 from Cerro Traful, with a point concentration of [010] axes parallel to Z and [001] 

473 axes that girdle within the XY plane forming the layering. [100] axes display a point 

Page 20 of 73

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

Manuscript submitted to Journal of Petrology



474 concentration at 40° to X (Fig. 8). Websterite samples CO10A1 and PM6C8 show maximum 

475 clustering of [001] axes sub-parallel to X, [010] axes are perpendicular to the layering and 

476 [100] axes display random orientations.

477 Orthopyroxene. Mafic granulites and websterites have weak orthopyroxene CPO 

478 patterns (J-index 1.50-2.18; M-index 0.015-0.025, Fig. 8), as for clinopyroxene. Sample 

479 CXTRA1, CXCHE4 and CXAZN1 [001] axes form a point concentration parallel to X, and a 

480 possible girdle in the XY plane (well present in sample CXTRA1), and [010] axes display a 

481 weak point concentration parallel to Z (Fig. 8). The spinel-metagrabbronorite CXTRA4 

482 displays a point concentration of [100] axes sub-parallel to X, and few orthopyroxene grains 

483 from samples CXALV1 display similar orientations (Fig. 8). Websterite PM6C8 displays 

484 [001] axes sub-parallel to X, and parallel to clinopyroxene [001] axes. CO10A1 doesn’t have 

485 a readable CPO as the number of indexed grains is too low.

486 Plagioclase. Mafic granulites display weak CPO patterns, as indicated by the J-index 

487 (2.26-4.31) and M-index (0.017-0.038), except for the sample CXAZN1 (M-index 0.067; Fig. 

488 9a). Most of the mafic granulites display [010] plagioclase axes parallel or at a low angle to Z, 

489 [100] axes within the XY plane, and scattered [001] orientations. In sample CXAZN1, [100] 

490 axes display a weak point concentration parallel to X. Sample CXTRA1 has a maximum 

491 [001] point concentration parallel to Z (Fig. 9a). Websterite PM6C8 displays [001] axes at 

492 low angle to X and to the pyroxenes [001] orientations. [100] axes cluster parallel to Z, as 

493 [010] axes weakly cluster near Y. J-index and M-index are extremely high (10.10) but it may 
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494 be related to the low proportion of indexed plagioclase in this sample (495 grains and <1.6 

495 vol%; Fig. 9).

496

497 Intragranular deformation

498 Clinopyroxene. Intragranular deformation (i.e. misorientations within grains) in 

499 clinopyroxene is well developed in metagabbronorites CXCHE4, CXCHE2, CXTRA1 and 

500 CXTRA4, with respect to the whole suite (Fig. 10a). In these samples, the distribution of 

501 deformation affects all grain sizes, with subgrain boundaries that are more or less well 

502 defined, even if it is more heterogeneous within the sample CXCHE2 where intragranular 

503 deformation spares some grains and deeply penetrates the others. Clinopyroxene from the 

504 metagabbro CXALV1, like that observed in sample CXCHE2, displays grains with and 

505 without subgrains, for similar grain size (Fig. 10a). However, in sample CXALV1 

506 clinopyroxene grains with many misorientations can have polygonal grain boundaries while 

507 undeformed grains display linear grain boundaries and appear to penetrate deformed grains. In 

508 these samples, clinopyroxene subgrain boundaries are either perpendicular to the long axes of 

509 the grains or form a cone shape with a high degree of misorientation at the tip of the grains 

510 (Fig. 10a).

511 The distribution of the misorientation axes within the grains indicates that more than 

512 half of misorientations are bracketed between > 1 and 3° for both clinopyroxene and 

513 orthopyroxene (Fig. 10c). Among the studied samples, the websterites (PM6C8 and CO10A1) 

514 display weak internal deformation (29 and 18 % of the clinopyroxene area, respectively) and 

515 rare subgrain boundaries (Fig. 10a, c).

516 Clinopyroxene misorientation axes at low angle boundaries or subgrain boundaries are 

517 distributed around both [001] and [010] axes in the samples CXTRA1, CXTRA4, CXALV1, 

Page 22 of 73

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

Manuscript submitted to Journal of Petrology



518 CXCHE4 and PM6C8, and only around [010] axis in CXCHE2 and CXAZN1 samples (Fig. 

519 9b, c).

520 Orthopyroxene. Samples CXTRA1, CXTRA4, CXCHE2 and CXCHE4, display the 

521 stronger orthopyroxene intragranular deformation (58-72 % of the orthopyroxene area; Fig. 

522 10b, c) with this deformation occurring uniformly throughout the samples. Subgrain 

523 boundaries are more often perpendicular to the long axes of the grains than in clinopyroxenes, 

524 even if cone-shaped subgrain boundaries are also present at the grain tips. In other 

525 metagabbros, metagabbronorites and websterites, orthopyroxene grains display weak internal 

526 deformation (7-33 % of the orthopyroxene area; Fig. 10b, c) and are mostly composed of 

527 subgrain with low misorientation angles (< 3°) compared to the deformed sample group (Fig. 

528 10c).

529 Misorientation axes at subgrain boundaries of all samples are preferentially arranged 

530 around the [010] axis, except CO10A1 which shows an arrangement around the [100] axis 

531 (Fig. 9b). However, this result must be taken with caution as the subgrain boundaries dataset 

532 for this sample is small.

533 Plagioclase. In samples CXTRA1, CXTRA4, CXCHE2 and CXCHE4, a large area of 

534 the plagioclase is affected by intragranular deformation (at least 84% with misorientation > 

535 1°), similar to the observed deformation in the associated pyroxenes (Figs. 11a and 10). 

536 Plagioclase subgrain boundaries are more often angular to the grain tips than perpendicular to 

537 the long axis of the grains. In sample CXCHE2, plagioclase displays many long (up to 2 mm) 

538 and non-linear grain-cross-cutting subgrain boundaries. In sample CXAZN1, the intragranular 

539 deformation is homogeneous and affects a larger area in plagioclase (62% with misorientation 

540 > 1°) than in pyroxene, where it reaches 31% for clinopyroxene and 10% for orthopyroxene, 

541 respectively (Figs. 10a, c, 11). Sample CXALV1 displays less intragranular deformation (17% 

542 of the plagioclase area) than other mafic granulites (62-89% of the plagioclase area; Fig. 11a, 
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543 b). It also shows a bimodal distribution between large plagioclase grains with subgrains, and 

544 smaller grains without subgrains. Large grains have curved grain boundaries and are 

545 surrounded by numerous small undeformed grains with linear boundaries. Albite twinning 

546 occurs in both large deformed grains and small undeformed grains (Fig. 11a).

