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25 ABSTRACT 

26 We report geochemical data from (meta-)sedimentary and igneous rocks that crop out in the Ford 

27 Ranges of western Marie Byrd Land and discuss the evolution and reworking of the crust in this 

28 region during Paleozoic subduction along the former Gondwanan convergent plate margin. 

29 Detrital zircon age spectra from the Swanson Formation, a widespread low-grade metaturbidite 

30 sequence, define distinct populations in the late Paleoproterozoic, late Mesoproterozoic and 

31 Neoproterozoic–Cambrian. The late Paleoproterozoic group records magmatism derived from a 

32 mixed juvenile and crustal source. By contrast, the late Mesoproterozoic group yields Hf isotope 

33 values consistent with derivation from a juvenile Mesoproterozoic source inferred to be an 

34 unexposed Grenville-age orogenic belt beneath the East Antarctic ice sheet. For the 

35 Neoproterozoic–Cambrian population, Hf isotope values indicate reworking of these older 
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2 Paleozoic evolution of western Marie Byrd Land, Antarctica 

36 materials during Ross–Delamerian orogenesis. New U–Pb ages from the Devonian– 

37 Carboniferous Ford Granodiorite suite across the Ford Ranges reveal an extended period of arc 

38 magmatism from 375 to 345 Ma. For four younger samples of Ford Granodiorite, Hf and O 

39 isotope values in zircon suggest involvement of a larger (meta-)sedimentary component in the 

40 petrogenesis than for two older samples. This contrasts with the secular trend towards more 

41 juvenile values documented from Silurian to Permian granite suites in the Tasmanides of eastern 

42 Australia and Famennian to Tournasian granite suites in New Zealand, pieces of continental crust 

43 that were once contiguous with western Marie Byrd Land along the Gondwana margin. The 

44 differences may relate to an along-arc change from the typical extensional accretionary mode in 

45 eastern Australia to a neutral or an advancing mode in West Antarctica, and to an across-arc 

46 difference in distance from the trench between the New Zealand fragments of Zealandia and 

47 western Marie Byrd Land. Upper Devonian anatectic granites in the Ford Ranges most likely 

48 record reworking of early Ford Granodiorite suite members during arc magmatism. 

49 

50 INTRODUCTION 

51 The former continental margin of Gondwana represents one of the most long-lived and 

52 extensive active convergent plate margins in the Phanerozoic (e.g. Cawood, 2005; Collins et al., 

53 2011; Harley et al., 2013). Information about the evolution and reworking of the East 

54 Gondwanan segment is recorded in the geology and geochemistry of the sedimentary, igneous 

55 and metamorphic rocks that crop out in different regions that were once contiguous (Fig. 1A), 

56 including: the Tasmanides of Eastern Australia; the Western Province of New Zealand; north 

57 Victoria Land; Marie Byrd Land; the Antarctic Peninsula; and the western margin of South 

58 America. The New Zealand–Antarctica segment of the former active margin links the geology of 



    

             

           

             

               

              

            

             

           

        

             

              

            

             

  

                

            

             

          

           

         

           

           

3 Paleozoic evolution of western Marie Byrd Land, Antarctica 

59 eastern Australia to the east (present co-ordinates) to that of the Antarctic Peninsula and South 

60 America to the west (present co-ordinates). The relatively well-understood Tasmanides in eastern 

61 Australia represent the type example of an extensional accretionary orogen (Collins, 2002). 

62 However, it is of interest to know how the tectonic evolution of this margin might have changed 

63 along strike to the west. In Antarctica, the relatively simple Paleozoic tectonic history of western 

64 Marie Byrd Land, compared to north Victoria Land (e.g. Borg et al., 1986), makes Marie Byrd 

65 Land an ideal location for characterization of the Paleozoic history of the Marie Byrd Land– 

66 Zealandia portion of the East Gondwana accretionary margin. Well-substantiated ties between 

67 Marie Byrd Land–Zealandia and Zealandia–Australia span the Paleozoic and Mesozoic 

68 (Bradshaw et. 1997; Ireland et al. 1998; Wandres and Bradshaw, 2005; Adams, 2010); hence this 

69 study contributes significant new data with bearing on the integrated margin. Thus, the results of 

70 the study we report herein enable a comparison with the well-characterized evolutionary history 

71 of eastern Australia and with recently published data from the formerly contiguous parts of New 

72 Zealand. 

73 The scarcity of outcrop and difficulty of access in West Antarctica due to the extensive ice 

74 cover has limited our understanding of the geology of Marie Byrd Land. Based on a few 

75 pioneering studies (Pankhurst et al., 1998; Mukasa and Dalziel, 2000), the tectonic history of this 

76 region has been inferred from the geochemistry and geochronology of (meta-)sedimentary and 

77 igneous rocks exposed as isolated peaks. Outstanding issues to be addressed in western Marie 

78 Byrd Land include: 1) the provenance of Cambrian–Ordovician (meta-)sedimentary rocks; 2) the 

79 duration of Devonian–Carboniferous magmatism, which is mostly constrained at present by 

80 whole-rock Rb–Sr isochron ages; and, 3) the petrogenesis of the Devonian–Carboniferous Ford 



    

        

  

             

          

        

             

            

          

          

          

             

            

             

            

             

       

  

   

              

            

             

             

                

            

Paleozoic evolution of western Marie Byrd Land, Antarctica 4 

81 Granodiorite suite and associated diatexite (anatectic granite that includes transported residue) 

82 and granite. 

83 In this study we report geochemical data from detrital zircons from the Cambrian– 

84 Ordovician Swanson Formation and related paragneisses, and for whole rocks and zircons from 

85 the Devonian–Carboniferous Ford Granodiorite suite and associated diatexite and granite to 

86 investigate crustal evolution and reworking in western Marie Byrd Land. First, we use the U–Pb 

87 and Hf isotope values of detrital zircon to evaluate the provenance of Cambrian–Ordovician 

88 metasedimentary rocks in the Ford Ranges. Second, we couple zircon and whole-rock 

89 geochemical information to constrain the duration and petrogenesis of the Ford Granodiorite 

90 suite magmatism and associated diatexite and granite. This new study validates the petrogenetic 

91 model proposed by Yakymchuk et al. (2013a) in which the Upper Devonian diatexite and granite 

92 are the product of partial melting of both the Swanson Formation and the Ford Granodiorite 

93 suite. Finally, we combine this new information with data from the literature from 

94 contemporaneous magmatic suites along the former continental margin of Gondwana to address 

95 the similarities and differences in the proportion of crustal growth to crustal reworking along a 

96 Phanerozoic convergent plate margin system. 

97 

98 REGIONAL GEOLOGY 

99 Marie Byrd Land in West Antarctica (Fig. 1B) was once contiguous with the Western 

100 Province of New Zealand, north Victoria Land, and the Tasmanides of eastern Australia prior to 

101 the breakup of the active continental plate margin of Gondwana during the Upper Cretaceous 

102 (Fig. 1A). Based on Nd model ages of granites, Pankhurst et al. (1998) divided Marie Byrd Land 

103 into the Ross Province in the west and the Amundsen Province in the east. The boundary 

104 between the two provinces is unexposed and is believed to be oblique to the present coastline 



    

               

            

           

             

              

         

             

               

            

              

          

            

         

             

           

                   

              

              

             

            

           

               

             

Paleozoic evolution of western Marie Byrd Land, Antarctica 5 

105 (Fig. 2; DiVenere et al., 1995; Pankhurst et al., 1998). Paleomagnetic data suggest that these two 

106 provinces were amalgamated in the Cretaceous (DiVenere et al., 1995; Luyendyk et al., 1996) 

107 prior to the separation of Zealandia from West Antarctica (Fig. 1A). 

108 In the Ford Ranges of the Ross Province (Fig. 1A, B), the Neoproterozoic–Cambrian 

109 Swanson Formation is the oldest exposed unit (Bradshaw et al., 1983; Pankhurst et al., 1998; 

110 Adams, 1986, 2004). It is a folded and cleaved metaturbidite sequence that accumulated 

111 outboard of the Cambrian Ross–Delamerian orogen. In a regional context, based on the 

112 similarity of U–Pb ages of detrital zircons, the Swanson Formation has been correlated with the 

113 Robertson Bay Group in north Victoria Land and the Greenland Group in the Western Province 

114 of New Zealand (Ireland et al., 1998; Adams et al., 2013). Paleocurrent data from the Swanson 

115 Formation has been interpreted to suggest flow predominantly towards the North (Bradshaw et 

116 al., 1983), indicating a source terrain to the south. 

117 The Swanson Formation is intruded by the Devonian–Carboniferous Ford Granodiorite 

118 suite, which was associated with a major pulse of Paleozoic calc-alkaline magmatism along the 

119 length of the Antarctica–Zealandia–Australia segment of the Gondwanan continental margin 

120 (Weaver et al., 1991; Weaver et al., 1992; Muir et al., 1994; Storey et al., 1999; Mukasa and 

121 Dalziel, 2000) that has been variously attributed to subduction (Weaver et al., 1991) or back-arc 

122 extension (Muir et al., 1996; Tulloch et al., 2009). Rb–Sr whole-rock geochronology from the 

123 Ford Granodiorite suite yielded ages of 380–353 Ma (Adams, 1987). U–Pb ages of ca. 375 and 

124 373 Ma from two Ford Granodiorite suite samples have been used to argue that this magmatism 

125 represented only a short-lived pulse of activity (Pankhurst et al., 1998; Yakymchuk et al., 

126 2013a). A broader span for magmatic activity is suggested by U–Pb SHRIMP zircon ages of 

127 369–353 Ma for granites within the Fosdick migmatite–granite complex (Fig. 2, inset; Siddoway 
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128 and Fanning, 2009) and U–Pb monazite ages of ca. 359 and 351 Ma for two-mica granites 

129 (Tulloch et al., 2009). A syenogranite sample from Bruner Hill on the Ruppert coast sampled 

130 close to the inferred boundary between the Ross and Amundsen Provinces yielded a U–Pb age of 

131 339 ± 6 Ma (Pankhurst et al., 1998). However, it has remained unclear if these data sampled 

132 short-lived magmatic pulses or a protracted magmatic history during the Devonian– 

133 Carboniferous. Contemporaneous magmatism is recorded in the Admiralty Intrusives of north 

134 Victoria Land (390–350 Ma; Borg et al., 1986; Fioretti et al., 1997), the Karamea suite in the 

135 Western Province of New Zealand (371–305 Ma; Tulloch et al., 2009), and in the Melbourne 

136 terrane in the Tasmanides of Eastern Australia (ca. 360 Ma; Chappell et al., 1988). 

