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ABSTRACT 

 

Investigating the secular geochemical and geodynamic evolution of accretionary orogens 

with zircon petrochronology: A case study from West Antarctica 

 

by 

Demian Alan Nelson 

 

 Subduction-related processes in accretionary orogens modulate Earth’s geochemistry. 

Uncovering the secular geodynamic evolution of accretionary orogens, therefore, is the key 

to Earth’s geochemical history. A record of the secular geodynamic evolution of accretionary 

orogens is preserved in the tempo, geochemistry, and distribution of subduction-related 

magmatism. Zircon is ubiquitous in subduction-related magmas and provides a valuable time 

integrated geochemical proxy for the secular geodynamic evolution of accretionary orogens 

via U-Pb geochronology, Hf isotopes, and trace-elements (i.e., zircon petrochronology). The 

paleo-Pacific margin of Gondwana, including South America, eastern Australia, and West 

Antarctica, provides an ideal opportunity to investigate the secular geodynamic evolution of 

accretionary orogens with zircon petrochronology because it contains the most long-lived 

and best-preserved record of accretionary orogenesis on Earth.  

 This dissertation represents the first comprehensive zircon petrochronologic study of 

Phanerozoic subduction and accretionary orogenesis in West Antarctica and combines the 

results with existing data from adjacent regions in eastern Australia and South America to 

refine our understanding of the secular evolution of accretionary orogens. Chapter 1 



 

 

 x 

investigates volcaniclastic sedimentary rocks in the central Transantarctic Mountains and 

documents episodic isotopically depleted magmatism along the Antarctic margin of 

Gondwana. Comparisons of these data from the central Transantarctic Mountains 

demonstrate a shared tectonic history between Antarctica, Zealandia, and Australia that 

contrasts with that of South America.  

 Chapter 2 applies zircon petrochronology to the plutonic rocks in eastern Marie Byrd 

Land and Thurston Island. These new data combined with existing data from the Antarctic 

Peninsula, western Marie Byrd Land, and central Transantarctic Mountains provides an ~450 

million year geochemical and geodynamic history for the Antarctic margin of Gondwana. 

This record is then compared with compilations from South America and Australia to 

determine similarities and differences in geochemical and geodynamic evolution along the 

Gondwana margin. Chapter 3 traces the source of Permian volcanic deposits in central 

Antarctica to a voluminous volcanic province in South America, the Choiyoi Province, which 

may have contributed to Permian climate change and environmental degradation. 
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I. Long-term geochemical and geodynamic segmentation of the paleo-

Pacific margin of Gondwana: insight from the Antarctic and adjacent 

sectors 

 Note: available at https://doi.org/10.1002/2017TC004611 

Abstract 

 

 Combined zircon geochemistry and geochronology of Mesozoic volcaniclastic 

sediments of the central Transantarctic Mountains, Antarctica, yield a comprehensive record 

of both the timing and geochemical evolution of the magmatic arc along the Antarctic sector 

of the paleo–Pacific margin of Gondwana. Zircon age populations at 266–183 Ma, 367–328 

Ma, and 550–490 Ma correspond to episodic arc activity from the Ediacaran to the Jurassic. 

Zircon trace element geochemistry indicates a temporal shift from granitoid–dominated 

source(s) during Ediacaran to Early Ordovician times to mafic sources in the Devonian 

through Early Jurassic. Zircon initial εHf shifts to more radiogenic Hf isotope compositions 

following the Ross Orogeny, and is inferred to reflect juvenile crustal growth within an 

extensional arc system during progressive slab rollback. These new ages and Hf isotopic 

record are similar to that from the Australian sector, indicating these regions constituted an 

~3000 km laterally continuous extensional arc from at least the Carboniferous to the 

Permian. Conversely, the South American sector records enriched zircon Hf isotopic 

compositions and compressional/advancing arc tectonics during the same time period. Our 
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new data constrain the location of this profound along–arc geochemical and geodynamic 

‘switch’ to the vicinity of the Thurston Island block of West Antarctica.  

 

Introduction 

 

 The paleo–Pacific margin of Gondwana (Fig. 1A) was a relatively continuous active 

convergent margin from at least the Ediacaran until initial supercontinent breakup in the 

Early Jurassic (Cawood, 2005; Collins et al., 2011). The volcanic, plutonic, metamorphic, 

and sedimentary products of this protracted convergence are found within various 

allocthonous, autocthonous, and para–autocthonous terranes throughout Peru, Chile, 

Antarctica, New Zealand, and Australia (Fig. 1A). Recent work has significantly improved 

our knowledge of this major arc system, primarily through detrital and igneous zircon 

geochronology and geochemistry of rocks from South America and Australia (e.g., Kemp et 

al., 2009; Cawood et al., 2011; Pepper et al., 2016). However, the segment of the post–

Ordovician arc system within the Antarctic sector (Fig 1B), i.e., the various crustal blocks of 

Zealandia and particularly West Antarctica, remains poorly understood due to a lack of data, 

largely a result of poor exposure and/or inaccessibility (i.e., ice covered or submarine 

continental crust). Unraveling the history of this segment of the arc is further complicated by 

a lack of robust paleomagnetic constraints on the relative locations and relationships between 

crustal blocks of West Antarctica and Zealandia from their presumed initial formation in the 

Neoproterozoic to Cambrian through to their breakup in the Cretaceous. In addition, 

extensive rifting, rotation, and translation of these crustal blocks since the Cretaceous means 

that this segment of the arc is highly dissected and makes reconstructing the pre–breakup 
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configuration of the paleo–Pacific margin of Gondwana a difficult task (Dalziel and Elliot, 

1982; Grunow et al., 1987; Storey et al., 1988) and has resulted in a gap in the record of the 

broad history of the paleo–Pacific margin of Gondwana.  

 A comprehensive archive of post–Ordovician arc volcanism along the Antarctic 

sector is recorded in Mesozoic volcaniclastic sediments deposited in a foreland basin setting 

that is now exposed in the Transantarctic Mountains (TAM; Barrett et al. 1986, Fig. 2). In 

contrast to West Antarctica and Zealandia, which have undergone large–scale translation and 

rotation, sediments in the TAM were deposited onto a section of the East Antarctic craton 

that remained tectonically undissected during supercontinent breakup. The Mesozoic strata 

studied here, the Fremouw and Hanson Formations, therefore provide an opportunity to 

characterize the evolution of the segment of the arc outboard of the TAM without the need 

for extensive paleogeographic reconstructions and associated uncertainties. The source(s) 

outboard of the TAM for volcanic detritus in these formations is presumed to be located in 

Zealandia, West Antarctica, and/or Patagonia (Fanning et al., 2011; Elsner et al., 2013; Elliot, 

et al., 2016; Elliot et al., 2017). This contribution presents the first study that combines zircon 

U–Pb geochronology, trace elements, and Hf isotopes for volcaniclastic sediments in the 

TAM in order to determine major periods of arc volcanism, the relative roles of crustal 

growth and recycling, and reconstruct the large–scale tectonic history of the Antarctic sector 

arc of the Gondwana margin. These data are further interrogated along–side data from other 

portions of the margin to infer the geodynamic and mantle evolution of the Antarctic sector 

relative to the South American and Australian sectors. 
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Geologic Background 

 

 Volcaniclastic sedimentary rocks of the Hanson and Fremouw Formations are 

amongst the youngest rocks (the Victoria Group) of the Devonian to Lower Jurassic strata of 

the Beacon Supergroup found throughout the TAM (Fig. 2). The Beacon Supergroup was 

deposited in the Transantarctic Basin that extends roughly the length of the TAM and formed 

between the stable East Antarctic Craton and the active magmatic arc of the paleo–Pacific 

Gondwana margin (Collinson et al., 1994). The oldest sediments of the Beacon Supergroup, 

the Taylor Group, are separated uncomformably from the crystalline basement (Granite 

Harbour Intrusives, GHI, Gunn and Warren, 1962) of the Neoproterozoic to Ordovician Ross 

Orogen by the Kukri Erosion Surface (LeMasurier and Landis, 1996). Pre–Ross–age igneous 

rocks in the TAM are limited to Proterozoic to Mesoarchean orthogneisses exposed in the 

Miller Range, cTAM (Goodge and Fanning, 2016). 

 The GHI of the Ross Orogen were emplaced between c. 590–485 Ma (Cox et al., 

2000; Goodge et al., 2012; Hagen–Peter et al., 2015; Paulsen et al., 2013) and represent 

initiation of arc magmatism along the Antarctic sector of the paleo–Pacific margin of 

Gondwana in the Ediacaran (Walker et al., 2013). The Delamarian Orogen in Australia 

contains correlative rocks to the Ross Orogen, both of which are components of the larger 

Terra–Australis Orogen (Cawood, 2005; Foden et al., 2006). Isolated examples of Ross–

Delamerian–aged rocks also occur in West Antarctica and Zealandia (Gibson and Ireland, 

1996; Pankhurst et al., 1998b; Mukasa and Dalziel, 2000; Allibone et al., 2009). 

 Following the termination of the Ross Orogeny in the Ordovician, the magmatic arc 

migrated outboard into West Antarctica, the Antarctic Peninsula, and Zealandia (summarized 
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in Elliot, 2013). During this time the Transantarctic basin developed behind the arc and 

evolved from a back–arc basin in the Early Permian to a foreland basin during the 

Gondwanide Orogeny in the Late Permian–Triassic times  (Collinson et al., 1994). Major 

influxes of volcanic detritus into the Transantarcic basin occurred in the late Early Permian 

with accumulation continuing through the Early Jurassic (Elliot, et al., 2016; Elliot et al., 

2017). Volcanic and magmatic rocks similar in age to the volcanic detritus in the 

Transantarctic basin occur in Zealandia, West Antarctica, the Antarctic Peninsula and 

Patagonia (summarized in Elliot 2013). For this reason, workers have variously attributed the 

source of the TAM volcanic detritus to contemporary arc volcanism in one or more of these 

regions (Elliot and Fanning, 2008; Elsner et al., 2013; Elliot, et al., 2016; Elliot, Fanning, et 

al., 2016; Elliot et al., 2017; Fanning et al., 2011). However, correlations between the 

volcaniclastic sedimentary rocks of the Hanson and Fremouw Formations and their potential 

source region(s) rely chiefly on geochronology rather than a combination of geochronology 

and complimentary isotopic and elemental tracer data for unaltered/unmodified volcaniclastic 

sediments or minerals (i.e., zircon).  Consequently, previous detrital zircon studies in the 

TAM have not been able to better constrain the igneous source regions, nor derive an 

unambiguous record of the geochemical evolution of the arc through time.  

 

 Hanson and Fremouw Formations 

 

 Well–exposed sections of Triassic to Jurassic Beacon Supergroup strata in the central 

TAM (cTAM) contain fluvial sediments of the Triassic Fremouw Formation (Fig. 2; 
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Collinson et al., 1994; Elliot and Fanning, 2008). Variable amounts of volcanic detritus 

throughout the Fremouw Formation and the underlying Buckley Formation are inferred to 

record contemporaneous volcanism sourced from the outboard magmatic arc (Barrett et al., 

1986; Elliot and Fanning, 2008). Recent zircon geochronology for the Fremouw Formation 

provide early Triassic maximum deposition ages of 245.9 ± 2.9 Ma and 242.3 ± 2.3 Ma, 

improving the record of contemporaneous volcanism (Elliot et al., 2017). 

 Overlying the Fremouw Formation is the Late Triassic Falla Formation and the Early 

Jurassic volcaniclastic–rich Hanson Formation. The Hanson Formation consists of tuffs, 

tuffaceous sandstones, arkosic grits and sandstones, and lapillistones that comprise a 235 m 

thick section at the type locality at Mount Falla (Fig. 2; Elliot, 1996; Elliot, et al., 2016). The 

only other section of correlative Early Jurassic reworked silicic tuffs with exposed upper and 

lower contacts, the Shafer Peak Formation, occurs in the Deep Freeze Range in northern 

Victoria Land (NVL, Fig. 1B, Schoener et al., 2007; Elsner et al., 2013). Tuffs of the Hanson 

Formation are dacitic to rhyolitic in composition (~67 to 78 wt % SiO2) with the majority 

containing evidence for fluvial reworking, with relatively few primary tuffs that, where 

present, are interpreted to represent unmodified airfall deposits resulting from distal 

(super)plinian eruptions (Elliot, 2000; Elliot et al., 2007; Elliot, et al., 2016). Whole–rock 

geochemistry and Ar–Ar geochronology are compromised by admixed detrital material and 

zeolite alteration (Elliot et al., 2007). However, whole rock major– and trace–elements, and 

Sr and Nd isotopic data for the least modified tuffs suggest derivation from a volcanic arc 

(Elliot, et al., 2016). 

 The Hanson and Shafer Peak Formations are designated Early Jurassic in age because 

they are younger than the Upper Triassic Dicroidium–bearing sandstones of the underlying 
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Falla (cTAM) and Section Peak (NVL) Formations and are overlain by the ~182.8 Ma 

Kirkpatrick lavas and pyroclastics of the Prebble and Exposure Hill Formations (Fig. 2; 

Burgess et al. 2015). An early Jurassic age for tuffs of the Hanson Formation is supported by 

U–Pb zircon ages of 182.7 ± 1.8 Ma, 186.2 ± 1.7 Ma, and 194.0 ± 1.6 Ma (Elliot et al., 2007; 

Elliot et al., 2016). These age constraints indicate that Hanson tuff deposition continued up 

to, and was perhaps contemporaneous with, emplacement of mafic sills and lavas of the Early 

Jurassic Ferrar Large Igneous Province (LIP) that forms a 3500 km linear belt along the 

TAM (Elliot and Fleming, 2004; Burgess et al., 2015). However, the tectono–magmatic 

relationship between Early Jurassic volcanism as preserved in the Hanson Formation and the 

Ferrar LIP magmatism remains unknown (Elliot et al., 2007). U–Pb detrital zircon dates from 

Shafer Peak and Section Peak formations provide maximum deposition ages spanning from 

~190 Ma through the Upper Triassic (Elsner et al., 2013). All of these formations also 

contain significant proportions of principally Ediacaran to Ordovician and late 

Mesoproterozoic to early Neoproterozoic detrital zircon, i.e., a typical “Gondwana 

Signature,” inferred to originate from erosion of proximal crystalline basement and/or lower 

Paleozoic strata, recycling from underlying strata, or from similar aged rocks outboard in 

West Antarctica and Zealandia (Elliot et al., 2015, 2016b, 2017). 

 

 Potential volcanic sources 

 

 Numerous examples of Paleozoic–Mesozoic magmatic and volcanic potential source 

rocks have been discovered throughout the paleo–Pacific margin of Gondwana (Fig. 1B; 
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Elliot, 2013). However, notwithstanding complications from contamination and/or alteration 

of isotopic ratios by detrital components and zeolite alteration, Elliot et al. (2007; 2016) 

suggested that dissimilar whole–rock Sr and Nd isotopic compositions of available Mesozoic 

West Antarctic magmatic rocks indicates they are not a direct source for the Early Jurassic 

Hanson Formations. Despite a lack of isotopic data, Permian and Triassic arc–related rocks 

within West Antarctica and Patagonia have also been suggested to represent potential source 

regions for Permian–Triassic volcaniclastic units in the cTAM (Fanning et al., 2011; Elliot et 

al., 2017).  

 Potential sources also exist in Zealandia, where both in–situ magmatic rocks and 

detrital zircons record arc activity throughout the Mesozoic and earlier (Fig. 1B; Elliot, 2013; 

Kimbrough et al., 1994; Adams et al., 2002; Adams et al., 2013; Mortimer et al., 2015). 

Nevertheless, unexposed/undiscovered magmatic rocks in West Antarctica (e.g., Marie Byrd 

Land), remain the prevailing volcanic source region hypothesis for volcanic detritus material 

in the cTAM Beacon Supergroup  (Elliot, et al., 2016; Elliot et al., 2017; Elsner et al., 2013).  

 

Sampling and Methods 

 

 This study presents zircon geochronology and geochemistry from 25 rock samples of 

the Hanson Formation and 5 rock samples of the Fremouw Formation selected from the Polar 

Rock Repository (doi:10.7289/V5RF5S18) representing various stratigraphic heights and 

sections in the cTAM. Zircons were separated using standard mineral separation techniques 

(i.e., disk milling, water table, magnetic separation, and heavy liquids). Representative 
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zircons from each sample were mounted in epoxy and polished to expose equatorial sections. 

Prior to isotopic analysis, zircons were imaged via Cathodoluminescence (CL) on an FEI 

Quanta400f scanning electron microscope (SEM) and used to guide selection of locations for 

LASS (U–Pb and trace elements) and Lu–Hf measurements. 

 Zircon U–Pb isotopes and trace element concentrations were obtained simultaneously 

with using the ‘split stream’ approach (Kylander–Clark et al., 2013) at UCSB under standard 

operating conditions (McKinney et al., 2015). Instrumentation consists of a 193 nm ArF 

excimer laser ablation (LA) system coupled to Nu Plasma high–resolution multi collector–

inductively coupled plasma mass spectrometer (MC–ICP–MS) for U/Pb and an Agilent 

7700S Quadrupole ICPMS for trace elements.  Between 60 and 100 grains were measured 

for U–Pb and trace element analysis from each sample. Subsequent Lu–Hf analyses were 

performed by LA–MC–ICPMS exclusively on zircon younger than Ordovician (n = 15 per 

sample) to better characterize the geochemistry of post–Ross–aged zircon. All data reduction 

was performed using Iolite v2.5 (Paton et al., 2010, 2011) and 207Pb corrected 206Pb/238U ages 

were calculated for zircon younger than c. 800 Ma using the method of Andersen (2002) and 

ISOPLOT/EX (Ludwig, 2003). Detailed analytical methods, data reduction protocols and 

results of reference zircon analyses and unknown data are in the Supplementary Information, 

and Datasets S1 and S2 provided in the Appendix (Patchett and Tatsumoto, 1980, 1981, 

Wiedenbeck et al., 1995, 2004; Chu et al., 2002; Jackson et al., 2004; Thirlwall and 

Anczkiewicz, 2004; Woodhead and Hergt, 2005; Blichert-Toft, 2008; Sláma et al., 2008; Liu 

et al., 2010). 
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Results 

 Geochronology 

 

 22 of the 25 samples of the Hanson Formation and all samples of the Fremouw 

Formation contain zircon age populations near the inferred stratigraphic age of the sample 

and allow for determination of maximum deposition ages (summarized in Table 1). In 

addition, populations of older detrital zircon are also present (representative examples are 

plotted in Fig. 3). To compute maximum depositional ages, Kernel Density estimates (KDE, 

Vermeesch, 2012) were constructed for each sample using only zircon near the stratigraphic 

age of the formation (i.e., zircon < 205 Ma for the Hanson Formation and < 260 Ma for the 

Fremouw Formation) and a subset of the youngest of those dates were used to calculate a 

weighted mean age  (Fig. 3). Overall, maximum deposition ages young upward, consistent 

with the stratigraphic relationships, and range from 199.5 ± 0.7 to 184.9 ± 1.3 Ma for the 

Hanson Formation and 247.9 ± 1.7 to 241.2 ± 1.3 Ma for the Fremouw Formation. These 

ages support an Early Jurassic depositional age for the Hanson Formation and an Early to 

Middle Triassic age for the Fremouw Formation (Collinson and Elliot, 1984; Elliot, Larsen, 

et al., 2016; Elliot et al., 2017). 

 The remaining zircon in each sample (> 205 Ma in the Hanson Formation and > 260 

Ma in the Fremouw) make up a considerable proportion of the total data, ranging from ~17 to 

68 % of measured zircon in each sample (Fig. 3). To enable direct comparison amongst all 

data, zircon in the Hanson Formation and Fremouw Formation are compiled and illustrated 

on a single KDE (Fig. 4). The most abundant zircon sub–populations in both formations are 
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those near the formation’s stratigraphic age. The Hanson Formation, however, also contains a 

continuous range of zircon ages from the Early Jurassic to the Late Permian as well as a 

minor Devonian–Carboniferous population. Similarly, the Fremouw Formation contains an 

overlapping Permo–Triassic sub–population but a more abundant Devonian–Carboniferous 

sub–population than samples of the Hanson Formation. Combined, the Hanson and Fremouw 

formations contain zircon ages ranging from 266 to 183 Ma and 367 to 328 Ma (Fig. 4) In 

addition, approximately one quarter of all analyzed zircon from both formations are 

Ordovician or older, and collectively represent a typical “Gondwana Signature,” 

characterized by a peak between 550 to 490 Ma (corresponding to the Ross–Delamarian 

Orogeny), a peak between 1210 to 1000 Ma (corresponding to the Grenville Orogeny), and a 

minor component older than 1.3 Ga (not shown).  

