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ARTICLE INFO ABSTRACT

Affid? history: U-Pb ages of detrital zircon grains have provided an extraordinary tool for sedimentary provenance work, given
Received 23 December 2013 that they are ubiquitous, resistant to damage and weathering, and that the U-Pb age records the crystallization
Accepted 20 August 2014 age of the mineral. Although not as widely used, “°Ar/>°Ar dating of detrital hornblende and biotite grains can

Available online 28 August 2014 also serve as powerful sedimentary provenance tools, particularly in situations where chemical weathering is

minor (e.g., Antarctica). Certain natural biases exist among these mineral chronometers (e.g., abundance in dif-
ferent rock types, durability during abrasion, resistance to dissolution) that determine the extent to which
they are found in sedimentary deposits. Additionally, the “°Ar/>*°Ar systems in hornblende and biotite have
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Ice-rafted debris lower closure temperatures for thermally activated diffusion (~500 °C and ~300 °C, respectively). Thus, for
Glacial diamict areas that have experienced a polymetamorphic history, such as East Antarctica, combining these approaches
Detrital zircon can provide added detail to provenance studies.

In this study we provide a comparison of the detrital U-Pb zircon, “°Ar/>°Ar hornblende and “°Ar/>°Ar biotite age
populations from 28 glacial-diamict and glacial-marine sediment core samples located around East Antarctica
(55°W to 163°E). We present 3370 new detrital age measurements of U-Pb zircon, “°Ar/>*°Ar hornblende, and
49Ar/2°Ar biotite, in conjunction with previously published data from some of the same core sites, as well as 78
U-Pb zircon ages measured on dispersed zircons from five ice-rafted debris (IRD) layers recovered at ODP Site
1165. Our data indicate that detrital U-Pb zircon, “°Ar/*°Ar hornblende and “°Ar/>°Ar biotite ages faithfully doc-
ument the onshore geology of source areas within East Antarctica, as expressed in their respective age popula-
tions. In addition, a number of previously unknown age populations are recorded by the combined
thermochronometers. Assuming an East Antarctic provenance, this approach helps to identify otherwise hidden
geologic provinces. Previously unrecognized age populations include Archean °Ar/*°Ar hornblende and biotite
ages in Dronning Maud Land; 1200-1300 Ma “°Ar/3>°Ar hornblende ages in the Weddell Sea; ~1560 Ma popula-
tion of U-Pb zircons from the Wilkes Land margin; and Grenvillian (1000-1200 Ma) U-Pb zircon ages from the
Adélie/George V Land margin.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction Antarctica is known reasonably well. The bulk of East Antarctica was

The U-Pb system in detrital zircons is a widely used and powerful
tool for conducting sedimentary provenance studies (e.g., Gaudette
et al., 1981; Andersen, 2005; Gehrels et al., 2011a; Gehrels, 2012, see
Fedo et al. (2003) for a discussion of detrital U-Pb zircon studies).
40Ar/*9Ar ages measured in detrital hornblende and biotite are less
exploited as a sedimentary provenance tool, but they are increasingly
being used for studies of ice rafted debris (IRD) around Antarctica and
other regions characterized by tidewater glaciers (e.g., Gwiazda et al.,
1996; Hemming et al., 1998; Hemming et al., 2000; Hemming and
Hajdas, 2003; Peck et al., 2007; Roy et al., 2007b; Williams et al., 2010;
Pierce et al., 2011; Downing et al., 2013; Knutz et al., 2013). In this
study, we compare U-Pb zircon, “°Ar/3>°Ar hornblende and “°Ar/3°Ar
biotite ages measured on detrital mineral grains from glacially-derived
marine sediment samples taken from 28 marine sediment cores located
around East Antarctica (Figs. 1, 2).

The first objective is to provide a direct comparison of detrital zircon
U-Pb, hornblende “°Ar/3°Ar and biotite 4°Ar/>°Ar age populations.
Given the natural biases that exist for each system (see Section 2),
we are interested in which of the minerals are present, which age
populations are present, if the age populations are present across all
mineral systems, and how these ages relate to one another from a
thermochronology point of view. The findings have broad implications
for evaluating each of these chronometers as a provenance tracer
around East Antarctica, and they will particularly benefit the study
IRD. The provenance of IRD provides key information on the ice sheet
and ocean circulation dynamics that transport the mineral grains from
their source to the ocean floor: flowing ice erodes and incorporates de-
bris, and when the ice streams reach the ocean, they calve off icebergs
that are carried by ocean currents, melting as they travel, and causing
the entrained debris to sink and be deposited on the ocean floor.

The second objective of this study is to use this information to in-
crease our understanding of East Antarctica's geology. Today more
than 98% of East Antarctica is covered by the thick East Antarctic ice
sheet, and relatively little outcrop is available for direct geologic study
(Fig. 2). Despite these challenges, the general geological history of East

formed during the Precambrian; it comprises a number of Archean cra-
tons, surrounded by orogenic belts and accreted terranes of Proterozoic
and younger ages (e.g., Tingey, 1991; Boger, 2011). The amalgamation
of the continents to form the supercontinent Rodinia at ~1100 Ma led
to widespread occurrence of terranes with approximately Grenvillian
(900-1300 Ma) ages. Though the Grenville orogeny itself is defined
by Mesoproterozoic collisional activity along the Laurentian margin
(e.g., Rivers, 1997), Fitzsimons (2000) compiled available U-Pb zircon
outcrop data from East Antarctica and previous contiguous margins
(see Fitzsimons (2000) for full description of data used), and defined
three distinct Grenville-aged (or Grenvillian) zones in East Antarctica:
Dronning Maud Land (1030-1090 Ma), Prydz Bay or Rayner Province
(900-990 Ma), and Wilkes Land (1130-1330 Ma). In this paper we fol-
low suit and refer to age populations within the bounds of 900 to
1330 Ma as Grenvillian or Grenville-aged. The timing of the subsequent
break-up of Rodinia remains controversial (as does the existence of
Rodinia itself), with different studies arguing for different ranges of
ages that span ages from 520 to 1000 Ma, and for either continuous or
multiphase rifting (Goodge et al., 2002; Cordani et al., 2003; Meert
and Torsvik, 2003; Veevers, 2004).

A re-assembly of the continents occurred after rifting, with East
Gondwana (India, Australia, and East Antarctica) colliding with West
Gondwana (South America and Africa) to form Gondwanaland. During
this time of continental amalgamation, two temporally close orogenies,
the Pan-African and the Ross-Beardmore, affected the East Antarctic
Craton (EAC).

The Pan-African orogeny (500-650 Ma) was the result of the
Gondwana blocks colliding to form Gondwana, while the Ross orogeny
(~480-590 Ma) was the result of subduction between Gondwana and
what would become the Pacific plate (Tingey, 1991; Goodge, 2007;
Boger, 2011). During these partly contemporaneous orogenies, the con-
tinued attachment of East Antarctica, India and Australia meant that
parts of the craton - specifically Wilkes Land and part of Adélie Land -
were buffered from the intense tectonothermal activity associated
with these orogenies. The evidence for this buffering is the lack of a
high-temperature overprint signatures in the ages of in-situ and detrital
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zircons and hornblendes; these parts of East Antarctica still maintain
Grenvillian and Paleoproterozoic ages based on “°Ar/*°Ar hornblende
and U-Pb zircon dates (Tingey, 1991; Anderson, 1999; Peucat et al.,
1999; Fitzsimons, 2000; Di Vincenzo et al., 2007; Roy et al., 2007b;
Pierce et al., 2011). This geologic history has left East Antarctica
with dominant, characteristic high temperature age populations
of ~3.0 Ga (cratons), 900-1300 Ma (Grenvillian) and 400-600 Ma
(Pan-African/Ross orogenies) (Fig. 1). Examining the populations
of U-Pb and “°Ar/>°Ar ages in glacial-marine sediments deposited
around East Antarctica will allow us to augment these broad interpreta-
tions with additional details on the thermochronology and hence

geology of the unexplored parts of East Antarctica covered by the vast
ice sheet.

2. Zircon, hornblende and biotite in provenance studies

There are some fundamental differences between the ages reflected
by U-Pb measured in zircon and “°Ar/>°Ar measurements in hornblende
and biotite. Some of the basic advantages to using U-Pb zircon ages as a
provenance tracer of terrestrial deposits, e.g., sandstones, do not hold
true for provenance studies of marine sediments recovered in polar
regions, and vice-versa. Here we provide a brief description of these
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generally known differences, in order to highlight why the U-Pb zircon,
40Ar/2°Ar hornblende and “°Ar/3°Ar biotite age populations found in a
sediment sample may not always provide the same view of provenance.

2.1. Occurrence of zircon, hornblende and biotite in different rock types

Zircon, hornblende and biotite occur in varying amounts in different
rock types, a fact that should be taken into account when considering
provenance tools. Zircon (ZrSiO,4) is an accessory mineral found in
trace amounts in most types of igneous and metamorphic rocks,
is most common in felsic crystalline rocks (e.g., granitoids) and
orthogneisses, and is highly concentrated in mature sandstones
(Table 1). Hornblende (general formula Ca,Mg4(AlLFe3™)(ALSi)
8022(OH),), a member of the amphibole group, is a major-rock forming
mineral found in high concentrations in intermediate igneous rocks,
e.g., diorite, as well as medium- to high-grade metamorphic rocks
(e.g., amphibolite facies), especially in mafic/ultramafic protoliths. Horn-
blende does not usually occur as a major mineral in the sedimentary rock
record because it is weathered relatively easily, and is usually

incorporated into the clasts in clastic sedimentary rocks,
e.g., conglomerates. Biotite (K(Mg,Fe)s(AlSiz04¢)(0OH,)), a mica, is a
major rock-forming mineral found in high concentrations in felsic-
intermediate igneous rocks, e.g., granitoids and diorite, and low- to
medium-grade metamorphic rocks, e.g., hornfels, phyllite and schist. Bi-
otite also is not a major detrital mineral in the sedimentary rock record,
though it tends to be more abundant than hornblende (Deer et al., 1992).

2.2. Weathering

In terms of relative susceptibility to chemical and physical
weathering, zircon is most resistant, then biotite, then hornblende
(Goldich, 1938; Kowalewski and Rimstidt, 2003). Zircon is one of the
most refractory minerals, and is common in both modern and ancient
sedimentary environments. It is highly resistant to both chemical and
physical weathering during erosional processes and subsequent burial,
primarily due to its crystal structure with tightly bonded SiO, tetrahedra
(Thoulet, 1913; Boswell, 1923; Goldich, 1938; Pettijohn, 1941; Morton,
1984; Bateman and Catt, 1985; Morton, 1991). Zircon not only survives
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Table 1

Relative concentrations of zircon, hornblende and biotite in major lithologies (Poldervaart, 1955, 1956; Deer et al., 1992; Nesse, 2000; Reiners et al., 2005b).
Zircon High Medium Low to none
Igneous Felsic crystalline (granite, granodiorite, tonalite) Rhyolite, ignimbrite Gabbro, basalt, ultramafic
Metamorphic ~ Orthogneiss Paragneiss, metarhyolite, metasandstone, phyllite ~ Marble, eclogite, schist
Sedimentary Arkose Conglomerate, quartz-arenite, litharenite Claystone, dolomite, carbonate rocks
Hornblende High Medium Low to none
Igneous Intermediate rocks; granodiorite, diorite Granite, gabbro Ultramafic

Metamorphic ~ Medium to high-grade; mafic/ultramafic protolith
Sedimentary None

Biotite High

Medium grade
None Clastics

Medium

Marble, carbonate protolith

Low to none

Igneous Felsic rocks; granite, rhyolite
Metamorphic  Low to intermediate grade; hornfels, phyllites, schists and gneisses
Sedimentary None

Intermediate and mafic rocks, diorite, andesite
High grade; migmatites
None Clastics, immature sediments

Ultramafic
Mafic protolith

sedimentary transport well, but also can survive through multiple
cycles of burial, orogenesis, and erosion. Indeed, Kowalewski and
Rimstidt (2003) have zircon ranked as the most durable detrital miner-
al. A zircon population in the sedimentary environment can record sev-
eral tectonic events, which makes the interpretation of detrital zircon
populations for provenance studies often challenging. For example,
samples may contain recycled zircons that were transported from an
original location of formation to a secondary location, and then eroded
more recently from the secondary location, but with a provenance
signal indicating the original location. As has been discussed before,
(e.g., Thomas, 2011), the fact that zircon survives through many
sedimentary cycles is an advantage, because a zircon population can
record several tectonic events. However, it is also a challenge when
interpreting detrital zircon populations for provenance studies, because
samples may contain recycled zircons.