137 In the Amundsen Province of eastern Marie Byrd Land, Cambrian metasedimentary rocks 

138 appear to be absent and magmatism occurred in the Ordovician–Silurian (450–420 Ma) and in 

139 the Permian (ca. 276 Ma; Pankhurst et al., 1998). Granites in the Amundsen Province yield 

140 younger Nd model ages (1.3–1.0 Ga) than granites from the Ross Province (1.5–1.3 Ga; 

141 Pankhurst et al., 1998), which, together with the paleomagnetic evidence (DiVenere et al., 1995; 

142 Luyendyk et al., 1996), provided the basis for the subdivision of Marie Byrd Land. 

143 Within the Ford Ranges of western Marie Byrd Land (Fig. 1B), the Fosdick Mountains 

144 expose a migmatite–granite complex (Fig. 2, hereafter the Fosdick complex). Paragneisses and 

145 orthogneisses within the Fosdick complex are interpreted as the high-grade metamorphosed 

146 equivalents of the Swanson Formation and the Ford Granodiorite suite, respectively (Richard et 

147 al., 1994; Siddoway and Fanning, 2009; Korhonen et al., 2010a, b; Yakymchuk et al., 2013a, b, 

148 2015). Based on phase equilibria modeling, U–Pb ages of monazite and Lu–Hf ages of garnet, 

149 two metamorphic events have been documented in the Fosdick complex, one in the Devonian– 

150 Carboniferous and a higher-grade overprint in the Cretaceous (Korhonen et al., 2010b, 2012; 
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151 Yakymchuk et al., 2015). Hf and O isotope compositions of zircons from Devonian– 

152 Carboniferous granites in the Fosdick complex indicate that they represent a binary mixture 

153 sourced from Ford Granodiorite suite and Swanson Formation components (Yakymchuk et al., 

154 2013a). In contrast, Hf and O isotope compositions of zircons from Cretaceous granites indicate 

155 input from an unexposed juvenile source in addition to the crustal sources. In general, both the 

156 Devonian–Carboniferous and Cretaceous granites in the Ross Province have more evolved Hf 

157 isotope values than granites from correlative localities across the Gondwanan margin, including 

158 the Western Province of New Zealand and the Tasmanides in eastern Australia. Yakymchuk et 

159 al. (2013a) interpreted this difference to record a larger proportion of crustal reworking in the 

160 Ross Province compared with a higher proportion of crustal growth in the Western Province and 

161 the Tasmanides. 

162 

163 ANALYTICAL METHODS 

164 A detailed description of analytical methods together with Tables DR1–DR9 listing 

165 sample locations and the complete analytical data set are available from the GSA Data 

166 Repository. Zircon mineral separates were obtained from bulk rock samples using standard 

167 crushing, magnetic, and heavy liquid separation methods in the mineral separation facility at the 

168 University of Maryland; zircons were mounted in epoxy disks. The zircons were imaged in 

169 transmitted light and studied using a cathodoluminescence detector to characterize the internal 

170 zoning of each zircon and to avoid analysis of inclusions 

171 Four Ford Granodiorite suite samples from outside the Fosdick complex in western Marie 

172 Byrd Land and two diatexites from inside the Fosdick complex (Table 1, Fig. 2) were selected 

173 for zircon U–Pb, O, and Lu–Hf isotope analysis at the Research School of Earth Sciences 
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174 (RSES), Australian National University following the protocol given in Yakymchuk et al. 

175 (2013a). U–Pb isotope ratios were measured with a SHRIMP–II, oxygen isotope ratios were 

176 measured with a SHRIMP–II or SHRIMP-SI, and Lu–Hf measurements were conducted by laser 

177 ablation multi-collector inductively coupled plasma mass spectroscopy (LA–MC–ICPMS) using 

178 the RSES Neptune MC–ICP–MS coupled with a HelEx 193 nm ArF Excimer laser. 

179 Detrital zircons from two Swanson Formation samples and igneous zircons from two 

180 Ford Granodiorite suite samples from outside the Fosdick complex in western Marie Byrd Land, 

181 as well as zircons from three paragneisses from outside the Fosdick complex, and two diatexites 

182 and one granite from inside the complex (Table 1, Fig. 2) were analyzed for U–Pb LA–MC– 

183 ICPMS geochronology at the University of Arizona Laserchron facility following the protocol 

184 outlined in Gehrels et al. (2008). Common Pb correction was accomplished by using Hg-

185 corrected 204Pb and assuming an initial Pb composition from Stacey and Kramers (1975). For the 

186 two Swanson Formation samples, Lu and Hf isotopes were also measured in zircon at the 

187 University of Arizona Laserchron facility following the procedure described in Cecil et al. 

188 (2011). The analyses involve ablation of zircon with a New Wave DUV193 Excimer laser while 

189 isotope ratios were measured with a Nu MC–ICPMS. 

190 Strontium, Rb, Nd and Sm isotope compositions for five whole-rock samples of the 

191 Swanson Formation, six whole-rock samples of the Ford Granodiorite suite, and three Devonian– 

192 Carboniferous granites (Table 1, Fig. 2) were acquired at the University of Maryland using 

193 isotope dilution TIMS or ICP–MS following the procedure outlined in Korhonen et al. (2010a). 

194 Eight Swanson Formation samples were selected for whole-rock oxygen-isotope analysis at the 

195 University of Wisconsin using laser fluorination (Valley et al., 1995). 

196 
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197 SAMPLE DESCRIPTIONS AND U–Pb RESULTS 

198 Detrital zircons from the Swanson Formation samples and the paragneisses 

199 Representative cathodoluminescence (CL) images of zircons from two Swanson 

200 Formation samples are shown in Figure 4. U–Pb results for detrital zircon from the Swanson 

201 Formation samples and the paragneisses from the Ford Ranges and Scott Nunataks, including 

202 data for one sample reported previously in Yakymchuk et al. (2013a), together with a sample 

203 from the Swanson Mountains (Fig. 2) from Adams et al. (2013), are plotted as histograms and 

204 normalized probability distributions in Figure 3A–F. In addition, the ages of inherited grains 

205 (interpreted as >400 Ma) in the Ford Granodiorite suite, the Devonian–Carboniferous granites 

206 and the diatexites are plotted in Figure 3G. 

207 Sample Y2-MD092, from Mount Dolber in the Sarnoff Mountains (Fig. ), is a thinly 

208 bedded metagreywacke with a foliation defined by the parallel alignment of biotite. Zircon U–Pb 

209 dates range from ca. 440 to ca. 3030 Ma with distribution peaks at 554, 1048 and 1763 Ma (Fig. 

210 3B). The youngest group of four dates that overlap at  σ yields a weighted mean age of 489 ± 14 

211 Ma. 

212 Sample Y2-MP098, from Mount Passel in the central Ford Ranges (Fig. ), is a poorly 

213 sorted metagreywacke containing angular clasts of quartz, feldspar and volcanic rock fragments 

214 in a fine-grained matrix. Zircon U–Pb dates range from ca. 510 to ca. 2800 Ma with distribution 

215 peaks at 577, 1037 and 1725 Ma (Fig. 3C). The youngest group of four dates that overlap at  σ 

216 yields a weighted mean age of 514.0 ± 4.8 Ma. 

217 Sample 8D27-10 is a calc-silicate gneiss from Mt Woodward in the Ford Ranges 

218 (Yakymchuk et al., 2013a). Zircon U–Pb dates range from ca. 500 to ca. 3490 Ma with peaks at 

219 570, 1096, and 1736 Ma (Fig. 3D). The youngest group of four dates that overlap at  σ yields a 
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220 weighted mean age of 532.5 ± 5.3 Ma. 

221 Sample 318-M9 is a folded biotite-paragneiss from Mitchell Peak on the Guest Peninsula 

222 (Fig. 2). Zircon U–Pb dates range from ca. 330 to ca. 2460 Ma with distribution peaks at 548, 

223 1084 and 1704 Ma (Fig. 3E). The youngest group of four dates that overlap at  σ yields a 

224 weighted mean age of 509 ± 17 Ma. 

225 Samples 21220-3 and 21220-8 are paragneisses from Scott Nunataks (Smith, 1996). Both 

226 samples were collected from the same outcrop, so the age data sets are pooled. Dates range from 

227 ca. 110 to ca. 2660 Ma with distribution peaks at 533, 1085, and 1611 Ma as well as a small peak 

228 at ca. 412 Ma (Fig. 3F). The youngest group of four dates that overlap at  σ yields a weighted 

229 mean age of 387 ± 22 Ma. 

230 In summary, individual U–Pb dates for detrital zircons from the Swanson Formation 

231 range from ca. 440 to ca. 3030 Ma (Fig. 3A–C); zircons from the paragneisses have similar age 

232 distributions, but with a few younger dates (Fig. 3D–F). Although Archean grains are present, 

233 they make up only a minor portion of the population. The dominant zircon population in 

234 Swanson Formation and paragneiss samples is Neoproterozoic–Cambrian, with dates ranging 

235 from ca. 500 to ca. 750 Ma and age peaks at 533 and 576 Ma (Fig. 3A–F). The second 

236 significant population comprises mostly Mesoproterozoic dates that range from ca. 930 to ca. 

237 1180 Ma with age peaks at 997 and 1096 Ma (Fig. 3A–F). The third and most poorly defined 

238 population comprises mostly Paleoproterozoic dates that extend from ca. 1560 to ca. 1930 Ma 

239 with age peaks at 1611 and 1763 Ma (Fig. 3A–F). Inherited grains yield a dominant 

240 Neoproterozoic–Cambrian population with some older and younger ages (Fig. 3G). 

241 
242 Ford Granodiorite suite, granites and diatexites 
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243 Representative cathodoluminescence (CL) images of zircons from six Ford Granodiorite 

244 suite samples, two diatexite samples and one Upper Devonian granite dated in this study are 

245 shown in Figure 4. U–Pb results are reported in Tables DR4–5, plotted on U–Pb Tera– 

246 Wasserberg concordia diagrams and as probability distributions (with stacked histograms) in 

247 Figure 5. Final ages are summarized in Table 2; these ages are interpreted to date crystallization 

248 with the exception of the diatexite (Y1-IG071). For this sample, no statistically significant age 

249 was obtained. 

250 

251 MAJOR OXIDE AND TRACE ELEMENT GEOCHEMISTRY 

252 The geochemistry of the samples from this study (supplementary table DR2), combined with 

253 geochemical data from Korhonen et al. (2010a) and Weaver et al. (1991, 1992), Pankhurst et al. 

254 (1998) and Tulloch et al. (2009) for 15 Ford Granodiorite suite samples, is plotted as a series of 

255 Harker diagrams in Figure 6. Normalized rare earth element (REE) patterns are given in Figure 

256 7. 

