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Combined zircon geochronology and Hf isotopes of plutonic rocks from eastern Marie Byrd Land and Thurston
Island, Antarctica, provide a detailed record of Phanerzoic 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 in-
creases 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, Ant-
arctic Peninsula, and South America. These two contrasting histories highlight an early Permian along arc geo-
chemical 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 margin
underwent a similar secular isotopic evolution with dramatic shifts from enriched to juvenile isotopic composi-
tions during extensional collapse.
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1. Introduction

Accretionary orogenesis describes the deformation, metamorphism,
and crustal growth (i.e., magmatism and accretion) that take place dur-
ing 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 thick-
ness 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
(Hacker et al., 2011; Collins 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,
.

tional Association for Gondwana Res
remains an important component in resolving Earth's geochemical
evolution.

The paleo-Pacific margin of Gondwana was a long-lived active con-
tinental 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., 2011). These re-
gions contain Phanerozoic arc-related plutonic and volcanic rocks, and
volcaniclastic sedimentary rocks that preserve the temporal and geo-
chemical history of magmatismwithin this broad accretionary orogenic
systems. 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). How-
ever, 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-
earch.
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Fig. 1. (A) Paleogeographic reconstruction of supercontinent Gondwana during the Paleozoic–Mesozoic, and the major sectors of the active paleo–Pacific margin of Gondwana (modified
from Meert and Lieberman, 2008). (B) Reconstruction of the Antarctic sector of the Gondwana plate margin during the late Paleozoic–early Mesozoic, showing the location of the study
area inWest Antarctica relative to the distribution of Devonian through early Jurassic arc–related rocks located within the various outboard crustal blocks (Elliot, 2013).West Antarctica:
EM, EllsworthWhitmore; TI, Thurston Island; AP, Antarctic Peninsula; MBL, Marie Byrd Land. Zealandia: CR, Chatham Rise; CP, Campbell Plateau; NZ, East New Zealand; LHR, Lord Howe
Rise; CHP, Challenger Plateau and West New Zealand.
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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 Is-
land, 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 igne-
ous 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 andmay not be represen-
tative of the Antarctic sector (Fanning et al., 2011; Bradshawet al., 2012;
Castillo et al., 2016, 2017; Nelson and Cottle, 2017).

Arc-derived Permian–Jurassic volcaniclastic sedimentary rocks de-
posited on the stable East Antarctic craton,whichwasnot dissected dur-
ing 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., 2016, 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 fol-
lows 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 prelimi-
nary ages and a tectonic framework for Marie Byrd Land (Pankhurst
et al., 1998a, 1998b; 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 geochem-
ical 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,
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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 arcmagmatism fromenriched 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 con-
straints on the exact location of this along arc 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 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 possibly
Fig. 2. (Color map) Subice topographic DEM of Antarctica (BEDMAP2) with major crustal block
map ofMarie Byrd Land and Thurston Island showing sample locations (Pankhurst et al., 1998b)
the web version of this article.)
shared secular evolution among Phanerozoic accretionary orogens
along the entire Gondwana margin.

2. 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., 1998a, 1998b). The boundary between these
two provinces is loosely located in the vicinity of the LandGlacier region
of the Rupert Coast (Fig. 2; Pankhurst et al., 1998a, 1998b). Paleomag-
netic data for crustal blocks of the Ross and Amundsen Provinces indi-
cate 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 Prov-
ince 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., 1998a, 1998b).

2.1. Western Marie Byrd Land (Ross Province)

TheRoss Province includes exposed rocks of the Ford Ranges and Ed-
ward VII Peninsula (Fig. 2). The oldest unit within the Ross Province is a
Neoproterozoic–Cambrian foldedmetaturbidite sequence, the Swanson
Formation, containing detrital zircons ranging from c. 3.03 Ga to c.
s and localities identified; asl–above sea level (Fretwell et al., 2013). (B&Wmap) Enlarged
. (For interpretation of the references to color in this figure legend, the reader is referred to
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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., 1998a, 1998b). The Swanson Formation is intruded by the Ford
Granodiorite suite emplaced between 375 and 345 Ma (Yakymchuk
et al., 2015), coincident with Gondwana margin arc magmatism in
Northern Victoria Land (Admiralty Intrusives, 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 compo-
sitions consistent with mixing of juvenile mantle melts with a melt of
the Swanson Formation during arc magmatism (Yakymchuk et al.,
2015). High-grademetamorphic equivalents to the Swanson Formation
and Ford Granodiorite suite are found in the nearby Fosdick Mountains
migmatite-granite complex of westernMarie Byrd Land (Fig. 2) 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 compo-
nent 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 differ-
ences 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 Transantarctic Mountains, how-
ever, suggest that extensional tectonics continued into West Antarctica
(Nelson and Cottle, 2017). In this contribution, we investigate the ex-
tent of extensional tectonics in West Antarctica by studying in situ plu-
tonic 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.