 

 Trace elements 

 

 Zircon trace element data are provided in Dataset S1 and discriminatory trace 

elements and ratios, i.e., Hf ppm and Th/U, are plotted in Fig 5. The ‘short’ classification and 

regression tree (CART) were applied to the zircon trace element data to define source rock 

type (Belousova et al. 2002). Figure 5 suggests a change in source rock type through time, 

from predominantly granitoid during the Ross Orogeny to dolerite in the Devonian–Jurassic 

arc, with 96 % of zircon with >10150 Hf ppm classified as granitoid, 97 % with 8000–10150 

Hf ppm classified as dolerite, and zircon with <8000 Hf ppm classified as either basalt (89%) 

or carbonatite (11%) (Fig. 5A). Overall, the average (± 1 SD) zircon Hf concentration 
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decreases through time from 10850 ± 1400 ppm during the Ross–Orogeny, 9770 ± 1560 ppm 

for the Devonian—Carboniferous, 9630 ± 1430 ppm for the Permian—Triassic, and 9200 ± 

1420 ppm for the Early Jurassic. Similarly, the average (± 1 SD) zircon Th/U increases 

steadily through time from 0.51 ± 0.29 during the Ross Orogeny to 1.06 ± 0.52 in the Early 

Jurassic, and a small population of exclusively Ross-age zircon yields zircon with Th/U < 0.1 

potentially indicative of a metamorphic origin (Rubatto, 2002). Similarly, Figure 5B shows a 

decrease in granitoid source rock type from 62 % during the Ross Orogeny to 21 % in the 

Early Jurassic. This decrease is correlated with a concomitant increase in mafic source rock 

type (i.e., basalt + dolerite) from 31 % during the Ross Orogeny to 77 % in the Early 

Jurassic. 

 

 Hafnium isotopes 

 

 Zircon Hf isotope data are provided in Dataset S2. To better characterize the 

geochemical evolution of post–Ross-age arc magmatism, Lu–Hf isotopic measurements were 

exclusively made on 266 – 183 Ma and 367 – 328 Ma zircon sub–populations (Fig. 6). These 

data are combined with recent data for the Ross Orogen (Hagen–Peter et al., 2015) to 

illustrate the zircon Hf isotopic evolution of the arc as recorded in the Transantarctic 

Mountains. 95% of zircon with ages between 205 – 183 Ma (n = 273) record initial εHf values 

of –1.8 to +6.6. Similarly, approximately 97% of zircon dated between 270 – 240 Ma (n = 

97) yield initial εHf values of –0.4 to +13.9, overlapping the ‘new crust’ evolution line 
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(Dhuime et al., 2011) and the depleted mantle evolution line (Vervoort and Blichert–Toft, 

1999). Finally, all 367 – 328 Ma zircon (n = 37) range from –1.8 to +10.3 initial εHf. 

 

Discussion 

 

 Zircon geochronologic record in the cTAM 

 

 The 266 – 183 Ma and 367 – 328  Ma sub–populations preserved in the Hanson and 

Fremouw formations provide a comprehensive archive of post–Ross–age detrital zircon in 

the Beacon Supergroup consistent with, and significantly expanding on, the published data 

(Elliot and Fanning, 2008; Elliot et al., 2016b, 2017). Our data are characterized by large 

proportions of zircon ages close to the stratigraphic age of the sample (due to 

contemporaneous volcanism) and, therefore, reflect deposition adjacent to a magmatic arc 

along a convergent plate margin (Cawood et al., 2012). Consequently, our observations agree 

with those of Elliot et al. (2016) and Elliot et al. (2017) who argue that these age ranges 

correspond to continuous periods of intensified volcanism in the arc directly outboard of the 

Transantarctic Basin. Previous workers have also thoroughly reviewed the provenance of the 

characteristic “Gondwana Signature” observed in these rocks (Elliot et al., 2015, 2016b, 

2017). 

 Tuffs of the Hanson Formation are the best–preserved sequence of volcaniclastic 

sediments in the TAM and contain fine– to very–fine–grained silicic ash with distal Plinian 

eruption sources and medium–grained tuffs and accretionary lapilli that indicate more 
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proximal sources (Elliot, et al., 2016). According to plate reconstructions, the arc would have 

been a maximum of 600–800 km from the cTAM in the Early Jurassic (Lawver et al., 2014; 

Elliot, et al., 2016). Although the inferred ash transport distances are considerable they are 

not without precedent. Recent workers have shown that Cretaceous super–eruptions along the 

paleo–Pacific margin of Gondwana transported zircon some 2300 km from their volcanic 

source (Barham et al., 2016). It is therefore reasonable to conclude that the detrital zircon 

record from the cTAM may be an integrated record of active volcanism from a significant 

portion of the outboard arc. 

 Existing detrital and crystalline basement zircon dates from West Antarctica, southern 

South America (i.e., Patagonia), Zealandia, and Australia indicate that all regions record 

overlapping periods of arc–related igneous activity in the Paleozoic and Mesozoic. A 

thorough review of the Devonian through Early Jurassic arc recorded in these regions is 

provided by Elliot (2013) and is therefore only briefly summarized here. In particular, 

granites and detrital zircon associated with the Lachlan and New England orogenies of 

Australia record a Devonian–Carboniferous and a Permian–Triassic arc (Cawood, 2005; 

Veevers et al., 2006; Cawood and Buchan, 2007; Kemp et al., 2009; Cawood et al., 2011; 

Phillips et al., 2011; Shaw et al., 2011; C. J. Adams et al., 2013; Jeon et al., 2014; Li et al., 

2015; Shaanan et al., 2015). The Median Batholith and volcaniclastic sediments of Zealandia 

contain a similar record of arc activity for these time periods (Kimbrough et al., 1994; 

Cawood et al., 1999; Mortimer et al., 1999, 2014, 2015; Adams et al., 2007; Allibone et al., 

2009; Tulloch et al., 2009; C J Adams et al., 2013a, 2013b). Detrital and igneous dates for 

the southern section of the South American arc compiled by Pepper et al. (2016) provide a 

comprehensive record of near continuous activity with several pulses of increased magma 
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production throughout the Paleozoic and Mesozoic. The record is more scattered in the ice–

covered regions of West Antarctica (i.e., Marie Byrd Land, Thurston Island, the Ellsworth–

Whitmore block, and the Antarctic Peninsula), but limited geochronologic data available 

suggest the bedrock contains Devonian through Early Jurassic magmatic and volcanic rocks 

(Pankhurst et al., 1993; Mukasa and Dalziel, 2000; Millar et al., 2002; Yakymchuk et al., 

2015; Craddock et al., 2017a, 2017b; Riley et al., 2017).  

 Comparing the detrital zircon data from Pepper et al. (2016) to detrital zircon data 

from Australia and Zealandia (combined) illustrates broad differences in the timing of arc 

magmatic activity between these regions and the cTAM (Fig. 7). The most important 

similarity between these regional datasets is that they both display a nearly continuous record 

of zircon dates from the Devonian through the Early Jurassic. However, an apparent 

difference emerges between the timing of pronounced peaks representing increased 

magmatic activity. Data from southern South America indicate increased magmatic activity 

from 400 – 350 Ma (or older), 325 – 245 Ma, and a sharp peak in the Early Jurassic that 

overlap with magmatic lulls (or gaps) in the data from Australia and Zealandia. Increased 

magmatic activity in Australia and Zealandia occurs from 360 – 295 Ma and 275 – 215 Ma, 

partially overlapping lulls in the South American data and the zircon peaks from the cTAM. 

Along–arc variation in episodic behavior similar to that observed here from South America 

to Zealandia–Australia has also been observed in other arcs and may indicate a major change 

in tectonism or subduction dynamics (Paterson and Ducea, 2015)  between these two regions. 

The similarity between the cTAM zircon ages and the detrital zircon record from Australia 

and Zealandia suggests that they may have a shared history of tectonism and subduction, and 

that a continuous arc system may have extended from Australia, through Zealandia, and 
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outboard of the cTAM from the Devonian to at least the Triassic. Based on the difference in 

zircons etc. this arc system is likely to have been decoupled, at least temporally, from the 

southern South American sector arc.  

 Studies of the crystalline basement and detrital zircon record of the Antarctic 

Peninsula indicate that it is more closely related with the arc history of southern South 

America, i.e., Patagonia, rather than Zealandia or Australia (Bradshaw et al. 2012; Castillo et 

al. 2015; Fanning et al. 2011). For this reason, and for comparative purposes, the Antarctic 

Peninsula data are grouped with the South American data. 

 

 Zircon trace element petrochronology 

 

 As mentioned earlier, the rocks studied here contain older detrital zircon comprising a 

typical “Gondwana Signature” (Fig. 4). The presence of these zircon, as well as the range of 

zircon dates discussed above, in all of the samples included in this study, indicates that whole 

rock elemental and isotope geochemistry reflects the concentration–weighted cumulative 

contribution of material from numerous isotopically and temporally distinct reservoirs and 

therefore does not accurately record the time–resolved isotopic evolution of the magmatic 

source. For this reason we focus exclusively on zircon isotope and elemental geochemistry to 

track the geochemical evolution of the arc through time. 

 The zircon trace element data reported here are the first of their kind for Early 

Jurassic and Permian strata of the Transantarctic Mountains and provide insight into the 

geochemical evolution of the arc. The utility of detrital zircon trace element geochemistry is 
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in relating the concentrations and ratios of key trace elements to either a particular source 

rock type (Belousova et al., 2002b), a tectono–magmatic setting (Grimes et al., 2015), and/or 

to the concentration and/or ratio of various trace elements in the source rock (Chapman et al., 

2016). These techniques have been met with some skepticism, partially due to the difficulty 

in determining reliable zircon/bulk rock trace element partition coefficients (Hoskin and 

Ireland, 2000; Chapman et al., 2016). Nevertheless, application of the techniques from 

Grimes et al. (2015) and Chapman et al. (2016) indicate that zircon from the cTAM fall on 

the magmatic arc array and have light rare earth element enrichment, typical of magmatic 

arcs, supporting our assertion that the source region(s) for the CTAM zircon is located in the 

arc outboard of the paleo–Pacific margin.  

 Application of the short ‘CART’ classification tree of Belousova et al. (2002b), yields 

apparent variations in rock type through time, with a mostly granitoid source rock during the 

Ross Orogeny and a predominantly mafic source rock (basalt and dolerite) for the Devonian–

Jurassic arc (Fig. 5). Zircon Hf concentration is a distinguishing characteristic of the ‘short’ 

CART tree, and the data show a decrease in Hf concentration from the Ross Orogeny through 

the Devonian–Jurassic zircon ages indicating a switch to more juvenile mafic magmatism 

following the termination of the Ross Orogeny. The classification of dolerite or basalt for 

many of the Early Jurassic zircon from the Hanson Formation is apparently at odds with 

petrographic studies and whole rock geochemical data for Hanson tuffs that suggests a 

primarily rhyolitic source from explosive plinian eruptions interpreted to record silicic arc 

volcanism (Elliot et al., 2016). In contrast, the designation of Ediacaran–Ordovician zircon as 

mostly granitoid appears to be an accurate classification as the corresponding Ross Orogen is 

dominated by granitic batholiths (e.g., Cox et al., 2000). The apparent mismatch between 
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zircon geochemistry and bulk rock geochemistry of Permian–Early Jurassic volcaniclastic 

sediments may be a result of the relatively long transport distances. It has been demonstrated 

that during atmospheric transport, crystal fractionation can occur, modifying the apparent 

bulk composition of the resulting sediments (Fruchter et al., 1980; Hinkley et al., 1980; 

Taylor and Lichte, 1980). This suggests that the volcanic components in the Hanson and 

Fremouw formations may in fact reflect mafic volcanism rather than silicic. In any event, a 

decrease in zircon Hf concentration correlated with an increase in Th/U indicates a more 

mafic, primitive, less evolved, arc system (McKay et al., 2016a) prevailed in Devonian 

through Early Jurassic time compared to the Ross Orogeny (Fig. 5). This switch from felsic– 

to mafic–dominated magmatism may indicate the development of an extensional or retreating 

arc system following the termination of the advancing tectonics during the Ross Orogeny 

(Collins, 2002a). 

 

 Zircon Hafnium isotopes and geodynamic evolution 

 

 The positive initial εHf values for Devonian and younger zircons contrast with 

negative values for zircon from granites of the Ross Orogen (Fig. 6; Hagen-Peter et al., 

2015). The relative change in zircon initial εHf through time in magmatic arcs has been linked 

to the tectonic evolution of the arc (Kemp et al., 2009). In particular, Kemp et al. (2009) 

argued that a relative increase in initial εHf is indicative of a retreating arc system associated 

with an outboard migration of subduction zone magmatism during slab rollback and 

associated crustal extension and thinning. The increase in initial εHf in the inferred retreating 



 

 

 19 

arc system results from either a reduced amount of crustal assimilation during crustal 

extension and thinning and/or melting of upwelling depleted asthenospheric mantle. 

Conversely, an advancing arc system is associated with a decrease in the initial εHf 

composition during periods of compression when the slab is advancing and the arc is 

contracting (i.e., crustal thickening). Hf compositions decrease in advancing arc systems due 

to increasing crustal assimilation during crustal thickening and/or mantle enrichment by an 

elevated contribution of subducted material to the mantle wedge. This model of “tectonic 

switching” (Collins, 2002a) provides a conceptual framework within which to interpret the 

data from the cTAM. It should be noted, however, that alternatives to the Collins (2002a) 

model used here have been proposed for the paleo-Pacific margin of Gondwana (Crawford, 

2003; Aitchison and Buckman, 2012; Gibson et al., 2015). These models generally support 

“quantum tectonics” which refers to switching of subduction polarity, subduction flip, along 

the Gondwana margin resulting in periods of island arc formation, accretion, and switch to 

continental arc formation (Aitchison and Buckman, 2012). This is in contrast to the 

“accordion tectonics” hypothesis endorsed in this study that supports a nearly continuous 

continental arc, i.e., accretionary orogen, undergoing periods of extension during slab retreat, 

and compression during slab advance (Collins, 2002a; Cawood et al., 2009). For our 

purposes, we interpret our data within the model of accretionary orogenesis because it has 

been widely applied to zircon Hf isotope datasets along the paleo-Pacific margin of 

Gondwana (e.g., Kemp et al., 2009; Rey et al., 2016; Pepper et al., 2016; Phillips et al., 2011; 

Li et al., 2015), and there remains no consensus on the appropriate tectonic model for the 

evolution of the margin (Aitchison and Buckman, 2013; Fergusson, 2013). 
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 Recent studies suggest the Ross Orogeny mantle source was significantly modified 

due to the addition of subducted ancient crustal material, producing a mantle source with 

enriched, unradiogenic initial εHf compositions (Hagen–Peter et al., 2015; Couzinié et al., 

2016). Consequently, the positive initial εHf values for zircon younger than the Ordovician 

cannot be explained without the addition of a juvenile, primitive depleted mantle component 

to the arc magma source region(s) following the Ross Orogeny. For this reason the increase 

in initial εHf from the Ordovician to the Devonian is interpreted as a change in the tectonic 

conditions from an advancing arc system undergoing crustal thickening and crustal recycling 

in the Ross Orogeny to a retreating arc system undergoing extension and reduced crustal 

recycling in the Devonian–Carboniferous (Cawood and Buchan, 2007). The period between 

the Ordovician and Devonian that contains few zircon ages possibly represents a magmatic 

lull in the Antarctic sector arc, but the lack of data precludes us from determining the precise 

time of tectonic switching from an advancing to a retreating system. Even though Devonian–

Carboniferous magmas represent increased juvenile mantle melting compared to the Ross 

Orogeny, the zircon initial εHf is still far below the depleted mantle evolution line and also 

varies considerably from –2 to +10. The variation in Hf composition is interpreted to 

represent either a minor contribution of subducted crustal material in an already 

heterogeneous mantle source and/or variable crustal assimilation during magma ascent. In 

either case, only a few of the lowest initial εHf zircon from the Devonian–Carboniferous can 

be explained by complete recycling of Ross–aged or older crust (assuming a Lu/Hf = 0.012, 

Rudnick and Gao, 2003). A similar case can be made for Permian–Triassic zircon, in which 

the εHf ranges from 0 to +14 with an overall increase in the initial εHf composition through 

time. This suggests generation of juvenile crust related to continued extension and outboard 
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migration of the magmatic arc during slab retreat in the Late Permian to Early Triassic. The 

large variation in initial εHf is again interpreted as reflecting either a heterogeneous mantle 

source and/or assimilation of crust during ascent. Much of the Permian–Triassic initial εHf 

data, however, can be explained by recycling of juvenile Devonian–Carboniferous crust 

(assuming a Lu/Hf = 0.012), so the degree of crustal growth in the Permian–Triassic is 

inferred to be limited. It is probable that Permian–Triassic magmas ascended through 

juvenile crust produced in the Devonian–Carboniferous as well as older crust (i.e., Ross, 

Grenville, etc.) and assimilated multiple crustal reservoirs. This makes it difficult to assess 

the amount of crustal growth that may have occurred during this time period. 

 In the Early Jurassic, initial εHf zircon composition shifts to more intermediate values 

of –1.8 to +6.6, indicating increased crustal recycling relative to the Triassic. It is unclear 

whether these lower initial εHf compositions are generated by subduction modification of the 

mantle source and/or by crustal assimilation; however, a relative decrease in initial εHf 

implies a contraction of the magmatic arc during a switch to an advancing tectonic regime. 

The full range of initial εHf for the Early Jurassic can be explained by recycling of Devonian–

Carboniferous and Permo–Triassic crust (assuming a Lu/Hf = 0.012, Fig. 6).  

 

 Pan–paleo–Pacific margin Hf isotopes 

 

 Our new zircon Hf isotope data enable the first opportunity to make broad 

comparisons between the cTAM and other portions of the paleo–Pacific margin of 

Gondwana. Compilations of both zircon and whole–rock Hf isotope data from igneous rocks 
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and detrital zircon (Fig. 8A) separated into two regions, Australia and Zealandia (Red), and 

South America (blue), and fields of major groupings of data from the cTAM (grey). These 

comparisons allow tracking of correlations inferred for arc systems and subduction dynamics 

through time to determine periods in which the Antarctic sector arc may have been coupled 

tectonically and geochemically with the Australian arc system, the South American arc 

system, or neither (decoupled). Devonian–Carboniferous zircon Hf data from the cTAM is 

generally positive and overlaps with data from Australia, Zealandia, and South America. 

Only data from Australia and Zealandia, however, overlap with the most positive values from 

the cTAM during this time. Permo–Triassic zircons from the cTAM on the other hand are 

highly positive and overlap almost entirely with data from Zealandia and Australia and only 

partially with low initial εHf values from South America.  

 The overlap of Permo–Triassic initial εHf between Australia–Zealandia and the cTAM 

zircon is a salient observation because it indicates a major period of crustal growth, 

extension, and slab retreat that was continuous along the arc from Australia through 

Zealandia, to outboard of the cTAM (Fig. 8 and 9). This is consistent with a stepping out in 

the position of the plate boundary along Australia and Antarctica during the late Paleozoic to 

Mesozoic Gondwanide Orogen (Cawood, 2005). The Early Jurassic zircon Hf record from 

Australia and Zealandia is limited, with only six individual zircon measurements available. 

Nevertheless, the data from the cTAM overlap with data from both Australia and Zealandia, 

and South America. South American zircon Hf values have a considerable range with a 

significant number of negative initial εHf values that indicate a difference between the South 

American Early Jurassic arc and the arc outboard of the cTAM. Overall, the generally 

positive initial εHf compositions from the Ordovician through the Early Jurassic correlate 
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strongly with the positive initial εHf compositions of the Zealandia and Australian sectors of 

the margin but contrast strongly with the negative values recorded in the South American 

sector.  

 To support this postulated shared history between Antarctic and Australian sectors, 

mean initial εHf values are calculated in 20 m.y. bins for Zealandia and Australia (red), and 

South America (blue) (Fig 8B). Calculating mean values enable a more statistically rigorous 

determination of periods of increasing or decreasing Hf isotope compositions through time 

and allow identification of periods in which the Australian and South American arc system 

are geochemically and tectonically decoupled. The Paleozoic history of the Australian arc 

system, as inferred from this compilation, includes extension, crustal growth, and slab retreat 

during the Devonian, a period of slab advance and increased recycling in the Carboniferous, 

and a shift back to crustal growth during slab retreat and extensional tectonics that persists 

until at least the Middle Triassic. These inferred tectonic switches based on our compilation 

of Hf isotope data are consistent with, and reinforce, the findings of (Kemp et al., 2009). The 

Late Triassic and Early Jurassic data from Australia and Zealandia are limited but may 

indicate a switch to slab advance. Overall, the mean Hf isotopic evolution of the Australian 

sector arc system represents an extensional (retreating) arc system or orogen (Collins, 2002b; 

Cawood et al., 2009; Kemp et al., 2009) with major periods of crustal growth during 

extension and outboard migration of the arc associated with slab rollback.  

 In contrast to the Australia and Zealandia segment, the Hf compilation from the South 

American sector illustrates a significantly different inferred geodynamic evolution. In 

particular, the Paleozoic history is dominated by relatively constant, negative initial εHf 

compositions, indicating increased recycling of ancient crust during slab advance, consistent 
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with previous work (Pepper et al. 2016; Bahlburg et al. 2009). The Late Triassic history of 

South America reported by Hervé et al. (2014) includes a shift to positive εHf values and 

extension following the Gondwanide Orogeny. During Early Jurassic time initial εHf values 

return to negative values, suggesting a switch back to advancing tectonics and crustal 

recycling.  