257 

258 Swanson Formation 

259 The Swanson Formation has SiO2 contents ranging from 61 to 74 wt % (Fig. 6); although 

260 variable, individual samples are peraluminous with aluminum saturation indices (ASI= Molar 

261 [Al2O3/(CaO+Na2O+K2O)]) of 1.2–2.0, decreasing with increasing SiO2. With increasing SiO2, 

262 TiO2, CaO, Na2O, U, Th, Sr, Ba and La remain relatively constant, whereas Al2O3, K2O, 

263 FeO*+MgO, Rb and Rb/Sr decrease, and Zr increases (Fig. 6). The Swanson Formation has 

264 limited variation in REE abundances; individual samples are characterized by normalized 
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265 patterns (Fig. 7) that are smooth for the LREE and flat for the HREE, with consistent LaN/LuN of 

266 8–11 and moderate negative Eu anomalies (EuN/EuN* = 0.6–0.7). 

267 

268 Ford Granodiorite suite 

269 The Ford Granodiorite suite has SiO2 contents ranging from 64 to 76 wt % (Fig. 6); 

270 individual samples vary from metaluminous to peraluminous with increasing SiO2 (ASI = 0.9– 

271 1.2). With increasing SiO2, K2O and Th increase, and although Rb, Sr and Rb/Sr are variable at 

272 SiO2 <71 wt %, at SiO2 >71 wt % Rb increases, Sr decreases and Rb/Sr increases (Fig. 6). By 

273 contrast, Al2O3, CaO, FeO*+MgO, TiO2, Zr, and Ba decrease, whereas Na2O and La remain 

274 relatively constant and U is highly variable (Fig. 6). The Ford Granodiorite suite has a wider 

275 range of REE abundances than the Swanson Formation; individual samples have mostly smooth 

276 LREE patterns and smooth to concave up HREE (Gd–Lu) patterns (Fig. 7), with LaN/LuN of 6– 

277 15 and variable negative Eu anomalies (EuN/EuN* = 0.3–0.8). 

278 

279 Devonian–Carboniferous granites and diatexites 

280 Devonian–Carboniferous granites have SiO2 contents ranging from 65 to 72 wt % (Fig. 

281 6); they are metaluminous to peraluminous (ASI = 1.0–1.2). Although the geochemistry is 

282 variable with increasing SiO2, the granites show decreasing Al2O3, CaO, FeO*+MgO, TiO2, Zr 

283 and Ba, whereas K2O, U, Th, Rb Sr, Rb/Sr and La show no trend and Na2O increases (Fig. 6). 

284 The granites have elevated LREE and depressed HREE relative to the Ford Granodiorite suite; 

285 individual samples have smooth LREE patterns and smooth to concave up HREE patterns (Fig. 

286 7), with LaN/LuN of 12–77 and variable negative Eu anomalies (EuN/EuN* = 0.4–0.8). 



    

              

                

              

        

           

            

  

     

           

            

           

           

         

               

             

             

  

    

      

             

              

             

                 

13 Paleozoic evolution of western Marie Byrd Land, Antarctica 

287 The two diatexites have SiO2 of 72 and 73 wt%; they are both peraluminous (ASI = 1.1 

288 and 1.2) with Rb/Sr ratios <1. Sample Y1-IG073 has higher Zr, Th, Ba and La, but otherwise the 

289 major oxides and other trace element abundances are comparable to each other (Fig. 6). The 

290 diatexites have steep chondrite-normalized REE patterns (LaN/LuN = 55 and 22) with elevated 

291 LREE and depressed HREE relative to the Ford Granodiorite suite and negative Eu anomalies 

292 (EuN/EuN* = 0.5 and 0.6) similar to those of the granites (Fig. 7). 

293 

294 Sr and Sm–Nd RESULTS 

295 Newly analyzed samples of the Swanson Formation have 87Sr/86Sr360Ma values of 0.7119– 

296 0.7204 and εNd360Ma values that range from -9.3 to -6.3 (Fig. 8), whereas newly analyzed 

297 samples of the Ford Granodiorite suite have 87Sr/86Sr360Ma values of 0.7052–0.7092 and εNd360Ma 

298 values that range from -3.1 to -0.2 (Fig. 8). Two newly analyzed Devonian–Carboniferous 

299 granites (Y1-AE035 and M5-G175) have 87Sr/86Sr360Ma values of 0.7075 and 0.7091, and 

300 εNd360Ma values of -4.3 and -3.8, respectively (Fig. 8). A homogenous diatexite (Y1-IG073) has 

301 87Sr/86Sr360Ma of 0.7094 and a εNd360Ma value of -4.3 (Fig. 8), whereas an inhomogeneous 

302 diatexite (Y1-IG071) has 87Sr/86Sr360Ma of 0.7045 and a εNd360Ma value of -5.7 (Fig. 8). 

303 

304 Hf AND O RESULTS 

305 Swanson Formation and calc-silicate gneiss 

306 U–Pb, Hf and O data from detrital zircons are plotted in Figure 9. Detrital zircons from sample 

307 Y2-MP098 yielded εHft (εHf calculated at the U–Pb age) values that range from -24.5 to 9.7 

308 (Fig. 9A) and roughly half are negative (26 of 45). Sample Y2-MD092 contains detrital zircons 

309 with εHft values that range from -13.4 to 8.2 (Fig. 9A), and again approximately half are 
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310 negative (25 of 49). 

311 Detrital zircons from sample 8D27-10 (calc-silicate gneiss) define the same U–Pb age 

312 populations as samples of the Swanson Formation. Therefore, published data for this sample 

313 (Yakymchuk et al., 2013a) have been included in the final data set for the Swanson Formation 

314 discussed below. This sample has εHft values that mostly range from -3.7 to +6.0, with two 

315 outlying values of -11.4 and +8.9 (Fig. 9A; Yakymchuk et al., 2013a). The range of δ18O values 

316 for detrital zircons from the calc-silicate gneiss (8D27-10) is from 6.4 to 10.8 ‰, with one value 

317 of 16.6 ‰ (Fig. 9B; Yakymchuk et al., 2013a). Zircons from the Neoproterozoic–Cambrian and 

318 Mesoproterozoic populations both have a similar range of δ18O values that are between those 

319 expected for zircon crystallized from juvenile magmas and those derived solely from a 

320 supracrustal source (Fig. 9B). 

321 Combining data from the three samples yields a range of εHft values for each of the three 

322 age populations, as follows. For the Neoproterozoic–Cambrian population, εHft values mostly lie 

323 between -10 and +3, whereas for the Mesoproterozoic population, most εHft values range from 

324 +1 to +10. For the Paleoproterozoic population, εHft values vary from -7 to +7, but most are 

325 negative with one value of -17, and, Archean grains have only negative εHft values that range 

326 from -6.1 to -0.4. 

327 For whole-rock oxygen isotope analysis, six of the eight analyzed Swanson Formation 

328 samples yielded whole-rock δ18O oxygen values that range from +10.0 to +13.5, which give an 

329 average value of +11.9 (GSA Data Repository). Two samples (10CY-001 and 10CY-002) are 

330 metasedimentary hornfels collected from the contact aureole of a Cretaceous pluton in the Clark 

331 Mountains; these samples yielded whole-rock δ18O values of -6.9 and -9.2, respectively. 

332 
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333 Ford Granodiorite suite and diatexite 

334 The individual Hf and O results vs. crystallization age for zircons from the Ford 

335 Granodiorite suite and diatexite samples from this study are summarized in Figure 10. Zircons 

336 from sample Y2-JU096 have εHft values that range from -4.4 to +1.7, and δ18O values that vary 

337 from 7.4 to 9.6, with weighted means of -1.6 ± 1.1 and 8.8 ± 0.3, respectively ( σ ; 13 of 18). 

338 Zircons from sample 51225-2 have εHft values that range from -4.5 to +0.4 (with two values of -

339 8.6 and -9.5), and δ18O values that vary from 8.4 to 10.5 (with two values of 4.6 and 7.5), with 

340 weighted means of -2.1 ± 1.0 and 9.5 ± 0.3, respectively ( σ ; 15 of 17). Zircons from sample 

341 9N27-4 have εHft values that range from -5.3 to +0.2, and δ18O values that vary from 7.0 to 9.7, 

342 with weighted means of -3.3 ± 1.0 and 7.6 ± 0.3, respectively ( σ ; 13 of 15). Zircons from 

343 sample 912-2A have εHft values that range from -4.8 to +1.9 (with one value of -13.8), and δ18O 

344 values that vary from 8.0 to 9.3 (with one value of 7.4), with weighted means of -1.9 ± 0.8 and 

345 8.7 ± 0.2, respectively ( σ ; 14 of 15). 

346 The inhomogeneous diatexite (Y1-IG071) yields a wide range of U–Pb ages with two 

347 dominant populations: Upper Devonian and Cretaceous (Fig. 5). Zircons from the older 

348 population have εHf360 values of -9.8 to -1.3, and δ18O values of 9.4 to 10.6, with weighted 

349 means of -6.9 ± 2.7 and 10.0 ± 0.6, respectively ( σ ; n = 6). Zircons from the younger population 

350 have εHf100 values of -10.0 to -4.7 (one value of -13.5), and δ18O values of 9.5 to 10.2 (one value 

351 of 4.7), with weighted means of -7.2 ± 1.2 and 9.8 ± 0.2, respectively ( σ ; 9 of 10). The 

352 homogenous diatexite (Y1-IG073) contains only Upper Devonian zircons that have εHft values 

353 of -3.9 to -2.1, and δ18O values of 8.5 to 10.4, with weighted means of -3.1 ± 0.3 and 9.6 ± 0.2, 

354 respectively ( σ ; 18 of 19). 

355 
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356 DISCUSSION 

357 Possible sources for the Swanson Formation detrital zircons 

358 The U–Pb ages and εHft values from detrital zircons may be used to assess potential 

359 sources for each zircon population identified in the Swanson Formation samples, as discussed 

360 below. The plausibility of these potential source materials based on U–Pb ages and εHft values is 

361 evaluated using a εHft evolution plot in Figure 11. 