While both biotite and hornblende may also be found in modern and
ancient sedimentary deposits, their susceptibility to weathering makes
the occurrence of un-weathered/un-altered grains unusual, particularly
in modern environments with high chemical weathering rates, or in
ancient sediments. Both hornblende and biotite are ferromagnesian sil-
icates, and as such are susceptible to chemical weathering via oxidation.
Hornblende is, however, slightly more susceptible to weathering than
biotite, as discussed by Goldich (1938), and as explained by their rela-
tive placement on Bowen's reaction series (Bowen, 1922). Hornblende
forms at a higher temperature than biotite, its bonds are not as strong
as those of biotite, and thus it breaks down more readily. Biotite can
generally survive transport for long distances in modern sedimentary
systems, as its elastic nature protects it from abrasion (Kowalewski
and Rimstidt, 2003; Hodges et al., 2005). However, biotite is very
susceptible to chemical dissolution. Hornblende and biotite typically
survive through only one sedimentary cycle and thus the application
of “°Ar/°Ar ages in these minerals to provenance studies is more
straightforward.

2.3. Geochronology and thermochronology

Typically, zircon core ages represent the age of crystallization,
and are rarely if ever reset during successive tectonothermal events
(e.g., Mezger and Krogstad, 1997), but rims can often grow around the
original crystal during successive orogenies or later magma crystallization
(Silver and Deutsch, 1963; Bickford et al., 1981). Lead loss, by various
means (see Mezger and Krogstad, 1997), can lead to discordant U-Pb
ages. Conversely, zircons with high U concentrations can turn metamict,
which can result in preferential destruction of this type of zircon.

In contrast to the retention of their initial crystallization ages
that characterizes zircon, “°Ar/>°Ar ages measured in hornblende
reflect the time since the hornblende grain most recently formed or
cooled below ~500 °C (McDougall and Harrison, 1999). As a result,
the “°Ar/3°Ar age of hornblende records the last major tectonothermal

event experienced by its host rock. Similarly, the “°Ar/*°Ar ages mea-
sured in biotite reflect the time since the biotite grain formed or cooled
below ~300 °C, and thus it is more likely than hornblende to record
minor tectonothermal events (Reiners et al,, 2005b).

2.4. Transport mechanisms

The transport mechanisms and depositional environments of sedi-
ments need to be considered when conducting sedimentary provenance
studies. Below is a summary of studies that apply the detrital U-Pb zircon,
4OAr/2°Ar hornblende and “°Ar/3°Ar biotite ages to provenance studies in
glacial and non-glacial environments. See Tables 2A and 2B for a list of
non-glacial terrestrial provenance studies (A) and glacial-marine and
terrestrial provenance studies (B) that apply these methods, and which
summarize the studies mentioned in Sections 2.4.1 and 2.4.2.

24.1. Terrestrial sediment provenance studies in non-glacial environments

Previous detrital U-Pb zircon provenance studies are too numerous
to mention here as a comprehensive list, attesting to the strength of this
tool from its earliest uses (e.g., Ledent et al., 1964; Tatsumoto and
Patterson, 1964; Gaudette et al., 1981) to more recent studies
(e.g., Gehrels et al., 2011a; Gehrels, 2012; see Fedo et al. (2003) for a dis-
cussion of detrital U-Pb zircon studies). Typically, these studies are
based on sediments that were eroded, transported and deposited by
wind or water; transport mechanisms that ultimately sort sediments,
which, paired with the resilient nature of zircon, serve to concentrate
zircons.

As discussed above, biotite and hornblende are not as resilient as
zircon, and so the “°Ar/>*°Ar ages of biotite and hornblende have not
been exploited as a provenance tool as much as detrital zircon U-Pb
(Table 2A). Where they have been applied to terrestrial studies, the re-
sults on “°Ar/>°Ar ages of detrital biotite have been variably successful.
Renne et al. (1990) applied detrital “°Ar/*°Ar biotite ages to constrain
the provenance of the Eocene Montgomery Creek Formation in north-
ern California, however biotite grains were found to contain vermiculite
as interlayer laminations and rinds, which lowered the integrated age of
the biotite grains; accordingly, the “°Ar/>*°Ar biotite ages were not used
as a tracer of provenance in this study. Cohen et al. (1995) successfully
applied the “°Ar/>°Ar ages of detrital hornblende and step-heated bio-
tite grains in volcaniclastic Jurassic sandstones in southern Alaska, in
order to determine the provenance of the Seymour Canal Formation.
In this case, weathering was a minor factor and grains were selected
based upon their physical appearance of little to no alteration. The au-
thors were able to conclude that the biotite grains were sourced from
the volcanic arc of the Gravina Belt. Aalto et al. (1998) applied the
4Ar/3°Ar ages of detrital biotite to determine the provenance of
Eocene-Miocene Hoh assemblage sandstones in northern California.
These authors found that the detrital “°Ar/>°Ar biotite ages they mea-
sured did not yield meaningful ages, as the ages were widely scattered,
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Table 2A

Provenance studies of terrestrial non-glacial sediments using U-Pb zircon,*°Ar/>*°Ar hornblende and“°Ar/>*°Ar biotite ages.

40Ar/39Ar biotite

Study Material Location Purpose of study Results Why?
Aalto et al., 1998 Eocene-Miocene Hoh Hoh assemblage, Determining the provenance  Unsuccesful  Biotites: ages widely scattered, incrementally heated
assemblage sandstones northern California  of Eocene-Miocene Hoh grains did not form plateaus, radiogenic Ar < 20%.
assemblage sandstones
Cohen et al., 1995 Late Jurassic-mid Cretaceous Gravina Belt, Determining provenance of Successful Samples were chosen based upon degree of
Volcaniclastic sandstones southeastern Alaska the Seymour Canal Formation weathering (picked those with least degree of
weathering); grains were hand-picked with a
binocular microscope and any visibly altered
grains were rejected. Both approaches gave
meaningful results; weathering and alteration of
grains was minor.
Renne et al., 1990 Montgomery creek Montgomery creek  Provenance of the Eocene Unsuccessful  Biotite ages were widely scattered; determined to
sandstones formation, northern montgomery creek formation contain increasing amounts of vermiculite as
California interlayer lamintations and as rinds on the grain
which increased with depth; this lowers the
integrated Ar/Ar age of the biotite grains.
40Ar/39Ar Hornblende
Study Material Location Results Why?
Cohen et al., 1995 Late Jurassic-mid Cretaceous Gravina Belt, Determining provenance of the  Successful Samples were chosen based upon degree of

volcaniclastic sandstones

U-Pb Zircon

southeastern Alaska Seymour Canal Formation

weathering (picked those with least degree of
weathering); grains were hand-picked with a
binocular microscope and any visibly altered
grains were rejected. Both approaches gave
meaningful results; weathering and alteration of
grains was minor.

See reviews in
Gebhrels (2012),
Gehrels et al.
(2011b); Fedo et al.
(2003).

no plateau ages were reached during incremental step-heating of the
grains, and radiogenic argon was <20% in most samples, all indicating
chemical alteration of the grains. Thus, in terrestrial provenance,
weathering of the mineral grains can degrade or destroy the “°Ar/*°Ar
signal, but reliable ages and provenance can be determined on grains
where weathering/alteration/dissolution is minor.

2.4.2. Terrestrial and marine sediment provenance studies in glacial
environments

Some of the basic advantages of detrital zircon U-Pb ages and disad-
vantages of hornblende and biotite “°Ar/>*°Ar ages as provenance tracers
of terrestrial deposits do not apply to provenance studies of terrestrial
and marine sediments recovered from the polar regions. In polar
regions, and especially in East Antarctica, the dominant style of
weathering is mechanical, and the majority of sedimentary provenance
studies aim to determine the sources of IRD. Unlike wind and water, gla-
cial transport does not sort sediment. In glacial-fluvial settings, howev-
er, material comminuted by ice and subsequently entrained in water
may undergo some hydraulic sorting. This process will mostly affect bi-
otite grains, and concentrate them in the finer sediment fractions
(Nesbitt and Young, 1996). In ice-dominated transport systems, the
lack of fluvial hydraulic sorting paired with the low amount of chemical
weathering means that there should be no significant preferential con-
centration of zircon relative to hornblende relative to biotite, such that
these minerals should more closely approximate the proportions in
the source lithologies that were eroded.

In IRD and other glaciogenic sediment used for provenance studies,
the “°Ar/>°Ar age of detrital biotite is emerging as promising prove-
nance tool. As a potassium-bearing mineral, biotite in the 63-150 pum
fraction, in addition to the >150 um fraction, contains measurable
amounts of argon, increasing the number of potential grains in a given

sample that can be used for thermochronology. In the North Atlantic,
Hemming et al. (2002) measured the “°Ar/>*°Ar ages of a small number
of ice-rafted biotite grains, which indicated a provenance of the IRD
similar to the mid-Norwegian provenance indicated by the ice-rafted
4Ar/2°Ar hornblende ages presented in the same study. van de Flierdt
et al. (2008) applied the “°Ar/3°Ar ages of detrital biotite from fluvial
and glacial-marine sediments recovered at ODP Site 1166 in Prydz
Bay, East Antarctica, to investigate the origin of the Gamburtsev Subgla-
cial Mountains, and showed that these mountains could not be of a
young volcanic origin. Pierce et al. (2011) found that the “°Ar/>°Ar
ages of ice-rafted biotite grains can be applied as a tracer of IRD prove-
nance around the Wilkes and Adélie Land margins of East Antarctica;
49Ar/3°Ar biotite ages used to characterize source areas reflected what
is known through outcrop studies, and a comparison of ice-rafted
40Ar/39Ar biotite and “°Ar/3°Ar hornblende ages (Williams et al., 2010)
at ODP Site 1165 demonstrated that the “°Ar/>*°Ar biotite ages indicated
the same provenance sectors as the previously published “°Ar/*°Ar bio-
tite hornblende ages (Williams et al., 2010). Around East Antarctica,
Pierce et al. (2011) found that there were a large numbers of grains
that showed no signs of chemical alteration and gave robust ages.
Palmer et al. (2012) successfully applied “°Ar/*°Ar dating of biotite to
glacial tills and cobbles in the Transantarctic Mountains in order to
study the subglacial geology of this area.

In IRD and other glaciogenic sediment provenance studies, the
40Ar/39Ar of detrital hornblende has also been demonstrated as a
reliable provenance tool (Table 2A). Studies in the North Atlantic
(Gwiazda et al., 1996; Hemming et al., 1998; Hemming et al., 2000;
Hemming et al., 2002; Hemming and Hajdas, 2003; Peck et al., 2007;
Downing et al., 2013; Knutz et al., 2013) and in the circum-Antarctic
(Roy et al., 2007b; van de Flierdt et al., 2008; Williams et al., 2010;
Pierce et al., 2011; Tochilin et al., 2012) have successfully applied the
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Table 2B
Provenance Studies of glacial sediments (till, ice-rafted detritus) using U-Pb zircon, “°Ar/>**Ar hornblende and “°Ar/>°Ar biotite ages.
4OAr/3°Ar biotite
Study Sample type Location Purpose of study
Hemming et al., 2002 Glacial marine/trough mouth fans North Atlantic Tracing IRD provenance during Heinrich Events

van de Flierdt et al., 2008

Pierce et al.,, 2011

Glacial marine and fluvial sediments

Glacial-marine sediments; ice-rafted detritus

East Antarctica, Prydz Bay, ODP Site 1166A

East Antarctica; ODP Site 1165

Investigating the origin of the subglacial Gamburtsev
Mountains
Characterizing geology and IRD source areas around in

and diamict East Antarctica.
Palmer et al., 2012 Glacial till Transantarctic Mountains Characterizing subglacial geology.
49Ar/*Ar hornblende
Study Sample type Location Purpose of study
Gwiazda et al., 1996 Glacial-marine sediments; ice-rafted detritus North Atlantic Tracing IRD provenance during Heinrich Events

Hemming et al., 1998
Hemming et al., 2000
Hemming et al., 2002
Hemming and Hajdas, 2003
Roy et al., 2007b

Roy et al., 2007a

Peck et al., 2007

van de Flierdt et al., 2008

Williams et al., 2010
Pierce et al.,, 2011

Palmer et al., 2012
Tochilin et al., 2012

Downing et al., 2013
Knutz et al., 2013

U-Pb Zircon

Glacial-marine sediments; ice-rafted detritus
Glacial-marine sediments; ice-rafted detritus
Glacial marine/trough mouth fans
Glacial-marine sediments; ice-rafted detritus
Glacial-marine sediments; ice-rafted detritus
Glacial till

Glacial-marine sediments; ice-rafted detritus
Glacial marine and fluvial sediments

Glacial-marine sediments; ice-rafted detritus
Glacial-marine sediments; ice-rafted detritus
and diamict

Glacial till

Glacial marine sediments; diamictite

Glacial-marine sediments; ice-rafted detritus
Glacial-marine sediments; ice-rafted detritus

N.E. Atlantic (V28-82)

North Atlantic (EW9303-GGC31)

North Atlantic

North Atlantic (V23-14)

Antarctica; multiple sites

North Central USA

North Atlantic (MD01-2461)

East Antarctica, Prydz Bay, ODP Site 1166A

East Antarctica ODP Site 1165
East Antarctica; multiple sites

Transantarctic Mountains
East Antartica, ODP Site 739

North Atlantic
North Atlantic/Greenland

Tracing IRD provenance during Heinrich Events
Tracing IRD provenance 22 to 10.5 ka BP

Tracing IRD provenance during Heinrich Events
Tracing IRD provenance over the past 43 'C kyr
Characterizing geology around Antarctica

Tracing provenance of tills over the past ~2.0 Ma
Tracing IRD provenance during Heinrich Events
Investigating the origin of the subglacial Gamburtsev
Mountains

Tracing IRD provenance during Heinrich-like events
Characterizing IRD source areas around in East Antarctica

Characterizing subglacial geology

Determining Early Oligocene through Quaternary
erosion rates in East Antarctica

Tracing IRD provenance during Heinrich Events
Tracing IRD provenance during the last glacial-interglacial
transition

Study

Sample type

Location

Purpose of study?

