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[11 The Wilkes and Aurora basins are large, low-lying sub-glacial basins that may

cause areas of weakness in the overlying East Antarctic ice sheet. Previous work based
on ice-rafted debris (IRD) provenance analyses found evidence for massive iceberg
discharges from these areas during the late Miocene and Pliocene. Here we characterize
the sediments shed from the inferred areas of weakness along this margin (94°E to 165°E)
by measuring “°Ar/*°Ar ages of 292 individual detrital hornblende grains from eight
marine sediment core locations off East Antarctica and Nd isotopic compositions of the
bulk fine fraction from the same sediments. We further expand the toolbox for Antarctic
IRD provenance analyses by exploring the application of **Ar/*’ Ar ages of detrital biotites;
biotite as an IRD tracer eliminates lithological biases imposed by only analyzing
hornblendes and allows for characterization of samples with low IRD concentrations.
Our data quadruples the number of detrital *°Ar/*°Ar ages from this margin of East
Antarctica and leads to the following conclusions: (1) Four main sectors between the Ross
Sea and Prydz Bay, separated by ice drainage divides, are distinguishable based upon
the combination of *°Ar/*°Ar ages of detrital hornblende and biotite grains and the eng of
the bulk fine fraction; (2) 4°Ar/3°Ar biotite ages can be used as a robust provenance tracer
for this part of East Antarctica; and (3) sediments shed from the coastal areas of the Aurora

and Wilkes sub-glacial basins can be clearly distinguished from one another based upon

their isotopic fingerprints.
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1. Introduction

1.1. East Antarctic Ice Sheet History

[2] Much of what we know about the evolution of the East
Antarctic ice sheet (EAIS) comes from an examination of
marine sediments. Much of what we know from marine
sediments, however, tells us about changes in the ice sheet as
a whole, rather than changes in a specific region, e.g., §'°0
recorded in benthic and planktic foraminera [Shackleton and
Kennett, 1975; Kennett and Shackleton, 1976; Kennett,
1977; Zachos et al., 1992, 1993, 2001; Miller et al., 2005],
6'0 paired with Mg/Ca measurements in foraminifera
[Flower and Kennett, 1994; Lear et al., 2000; Billups and
Schrag, 2002; Billups and Schrag, 2003; Shevenell et al.,
2004], the presence of ice-rafted debris (IRD) [Kennett,
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1977], calibrating 6'®0 records with sea level records
[Pekar and DeConto, 2006], and seismic stratigraphy
[Escutia et al., 2005]. Due to the fact that 98% of East
Antarctica is covered by thick ice, few areas exist where
glacial features pre-dating the last glacial maximum are
preserved at the surface (e.g., the Lambert Graben [Hambrey
and McKelvey, 2000] and the Dry Valleys [Marchant et al.,
1993; Lewis et al., 2006; Lewis et al., 2007]), and hence
many insights into past ice sheet dynamics in a given area
have to rely on modeling studies [e.g., Huybrechts, 1993;
DeConto and Pollard, 2003; Hill et al., 2007].

[3] One way in which to evaluate the past stability of
specific areas of the EAIS is to examine the provenance of
glacially derived marine sediments. As ice flows over the
continent, it erodes and entrains bedrock material. When the
ice flow reaches the terminal point at the edge of the ice
sheet, it can calve off into the ocean, forming icebergs that
melt and drop their entrained material (IRD) as they travel in
the ocean currents, [e.g., Ruddiman, 1977]. If the IRD pos-
sesses characteristics that allow it to be traced back to a
specific geologic area, for example, based on geochemistry
or lithology, the delivery and accumulation of IRD to the
ocean floor can provide a means for identifying changes in
ice sheet behavior that can be linked to a specific source
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Figure 1. (a) Map showing marine sediment core locations and sub-glacial bedrock elevation [Lythe
et al., 2001] with the location of East Antarctic sub-glacial basins and seabed bathymetry (ETOPO-5).
(b) Map of ice surface elevation (ETOPO-5), rock outcrop (Antarctic Digital Database), ice drainage
divides [Vaughan et al., 1999], and the approximate extent of major ice streams [Bamber et al., 2000]
(base map from Williams et al. [2010]). NVL, Northern Victoria Land; GVL, George V Land; AL, Adélie

Land; QML, Queen Mary Land.

area, rather than the overall ice sheet. Geochemical prove-
nance studies of IRD have been used successfully in the
Northern Hemisphere to determine the source of the icebergs
that delivered debris to the ocean, and thus the part of the ice
sheet that underwent collapse [Grousset et al, 1993;
Gwiazda et al., 1996; Hemming et al., 1998, 2002; Farmer
et al., 2003; Hemming, 2004]. In general, studies that use
geochemical characteristics of ice-rafted debris allow for a
more detailed identification of source areas than studies of
lithologic composition of the grains. The changing prove-
nance of the IRD in the marine sediment record can then be
interpreted in terms of past ice sheet dynamics [Gwiazda
et al, 1996; Hemming et al., 2002; Hemming, 2004;
Williams et al., 2010].