362 Paleoproterozoic (ca. 1.7 Ga) zircons from the Swanson Formation have εHft values that 

363 range from -7 to +7, with one value of -17 (Fig. 11). The Nimrod Group, which crops out in the 

364 Miller Range of central Transantarctic Mountains (Fig. 1A), includes rocks with zircon of the 

365 same age range (Goodge and Fanning, 2002). Igneous zircons from Archean layered gneisses in 

366 the Nimrod Group have metamorphic overgrowths dated at 1730–1720 Ma. In addition, a single 

367 deformed granodiorite yielded a crystallization age of ca. 1730 Ma (Goodge et al., 2001). This 

368 exposure of Precambrian basement in the central Transantarctic Mountains, which is inferred to 

369 continue under the ice (Goodge and Finn, 2010), represents a possible source for the 

370 Paleoproterozoic and older zircons in the Swanson Formation samples.  

371 Most Mesoproterozoic zircons in the Swanson Formation have positive εHft values, 

372 suggesting a relatively juvenile source. The gneiss at Haag Nunataks, located to the northeast of 

373 the Ellsworth Mountains (Flowerdew et al., 2007), is the only exposure of probable 

374 Mesoproterozoic basement in West Antarctica. An Rb–Sr whole-rock isochron age of 1176 ± 76 

375 Ma was interpreted to date crystallization of the protolith of this gneiss (Millar and Pankhurst, 

376 1987). Slightly younger Rb–Sr whole-rock isochron ages were obtained from cross cutting 

377 microgranite (1058 ± 53 Ma) and aplogranite and pegmatite (1003 ± 18 Ma) from this outcrop 

378 (Millar and Pankhurst, 1987). For the gneiss, εHft values from zircon range from +6.7 to +9.2 
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379 (Flowerdew et al., 2007) and whole-rock Nd isotope analysis yielded a depleted mantle model 

380 age of ca. 1250 Ma (Storey et al., 1994). Taken together, these data suggest that the gneiss at 

381 Haag Nunataks represents a relatively juvenile addition to the crust during the Mesoproterozoic, 

382 qualifying it as a potential source for this population of detrital zircons. 

383 Other possible sources for Mesoproterozoic detrital zircons in the Swanson Formation lie 

384 beneath the Antarctic ice sheet. For example, Tochilin et al. (2012) report detrital zircon U–Pb 

385 age populations of 512–540 Ma and 800–1100 Ma from Oligocene–Quaternary sedimentary 

386 rocks in drill core from the Prydz Bay region (Fig. 1A), which is estimated to drain roughly 16% 

387 of the East Antarctica Ice Sheet. In addition, direct samples of the bedrock beneath the Antarctic 

388 ice sheet are provided by clasts from glacial moraines (e.g. Goodge et al., 2010, 2012). Zircons 

389 from granite clasts in Quaternary glacial tills in the Central Transantarctic Mountains yielded 

390 εHft values of +2 to +6 at ca. 1.2 Ga (Goodge et al., 2013). These clasts suggest the presence of a 

391 Mesoproterozoic orogenic belt under the ice inland from the Transantarctic Mountains that has 

392 been speculatively linked to the Gamburtsev Subglacial Mountains and the Vostok Subglacial 

393 Highlands of East Antarctica (e.g. Elliot et al., 2014). 

394 The Mesoproterozoic population of detrital zircons from the Swanson Formation, with 

395 the exception of three grains, is younger than both the gneiss at Haag Nunataks (based on the 

396 1176 ± 76 Ma Rb–Sr isochron age of the gneiss) and the ca. 1.2 Ga granite clast from the Central 

397 Transantarctic Mountains (Fig. 11). However, for an average crustal 176Lu/177Hf ratio (Vervoort 

398 and Patchett, 1996; Vervoort et al., 1999), within ±1σ uncertainty, the εHf evolution lines from 

399 these potential sources enclose most of the Mesoproterozoic detrital zircon data from the 

400 Swanson Formation samples. This permits the Mesoproterozoic zircons to have been derived 

401 from source materials similar to these examples. 
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402 Mesoproterozoic zircons from sample 8D27-10 yielded δ18O values above those expected 

403 for juvenile material derived directly from the mantle (Fig. 9B), which indicates the involvement 

404 of a supracrustal component. This is consistent with crustal reworking during a Mesoproterozoic 

405 orogenic event. If these zircon grains were derived from rocks inland of the Transantarctic 

406 mountains, which seems likely, the δ18O values of the zircons lends support to the existence of 

407 Grenville-age orogenic belt exposed beneath the East Antarctic Ice sheet (e.g. Goodge et al., 

408 2010; Elliot et al., 2014). 

409 The Neoproterozoic–Cambrian population of zircons from the Swanson Formation 

410 contains more evolved εHft values than the Mesoproterozoic population, which is consistent with 

411 derivation from igneous and metamorphic rocks associated with crustal reworking in the Ross– 

412 Delamerian orogen (Ireland et al., 1998; Adams et al., 2013). In the central Transantarctic 

413 Mountains, the oldest intrusive rocks are dated at ca. 550 Ma (Rowell et al., 1993) and 

414 widespread magmatism associated with the Ross Orogen is dated at 520–480 Ma (Goodge et al., 

415 2012; Paulsen et al., 2013). In the Wilson Terrane of north Victoria Land, the Granite Harbour 

416 Intrusives have been dated at 520–490 Ma (Borg et al., 1986; Vetter et al., 1987; Dallai et al., 

417 2003; Goodge et al., 2012). Although there are no reported εHf values for these rocks, some 

418 diorites, granites and granodiorites have δ18O values consistent with a significant crustal 

419 component (Dallai et al., 2003). In the Dry Valleys of south Victoria Land, a minor episode of 

420 magmatism at 530–505 Ma was followed by the emplacement of a large volume of calc-alkaline 

421 granite at 505–500 Ma (Allibone and Wysoczanski, 2002). However, most zircons from the 

422 Neoproterozoic–Cambrian population from the Swanson Formation are older than most igneous 

423 and metamorphic rocks reported from the Ross Orogen as described above. Evidence of an older 

424 potential source comes from the Central Transantarctic Mountains where glacial clasts in 



    

              

        

           

              

                

            

             

               

                

            

     

  

           

              

             

            

              

                 

             

           

                

             

              

Paleozoic evolution of western Marie Byrd Land, Antarctica 19 

425 moraines are inferred to be samples of the subglacial bedrock. These rocks have U–Pb zircon 

426 ages of 590–490 Ma (Goodge et al., 2012). 

427 Most ages from the Neoproterozoic–Cambrian population of zircons from the Swanson 

428 Formation are older than most of igneous rocks from north Victoria Land and the Transantarctic 

429 Mountains, with the exception of a ca. 590 Ma glacial clast reported in Goodge et al. (2012). 

430 However, most of the Neoproterozoic–Cambrian zircons from the Swanson Formation plot along 

431 the same εHf evolution lines as the Mesoproterozoic population of detrital zircons discussed 

432 above (Fig. 11). This suggests that most of the detrital zircons in the Swanson Formation could 

433 have been derived from crust, or sedimentary derivatives of crust, that is similar to the gneiss at 

434 Haag Nunataks and the ca 1.2 Ga Mesoproterozoic granite clasts that originated from beneath the 

435 East Antarctic ice sheet. 

436 

437 Detrital zircon provenance across the former margin of East Gondwana 

438 The three age populations of detrital zircons from the Swanson Formation are broadly 

439 consistent with the provenance of Early Paleozoic sediments along the eastern portion of 

440 Gondwanan margin, which extended from Australia through West Antarctica and the Antarctic 

441 Peninsula into South America (Ireland et al., 1998; Adams et al., 2005; Adams, 2010; Adams et 

442 al., 2013). In particular, the detrital zircon patterns of the Swanson Formation are similar to those 

443 from the Lachlan Group in eastern Australia, the Robertson Bay Group in North Victoria Land, 

444 and the Greenland Group in the Western Province of New Zealand (Ireland et al., 1998; Adams 

445 et al., 2013). The maximum depositional ages and the youngest zircon ages are similar for these 

446 three groups and the Swanson Formation. In addition, the U–Pb age distributions of detrital 

447 zircons from the Swanson Formation are similar to those from metasedimentary rocks from the 
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448 Trinity Peninsula Group and Fitzgerald Quartzite on the Antarctic Peninsula (Flowerdew et al., 

449 2006a; Bradshaw et al., 2012), sedimentary rocks from the Ellsworth–Whitmore Mountains 

450 (Flowerdew et al., 2007) and Ross supergroup sandstones in the Queen Maud Mountains 

451 (Paulsen et al., 2015). 

452 In general, the εHft values of Neoproterozoic–Cambrian and Mesoproterozoic 

453 populations of zircons from sedimentary rocks deposited along the East Gondwana margin are 

454 similar to those from the Swanson Formation. For example, the Trinity Peninsula Group on the 

455 Antarctic Peninsula has detrital zircon age populations of 1100–1000 Ma and 620–500 Ma for 

456 which the majority of εHft values from each group range from +2 to +12 and -8 to +2, 

457 respectively (Bradshaw et al., 2012). Flowerdew et al. (2006a) report juvenile Hf isotope values 

458 from older zircon populations and less radiogenic Hf isotope values from the dominant (ca. 540 

459 Ma) zircon population in the Fitzgerald Quartzite. Neoproterozoic–Cambrian zircons from the 

460 Greenland Group in New Zealand yield εHft values of -20 to +8 (Nebel-Jacobsen et al., 2011). 

461 Detrital zircon in paragneisses from the Western Province of New Zealand show a similar 

462 distribution of ages to the Swanson Formation and yield εHft and δ18O values that indicate an 

463 increase in the amount of crustal reworking through time (Hiess et al., 2014). Ordovician 

464 volcaniclastic rocks deposited on the margin of the Macquarie Arc in the Tasmanides also show 

465 negative εHft values for Neoproterozoic–Cambrian zircons and slightly negative to positive 

466 values for 1250–970 Ma detrital zircons (Glen et al., 2011). 

467 The similarity of U–Pb ages and εHft values of detrital zircons from Cambrian– 

468 Ordovician sedimentary rocks deposited across the East Gondwana margin suggest a laterally 

469 extensive source region. Neoproterozoic–Cambrian zircons reflect predominantly crustal 

470 reworking and likely originated from the Ross–Delamerian orogen and its putative inland 
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471 extension beneath the Antarctic ice sheet. The location of an extensive source of relatively 

472 juvenile Mesoproterozoic material is more problematic, but the Grenville-age orogenic belt 

473 hypothesized to occur beneath the East Antarctic ice sheet is a possible solution. 