Avigad et al., 2007

van de Flierdt et al., 2008
Goodge and Fanning, 2010
Goodge et al., 2010
Gebhrels et al., 2011a
Veevers and Saeed, 2011

Palmer et al., 2012
Tochilin et al., 2012

Small et al., 2013

Glacial diamictite

Glacial marine and fluvial sediments
Glacial-marine sediments

Glacial till

Glacial diamicite

Glacial-marine sediments; turbidites

Glacial till
Glacial diamictite

Glacial-marine sediments; ice rafted detritus

Ethiopia, Negash Syncline
East Antarctica, Prydz Bay, ODP Site 1166A

East Antarctica, Adélie Land Margin
Transantarctic Mountains
Tibetan Himalyans

East Antarctica, DSDP Sites 268, 269, 273
and 274

Transantarctic Mountains

East Antartica, ODP Site 739

North Atlantic, Site MD95-2007

Determining provenance and chronolgy of Cyrogenian
diamictites

Investigating the origin of the subglacial Gamburtsev
Mountains

Characterizing subglacial geology

Characterizing subglacial geology

Constraining paleogeogprahy and tecontic history of
Mesoproterozoic through Mesozoic Tibet-Himalaya region
Comparison of onland and detrital U-Pb zircon ages to
improve udnerstanding of East Antarctic geology
Characterizing subglacial geology

Determining Early Oligocene through Quaternary
erosion rates in East Antarctica

Determining IRD provenance during the Younger and
Older Dryas events and testing viaibliy of U-Pb zircon
and U-Pb rutile as IRD tracers

4OAr/*°Ar tool. In glacial till samples, this method has been successfully
applied both in Antarctica and North America. Roy et al. (2007a) used
detrital “°Ar/>°Ar hornblende ages from mid-continent till samples to
constrain Laurentide ice sheet extent during the past ~2.0 Ma. They
showed that a consistent source of till deposited during ice sheet ad-
vances over the past ~2 Myr was the northwestern Keewatin sector of
the Laurentide ice sheet, indicating the sustained presence of an ice
dome in that area. Palmer et al. (2012) successfully applied “°Ar/>°Ar
dating to hornblende in glacial till deposits from the Transantarctic
Mountains with the goal of studying subglacial geology, Tochilin et al.
(2012) presented detrital hornblende “°Ar/*°Ar ages from Oligocene
to recent glacial sediments in the Prydz Bay sector of East Antarctica
to look at long term tectonic and erosion history in the Lambert Graben
region of East Antarctica. Combined with other thermochronometers
(see Section 7), they were able to infer that erosion rates slowed from
a relatively high rate in the Oligocene (following East Antarctic ice-
sheet initiation), to relatively low rates from the late Miocene onwards.

In glaciogenic sediment provenance studies using the U-Pb zircon
method, most work has been restricted to terrestrial samples, though

increasingly studies are using glacial-marine samples (Table 2A). van
de Flierdt et al. (2008), Tochilin et al. (2012), and Palmer et al. (2012),
in the studies discussed above, also measured detrital U-Pb zircon
ages. Goodge et al.(2010) measured U-Pb ages on zircons from Neogene
and Quaternary till clasts deposited in the central Transantarctic Moun-
tains, and, based on Grenvillian U-Pb zircon ages, provided evidence for
the extension of Grenville-aged crust into East Antarctica along the
Ross-Sea margin. Goodge and Fanning (2010) measured U-Pb ages on
detrital zircons from glacial-marine sediments (dispersed and from
clasts) from western Wilkes Land; while age populations were domi-
nated by a Ross signature, many older age populations show both the
importance of this approach to identifying the age of un-exposed
basement rocks, as well as the presence of older (Neoproterzoic,
Mesoproterozoic and Archean) terranes within the interior of East
Antarctica adjacent to western Wilkes Land. In a review of U-Pb zircon
ages and various geochemical proxies from around East Antarctica,
Veevers and Saeed (2011) measured detrital U-Pb zircon ages from
sediments offshore of East Antarctica (glacial diamict and turbidites,
respectively), which offered valuable insights to the obscured subglacial
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geology of East Antarctica's interior. These authors argue that the
East Antarctic craton is dominated by igneous and metamorphic ages
of ~500-700, 900-1300, 1400-1700, 1900-2100, 2200-2300, 2600-
2800, and 3150-3350 Ma.

Recent work in the North Atlantic (Small et al., 2013) applied U-Pb
measurements on ice-rafted zircons to determine the provenance of
IRD during the last deglacial period. Though the number of zircons
was small, the authors inferred provenance with the additional pairing
of U-Pb ages on ice-rafted rutile, and concluded that the IRD was
sourced from the Laurentia, as opposed to Scotland, which is closer to
the core site, indicating rapid distribution of IRD during the Older
Dryas Cold Reversal. To our knowledge no studies have attempted to
use U-Pb ages of ice-rafted zircons to determine the provenance of
IRD in the Southern Ocean. Detrital U-Pb zircon provenance studies
have also been applied to pre-Cenozoic glacial deposits. For example,
Avigad et al. (2007) determined the provenance of Cryogenian
diamictites from northern Ethiopia using this method while Gehrels
et al. (2011b) determined Carboniferous-Permian diamictite prove-
nance from the Tibet-Himalayan orogeny.

Another important consideration for determining the provenance of
IRD is sample size. Detrital zircon studies are most often applied to
determining the provenance of sandstones and conglomerates, and
the general practice is to take large samples in order to obtain sufficient
zircons; Gehrels et al. (2006) advocate taking 4.5 to 18 kg samples for
detrital U-Pb zircon provenance studies, depending on the maturity of
the sandstone. It is important to note that for a terrestrial setting, sam-
ple size is generally not restricted by the availability of the material.
Sample sizes taken from marine sediment cores for the purpose of
studying IRD, however, are typically 10-20 cm?, a size dictated by sed-
imentation rates in the open ocean (and thus the depositional age
range of the interval sampled) and the fact that the diameter of a sedi-
ment core is typically ~6 cm. Furthermore, the bulk of pelagic marine
sediments is typically in the <63 um fraction, in which case major rock
forming minerals are more likely to provide abundant grains for
analysis.

3. Approach and sampling sites

There are essentially two provenance components to this study. The
first is making the connection between the samples taken from the core
sites to known outcrops on-land; the provenance of these samples
should be more localized to the ice-sheet drainage that delivers material
to the core site, as subglacial till or by local ice-rafting (Fig. 2). The
second is to investigate changes through time in the provenance
of ice-rafted grains from an open-ocean core site, located ~400 km away
from the coast (ODP Site 1165, see Fig. 2). The provenance of the ice-
rafted material delivered to such a site has the potential to reflect
sourcing from both local and distant sources, depending on past climatic
conditions (e.g., sea-surface temperatures controlling the rate of melting
of the icebergs, ocean currents, wind, and ice-sheet behavior).

For this study, we compare U-Pb zircon, “°Ar/>°Ar hornblende, and
40Ar/29Ar biotite ages from 28 marine sediment core sites (Figs. 1, 2).
Table 3 contains a full description of core site locations, water depth,
sample type, and sampling depth. Samples from twenty-seven of the
core sites were analyzed using each of the mineral systems, with the
goal of studying subglacial geology and refining the characterization of
potential IRD sources. Multiple layers were analyzed in several cores
in order to increase the number of analyses for each mineral system.
Samples from 26 of the core sites were provided by Florida State
University's Antarctic Marine Geology Research Facility (FSU AMGRF),
and consist of piston or jumbo piston core samples, while samples
from the remaining two core sites are from the Ocean Drilling Program.
For the 26 piston or jumbo piston cores from the FSU AMGRF, we specif-
ically targeted layers that had previously been identified as glacial
diamict, or the sandy/gravel rich layers near the bottom of the piston
cores, which are more likely to be tills (perhaps representing LGM

deposition), and thus be sourced from the proximal rock substrate
(see Pierce et al., 2011) (see Table 3 for description of samples). The
Ocean Drilling Program provided the samples for one proximal site
(ODP Site 1166) as well as the down-core samples from ODP Site
1165; from ODP Site 1165 we measured the U-Pb zircon ages from
five IRD-rich samples (spanning 3.5 to 19 Ma in depositional age) that
had already been analyzed for “°Ar/>*°Ar hornblende (Williams et al.,
2010) and “°Ar/*°Ar biotite (Pierce et al., 2011), in order to compare the in-
ferred provenance based on the different thermochronometers. Deposi-
tional ages for the IRD-rich samples from ODP Site 1165 are discussed in
Williams et al. (2010), but are primarily based on microfossil data.

4. U-Pb and “°Ar/3°Ar analyses

Bulk till and glacial-marine sediment samples (~20 cm?) were dried,
weighed, disaggregated in deionized water, and washed through 63 um
sieves with deionized water. Subsequent sieving of dry samples was
performed at 150 um and 1 mm. Size fractions >63 pm (63-150 um
and 150 pm to 1 mm) were passed under a hand magnet and then
passed through a Frantz magnetic separator at 0.8 Amp. with a side-
slope of 20° and a front slope of 20°.

Hornblende and biotite grains were hand-picked from the magnetic
150 pm to 1 mm fraction and co-irradiated with the McClure Mountain
hornblende (Mmhb) monitor standard either at the Cd-lined in-core
facility (CLICIT) at the Oregon State rector, or (also with Cd shielding) at
the U.S. Geological Survey (USGS) TRIGA reactor in Denver, CO. “°Ar/>°Ar
ages were obtained using single-step CO, laser fusion at the Lamont-Do-
herty Earth Observatory (L-DEO) argon geochronology lab (AGES:
Argon Geochronology for the Earth Sciences). Calculated values include
corrections for backgrounds based on frequent measurements of the
blank, and for mass discrimination based on measurements of atmo-
spheric argon. Corrections are made for nuclear interferences using
values reported in Renne et al. (1998) for the OSU irradiations and in
Dalrymple et al. (1981) for the USGS irradiations. ] values used to cor-
rect for neutron flux were calculated using a value of 525 Ma and
decay constants from Steiger and Jdager (1977) for the co-irradiated
Mmhb-1 hornblende standard (Samson and Alexander, 1987).

The >150 pm non-magnetic fraction was sieved at 250 um, and com-
bined with the 63-150 um non-magnetic fraction. The total 63-250 um
non-magnetic fraction was then passed through density separations in
order to concentrate the zircons in the sample. The first density separation
was performed with LST (lithium heteropolytungstates) at a density of
2.85 g/cm?. The fraction >2.85 g/cm’ was subsequently put through a den-
sity separation using MEI (Methylene lodide) at a density of 3.3 g/cm?>. Zir-
cons were handpicked from the >3.3 g/cm® fraction using a light
microscope with polarizing lens capabilities. Zircon morphologies include
both euhedral and rounded grain shapes, likely because they were recycled
through one or more sedimentary cycles. Zircon grains were placed on
double-sided tape mounted to glass slides. The grains were therefore not
polished or imaged, so we cannot speak to the complexity of an individual
grain; the point in this approach was to facilitate later analyses on U-Pb
dated zircons, e.g,, fission track and U-Th (He) dating.

U-Pb zircon analyses were performed at the University of Arizona's
LaserChron facility, using laser ablation MC-ICP-MS. Corrections for in-
strumental bias were applied based on the measurement of a Sri Lankan
zircon standard that was measured throughout the analytical session.
The full procedure for this lab is reported on their website (https://sites.
google.com/a/laserchron.org/laserchron/home/) and in Gehrels et al.
(2006) and in Gehrels et al. (2008).

5. Results of the U-Pb and “°Ar/*°Ar analyses
5.1. Results from shelf diamicts and core-top IRD (Cores 1-15, 17-28)

A total of 1915 U-Pb detrital zircons ages, 1169 “4°Ar/*°Ar
hornblende ages, and 275 “°Ar/*°Ar biotite ages were measured for
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Table 3

Samples and analyses made for this study. Column headings from left to right: ID number assigned to cores for this study; name of the core from which the sample was taken; location of core in degrees latitude; location of core in degrees longitude;
type of sample (SRL — sand rich layer; IRD — Ice rafted debris); depth of sample in the core; water depth of drill site; geographical sector assigned to core based on relative position of the core to East Antarctica; DML — Dronning Maud Land; PB —
Prydz Bay; WL — Wilkes Land; Al — Adélie Land; GVL — George V Land; NVL — northern Victoria Land, study in which U-Pb zircon data was collected, number of zircon grains measured for U-Pb from sample, study in which “°Ar/>*°Ar hornblende data
was collected, number of hornblende grains measured for *°Ar/>°Ar from sample, study in which *°Ar/>°Ar biotite data was collected, number of biotite grains measured for “°Ar/>°Ar from sample, nm — not measured, vdf et al. (2008) — van de Flierdt

et al. (2008).