 Overall, the initial εHf composition of the South American arc remains fairly negative 

throughout the Paleozoic and Early Mesozoic, suggesting that the subduction zone remained 

proximal to the continental margin and recycling ancient crust in an advancing arc system 

(Cawood et al., 2009). Previous authors have noted this along arc geochemical and 

geodynamic variation between South America and Australia (Collins et al., 2011), but the 

nature of the arc between these two regions (i.e. Antarctica) has, until now, remained largely 

unknown. Castillo et al. (2015) observed a general increase in Permian detrital zircon initial 

εHf from Patagonia to the Antarctic Peninsula and attributed it to decreased sediment erosion 

and subduction due to Mesozoic glaciation. Similarly, in our compilation we observe an 

increase in initial εHf during periods of glaciation in eastern Australia from the mid-

Carboniferous (c. 327 Ma) to the early Late Permian (c. 260 Ma) (Fig. 8B; Fielding et al., 

2008) that may also correspond to reduced sediment erosion and subsequent subduction 

rather than a switch to a retreating arc system, as is suggested here. This process, however, 

cannot explain the high initial εHf during the Late Permian—Early Triassic (c. 250 Ma) in 

non-glaciated eastern Australia that match well with our data from the cTAM. We would 

expect a significant decrease in the initial εHf during nonglacial periods (e.g., c. 250 Ma) if 

arc chemistry were controlled by fluctuations in continental erosion related to glaciation 

rather than geodynamics of the arc system. Instead, it is argued that major periods of juvenile 
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crustal growth during slab retreat and outboard migration of the Antarctic sector arc and 

reflect the continuity of the Australian–sector retreating arc into the regions outboard of the 

TAM, namely Marie Byrd Land and crustal blocks of Zealandia (Fig. 9). This connection is 

further supported by similarities in zircon ages from the cTAM and detrital zircon from 

Australia and Zealandia, as discussed above (Fig. 7), and a switch to mafic volcanism 

indicative of retreating arc systems as identified in our zircon trace element data (Collins, 

2002b).  

 Permian plate reconstructions combined with these new observations indicate that the 

locus of a major along–arc geochemical and geodynamic shift between Australia and South 

America occurred in the vicinity of the Thurston Island block and the surrounding area in 

West Antarctica (Fig. 9). These regions have limited combined precise geochronologic and 

isotopic data, e.g., zircon U–Pb and Hf isotopes, for Late Paleozoic and Mesozoic rocks. In 

Marie Byrd Land, the Ford granodiorite suite (375–345) has initial εHf values ranging from 

+2 to –5 (Yakymchuk et al., 2015). On Thurston Island, a granodioritic gneiss (349 Ma) has 

an initial εHf ranging from +10 to +2, and a Middle Triassic diorite (239 Ma) has an initial εHf 

ranging from +0.3 to –7.6 (Riley et al., 2017). Despite the limited dataset, diorite from 

Thurston Island has similar initial εHf values to those from the Antarctic Peninsula 

(Flowerdew et al., 2006) and may reflect a continuity of the South American sector Permo–

Triassic advancing arc system. Currently, there are no Permian–Jurassic zircon Hf data 

available from Marie Byrd Land. However, a granite at Kinsey Ridge in Marie Byrd Land 

has a Rb–Sr isochron are of 239 ± 4 Ma and an initial εNd value of +4.7 that corresponds to 

an initial εHf value of +9.2, (using the Nd – Hf conversion equation from Vervoort & 

Blichert–Toft (1999). This hints at a possible source for Middle Triassic zircon in the cTAM 
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and that a record of Permo–Triassic crustal growth may be present in the Admundsen 

province of Marie Byrd Land. Ultimately, limited available data support a possible Marie 

Byrd Land source for the zircon in the cTAM and validate reconstructions that place proto–

Marie Byrd Land directly outboard of the TAM in the Paleozoic. 

 

Conclusions 

 

 Zircon from volcaniclastic sediments in the cTAM record the timing and geochemical 

evolution of the Paleozoic–Mesozoic magmatic arc along the paleo–Pacific margin of 

Gondwana. Post–Ross–age zircon ages correspond to periods of arc volcanism at 266 – 183 

Ma and 367 – 328  Ma. Zircon trace element geochemistry is consistent with a more mafic 

source rock type (i.e, basalt and dolerite) than previously reported and a continental 

magmatic arc setting. The generally positive initial εHf zircon values represent juvenile 

crustal growth during a major period of long–lived slab rollback and upper plate extension 

that began shortly after, or synchronous with, the termination of the Ross Orogeny. The Hf 

isotope data record a geodynamic history for the Antarctic sector of the arc that is similar to 

the Australian sector arc and indicates continuity of an extensional arc system from Australia 

to Antarctica after ~500 Ma. This extensional arc system underwent an along–arc tectonic 

switch to advancing compressional tectonism in the South American sector arc throughout at 

least the Permian.  
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PRR# Location1 Max Deposition Age

(Ma)

MSWD n (< 205 Ma) rejected n (> 205 Ma) % detrital

Hanson Fm.

PRR-26916 Kenyon Peaks 189.3 ± 0.7 1.3 71 13 15 15

PRR-26917 Kenyon Peaks 184.9 ± 1.3 1.4 20 5 36 59

PRR-26932 Mt. Falla 197.4 ± 1.1 1.6 19 0 41 68

PRR-26934 Mt. Falla 199.5 ± 0.7 1.0 75 0 13 15

PRR-26943 Mt. Falla n.d. 23 24 51

PRR-26949 Mt. Falla 195.1 ± 0.6 1.0 53 10 24 28

PRR-26951 Mt. Falla 188.0 ± 0.9 0.7 24 7 46 60

PRR-26960 Mt. Falla 187.8 ± 0.7 0.9 32 1 31 48

PRR-26968 Mt. Falla 193.5 ± 0.7 0.7 45 12 27 32

PRR-26979 Mt. Falla 189.5 ± 2.4 2.5 16 8 40 63

PRR-26981 Mt. Falla 189.3 ± 3.2 1.8 7 0 83 92

PRR-26982 Mt. Falla n.d. 7 49 88

PRR-27068 Mt. Petlock 191.1 ± 0.8 1.2 40 13 38 42

PRR-27084 Mt. Falla 193.1 ± 1.1 1.1 29 9 23 38

PRR-27089 Mt. Falla 189.4 ± 0.7 1.6 52 7 11 16

PRR-27102 Storm Peak 194.4 ± 1.0 0.6 46 20 26 28

PRR-27112 Storm Peak 190.0 ± 0.8 1.0 36 9 27 38

PRR-27184 Mt. Falla n.d. 71 100

PRR-27252 Mt. Falla 191.0 ± 2.1 0.5 8 2 86 90

PRR-05127 Mt Kirkpatrick 190.8 ± 0.6 0.8 45 5 6 11

PRR-05493 Mt Falla 187.9 ± 0.9 1.5 36 4 28 41

PRR-34456 Mt. Falla 193.4 ± 1.3 2.2 31 11 17 29

Fremouw Fm.

PRR-26024 Shenk Peak 244.7 ± 1.7 0.8 22 13 26 43

PRR-25978 Mt Rosenwald 242.8 ± 1.7 1.2 17 10 6 18

PRR-25968 Mt Rosenwald 241.2 ± 1.5 0.4 52 44 5 5

PRR-26040 Mt. Black 247.9 ± 1.7 1.1 16 8 47 66

PRR-05099 Mt Kirkpatrick 242.7 ± 2.9 1.9 16 9 29 54

Table 1. Summary of maximum deposition ages from zircon U-Pb geochronology

1Locations as shown in Fig. 2. GPS coordinates provided in Dataset 1.
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II. Zircon U-Pb and Hf isotopes link the Gondwana arc record of West 

Antarctica, Australia, and South America and highlight the secular 

development of accretionary orogens 

Note: available at https://doi.org/10.1016/j.gr.2018.06.002 

Abstract 

 

 Combined zircon geochronology and Hf isotopes of plutonic rocks from eastern 

Marie Byrd Land and Thurston Island, Antarctica, provide a detailed record of Phanerozoic 

arc magmatism along the paleo-Pacific margin of Gondwana. Magmatism along the 

Antarctic margin initiated in a dominantly contractional arc setting with an isotopically 

enriched lithospheric mantle source during the Ross Orogeny (c. 540–485 Ma). After 

termination of the Ross Orogeny through the Cretaceous, detrital zircon and zircon from 

igneous rocks record relative increases in zircon εHfi inferred to represent episodes of 

lithospheric-scale extension and relative decreases during inferred contractional episodes 

along the Antarctic margin. Comparison of this secular isotopic evolutionary trend with 

similar data from along the paleo-Pacific margin of Gondwana demonstrates a shared history 

among Marie Byrd Land, Australia, and Zealandia that contrasts with the shared record of 

Thurston Island, Antarctic Peninsula, and South America. These two contrasting histories 

highlight an early Permian along arc geochemical and inferred geodynamic switch from an 

isotopically enriched contractional arc system in South America, Antarctic Peninsula, and 

Thurston Island to an isotopically depleted extensional arc system in Marie Byrd Land, 

Zealandia, and Australia. Despite differences in timing, all segments of the paleo-Pacific 
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margin underwent a similar secular isotopic evolution with dramatic shifts from enriched to 

juvenile isotopic compositions during extensional collapse.  

 

Introduction 

 

 Accretionary orogenesis describes the deformation, metamorphism, and crustal 

growth (i.e., magmatism and accretion) that takes places during ongoing subduction at 

convergent plate boundaries (e.g., Cawood et al., 2009). Accretionary orogens can switch 

between two contrasting tectonic states; retreating orogens undergoing extension and 

advancing orogens undergoing contraction (e.g., Collins, 2002a). These tectonic states 

establish the primary characteristics of continental arcs including the rate and composition of 

magmatism as well as lithospheric thickness and rheology (Collins, 2002a, 2002b; Behn et 

al., 2007; Cawood et al., 2009; DeCelles et al., 2009; Kemp et al., 2009; Currie et al., 2015). 

Consequently, the tectonic state of continental arcs may control volcanogenic atmospheric 

CO2 output, continental crustal growth and differentiation, and recycling of lithosphere back 

into the mantle (Collins et al., 2011; Hacker et al., 2011; Currie et al., 2015; McKenzie et al., 

2016; Cao et al., 2017). The secular temporal, geochemical, and tectonic (i.e., geodynamic) 

evolution of accretionary orogens, therefore, remains an important component in resolving 

Earth’s geochemical evolution. 

 The paleo-Pacific margin of Gondwana was a long-lived active continental margin 

for ~18,000 km along the west coast of South America, the Transantarctic Mountains, West 

Antarctica, Zealandia, and the east coast of Australia (Fig. 1; Cawood, 2005; Collins et al., 
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2011). These regions contain Phanerozoic arc-related plutonic and volcanic rocks, and 

volcaniclastic sedimentary rocks that preserve the temporal and geochemical history of 

magmatism within this broad accretionary orogenic system. Previous workers have 

characterized the geochemical history of the South American and Australian sectors of the 

margin (e.g., Kemp et al., 2009; Cawood et al., 2011; Pepper et al., 2016). However, the 

Antarctic sector, consisting of Zealandia, West Antarctica, and the Transantarctic Mountains 

remains a missing link between South America and Australia in efforts to reconstruct the 

large-scale geodynamic history of the paleo-Pacific margin of Gondwana (e.g., Riel et al., 

2018). The paucity in the record is, in part, due to poor exposure and inaccessibility of West 

Antarctica and Zealandia, i.e., ice covered or submerged crust. Furthermore, reconstructing 

the history of the Antarctic sector is particularly problematic because it has been heavily 

dissected into numerous ‘microplates’ that have rotated and translated long distances (up to 

2500 km) from their pre-Gondwana-breakup configuration (Fig. 1B, Dalziel and Elliot, 1982; 

Grunow et al., 1987; Storey et al., 1988).  

 The crustal blocks of West Antarctica–Marie Byrd Land, Thurston Island, and the 

Antarctic Peninsula–contain Paleozoic–Mesozoic arc-related rocks (Fig. 1) that potentially 

record the magmatic and tectonic history of the Antarctic sector of the Gondwana arc 

(summarized in Elliot, 2013). However, U-Pb geochronology and Hf-O isotopes of igneous 

and detrital zircon, suggest that the Antarctic Peninsula shares a temporal, geochemical, and 

tectonic history with the Patagonia and the South American sectors of the arc system and 

may not be representative of the Antarctic sector (Fanning et al., 2011; Bradshaw et al., 

2012; Castillo et al., 2016, 2017b; Nelson and Cottle, 2017).  
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 Arc-derived Permian–Jurassic volcaniclastic sedimentary rocks deposited on the 

stable East Antarctic craton, which was not dissected during late Mesozoic supercontinent 

breakup, provide the most reliable, albeit limited, record of long-lived arc activity in the 

Antarctic sector (Elliot and Fanning, 2008; Elliot et al., 2016b, 2017; Nelson and Cottle, 

2017). Based on paleogeographic reconstructions and paleocurrent data, the source of this 

volcanic detritus is considered to be the outboard volcanic arc located in Marie Byrd Land 

(e.g., Elliot et al., 2017). It follows then that Marie Byrd Land is an ideal location to 

investigate the geologic history of the Antarctic sector of the Gondwana margin. Pioneering 

geochronology and geochemistry studies provided preliminary ages and a tectonic 

framework for Marie Byrd Land (Pankhurst et al., 1998; Mukasa and Dalziel, 2000) with 

more recent workers refining the record exclusively for western Marie Byrd Land and its 

relation to the broader evolution of the Gondwana margin (Siddoway and Fanning, 2009; 

Korhonen et al., 2010; Saito et al., 2013; Yakymchuk et al., 2013, 2015; Brown et al., 2016). 

However, modern petrochronologic (i.e., combined geochronologic and geochemical 

techniques such as Hf isotopes in zircon, e.g., Kylander-Clark, 2017) have yet to be applied 

over a wide region of eastern Marie Byrd Land, despite early reports that this region 

potentially contains arc-related rocks spanning a longer time period than western Marie Byrd 

Land and may therefore provide a longer comprehensive record of arc magmatism. 

Additionally, zircon Hf isotope compilations for South America, Antarctica, Australia, and 

Zealandia indicate a significant along arc isotopic transition in arc magmatism from enriched 

to juvenile in the vicinity of Thurston Island in c. Permian (Nelson and Cottle, 2017). 

Limited zircon Hf isotope data from Thurston Island (Riley et al., 2017) and eastern Marie 

Byrd Land prohibit more precise constraints on the exact location of this along arc 
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geochemical and inferred geodynamic shift (Nelson and Cottle, 2017). Consequently, the 

precise timing and duration of arc magmatism and the relative roles of crustal growth and 

recycling through time remains poorly understood for eastern Marie Byrd Land and the 

Antarctic sector of the Gondwana margin overall.  

 In this study, we present zircon U-Pb geochronology and zircon geochemistry (trace 

elements and Hf isotopes) to investigate the age of magmatism and crustal evolution of 

eastern Marie Byrd Land, and the adjacent Thurston Island block, spanning ~200 million 

years from the Silurian to Triassic. These data are combined with existing data from 

elsewhere within the Antarctic sector (i.e., eastern Marie Byrd Land and central 

Transantarctic Mountains), as well as the South American sector, and the Australian sector of 

the Gondwana margin to determine the nature of along-arc variation in timing, the 

geochemistry of arc magmatism, and differences in inferred subduction geodynamics (i.e., 

contractional/advancing or extensional/retreating arc systems). Finally, our new zircon Hf 

isotope compilation highlights a possible shared secular evolution among Phanerozoic 

accretionary orogens along the entire Gondwana margin.  

 

Geologic Background  

 

 The pre-Jurassic granitoid basement of Marie Byrd Land is subdivided into the 

western Ross (with 1.5—1.3 Ga Nd model ages) and eastern Amundsen (with 1.3—1.0 Ga 

Nd model ages) provinces (Fig. 2; Pankhurst et al., 1998). The boundary between these two 

provinces is loosely located in the vicinity of the Land Glacier region of the Rupert Coast 
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(Fig. 2; Pankhurst et al., 1998). Paleomagnetic data for crustal blocks of the Ross and 

Amundsen Provinces indicate they were originally separate prior to their amalgamation in the 

mid-Cretaceous (c. 117 Ma; DiVenere et al., 1995; Luyendyk et al., 1996). Early studies of 

Marie Byrd Land correlated the Amundsen Province to the Median Tectonic Zone of New 

Zealand, and Thurston Island and Antarctic Peninsula crustal blocks, while the Ross Province 

was viewed as a continuation of the Gondwana margin in southeast Australia, western New 

Zealand, and North Victoria Land (Pankhurst et al., 1998). 

 

Western Marie Byrd Land (Ross Province) 

 

 The Ross Province includes exposed rocks of the Ford Ranges and Edward VII 

Peninsula (Fig. 2). The oldest unit within the Ross Province is a Neoproterozoic–Cambrian 

folded metaturbidite sequence, the Swanson Formation, containing detrital zircons ranging 

from c. 3.03 Ga to c. 500 Ma with pronounced peaks at 1.0–1.1 Ga, typical of Grenville-age 

crust of the East Antarctic Craton (e.g., Goodge and Fanning, 2016) and 500–600 Ma ages, 

corresponding to the Ross-Delamerian orogen (Cox et al., 2000; Cawood, 2005; Foden et al., 

2006; Goodge et al., 2012; Hagen-Peter et al., 2015, 2016; Paulsen et al., 2015). Permian–

Triassic metasedimentary rocks in the Alexandra Mountains near the Ross Sea (Fig. 2) were 

derived from local sources as recorded by 400–320 Ma and ~250 Ma detrital zircon age 

populations (Pankhurst et al., 1998). The Swanson Formation is intruded by the Ford 

Granodiorite suite emplaced between 375 to 345 Ma (Yakymchuk et al., 2015), coincident 

with Gondwana margin arc magmatism in Northern Victoria Land (Admiralty Intrusives, 
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Borg et al., 1986), the Western Province of New Zealand (Karamea Suite, Tulloch et al., 

2009), eastern Australia (Melbourne Terrane, Chappell et al., 1988), and southern South 

America (Pankhurst et al., 2003; Hervé et al., 2016). The Ford Granodiorite suite has zircon 

Hf and O isotope compositions consistent with mixing of juvenile mantle melts with a melt 

of the Swanson Formation during arc magmatism (Yakymchuk et al., 2015). High-grade 

metamorphic equivalents to the Swanson Formation and Ford Granodiorite suite are found in 

the nearby Fosdick Mountains migmatite-granite complex of western Marie Byrd Land (Fig. 

2) and contain Devonian–Carboniferous (370–355 Ma) and Cretaceous granites (146–96 Ma) 

(Siddoway and Fanning, 2009; Korhonen et al., 2010, 2012; Yakymchuk et al., 2013). 

Metamorphism in the Fosdick complex is interpreted to have occurred at mid-crustal depths 

during rifting of Zealandia from the Gondwana margin in the mid to late Cretaceous 

(Siddoway et al., 2004; Korhonen et al., 2010, 2012). Devonian–Carboniferous (370–355 

Ma) granites in the Fosdick complex formed via mixing between melts of the Ford 

Granodiorite suite and the Swanson Formation (Yakymchuk et al., 2013). Cretaceous (146–

96 Ma) granites in the Fosdick complex, in contrast, require a juvenile component in addition 

to the Ford Granodiorite suite and Swanson Formation components (Yakymchuk et al., 

2013).  

 Zircon Hf isotopic compositions of c. 370–355 granitoids from the Ross Province are 

more evolved than granites from correlative suites across the Gondwana margin in the 

Western Province of New Zealand and eastern Australia (Yakymchuk et al., 2015). These 

isotopic differences are attributed to an along-arc change from typical extensional arc 

tectonics in eastern Australia to an advancing arc system in West Antarctica (Yakymchuk et 

al., 2015). Zircon U-Pb and Hf isotopes from volcaniclastic sedimentary rocks in the 
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Transantarctic Mountains, however, suggest that extensional tectonics continued into West 

Antarctica (Nelson and Cottle, 2017). In this contribution, we investigate the extent of 

extensional tectonics in West Antarctica by studying in situ plutonic rocks rather than their 

derivatives. These new data from eastern Marie Byrd Land also represent the first zircon Hf 

isotope data from this region and uncover a more complete history of arc geochemistry and 

geodynamics for West Antarctica. 

 

Eastern Marie Byrd Land (Amundsen Province) 

 

 The Amundsen Province extends from the westernmost area of the Rupert Coast 

through Pine Island Bay, including the Hobbs and Walgreen Coasts and inland regions (Fig. 

2). Paleozoic correlatives to the Swanson Formation are absent in the Amundsen Province 

but paragneisses at Mount Petras and Patton Bluff (Fig. 2) contain Devonian–Carboniferous 

detrital zircon similar in age to the Alexandra Mountains and the Ford Granodiorite suite in 

the Ross Province (Pankhurst et al., 1998; Yakymchuk et al., 2015). The Amundsen Province 

contains a more comprehensive record of arc-related plutonism than the Ross Province, 

spanning the Cambrian through Triassic, previously constrained by Rb-Sr isochron and 

multigrain fraction isotope dilution-thermal ionization mass spectrometry (ID-TIMS) zircon 

U-Pb ages (Pankhurst et al., 1998; Mukasa and Dalziel, 2000). Cretaceous gneisses and 

granites (128 to 113 Ma) in the Demas Range migmatite complex of the Amundsen Province 

(Fig. 2) overlap in age with the majority of granites from the Fosdick migmatite complex of 

the Ross Province and may represent a correlative event. Cretaceous subduction-related calc-
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alkaline magmatic rocks are scattered throughout the Amundsen Province (Mukasa and 

Dalziel, 2000). The youngest calc-alkaline granite along the Rupert and Hobbs coast outcrops 

at Mt. Prince (Fig. 2) and is dated at 110 ± 1 Ma; further towards the east the youngest calc-

alkaline intrusion in Pine Island Bay (Fig. 2) has an age of 96 ± 1 Ma (Mukasa and Dalziel, 

2000). Initial rift-related magmatism at ~100 Ma (e.g., Mt. Prince) is consistent with the 

inception of Pacific-Antarctic seafloor spreading at c. 81 Ma (Mukasa and Dalziel, 2000).  

