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32 Abstract
33

34 A highly residual granulite-facies rock (sample RG07-21) from Lunnyj Island in the Rauer Group, 

35 East Antarctica, presents an opportunity to compare different approaches to constraining peak 

36 temperature in high-grade metamorphic rocks. Sample RG07-21 is a coarse-grained pelitic migmatite 

37 composed of abundant garnet and orthopyroxene along with quartz, biotite, cordierite and 

38 plagioclase with accessory rutile, ilmenite, zircon and monazite. The inferred sequence of mineral 

39 growth is consistent with a clockwise pressure–temperature (P–T) evolution when compared to a 

40 forward model (P–T pseudosection) for the whole-rock chemical composition. Peak metamorphic 

41 conditions are estimated at 9 ± 0.5 kbar and 910 ± 50°C based on conventional Al-in-

42 orthopyroxene thermobarometry, Zr-in-rutile thermometry and calculated compositional isopleths. 

43 U–Pb ages from zircon rims and neocrystallised monazite grains yield ages of ca 514 Ma, suggesting 

44 crystallisation of both minerals occurred toward the end of the youngest pervasive metamorphic 

45 episode in the region known as the Prydz Tectonic Event. The rare earth element compositions of 

46 zircon and garnet are consistent with equilibrium growth of these minerals in the presence of melt. 

47 When comparing the thermometry methods used in this study, it is apparent that the Al-in-

48 orthopyroxene thermobarometer provides the most reliable estimate of peak conditions. There is a 

49 strong textural correlation between the temperatures obtained using the Zr-in-rutile thermometer––

50 maximum temperatures are recorded by a single rutile grain included within orthopyroxene, whereas 

51 other grains included by garnet, orthopyroxene, quartz and biotite yield a range of temperatures 

52 down to 820°C. Ti-in-zircon thermometry returns significantly lower temperature estimates of 

53 678°C–841°C. Estimates at the upper end of this range are consistent with growth of zircon from 

54 crystallising melt at temperatures close to the elevated (H2O-undersaturated) solidus. Those 

55 estimates significantly lower than the calculated temperature of this residual solidus may reflect 
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56 isolation of rutile from the effective equilibration volume leading to an activity of TiO2 that is lower 

57 than the assumed value of unity. 

58

59 Keywords: ultrahigh temperature metamorphism; Rauer Group; Antarctica; accessory mineral 

60 thermometry; Laser Ablation Split Stream (LASS) petrochronology

61
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62 1  INTRODUCTION

63 The changing pressure (P) and temperature (T) conditions recorded by metamorphic rocks are 

64 encoded within the different associations, abundances and compositions of the minerals they 

65 contain (e.g. Powell & Holland, 2008). The absolute timing (t) and rates of processes may be 

66 constrained using dateable minerals, most commonly zircon, monazite and rutile. A number of 

67 techniques may be employed to extract P–T information. Conventional thermobarometers (inverse 

68 modelling), which compare the measured major element composition of common rock-forming 

69 minerals in conjunction with experimentally-calibrated exchange and net transfer reactions, have 

70 been in use for more than half a century (Aranovich & Berman, 1997; Ferry & Spear, 1978; 

71 Fitzsimons & Harley, 1994; Harley, 1984; Harley & Green, 1982; Lee & Ganguly, 1988; Ramberg & 

72 DeVore, 1951; Wood, 1974). Although conventional thermobarometry can provide invaluable 

73 information, minerals very commonly are compositionally zoned, and the selection of the 

74 appropriate (peak) mineral compositions is challenging. More recently, inverse modelling of 

75 metamorphic rocks has been extended to include tetravalent cation thermometry, which uses the 

76 experimentally determined temperature-dependent partitioning of 4+ cations (i.e. Si, Ti, Zr) between 

77 particular major and accessory minerals (i.e. quartz, rutile and zircon) to recover temperatures of 

78 equilibration (Ferry & Watson, 2007; Tomkins, Powell, & Ellis, 2007; Watson & Harrison, 2005; 

79 Watson, Wark, & Thomas, 2006; Zack, Moraes, & Kronz, 2004). This approach is attractive as 4+ 

80 cations are much less mobile than, for example, Mg and Fe2+, and are more likely to record peak or 

81 near peak metamorphic conditions.

82 Currently, the method most commonly used to constrain P–T conditions is phase 

83 equilibrium modelling (forward modelling). Using the measured bulk composition of a sample in 

84 conjunction with an internally consistent thermodynamic data set, and activity–composition models 
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85 for solid solution phases (Holland & Powell, 2011; White, Powell, Holland, Johnson, & Green, 

86 2014), the technique allows the calculation of isochemical phase diagrams (P–T pseudosections) that 

87 constrain mineral assemblage fields in P–T space. In conjunction with equilibrium mineral 

88 assemblages and reaction textures inferred from petrographic observations, such phase diagrams 

89 permit constraints on a metamorphic evolution to be derived without any knowledge of the 

90 compositions of minerals. However, mineral chemistry and the measured abundance of phases may 

91 be used in conjunction with P–T pseudosections to more tightly constrain the metamorphic 

92 conditions (Holder, Hacker, Horton, & Rakotondrazafy, 2018; Johnson, Brown, Gibson, & Wing, 

93 2004; Kelsey, White, Powell, Wilson, & Quinn, 2003; Korhonen, Clark, Brown, Bhattacharya, & 

94 Taylor, 2013; Morrissey, Hand, & Kelsey, 2017; Pownall, 2015; Yakymchuk et al., 2015).

95 In this study, we investigate a single sample of highly-residual metapelitic granulite (RG07-

96 21) from Lunnyj Island in the Rauer Group of the Prydz Belt, East Antarctica (Figure 1a, b, c; 

97 Harley & Fitzsimons, 1991; Kelsey, Hand, Clark, & Wilson, 2007). Previous studies have shown that 

98 the region experienced granulite-facies metamorphism on at least two occasions, first during the 

99 Rauer Tectonic Event (c. 1170–910 Ma) and later (c. 570–510 Ma) during the Prydz Tectonic Event 

100 (Harley, 1998; Hokada, Harley, Dunkley, Kelly, & Yokoyama, 2016; Kelsey, Wade, et al., 2008; 

101 Kelsey et al., 2003). The sample contains abundant coarse-grained garnet and orthopyroxene along 

102 with quartz, biotite and cordierite, minor plagioclase and accessory rutile, ilmenite, zircon and 

103 monazite. Using geochronology of zircon and monazite, the trace element composition of accessory 

104 phases and garnet, including 4+ cation thermometry, conventional thermobarometry, and phase 

105 equilibria modelling, we investigate the P–T–t evolution of the sample and suggest why some 

106 thermometers are more faithful recorders of peak temperatures than others.