2.2. 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., 1998a, 1998b; Yakymchuk et al., 2015). The Amund-
sen Province contains a more comprehensive record of arc-related
plutonism than the Ross Province, spanning the Cambrian through Tri-
assic, previously constrained by Rb-Sr isochron and multigrain fraction
isotope dilution-thermal ionization mass spectrometry (ID-TIMS) zir-
con U-Pb ages (Pankhurst et al., 1998a, 1998b; 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 com-
plex of the Ross Province and may represent a correlative event. Creta-
ceous subduction-related calc-alkaline magmatic rocks are scattered
throughout the Amundsen Province (Mukasa and Dalziel, 2000). The
youngest calc-alkaline granite along the Rupert and Hobbs coast out-
crops at Mt. Prince (Fig. 2) and is dated at 110± 1Ma; 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).

2.3. Thurston Island

Rocks of the Thurston Island crustal block outcrop on a series of
islands and the adjacent Eights Coast and Jones Mountains (Fig. 2).
The exposed basement includes Carboniferous to Late Cretaceous volca-
nic 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 geochem-
istry 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 zircon εHfi
values from +10 to +2. In contrast, Triassic through Cretaceous mag-
matic rockswith ages of ~239Ma, ~151Ma, and ~108Ma from Thurston
Island incorporated more ancient crustal material in their petrogenesis,
represented by εHfi from 0 to−9 (Riley et al., 2017).

3. 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 Mukasa and Dalziel
(2000) to determine the timing and geochemical history of subduction-
relatedmagmatismwithin the Antarctic sector of the Gondwanamargin.
Zircon was 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, zircon 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). Approxi-
mately 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
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 206Pb/206Pb ages for zircon older than 800 Ma.
Detailed analytical methods, data reduction protocols and results of
reference zircon analyses and unknown data are provided in the
Supplementary information text S1, and datasets 1 and 2 (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).
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4. 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-Wasserburg Concordia diagrams and 207Pb-corrected
weighted mean 206Pb/238U crystallization ages for Paleozoic–Mesozoic
samples from both easternMarie Byrd Land and Thurston Island are plot-
ted 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 Figs. 6
and 7 and calculated weighted mean εHfi values are provided alongside
their two standard error uncertainties below. All εHfi values were calcu-
lated using chondritic uniform reservoir (CHUR) parameters of Bouvier
et al. (2008) and 176Lu decay constant from (Söderlund et al., 2004). Sam-
ples with atypical zircon Th/U ratios (i.e., b0.1) 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.,
1998a, 1998b). 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., 1998a, 1998b) 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± 1Ma (MSWD=1.7) and 348± 8Ma (MSWD=0.2), re-
spectively. 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., 1998a, 1998b). 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 weight mean of +5.3 ± 0.4 con-
sistent with whole-rock Nd isotopic data (Pankhurst et al., 1998a,
Table 1
Summary of zircon U-Pb geochronology and Hf isotope data for Marie Byrd Land and Thurston

Sample # Rock type Location Lat (S)a Long (W)

Thurston Island
61-133 Granite Jones Mtns 73.50 94.40
64-J-BS-1 Granite Jones Mtns 73.50 94.37
61-119 Granite Jones Mtns 73.50 94.37
68-71-1 Diorite Guy Peaks 72.15 98.90
60-10-1 Orthogneiss King Cliffs 72.30 96.02
TI 3-1 Orthogneiss Cape Menzel 72.06 95.76

