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Abstract 14 

The West Antarctic Rift System is one of the largest continental rifts on Earth. Because it is obscured 15 

by the West Antarctic Ice Sheet, its evolution is still poorly understood. Here we present the first low-16 

temperature thermochronology data from eastern Marie Byrd Land, an area that stretches ~1000 km 17 

along the rift system, in order to shed light on its development. Furthermore, we petrographically 18 

analysed glacially transported detritus deposited in the marine realm, offshore Marie Byrd Land, to 19 

augment the data available from the limited terrestrial exposures. Our data provide information about 20 

the subglacial geology, and the tectonic and morphologic history of the rift system. Dominant 21 

lithologies of coastal Marie Byrd Land are igneous rocks that intruded (presumably early Paleozoic) 22 

low-grade meta-sedimentary rocks. No evidence was found for un-metamorphosed sedimentary rocks 23 

exposed beneath the ice. According to the thermochronology data, rifting occurred in two episodes. 24 

The earlier occurred between ~100 and 60 Ma and led to widespread tectonic denudation and block 25 

faulting over large areas of Marie Byrd Land. The later episode started during the Early Oligocene and 26 

was confined to western Pine Island Bay area. This Oligocene tectonic activity may be linked 27 
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kinematically to previously described rift structures reaching into Bellingshausen Sea and beneath 28 

Pine Island Glacier, all assumed to be of Cenozoic age. However, our data provide the first direct 29 

evidence for Cenozoic tectonic activity along the rift system outside the Ross Sea area. Furthermore, 30 

we tentatively suggest that uplift of the Marie Byrd Land dome only started at ~20 Ma; that is, nearly 31 

10 Ma later than previously assumed. The Marie Byrd Land dome is the only extensive part of 32 

continental West Antarctica elevated above sea level. Since the formation of a continental ice sheet 33 

requires a significant area of emergent land, our data, although only based on few samples, imply that 34 

extensive glaciation of this part of West Antarctica may have only started since the early Miocene.  35 

 36 

1 Introduction 37 

The West Antarctic Rift System (WARS) transects the entire Antarctic continent. Its southern shoulder, 38 

formed by the Transantarctic Mountains, rises to more than 4500 m, while its bottom reaches down to 39 

~2500 m below sea level along the deeply incised valleys of Bentley Subglacial Trench and the Byrd 40 

Subglacial Basin. Traces of the WARS separate several West Antarctic crustal blocks, including Marie 41 

Byrd Land, Thurston Island, Ellsworth-Whitmore Mountains, and Antarctic Peninsula (Daziel, 2006; 42 

Fig. 1). Tectonic activity within the WARS started during the Cretaceous and may have lasted through 43 

to the present. Unlike most other continental rifts that are better exposed, development of the WARS 44 

structure is poorly understood.  45 

Unanswered questions remain about WARS concerning amounts of extension and crustal 46 

displacement, exact timing of rifting activity, positions of rift branches, the relationship between 47 

rifting and magmatism, and topographic evolution of the rift. For example, published amounts of total 48 

crustal extension range between 120 and 1800 km (DiVenere et al., 1994; Busetti et al., 1999; see 49 

Storti et al., 2008 for a more detailed discussion). While it is generally assumed (although not really 50 

proven) that the majority of crustal extension took place during the Cretaceous (e.g., Siddoway, 2008), 51 

about 180 km of Cenozoic crustal extension was proposed for the Ross Sea sector of the rift (Cande et 52 

al., 2000, Cande and Stock, 2004). However, while Cenozoic rifting is relatively well documented for 53 
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the Ross Sea area, no direct evidence for Cenozoic rift activity exists for the interior of Marie Byrd 54 

Land (Dalziel, 2006). Also, it is still unknown how the WARS continues from the Ross Sea sector to 55 

inner parts and other coastal areas of West Antarctica. On the basis of plate kinematic reconstructions 56 

(Larter et al., 2002; Eagles et al., 2004), crustal thickness and geomorphic features, it has been 57 

suggested that the WARS branches into the Amundsen Sea, following the trough beneath Pine Island 58 

Glacier (Dalziel, 2006; Gohl et al., 2007; Jordan et al., 2010; Fig. 1); that it reaches into the 59 

Bellingshausen Sea (Müller et al., 2007; Eagles et al., 2009; Bingham et al., 2012), or that it connects 60 

the Ross Sea with the Weddell Sea (Dalziel, 2006). Another peculiar feature of the WARS is that 61 

while most of the crustal extension is thought to have taken place during the Cretaceous, volcanic 62 

activity mostly occurred during the late Cenozoic. The majority of volcanoes are situated in the area of 63 

the Marie Byrd Land Dome, a large (~1000 x 500 km) domal structure rising to ~2700 m above sea 64 

level (Fig. 1). Its uplift is thought to have started at ~29 to 25 Ma. This date is derived from the oldest 65 

known volcanism from this area (Mt. Petras volcano), assuming that volcanic activity and uplift of the 66 

dome were contemporaneous (Le Masurier, 2006). However, no direct evidence exists about the 67 

timing of the exhumation of the Marie Byrd Land dome.  68 

The reason for the many unknowns is that the WARS is overlain by the West Antarctic Ice Sheet, 69 

which covers more than 98% of the outcrops. Presently, rapid thinning and retreat characterize the 70 

West Antarctic Ice Sheet, particularly in the Amundsen Sea sector, and its glaciers show the highest 71 

mass losses of ice across the entire Antarctic continent. The glacial cover hampers direct geological 72 

investigations, but it also makes studying the WARS particularly interesting, since it provides insights 73 

to interactions between lithospheric and glacial dynamics. In the first place, the basic reason for the 74 

instability of the West Antarctic Ice Sheet is the tectonic setting of the underlying crust. Rifting and 75 

associated crustal extension results in a subdued, low-lying topography, such that most of the West 76 

Antarctic Ice Sheet is grounded below sea level (Fretwell et al., 2013). This, together with the inward 77 

dipping bedrock (i.e., towards the continental interior) allows warm circumpolar deep water to 78 

penetrate beneath the glaciers, melting them from below, causing grounding line retreat (Payne et al., 79 

2004, Jenkins et al., 2010; Ross et al., 2011). Deep-reaching rift valleys provide subglacial pathways 80 

for warm ocean water, which is why their locations are of particular interest (Jordan et al., 2010; 81 
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Bingham et al., 2012). Furthermore, bedrock geology is an important parameter for glacial dynamics, 82 

influencing basal boundary conditions for ice movement. The nature of the bedrock “almost certainly 83 

plays a fundamental role in determining many large-scale dynamic aspects of ice-sheet behaviour” 84 

(Boulton, 2006). Also, tectonic evolution influences crustal heat flow and thus the thermal regime at 85 

the bases of glaciers (e.g., van der Veen et al., 2007). It also influences topography, which in turn is 86 

influenced by (glacial) erosion, illustrating interplay complexity. Topography provides important 87 

boundary conditions for the onset of continental glaciation. For West Antarctic Ice Sheet evolution, 88 

topographic evolution of Marie Byrd Land dome is particularly important, as it is the only large area 89 

of West Antarctica significantly elevated above sea level (excluding the Antarctic Peninsula). 90 

Continental glaciation of West Antarctica is assumed to have initiated either during late Paleogene or 91 

early Neogene (Barker et al., 2007; Wilson et al., 2013). At that time, the ocean temperatures were 92 

presumably too warm to allow for formation of a marine-based ice sheet, and for the formation of a 93 

terrestrially grounded ice sheet, a certain amount of topography above sea level was required (e.g., 94 

Wilson et al., 2013).  95 

The aim of this paper is to (i) describe the bedrock geology exposed beneath the glacial cover of 96 

central Marie Byrd Land (Hobbs Coast area), (ii) outline the tectono-thermal history of the Amundsen 97 

Sea sector of the WARS (eastern Marie Byrd Land), particularly with respect to its Cenozoic rifting 98 

history and exhumation of the Marie Byrd Land dome. To achieve these goals, we provide 99 

petrographic descriptions of clasts from box cores retrieved from offshore Hobbs coast, as well as 100 

thermochronological data (fission track and apatite (U-Th-Sm)He analysis) derived from rock samples 101 

from both onshore and offshore Marie Byrd Land. Our data are the first low-temperature 102 

thermochronology data reported for eastern Marie Byrd Land.  103 

 104 

2 Geological setting 105 

2.1 Geological evolution of Marie Byrd Land 106 
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West Antarctica is composed of four major crustal blocks: Antarctic Peninsula, Ellsworth-Whitmore 107 

Mountains, Thurston Island, and Marie Byrd Land (Dalziel and Elliot, 1982; Fig. 1). On the basis of 108 

radiometric ages, Lopatin and Orlenko (1972) and Pankhurst et al. (1998) suggested that Marie Byrd 109 

Land originally comprised two realms; eastern Marie Byrd Land situated today along the Amundsen 110 

Sea, and western Marie Byrd Land, situated today adjacent to the Ross Sea. This study focuses on 111 

eastern Marie Byrd Land, comprising Hobbs Coast adjacent to Wrigley Gulf and Kohler Range and 112 

the Mt. Murphy area adjacent to the Amundsen Sea Embayment (Fig. 1).  113 

Originally, West Antarctica was part of the active margin of Gondwana, with subduction of Phoenix 114 

plate/Proto-Pacific plate beneath it continuously or discontinuously since at least the Permian 115 

(Pankhurst et al., 1998; Mukasa and Dalziel, 2000; Larter et al., 2002). At that time, West Antarctica 116 

was still connected to Zealandia, comprising New Zealand, Campbell Plateau and Chatham Rise. 117 

Subduction led to the intrusion of calk-alkaline magmatic bodies. This batholitic belt, chiefly of 118 

Cretaceous age, forms most of the present-day coastal outcrops of Marie Byrd Land (Fig. 2, Table A1). 119 

Suduction ceased with the collision of the Hikurani Plateau with the Zealandia subduction margin at 120 

about 100 - 94 Ma (Mukasa and Dalziel, 2000). At ~90 Ma, intra-continental extension between East 121 

Antarctica and West Antarctica led to the opening of the WARS. Shortly thereafter, at ~83 Ma (Larter 122 

et al., 2002; Eagles et al., 2004; Gohl, 2012), West Antarctica separated from Zealandia. As pointed 123 

out by Siddoway (2008), the breakup between West Antarctica and Zealandia was apparently distinct 124 

from opening of the WARS as they had different structures (see also, Tessensohn and Wörner, 1991; 125 

Lawver and Gahagan, 1994; Sutherland, 1999). 126 

During the Late Cretaceous, but prior to continental breakup, an erosion surface formed affecting ~90 127 

Ma rocks on both the New Zealand and West Antarctic sides (LeMasurier and Landis, 1996). 128 

According to evidence from the New Zealand side, this erosion surface formed at low elevations close 129 

to sea level and was completed by ~75 Ma. This equivalent Cretaceous erosion surface across West 130 