Studies associated with
mineral analyses

Studies associated with
mineral analyses

Studies associated with
mineral analyses

SiteID  Site name Latitude  Longitude Sample type Sampling depth Water depth ~ Sector  Zircon n Hornblende n Biotite n
) ) (m)
1 IWSOE 68-11 —74.017 —54.75 SRL 11-18 cm 459 DML  This study 0 This study 67  This study 11
2 IWSOE 68 G8 —76.833 —40917 SRL 10-17 cm 400 DML  This study 0 This study 6 This study 0
3 IWSOE 70 2-22-1 —77533 —37.967 SRL 22-27 cm 1054 DML  This study 104  This study 71  This study 0
4 IWSOE 69 G17 —76.883 —32.833 SRL 158-162 cm 341 DML  This study 15  This study 96  This study 13
5 IWSOE69 G21 —728 —29.367 SRL 79-82 cm 3964 DML  This study 60  This study 55 This study 9
6 IWSOE 68 13 —7545 —26.55 SRL 8-14 cm 507 DML  This study 42 This study 46 This study 17
7 IWSOE 70 03-11-03 —73.983 —23.65 SRL 228-230 cm 260 DML  This study 102  This study 20  This study 4
8 10 1578-27 —72408 —19.418 SRL 735.5-737 3274 DML  This study 20  This study 39  This study 19
9 10 1578-28 —7219 —15305 SRL 235.5-237 58 DML  This study 77  This study 23 This study 8
10 IWSOE 70 3-17-2 —71.167 —12.367 SRL 55-59 cm 418 DML This study 53 This study 97 This study 27
11 10 1578-16 —70.612 —10.063 SRL 128-130 cm 366 DML  This study 77  This study 29  This study 22
12 IWSOE 70 3-18-1 —703 —6.807 SRL 31-33 cm 713 DML  This study 46  This study 46  This study 27
13 10 1277-41 —69.998 —5.077 SRL 1161-1173 cm 1173 DML This study 0 This study 23 This study 0
14 10 1277-23 —67.897 14.58 SRL 887-889; 889-891 924 DML  This study 123 This study 57  This study 29
15 NBP01-01 JPC40 —67.176 65.737  diamict 2370 cm 750 PB This study 100 This study 13 This study 25
16 ODP Site 1165B —64.371 67.219 IRD (see below) 3537 PB This study 78  Williams et al. (2010) 167 Pierce et al. (2011) 145
17 NBP01-01 JPC34 —68.251 72.730  diamict 70,292, 345 754 PB This study 258  This study 318  This study 50
18 ODP Site 1166A —67.696 74.787  diamict and fluvial 60, 80, 100 cm 475 PB van de Flierdt et al. (2008) 232 van de Flierdt et al. (2008) 160 van de Flierdt et al. (2008) 16
19 NBP01-01 JPC25 —68.752 76.703  diamict 1305, 1405 cm 848 PB This study 126  This study 37  This study 14
20 ELT49-30 —59.005 95.23 SRL 1698-1702 cm 4276 WL This study 0 Pierce et al. (2011) 34  Pierce et al. (2011) 30
ELT49-30 A SRL 1276-1280 cm 4276 This study 0 This study nm  This study nm
21 ELT37-16 —63.97 127.447  SRL 231-235 cm 3840 WL This study 0 Pierce et al. (2011) 63  Pierce et al. (2011) 57
ELT37-16 A SRL 228-233 cm 3840 This study 143  This study 38  This study nm
22 ELT37-13 —64.672 132977 SRL 113-120 cm 1333 WL This study 33 Pierce et al. (2011) 47  Pierce et al. (2011) 29
ELT37-13 A SRL 112-117 cm 1333 This study 126  This study 44 This study nm
23 ELT37-09 —65.552  141.095 SRL 140-144 cm 1308 AL This study 10 Pierce et al. (2011) 45  Pierce et al. (2011) 28
ELT37-09 A SRL 137-139 cm 1308 This study 34 This study 16  Pierce et al. (2011) 59
24 NBP 01-01JPC11 —66.563  143.052  diamict 2305-2310 cm 870 AL This study 10 Pierce et al. (2011) 15  Pierce et al. (2011) 14
NBP 01-01JPC11 diamict 2370-2375 cm 870 This study 8 Pierceet al. (2011) 41 Pierce et al. (2011) 15
25 DF79-47 —66.667 148733  SRL 563-567 cm 476 GVL This study 17 Pierce et al. (2011) 46  Pierce et al. (2011) 10
DF79-47 A SRL 568.5-576 cm 476 This study 87  This study 18  This study nm
26 DF80-34 —69.917 162.83 SRL 222-226 cm 805 NVL This study 17 Pierceet al. (2011) 36  Pierce et al. (2011) 33
DF80-34 A SRL 213-222 cm 805 This study 71  This study 10  This study nm
27 DF80-35 —70.017 166417 SRL 269-273 cm 490 NVL This study 0 Pierce et al. (2011) 21 Pierce et al. (2011) 23
DF80-35 A SRL 264-269 cm 490 This study 0 This study 11 This study nm
28 DF80-20 —69.783  163.683  SRL 160-164 cm 475 NVL This study 0 Pierce et al. (2011) 8 Pierce et al. (2011) 35
DF80-20 A SRL 152-160 cm 475 This study 0  This study nm This study nm
Downcore record ODP Site 1165B
—64.371 67.219 PB
16 ODP Site 1165 3.5 Ma IRD 1165B-4H-6 (80) This study 10 Williams et al. (2010) 40  Pierce et al. (2011) 41
16 ODP Site 1165 4.65 Ma IRD 1165B-6H-1 (70) This study 3 Williams et al. (2010) 32 Pierce et al. (2011) 28
16 ODP Site 1165 7 Ma IRD 1165B-10H-2 (35) This study 31 Williams et al. (2010) 31  Pierce et al. (2011) 39
16 ODP Site 1165 19 Ma IRD 1165C-10R-3 (120) This study 13 Williams et al. (2010) 23 Pierce et al. (2011) 37
16 ODP Site 1165 4.65 Ma IRD 1165B 6H-1 100/102 This study 21 Williams et al. (2010) 41 Pierce et al. (2011) -
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this study, adding to 683 “°Ar/>°Ar hornblende ages, 494 “°Ar/*°Ar
biotite ages, and 232 U-Pb detrital zircon ages from previous studies
(van de Flierdt et al., 2008; Williams et al., 2010; Pierce et al., 2011)
for a total of 2147 U-Pb detrital zircon ages, 1863 “°Ar/>*Ar hornblende
ages, and 769 “°Ar/*°Ar biotite ages (see Table 3). Twenty of the 27
piston jumbo core samples have measurements made on all three of
the mineral systems, while in six samples we did not find any zircons,
and in three samples we did not find any biotite (see Appendix A
for U-Pb zircon data listed by sample location, Appendix B for
40Ar/3°Ar hornblende data listed by sample location, Appendix C for
biotite data listed by sample location, Appendix D for data grouped
by geographic sector, and Appendix E for stacked histograms of each
system (U-Pb zircon, “°Ar/>*°Ar hornblende, “°Ar/>°Ar biotite) by
individual core site).

Fig. 3a-d shows stacked histograms of each system (U-Pb
zircon, “°Ar/>°Ar hornblende, 4°Ar/3°Ar biotite) by geographic sector
(A) Dronning Maud Land (DML), (B) Prydz Bay (PB), (C) Wilkes Land
(WL) and (D) Adélie/George V/northern Victoria Land (AL/GVL/NVL).
ISOPLOT/EX (Ludwig, 2003) was used for determining the peak ages
in the detrital data sets. For comparison, we have included a histogram
of on-land U-Pb zircon ages from each sector, taken from compilations
in Veevers (2012) and Veevers and Saeed (2011).

5.1.1. Wed(dell and Dronning Maud Land sector (Cores 1-14, 60°W to 15°E)

Detrital zircon U-Pb ages from the core sites in the Dronning Maud
Land (DML) sector show dominant populations of 500-600 Ma (peak
age 520 Ma) and 1000-1200 Ma (peak ages ~1068 and ~1104), with ad-
ditional small populations at ~108 Ma, ~180 Ma, ~760 Ma, ~1796 Ma
~2588 Ma and ~2736 Ma. “°Ar/*°Ar hornblende ages show dominant
populations of 440-540 Ma (peak age ~494 Ma), 960-1100 Ma (peak
age ~1056 Ma), with smaller populations of ~92 Ma, ~174 Ma,
~1236 Ma, ~2890 Ma and ~3080 Ma. “°Ar/3°Ar biotite ages show
dominant populations of 400-500 Ma (peak age ~451 Ma) and 900-
1100 Ma (peak ages ~976 Ma and ~1011 Ma), with smaller populations
of ~211 Ma and ~2550 Ma, ~2602 Ma and ~2644 Ma (Fig. 3a).

5.1.2. Prydz Bay sector (Cores 15, 17-19, 60°E to 80°E)

Detrital zircon U-Pb ages from cores in the Prydz Bay (PB) sector
show dominant populations of 500-600 Ma (peak age 540 Ma) and
840-1040 Ma (peak age 932 Ma), with a continuum of zircon ages be-
tween these two peaks and a smaller population of 680 to 720 Ma
(peak age ~698 Ma), and minor populations of ~2064 Ma and
~2766 Ma. “°Ar/>°Ar hornblende ages show dominant populations of
480-540 Ma (peak age ~500 Ma) and a minor population of 580-
640 Ma (peak age ~628 Ma). “°Ar/>?Ar biotite ages show a dominant
population of 480-540 Ma (peak age ~500 Ma) (Fig. 3b).

5.1.3. Wilkes Land sector (Cores 20-22, 90°E to 135°E)

Detrital zircon U-Pb ages from cores in the Wilkes Land (WL) sector
show dominant populations of 1100-1200 Ma (peak ~1150 Ma) and
1480-1620 Ma (peak age ~1562 Ma). “°Ar/>*°Ar hornblende ages show
a dominant population of 1100-1200 Ma (peak age ~1152 Ma), and a
small population 1440 to 1500 Ma (peak age ~1494 Ma). “°Ar/3>°Ar
biotite ages show a dominant population of 1080-1160 Ma (peak age
~1120 Ma) and a small population of 400-500 Ma (peak age ~440)
(Fig. 3¢).

5.1.4. Adélie Land/George V Land/northern Victoria Land (Cores 23-28,
140°E to 165°E)

Detrital zircon U-Pb ages from all cores in the Adélie/George
V/northern Victoria Land (AL/GVL/NVL) sector show dominant popu-
lations of 480-620 Ma (peak ages ~502 and 579 Ma) and 380-400 Ma
(peak age ~389 Ma), with small populations of ~1057 Ma, ~1235 Ma,
~1610 Ma, ~1723 Ma, ~1795 Ma, ~2455 Ma and ~2717 Ma. “°Ar/>%Ar
hornblende ages show dominant populations of 480 to 520 Ma (peak
age ~ 493 Ma) and 0-20 Ma (peak age ~ 3 Ma), with small populations

of ~1480 Ma, 1608 Ma and 1715 Ma. “°Ar/3°Ar biotite ages show dom-
inant populations of 340-440 Ma (peak age ~369 Ma) and 460-540 Ma
(peak age ~ 494 Ma), with small populations of ~105 and ~1626 Ma
(Fig. 3d).

5.2. ODP Site 1165 — downcore results (Core 16)

Sixty-seven zircons were found in five layers previously studied
from ODP Site 1165. For “°Ar/*°Ar hornblende ages (167 grains;
Williams et al., 2010) and “°Ar/*°Ar biotite ages (145 grains; (Pierce
etal, 2011)). Fig. 4 shows stacked histograms of each mineral type for
each of the IRD layers.

Three of the five layers yielded few U-Pb zircon analyses (n = 3 to
13), and a mix of ~500 Ma and 1000-1200 Ma grains (3.0 Ma, first
4.65 Ma, and 19.0 Ma; Fig. 4). The remaining two layers both contain
more robust ~500-600 Myr and 1100-1200 Myr age populations,
with the latter being more prominent in the layer deposited 4.65 Ma,
while the 7.0 Ma layer contains roughly equal proportions of both
populations.

6. Discussion and comparison of thermochronometers
6.1. Relationship between detrital ages and on-land geology

While our new detrital age populations are in general agreement
with major known tectonothermal events on land, the results also re-
veal age populations that have not previously been reported from on-
shore studies. These ‘unexpected’ age populations reflect either a bias
in the types of measurements made from on-land samples (e.g., U-Pb
zircon ages dominate the on-land record) or the presence of ice-
covered terranes that are not accessible for direct study today, and
will be discussed below in more detail. We will discuss our new data
by geographic sector, starting with a comparison to known source
rock ages (from old to young) (Fig. 5a, b and c) (see Appendix F for a
table of on-land ages and references to published geological studies)
and followed by new and interesting age populations that have not
previously been described.