547 Misorientation axes at subgrain boundaries cluster around the [100] axis and less 

548 frequently around the [201̅] axis in the spinel granulites CXTRA1, CXTRA4 and CXCHE4 

549 (Fig. 9b). In the other samples, they cluster around the [301̅] axis.

550

551 DISCUSSION

552 Protoliths of mafic granulite and websterite xenoliths

553 The mafic granulites, except the samples CXTRA2 and CXCHE2, display a well-defined 

554 pyroxene and plagioclase (or spinel)-rich layering (Fig. 2). The presence of this layering is in 

555 agreement with a magmatic protolith. The studied samples plot within the Mafic 1 (Mg# > 

556 0.7; Fig. 3), Mafic 2 (Mg# = 0.6 to 0.7) or Mafic 3 (Mg# <0.6) field defined by Kempton & 

557 Harmon (1992). They suggested that the Mafic 1 field could correspond to granulites from 

558 cumulates sensu stricto from basaltic melts or to basaltic melts that have accumulated mafic 

559 phases. The authors also suggested that the Mafic 2 field could correspond to i) granulites 

560 from cumulates sensu stricto derived from evolved melts (Mg# of 0.4 to 0.5), in contrast to 

561 the melts that sourced the Mafic 1 group granulites, although this is unlikely because they 

562 generally have high incompatible trace element contents, or to ii) solidified evolved melts that 

563 have accumulated a large proportion of phenocrysts. In addition, they proposed that the Mafic 

564 3 field does not correspond to cumulates because they display a low SiO2/Al2O3 ratio 

565 compared to basalts and their differentiates (Fig. 3). Therefore, they are either solidified 

566 intermediate melts formed after fractional crystallisation, where feldspar dominates the 

567 assemblage, or residues from metasediments or intermediate igneous rocks after partial 
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568 melting. Furthermore, the calculated pressures and temperatures are homogeneous between 

569 the investigated samples (Table 1; Fig. 7b), despite variations in the mineralogy and the bulk 

570 rock and mineral compositions (e.g. plagioclase variation from bytownite to andesine; 

571 Supplementary Table S1; Fig. 5d). The positive correlation between plagioclase Na2O content 

572 and bulk rock Na2O composition suggests that plagioclase composition is primarily controlled 

573 by the bulk rock Na2O budget (Supplementary Table S1). This suggests that these multiple 

574 variations (mineralogical and chemical) are not only controlled by pressure and temperature 

575 conditions but also reflect the composition and evolution of the parent magma.

576 The cpx upward convex REE chondrite normalised patterns of mafic granulites and 

577 websterites are similar to those of cpx phenocrysts (Beccaluva et al., 2009; McCoy-West et 

578 al., 2010; Desta et al., 2014; Natali et al., 2016; Lee et al., 2021) or megacrysts (Sun et al., 

579 2022) from LIP basalts (Fig. 6; and see comparison in Supplementary Fig. S5). Websterite 

580 xenoliths from Cerro Aznares studied by Dantas (2007; suite PM6Cx) display similar patterns 

581 and are interpreted as cumulates crystallised from a basalt (Fig. 6). Furthermore, LIP basalts 

582 are typically formed from mantle sources without crustal mixing or contamination (e.g. Bryan 

583 & Ferrari, 2013). This suggests that a fraction of a basaltic liquid in a LIP context may have 

584 been stored in the crust and formed granulite protoliths and that the residue of the fraction 

585 may have formed surface basalt without contamination. Kay et al. (2007) proposed that the 

586 tholeiitic magmatic phase of the Cenozoic (Oligo-Miocene) basaltic LIP in the North 

587 Patagonian region (the Somuncura LIP) produced slightly differentiated volcanic products 

588 associated with magmatic underplating processes at the crust-mantle boundary and minor 

589 crustal contamination. Both mantle and crustal sources have been proposed for the Permo-

590 Trias and the Jurassic SLIP (Pankhurst et al., 2006; Kay et al., 2007; Zaffarana et al., 2020). 

591 Pankhurst et al. (1998) even suggest that primary basalts are rare throughout the Jurassic 

592 Chon Aike province and that most mantle-derived magmas have undergone a mixing process 
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593 with crustal-derived magmas. Volcanic rocks produced during the two Choiyoi and Chon 

594 Aike SLIP - mainly dacites and rhyolites and andesites, respectively - are more differentiated 

595 than the investigated xenoliths suite. However, it is recognised that SLIP also produced mafic 

596 cumulates within the lower crust and crust-mantle boundary (e.g. Bryan & Ferrari, 2013). In 

597 order to assess the affinity between the investigated xenoliths and the LIP-related basalts from 

598 the region, the REE composition of melts in equilibrium with the cpx was calculated, using 

599 partition coefficients between the cpx and a tholeiitic basalt from Fujimaki et al. (1984; Fig. 

600 12). We assume that clinopyroxene REE composition did not change between magmatic 

601 protolith formation and metamorphism stage. The calculated melt REE patterns were 

602 compared with REE patterns from Oligo-Miocene and Quaternary basalts (Stern et al., 1990; 

603 Kay et al., 2004, 2007; Jacques et al., 2014; Massaferro et al., 2014; Asiain et al., 2022). In 

604 Figure 12, the calculated REE patterns are generally consistent with those of the Cenozoic and 

605 Quaternary basalts, especially the samples CO10A1, CXTRA4, CXCHE2, and MREE and 

606 HREE of CXALV1. Nevertheless, there is no data on basaltic rocks from Jurassic (mainly 

607 andesites; López De Luchi & Rapalini, 2002; Zaffarana et al., 2019, 2020) or Permo-Trias 

608 SLIPs (mainly dacites or rhyolites; Martínez Dopico et al., 2019). Therefore, these results 

609 suggest that the studied suite of metagabbro, metagabbronorite and websterite was initially 

610 formed by basaltic cumulates, but we cannot conclude which LIP, rather Permo-Triassic, 

611 Jurassic or Cenozoic, contributed to the formation of these samples and the crustal growth of 

612 the NPM (Fig. 13).

613

614 Magmatic and deformation processes recorded by the xenolith suite

615 Mafic Granulites

616 The metagabbro CXCHE2 from Cerro Chenque displays very coarse grains (porphyritic-like 

617 texture) and augite twinning known to be a magmatic feature (Griffin et al., 2022; Fig. 10a). 
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618 The clinopyroxene CPO in this sample is weak, lacking clear concentration axes and 

619 dominant slip systems (Fig. 8), suggesting the preservation of a magmatic texture. 