474 

475 δ18O values of the Swanson Formation 

476 Sedimentary rocks and granites derived from them can be distinguished from granites 

477 with juvenile sources using oxygen isotopes (e g O’Neil and Chappell, 1977). To evaluate the 

478 proportional contribution of the Swanson Formation to the petrogenesis of granites in western 

479 Marie Byrd Land it is necessary to know the εHft values of the detrital zircon and the δ18O values 

480 of whole-rock samples. For six of the eight samples of Swanson Formation, whole-rock values 

481 range from 10.0 to 13.5‰, which are similar to values expected for most sedimentary rocks 

482 (~12‰; O’Neil and Chappell 1977). However, these values are lower than whole-rock values 

483 reported for the correlative Greenland Group of 13.7–16.2‰ (Tulloch et al ,  009) used by 

484 Yakymchuk et al. (2013a) to model mixing of material between the Ford Granodiorite suite and 

485 the Swanson Formation. During partial melting, oxygen isotope fractionation between zircon and 

486 granitic magma will result in igneous zircons that have δ18O values less than the source rock by 

487 1–2‰ (Valley et al , 1994; Valley, 2003). Therefore, using a Δ18OZrc-WR correction of -1 5‰ for 

488 isotope fractionation, newly crystallized zircons in granites derived from partial melting of the 

489 Swanson Formation are predicted to have a δ18O values of ~8.5–12‰. 

490 Two Swanson Formation samples from the contact aureole around a Cretaceous pluton 

491 show negative whole-rock δ18O values of -6.9 and -9.2‰ (GSA Data Repository Table DR7). 

492 Negative values are consistent with hydrothermal alteration associated with an active magma 

493 chamber at a shallow enough depth to allow the penetration of negative δ18O meteoric water. A 

494 strong isotope exchange between the rocks and meteoric water is needed to produce the negative 
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495 isotope values observed in these two samples. Furthermore, the strongly negative δ18O values of 

496 the meteoric water necessary for hydrothermal alteration of these two Swanson Formation 

497 samples are compatible with high latitudes, consistent with the position of western Marie Byrd 

498 Land during the Cretaceous (e.g. DiVenere et al., 1994). 

499 

500 Petrogenesis of the Ford Granodiorite suite, the granites and the diatexites 

501 Temporal changes in Hf and O isotopes in zircon 

502 For a fuller assessment of the relationships among the Ford Granodiorite suite, the granites and 

503 the diatexites, and due consideration of their petrogenesis, the six new Hf and O isotope datasets 

504 reported in this study have been combined with published information for four additional 

505 samples (from Yakymchuk et al., 2013a; Ford Granodiorite suite samples MB.214.W and 

506 MB.219.W, and granite samples M5-G175 and C5-Is51A). The combined dataset is shown as ten 

507 box-and-whisker plots for εHft and δ18O vs. age in Figure 12. Box-and-whisker plots are used 

508 because the data are not normally distributed. These plots provide a graphical summary of 

509 dataset characteristics based on percentile rank analysis and plotting the maximum and minimum 

510 dataset values. Importantly, the underlying statistics are less sensitive toward individual outliers 

511 than other methods of analysis (Tukey, 1977). Also, the compact nature of the plots allows side-

512 by-side comparison of individual sample datasets. Nonparametric statistics may be used to 

513 evaluate whether the distributions of zircon εHft and δ18O values are significantly different 

514 between samples of the Ford Granodiorite suite, and between these and the granites and 

515 diatexites. We use the nonparametric Kruskal–Wallis test (Kruskal and Wallis, 1952) that is 

516 analogous to a parametric analysis of variances (ANOVA) test, except that it does not require 

517 data that are normally distributed. 
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518 The Ford Granodiorite suite samples divide into two groups. The two oldest members of 

519 the suite (MB.214 and MB.219) have zircon with the most radiogenic εHft and the lowest δ18O 

520 values, whereas the four younger samples have zircons with more evolved εHft and higher δ18O 

521 values (Fig. 12). Based on results from the Kruskal–Wallis test (supplementary table DR10), 

522 samples within each group are likely to have sampled the same population, whereas the two 

523 groups of samples are likely to have sampled different populations. The εHft and δ18O values for 

524 the granites and diatexites are similar to the younger group of Ford Granodiorite suite samples 

525 (Fig. 12, supplementary table DR10). These data suggest a change at ca. 370 Ma towards a larger 

526 contribution from the Swanson Formation in the petrogenesis of the younger rocks. This change 

527 is consistent with the study of Tulloch et al. (2009), who reported monazite 207Pb/235U ages of ca. 

528 359 Ma and ca. 351 Ma from muscovite–biotite granites from the Chester Mountains and 

529 Neptune Nunataks (locations in Fig. 2), respectively, consistent with the postulated increasing 

530 contribution from a sedimentary source after ca. 370 Ma. 

531 

532 Potential source rocks 

533 Zircons from the Ford Granodiorite suite, the Devonian–Carboniferous granites and the 

534 diatexites exhibit a range of δ18O and εHft values. Many arc-related granitoids are thought to 

535 represent a mixture of two or more source components (e.g. Kemp et al., 2009; Miles et al., 

536 2014). The Hf and O isotope composition of zircon provides a potentially powerful tool to 

537 evaluate the nature and proportional contribution of these source components to granitoid 

538 petrogenesis (e.g. Kemp et al., 2007). These proportions may be evaluated if the isotope 

539 composition of the source components is known and if they are sufficiently distinct from one 

540 another. Hf isotopes may be used to distinguish between juvenile and ancient source 
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541 components, whereas O isotopes may be used to determine if source components have been 

542 subjected to surface processes, such as weathering and sedimentation, as indicated by high δ18O 

543 values (e.g. Hawkesworth and Kemp, 2006). 

544 The majority of Hf in most crustal rocks is found in zircon. In a closed system, zircon 

545 dissolution during partial melting will contribute Hf to the melt, which partitions into newly 

546 formed zircon during melt crystallization. In this scenario, newly formed zircon is predicted to 

547 have a similar Hf isotope composition to that of zircon in the protolith (e.g. Flowerdew et al., 

548 2006b). Although the breakdown of high Lu/Hf minerals such as apatite may also contribute 

549 radiogenic Hf to the melt, the amount of Hf is expected to be relatively minor compared with Hf 

550 contribution from the breakdown of zircon. Therefore, in a closed system, newly formed zircon 

551 in a crystallized anatectic melt is predicted to have a similar Hf isotope composition to the 

552 original magmatic grains in an igneous protolith, or to the detrital zircons in a metasedimentary 

553 protolith, or to an intermediate composition where derived from a mixed source. 

554 Oxygen isotope fractionation between zircon and granite magma will result in igneous 

555 zircons that have slightly lower δ18O values (Valley et al., 1994; Valley 2003). By contrast, the 

556 δ18O composition measured in detrital zircon may not be representative of the whole-rock value 

557 because oxygen is a major component in all of the major rock forming minerals, including those 

558 that have formed at or near the surface. Therefore, granites derived by anatexis from sedimentary 

559 protoliths may not have similar oxygen isotope compositions to detrital zircons in the source, but 

560 they are expected have a composition similar to the whole rocks. 

561 For the Ford Granodiorite suite, one potential source component is the regionally 

562 distributed Swanson Formation. The εHf values of detrital zircons in the Swanson Formation, 

563 recalculated to 360 Ma, vary from +2 to -67, with a median value of -11.7 and an interquartile 
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564 range of -3.5 to -19.9 (Figs. 10, 12 and 13). As discussed above, the δ18O value of zircons that 

565 crystallized from melt produced from the Swanson Formation are expected to have values of 

566 ~8.5–12‰, with a mean value of 10.5‰ (Figs. 10, 12 and 13). The Hf isotope composition of 

567 zircons from the Ford Granodiorite suite reported in this study is more radiogenic than most 

568 detrital zircons from the Swanson Formation (Fig. 10A). This suggests the involvement of a 

569 source more juvenile than the Swanson Formation. 

570 The calc-alkaline chemistry of the Ford Granodiorite suite and its emplacement during a 

571 period of widespread arc magmatism along the East Gondwanan plate margin suggests the 

572 possible involvement of juvenile magma sourced from the arc mantle or a mafic underplate 

573 derived from it. Such a source is inferred to have a δ18O value of 5.3 ± 0.6‰ (Valley et al., 

574 1998). The εHf of this source may range from that expected for new crust sourced from a slightly 

575 enriched mantle wedge in an island arc (+12.2 at 360 Ma; Dhuime et al., 2011) to less radiogenic 

576 values associated with a more enriched sub-continental lithospheric mantle above a subducting 

577 slab. The εHf values for modified sub-continental lithospheric mantle may range from 0 (CHUR) 

578 to +10 (Griffin et al., 2000). Therefore, for the purpose of petrogenetic modeling, two end-

579 member εHf values of 0 (CHUR) and +12.2 (new crust) have been chosen to represent the 

580 juvenile source. 

581 Excluding outliers (Fig. 12), data from the Ford Granodiorite suite reported in this study 

582 have εHft values that plot between those for the Swanson Formation and those for the juvenile 

583 source (Fig. 10A). This suggests that a petrogenetic scenario similar to the model developed for 

584 granites in the Lachlan Fold Belt of the Tasmanides orogen may be applicable to the Ford 

585 Granodiorite suite. The Lachlan granites were interpreted to be the mixed products of 

586 sedimentary material reworked by juvenile magma in the deep crust (Kemp et al., 2007). 
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587 Accordingly, binary mixing curves between Swanson Formation and mantle have been 

588 calculated to evaluate this model for the petrogenesis of the Ford Granodiorite suite (Fig. 13A). 

589 Four scenarios are modeled: two where different juvenile magma compositions, discussed above, 

590 are mixed with Swanson Formation en masse and two where these same juvenile magma 

591 compositions are mixed with anatectic melt derived from the Swanson Formation. 

592 The curvature of the mixing lines is most sensitive to the relative concentrations of Hf in 

593 each of the end-members. There are no data available for mafic rocks of an appropriate age in 

594 Marie Byrd Land. Therefore, for the juvenile source, an Hf concentration of 2.3 ppm is used, 

595 which is a representative composition for mafic rocks temporally associated with Devonian 

596 granites in the Lachlan Fold Belt of the Tasmanides orogen (e.g. Kemp et al., 2007). For the 

597 Swanson Formation, an average whole-rock concentration of 3.2 ppm was assigned based on 

598 bulk chemical analyses (Korhonen et al., 2010a). For melt derived from the Swanson Formation, 

599 a concentration of 1.0 ppm is used, which represents the average Hf concentration of deep crustal 

600 granites that were interpreted to be derived predominantly from a Swanson Formation source 

601 inside the Fosdick complex (Korhonen et al., 2010a). 

602 For the four younger Ford Granodiorite suite samples analyzed in this study, a large 

603 proportion of the Hf and O isotope compositions of the zircons may be explained by this model, 

604 particularly for mixing magma from the juvenile source with anatectic melt from the Swanson 

605 Formation. This is consistent with rare zircon cores within some samples that correspond to the 

606 main age populations found in the Swanson Formation and paragneiss detrital zircons (Fig. 3). 