107
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108 2  GEOLOGICAL SETTING

109 The Rauer Group are located in the Prydz Bay region of East Antarctica (Figure 1a, b). The rocks of 

110 the Rauer Group, known as the Rauer Terrane, are dominantly orthogneisses and supracrustal 

111 metamorphic rocks with protoliths ranging in age from Archaean to Proterozoic that are crosscut by 

112 a number of Proterozoic mafic dyke suites (Harley, Snape, & Black, 1998; Kelsey, Wade, et al., 2008; 

113 Kinny, Black, & Sheraton, 1993). The rocks of the Rauer Terrane experienced a number of 

114 tectonometamorphic cycles, resulting in a complex interleaving of units with different ages and 

115 tectonic histories. The oldest rocks, mainly comprising Archaean felsic and mafic orthogneisses, 

116 have protolith ages that range from 3450 Ma to 2550 Ma (Harley et al., 1998; Kinny et al., 1993) and 

117 were affected by a high-grade metamorphic event at 2550 Ma (Harley & Kelly, 2007). These gneisses 

118 also contain two layered igneous complexes, the Scherbinina Layered Complex (Harley & Kelly, 

119 2007; Harley et al., 1998) and the Mg-rich gabbroic–anorthositic Torckler–Tango Complex (Harley 

120 & Fitzsimons, 1995). 

121 Interleaved with the Archaean basement rocks are two sequences of Proterozoic gneisses—

122 the Filla and Mather paragneisses. The Filla paragneiss is dominated by high-Fe and -Al 

123 metasedimentary units containing assemblages rich in garnet, sillimanite and quartz with minor calc-

124 silicate and mafic units (Harley & Fitzsimons, 1991; Harley & Fitzsimons, 1995). The deposition age 

125 of the protolith for the Filla paragneiss is considered to be Mesoproterozoic based on zircon and 

126 monazite dates and cross-cutting relationships with dykes (Kelsey et al., 2007; Sims, Dirks, Carson, 

127 & Wilson, 1994). The Mather paragneiss is dominated by high-Mg and -Al assemblages containing 

128 orthopyroxene, sillimanite and quartz, along with diopside–forsterite marbles (Harley & Buick, 1992; 

129 Kelsey, Wade, et al., 2008). Deposition of the Mather paragneiss is considered to have occurred 

130 during the Neoproterozoic (around 600 Ma) based on detrital zircon ages, and forms part of a 
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131 sedimentary basin that developed in the Rauer Group between 600 and 575 Ma (Kelsey, Wade, et al., 

132 2008).

133  

134 3  METHODS

135

136 3.1  Laser Ablation inductively coupled plasma mass spectrometry (LA–ICP–MS) 

137 Accessory minerals were analysed both in grain mounts and thin section. Heavy mineral 

138 concentrates were separated using a SELFRAG electric pulse disaggregation (EPD) system at Curtin 

139 University, followed by traditional magnetic and heavy liquid separation. Monazite and zircon were 

140 then hand-picked and mounted in 25 mm epoxy discs for further analysis. Garnet was analysed in 

141 thin section. All uncertainties are reported at a 2 level.

142 3.1.1 | Zircon

143 Collection of LA–ICP–MS data was performed at the GeoHistory Facility in the John de Laeter 

144 Centre, Curtin University, Perth, Australia. Individual zircon grains were ablated using an ASI 

145 RESOlution M-50A-LR, incorporating a Compex 193nm Ar-F excimer laser attached in Split 

146 Stream (LASS) mode (Kylander-Clark, Hacker, & Cottle, 2013) to a Nu Instruments Nu-Plasma2 

147 HR multi-collector ICP-MS and Agilent 7700 quadrupole ICP-MS. The Nu-Plasma2 was set up to 

148 collect U and Th on faraday cups whilst all Pb and Hg peaks were measured using high sensitivity 

149 ion counters. The Agilent quadrupole was set up to collect the following trace elements, each of 

150 which were monitored for 0.03 s: 29Si, 31P, 49Ti, 89Y, 90Zr, 93Nb, 147Sm, 151Eu, 157Gd, 159Tb, 163Dy, 

151 165Ho, 166Er, 168Tm, 172Yb, 175Lu, 178Hf, 204Pb, 232Th, 238U. Analyses were performed at a laser 

152 repetition rate of 6 Hz and a 23 μm spot diameter at 26% attenuation, resulting in a power output of 
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153 ~2 J/cm2 at the sample surface. A single analysis involved 2 cleaning pulses, a long initial 

154 background collection of 40 s, followed by 25 s of ablation, and 15 s of washout time. A long 

155 background collection on the highly sensitive ion counters is essential for the use of the “step 

156 forward” baseline collection on the Iolite software. Laser gas flows of 320 ml/min He, and 1.2 

157 ml/min N were used, with matched mass spec argon gas flows of ~1 l/min on the Nu Plasma2 and 

158 ~1 l/min on the Agilent.

159 The time-resolved mass spectra were reduced using the U_Pb_Geochronology4 data 

160 reduction scheme in Iolite (Chad Paton, Hellstrom, Paul, Woodhead, & Hergt, 2011). The primary 

161 reference material used in this study was 91500 (1062.4 ± 0.4 Ma; (Wiedenbeck et al., 1995) with 

162 Plesovice (337.1 ± 0.4 Ma (Sláma et al., 2008), this study: 338 ±3 Ma), GJ1 (601.9  ± 0.7 Ma 

163 (Jackson, Pearson, Griffin, & Belousova, 2004), this study: 604 ± 3 Ma) and Temora-2 (416.78 ± 

164 0.33 (Black et al., 2003), this study: 414 ± 5 Ma) used as secondary age standards. 206Pb/238U ages 

165 calculated for the secondary zircon age standards were used to calculate an additional uncertainty 

166 required for a single analytical population in these materials. This additional uncertainty of ~1% was 

167 incorporated into the calculation of the 206Pb/238U age of the unknowns. For the calculation of 

168 other weighted means and the plotting of concordia diagrams an additional calculated uncertainty of 

169 0.5% was added to the analytical uncertainties for the 207Pb/235U and 207Pb/206Pb ratios. Internal 

170 standardization for trace elements used a stoichiometric Zr concentration of 43.14 wt% in zircon 

171 standard GJ-1 (Jackson et al., 2004).

172 3.1.2 | Monazite

173 LASS analyses of monazite broadly followed the same method as previously described for zircon. 

174 Gas flows for the mass spectrometers remained the same, as did the run table for the Nu-Plasma2. 

175 The main differences were a reduction of the ablation spot diameter to 7 μm, and a change in the 
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176 run table for the Agilent quadrupole. The following elements were monitored for 0.03 s each: 28Si, 

177 31P, 34S, 44Ca, 88Sr, 89Y, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 151Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 

178 168Tm, 172Yb, 175Lu, 178Hf, 232Th, 238U.