6.1.1. Dronning Maud Land Sector (Cores 1-14, 60° W to 15°E)

6.1.1.1. Results consistent with onshore outcrop data

6.1.1.1.1. Archean ages. Overall, Archean zircons (n = 30) are
scattered in the 2500-3700 Ma range, with minor populations of
~2588 Ma and ~2736 Ma. Marschall et al. (2010) measured U-Pb ages
in zircons recovered from the Annandagstoppane granite, which out-
crops in the Grunehoga Craton, and determined the crystallization age
of the granite to be 3067 4+ 8 Ma, with evidence of inherited zircon
ages ranging from 3175 + 8 to 3433 4 7 Ma. The low abundance of zir-
con in this granite, in addition to the lack of sorting during ice transport,
is likely why there is no distinct population of U-Pb ages in the zircons
measured in these cores. The spread of ages between 3100 Ma and
3700 Ma, however, is consistent with the inherited U-Pb zircon ages
measured in the Annandagstoppane granite by Marschall et al. (2010),
and with ages of tectono-magmatic events measured in the Kaapvaal
craton, thus lending support to the conclusion of Marschall et al.
(2010) that the Grunehogna craton was an extension of Africa's
Kaapvaal craton.

6.1.1.1.2. Grenvillian activity. Based on previous data, Fitzsimons
(2000) divided Grenvillian U-Pb zircon ages in the DML area into
those older than 1100 Ma, reflecting igneous crystallization of
orthogneiss and metavolcanic precursors, and those 1030-1090 Ma,
reflecting high-grade Grenville-aged tectonism. Grenville-aged popula-
tions appear in each of the mineral systems, with peak ages of
~1068 Ma ~1104 Ma (U-Pb zircon), ~1056 Ma (“°Ar/>*Ar hornblende)
and ~1011 Ma and ~976 Ma (*°Ar/*°Ar biotite).
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Fig. 3. Histograms (20 Myr bins) and probability plots of detrital U-Pb zircon, “°Ar/>*°Ar hornblende and “°Ar/>°Ar biotite ages by geographic sector compared to a histogram (20 Myr bin)
and probability plot of on-land ages taken from the compilation of Veevers (2012) and Veevers and Saeed (2011). The color scale used here is the same as that used in Figs. 4 and 5A-C, and
corresponds to 100 Myr increments of time. a) DML — Dronning Maud Land b) PB — Prydz Bay c) WL — Wilkes Land and d) AL / GVL / NVL — Adélie Land, George V Land and northern
Victoria Land. (For the color version of this figure, the reader is referred to the web version of this article.)



E.L. Pierce et al. / Earth-Science Reviews 138 (2014) 156-178 167

ODP Site 1165

8
, ] 30Ma UPb Z n=10
0_‘.‘.Imﬂ..ﬂ.l‘mﬂ].ml‘..‘ ETEEATEN BRI | 8
ArAr Hb n=40 ‘_4
8 ::ﬂmﬂﬂ::'m”:“}!:'}::}:::}:: 0
4] ArAr Bio n=41
500 1000 1500 2000 2500 3000 3500
g bl
4 4.65 Ma (70 cm) UPb Z n=3
Y S N U U U I S
ArAr Hb n=32 4
8 —+++H :.”:”r‘ﬂﬂ':":'::':}::::}::::}:::: 0
ArAr Bio n=28

1000 1500 2000 2500 3000 3500

o b b b b b b1 8
465Ma(1000£|] UPbZn=21 [ ,
8_::::@:”:,”:": H - 0
j ArAr Hb n=41
47
1 T 1 171 T ‘Ill-h\ I“I LI ‘ LI ‘ 1 171 ‘ LI B
0 500 1000 1500 2000 2500 3000 3500
8 o e b b b L
1 7.0M UPb Z n=31

- 8

.ﬂ,’d}g | P
JM lL\rAer‘= 4
CRRNE LEAEE' ! RS SN St B

|
\
1 ArAr Bio n=39

4 —
| [
0] I —
0 500 1000 1500 2000 2500 3000 3500
8 o L b b b b L
4 19.0 Ma UPb Zn=13
| EPTY P ERE I 17 T AR AR EPIETINR A T
(i SPTT FE I T TE N U APV Y T
ArAr Hb n=23 ’_4
20 -+ A.]:}:ﬂq:“:{::%:{!:%:{::&:.J::a: 0
10 3 ArAr Bio n=37
0 il
0 500 1000 1500 2000 2500 3000 3500

Age (Ma)

Fig. 4. Stacked histograms (20 Myr bins) showing the U-Pb zircon (this study), “°Ar/>*°Ar
hornblende (Williams et al., 2010) and “°Ar/*°Ar biotite (Pierce et al., 2011) ages from the
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Figs. 3 and 5A-C, and corresponds to 100 Myr increments of time. (For the color version of
this figure, the reader is referred to the web version of this article.)

The range of Grenvillian ages we have measured is consistent with
Fitzsimons (2000) survey, as well as with measured on-land ages that
fall in the 1030-1090 Ma range (Harris et al., 1995; Jacobs et al., 1996,
2003a, 2003b, 2003c; Board et al., 2005; Bisnath et al., 2006; Jacobs
et al., 2008) and the greater than 1100 Ma range (Arndt et al., 1991;

Harris et al., 1995; Gose et al., 1997; Jackson, 1999; Board et al., 2005;
Bisnath et al., 2006; Flowerdew et al., 2012). Both the ~1104 Ma and
1068 Ma detrital zircon U-Pb peaks are consistent with U-Pb zircon
ages of 1104 + 8 and 1070 Ma measured by Bisnath et al. (2006) in
Gjelsvikfjella (~3°W). The Grenvillian ages found in Core 1 (Western
Weddell Sea, Fig. 5a-c) likely reflect sourcing from the Haag Nunatak
area, which has been shown to contain Grenvillian ages ~1000-
1180 Ma Rb-Sr whole rock ages (Millar and Pankhurst, 1987), and
991-1031 K-Ar hornblende and biotite ages (Clarkson and Brook,
1977).

6.1.1.1.3. Pan-African/Ross orogeny. The ~500 Ma populations found
in each of the detrital thermochronometers from this area likely re-
flect a mix of Pan-African and Ross signatures from the bedrock
source. Reconstructions of Gondwana (e.g., Harley and Kelly, 2007;
Kleinschmidt, 2007; Fig. 1), project the Ross orogen all the way from
northern Victoria Land through to Coats Land, in addition to having
Pan-African rocks potentially projected from Enderby Land along a con-
tinuation of the Liitzow-Holm Belt (to the Coats Land area as well (see
Fig. 1)). Given the close temporal overlap between these orogenies, we
may not be able to use detrital mineral grain age populations to tease
apart the two orogenies. However, based on the reconstructions men-
tioned above, we tentatively assign the ~500 Ma grain in Cores 1-3 as
having a ‘Ross’ orogen source, while the ~500 Ma grains in Cores 5-14
are assigned a ‘Pan-African’ source. Additionally, there is an older tail
age in the Pan-African ages, and less so than in the Ross consistent
with the findings of Pierce et al. (2011).

Pan-African/Ross populations appear in each of the thermo-
chronometeric ages, with peak ages of ~520 Ma, ~494 Ma, and
~451 Ma for detrital U-Pb zircon, “°Ar/>*° hornblende and “°Ar/>°Ar bi-
otite, respectively, and are consistent with Pan-African ages measured
on-land in zircons (Mikhalsky et al., 1997; Harris, 1999; Zeh et al,,
1999; Jacobs et al., 2003a, 2003b, 2003c; Paulsson and Austrheim,
2003; Curtis et al., 2004; Board et al., 2005; Bisnath et al., 2006;
Flowerdew et al., 2012), with only a few “°Ar/>°Ar hornblende (Jacobs
et al,, 1995, 1996, 1997; Board et al., 2005) and one “°Ar/>°Ar biotite
age (Board et al., 2005) falling in this range.

The pattern that emerges from the age distribution in the
thermochronometers in this area reflects Ross and Pan-African
overprinting of Grenville-aged rocks in some areas but not others.
Core 4, which consists purely of Grenvillian age populations in
each of the thermochronometers, is located adjacent to the Bertrab-
Littlewood-Moltke nunataks (see Fig. 5), which have U-Pb zircon ages
of 1000-1100 Ma (Gose et al., 1997; Storey et al., 2004), and which
did not undergo any metamorphism during the Pan-African/Ross orog-
enies. To the east of Core 4, Cores 5 and 6 contain bimodal populations of
Pan-African/Ross and Grenvillian ages in each of the chronometers. To
the east of Core 6, and of the cores that contain all thermochronometers,
Cores 7, 8,11, 12 and 14 contain Grenvillian and Pan-African U-Pb age
populations, while the “°Ar/2°Ar hornblende and biotite age populations
are dominated by Pan-African ages, with few to no Grenvillian ages
(Fig. 5, Table 4); this finding argues for significant resetting during the
Pan-African orogenyin locations onshore of these core sites. These re-
sults are consistent with the interpretation of Jacobs and Thomas
(2004), who show that Coats Land was unaffected by Pan-African
overprinting due to lateral escape tectonics.

6.1.1.1.4. Jurassic rifting and younger ages. Grains less than 200 Ma in
age are present in the detrital zircon U-Pb and “°Ar/*Ar hornblende
and biotite populations, though as a very small percentage (Figs. 3A,
5A-C). Zircons and hornblendes both contain populations of ~180 and
~100 Ma, while the biotite ages are more scattered from 160 to
211 Ma. The small population of ~100 Ma and younger ages are consis-
tent with measured on-land ages south of the Ronne-Filchner Ice Shelf
(Gose et al.,, 1997; Vaughan and Storey, 2000; Flowerdew et al., 2012),
and are characteristic of the Antarctic Peninsula and West Antarctica
(indeed, these ages are predominantly found in the cores located closest
to the Antarctic Peninsula (Roy et al,, 2007b)).
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The small age peak at ~180 Ma and ~174 Ma in the detrital zircon U-
Pb and “°Ar/*Ar hornblende ages, respectively, are from cores located
off the coast of Coats Land; these likely reflect sourcing from the
Dufek-Ferrar-Karoo volcanic rocks. U-Pb zircon dates of ~183 Ma
have been measured in the Sonora Bluffs and surrounding area (Minor
and Muakas, 1997; Flowerdew et al., 2012), while slightly younger
40Ar/29Ar hornblende ages of 179 Ma and 175 Ma have been measured
in the same areas (Fig. 5a-c). Hornblendes with these ages are addition-
ally found farther along the coast to the east (Cores 7-9), and reflect
sourcing from the extension of the Karoo flood basalts in the Vestfjella
region, which have whole rock K-Ar ages of 160-230 Ma (Furnes and
Mitchell, 1978; Furnes et al., 1987; Peters et al., 1991), and a plagioclase
K-Ar age of 180 Ma (Peters et al,, 1991). “°Ar/>°Ar ages measured on the
lavas in adjacent Kirwanveggan have an age of 183 + 1 Ma (Duncan
et al., 1997), consistent with ages further to the south in Coats Land,
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while “°Ar/*°Ar ages from the Ferrar dolerite in Transantarctic Moun-
tains yield an age of ~176 Ma (Flemming et al., 1995).

6.1.1.2. Novel and previously un-described age populations

6.1.1.2.1. Archean “°Ar/*°Ar hornblende and biotite ages. Archean
grains comprise a small population of the total analyses made on
cores off the coast of Dronning Maud Land. The majority (76%) of the
Archean grains found in the cores off the coast of DML are either horn-
blende or biotite, and are from Core sites 10-12, located directly off-
shore of the Archean Grunehoga craton (Fig. 5b, c). The Grunehoga
craton is a continuation of South Africa's Kalahari craton in East
Antarctica (e.g., Marschall et al. (2010), see Fig. 1), and, though only ex-
posed in a few nunataks, has been interpreted to extend from ~2° to
15°W, along ~72°S based on geophysical surveying (Jacobs et al., 1996).
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Fig.5 (continued).

Archean hornblendes (n = 71) form a broad population of ~2800-
3200 Ma. The older ages in this population are consistent with the U-
Pb zircon age of 3067 & 8 Ma obtained by Marschall et al. (2010) for
the crystallization age of the Annandagstoppane granite. However, no
hornblende is reported in the petrographic descriptions of the
Annandagstoppane granite (Barton et al., 1987). We therefore suggest
that additional hornblende-rich Archean basement lithologies may be
obscured by ice in the Dronning Maud Land sector. This proposition is
supported by the occurrence of a ~2900 Ma “°Ar/*°Ar hornblende
population, which cannot be tied to known ages measured in outcrops.