 

Thurston Island 

 

 Rocks of the Thurston Island crustal block crop out on a series of islands and Jones 

Mountains (Fig. 2). The exposed basement includes Carboniferous to Late Cretaceous 

volcanic and magmatic calc-alkaline igneous rocks recording subduction-related magmatism 

along the paleo-Pacific margin of Gondwana (Leat et al., 1993; Pankhurst et al., 1993; Riley 

et al., 2017). Early studies by Leat et al. (1993) and Pankhurst et al. (1993) documented the 

geochemistry and geochronology of the Thurston Island block relying exclusively on K-Ar, 

40Ar/39Ar, and Rb-Sr techniques. Recent work by Riley et al. (2017) revised the geochemistry 

and geochronology record utilizing zircon U-Pb and Hf isotopes for a limited suite of 

samples, identifying isolated episodes of magmatism at 349 ± 2 Ma, 239 ± 4 Ma, ~182 Ma, 

151 ± 2 Ma and 108 ± 1 Ma. The ~349 Ma granodiorite gneiss from Thurston Island 

represents juvenile magmatism, indicated by zircon εHfi values from +10 to +2. In contrast, 

Triassic through Cretaceous magmatic rocks with ages of ~239 Ma, ~151 Ma, and ~108 Ma 
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from Thurston Island incorporated more ancient crustal material in their petrogenesis, 

represented by εHfi from 0 to -9 (Riley et al., 2017). 

 

Analytical Techniques 

 

 Twenty three samples from the eastern Amundsen Province of Marie Byrd Land and 

Thurston Island (Fig. 2) were selected from the Polar Rock Repository (Repository, 2018) 

and provided by S. Mukasa and F. Fahnestock (Mukasa and Dalziel, 2000) to determine the 

timing and geochemical history of subduction-related magmatism within the Antarctic sector 

of the Gondwana margin. Zircon were separated using standard mineral separation 

techniques (i.e., disk milling, water table, magnetic separation, and heavy liquids), mounted 

in epoxy, and polished to expose equatorial sections. Prior to isotopic analysis, zircons were 

imaged via cathodoluminescence (CL) on an FEI Quanta400f scanning electron microscope 

(SEM) and used to guide selection of locations for laser ablation split-stream analyses (U-Pb 

and trace elements) followed by Lu-Hf measurements. 

 Zircon U-Pb isotopes were obtained at the University of California, Santa Barbara, 

under standard operating conditions (McKinney et al., 2015). Instrumentation consists of a 

193 nm ArF excimer laser ablation (LA) system coupled to Nu Plasma high–resolution multi 

collector–inductively coupled plasma mass spectrometer (MC-ICP-MS).  Approximately 60 

crystals were measured for U-Pb analysis from each sample. Subsequent Lu-Hf analyses 

were performed by LA-MC-ICPMS (n = ~20 per sample, and Lu-Hf isotope analysis location 

was placed directly over previous U-Pb and trace-element ablation pits. Data reduction was 
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performed using Iolite v2.5 (Paton et al., 2010, 2011) and 207Pb-corrected 206Pb/238U ages 

were calculated for zircon younger than 800 Ma using the method of Andersen (2002) and 

ISOPLOT/EX (Ludwig, 2003). We use 207Pb/206Pb ages for zircon older than 800 Ma. 

Detailed analytical methods, data reduction protocols and results of reference zircon analyses 

and unknown data are in the Supplementary Information, and Datasets S1 and S2 provided in 

the Appendix (Patchett and Tatsumoto, 1980, 1981, Wiedenbeck et al., 1995, 2004; Chu et 

al., 2002; Jackson et al., 2004; Thirlwall and Anczkiewicz, 2004; Woodhead and Hergt, 

2005; Blichert-Toft, 2008; Sláma et al., 2008). 

 

Results 

 

 Zircon U-Pb ages and Hf isotopic data for 17 samples from eastern Marie Byrd Land 

and 6 samples from Thurston Island (Hf data for 3 samples) are provided in supplementary 

file 1 and summarized in Table 1. Representative cathodoluminescence (CL) images of 

zircon with locations of U-Pb and Hf isotope measurements are provided in Fig. 3. Tera-

Wassurburg Concordia diagrams and 207Pb-corrected weighted mean 206Pb/238U 

crystallization ages for Paleozoic–Mesozoic samples from both eastern Marie Byrd Land and 

Thurston Island are plotted in Figs. 4 and 5. Calculated weighted mean crystallization ages 

with two sigma uncertainties and mean squared weight deviation (MSWD) for samples from 

this study are discussed below. Zircon Hf isotope data for eastern Marie Byrd Land and 

Thurston Island are plotted in Fig. 6 and 7 and calculated weighted mean εHfi values are 

provided alongside their two standard error uncertainties below. All εHfi values were 
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calculated using chondritic uniform reservoir (CHUR) parameters of Bouvier et al. (2008) 

and 176Lu decay constant from Söderlund et al. ( 2004). Samples with atypical zircon Th/U 

ratios (i.e., < 0.1) are discussed below, all other samples contain typical igneous zircon Th/U 

ratios (Rubatto, 2002). 

  Sample MB 432.1, a biotite-hornblende granodiorite from Slater Rocks (Fig. 2), is 

the oldest sample in this study with an age of 420 ± 2 Ma, MSWD = 0.8. This new age is 

consistent with a Rb-Sr isochron age of 419 ± 20 Ma (MSWD = 17) obtained by Pankhurst et 

al. (1998). The εHfi for this sample is +4.7 ± 0.5, more juvenile than the εHfi of +1.2 

calculated using whole rock Nd isotope data (Pankhurst et al., 1998) and the Nd – Hf 

conversion equation from Vervoort et al. (1999). Samples MB 201.15 from Mt. McCoy (Fig. 

2) and MB 206.2 from Brunner Hill (Fig. 2) yield indistinguishable ages of 348 ± 1 Ma 

(MSWD = 1.7) and 348 ± 8 Ma (MSWD = 0.2), respectively. These new ages are within 

uncertainty of a previous Rb-Sr isochron age of 330 ± 20 Ma for Mt. McCoy and a zircon U-

Pb age of 339 ± 6 Ma for Bruner Hill (Pankhurst et al., 1998). However, they are 

significantly older than an ID-TIMS multigrain fraction U/Pb zircon lower-intercept age of 

320 ± 3 Ma for Mt. McCoy obtained by Mukasa and Dalziel (2000). New Hf isotopic data 

for Mt. McCoy form a fairly tight range of εHfi values and a weighted mean of +5.3 ± 0.4 

consistent with whole-rock Nd isotopic data (Pankhurst et al., 1998). Zircon from Bruner Hill 

do not appear to luminesce under CL and are therefore not included in Figure 3. The zircon 

U-Pb data for Bruner Hill are generally discordant (Fig. 4) with an average zircon Th/U of 

0.06 (see supplementary Dataset 1). The discordant U-Pb data and Th/U < 0.1 suggest that 

zircon in the Bruner Hill sample records a high-grade metamorphic/anatectic event rather 
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than magmatism (Rubatto, 2002). The Hf isotopic data for Bruner Hill are highly variable but 

generally more enriched than Mt. McCoy, with an εHfi = +0.2 ± 2.0.  

  Five new Permian magmatic ages were obtained for plutonic rocks of the Walgreen 

Coast (Fig. 2). A granite from Jeffrey Head (MB 406.7) of the Bear Peninsula (Fig. 2) is the 

oldest Permian sample, 295 ± 2 Ma (MSWD = 1.6), and has the most? radiogenic hafnium 

isotope composition, εHfi = +10.2 ± 0.7. This new age is slightly younger than the 312 ± 10 

Ma age reported by Pankhurst et al. (1998) but the εHfi value is within range of their whole 

rock Nd isotopic composition, εHfi = +8.5 (using the Nd – Hf conversion equation from 

Vervoort et al. (1999)). A granodiorite from the Bear Peninsula (BP3) yields a younger, 287 

± 1 Ma (MSWD = 0.9), age and a similar εHfi = +9.0 ± 1.1. A granodiorite from Mt. 

Isherwood (MB 400.1D, Fig. 2) yields an age of 283 ± 1 Ma (MSWD = 1.0) and an εHfi = + 

3.0 ± 0.5. This new age contrasts with two multi-fraction ID-TIMS zircon U-Pb lower 

intercept ages of 243 ± 29 Ma and 414 ± 98 Ma (Mukasa and Dalziel, 2000) from the same 

zircon separates. Quartz diorites from Mt. Wilbanks (MB 402.2, Fig. 2) and Mt. Strange (MB 

403.3, Fig. 2) yielded ages of 287 ± 1 Ma (MSWD = 1.2) and 284 ± 2 Ma (MSWD = 0.6) 

and εHfi = + 5.8 ± 0.5 and + 6.0 ± 0.8, respectively. These ages are within uncertainty of the 

283.0 ± 0.5 Ma age for Mt. Wilbanks published by Mukasa and Dalziel (2000) on the same 

zircon separate and a Rb-Sr isochron age of 276 ± 2 Ma obtained by Pankhurst et al. (1998) 

for granitoids of the Kohler Range.  

 The earliest record of Mesozoic magmatism in eastern Marie Byrd Land recorded by 

our samples is a granite age of 248 ± 1 Ma (MSWD = 0.6), with a εHfi = + 10.9 ± 0.6, from 

Kinsey Ridge of the Rupert Coast (MB 212.3P, Fig. 2). Six new ages were also determined 

for plutonic and migmatitic rocks from a migmatite complex in the Demas Range, Rupert 
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Coast, and refine the dominantly discordant U-Pb dates published by Mukasa and Dalziel 

(2000). A megacrystic granite (MB 163.1M) and leucogranitic gneiss (MB 204.3M) from Mt. 

Goorhigian (Fig. 2) have Late Jurassic ages of 145 ± 1 Ma with εHfi = +3.5 ± 0.5 and 150 ± 1 

Ma with εHfi = +4.7 ± 0.5, respectively. A monzogranite from Early Bluff is the next oldest 

sample and the most juvenile from eastern Marie Byrd Land with an age of 117 ± 1 Ma and 

an εHfi = +6.5 ± 0.9 A Cretaceous granite from Mt. Goorhigian (MB 204.1M, Fig. 2,) 

yielded more complex U-Pb data with an inferred crystallization age of 103 ± 1 Ma and an 

εHfi = +3.7 ± 0.5, but also including older concordant dates of 140 - 102 Ma and ~247 Ma. 

Complex data were also observed in granites from Mt. Prince (MB 205.10M, Fig. 2) and 

Patton Bluff (MB 208.3, Fig. 2). The Mt. Prince granite contains a range of Cretaceous 

zircon ages with peaks at 108 and 120 Ma and an average εHfi = +4.2 ± 0.7. Similarly, the 

Patton Bluff granite contains a range of ages with peaks at 109 Ma, 114 Ma, and 120 Ma 

with an average εHfi = +4.7 ± 0.6. Younger dates were determined for a monzogranite from 

Early Bluffs (MB 426.4) and a dike from Mt. Prince (MB 205.3V) of 106 ± 1 Ma with an 

average εHfi = +0.8 ± 0.5 and 100 ± 0.4 Ma with average εHfi = +6.8 ± 0.7. This new age is 

slightly older than a single-fraction zircon U-Pb age of 103.4 ± 0.3 Ma (Mukasa and Dalziel, 

2000). Overall, there is a general decrease in the εHfi from a mean of +6.5 at c. 117 Ma to 

+0.8 at c. 106 Ma followed by a return to +6.8 at c. 100 Ma.  

 Three new ages spanning the Carboniferous–Permian were determined for rocks from 

Thurston Island. An orthogneiss from Cape Menzel (TI 3-1, Fig. 2) yielded an igneous age of 

347 ± 1 Ma with εHfi = 11.0 ± 0.6 and an orthogneiss from King Cliffs (60-10-1, Fig. 2) 

provided a metamorphic age (average zircon Th/U = 0.06) of 338 ± 2 Ma with εHfi = +2.1 ± 

1.2. A diorite from Guy Peaks (68-71-1, Fig. 2) yielded the only Permian age for Thurston 
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Island of 276 ± 1 Ma with εHfi = 0.4 ± 0.7. Three granites from Jones Mountains (61-119, 

61-133, and 64-J-BS-1, Fig. 2) have Triassic ages of 208 ± 1, 211  ± 1, and 208 ± 1 Ma. 

Zircon Hf isotope compositions were determined for sample 61-133 and yielded εHfi = -4.8 ± 

0.7. 

 

Discussion 

 

Zircon record of West Antarctica (Cambrian – Cretaceous) magmatism 

 

 The new ages reported here combined with previously reported ages indicate that 

basement exposures in eastern Marie Byrd Land span a longer time period than western 

Marie Byrd Land. The oldest igneous rock dated so far from eastern Marie Byrd Land is a 

505 ± 5 Ma orthogneiss from Mt. Murphy (Pankhurst et al., 1998), indicating the basement 

of eastern Marie Byrd Land is composed, at least, partly of plutonic rocks associated with the 

Ross Orogen. The oldest rock dated in this study is a Silurian granodiorite at Slater Rocks 

(420 ± 1.8 Ma) but an Ordovician Rb-Sr isochron age of 446 ± 16 Ma (MSWD = 0.4; 

Pankhurst et al., 1998) for gneisses from Clark Island in Pine Island Bay indicates 

Ordovician rocks also exist in Marie Byrd Land. The 420 ± 1.8 Ma crystallization age from 

Slater Rocks is contemporaneous with the Lachlan Orogen in Australia (Foster et al., 2009), 

Silurian (c. 435 to 422 Ma) orthogneisses from the Antarctic Peninsula (Millar et al., 2002), 

contemporaneous granitoids in southern Patagonia (Pankhurst et al., 2003), but older than 

known igneous rocks from western Marie Byrd Land (Yakymchuk et al., 2015).  
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 The two Marie Byrd Land provinces do, however, share a record of magmatic and 

metamorphic activity during the Carboniferous, with a granite from Mt. McCoy (348 ± 1 Ma) 

and an orthogneiss from Brunner Hill (348 ± 8 Ma) falling within the age range of the Ford 

Granodiorite Suite (374–345 Ma) and within uncertainty of the timing of peak 

metamorphism in the Fosdick migmatite-granite complex (346 Ma) in western Marie Byrd 

Land (Siddoway and Fanning, 2009; Korhonen et al., 2010; Yakymchuk et al., 2013). 

Devonian–Carboniferous orthogneisses are also found on Thurston Island (347 ± 1 and 338 ± 

2 Ma, this study) and the Antarctic Peninsula (397 ± 8, 393 ± 1, and 327 ± 9 Ma, Millar et 

al., 2002). Volcaniclastic sedimentary rocks in the central Transantarctic Mountains also 

contain abundant 367–328 Ma zircon thought to be sourced from West Antarctica (Elliot and 

Fanning, 2008; Elsner et al., 2013; Elliot et al., 2016b, 2017; Nelson and Cottle, 2017; 

Paulsen et al., 2017b). Mt. McCoy and Bruner Hill straddle the eastern – western Marie Byrd 

Land boundary and, in this study, are the closest rocks to the Ford Ranges of eastern Marie 

Byrd Land. Based solely on the geochronology it is unclear whether this juxtaposition of 

contemporaneous rocks is coincidental or indicative of a shared melting event that either 

extends beyond a true crustal boundary or suggests the boundary should be shifted to include 

Mt. McCoy within the western province. Regardless of the boundary location, the new dates 

presented here along with known correlative units in Zealandia (e.g., Tulloch et al., 2009b), 

Australia (e.g., Chappell et al., 1988), Northern Victoria Land (e.g., Borg et al., 1986), and 

the central Transantarctic Mountains (e.g., Nelson and Cottle, 2017) suggest that widespread 

magmatism occurred in the Devonian–Carboniferous consistent with an orogen-wide 

magmatic flare-up event.  
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 The Permian record of arc magmatism is sparse in West Antarctica. Our new dates 

for Permian granites from the Walgreen Coast record a major magmatic event from 295 to 

283 Ma (Fig. 2). The rock closest to this time interval is a 276 ± 1 Ma diorite from Thurston 

Island (this study), approximately 500 km east of the Walgreen Coast. Other Permian 

magmatic ages have, however, been reported for a limited number of rocks from the 

Antarctic Peninsula (Millar et al., 2002; Riley et al., 2012). The 295–283 Ma event is also not 

preserved in Permian volcaniclastic sedimentary rocks of the Transantarctic Mountains 

(Elliot and Fanning, 2008; Elsner et al., 2013; Elliot et al., 2016b, 2017; Nelson and Cottle, 

2017; Paulsen et al., 2017b). Magmatic rocks from Patagonia and detrital zircon from the 

Antarctic Peninsula and Patagonia do, however, have abundant ages overlapping with 

Walgreen Coast magmatism (e.g., Hervé et al., 2006; Pankhurst et al., 2006, 2014; Fanning et 

al., 2011; Castillo et al., 2015). Granites from the New England Orogen in Australia also 

have similar early Permian (296–288 Ma) ages (e.g., Rosenbaum et al., 2012; Kemp et al., 

2009b). There are, however, very few early Permian detrital zircon U-Pb ages in sedimentary 

rocks from Australia and New Zealand but a prominent early Permian peak in zircon age 

spectra for Patagonia sedimentary rocks (see Fig. 7 of Nelson and Cottle, 2017). Zircon 

geochronology alone, therefore, cannot distinguish whether the Walgreen Coast event is 

more closely related to discrete early Permian magmatism akin to the Australian arc record, 

or more widespread early Permian magmatism as in South America.  

 The Triassic record of arc magmatism in Marie Byrd Land is limited to granite from 

Kinsey Ridge of the Rupert Coast (Fig. 2, 248 ± 1 Ma, this study). The age of the Kinsey 

Ridge granite overlaps with the Permian–Triassic peak in detrital zircon U-Pb ages from 

Mesozoic sedimentary rocks in the Transantarctic Mountains and, therefore, is consistent 
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with its proposed role as the source region (Elliot and Fanning, 2008; Elsner et al., 2013; 

Elliot et al., 2016b, 2017; Nelson and Cottle, 2017; Paulsen et al., 2017b). Although there is a 

scarcity of Triassic and late Permian dates from Marie Byrd Land igneous rocks, the 

abundance of Triassic and late Permian aged detrital zircon in the central Transantarctic 

Mountains suggests that significant Permian–Triassic crust remains ice covered in Marie 

Byrd Land. Triassic magmatic rocks are more common in the Antarctic Peninsula, but most 

formed over a brief period from c. 237 to 227 Ma (Millar et al., 2002; Riley et al., 2012; 

Flowerdew et al., 2006). On Thurston Island, a diorite from Mount Bramhall (239 ± 4 Ma, 

Riley et al., 2017) is similar in age to Triassic rocks from the Antarctic Peninsula. However, 

our new dates for granites from Jones Mountains (215 to 208 Ma) have no identifiable 

plutonic correlatives in West Antarctica, other than a 208 Ma granite in the Ellsworth-

Whitmore terrane (Craddock et al., 2017b). Furthermore, zircons similar in age to the Jones 

Mountains granite are uncommon in the detrital record of Patagonia, New Zealand, and 

Australia (see compilation in Nelson and Cottle, 2017).  

 The Early Jurassic subduction-related magmatic record in West Antarctica consists of 

c. 188 to 181 Ma granitoids from the Antarctic Peninsula that correlate to the subcordilleran 

plutonic belt of Patagonia (Riley et al., 2017). These granites appear unrelated to 

contemporaneous volcanic rocks of the Ferrar large igneous province (LIP) of the 

Transantarctic Mountains or the Chon Aike silicic LIP of Patagonia, the Ellsworth-Whitmore 

terrane, and Thurston Island (Pankhurst et al., 2000; Burgess et al., 2015). The emplacement 

of the Ferrar and Chon Aike LIPs is thought to be synchronous with the initial break-up of 

Gondwana in the Early Jurassic (Encarnación et al., 1996). Younger within-plate granites (c. 

178–174 Ma) in the Ellsworth-Whitmore terrane are also interpreted to be related to 
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Gondwana break-up rather than subduction (Craddock et al., 2017b). In contrast, Early 

Jurassic volcaniclastic sedimentary rocks of the Hanson Formation in the central 

Transantarctic Mountains are inferred to be subduction-related and represent prolonged arc 

volcanism from c. 202 to 183 Ma with no identifiable source in West Antarctica (Elliot et al., 

2016b; Nelson and Cottle, 2017).  

 The onset of supercontinent break-up in the Early Jurassic began a period of relative 

arc inactivity that persisted until the Late Jurassic. Consequently, a younger age of 166 ± 3 

Ma for zircon from a leucocratic dike from the Antarctic Peninsula is the only Mid-Jurassic 

zircon crystallization age reported for West Antarctica (Flowerdew et al., 2006). Jurassic 

ages have also been discovered for a mafic gneiss in western Marie Byrd Land that contains 

inherited ~146 Ma zircon that could be igneous or metamorphic (Yakymchuk et al., 2013). 

Similar-aged magmatism in Thurston Island is represented by a 151 ± 2 Ma granite (Riley et 

al., 2017). Other suspected Late Jurassic–Early Cretaceous granitoids occur throughout 

western and southern Thurston Island (Leat et al., 1993; Pankhurst et al., 1993). Late 

Jurassic–Early Cretaceous magmatism on the Antarctic Peninsula is absent aside from a 141 

± 2 Ma granite in northwest Palmer Land (Vaughan and Millar, 1996). Overall, scattered Mid 

to Late Jurassic magmatic rocks in West Antarctica are contemporaneous with, and may 

represent an extension of, the Triassic–Cretaceous magmatic rocks of the Darran Suite in 

New Zealand (Mortimer et al., 2015). 