620 Nevertheless, at crystallographic scale, some large grains display intense dislocation creep, 

621 expressed by numerous subgrain boundaries (subgrains with misorientations > 4° and < 10° in 

622 Figs. 10, 11), and well-concentrated misorientation axes along [010] axes, indicating the 

623 activation of the (100)[001] slip system (Fig. 9; Griffin et al. 2022). Dislocation creep 

624 mechanisms are associated with curved grain boundaries known to be related with high-

625 temperature recrystallisation mechanisms (Passchier & Trouw, 2005). Sample CXCHE2 has 

626 preserved microstructural evidence of its magmatic protolith although this texture has been 

627 partially overprinted by high-temperature deformation. While the other xenoliths display more 

628 120° triple junctions than sample CXCHE2 and none of the above magmatic features (Fig. 2), 

629 sample CXCHE2 could represents the protolith that formed more recently than the other 

630 samples before their ascent as xenoliths.

631 All other mafic granulites are characterised by the presence of intragranular 

632 misorientation and subgrain boundaries in pyroxenes and plagioclase, as well as conical albite 

633 twins. These features are indicative of plastic deformation by dislocation creep (Figs. 10, 11). 

634 However, the intensity of deformation varies between the mafic granulite samples. The most 

635 deformed rocks include CXTRA1, CXTRA4 from Cerro Traful, CXCHE4 and CXCHE2 (the 

636 latter discussed above) from Cerro Chenque (Figs. 10, 11). These two localities represent the 

637 northern and southern ends of the study area, suggesting only weak deformation throughout 

638 the region (Fig. 1). Sample CXAZN1 from Cerro Aznares displays less intragranular 

639 deformation, particularly in orthopyroxene (Figs. 10c, 11). 

640 The entire mafic granulite suite is characterised by relatively weak clinopyroxene CPO 

641 patterns (J-index up to 2.4; Figs. 8, 9), even in samples displaying important intragranular 

642 deformation (CXTRA1, CXTRA4, CXCHE2, CXCHE4; Fig. 10). In samples CXTRA1 and 
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643 CXAZN1, the clinopyroxene CPO patterns show a concentration of [001] axes parallel to X 

644 and [010] axes parallel to Z, indicating the possible activation of the (010)[001] slip system 

645 (Fig. 8). While this system is known, and it has been observed in the lower crust (van der 

646 Werf et al., 2017) it is less common in clinopyroxene (SL-type, Helmstaedt et al., 1972, 

647 Zhang et al., 2006; van der Werf et al., 2017) because it is difficult to activate (Amiguet, 

648 2009). In samples CXTRA4 and CXCHE4, the clinopyroxene [100] axes are parallel to X, 

649 and two other axes are more scattered. The alignment of clinopyroxene [100] axes parallel to 

650 X is quite unusual, but the [100](001) slip system is described and is considered to play a 

651 minor role in clinopyroxene strain accommodation (Amiguet, 2009). In the deformed samples 

652 CXTRA1, CXTRA4 and CXAZN1, the orientation of orthopyroxene axes is similar to 

653 clinopyroxene axes (Fig. 8), suggesting similar formation or deformation conditions. The 

654 alignment of both clinopyroxene and orthopyroxene [100] axes parallel to the lineation is 

655 uncommon in terrestrial rocks. However, in the subcontinental mantle, Kourim et al. (2015) 

656 report a weak alignment of both clinopyroxene and orthopyroxene [100] axes with the 

657 lineation and weak CPO, suggesting a post-deformation recrystallisation event. Furthermore, 

658 a concentration of clinopyroxene [100] axes representing the lineation has been observed in 

659 clinopyroxene-rich meteorites and interpreted as a cumulate texture (e.g. Daly et al., 2019). 

660 These results suggest that the clinopyroxene and orthopyroxene CPO with [100] axes parallel 

661 to X could represent primary magmatic crystallisation and early weak deformation. 

662 In these four samples (CXTRA1, CXTRA4, CHCHE4, CXAZN1), plagioclase 

663 displays internal deformation (Fig. 11), and similar to pyroxenes, the CPO is weak. The 

664 plagioclase CPO consistently displays a concentration of [010] axes pattern parallel to Z and a 

665 concentration point of [100] axes within the foliation plane (Fig. 9). The presence of 

666 plagioclase [100] axes parallel to the lineation is a common observation. When plagioclase 

667 and clinopyroxene are deformed coherently, plagioclase [100] axis is parallel to 
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668 clinopyroxene [001] axis. Therefore, the slight angle difference between the plagioclase [100] 

669 axis and the pyroxenes [100] or [001] axes suggests a change in constraint direction. The 

670 fabric associated with magma crystallisation could be represented by a [100](010) fabric in 

671 plagioclase and either a [001](010) or [100](001) fabric in pyroxenes, with both 

672 clinopyroxene and orthopyroxene developing the same fabric within a sample.

673 The deformed samples display intragranular deformation, sub-grain boundaries and 

674 slightly curved grain boundaries (Figs. 2, 10, 11) suggesting plastic deformation. To assess 

675 the plastic deformation recorded by minerals through dislocation creep and identify the slip 

676 system, misorientation axes serve as useful indicators (Fig. 9). Samples with significant 

677 internal deformation show clinopyroxene low-angle misorientation axes aligned with either 

678 the [010] and [001] axes or the [010] axis (Fig. 9). Although these paired axis rotations have 

679 been associated with mechanical twinning (Frets et al., 2012; Soret et al., 2019; Taufner et al., 

680 2021), which was not observed in the suite, Griffin et al. (2022) correlate such low-angle 

681 misorientations with the activation of paired dominant [001](100) and minor [100](001) slip 

682 systems. They argue that this combination is common in “most Earth-relevant extrinsic 

683 conditions”. Thus, the presence of [010] misorientations may indicate activation of the 

684 clinopyroxene [001](100) slip system which has been described as the dominant slip system at 

685 800-1000°C (Raterron et al., 1994; Amiguet, 2009; Wang et al., 2012). These interpretations 

686 suggest that plastic deformation in clinopyroxene in our samples is supported by the 

687 [001](100) slip system and confirm that clinopyroxene CPO with [100] parallel to X (Fig. 8) 

688 represents a magmatic event. Orthopyroxene displays [010] low-angle misorientation in all 

689 samples, which correlates with the activation of the [001](100) slip system, which is by far the 

690 most commonly activated to accommodate deformation (e.g. Wang et al., 2012; Bernard et 

691 al., 2021). Moreover, plagioclase low-angle misorientation axes align with the [100] axis, 
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692 which is attributed to the [001](010) slip system (van der Werf et al., 2017; Allard et al., 

693 2021). 

694 In summary, the slip systems suggested by the low-angle misorientation analysis were 

695 systematically [001](100) in clinopyroxene, sometimes paired with minor [100](001) and 

696 [001](100) in orthopyroxene and [001](010) in the plagioclase. However, the dislocation 

697 creep may have been too weak to erase the pre-existing CPO and would only have reduced 

698 the magmatic fabric strength and the associated shape preferred orientation.