Archean biotite grains contain a population of ~2602 to 2644 Ma,
indicating the Grunehoga craton as a source, and indeed the
Annandagstoppane granite contains accessory (<5%) amounts of biotite
(Barton et al., 1987). These younger “°Ar/>°Ar biotite ages may reflect
cooling following a tectonothermal event at 2800 Ma (Barton et al.,

1987). However, Barton et al. (1987) also report on an ~1200 Ma
event (intrusion of the Annandagstoppane gabbro), which reset the
Rb-Sr biotite ages in the Annandagstoppane granite. It may be that
with these biotite grains, we are tapping a previously unstudied part
of the Grunehoga craton, containing biotites that were either undis-
turbed or only partially disturbed during Grenvillian or Pan-African
metamorphism. The relatively small range of ages of this population
leads us to favor a lack of post-Archean disturbance of the source.
6.1.1.2.2. ~1200-1300 Ma “°Ar/*°Ar hornblende ages. Core 1, in the
western Weddell Sea, contains a significant 1200-1300 Ma population
in the “°Ar/*°Ar hornblende ages, which are significantly older than
the detrital U-Pb zircon ages from this sector. While there are no report-
ed 1200-1300 Ma “°Ar/3>°Ar hornblende ages from outcrops in DML,
these grains are likely sourced from the ice-covered continuation of
the Natal Metamorphic Province (South Africa), which is this area of
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Fig. 5 (continued).

East Antarctica's conjugate margin in South Africa. The Quaha Forma-
tion specifically has U-Pb zircon ages between 1235 + 9 and 1207 +
10 Ma (Thomas et al., 1999).

6.1.1.2.3. Grenvillian “°Ar/>*Ar hornblende and biotite ages. While
there are no reported Grenvillian “°Ar/>*°Ar hornblende ages from out-
crops in DML, Grenvillian (~991-1031) K-Ar dates for hornblende and
biotite from the Haag Nunatak (West Antarctica) have been reported
(Clarkson and Brook, 1977). The presence of Grenvillian-aged detrital
49Ar/29Ar hornblende populations in the marine sediment samples (pri-
marily Cores 1, 4, 5 and 6; see Fig. 5b) indicates that hornblendes with
this age are indeed present in DML. Similarly, only one Grenvillian
4OAr/°Ar biotite age (974 Ma; Jacobs et al. (1995)) is reported from out-
crops in DML, though these ages are found in many of the core sites off-
shore DML (Fig. 5a-c). The presence of Grenvillian ages likely reflects
sourcing from areas that were not overprinted by Pan-African activity,

as a result of escape tectonics (Jacobs and Thomas, 2004), but which
are currently obscured by the ice sheet.

6.1.2. Prydz Bay (Cores 15, 17-19, 60°E to 80°E)

6.1.2.1. Results consistent with onshore outcrop data

6.1.2.1.1. Grenvillian activity. The ~932 Ma detrital zircon U-Pb ages
agree well with Grenvillian ages of 900-990 Ma attributed to this area
by Fitzsimons (2000), as well as additional on-land studies (Kinny
et al,, 1993; Boger et al., 2000; Carson et al,, 2000; Liu et al., 2007).

6.1.2.1.2. ~700 Ma event?. The presence of small ~698 Ma and
~628 Ma populations in the detrital zircons, and hornblendes, respec-
tively, may reflect a possible ~700 Ma metamorphic event (and subse-
quent cooling) recorded in the Prince Charles Mountains (Tong et al.,
2002).
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6.1.2.1.3. Pan-African orogeny. The dominant detrital zircon U-Pb
(~540 Ma) and “°Ar/>°Ar hornblende and biotite (~500) age popula-
tions are consistent with the pervasive Pan-African (500-650 Ma)
overprinting found in outcrops in the area (Stiiwe and Oliver,
1989; Zhao et al., 1992; Fitzsimons et al., 1997; Zhao et al., 1997;
Tong et al., 1998; Tong et al., 2002; Meert, 2003; Veevers, 2003,
2004; Liu et al., 2006, 2007; Wang et al., 2007; Veevers and Saeed,
2011; Veevers, 2012), as well as in Eocene fluvial sediments from
ODP Site 1166 (van de Flierdt et al., 2008) and early Oligocene
through Pliocene glacial-marine sediments from ODP Site 739
(Tochilin et al., 2012). Onshore “°Ar/>°Ar dates only show ages con-
sistent with Pan-African over-printing, and complete resetting, of
hornblende and biotite during the Pan-African orogeny, with no
Grenville-aged hornblende or biotite ages reported (Tong, 2004;
Phillips et al., 2007; Wilson et al., 2007).

6.1.2.2. Novel and previously un-described age populations. Overall, detri-
tal age populations from the Prydz Bay sector are in general agreement
with onshore ages, and no unexpected populations were discovered. As
the Prydz Bay area is one of the best-exposed terrains within East
Antarctica, this finding lends additional support to the value of using
detrital mineral grain ages in marine sediments to infer onshore (and
sub-ice) geology.

6.1.3. Wilkes Land (Cores 20-22, 90°E to 135°E)

6.1.3.1. Results consistent with onshore outcrop data. The Wilkes Land
coastline has very few accessible outcrops ((Tingey, 1991; Anderson,
1999); Figs. 2, 5A-C), with onshore thermochronologic measurements
coming only from the Denman Glacier/Bunger Hills (Black et al., 1992;
Fitzsimons, 2000), and the Windmill Islands (Post et al., 1996; Post,
2000; Moller et al., 2002; Fitzsimons, 2003) (Figs. 2, 5A-C). Detrital
40Ar/29Ar hornblende and biotite ages from this sector are dominated
by Grenvillian ages (1152 Ma and 1120 Ma peak ages, respectively),
while the detrital zircon U-Pb ages show two peaks at ~1150 Ma and
~1562 Ma (discussed above, Section 6.1.3.1). The Grenvillian ages
agree well with reports from Fitzsimons (2000) and Sheraton et al.
(1992, 1993), which conclude that high-grade metamorphism affected
the Wilkes Land sector from 1130 to 1200 Ma. Given the dearth of
outcrops along this part of East Antarctica, more studies utilizing this
approach and sampling proximal glacial-marine sediments would
surely yield further important clues about the geology along this mar-
gin. The small 400-500 Ma population seen in the “°Ar/*°Ar hornblende
ages comes from Core 20, located offshore of the boundary between
Wilkes Land and the Pan-African overprinting seen in the Prydz Bay
region, and so reflects this boundary location and is not seen in the
other cores from this sector.

6.1.3.2. Novel and previously un-described age populations

6.1.3.2.1. ~1562 Ma population of U-Pb zircons. Our detrital U-Pb zir-
con results from Cores 21 and 22 show that half of the zircon population
falls in the 1500-1600 Ma range, with a peak age of ~1562 Ma. There are
no outcrops directly onshore from these core locations. However, just to
the west of Wilkes Land, outcrops in the Bunger Hills area (~100°E) con-
sist of granulite-facies metamorphic rocks. The emplacement of grano-
dioritic orthogneisses in the Bunger Hills areas is dated at ~1521 +
29 Ma (Thomas Island) and ~1700 Ma (southwest Bunger Hills) by U-
Pb zircon ages (Sheraton et al., 1992, 1993). Additionally, Fitzsimons
(2003) reported on a 1500-1600 Ma population of inherited U-Pb zir-
con ages from a psammitic gneiss in the Windmill Island area. The pres-
ence of ~1562 Ma U-Pb zircon ages from Cores 21 and 22 could require
an extension of the granodioritic orthogneiss, or associated units, over
1000 km to the east. However, without a better spatial coverage of de-
trital U-Pb zircon analyses from marine sediment cores, this is entirely
speculative. Veevers and Saeed (2011) measured detrital U-Pb zircon
ages from Miocene-0Oligocene samples recovered at DSDP Site 269

(Fig. 5), off the coast of East Antarctica near the boundary between
Wilkes and Adélie Land, and just to the west of Core 21; their analyses
revealed two minor peaks at ~1166 Ma and ~1570 Ma. These two age
peaks are consistent with our U-Pb zircon ages. Veevers and Saeed
(2011) attribute these to ‘ice covered gaps’ in the data available from
outcrops.

Additionally, the ~1560 Ma population in the U-Pb zircon ages could
represent continuation of the south Australian Kararan orogen (1570 to
1540 Ma) into East Antarctica. Boger (2011) discusses the likely contin-
uation of accreted domains (Nawa and Musgrave) under the East
Antarctic ice sheet, between 115° to 140°E, and our sampling sites
which contain this age population are located at ~127°E and ~133°E.

6.1.3.2.2. ~1494 Ma population of “°Ar/>°Ar hornblendes. There is a
small “°Ar/?°Ar hornblende peak at ~1494 Ma (mostly found in Core
21), which could be associated with cooling following the older
~1560 Ma event recorded by the U-Pb zircon ages. Indeed, the granodi-
oritic gneiss does contain hornblende. While this would require the
hornblende to have withstood resetting during the metamorphism as-
sociated with Grenvillian activity in this sector (see 6.1.3.2), this may
be possible if they were sourced from far inside the East Antarctic cra-
ton. Alternatively, these grains could represent incomplete resetting
during Grenvillian activity. Further work with these samples, such as
4OAr/3°Ar step-heating experiments would help to test this.

6.1.4. Adélie Land/George V Land/northern Victoria Land (Cores 23-28,
140°E to 165°E)

6.1.4.1. Results consistent with onshore outcrop data. Two high-grade
thermal events occurred in the Adélie craton ~1700 and ~2500 Ma
(Peucat et al.,, 1999; Di Vincenzo et al., 2007; Ménot et al.,, 2007). Nota-
bly, there are no Grenvillian or Ross ages from outcrops in Adélie Land,
making it one of the few areas in East Antarctica where the Archean cra-
ton is preserved in nearly pristine condition, while northern Victoria
Land, Oates Land and George V Land to the east of the Mertz shear
zone are dominated by Ross orogen (550-480 Ma) ages (Black and
Sheraton, 1990; Tingey, 1991; Tessensohn and Henjes-Kunst, 2005; Di
Vincenzo et al., 2007; Tribuzio et al., 2008) (Fig. 5a-c).

6.1.4.1.1. Archean and Proterozoic terranes. Detrital zircon U-Pb ages
from the Adélie/George V/northern Victoria Land sector show age pop-
ulations of ~2455 to ~2717 Ma, consistent with onshore ages (Oliver
and Fanning, 1997; Peucat et al., 1999; Fitzsimons, 2003; Ménot et al.,
2007; Duclaux et al., 2008; Veevers and Saeed, 2011) and offshore
ages from marine sediments (Goodge and Fanning, 2010).

There is a broad 1600-1800 Ma population in the U-Pb zircon,
40Ar/39Ar hornblende and “°Ar/*°Ar biotite ages. Detrital zircon U-Pb
ages within this range show small peaks at ~1795 Ma, ~1723 Ma, and
~1610 Ma, which are also consistent with onshore ages in Adélie
Land. Ménot et al. (2007) reported U-Pb zircon ages of ~1600 Ma in
western Adélie Land, while Peucat et al. (1999) obtained U-Pb ages of
2800 Ma, 2600 Ma and 1730-1760 Ma on zircons from the Pointe
Géologie Archipelago. Peucat et al. (2002) measured U-Pb ages of
~1600 Ma on zircons from clasts collected out of moraines exposed in
Adélie Land, which they interpreted to have been connected to the
Gawler Range volcanics and Hiltuba Suite granites of the Gawler craton
in Australia; the Gawler Range volcanics and Hiltuba Suite granites have
U-Pb zircon ages of 1580-1600 Ma (Fanning et al., 1988; Creaser and
Fanning, 1993; Fanning et al., 2007).

4OAr/39Ar hornblende ages show peaks at ~1608 Ma and 1715 Ma,
and “°Ar/*°Ar biotite ages show a peak at ~1626 Ma. These ages are con-
sistent with “°Ar/>°Ar hornblende (~1700) and biotite outcrop ages from
George V Land (Fig. 5a-c; Di Vincenzo et al. (2007)). An additional but
small ~1480 Ma peak in the “°Ar/3°Ar hornblende ages has previously
been attributed to the Mertz shear zone area (Pierce et al., 2011), as
these ages are from a core site (Core 22) directly off the coast from this
feature. The shear zone is dated at ~1500 Ma via °Ar/3°Ar biotite ages
(Di Vincenzo et al., 2007), and Pierce et al. (2011) concluded that because
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the shear zone extends far inland (Ferraccioli et al., 2009), it is likely that
interior rocks were affected by this event. This means that 4°Ar/*Ar
hornblende ages from the interior could have been reset, thus explaining
the ~1480 peak in the “°Ar/*°Ar hornblende ages.

6.1.4.1.2. Ross orogeny. Core 23, located at the western edge of Adélie
Land is characterized by >1400 Ma “°Ar/3°Ar hornblende ages, which is
consistent with the proximal on-land geology, yet both the detrital zir-
con U-Pb and “°Ar/*°Ar biotite populations contain a population of
grains with Ross orogen ages in addition to the >1400 Ma population.
Pierce et al. (2011) reported hornblende and biotite “°Ar/*°Ar ages
from this core, and attributed the ~500 Ma biotite population to possible
low-temperature re-setting in western Adélie Land. The presence of
Ross-aged detrital zircons implies that this population is the result of
ice-rafting from east of the Mertz shear zone, or alternatively that bed-
rock affected by the Ross orogen is more extensive than previously
thought. We consider the latter explanation highly unlikely, given the
distance between Core 23 and outcrops affected by the Ross orogen,
as well as the absence of known Ross overprinting west of the Mertz
shear zone.

