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9 ABSTRACT

10 Deciphering the dynamics of sub-volcanic magmatic processes requires a detailed 

11 understanding of the compositional and textural relationships between melt and crystals. To 

12 examine these relationships, we investigated material from one of the largest caldera-forming 

13 explosive eruptions on the ocean island of Tenerife, the 312 ka Fasnia event. This eruption 

14 ejected juvenile pyroclasts of melt-bearing, partially crystalline cumulate nodules alongside 

15 phonolitic pumice and accidental lithic clasts. Nodules contain an average of 26% melt which 

16 is preserved as vesiculated and microcrystalline basanite in segregations, pathways and 

17 interstitial domains. Both the microcrystalline groundmass and crystal framework are 

18 generally unaltered as this crystal ‘mush’ remained supra-solidus until the eruption. We find 

19 no surficial or intrinsic evidence that the nodules were transported from their reservoir in a 

20 ‘carrier’ magma, and it is most likely that the mush was in situ when it was explosively 

21 fragmented and ejected during eruption. As such, the nodules preserve a record of the 

22 proportions and relationships between the crystal framework and pre-eruptive melt in an 

23 active magma mush reservoir; importantly, capturing a snapshot of the sub-volcanic system 

24 at a single point in time. We have analysed >100 of the mush nodules from the massive lithic 

25 breccia facies within the Fasnia Member of the Diego Hernández Formation. These 

26 cumulates span a diverse range of alkaline plutonic lithologies, from wehrlite and pyroxenite, 
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27 through hornblende gabbros, to monzodiorite and syenite.  Their textures record a range of 

28 crystallisation environments, including both crystal- and melt-rich groundmass domains, and 

29 invasion of near-solidus domains by ascending reactive melts. In addition, the cumulus 

30 phases record complex interactions between felsic and mafic magmas throughout their 

31 development, providing evidence for mush remobilization and disequilibrium. Relative 

32 homogeneity of melt compositions through the mafic and felsic lithologies testifies to melt 

33 mobility through the cumulates. Nevertheless, all melts are of different basanite-intermediate 

34 composition to the juvenile phonolitic pumice ejected during the same eruption. This 

35 observation implies that the mafic-felsic cumulate mush and the phonolite did not experience 

36 significant two-way mixing and existed as separate crustal reservoirs. . However, the Fasnia 

37 eruption simultaneously fragmented and removed material from both reservoirs, implying the 

38 mafic system was subjacent to the felsic, but they did not form a contiguous body. 

39 KEY WORDS

40 alkaline magmatism; crystal mush; cumulates; mineral geochemistry; ocean island volcanism

41 INTRODUCTION

42 Detailed petrological, geochemical and geophysical studies of individual magmatic systems 

43 have shown that long-lived storage regions are dominantly composed of ‘mushes’; 

44 frameworks of crystals and domains of melt-rich pockets or sills (Cashman et al., 2017, 

45 Edmonds et al., 2019, Sparks et al., 2019, Wager et al., 1960). Examination of plutonic 

46 material in the form of cumulate nodules, enclaves and xenoliths has been key to constraining 

47 the spatial extent and compositional characteristics of these mush systems, providing textural 

48 and geochemical evidence for high degrees of chemical heterogeneity, open system processes 

49 and multiple melt source depths (Bachmann & Bergantz, 2008, Cooper et al., 2016, Holness 

50 et al., 2019, Jackson et al., 2018, Stock et al., 2020). These plutonic components have 

51 advanced our understanding of melt differentiation and storage in long-lived mush reservoirs 
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52 (Cooper et al., 2016, Gleeson et al., 2020, Jackson et al., 2018, Klaver et al., 2018, 

53 Melekhova et al., 2017, Mutch et al., 2019b, Solano et al., 2012, Yanagida et al., 2018).  

54 Studies have suggested that magmas derived from low buoyancy flux plumes such as the 

55 Canary Islands (Hoernle & Schmincke, 1993) are dominated by lower crustal storage regions 

56 with long repose periods, and residence times of thousands of years at near-solidus conditions 

57 (Gleeson et al., 2020, Klügel et al., 2015, Longpré et al., 2014, Longpré et al., 2008, Mutch 

58 et al., 2019a). For Tenerife, a reservoir model involving two stages of magmatic fractionation 

59 by polybaric differentiation has been suggested by previous researchers (Ablay, 1998, 

60 Freundt-Malecha, 2001, Klügel et al., 2015), whereby magmas are extracted sequentially 

61 from residual liquids in mushy reservoirs from both a deeper, lower crustal basanitic mush 

62 and intermediate-crystallinity (phonotephritic) upper crustal mush, ultimately generating a 

63 phonolite liquid (Sliwinski et al., 2015). Las Cañadas phonolites are estimated to have been 

64 in the range of 790–850 °C, at ~1 kbar (Andújar et al., 2008, Bryan, 2006, Wolff & Storey, 

65 1983), close to the water-saturated phonolitic minimum (e.g., Hamilton & MacKenzie, 1965). 

66 Combined petrological, thermobarometric and geophysical data also indicates that the 

67 magmatic system beneath Tenerife is characterised by multi-level magma storage, with melt 

68 accumulations inferred at two major crustal discontinuities: a shallow phonolitic body has 

69 been recognised at ~5 km (Andújar et al., 2008, Araña et al., 2000, Olin, 2007) extending to 

70 oceanic basement at ~8 km b.s.l (Piña-Varas et al., 2018); and a deeper storage region at ~11-

71 14 km, extending across the Moho to ~30 km (Ablay, 1998, Ablay & Kearey, 2000, Borley et 

72 al., 1971, Longpré et al., 2008, Martí & Gudmundsson, 2000, Muñoz & Sagredo, 1974, 

73 Neumann et al., 1999, Wiesmaier et al., 2013).

74 Important questions are raised regarding the nature and location of magma bodies at alkalic 

75 ocean island volcanoes, and role of crystal-rich (hereafter referred to as ‘mush’) storage 

76 systems in the development of major explosive eruptions. Tenerife presents a highly complex 

Page 3 of 71

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

Manuscript submitted to Journal of Petrology



77 and interesting ocean island system, having a heterogeneous mix of volcanic assemblages; 

78 encompassing ocean crust, hydrothermal activity and development of evolved felsic rocks in 

79 a long-lived volcanic system (Wolff et al., 2000). The 312 ka Fasnia Member (Edgar et al. 

80 (2017)) provides the opportunity to study a multi-faceted, highly voluminous, well-defined 

81 pyroclastic stratigraphy and, in particular the Ravelo ignimbrite, a likely caldera collapse 

82 event (Brown et al., 2003, Edgar et al., 2017, Edgar et al., 2007, Stock et al., 2012). The 

83 Fasnia Member, of the Diego Hernández Formation, part of the Las Cañadas Upper Group in 

84 Tenerife, records the explosive eruption of ~13 km3 of phonolite magma (Edgar et al., 2007, 

85 Olin, 2007). Geochemically the Fasnia Member is highly heterogeneous and contains a large 

86 range in trace element compositions; Olin (2007) and Wolff et al. (2000) summarised two 

87 distinct end member phonolites with a small volume of mafic magma mixing, created a 

88 hybrid Fasnia phonolite composition. 

89 Earlier studies have more emphasis on the felsic/phonolitic magma end members which 

90 reflect the bulk of the erupting magma. In this paper we focus on the mafic endmember of 

91 crystal mush providing insight into the interaction of magmas during the Fasnia Member 

92 eruption sequence. Here we present a detailed petrographic and geochemical study of 

93 quenched interstitial melts and crystals within juvenile nodules from the Fasnia Member. 

94 Unusually, these cumulates contain a high proportion of quenched melt, and all are fresh with 

95 no evidence of hydrothermal or post-eruptive alteration. These nodules represent a partially 

96 molten crystal mush, quenched on ascent (Stock et al., 2012). Our samples provide a 

97 ‘snapshot’ section through the mush system at one well-defined time interval, giving a unique 

98 insight into the architecture and dynamics of the magma reservoir. This work provides some 

99 of the most detailed empirical constraints on the physicochemical nature of sub-volcanic 

100 mush systems to date, thus progressing our understanding of the pre-eruptive assembly of 

101 magmatic mush systems. Hence, our findings not only place new chemical and petrological 
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102 constraints on magma storage conditions beneath Tenerife, but also provide novel 

103 information which can help us to understand mush-dominated magmatic systems in other 

104 magmatic environments.

105 GEOLOGICAL BACKGROUND

106 Magmatism in the Canary volcanic chain in the Eastern Atlantic commenced in the late 

107 Cretaceous at ~80 Ma (Balogh et al., 1999, Le Bas et al., 1986b), related to the upwelling of 

108 melt ‘blobs’ in the Canary plume (Hoernle & Schmincke, 1993). Seven volcanic complexes  

109 make up the Canary Islands, with Tenerife being the largest with the highest elevation (3718 

110 m.a.s.l; Fig. 1A). As in the other Canary islands, the isotopic and elemental composition of 

111 Tenerife is indicative of a young, HIMU (high-µ: 238U/204Pb) mantle source, suggesting the 

112 plume is recycling subducted ocean crust (Hilton et al., 2000, Hoernle & Schmincke, 1993, 

113 Hoernle et al., 1991, Simonsen et al., 2000, Thirlwall, 1997). Consistent temporal isotopic 

114 variations occurred over the last ~15 Ma of Canary magmatism and are taken to signify 

115 chemical variations in the rising plume (Taylor et al., 2020).

116 Tenerife’s earliest phase of activity was dominated by formation of a mafic alkaline basement 

117 shield volcano, collectively known as the Old Basaltic Series (subaerially constructed 

118 between 12-3.3 Ma; (Ancochea et al., 1990, Fuster, 1968, Martí et al., 1994). This phase was 

119 followed by the formation of a central stratovolcano, Las Cañadas, and its volcanic products 

120 are split into the Lower and Upper Groups (Araña, 1971). The earliest eruptions were 

121 effusive and mafic-intermediate in composition (Lower Group: >3.5 to <2 Ma), but activity 

122 became more explosive and felsic in composition from ~2 Ma, involving multiple volcanic 

123 cycles and caldera collapse events, as well as flank failures (Ancochea et al., 1999, Araña, 

124 1971, Bryan et al., 1998, Edgar et al., 2002, Martí et al., 1997, Martí et al., 1994). The Upper 

125 Group (1.6–0.17 Ma) in order of age, consists of the Ucanca, Guajara and Diego Hernández 

126 Formations (Martí et al., 1994). This explosive phase (post 1.84 Ma) includes at least 34 
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127 discrete  explosive eruptions (Dávila Harris, 2009), which produced widespread phonolitic 

128 pyroclastic deposits. These are preserved within the Bandas del Sur pyroclastic apron in the 

129 SE of the island, in cliff walls on the SW coast, and within the Las Cañadas caldera wall 

130 (Brown et al., 2003, Bryan et al., 2002, Bryan et al., 1998, Dávila Harris, 2009, Edgar et al., 

131 2017, Edgar et al., 2007, Edgar et al., 2002, Martí et al., 1994). Las Cañadas Caldera is 

132 defined by a large (16×9 km) summit depression (Fig. 1B), comprised of multiple nested 

133 collapse structures, representing a complex evolution involving multiple caldera collapse 

134 events (Araña, 1971, Martí, 2019, Martí & Gudmundsson, 2000, Martí et al., 1994). Basaltic 

135 volcanism occurred throughout this period with activity focused predominantly along the NE 

136 and NW rift systems. The most recent activity on Tenerife developed the post caldera Pico 

137 Viejo and Pico Teide (PVPT) basanitic–phonolitic stratovolcanoes, situated within the Las 

138 Cañadas caldera (Ablay, 1998, Ancochea et al., 1990, Andújar et al., 2013, Carracedo et al., 

139 2007, Carracedo et al., 2011, Dorado et al., 2021).

140 One of the largest, most complex and best preserved eruption deposits on Tenerife is the 

141 Fasnia Member of the Diego Hernández Formation (Fig.1C), which was emplaced around 

142 312 ka ±6 (Edgar et al., 2017). The Fasnia Member is divided into two distinct eruptive 

143 sequences: the Lower and Upper Fasnia (Edgar et al., 2017), containing at least 22 

144 intercalated units, consisting of clast-rich ignimbrites, ash layers and pumice fall deposits 

145 (Fig. 1C). The coarse lithic breccia ignimbrite facies (i.e., Ravelo unit) marks a caldera 

146 collapse event during the eruption (Edgar et al., 2017, cf. Pittari et al., 2008, Walker, 1981). 

147 The approximate total erupted volume of the Fasnia Member is on the order of 62 km3 of 

148 tephra and ~13 km3 DRE (dense-rock equivalent) magma (Brown et al., 2003, Edgar et al., 

149 2017, Edgar et al., 2007). The deposits are assigned to different schemes (a comparative table 

150 of the different stratigraphic schemes is provided in Figure 2 of Edgar et al. (2007)), which 

151 includes Unit J of Walker (1981), the Lower Grey Member of Bryan et al. (1998), the Fasnia 
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152 Formation by Brown et al. (2003) and the Fasnia Member by Edgar et al. (2007). We adopt 

153 latter scheme as a continuation of the most recent description of the 20 named members of 

154 the Diego Hernández Formation, each representing a major eruption phase (Edgar et al., 

155 2007). A detailed composite stratigraphy and description of the Fasnia Member is given in 

156 Edgar et al. (2017). Alongside an in-depth geochemical investigation by Olin (2007), these 

157 studies describe a complex Plinian sequence which erupted both phonolite and subordinate 

158 mafic magmas, preserved by chemically heterogeneous pumice.

159 Plutonic material is incorporated in many volcanic deposits across the Canary Islands (Barker 

160 et al., 2015, Neumann et al., 2000), and a mineralogically diverse suite of plutonic nodules 

161 has been identified on Tenerife, including pyroxenitic, gabbroic and syenitic material (Borley 

162 et al., 1971, Neumann et al., 2000, Neumann et al., 1999, Pittari et al., 2008, Scott, 1976, 

163 Stock et al., 2012, Wolff, 1987). Clinopyroxenes and feldspars within these plutonic 

164 lithologies preserve complex major and trace element zoning (both normal and reverse 

165 patterns), which have been interpreted as recording periodic magma recharge and mixing 

166 events (Bryan et al., 2002, Neumann et al., 1999, Olin, 2007). They commonly preserve thin, 

167 highly evolved rim zones, which have been interpreted as recording magma chamber 

168 overturn or mixing and amalgamation of two reservoirs in the final stages of crystal growth, 

169 shortly before eruption (Neumann et al., 1999, Stock et al., 2012, Triebold et al., 2006). 

170 These data have been used as evidence for a compositionally and thermally stratified crustal 

171 magma chamber containing low density phonolitic liquids above more dense tephriphonolite, 

172 with primitive (i.e., basanitic) melts injecting at the base (Ablay, 1998, Bryan et al., 2002, 

173 Martí et al., 2020, Olin, 2007, Stock et al., 2012, Wiesmaier et al., 2013, Wolff, 1985). In this 

174 context, the gabbroic nodules have previously been interpreted as disaggregated material 

175 from the edges of magma chamber floor and walls (Stock et al., 2012). 