699 The metagabbro CXALV1 displays similar clinopyroxene and plagioclase CPO to that 

700 observed in other mafic granulites (Figs. 8-11). However, it is characterised by large 

701 deformed clinopyroxene and plagioclase grains surrounded by numerous small grains with no 

702 subgrain and linear grain boundaries, which is a texture distinct from other samples (Figs. 10, 

703 11). The large deformed clinopyroxene displays a depletion in LREE as well as observed in 

704 the bulk rock, orthopyroxene and plagioclase grains (Supplementary Tables S1, S2; 

705 Supplementary Fig. S3). This suggests that this sample recorded a partial melting event 

706 contemporaneous with deformation. In addition, the high proportion of newly formed 

707 clinopyroxene grains in this sample shows slightly different chemical compositions compared 

708 to neighbouring large clinopyroxene grains, with low CaO and Mg# and high Al2O3 content in 

709 clinopyroxene (Fig. 4). These grains also display a higher LREE contents compared to 

710 clinopyroxene grain cores (Supplementary Fig. S3). This suggests that these newly formed 

711 grains are the result of a high-temperature reequilibration with a small proportion of trapped 

712 liquid, enhancing diffusion creep.

713

714 Websterites

715 Websterite samples CO10A1 and PM6C8 display weak or absent intragranular misorientation, 

716 very rare subgrain boundaries and linear grain boundaries (Figs. 10, 11). Clinopyroxene CPO 
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717 patterns in both websterites CO10A1 and PM6C8 are also weak, with a concentration of [001] 

718 axes parallel to X and [010] parallel to Z, as observed in two mafic granulites (CXTRA1, 

719 CXAZN1), suggesting activation of the (010)[001] slip system (Fig. 8; SL-type, Helmstaedt et 

720 al., 1972, Zhang et al., 2006). In the websterite PM6C8, the [001](010) plagioclase fabric 

721 correlates with the pyroxenes fabric, with [001] axes parallel in the three phases. The 

722 orthopyroxene and clinopyroxene CPO fabrics are similar, with [001] axes parallel to X and 

723 [010] parallel to Z suggesting similar crystallisation conditions.

724 In websterite PM6C8, clinopyroxene low-angle misorientations axes are aligned with 

725 both [010] and [001] axes (Fig. 9), which may be related to the activation of the [001](010) 

726 slip system (Griffin et al., 2022). The occurrence of [010] low-angle misorientation in 

727 orthopyroxene can be correlated with the activation of the [001](100) slip system, whereas the 

728 occurrence of [100] low-angle misorientation in plagioclase can be attributed to the 

729 [001](010) slip system (van der Werf et al., 2017; Allard et al., 2021). Thus, the slip systems 

730 that activate low-angle misorientations form a CPO similar to the general fabric observed at 

731 sample scale, which is more a result of a SPO, reflecting a cumulative texture. It would have 

732 been followed by only diffusion creep to equilibrate grains and erase the cumulative texture. 

733 Websterites display less evidence of plastic deformation than granulites, which could be 

734 attributed to the age of their protolith formation. It is possible that websterites protolith is 

735 younger than mafic granulite protoliths, which may have recorded deformation events prior to 

736 their ascent. In this scenario, the formation of the websterites could have occurred shortly 

737 before their ascent in the host magma, dated at 20-29 Ma and 1-2 Ma for Cerro Aznares and 

738 Comallo, respectively (Fig. 1). However, these differences could also be explained by 

739 mineralogy. Experiments and modelling indicate that at 1000°C, the clinopyroxene is stronger 

740 than plagioclase under stress conditions between 1 and 100 MPa, and at a strain rate < 10-7s-1 

741 (Tullis et al., 1991). Indeed, mafic granulites, containing a larger proportion of plagioclase 
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742 compared to websterites, could preferentially accommodate strain recorded in the NPM crust, 

743 acting as a weaker phase compared to clinopyroxene under similar P-T conditions. At this 

744 stage, it is not possible to distinguish between these two hypotheses.

745

746 Pressure, temperature conditions and stability of the lower crust

747 The investigated xenolith collection contains metagabbros, metagabbronorites and websterites 

748 equilibrated in the orthopyroxene-bearing granulite metamorphic field (Fig. 7). More 

749 specifically, orthopyroxene-clinopyroxene thermometry and pseudosection calculations 

750 applied to both orthopyroxene-bearing mafic granulites and websterites yield paragenesis 

751 stabilisation conditions ranging from 760-820°C at 7.2-7.9 kbar to 1000-1150°C at 9-10.8 

752 kbar (Fig. 7). Therefore, the maximum depth recorded by these samples is estimated to be 

753 between 32 and 37 km, which places the origin of the xenoliths in the lower crust of the NPM 

754 (Fig. 13).

755 The orthopyroxene granulite stability field is bracketed by a thermal gradient ranging 

756 between 28 and 31.5°C/km (Fig. 7b). Currently, evidence for lower crustal melting in the 

757 NPM is lacking, such as the observation of a low-velocity zone at lower crust depth (e.g 

758 Chmielowski et al., 1999) or the presence of leucosomes associated with low-Al content in 

759 pyroxenes in granulite samples, as the pyroxenes in these samples are high-Al (Figs. 2, 4). 

760 Therefore, the solidus temperature of mafic granulites represents the maximum temperature 

761 that the lower crust of the NPM can reach. At high pressures (>8 kbar), the calculated solidus 

762 temperature in the pseudosection is ∼1180°C (Fig. 7a; Supplementary Fig. S4), which is 

763 consistent with the known dry solidus temperature of mafic granulites (Bucher & Grapes, 

764 2011). Based on our petrological inferred geotherm, this temperature is reached at a depth of 

765 37.5-42 km (Fig. 7). The inferred depth for the emplacement of the mafic granulites is 

766 interpreted as the depth of the petrological Moho. It is in agreement with the estimated Moho 
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767 depth of the NPM between 30 and 40 km, from recent gravity, seismic and tomographic 

768 studies (Van der Meijde et al., 2013; Chulick et al., 2013; Assumpção et al., 2013). However, 

769 the study of Gomez Dacal et al. (2021) estimates in the NPM a deeper Moho located 

770 between 45 and 50 km, and a lower crustal geotherm that decreases from 29°C/km to less 

771 than 8°C/km. They show that in the NPM the thermal anomaly and the heating of the 

772 lithosphere occurred between 40 and 20 Ma, and that the cooling phase since then has been 

773 slow enough to maintain a similar gradient in the lithosphere until today. The studied 

774 xenoliths have been transported to the surface by 20 and 30 Ma lavas (Fig. 1), an age range 

775 that includes the global heating in the NPM. Furthermore, the unique Pleistocene xenolith (the 