Marie Byrd Land
MB 205.3V Dike swarm Mt. Prince 74.97 134.17
MB 205.10M Granite Mt. Prince 74.97 134.17
MB 208.3 Granite Patton Bluff 75.22 133.68
MB 204.1M Granite Mt. Goorhigian 75.05 133.80
MB 426.4 Monzogranite Early Bluff 75.19 113.97
MB 385.1M Granite Backer Island 74.47 102.39
MB 163.1M Granite Mt. Goorhigian 75.05 133.72
MB 204.3M Orthogneiss Mt. Goorhigian 75.05 133.80
MB 212.3P Granite Kinsey Ridge 75.37 139.15
MB 400.1D Granodiorite Mt. Isherwood 74.98 113.70
MB 403.3 Quartz diorite Mt. Strange 74.96 113.52
BP3 Granodiorite Bear Peninsula 74.55 111.89
MB 402.2 Quartz diorite Mt. Wilbanks 75.00 112.88
MB 406.7 Granite Jeffrey Head 74.55 111.90
MB 201.15 Granite Mt. McCoy 75.80 141.00
MB 206.2 Orthogneiss Bruner Hill 75.65 142.40
MB 432.1 Granodiorite Slater Rocks 75.08 113.88

a Reported by the Polar Rock Repository.
1998b). Zircon from Bruner Hill does not appear to luminesce under
CL and are therefore not included in Fig. 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 b 0.1 suggest that zircon in the Bruner Hill sample
records a high-grade metamorphic/anatectic event rather 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 ±
2Ma (MSWD=1.6), and has the least radiogenic hafnium isotope com-
position, εHfi =+10.2 ± 0.7. This new age is slightly younger than the
312 ± 10 Ma age reported by Pankhurst et al. (1998a, 1998b) 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 di-
orites fromMt. 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. (1998a, 1998b) 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 newageswere also determined
for plutonic and migmatitic rocks from a migmatite complex in
the Demas Range, Rupert Coast, and refine the dominantly discordant
U-Pb dates published by Mukasa and Dalziel (2000). A megacrystic
Island.

a Age ± 2σ (Ma) MSWD Inherited (Ma) Mean εHfi (2SE)

208 ± 1 2.1 −4.8 (0.7)
211 ± 1 2.7 c. 1131 & 1433 n.d.
215 ± 1 1.3 n.d.
276 ± 1 0.9 0.4 (0.7)
338 ± 2 1.6 2.1 (1.2)
347 ± 1 1.0 11.0 (0.6)

100 ± 1 1.6 6.8 (0.7)
108–120 4.2 (0.7)
110–120 4.7 (0.5)
103 ± 1 1.0 c. 140 & 247 3.7 (0.5)
106 ± 1 1.0 c. 412 0.8 (0.5)
117 ± 1 1.0 6.5 (0.9)
145 ± 1 1.6 3.5 (0.5)
150 ± 1 0.5 4.7 (0.5)
248 ± 1 0.6 c. 1089 10.9 (0.6)
283 ± 1 1.0 3.0 (0.5)
284 ± 2 0.6 6.0 (0.8)
287 ± 1 0.9 9.0 (1.1)
287 ± 1 1.2 5.8 (0.5)
295 ± 2 1.6 10.2 (0.7)
348 ± 1 1.7 c. 572 5.3 (0.4)
348 ± 8 0.2 0.2 (2.0)
420 ± 2 0.8 4.7 (0.5)



Fig. 3. Representative zircon cathodoluminescent images for each sample showing the location of U-Pb and Hf isotopic analyses with the correlated single spot age and epsilon Hf.
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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 crys-
tallization age of 103± 1Ma and an εHfi=+3.7± 0.5, but also includ-
ing older concordant dates of 140–102 Ma and ~247 Ma. Complex data
were also observed in granites fromMt. Prince (MB205.10M, Fig. 2) and
Patton Bluff (MB 208.3, Fig. 2). TheMt. 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 fromMt. Prince (MB 205.3V) of
106 ± 1Mawith 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 amean 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 deter-
mined for rocks fromThurston Island. An orthogneiss fromCapeMenzel
(TI 3-1, Fig. 2) yielded an igneous age of 347±1Mawith 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



Fig. 4. Zircon LASS U-Pb geochronology data for Silurian to Triassic aged samples of eastern Marie Byrd Land and Thurston Island in Tera-Wasserburg Concordia plots and calculated
weighted mean 207Pb corrected–206Pb/238U ages provided for select analyses in red. See Dataset S1 for full zircon U-Pb dataset. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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εHfi = +2.1 ± 1.2. A diorite from Guy Peaks (68-71-1, Fig. 2) yielded
the only Permian age for Thurston 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.