176 ANALYTICAL METHODS

Page 7 of 71

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

Manuscript submitted to Journal of Petrology



177 Optical microscopy

178 Nodule samples were prepared as polished thin sections for petrographic analysis. Whole thin 

179 section panoramic photomicrographs were taken in plane (PPL) and cross polarised light 

180 (XPL); each photomicrograph comprises between 20 and 200 images taken using a Canon-

181 EOS-60D camera on an Olympus BX-60 polarising microscope. Images were stitched using 

182 an individual viewpoint algorithm in the AutoPano Giga (Kolor®) software. The modal 

183 mineralogy and vesicle content of 103 juvenile cumulate nodules and eight syenite clasts 

184 were determined using the point counting program JMicroVision (Larrea et al., 2014); in 

185 each sample, 500 points were counted for coarse grained rocks (average crystal size >2 mm) 

186 and 1,000 points counted for finer grained samples. Modal mineral proportions (vol%) for all 

187 samples are provided in the Supplementary Data.

188 Mineral analysis

189 Backscattered electron images and major element analyses of olivine, clinopyroxene, 

190 plagioclase, K-feldspar, feldspathoid, amphibole, biotite, opaques and apatite crystals were 

191 collected using a Carl Zeiss Leo 1450VP scanning electron microscope (SEM) in the School 

192 of Ocean and Earth Science University of Southampton, equipped with an Oxford 

193 Instruments silicon drift energy dispersive spectrometer (EDS). EDS major element data were 

194 collected with 20 kV accelerating voltage and the instrument was calibrated using Oxford 

195 Instruments factory standards. SEM analyses of all phases are presented in the 

196 Supplementary material.

197 In total, 556 major (>1 wt%) and minor (<1 wt%) element analyses were collected from: 83 

198 clinopyroxene crystals in 17 thin sectioned cumulate samples, using a Cameca SX100 

199 wavelength dispersive electron microprobe (EPMA) in the Department of Earth Sciences, 

200 University of Cambridge, and at the School of Earth Sciences, University of Bristol. Mineral 

201 analyses were collected using a 15 kV (Cambridge) or 20 kV (Bristol), 20 nA, focussed (~1 
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202 μm) beam, with count times 10–30 s for major elements and 30–80 s for minor elements. 

203 Analyses with totals outside 98–102 wt% were excluded. Here, we focus on clinopyroxene 

204 compositions but other measured mineral compositions are used in bulk nodule composition 

205 calculations (data provided in the Supplementary material). To ensure consistency between 

206 analytical sessions, analytical uncertainty was monitored through repeat analyses of 

207 Smithsonian Microbeam Standards (Jarosewich et al., 1980). In clinopyroxene, relative 

208 precision (2σ) is better than ~1–2% for major elements, except Na2O (± 2.9 %) and FeO (± 

209 4.1 %), and better than ~3–5 % for minor elements, except Cr2O3 (± 10.8 %) and MnO (± 

210 34.4 %). 

211 Pyroxene trace element compositions were determined by Laser Ablation Inductively 

212 Coupled Plasma-Mass Spectrometry (LA-ICP-MS) using a Thermo Scientific X-Series II 

213 coupled to a ESI NWR-193 laser ablation system at the School of Ocean and Earth Science, 

214 University of Southampton. Calibration of trace element concentrations was performed using 

215 NIST 610, NIST 612, BHVO-2g and BCR-2g, with a secondary correction made using the 

216 intensity of 43Ca with known CaO content of the pyroxene determined by electron 

217 microprobe. The relative precision of trace element analyses is typically better than 2.5% 

218 (2σ), and accuracy is within 5% of recommended values for the reference materials. The 

219 relative precision of La/Sm and Dy/Yb ratios is better than 2% and 4%, respectively. 

220 Microcrystalline groundmass analysis 

221 For the groundmass analysis, an aliquot of each nodule was crushed inside a plastic envelope 

222 using a non-torque press, before separating 0.5–1.0 mm chips using a Teflon sieve set. This 

223 fraction was ultrasonically cleaned in ultra-pure water and dried in a 60 °C oven overnight. 

224 Using a binocular microscope, the cleaned rock-chips were visually inspected to remove any 

225 fragments with traces of the ignimbrite host, surface staining or cut marks. Quenched melt, 
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226 i.e., microcrystalline groundmass with no visible phenocrysts, was picked under the 

227 microscope and ~0.2–1.0 g of the selected melt chips were ground to a fine powder in an 

228 agate pestle and mortar.

229 Major element analyses were collected on 37 microcrystalline groundmass separates from the 

230 Fasnia plutonic nodules by x-ray fluorescence spectroscopy (XRF). For comparison, six bulk-

231 rock samples of pumice and syenite from the Fasnia eruption and an overlying lava flow were 

232 also measured. Bulk XRF characterisation of the groundmass was preferred to microanalysis 

233 (e.g. EPMA) of the microcrystalline groundmass between acicular quench crystals, primarily 

234 to avoid localised fractionation of major elements induced by the rapidly grown quench 

235 crystals, but also to reduce the potential for incompatible element-rich minor phases such as 

236 apatite, titanite and ilmenite impacting trace element concentrations during growth of 

237 microlite phases. Powdered samples were ignited to determine the loss on ignition (LOI) 

238 prior to fusion with 0.5 g with dilithium tetraborate flux at 10:1 dilution. Where it was not 

239 possible to pick >0.5 g of quenched melt, samples were combined with up to 0.25 g of rock 

240 standard JB-3. The melt composition was then deconvoluted from analysis of this gravimetric 

241 mixture. Major element analysis was performed using a Philips PW2540 wavelength 

242 dispersive XRF in the School of Ocean and Earth Science, University of Southampton. 

243 Analytical conditions were similar to those given by Fitton et al. (1998); see Table 2. 

244 Elements were counted for 20 s (Si, Ti, Fe, Mg), 40 s (Al, Mn, Ca, K, P) or 50 s (Na). 

245 Analytical precision was determined from repeat analyses of international secondary 

246 standards JB-2, JB-3, BHVO-2, BE-N (Jochum et al., 2005, Kusano et al., 2014) and an in-

247 house reference material (BRR-1). In reference to standard JB-3, 2σ relative standard 

248 deviation is <2% for major elements, except P2O5 (3.1 %). 

249 Trace element analyses were made on 51 microcrystalline groundmass separates, 16 

250 clinopyroxene separates, nine Fasnia pumices and a basanite lava overlying the Fasnia 
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251 Member by ionising coupled plasma-mass spectrometry (ICP-MS). For ICP-MS analyses, 

252 0.1 g of powdered sample was digested using HNO3-HF, before producing a final 3% HNO3 

253 solution with dilution factors of 11,700 for the quenched melts and 4,000 for the pumice lava 

254 and mafic crystal samples. All measurement solutions were spiked with In and Re as internal 

255 standards to monitor drift and bias. Trace element analyses were performed using a Thermo 

256 Scientific X-Series II ICP-MS in the School of Ocean and Earth Science, University of 

257 Southampton. Data were corrected for interferences and an analytical blank, prior to 

258 calibration using a suite of international rock standards (JB-3, JB-1a, JGb-1, BHVO-2, BIR-

259 1, JA-2 (Jochum et al., 2005) and in-house reference material BRR_1. Relative 2σ analytical 

260 precision was determined from repeat analyses of international secondary standard JA-2 and 

261 is <2.4 % for rare-earth elements (REE), <2% for Zr and 6.5% for Nb (i.e., the elements of 

262 interest in this study). Mg and Fe also were measured by ICP-MS, the 2σ relative standard 

263 deviation for these elements is <2%.

264 Complete SEM, EMPA, XRF and ICP-MS datasets along with an assessment of analytical 

265 accuracy are provided in Supplementary material. Pyroxene formula recalculations are on a 

266 six-oxygen (6O) basis and phase components are defined according to Putirka (2008). 

267 Amphibole classification is from Locock (2014). Major and minor elements have been 

268 recalculated as atoms per formula unit (a.p.f.u) using the MINERAL software (De Angelis & 

269 Neill, 2012). Mg# = [atomic Mg/(Mg + Fe*)], where Fe* = total Fe2+ + Fe3+. Forsterite, Fo = 

270 [atomic Mg/(Mg + Fe*)] and Anorthite, An = [atomic Na/(Na + Ca + K)].

271 RESULTS 

272 Occurrence and appearance of the plutonic nodules

273 We examined 103 melt-bearing plutonic nodules found as pyroclasts in the massive lithic-

274 rich facies of the Ravelo ignimbrite within the Fasnia Member of the Diego Hernández 
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275 Formation (Fig. 1). Graphic logs (Fig. 1D-E) and photographs (Fig. 2D) show horizons where 

276 the plutonic nodules were sampled in both the caldera wall and distal coastal localities. 

277 Equivalent plutonic nodules were also identified as lapilli in the pumice-rich Fasnia fall 

278 deposit below the Ravelo lithic breccia. Several horizons of the coarse (blocks and bombs) 

279 poorly sorted, lithic breccia facies (Fig. 2B-D) are present in the Ravelo ignimbrite, 

280 intercalated with a facies of much finer breccia (lapilli sized clasts; Fig. 2D), interpreted as 

281 co-ignimbrite lag breccia deposited in pulses (Edgar et al., 2017). Clast counts from our 

282 sampling locations indicate that >70% of Ravelo lithic clasts are angular lapilli and blocks 

283 (e.g., Fig. 2A, 2B, 2C) of phonolitic and basaltic lava together with altered sedimentary 

284 rocks. Other lithic clasts include variable quantities (8–26%) of syenite, microsyenite and 

285 monzodiorite, in which the feldspars are predominately altered to sericite. A full description 

286 of clast type, distribution and abundance of these lithic clasts is detailed in (Edgar et al., 

287 2017, Edgar et al., 2007).

288 As these plutonics are melt-bearing juvenile ejecta, and hence not fully solidified at the time 

289 of extraction (Stock et al. (2012); Fig. 2E, 2F), the term ‘xenolith’ is not appropriate; this 

290 typically refers to fully solidified or non-erupted plutonic material (Holness et al., 2019). 

291 Similarly, the term ‘enclave’, is used in the literature, but we prefer the term ‘nodule’ here to 

292 describe these plutonic pyroclasts. Plutonic nodules represent 0–4% of the pyroclasts and, 

293 alongside the predominantly phonolitic pumice (0–15%), represent the juvenile magmatic 

294 clastic material in the ignimbrite. For comparison, samples of the syenite lithic clasts were 

295 collected along with unaltered juvenile material. 

296 In hand specimen, the nodules are rounded, dense and characterised by a reflective 

297 appearance, generated by fresh crystal facets on their surfaces (Fig. 2F). Nodules range from 

298 <1–20 cm in diameter (up to 6 kg) and are generally of similar size to accidental clasts in the 

299 same horizon (Fig. 2C, 2D). Nodules can be roughly equigranular but crystal size in 

Page 12 of 71

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

Manuscript submitted to Journal of Petrology



300 individual specimens ranges from ~1–50 mm. Within some nodules, variations in crystal size 

301 and modal mineralogy can be seen in hand specimen: some nodules exhibit layering of 

302 feldspathic and more mafic components, while others show a visible coarsening of crystals 

303 towards domains of microcrystalline groundmass. The microcrystalline groundmass is 

304 observed as dull-grey regions within the nodules and occurs within interstitial regions 

305 between crystal (areas of 0.1–5 mm) and sub-linear segregations (1–10 cm). Groundmass 

306 constitutes 0–60% of the nodules and contains 2–10% vesicles. None of our Fasnia nodules 

307 have melt coatings (Fig. 2E, 2F). Instead, a key feature of the more melt-rich nodules is a 

308 surface relief generated by upstanding euhedral crystals relative to depressed areas containing 

309 melt (Fig. 2F). In some examples, the melt domains show a regmaglyptic development: akin 

310 to the dimpled surface of meteorites produced by melt-atmosphere interaction. This is an 

311 important feature to consider when interpreting the method of extraction/entrainment of these 

312 samples from their plutonic source. 

313 Petrography

314 The Fasnia juvenile plutonic nodules range from ultramafic to felsic and include wehrlite, 

315 clinopyroxenite, pyroxene hornblendite, pyroxene hornblende gabbro, gabbro, and 

316 feldspathoid syenite/monzodiorite. Key petrographic features of each lithology are 

317 summarised in Table 1 and representative photomicrographs are provided in Supplementary 

318 Figure 1. The diversity of Fasnia nodules is depicted in Figure 3, where they are arranged in a 

319 stack with downwardly increasing mafic mineral content (i.e., the proportion of olivine, 

320 clinopyroxene, amphibole and opaques relative to feldspar, feldspathoid and apatite). Based 

321 on changes in modal mineralogy, three broad groups can be distinguished: 1) ultramafic 

322 rocks, comprising clinopyroxenites and wehrlites which are plagioclase free; 2) gabbroic 

323 rocks, comprising pyroxene hornblende gabbros, hornblende gabbros, and gabbros; and 3) 

324 felsic rocks, containing >80% feldspars and feldspathoids, categorised as feldspathoid 
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325 syenites and monzodiorite. The petrology of these nodule groups and their melt-bearing, 

326 microcrystalline groundmass is described below. 

327 Microcrystalline groundmass

328 The Fasnia plutonic nodules contain 0–60 % microcrystalline groundmass (Table 1) with an 

329 average of 26 vol%, weighted by the abundance of each nodule type (Fig. 3). Multiple thin 

330 sections from the same specimen show that proportions of microcrystalline groundmass are 

331 highly heterogeneous on a decimetre scale, varying by up to ±20 vol%. Approximately 3% of 

332 our samples do not contain microcrystalline groundmass, but their phase assemblages, 

333 petrography and unaltered mineral preservation, are analogous to other modules and attest to 

334 their juvenile origin (we cannot discount that small proportions of groundmass are present in 

335 the samples but were missed in our thin sections). Microscopically, the groundmass is 

336 observed as microcrystalline, hypocrystalline or hypohyaline material, where the groundmass 

337 crystals include acicular amphibole, plagioclase and opaque microlites set in tachylitic glass. 

338 Arrays of parallel, needle-like microlites are found propagating from euhedral crystal facets 

339 into melt domains (Fig 4A, B). Microcrystalline groundmass is found within the interstitial 

340 spaces between crystals (Fig. 4C-D), and as isolated domains or continuous channels 

341 bounded by euhedral crystals (Fig. 4F, G). Tracts can cross-cut modal or grain size layering 

342 and are sub-perpendicular to any grain alignment, suggesting that they represent sub-vertical 

343 pathways through the mush system. These channels are mainly lensoid, but can merge, thin 

344 or contain crystal clusters, and vary in width from 0.5–120 mm. Variations in groundmass 

345 abundance commonly define layering between crystal-rich and melt-rich domains on a thin-

346 section scale (<5 cm). The groundmass contains spherical vesicles 0.2–6 mm in diameter, but 

347 some samples show amorphous vesicle morphology where the gas phase has expanded, 

348 displacing melt to occupy the available interstitial space. These textures are characteristic of 

349 rapid cooling and decompression, and indicate that microcrystalline groundmass in the 
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350 nodules was supra-solidus at the time of eruption, and thus can be categorised as ‘mush’ 

351 (Cashman et al., 2017). Microcrystalline groundmass is referred to as interstitial melt, but the 

352 term “intercumulus melt” is equally applicable or here is abbreviated to ‘melt’ when relating 

353 to the geochemistry of the plutonic nodules groundmass.