776 websterite CO10A1 from Comallo) matches the P-T estimation range (7-8.8 kbar, 770-930°C; 

777 Fig. 7b) of all the other older xenoliths (i.e. Oligo-Miocene). Thus, the proposed NPM crustal 

778 geotherm has been constant since the Oligo-Miocene, and we cannot exclude that this 

779 geotherm may be stable beyond the Oligocene. Similarly, if the proposed maximum depth of 

780 origin of the studied granulites - based almost exclusively on Oligo-Miocene xenoliths - is 

781 comparable to today's geophysical Moho models (Van der Meijde et al., 2013; Chulick et al., 

782 2013; Assumpção et al., 2013), then the NPM crustal geotherm is stable beyond the Oligo-

783 Miocene times and the last LIP event.

784

785 New constraints on the lower crust and the petrological Moho below the NPM

786 From the studied xenoliths, in NPM lower crust, the observed dislocation creep 

787 mechanisms and associated slip systems inferred from misorientation axes in different 

788 samples were the same, developing [001](100) with minor [100](001) in clinopyroxene (e.g. 

789 Raterron et al., 1994), [001](100) in orthopyroxene (e.g. Jung et al., 2010) and [001](010) in 

790 plagioclase (e.g. Kruse et al., 2001; Figs. 8, 9). The infrequent plastic deformation witnessed 
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791 in the xenoliths occurred under P-T conditions of the orthopyroxene granulite facies, at 760-

792 820°C at 7.2-7.9 kbar to 1000-1150°C at 9-10.8 kbar (Fig. 7).

793 The most recent significant compressive tectonic event affecting the NPM occurred 

794 during the Late Paleozoic (e.g. Von Gosen, 2009). If the protoliths of the investigated NPM 

795 lower crustal xenoliths were formed at that time, they should not have undergone significant 

796 plastic deformation to preserve their magmatic fabrics. However, if they are younger (Jurassic 

797 or Cenozoic), it has been evidenced that the Patagonian Triassic and Jurassic extension 

798 generated basins surrounding the NPM, yet preserved the latter from massive faulting (e.g. 

799 Renda et al., 2019). Moreover, Aragón et al. (2011) proposed that the NPM remained 

800 undeformed by Cenozoic tectonics other than faulting and massive uplift, and designated the 

801 NPM as a rigid lithospheric block. The present microstructural analysis supports the view that 

802 the NPM lower crust remained underformed throughout the Cenozoic and, maybe to a 

803 maximum extent, since the end of the Late Paleozoic tectonic events.

804 The Petrologic Moho below the NPM can be considered as a significantly magmatic-

805 influenced Moho, as the lower crust consists mainly of mafic granulites with magmatic 

806 protoliths, probably Cenozoic in age, even if we can not exclude Late Paleozoic to Jurassic 

807 ages for some of them (Fig. 13). Moreover, the lower crust does not record significant 

808 deformation events and both its composition and rheology appear homogeneous between 32 
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809 and 37 km depth. Recent magmatic activity continues to influence the relatively hot geotherm 

810 (about 30°C/km; Fig. 13). 

811

812 CONCLUSIONS

813 - The North Patagonian Massif (NPM) lower crust is composed predominantly of a 

814 main plagioclase-clinopyroxene-orthopyroxene-spinel assemblage.

815 - Petrology, geochemistry and microstructures suggest that the mafic granulites and 

816 websterites have a magmatic protolith, possibly related to one of the magmatic events 

817 that have occurred in the NPM since the Permo-Trias, namely, the Permo-Trias 

818 Choiyoi silicic LIP, the Jurassic Chon Aike silicic LIP and the Oligo-Miocene LIP.

819 - The P-T conditions of the xenoliths were determined to be between 760-820°C at 7.2-

820 7.9 kbar and 1000-1150°C at 9-10.8 kbar, defining an Oligocene-Pleistocene geotherm 

821 in the NPM crust of 28-31.5°C/km and a petrological Moho located at a depth of 37.5-

822 42 km.

823 - The low-angle misorientation analysis reveals that dislocation creep developed 

824 through [001](100)/[100](001) slip system in clinopyroxene, [001](100) in 

825 orthopyroxene and [001](100) in plagioclase. However, the dislocation creep 

826 mechanisms did not erase the inherited magmatic CPO, which produced in both 
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827 clinopyroxene and orthopyroxene a [001](010) or [100](001) fabric, and a [100](010) 

828 fabric in the plagioclase.

829 - The preservation of the magmatic fabrics in xenoliths suggests that the NPM lower 

830 crust has been preserved from an intense tectonic event since the crystallisation of 

831 magmatic protoliths.
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1241 FIGURE CAPTIONS

1242 Fig. 1. Simplified geological map of the North Patagonian Massif, with its setting in 

1243 Patagonia, based on SegemAR maps, after Pankhurst et al. (2014), Cordenons et al. (2020), 

1244 Zaffarana et al. (2020) and Falco et al. (2022). Nq: Neuquen basin, Co: Colorado basin, 

1245 NPM: North Patagonian Massif, CA: Cañadon Asfalto basin, SJo: San Jorge basin, DM: 

1246 Deseado Massif.

1247

1248 Fig. 2. Photomicrographs of north Patagonian lower crustal xenoliths. (a) Spinel 

1249 metagabbronorite (sample CXTRA4) under cross-polarized light; note conical albite twinning 

1250 in plagioclase crystals. (b) Titanomagnetite metagabbro (sample CXCHE3) under plane-

1251 polarized light. (c) Titanomagnetite and olivine metagabbronorite (sample CXAZN1) under 

1252 plane-polarized light. Note clinopyroxene spongious rim highlighted by red boxes. (d) 

Page 54 of 73

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

Manuscript submitted to Journal of Petrology



1253 Ferrian-pleonaste and Al-magnetite relations in metagabbro CXALV1, under backscattered 

1254 electrons. (e) Compositional layering in metagabbro CXALV1, under plane-polarized light. 

1255 (f) CXCHE2 metagabbro under plane-polarized light. (g) Spinel websterite (sample PM6C8) 

1256 under cross-polarized light.

1257

1258 Fig. 3. Bulk rock Mg# vs. SiO2/Al2O3 plotted in the granulite classification of Kempton & 

1259 Harmon (1992). Primitive basalt field and differentiation trends are from the same authors. 

1260 North Patagonian Cenozoic lavas field is from Kay et al. (2004, 2007), Jacques et al. (2014), 

1261 Massaferro et al. (2014) and Asiain et al. (2022). Granulite compositions from Pankhurst & 

1262 Rapela (1995; Sierra de los Chacays, southern NPM) and Castro et al. (2011; Pasos de Indios, 

1263 Cañadon Asfalto basin) are added for comparison.

1264

1265 Fig. 4. Major element diagrams of clinopyroxene. (a) Ternary wollastonite-enstatite-

1266 hedenbergite plot of pyroxenes. (b) Plot of AlVI vs. AlIV. Compositional fields are from Aoki 

1267 & Kushiro (1968). AlIV = 2-(Si+Ti), molar; AlVI = Altot-AlIV, molar. (c) Plot of Al2O3 vs Mg#. 