179 Like zircon, the time-resolved mass spectra for monazite were reduced using the 

180 U_Pb_Geochronology4 data reduction scheme in Iolite (Chad Paton et al., 2011). The primary 

181 reference material used in this study was 44069 (424.9 ± 0.4 Ma; (Aleinikoff et al., 2006) with 

182 Trebilcock (272 Ma, this study: 274 ± 2 Ma; (Tomascak, Krogstad, & Walker, 1996) and Curtin 

183 University standard India (509  Ma: 505 ± 5 Ma; (Korhonen, Saw, Clark, Brown, & Bhattacharya, 

184 2011; Taylor et al., 2014) used as secondary age standards. 206Pb/238U ages calculated for secondary 

185 monazite age standards were used to calculate an additional uncertainty required for a single 

186 analytical population in these materials. This additional uncertainty of ~1% was subsequently added 

187 to the 206Pb/238U ages of the unknowns. For the calculation of other weighted means and the 

188 plotting of concordia diagrams an additional calculated uncertainty of 0.8% was added to the 

189 analytical uncertainties for the 207Pb/235U and 207Pb/206Pb ratios.

190 Trace element calibration is more complex for monazite due to the lack of internally 

191 consistent major element concentrations (e.g. such as the Zr content of zircon), and so assuming a 

192 stoichiometric concentration (e.g. Ce) can lead to spurious trace element trends if the monazite 

193 composition varies. One way to overcome this issue is to have a known/measured concentration of 

194 a major element (e.g. Ce in monazite) for each individual analysis that is measured by EPMA. 

195 However, with the current output of laser ablation runs being 500–1000 analyses in 24 hours, this 

196 proves to be costly and impractical. We have overcome this by internally standardising against Ce 

197 using multiple standards of known Ce concentrations covering a broad range of values. This enables 

198 the production of a working curve for each analytical session of Ce concentration against counts per 

199 second (CPS) on the quadrupole. This is then used to calibrate each unknown for its individual Ce 
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200 concentration based on CPS using the TraceElements_SI DRS function in Iolite. As these data are 

201 collected during the run itself, this approach is time and cost effective, with the added benefit that 

202 the calibration uses an identical sample volume as the measurement of the unknown. Multiple 

203 EPMA measurements for five monazite standards gave the following Ce concentrations used for 

204 calibration: 44069 = 23.3 wt%, GM3 = 22.3 wt%, Khan = 29.0 wt%, Farm Eureka = 29.2 wt%, 

205 India = 19.9 wt%. These standards show a ~10% variation in total Ce variation, covering the 

206 majority of monazite compositions, and provide a robust Ce calibration for the unknowns. The 

207 calibrated results for the unknowns in this study showed a variation in Ce of 21.2–24.9 wt%.

208 3.1.3 | Garnet 

209 Rare earth element and other trace element compositions of garnet were measured by LA–ICP–MS 

210 using an ASI RESOlution M-50A-LR, incorporating a Compex 193nm Ar-F excimer laser with an 

211 Agilent 7700 mass spectrometer at Curtin University. Garnet grains were analysed in a polished thin 

212 section using a 50 μm spot size and an ablation period of 30 seconds with a repetition rate of 7 Hz. 

213 NIST glasses (610, 612) (N. J. G. Pearce et al., 1997) were used as reference materials, with NIST 

214 610 as the primary standard. Calibration of trace elements in garnet assumed stoichiometric Si (18 

215 wt%). Time-resolved data were processed following each session using the Iolite software (Chad 

216 Paton et al., 2011; C. Paton et al., 2010), which permits detection of data affected by analysing 

217 inclusions. 

218

219 3.2 | Whole rock and mineral compositions 

220 Whole-rock chemical analyses used as the basis for the calculation of metamorphic phase equilibria 

221 were measured by XRF at Franklin and Marshall College, Pennsylvania. Major element oxides were 

222 analysed by fusing 0.4 g of the powdered sample with lithium tetraborate (Boyd & Mertzman, 1987). 
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223 Chemical analyses of minerals were obtained using a Cameca SXFive electron microprobe at 

224 Adelaide Microscopy, University of Adelaide. The instrument is equipped with five wavelength-

225 dispersive X-ray detectors utilizing large diffracting crystals. Beam conditions of 15 kV and 20 nA 

226 with a focused spot were used for all point analyses. Calibration was performed on certified 

227 synthetic and natural mineral standards from Astimex Ltd and P&H Associates. Data calibration and 

228 reduction were carried out in Probe for EPMA, distributed by Probe Software Inc. The mineral 

229 chemistry is provided in supplementary item S1 and a complete description of operating conditions 

230 and standards is given in supplementary item S2.

231

232 3.3 | Mineral equilibria forward modelling

233 Phase equilibria modelling was performed in the MnO–Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–

234 H2O–TiO2–O (MnNCKFMASHTO) system using the ‘ds6’ thermodynamic dataset (Holland & 

235 Powell, 2011) and relevant activity–composition (a–x) models (Powell, White, Green, Holland, & 

236 Diener, 2014; White et al., 2014) and version 3.40i of THERMOCALC. Appropriate concentrations of 

237 ferric iron (Fe3+) and H2O were constrained using T–X pseudosections (Supplementary Figure S1). 

238 The software TCInvestigator (M. A. Pearce, White, & Gazley, 2015) was used to contour P–T 

239 diagrams for the calculated abundance and composition of phases.

240

241 4  SAMPLE DESCRIPTION

242 Sample RG07-21 is a coarse-grained, granoblastic rock dominated by porphyroblasts of dark red 

243 garnet and blocky, dark brown orthopyroxene within in a matrix of cordierite, quartz, plagioclase 

244 and biotite with accessory rutile, imenite, zircon and monazite (Figure 1d). Quartzofeldspathic 

245 leucosome forms apparently isolated pockets and more continuous irregular layers that are aligned 
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246 subparallel to a weak foliation (Figure 1d). Within the melanosome, coarse porphyroblastic garnet 

247 occurs mostly as anhedral equant grains containing inclusions of quartz, rutile and ilmenite (Figure 

248 2a). Where in close proximity to quartz, the garnet porphyroblasts are commonly surrounded by 

249 symplectitic coronae of cordierite and orthopyroxene (Figure 2a, b). Porphyroblastic orthopyroxene 

250 occurs as partially resorbed subhedral to anhedral grains containing inclusions of all other minerals 

251 except plagioclase and cordierite (Figure 2a, c). Biotite inclusions within orthopyroxene 

252 porphyroblasts define a very weak foliation in most of the porphyroblasts (Figure 2a). Quartz occurs 

253 as variably recrystallized large anhedral equant grains or as elongate grain aggregates that are typically 

254 intergrown with garnet (Figure 2a). The granoblastic matrix is mainly composed of cordierite, 

255 biotite, garnet, orthopyroxene, quartz, plagioclase, rutile and ilmenite (Figure 2a). Matrix quartz and 

256 cordierite also form vermicular symplectites within the leucosome (Figure 2a). Matrix biotite is 

257 typically intergrown with quartz and cordierite, but also occurs within biotite-rich aggregates. In the 

258 melanosome, plagioclase occurs exclusively as discontinuous thin films around large grains of garnet, 

259 orthopyroxene and quartz (Figure 2a). 