6.1.4.1.3. Bowers terrane. Detrital zircon U-Pb and “°Ar/3*°Ar biotite
ages show populations of ~389 Ma and ~369 Ma, respectively; this
age population is notably absent from the hornblende grains. These
ages most likely reflect sourcing from the Bowers Range, which has K-
Ar dates of this age (Adams, 2006). The absence of hornblende grains
in this age range is likely a lithological bias, in that source rocks do not
contain appreciable amounts of hornblende.

6.1.4.1.4. McMurdo volcanics. “°Ar/>*°Ar hornblende grains from cores
off the coast of NVL contain a population of young grains, with a peak
age of 2.3 Ma; these ages were not found in either the detrital zircon
U-Pb or “°Ar/3°Ar biotite age populations. A likely source for these
young grains is the McMurdo Group volcanic rocks found off the coast
of Victoria Land in the western (East Antarctic side) Ross Sea.
Armstrong (1978) measured K-Ar ages on 91 samples of volcanic
rocks from the Transantarctic Mountains and Ross Sea islands, finding
that the majority of the samples are 0.003 to 4.0 Ma, with only a few be-
tween 13.0 and 18.0 Ma. Cooper et al. (2007) dated volcanism associat-
ed with White Island at ~5-7 Ma, while Rilling et al. (2007) dated
volcanism associated with the Terror Rift at <~4 Ma (see Kyle (2013)
for a review of the McMurdo Volcanic Group).

6.1.4.2. Novel and previously un-described age populations

6.1.4.2.1. Grenvillian ages. There is a small spread of 1000-1200 Ma
Grenvillian ages in the Adélie/George V/northern Victoria Land sector
samples; there are small peaks of ~1057 and 1235 Ma in the U-Pb zir-
con data, though no apparent peaks in the “°Ar/>°Ar hornblende or bio-
tite data. While no Grenvillian ages have been reported from outcrops in
the AL/GVL/NVL sector, Goodge and Fanning (2010) also found a small
number of Grenvillian detrital U-Pb zircon ages from marine sediment
samples in this area, consistent with our finding. Goodge and Fanning
(2010) proposed that the presence of these ages are the result of either
Grenvillian-aged basement extending to this part of the craton
under the ice sheet, or the result of zircon recycling into sedimentary
rocks present in the area. Given the presence of Grenvillian “°Ar/*Ar
hornblende and biotite ages, however, it is more likely that there is in
fact Grenvillian-aged basement under the ice sheet in this part of
Antarctica, as hornblende and biotite grains would not have survived
multiple sedimentary cycles.

6.1.4.2.2. Precursor to Ross orogeny?. Detrital zircon U-Pb ages from
Adélie/GeorgeV/northern Victoria Land show two peaks, ~579 Ma and
~502 Ma. While the younger ~502 Ma age peak is consistent with typi-
cal Ross orogen ages in this area of 490-544 Ma (e.g., Veevers (2012)),
the ~579 Ma peak is significantly older. Goodge and Fanning (2010),
found an older age population of ~580 Ma in cores east of the Mertz
shear zone, consistent with our findings. These authors attribute the
older ages to the likelihood that Ross orogeny magmatism began earlier
than that recorded in the limited outcrops in the area. Several other

studies also find evidence for Ross magmatism as early as 580-590 Ma
(Goodge et al., 2004, 2010, 2012), indicating that this is an orogeny-
wide phenomenon. “°Ar/>*°Ar hornblende and biotite ages have a single
peak at ~493 Ma and ~494 Ma, respectively; these ages are consistent
with Ross orogen ages found in on-land sites to the east of the Mertz
shear zone (Fig. 5a-c; (Adams, 2006; Di Vincenzo et al., 2007; Goodge,
2007)).

6.2. Comparison of thermochronometers by sector

In this section we summarize some of the broad observations that
can be made about thermochronology and potential provenance signals
based on each of the individual mineral systems (Fig. 6).

First, in each of the sectors the data overall show the logical
sequence of progressively younger ages when comparing the detrital
U-Pb zircon to “°Ar/3°Ar hornblende to “°Ar/*°Ar biotite ages, respec-
tively, as would be expected based upon the relative closure tempera-
tures of each system (e.g., Fig. 3a).

Second, Pan-African, Ross and Grenvillian ages are pervasive around
East Antarctica. However, the peak ages of these events are variable, de-
pending upon the area analyzed and the chronometer used, allowing for
the potential to still differentiate between broad areas affected by these
events. For example, while Grenvillian ages in each of the mineral
systems are generally consistent (allowing for cooling following the
event, as discussed above), the oldest peak Grenvillian ages are found
in Wilkes Land (~1200-1100 Ma), followed by Dronning Maud
Land (~1100-1000 Ma), and Prydz Bay (~1000-900 Ma) (see also
Fitzsimons (2000)). In contrast, “°Ar/>°Ar hornblende and biotite ages
of Pan-African and Ross overprinting around East Antarctica generally
show more overlap between the different sectors, but peak ages within
these populations still show subtle variations (e.g., slightly older ages in
the Prydz Bay area as compared to the Dronning Maud and George V
Land locations) that may be applied to differentiate source terranes.

Third, each individual geographic sector described here carries a
unique thermochronological fingerprint. Our detrital U-Pb zircon,
40Ar/3°Ar hornblende and “°Ar/*°Ar biotite ages for the Dronning Maud
Land area present the first onshore/offshore comparison of its kind and
an attempt to characterize the provenance signal. Overall, Dronning
Maud Land is characterized by Grenvillian ages (1000-1100 Ma) and
Pan-African/Ross ages in each of the thermochronometers. Archean
40Ar/3%Ar hornblende and biotite ages are associated with the Grunhogna
craton (~2°W to 15°W), and stand out as unique provenance indicator in
this sector (Fig. 6). The peak ages for each of the chronometers associated
with both tectonometamorphic events generally shows a younging trend
from U-Pb to “°Ar/*°Ar hornblende to “°Ar/>*°Ar biotite, as is to be expect-
ed given the different closure temperatures. Additionally, there appears to
be a division in the “°Ar/>*°Ar biotite ages, in which Coats Land (~20°W to
30°W) is dominated by Grenvillian “°Ar/*°Ar biotite ages (reflecting the
lack of Pan-African overprinting in this area (Jacobs and Thomas,
2004)), while areas to the east of Coats Land are mostly in the 400-
600 Ma range, with the exception of the area around the Grunhogna
craton.

The Prydz Bay sector shows complete resetting of lower tempera-
ture thermochronometers during the Pan-African orogeny, as shown
by the lack of Grenvillian aged °Ar/*°Ar hornblende and biotite ages.
On the other hand, the Wilkes Land sector is the only one of the four
geographic sectors that is not characterized by Pan-African/Ross ages
(i.e. in core sites proximal to the continent). U-Pb zircon ages offer a
unique ~1562 Ma population to aid in provenance work, while all chro-
nometers have peak ages in the 1100-1200 Ma range, easily distin-
guishable from Grenvillian ages in different sectors (Fig. 6).

The sector is the most diverse. This sector is dominated by Ross ages
(480-590 Ma), but also reveals significant proportions of grains with
ages >1400 Ma (restricted to Adélie Land), and younger ages (389 and
369 Ma peak ages in the detrital zircon U-Pb and “°Ar/3°Ar biotite
data, respectively), and 2.3 Ma in the °Ar/>*°Ar hornblende ages from
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Fig. 6. Summary figure of U-Pb zircon (red), “°Ar/**Ar hornblende (green) and “°Ar/°Ar biotite (blue) ages. Thick pink line around map of Antarctica shows geographic coverage of each
sector (Dronning Maud Land, Prydz Bay, Wilkes Land, Adélie/George V/northern Victoria Land). Vertical axis shows age bins, horizontal axis shows the percentage of ages, across the entire
population of a given mineral in that sector, that fall within the corresponding age bin. (For the color version of this figure, the reader is referred to the web version of this article.)

cores located off of the George V/northern Victoria Land. U-Pb zircon
ages in this sector contain a hint that the Ross orogeny in East
Antarctica may extend as far back as 579 Ma.

Fourth, the potential power in using U-Pb zircon ages in addition to
the “°Ar/3°Ar thermochronometers is that it adds another level of char-
acterization. Given the resilient nature of the U-Pb system in zircon, and
zircon itself, additional age populations, not present in the “°Ar/>°Ar
hornblende and biotite ages of the source areas, are present, and can
then be paired with these lower-temperature ages to better constrain
potential source areas. Overall, the U-Pb zircon and “°Ar/3>°Ar horn-
blende and biotite ages that we have measured and discussed in this
study faithfully reflect known neighboring on-land ages, and combined
they offer ways to identify source areas of East Antarctica. An additional
benefit of the detrital zircons is the potential for triple or double dating
with fission track and/or (U-Th)/He (e.g., Cox et al., 2010; Tochilin et al.,
2012; Thomson et al,, 2013).

6.3. Ice-rafted zircons from ODP Site 1165

IRD provenance data can be interpreted to reflect changes in the
Antarctic ice sheet through time, if ice and iceberg transport in the
past differed from the present day. For example, Williams et al. (2010)
studied the IRD from five sediment layers at ODP Site 1165 for “°Ar/
3%Ar ages of ice-rafted hornblendes. They provided evidence for massive
iceberg armadas originating from Adélie Land and Wilkes Land during

the Pliocene. Subsequent work by Pierce et al. (2011) showed the viabil-
ity of “°Ar/3°Ar biotite ages as a tracer of IRD from the same layers in
ODP Site 1165.

Here we test the application of U-Pb zircon ages for determining the
provenance of IRD. To our knowledge, this is the first study that at-
tempts to use U-Pb zircon ages for this purpose in the Southern
Ocean. We hence conducted our pilot study on exactly the same five
samples from ODP Site 1165 analyzed by Williams et al. (2010) and
Pierce et al. (2011), the depositional ages of which span ~19 to 3 Ma.
Based on Williams et al. (2010) and Pierce et al. (2011), each of the
five IRD layers contains a local, Prydz Bay provenance signature
(~500 Ma) (Fig. 4). While the ~500 Ma age dominates the 19 Ma old
IRD layer, the IRD samples deposited 7.0 and 3.0 Ma also contain grains
with a Wilkes Land signature (~1100-1220 Ma) (Fig. 4), indicating
sourcing of massive iceberg armadas from the Wilkes Land region to
ODP Site 1165, a minimum distance of 1000 km to the east. The “°Ar/
39Ar ages of hornblendes from the IRD layer from 4.65 Ma (100 cm) con-
tains an additional age population of 1500-1600 Ma, reflecting potential
sourcing from the Adélie Land margin, approximately 3000 km to the
east.

6.3.1. Comparison of zircon, hornblende and biotite provenance (ODP
Site 1165)

Zircons are relatively rare in Site 1165 sediments (n = 3 to 31 with
an average of 15; Figs. 4 and 5A) compared to hornblende (n = 23 to 41
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with an average of 33; Figs. 4 and 5B) and biotite grains (n = 28 to 41
with an average of 36; Figs. 4 and 5C), and all zircons that were found
were analyzed. Despite the small number of analyses some interesting
insights to the application of U-Pb zircons as a provenance tool for
IRD are revealed by comparing the provenance of IRD deposited at
ODP Site 1165 as determined by U-Pb zircon, “°Ar/*°Ar hornblende
and “°Ar/>°Ar biotite.

6.3.1.1. Local Prydz Bay signature. Based on the characterization of source
areas through our detrital U-Pb data from the shelf diamict and core-
top IRD samples, and onshore data, we would expect the local Prydz
Bay signature for the U-Pb zircons to include a 500-600 Ma population,
potentially a small ~700 Ma population, and a Grenvillian population
dominated by 900-1000 Ma ages (Figs. 3B and 5A; see also (Roy et al.,
2007b; van de Flierdt et al., 2008; Tochilin et al., 2012)).

Each of the depositional layers (where populations exist) have in
common grains in the 400-600 Ma range (Fig. 4), consistent with IRD
sourced from the local Prydz Bay region, with U-Pb zircon ages slightly
older than “°Ar/3°Ar hornblende ages, which are slightly older than
40Ar/2°Ar biotite, as would be expected by the low closure temperatures
of 49Ar/*%Ar hornblende (~500 °C) and “°Ar/*°Ar biotite (~300 °C)
systems in comparison to U-Pb zircon (>900 °C). This is in agreement
with what is observed in the proximal sediment core samples discussed
in Section 6.2, and previous work (Roy et al., 2007b; van de Flierdt et al.,
2008; Tochilin et al., 2012). Overall, the inferred source based on each
of the provenance tools is consistent with regards to a local Prydz
Bay source.

What is surprising, though, is that we do not observe a population of
zircons with a U-Pb ages between 900 and 1000 Ma in any of the sam-
ples, which is the second-most dominant age population for this sector,
based on both onshore studies and the detrital samples from this and
previous work (Fig. 5a).