Antarctica is the main "marker horizon" for correlations. It displays low relief <50 m, and, associated 131 

with the uplift of Marie Byrd Land dome, it is today elevated to 2700 m at the crest of the dome, and 132 

to 400 m at the margins.. Volcanism associated with the WARS started at 29 to 25 Ma and is thought 133 
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to have commenced contemporaneously with uplift of Marie Byrd Land dome (LeMasurier, 2008). 134 

Today, Marie Byrd Land shows one of the highest densities of volcanoes on Earth, the age of volcanic 135 

activity gradually decreasing from Oligocene ages at the crest to still active volcanism towards the 136 

margins of the dome (e.g. . Mt. Siple; Fig. 2). Despite the strong magmatic activity that may have 137 

resulted in crustal thickening, the dome rests on extended crust similar to the surrounding areas of the 138 

WARS, which is why it is assumed to be supported by a mantle plume (LeMasurier 2006).  139 

2.2 Exposed bedrocks of eastern Marie Byrd Land 140 

Rocks are mostly exposed as isolated nunataks close to the coast. Most outcrops of eastern Marie Byrd 141 

Land are either situated along Hobbs Coast or form part of the Kohler Range (Fig. 2). Between Demas 142 

Range (Hobbs Coast; Fig. 3) and Kohler Range, no rocks are exposed along a coastal stretch of nearly 143 

600 km, with the exception of the young Mt. Siple volcano (Fig. 2). Two rock types dominate 144 

exposures. (i) Cenozoic volcanic rocks range in age from ca. 25 Ma to the present. While older 145 

volcanic rocks are mostly of basic composition, younger volcanic sequences also comprise more felsic 146 

lithologies such as rhyolite and trachyte (LeMasurier and Rex, 1989). (ii) Closer to the coast, most 147 

nunataks are composed of granitoid rocks. These range in age from Late Paleozoic (mostly exposed in 148 

the Kohler Range) to Late Mesozoic, but are mostly of Cretaceous age (Fig. 2, Table A1). Until ~100 149 

Ma, granitoids are calc-alkaline in character, giving evidence for long-lasting convergence along the 150 

Pacific margin of Gondwana. After ~100 Ma, pluton compositions shifted to rift-related alkalic types 151 

(i.e., A-type granitoids dominated by syenite, monzonite and monzogranite), marking a change from 152 

compressional to extensional tectonic regimes in Marie Byrd Land (Mukasa and Dalziel, 2000).  153 

Mid-crustal melting is inferred to have occurred during the Early Cretaceous (Siddoway et al., 2004), 154 

leading to the formation of migmatites, which are today exposed in the Demas Range (Mt. Goorighian 155 

and Mt. Prince; Fig. 2), and most spectacularly in the Fosdick Mountains, some 400 km west of this 156 

locality. The Demas Range migmatite complex comprises garnet-bearing granite, leucocratic granite, 157 

and pegmatite (Mukasa and Dalziel, 2000). Its formation was probably analogously to migmatisation 158 

of the Fosdick metamorphic complex in western Marie Byrd Land (Mukasa and Dalziel, 2000). Older 159 

(>Cretaceous) high-grade metamorphic basement rocks are rarely exposed. The largest outcrop is 160 
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situated at the base of Mt. Murphy volcanic edifice (Kay Peak), containing paragneiss and orthogneiss 161 

of Paleozoic age (Pankhurst et al., 1998; Mukasa and Dalziel, 2000). Low-grade metasediments are 162 

widely exposed in western Marie Byrd Land (Swanson Formation, Bradshaw et al., 1983), but are 163 

nearly absent in eastern Marie Byrd Land. Brand (1979) is the only investigation to have described 164 

what are small exposures of low-grade meta-graywacke, arkose, and tremolite-schist (Fig. 2, Table 165 

A1). Pankhurst et al. (1998) speculated that the low-grade meta-sediments of the Swanson Formation, 166 

or correlatives, extend into eastern Marie Byrd Land beneath the ice. No un-metamorphosed 167 

sedimentary rocks are exposed in Marie Byrd Land.  168 

2.3 Climate Evolution of West Antarctica 169 

The climatic evolution of Antarctica is mostly inferred from its surrounding oceanic record. While the 170 

long-term evolution of the East Antarctic Ice Sheet is comparably better understood, less data are 171 

available for the West Antarctic Ice Sheet and those that are, derive from the Ross Sea due to the lack 172 

of drill holes in the Amundsen and Bellingshausen Seas. The first continental ice sheet on Antarctica 173 

was formed during Oi-1 cooling at ~34 Ma (Eocene-Oligocene boundary; Miller et al., 1991; Zachos 174 

et al., 1992). Whether this only applies to the East Antarctic ice sheet or to one over West Antarctica 175 

as well is still debated. From sedimentary evidence, an ice sheet over the Antarctic Peninsula, as part 176 

of West Antarctica, has been inferred from the earliest Oligocene (Birkenmajer et al., 2005; Ivany et 177 

al., 2006). However, during the Mi-1 glaciation at the Oligocene-Miocene boundary, small ice sheets 178 

are considered to have expanded to form one or more continental-scale ice sheets (Zachos et al., 2001). 179 

Antarctic ice sheets expanded further during the Middle to Late Miocene and according to Barker and 180 

Camerlenghi (2002) the West Antarctic Ice Sheet probably formed at this time. On the basis of 181 

geomorphological evidence, Rocchi et al. (2006) argue that since ~15 Ma, Marie Byrd Land has been 182 

dominated by cold-based glaciation. During the Pliocene, the West Antarctic Ice Sheet seems to have 183 

undergone several collapses (Naish et al., 2009; Pollard and DeConto, 2009). Today, the large glacial 184 

systems draining into the Amundsen Sea, namely Pine Island Glacier, Thwaites Glacier, and Smith-185 

Pope-Kohler Glacier, are rapidly thinning and retreating (Rignot et al., 2008 & 2014; Pritchard et al., 186 

2009). There has been about one order of magnitude acceleration in thinning and retreat during the last 187 
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few decades as compared with averaged thinning rates since the Last Glacial Maximum (Johnson et al., 188 

2008; Hillenbrand et al., 2013; Larter et al., 2014; Lindow et al., 2014).  189 

 190 

3 Methods and material 191 

3.1 Petrographic analysis of ice-transported clasts 192 

Three box cores were retrieved from the western Wrigley Gulf (WG), offshore Hobbs Coast (Fig. 1 & 193 

4). Two of them (PS75/130-2 & PS75/132-1) were taken close to the main glacial outlet of Berry 194 

Glacier, PS75/130-2 from top of the last glacial grounding zone wedge (Klages et al., 2014), and 195 

PS75/132-1 ocean wards of the grounding zone wedge (Figs. 2; 3b; 4). The third (PS75/133-1) was 196 

taken from slightly shallower water depths away from the main glacial trough. The fractions >2 mm 197 

were sieved and washed, yielding between ~3 and ~8 kg of clasts per box core. From these samples, a 198 

total of 4300 clasts were petrographically described and classified, using microscopic and macroscopic 199 

analysis. Additionally, thin section microscopy was used for selected samples.  200 

3.2 Fission track and (U-Th-Sm)/He thermochronology 201 

Fission track thermochronology is based on lattice damages caused by the spontaneous fission of 238U. 202 

For apatite, fission track thermochronology is mostly sensitive to temperatures between ~120 and 203 

60°C (=partial annealing zone; Wagner, 1972; Wagner et al., 1989), but is also able to monitor thermal 204 

histories involving temperatures below the nominal partial annealing zone (Spiegel et al., 2007). From 205 

the detrital samples from the Wrigley Gulf, single-grain age groups are derived using the binomial 206 

peak fitting method (Brandon, 1992). For two samples, we also applied zircon fission track (ZFT) 207 

thermochronology. This dating method is most sensitive to temperatures between 330 and 230°C (= 208 

zircon fission track partial annealing zone; Tagami and Shimada, 1996). No fission track lengths were 209 

measured for the zircons.  210 

Apatite (U-Th-Sm)/He (AHe) thermochronology is based on the accumulation of radiogenic 4He in 211 

apatite, derived from the radioactive decay of 238U, 235U, 232Th, and 147Sm (Zeitler et al., 1987, Lippolt 212 
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et al., 1994). AHe ages, calculated from the ratio between 4He and 238U, 235U, 232Th and 147Sm, reflect 213 

the thermal history of a host rock for the temperature range between ~85 and 40°C (= partial retention 214 

zone, Wolf et al., 1998). Laboratory details of ZFT, AFT and AHe analysis are provided in the 215 

appendix.  216 

Because AFT and AHe dates reflect the length of the pathway travelled by a rock parcel from the 217 

depth of the closure isotherm to the surface, AFT and AHe dates depend on sample elevation. 218 

Accordingly (i) younger tectonic events are monitored by samples from low elevations, whereas older 219 

events are rather stored in high-elevation samples, and (ii), in undisturbed crustal sections, AFT and 220 

AHe dates are expected to increase with elevation, with the slope of the age-elevation relationship 221 

giving a rough measure for the exhumation rate (Fitzgerald and Gleadow, 1988).  222 

Since the thermal sensitivities of AFT and AHe methods overlap, their results provide independent 223 

control for each other. Thus, thermal histories derived from a combination of AFT and AHe dates can 224 

be better constrained than thermal histories based on single or non-overlapping thermochronometers. 225 

For integrating AFT and AHe ages (and for two samples with ZFT ages as well), we applied thermal 226 

history inversions, based on the Ketcham et al. (2007) annealing model, the stopping distances from 227 

Ketcham et al. (2011), and the diffusion model of Farley (2000), and using HeFTy software, version 228 

1.8.3. (Ketcham, 2005). Once thermal histories are obtained from inversions, they are interpreted in 229 

terms of geodynamic movements of the upper crust. Some basic assumptions underlie these 230 

interpretations. (i) Temperature sensitivity of the combined AFT-AHe system can be transferred into 231 

crustal depths of 1.3 to 4 km, based on a constant geothermal gradient of 30°C/km during the 232 

geological past. However, in a setting with active rifting and magmatic activity such as in West 233 

Antarctica, a constant geothermal gradient is unlikely. Therefore, throughout this paper, we use a 234 

range of geothermal gradients (70° to 30° C/km) when temperatures are transferred into crustal depths. 235 

(ii) Cooling is dynamically interpreted in terms of exhumation; that is, as a rock particle approaches 236 

the surface it crosses isotherms. Cooling can also occur, however, in a static fashion through the 237 

relaxation of isotherms following emplacement of magmatic bodies. Also, surface uplift (and thus 238 

rock uplift) without associated denudation will not result in cooling and is thus not detected by 239 
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thermochronological methods. (iii) Because cooling is associated with denudation, cooling rates can 240 

be transferred into denudation rates (again under the assumption of a certain geothermal gradient 241 

value). These denudation rates are often interpreted as erosion rates. In West Antarctica, however, 242 

tectonic denudation certainly plays a major role, which is why we mostly use the more neutral term 243 