260 The peak assemblage in RG07-21 is interpreted to be garnet, orthopyroxene, quartz, rutile 

261 and/or ilmenite and melt. Matrix plagioclase, cordierite and biotite are interpreted as having grown 

262 during the retrograde evolution during and/or shortly following melt crystallisation. Furthermore, 

263 inclusions of biotite with an apparent preferred orientation within orthopyroxene porphyroblasts 

264 indicate that biotite was stable during the prograde evolution. 

265 Rutile is abundant (see Figures 2 and 3), and occurs as equant to slightly elongate grains that 

266 vary in their maximum dimension from 100 to 600 m. It occurs as inclusions within, and at the 

267 margins of, coarse-grained garnet, orthopyroxene and quartz, as well as being present within the 

268 cordierite-rich leucosome. Rutile inclusions within garnet and quartz are equant and euhedral, 
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269 whereas those within orthopyroxene are more elongate and subhedral. Matrix rutile is anhedral and 

270 typically located near the margins of orthopyroxene, garnet or quartz. 

271 Zircon occurs as inclusions within and at the margins of the major minerals, and ranges in 

272 size from ~20 μm to 175 μm. The largest grains are associated with cordierite-rich leucosome 

273 (Figure 2d). Zircon grains are stubby to equant and euhedral, commonly forming ‘soccer ball’ 

274 morphologies typical of metamorphic zircon (Corfu, Hanchar, Hoskin, & Kinny, 2003; Schaltegger 

275 et al., 1999; Taylor, Kirkland, & Clark, 2016; Vavra & Schaltegger, 1999). Cathodoluminescence (CL) 

276 imaging of the zircon grains typically reveals central portions that have a low CL response and show 

277 very little internal differentiation or are featureless (Figure 3a). Outer portions of the grains generally 

278 show a higher CL response than cores and exhibit strong sector zoning, with weak, planar zoning 

279 observed within sectors that are parallel to crystal faces (Figure 3a). The boundaries between sectors 

280 show pronounced bright CL responses that are typical of zircon grown during granulite-facies 

281 metamorphism (Taylor et al., 2016). 

282 Large anhedral monazite grains (typically 200–500 μm) were observed in the grain separates 

283 and within leucosome quartz (Figure 2e; Figure 3b). Backscattered electron (BSE) imaging shows 

284 slight variability with bright BSE response zones sometimes occurring around the edge of the grains, 

285 or forming complex, irregular internal features within grains (Figure 3b).

286

287 5  RESULTS

288

289 5.1 | Accessory mineral geochronology and trace element geochemistry

290 5.1.1 | Zircon
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291 Analysis of nineteen sector-zoned zircon grains from sample RG07-21 gives a single concordant 

292 population with a concordia age of 515 ± 1.7 Ma (MSWD = 1.1; Figure 4a). Analyses of the rare 

293 earth element (REE) composition of the grains show little variation in YbN which ranges from 68–

294 148, and GdN (49–122) resulting in flat middle to heavy REE (M–HREE) slopes (YbN/GdN = 0.6–

295 1.4; Figure 4b). Europium anomalies are weakly negative, with EuN/EuN* (where EuN* = 0.5*(SmN 

296 + GdN)) varying from 0.4 to 0.8; Th/U ratios range from 0.02 to 0.15. Thirty-seven analyses of 

297 zircon grains have Ti concentrations ranging from 4.6 to 25.3 ppm. 

298 5.1.2 | Monazite

299 Twenty-eight analyses of monazite grains define a single concordant population with a concordia age 

300 of 513 ± 1.5 Ma (MSWD = 1.1; Figure 4c). Concentrations of Ce range from 11.28 to 13.38 wt%, 

301 and Y from 0.17 to 0.86 wt%, and grains have steep M–HREE slopes (YbN/GdN = 0.0004–0.0043). 

302 Europium anomalies are 0.79–0.83 and Th/U ratios vary from 4.6 to 32.8.

303 5.1.3 | Rutile

304 Eight rutile grains in different textural settings were analysed for their Zr content by EPMA in thin 

305 section along traverses comprising between 5 and 19 spots depending on grain size. Rutile grains 

306 included within orthopyroxene have broadly flat profiles (Figure 5b). Three grains included within 

307 orthopyroxene (R6, 7 and 8) have Zr concentrations between 1509 and 2551 ppm, with R6 having 

308 the highest concentrations of all rutile analysed in this sample (2441 to 2551 ppm). Three rutile 

309 grains associated with garnet (R1, 3 and 4) have Zr concentrations ranging from 1585 to 1891 ppm. 

310 Two other traverses, one across a rutile within a leucosome located between garnet and 

311 orthopyroxene, and another across a rutile included within a quartz grain, show the lowest Zr 

312 concentrations overall but increased values within the core (Figure 5b). Zr concentrations within the 

313 leucosome-hosted rutile (R5) increase from 1044 ppm at the rim to a maximum value of 1403 ppm 
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314 in the core, whereas the quartz-hosted rutile (R2) has concentrations between 689 ppm (rim) and 

315 1260 ppm (core) (Figure 6b).