 Mid- to Late-Cretaceous magmatic rocks are prevalent throughout West Antarctica. 

Recent zircon U-Pb data for the Lassiter Coast intrusive suite from the Antarctic Peninsula 

indicates a magmatic flare-up event characterized by the emplacement of voluminous 

granitoid batholiths over three distinct episodes at ~127 Ma, ~117 Ma, and ~106 Ma (Riley et 
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al., 2018). Both the North Patagonian Batholith and the Divisadero Group Volcanic rocks of 

the North Patagonian Andes share these same distinct episodes of increased magmatic flux 

(e.g., Pankhurst et al., 1999; Echaurren et al., 2017). In western Marie Byrd Land, 115 to 98 

Ma granitoids in the Fosdick Mountains overlap in age with the proposed Cretaceous 

magmatic flare-up (e.g., Korhonen et al., 2010). Our new U-Pb zircon dates for Mid to Late 

Cretaceous magmatic rocks from eastern Marie Byrd Land are synchronous with episodic 

Cretaceous magmatism in both western Marie Byrd Land and the Antarctic Peninsula, 

indicating a major magmatic flare-up event occurred along the Antarctic margin related to 

major episodes of compression referred to as the Palmer Land Event (Vaughan et al., 2012; 

Riley et al., 2018).  

 

Zircon Hf isotopes and geodynamic evolution of the Gondwana margin 

 

The zircon Hf isotope proxy 

 

 The relative change in zircon εHfi through time in magmatic arcs has been linked to 

the tectonic evolution of the arc (Kemp et al., 2009). In particular, Kemp et al. (2009) argued 

that a relative increase in zircon εHfi is indicative of an extensional arc system associated 

with an outboard migration of subduction zone magmatism during slab rollback and 

associated crustal extension and thinning. Outboard migration of the arc increases zircon εHfi 

by reducing assimilation due to magma ascent through thinner possibly juvenile crust and/or 

melting of upwelling depleted asthenospheric mantle (e.g., Chapman et al., 2017). 



 

 

 58 

Conversely, contractional arc systems produce a decrease in zircon εHfi during an inboard 

migration of magmatism due to slab shallowing and arc contraction (i.e., crustal thickening). 

The relative decrease in εHfi associated with contractional arc systems is inferred to result 

from increasing crustal assimilation during crustal thickening, underthrusting of fertile crust 

to the melt source region, and/or an inboard shift of the arc magma source region towards 

increased melting of ancient enriched lithospheric mantle (e.g., Chapman et al., 2017). This 

model for tectonic switching between extension and contraction within accretionary orogens 

relies on plate boundary processes that adjust the angle of the subducting slab, and include 

decreased convergence rates (extension) and subduction of buoyant oceanic plateaus 

(contraction) (Collins, 2002a, 2002b; Kemp et al., 2009). 

 This model of ‘tectonic switching’ or ‘accordion tectonics’ (e.g., Collins, 2002b; 

Aitchison and Buckman, 2012) provides one conceptual framework within which to interpret 

our new zircon Hf isotope data and previously published data from West Antarctica and the 

Transantarctic Mountains. It should be noted, however, that alternatives to the Collins 

(2002a) model used here have been proposed for the paleo-Pacific margin of Gondwana 

(Crawford, 2003; Aitchison and Buckman, 2012; Gibson et al., 2015). These models 

generally support “quantum tectonics” which refers to switching of subduction polarity 

resulting in periods of island arc formation, accretion, and a switch to continental arc 

formation (Aitchison and Buckman, 2012; Fergusson, 2013). These models predict that 

zircon Hf isotope compositions should shift rapidly to near depleted mantle values during 

polarity switching and associated island arc formation. Following island arc accretion, zircon 

Hf isotope compositions should reflect melting of the accreted juvenile island arc lithosphere 

and/or ancient continental arc lithosphere. For the purposes of this paper, zircon Hf isotopes 
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are interpreted within the framework of accretionary orogenesis because this model has been 

widely applied to zircon Hf isotope datasets along the paleo-Pacific margin of Gondwana 

(e.g., Kemp et al., 2009; Phillips et al., 2011; Li et al., 2015; del Rey et al., 2016; Pepper et 

al., 2016). Furthermore, our zircon Hf isotope data contain no indication that rapid formation 

of an island arc with near depleted mantle isotope compositions, similar to the Macquarie 

island arc in the Australian sector (see Aitchison and Buckman, 2012), occurred in the 

Antarctic sector, making it difficult to interpret our data from Antarctica within a quantum 

tectonics framework. 

 Another important consideration for the accordion tectonic model (Collins, 2002b; 

Aitchison and Buckman, 2012) and zircon Hf isotope proxy established by Kemp et al. 

(2009) is the role of internal processes such as catastrophic lithospheric thinning (e.g., 

foundering) rather than plate boundary processes in generating extensional collapse in 

accretionary orogens (Dewey, 1988). Accretionary orogens undergoing magma flare-ups 

during upper-plate shortening and lithospheric recycling are associated with the generation of 

thick (>30 km) dense granulite and garnet pyroxenite (eclogite) roots in the lower crust and 

lithospheric mantle (DeCelles et al., 2009; Lee and Anderson, 2015). These arc roots are 

significantly denser than the underlying mantle and may eventually founder into the 

asthenosphere (e.g., Currie et al., 2015). Catastrophic foundering or thinning of the mantle 

lithosphere can cause rapid uplift and a rise in the geothermal gradient leading to 

gravitationally driven extensional collapse of the orogen, ignimbrite flare-ups, and a shift to 

juvenile magmatism due to asthenospheric upwelling (e.g., Dewey, 1988; DeCelles et al., 

2009; Wang and Currie, 2015). Consequently, distinctions and interrelations of arc root 

foundering and slab rollback are poorly constrained within the record of secular evolution of 
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continental arcs due in part to the two processes producing similar geological signals and the 

potential for them to occur simultaneously (Lister and Forster, 2009). Here we discuss 

periods where both plate boundary and internal processes may be driving extension. 

   

Antarctic sector 

 

 Initial subduction along the Antarctic sector during the Ross Orogeny occurred in a 

dominantly contractional tectonic setting and produced enriched magmas with unradiogenic 

initial Hf isotopic compositions sourced from an enriched continental lithospheric mantle 

(Hagen-Peter et al., 2015, 2016; Hagen-Peter and Cottle, 2018). Consequently, the positive 

zircon εHfi values younger than the Ordovician from West Antarctica cannot be explained 

without the addition of a depleted asthenospheric mantle component to the arc magma source 

region(s) following the Ross Orogeny (i.e., the increase in zircon εHfi requires juvenile 

mantle input) (Cawood and Buchan, 2007; Kemp et al., 2009; Chapman et al., 2017). For this 

reason, the markedly more juvenile zircon εHfi from Silurian–Triassic plutonic rocks in 

Marie Byrd Land and Carboniferous rocks in Thurston Island and the Antarctic Peninsula are 

here interpreted as a broad change in the tectonic conditions from contraction during the Ross 

Orogeny to extension via slab rollback and/or lithosphere removal.  

 The role of foundering in this tectonic switching event is unknown, but the Ross 

Orogeny was a dominantly advancing system undergoing lithospheric recycling with a 

documented magmatic flare-up capable of developing a dense arc root. Lithospheric mantle 

thinning/removal and asthenospheric upwelling consistent with extensional collapse perhaps 
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due to arc root foundering have been used to explain the emplacement of isotopically 

enriched lamprophyre dikes emplaced at the end of the Ross Orogeny (Rocchi et al., 2009). 

The period between the Ordovician and Silurian (c. 485–425 Ma) contains no identified in-

situ magmatic rocks in West Antarctica and, therefore, the lack of age and geochemical 

control during the first ~60 million years following the Ross Orogeny is poor (Fig. 6). 

Granitic cobbles from conglomerates in the Antarctic Peninsula with c. 485–425 Ma ages 

record an increase in the εHfi immediately following the Ross Orogeny, consistent with 

extension (Fig. 6, Bradshaw et al., 2012). Geophysical data have identified an ~100 km thick 

segment of foundered lithospheric mantle at ~200 km depth beneath the Transantarctic 

Mountains, providing evidence for an exceptionally thick arc lithosphere at some point in the 

Phanerozoic (Shen et al., 2018). There are no constraints on when or why lithospheric 

foundering may have initiated, but it has been generally associated with previous major 

episodes of extension along the Antarctic margin.  

 Even though Ordovician–Carboniferous (c. 485–320 Ma) zircon Hf isotope data from 

Thurston Island, the Antarctic Peninsula, and eastern Marie Byrd Land represent increased 

juvenile asthenospheric mantle melting compared to the Ross Orogeny, the zircon initial εHfi 

is still far below the depleted mantle evolution line and also varies considerably (Fig. 6). The 

variation in zircon Hf composition during this, and later time periods, is interpreted to 

represent either a heterogeneous mantle source (i.e., lithospheric and asthenospheric sources) 

and/or variable crustal assimilation during magma ascent. Only a few of the lowest zircon 

εHfi values from the Silurian–Carboniferous (c. 420–320 Ma) from Thurston Island, the 

Antarctic Peninsula, and eastern Marie Byrd Land can be explained by complete recycling of 

Ross–aged or older crust (assuming a Lu/Hf = 0.0115, Rudnick and Gao, 2003).  
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 Figure 6 demonstrates that almost all Devonian–Carboniferous (c. 350–340 Ma) 

zircon from both Thurston Island and eastern Marie Byrd Land have juvenile isotopic 

compositions and are viable sources for Devonian–Carboniferous zircon found within 

volcaniclastic sedimentary rocks in the central Transantarctic Mountains (Nelson and Cottle, 

2017). However, Devonian–Carboniferous zircon from western Marie Byrd Land are more 

isotopically evolved than eastern Marie Byrd Land and Thurston Island and can be accounted 

for by remelting of Ross-aged or Grenville-aged lithosphere (e.g., Proterozoic lithospheric 

mantle) or sedimentary derivatives (Fig. 6). The inferred high degree of ancient lithospheric 

recycling in western Marie Byrd Land during a period of juvenile magmatism in eastern 

Marie Byrd Land is problematic (Yakymchuk et al., 2015). The isotopic difference between 

eastern Marie Byrd Land and western Marie Byrd Land may result from western Marie Byrd 

Land’s position inboard of the rest of West Antarctica during this time and, consequently, it 

may have been composed of thicker crust (and/or with a more ancient enriched composition) 

that led to increased crustal assimilation consistent with spatial isotopic trends within other 

Cordilleran style magmatic systems (e.g., Chapman et al., 2017). The inferred inboard shift 

of arc magmatism in the Devonian–Carboniferous may have been caused by an episode of 

contraction and arc/slab advancement in the Antarctic sector. Enriched Ross-aged or 

Grenville-aged lithosphere would have been melted during shortening and underthrusting 

and/or in regions where ancient lithospheric mantle persisted (i.e., western Marie Byrd 

Land). This scenario is supported by petrogenetic modeling utilizing zircon Hf and O 

isotopes that indicate a possible enriched lithospheric mantle source in western Marie Byrd 

Land and Proterozoic Os model ages for peridotite xenoliths of Marie Byrd Land (Handler et 

al., 2003; Yakymchuk et al., 2015).  
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 Juvenile magmatism in eastern Marie Byrd Land identified in this study (c. 348 Ma) 

and by detrital zircon in the Transantarctic Mountains (Nelson and Cottle, 2017) occurs 

either immediately after or during the waning stages of isotopically enriched magmatism in 

western Marie Byrd Land (c. 375–345 Ma, Yakymchuk et al., 2015). This observation 

suggests that the Devonian–Carboniferous time period may represent a classic cordilleran-

style cycle of contraction (early enriched inboard magmatism in western Marie Byrd Land) 

followed by extensional collapse (late juvenile outboard magmatism in eastern Marie Byrd 

Land), consistent with slab advance and subsequent rollback and/or arc root foundering (Fig. 

6). This contractional episode is not observed in Thurston Island and the Antarctic Peninsula, 

which may reflect continued extension in those regions. 

 Highly positive zircon εHfi values persisted in eastern Marie Byrd Land through the 

Permian and into the Early Triassic (c. 248 Ma), consistent with a decreasing contribution of 

ancient lithosphere to the melt source and/or ascending magmas following Devonian–

Carboniferous contraction. A second-order episode of contraction may be recorded in our 

Permian data with a shift in εHfi from +10 to +3 from c. 295 to 283 Ma. Despite this possible 

episode of contraction the secular trend is towards increasingly juvenile isotopic values 

consistent with a major extensional episode throughout the Carboniferous and Permian. 

However, during this same time period, Thurston Island and the Antarctic Peninsula switched 

to enriched εHfi values indicative of ancient lithosphere recycling during contraction and slab 

advance that continued through the Jurassic (Flowerdew et al., 2007; Riley et al., 2017). We 

argue that the Permian shift to enriched zircon Hf isotope compositions similar to the Ross 

Orogeny in Thurston Island and the Antarctic Peninsula is evidence for possible preservation 

of an ancient lithospheric mantle that avoided foundering. This is further supported by 
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mantle-like zircon oxygen isotope compositions (δ18O = ~5.3 ‰) for Permian detrital zircon 

with enriched Hf isotope compositions (εHfi = 0 to +3) from the Antarctic Peninsula (Castillo 

et al., 2016). The dramatic difference in zircon Hf isotopes for the Permian and Early Triassic 

between Marie Byrd Land / central Transantarctic Mountains (juvenile) and those for 

Thurston Island / Antarctic Peninsula (enriched) reflect an along arc geochemical difference 

and inferred geodynamic switch as previously postulated by Nelson and Cottle (2017). Our 

new data indicate that this along arc geodynamic change from extension to contraction was 

originally established in the early Permian and occurs between Thurston Island and Marie 

Byrd Land (Fig. 6 and 7).  

 Magmatic rocks of mid-Triassic to mid-Jurassic age are absent from Marie Byrd 

Land, but decreasing zircon εHfi values from the Permian–Triassic to the mid-Jurassic in 

detrital zircon from the cTAM may suggest Marie Byrd Land was under contraction or was a 

stationary arc at that time (Fig. 6). By the Late Jurassic and Cretaceous almost all zircon εHfi 

from zircon of West Marie Byrd Land can be explained by melting of juvenile crust formed 

after the Ross Orogeny (Fig. 6, assuming a Lu/Hf = 0.0115, Rudnick and Gao, 2003). During 

the Early Cretaceous in western Marie Byrd Land zircon εHfi undergo a dramatic isotopic 

pull-down or shift from relatively juvenile, or positive, compositions to highly enriched, or 

negative (Yakymchuk et al., 2013), signifying an episode of contraction that is also identified 

by an isotopic pull-down and compressional deformation in Cretaceous granites in the 

Antarctic Peninsula (Riley et al., 2018). Our new data from eastern Marie Byrd Land also 

contain a minor isotopic pull-down consistent with contraction followed by extension at c. 

100 Ma, similar to that reported for western Marie Byrd Land (e.g., Korhonen et al., 2010). 

These observations support previous studies that report contraction-related Cretaceous 
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magmatic flare-ups in West Antarctic and Zealandia that likely resulted from major plate 

reorganization in the late Early Cretaceous (Matthews et al., 2012, 2016; Seton et al., 2012; 

Milan et al., 2017; Riley et al., 2018). 

 Eastern Marie Byrd Land again is more juvenile than western Marie Byrd Land, 

which we attribute to an outboard position for eastern Marie Byrd Land and a history of 

juvenile magmatism that has either not yet been observed or may not have occurred in 

western Marie Byrd Land. Therefore, Cretaceous contraction resulted in juvenile mantle 

melts and juvenile lithospheric recycling in eastern Marie Byrd Land (Chapman et al., 2017). 

This hypothesis is further supported by evidence for an enriched lithospheric mantle source 

for Cretaceous magmatism in western Marie Byrd Land (e.g., Saito et al., 2013). Earliest 

Cretaceous magmatism in western Marie Byrd Land, however, was relatively more juvenile 

than Devonian–Carboniferous magmatism in western Marie Byrd Land (Yakymchuk et al., 

2013, 2015). This juvenile source may have resulted from lithospheric thinning prior to the 

onset of Cretaceous magmatism in western Marie Byrd Land.  

 

Comparisons with adjacent sectors 

 

 New zircon U-Pb and Hf isotope compositions for West Antarctica, combined with 

previously published values for the Antarctic sector of the paleo-Pacific margin of Gondwana 

provide the first opportunity to compare the long-term evolution of Antarctica with that of 

adjacent arc sectors. To do so we compiled, Hf isotope data from igneous and detrital zircon, 

as well as igneous whole rock Hf isotope data (Figure 8, see references in caption) separated 
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into two regions, Australia and Zealandia (blue), and South America (red). Zircon Hf 

isotopes can, however, vary greatly within a single igneous rock sample (> 10 εHfi) and even 

more so within a given arc, requiring the need for large compilations over extended periods 

of time (~100 million years or more). Even then, sampling bias, complex arc dynamics and 

regional variations in magmatic processes and the age of the lithosphere on which the arc 

was built complicate interpretations. For this reason, every attempt has been made to compile 

data available over a large geographic distribution and for diverse lithologies. 

 The Pampean Orogeny in South America and the Delamerian Orogeny in Australia 

are broadly synchronous with the Ross Orogeny of Antarctica and collectively represent the 

initial pulse of subduction along the paleo-Pacific margin of Gondwana (Cawood, 2005). The 

first important observation to make for initial subduction-related magmatism along the arc is 

that the εHfi values across all of these regions during this period are remarkably similar and 

enriched. We argue that the isotopic composition of the magmatism in these regions is 

representative of the ancient lithosphere (specifically enriched mantle lithosphere) upon 

which these different sectors of the Gondwana margin were built, similar to the interpretation 

for the origin of Ross Orogeny magmatism (Hagen-Peter et al., 2015; Hagen-Peter and 

Cottle, 2018). The regional tectonic histories of these sectors may vary, but the Hf isotopic 

record indicates that initial subduction across all segments occurred in a dominantly 

contractional arc system built on lithosphere with fairly uniform Hf isotope composition.  

This is an important starting point for the discussion because it provides a single reference 

frame to evaluate relative changes in Hf isotope composition through time in a single arc 

sector and also establish variations between different sectors. Significant time-dependent 
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changes in zircon Hf isotope compositions are therefore most likely a result of geodynamic 

changes rather than dramatic variations in initial ancient lithospheric Hf composition.  

 Following initial subduction during the Ross-Delamerian Orogeny at c. 485 Ma the 

Hf isotope data for Australia and Zealandia reveal a period of juvenile arc formation 

represented by the Macquarie arc (c. 480–443 Ma) that may have resulted from slab rollback 

and extension or subduction polarity switch (Aitchison and Buckman, 2012; Rosenbaum, 

2018). The termination of the Macquarie arc occurred during a period of persistent 

contraction from c. 443 to 340 Ma during the Lachlan Orogeny (including contraction in the 

Thomson and Mossman Orogenesis) represented by enriched isotopic compositions that 

transition to juvenile compositions related to asymmetric slab rollback and extension (Kemp 

et al., 2009; Rosenbaum, 2018). Progressive slab rollback culminated in a major widespread 

period of extension in the early Permian (c. 300–270 Ma, Rosenbaum, 2018) corresponding 

to a dramatic secular shift from enriched isotopic compositions to juvenile isotopic 

compositions (Kemp et al., 2009). Following major early Permian extension, juvenile 

isotopic compositions persist during contractional episodes (e.g., Permian Hunter-Bowen 

Orogeny) excluding a major contractional episode during formation of Cordillera Zealandia 

in the Cretaceous (e.g., Milan et al., 2017). Extensional collapse this contractional episode 

may have been responsible for emplacement of voluminous ignimbrite deposits of the 

Whitsunday Volcanic Province that have uniformly juvenile isotopic compositions (Tucker et 

al., 2016). Our new data for eastern Marie Byrd Land combined with data from the central 

Transantarctic Mountains and western Marie Byrd Land share a similar zircon Hf isotopic 

history and provide strong evidence for a shared geochemical and geodynamic history 
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throughout the Phanerozoic for the Australian sector and the Marie Byrd Land and 

Transantarctic Mountains components of the Antarctic sector (Fig. 9).   

 In contrast, the South American sector maintains evolved εHfi values (primarily 

negative) similar to that of the Pampean Orogeny from the Ordovician to early Permian 

reflecting crustal recycling in a dominantly advancing or contractional arc system. Limited 

zircon Hf isotope data from c. 450 to 360 Ma may be associated with a magmatic lull during 

accretion of exotic terranes or flat slab subduction in the early and middle Paleozoic 

(Cawood, 2005; Ramos, 2009; Dahlquist et al., 2018). A minor early Carboniferous (c. 359–

322 Ma) episode of slab rollback related extension is recorded by a brief increase in the 

zircon Hf isotope composition (Dahlquist et al., 2018). The most pronounced period of 

sustained extension in South America’s tectonic history, however, occurred from the late 

Permian to Early Cretaceous (c. 250 to 140 Ma, Horton, 2018 and references therein). This 

period is considered to include a major extensional collapse of the proto-Andean arc (San 

Rafael Orogen) attributed to changing convergence rates generating slab rollback (Ramos, 

2009) and is recorded in the zircon Hf record of South America as a shift from enriched Hf 

isotopic compositions to juvenile isotopic compositions (del Rey et al., 2016; Pepper et al., 

2016; Balgord, 2017). Importantly, the shift from enriched to juvenile Hf isotopic 

compositions occurs in the late Permian in the central Andes (del Rey et al., 2016) and the 

Jurassic in the southern Andes (Pepper et al., 2016; Balgord, 2017; Castillo et al., 2017b). 