1268 (d) Plot of Al2O3 vs TiO2. Mg # = 100 x Mg/(Mg+Fet), molar.

1269

1270 Fig. 5. Major element diagrams of orthopyroxene and plagioclase. (a) Plot of Cr2O3 vs Mg# of 

1271 orthopyroxene. (b) Plot of Al2O3 vs Mg# of orthopyroxene. (c) Detailed wollastonite-

1272 enstatite-hedenbergite ternary plot of pyroxene. (d) Detailed orthoclase-albite-anorthite 

1273 ternary plot of feldspar.

1274

1275 Fig. 6. Rare earth and trace elements patterns of clinopyroxene normalized to chondrite. (a) 

1276 REE patterns of north Patagonian granulite xenoliths. (b) Trace elements patterns. Chondrite 
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1277 values are from McDonough & Sun (1995). Symbols and full lines represent analysis means 

1278 while faded areas represent ranges of all analyses (see Table 3 for number of analyses).

1279

1280 Fig. 7. Estimated temperature and pressure of granulite xenoliths. (a) Calculated P-T 

1281 pseudosection for sample CXTRA4, with contoured modal proportions for orthopyroxene and 

1282 clinopyroxene. As they did not add precisions to the P-T stability field determination, the 

1283 plagioclase and spinel modal were not contoured to make the figure readable. (b) P-T diagram 

1284 combining the results of all thermometer and pseudosection calculations. The granulite 

1285 stability fields shown correspond to an average of the stability fields of all the concerned 

1286 samples.

1287

1288 Fig. 8. Crystallographic preferred orientation of clinopyroxene and orthopyroxene of analysed 

1289 metagabbros, metagabbronorites and websterites. When detected, compositional layering is 

1290 tagged and pole figures are rotated as the layering normal to Z. N is the number of grains and 

1291 the strength is represented by J-index and M-index. The rainbow scale represents the mud 

1292 (multiply uniform density).

1293

1294 Fig. 9. (a) Crystallographic preferred orientation of plagioclase. N is the number of grains, the 

1295 strength is represented by J-index and M- index. Sample CXCHE2 was not contoured because 

1296 the CPO pattern is saturated by multiplied very coarse grains. (b) Rotation axes 

1297 accommodating low angle (2-10°) misorientations in clinopyroxene, orthopyroxene and 

1298 plagioclase grains. Data is represented in inverse pole figures where the legend can be found 

1299 in (c). N is the number of pixels plotted.

1300
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1301 Fig. 10. Maps of intragranular deformation relative to the mean orientation of the grains for 

1302 (a) clinopyroxene and (b) orthopyroxene. Deep blue grains are undeformed while the 

1303 intragranular deformation is strong in green to red areas. Light blue grains are orthopyroxene, 

1304 light orange is clinopyroxene, light yellow is plagioclase and light pink is spinel. (c) 

1305 Normalized histograms representing clinopyroxene and orthopyroxene area proportions vs. 

1306 misorientation angles (>1°) relative to mean grain orientations.

1307

1308 Fig. 11. (a) Plagioclase maps of intragranular deformation relative to the mean orientation of 

1309 the grains. Deep blue plagioclase grains are undeformed while the intragranular deformation 

1310 is strong in green to red areas. Light blue grains are orthopyroxene, light orange is 

1311 clinopyroxene, light pink is spinel and light green is olivine. (b) Normalized histograms 

1312 representing plagioclase area proportion vs. misorientation angles (>1°) relative to mean grain 

1313 orientations.

1314

1315 Fig. 12. Calculated normalised tholeiitic basalts in equilibrium with clinopyroxene. Oligo-

1316 Miocene and Quaternary REE volcanic compositions in the vicinity of the studied xenoliths 

1317 are plotted (from Stern et al., 1990; Kay et al., 2004, 2007; Jacques et al., 2014; Massaferro et 

1318 al., 2014; Asiain et al., 2022).

1319

1320 Fig. 13. (a) Estimated Cenozoic- to Quaternary-geotherm of the North Patagonian Massif and 

1321 the associated lithologic section of the lithosphere between 0 and 60 km. (b) Simplified 

1322 lithospheric section until 60 km in depth. The Moho is located around 32 km deep and 

1323 displays an accumulation of all ages granulite lenses and websterites. The occurrence of 

1324 depleted and re-fertilized peridotites and peridotite cumulates is from Mundle et al. (2016).
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Fig. 1. Simplified geological map of the North Patagonian Massif, with its setting in Patagonia, based on 
SegemAR maps, after Pankhurst et al. (2014), Cordenons et al. (2020), Zaffarana et al. (2020) and Falco et 

al. (2022). Nq: Neuquen basin, Co: Colorado basin, NPM: North Patagonian Massif, CA: Cañadon Asfalto 
basin, SJo: San Jorge basin, DM: Deseado Massif. 
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Fig. 2. Photomicrographs of north Patagonian lower crustal xenoliths. (a) Spinel metagabbronorite (sample 
CXTRA4) under cross-polarized light; note conical albite twinning in plagioclase crystals. (b) Titanomagnetite 

metagabbro (sample CXCHE3) under plane-polarized light. (c) Titanomagnetite and olivine 
metagabbronorite (sample CXAZN1) under plane-polarized light. Note clinopyroxene spongious rim 

highlighted by red boxes. (d) Ferrian-pleonaste and Al-magnetite relations in metagabbro CXALV1, under 
backscattered electrons. (e) Compositional layering in metagabbro CXALV1, under plane-polarized light. (f) 

CXCHE2 metagabbro under plane-polarized light. (g) Spinel websterite (sample PM6C8) under cross-
polarized light. 
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Fig. 3. Bulk rock Mg# vs. SiO2/Al2O3 plotted in the granulite classification of Kempton & Harmon (1992). 
Primitive basalt field and differentiation trends are from the same authors. North Patagonian Cenozoic lavas 

field is from Kay et al. (2004, 2007), Jacques et al. (2014), Massaferro et al. (2014) and Asiain et al. 
(2022). Granulite compositions from Pankhurst & Rapela (1995; Sierra de los Chacays, southern NPM) and 