[4] In this paper we focus on characterizing sediments
shed from the margin of East Antarctica that lies between
Prydz Bay and the Ross Sea (94°E to 165°E). There are two
reasons that motivate us to study this particular area of East
Antarctica. First, the low-lying Wilkes and Aurora sub-
glacial basins are contained within this sector and drain
along this part of the East Antarctic margin. These are
potential areas of instability to the EAIS due to the fact that
the majority of both basins lies more than 500 m below sea
level [Mercer, 1978] (Figure 1). Second, previous evidence
from a down-core study of the *°Ar/*?Ar ages of individual
ice-rafted hornblende grains in IRD-rich layers from Site
1165 of ODP Leg 188, located 400 km offshore of Prydz
Bay and >1500 km west of this sector, has been interpreted
to indicate past instability of the EAIS along the Wilkes and
Adélie Land coasts [Williams et al., 2010] (Figure 1). We
find it significant that the inferred source areas of this IRD
coincide with the two sectors of the EAIS that are underlain
by the vast sub-glacial Wilkes and Aurora basins (Figure 1).
If it is confirmed that these two sub-glacial basins have been
a locus of weakness in the ice sheet during warmer times in

the past, they may pose a threat to EAIS stability in the
future as Earth continues to warm.

[5] Fundamental to any sedimentary provenance study is
knowledge of the composition of potential source areas for
the sediment that is being traced; this is a particular chal-
lenge in Antarctica where nearly the entire continent is
covered by thick ice. By looking at glacially derived marine
sediments near East Antarctica we aim to provide informa-
tion pertaining to the geology that is covered, in addition to
adding information to areas where limited outcrops have
been previously studied. Large parts of the coastlines of the
Wilkes and Aurora sub-glacial basins have no outcrops, and
therefore marine sediments provide our sole window into
their sub-glacial geology.

1.2. Geochemical Provenance Tools

1.2.1. Nd Bulk Isotopes and “°Ar/*°Ar Ages
of Individual Minerals

[6] When choosing provenance tracers for a given sedi-
mentary process, there are several important questions to
consider. What are the potential lithologic sources of that
tracer? Will all of the source areas be represented by this
measurement, or will the measurement be biased toward a
particular suite of rock types? To what extent are the source
areas geochemically distinguishable from one another? In
the case of mineral tracers, as in this study, it is important to
consider what lithologies contain the minerals of interest,
and if the minerals are a major constituent of those litholo-
gies. Both hornblendes and biotites are major rock-forming
minerals, and, combined, cover a wide spectrum of litholo-
gies from felsic to mafic igneous rocks, and from low to
high-grade metamorphic rocks. Neodymium (Nd) isotopes
in the bulk fine fraction record the integrated signal of the
source area, as Nd can be derived from essentially any
lithology, though in varying concentrations depending upon
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Figure 2. Photomicrograph of ice-rafted debris from the
>150 pm size fraction in core ELT37-16. Inset: biotite and
hornblende grains picked from the >150 um size fraction.
WSB, Wilkes Sub-glacial Basin; ASB, Aurora Sub-glacial
Basin.

the source lithology [Taylor and McLennan, 1995; Rudnick
and Gao, 2003].

[7] Since 98% of Antarctica is obscured by ice, our
approach to characterizing source areas for sediments cannot
be as direct as an approach used to characterize an exposed
coastline, where the exact sample locations are known.
Using “°Ar/*°Ar hornblende ages, *’Ar/*°Ar biotite ages,
and bulk <63 pm eng values in marine sediments, we can
however place constraints on processes such as glacial-
marine sedimentation and ice-rafting, and thus gain improved
insights on geochemical provenance signatures. It is these
signatures that we are trying to understand over the course of
the evolution of the EAIS. Ice-rafting and the delivery of
material by this process to a particular core site are ultimately
dependent on the prevailing ocean currents. Around East
Antarctica the westward flowing coastal current is the main
transport mechanism for icebergs, potentially leading to a
broad dispersal of IRD from a given sector. While Roy et al.
[2007] found that icebergs around Antarctica today deposit
IRD relatively close to their source area, material from one
provenance sector could potentially be deposited offshore of
another provenance sector.