316

317 5.2 | Major silicate mineral chemistry

318 The results of EPMA analyses from traverses across two garnet and two orthopyroxene grains 

319 (Figure 2a) are provided in supplementary item S1 and summarised in Figure 6a–d. Garnet grains 

320 show significant variation in the concentration of the almandine [= atomic Fe/(Ca + Mg + Fe + 

321 Mn)] and pyrope [= atomic Mg/(Ca + Mg + Fe + Mn)] end members, which reach minimum and 

322 maximum values in the core, respectively. Concentrations of the grossular component [= atomic 

323 Ca/(Ca + Mg + Fe + Mn)] and spessartine components [=atomic Mn/(Ca + Mg + Fe + Mn)] are 

324 low and constant (<0.05 and <0.015), respectively. The larger of the two grains (Grt 2) is 

325 characterised by a broadly flat core region with an average X(Mg) [=atomic Mg/(Mg + Fe)] of 

326 ~0.54, and rims in which X(Mg) values are ~0.42. In comparison, the core of the smaller garnet 

327 (Grt 1) has average X(Mg) values of ~0.48, and a rim with X(Mg) values down to ~0.39. Asymmetry 

328 in the rim composition of the garnet grains is correlated with the adjacent phase, making it hard to 

329 ascertain whether the rim compositions are purely the result of Fe–Mg exchange between garnet and 

330 orthopyroxene or complicated by retrograde cordierite growth. For this reason we have not used the 

331 garnet-orthopyroxene rim compositions to determine a retrograde history.

332 Twenty three REE analyses conducted on Garnet 2 along the same traverse as the EPMA 

333 analyses (Figure 2a), and normalized against chondrite, show three zones: the core, the rim 

334 associated with coarse plag-bt, and the rim associated with qtz-crd symplectite (see Figure 2). Five 

335 analyses from the core of the grain, as identified by major element analysis, give average GdN of 66 

336 ppm and average YbN of 216 ppm. Five analyses from the rim adjacent to coarse plag-bt are similar 
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337 with slightly elevated values of GdN (70 ppm) and YbN (231 ppm). The rim in contact with the qtz-

338 crd symplectite shows a distinctly lower trace element content, five analyses yield average GdN of 74 

339 ppm, and average YbN of 124 ppm. There is minor variation in the corresponding europium 

340 anomalies returning values of 0.25, 0.26 and 0.24 for the three respective garnet regions.

341 Orthopyroxene shows little compositional variability in terms of the major elements. 

342 Although the smaller of the two grains (Opx 1) shows minor zonation in X(Mg), with values ranging 

343 from ~0.70 in the core to ~0.67 at the rim, the larger grain (Opx 2) shows none. In both the smaller 

344 and larger grain, values of y(opx) [= cationic Al–(2–Si) based on 6 oxygens] are identical (0.135 ± 

345 0.02 2). The lack of variation in orthopyroxene compositions may be due to the modal abundances 

346 or garnet and orthopyroxene in the equilibration volume, however the coarse grain size makes this 

347 hard to assess based on an individual thin section. However, this does not affect the assumption that 

348 the core of the garnet and orthopyroxene represent peak mineral compositions.

349

350 6 | FORWARD AND INVERSE MODELLING OF PRESSURE AND TEMPERATURE 

351 CONDITIONS

352

353 6.1 | Accessory mineral thermometry

354 Ti-in-zircon and Zr-in-rutile thermometry was applied to multiple grains from sample RG07-21, 

355 using the calibrations of Ferry and Watson (2007) and Tomkins et al. (2007) respectively. For trace 

356 element thermometry, rather than simply taking the highest temperature determined from each 

357 dataset, we follow the proposal by Tomkins et al. (2007) and use a conservative estimate of 

358 temperature as given by the upper quartile (the top of the box) of a box-and-whisker plot. These 

359 authors suggested the uncertainty associated with this value be approximated as ± 30°C or half the 
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360 interquartile range if this is larger, based on the rationale that the real uncertainty relates to the 

361 scatter in the data rather than to analytical uncertainties combined with calibration uncertainties, 

362 which are likely to be much smaller than ± 30°C. All data are provided in supplementary item S1.

363 6.1.1 | Zircon

364 The measured concentrations of Ti (4.6–25.3 ppm) in the metamorphic zircon rims correspond to 

365 temperatures of 678–841°C using the revised calibration of Ferry and Watson (2007). 

366 6.1.2 | Rutile

367 The range of values returned by the Zr-in-rutile thermometer varies depending on the 

368 microstructural context. Based on the peak field conditions calculated from a pseudosection based 

369 on whole rock XRF analysis (see below), a reference pressure of 9 kbar was used with the Zr-in-

370 rutile thermometer of Tomkins et al. (2007). The highest temperatures are recovered from rutile 

371 grains enclosed within orthopyroxene (rutile grains 6-8; Figure 2a; Figure 5a). Rutile target grain 6 is 

372 the largest of the grains, which is subhedral (see Figure 2a). The nineteen spots along the traverse 

373 show a slight variation in Zr concentrations from one end of the grain to the other, with calculated 

374 temperatures ranging from 847 to 887°C (Figure 5b). Grains 7 and 8 are both smaller, euhedral 

375 grains with flat Zr profiles recording temperatures of 905–911°C and 866–871°C respectively 

376 (Figure 5b). Due to the armouring of rutile grains in major phases along the prograde path, the rutile 

377 recording the highest, flat Zr profile is assumed to be the closest to peak conditions (Korhonen et 

378 al., 2014). Rutile grains 3 and 4 are euhedral grains included within a garnet porphyroblast, whereas 

379 Grain 1 is a euhedral grain at the contact between garnet and plagioclase (see Figure 2). All three 

380 grains show broadly flat Zr concentrations and record temperatures ranging from 852 to 873°C 

381 (Figure 5b). The two remaining rutile grains record lower temperatures and show evidence for 

382 diffusional loss of Zr with distinctly “humped” profiles in which the highest temperatures are 
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383 preserved in the core (Figure 5b). Grain 5, which is hosted within a cordierite-rich leucosome within 

384 the thin section, gives temperatures of 805–838°C, whereas Grain 2 that is included within quartz 

385 gives temperatures ranging from 763 to 826°C. These zoned grains are in a zone of high silica 

386 activity that facilitates diffusion of Zr from the rutile on the retrograde path (Taylor-Jones and 

387 Powell, 2015).

388

389 6.3| Phase equilibrium modelling

390 A P–T pseudosection from 5 to 11 kbars and 775 to 1000°C for the composition of sample RG07-

391 21 is shown in Figure 7a, for which appropriate values for ferric iron (Fe3+) and H2O were 

392 constrained using T–X pseudosections (Supplementary Figure S1). For this composition, the H2O-

393 undersaturated solidus lies between ~875 and 910°C with the predicted peak assemblage (garnet + 

394 orthopyroxene + quartz + liquid + K-feldspar (not observed in thin section) + ilmenite + rutile) 

395 stable at P > 7.85 kbar and T > 885°C (Figure 7a). The changing abundance of selected phases 

396 calculated using TCInvestigtor (M. A. Pearce et al., 2015) are shown in Figure 7 e–f. Figure 7f is 

397 contoured to show the variation in y(opx).