607 Mixing between juvenile magma and 40–80% anatectic melt derived from the Swanson 

608 Formation is required to explain the range of measured values for the Ford Granodiorite suite 

609 samples (Fig. 13A). 
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610 An alternative scenario that cannot be ruled out by the data is one in which the earliest 

611 members of the Ford Granodiorite suite are reworked in the deep crust, generating melts that mix 

612 with those derived from the Swanson Formation or assimilate Swanson Formation en masse to 

613 produce the younger members of the Ford Granodiorite suite. To explore this scenario the data 

614 from this study are combined with data from Yakymchuk et al. (2013a). These data are plotted as 

615 two fields in Figure 13B, one for two older members of the Ford Granodiorite suite (samples 

616 MB.214 and MB.219) and a second for the four younger members of the Ford Granodiorite suite 

617 shown in Figure 13A. Most of the Hf and O isotope compositions of zircons from the younger 

618 members of the Ford Granodiorite suite may be explained by mixing of anatectic melt from older 

619 members of the suite with anatectic melt from the Swanson Formation (Fig. 13B). This is 

620 consistent with the small population of slightly older zircon dates from sample Y2-JU096 that 

621 yielded an age of ca. 377 Ma (Fig. 5). However, the Hf and O isotope composition of zircons 

622 from samples MB.214 and MB.219 also lie inside the curves for juvenile magma mixing with 

623 melts derived from the Swanson Formation or for assimilation of Swanson Formation en masse 

624 (compare the fields in Fig. 13B with the model mixing curves in Fig. 13A). Thus, any 

625 contribution to the petrogenesis of the younger members of the Ford Granodiorite suite derived 

626 by reworking of these older compositions would have been masked by any ongoing input from 

627 the juvenile mantle source, and the two alternative scenarios cannot be distinguished. 

628 

629 The granites and diatexites 

630 The granites and diatexites generally have whole-rock Sr and Nd, and zircon Hf and O 

631 isotope compositions that lie between those of the most primitive Ford Granodiorite suite 



    

            

            

           

               

               

               

            

             

         

         

            

       

            

         

          

       

            

         

            

           

              

            

            

Paleozoic evolution of western Marie Byrd Land, Antarctica 28 

632 members and the least evolved Swanson Formation (Figs. 6 and 13). This observation permits a 

633 variety of plausible scenarios for the petrogenesis of the granites and diatexites. 

634 The first possibility is that juvenile magma could have assimilated Swanson Formation en 

635 masse or mixed with anatectic melt derived from the Swanson Formation in a fashion similar to 

636 the model proposed for the petrogenesis of the Ford Granodiorite suite (compare the data in Fig. 

637 13C with the model mixing curves in Fig. 13A). However, this option considered the least likely 

638 based on the variable oxide and trace element distributions of the granites and diatexites 

639 compared with the more regular distributions shown by the Ford Granodiorite suite samples (Fig. 

640 6) and the differences in REE patterns (Fig. 7). 

641 Four alternative possibilities are: (1) Ford Granodiorite suite magmas could have mixed 

642 with anatectic melt derived from the Swanson Formation, (2) Ford Granodiorite suite magmas 

643 could have assimilated Swanson Formation en masse, (3) melt derived from early-crystallized 

644 members of the Ford Granodiorite suite by anatexis could have mixed with anatectic melt 

645 derived from the Swanson Formation, and (4) melt derived from early-crystallized members of 

646 the Ford Granodiorite suite by anatexis could have assimilated Swanson Formation en masse, as 

647 proposed by Korhonen et al. (2010a). 

648 First, we evaluate these four options using the Sr and Nd isotope compositions 

649 recalculated to 360 Ma. Figure 8 shows binary mixing lines that connect representative 

650 compositions of the Swanson Formation and the Ford Granodiorite suite calculated using the Sr 

651 and Nd concentrations and isotope values of more and less radiogenic end-member samples (Fig. 

652 8). With the exception of granite sample C5-Is51a (reported by Korhonen et al., 2010a) and the 

653 inhomogeneous diatexite (Y1-IG071), the granites plot between the two sources but closer to the 

654 Ford Granodiorite suite. The Sr and Nd isotope values of the granites and the homogeneous 
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655 diatexite allow a contribution of up to 30 vol.% Swanson Formation (Fig. 8). The 

656 inhomogeneous diatexite (Y1-IG071) plots at less radiogenic εNd values than the Ford 

657 Granodiorite suite but also at lower 87Sr/86Sr360 values than the Swanson Formation (Fig. 8). This 

658 sample contains a significant population of 100 Ma zircons. If the Sr and Nd isotope ratios are 

659 recalculated to 100 Ma, the inhomogeneous diatexite falls between the εNd and 87Sr/86Sr100 

660 values of two putative sources, which is interpreted to indicate that this sample records the 

661 effects of the Cretaceous overprint in the Fosdick complex. 

662 Second, we use the zircon Hf and O isotope compositions. Figure 13C shows binary 

663 mixing lines that connect representative compositions of the Swanson Formation and the Ford 

664 Granodiorite suite. These were calculated using Hf concentrations of 3.3 ppm for the Ford 

665 Granodiorite suite magmas and 1.0 ppm for anatectic melts derived from early members of the 

666 Ford Granodiorite suite combined with the Hf concentrations discussed above for the Swanson 

667 Formation. Note that assimilation of Swanson Formation en masse by Ford Granodiorite suite 

668 magma and mixing of anatectic melts derived from early members of the Ford Granodiorite suite 

669 with those derived from the Swanson Formation yield similar binary mixing curves that cannot 

670 be distinguished in Figure 13C. The modeling permits by all four petrogenetic scenarios 

671 discussed above; in almost all cases the proportion of Ford Granodiorite suite component 

672 required by the data is greater than the Swanson Formation component. 

673 To further test these two alternatives, the major-element compositional variability of 

674 Devonian–Carboniferous granites and diatexites is investigated using the ternary system 

675 (Na+Ca)–(Fe*+Mg+Ti)–K (Solar and Brown, 2001). Because there have been no melting 

676 experiments done on the either the Ford Granodiorite suite or the Swanson Formation, 

677 experimental melt compositions from Skjerlie et al. (1993) and Patiño Douce and Harris (1998) 
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678 were used based on similarity in chemical composition of the experimental starting materials to 

679 the putative sources of the granites. The experimental melts from Skjerlie et al. (1993) were used 

680 as proxies for melts derived from the Ford Granodiorite suite while the experimental results of 

681 Patiño Douce and Harris (1998) were used to infer melt compositions derived from the Swanson 

682 Formation. The compositions of the starting materials and melts are plotted along with samples 

683 from the Swanson Formation, Ford Granodiorite suite, and the granites and diatexites in Figure 

684 14. There is a wide range of possible granite and diatexite compositions that may be achieved by 

685 assimilation or mixing between Ford Granodiorite suite compositions, Swanson Formation 

686 compositions and melts derived from each, as shown by the shaded areas in Figure 14, 

687 particularly given the propensity of crustal melts to entrain peritectic residue (Clemens et al., 

688 2011; Clemens and Stevens, 2012). As a result, the four alternative petrogenetic scenarios 

689 consideredthat Ford Granodiorite suite magmas or melts derived from early-crystallized 

690 members of the suite could have assimilated Swanson Formation en masse or mixed with 

691 anatectic melt derived from the Swanson Formationcannot be discriminated. 

692 

693 WIDER CONSIDERATIONS 

694 Implications for a Proterozoic basement 

695 An outstanding question in western Marie Byrd Land is the nature and age of the 

696 basement to the Swanson Formation. Evidence supporting a Proterozoic basement includes: (1) 

697 inherited zircons in granites that yield Proterozoic ages (Fig. 3G) or Proterozoic concordia upper 

698 intercept ages (Pankhurst et al., 1998; Mukasa and Dalziel, 2000); (2) Proterozoic Nd model ages 

699 for the Ford Granodiorite suite (Pankhurst et al., 1998); and (3) Proterozoic Os isotope model 

700 ages for peridotite xenoliths from the upper mantle beneath Eastern Marie Byrd Land, which 
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701 assumes that the crust and underlying mantle are temporally coupled (Handler et al., 2003). 

702 However, aeromagnetic anomalies north Victoria Land led Finn et al. (1999) to suggest that 

703 sedimentary rocks that make up the Robertson Bay Terrane—proposed to be correlative with the 

704 Swanson Formation in Marie Byrd Land—were deposited on forearc oceanic crust. The 

705 geological and geochemical evidence for the age of the basement to the Swanson Formation is 

706 evaluated below. 

707 Granites from Marie Byrd Land commonly contain zircons with xenocrystic cores that 

708 may reflect inheritance from a Precambrian source (e.g. Mukasa and Dalziel, 2000), or 

709 alternatively, these grains may represent detrital zircons scavenged from sedimentary rocks 

710 during formation and/or emplacement. In the Ford Granodiorite suite, Devonian–Carboniferous 

711 granites and diatexites, inherited zircon grains yield dates of 2277 to 412 Ma and define a 

712 dominant Neoproterozoic–Cambrian population (Fig. 3G). The similarity of this age population 

713 to the Neoproterozoic–Cambrian age population in the Swanson Formation suggests the 

714 possibility of scavenged detrital zircon grains, which is supported by the requirement for a 

715 Swanson Formation component in the petrogenesis of the Ford Granodiorite suite, Devonian– 

716 Carboniferous granites and diatexites. Therefore, these inherited grains do not provide direct 

717 evidence of a Precambrian basement beneath western Marie Byrd Land. 

718 The Ford Granodiorite suite yields Proterozoic Nd model ages that have been interpreted 

719 to reflect a Proterozoic basement in western Marie Byrd Land (Pankhurst et al., 1998). However, 

720 the Ford Granodiorite suite represents a mixture of juvenile (mantle-derived) and 

721 metasedimentary components, as demonstrated by the elevated δ18O values of the zircons (Fig. 

722 10). Therefore, the Nd model ages likely represent hybrids resulting from a mixture of two 

723 components and they may not reflect the true age of the basement. 
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724 Handler et al. (2003) document Mesoproterozoic Os model ages from mantle xenoliths in 

725 Cenozoic volcanic rocks from the Executive Committee Range in Marie Byrd Land, which is 

726 ~500 km away from the Ford Ranges. The partial melting and subsequent stabilization of mantle 

727 lithosphere at this time likely resulted in additions of juvenile magma to the crust, which 

728 potentially could represent a nearby source for Mesoproterozoic detrital zircons with juvenile 

729 εHft values similar to those in the Swanson Formation. However, given the distance between the 

730 Ford Ranges and the Executive Committee Range, it is not required that the Swanson Formation 

731 was deposited on this Proterozoic basement. 