354 Ultramafic nodules 

355 Wehrlites containing olivine + clinopyroxene + opaques comprise 2% of our nodule samples. 

356 Clinopyroxenes (0.3–5.0 mm diameter) exhibit discontinuous concentric zoning, sector 

357 zoning (Fig. 5A) or are unzoned. Olivine crystals (0.2–2.0 mm) are dispersed throughout and 

358 are euhedral, equant grains, containing <50 µm inclusions of melt and opaques. However, 

359 olivine also exists as smaller (0.1–0.4 mm), rounded chadacrysts within clinopyroxene (Fig. 

360 5B). In one sample (L1_89), olivine grains are more abundant adjacent to, or within, the melt 

361 pathways and have resorbed rims. Opaques are amorphous and 0.1–0.8 mm in diameter; they 

362 occupy intercumulus spaces, together with microcrystalline groundmass.

363 Clinopyroxenites represent 17% of the nodule suite and contain clinopyroxene and opaques 

364 in the proportion ~5:1. One nodule is a biotite clinopyroxenite with ~25% mica (Fig. 5C). 

365 Clinopyroxenes (0.5–12.0 mm) are unzoned or occasionally exhibit discrete cores and rims 

366 (simple zoning) and/or oscillatory zoning, without evidence of disequilibrium at the crystal 

367 rims. Opaques are present as discrete anhedral to subhedral crystals (0.3–5.0 mm; Fig. 5D) 

368 and, in some cases, are incorporated in clinopyroxene as parallel, linear opaque inclusion 

369 trails (e.g., Fig. 5E). Due to the abundance of opaque minerals, clinopyroxenites are denser 

370 than the other nodule samples, with an estimated specific gravity 3.4–3.5 g/cm3 (from mass 

371 balance of the mineral vol%; Table 1). Minor plagioclase (<2%) can be found as microlites in 

372 microcrystalline pathways. A common textural feature of the ultramafic nodules is crystals 

373 becoming markedly coarser and more euhedral towards melt pathways and segregations (Fig. 
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374 5D). This produces hypidiomorphic clinopyroxenes and amphiboles with regular crystal faces 

375 formed in contact with melt and irregular faces where in contact with other crystals. 

376 Gabbroic nodules 

377 This group contains plagioclase + clinopyroxene + opaques ± amphibole.  Minor apatite, 

378 haüyne and K-feldspar are present some samples, with apatite most abundant in amphibole-

379 bearing nodules (<7 vol%; Table 1). Amphibole-bearing lithologies are the most common, 

380 comprising 46% and include pyroxene-hornblende gabbros, hornblende pyroxenite, pyroxene 

381 hornblendite and hornblende gabbro. Hornblende-free gabbros comprise an estimated 29% of 

382 the entire nodule suite. 

383 Plagioclase (0.3–4.5 mm) is tabular and euhedral to subhedral in all gabbroic samples. 

384 Smaller plagioclase laths are sometimes present within microcrystalline groundmass regions 

385 or filling interstices. Many gabbroic samples contain sieve textured plagioclase, where crystal 

386 cores have been invaded and dissolved by melt (Fig. 6A, 6B), occasionally leaving only a 

387 skeletal crystal rim. Other plagioclase crystals, including some within the same samples, 

388 show no sign of dissolution in the thin section (Fig. 6C). Within this nodule group, 

389 clinopyroxene crystals (0.3–6.5 mm) occur as isolated grains or infill dissolved plagioclase 

390 cores (Fig. 6D) and can also be sieve textured (Fig. 6E). Many clinopyroxenes have 

391 oscillatory and/or sector zonation; in some nodules they contain discrete green cores (in PPL) 

392 with abundant small melt and apatite inclusions (Fig. 6F, 6G). In gabbroic nodules with low 

393 volumes of microcrystalline groundmass (<5 vol%), crystals are intergrown with irregular 

394 grain boundaries (Fig. 6D). 

395 In general, amphibole-bearing nodules are coarsest grained, with crystals up to 50 mm in 

396 length. Most amphiboles are euhedral to subhedral and unzoned, but they show evidence of 

397 disequilibrium, with sieve-textured cores containing apatite inclusions in a sub-set of nodules. 
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398 Gabbroic nodules often exhibit strong shape-preferred orientation of tabular plagioclase and 

399 acicular amphibole (Fig. 4C). Combining macro- (hand specimen) and microscopic 

400 observations, we find that the shape-preferred orientation defines a strong foliation where 

401 elongate crystals are randomly oriented on a single plane in some samples (Fig. 4D, layer 2), 

402 whereas others show a lineation with a strong within-plane crystal alignment. Layering is 

403 common within individual gabbroic nodules, defined by variations in grain size, grain 

404 shape/orientation, groundmass porosity and mineral modal abundance, and multiple layering 

405 types can be found in the same sample (Fig. 4D). For example, one feldspathoid-bearing 

406 plagioclase-hornblende pyroxenite sample shows distinct modal layering defined by 

407 plagioclase-poor, microcrystalline groundmass - and feldspathoid-rich layers with grain 

408 alignment, as well as plagioclase-rich, microcrystalline groundmass -poor layers with a weak 

409 fabric parallel to the compositional layering (Fig. 4E). In another gabbroic nodule, layering is 

410 simultaneously defined by large variations in grain size and groundmass abundance (Fig. 4F).

411 In both ultramafic and gabbroic nodule groups, melt-rich nodules that lack any fabric or 

412 layering typically have coarse, euhedral-subhedral cumulus crystals and often exhibit a large 

413 variation of grain-sizes. The largest grains have planar crystallographic growth faces touching 

414 microcrystalline groundmass rich-regions (Fig. 5D, 4F-G). Only crystals in contact with the 

415 groundmass have a visibly distinct rim colour (e.g., clinopyroxene in Fig. 6E-G). Equally, 

416 crystals often form clusters of coalescing grains, with irregular non-planar grain boundaries 

417 that form an interlocking ‘mosaic’ framework, surrounded by microcrystalline groundmass-

418 rich domains containing isolated crystals (Fig. 4G). 

419 Felsic nodules

420 Felsic feldspathoid syenite/monzodiorite nodules account for ~6% of our sample suite, and 

421 contain abundant K-feldspar, with subordinate haüyne + clinopyroxene ± plagioclase (the 

422 latter only in monzodiorite). These lithologies contain finer, anhedral crystals (0.2–5.5 mm) 
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423 compared to the other nodule groups. Groundmass is in low abundance but where present, the 

424 microcrystalline groundmass surrounds the crystals (Fig. 4H). K-feldspars (0.2–5.5 mm) 

425 often show partial internal dissolution (Fig. 4H) or resorbed rims. Samples contain <12 vol% 

426 pale green clinopyroxene crystals (0.3–3.5 mm), which are either unzoned or have simple 

427 core–mantle zoning, commonly with opaque inclusions. Haüyne often forms 

428 glomeroporphyritic clusters and contains opaque inclusions. 

429 Accidental syenite lithic clasts within the Fasnia pyroclastic deposits are clearly distinct from 

430 the felsic juvenile nodules, due to their angularity, nepheline versus haüyne feldspathoids, 

431 and the absence of microcrystalline groundmass and extensive hydrothermal alteration of 

432 feldspars and feldspathoids to sericite. They are predominantly nepheline syenites and 

433 contain K-feldspar, with subordinate nepheline + plagioclase + amphibole + opaques + 

434 titanite ± pyroxene (aegirine), with grain sizes ranging 0.2–10 mm. These nepheline syenites 

435 are described in detail by Wolff et al. (2000) and Edgar et al. (2017). The lack of quenched 

436 melt or microcrystalline groundmass and hydrothermal alteration below 300°C indicates that 

437 these Fasnia syenites rocks were sub-solidus on eruption and hence most likely represent 

438 older intrusions (Wolff et al., 2000). Key differences between the juvenile felsic nodules and 

439 the accidental syenite lithic blocks are shown in Supplementary Figures 1F-G. 

440 Mineral Chemistry 

441 Chemical analysis of olivine, clinopyroxene, plagioclase, K-feldspar, feldspathoids, 

442 amphibole, biotite, opaques and apatite are presented in the Supplementary material. Olivine 

443 measured from the wehrlite nodules has forsterite content of Fo78–83. Plagioclase in our 

444 nodules varies between An44 and An88, in agreement with previous analyses of plagioclase in 

445 Tenerife nodules (Stock et al., 2012). K-feldspar measured from sample L1-25 is 
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446 anorthoclase and we find examples of amphiboles that are classified as kaersutite, measured 

447 from sample TR008-20.

448 Clinopyroxene 

449 Clinopyroxene occurs in (almost) all of our nodules is exclusively titanaugite, as the 

450 pyroxenes are Ti-rich (>2.5% TiO2; Fig. 7A; Table 2). Based on textural and compositional 

451 analyses (Fig. 8, Supplementary Figure 3), we identified three distinct clinopyroxene types 

452 our juvenile nodules, with varying optical properties in PPL (Fig. 7D-F):

453 Type-1 clinopyroxenes are Al-rich, generally with a lilac colour in PPL (Fig. 7D). They occur 

454 as euhedral-to-subhedral homogenous grains or as mantles around Type-2 green cores (Fig. 

455 7E). These are the most abundant clinopyroxene type in our samples and occur in ~93% of 

456 the nodules, including both ultramafic and gabbroic groups. The mean compositions of Type-

457 1 clinopyroxene crystals are similar (including both mantle and rim zones), irrespective of the 

458 overall nodule mineralogy (Table 2). However, Type-1 clinopyroxenes span a wider 

459 compositional range than types 2 or 3 crystals (although, we acknowledge that this could be 

460 due to the higher number of analyses; Fig. 7B). In general, Type-1 crystals are more mafic 

461 (higher Mg Number (Mg#) 72-76) than types 2 or 3, with higher TiO2 and Al2O3, and lower 

462 Na2O contents.

463 Type-2 clinopyroxenes are Fe-rich, which are olive-green colour in PPL (Fig. 7E). They 

464 almost exclusively occur as ‘green cores’, encapsulated within Type-1 mantles, but 

465 occasionally comprise complete phenocrysts in melt pathways. Type-2 clinopyroxene cores 

466 often contain abundant melt and crystal inclusions (e.g., apatite and opaques) giving the dusty 

467 appearance. Approximately 12% of the gabbroic and ultramafic nodules contain 

468 clinopyroxene crystals Type-2 green cores. They are characterised by low TiO2 and Al2O3 

469 and high Na2O, MnO and SiO2 relative to Type-1. Green cores extend to lower Mg# (56-65) 
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470 and low Al2O3 concentrations (1.5-3.0 wt%). Supplementary Figure 3C, D shows transects 

471 across crystals containing both Type-1 and Type-2 compositions. Crystals similar to our 

472 Type-2 green cores have previously been identified on Tenerife by Scott (1976) and 

473 Neumann et al. (1999), who classified them as Na-salites and identified two compositional 

474 trends and interpreted these as resulting from a fractional crystallisation and mixing.

475 Type-3 clinopyroxenes are the Al-poor, and are pale green in PPL (Fig. 7F). They occur in 

476 ~5% of our nodules and exclusively associated with the felsic group. Type-3 crystals are 

477 subhedral–rounded and often contain opaque inclusions. They have an average Mg# of 76 

478 and are distinguished from Type-1 crystals by lower Al2O3 and TiO2 and higher SiO2, MgO 

479 and Na2O concentrations (Table 2). 

480 An additional clinopyroxene group comprising Na-rich aegirine-augite to aegirine (Fig. 7C) 

481 occurs in the Fasnia accidental syenite clasts but is entirely absent from our melt-bearing 

482 juvenile nodules (modal mineralogy of syenite clasts are provided in Supplementary 

483 material), again attesting to the different origin of these lithics. These are dark green in PPL 

484 and occasionally sector zoned (Fig. 7G). They are compositionally distinct from the other 

485 clinopyroxene types, with very high Na2O (up to 10.7 wt%), elevated FeO, SiO2 and MnO 

486 and low CaO and Al2O3 concentrations, and Mg# between 6.1–18.6. Aegirine is indicative of 

487 late stage- crystallisation from a highly evolved interstitial liquid under high oxygen fugacity 

488 and low-pressure conditions (Neumann et al., 1999, Scott, 1976, Yagi, 1966). 

489 Together, the three clinopyroxene types in our juvenile nodules define two peaks in Al KDE 

490 (Fig. 8A): a large peak at 0.34 a.p.f.u. and a smaller peak at 0.10 a.p.f.u. The low-Al 

491 clinopyroxenes occur in all our nodule lithologies, and include all pyroxene types but are 

492 predominantly Type-2 and Type-3 pyroxenes. They have higher Fe*, Na and lower Ca at a 

493 given atomic Mg than crystals with high-Al. The high-Al clinopyroxenes occur exclusively in 
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494 the ultramafic and gabbroic nodule lithologies, which include these Type-1 pyroxenes. A 

495 small proportion of crystals from the gabbroic group fall between these two populations but 

496 do not define a statistically significant independent KDE peak. 

497 Separating Mg# KDEs by clinopyroxene type (Fig. 8E), the peaks for all Type-1 and Type-3 

498 fall between Mg# 73.6-77.2, with very small differences between Type-1 clinopyroxenes 

499 from ultramafic and gabbroic nodules and the Type-3 clinopyroxenes from the felsic 

500 lithologies. There are two peaks for Type-2 green cores at Mg# 55.6 and 65.3, which include 

501 both ultramafic and gabbroic nodule lithologies. Comparing clinopyroxenes in our nodule 

502 samples to crystals from Fasnia pumices, we find that their Mg# coincide. Clinopyroxenes in 

503 our nodule samples Mg# is in the range of 53.5–84.2, compares with pyroxenes in Fasnia 

504 pumices Mg# 48.2-86.9 (Fig. 8E). Pumice Mg# KDE peaks are at 56.1 and 75.4, with the 

505 former aligned with a peak from Type-2 green cores. 