“denudation” instead of “erosion” throughout this paper. (iv) Thermochronology does not give direct 244 

evidence for topographic evolution, but can nevertheless be used as a proxy in that a low relief area 245 

with subdued topography will normally be related to lower (erosional) denudation rates than high 246 

standing topography with strong relief. However, in a setting such as West Antarctica, extension and 247 

normal faulting may have resulted in low topography concurrent with rapid footwall exhumation and 248 

thus high (tectonic) denudation rates.  249 

3.3 Sampling strategy 250 

For thermochronology sampling, we targeted outcrops of granitoid and gneiss from the Mount Murphy 251 

area, Kohler Range and Hobbs Coast (Figs. 2 & 3, Table A2). For the Mount Murphy area, we 252 

collected samples from basement rocks exposed at the north-eastern margin of Mt. Murphy (Kay Peak) 253 

and from a gabbroic intrusive body about 25 km south of Mt. Murphy (Dorrel Rock; Fig. 3). For the 254 

Kohler Range and Hobbs Coast areas, mostly granitoid rocks from coastal nunataks were sampled 255 

(Figs. 2 & 3, Table A2). All samples are situated at the margins of the Marie Byrd Land Dome (Fig. 1). 256 

Cenozoic volcanic rocks were not collected, because they usually do not contain sufficiently large 257 

apatite crystals and because they do not contain information about denudation. Sampling for this study 258 

mostly took place in 2010 during cruise ANT XXVI/3 of research vessel Polarstern (Gohl, 2010), 259 

using helicopter support for onshore sampling (MBL sample codes, Table A2). The 2010 sample set 260 

was complemented by samples from the 1990-1993 SPRITE campaign (DiVenere et al., 1993; MB 261 

sample codes; Table A2), which was the last major land expedition to explore Marie Byrd Land.  262 

Since thermochronology data can be sensitive to relative sample elevation, sampling campaigns for 263 

AFT and AHe dating usually involve the collection of samples from vertical and horizontal profiles. 264 

Due to the limited time available in the field and, more importantly, outcrop constraints in Marie Byrd 265 

Land, vertical sampling could not be undertaken. The main problem with the distributed sample set 266 
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being limited to nunataks (areas of high elevation) is that it excludes low-elevation samples (beneath 267 

the ice all over Marie Byrd Land) that potentially monitor the younger part of the tectonic history of 268 

the region. To address this problem, we took box cores from the marine realm (Wrigley Gulf offshore 269 

Hobbs Coast, close to the main outlet of Berry Glacier; Figs. 1 & 3; Table A2; PS sample codes). The 270 

clastic sediments retrieved from the box cores are derived from the continental hinterland and were 271 

eroded and transported to the marine realm by glacial activity. Thus, apatite grains obtained from these 272 

sediments monitor the denudation history integrated over the whole glacial catchment including higher 273 

elevated areas as well as the areas beneath the deeply incised glacial valleys. Furthermore, the clasts 274 

and lithic fragments also provide petrographic information on the sub-ice lithology of the source area.  275 

 276 

4 Results and interpretation 277 

4.1 Petrographic description of clasts from Wrigley Gulf – implications for sub-ice lithology in Marie 278 

Byrd Land 279 

The two box cores taken close to the main glacial trough of Berry Glacier show largely similar 280 

lithologies, whereas the box core from the more distal position slightly differs in the composition of its 281 

clasts (Fig. 4). Not surprisingly, the dominant lithologies in all three box cores are igneous rocks, 282 

either of granitic to dioritic compositions and obviously derived from the Paleozoic to Cretaceous 283 

batholiths developed along the paleo-Pacific margin of Gondwana, or of volcanic rocks derived from 284 

Cenozoic volcanism throughout Marie Byrd Land. The latter group consists of basalt, rhyolite (only in 285 

box core PS75/133-1; Fig.A1), hyaloclastite, and few felsic rocks. Even some volcanic rocks with high 286 

erodibility, such as tuff, have survived glacial transport to reach the marine sink relatively intact (Fig. 287 

4).  288 

One large Qtz-Monzonite pebble is cut by pseudotachylite veins (Fig. A1-A). Viewed in thin section, 289 

most minerals of this rock show brittle deformation, and only quartz shows fine-grained 290 

recrystallisation along cracks and crystal margins. This indicates that part of the glacial catchment area 291 

experienced tectonic deformation at the brittle-ductile transition.  292 
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Conspicuous are slightly deformed, light-coloured granite clasts containing small euhedral garnets 293 

(Fig. A1-C). These are very similar to rocks described from exposures of Mt. Goorighian / Demas 294 

migmatite complex (Mukasa and Dalziel, 2000). Furthermore, two box cores contain basic granulite, 295 

i.e., coarse, granular basic rocks with large garnets (Fig. A1-D), showing that high-grade rocks are 296 

more abundant in eastern Marie Byrd Land than suggested by the lithologies of the exposed nunataks. 297 

Both, the garnet-granites and the basic granulites probably represent equivalents of the Fosdick 298 

metamorphic complex of western Marie Byrd Land (Siddoway et al., 2004; Korhonen et al., 2010). 299 

Also interesting is the occurrence of fine-grained greenschist-facies metamorphic rocks in two of the 300 

box cores (Figs. A1-E &-F), which may indicate that the Swanson Formation of western Marie Byrd 301 

Land extends farther to the east of known outcrops and beneath glacial cover, as earlier proposed by 302 

Pankhurst et al. (1998). The low-grade metamorphic rocks in the box core consist of quartz, feldspar, 303 

sericite and chlorite. Thin section analysis shows that part of the samples also contain epidote, 304 

clinozoisite, and tremolite, indicating that some of the low-grade rocks are not of sedimentary origin 305 

but may rather be derived from basaltic rocks. Similar compositions were reported from small 306 

exposures of the western Hobbs Coast (Brand, 1979), but, to the knowledge of the authors, not from 307 

Swanson Formation of western Marie Byrd Land. However, whether or not Swanson Formation or 308 

correlative facies extend into this area, our data strongly indicate that the host rocks into which the 309 

coastal batholiths intruded, were composed of low-grade greenschist-facies metamorphic rocks.  310 

To a very minor amount, all box cores comprise semi-lithified fine-grained rocks of seemingly 311 

sedimentary origin, containing larger rock fragments (Figs. A1-G & -H). Although we have classified 312 

these as "tillite", we cannot exclude a volcanic origin, or in-situ formation in the marine sink. In any 313 

case, sedimentary rocks make up only a very small proportion of the clasts, in line with the 314 

composition of exposed nunataks, where sedimentary rocks are absent. However, the lack of 315 

sedimentary clasts in the box cores is no real evidence for the absence of sedimentary rocks in the 316 

source area, as they may simply have not survived the glacial transport. On the other hand, other 317 

"weak" lithologies such as hyaloclastite, slates, and tuff did evidently survive glacial transport 318 

mechanisms, hence large sub-ice occurrences of sedimentary rocks in eastern Marie Byrd Land seem 319 

unlikely.  320 
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4.2 AFT analysis of clasts from Wrigley Gulf  321 

Two box core samples were analysed by AFT thermochronology; one sample (PS75/130-2) from 322 

relatively close to the axis of the glacial trough and the other more from its margin (PS75/133-1; Fig. 323 

4). Each sample yielded two age groups: one of 74 ± 4 Ma and 79 ± 6 Ma, and another of 20 ± 7 Ma 324 

and 61 ± 10 Ma (Fig. 5; Table 1). The older age groups in both samples overlap within errors and 325 

overlap with AFT ages for exposures from onshore Hobbs Coast (see next section). Accordingly, they 326 

are interpreted as being derived from basement rocks with similar cooling histories as those from the 327 

nunatak exposures, showing that large parts of the catchment area experienced a thermal history 328 

dominated by Cretaceous cooling. The younger age group of sample PS75/133-1 (61 ± 10 Ma) also 329 

seems to mostly reflect (Late) Cretaceous-Paleocene cooling and is interpreted as being derived from 330 

the same basements rock succession as those exposed along Hobbs Coast but from lower structural 331 

levels, and/or from slightly later exhumation. Of particular interest is the 20-Ma age group of sample 332 

PS75/130-2 as no basement rocks with similar ages are known from Hobbs Coast exposures. However, 333 

some of the Marie Byrd Land dome volcanoes have similar ages, namely Mount Petras and Mount 334 

Flint of the McCuddin Mountains (Fig. 2, LeMasurier, 2006). These volcanoes are however exposed 335 

south of the catchment area of Berry glacier. It is of course possible that other volcanoes of similar age 336 

are hidden beneath ice of the Berry glacial catchment. We nevertheless consider a volcanic source for 337 

the 20-Ma age group unlikely, because (i) according to the volcanic age pattern described by 338 

LeMasurier (2006), volcanoes of the Marie Byrd Land dome become increasingly younger towards the 339 

coast (i.e., towards the catchment area of Berry glacier); (ii) the lithologies of Marie Byrd Land 340 

volcanoes (mostly basalt and rhyolite) are unlikely to contain apatite; and (iii) the volcanic lithologies 341 

that may contain apatite (mostly tuff) usually yield euhedral pristine crystals, and these were not 342 

observed in the apatite grains contained in the 20 Ma-age group. We thus interpret the 20-Ma age 343 

group as being derived from basement rocks deeply incised beneath the Berry glacier valley, in line 344 

with the position of the box core close to the axis of the glacial trough. If this is the case, then the 20-345 

Ma age group reflects Miocene or post-Miocene cooling of basement in the source area.  346 

4.3 Thermochronology data for Hobbs Coast and Kohler Range  347 
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AFT data from the Hobbs Coast and the Kohler Range are very similar, yielding mostly late 348 

Cretaceous ages around 70 Ma, with only two older ages of ~90 Ma, both from the Kohler Range (Fig. 349 

3; Table 2). Mean track length and Dpar values are also similar, with track lengths ranging between 350 

14.5 µm and 13 µm, and Dpar values clustering around 2 µm. All samples pass the Chi2-test at the 5% 351 

level, indicating that the samples are kinetically homogeneous. For both areas, no clear age-elevation 352 

relationships are observed, indicating that the sampled nunataks are separated by faults (Fig. A2). This 353 

observation is in line with previous field observations (LeMasurier and Landis, 1996).  354 

Three aliquots were excluded from the AHe data set, since they are obviously too old, which we 355 

explain by He-producing micro-inclusions such as zircon or monazite, too small to be detected by 356 

microscopy (Table 3). Two aliquots from the Mt. Goorhigian (Hobbs Coast) yielded non-replicating 357 

dates; and the sample did not contain sufficient apatite for AFT analysis. Therefore, the data for this 358 

sample are shown in Fig. 3 and Table 3, and have not been further interpreted. Along the same lines, 359 

apatite yield and grain quality for sample MBL-57-10 from Kohler Range only allowed one aliquot to 360 

be dated. This is shown in Fig. 3 and Table 3, but it is not included in thermal history modelling. The 361 

remaining aliquots yielded Late Cretaceous to Eocene AHe ages. Age patterns in the Hobbs Coast and 362 