398 The stability of garnet is predicted above pressures between 6.0 to 6.5 kbar and temperatures 

399 between 915°C and 1000°C, and above pressures of 5.5 to 6.0 kbar at temperatures ranging from 

400 775 to 915°C. Orthopyroxene and quartz are both stable throughout the P–T range of interest, and 

401 biotite is stable at pressures above ~6 kbar and temperatures less than ~910°C. Cordierite is stable 

402 at pressures below ~7.5 kbar. Plagioclase is predicted to be stable at temperatures below 885°C and 

403 pressures below ~8 kbar. Ilmenite is predicted at pressures below ~10 kbar, and rutile is stable at 

404 pressures greater than ~7kbar. 
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405 A mode box diagram (Figure 7g) along a simplified P–T evolution (Figure 7a) illustrates the 

406 varying abundances of phases predicted by the modelled phase equilibria, along with the calculated 

407 aTiO2 values that fall below unity where rutile is not stable, dropping to minimum values of ~0.9 

408 during the modelled retrograde evolution where ilmenite is the stable Fe–Ti oxide. 

409

410 6.4 | Fe–Mg exchange thermobarometry

411 Thermobarometry using the concentrations of Fe2+ and Mg in coexisting garnet and 

412 orthopyroxene is a technique that has long been applied to granulite-facies rocks due to the 

413 availability of thermodynamic and experimental data. However, the various datasets and calibrations 

414 that have been used since the technique was first established means that a wide range of P–T 

415 estimates can be obtained, and the results commonly underestimate peak temperatures due to 

416 retrograde exchange of Fe2+ and Mg. We use core compositions of both garnet and orthopyroxene 

417 that preserve the highest X(Mg) values (Figure 6) to calculate P and T (X(Mg)-grt = 0.5374; Xgrs = 

418 0.0364; Xalm = 0.446; Xprp = 0.518; X(Mg)-opx = 0.714; y(opx) = 0.137). Using the highest 

419 temperature obtained from the Zr-in-rutile thermometer of 910 °C (rutile Grain 7) the FeMg 

420 exchange calibrations of Harley (1984a) and Harley (1997; revised version of 1984 model) return 

421 pressure estimates of 8.6 and 9.1 kbar. Using the average (8.9 kbar) value the FeMg exchange 

422 thermometer calibrations of Bhattacharya, Krishnakumar, Raith, and Sen (1991), Harley (1984), 

423 Carswell and Harley (1990) and Lee and Ganguly (1988) return temperatures of 870°C, 875°C, 

424 906°C and 963°C, respectively (Table 1). As in the previous section, combined uncertainties (2σ)  

425 from EPMA measurements and the original experimental calibrations are approximately ±0.7 kbar 

426 and ±40°C. 

427
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428 6.5 | Al-in-orthopyroxene thermobarometry

429 The solubility of alumina in orthopyroxene coexisting with garnet (Al-in-orthopyroxene 

430 thermobarometry) is generally regarded as more robust to retrograde resetting than the Fe-Mg 

431 composition of garnet (Aranovich & Berman, 1997). Using the same 910 °C (rutile Grain 7) input T, 

432 pressures calculated using the calibrations of Wood (1974) and Harley and Green (1982), , yield 

433 values of 9.5, 8.7 kbar, respectively. Using a mean of these values (9.1 kbar) the calibrations of 

434 Harley and Green (1982; Mg–Al thermometer) and Aranovich and Berman (1997), yield 

435 temperatures of 921°C and 901°C, respectively (Table 1). Combined uncertainties (2σ) from EPMA 

436 measurements and the original experimental calibrations are approximately ±0.7 kbar and ±40°C.

437 The average temperature obtained for the above Fe–Mg exchange and Al-in-opx 

438 thermometers is 906 ±36°C, and average pressures of 9 ±0.4 kbar (Figure 8). Using the Al-in-opx 

439 thermobarometers alone, due to the scatter and potential diffusion issues associated with the Fe–Mg 

440 techniques, we calculate very similar values of 911 ±28°C, and average pressures of 9.1 ±0.5 kbar. 

441 Temperatures obtained using the rim composition of garnet are all below 750°C, reflecting 

442 retrograde Fe–Mg exchange (Fitzsimons & Harley, 1994; Harley, 1984).

443

444 7  DISCUSSION

445

446 7.1 |Age of metamorphism

447 Precise ages recorded by zircon and monazite in sample RG07-21 overlap at ca 514 Ma (Figure 4). 

448 The shape of the chondrite normalised plots presented in Figure 4b for zircon and garnet are 

449 consistent with equilibrium partitioning between the two minerals (e.g. Rubatto, 2002). An array plot 
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450 of log(DYb/DGd) vs log(DYb) (Taylor et al., 2017) is used to visualize the zircon–garnet relationship 

451 (Figure 8e), and shows the zircon-garnet partitioning relationships relative to the experimental values 

452 of Taylor et al, (2015). The array plot shows zircon-garnet pairs comprising each zircon analysis 

453 against two distinct garnet compositions, the core and rim (Figure 4e). In this case the ‘rim’ 

454 specifically refers to garnet in contact with the qtz-crd symplectite. These array plot parameters are 

455 key for identifying partitioning of REE between zircon and garnet during metamorphic events 

456 (Clark, Taylor, Kylander-Clark, & Hacker, 2018; Taylor et al., 2017; Taylor et al., 2015). As can be 

457 seen in Figure 4e, when the zircon grains are plotted against the garnet core they are offset from the 

458 experimental dataset of Taylor et al., (2015), however when plotted against the garnet rim they fall 

459 closer to the experimental values. This relationship matches the textural observation that zircon 

460 growth is almost entirely restricted to the fine-graned, cordierite-rich portion of the sample. 

461 Therefore, the zircon ages are interpreted to record equilibration in the presence of crystallising melt 

462 and post-dating the prograde growth of garnet, and hence to date some part of the high-T 

463 retrograde path. The fact that the array plot does not show a perfect correlation for the garnet rims 

464 may be the effect of local equilibrium volumes, whereby each symplectite REE budget reflects a 

465 varying degree of adjacent garnet breakdown. The age constrained from this sample is some 50 Myr 

466 younger than existing age data from Hokada et al. (2016) that are interpreted to record growth 

467 and/or resetting of isotopic systems in accessory minerals during the UHT event, but matches the 

468 younger ages obtained in other studies from the region and referred to as the Prydz Tectonic Event 

469 (Carson, Fanning, & Wilson, 1996; Fitzsimons, Kinny, & Harley, 1997; Hokada et al., 2016; Kelsey 

470 et al., 2007).