506 Melt and bulk nodule compositions

507 Interstitial melt chemistry

508 Microcrystalline interstitial melts in the Fasnia nodules include basanite, trachybasalt, trachy-

509 andesite and trachyte (Fig. 9A; Supplementary material). Unlike the majority of Tenerife 

510 volcanics, the interstitial melts follow slightly different alkaline differentiation sequence from 

511 basanite towards the phonolite-trachyte boundary. In other words they have a slightly higher 

512 silica content at a given alkali content than the majority of Upper Group samples which 

513 display a tephrite to phonolite sequence (Ablay, 1998, Ancochea et al., 1990) (grey field in 

514 Fig. 9A). The interstitial melts are comparable to the slightly more silica-rich differentiates 

515 found in the Old Basaltic Series (Thirlwall et al., 2000). Overall, interstitial melts have an 

516 average MgO of 4.4 wt% and a range in MgO 1.1–6 wt% (Fig. 9B-D), average Mg# is ~ 59 

517 (Fig. 3D). A sub-set have higher Al2O3 concentrations at a given MgO than is typical for 
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518 Tenerife magmas (Fig. 9C); some Fasnia pumices and glasses plus data from other Members 

519 of the Diego Hernández Formation (Olin, 2007, Wolff et al., 2000) also have elevated Al2O3 

520 concentrations (19.5–23.0 wt%), suggesting the coexistence of a comparable high-Al 

521 phonolite.

522 Interstitial melts from ultramafic nodules have the lowest SiO2 and total alkalis and highest 

523 MgO (mean 5.6 wt% MgO, 43.1 wt% SiO2, 4.4 wt% Na2O + K2O, Mg# 61). In contrast, 

524 interstitial melts in gabbroic nodules without amphibole (mean 4.5 wt% MgO, 45.1 wt% 

525 SiO2, 5.3 wt% Na2O + K2O, Mg# 60), hornblende-gabbroic nodules (mean 3.4 wt% MgO, 

526 47.1 wt% SiO2, 5.9 wt% Na2O + K2O, Mg# 58) and felsic nodules (mean 2.9 wt% MgO, 52.4 

527 wt% SiO2, 8.2 wt% Na2O + K2O, Mg# 53) have successively lower MgO concentrations and 

528 in turn, higher concentrations and broader ranges of SiO2 and total alkalis (Fig. 10A). Where 

529 felsic nodules contain quenched interstitial melt, they have the most variable compositions: 

530 for example, one sample contains basanitic melt (MgO 4.9 wt%, SiO2 45.4 wt%, 5.3 wt% 

531 Na2O + K2O) whereas others contain trachytic liquids (1.1–2.5 wt%. MgO, 52.2–59.8 wt%. 

532 SiO2, 8.8-10.7 wt% Na2O + K2O). Interstitial melts from the ultramafic, gabbroic, 

533 hornblende-gabbroic and felsic nodule groups predominantly have Mg# close to the overall 

534 average, with 90% having Mg# 54–64 (Fig. 3D). Notably, more melts from hornblende-

535 gabbros and felsic nodules lie below this range, with about a third having Mg# 45–54.

536 Interstitial melt element variations in different lithological groups are also reflected in their 

537 REE ratios. The rare earth element systematics are assessed in Fig. 10B, [La/Sm]n is used to 

538 represent the LREE/MREE (light/middle REE) relationship (c.f. Stock et al. (2012)), 

539 successively greater [La/Sm]n ranges are observed in ultramafic, gabbroic, hornblende 

540 gabbroic and felsic groups, primarily due to their increasing maximum ratios (Fig. 10B).  In 

541 contrast, [Dy/Yb]n (middle/heavy REE; MREE/HREE) ratios have a more limited range in 

542 the felsic nodules (1.3–1.6) than mafic and ultramafic groups (1.1–2.2). Overall, interstitial 
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543 melts from ultramafic and gabbroic nodules have enrichened HREE to LREE patterns typical 

544 of Tenerife basaltic magmas ((Wolff et al., 2000); Fig. 11A, B), whereas melts hosted by 

545 felsic nodules have slightly more concave REE patterns, with more depletion in elements Pr–

546 Er (Fig. 11C). 

547 Crystal-melt interactions in the different nodule lithologies are explored in Fig. 12A-C, 

548 showing the covariations of K2O, Zr and Eu/Eu* with Al2O3. Interstitial melts from all 

549 nodules show a general dispersion away from the systematic trend preserved by Tenerife 

550 pumice, glasses and whole rocks, towards higher Al2O3 at a given K2O or Zr (Fig. 12B, 12C). 

551 Most ultramafic and gabbroic interstitial melts either do not have a negative Eu anomaly or 

552 tend towards a slight positive anomaly (Eu/Eu* 0.98–1.06; 12A). Interstitial melt recovered 

553 from the felsic nodules have distinctly positive Eu/Eu* (1.06-1.13; Fig. 12A) and is generally 

554 the most fractionated with Zr contents 450–590 ppm (Fig. 12B). In comparison, Zr for 

555 ultramafic lithologies ranges from 260-450 ppm and gabbroic Zr is in the range of 260-610 

556 ppm. K2O is particularly high in the interstitial melts of two felsic nodules (Fig. 12C), yet this 

557 is not paralleled by a similar increase in Zr (Fig. 12B). Together with their higher Eu/Eu*, 

558 this observation suggests that these felsic melts assimilated K-feldspar. A dispersion to high 

559 Al2O3 and Sr (Fig. 12D, 12E) is particularly noticeable in the gabbroic melts from nodules 

560 showing dissolution of plagioclase cores (e.g., L1-69, L1-58, L1-59, L1-3) rather than 

561 complete (non-dissolved) plagioclase (e.g., L1-35, L1-37, TEM-05). 

562 Pumice chemistry 

563 Fasnia phonolitic pumices are distinct from any of the Fasnia interstitial melts in being 

564 strongly MREE depleted relative to LREE and HREE, (Fig. 11D) with high [La/Sm]n (8.5–

565 28.5) and low [Dy/Yb]n (0.4–1.2; Fig. 9E). Pumices have a negative Eu/Eu* (0.46–0.92; Fig 

566 9F). Similar MREE depletion in the Fasnia Member high-Zr phonolites has been attributed to 

567 the strong partitioning of MREE into titanite relative to LREE/HREE (Olin & Wolff, 2012). 
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568 This MREE depletion could be significantly contributed to by formation of clinopyroxene 

569 and amphibole-rich cumulates, as observed in the nodule suite. Fasnia Member phonolites are 

570 represented by a low Nb/Zr trend identified by Wolff et al. (2000) and Edgar et al. (2007). 

571 The Fansia pumices form two phonolite groups (high-Zr and low-Zr types, Olin (2007), 

572 Wolff et al. (2000) and Edgar et al. (2007), having a range of Zr contents from 857 – 2110 

573 ppm (Olin, 2007), and correspondingly, values of 1138 – 1669ppm Zr were recorded in this 

574 study for Fasnia Member phonolite pumices. 

575 Clinopyroxene equilibrium liquids 

576 Trace elements were measured on representative clinopyroxene bulk separates (via ICP-MS, 

577 see methods) from each nodule group and clinopyroxene type. Clinopyroxene REE 

578 concentrations were inverted to determine the composition of their equilibrium liquids using 

579 distribution coefficients appropriate for alkaline magmas (Fig 11E-H; Supplementary 

580 material; (Beard et al., 2019, Wood & Blundy, 1997). This assumes that melt was 

581 continuously present during the crystallisation of these clinopyroxenes, and that crystal-liquid 

582 partitioning was the dominant concentration-driver, rather than crystal-crystal re-

583 equilibration. Liquids in equilibrium with Type-1 clinopyroxenes in the ultramafic and 

584 gabbroic nodules have REE profiles that broadly match the HREE to LREE enrichened REE 

585 patterns of interstitial melts (Fig. 11E, 11F). Type-3 clinopyroxenes from felsic nodules (Fig. 

586 11G) are in equilibrium with liquids that have concave REE ([Dy/Yb]n ~1.2), again broadly 

587 matching their interstitial melts, albeit which have slightly lower [Dy/Yb]n. Aegirine 

588 clinopyroxene separated from a unaltered nepheline syenite clast are projected to have a 

589 strong MREE depletion relative to LREE and HREE (Fig. 11H), comparable to Fasnia 

590 phonolitic pumice (Fig. 11D). 

591 Type-2 “green core” clinopyroxenes were not separable from the enveloping Al-rich 

592 titanaugite (Type-1), and therefore trace elements were measured by LA-ICP-MS. The centre 

Page 24 of 71

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

Manuscript submitted to Journal of Petrology



593 of the green Type-2 clinopyroxene cores have variable extents of strong MREE depletion 

594 ([Dy/Yb]n 0.3–0.9; Fig. 11H), and HREE enrichment indicating crystallisation from a magma 

595 with similar trace element characteristics to the Fasnia pumice and aegirine (Fig. 11H). This 

596 produces an array of REE patterns, extending between MREE-depleted, HREE-enriched 

597 aegirine crystals and the slightly concave-up Type-3 patterns (Fig. 11G). Similar HREE 

598 enrichment and elevated partition coefficients in Fe-rich clinopyroxenes from the Fasnia 

599 phonolite are observed by Olin and Wolff (2010). 

600 Calculated bulk nodule compositions

601 The bulk major element compositions of whole nodule samples can be constrained from their 

602 modal proportions and average compositions of mineral and melt phases (Supplementary 

603 material). The bulk compositions of >85% of our ultramafic and gabbroic nodules have CaO 

604 in the range 13.1–18.4 wt % and elevated MgO at a given TiO2 or Al2O3, which is higher 

605 than any previously identified erupted magmas on Tenerife (95% <13 wt% CaO; Fig 9D). 

606 These results are comparable to kaersutite-bearing cumulates observed in La Palma lavas 

607 (Barker et al., 2015). These compositions can only be developed via the accumulation of 

608 clinopyroxene, plagioclase feldspar and amphibole, hence the bulk composition of these 

609 mush nodules is unlikely to represent an eruptible composition (Irvine & Yoder, 1979, 

610 Jackson, 1967). On this basis, and considering the framework of touching crystals, modal 

611 layering, preferred crystal orientation (i.e., a fabric outlined by a shape preferred orientation, 

612 c.f. Holness et al. (2019)) and disequilibrium textures, the nodules are referred to as 

613 cumulates in the sense that they were generated from a differential movement of crystals and 

614 liquid, concentrated by crystallisation differentiation (Irvine, 1980).

615 DISCUSSION

616 Implications for eruptive processes on Tenerife 
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617 Explosive disaggregation and eruption of crystal mush 

618 An important feature of the Fasnia plutonic nodules described above is the lack of any melt 

619 coating. If these nodules represent a cumulate mush that had been disaggregated and 

620 dislodged by a surge of incoming melt (c.f. Maghdour-Mashhour et al., 2020, Neave et al., 

621 2017, Passmore et al., 2012), which was then carried upwards in this magma, many nodules 

622 would then show evidence of this carrier melt on their surfaces or envelopment in a complete 

623 carapace. This is likely to be similar in the case of nodules carried into, and mixed with, a 

624 felsic reservoir. Carrier melt is present around similar amphibole-bearing cumulate nodules in 

625 the 1971 La Palma eruption (Barker et al., 2015) and pyroclastic nodules and xenoliths from 

626 Montana Roja on Tenerife (Neumann et al., 2002). Such coatings are partially removed 

627 during eruption, but evidence of them should remain in depressions or where the melt 

628 infiltrated the crystal mush from the nodule margins. Melt is only present at the surface of the 

629 Fasnia nodules where melt domains or channels are truncated. However, the progressive 

630 increase in crystal size towards these domains (Fig. 5D) indicates this melt was present 

631 during crystal growth and hence is an inherent part of the mush, rather than exogenous 

632 infiltration by a carrier. Where this melt is seen at the surface (Fig. 2F) there is evidence that 

633 it was preferentially ablated by pneumatic and/or abrasive attrition relative to the coherent 

634 crystalline regions. This process would then leave the coarse euhedral crystals on channel 

635 margins protruding out of the melt. Hence, we argue that the interstitial melt was most likely 

636 to be a liquid during its initial rise in the vent but cooled with the nodule during ballistic 

637 ejection and collapse of the eruption column. 

638

639 Some cumulus crystals preserve a more evolved rim where they are in contact with interstitial 

640 melts (e.g., Supplementary Fig. 3; Stock et al. (2012)), suggesting late-stage growth from a 

641 more intermediate-felsic liquid. However, the lack of a carrier melt of any composition 
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642 indicates that these rims were not developed following immersion of the nodules in phonolite 

643 magma post-fragmentation. This casts doubt on previous explanations for the more evolved 

644 rims resulting from the cumulate-rich material being intruded into a felsic reservoir (Triebold 

645 et al., 2006), or following overturn of a stratified magma chamber (Stock et al., 2012). 

646 Overall, the evidence of rapid cooling, vesiculation and ablation suggests that this inherent 

647 melt contained in the nodules was supra-solidus, and that the cumulate mush was ‘live’ at the 

648 time of eruption. The absence of a carrier melt suggests that this mush was in-situ at the time 

649 of fragmentation.

650 The Fasnia eruption is a highly complex Plinian eruption sequence, understood to be partly a 

651 consequence of magma-water interactions in the hydrothermal system (Edgar et al., 2017). 

652 The Fasnia event comprised of a large volume (>13 km3 dense magma equivalent) of juvenile 

653 erupted material, with an additional >12 km3 of lithic clasts (Edgar et al., 2017). In addition 

654 to juvenile components, the lithic clasts have been interpreted to derive from the roof, walls 

655 and conduit, excavated by the explosive eruption (Edgar et al., 2017). Notably, the majority 

656 of plutonic lithic clasts are syenitic, with estimates of ~17% syenite clast abundance in the 

657 Ravelo ignimbrite (Edgar et al., 2017). This suggests that the plutonic material removed by 

658 the eruption from around the phonolitic reservoir was primarily pre-existing syenite, and that 

659 altered gabbroic rocks were not a major component in the country rock/wall rock. However, 

660 the presence of live mush ejected from a mafic (ultramafic/gabbroic rocks) system implies 

661 that explosive fragmentation likely extended below the level of the phonolite reservoir. The 

662 observed brittle fracturing of crystals (e.g., Fig. 5B), a texture associated with fragmentation 

663 processes (Taddeucci et al., 2022), might also imply that the mafic mush was explosively 

664 fragmented. Similarly, deep fragmentation has been proposed for gabbroic and syeno-

665 gabbroid fragments from the 186 ka Abrigo Member (Pittari et al., 2008). Progressive 

666 depressurisation during venting of the overlying phonolitic system caused vertical 
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667 fragmentation (c.f. Brown & Branney, 2004, Edgar et al., 2017, Edgar et al., 2002, Pittari et 

668 al., 2008, Smith & Kokelaar, 2013, Vinkler et al., 2012), and we speculate that this 

669 mechanism extracted the mafic mush nodules. Because we identified small nodules in the 

670 lithic-rich fall deposit (unit F; Fig. 1D) directly below the Ravelo ignimbrite, we infer that the 

671 explosive fragmentation of the mush was initiated from the start of the caldera collapse event, 

672 as the fall deposit (unit F) interpreted to record the onset of caldera collapse, marking start of 

673 the eruption column instability (Edgar et al., 2017).