Kohler Range samples are similar. As for the AFT data, no clear age elevation relationship is observed, 363 

and in the Kohler Range area is seems that there may be an inverted relationship, with youngest AHe 364 

ages being associated with the highest sample elevations (Fig. A2).  365 

For thermal history inversions we focused on samples having both AFT and AHe data. The resulting 366 

thermal histories show similar patterns for all sample data (Fig. 6). One sample, MB-163-1M from Mt. 367 

Goorhigian (Hobbs Coast) only yielded statistically acceptable fits. As this solution is based on two 368 

thermochronometers with overlapping thermal sensitivities, we still consider the resulting time-369 

temperature history as reliable. Of particular interest is sample MBL-51-10 from Kohler Range (Fig. 370 

3a). Despite 100 000 paths in Monte Carlo simulations, very few statistically good solutions emerged 371 

for this sample. Thus, variation of statistical possible solutions is small and the thermal history of this 372 

sample is therefore tightly constrained, whereas the thermal histories of the other samples cover a 373 

broader range of statistically possible solutions. Thermal histories derived for all samples from Kohler 374 
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Range and Hobbs Coast are characterized by relatively rapid cooling (as compared to the later cooling 375 

periods) during the mid to Late Cretaceous (~5-13°C/Ma), followed by slow cooling through to the 376 

early Miocene (<1°C/Ma), which was followed by renewed more rapid cooling (2-3°C/Ma) to present-377 

day ambient temperatures. Only the thermal history for the sample from Wunneburger Rock north of 378 

Kohler Range differs from this pattern in having the rapid Cretaceous cooling episode start earlier (at 379 

~100 Ma), and in having the Miocene cooling episode starting later (after approximately10 Ma). Its 380 

thermal history is thus similar to samples from the Pine Island Bay/Thurston Island block (Lindow, 381 

2014).  382 

4.4 Thermochronology data for the Mount Murphy area 383 

AFT ages from the Mt. Murphy area cluster tightly between 28 and 31 Ma, with MTLs between 13.1 384 

and 14.5 µm and Dpar values of ~1.9 µm (Fig. 3; Table 2, samples MBL-60-10, MBL-61-10, MBL-385 

63-10). The age-elevation relationships for these samples are also inverted, with the youngest AFT 386 

ages being associated with the highest elevations (Fig. A2). The same also applies to the AHe ages. 387 

These cluster between 25 and 18 Ma (Figs. 3 and A2; Table 3). The youngest age is for the gabbro 388 

sample from Dorrel Rock (MBL-61-10) and is based on only one single-grain aliquot. We also 389 

analysed two more aliquots for this sample consisting of very large apatite grains, but with very 390 

irregular morphologies, which rendered them impossible to make alpha ejection corrections. To avoid 391 

the need for this correction, we mechanically abraded the outer ~30 µm of two grains (Spiegel et al., 392 

2009). The resulting ages are 34 and 38 Ma, significantly older than all other AHe ages from the Mt. 393 

Murphy area, and more importantly, older than the corresponding AFT age, and even older than the 394 

crystallization age of Dorrel Rock gabbro as reported by Rocchi et al. (2006). Thus, these two grains 395 

either contained micro-inclusions or the “too-old” dates are the result of abrasion. Abrasion leads to 396 

the selected measurement of only the central part of the diffusion profile, which, for samples with 397 

diffusion-controlled profiles, may cause over-estimation of AHe ages (Farley, 2002). In any case, both 398 

aliquots were excluded from further interpretation. Thermal history inversion yields similar cooling 399 

patterns for all three samples, with rapid cooling during the Oligocene (~5°C/Ma), slowing slightly 400 

during the early Miocene (~3°C/Ma; Figs. 6 & 7).  401 



 

16 

 

Although Mt. Murphy volcano was active only at 8 Ma, the surrounding area had already experienced 402 

intrusive magmatic activity during the Early Oligocene (Dorrel Rock gabbro, Rocchi et al., 2006). 403 

Thus, it could be argued that the thermochronology data obtained from this area cannot be interpreted 404 

in terms of exhumation; rather, it may reflect isotherm relaxation following heating associated with 405 

magmatic activity. We argue against this “static” interpretation because (i) the rapid cooling to near-406 

surface temperatures following the time of magmatic intrusion does not fit a scenario of isotherm 407 

relaxation; (ii) other isotopic systems previously applied to the exposures at Kay Peak do not show 408 

disturbances by Oligocene magmatic activity, having yielded Paleozoic ages for orthogneisses and a 409 

Permian age for the granite (Pankhurst et al., 1998; Mukasa and Dalziel, 2000); (iii) Dorrel Rock 410 

gabbro, currently exposed at ~700 meters above sea level (m.a.s.l)., was intruded during the Early 411 

Oligocene at a crustal depth of at least 3 km (Rocchi et al., 2006). Therefore, the host rock for this 412 

sample must have experienced relatively rapid Oligocene and post-Oligocene erosion, in line with a 413 

dynamic interpretation of cooling history; and finally (iv), the cooling history derived from the 414 

thermochronology data is in astonishingly good agreement with the erosion history previously 415 

suggested by Rocchi et al. (2006) on the basis of independent evidence, giving further confidence to 416 

interpreting the thermochronology data in terms of dynamic exhumation.  417 

 418 

5 Discussion 419 

5.1 Structural evolution of Marie Byrd Land – implications for Cenozoic rifting along Pine Island Bay 420 

Figure 7 shows the weighted mean thermal histories for all samples analysed for AFT and AHe data. 421 

The host rocks from Hobbs Coast and Kohler Range show largely similar cooling patterns, whereas 422 

the thermal history of Wunneburger Rock north of the Kohler Range differs and in contrast shows 423 

similarities with the cooling patterns for host rocks in the Pine Island Bay area (Lindow, 2014). Thus 424 

we conclude that a fault with significant displacement separates Wunneburger Rock from Kohler 425 

Range. Assuming that there is topographic expression of the fault structure, we have mapped the fault 426 

along a valley between Wunneburger Rock and Kohler Range (thin dotted blue line, Fig. 8). This 427 
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valley runs parallel to the coast and parallel to tectonic structures resulting from Late Cretaceous West 428 

Antartica-Zealandia separation (Gohl, 2012; Gohl et al., 2013a). Thus we interpret the fault as being 429 

related to Late Cretaceous continental extension and breakup.  430 

Most striking are the strongly contrasting cooling histories between Hobbs Coast and Kohler Range on 431 

one side and the Mt. Murphy area on the other (Figs. 6 & 7). This implies that a major tectonic 432 

boundary separates these areas. Furthermore, thermochronology data for eastern Pine Island Bay 433 

(Thurston Island block east of the Mt. Murphy area) show a different thermal evolution, with rapid 434 

cooling throughout the mid and Late Cretaceous, followed by very slow cooling during the entire 435 

Cenozoic (Lindow, 2014). Thus, the Mt. Murphy area is characterised by rapid Cenozoic exhumation 436 

compared with surrounding areas that displayed slow exhumation.  437 

A logical explanation for rapid exhumation during the Oligocene would be enhanced erosion due to 438 

the onset of continental glaciation (e.g., Wilson et al., 2013). However, the isolated character of the Mt. 439 

Murphy erosion history rules climate out as a steering factor for exhumation. Instead, we explain 440 

exhumation of the Mt. Murphy block as a horst that was tectonically exhumed during rifting along 441 

adjacent Pine Island Bay. This interpretation underscores previous suggestions that Pine Island Bay 442 

may form a rift branch connecting the WARS with Amundsen Sea (Jordan et al., 2010; Gohl et al., 443 

2013a,b); and it also puts rifting into a temporal framework, thereby providing the first direct evidence 444 

for Cenozoic rifting outside the Ross Sea area. Note, however, that our proposed Mt. Murphy Rift is 445 

located along the western margin of Pine Island Bay, whereas previous suggestions have placed rift 446 

branches reaching Amundsen Sea along the paleo-trough of Pine Island Glacier; that is, along the 447 

eastern part of Pine Island Bay (Fig. 8).  448 

Our interpretation of the Mt. Murphy area as being influenced by rift tectonics is based on the 449 

following arguments and observations: (i) thermochronology data clearly reveal differential 450 

exhumation histories for the Thurston Island block (Lindow, 2014), the Mt. Murphy area, and the 451 

Kohler Range / Hobbs Coast, requiring tectonic boundaries in between that were active during and 452 

possibly after the Oligocene; (ii) thermochronology data shows that the eastern side of Pine Island Bay 453 

was tilted towards the Pine Island Trough post-Cretaceous, corroborating Cenozoic tectonic activity 454 



 

18 

 

along Pine Island Bay (Lindow, 2014); (iii) Oligocene igneous activity as described for the Mt. 455 

Murphy block (Dorrel Rock gabbro, Rocchi et al., 2006) is unique in Marie Byrd Land because no 456 

other Cenozoic intrusive bodies are described, because it is significantly older than the volcanic 457 

activity of the Marie Byrd Land dome, which commenced at ~29 to 25 Ma (LeMasurier, 2006), and 458 

because it is at odds with the magmatic age patterns of the Marie Byrd Land dome, showing the oldest 459 

magmatic activity in the centre of the dome and the youngest at its margins (LeMasurier and Rex, 460 

1989). Thus we suggest that Dorrel Rock gabbro intruded in response to Cenozoic rifting along Pine 461 

Island Bay, exploiting the active boundary fault of the rift situated along the Mt. Murphy block (Mt. 462 

Murphy Rift; Fig. 8). In that respect, it is interesting to note that the present-day heat flow along this 463 

supposed boundary fault still seems to be strongly elevated (Schroeder et al., 2014 – note, however, 464 

that their data do not fully reach the Mt. Murphy area); (iv) the only other area of Antarctica also 465 

showing Oligocene exhumation is also associated with rifting along the WARS - the Transantarctic 466 

Mountains. Exhumation of the Transantarctic Mountains has been traditionally described as episodic, 467 

with two major exhumation pulses starting during the Late Cretaceous and the Eocene (Balestrieri et 468 

al., 1994, 1997; Fitzgerald, 2002; Lisker, 2002). Modelling of these older data taking into account new 469 

independent geological evidence recently led to re-interpretation of the exhumation history: at least the 470 

northern Transantarctic Mountains experienced uniform exhumation, starting at the Eocene-Oligocene 471 

boundary (Prenzel et al., 2013, 2014). Thus, rift shoulder uplift along the “big rift” would be 472 

contemporaneous with its “little brother”, the Mt. Murphy rift shoulder adjacent to Pine Island Bay.  473 

In Fig. 8, we tentatively show structural elements of the WARS as implied by interpretation of the 474 

thermochronology data reported here. Based on our data, we place the rift branch close to the Mt. 475 