732 An alternative model is that the Swanson Formation was deposited on a Paleozoic 

733 oceanic basement, as has been proposed for the Robertson Bay Terrane in north Victoria Land 

734 (Finn et al., 1999) and for the Lachlan Fold Belt of the Tasmanides orogen (Foster et al., 2009). 

735 A positive test of this hypothesis would be the retrieval of Paleozoic Os model ages from mantle 

736 xenoliths that occur in Cenozoic volcanic rocks in the Ford Ranges. 

737 

738 Correlation along the Gondwana margin 

739 The former continental margin of Gondwana represents one of the most extensive and 

740 long-lived active convergent plate margins in the Phanerozoic and is the type example of an 

741 external (circum-Pacific) orogenic system (Cawood, 2005; Collins et al., 2011). Parts of the 

742 landmasses of Australia and New Zealand (Zealandia) were situated along the active margin of 

743 Gondwana together with north Victoria Land and Marie Byrd Land from the Paleozoic through 

744 the final breakup of Gondwana in the Cretaceous (Fig. 1B). The ages and isotope values of 

745 granites from different segments along the Gondwanan margin can provide insight into the 

746 similarities and differences in the processes operating along an active continental margin (e.g. 
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747 Yakymchuk et al., 2013a). However, such a comparison is limited by the paucity of zircon Hf 

748 isotope data from granites in New Zealand and north Victoria Land. Therefore, in this section we 

749 use both whole-rock Nd and zircon Hf isotope data from granites in each of these locations, as 

750 shown in Figure 15. 

751 In eastern Australia, the Tasmanides orogen is attributed to alternating extensional and 

752 contractional tectonics associated with a west-dipping subduction zone that migrated oceanward 

753 from the Cambrian to the Permian (e.g. Collins, 2002; Glen, 2005; Cawood, 2005). A protracted 

754 period of Silurian to Devonian silicic magmatism is recorded in the Tasmanides with minor 

755 Carboniferous magmatism. These granites record a progression towards more radiogenic whole-

756 rock εNd and zircon εHft values with time (Fig. 15A, B), which has been tied to crustal growth 

757 accompanying slab rollback and back-arc rifting after crustal thickening (Kemp et al., 2009). 

758 Granites from the Western Province of New Zealand show a similar trend, although at a later 

759 time than the granites from the Tasmanides (Fig. 15A). In contrast, the Ford Granodiorite suite 

760 and its correlatives in north Victoria Land were emplaced over relatively short periods in the 

761 Devonian–Carboniferous and do not show the same temporal trends (Fig. 15A, B). 

762 In north Victoria Land, correlative Devonian–Carboniferous igneous rocks include the 

763 Admiralty Intrusives (371–351 Ma; Borg et al., 1987; Fioretti et al. 1997; Henjes-Kunst and 

764 Kreuzer, 2003), the Salamander Granite complex (ca. 347 Ma; Henjes-Kunst and Kreuzer, 

765 2003), and associated volcanic rocks (369–357 Ma; Henjes-Kunst and Kreuzer 2003). Although 

766 there is only limited Nd isotope data from the Admiralty Intrusives in north Victoria Land (Borg 

767 et al., 1986), they have a similar range of εNd values to those from the Ford Granodiorite suite 

768 (Fig. 15A). The ages of these rocks were constrained by Rb–Sr isochrons to the range 393–364 

769 Ma and, thus, generally older than the Ford Granodiorite suite. However, Henjes-Kunst and 
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770 Kreuzer (2003) report Ar–Ar biotite ages and one U–Pb zircon age from other Admiralty 

771 Intrusive rocks in the range 371–354 Ma, which casts some doubt about the veracity of the Rb– 

772 Sr ages. Assuming contemporaneity between the Ford Granodiorite suite and the Admiralty 

773 Intrusives, the Nd isotope data suggest both were derived from an isotopically similar source. 

774 In the Western Province of New Zealand, Devonian–Carboniferous igneous rocks coeval 

775 with the Ford Granodiorite suite include the Karamea–Paringa suite (371–351 Ma; Tulloch et al, 

776 2009; Sagar and Palin, 2013) and the Ridge–Tobin suite (355–342 Ma; Tulloch et al, 2009). 

777 Granites from the volumetrically dominant Karamea suite have εNd values of -3 to -9 and 

778 estimated magma δ18O values of 10.8 to 12.5‰ (Tulloch et al., 2009), which indicates that these 

779 granites were derived primarily from a metasedimentary source. Younger granite suites from the 

780 Western Province generally have more radiogenic εNd and εHft zircon values (Fig. 15A, B) and 

781 more mantle-like δ18O values than the Ford Granodiorite suite. In the Western Province, the high 

782 δ18O values of the Karamea suite granites, their rapid emplacement (370–368 Ma; Tulloch et al., 

783 2009), occurrence of contemporaneous mafic rocks (Turnbull et al., 2013), and partial melting at 

784 low pressures (~670°C at 0.5 GPa; Scott et al., 2011) may indicate a period of lithospheric 

785 extension and asthenospheric upwelling. Scott et al. (2011) suggest that crustal thinning may 

786 have been related to slab rollback or subduction cessation along this portion of the Gondwana 

787 margin. The lack of similar trends towards more radiogenic εNd values over time in Devonian– 

788 Carboniferous granites in western Marie Byrd Land and north Victoria Land (Fig. 15A) and the 

789 paucity of associated mafic rocks does not support a period of back-arc extension in these 

790 regions at this time. Therefore, the effects of slab rollback and lithospheric extension may be 

791 confined to the Western Province of New Zealand, which may have occupied a position closer to 

792 the subduction trench in the Devonian–Carboniferous (Veevers, 2012). 
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793 Overall, the changes in isotope composition and source characteristics recorded by arc-

794 related granitoids from eastern Australia to north Victoria Land to the Western Province of New 

795 Zealand and Marie Byrd Land may relate to an along-arc change from the typical extensional 

796 accretionary mode in eastern Australia to a neutral or an advancing mode in West Antarctica, and 

797 to an across-arc difference in distance from the trench between the New Zealand fragments of 

798 Zealandia and western Marie Byrd Land. 

799 

800 CONCLUSIONS 

801 In the Ford Ranges of Marie Byrd Land, new U–Pb ages and Hf-isotope compositions of 

802 detrital zircons from the Swanson Formation and equivalent metasedimentary rocks combined 

803 with published data reveals three principal age populations. The largest population comprises 

804 Neoproterozoic–Cambrian zircons with evolved Hf isotope values consistent with derivation 

805 from reworked Mesoproterozoic crust. These zircons were likely sourced from a region of 

806 igneous and metamorphic rocks associated with the Ross–Delamerian Orogen that now lies 

807 beneath the East Antarctic ice sheet. A second population of Mesoproterozoic detrital zircons 

808 with juvenile Hf isotope values is consistent with derivation from crust, or sedimentary 

809 derivatives of crust, similar to the gneiss that crops out in the Haag Nunataks and a granite clast 

810 that originated from a Mesoproterozoic orogenic belt located beneath the Antarctic ice sheet. A 

811 third population of Paleoproterozoic zircons could have been sourced from Precambrian 

812 basement exposed in the central Transantarctic Mountains. Detrital zircon age distributions and 

813 Hf isotope measurements from the (meta-) sedimentary rocks document a major crust-forming 

814 event in the Mesoproterozoic during the transition from Nuna (Columbia) to Rodinia and 

815 extensive crustal reworking during Ross–Delamerian orogenesis. 
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816 U–Pb ages of the Ford Granodiorite suite and Devonian–Carboniferous granites and 

817 diatexites define a short-lived period of magmatism in the Ford Ranges from 375to 345 Ma. The 

818 Hf and O isotope compositions of zircons from the oldest Ford Granodiorite suite samples are 

819 consistent with mixing of a juvenile magma with Swanson Formation in an active arc setting. 

820 Isotope values of zircons from the younger members of the Ford Granodiorite suite are also 

821 compatible with this petrogenetic scenario but require a larger proportion of Swanson Formation. 

822 Alternatively, these younger members may have been derived by anatectic reworking of older 

823 members of the Ford Granodiorite suite and mixing with Swanson Formation either en masse or 

824 as melts in the deep crust. The Devonian–Carboniferous granites and diatexites from the Fosdick 

825 complex represent Ford Granodiorite suite magmas or anatectic melt derived from early-

826 crystallized members of the suite that assimilated Swanson Formation en masse or mixed with 

827 anatectic melt derived from the Swanson Formation. The Ford Granodiorite suite and the 

828 granites and diatexites do not show the same temporal trends in source compositions recorded by 

829 similar-age circum-Pacific granite suites in Eastern Australia, north Victoria Land and the 

830 Western Province of New Zealand. 
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1234 Figure 2. The inset at the top, left shows the location of the study area in western Marie Byrd 

1235 Land in West Antarctica. The main map shows sample localities in the study area. The thick 

1236 dashed line separating the Ross Province from the Amundsen Province is taken from Pankhurst 

1237 et al. (1998). The inset at the bottom, right shows sample localities in the Fosdick migmatite– 

1238 granite complex. 

1239 

1240 Figure 3. Histograms and normalized probability distribution curves of U–Pb ages retrieved 

1241 from detrital zircon in the Swanson Formation (A–C) and metasedimentary rocks (D–F) 

1242 outcropping in western Marie Byrd Land. All data from Table DR6 are plotted. (G) inherited 

1243 grains (> 400 Ma) in the Ford Granodiorite suite, Devonian–Carboniferous granites, and 

1244 diatexites (data from Pankhurst et al., 1998; Siddoway and Fanning, 2009; Korhonen et al., 

1245 2010b; Yakymchuk et al., 2013a; this study). 

1246 

1247 Figure 4. Cathodoluminescence images of representative zircon grains from the Swanson 

1248 Formation and the Ford Granodiorite suite as well as Devonian–Carboniferous diatexites and 

1249 granites from the Fosdick migmatite–granite complex. Ellipses mark the location of U–Pb, O and 

1250 Hf isotope spot analyses. Cathodoluminescence images were collected on different dates and so 

1251 exhibit some variation in quality/sharpness. The contrast of images of individual zircons was 

1252 adjusted to best display internal zoning. 

1253 

1254 Figure 5. U–Pb Tera–Wasserberg (1972) concordia and probability density plots of zircon data 

1255 from the Ford Granodiorite suite and Devonian–Carboniferous diatexites and granites from the 

1256 Fosdick migmatite–granite complex. Data-point error ellipses are at 95% confidence. Age 
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1257 uncertainties are reported at  σ confidence 

1258 

1259 Figure 6. Major and trace element data for samples as determined by XRF. Ford Granodiorite 

1260 suite samples include data from Korhonen et al. (2010a), Weaver et al. (1992), Pankhurst et al. 