674

675 Structure of the sub-volcanic magma system

676 Crystal-rich mush stratigraphy

677 Our petrological analysis indicates that the Fasnia mush system comprised three distinct 

678 mineralogical domains: ultramafic, mafic-gabbroic and felsic (Fig. 3). Within the mafic-

679 gabbroic group, some cumulates contain hornblende whilst others do not. This set of ‘live’ 

680 melt-bearing nodules intersects a diverse mineral stratigraphy and gives a detailed insight into 

681 the crystal-scale composition of the mush, with the mush containing, on average, 26% melt 

682 by volume (Fig. 3). There are no clear correlations between the broad-scale mineralogical 

683 divisions in our cumulate suite, the compositions of clinopyroxene crystals or major element 

684 chemistry interstitial melt. Additionally, the interstitial melts and clinopyroxene equilibrium 

685 liquids have comparable basanitic compositions and Nb/Zr ratios to Las Cañadas mafic lavas 

686 and scoria (Wolff et al., 2000) and similar REE patterns through the entire cumulate nodule 

687 sequence, with the exception of the evolved pyroxene cores (Fig. 11H). The intercumulus 

688 melt REE patterns however, are unlike all Diego Hernández Formation and the majority of 

689 Upper Group rocks, showing no evidence of titanite fractionation (Wolff et al., 2000). 

690 Nonetheless, there are clear signs of petrological and chemical disequilibrium (discussed 

691 below) between phases within each of the mineralogical groupings, indicating periods of 

692 magma flux and some degree of overturn in the mush. These broad differences in phase 
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693 assemblages likely reflect variations in the temperature ±H2O content of the mush zone 

694 (Cooper et al., 2016, Klaver et al., 2017), with ultramafic cumulates stored at higher 

695 temperatures than mafic-gabbroic samples, and felsic cumulates stored at low temperatures 

696 (i.e., as indicated by the solidus temperatures of their constituent minerals). 

697 Architecture of the Tenerife magma reservoirs

698 Figure 13 illustrates our representation of the sub-volcanic magmatic system at the time 

699 Diego Hernández Formation, alongside geophysical and geobarometic depth estimates 

700 derived from previous studies. We will consider the evidence for the vertical extent of the 

701 mush and associated magma reservoirs. Alongside the mafic/intermediate melt sampled by 

702 our nodule suite, the phonolitic magma end-member reflects the bulk of the erupting magma, 

703 existing in a melt-dominated reservoir (Cas et al., 2022, Edgar et al., 2017, Edgar et al., 

704 2007, Edgar et al., 2002, Olin & Wolff, 2012). Phonolites of the Abrigo Member are 

705 estimated to be stored at temperatures in the range of 790–850 °C, with pressures 

706 corresponding to 4–5 km below surface (Andújar et al., 2008, González-García et al., 2022). 

707 Shallow syenitic plutons were emplaced at depths of 4–7 km below the Las Canadas summit, 

708 multiple times over the depositional history of the Ucana, Guajara and Diego Hernández 

709 Formations (post 1.6 Ma) (Ablay, 1998, Ablay et al., 1995, Bryan et al., 2000, Wolff et al., 

710 2000, Wolff, 1987). Syenite clasts found in the Fasnia and Abrigo ignimbrites are recognised 

711 as hydrothermally altered and related to an earlier phase of magmatism (Wolff et al., 2000).

712

713 Basanite magma was likely resident in a deeper reservoir (∼13–15 km) (Almendros et al., 

714 2007 and references therein ), with magmas from Teide and Pico Viejo recording this mantle 

715 basanite source (Ablay, 1998). Mafic cumulate body(s) have been identified to exist at depths 

716 of 5–14 km below central Tenerife (Ablay & Kearey, 2000, Araña et al., 2000, Neumann et 

717 al., 1999). Harzburgite xenoliths coated with basalt carrier melt and found as pyroclasts 
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718 within the basaltic scoria of Montaña Roja (Neumann et al., 2002), provide physical evidence 

719 of this deep mafic reservoir. Interestingly, these mantle assemblages are not observed in the 

720 Fasnia nodules. Previous studies have interpreted the mixing of felsic and mafic magma, as 

721 evidenced in the Aldea, Fasnia, Poris and Abrigo Members (Bryan et al., 2002, Cas et al., 

722 2022, Edgar et al., 2017, Edgar et al., 2002, González-García et al., 2022, Olin, 2007, Wolff, 

723 1985), an important factor in triggering the phonolitic eruptions in the Diego Hernández 

724 Formation. Mafic recharge, melting of felsic cumulates and assimilation of country rock are 

725 likely explanations for the creation of highly evolved phonolite and zoned pyroclastic 

726 deposits (Wolff et al., 2015, Wolff et al., 2020). Sliwinski et al. (2015) hypothesised, that on 

727 Tenerife, melts are extracted from residual liquids in mushy reservoirs from both a deeper, 

728 basanitic mush and filter into a shallower mush reservoir of intermediate-crystallinity 

729 (phonotephritic), ultimately generating a phonolite liquid via a two-step, polybaric 

730 differentiation process (Ablay, 1998, Freundt-Malecha, 2001, Klügel et al., 2015).

731

732 Pb isotopes of the mafic and felsic volcanics vary in a systematic and coordinated fashion 

733 through the last 2 Myr (Taylor et al., 2020). This coordination indicates that primitive 

734 magmas fed from the rising Canary plume evolve via crystallisation to generate the bulk of 

735 felsic/phonolitic compositions within a timeframe of <50 ka (Taylor et al., 2020), but are 

736 likely supplemented by melting and assimilation of syenitic material in the upper crust 

737 (Neumann et al., 1999, Sliwinski et al., 2015, Wolff et al., 2000). However, Pb isotopes 

738 demonstrate that the Fasnia phonolitic pumice was ultimately derived from a different mantle 

739 source (∆208Pb = 5.9 ± 0.3, n=4; Taylor et al. (2020)) to the nodule’s interstitial melts (∆208Pb 

740 = 3.8 ± 0.1, n=3; Taylor et al. (2020)). This implies that the phonolites were not a direct 

741 product of crystallisation of the interstitial basanitic melt. It is more probable that the 

742 phonolite represents a hybrid magma produced by earlier, higher ∆208Pb mafic/intermediate 
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743 melts assimilating, or mixing with, older syenitic/phonolitic material (∆208Pb = 8.0 ± 1.0, 

744 n=5; Taylor et al. (2020)). However, the isotopic homogeneity of the pumice, irrespective of 

745 composition, suggests that rather than assimilation, its isotope composition developed by 

746 homogenising magma inputs during its crustal residence time (>20 ka). In this sense, the 

747 higher ∆208Pb of the Fasnia phonolite may be weighted towards a slightly older composition 

748 of the isotopically dynamic Canary plume (Taylor et al., 2020). Isotopic evidence, coupled 

749 with the distinct trace element compositions of the nodule interstitial melts, indicates that the 

750 phonolitic magmas were generated in a separate, but coexisting, reservoir to that sampled by 

751 the mush nodules. 

752

753 Our nodule suite provides a detailed (if fragmented) snapshot of the magmatic system 

754 immediately prior to a caldera forming eruption. Given our cumulate mush nodules were 

755 ‘live’, in-situ at the time of the eruption and show no indication of hydrothermal alteration 

756 and no evidence of felsic melts feeding mafic mush reservoirs, it is logical to place the mafic 

757 mush vertically below the phonolite reservoir and syenite plutons (c.f. Pittari et al., 2008). 

758 Although our nodule suite includes several felsic cumulates, these typically have low melt 

759 fractions which only reach trachyandesitic compositions (Fig. 9A): these liquids are unlikely 

760 the parental source of the erupted phonolitic melt. In terms of their major and trace elements, 

761 interstitial melts in mafic and felsic nodules are compositionally distinct from the Fasnia 

762 pumices and their glasses (Fig. 9), are much more alkali-rich, silica-undersaturated and have 

763 bimodal trace element compositions (Zr, Eu/Eu* and REE; Fig. 9E, F, 12B). The trajectory of 

764 interstitial melts extends from basanite through to intermediate compositions, lying on a less 

765 alkaline trend and are closer to the more silica-rich differentiates found in the Old Basaltic 

766 Series (Cas et al., 2022, Thirlwall et al., 2000). The nodules interstitial melts are unrelated to 
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767 the erupted Fasnia phonolite compositions and do not represent an evolutionary step along 

768 the liquid line of descent towards phonolite. 

769

770 Our data shows that felsic nodules contain basanitic/intermediate melts and have experienced 

771 partial dissolution of their crystal framework, which is indicative of an upward migration and 

772 reaction of interstitial melt with felsic mush. Similarly, the presence of felsic antecrysts 

773 (clinopyroxene cores in equilibrium with a phonolite; Fig. 11H) in gabbroic mush nodules, 

774 point to overturn and interaction between the mafic and felsic components during the 

775 development of the mush. Such close interaction and exchange between mafic and felsic 

776 mush systems suggests that they existed in close proximity, alongside a spatially and 

777 isotopically separate, shallow crustal phonolite reservoir (Fig. 13). This configuration would 

778 potentially explain the eruption of the mafic and felsic cumulates without a carrier melt, as 

779 explosive disaggregation could potentially excavate the heterogeneous mafic-felsic mush 

780 resident below the phonolitic reservoir. In many ways, the mafic magmatic system may be 

781 similar to other ultramafic-mafic-felsic complexes such as Rum, Scotland. This, relatively 

782 shallow complex (3-6 km depth) has a range of cumulate and mineralogical compositions, 

783 with some cumulate crystals predicted by barometry to have been transported as a cargo in 

784 ascending magmas (Troll et al., 2020). In the case of Tenerife, clinopyroxene barometry 

785 suggests their development at 12-25 km (González-García et al., 2022, Neumann et al., 

786 1999), but as observed in the Fasnia nodules they commonly contain cores that are in 

787 equilibrium with phonolitic magmas.

788

789 Our geochemical data suggests the coexistence of two magma reservoirs, one of phonolite, 

790 the other of mafic mush at the time of the Fasnia eruption. However, we have shown that the 

Page 32 of 71

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

Manuscript submitted to Journal of Petrology



791 interstitial melts in the mush were not the primary source of the mafic magma feeding the 

792 Fasnia phonolite reservoir. This leaves two possibilities: 

793 (a) The range of nodules was derived from a high-level mushy, differentiated mafic 

794 sill complex perched at a high level and incorporated as pyroclasts during fragmentation of 

795 the conduit. 

796 (b) two separate crustal reservoirs co-existed but did not significantly mix or cross-

797 feed. The mafic melt responsible for recharge and mixing in the phonolite originated from an 

798 isotopically different, earlier phase of magmatism, compared to the melt present in the ‘live’ 

799 mush. 

800

801 We currently cannot precisely constrain either model within the current uncertainty 

802 associated with barometric modelling, thermobarometers are not well experimentally 

803 calibrated for alkali systems. The interstitial liquids are not within the calibration ranges for 

804 Masotta et al. (2013) (suitable for phonolite/trachytic compositions), Neave and Putirka 

805 (2017) or Putirka et al. (1996). As with the Rum intrusion, pyroxene barometry is likely to 

806 put crystallisation depths significantly below the emplacement depth (Troll et al., 2020). 

807 Overall, depth estimates for the nodule formation are difficult given the limitations and 

808 degree of uncertainty associated with barometric modelling in alkaline magmas, their 

809 interaction with felsic material, chemical distinction from the erupting phonolite magma and 

810 an origin from explosive fragmentation. Without any well constrained depth estimates, the 

811 vertical extent and architecture of this system that the nodules represent cannot be perfectly 

812 constrained. It is feasible that mush compositions grade stratigraphically through the crust 

813 and the nodules represent samples from the mid- to upper-crust, or alternatively the nodules 

814 are derived from a differentiated, dominantly mafic sill mush complex/complexes. We favour 

815 the first hypothesis, that is, that these nodules represent a mid-crustal mush, being fed by 
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816 magmas ascending from the deep basanite reservoir. A further avenue of work would be to 

817 investigate the Pb isotope systematics of the systems components, i.e. the mush melts and 

818 crystals together with the phonolitic liquids. This would provide information on the diversity, 

819 origin, interaction and relative age of magmas present in Fasnia times.

820 Crystallisation and development of the mush 

821 Crystallisation environments 

822 The range of cumulate textures and mineral zonation observed in the nodules described in the 

823 results above record different crystallisation environments that existed at the time of the 

824 Fasnia eruption. Although disaggregated nodules lack the spatial context available in layered 

825 intrusions (e.g., Holness et al., 2019), two distinct modes of crystallisation are recognised 

826 from our mafic nodule suite: 1) in situ growth of a static crystal meshwork; 2) crystal 

827 deposition in a liquid-rich magma body. These are outlined below:

828 In situ growth – Some pyroxenitic, wehrlitic and gabbroic nodules have partially to fully 

829 interlocking grains with mosaic textures, representing a progression from mesocumulate 

830 towards adcumulate with diminishing interstitial melt. These textures, where grains have 

831 grown to impingement (i.e., they have non-planar and interlocking boundaries), are thought 

832 to have crystallised within a static crystal zone (Holness et al., 2019). Clinopyroxenes are 

833 typically un-zoned but can show simple zoning where crystal faces were in contact with melt 

834 (e.g., narrow rim zones; Supplementary Fig. 2C-D), sector zoning and/or oscillatory zoning 

835 (Fig. 5A, 6E). A small number of the cumulates contain only minor melt-filled interstices and 

836 are dominated by interpenetrating crystals with highly irregular boundaries. These often 

837 preserve evidence of resorption at, or close to their rims, suggesting reaction with late-stage 

838 melts. In these nodules, there is no evidence of sub-solidus deformation, grain alignment or 

839 crystal reorganisation within a magmatic flow, and they are therefore consistent with in situ 

840 meshwork crystallisation (Holness et al., 2019, Sparks et al., 1985). However, these 
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841 cumulates typically exhibit wide-ranging grain sizes, with progressively larger and more 

842 euhedral crystals (5–20 mm) adjacent to melt-rich domains (Fig. 4F, 5D), possibly indicating 

843 progressive channelized melt flow through during crystallisation.

844

845 Crystal deposition in a liquid-rich magma body – Gabbroic nodules, particularly those with 

846 high abundances of amphibole and plagioclase, often preserve a strong mineral alignment 

847 (Fig. 4C, D). This fabric is indicative of crystals developing specific coordinated orientations 

848 by fluid dynamical processes within a liquid-rich magma body (Holness et al., 2019). 

849 Euhedral crystals and crystal clusters surrounded by melt also provide evidence for a liquid-

850 rich environment (Fig. 4F, G). Some samples show foliation (Fig. 4C), where crystals settled 

851 out from a liquid onto an accumulation surface with random alignment in this plane, 

852 indicative of a static melt domain. In other nodules, crystals are co-aligned on accumulation 

853 surfaces, which is indicative of crystal settling within a magma current or mass movement of 

854 a crystal mush layer (Holness et al., 2019, Hunter, 1996, Irvine, 1980, Wager et al., 1960). 