[8] The advantage to combining individual mineral mea-
surements with bulk isotope measurements is that measuring
the *°Ar/*°Ar ages of individual minerals allows for char-
acterization of all end-members, while the bulk isotope
measurements represent the integration of all end-members.
Additionally, by using glacially derived sediments to char-
acterize potential source areas, we are studying sediments
that represent an integrated characterization of the lithology
of a source area, even under ice cover. This way we can
avoid any bias in characterizing source areas that would
arise if we only looked at on-land point-source measure-
ments, which may not represent the true range of lithologies
or isotopic compositions.

[s] Limited outcrogs and a circum-Antarctic core top
survey measuring ‘’Ar/°Ar ages in homnblende grains
[Roy et al., 2007] allow for a systematic division of East
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Antarctica into several sectors based on the ages of known,
major tectonothermal events. Roy ef al. [2007] also measured
the epsilon (eng) neodymium values of the < 63 um fraction;
eng Vvalues are calculated as the deviation of the sample from
the Chondritic Uniform Reservoir (CHUR) value
(**Nd/"**Nd = 0.512638) [after Jacobsen and Wasserburg,
1980]

143Nd/144Ndxample -1

e Ry x 10, 000.
BN /" Nd crur

ENd =

Roy et al. [2007] identified the margin of East Antarctica
from the Ross Sea west to Prydz Bay as a single “Wilkes
Land” sector, owing to limited numbers of IRD grains in the
western half of this sector. However, this sector can be
divided into two separate provinces based on zircon U-Pb
ages from Antarctic outcrops and from the counterpart pro-
vinces exposed in Australia [e.g., Fitzsimons, 2000].

[10] Previous work using 4°Ar/3°Ar hornblende ages as an
IRD provenance tool inferred that the Wilkes and Adélie
Land margms in East Antarctica were sources of IRD. Based

n “°Ar/*’Ar hornblende evidence for ca. 1100-1300 Ma
sources in two layers and ca. 1500 Ma sources in a third
layer from ODP Site 1165, Williams et al. [2010] reasoned
that these two ages represent the Wilkes Land margin and
the Adélie Coast, respectively, and potentially the Aurora
and Wilkes sub-glacial basins. However, this inference was
based on sparse source characterization data.

1.2.2. Biotite “°Ar/*’Ar as an IRD Tracer

[11] In addition to providing an extensive new data set on
“OAr/*°Ar ages of ice-rafted hornblende grains and bulk Nd
isotopes, we 1nvest1gated the potential for “°Ar/*?Ar ages of
individual biotite grains to be used as a tracer of IRD prov-
enance in the Southern Ocean. First, initial observations of
the > 150 um size fraction of the piston core samples used in
this study revealed that in addition to a large number of
hornblende grains, there are also a large number of biotite
grains in most samples (Figure 2). As both minerals are
major rock-forming minerals, this is not particularly surpris-
ing. Second, *°Ar/*’Ar ages can be reliably measured on
biotites in the 63—150 um size fraction because of their high
potassium (and thus radiogenic argon) concentrations. This
would make it possible to extend our studies to sites in the
Southern Ocean where 63-150 pum biotite IRD grains are
present in sufficient concentrations to define populations
from the provenance source areas, but less-common >150 pm
hornblende and biotite grains are not. Third, the combination
of hornblende and biotite *°Ar/*’Ar ages from the glacially
derived sediment in the plStOl’l cores is valuable because
hornblende be§1ns to retain *°Ar at ~500°C, while biotites
begin to retain *°Ar at ~300°C [Reiners et al., 2005] Given the
polymetamorphic history of East Antarctica, using two ther-
mochronometers to further constrain the geologic age prove-
nances could be advantageous as we may be able to apply
these data to infer the metamorphic history of East Antarctica.
Furthermore, the biotites may have ages different from the
hornblendes, due either to the cooling rate following the last
tectonothermal event, low temperature re-setting of the
40Ar/2°Ar biotite ages, or both, which could potentially allow
for further refinement of the provenance sectors that we are
trying to characterize. Finally, by analyzing both biotites and
hornblendes, we are increasing our representation of source
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areas as these two minerals collectively represent a wide array
oflithologies. Hence we can also assess any lithological bias in
the provenance data from one mineral alone.