5. Discussion

5.1. 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 fromMt.Murphy (Pankhurst et al., 1998a, 1998b), 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., 1998a, 1998b) for gneisses from Clark Island in Pine Is-
land 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



Fig. 5. Zircon LASS U-Pb geochronology data for Late Jurassic to Cretaceous aged samples of eastern Marie Byrd Land in Tera-Wasserburg Concordia plots and calculated weighted mean
207Pb corrected–206Pb/238U ages provided for select analyses in red. Normal kernel density estimates with a bandwidth of 1 and histograms are provided when no single age is dominant
(Vermeesch, 2012). See Dataset S1 for full zircon U-Pb dataset. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(Pankhurst et al., 2003), but older than known igneous rocks from west-
ern Marie Byrd Land (Yakymchuk et al., 2015).

The two Marie Byrd Land provinces do, however, share a record of
magmatic and metamorphic activity during the Carboniferous, with a
granite fromMt.McCoy (348±1Ma) and an orthogneiss from Brunner
Hill (348 ± 8 Ma) falling within the age range of the Ford Granodiorite
Suite (374–345Ma) and within uncertainty of the timing of peakmeta-
morphism in the Fosdickmigmatite-granite complex (346Ma) in west-
ern 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 ±
9Ma,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., 2016, 2017; Nelson and Cottle, 2017;
Paulsen et al., 2017). 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 unclearwhether this juxtaposition of contempo-
raneous rocks is coincidental or indicative of a sharedmelting event that
either extends beyond a true crustal boundary or suggests the boundary
should be shifted to includeMt.McCoywithin thewestern province. Re-
gardless of the boundary location, the new dates presented here along
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with known correlative units in Zealandia (e.g., Tulloch et al., 2009),
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.

The Permian record of arc magmatism is sparse in West Antarctica.
Our new ages 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 Perm-
ian 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., 2016, 2017;
Nelson and Cottle, 2017; Paulsen et al., 2017).Magmatic rocks from Pat-
agonia 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., 2016). 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 if 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 fromMesozoic sedi-
mentary rocks in the Transantarctic Mountains and, therefore, is consis-
tent with its proposed role as the source region (Elliot and Fanning,
2008; Elsner et al., 2013; Elliot et al., 2016, 2017; Nelson and Cottle,
2017; Paulsen et al., 2017). Although there is a scarcity of Triassic and
late Permian dates fromMarie 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 ± 4Ma, Riley et al., 2017) is similar in age to Tri-
assic rocks from the Antarctic Peninsula. However, our new ages 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., 2017). Further-
more, zircons similar in age to the Jones Mountains granite are uncom-
mon 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 contemporane-
ous 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 ter-
rane are also interpreted to be related to Gondwana break-up rather
than subduction (Craddock et al., 2017). 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., 2016; 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±3Ma for zircon from a leucocratic
dike from theAntarctic Peninsula is the onlyMid-Jurassic zircon crystal-
lization 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 gran-
itoids 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 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 ages 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 com-
pression referred to as the Palmer Land Event (Vaughan et al., 2012;
Riley et al., 2018).

5.2. Zircon Hf isotopes and geodynamic evolution of the Gondwana margin

5.2.1. The zircon Hf isotope proxy
The relative change in zircon εHfi through time inmagmatic 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 out-
board 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 as-
cent through thinner possibly juvenile crust and/or melting of upwell-
ing depleted asthenospheric mantle (e.g., Chapman et al., 2017).
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, under-
thrusting of fertile crust to the melt source region, and/or an inboard
shift of the arc magma source region towards increased melting of an-
cient enriched lithospheric mantle (e.g., Chapman et al., 2017). This
model for tectonic switching between extension and contractionwithin
accretionary orogens relies on plate boundary processes that adjust the
angle of the subducting slab, and include decreased convergence rates
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(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 con-
ceptual framework within which to interpret our new zircon Hf isotope
data and previously published data from West Antarctica and the
TransantarcticMountains. 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). These
models predict that zircon Hf isotope compositions should shift rapidly
to near depletedmantle 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, zirconHf isotopes are interpretedwithin 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 depletedmantle isotope compositions, similar to theMacquarie is-
land arc in the Australian sector (see Aitchison and Buckman, 2012), oc-
curred 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 accre-
tionary orogens (Dewey, 1988). Accretionary orogens undergoing
magma flare-ups during upper-plate shortening and lithospheric
recycling are associated with the generation of thick (N30 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 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 up-
welling (e.g., Dewey, 1988; Decelles et al., 2009; Wang and Currie,
2015). Consequently, distinctions and interrelations of arc root founder-
ing and slab rollback are poorly constrainedwithin the record of secular
evolution of continental arcs due in part to the two processes producing
similar geological signals and the potential for them to occur simulta-
neously (Lister and Forster, 2009). In this contribution we will discuss
periodswhere both plate boundary and internal processes may be driv-
ing extension.