855 These samples typically preserve phase/modal/grain size layering, with relatively uniform 

856 grain-size distributions within individual layer(s) (Fig. 4D). This layering could result from a 

857 range of dynamic or non-dynamic processes, including crystal re-arrangement from a flow, 

858 crystal segregation from convective liquid movement, magma injection causing stratification 

859 and/or mixing and crystallisation conditions changing rapidly (Namur et al., 2015). 

860 Felsic nodules exhibit a narrower range in grain sizes than our more mafic nodules and, 

861 where present, melt surrounds the cumulus crystals (Fig. 4H, Supplementary Fig. 1F). Here, 

862 the form of the grain boundaries and crystal faces is obscured by rim dissolution and 

863 overgrowth, making the crystallisation environment challenging to interpret.

864 Melt movement and reaction in the mush
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865 Gabbroic nodules (including amphibole-bearing cumulates) typically exhibit complex and 

866 variable petrographic textures (Fig. 6A-D), including disequilibrium crystal textures (e.g., 

867 resorbed or skeletal plagioclase, relic cores, irregular grain boundaries; Fig 6A, 6B) and 

868 disaggregated cumulus grains, where crystals derived from the mush are surrounded by melt 

869 (e.g., within channels or melt pockets; Fig. 4G). Here, the zoned crystals and diverse crystal 

870 populations provide evidence for open-system mixing (Schleicher & Bergantz, 2017). 

871 Dissolved plagioclase cores will contain remnant fragments of the original plagioclase, 

872 resulting in skeletal, sieve or pixelated textures (Fig. 6A, samples L1-69, L1-58). Overall, 

873 these observations point to melt moving through the mafic mush instigating reactive 

874 dissolution of plagioclase cores. This process resulted in modified melt compositions that 

875 evolved to be in equilibrium with the crystals before full dissolution (Geist et al., 2014, Geist 

876 et al., 2005). A consequence of this mineral-specific reactive flow was the generation of 

877 melts with increased Al2O3 and Sr contents (Fig. 12E) and positive Eu anomalies (Fig. 12A). 

878 Furthermore, the high-Al2O3 melts require our picked (and XRF analysed) groundmass 

879 glasses to locally contain 10–20% more plagioclase than a typical Tenerife liquid, which is 

880 not supported by SEM photomicrographs of our nodule samples (Fig. 4A, B). While the 

881 felsic interstitial melt compositions extend to high K2O and may have accumulated K-

882 feldspar, the gabbroic nodule interstitial melt trend towards high Al2O3, indicating 

883 assimilation of plagioclase. Gabbroic interstitial melts show weakly positive correlations 

884 between Al2O3–Zr and Al2O3–K2O, which alongside their differing REE abundances, 

885 suggests that the interstitial melts are variably fractionated. Positive Eu anomalies in both 

886 lithologies is viewed as a signal of cumulate melting in felsic systems (Wolff et al., 2020).

887 We interpret these resorption features as recording an open magmatic system, characterised 

888 by periods of mature, orthocumulate crystallisation where interstitial melts are isolated by an 

889 impermeable crystal network and infill pore space within the mush, punctuated by periods of 
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890 reactive melt infiltration and circulation (Gleeson et al., 2020, Sparks et al., 1985). Our 

891 cumulates can show evidence for multi-stage formation, where new melts that infiltrate the 

892 mush — either along grain boundaries or channels — are in disequilibrium with pre-existing 

893 cumulates, dissolving crystal phases and recrystallizing new equilibrium phases (Fig. 6D). 

894 We observe evidence for chemical and textural zonation in the mafic mush with elevated 

895 Al2O3 and Sr in the intermediate melts residing in the interstitial regions, supporting the 

896 process of cognate cumulate melting or ‘feldspar cannibalization’ suggested by Wolff et al. 

897 (2015) and Sliwinski et al. (2015). The structure of melt domains within the cumulates 

898 suggests melt infiltration was highly localised, within mm-scale channels, and that the impact 

899 of reactive melts would, therefore, be spatially variable on short length scales (c.f. 

900 Spiegelman & Kelemen, 2003), affecting different parts of the mush at different points in 

901 time.  This helps explain the lack of a correlation between the broad-scale lithological 

902 divisions in our nodule suite, the compositions of clinopyroxene crystals and the major 

903 element chemical characteristics of the interstitial melt.

904

905 Our Type-2 crystals are characterised by Mg# <60 and strong MREE depletion, which testify 

906 to their equilibrium liquids having already experienced a high degree of pyroxene, 

907 amphibole, and apatite and potentially titanite removal (Ablay, 1998, Olin & Wolff, 2012). 

908 Negative Eu anomalies also indicate that their equilibrium melts had previously crystallised, 

909 or were co-precipitating, feldspar (Ablay, 1998, Sliwinski et al., 2015). These features 

910 implicate crystallisation from an evolved liquid, in agreement with previous interpretations of 

911 analogous green clinopyroxene in other Tenerife eruptions, which are thought to be 

912 antecrystic having formed from low temperature phonolitic melts prior to incorporation into 

913 more basanitic magmas (Duda & Schmincke, 1985, Neumann et al., 1999). Type-2 

914 clinopyroxenes are not in equilibrium with the interstitial melts in their ultramafic and 

Page 37 of 71

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

Manuscript submitted to Journal of Petrology



915 gabbroic host cumulates, and are typically encapsulated in the more primitive Type-1 

916 clinopyroxenes, which could have developed during a period of destabilisation following an 

917 influx of mafic magma into their growth environment e.g. (Cashman et al., 2017, Christopher 

918 et al., 2015). Gabbroic nodules containing green core clinopyroxene also commonly contain 

919 abundant skeletal plagioclase, where crystal cores have been resorbed by interstitial melts 

920 (Fig. 6A; exemplified in samples L1-59, L1-58, L1-69, L1-78, TEM-01, TEM-05-02). These 

921 plagioclase phenocrysts have low anorthite contents (<60An; Stock et al. (2012)) and we 

922 suggest that they co-precipitated in an evolved magma body alongside the Type-2 

923 clinopyroxenes. However, in contrast with the plagioclase, the Type-2 clinopyroxenes do not 

924 show evidence of resorption. Felsic-mush derived Type-2 green cores could originate from: 

925 1) disaggregation and incorporation of a pre-existing felsic mush body during the 

926 development of a new mafic magma reservoir; 2) a pocket/roof-zone of evolved melt within a 

927 larger mafic reservoir which was recycled during an overturn event; 3) a deeper felsic magma 

928 reservoir (Stock et al., 2020) or 4) xenocrysts transported from phonolitic melts produced by 

929 a carbonatite-lherzolite reaction in the mantle (Loges et al., 2019). The latter origin is 

930 difficult to reconcile with the feldspar + pyroxene crystallisation history (MREE depletion), 

931 evident from the green core trace element equilibrium liquid compositions (Fig. 11H). We 

932 find it more plausible that the antecrystic Type-2 clinopyroxene cores grew in a zone of felsic 

933 mush prior to mobilisation and incorporation into an expanding gabbroic mush, based on: (i) 

934 the continuum of cumulate lithologies we observe in our nodule samples; (ii) the abundance 

935 of low Mg# evolved clinopyroxenes and low An# plagioclase cores; (iii) the cores in 

936 equilibrium with a phonolite; (Fig. 11H), and (iv) the presence of both mafic and felsic 

937 cumulate mush nodules in the products of same eruption. It is possible that the evolved 

938 crystal growth environment was only ephemeral and formed through structural reorganisation 

939 of the mush zone (e.g., Druitt et al. 2012, Christopher et al. 2015). 
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940 We suggest that, while the mush system is petrographically zoned it is heterogeneous in its 

941 lithologies and crystal chemistries, containing liquid-rich and crystal-rich regions and is 

942 periodically flushed by ascending, reactive melts. These observations are consistent with 

943 recent models of transcrustal, interconnected magma storage regions (Bachmann & Bergantz, 

944 2004, Cashman et al., 2017, Christopher et al., 2015, Marsh, 2004) and provide empirical 

945 evidence for this type of magma mush system architecture at a major ocean island volcano.

946

947 CONCLUSIONS

948 Petrographic and geochemical analysis of melt-bearing cumulate mush nodules provides an 

949 insight into the architecture and dynamics of the sub-volcanic system at the time of the 312 

950 ka Fasnia eruption. The nodules provide a detailed insight into the crystal-scale makeup of 

951 the mush, covering a broad lithological range including ultramafic, mafic-gabbroic and felsic 

952 cumulates which, as a whole, contain an average of 26% melt. They represent petrographic 

953 zoning through the entire mush column, with ubiquitous evidence of melt mobility though 

954 channels and segregations. Interstitial movement of reactive melts is apparent from crystal 

955 disequilibria in feldspars through mafic and felsic cumulates. Preferential dissolution of 

956 plagioclase and anorthoclase feldspars by reactive interstitial melts may be responsible for the 

957 high-Al characteristics of magmas in the mush system, observed in the interstitial melts. 

958 Critically, interstitial melts and clinopyroxene compositions in different nodules from the 

959 mush do not show any correlation with their host cumulate mineralogy, suggesting that the 

960 system was in a broad state of disequilibrium. Interstitial melt compositions are broadly 

961 similar through the mafic/felsic nodule lithologies, indicating they are relatively well-mixed 

962 and connected. However, these melts have a clearly distinct composition compared to the 

963 phonolitic magmas driving the Fasnia eruption, suggesting the coexistence of two discrete 
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964 magma reservoirs. Given the melt-rich supra-solidus nature of the cumulates, combined with 

965 the lack of a carrier melt around the nodules, the active mafic mush reservoir is likely to have 

966 been explosively fragmented from its crustal position beneath the coexisting evolved 

967 phonolite magma body. More work is needed to quantitatively assess the stratigraphic depth 

968 of origin for these mush nodules, a thermobarometric approach, suitable for alkaline systems 

969 with a high degree of accuracy is required in separate the geometry of the multiple reservoirs 

970 present in this complex magmatic system.
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1301

1302 FIGURE CAPTIONS

1303 Fig. 1. (A) The position of Tenerife within the Canary Island chain. (B) Map of the southeastern 

1304 slopes of Tenerife, termed the Bandas del Sur region, maps modified after Stock et al. (2012). 

1305 Sampling localities from this study are marked by white circles (sample geolocations are 

1306 provided in Supplementary Data). (C) Stratigraphic scheme for the phonolitic pyroclastic 

1307 Members in the Diego Hernández Formation between 0.37–0.18 Ma, after Edgar et al. (2007). 

1308 Graphic log of the Fasnia member (D) is from the Las Cañadas caldera wall (D), labelled 

1309 TR010. A distal log from locality TR008 (E) is northwest of the town of Poris de Abona, note 
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1310 there is difference in scale between the two logs. Units in the Fasnia member are according to 

1311 the stratigraphic scheme from Edgar et al. (2017). Sampling positions of plutonic nodules 

1312 analysed in this study within the Ravelo ignimbrite are marked in arrows in caldera wall (D) 

1313 and the coastal log (E). Abbreviations used in stratigraphic column annotations are given in 

1314 the legend (e.g., mLT = massive lapilli tuff).

1315 Fig. 2. Field photos from the lithic breccia facies in Ravelo unit, part of the Fasnia Member. 

1316 (A) Phonolite megablock in the Ravelo ignimbrite, caldera wall locality (TR010). (B) Section 

1317 of the Ravelo unit from the caldera wall log (Fig. 1D). (C) Section of the lithic breccia from 

1318 locality TR008, with a reduction in clast size range and angularity in the Bandas del Sur region. 

1319 (D) Locality TR020, coarser lithic breccia layer annotated with the position of the plutonic 

1320 nodules in the unit. Gas escape structure highlighted by a vertical distribution of denser clasts 

1321 in the lapilli tuff facies (E) insert, photo of a melt bearing plutonic nodule. (F) Nodule in the 

1322 Ravelo unit, with grey and vesicular, quenched melt seen depressed relative to upstanding 

1323 clinopyroxene crystals, note lack of a melt coating on the nodule.

1324 Fig. 3. Petrological and geochemical overview of juvenile nodules from the Fasnia Member. 

1325 (A) Modal mineralogies ranked with increasing proportion of mafic minerals down the stacked 

1326 bar chart. Modal abundances have been determined from point counting, see methods. Mafic 

1327 minerals include: ol, cpx, opq, hbl and bt. Felsic minerals are grouped: pl, ap, kfs, foid 

1328 (abbreviations defined in Table 1 caption). Nodules are separated into three groups; (1) 

1329 Ultramafic nodules, (2) gabbroic nodules, (3) felsic nodules, marked to the left of the stack. 

1330 Mineral proportions are normalised to 100%. (B) Proportion of interstitial melt recorded in 

1331 each nodule. (C) REE ratios of the interstitial melt, where n represents chondrite-normalised 

1332 samples using factors from Evensen et al. (1978). (D) Mg# of interstitial melts separated by 

1333 nodule group, ultramafic (green circles), the gabbroic group is subdivided into hornblende-

1334 bearing nodules (yellow circles) and gabbroic (grey circles), to distinguish between nodules 
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1335 with and without amphibole in the assemblage and lastly felsic nodules (pink circles) (n=51). 

1336 Mg# of clinopyroxene crystals, larger green squares plot the average clinopyroxene 

1337 composition per sample, the smaller green symbols denoting all measured crystal compositions 

1338 (n= 556).

1339 Fig. 4. Photomicrographs displaying a range of textures from the Fasnia nodules (A) SEM 

1340 image of sample TR008-20, highlighting the structure in the microcrystalline groundmass. (B) 

1341 Magnified SEM image of microlites growth textures on the face of plagioclase crystal. (C) 

1342 XPL image of fabrics showing a preferential orientation of tabular grains, and a relatively 

1343 uniform grain size distribution (range 0.25-2.4 mm) of hornblende, plagioclase and 

1344 clinopyroxene (sample L1_54). (D) XPL image of a sample with three interpreted layers 

1345 marked by white dashes, based on melt abundance, any grain shape orientation and mineral 

1346 abundance, (sample L1_44). Layer 1: coarser grained crystals (higher abundance of plagioclase 

1347 and groundmass), with a random grain shape orientation and a higher abundance of 

1348 microcrystalline groundmass. Layer 2: hornblende dominated, grain-supported fabric. Layer 3: 

1349 dominated by plagioclase and minor clinopyroxene, a crude fabric defined by the orientation 

1350 of tabular plagioclase (E) Edited PPL images of a modally graded layer (sample TR008_12), 

1351 defined by changes in mineralogy: a layer with higher proportions of feldspathoids (highlighted 

1352 in blue)  and minor plagioclase (grey), and plagioclase-rich, groundmass-poor layers. (F) XPL 

1353 image showing grain size and groundmass layered gabbro sample (TEM_02B). (G) XPL image 

1354 showing euhedral and un-deformed clinopyroxene grains with smaller, anhedral 

1355 glomerocrysts, alongside examples of sector zoning, a microcrystalline groundmass-rich 

1356 gabbroic sample (TR007_01). (H) PPL image of a groundmass-supported feldspathoid syenite 

1357 (TEM05_03) with black arrows indicating sieve textures developed in K-feldspars. 