1.3. Goals for This Study

[12] Our goals for this study are: (1) to provide detailed
constraints on the geochemical characterizations (**Ar/*’Ar
and Nd isotopic composition) of the terrigenous material
shed from the ice sheet in the inferred areas of past East
Antarctic ice sheet instability between 94° and 165°E, which
includes the Wilkes and Aurora sub-glacial basins. In order to
provide a robust geochemical framework for the interpreta-
tion of EAIS evolution, we refine the Roy et al. [2007] study,
which characterized this margin of East Antarctica as one
provenance sector based upon sparse individual *°Ar/*°Ar
hornblende and eng measurements, and (2) to explore the use
of “Ar/*’Ar biotite ages for IRD provenance studies in East
Antarctica. In addition to evaluating **Ar/*’Ar biotite ages
for characterizing the source areas between 94° and 165°E,
we also present “’Ar/*°Ar ages of ice-rafted biotite grains
from the same depositional layers that Williams et al. [2010]
used for measuring *°Ar/*’Ar hornblende ages.

2. Importance of the Wilkes and Aurora
Sub-glacial Basins

[13] The Wilkes and Aurora basins of East Antarctica are
large, low-lying sub-glacial basins extending from the center of
the East Antarctic continent toward the George V/Adélie and
Wilkes Land coastlines, respectively. The inference that these
basins are potential foci for past and future ice sheet instability
is based upon their elevation below sea level [Mercer, 1978;
Drewry, 1983] (Figure 1), the presence of many sub-glacial
lakes in the hinterland [Siegert et al., 2005a], and the hydro-
logic connection between the sub-glacial lakes and the margins
of the ice sheet [Siegert et al., 2005a, 2005b; Wingham et al.,
2006; Jordan et al., 2010]. It is becoming increasingly appar-
ent that sub-glacial water plays an important role in ice
dynamics [Bell, 2008], and further studies of the link between
the sub-glacial lakes, the Wilkes and Aurora sub-glacial basins
and ice sheet dynamics are an important goal for future studies
of EAIS stability. Potential links between these are developed
by Erlingsson [1994] and Alley et al. [2006], who both pre-
sented models for ice sheets overriding and “capturing” lakes,
which subsequently leads to the growth of the sub-glacial
lake due to melting, in turn leading to jokuhlaups, and finally
to ice stream surges. Evidence for instability in these regions
also comes from modeled studies of past ice sheet behavior
[e.g., Huybrechts, 1993; Hill et al., 2007], which show that
warming leads to initial retreat of the EAIS in these regions.
Even models that predict a relatively stable EAIS have some
ice margin retreat in these areas [Pollard and DeConto,
2009].

[14] Evidence from the marine sedimentary record for
instabilities in this region comes from Williams et al. [2010],
who argue for the collapse of ice streams feeding from these
areas, leading to massive discharges of icebergs during the
late Miocene and Early Pliocene, as the best explanation
for far-traveled ice-rafted hornblende grains observed at
ODP Site 1165 in Prydz Bay (Figure 1). The *°Ar/*’Ar horn-
blende ages from eight IRD layers in ODP Site 1165, span-
ning the Early Miocene to mid-Pliocene (19-3.5 Ma), show
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significant changes in provenance that are interpreted to
reflect dynamic instability of the EAIS during warmer inter-
vals [Williams et al., 2010].

3. Sample Locations and Methods

3.1. Marine Sediment Core Locations
and Sample Selection

[15] The 16 core locations investigated are primarily
located on the continental shelf, and form a transect around
the perimeter of East Antarctica from 94° to 165°E, encom-
passing from west to east the Queen Mary Land, Wilkes
Land, Adélie Coast, George V Land and Northern Victoria
Land sectors.

[16] Nine of the 16 samples provided by the Antarctic
Marine Geology Repository at Florida State University (see
Table S1) yielded sufficient terrigenous sediment from the
bottom layer of the piston core for analyses." We targeted
the bottom layers of piston cores with the idea that these
layers might be more likely to be rich in terrigenous mate-
rial, assuming such layers would be difficult to penetrate
with a piston core. We also assumed that the piston cores
would not be able to penetrate far into glacial diamict, and
that thus the samples would be no older than Last Glacial
Maximum (LGM) in age. Further preliminary biostratigraphic
study of the samples (C. Sjunneskog, Antarctic Marine Geol-
ogy Research Facility, personal communication, 2011) has
revealed the ages for samples from Cores 5 and 15 (DF80-35
and ELT37-16) to be LGM/Holocene. The ages for the sam-
ples from Cores 7 (DF80-34) and 20 (ELT49-30) are however
~2.8-2.1 Ma and ~2-4 Ma, respectively (see Figure 1 and
Table 1 for site locations). Further work is underway to con-
strain the ages of these samples. The working hypothesis that
the bottom layers of piston cores would yield more terrigenous
material was supported by the fact that we were able to find
significantly more hornblendes from the core-bottom samples
than Roy et al. [2007] found in core top samples (see Cores 12
and 14 in Table 1). In addition to the core bottom samples, we
sampled 2 layers (2305 and 2370 cm) of LGM glacial diamict
from sample location NBP01-01-JPC11 (Core 11, offshore
Adélie Land; Figure 1 and Table 1) [Leventer et al., 2006].