6.3.1.2. Wilkes Land signature. Layers deposited at 3.0 Ma and 7.0 Ma
show a second population of grains with ages 1100-1300 Ma, reflecting,
for each chronometer, a Wilkes Land provenance. As seen with the 400-
600 Ma populations, there is a progressive younging of the peaks from
U-Pb zircon to “°Ar/2°Ar hornblende to “°Ar/?°Ar biotite ages. This
Wilkes Land signature should also contain detrital U-Pb zircon age pop-
ulations of ~1560 Ma due to the abundance of these ages in IRD offshore
Wilkes Land (Figs. 3C and 5a), and yet this population is absent. In both
samples, it may be that our proximal core sites used for comparison
with onshore data are tapping a larger area than the ice streams that
produced the iceberg armadas inferred in the late Miocene and Pliocene
by Williams et al. (2010).

6.3.1.3. Potential Adélie Land signature?. The only IRD layer in which the
different approaches appear to provide contradictory provenance infor-
mation is the 4.65 Ma layer sampled in ODP Site 1165, Core 6H, Section 1
at 100-102 cm depth (Fig. 4, third sample from the top; note this is dif-
ferent from the 4.65 Ma depositional layer sampled in ODP Site 1165,
Core 6H, Section 1 at 70-72 cm depth plotted above). Both U-Pb and
49Ar/29Ar hornblende data contain the expected local 400-600 Ma pop-
ulation, but the detrital zircon U-Pb ages show a second population of
1100-1200 Ma, while the “°Ar/>*°Ar hornblende ages show a second
population of 1500-1600 Ma. In comparing the zircon and hornblende
age populations from the 4.65 Ma (100 cm) layer, we see that 10% and
34% of the hornblende grains fall in the 1000-1200 Ma and 1400-
1600 Ma rage, respectively (n total is 41). Conversely, 52% and 4% of
the zircon ages fall in the 1000-1200 Ma and 1400-1600 Ma popula-
tions (n total is 21). The source characterization based upon U-Pb zircon
ages would imply that the 1100-1200 Ma zircon population is sourced
from Wilkes Land, while the source characterization based upon the
40Ar/2%Ar hornblende ages, as shown by Williams et al. (2010), was
interpreted as sourcing from Adélie Land. One possible explanation for
this discrepancy is the potential for a lithologic bias in material eroded

by ice streams along the Wilkes and Adélie Land margins that was sub-
sequently deposited at ODP Site 1165. For example, it could be that
zircon-rich, hornblende-poor material was sourced from Wilkes Land,
while hornblende-rich, zircon-poor material was sourced from Adélie
Land. A second explanation is that the zircons are in fact sourced from
Adélie Land, and in agreement with the 4°Ar/>*°Ar hornblende data.
While Adélie Land and George V Land west of the Mertz shear zone con-
tain a dominant “°Ar/*°Ar hornblende age population of 1400-1700 Ma
(Cores 23-25), the U-Pb zircon ages from this area have small popula-
tion of 1000-1200 Ma (~10%) and an even smaller 1400-1600 Ma
(4%) population. Thus, zircons sourced from this area would not be
expected to contain abundant grains in the 1400-1600 Ma population
relative to the 1000-1200 Ma population. This particular sample high-
lights the importance of using multiple provenance tracers.

7. Other multichronometer approaches

In this study we have discussed applying the combination of detrital
U-Pb zircon, 4°Ar/>*Ar hornblende and “°Ar/>°Ar biotite ages in order to
1) constrain more fully East Antarctica's subglacial geology, and 2) apply
this information to determine the provenance of ice-rafted zircon grains
deposited at ODP Site 1165 in the Neogene. This work highlights the
value in applying multiple chronometers to better understand East
Antarctica's obscured geology as well as its ice sheet history. Here we
provide a brief overview of other studies that use multiple chronome-
ters within and across multiple minerals to constrain East Antarctica's
subglacial geology, in the hope these approaches will continue to be
used to examine broad questions about East Antarctica's geology, land-
scape evolution and ice sheet history. As discussed in Section 2, the ad-
vantage to multiple chronometers is that different chronometers retain
their ages at different temperatures (U-Pb in zircon (crystallization
age), “°Ar/>°Ar in hornblende (~500 °C), U-Pb in apatite (~500 °C),
4OAr/2°Ar in muscovite (~400 °C) “°Ar/*°Ar in biotite (~350 °C), fission
track in zircon (~250 °C), (U-Th)/He in zircon (~180 °C), fission track in
apatite (~100 °C), (U-Th)/He in apatite (~70 °C) (Reiners et al.,
2005b)). By combining one or more, a more complete interpretation
of the geological and erosion history of an area can be obtained.

Addressing the origin of the subglacial Gamburtsev Mountains in
East Antarctica, van de Flierdt et al. (2008) examined Eocene fluvial-
deltaic sediments recovered from ODP Site 1166 (Prydz Bay). Based
upon pre-glacial drainage reconstructions, van de Flierdt et al. (2008)
argued that there would have been significant erosion and sediment de-
livery to this core site via transportation by rivers from the Gamburtsev
Mountains through the Lambert Graben. van de Flierdt et al. (2008)
measured detrital “°Ar/3*®Ar hornblende, biotite and muscovite ages
along with U-Pb zircon ages, and all chronometers showed distinct
~500 Ma populations. Paired with analyses of neodymium isotopes in
bulk sediments, these authors concluded that there was no evidence
for recent volcanic activity, and hence rejected the hypothesis that the
Gamburtsev Mountains have a young, volcanic origin.

Palmer et al. (2012) also took a multichronometer approach, measur-
ing detrital U-Pb zircon and “°Ar/>*°Ar hornblende and mica ages from
tills collected from the Byrd Glacier area of the Transantarctic Mountains,
where the locally exposed bedrock consists of the Beacon Supergroup.
The goal of this study was to use tills (dispersed grains and clasts)
sourced from within the East Antarctic craton to further constrain the
subglacial geology of a portion of East Antarctica. Detrital U-Pb zircon
ages were measured from the coarse sand fraction of the till, while
40Ar/39Ar hornblende and mica ages were measured on both detrital
grains and grains from individual till clasts. Each of the chronometers
showed Pan-African and/or Ross age populations, with the detrital U-
Pb zircon ages containing additional Grenvillian (950-1270 Ma) and
Late Archean (~2700 Ma) populations, and the “°Ar/>*°Ar hornblende
ages a Grenvillian (1150-150 Ma) population. Palmer et al. (2012) high-
light two key aspects of this approach, in that 1) the presence of detrital
hornblende and micas indicates sourcing from primary bedrock, as these
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minerals are unlikely to be sourced from the local Beacon Supergroup
strata, and 2) that by pairing geochronological measurements from dis-
persed grains with those from clasts, an evaluation may be made of
how representative ages from a single clast are.

Studies based upon detrital zircons and apatites have the additional
benefit of the potential for triple or double dating individual grains
with a combination of U-Pb, fission track and/or (U-Th)/He ages,
e.g., (Reiners et al., 2005a). Through the double or triple dating of
these grains, individual thermal, and thus uplift and erosional histories
of the source rocks, can be determined, as well as provenance. Cox
et al. (2010), also investigating the subglacial Gamburtsev Mountains,
double dated detrital apatite grains (recovered from Eocene fluvial-
deltatic sediments at ODP Site 1166 in Prydz Bay) using (U-Th)/He
and apatite fission track dating, and concluded that grains sourced
from the Gamburtsevs experienced extremely low erosion rates (0.01
to 0.02 km/Myr for at least the past 250 Myr). Tochilin et al. (2012) ap-
plied “°Ar/3°Ar hornblende ages, triple dating of apatites (U-Pb, fission
track and (U-Th)/He) and double dating of zircons (U-Pb and fission
track) to detrital grains from Oligocene to Quaternary aged glacial
diamicts recovered at ODP Site 739 (Prydz Bay), to look at long term
tectonic and erosion history in the Lambert Graben region of East
Antarctica. Using this combination of methods they were able to infer
relatively higher erosion rates in the Oligocene, after the initiation of
widespread East Antarctic glaciation, followed by slower rates from
the late Miocene onwards. Thomson et al. (2013) triple dated apatite
using U-Pb, fission track and (U-Th)/He ages and measured zircon
fission track ages in detrital sediments (glacial moraines and offshore
glacial sediments) in the Lambert Graben/Prydz Bay area in order to
look at long-term (late Cretaceous through Quaternary) erosion rates
and constrain subglacial landscape evolution. These authors found
that the local overdeepened fjord topography beneath the Lambert
Glacier, inferred by aerogeophysical surveys, was created in the past
34 Ma, after major ice sheet expansion on East Antarctica.

While each of the aforementioned studies was based upon single or
multi-dating of individual grains, a clear objective for future work
would be to apply the same approach(es) to grains within individual
cobbles or clasts. Just as double and triple dating of apatites and zircons
allows for reconstructing that grain's individual history, multiple chro-
nometers across different minerals would allow for even more age mea-
surements that are guaranteed to have been sourced from the same area
and have the same history, as the grains are all from the same clast. This
approach would be especially useful for provenance studies, as we could
identify multiple ages within a single clast for both a more specific
source area identification and for better elucidating the source region's
thermal time-temperature history.

8. Conclusions

In this paper we have performed a comparison of detrital U-Pb zir-
con, “°Ar/*Ar hornblende, and “°Ar/*°Ar biotite ages from 27 marine
sediment cores, adding a total of 3284 new analyses to a growing data
set of detrital thermochronologic ages from glacial-marine sediments
around East Antarctica. Included in this is the first analysis of ice-
rafted U-Pb zircon ages from a down-core record of IRD in ODP Site
1165 located offshore Prydz Bay. Our results lead us to reach the follow-
ing conclusions:

(1) Detrital U-Pb zircon, 4°Ar/>°Ar hornblende and “°Ar/3°Ar biotite
ages match well with the ages of outcrops nearby on
Antarctica, indicating that detrital ages can also faithfully repre-
sent the ages of ice-covered areas. Major populations present in
our samples include Archean ages reflecting the Grunehogna
and Terre Adélie cratons, Paleoproterozoic ages (~1500-
1700 Ma) reflecting thermal events in Wilkes and Adélie Land,
Grenvillian (1330-900 Ma), Pan-African (600-450 Ma) and
Ross (590-480 Ma) ages reflecting three major orogenies in

East Antarctica's history, an ~380 Ma population reflecting
volcanic activity in the Bowers Terrane of northern Victoria
Land, a ~180 Ma population of grains reflecting Ferrar-Karoo
magmatism associated with Jurassic rifting and separation of
Gondwanaland, and a 0-20 Ma population reflecting the
McMurdo volcanics in the Ross Sea.
(2) Our results reveal age populations from the detrital U-Pb zircon,
“40Ar/2°Ar hornblende and “°Ar/*°Ar biotite measurements which
have not been reported from on-shore studies, reflecting the
presence of ice-covered terranes that are not accessible for direct
study, or were unsampled (U-Pb zircon ages dominate the on-
land record). The previously unrecorded age populations found
in this study (Archean “°Ar/3°Ar hornblende and biotite ages in
Dronning Maud Land; early (?) Grenvillian “°Ar/>*°Ar hornblende
ages (1200-1300) in the Weddell Sea; ~1560 Ma population of
U-Pb zircons from the Wilkes Land margin; Grenvillian (1000~
1200 Ma) U-Pb zircon ages from the Adélie/George V Land
margin; and an older, potentially Ross orogen related population
of ~580 Ma from the Adélie/George V Land margin) illustrate
both the importance and potential for future studies of this
kind as a means of learning more about East Antarctica's geology.
Zircon, hornblende and biotite grains were found in variable
amounts, as expected, in each of the core samples, reflecting differ-
ences in the lithologies of the bedrock eroded by the ice sheet. U-
Pb zircon, “°Ar/?°Ar hornblende and “°Ar/>°Ar biotite age popula-
tions were found to not always be consistent between each of
the individual samples. In some cases, this can be attributed to
lithological bias, while in many it is more likely the result of reset-
ting of the “°Ar/*°Ar hornblende and “°Ar/*°Ar biotite systems.
As has been shown in the previous works (Roy et al., 2007b;
Williams et al., 2010; Pierce et al., 2011), East Antarctica can be
broadly divided by the lower-temperature chronometers into
source areas with distinctive ages: northern Victoria Land west
to the Mertz Glacier in George V Land, Adélie Land, Wilkes Land,
and Prydz Bay each have a unique signature. Dronning Maud
Land as a whole is a mix of Grenvillian and Pan-African/Ross-
orogen ages, however within this sector divisions can be made to
determine source areas.
U-Pb zircon measurements made on ice-rafted deposits from ODP
Site 1165 highlight both the potential and disadvantage for using
this approach to trace the provenance of IRD from deep-sea core
sites, with the disadvantage being low abundance of zircons in
each of the IRD layers
The results of this comparative approach are promising, and we
recommend that further application of this combined approach
is likely to improve our understanding of East Antarctic geology,
particularly in areas that are ice-covered. While the cores in this
study were chosen so as to characterize major crustal elements
of East Antarctica, more detailed work in specific study areas
(e.g., Wilkes Land margin, which only has a few outcrops), com-
bined with other types of zircon analyses, e.g., zircon grain mor-
phology, fission track and (U-Th)/He, and/or other mineral grain
thermochronometers, will undoubtedly prove more insights to
East Antarctica's geologic history.
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Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.earscirev.2014.08.010.
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