5.2.2. Antarctic sector
Initial subduction along theAntarctic sector during theRossOrogeny

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 as-
thenospheric 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 zir-
con εHfi from Silurian–Triassic plutonic rocks in Marie Byrd Land and
Carboniferous rocks in Thurston Island and the Antarctic Peninsula is
here interpreted as a broad change in the tectonic conditions from con-
traction 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 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 initiated but it has been gener-
ally 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 zir-
con 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).

Fig. 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 sedi-
mentary 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 litho-
spheric mantle) or sedimentary derivatives (Fig. 6). The inferred high
degree of ancient lithospheric recycling in western Marie Byrd Land
during a period with juvenile magmatism in eastern Marie Byrd Land
is problematic (Yakymchuk et al., 2015). The isotopic difference
between easternMarie Byrd Land andwesternMarie Byrd Landmay re-
sult fromwesternMarie Byrd Land's position inboard of the rest ofWest
Antarctica during this time and, consequently, was composed of thicker
crust (and/or with a more ancient enriched composition) that led to in-
creased 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 man-
tle persisted (i.e., western Marie Byrd Land). This scenario is supported
by petrogenetic modeling utilizing zircon Hf and O isotopes that



Fig. 6. Zircon age versus initial εHf plot summarizing all Hf isotopic data from this study combined with available data for the Ross Orogen (Hagen-Peter et al., 2015; Yakymchuk et al.,
2015; Hagen-Peter and Cottle, 2018), the central Transantarctic Mountains (Nelson and Cottle, 2017), western Marie Byrd Land (Yakymchuk et al., 2013, 2015), Thurston Island (Riley
et al., 2017), and the Antarctic Peninsula (Millar et al., 2001; Fanning et al., 2011; Bradshaw et al., 2012; Castillo et al., 2016). Dashed lines outline fields of crustal recycling assuming a
Lu/Hf = 0.0115 (Rudnick and Gao, 2003). Colored arrows correspond to geodynamic interpretations of extension or contraction based on relative increases and decreases in zircon
εHf. Hf isotopic values for depleted mantle are from Vervoort and Blichert-Toft (1999). CHUR—chondritic uniform reservoir. DZ = detrital zircon and CZ = zircon from crystalline
rocks. Whole rock Hf isotope data from were converted from Nd isotope data (Millar et al., 2001) using the terrestrial array equation of (Vervoort et al., 1999). See Dataset S2 for full
zircon Hf isotope dataset. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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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).

Juvenile magmatism in eastern Marie Byrd Land identified in this
study (c. 348Ma) and by detrital zircon in the TransantarcticMountains
(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 col-
lapse (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 contin-
ued extension in those regions.



Fig. 7. Reconstruction of the Gondwana plate margin, c. Permian (Elliot, 2013). Shown are
the inferred limits of the isotopically depleted and extensional arc (red) and the
isotopically enriched and contractional arc (blue). Average Hf isotope compositions are
calculated using Permian aged zircon Hf isotope data from: *this study, 1Antarctic
Peninsula and Patagonia (Castillo et al., 2016), 2central Transantarctic Mountains
(Nelson and Cottle, 2017), and the New England Orogen (Kemp et al., 2009; Phillips
et al., 2011; Shaw et al., 2011). These data suggest a zone of geochemical and
geodynamic switch occurs in the region between the Thurston Island block and Marie
Byrd Land in the early Permian. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Highly positive zircon εHfi values persisted in eastern Marie Byrd
Land through the Permian and into the Early Triassic (c. 248Ma), consis-
tent 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 an-
cient 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 an-
cient lithospheric mantle that avoided foundering. This is further
supported by 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 dif-
ference 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 Figs. 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 themid-Jurassic in detrital zircon from the cTAMmay 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 ofWest Marie Byrd Land can be explained bymelting of ju-
venile crust formed after the Ross Orogeny (Fig. 6, assuming a Lu/Hf =
0.0115, Rudnick and Gao, 2003). During the Early Cretaceous inwestern
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 com-
pressional 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 sup-
port previous studies that report contraction-related Cretaceous mag-
matic 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, whichwe attribute to an outboard position for easternMarie
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 evi-
dence for an enriched lithospheric mantle source for Cretaceous
magmatism inwesternMarie Byrd Land (e.g., Saito et al., 2013). Earliest
Cretaceous magmatism in western Marie Byrd Land, however, was rel-
atively 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.