1358
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1359 Fig. 5. Optical petrographic features of the ultramafic nodules. (A) XPL image showing sector 

1360 zoned cumulus clinopyroxene grains (highlighted by white arrows; wehrlite sample L2_57). 

1361 (B) PPL image of a clinopyroxene containing poikilitic olivine inclusions in PPL (wehrlite 

1362 sample L2_57). (C) PPL image of biotite clinopyroxenite sample TR010_04, biotite crystals 

1363 (0.1-1.2 mm) and clusters of biotite are labelled. (D) XPL image of a clinopyroxenite sample 

1364 (L1_14) with discrete melt pathway, grain size coarsening away from pathway and 

1365 clinopyroxene linear inclusion trails, with examples marked by white arrows and a close up 

1366 shown in insert (E). 

1367 Fig. 6. Photomicrographs showing variable plagioclase morphology and dissolution textures 

1368 in Fasnia nodules. (A) XPL image showing plagioclase crystals that are melt-invaded, with 

1369 dissolved cores (sample L1-3). (B) XPL image showing incipient dissolution of a plagioclase 

1370 core with interconnected melt producing a sieve texture (sample L1-15). (C) XPL image 

1371 showing plagioclase crystals with equilibrium, undissolved grain boundaries and un-zoned 

1372 clinopyroxenes containing opaques (sample L1-37). (D) XPL image showing single crystals of 

1373 clinopyroxene replacing the centre of the sieve textured cores in plagioclase with irregular grain 

1374 boundaries (sample L1_56). (E) XPL image showing a sieve texture in clinopyroxene (melt 

1375 infiltrated), highlighted by a white arrow, and apatite circled in white (sample TR008_12). (F-

1376 G) PPL images of green clinopyroxene cores (marked by white arrows) with apatite (circled) 

1377 and opaque inclusions (F: sample L1_58, G: sample TEM_01A).

1378

1379 Fig. 7. Summary of clinopyroxene chemistry. (A) Pyroxene classification ternary diagram 

1380 Morimoto (1988) for Ca-Mg-Fe pyroxenes with the black field highlighting the position of the 

1381 Fasnia  Ca-Mg clinopyroxenes (Type-1, 2 & 3). (B) Expanded field of view of the ternary 

1382 diagram separating out the clinopyroxene cumulate types: Type-1 Al-rich titanaugite (purple; 

1383 photo D), Type-2 Fe-rich titanaugite cores (dark green; photo E outlined core), Type-3 Al-poor 
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1384 titanaugite (light green; photo F). (C) Ternary diagram including Na clinopyroxenes from 

1385 Morimoto (1988) (Q >80 representing Ca-Mg-Fe pyroxenes) with black square representing 

1386 pyroxene compositions measured from syenite clast (aegirine). (D-F) Types of clinopyroxene 

1387 observed in PPL in Fasnia cumulates. (G) Aegirine pyroxenes from syenite clast, showing 

1388 examples of sector zoning. 

1389 Fig. 8. Clinopyroxene compositions from the Fasnia nodules, classified by 

1390 compositional/optical type and cumulate group (see legend, top right). Clinopyroxene data 

1391 from Fasnia pumice from Olin (2007) are shown as grey squares (n=136). Data are shown as 

1392 atoms per formula unit (a.p.f.u), assuming six oxygens. kernel density estimation (KDE) curves 

1393 show the probability distribution of clinopyroxene compositions (A: Al KDE in grey; C: Mg 

1394 KDE in black), highlights the high-Al and low-Al populations from our three nodule groups 

1395 (n=556). (E) Mg# distribution by nodule group and clinopyroxene type with corresponding 

1396 KDE curves for Type-1 cpx (separated into peaks; ultramafic, hbl-bearing and gabbroic 

1397 groups), Type-2 cpx cores (all nodule groups), Type-3 cpx (felsic nodules) and Fasnia pumice 

1398 clinopyroxene Olin (2007). Error bars show 2σ analytical uncertainties where this is greater 

1399 than the size of a data point. 

1400

1401 Fig. 9. Chemical compositions of all erupted products from the Fasnia Member. This includes; 

1402 interstitial melts (this study), Fasnia bulk-rock pumice (this study; blue triangles with black 

1403 outline and Olin (2007); blue triangles or labelled as blue field in major element plots A-D), 

1404 Fasnia glasses (Olin, 2007) and syenite blocks (this study and Olin (2007)), see legend in C. 

1405 Note that syenite clasts from this study are from the Fasnia Member. For these syenite clasts, 

1406 these come from either the Fasnia or the Abrigo Member (DHF I) from Olin (2007) and Wolff 

1407 et al. (2000). The grey field shows a compilation of all bulk-rock data from Tenerife (from the 

1408 GEOROC database). (A) TAS plot after (Le Bas et al., 1986a). (B) Bivariate plot showing 
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1409 MgO versus TiO2, with an insert magnifying the low-Mg samples. (C) Bivariate plot showing 

1410 MgO versus Al2O3. (D) MgO versus CaO. Grey open circles in (B-D) plot the bulk rock 

1411 compositions calculated using a mass balance of mineral and melt proportions with each 

1412 samples corresponding modal mineral proportions (Fig. 3), average mineral composition and 

1413 bulk rock nodule composition is given in the Supplementary data. (E) REE [La/Sm]n and 

1414 [Dy/Yb]n, as examples of the relationship between LREE/MREE and MREE/HREE. (F) Zr 

1415 versus Eu/Eu*, a measure of the behaviour of Eu relative to other REE, is expressed as Eu/Eu*, 

1416 a geometric mean (=[Eu]n/([Sm]n.[Gd]n)0.5), calculated following Taylor and McLennan 

1417 (1985). Eu anomalies above 1.0 referred to as positive and below 1.0 are negative. Error bars 

1418 show 2σ analytical uncertainties where this is greater than the size of a data symbol.

1419

1420 Fig. 10. Summary of interstitial melt compositions separated by nodule group. (A) Major 

1421 element compositions of Fasnia interstitial melts on a total alkali-silica (TAS) plot, separated 

1422 by our three host nodule groups, with the gabbroic group (2) subdivided into hornblende-

1423 bearing and gabbroic (see legend). Bars above the TAS plot show the SiO2 variability between 

1424 the groups of interstitial melts (n=37). (B) Examples of rare-earth element ratios plotting Fasnia 

1425 interstitial melts, [La/Sm]n versus [Dy/Yb]n, separated by the host nodule group’s lithology. 

1426 Bars above (B) show the range of [La/Sm]n and [Dy/Yb]n ratios between the groups, where n 

1427 represents chondrite-normalised samples using factors from Evensen et al. (1978). Error bars 

1428 show 2σ analytical uncertainties where this is greater than the size of a data symbol.

1429

1430 Fig. 11. (A-C) Chondrite-normalised REE patterns for interstitial liquids and pumices from the 

1431 Fasnia Member. (A) Ultramafic nodules, (B) hornblende-bearing and gabbroic cumulates, (C) 

1432 felsic nodules, and (D) pumice samples (this study), with syenite bulk rock data from Olin 

1433 (2007) shown in the light grey field. The average REE profile for all measured interstitial melts 
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1434 is shown in each plot as a black dashed line. Chondrite normalisation factors are from Evensen 

1435 et al. (1978). (E-H) REE of pyroxene separates plotted as their calculated equilibrium liquids, 

1436 separated by pyroxene type and nodule group. Annotated with image of pyroxene type. To 

1437 invert clinopyroxene composition into its predicted liquid composition, calculated KD's for Na-

1438 rich pyroxene (Type-2, 3 and aegirine), were calculated using methods from Beard et al. (2019) 

1439 and for Al-rich titanaugite (Type-1 cpx) KD’s were calculated using the Wood and Blundy 

1440 (1997) method, KD values and parameters are given in the Supplementary material. 

1441

1442 Fig. 12. (A-C) Mineral – melt mixing plots with interstitial melt compositions separated by 

1443 cumulate group, with the gabbroic group (2) subdivided into hornblende-bearing and gabbroic 

1444 (see legend). Average Type-1 clinopyroxene (this study), plagioclase (TEM-05) and K-feldspar 

1445 (L1-25) compositions plotted as white squares, Zr content of K-feldspar calculated assuming 

1446 equilibrium with average phonolite (average of 491 phonolites from Diego Hernández 

1447 Formation) with Zr = 1075 ppm and a K-feldspar/phonolite kd of 0.056 (Jeffery & Gertisser, 

1448 2018). Mixing lines are shown between plagioclase, average basanite (blue diamond), and 

1449 average Diego Hernández phonolite (blue triangle), tick lines marking 20% intervals. 

1450 Compositions used for average basanite lavas < 1 Ma, <48% SiO2 data from Wolff et al. (2000) 

1451 and Carracedo et al. (2007). The grey field shows a general Tenerife trend. (A) Eu/Eu* versus 

1452 Al2O3. (B) Zr versus Al2O3. (C) K2O versus Al2O3. (D-E) Plots of interstitial melt chemistry 

1453 separated by plagioclase textures in the nodules, no plagioclase, non-dissolved plagioclase and 

1454 sieve textured plagioclase (dissolved). 

1455

1456 Fig. 13: Schematic representation of the volcanic system at the time of the Diego Hernández 

1457 Formation alongside depth estimates of the sub-volcanic structures from previous studies. 

1458 Caldera outline is adapted from Cas et al. (2022). Mafic cumulate body(s) have been identified 
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1459 from geophysical studies at depths of 5–14 km below central Tenerife (Ablay & Kearey, 2000, 

1460 Araña et al., 2000)† and geobarometry (Neumann et al., 1999)§. Shallow syenitic plutons 

1461 (shaded blue) were emplaced at depths of 4–7 km below the Las Canadas summit, multiple 

1462 times over the depositional history of the Ucana, Guajara and Diego Hernández Formations 

1463 (post 1.6 Ma) (Ablay, 1998, Ablay et al., 1995, Bryan et al., 2000, Wolff et al., 2000, Wolff, 

1464 1987). Andújar et al. (2008) estimating the phonolite at the roof of the Abrigo magma reservoir 

1465 was at 4–5 km below the surface. Left panel represents a period where the melts are ascending 

1466 through the system and contributing to a phonolite reservoir composition, right panel is 

1467 depicting the fragmentation of the conduit, wall rock, syenite plutons and deeper mafic-felsic 

1468 mush reservoir that constitute the lithic clasts entrained in the Ravelo ignimbrite during the 

1469 caldera collapse event (Edgar et al., 2017).
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Fig. 1. (A) The position of Tenerife within the Canary Island chain. (B) Map of the southeastern slopes of 
Tenerife, termed the Bandas del Sur region, maps modified after Stock et al. (2012). Sampling localities 

from this study are marked by white circles (sample geolocations are provided in Supplementary Data). (C) 
Stratigraphic scheme for the phonolitic pyroclastic Members in the Diego Hernández Formation between 
0.37–0.18 Ma, after Edgar et al. (2007). Graphic log of the Fasnia member (D) is from the Las Cañadas 
caldera wall (D), labelled TR010. A distal log from locality TR008 (E) is northwest of the town of Poris de 

Abona, note there is difference in scale between the two logs. Units in the Fasnia member are according to 
the stratigraphic scheme from (Edgar et al., 2017). Sampling positions of plutonic nodules analysed in this 

study within the Ravelo ignimbrite are marked in arrows in caldera wall (D) and the coastal log (E). 
Abbreviations used in stratigraphic column annotations are given in the legend (e.g., mLT = massive lapilli 

tuff). 
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Fig. 2. Field photos from the lithic breccia facies in Ravelo unit, part of the Fasnia Member. (A) Phonolite 
megablock in the Ravelo ignimbrite, caldera wall locality (TR010). (B) Section of the Ravelo unit from the 

caldera wall log (Fig. 1D). (C) Section of the lithic breccia from locality TR008, with a reduction in clast size 
range and angularity in the Bandas del Sur region. (D) Locality TR020, coarser lithic breccia layer annotated 

with the position of the plutonic nodules in the unit. Gas escape structure highlighted by a vertical 
distribution of denser clasts in the lapilli tuff facies (E) insert, photo of a melt bearing plutonic nodule. (F) 
Nodule in the Ravelo unit, with grey and vesicular, quenched melt seen depressed relative to upstanding 

clinopyroxene crystals, note lack of a melt coating on the nodule. 
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Fig. 3. Petrological and geochemical overview of juvenile nodules from the Fasnia Member. (A) Modal 
mineralogies, are ranked with increasing proportion of mafic minerals down the stacked bar chart. Modal 

abundances have been determined from point counting, see methods. Mafic minerals include: ol, cpx, opq, 
hbl and bt. Felsic minerals are grouped: pl, ap, kfs, foid (abbreviations defined in Table 1 caption). Nodules 
are separated into three groups; (1) Ultramafic nodules, (2) gabbroic nodules, (3) felsic nodules, marked to 
the left of the stack. Mineral proportions are normalised to 100%. (B) Proportion of interstitial melt recorded 

in each nodule. (C) REE ratios of the interstitial melt, where n represents chondrite-normalised samples 
using factors from Evensen et al. (1978). (D) Mg# of interstitial melts separated by nodule group, ultramafic 

(green circles), the gabbroic group is subdivided into hornblende-bearing nodules (yellow circles) and 
gabbroic (grey circles), to distinguish between nodules with and without amphibole in the assemblage and 

lastly felsic nodules (pink circles) (n=51). Mg# of clinopyroxene crystals, larger green squares plot the 
average clinopyroxene composition per sample, the smaller green symbols denoting all measured crystal 

compositions (n=556). 

352x398mm (300 x 300 DPI) 
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Fig. 4. Photomicrographs displaying a range of textures from the Fasnia nodules (A) SEM image of sample 
TR008-20, highlighting the structure in the microcrystalline groundmass. (B) Magnified SEM image of 

microlites growth textures on the face of plagioclase crystal. (C) XPL image of fabrics showing a preferential 
orientation of tabular grains, and a relatively uniform grain size distribution (range 0.25-2.4 mm) of 
hornblende, plagioclase and clinopyroxene (sample L1_54). (D) XPL image of a sample with three 

interpreted layers marked by white dashes, based on groundmass abundance, any grain shape orientation 
and mineral abundance, (sample L1_44). Layer 1: coarser grained crystals (higher abundance of plagioclase 

and melt), with a random grain shape orientation and a higher abundance of melt. Layer 2: hornblende 
dominated, grain-supported fabric. Layer 3: dominated by plagioclase and minor clinopyroxene, a crude 
fabric defined by the orientation of tabular plagioclase (E) Edited PPL image of a modally graded layer 

(sample TR008_12), defined by changes in mineralogy: a layer with higher proportions of feldspathoids 
(highlighted in blue) and minor plagioclase (grey), and plagioclase-rich, melt-poor layers. (F) XPL image 

showing grain size and melt layered gabbro sample (TEM_02B). (G) XPL image showing euhedral and un-
deformed clinopyroxene grains with smaller, anhedral glomerocrysts, alongside examples of sector zoning, a 

Page 60 of 71

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

Manuscript submitted to Journal of Petrology



melt-rich gabbroic sample (TR007_01). (H) PPL image of a melt-supported feldspathoid syenite (TEM05_03) 
with black arrows indicating sieve textures developed in K-feldspars. 