Murphy area, extending northwards into the Amundsen Sea Embayment and southwards into a 476 

morphological depression that cuts the Byrd Subglacial Basin. If our model is valid, and if the Mt. 477 

Murphy Rift was active contemporaneously with the Ferrigno Rift in the Bellingshausen Sea sector 478 

(Bingham et al., 2012), then both branches would be characterized by transtension. This is in 479 

agreement with the suggestion of Müller et al. (2007) who proposed early Cenozoic dextral 480 

transtension along a rift branch reaching into Bellingshausen Sea. Dextral transtension along the 481 

Ferrigno Rift, coeval with sinistral transtension along the Mt. Murphy Rift, would lead to north-482 
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eastward movement of the Thurston Island Block, thus causing the crustal extension along the Pine 483 

Island Rift (Jordan et al., 2010) and also along the Byrd Subglacial Basin (Fig. 8). This model 484 

kinematically links previously described areas of crustal extension, i.e., the Ferrigno Rift reaching into 485 

Bellingshausen Sea, Pine Island Rift beneath the main trunk of Pine Island Glacier, and the deeply 486 

incised Bentley Subglacial Trench and Byrd Subglacial Basin in the interior of the rift. It also explains 487 

the geometric relationship amongst these structures; that is, the odd angles between Ferrigno Rift and 488 

Pine Island Rift and between Bentley Subglacial Trench and Byrd Subglacial Basin.  489 

The fault separating the Mt. Murphy block from Kohler Range was placed along a valley running 490 

parallel to Mt. Murphy Rift and Pine Island Bay, and also parallel to faults directly adjacent to the Mt. 491 

Murphy volcanic edifice described by LeMasurier (1972). Accordingly, we interpret the ridges and 492 

valleys parallel to Pine Island Bay as morphological expressions of horst-and-graben-systems derived 493 

from block faulting caused by extension along Mt. Murphy Rift. However, due to extensive glacial 494 

cover, the exact locations of faults remain speculative, including other possible fault locations, such as 495 

one following the Smith Glacier trough.  496 

 497 

5.2 Denudation history of Marie Byrd Land – implications for topographic evolution and onset of 498 

continental glaciation 499 

Since ~100 Ma, Marie Byrd Land has been affected by crustal extension (Mukasa and Dalziel, 2000) 500 

and after~90 Ma an erosion surface evolved, bevelling the coastal batholiths of West Antarctica. This 501 

implies a Late Cretaceous, rather low-lying topography across Marie Byrd Land, close to sea level. 502 

Between 90 and 60 Ma, the basement beneath eastern Marie Byrd Land (this study), western Marie 503 

Byrd Land (Richard et al., 1994; Adams et al., 1995; Lisker and Olesch, 1998) and the Pine Island Bay 504 

area (Lindow, 2014) experienced rapid cooling (Figs 6 & 7). Because of the extensional setting and 505 

the low-lying topography, we explain rapid cooling (with rates up to 30 to 40°C/Ma; Lindow, 2014) as 506 

resulting predominantly from tectonic denudation rather than from erosional denudation.  507 
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All samples from Hobbs Coast, Kohler Range and Pine Island Bay area largely follow similar cooling 508 

patterns, although the timing of Late Cretaceous cooling – even of neighbouring samples – varies 509 

between 90 and 60 Ma, with no apparent pattern (Fig. 7). We explain this variation as a result of 510 

extensional tectonics, leading to horst-and-graben formation juxtaposing rocks from different crustal 511 

levels. Block faulting also explains the partly inverted age elevation relations, with young ages 512 

associated with high elevations and old ages associated with low elevations.  513 

At ~60 Ma, rapid cooling ceased, indicating that the first rifting episode of the WARS lasted until that 514 

time. The second rifting episode, also indicated by rapid cooling and only recorded by the rocks of the 515 

Mt. Murphy area, lasted from Early Oligocene until Early Miocene or later (Fig 7). For all investigated 516 

rocks except for those from the Mt. Murphy area (where Cretaceous and Early Cenozoic cooling is not 517 

recorded), rapid cooling during the first rifting episode was followed by very slow cooling that lasted 518 

until ~20 Ma (and longer than that for the Wunneburger Rock site; Fig. 7). We interpret this slow 519 

cooling period as slow erosional downwearing related to formation of the West Antarctic erosion 520 

surface. If this is valid, it implies that formation of the erosion surface across Marie Bryd Land 521 

outlasted by ~55 Ma that across Campbell Plateau and parts of New Zealand side.  522 

Also by ~60 Ma, all samples (with the exception of the Mt. Murphy samples) have cooled to 523 

temperatures below ~60°C, indicating low denudation rates and net denudation of less than 1 to 2 km 524 

(assuming a range of geothermal gradients from 30°C to 70°C/km). Similar data are obtained for 525 

Cenozoic net denudation in western Marie Byrd Land (Richard et al., 1994; Adams et al., 1995; Lisker 526 

and Olesch, 1998), the Pine Island Bay area (Lindow, 2014), and the Ellsworth Mountains (Fitzgerald 527 

and Stump, 1992). Such low denudation rates fit with a scenario of tectonic quiescence and lack of 528 

significant relief, in agreement with ongoing formation of the West Antarctic erosion surface close to 529 

sea level. In particular, no erosional response (within the sensitivity limits of low-temperature 530 

thermochronology) to assumed onset of continental glaciation at the Eocene-Oligocene boundary is 531 

observed. This is in contradiction to offshore seismic data which indicate large volumes of glacially-532 

derived sediment deposited along the West Antarctic margin and continental shelf above the Eocene-533 

Oligocene boundary (Wilson et al., 2012). On the other hand, in the absence of drill core data, both 534 
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provenance and stratigraphy of the offshore deposits are poorly constrained. We suggest that at least 535 

part of post-Eocene strata deposited offshore West Antarctica was derived from the Transantarctic 536 

Mountains. These experienced rapid erosion at around the Eocene-Oligocene boundary (Prenzel et al., 537 

2013, 2014), and since the Neogene, between 3 and 5 km of overburden was removed from that area 538 

(Zattin et al., 2014). Also, unlike West Antarctica, glaciation of the Transantarctic Mountains already 539 

at the Eocene-Oligocene boundary is relatively well-constrained (Barker et al., 2007).  540 

As emphasized by Barker et al. (2007), the uplift history of the Marie Byrd Land dome is an important 541 

uncertainty that needs to be addressed for better constraining West Antarctic glaciation history. Our 542 

thermochronology data from the flanks of the Marie Byrd Land dome do not give evidence for 543 

enhanced denudation at the Eocene-Oligocene boundary, but rather suggest accelerated denudation 544 

since ~20 Ma, i.e. the early Miocene. These data provide the first direct evidence on the timing of 545 

Marie Byrd Land dome denudation, however, it should be kept in mind that the Miocene denudation 546 

history presented in this study is chiefly based on two samples:  547 

(i) Thermal history modelling of sample MBL-51-10 from the Kohler Range yields tightly constrained 548 

time-temperature paths, dating the onset of accelerated cooling at ~20 Ma. The other samples from the 549 

Marie Byrd Land dome are in agreement with this cooling history, but are less tightly constrained and 550 

also allow for other solutions. Furthermore, the samples from the Hobbs Coast area have already 551 

cooled to temperatures below the apatite partial annealing and partial retention zones at 20 Ma and are 552 

thus outside the temperature range where the applied thermochronometers are most sensitive (although 553 

Spiegel et al. (2007) showed that apatite fission track analysis is able to monitor thermal histories 554 

within temperature ranges well below the nominal partial annealing zone). In any case, net denudation 555 

of onshore exposures since the early Miocene was associated with cooling of only ~35 to 50°C for the 556 

nunataks of the Kohler Range and Hobbs Coast area. Net cooling can be translated into net denudation 557 

ranging between 1.2 to 1.7 km (assuming a geothermal gradient of 30°C/km) and 0.5 to 0.7 km 558 

(assuming a geothermal gradient of 70°C). This underscores earlier observations made by Rocchi et al. 559 

(2006) that uplift of the Marie Byrd Land dome outpaced erosion.  560 
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(ii) The second sample suggesting enhanced early Miocene denudation is sample PS 75/130-2. It 561 

contains an early Miocene age group, indicating that at least small subglacial areas within the 562 

catchment of Berry Glacier experienced sufficient cooling and denudation to expose 20-Ma AFT ages, 563 

that is, net cooling of at least 120°C and thus net denudation of >1.7 to 4 km since the Early Miocene. 564 

This agrees with improved bedrock topography of the Marie Byrd Land dome area as presented by 565 

Holschuh et al. (2014). Their data show a deeply incised trough in the hinterland of the Getz Ice Shelf 566 

(Fig. 3b) and close to the Berry Glacier, reaching up to 1000 m below sea level and extending over 567 

200 km towards the continental interior. Thus, based on these two samples, we tentatively suggest that 568 

denudation of the Marie Byrd Land dome started at ~20 Ma, implying that uplift and thus relief 569 

formation also only started at 20 Ma, nearly 10 m.y. later than previously suggested. Of course it is 570 

possible that uplift started earlier and was simply not associated with denudation. On the other hand, if 571 

at 20 Ma, uplift and relief formation was associated with the start of (erosional) denudation, then why 572 

should the erosional response be different for uplift and relief formed at ~30 Ma? In any case, if our 573 

assumption that the Marie Byrd Land dome only started uplifting during the Early Miocene is valid, 574 

this would imply the following:  575 

(i) Current paleo-topographic models assuming elevations of the Marie Byrd Land dome of up to 576 

~1000 m at the Eocene-Oligocene boundary as the maximum end of the estimated topographic range 577 

by Wilson et al. 2012) would likely overestimate the early topographic evolution of this region; and (ii) 578 

large-scale continental glaciation over coastal West Antarctica, requiring significant areas of emerged 579 

land, may have only occurred since the Early Miocene. This second implication is again in contrast to 580 

the large volume of glacially derived sediments on the continental shelves and rise of the Pacific realm 581 

of West Antarctica used by Wilson et al. (2012) to calculate the volumes of eroded sediment, at least, 582 

if these sediments are indeed derived from West Antarctica. For better constraining the erosion history 583 

of the Marie Byrd Land dome and thus boundary conditions for West Antarctic glaciation, more 584 

research is required, particularly involving (i) more thermochronology data, focusing on detrital 585 

samples from the Getz area, (ii) sediment drilling in the Amundsen Sea, providing stratigraphic and 586 

provenance information for offshore seismic data, and (iii) sediment budget calculations reconciling 587 
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erosion rates from the Transantarctic Mountains and onshore West Antarctica based on 588 

thermochronology data with volumes of marine strata calculated from offshore seismic studies.  589 

 590 

6 Conclusions 591 

For this study, we used apatite fission track and (U-Th-Sm)/He thermochronology data as well as the 592 

results of petrographic analysis of marine sedimentary clasts to decipher the tectonomorphic evolution 593 

of Marie Byrd Land and to characterize subglacially exposed lithologies. The following conclusions 594 

can be drawn from our data: 595 

(1) Petrographic analyses showed that host rocks for the coastal batholiths of Marie Byrd Land 596 

were most likely low-grade meta-sediments, presumably equivalent to the early Paleozoic 597 