471

472 7.2 | Phase equilibrium modelling
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473 The calculated P–T pseudosection for sample RG07-21 (Figure 7a) provides a framework in which 

474 to constrain the P–T path for this rock. The pseudosection contains a broad region in P–T space in 

475 which the inferred peak assemblage of garnet, orthopyroxene, quartz, silicate melt, rutile + minor 

476 ilmenite is stable, consistent with temperatures in excess of 885°C and pressures above 8 kbar (the 

477 red field in Figure 8). The modelling predicts that K-feldspar should also be present in minor 

478 quantities (<5%) (Figures 7a, g). However, K-feldspar was not observed in the studied sample and is 

479 not interpreted to be part of the peak assemblage. We suggest that the minor amount of K-feldspar 

480 predicted by the modelling is a function of the presence of biotite as inclusions in orthopyroxene 

481 (Figure 2) that are not part of the peak assemblage but included in the XRF analysis and, potentially, 

482 the inability of the melt model to incorporate all of the measured bulk rock K2O thereby 

483 necessitating stabilisation of an additional K-bearing phase, in this case K-feldspar. As the predicted 

484 proportion of K-feldspar is minor and the K2O would need to be incorporated in melt (increasing 

485 its proportion by a corresponding amount) it will not, within the bounds of reasonable uncertainty, 

486 affect the predicted modal volumes of other minerals.

487 The retrograde features in the rock are interpreted to record final crystallization of melt at 

488 the elevated (H2O-undersaturated) solidus to form leucosome (which mostly consists of cordierite, 

489 biotite, plagioclase and quartz), along with the symplectites of cordierite and orthopyroxene 

490 replacing garnet. Using the calculated mode isopleths of cordierite (Figure 7d), there is a point in P–

491 T space (878°C and 6.75 kbar) at which the measured mode of cordierite in the rock (~10 %) 

492 intersects the H2O undersaturated solidus, interpreted to constrain a point on the retrograde P–T 

493 path. 

494 As the studied sample is highly residual, placing firm constraints on the prograde path is 

495 problematic (e.g. Kelsey, 2008; Korhonen et al., 2013; White & Powell, 2002; Yakymchuk, Clark, & 

496 White, 2017). However, the presence of biotite as inclusions within coarse orthopyroxene and the 
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497 presence of rutile inclusions within both orthopyroxene and garnet, along with the lack of evidence 

498 for prograde sillimanite and/or cordierite, are all consistent with a prograde path at relatively high P. 

499 In combination with petrographic constraints, the pseudosection for sample RG07-21 is consistent 

500 with a clockwise P–T path, a simplified example of which is shown in Figure 7a. 

501

502 7.3 | Al-in-opx and Fe–Mg thermometry

503 The P–T conditions (>885°C and > 8kbar) appropriate to the formation of the inferred peak 

504 assemblage can be refined by plotting the isopleths of Al-in-orthopyroxene (y(opx) in the 

505 pseudosections). The average y(opx) value recorded by orthopyroxene in RG07-21 is 0.135 ± 0.02. 

506 The range of measured values is shown by the orange region in Figure 8. The phase equilibria 

507 constraints show excellent correspondence with the Al-in-opx thermobarometric calculations (~9.1 

508 kbar). The temperatures recorded by the Fe–Mg exchange thermometers cover a large range, and 

509 the effects of diffusional cation exchange on cooling are hard to assess without a more detailed 

510 investigation of zoning within a larger number of the primary phases. The most confident 

511 assessment of these data is that the pressure is likely less than 10 kbar, with temperatures close to or 

512 greater than 900°C. 

513

514 7.4  4+ cation thermometry

515 7.4.1 | Zr-in-rutile thermometry

516 The Zr-in-rutile thermometer is regarded as a robust recorder of peak temperatures in granulites 

517 (Horton, Hacker, Kylander-Clark, Holder, & Jöns, 2016; Korhonen, Clark, Brown, & Taylor, 2014; 

518 Taylor et al., 2016) due to the stability of rutile at high temperatures (Koojiman, Smit, Mezger, & 
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519 Berndt, 2012) and its resistance to post-peak modification (Ewing, Hermann, & Rubatto, 2013). The 

520 range of temperatures recorded by the Zr-in-rutile thermometer in this study is not unusual. Even in 

521 situations where there is little or no evidence for post-peak diffusional loss of Zr, it is necessary to 

522 obtain Zr data from multiple grains with variable textural settings in order to more accurately 

523 determine peak temperature (Hart, Storey, Harley, & Fowler, 2018; Korhonen et al., 2014; Mitchell 

524 & Harley, 2017). For the flat profiles recorded by grains associated with peak metamorphic phases in 

525 this sample, the highest temperature recorded by the upper quartile value from that grain (R7) gives 

526 910°C (Figure 5b). Therefore, like the Al-in-orthopyroxene thermometer, Zr-in-rutile has the ability 

527 to record UHT peak temperatures. The higher (but not UHT) values obtained from the other rutile 

528 grains included within garnet and orthopyroxene may be the result of armouring permitting 

529 retention of close-to-peak temperatures. It is notable that the rutile grains hosted within quartz and 

530 leucosome record the lowest temperatures, which may be the result of open system behaviour down 

531 to temperatures of final crystallisation of melt at an elevated solidus, combined with high silica 

532 activities that facilitate diffusion of Zr out of rutile to temperatures well below the predicted solidus 

533 (Taylor-Jones & Powell, 2015).

534 7.4.2| Ti-in-zircon thermometry

535 The temperatures recorded by the Ti-in-zircon thermometer in this study are considerably lower 

536 than those returned by the other thermometers, and range from near-solidus temperatures, as 

537 determined by the pseudosection (~ 875°C), to temperatures ~200°C lower than the solidus. 

538 Assuming that zircon grew during cooling and melt crystallisation as the rock approached its 

539 elevated solidus (Clark et al., 2018; Kelsey, Clark, & Hand, 2008; Korhonen et al., 2014; Korhonen 

540 et al., 2011), the majority of temperatures recorded by this thermometer might be expected to yield 

541 post-peak conditions in the region of ~875°C or slightly higher (i.e. near-solidus temperatures; 
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542 Figure 7a). While some of the recovered temperatures are close to this value, many are much lower, 

543 potential reasons for this will be expanded upon in the next section. 

544

545 7.5 | Estimating peak temperatures in ultrahigh temperature rocks

546 Combined with careful petrographic observations, phase equilibria modelling is a proven technique 

547 for constraining the P–T history of rocks, in particular aluminous metasedimentary rocks. The 

548 technique when applied to sample RG07-21 permits constraints on minimum pressures and 

549 temperatures for the metamorphic peak (Figure 7a, 8), although the peak field extends to much 

550 higher P and T. 