Castro et al. (2011; Pasos de Indios, Cañadon Asfalto basin) are added for comparison. 
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Fig. 4. Major element diagrams of clinopyroxene. (a) Ternary wollastonite-enstatite-hedenbergite plot of 
pyroxenes. (b) Plot of AlVI vs. AlIV. Compositional fields are from Aoki & Kushiro (1968). AlIV = 2-(Si+Ti), 

molar; AlVI = Altot-AlIV, molar. (c) Plot of Al2O3 vs Mg#. (d) Plot of Al2O3 vs TiO2. Mg # = 100 x 
Mg/(Mg+Fet), molar. 
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Fig. 5. Major element diagrams of orthopyroxene and plagioclase. (a) Plot of Cr2O3 vs Mg# of 
orthopyroxene. (b) Plot of Al2O3 vs Mg# of orthopyroxene. (c) Detailed wollastonite-enstatite-hedenbergite 

ternary plot of pyroxene. (d) Detailed orthoclase-albite-anorthite ternary plot of feldspar. 
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Fig. 6. Rare earth and trace elements patterns of clinopyroxene normalized to chondrite. (a) REE patterns of 
north Patagonian granulite xenoliths. (b) Trace elements patterns. Chondrite values are from McDonough & 
Sun (1995). Symbols and full lines represent analysis means while faded surfaces represent ranges of all 

analysis (see Table 3 for number of analyses). 
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Fig. 7. Estimated temperature and pressure of granulite xenoliths. (a) Calculated P-T pseudosection for 
sample CXTRA4, with contoured modal proportions for orthopyroxene and clinopyroxene. As they did not 

add precisions to the P-T stability field determination, the plagioclase and spinel modal were not contoured 
to make the figure readable. (b) P-T diagram combining the results of all thermometer and pseudosection 
calculations. The granulite stability fields shown correspond to an average of the stability fields of all the 

concerned samples. 
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Fig. 8. Crystallographic preferred orientation of clinopyroxene and orthopyroxene of analysed metagabbros, 
metagabbronorites and websterites. When detected, compositional layering is tagged and pole figures are 
rotated as the layering normal to Z. N is the number of grains and the strength is represented by J-index 

and M-index. The rainbow scale represents the mud (multiply uniform density). 
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Fig. 9. (a) Crystallographic preferred orientation of plagioclase. N is the number of grains, the strength is 
represented by J-index and M- index. Sample CXCHE2 was not contoured because the CPO pattern is 

saturated by multiplied very coarse grains. (b) Rotation axes accommodating low angle (2-10°) 
misorientations in clinopyroxene, orthopyroxene and plagioclase grains. Data is represented in inverse pole 

figures where the legend can be found in (c). N is the number of pixels plotted. 
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Fig. 10. Maps of intragranular deformation relative to the mean orientation of the grains for (a) 
clinopyroxene and (b) orthopyroxene. Deep blue grains are undeformed while the intragranular deformation 

is strong in green to red areas. Light blue grains are orthopyroxene, light orange is clinopyroxene, light 
yellow is plagioclase and light pink is spinel. (c) Normalized histograms representing clinopyroxene and 

orthopyroxene area proportions vs. misorientation angles (>1°) relative to mean grain orientations. 
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Fig. 11. (a) Plagioclase maps of intragranular deformation relative to the mean orientation of the grains. 
Deep blue plagioclase grains are undeformed while the intragranular deformation is strong in green to red 

areas. Light blue grains are orthopyroxene, light orange is clinopyroxene, light pink is spinel and light green 
is olivine. (b) Normalized histograms representing plagioclase area proportion vs. misorientation angles 

(>1°) relative to mean grain orientations. 
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Fig. 12. Calculated normalised tholeiitic basalts in equilibrium with clinopyroxene. Oligo-Miocene and 
Quaternary REE volcanic compositions in the vicinity of the studied xenoliths are plotted (from Stern et al., 

1990; Kay et al., 2004, 2007; Jacques et al., 2014; Massaferro et al., 2014; Asiain et al., 2022). 
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Fig. 13. (a) Estimated Cenozoic- to Quaternary-geotherm of the North Patagonian Massif and the associated 
lithologic section of the lithosphere between 0 and 60 km. (b) Simplified lithospheric section until 60 km in 

depth. The Moho is located around 32 km deep and displays an accumulation of all ages granulite lenses and 
websterites. The occurrence of depleted and re-fertilized peridotites and peridotite cumulates is from Mundle 

et al. (2016). 
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Table 1: Host rock age, coordinates, modal proportions and results of the Wells (1977) thermometry of the investigated xenoliths. Modal 

proportions are estimated with EBSD data (with an *) or estimated (with a range of ±3%) with the optical microscope. MG: metagabbro; MGn: 

metagabbronorite; TiMag: titanomagnetite; Sp: spinel; W: websterite; Pl: plagioclase; Cpx: clinopyroxene; Opx: orthopyroxene; Ol: olivine; Ilm: 

ilmenite. We prefer for clarity to keep the mineralogical nomenclature and use the term mafic granulite. This respects the classification of 

Strekeisen (https://www.alexstrekeisen.it/english/meta/maficgranulite.php). For sample CXAZN1 with 72% plagioclase instead of 70% and 

~27% of pyroxene and olivine instead of 30%, we round up the values.