Both isotopic and tectonic shifts are contemporaneous with large ignimbrite flare-ups, the 

Choiyoi Province in the central Andes and the Chon Aike in Patagonia (e.g., Kay et al., 1989; 

Pankhurst et al., 1998a; Rocha-Campos et al., 2011). When contraction is resumed during the 

initial stage of arc advancement at c. 100 Ma (Ramos, 2009) the zircon Hf isotopes do not 
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return to enriched compositions. The central Andes do, however, return to ancient lithosphere 

Hf isotope compositions in the Neogene due to shallow slab subduction and eastward 

migration of the arc possibly towards regions with more preserved ancient lithospheric 

mantle (Pepper et al., 2016; Chapman et al., 2017).  

 The Thurston Island and the Antarctic Peninsula Hf isotope record matches well with 

the trend for the southern Andes, indicating a coupling of these arc segments, particularly 

that of the Southern Andes. The mismatch between these records in the Ordovician–

Devonian suggests these arc segments may have experienced an uncoupling, perhaps caused 

by regional tectonics in South America such as terrane accretion or flat slab subduction. 

However, the shared zircon Hf isotopic history in the early Permian among Antarctic 

Peninsula, Thurston Island, and South America highlights a geochemical and inferred 

geodynamic switch along the entire paleo-Pacific margin from enriched compositions during 

contraction in South America to depleted compositions during extension in Australia at c. 

300–270 Ma. The limited data for in situ rocks from West Antarctica and Zealandia don’t 

allow us to determine whether this transition is gradual or abrupt, but the locus of the switch 

is constrained to somewhere between Thurston Island and Marie Byrd Land (Fig. 7, Nelson 

and Cottle, 2017).  

  

Implications for Phanerozoic accretionary orogens 

 

 The Hf isotopic records for the Antarctic, Australian, and South American sectors of 

the Gondwana margin are different but contain broadly similar patterns. For instance, the 
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Permian to Cretaceous (c. 250 to 140 Ma) record of extension in South America is 

comparable to extension and the isotopic shift observed from c. 430 to 270 Ma in Australia, 

Zealandia, and Antarctica. Evidence for the propagation of major extension along the 

Gondwana margin has also been documented using zircon Th/U (McKay et al., 2018). 

Collectively, these periods of extension in which the continental arc shifts to persistently 

juvenile isotopic compositions exemplify the process of lithosphere rejuvenation and 

continental crustal growth characteristic of accretionary orogens (Collins et al., 2011). Our 

compilation indicates that lithosphere rejuvenation along the Gondwana margin is not 

necessarily an ongoing process that occurred progressively throughout the Phanerozoic but 

instead occurred during episodes of major extensional orogenic collapse.  

 Regional models for extensional orogenic collapse invoke plate boundary processes, 

i.e., slab rollback (e.g., Kemp et al., 2009; del Rey et al., 2016; Mckibbin et al., 2017), as the 

driving mechanism. In the Chilean Frontal Andes, however, the shift from enriched to 

juvenile magmatism (c. 300 to 250 Ma) does not correlate with an outboard migration of arc 

magmatism that may be expected for slab rollback (Aitchison and Buckman, 2012; del Rey 

et al., 2016). Numerous models for extensional collapse of other active margins have been 

suggested as alternatives to slab rollback including slab detachment and lithospheric removal 

(i.e., foundering) (e.g., Platt et al., 2003).  Slab detachment may be unlikely to produce a 

secular change to juvenile isotopic compositions considering it is often associated with a 

shallowing of the subducting slab that may lead to contraction (Haschke et al., 2002). In 

South America, persistently enriched zircon Hf isotopes related to prolonged lithospheric 

melting during contraction throughout most of the Paleozoic, a shift to juvenile isotopic 

compositions without outboard arc migration, and the presence of ignimbrite flare-ups during 
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extensional collapse, could be evidence of ancient catastrophic root removal (Dewey, 1988; 

DeCelles et al., 2009). Collins et al. (2011) considered lithospheric mantle removal to occur 

in the backarc due to mantle flow-induced gravitational instability of a normal thickness 

lithosphere (Currie et al., 2008). However, the fate of overthickened dense arc roots and their 

relationship to secular evolution of continental margins remains underexplored. We speculate 

that catastrophic root foundering may have played a critical role in major extensional 

collapse episodes of the middle Paleozoic to middle Mesozoic in Antarctica, Australia, and 

South America.   

 There is the possibility that slab rollback may induce lithospheric mantle foundering 

or vice-a-versa. For instance, slab rollback could create a step change in density between 

mantle lithosphere and upwelling asthenosphere that may trigger gravitational instability 

(Stern et al., 2013). Ramos (2009) described extensional collapse of an Andean-type 

orogenic cycle as an initial period of slab rollback followed by lithospheric root removal. In 

contrast, the model of extensional collapse driven initially by lithosphere removal, 

gravitational forces, and an elevated thermal gradient may occur independent of, or be 

enhanced by, subsequent plate boundary driven extension (Dewey, 1988; Lister and Forster, 

2009). There remains no clear distinction between the roles of plate boundary and internal 

processes during major middle Paleozoic–middle Mesozoic lithospheric rejuvenation of 

Phanerozoic accretionary orogens and limits our understanding of the secular evolution of 

accretionary orogens (Collins et al., 2011). 

 There are numerous possible explanations for why South America, and Antarctica 

and Australia, underwent major extensional collapse and lithosphere rejuvenation at different 

times. In the case of changing plate boundary processes, extensional collapse is dependent on 
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the timing of major plate reorganization and the absolute motion of Gondwana (and Pangea) 

that established varied convergence rates along the Gondwana margin (Lallemand et al., 

2005; Matthews et al., 2016; Riel et al., 2018). If catastrophic root foundering is responsible 

for extensional collapse, then differences in the timing of extension would have been 

controlled primarily by magma addition rates and the rheology of the arc root and mantle that 

may have varied along the margin (Jull and Kelemen, 2001; Behn et al., 2007; Currie et al., 

2015).   

 Our evaluation of the zircon Hf isotope record of Gondwana margin identifies broad 

characteristics of the secular evolution of accretionary orogens through geologic time. Initial 

subduction along the entire paleo-Pacific margin of Gondwana was well established by the 

Cambrian and occurred during contraction with an enriched lithospheric mantle source and 

high amounts of supracrustal assimilation. The early to middle Paleozoic history is fairly 

complicated for all segments of the Gondwana margin with short-term or second-order 

processes occurring, such as possible polarity switching, retreat and advance, terrane 

accretion, etc., however, the first-order secular evolution of the arc chemistry maintains an 

enriched composition due to melting of ancient lithosphere. During the middle Paleozoic to 

middle Mesozoic the entire Gondwana margin undergoes a major segmented extensional 

collapse, perhaps caused by slab rollback and/or catastrophic root foundering that begins a 

secular shift in arc geochemistry towards more juvenile compositions. As contraction is 

reestablished, the arc maintains a juvenile composition except during major magma flare-ups 

associated with underthrusting, shallow subduction, and/or arc advancement (i.e., isotopic 

pulldowns). Importantly, this secular isotopic evolution is also observed in a compilation of 

zircon Hf isotopes from the western margin of North America, indicating that a global 
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change in external plate boundary forces during the middle Paleozoic to middle Mesozoic 

and/or gravity driven catastrophic extensional collapse is an inherent result of over-thickened 

accretionary orogens.  

 

Conclusions 

 

 Zircon geochronology and Hf isotope compositions of magmatic rocks in eastern 

Marie Byrd Land and Thurston Island provide new constraints on the age and geochemical 

development of West Antarctica. Both eastern Marie Byrd Land and Thurston Island record 

crustal growth and extension from the termination of the Ross Orogeny through to the 

Carboniferous. In eastern Marie Byrd Land, extension may have initiated in the early 

Carboniferous and continued until the Permian–Triassic following Late Devonian contraction 

documented in Forge Ranges of western Marie Byrd Land. A switch to contraction is 

indicated by more negative zircon εHfi through the Cretaceous in the central Transantarctic 

Mountains and western Marie Byrd Land. In contrast, Thurston Island switched to enriched 

εHfi values and contraction in early Permian through Jurassic time followed by an increase in 

εHfi and extension in the Cretaceous.  

 Comparing these records to zircon Hf isotope compilations from adjacent sectors of 

the arc demonstrates a shared geochemical and tectonic history for Marie Byrd Land, 

Australia, and Zealandia that contrasts with the history of Thurston Island, the Antarctic 

Peninsula, and South America. Our compilation also demonstrates the presence of a 

significant along arc geochemical and inferred geodynamic switch from enriched isotopic 
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compositions and contraction in South America, the Antarctic Peninsula, and Thurston Island 

to depleted isotopic compositions and extension in Marie Byrd Land during the early 

Permian. This variation highlights the difference in timing of major extensional collapse and 

lithospheric rejuvenation between Australia and Marie Byrd Land (c. 430–270) and South 

America (c. 250–140) that is evidenced by a shift to persistent juvenile zircon Hf isotopic 

compositions during these times. Plate boundary processes related to plate reconfiguration 

(e.g., slab rollback) and/or internal processes (e.g., lithospheric foundering, gravitational 

collapse, and heating) may have driven extensional collapse and lithospheric rejuvenation of 

Phanerozoic accretionary orogens. We conclude that Phanerozoic accretionary orogens have 

undergone comparable secular Hf isotope evolutionary histories.  
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Table	1:	Summary	of	zircon	geochronology	and	geochemistry

Sample	# Rock	Type Location Lat	(S)a Long	(W)a Age	±	2σ	(Ma) MSWD Inherited	(Ma) Mean	εHfi		(2SE)
Thurston	Island

61-133 Granite Jones	Mtns 73.50 94.40 208	±	1 2.1 –	4.8	(0.7)

64-J-BS-1 Granite Jones	Mtns 73.50 94.37 211	±	1 2.7 c.	1131	&	1433 n.d.

61-119 Granite Jones	Mtns 73.50 94.37 215	±	1 1.3 n.d.

68-71-1 Diorite Guy	Peaks 72.15 98.90 276	±	1 0.9 0.4	(0.7)

60-10-1 Orthogneiss King	Cliffs 72.30 96.02 338	±	2 1.6 2.1	(1.2)

TI	3-1 Orthogneiss Cape	Menzel 72.06 95.76 347	±	1 1.0 11.0	(0.6)

Marie	Byrd	Land
MB	205.3V Dike	Swarm Mt.	Prince 74.97 134.17 100	±	1 1.6 6.8	(0.7)

MB	205.10M Granite Mt.	Prince 74.97 134.17 108–120 4.2	(0.7)

MB	208.3 Granite Patton	Bluff 75.22 133.68 110–120	 4.7	(0.5)

MB	204.1M Granite Mt.	Goorhigian 75.05 133.80 103	±	1 1.0 	c.	140	&	247 3.7	(0.5)

MB	426.4 Monzogranite Early	Bluff 75.19 113.97 106	±	1 1.0 c.	412 0.8	(0.5)

MB	385.1M Granite Backer	Island 74.47 102.39 117	±	1 1.0 6.5	(0.9)

MB	163.1M Granite Mt.	Goorhigian 75.05 133.72 145	±	1 1.6 3.5	(0.5)

MB	204.3M Orthogneiss Mt.	Goorhigian 75.05 133.80 150		±	1 0.5 4.7	(0.5)

MB	212.3P Granite Kinsey	Ridge 75.37 139.15 248	±	1 0.6 c.	1089 10.9	(0.6)

MB	400.1D Granodiorite Mt.	Isherwood 74.98 113.70 283	±	1 1.0 3.0	(0.5)

MB	403.3 Quartz	Diorite Mt.	Strange 74.96 113.52 284	±	2 0.6 6.0	(0.8)

BP3 Granodiorite Bear	Peninsula 74.55 111.89 287	±	1 0.9 9.0	(1.1)

MB	402.2 Quartz	Diorite Mt.	Wilbanks 75.00 112.88 287	±	1 1.2 5.8	(0.5)

MB	406.7 Granite Jeffrey	Head 74.55 111.90 295	±	2 1.6 10.2	(0.7)

MB	201.15 Granite Mt.	McCoy 75.80 141.00 348	±	1 1.7 c.	572 5.3	(0.4)

MB	206.2 Orthogneiss Bruner	Hill 75.65 142.40 348	±	8 0.2 0.2	(2.0)

MB	432.1 Granodiorite Slater	Rocks 75.08 113.88 420	±	2 0.8 4.7	(0.5)

a
Reported	by	the	Polar	Rock	Repository
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III. Tracking voluminous Permian volcanism of the Choiyoi Province 

into central Antarctica 

 

Abstract 

 

 Permian volcanic deposits are widespread throughout southwestern Gondwana and 

record voluminous silicic continental arc volcanism (e.g., Choiyoi Province) that may have 

contributed to Permian global warming and environmental degradation. Many Permian 

volcanic deposits of southwestern Gondwana, however, have not been accurately correlated 

to magmatic source regions along the active paleo-Pacific margin of Gondwana, limiting our 

understanding of the timing and distribution of voluminous volcanism. Here we present 

detrital zircon U-Pb and Hf isotope data for Permian volcaniclastic sedimentary rocks from 

the Ellsworth Mountains, Pensacola Mountains, and the Ohio Range of central Antarctica in 

southwestern Gondwana and use it to determine their volcanic source along the paleo-Pacific 

margin of Gondwana. Rocks in central Antarctica record Permian volcanism between c. 277 

to 260 Ma with a weighted mean εHfi –0.2 ± 0.5 (2SE) for all Permian zircon. Comparison of 

these zircon age and Hf data with compilations for adjacent regions along the Gondwana 

margin suggest derivation from a major episode of Permian explosive arc volcanism that is 

broadly synchronous with, and geochemically similar to, the voluminous Choiyoi Province in 

South America. The data indicate that volcaniclastic deposits in the Karoo Basin, South 

Africa, are also sourced from this high magma flux event, but contain zircon with higher 

Gd/Yb and U/Yb suggestive of a thicker arc crust in the source for volcaniclastic deposits of 
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the Karoo Basin. In aggregate, Permian zircon in central Antarctica support an along-arc 

variation in geochemistry, geodynamics, and crustal thickness, with isotopically enriched 

high-flux magmatism and thickened crust during contraction in South America and 

isotopically depleted magmatism and thinned crust during extension in Australia. The timing 

of Choiyoi-related explosive volcanism recorded in central Antarctica and the Karoo Basin is 

contemporaneous with a documented increase in global arc flux, an increase in atmospheric 

CO2, a decrease in δ13C of benthic marine fossils, and mass extinction events. We suggest 

that the Choiyoi Province contributed to increased global arc flux in the Permian, leading to 

elevated background levels of atmospheric CO2 conducive to producing an environmental 

crisis during large igneous province emplacement, and may serve as an example of 

continental arc outgassing exerting a first order control on climate. 

 

Introduction 

  

 There is evidence for widespread explosive continental arc volcanism during the 

Permian throughout southwestern Gondwana (Fig. 1, Rocha-Campos et al., 2011; Sato et al., 

2015; Castillo et al., 2016; Elliot et al., 2016, 2017; McKay et al., 2016). In South America, 

Permian arc volcanism resulted in exceptionally high volume silicic volcanism in the Choiyoi 

Province (estimated volume of ~1.3 Mkm3) that may have contributed to global climate 

change, Permian mass extinctions and biotic crises (e.g., Henry et al., 2009; Hermann et al., 

2011; Henry, 2013; Limarino et al., 2014; Kimbrough et al., 2016; Spalletti and Limarino, 

2017; Luppo et al., 2018). Correctly correlating Permian volcanic deposits in southwestern 
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Gondwana to the Choiyoi Province, therefore, is critical to determining the distribution and 

timing of one of the largest silicic provinces along the paleo-Pacific margin of Gondwana 

and its relationship to Permian global warming and environmental degradation.  

 Constraints on the timing and geochemistry of regional Permian volcanism in the 

proto-Weddell Sea segment of the paleo-Pacific margin have been greatly improved by the 

application of zircon geochronology and geochemistry (i.e., petrochronology) in studies of 

detrital zircons in volcaniclastic sediments (Fanning et al., 2011; Canile et al., 2016; Castillo 

et al., 2016; McKay et al., 2016b; Kylander-Clark, 2017; Nelson and Cottle, 2017). In 

particular, detrital zircon U-Pb geochronology and Hf isotopic investigations of sedimentary 

rocks from the Paraná Basin and accretionary complexes of the Antarctic Peninsula and 

Patagonia (Fig. 1) have identified Permian volcanic detritus that may been directly sourced 

from the Choiyoi Province or correlative continental arc magmatism (Fanning et al., 2011; 

Canile et al., 2016; Castillo et al., 2016). In contrast, distal volcanic deposits in the Karoo 

Basin of South Africa (Fig. 2), although synchronous with the Choiyoi Province, have 

instead been correlated to volcanic deposits and detrital zircon in the Ellsworth and 

Transantarctic mountains (Fig. 1 and 2) of Antarctica, based on detrital zircon Th/U ratios 

(McKay et al., 2016b). Sedimentary facies comparisons of Permian successions in the 

Ellsworth and Transantarctic mountains with the Karoo Basin, however, suggest deposition 

in two separate and distinct basins that may not contain correlative volcanic detritus (Elliot et 

al., 2016a). Thus, it remains unclear whether explosive volcanic deposits correlative to the 

Choiyoi Province extend into South Africa and the Ellsworth and Transantarctic mountains 

of Antarctica. This limits our understanding of the volume and distribution of distal ashes 

from one of the largest silicic volcanic provinces in Earth’s history. 
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  Combined zircon geochronology and geochemistry, e.g., trace elements and Hf 

isotopes, provide an ideal opportunity to investigate volcanic provenance along the paleo-

Pacific margin (Kylander-Clark, 2017). Comprehensive zircon geochemistry data does not 

exist for Permian volcanic deposits of the Ellsworth and southern Transantarctic mountains 

(TAM), referred to here as central Antarctica (Fig. 2). An advantage of combined 

geochronology and geochemical data for accessory minerals such as zircon (i.e., 

petrochronology) is the ability to stitch together a fragmented temporal, geochemical, and 

geodynamic history of a convergent margin using both igneous and sedimentary rocks. 

Furthermore, the addition of geochemical tracers provides increased reliability to provenance 

studies that otherwise rely solely on geochronologic data. A petrochronologic approach, 

therefore, is particularly useful in Antarctica where the tectonic evolution is highly 

fragmented due to inaccessibility and poor exposure (Fig. 2). For this reason, we focus on 

key sections of Permian strata in central Antarctica, i.e., Ellsworth Mountains and southern 

TAM (Fig. 2, Elliot et al., 2016, 2017), with the goal of characterizing the age and 

geochemistry of Permian-aged zircon. These data are compared with a new compilation of 

zircon Hf data for surrounding crustal blocks to determine potential temporal and 

geochemical correlations with other Permian-aged rocks along the Gondwana margin. The 

data support the contention that Permian volcanic strata from central Antarctica and the 

Karoo Basin represent distal components of continental arc volcanism temporally and 

geochemically characteristic of South America and the Choiyoi Province.  

Geological Background 

  



 

 

 90 

 The source of widespread Permian distal volcanic ash deposits and detrital zircon 

within the proto-Weddell Sea region is generally considered to be the outboard active 

continental paleo-Pacific margin of Gondwana, including the Choiyoi Province (Fig. 1, Sato 

et al., 2015; Canile et al., 2016; Elliot et al., 2016). However, this segment of the Gondwana 

margin has been highly dissected due to supercontinent breakup in the Jurassic through 

Cretaceous and, consequently, reconstructing the pre-breakup arrangement of the various 

crustal blocks has been considered the “problem child” of paleo-Pacific margin tectonics 

(Dalziel and Elliot, 1982; Grunow et al., 1987; Storey et al., 1988). This problem has been 

further complicated by the inaccessibility and poor exposure of areas of interest in southern 

Patagonia and ice-covered regions in West Antarctica (Fig. 2). For these reasons, potential 

sources of Permian-aged detrital zircon in volcanogenic sediments in the Paraná Basin, 

southern Patagonia, West Antarctica, and South Africa have been limited to abundant 

Permian subduction-related magmatic and volcanic rocks of the Choiyoi Province, or sparse 

occurrences of subduction-related Permian granites in the crustal blocks of West Antarctica 

(e.g., Antarctic Peninsula, Marie Byrd Land, Thurston Island, Fig. 2) (Fanning et al., 2011; 

Canile et al., 2016; Castillo et al., 2016; Elliot et al., 2016a, 2017; McKay et al., 2016b).  

 The Choiyoi Province (Fig. 1) is principally characterized by widespread Permian 

subduction-related andesitic to rhyolitic volcanic rocks (primarily ignimbrites) erupted over 

an area of ~1.7 Mkm2 of Chile and Argentina, with an average thickness of 700 m emplaced 

between c. 282 to 251 Ma with a major flare-up at 269 to 263 Ma (e.g., Rocha-Campos et al., 

2011; Kimbrough et al., 2016; Spalletti and Limarino, 2017). The plutonic components of the 

Choiyoi are broadly defined as tonalities-granodiorites to granites emplaced between 286 to 

247 Ma (e.g., Sato et al., 2015). Plutonic and volcanic rocks of the Choiyoi Province are 
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distributed across the Chilean Coastal Cordillera, the Chilean Precordillera, the Principal and 

the Frontal Andean Cordillera, the Argentinian Precordillera, the San Rafael-Las Matras-

Chadileuvú Blocks and northern Patagonia, including the North Patagonian Massif. 