Swanson Formation exposed farther west in the Ford Ranges. Also, high-grade rocks likely 598 

related to Cretaceous metamorphism and anatexis are subglacially exposed and may be 599 

equivalent to the Fosdick migmatite complex in the Ford Ranges. This suggests that the 600 

geological setting as described for western Marie Byrd Land continues subglacially into the 601 

Hobbs Coast area of eastern Marie Byrd Land.  602 

(2) Thermochronological analyses showed that all of coastal Marie Byrd Land experienced 603 

relatively rapid denudation during the Late Cretaceous, most likely in response to extensional 604 

tectonics. This dates early rifting in the WARS to the period between >100 and 60 Ma. 605 

(3) Apatite fission track and (U-Th-Sm)/He ages of the Mt. Murphy area strongly differ from 606 

those of surrounding areas, indicating that the Mt. Murphy area constitutes a fault-bound block 607 

exhumed since the Early Oligocene. We interpret this exhumation to be a response to 608 

Oligocene rifting along Pine Island Bay, probably contemporaneous with the Ferrigno Rift, 609 

leading to northeastward movement of the Thurston Island block, and extension beneath the 610 

main trunk of Pine Island Glacier and in the Byrd Subglacial Basin. 611 

(4) Between Late Cretaceous and Early Miocene, eastern Marie Byrd Land was characterized by 612 

very low denudation rates, which we explain as reflecting tectonic quiescence, a subdued 613 
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topography, and the formation of the West Antarctic erosion surface close to sea level. 614 

According to this scenario, only limited land areas may be emergent for supporting the 615 

formation of a continental ice sheet at the Eocene-Oligocene boundary.  616 

(5) Based chiefly on the thermochronology data of two samples, we tentatively date the onset of 617 

erosion of the Marie Byrd Land dome at ~20 Ma. Assuming erosion started 618 

contemporaneously with uplift, this dome dates from the early Miocene, nearly 10 Ma later 619 

than previously suggested. The topographic evolution has likely affected the early glaciation 620 

history, ostensibly triggering more intense glaciation from 20 Ma onwards.  621 
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 903 

 904 

APPENDIX – Analytical details for thermochronological dating methods 905 

A1:Fission track thermochronology 906 

For each sample, between ~3 and 10 kg of rock was collected from the field. Apatite and zircon 907 

crystals were separated from the rocks by crushing, sieving, Wilfley table, magnetic and heavy liquid 908 

separation techniques. Samples with MB laboratory codes were processed and dated in the fission 909 

track laboratory of the University of Waikato, New Zealand; those with MBL and PS laboratory codes 910 

in the thermochronology laboratory of the University of Bremen, Germany. As kinetic indicator, we 911 

used the bulk etching velocity of apatite expressed by the size of etch pit diameters parallel to the 912 

crystallographic c-axis (= Dpar value; Donelick, 1993; Burtner et al., 1994). Due to the anisotropy of 913 

apatite, track annealing also depends on the position of the track within the apatite crystal, which is 914 

why the angle of each measured track length relative to the c-axis is determined (Ketcham et al., 2007). 915 

All lengths and Dpar measurements were carried out in the Bremen laboratory.  916 

Apatite grains were embedded in epoxy resin, grinded and polished to reveal internal surfaces, and 917 

etched with 5 M HNO3 for 20 seconds at 20°C (Bremen) and 21°C (Waikato). Zircon was embedded 918 

in Teflon, grinded and polished, and etched in a NaOH-KOH eutectic melt at 230 ± 1°C for 20 hours 919 

(Waikato). Thermal neutron irradiations for the Bremen samples were carried out at the Garching 920 

FRM II reactor facility in Germany, and for the Waikato samples at the ANSTO reactor facility at 921 
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Lucas Heights, Sidney, Australia. Fission track ages were measured using the external detector method 922 

and the zeta calibration approach (Gleadow, 1981, Hurford and Green, 1983, respectively), with a zeta 923 

for zircon fission track dating of 135 ± 3 (CN1 dosimeter glass, Waikato), and a zeta for apatite fission 924 

track dating of 344 ± 5 (SRM 612 dosimeter glass, Waikato) and 324 ± 11 (CN5 dosimeter glass, 925 

Bremen).  926 

External mica detectors were etched in 40% HF for 25 minutes at room temperature. Each apatite 927 

grain analysed for track lengths or age was additionally analysed for etch pit size (Dpar). Dpar values 928 

were measured by averaging 3 – 4 measurements for each grain. No track lengths or kinematic 929 

indicators were measured for zircon fission track analysis. Track densities, lengths and Dpar values 930 

were measured using a Zeiss Axioplan with 1000 x magnification. Central ages and error limits were 931 

calculated using the software TRACKKEY, version 4.2.g (Dunkl, 2002).  932 

Generally, we tried to date up to 20 grains and measure up to 100 track lengths for AFT analysis, 933 

although due to apatite yield and sample quality this was not possible for every sample. For analysing 934 

the detrital samples from the Wrigley Gulf, we dated up to 80 grains, corresponding to >95% 935 

confidence that no fraction ≥ 0.085 is missed (Vermeesch, 2004). From the resulting age distributions, 936 

single-grain age groups are derived using the binomial peak fitting method (Brandon, 1992). To 937 

determine the optimal number of age groups, the F-test is applied. P(F) gives the probability that 938 

random variation alone could produce the observed statistics. P(F) < 5% is considered to indicate that 939 

the improvement in fit by adding a further age group is significant (Brandon, 1992, 2002) 940 

 941 

A2: Apatite (U-Th-Sm)/He thermochronology 942 

Grains for apatite (U-Th-Sm)/He analysis were handpicked from the mineral separates. Only pristine 943 

grains without cracks, inclusion, broken surfaces, and with grain radii >50 µm were chosen. Selected 944 

grains were measured for grain dimensions, classified according to grain morphology, and 945 

photographically documented. Grains were then mounted in platinum capsules, which were previously 946 

cleaned with 37% HCl at 35-40°C for 48 h. Measurement of He, U, Th, and Sm were performed at the 947 
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University of Melbourne, Australia. Helium was extracted from apatite crystals by laser heating (10 948 

minutes, 920°C) using a solid-state diode laser (820 nm wavelength, fibre-optic coupling). The 949 

extracted helium was measured by the 3He isotope dilution method using a Balzers quadrupole mass 950 

spectrometer. Afterwards, apatites were retrieved from the laser chamber, dissolved in 5% HNO3, and 951 

measured for U, Th, and Sm contents using a second-generation Varian quadrupole ICP-MS. 952 

Reference material BHVO-1 (Eggins et al., 1997) was used as a calibration standard, and in-house 953 

standard Mud Tank apatite and international rock standard BCR-2 were used as additional internal 954 

standards. Accuracy and precision of U, Th, and Sm measurements range up to 2% (at ±2σ), but is 955 

typically better than 1% at Melbourne University. Apatite (U-Th-Sm)/He ages were calculated using a 956 

Bremen-group internal Microsoft Excel spreadsheet based on the 4He ingrowth equation (e.g., Farley, 957 

2002) and the first-order Taylor series approximation (Taylor, 1969). Calculated raw ages were 958 

corrected for alpha-ejection after Farley et al. (1996). The calculation includes an analytical error of ~5% 959 

combining laboratory internal analytical uncertainties, errors related to grain size measurements and 960 

alpha ejection correction. Radiogenically-derived 4He travels ca. 20 µm through the apatite crystal 961 

before it comes to rest (= stopping distance; Farley et al., 1996), which is why the outer rim of the 962 

crystal becomes He-depleted. Accordingly, each measured AHe age is corrected for this alpha-ejection 963 

effect, based on morphology and size of the analyzed grain (Farley et al., 1996). Since our AHe dates 964 

show no correlation with effective U-concentration, we assume that the AHe data are not influenced 965 

by radiation damage effects. 966 

For integrating AFT and AHe ages (and for two samples with ZFT ages as well), we used thermal 967 

history inversions. These are based on algorithms that describe track annealing and He diffusion as 968 

observed from laboratory experiments calibrated to geological timescales. Using a Monte Carlo 969 

simulation, between 10000 and 100000 thermal histories are tested against the observed data, thereby 970 

revealing a range of thermal histories that are statistically in good or acceptable agreement with the 971 

data (defined as goodness of fit values of 0.5 and 0.05, respectively; Ketcham, 2005). A “good” result 972 

can be interpreted as a time-temperature path supported by the measured data, while an acceptable 973 

path is not ruled out by the input data (Ketcham, 2005).  974 
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 1010 

Figure Captions 1011 

Fig 1: Subglacial topography of the West Antarctic Rift System (data from Bedmap2, Fretwell et al., 1012 

2013). Thick white lines delineate crustal blocks that constitute West Antarctica (after Dalziel and 1013 

Elliot, 1982). Dotted lines show location of proposed rift branches, open circles refer to sample 1014 
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locations. Abbreviations: AP – Antarctic Peninsula, AS – Amundsen Sea, BS – Bellingshausen Sea, 1015 

EWM – Ellsworth Whitmore Mountains, FR – Ferrigno Rift (Bingham et al., 2012), HC – Hobbs 1016 

Coast, KR – Kohler Range, MBL – Marie Byrd Land, MM – Mount Murphy, PIB – Pine Island Bay 1017 

(location of samples studied by Lindow, 2014), PIR – Pine Island Rift (Jordan et al., 2010), RS – Ross 1018 

Sea, TAM – Transantarctic Mountains, TI – Thurston Island, WARS – West Antarctic Rift System, 1019 

WG – Wrigley Gulf.  1020 

Fig. 2: Geological map of eastern Marie Byrd Land after Lopatin and Orlenko (1974), modified and 1021 

complemented by data from Brand (1979), Pankhurst et al. (1998), Mukasa and Dalziel (2000), and 1022 

Rocchi et al. (2006). Ages of Cenozoic volcanoes are after LeMasurier and Rex (1989). Names of 1023 

nunataks sampled for this study are marked in red. Dashed boxes outline areas shown in Fig. 3.  1024 

Fig. 3: Detailed view of the study area and sample locations. Grey-shaded areas outline mountain 1025 

ranges, magenta-coloured areas refer to rock exposures. For position within Marie Byrd Land see Fig. 1026 

2. 3A: Samples from the Kohler Range and the Mt. Murphy area. Sketch is based on the 1:500 000 1027 

topographic map “Bakutis Coast – Marie Byrd Land” compiled by the US Geological Survey in 1966. 1028 

3B: Samples from the Hobbs Coast / Demas Range. Sketch is based on the 1:500 000 topographic map 1029 

“Hobbs Coast – Marie Byrd Land”, compiled by the US Geological Survey in 1965.  1030 