Sample CO10A1* CXTRA1* CXTRA2 CXTRA4* CXALV1* CXCHE1 CXCHE2* CXCHE3 CXCHE4* CXAZN1* CXAZN2 PM6C8* PM6C10 PM6Cx
Outcrop Comallo Est. Alvarez
Host Rock Age 
(Ma) 1-2 20-29
Latitude (°S) 40°55' 40°46'
Longitude (°O) 69°52' 68°45'
Rock type Sp-W Sp-MGn TiMag-MG Sp-MGn Sp-MG Sp-W MG TiMag-MG Sp-MGn TiMag-MGn Sp-MGn Sp-W Sp-MGn
Modal prop. (%)
Pl 0.1 14.2 60-66 55.1 63 1-7 63.7 49-55 48.3 72 33-39 1.6 2-8
Cpx 74.8 25.8 17-23 31.2 31.5 51-57 30.3 38-44 35.1 11.7 38-44 56 79-85
Opx 9.45 51.5 6-12 11.2 0.8 26-32 4 12.3 12.4 11-17 29.9 2-8
Ol 5.9 1.7 1-7 2.2 2 0.6 3.1
Sp 9.9 7 0.3 4.7 10-16 3.7 3-9 12.5 5-11
Ti-Mag 1-7 4-10 <0,5
Ilm <0,5
T [Wells] ±70°C 920 816 836 917 1070 820 815 762 762-829
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Table 2: Analysed and calculated (with an *) major elements bulk rock compositions. Rock 
abbreviations are the same as for Table 1.
Sample CO10A1* CXTRA1 CXTRA2 CXTRA4 CXALV1 CXCHE1 CXCHE2 CXCHE3 CXCHE4 CXAZN1 CXAZN2 PM6C8*
Outcrop Comallo Est. Alvarez
Rock type Sp-W Sp-MGn TiMag-MG Sp-MGn Sp-MG Sp-W MG TiMag-MG Sp-MGn TiMag-MGn Sp-MGn Sp-W
wt%
SiO2 45.06 46.04 49.48 47.74 47.05 44.20 51.49 46.42 46.79 52.61 44.71 45.24
TiO2 0.64 0.27 0.73 0.33 0.57 0.19 0.78 1.38 0.32 0.80 0.19 0.16
Al2O3 11.41 14.44 17.78 20.83 21.73 13.45 13.91 16.76 20.48 18.30 19.36 13.27
Fe2O3 3.76 1.94
FeO 6.11 11.39 7.79 4.86 7.21 9.21 7.82 11.46 7.48 7.72 6.99 7.11
MnO 0.14 0.17 0.13 0.08 0.09 0.14 0.14 0.14 0.11 0.13 0.10 0.14
MgO 15.29 18.03 7.88 7.80 6.10 19.04 11.12 7.47 10.01 5.80 11.22 18.52
CaO 16.93 7.23 11.44 15.37 12.22 11.73 10.11 11.77 11.05 8.36 14.72 13.09
Na2O 0.66 0.90 2.41 1.76 2.93 0.54 2.67 2.50 1.97 3.88 0.86 0.53
K2O 0.01 0.50 1.02 0.51 0.42 0.15 0.77 0.68 0.45 1.01 0.24 0.01
P2O5 0.05 0.03 0.03 0.04 0.02 0.10 0.06 0.04 0.19 0.02
Total 100.00 100.28 99.55 99.85 99.16 99.69 99.78 99.91 99.53 99.66 99.19 100.00

SiO2/Al2O3 3.95 3.19 2.78 2.29 2.17 3.29 3.70 2.77 2.28 2.87 2.31 3.41
Mg# 74.17 73.84 64.34 61.61 60.13 78.66 71.71 53.75 70.47 57.25 74.09 78.86
ppm
Nb 1.8 28.6 2.6 4.3 2 7.6 5.7 2.4 4.8 2.4
Zr 15.5 141.3 26.7 31.2 8.5 40 38.3 25.9 46.1 15.7
Y 3 16.8 7.4 6.4 3.7 8.8 9.2 3.8 13.4 4.5
Sr 677.6 996.3 1073.9 1290.6 334.3 396.6 1016.1 1176 901.3 713
Rb 10.7 37.4 16 11.5 3.6 12.1 14.7 13 10.8 6.7
Pb <5 5.8 <5 16.4 <5 <5 9.4 15.7 7.3 <5
Ga 13.8 19.3 16.9 25.1 11.8 14.9 21 21.8 20.1 14.1
Zn 96.1 77.9 64 69.6 58.4 78.6 83.2 72.3 90.7 54.7
Cu 24.4 29.4 44.1 26 110.9 48.8 145.9 31.4 9 75.1
Ni 241.9 50.3 42.4 23.7 198.6 194.1 65.4 121.9 52 114.7
Co 75.2 29.2 32.3 28.9 72.3 43 44.4 43.7 32.4 44.2
Cr 213.8 51.7 138.3 54.5 418.1 450.4 152.8 295.7 94.3 444.8
Sc 19.9 16.6 31.9 20.1 36.4 31.3 41.9 20.9 20.6 36
V 61.1 123.5 156.1 198.8 84.3 158.3 349.7 76.4 160 70.8
Ce <10 73 <10 <10 38.5 <10 <10 <10 38 <10
Ba 375.8 694.7 631.8 246.5 1.7 112.6 500.4 374.5 524.6 52.3
La <10 26.5 <10 <10 <10 <10 <10 <10 16.7 <10

Cerro ChenqueCerro Traful Cerro Aznares
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Table 3: Clinopyroxene trace element compositions. n indicates the number of analyses for 

each sample.

CO10A1 CXTRA4 CXALV1 CXCHE2 CXAZN1 PM6C8 PM6C10
Outcrop Comallo C. Traful Est. Alvarez C. Chenque
Rock type Sp-W Sp-MGn Sp-MG MG TiMag-MGn Sp-W Sp-MGn
n 3 3 13 3 3 1 3
ppm
Sc 65.7 91.0 74.4 52.6 133.9 37.1 70.8
Ti 5152 6016 7072 9673 2488 1443 4361
V 249 288 351 382 407 74 198
Co 41.3 31.3 28.8 61.9 46.2 22.8 41.8
Rb bdl 0.01 0.31 0.07 0.12 bdl bdl
Sr 197 60 89 39 33 1 105
Y 13 18 14 18 82 5 28
Zr 30 43 3 33 117 7 70
Nb 0.03 0.07 0.47 0.46 0.17 0.08 0.28
Ba bdl 0.43 0.44 0.63 0.82 bdl bdl
La 2.78 2.32 0.51 1.79 10.40 1.49 11.00
Ce 10.54 11.02 2.11 6.83 49.78 4.36 43.85
Pr 1.92 2.33 0.59 1.27 9.80 0.68 7.19
Nd 10.54 14.00 5.51 7.92 56.56 3.64 37.65
Sm 3.09 4.37 2.80 3.12 16.82 1.03 8.78
Eu 1.07 1.40 1.45 1.09 2.06 0.41 2.65
Gd 3.17 4.35 3.53 3.75 17.05 1.03 6.73
Tb 0.44 0.61 0.52 0.62 2.58 0.15 1.01
Dy 2.91 3.89 3.23 3.83 16.43 1.04 5.87
Ho 0.54 0.73 0.60 0.71 3.18 0.21 1.08
Er 1.46 1.87 1.51 1.77 8.64 0.46 2.78
Tm 0.19 0.24 0.18 0.22 1.23 0.06 0.38
Yb 1.25 1.59 1.15 1.43 7.78 0.45 2.40
Lu 0.16 0.21 0.15 0.18 1.04 0.05 0.34
Hf 1.09 1.81 0.41 1.35 4.36 0.26 1.93
Ta 0.02 0.01 0.03 0.05 0.02 0.00 0.04
Th 0.05 0.04 0.05 0.03 0.15 0.06 0.05
U 0.01 0.01 0.02 0.01 0.01 0.01 0.00
Eu/Eu* 1.0 1.0 1.4 1.0 0.4 1.2 1.1
(La/Yb)n 1.5 1.0 0.3 0.9 0.9 2.3 3.1
(La/Sm)n 0.6 0.3 0.1 0.4 0.4 0.9 0.8
(Yb/Sm)n 0.4 0.3 0.4 0.4 0.4 0.4 0.3
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