Contemporaneous Permian plutonic rocks have also been discovered in Tierra del Fuego 

(Fig. 1). Proposed distal volcanic ashes of the Choiyoi Province are found throughout Late 

Paleozoic Gondwana basins in South America and South Africa including the Paraná and 

Karoo basins, respectively (Fig. 1). Voluminous calc-alkaline volcanism and magmatism of 

the early stage of the Choiyoi Province at c. 280 to 265 Ma is generally syntectonic with 

transpression during the San Rafael compressional event and Gondwanide Orogeny (e.g., 

Kleiman and Japas, 2009). The later stage of Choiyoi Province is characterized by 

anorogenic magmatism from c. 265 to 250 Ma associated with extensional collapse of the 

San Rafael event and Gondwanide Orogeny at c. 265 Ma (Kleiman and Japas, 2009; Rocha-

Campos et al., 2011; Sato et al., 2015). 

 Definitive volume estimates for the Choiyoi Province, volcanic and plutonic, are 

lacking but there is broad consensus that the Choiyoi Province represents the largest silicic 

magmatic event in southwestern Gondwana (e.g., Rocha-Campos et al., 2011; Sato et al., 

2015; Kimbrough et al., 2016; Spalletti and Limarino, 2017). The age of the Choiyoi 

Province (c. 286 to 247 Ma) overlaps with the Permian–Triassic and End Guadalupian mass 

extinction events, carbon isotope excursions, and a shift from icehouse to greenhouse 

conditions associated with increases in atmospheric greenhouse gases (Spalletti and 

Limarino, 2017). For these reasons, the Choiyoi Province has been proposed as a major 

source of volcanogenic greenhouse gases (e.g., CO2) during volcanism and magmatism that 

heated organic-rich Paleozoic sedimentary rocks, releasing additional greenhouse gases and 
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contributing to Permian global warming and environmental crises (Henry et al., 2009; 

Hermann et al., 2011; Henry, 2013; Limarino et al., 2014; Kimbrough et al., 2016; Spalletti 

and Limarino, 2017; Luppo et al., 2018).   

 Recent work has utilized zircon geochronology and geochemistry to unlock the 

history of Permian magmatism and volcanism in southwestern Gondwana contemporaneous 

with the Choiyoi Province. U-Pb and Hf isotopes of detrital zircon within volcaniclasic rocks 

from the Paraná Basin are reported to be temporally and geochemically comparable to the 

Choiyoi Province (Canile et al., 2016). Similarly, Fanning et al. (2011) and Castillo et al. 

(2016) utilized zircon Hf-O isotopes to demonstrate a correlation in Permian detrital zircon 

Hf isotope compositions between the Antarctic Peninsula, Patagonia, and the Choiyoi 

Province. They argue that similarities in age and zircon Hf isotope composition for detrital 

zircon from the Antarctic Peninsula and Patagonia suggest they may be sourced directly from 

the Choiyoi Province or a temporally and geochemically related southern extension of the 

Permian magmatic arc into southern Patagonia and the Antarctic Peninsula.  

 Distal volcanic tuffs from the Karoo Basin, South Africa (Fig. 1), overlap in age with 

Permian zircon from South America and may represent distal ash deposits of the Choiyoi 

Province (e.g., McKay et al., 2016). Whole-rock geochemistry for Karoo Basin tuffs indicate 

a possible intraplate magmatic source consistent with back-arc magmatism rather than 

continental arc magmatism (McKay et al., 2016b). Whole-rock data for Karoo Basin tuff 

samples, however, are contaminated by admixed detritus consisting of possibly multiple 

geochemically distinct signatures and require zircon geochemistry for reliable time-

integrated geochemical interpretations. Similarities in zircon Th/U ratios were interpreted to 

indicate that Karoo Basin tuffs are genetically related to volcanogenic sediments in the 
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Ellsworth Mountains and TAM, Antarctica (Fig. 1 and 2), rather than Permian zircon from 

South America, i.e., Choiyoi Province (McKay et al., 2016b). Zircon Th/U ratios, however, 

may vary greatly within a single magma system due to temperature variations and 

differentiation, which make Th/U a potentially unreliable geochemical tracer for zircon 

provenance (e.g., Kirkland et al., 2015; Yakymchuk et al., 2018). Instead, Hf isotopes 

provide a more reliable geochemical signature of the magma source because Hf isotopic 

ratios do not vary with magma temperature and fractionation. Zircon Hf isotopic data, 

unfortunately, do not currently exist for Permian zircon from either the Karoo Basin or 

Permian strata of central Antarctica (Elliot et al., 2016a, 2017; McKay et al., 2016b). In this 

contribution, we investigate the geochronology, trace elements, and Hf isotopic composition 

of Permian zircon from Permian strata (Fig. 2 and 3, >500 km between each locality) of the 

Ellsworth Mountains (Polarstar Formation), and the Ohio Range (Mt. Glossopteris 

Formation) and Pensacola Mountains (Pecora Formation) of the southern TAM to clarify 

correlations with the Karoo Basin, Choiyoi flare-up in South America, or petrogenetically 

distinct magmatism recorded in the CTAM, Marie Byrd Land, Zealandia, and Australia. Our 

data, combined with a new compilation for adjacent regions along the Gondwana margin, 

demonstrate that Permian zircon from central Antarctica and the Karoo Basin have a strong 

temporal and geochemical similarity to South America and the Choiyoi Province.   

 

Polarstar Formation, Ellsworth Mountains 
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 The Polarstar Formation is the youngest formation of the Paleozoic strata in the 

Ellsworth Mountains (Fig. 2 and 3, Elliot et al., 2016; Castillo et al., 2017a; Craddock et al., 

2017). A minimum thickness of 1.2 km for the intensely folded strata of the Polarstar 

Formation has been estimated by combining several measured sections. The Polarstar 

Formation has been divided into a lower Argillite Facies, middle volcaniclastic Sandstone–

Argillite Facies, and upper Glossopteris–bearing Coal Measures Facies (Collinson et al., 

1992; Elliot et al., 2016a). Our sample is from the middle volcaniclastic sandstone facies 

(Fig. 3). Comparable Permian strata to the Polarstar Formation have been identified in 

eastern Ellsworth Land, the Karoo Basin of South Africa, the Falkland Islands, and central 

TAM (Elliot et al., 2016). Based on geochronology and facies comparisons, the Polarstar 

Formation has been interpreted as an extension of the Permo–Triassic Transantarctic Basin 

and is separate from the Karoo Basin of South Africa and Permian deposits in the Falkland 

Islands (Elliot et al., 2016a). Volcanogenic Permian detrital zircon for volcaniclastic 

sandstones of the Polarstar Formation generally range in age from 270 to 260 Ma and three 

zircon U-Pb dates have been determined for tuff beds: 258 ± 2 Ma, 263 ± 2 Ma, and 263 ± 1 

Ma (Elliot et al., 2016a; Craddock et al., 2017a). 

  

Mt. Glossopteris Formation, Ohio Range 

 

 The Permian Mt. Glossopteris Formation is the youngest formation in the Ohio Range 

of the Transantarctic Mountains (Fig. 2 and 3, Elliot et al., 2017). It is comprised of a lower 

marine succession (shale and siltstone) and a thick upper fluvial succession consisting of 
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sandstones and coal (Collinson et al., 1994). The Mt. Glossopteris Formation is a member of 

the Beacon Supergroup that comprises Devonian-Triassic sediments of the TAM and 

correlates with the Buckley and Fairchild formations in the central TAM and the Weller 

Formation in south Victoria Land (Elliot et al., 2017). Recent detrital zircon geochronology 

for the Mt. Glossopteris Formation reported high proportions of air fall volcanic detritus and 

Permian zircon ranging in age from 280 to 245 Ma that were derived from the outboard 

active Gondwana margin. We selected a sample from a stratigraphic position close to the 

reported volcaniclastic sandstone in order to target Permian zircon (Fig. 3).  

 

Pecora Formation, Pensacola Mountains 

  

  The Pecora Escarpment, the type locality for the Permian Pecora Formation, is the 

southernmost extension of the Pensacola Mountains (Fig. 2 and 3, Williams, 1969; Barrett et 

al., 1986; Collinson et al., 1994). Rocks of the Pecora Formation include abundant 

sandstones, siltstones, and shales. Minor coal beds contain Permian Glossopteris fossil leaves 

indicative of a Permian age for the Pecora Formation (Paul L. Williams, 1969). The Pecora 

Formation of the Pensacola Mountains has been correlated to Beacon Supergroup sediments 

of the Transantarctic Mountains, including the Mt. Glossopteris Formation in the Ohio Range 

and the Buckley Formation in the central TAM (Barrett et al., 1986; Collinson et al., 1994). 

Detrital zircon studies have not previously reported Permian zircon in the Pecora Formation 

and no radiometric dates are available.  
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Analytical Methods 

 

 One sample from each Permian unit, the Mt. Glossopteris Formation, Pecora 

Formation, and Polarstar Formation (Fig. 2 and 3) were selected from the Polar Rock 

Repository (Repository, 2018) to determine the age and geochemistry of Permian zircon. 

Zircons were separated using standard mineral separation techniques (i.e., disk milling, water 

table, magnetic separation, and heavy liquids), mounted in epoxy, and polished to expose 

equatorial sections. Prior to isotopic analysis, zircons were imaged via Cathodoluminescence 

(CL) on an FEI Quanta400f scanning electron microscope (SEM) and used to guide selection 

of locations for LASS (U–Pb and trace elements) and Lu–Hf measurements. 

 Zircon U–Pb isotopes and trace element concentrations were obtained simultaneously 

with using the ‘split stream’ approach (Kylander–Clark et al., 2013) at the University of 

California Santa Barbara under standard operating conditions (McKinney et al., 2015). 

Instrumentation consists of a 193 nm ArF excimer laser ablation (LA) system coupled to Nu 

Plasma high–resolution multi collector–inductively coupled plasma mass spectrometer (MC–

ICP–MS) for U/Pb and a Agilent 7700S Quadrupole ICPMS for trace elements.  A selection 

of 64 zircon grains were measured for U–Pb and trace element analysis from each sample. 

Subsequent Lu–Hf analyses were performed by LA–MC–ICPMS exclusively on zircon 

younger than Ordovician (n = ~25 per sample) to better characterize the geochemistry of 

post–Ross–aged zircon. All data reduction was performed using Iolite v2.5 (Paton et al., 

2010, 2011) and 207Pb corrected 206Pb/238U ages were calculated for zircon younger than c. 

800 Ma using the method of Andersen (2002) and ISOPLOT/EX (Ludwig, 2003). Detailed 

analytical methods, data reduction protocols and results of reference zircon analyses and 
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unknown data are in the Supplementary Information, and Datasets S1 and S2 provided in the 

Appendix (Patchett and Tatsumoto, 1980, 1981, Wiedenbeck et al., 1995, 2004; Chu et al., 

2002; Jackson et al., 2004; Thirlwall and Anczkiewicz, 2004; Woodhead and Hergt, 2005; 

Blichert-Toft, 2008; Sláma et al., 2008; Liu et al., 2010). 

 

Results 

 

 All zircon U-Pb and geochemical data are provided in Supplementary Datasets 1 and 

2. Zircon U-Pb Tera-Wasserburg corcordia, 207Pb-corrected weighted mean 206Pb/238U 

crystallization ages, representative cathodoluminescence (CL) images of zircon, and kernel 

density/histogram plots for Permian-aged zircon are provided in Figure 4. Permian zircons 

from all formations have euhedral prismatic and elongate morphologies showing both 

oscillatory and sector zoning in CL. Histograms of zircon Hf isotope data are given in Figure 

5. Zircon trace-element concentrations fall within the range of continental arc zircon and 

have ‘igneous’ Th/U ratios (> 0.1) (Rubatto, 2002; Grimes et al., 2015). Calculated weighted 

mean crystallization ages with two sigma uncertainties and mean squared weighted deviation 

(MSWD) for samples from this study are discussed below. Calculated weighted mean εHfi 

values are provided alongside their two standard error uncertainties below. All εHfi values 

were calculated using chondritic uniform reservoir (CHUR) parameters of Bouvier et al. 

(2008) and 176Lu decay constant from (Söderlund et al., 2004). 

 A sandstone from the Mt. Glossopteris Formation (PRR-11683, Fig.4) of the Ohio 

Range yielded Permian-aged zircon with a weighted mean of 265.5 ± 0.8 Ma (MSWD = 1.5 
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for n = 55). The kernel density plot indicates two sub-populations (probability peaks) at c. 

264 and 267.5 M. The zircon εHfi ranges from –3.2 to 0.7 with a unimodal distribution and a 

weighted mean of –0.5 ± 0.3 (2SE) (Fig. 5). Only one zircon within this sample yielded a 

concordant U-Pb age older than the Permian (c. 508 Ma). Permian zircons from the Mt. 

Glossopteris Formation have an average Th/U = 0.62, Gd/Yb = 0.07, and U/Yb = 0.58. 

 A sandstone sample from the Pecora Formation (PRR-33218, Fig. 4) in the Pensacola 

Mountains contained Permian zircon with a weighted mean age of 267.4 ± 1.2 Ma (MSWD = 

1.2 for n =36). The kernel density plot looks very similar to that for the Mt. Glossopteris 

sample with two probability peaks at c. 263.5 and 269 Ma. The zircon εHfi ranges from –4.2 

to +5.6 with a weighted mean of +0.3 ± 1.0 (2SE). The zircon εHfi histogram plot 

demonstrates a bimodal distribution of εHfi with peaks at ~ –0.5 and +3 (Fig. 5). Concordant 

ages for PRR-33218 older than the Permian include four Carboniferous ages, a c. 512-489 

Ma (n = 11), and a single age of c. 632 Ma. Permian zircon from the Pecora Formation have 

an average Th/U = 0.93, Gd/Yb = 0.08, and U/Yb = 0.60. 

 A sandstone from the Polarstar Formation (PRR-299, Fig. 4) of the Ellsworth 

Mountains yielded a population of Permian-aged zircon with a weighted mean of 270.3 ± 1.3 

Ma (MSWD = 1.5 for n = 36). The kernel density plot for PRR-299 has an older age, c. 273 

Ma, for the highest probability sub-population than other samples from this study. Two 

minor peaks at c. 264 and 267.5 Ma match with peaks in kernel density plots for samples 

from the Ohio Range and Pensacola Mountains. The zircon εHfi ranges from –5.4 to +4.5 

with a weighted mean of –0.3 ± 1.1 (2SE) (Fig. 5). Concordant dates for PRR-33218 older 

than the Permian include a single date of c. 308 Ma, an age range of c. 520-486 Ma (n = 9), 
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and seven Proterozoic dates from c. 1735 to 541 Ma. Permian zircon from the Pecora 

Formation have an average Th/U = 0.75, Gd/Yb = 0.06, and U/Yb = 0.54. 

 

Discussion 

  

Regional Temporal Correlations of Permian Volcanism 

 

 Our new detrital zircon data for Polarstar, Mt. Glossopteris, and Pecora formations 

indicate a period of Permian volcanism between c. 277 and 260 Ma (Fig. 6), consistent with 

previous detrital zircon data published for the Polarstar and Mt. Glossopteris formations 

(Elliot et al., 2016a, 2017; Craddock et al., 2017a). The age range for zircon from these 

formations (c. 277-260) is contemporaneous with volcanic units of the Choiyoi Province (c. 

281-252 Ma, Fig. 6) and weighted mean ages for all samples are within uncertainty of a 

major peak in Choiyoi volcanic activity at 269–263 Ma (Rocha-Campos et al., 2011; 

Kimbrough et al., 2016). Distal tuffs from the Karoo Basin, South Africa, have a broad peak 

in zircon ages of c. 282 to 250 Ma (Fig. 6), with the highest age probability between c. 275 

and 260 Ma (McKay et al., 2016b), demonstrating a strong age correlation with both the 

Choiyoi Province and detrital zircon from central Antarctica. Detrital zircon from the Paraná 

Basin (Canile et al., 2016) and accretionary complexes in Patagonia (Hervé et al., 2014b; 

Castillo et al., 2016) contain polymodal distributions with abundant Permian-aged zircon 

contemporaneous with Permian zircon from central Antarctica, Karoo Basin, and the Choiyoi 

Province (Fig. 6). Importantly, the Paraná Basin and Patagonia sediments preserve evidence 
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for Carboniferous–Permian zircon sources from ash fall and erosion of crystalline basement 

(Canile et al., 2016; Castillo et al., 2016).  

 In Antarctica, detrital zircon from the Antarctic Peninsula record a broad Permian age 

peak with subpopulation probability peaks at c. 266 and c. 272 Ma (Castillo et al., 2016), 

similar to central Antarctica, South America, and South Africa (Fig. 6). Magmatic ages for 

basement rocks of the Antarctic Peninsula and Thurston Island (c. 280 to 255 Ma) also 

overlap in age with Permian zircon from central Antarctica (Millar et al., 2002; Riley et al., 

2012, 2017). In contrast, detrital zircon ages from late Paleozoic–Mesozoic volcaniclastic 

sedimentary rocks in the central TAM yield a broad Permian–Triassic age probability peak 

(c. 265 to 240 Ma, Fig. 6) that is slightly younger than Permian zircon ages recorded in other 

regions within the proto-Weddell Sea sector discussed above as well as our data from central 

Antarctica (Elliot et al., 2017; Nelson and Cottle, 2017). Instead, the age of Permian–Triassic 

zircon from the central TAM are comparable to detrital zircon ages from Australia and New 

Zealand, demonstrating a broad difference in the timing of Permian arc magmatism between 

Australia / Zealandia and South America (see compilation in Nelson and Cottle, 2017). In 

summary, detrital zircon ages for Mt. Glossopteris, Polarstar, and Pecora formations in 

central West Antarctica are contemporaneous with the Choiyoi igneous province, Patagonia, 

the Antarctica Peninsula and South Africa, and are generally older than Permian arc 

magmatism recorded in the cTAM that is itself contemporaneous with arc activity in 

Zealandia and Australia. Consequently, central Antarctica defines the southernmost distal 

component of widespread Permian volcanism contemporaneous with the Choiyoi Province 

along the Gondwana margin and may have been directly sourced from a major high-flux 

period of Choiyoi volcanic activity (Kimbrough et al., 2016).  
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Hf Isotopic Constraints On Provenance 

  

 The Hf isotopic composition of zircon from the central Antarctica samples exhibit 

similarly enriched εHfi values that overlap within uncertainty and have a combined εHfi range 

of c. –5 to +5 (Fig. 5), reinforcing a shared geochemical and temporal history for these rocks. 

At least two geologically feasible scenarios can explain the lack of juvenile Hf isotopic 

compositions (εHfi > +5) in central Antarctica samples. The evolved signature may result 

from contamination of depleted mantle melts by assimilation of enriched Cambrian (e.g., 

Ross Orogen) and/or Proterozoic (Grenville-aged cratonic basement) crustal reservoirs 

(Hagen-Peter et al., 2015; Hagen-Peter and Cottle, 2018) that are ubiquitous along the 

Gondwana margin (Chapter 2). Alternatively, enriched compositions may have resulted from 

enriched lithospheric mantle melting followed by crustal assimilation. Permian zircon from 

the Antarctic Peninsula contain enriched Hf isotope compositions (εHfi = –1.3 to +5.2), 

similar to those of central Antarctica, and mantle-like oxygen isotope compositions (δ18O = 

4.5 to 6.4‰) (Castillo et al., 2016), consistent with a shared enriched lithospheric mantle 

source for central Antarctica and the Antarctic Peninsula. Evidence for proximal magmatism 

with an enriched lithospheric mantle source recorded in Permian zircon from the Antarctic 

Peninsula and the absence of zircon εHfi > +5 in central Antarctica suggest an enriched 

lithospheric mantle source for central Antarctica.  
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Regional Detrital Zircon Hf Isotope Comparisons 

 

 Here we compile detrital zircon Hf isotope data to test whether Permian zircons in 

central Antarctica have geochemical affinities with Permian detrital zircon in the Antarctic 

Peninsula and South America or the central TAM (Fig. 7). Permian detrital zircon from the 

Paraná Basin, Patagonia, and Antarctic Peninsula all contain enriched Hf isotope 

compositions and lack juvenile Hf isotope compositions, similar to central Antarctica (Fig. 7, 

Fanning et al., 2011; Canile et al., 2016; Castillo et al., 2016). Intermediate Hf compositions 

(εHfi = 0 to +5) for middle Permian zircon are more common in central Antarctica than the 

Paraná Basin, Patagonia, and Antarctic Peninsula, however, the uniformly enriched 

compositions (εHfi < +5) for all of these regions are consistent with derivation from 

temporally and geochemically related magmatic sources. Limited early to middle Permian 

zircon Hf isotope data exist for the central TAM, but late Permian and Early Triassic Hf 

isotope compositions are significantly more juvenile (εHfi up to c. +14) and there is only a 

minor amount of zircon with εHfi < 0 (Fig. 7, Nelson and Cottle, 2017). The data from central 

TAM, therefore, suggest zircon derived from a magmatic arc that is temporally and 

geochemically distinct (i.e., Marie Byrd Land, Zealandia, and Australia) from the source of 

central Antarctica, Paraná Basin, Patagonia, and Antarctic Peninsula (Nelson and Cottle, 

2017). 