Fig. 4: Bathymetry of the western Wrigley Gulf (Fig. 1) after Klages et al. (2014) with locations of 1031 

box core samples as well as lithological compositions of the three box cores, based on the petrographic 1032 

analysis of clasts >2 mm.  1033 

Fig. 5: Radial Plot (Galbraith, 1990), showing the results of AFT analysis from box cores PS75/130-2 1034 

and PS75/133-1 (Wrigley Gulf). Each box core contained two age groups, reflecting the cooling 1035 

history integrated over the catchment area of the Berry Glacier. Data deconvolution and F-test after 1036 

Brandon (1992 & 2002).  1037 

Fig. 6: Thermal history inversions of samples from eastern Marie Byrd Land, integrating apatite 1038 

fission track and (U-Th-Sm)/He thermochronology. Inversions are based on Monte Carlo simulations 1039 

with 10 000 to 100 000 paths. Dark and light-grey envelopes comprise thermal histories in good and 1040 
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acceptable agreement with the data observed, corresponding to goodness of fit values of 0.5 and 0.05. 1041 

Thick black lines refer to the weighted mean paths (calculated from the good and acceptable fits and 1042 

weighted according to the goodness-of-fit values; Ketcham, 2005). Also shown are the temperature 1043 

ranges to which the applied dating methods are most sensitive (40 to 85°C for apatite (U-Th-Sm)/He 1044 

and 60 to 120°C for apatite fission track thermochronology). The samples from the Mt. Murphy area 1045 

experienced rapid cooling at ~30 Ma (pink dashed line). The other samples show rapid cooling during 1046 

the late Cretaceous, followed by slow cooling and renewed rapid cooling at ~20 Ma (except for the 1047 

Wunneburger Rock sample). The latest, post-20 Ma cooling episode (orange dashed line) is best 1048 

defined by the tightly constrained sample MBL-51-10.  1049 

Fig. 7: Compilation of weighted mean paths from different areas of eastern Marie Byrd Land (taken 1050 

from Fig. 6), with interpretations regarding the tectonomorphic evolution. Numbers refer to sample 1051 

elevations. Shades of grey indicate the temperature range of the fission track partial annealing zone 1052 

(120 to 60°C), the He partial retention zone (85 to 40°C) and their overlap (85 to 60°).  1053 

Fig. 8: Structural interpretation of data from this study (marked in red and blue) reconciling the 1054 

thermochronology data with subglacial topography and with previously published structural data. 1055 

Thick dashed blue line: Fault separating Wunneburger Rock from the Kohler Range, presumably 1056 

active during late Cretaceous continental breakup. Thick dashed red lines: Faults delineating horst-1057 

and-graben structures adjacent to the Mt. Murphy Rift (MMR), active since the early Oligocene. The 1058 

extension of the Mt. Murphy Rift cuts the Byrd Subglacial Basin, causing it to bend towards the north 1059 

/ Amundsen Sea Embayment. The Ferrigno Rift may extend into the Bentley Subglacial Trench 1060 

(Bingham et al., 2012). If our model is valid, it would also explain the oblique geometries of the 1061 

Ferrigno Rift, as compared with the Pine Island Rift, and of the Bentley Trough, as compared to the 1062 

Byrd Subglacial Basin. Based on facts (i.e., on thermochronology data) is the existence of two fault 1063 

structures separating the Mt. Murphy block from the surrounding areas (dashed red lines), and the 1064 

activity of these fault structures since early Oligocene. The exact positions of the two faults are only 1065 

weakly constrained, and are inferred from geomorphology and from field observations by LeMasurier 1066 

(1972). Early Cenozoic dextral transtension along the Ferrigno Rift area was previously suggested by 1067 
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Müller et al. (2007). Sinistral transtension along the Mt. Murphy Rift is based on assumptions and yet 1068 

to be proven. Subglacial topography is from Fretwell et al. (2013; Bedmap2). Abbreviations: AP – 1069 

Antarctic Peninsula, AS – Amundsen Sea, BS – Bellingshausen Sea, BSB – Byrd Subglacial Basin, 1070 

BT – Bentley Subglacial Trench, EWM – Ellsworth Whitmore Mountains, FR – Ferrigno Rift 1071 

(Bingham et al., 2012), HC – Hobbs Coast, KR – Kohler Range, MBL – Marie Byrd Land, MM – 1072 

Mount Murphy, PIB – Pine Island Bay (location of samples studied by Lindow, 2014), PIR – Pine 1073 

Island Rift (Jordan et al., 2010), RS – Ross Sea, TAM – Transantarctic Mountains, TI – Thurston 1074 

Island, WARS – West Antarctic Rift System, WG – Wrigley Gulf, WR - Wunneburger Rock. 1075 

 1076 

Fig. A1: Clasts from box cores of the Wrigley Gulf, representing lithologies subglacially exposed 1077 

within the catchment area of the Berry Glacier. 5A: Quartz-Monzonite deformed at the brittle-ductile 1078 

transition, containing greenish pseudotachylite veins. PS75/132-1. 5B: Greenish rhyolite, containing 1079 

perfectly euhedral quartz crystals (dark spots). PS75/133-1. 5C: Light-coloured granite containing 1080 

small euhedral garnets. Similar rocks are exposed onshore at the Mount Goorhigian, forming part of 1081 

the Demas Range migmatite complex (Mukasa and Dalziel, 2000). PS75/133-1. 5D: Coarse-grained 1082 

basic granulite, containing large garnet crystals. PS75/133-1. 5E & F: Green low-grade meta-1083 

sedimentary rocks which probably represent equivalents to the Swanson Formation of the Ford Range 1084 

(western Marie Byrd Land). PS75/130-2 & 133-1. 5G & H : Semi-lithified clastic sediments 1085 

containing volcanic and plutonic lithic fragments. They may also be of glaciomarine origin, i.e., 1086 

formed in-situ in the Wrigley Gulf. PS75/133-1.  1087 

Fig. A2: Age elevation relationships for AFT (squares) and AHe (circles) samples from the Mt. 1088 

Murphy area, the Hobbs Coast and the Kohler Range.  1089 
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Table 1: Results of AFT thermochronology on glaciomarine sediments / Wrigley Gulf

Code n ns ρs ni ρi nd ρd U central age P1 Frac P2 Frac

Elevation (m.a.s.l.) (105 tracks/cm2) (105 tracks/cm2) (105 tracks/cm2) (ppm) (Ma) (%) (%)

PS75/130-2, -793 81 800 9.150 2888 33.033 23347 15.7 25 70 ± 4 20 ± 7 6 74 ± 4 94
PS75/133-1, -474 80 1867 21.208 6319 71.780 23347 15.6 54 74 ± 3 61 ± 10 25 79 ± 6 75

n - number of counted grains, ns / ρs - number and density of spontaneous tracks, ni / ρi - number and density of induced tracks
nd / ρd - number and density of tracks induced from dosimeter glass. ζ = 324  ± 11, calculated for dosimeter glass CN5
P1 / P2: age groups derived from data deconvolution, together with the relative amount of grains contained in each age group (Frac)



Table 2: Results of Fission Track thermochronology from nunataks of eastern Marie Byrd Land

Code Location n ns ρs ni ρ i nd ρd U central age P(Χ)2 MTL nMTL SD mean Dpar SD

Elevation (m.a.s.l.) (105 tracks/cm2) (105 tracks/cm2) (105 tracks/cm2) (ppm) (Ma) (%) (µm) (µm) (µm) (µm)

Apatite Fission Track 
MB 356-1m Wunneburger Rock, 110 20 484 6.380 1090 14.37 3023 12.23 n.a. 93 ± 6 79 13.5 73 1.0 1.82 0.14
MB 402-1d Mt. Wilbanks, 350 20 495 16.570 1422 47.61 2929 11.85 n.a. 71 ± 4 30 14.1 29 1.3 3.84 0.44
MB 412-1d Mt. Meunier, 600 20 516 14.820 1513 43.46 2964 11.99 n.a. 70 ± 4 98 13.1 57 1.8 3.26 0.40
MBL-55-10 Mt. Isherwood, 480 19 108 4.183 407 15.762 28585 18.33 11 78 ± 9 99 13.4 88 1.7 1.91 0.19
MBL-51-10 Barter Bluff, 735 21 358 7.673 1155 24.754 28585 18.57 15 93 ± 6 83 13.5 104 1.3 1.98 0.21
MBL-60-10 Kay  Peak, 335 21 189 7.586 2030 81.477 28585 19.43 48 29 ± 2 81 13.8 100 1.4 1.94 0.18
MBL-61-10 Dorrel Rock, 698 21 196 1.923 2111 20.711 28585 17.97 18 28 ± 2 100 14.5 45 0.7 1.98 0.17
MBL-63-10 Kay  Peak, 192 21 116 3.747 1154 37.28 28585 19.19 23 31 ± 3 100 13.1 44 1.2 1.97 0.17
MB 163-1m Mt. Goorhigian, 600 26 815 21.166 2639 68.537 23347 15.86 51 79 ± 5 14 13.2 113 1.5 1.81 0.11
MB 205-10m Mt. Prince, 630 20 100 4.764 356 16.961 23347 15.86 13 72 ± 9 100 14.4 51 0.8 1.71 0.12

Zircon Fission Track
MB 356-1m Wunneburger Rock, 110 10 1931 125.16 1489 96.51 3032 12.59 n.a. 108 ± 4 32 n.a. n.a. n.a. n.a. n.a.
MB 412-1d Mt. Meunier, 600 10 1489 163.65 1608 176.73 3032 13.01 n.a. 80 ± 3 100 n.a. n.a. n.a. n.a. n.a.

n - number of counted grains, ns / ρs - number and density  of spontaneous tracks, ni / ρ i - number and density  of induced tracks
nd / ρd - number and density  of tracks induced from dosimeter glass. MBL-samples: ζ = 324  ± 11, calculated for dosimeter glass CN5 . MB samples: ζ = 344 ± 5, calculated for dosimeter glass SRM 612.
MTL refers to non-c-axis corrected values

 



Table 3: Results of apatite (U-Th-Sm)/He thermochronology from nunataks of eastern Marie Byrd Land

Sample Code raw age error corrected error Ft
4He mass Sm Th U eU r sphere mean age S.E. S.D.