5.2.3. 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 de-
trital zircon, as well as igneous whole rock Hf isotope data (Fig. 8, see
references in caption) separated into two regions, Australia and
Zealandia (blue), and South America (red). Zircon Hf isotopes can, how-
ever, vary greatly within a single igneous rock sample (N10 εHfi) and
even more so within a given arc, requiring the need for large compila-
tions 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 distribu-
tion and for diverse lithologies.

The Pampean Orogeny in South America and the Delamerian Orog-
eny 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 re-
gions 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 man-
tle lithosphere) upon which these different sectors of the Gondwana
margin were built, similar to the interpretation for the origin of Ross
Orogenymagmatism (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 uniformHf 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 changes in zircon Hf isotope compositions



0

 

50

 

100

 

150

 

200

 

250

 

300

 

350

 

400

 

450

 

500

 

550

  

-15

-10

-5

0

5

10

15

Age

             

-15

-10

-5

0

5

10

15

20

             

              

600

ancient enriched lithosphere

Lu/Hf = 0.0115

ancient enriched lithosphere

Lu/Hf = 0.0115

ancient enriched lithosphere

Lu/Hf = 0.0115

ancient enriched lithosphere

Lu/Hf = 0.0115

depleted mantle

depleted mantle

depleted mantle

depleted mantle

             

-30

-25

-20

-15

-10

-5

0

5

10

15

?

Australia & Zealandia

South America

North America

Marie Byrd Land and TAM

Antarctic Peninsula & Thurston I.

ancient enriched 

lithosphere

Lu/Hf = 0.0115

eastern MBL (cz) & central TAM (dz) 

western MBL (cz)

Antarctic Peninsula & Thurston Island (cz & dz)

Ross Orogen (cz & dz)

Australia & Zealandia (cz & dz)

South America (cz & dz)

North America (cz & dz, Paleogene & older)

0 50 100 150 200 250 300 350 400 450 500 550
Age

600

average 2 sigma
uncertainty (~2 Hf)

                

depleted mantle

s. Andes

c. Andes

Macquarie
 Arc

Delamerian

Lachlan

New
England

Cordillera

Zealandia

Pampean &
Famatinian

Andean

Gondwanide

CTR OSDP C EdiPEN JK CTR OSDP C EdiPEN JK

A

B

C

D

E

Fig. 8. Compilation of zircon Hf isotope data from (A) Australia–Zealandia (blue), (B) South America (red), and (C) North America (purple) with hand drawn fields to outline dominant
geochemical envelopes. Data for Australia–Zealandia are from: Belousova et al. (2005), Kemp et al. (2005), Veevers et al. (2006), Kemp et al. (2007), Murgulov et al. (2007), Nebel et al.
(2007), Kemp et al. (2009), Allibone et al. (2009), Nebel-Jacobsen et al. (2011), Phillips et al. (2011), Shaw et al. (2011), Glen et al. (2011), Jeon et al. (2014), Hiess et al. (2015), Li et al.
(2015), Purdy et al. (2016), Tucker et al. (2016), Martin et al. (2017), Milan et al. (2017), Schwartz et al. (2017), and Decker et al. (2017). Data from South America are from: Flowerdew
et al. (2006), Munizaga et al. (2008), Willner et al. (2008), Bahlburg et al. (2009), Mišković and Schaltegger (2009), Fanning et al. (2011), Bradshaw et al. (2012), Hervé et al. (2013, 2014,
2016), Augustsson et al. (2016), Pankhurst et al. (2016), Pepper et al. (2016), Canile et al. (2016), Castillo et al. (2016, 2017), del Rey et al. (2016), Ortiz et al. (2017), Balgord (2017), and
Dahlquist et al. (2018). Data from North America are from: Cecil et al. (2011), Lackey et al. (2012), Gaschnig et al. (2013), Gehrels and Pecha (2014), Garver and Davidson (2015), Barth
et al. (2016), and Sauer et al. (2017). Paleozoic and Triassic data from Gehrels and Pecha (2014) are from Triassic strata in British Columbia through Sonora in North America. D and E
compareAntarctica data presented in Fig. 6with compilations fromA and B.Dashed lines outlinefields of crustal recycling assuming a Lu/Hf=0.0115 (Rudnick andGao, 2003). Hf isotopic
values for depleted mantle and new crust are from Vervoort and Blichert-Toft (1999). CHUR—chondritic uniform reservoir. CZ refers to crystalline rock zircon and DZ refers to detrital
zircon. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