 

Zircon Hf Isotope Composition of Permian Magmatic Rocks 
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 We also compiled zircon Hf isotope data from plutonic rocks across the Gondwana 

margin to better constrain potential source regions for Permian zircons in central Antarctica 

(Fig. 8).  In South America, magmatic rocks of the Frontal Andes, Coastal Batholith, North 

Patagonian Massif, and Tierra del Fuego generally have enriched zircon Hf isotope 

compositions (εHfi < c. +5) similar to those of central Antarctica (Fig. 8, Fanning et al., 2011; 

del Rey et al., 2016; Castillo et al., 2017b). A comprehensive study of the zircon Hf isotope 

composition of volcanic rocks of the Choiyoi Province is unavailable, but limited data from 

Choiyoi volcanic rocks and plutonic rocks from the North Patagonian Massif indicate the 

Choiyoi Province has an εHfi = c. –7 to +5 (Fig 8, Fanning et al., 2011; Castillo et al., 

2017b). The lack of zircon with εHfi > c. +5 in South America may be due to melting of an 

enriched lithospheric mantle, or extensive crustal contamination of depleted mantle melts. 

Evidence for an enriched lithospheric mantle is preserved in Permian zircon with enriched Hf 

isotope compositions and mantle-like O isotope compositions from Frontal Andes batholiths 

and the North Patagonian Massif (Fig. 8, del Rey et al., 2016; Castillo et al., 2017b). Re/Os 

data from Patagonian mantle xenoliths demonstrate the existence of a Proterozoic enriched 

lithospheric mantle that was likely present in the Permian and related to ancient lithosphere 

reported in South Africa and the Shackleton Range of Antarctica (Schilling et al., 2008, 

2017; Mundl et al., 2015).  Together these observations provide strong evidence for a 

lithospheric mantle source for contemporaneous Permian magmatism in South America, 

including the Choiyoi Province, and are consistent with the Choiyoi Province or temporally 

and geochemically correlative arc magmatism as the source for Permian zircon from central 

Antarctica.  
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 Zircon Hf isotope compositions for crystalline basement in the Antarctic Peninsula 

and the adjacent crustal block of Thurston Island are limited (Fig. 8, Flowerdew et al., 2006; 

Riley et al., 2017, Chapter 2). The available data suggest they both record enriched Hf 

isotopic compositions in the Permian–Triassic and, therefore, may have been sourced from 

an enriched lithospheric mantle similar to that observed in South America. A Permian diorite 

from Thurston Island (276 ± 1 Ma) is contemporaneous with the Permian zircon age peak for 

central Antarctica (c. 277–260 Ma) and has similarly enriched zircon Hf isotope 

compositions (mean εHfi = +0.4 ± 0.7 (2SE)) suggesting Thurston Island as a potential source 

for Permian zircon from central Antarctica (Fig. 8, Nelson and Cottle, in review). In contrast, 

there are no Permian magmatic rocks from Marie Byrd Land contemporaneous with the 

central Antarctica Permian zircon age (c. 277–260 Ma) (Fig. 8, Pankhurst et al., 1998; 

Mukasa and Dalziel, 2000; Yakymchuk et al., 2013, 2015; Nelson and Cottle, in review). 

Older Permian magmatic rocks (c. 295–283 Ma) and a Triassic granite (c 248 Ma) from 

Marie Byrd Land have zircon Hf isotopic compositions that are generally more depleted than 

those of central Antarctica (Fig. 8) and record unambiguous evidence for a depleted mantle 

source (Nelson and Cottle, in review). In summary, there is currently no evidence to support 

Marie Byrd Land as a likely source region for Permian zircon in central Antarctica. 

 

Along Arc Geochemical Variation 

 

 The depleted zircon Hf isotope compositions from Marie Byrd Land are comparable 

to Permian–Triassic zircon from the central TAM and compiled zircon Hf isotope data from 
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Zealandia and Australia (Fig. 8, Nelson and Cottle, in review). These observations have 

previously been used to argue for an along arc geochemical variation from depleted in 

Australia, Zealandia, and Marie Byrd Land to enriched in South America, Antarctic 

Peninsula, and Thurston Island (Nelson and Cottle, 2017; Nelson and Cottle, in review). This 

along arc variation is likely caused at least in part by a depleted asthenospheric mantle source 

in Australia, Zealandia, and Marie Byrd Land and an ancient enriched lithospheric mantle 

source in South America, Antarctic Peninsula, and Thurston Island. These differences may 

have developed due to varied tectonic (i.e., geodynamic) histories of these two broad 

segments of the Gondwana margin. In particular, Australia, Zealandia, and Marie Byrd Land 

likely underwent lithosphere rejuvenation during slab rollback and/or lithospheric foundering 

(i.e., extensional collapse) earlier, c. mid to late Paleozoic, than in South America, which did 

not undergo major extension and lithospheric rejuvenation until later, c. late Permian to 

Jurassic (Nelson and Cottle, in review).  

 The difference in tectonic history along the Gondwana margin is particularly 

pronounced during the early Permian, when the margin of Australia was undergoing 

widespread extension, leading to the opening of the Sydney and Bowen basins (e.g., 

Rosenbaum, 2018) while the margin of South America was undergoing contraction during 

the San Rafael compressional event associated with the Gondwanide Orogeny (e.g., Kleiman 

and Japas, 2009; Sato et al., 2015). Permian volcanic and plutonic rocks of the Choiyoi 

Province were emplaced during contraction of the San Rafael event and continued through 

the initial stage of extension at c. 265 Ma (Kleiman and Japas, 2009; Rocha-Campos et al., 

2011; Sato et al., 2015; Spalletti and Limarino, 2017). The temporal and geochemical 

signature of this event is present in our data from central Antarctica and indicates they are 
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sourced from the Choiyoi Province or correlative rocks of Patagonia, Antarctic Peninsula, 

and/or Thurston Island. We therefore suggest that Permian volcanic and magmatic rocks in 

Patagonia, Antarctic Peninsula, and Thurston Island define a southern extension of the 

Choiyoi Province (Fanning et al., 2011; Castillo et al., 2016) and volcanic deposits in central 

Antarctica represent the distal expression of this southern extension of the Choiyoi Province 

(Fig. 9). Paleogeographic reconstructions indicate that the location of the Karoo Basin was 

between the Paraná Basin and central Antarctica and constrain the source for Karoo Basin 

tuffs to Choiyoi-related magmatism (Fig. 9). Our data from central Antarctica also support 

the notion that an early-Permian along arc geochemical switch occurred in the vicinity of 

Thurston Island and Marie Byrd Land (Nelson and Cottle, 2017; Nelson and Cottle, in 

review) based on the difference in Permian zircon Hf isotopes of central Antarctica and 

central TAM. 

 

Zircon Trace Element Constraints On Source 

  

 Key zircon trace element ratios (Gd/Yb, U/Yb, Th/U) have been established as 

proxies for magmatic arc systems (e.g., Barth et al., 2013; McKay et al., 2018) and provide 

an opportunity to compare the source of Permian zircon from central Antarctica to Permian 

zircon from the Karoo Basin (Fig. 10). In continental arcs, fractionation of garnet and/or 

melting of garnet-bearing lower crust produces heavy rare earth element depletion, i.e., a 

high Gd/Yb “garnet-signature”, in magmas and crystallizing zircon that is indicative of 

thickened crust (Barth et al., 2013). Similarly, addition of U-rich slab-derived fluids to 
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continental arc melts generates magmas and crystallizing zircon with high U/Yb ratios (Barth 

et al., 2013). Permian zircon from the Karoo Basin (McKay et al., 2016b) have markedly 

higher average Gd/Yb (0.09) and U/Yb (1.23) ratios than central Antarctica (Gd/Yb = 0.07 

and U/Yb = 0.57) (Fig. 10) and, therefore, indicate that Karoo Basin tuffs had a source with a 

thicker arc crust and higher ingress of slab-derived fluids, both of which are consistent with 

high arc magma flux (Ducea and Barton, 2007; Barth et al., 2013). The zircon Gd/Yb and 

U/Yb data imply the existence of thickened arc crust in South America that underwent a 

progressive or step-wise transition to thinner crust towards Patagonia and West Antarctica 

(Fig. 9). This along arc variation in crustal thickness and slab fluid addition is consistent with 

early Permian along arc variation from contraction and crustal thickening during the San 

Rafael event and Choiyoi magmatism in South America (e.g., Kleiman and Japas, 2009) to 

extension and thinning in the Australian margin and the opening of the Sydney-Bowen basin 

(e.g., Rosenbaum, 2018) (Fig. 9).  

 High zircon Th/U ratios have been used as proxies for both crustal input (e.g., Barth 

et al., 2013) and extension (e.g., McKay et al., 2018). As a crustal input proxy, high Th/U 

results from high Th content in old lithosphere and, therefore, corresponds to periods of 

increased ancient fertile crust contribution during high magma flux episodes favored during 

upper plate contraction (Barth et al., 2013). Alternatively, high Th/U has been interpreted to 

result from high magma temperatures, increased fractionation, and more primitive mafic 

melts common during extension (McKay et al., 2018). These contrasting applications of 

zircon Th/U to studies of ancient arc systems highlight the necessity for combining 

traditional zircon U-Th-Pb isotope and concentration measurements with supplemental 

zircon trace element and Hf isotope measurements. For example, average Permian zircon 
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Th/U ratios from the Karoo Basin (0.71) and central Antarctica (0.75) are nearly 

indistinguishable and elevated, similar to documented arc flare-up events in the Sierra 

Nevada Batholith and the Ross Orogen, Antarctica, which have average zircon Th/U ratios 

>0.7 during peak magma flux (Barth et al., 2013; Paulsen et al., 2016). In both the Sierra 

Nevada Batholith and the Ross Orogen, high Th/U correlates with high Gd/Yb and U/Yb 

interpreted to reflect upper plate thickening during contraction (Ducea and Barton, 2007; 

DeCelles et al., 2009; Barth et al., 2013; Ducea et al., 2015; Paulsen et al., 2016). We assert, 

therefore, that the high zircon Th/U, Gd/Yb, and U/Yb in Permian zircon from the Karoo 

Basin, combined with our zircon Hf isotope compilation that indicates pervasive enriched 

isotopically enriched compositions during the Permian, are consistent with a thick Andean 

style arc source undergoing a high magma flux event during contraction rather than 

extension. In contrast, high Th/U Permian zircon from central Antarctica with enriched Hf 

isotopes, but relatively lower Gd/Yb and U/Yb, were sourced from the fringe of this arc 

flare-up where the crust was thinner owing to an early Permian transition from thick crust in 

South America (e.g., Kleiman and Japas, 2009) during contraction to thin crust in Australia 

due to extension (e.g., Rosenbaum, 2018) (Fig. 9).  

 

Environmental Impacts of the Choiyoi Flare-up 

 

 Previous workers have asserted that the Choiyoi flare-up may have contributed 

significantly to an increase in atmospheric CO2 during the Permian, which is associated with 

the end-Permian and end Guadalupian mass extinction events and a transition from icehouse 
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to greenhouse conditions (Henry et al., 2009; Hermann et al., 2011; Henry, 2013; Limarino et 

al., 2014; Kimbrough et al., 2016; Spalletti and Limarino, 2017; Luppo et al., 2018). Our new 

geochronology data, combined with that from the Karoo Basin (McKay et al., 2016b), 

provide an opportunity to assess correlations between peak Choiyoi-related volcanism 

(inferred as peaks in distal zircon ages) with major shifts in global continental arc flux 

(McKenzie et al., 2016; Cao et al., 2017), atmospheric CO2 (Berner and Kothavala, 2001), 

large igneous provinces, mass extinction events (Bond and Wignall, 2014), and marine fossil 

δ13C (Veizer et al., 1999), to evaluate the relationship between Choiyoi-related volcanism 

and possible environmental change (Fig. 11). Detrital zircon data and global granite surface 

area addition rates have been established as proxies for global arc flux through time and a 

correlation between high global arc flux and elevated atmospheric CO2 suggests continental 

arc volcanism may be the principle driver of atmospheric CO2 (e.g., McKenzie et al., 2016; 

Cao et al., 2017). In particular, there is a general increase in global arc flux beginning in the 

Permian and continuing through the Cretaceous that aligns with an increase in atmospheric 

CO2 (Fig. 11, Berner and Kothavala, 2001; McKenzie et al., 2016; Cao et al., 2017). 

Furthermore, this increased global arc flux is broadly correlated with a shift to lighter δ13C 

values in brachiopod, belemnite, oyster, and foraminifera shells (Fig. 11, Veizer et al., 1999) 

that may be the result of addition of light mantle carbon through prolonged increased 

volcanic outgassing that began in the Permian (e.g., Paulsen et al., 2017).  

 Our data for the Choiyoi flare-up is synchronous with the initial increase in global arc 

flux in the Permian and suggests that the Choiyoi contributed to a dramatic increase in global 

continental arc flux that elevated background CO2 (Fig. 11). Approximately 1022 g of CO2 is 

estimated to have been released over ~30 million years during the emplacement of the 
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Choiyoi Province, corresponding to a minimum CO2 volcanic outgassing flux of ~1014 g/myr 

(Henry et al., 2009; Henry, 2013). Significant additional CO2 and CH4 may have been 

released due to heating of Paleozoic organic-rich shales, peat and carbonates (decarbonation) 

by Choiyoi magmas and volcanic rocks (Spalletti and Limarino, 2017). Constraints on global 

continental arc CO2 flux in the Permian are lacking, but modern continental arc CO2 flux 

estimates of 150 Tg/year (on the order of 1020 g/myr) suggest that the Choiyoi Province may 

have only represented a small component of the global arc CO2 flux (Lee and Lackey, 2015). 

However, emplacement of the Siberian Traps large igneous province associated with the end-

Permian mass extinction released ~30,000 Gt CO2 (Bond and Wignall, 2014) over ~800 kyrs 

(Burgess and Bowring, 2015), corresponding to a volcanic CO2 flux on the order of 1013 

g/myr – comparable to the Choiyoi Province. Estimates for the Choiyoi and Siberian Traps 

igneous provinces do not incorporate release of CO2 from decarbonation of crustal carbonates 

due to carbonate-magma interaction that may radically increase CO2 flux during magmatism 

(e.g., Lee and Lackey, 2015). We suggest, therefore, that decarbonation of crustal carbonates 

during emplacement of the Choiyoi Province, combined with global increases in continental 

arc flux (both volcanic outgassing and decarbonation), elevated background atmospheric CO2 

levels, creating environmental degradation and global warming in the Permian (Lee and 

Lackey, 2015; McKenzie et al., 2016; Cao et al., 2017; Spalletti and Limarino, 2017). 

Punctuated mafic LIP emplacement, e.g., Siberian Traps and Emeishan, caused additional 

CO2 input and environmental stress leading to mass extinction events (Bond and Wignall, 

2014). These combined effects may have occurred numerous times throughout the 

Phanerozoic. Better constraints on the timing and volume of continental arc flare-ups and the 

amount of volcanic and decarbonation CO2 outgassing throughout the Phanerozoic will 
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enable determination of the relationship between continental arc flare-up events, global 

warming, and mass extinctions (e.g., Cao et al., 2017).  

 

Conclusions 

 

 New zircon U-Pb and Hf isotopic data for Permian detrital zircon from volcaniclastic 

sedimentary rocks in central Antarctica record a major episode of explosive continental arc 

volcanism at c. 277 to 260 Ma. Hf isotopes indicate that Permian volcanism in central 

Antarctica is consistent with derivation from temporally and geochemically correlative rocks 

in South America, Antarctic Peninsula, and Thurston Island, that likely represent a 

continental arc flare-up related to the Choiyoi Province. Central Antarctica therefore 

represents the southernmost documented extension of this broad volcanic and magmatic 

province that is distinct from continental arc activity recorded in central TAM, Marie Byrd 

Land, Zealandia, and Australia. Volcanic rocks in the Karoo Basin, South Africa, must also 

be sourced from Choiyoi-related igneous activity but Permian zircon from the Karoo Basin 

have higher average zircon Gd/Yb and U/Yb than central Antarctica, indicative of thicker arc 

crust in their source. Zircon Hf isotopes and trace elements suggest an along arc shift from 

voluminous isotopically enriched arc magmatism, thickened crust, and contraction in South 

America to lower volume isotopically depleted magmatism, thinned crust, and extension in 

eastern Australia during the early to middle Permian. The timing of voluminous volcanism 

and magmatism associated with the Permian Choiyoi Province, recorded in central Antarctica 

and the Karoo Basin, is broadly synchronous with a shift from icehouse to greenhouse 
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conditions, decreased δ13C in benthic marine fossils, increased atmospheric CO2, mass 

extinction events, large igneous provinces, and increased global arc flux. Consequently, we 

suggest the Choiyoi Province was a major contributor to increased global arc flux and 

volcanic outgassing and decarbonation of crustal carbonates in the Permian that produced a 

background level of atmospheric CO2 conducive to climatic and biotic crises during mafic 

large igneous province emplacement. 
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 Appendix: Supplementary Information 

 

Zircon U-Pb geochronology 

 

 U-Pb measurements were made on a Nu Plasma high-resolution multi collector-

inductively-coupled plasma-mass spectrometer (MC-ICP-MS) (Nu Instruments, Wrexham, 

UK) at the University of California, Santa Barbara. A 193 nm ArF excimer laser (Teledyne 

Cetac, USA) was used to ablate domains 25 µm in diameter, and 238U, 232Th, 208Pb, 207Pb, 

206Pb, and 204(Pb + Hg) were measured. Laser energy was typically 3—4 mJ and the ablation 

repetition rate 4 Hz. Analyses were conducted over 30 second ablation periods with 20 

second washout periods between measurements to return signal to background. Isotopes 

204Pb, 206Pb, 207Pb, and 208Pb were measured on secondary electron multipliers, while 232Th 

and 238U were measured on Faraday cups equipped with 1011 ohm resistors. 

 U-Pb data were collected during two analytical sessions. A primary reference 

material, ‘91500’ zircon (1065.4 ± 0.3 Ma 207Pb/206Pb ID-TIMS age and 1062.4  ± 0.4 Ma 

206Pb/238U ID-TIMS age, Wiedenbeck et al., 1995, 2004) was used to monitor and correct for 

mass bias as well as Pb/U fractionation. To assess data accuracy, two secondary reference 

zircon ‘GJ-1’ (608.5  ± 0.4 Ma 207Pb/206Pb ID-TIMS age; Jackson et al., 2004 and 601.7 ± 1.3 

Ma 206Pb/238U ID-TIMS age; Condon, personal commun.) and ‘Plešovice’ (337.13 ± 0.37 Ma 

206Pb/238U ID-TIMS age Sláma et al., 2008) were analyzed concurrently (typically once 

everyone 8-10 unknowns) and mass bias- and fractionation- corrected based on measured 

isotopic ratios of the primary reference material. Analyses of the GJ-1 and Plešovice 
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secondary reference zircon over all of the analytical sessions yield a mean 206PB/238U age 

within uncertainty of the reported values. Data reduction, including corrections for baseline 

subtraction, instrumental drift, mass bias, down-hole fractionation, and primary-reference 

normalization was carried out using Iolite v2.5. Full details of the data reduction 

methodology can be found in Paton et al. (2010, 2011).  

 Uncertainties on individual analyses are quoted at the 95% confidence or 2σ level and 

include contributions from the external reproducibility of the secondary reference material 

for the 207Pb/206Pb and 206Pb/238U ratios. Weighted 206Pb/238U averages were calculated using 

Isoplot version 3.00 (Ludwig, 2003). Uncertainties on weighted mean ages are quadratic 

additions of the internal precision on the measurements and the long-term external 

reproducibility of GJ-1 and Plešovice (~1.7% 2 SE). 

  

Zircon Hf isotopes 

 

 Hf isotopes in zircon were measured in situ by LA-MC-ICP-MS at UCSB. Methods 

used in this study are similar to those used by Hagen-Peter et al. (2015). Ablation spots were 

placed over the original U–Pb analysis spots to obtain Hf compositions that correspond to the 

measured U–Pb date of the zircon. A laser spot size of 50 µm, 4 mJ laser energy at 100%, 

and a pulse rate of 8 Hz were used to ablate samples for 50 s, with a 30 s delay between 

analyses to allow washout. Masses 171–180 inclusive were measured on 10 Faraday cups at 

1 a.m.u. spacing.  



 

 

 126 

 Data were reduced using Iolite v2.31 (Paton et al., 2011). Natural ratios of 

176Yb/173Yb = 0.786847 (Thirlwall and Anczkiewicz, 2004) and 176Lu/175Lu = 0.02656 (Chu 

et al., 2002) were used to subtract isobaric interferences of 176Yb and 176Lu on 176Hf. The Yb 

mass bias factor was calculated using a natural 173Yb/171Yb ratio of 1.123575 (Thirlwall and 

Anczkiewicz, 2004) and was used to correct for both Yb and Lu mass bias. A natural 

179Hf/177Hf ratio of 0.7325 (Patchett and Tatsumoto, 1980, 1981) was used to calculate the Hf 

mass bias factor. 

 To assess accuracy and precision, natural reference material zircons ‘91500’ 

(176Hf/177Hf = 0.282308 ± 6; Blichert-Toft, 2008), and ‘Plešovice’ (176Hf/177Hf 0.282482 ± 

13; Sláma et al. , 2008 ), and ‘MunZirc1’ (176Hf/177Hf = 0.282135 ± 7; Fisher et al., 2011) 

were analyzed between every 8 sample analyses. The weighted mean corrected 176Hf/177Hf 

values (±2SD) obtained for the secondary reference materials 91500, Plešovice, and MunZirc 

were within uncertainty of reported values. 

 

Dataset S1. Zircon U-Pb and trace elements for zircon. 

Dataset S2. Zircon Hf isotope data for zircon. 
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