Locat. / Elevat. (m)(Ma) (Ma) age (Ma) (Ma) weighted (ncc) (µg) (ppm) (ppm) (ppm) (ppm) (µm) (Ma) (Ma) (Ma)

MBL-53-10
Kay Peak, 192 m 25 1.8 3.1
#5 17.34 1.07 24 3 0.73 0.230 3.536 1.80 14.56 27.58 31.01 58
#6 14.82 0.92 22 3 0.69 0.284 2.468 3.61 29.10 57.31 64.17 51
#7 23.27 1.44 28 3 0.83 6.458 8.186 6.61 220.31 228.05 279.86 93
#8 28.02 1.75 49 6 0.57 0.527 0.432 6.99 227.32 305.47 358.93 33

MBL-60-10
Kay Peak, 335 m 23 1.5 2.5
#1 17.67 1.10 23 3 0.76 0.332 4.772 30.91 19.40 28.60 33.32 66
#2 13.89 0.86 20 2 0.70 0.054 2.364 26.11 26.05 7.22 13.48 52
#4 16.50 1.02 25 3 0.65 0.131 2.151 11.91 13.78 27.19 30.49 46

MBL-61-10
Dorrel Rock, 698 m 18 2.0 n.a.
#1 14.28 0.89 18 2 0.80 0.070 7.789 8.69 9.08 2.98 5.16 82
#3 33.75 2.09 34 2 1.00 0.041 1.209 18.10 19.16 3.61 8.21 46
#4 37.67 2.34 38 2 1.00 0.067 1.572 19.91 16.63 5.24 9.25 52

MB 356-1m
Wunneburger Rock, 110 m 67 8.8 4.4
#1 52.72 3.27 69 8 0.76 1.036 4.715 59.31 52.21 21.52 34.10 66
#2 51.39 3.19 79 9 0.65 0.312 1.634 67.27 66.66 14.31 30.33 45
#3 49.24 3.05 60 7 0.82 1.604 9.997 49.80 37.53 17.58 26.66 86
#4 40.44 2.51 61 7 0.66 0.252 1.917 54.92 44.88 15.75 26.59 47

MBL-55-10
Mt. Isherwood, 480 m 54 1.5 0.9



#1 39.20 2.43 54 6 0.73 0.141 2.066 12.93 19.36 9.68 14.30 60
#2 37.26 2.31 56 7 0.66 0.140 2.209 17.04 18.56 9.50 13.95 48
#3 35.34 2.19 53 6 0.67 0.122 2.182 12.03 16.04 9.17 13.00 49

MBL-57-10
Morrison Bluff, 488 m
#1 49.28 3.06 77 9 0.64 0.985 1.665 16.07 121.74 70.37 99.06 72

MBL-51-10
Barter Bluff, 735 m 42 7.2 4.2
#1 28.13 1.74 36 4 0.78 0.478 7.191 43.85 31.60 11.68 19.34 74
#2 33.18 2.06 50 6 0.66 0.123 1.656 29.08 36.24 9.66 18.33 47
#4 29.85 1.85 40 6 0.76 0.305 4.524 41.17 37.00 9.55 18.46 65

MB 204-3/4m
Mt. Goorighian, 360 m
#1 82.68 5.13 128 15 0.65 1.535 1.800 66.35 187.91 39.86 84.37 47
#2 39.20 2.43 71 8 0.56 0.127 0.527 61.24 17.19 46.18 50.54 36

MB 163-1m
Mt. Goorighian, 600 m 63 1.4 1.0
#2 48.26 2.99 64 7 0.76 1.559 5.573 49.75 16.81 43.43 47.64 67
#3 48.55 3.01 62 7 0.78 1.157 3.566 72.78 23.64 48.95 54.89 72

MB 205-10m
Mt. Prince, 630 m 56 1.0 1.4
#1 40.19 2.49 57 7 0.71 0.233 3.627 72.07 19.46 7.99 12.95 57
#2 39.77 2.47 55 6 0.73 0.262 2.542 102.09 32.55 12.85 21.04 59

Ft - a-ejection correction after Farley et al. (1996); eU - effective U-concentration
rsphere - equivalent sphere radius of measured crystal, S.E. - standard error, S.D. - standard deviation
All aliquots refer to single-grain measurements
Figures in italics: excluded from thermal history modelling



Table 1: Lithologies and crystallization ages of non-volcanic rocks in eastern Marie Byrd Land

Nunatak Area Lithology  Age (Ma) Reference

Bailey Nunatak Western Hobbs Coast Lithic Graywacke n.a. Brand, 1979

Bennett Bluff Western Hobbs Coast Meta-igneous Rocks n.a. Brand, 1979

Cape Burks Western Hobbs Coast Olivin Gabbro n.a. Lopatin & Orlenko, 1974

Dorrel Rock Mt Murphy Gabbro 34.2 ± 0.2 Rocchi et al., 2006

Early Bluff Kohler Range Pink Granite 103.4 ± 0.3 Mukasa & Dalziel, 2000

Holmes Bluff Demas Range Megacrystic Granite 113 ± 2 Mukasa & Dalziel, 2000

Jeffrey Head Bear Peninsula Granodiorite, Monzogranite, Gabbro-Diorite 312 ± 10 Pankhurst et al., 1998

Kay Peak Mt Murphy Biotite-Muscovite Syenogranite 229 ± 10 Pankhurst et al., 1998

Kay Peak Mt Murphy Microgranite 262 ± 5 Pankhurst et al., 1998

Kay Peak Mt Murphy Microgranite 353 ± 2 Mukasa & Dalziel, 2000

Kay Peak Mt Murphy Ortho-Gneiss 505 ± 5 Pankhurst et al., 1998

Kinsey Ridge Western Hobbs Coast Hornblende-Biotite Monzogranite 239 ± 4 Pankhurst et al., 1998

Klimov Bluff Kohler Range Granodiorite 113 ± 6 Mukasa & Dalziel, 2000

Lewis Bluff Western Hobbs Coast Granite n.a. Brand, 1979

Mt Goorhigian Demas Range Leucocratic Granitic Gneiss 128 ± 2 Mukasa & Dalziel, 2000

Mt Goorhigian Demas Range Megacrystic Granite 127 ± 1 Mukasa & Dalziel, 2000

Mt Goorhigian Demas Range Garnet-bearing Granite 118 ± 5 Mukasa & Dalziel, 2000

Mt Hartkopf Western Hobbs Coast Granite n.a. Brand, 1979

Mt Hartkopf Western Hobbs Coast Tremolith-Epidote-Wollastonite Schist n.a. Brand, 1979

Mt Isherwood Kohler Range Biotite-Hornblende Granodiorite 243 ± 29 Mukasa & Dalziel, 2000

Mt Isherwood Kohler Range Biotite Monzogranite 276 ± 2 Pankhurst et al., 1998

Mt Langway Western Hobbs Coast Syenite 102 ± 1 Mukasa & Dalziel, 2000

Mt Langway Western Hobbs Coast Alkali Granite 98.9 ± 0.3 Mukasa & Dalziel, 2000

Mt McCoy Western Hobbs Coast Granodiorite 320 ± 3 Mukasa & Dalziel, 2000

Mt Meusnier Kohler Range Quartz-Diorite to Granodiorite 113 ± 2 Mukasa & Dalziel, 2000

Mt Pearson Western Hobbs Coast Lithic Graywacke n.a. Brand, 1979

Mt Prince Western Hobbs Coast Calc-alkaline Granite 110 ± 1 Mukasa & Dalziel, 2000

Mt Prince Western Hobbs Coast Mafic and Intermediate Dykes 101 ± 1 Mukasa & Dalziel, 2000

Mt Steinfeld Western Hobbs Coast Granodiorite 116 ± 1 Mukasa & Dalziel, 2000



Mt Strange Kohler Range Bt-Hbl-Diorite, Bt-Monzogranite, Grt-Ms Aplite 276 ± 2 Pankhurst et al., 1998

Mt Vance Western Hobbs Coast Syenite 102 ± 1 Mukasa & Dalziel, 2000

Mt Wilbanks Kohler Range Quartz-Diorite 283 ± 0.5 Mukasa & Dalziel, 2000

Navarette Peak Mt Petras, McCuddin Range Qtz-Pl-Ms-Chl-Grt Schist 340-380 Brand, 1979

Nickols Rock Western Hobbs Coast Feldspatic Greywacke n.a. Brand, 1979

Patton Bluff South of Demas Range Granitoid Cretaceous Pankhurst et al., 1998

Patton Bluff South of Demas Range Paragneiss enclave ~330 Ma (Protolith) Pankhurst et al., 1998

Peacock Peak Western Hobbs Coast Quartz-Hornblende-Tremolith Schist n.a. Brand, 1979

Peden Cliffs Western Hobbs Coast Quartz Syenite 99.3 ± 0.7, 98.4 ± 0.8 Mukasa & Dalziel, 2000

Rogers Spur Bear Peninsula Andesitic Breccia 150 Lopatin et al., 1974

Shepard Island Hobbs Coast Quartzite n.a. Lopatin & Orlenko, 1974

Southeast Spur Mt Petras, McCuddin Range Granodiorite 111 ± 5 Mukasa & Dalziel, 2000

Wallace Rock Mt Petras, McCuddin Range Quartz-Biotite-Muscovite Schist n.a. Brand, 1979

Wilkins Nunatak Western Hobbs Coast Syenite 101.8 ± 0.3 Mukasa & Dalziel, 2000

Wilkins Nunatak Western Hobbs Coast Arkose-Conglomerate, Quartzite n.a. Brand, 1979

Wunneburger Rock Martin Peninsula Diorite 129 ± 9 Mukasa & Dalziel, 2000



Table 2: Samples analysed for this study

Sample Code Location Lithology Latitude Longitude Elevation

Hobbs Coast 

MB 163-1m Mt Goorhigian megacrystic granite S 75° 03.7` W 133° 43.2` 600 m
MB 204-4m Mt Goorhigian foliated diorite S 75° 03` W 133° 48` 360 m
MB-204-3m Mt Goorhigian leucocratic gneiss S 75° 03` W 133° 48` 360 m
MB 205-10m Mt Prince granite S 74° 58` W 134° 10` 630 m

Kohler Range

MBL-51-10 Barter Bluff granite S 75° 09.59` W 113° 58.70` 735 m
MBL-57-10 Morrison Bluff gabbro S 75° 05.10` W 114° 19.50` 488 m
MBL-55-10 Mt Isherwood coarse white granite S 74° 58.99` W 113° 41.63` 480 m
MB 402-1D Mt Wilbanks microgranite S 75° 00` W 112° 53` 350 m
MB 412-1D Mt Meunier quartz diorite S 74° 57` W 113° 19` 600 m
MB 356-1m Wunneburger Rock diorite S 74° 42.4` W 113° 11` 110 m

Mt. Murphy

MBL-63-10 Kay Peak  leucogranite S 75° 13.05` W 110° 57.80` 192 m
MBL-53-10 Kay Peak amphibolite S 75° 13.05` W 110° 57.80` 192 m
MBL-60-10 Kay Peak migmatitic gneiss S 75° 13.23` W 110° 57.58` 335 m
MBL-61-10 Dorrel Rock gabbro S 75° 26.67` W 111° 22.06` 698 m

Wrigley Gulf

PS 75/130-2 offshore Berry Glacier glaciomarine sediment S 74° 26.73` W 134° 09.16` -793 m
PS 75/132-1 offshore Berry Glacier glaciomarine sediment S 74° 22.03` W 134° 22.95` -750 m
PS 75/133-1 offshore Berry Glacier glaciomarine sediment S 74° 20.64` W 133° 04.68` - 474 m
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