27D.A. Nelson, J.M. Cottle / Gondwana Research 63 (2018) 15–33
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 exten-
sion or subduction polarity switch (Aitchison and Buckman, 2012;
Rosenbaum, 2018). The termination of the Macquarie arc occurred dur-
ing a period of persistent contraction from c. 443 to 340 Ma during the
Lachlan Orogeny (including contraction in the Thomson and Mossman
Orogenies) represented by enriched isotopic compositions that transi-
tion 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 Perm-
ian extension, juvenile isotopic compositions persist during contrac-
tional 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 con-
tractional episodemay have been responsible for emplacement of volu-
minous 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 throughout the
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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 sectormaintains 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 360Mamay be associatedwith amagmatic lull during ac-
cretion of exotic terranes or flat slab subduction in the early andmiddle
Paleozoic (Cawood, 2005; Ramos, 2009; Dahlquist et al., 2018). Aminor
early Carboniferous (c. 359–322Ma) episode of slab rollback related ex-
tension is recorded by a brief increase in the zircon Hf isotope composi-
tion (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 amajor ex-
tensional collapse of the proto-Andean arc (San Rafael Orogen) attrib-
uted to changing convergence rates generating slab rollback (Ramos,
2009) and is recorded in the zircon Hf record of South America as a
shift fromenrichedHf isotopic compositions to juvenile isotopic compo-
sitions (del Rey et al., 2016; Pepper et al., 2016; Balgord, 2017). Impor-
tantly, 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., 2017). Both isotopic and tectonic shifts are contem-
poraneous 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 return to enriched compo-
sitions. 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 cou-
pling of these arc segments, particularly that of the Southern Andes.
The mismatch between these records in the Ordovician–Devonian sug-
gests these arc segmentsmay 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 composi-
tions 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 de-
termine 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. 10, Nelson and Cottle, 2017).

5.3. 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 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 docu-
mented using zircon Th/U (McKay et al., 2018). Together 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 Gondwanamargin 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 250Ma) does not correlate with an outboard mi-
gration 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
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removal (i.e., foundering) (e.g., Platt et al., 2003). Slab detachment may
be unlikely to produce a secular change to juvenile isotopic composi-
tions 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 compositionswithout outboard
arc migration, and the presence of ignimbrite flare-ups during exten-
sional 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 re-
mains 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 cre-
ate a step change in density betweenmantle 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 lith-
ospheric root removal. In contrast, the model of extensional collapse
driven initially by lithosphere removal, gravitational forces, and an ele-
vated 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 that limits our understanding of the secular evolution of accre-
tionary 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 the
timing of major plate reorganization and the absolute motion of Gond-
wana (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 exten-
sional 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
(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 Cam-
brian 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 theGondwanamarginwith short-termor second-order processes oc-
curring 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 tomelting 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 juve-
nile 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 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.

6. Conclusions

Zircon geochronology and Hf isotope compositions of magmatic
rocks in easternMarie Byrd Land and Thurston Island provide new con-
straints on the age and geochemical development of West Antarctica.
Both easternMarie Byrd Landand Thurston Island record crustal growth
and extension from the termination of the Ross Orogeny through to the
Carboniferous. In easternMarie Byrd Land, extensionmay 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 tec-
tonic history forMarie 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 signifi-
cant along arc geochemical and inferred geodynamic switch from
enriched isotopic compositions and contraction in South America, the
Antarctic Peninsula, and Thurston Island to depleted isotopic composi-
tions and extension in Marie Byrd Land during the early Permian. This
variation highlights the difference in timing of major extensional col-
lapse 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 founder-
ing, gravitational collapse, and heating) may have driven extensional
collapse and lithospheric rejuvenation of Phanerozoic accretionary
orogens. We conclude that Phanerozoic accretionary orogens have un-
dergone comparable secular Hf isotope evolutionary histories.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gr.2018.06.002.
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