1261 (1998) and Tulloch et al. (2009) as well as the new data from this study. FeO* represents total 

1262 iron as ferrous. Trace elements are plotted as parts per million (ppm). 

1263 

1264 Figure 7. Chondrite-normalized (McDonough and Sun, 1995) rare earth element patterns of 

1265 newly-analyzed samples from this study as well as additional data from Korhonen et al. (2010a) 

1266 and Tulloch et al. (2009). 

1267 

1268 Figure 8. Sr–Nd isotopic compositions at 360 Ma of samples from this study and additional data 

1269 from Korhonen et al. (2010a), Weaver et al. (1992), and Pankhurst et al. (1998). The two grey 

1270 lines connect samples that represent exemplar isotopic end members of the Swanson Formation 

1271 and the Ford Granodiorite suite, respectively, chosen so that the resulting mixing curves enclose 

1272 the range of isotopic compositions for the granites and the diatexite. Tick marks along mixing 

1273 curve are at 10% increments. 

1274 

1275 Figure 9. (A) Hf evolution diagram for detrital zircons from the Swanson Formation. Reference 

1276 evolution line for depleted mantle (DM) is from Vervoort and Blichert-Toft (1999) and for new 

1277 crust is from Dhuime et al. (2011). (B) Hf and O isotope values of detrital zircon from a sample 

1278 of calc-silicate gneiss (8D27-10). The δ18O value of the mantle (5.3 ± 0.6‰) is from Valley et al. 

1279 (1998). Newly crystallized zircons derived from partial melting of metasedimentary rocks are 



    

      

  

               

             

                  

               

              

      

  

            

              

            

            

                 

          

              

       

  

           

            

             

                 

            

48 Paleozoic evolution of western Marie Byrd Land, Antarctica 

1280 expected to have δ18O values of ~8.5–12‰. 

1281 

1282 Figure 10. Plots of δ18Oand εHft versus 238U/206Pb crystallization age for zircons from four Ford 

1283 Granodiorite suite samples and two diatexites Uncertainties are ± σ for δ18O and εHft. The εHft 

1284 for new crust is taken from Dhuime et al. (2011; +12.2 ± 1.1) and δ18O for the mantle is from 

1285 Valley et al. (1998; 5.3 ± 0.6‰). The εHft (median value of -11.7 and an interquartile range of -

1286 3.5 to -19.9) and δ18O (8.5–12‰, with a mean value of 10.5‰) values chosen for the Swanson 

1287 Formation are discussed in the text. 

1288 

1289 Figure 11. Hf evolution diagram to show data for detrital zircons from the Swanson Formation, 

1290 igneous zircon from the Ford Granodiorite suite, zircon from the gneiss at Haag Nunataks (from 

1291 Flowerdew et al., 2007), and zircon from granite clasts (from Goodge et al., 2013). Reference 

1292 evolution lines for the depleted mantle (DM) are from Vervoort and Blichert-Toft (1999) and for 

1293 new crust are from Dhuime et al. (2011). The dark grey εHf evolution lines from the gneiss at 

1294 Haag Nunatak and ca. 1.2 Ga granite clast were constructed using the average 176Lu/177Hf value 

1295 of crustal rocks (0.0115) and the light grey fields extend to ±1σ of this average (Vervoort and 

1296 Patchett, 1996; Vervoort et al., 1999). 

1297 

1298 Figure 12. Box-and-whisker plots for εHft and δ18Oversus 238U/206Pb zircon crystallization age 

1299 for members of the Ford Granodiorite suite (dark grey boxes), and samples of the associated 

1300 granites (open boxes) and diatexites (light gray boxes). The box represents the interquartile range 

1301 (the middle 50% of the data from the 25th to the 75th percentile), the whiskers extend to 1.5 times 

1302 the interquartile range and the crosses represent outliers. Data for samples MB.214, MB.219, 
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1303 M5-G175 and C5-Is51a are from Pankhurst et al. (1998) and Yakymchuk et al. (2013a). The 

1304 crystallization age for sample Y1-IG071 is taken to be 360 Ma, as discussed in the text. The εHft 

1305 for new crust is taken from Dhuime et al. (2011; +12.2 ± 1.1) and δ18O for the mantle is from 

1306 Valley et al. (1998; 5.3 ± 0.6‰). The εHft (median value of -11.7 and an interquartile range of -

1307 3.5 to -19.9) and δ18O (8.5–12‰, with a mean value of 10.5‰) values chosen for the Swanson 

1308 Formation are discussed in the text. 

1309 

1310 Figure. 13. (A) Plots of δ18Oversus εHft for individual zircons from the four newly-analyzed 

1311 members of the Ford Granodiorite suite. Binary mixing lines connect representative end-

1312 members of each of the sources modeledthe mantle (Juv) and the Swanson Formation (SF). 

1313 Small filled circles on each line display 10% increments. (B) Field to show the range of δ18Oand 

1314 εHft values for the data shown in (A). Binary mixing lines between anatectic melt derived from 

1315 the Ford Granodiorite suite (FGD) and Swanson Formation either assimilated en masse or as 

1316 anatectic melt separated from the Swanson Formation. Two representative end-member εHft and 

1317 δ18O values are used to evaluate the contribution from the oldest and most juvenile end-members 

1318 of the Ford Granodiorite suite. (C) Plots of δ18O and εHft values from individual zircons from 

1319 granites and diatexites in the Fosdick migmatite–granite complex. The field for the full range of 

1320 δ18O and εHft values retrieved from the Ford Granodiorite suite represents one of the end-

1321 member source compositions used in the modeling. Multiple binary mixing scenarios for the 

1322 petrogenesis of the granites and diatexites are evaluated. Also shown in all three figures are end-

1323 member εHf values for the mantle, corresponding to CHUR and a value expected for new crust, 

1324 respectively. The δ18O value of the mantle is 5 3 ± 0 6‰ (Valley et al., 1998). The εHft (median 

1325 value of -11.7 and an interquartile range of -3.5 to -19.9) and δ18O (8.5–12‰, with a mean value 
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1326 of 10.5‰) values chosen for the Swanson Formation. 

1327 

1328 Figure 14. Ternary (Na+Ca)–(Fe*+Mg+Ti)–K plot (cf. Solar and Brown, 2001) of the full suite 

1329 of granites and diatexites to assess different petrogenetic models. Starting materials and 

1330 experimental melt compositions are taken from Skjerlie et al. (1993) and Patiño Douce and 

1331 Harris (1998). The experimental melts from Skjerlie et al. (1993) were used as proxies for melts 

1332 derived from the Ford Granodiorite suite while the experimental results of Patiño Douce and 

1333 Harris (1998) were used to infer melt compositions derived from the Swanson Formation. The 

1334 shaded areas represent the range of possible granite and diatexite compositions that may be 

1335 achieved by assimilation or mixing between Ford Granodiorite suite compositions and Swanson 

1336 Formation en masse or as anatectic melt separated from residue. 

1337 

1338 Figure 15. Compilation of whole rock Nd (A) and zircon Hf (B) isotope data for igneous rocks 

1339 from the eastern Gondwana margin. Data sources include: the Ford Ranges of western Marie 

1340 Byrd Land (Pankhurst et al., 1998; Korhonen et al., 2010; Yakymchuk et al., 2013a; this study), 

1341 the Western Province of New Zealand (Muir et al., 1996; Scott et al., 2009; Tulloch et al., 2009), 

1342 north Victoria Land (Borg et al., 1986; Armienti et al., 1990; Borg and DePaolo, 1991; 

1343 Bomparola et al., 2007), and the Tasmanides (Kemp et al., 2007; Kemp et al., 2009 and 

1344 references therein). Reference evolution lines for the depleted mantle (DM) are from Vervoort 

1345 and Blichert-Toft (1999) for Hf and DePaolo (1981) for Nd. Hf isotope values for new crust are 

1346 from Dhuime et al. (2011). 
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Table 1 

TABLE 1. ANALYTICAL INFORMATION BY SAMPLE 
ANU U. Arizona U. Maryland 

Sample U–Pb Hf, O U–Pb Hf Sr, Nd REE 

Swanson Formation 
10CY-001 x x 
10CY-002 x x 
Y2-BR086 x x 
Y2-MD092 x x x x 
Y2-MP098 x x x x 
318-M9 x 
21223-3 x 
21223-8 x 
8D27-10 x* x* x 

Ford Granodiorite suite 
MB.214 x† x* 
MB.219 x† x* 
912-2A x x x x 
9N27-4 x x x x 
51225-1 x x x 
51225-2 x x x x x 
Y2-GP091 x x x 
Y2-HN097 x 
Y2-JU096 x x x x x 
Y2-SM095 x x 

Devonian–Carboniferous granite 
Y1-AE035 x x x 

§ §C5-Is51a x* x* x x
M5-G175 x* x* x x 

Diatexite 
Y1-IG071 x x x x x 
Y1-IG073 x x x x x 

*Yakymchuk et al. (2013a). 
†Pankhurst et al. (1998). 
§Korhonen et al. (2010a). 



 
         

         
            

           
             

           
          

          
        
        

Table 2 

TABLE 2. SUMMARY OF U–Pb AGES 
Sample Technique Rock type Latitude Longitude U–Pb age (Ma) MSWD n Inherited (Ma) 
Y2-GP091 LA–ICP–MS Ford Granodiorite suite 76°47’S 144°26’W 370.7 ± 2.8 1.3 24 of 25 
51225-1 LA–ICP–MS Ford Granodiorite suite 76°40'S 14 °  W 370.4 ± 3.9 2.4 20 of 24 
Y2-JU096 SHRIMP Ford Granodiorite suite 76°15'S 14 °16’W 368.3 ± 2.5 1.5 19 of 22 
51225-2 SHRIMP Ford Granodiorite suite 76°40'S 14 °  W 364.4 ± 2.3 1.2 21 of 24 928, 547 
9N27-4 SHRIMP Ford Granodiorite suite 76° 8’S 144° 2’W 353.5 ± 2.7 1.8 19 of 20 
912-2A SHRIMP Ford Granodiorite suite 77°10’S 144°48’W 345.3 ± 2.0 0.51 21 of 24 523, 498 
Y1-IG071 SHRIMP Diatexite 76°30'S 145°49'W 376–305 and 109–104 – – 2277–542 
Y1-IG073 LA–ICP–MS Diatexite 76°30'S 145°49'W 362.4 ± 3.7 2.1 21 of 24 
Y1-AE035 LA–ICP–MS Granite 76°26'S 145°21'W 372.3 ± 6.0 2.5 23 of 24 
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