551 Pressure–temperature conditions may be more tightly constrained by contouring the 

552 pseudosections for the abundance and composition of minerals. With respect to peak metamorphic 

553 conditions, the measured amount of Al in orthopyroxene and calculated isopleths for this variable 

554 are consistent with the field of the inferred peak assemblage. Experimental calibrations of Al-in-opx 

555 also yield consistent results, suggesting they are reliable recorders of near-peak conditions. 

556 Combined with the measured mode of cordierite, and assuming that granulites will generally last 

557 equilibrate close to the P, T conditions at which they cross an elevated (melt-depleted) solidus, the 

558 pseudosection provides good constraints on the high-T retrograde evolution. 

559 It is clear from the preceding discussion that the 4+ thermometers require a special set of 

560 circumstances to occur in order to record peak or near peak conditions in UHT metamorphic 

561 terranes. The observations from this sample are consistent with the compilation of Zr-in-rutile and 

562 Ti-in-zircon thermometry from UHT terranes presented in Kelsey and Hand (2015) that show the 

563 bulk of thermometry records temperatures lower than predicted for the peak metamorphic 

564 conditions in the rock by other methods.. The growth of rutile at or near the metamorphic peak 
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565 means that, if rutile can be shielded from Zr loss by inclusion in a porphyroblastic mineral, then it is 

566 the best target for retrieving the highest temperatures. Zircon on the other hand has a tendency to 

567 grow during melt crystallisation, and therefore is unlikely to record extreme temperature (e.g. Clark 

568 et al., 2018; Korhonen et al., 2014), particularly as the activity of TiO2 in a rock following a 

569 clockwise P–T can may fall beneath unity during exhumation (Yakymchuk et al., 2017). In the case 

570 of sample RG07-21 as the rock decompresses from the stability field of rutile into those in which 

571 ilmenite is stable, there is a corresponding drop in aTiO2 (Fig 7f), and the apparent temperature 

572 recorded by zircon is a minimum. However, even accounting for a reduced aTiO2 along the 

573 retrograde segment of the preferred P–T path in Fig 7a, the temperatures (678–841°C) returned by 

574 Ti-in-zircon thermometry are too low. The most likely explanation of this is that much of the rutile 

575 in this sample had been effectively removed from the effective equilibration volume by the time of 

576 melt crystallisation, and that zircon grew at aTiO2 significantly lower than modelled. 

577 7  CONCLUSIONS

578 The results from this study suggest that:

579  (1) Caution is applied when using 4+ thermometry to granulites as special circumstances (e.g. 

580 shielding in peak porphyroblasts) may be required to recover peak or near peak temperatures as the 

581 activity of the key components will vary along a P–T evolution (Yakymchuk et al., 2017). The mere 

582 presence of quartz, zircon and rutile in a rock does not mean that the activity of TiO2 was unity at all 

583 P–T conditions.

584 (2) Pseudosections for high-T rocks commonly predict large fields in P–T space for inferred peak 

585 mineral assemblages that may be refined by contouring for the composition and abundance of 

586 minerals and the use of conventional thermobarometers. This additional information provided by 

587 the models allows for inferences to be made regarding the path that the rock followed through P–T 
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588 space rather than the single point estimates provided by other thermobarometric techniques. When 

589 combined with the zircon–garnet array plots of Taylor et al., (2017), this approach allows a more 

590 detailed interpretation of that part of the P–T evolution that is linked to the crystallisation of zircon, 

591 thereby establishing a more robust P–T–t history.

592
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Figures and Table captions

Figure 1: (a) Location map of Prydz Bay, Antarctica. (b) Location of Lunnj Island within the Rauer 
Islands. (c) Location of sample RG07-021 on Lunnj Island. (d) Outcrop photo of the sampled 
location on Lunnj Island.

Figure 2: (a) Whole thin section TIMA (TESCAN integrated mineral analyser) phase map of sample 
RG07-021. (b) Cordierite (Crd) and orthopyroxene (Opx) symplectites separating garnet (Grt) from 
orthopyroxene. (c) Porphyroblastic orthopyroxene replaced at the margin by biotite and quartz. (d) 
Cluster of euhedral zircon grains (Zrc) sitting within cordierite in a leucosome. (e) Large monazite 
grain (Mnz) within leucosome between garnet and orthopyroxene. The white scale bar in b–e is 500 
m long.

Figure 3: Accessory minerals (a) Cathodoluminescence images of zircon with a typical soccerball 
morphology associated with zircon growing from a crystallising anatectic melt. (b) Backscattered 
electron image of monazite grains, note thin high BSE response rim on the grain on the left. (c) BSE 
image of rutile grains, the rutile grain on the left show thin bright lamellae of zircon and contains a 
single zircon grain. The white scale bars are 20 m long.

Figure 4: U–Pb geochronology and REE chemistry (a and b) zircon and, (c and d) monazite. (e) A 
zircon garnet array plot after Taylor et al., (2017) highlighting the trend towards equilibrium of the 
zircon with garnet rims over the garnet cores. 

Figure 5: (a) 4+ cation thermometry from individual rutile grains from this study as well as 
combined thermometry for all measured rutile and zircon. (b) Zr profiles across individual rutile 
grains.

Figure 6: Cation zoning patterns from EPMA compositions of (a) Garnet 1, (b) Garnet 2, (c) 
Orthopyroxene 1 and (d) Orthopyroxene 2. See text for definition of ratios

Figure 7: (a) Pressure-temperature pseudosection for sample RG07-021, field bound by the bold 
black line is the interpreted peak assemblage (b) XFe isopleths (b) Modal proportion of rutile 
isopleths (c) Modal proportion of cordierite (d) Modal proportion of melt (d) y(opx) isopleths (e) 
mode box diagram for simplified P–T path shown in Figure 7a, includes calculated aTiO2 (black 
dashed line) along the path.

Figure 8: Summary figure of the multiple thermometers and chemical information used to constrain 
peak P–T and the P–T evolution of sample RG07-021.

Table 1: Summary of results from the Fe–Mg and Al thermobarometry

Supplementary Information

Supplementary item S1: Mineral chemistry and isotopic datasets for zircon, monazite, rutile, garnet 
and orthopyroxene.

Supplementary item S2: EPMA operating conditions and methods of standardisation.
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Supplementary Figure S1: T–Fe3+ and T–MH2O calculations used to establish appropriate Fe3+ and 
H2O contents for pseudosection calculation.
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Table 1: Summary of results from geothermobarometry

P based on input of 910C kbar ±
P(W74) 9.6 0.7
P(H97) 9.3 0.7

T based on input of 9.5 kbar °C ±
FeMg T(Har84) 879 40

T(LG88) 967 40
T(CH89) 910 40
T(BHAT) 874 40

Al-opx T-HG82 929 9
T-AB97b 907 14
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