205x324mm (300 x 300 DPI) 
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Fig. 5. Optical petrographic features of the ultramafic nodules. (A) XPL image showing sector zoned cumulus 
clinopyroxene grains (highlighted by white arrows; wehrlite sample L2_57). (B) PPL image of a 

clinopyroxene containing poikilitic olivine inclusions in PPL (wehrlite sample L2_57). (C) PPL image of biotite 
clinopyroxenite sample TR010_04, biotite crystals (0.1-1.2 mm) and clusters of biotite are labelled. (D) XPL 

image of a clinopyroxenite sample (L1_14) with discrete melt pathway, grain size coarsening away from 
pathway and clinopyroxene linear inclusion trails, with examples marked by white arrows and a close up 

shown in insert (E).   
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Fig. 6. Photomicrographs showing variable plagioclase morphology and dissolution textures in Fasnia 
nodules. (A) XPL image showing plagioclase crystals that are melt-invaded, with dissolved cores (sample L1-
3). (B) XPL image showing incipient dissolution of a plagioclase core with interconnected melt producing a 
sieve texture (sample L1-15). (C) XPL image showing plagioclase crystals with equilibrium, undissolved 

grain boundaries and un-zoned clinopyroxenes containing opaques (sample L1-37). (D) XPL image showing 
single crystals of clinopyroxene replacing the centre of the sieve textured cores in plagioclase with irregular 
grain boundaries (sample L1_56). (E) XPL image showing a sieve texture in clinopyroxene (melt infiltrated), 

highlighted by a white arrow, and apatite circled in white (sample TR008_12). (F-G) PPL images of green 
clinopyroxene cores (marked by white arrows) with apatite (circled) and opaque inclusions (F: sample 

L1_58, G: sample TEM_01A). 
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Fig. 7. Summary of clinopyroxene chemistry. (A) Pyroxene classification ternary diagram (Morimoto, 1988) 
for Ca-Mg-Fe pyroxenes with the black field highlighting the position of the Fasnia Ca-Mg clinopyroxenes 

(type-1, 2 & 3). (B) Expanded field of view of the ternary diagram separating out the clinopyroxene 
cumulate types: Type-1 Al-rich titanaugite (purple; photo D), Type-2 Fe-rich titanaugite cores (dark green; 
photo E outlined core), Type-3 Al-poor titanaugite (light green; photo F). (C) Ternary diagram including Na 

clinopyroxenes from (Morimoto, 1988), (Q >80 representing Ca-Mg-Fe pyroxenes) with black square 
representing pyroxene compositions measured from syenite clast (aegirine- aegirine-augite). (D-F) Types of 

clinopyroxene observed in PPL in Fasnia cumulates. (G) Aegirine pyroxenes from syenite clast, showing 
examples of sector zoning.   
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Fig. 8. Clinopyroxene compositions from the Fasnia nodules, classified by compositional/optical type and 
cumulate group (see legend, top right). Clinopyroxene data from Fasnia pumice from Olin (2007) are shown 
as grey squares (n=136). Data are shown as atoms per formula unit (a.p.f.u), assuming six oxygens. kernel 
density estimation (KDE) curves show the probability distribution of our nodule clinopyroxene compositions 

(A: Al KDE in grey; C: Mg KDE in black), highlights the high-Al and low-Al populations from our three nodule 
groups. (n=556). (E) Mg# distribution by nodule group and clinopyroxene type with corresponding KDE 
curves for Type-1 cpx (separated into peaks; ultramafic, hbl-bearing and gabbroic groups), Type-2 cpx 

cores (all nodule groups), Type-3 cpx (felsic nodules) and Fasnia pumice clinopyroxene (Olin, 2007). Error 
bars show 2σ analytical uncertainties where this is greater than the size of a data point.   
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Fig. 9. Chemical compositions of all erupted products from the Fasnia Member. This includes; intercumulus 
melts (this study), Fasnia bulk-rock pumice (this study; blue triangles with black outline and Olin (2007); 
blue triangles or labelled as blue field in major element plots A-D), Fasnia glasses (Olin, 2007) and syenite 
blocks (this study and Olin (2007)), see legend in C. Note that syenite clasts from this study are from the 

Fasnia Member. measuring major elements (Supplementary Data) and trace element data is from Olin 
(2007). For these syenite clasts, these come from either the Fasnia or the Abrigo Member (DHF I) from Olin 
(2007) and Wolff et al., (2000). The grey field shows a compilation of all bulk-rock data from Tenerife (from 
the GEOROC database). (A) TAS plot after Le Bas (1986). (B) Bivariate plot showing MgO versus TiO2, with 

an insert magnifying the low-Mg samples. (C) Bivariate plot showing MgO versus Al2O3. (D) MgO versus 
CaO. Grey open circles in (B-D) plot the bulk rock compositions calculated using a mass balance of mineral 
and melt proportions with each samples corresponding modal mineral proportions (Fig. 3), average mineral 
composition and bulk rock nodule composition is given in the Supplementary data. (E) REE [La/Sm]n and 
[Dy/Yb]n, as examples of the relationship between LREE/MREE and MREE/HREE. (F) Zr versus Eu/Eu*, a 

measure of the behaviour of Eu relative to other REE, is expressed as Eu/Eu*, a geometric mean 
(=[Eu]n/([Sm]n.[Gd]n)0.5), calculated following (Taylor & McLennan, 1985). Eu anomalies above 1.0 

referred to as positive and below 1.0 are negative. Error bars show 2σ analytical uncertainties where this is 
greater than the size of a data symbol. 
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Fig. 10. Summary of interstitial melt compositions separated by nodule group. (A) Major element 
compositions of Fasnia interstitial melts on a total alkali-silica (TAS) plot, separated by our three host nodule 

groups, with the gabbroic group (2) subdivided into hornblende-bearing and gabbroic (see legend). Bars 
above the TAS plot show the SiO2 variability between the groups of interstitial melts (n=37). (B) Examples 
of rare-earth element ratios plotting Fasnia interstitial melts, [La/Sm]n versus [Dy/Yb]n, separated by the 
host nodule group’s lithology. Bars above (B) show the range of [La/Sm]n and [Dy/Yb]n ratios between the 
groups, where n represents chondrite-normalised samples using factors from Evensen et al. (1978). Error 

bars show 2σ analytical uncertainties where this is greater than the size of a data symbol. 
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Fig. 11. (A-C) Chondrite-normalised REE patterns for interstitial liquids and pumices from the Fasnia 
Member. (A) Ultramafic nodules, (B) hornblende-bearing and gabbroic cumulates, (C) felsic nodules, and (D) 
pumice samples (this study), with syenite bulk rock data from Olin (2007) shown in the light grey field. The 
average REE profile for all measured interstitial melts is shown in each plot as a black dashed line. Chondrite 

normalisation factors are from Evensen et al. (1978). (E-H) REE of pyroxene separates plotted as their 
calculated equilibrium liquids, separated by pyroxene type and nodule group. Annotated with image of 

pyroxene type. To invert clinopyroxene composition into its predicted liquid composition, calculated KD's for 
Na-rich pyroxene (Type-2, 3 and aegirine), were calculated using methods from Beard et al. (2019) and for 
Al-rich titanaugite (Type-1 cpx) KD’s were calculated using the Wood and Blundy (1997) method, KD values 

and parameters are given in the Supplementary material. 
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Fig. 12. (A-C) Mineral – melt mixing plots with interstitial melt compositions separated by cumulate group, 
with the gabbroic group (2) subdivided into hornblende-bearing and gabbroic (see legend). Average Type-1 

clinopyroxene (this study), plagioclase (TEM-05) and K-feldspar (L1-25) compositions plotted as white 
squares, Zr content of K-feldspar calculated assuming equilibrium with average phonolite (average of 491 
phonolites from Diego Hernández Formation) with Zr = 1075 ppm and a K-feldspar/phonolite kd of 0.056 
(Jeffery & Gertisser, 2018). Mixing lines are shown between plagioclase, average basanite (blue diamond), 

and average Diego Hernández phonolite (blue triangle), tick lines marking 20% intervals. Compositions used 
for average basanite lavas < 1 Ma, <48% SiO2 data from Wolff et al. (2000) and Carracedo et al. (2007). 

The grey field shows a general Tenerife trend. (A) Eu/Eu* versus Al2O3. (B) Zr versus Al2O3. (C) K2O versus 
Al2O3. (D-E) Plots of interstitial melt chemistry separated by plagioclase textures in the nodules, no 

plagioclase, non-dissolved plagioclase and sieve textured plagioclase (dissolved). 
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Fig. 13: Schematic representation of the volcanic system at the time of the Diego Hernández Formation 
alongside depth estimates of the sub-volcanic structures from previous studies. Caldera outline is adapted 
from Cas et al. (2022). Mafic cumulate body(s) have been identified from geophysical studies at depths of 
5–14 km below central Tenerife (Ablay & Kearey, 2000, Araña et al., 2000)† and geobarometry (Neumann 
et al., 1999)§. Shallow syenitic plutons (shaded blue) were emplaced at depths of 4–7 km below the Las 

Canadas summit, multiple times over the depositional history of the Ucana, Guajara and Diego Hernández 
Formations (post 1.6 Ma) (Ablay, 1998, Ablay et al., 1995, Bryan et al., 2000, Wolff et al., 2000, Wolff, 

1987). With Andújar et al. (2008) estimating the phonolite at the roof of the Abrigo magma reservoir was at 
4–5 km below the surface. Left panel represents a period where the melts are ascending through the system 

and contributing to a phonolite reservoir composition, right panel is depicting the fragmentation of the 
conduit, wall rock, syenite plutons and deeper mafic-felsic mush reservoir that constitute the lithic clasts 

entrained in the Ravelo ignimbrite during the caldera collapse event (Edgar et al., 2017). 

305x173mm (300 x 300 DPI) 

Page 70 of 71

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

Manuscript submitted to Journal of Petrology



1 Table 1. Summary of lithological, mineralogical, grain size and melt abundance data for 103 

2 juvenile cumulate samples used in this study. 

Group Cumulate 
sample type

No. of 
samples

Mineral 
assemblage
(major ± 
minor)

Major mineral 
abundance vol%
range (average)

Grain 
size 
range
(mm)

Melt 
abundance 
range 
(average)

Cumulate 
density 
(g/cm3)**

1 Wehrlite 2 ol, cpx ± opq ol, 21 – 26 (23)
cpx, 45 – 60 
(52)

0.1 – 
5.0 

8 – 27 
(17.6)

3.3 - 3.4 

1 Clino-
pyroxenite

18 cpx, opq ± pl cpx, 25 – 75 
(59)
opq, 1 – 30 
(14.2)

0.5 – 
12.0 

10 – 64 
(25.5)

3.4 – 3.5

2 Gabbro 30 cpx, pl, opq 
± ap ± kfs ± 
hbl + foid ± 
rt

cpx, 18 – 60 
(43)
pl, 4 – 43 (21)

0.5 – 
20.0 

0 – 50 
(23.0)

3.2 – 3.3

2 Hornblende- 
bearing*

47 hbl, cpx, pl, 
opq ± ap ± 
kfs ± foid 

hbl, 6 – 64 (45)
pl, 1 – 45 (15) 
cpx, 0 – 52 (21)

0.5 – 
32.0

5 – 58 
(26.1)

3.0 – 3.3

3 Feldspathoid 
syenite,
monzodiorite

6 kfs, foid, pl 
± cpx ± hbl ± 
bt ± opq ± ap  

kfs, 15 – 62 (47)
foid, 7 – 20 (12)
pl, 0 – 35 (7)

0.2 – 
5.5 

0 – 41 
(16.7)

2.7 – 2.8

3

4 Classification and nomenclature of plutonic rocks from Streckeisen (1974). Major mineral phases (>5 

5 vol%) are in bold and minor mineral phase (<5 vol%) in normal text, with abbreviations: olivine (ol), 

6 clinopyroxene (cpx), hornblende (hbl), plagioclase (pl), k-feldspar (kfs), feldspathoid (foid), opaque 

7 (opq), apatite (ap), biotite (bt), rutile (rt). *hornblende-bearing cumulates include pyroxene 

8 hornblende gabbros, pyroxene hornblendite, hornblende pyroxenite and hornblende gabbro cumulate 

9 lithologies. **cumulate densities are calculated using a weighted average of the density and vol% of 

10 the minerals present in each cumulate lithology. Melt densities are calculated from the average melt 

11 abundance and average major element composition (presented in Supplementary material), following 

12 the procedure used in Bottinga and Weill (1970).
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1 Table 2: Average major element compositions for Fasnia clinopyroxenes

Cumulate 
group

Ultramafic Ultramafic Gabbroic Gabbroic Gabbroic Gabbroic Felsic Syenite 

Sample/s L1_89 & 
L2_57B 

4 samples* L1_37 TEM_01
A_cpx_3

TEM_01
A_cpx_3

L1_59_
cpx_8

L1_94 L1_71

No. of 
crystals 10 33 5 1 1 1 6 5

Data 
points

100 124 44 54 8 12 21 9

cpx type type-1 type-1 type-1 type-1** type-2 type-2 type-3 aegirine

SiO2 45.9 44.5 44.7 44.9 50.0 50.9 51.5 52.0
TiO2 2.89 3.64 3.67 3.55 1.25 0.81 1.02 2.79
Al2O3 7.43 8.48 8.38 8.04 3.28 2.16 2.28 1.03
FeO 7.23 7.57 7.28 7.91 10.73 12.64 7.79 23.83
MnO 0.10 0.14 0.13 0.19 0.65 1.2 0.66 0.79
MgO 12.62 11.77 11.9 11.61 10.89 9.59 13.6 2.18
CaO 23.14 22.66 22.64 22.24 21.36 20.87 21.66 4.83
Na2O 0.44 0.52 0.50 0.62 1.15 1.27 0.97 10.70
Mg# 75.6 73.4 74.4 72.2 64.3 57.4 75.7 13.9
XEn 37.9 36.4 36.9 36.2 33.7 30.2 40.6 11.2
XWo 39.9 50.4 50.4 49.9 48.0 47.4 46.4 17.6
XFs 12.1 13.2 12.7 13.9 18.71 22.4 13.0 71.2

2

3 A summary of clinopyroxene data from EMPA and grouped by clinopyroxene and sample type 

4 (ultramafic, gabbroic, felsic and syenite block). *clinopyroxenes grouped from clinopyroxenite 

5 nodules and include samples TR007_02, TEM_02A, TR008_06G & TR003_03. A complete 

6 clinopyroxene dataset is provided in the Supplementary material. **measured crystal is a type-1 

7 mantle and rim surrounding a type-2 green core (pictured in Fig. 7E).
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