[17] In order to determine the viability of **Ar/*’Ar biotite
ages as a provenance tool for IRD in the Southern Ocean
(see section 1.2.2) we measured biotites (63—150 pm and
>150 pm) from the same piston core samples discussed
above for comparison with the “°’Ar/*’Ar hornblende ages.
While we would not expect there to be a difference in the
“OAr/*° Ar biotite ages from these two size fractions, we have
measured “°Ar/*°Ar biotite ages from both because (1) we
traditionally have measured grains only in the >150 um
fraction and (2) to eliminate any uncertainty that there might
be a difference. As a second evaluation of the potential of
biotite “°Ar/*’Ar ages as an IRD tracer we analyzed biotites
(>150 pm) from the same layers in ODP Site 1165 that were
analyzed for hornblende *°Ar/*°Ar ages by Williams et al.
[2010], with depositional ages of 3.5, 4.65, 7.0 and 19.0 Ma
(note that the 4.65 Ma depositional layer was originally
reported by Williams et al. [2010] to have an age of 4.8 Ma;

'Auxiliary materials are available at ftp:/ftp.agu.org/apend/pa/
2011PA002127.
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= 3 2 ” the age has since been refined to 4.65 Ma). The exact part of
N ‘ ! the core containing an interesting 1500 Ma population of
Elam oo *0Ar/*° Ar hornblende ages during the IRD event at 4.65 Ma
gl 9T was completely sampled and hence we picked another layer,

1165B-6H1(70 cm), 30 cm upcore. This layer was also ana-
lyzed by Williams et al. [2010] as part of a sequence of
samples spanning the “4.8 Ma event.”

3.2. ““Ar/*°Ar Dating and "*Nd/"**Nd Analyses

are zero grains in this age category;

[18] Bulk samples were dried, disaggregated and dis-
persed in de-ionized water, and sieved into the following
size fractions: <63 um, 63 to 150 pum and 150 pym to 1 mm.
Following magnetic separations, hornblendes and biotites
were handpicked (n > 30 when possible) from the 150 um to
1 mm size fraction, with additional biotites picked from the
63-150 pum size fraction. Hornblendes, biotites and stan-

« 2

1500-1800 2000-2500  Other

Number of Grains in the Following Age Group (in Ma)"

@ \
2] =3
= = =
£ e F
< = <
v 2 E
5 8 s
= 5 g
<] : ] s
o = = >
8 £
=] .3 ] g
o oo o =
- s 3 -E‘
= L2 2 =}
s E= A 5
5 w5 ~ 3
T =S S °
= o = E =
= 2 o =
< A=~ ~ =]
= =@ Sf =~ &
g 2% 42 3
Z =8 38 g
= S = . 32}
2 =13 w2 g
- ~ 2w = o =
= S5L¥ g£- 8
2 35z S< 2
on = =]
=) 5 &§=8 & 2 Lo ) . . o
A & £7 = g2 = dards were irradiated either at the Cd-lined in-core facility
— ~ o .
N i S > % : § (CLICIT) at the Oregon State rector, or (also with Cd
s T g8 8F & shielding) at the U.S. Geological Survey
2 3 E hield t the U.S. Geol 1S USGS) TRIGA
- j“ & 3 S 2 §, = reactor in Denver, CO. *°Ar/°’Ar ages were obtained using
= < §52 2 = ~ single-step CO, laser fusion at the Lamont-Doherty Earth
7|98 evm |2 E2% 25 3 Observatory (L-DEO) argon geochronology lab (AGES:
S < SN w g o v .
S ;‘ Sz~ sS% é Argon Geochronology for the Earth Sciences). J values used
s 223 59 3 to correct for neutron flux were calculated using the co-
z 5 2TSEES 3 irradiated Mmhb-1 hornblende standard (525 Ma [Samson
2|~ omE|C g 23 SR z and Alexander, 1987]).
i s paBT E“ Sz [19] Neodymium isotopes were measured on the bulk
S 2 oy S: 2 E 8 <63 pm size fraction. For this study we did not remove any
Il § EECaE %% £ authigenic phases prior to analysis, because the Nd budget of
O~ ~ R — . . . .
S =@ 5 se=27 marine sediments located close to the continent is assumed
g %‘g n 127 a2 @ to be dominated by the terrigenous component. This
% P S s .0 S E = assumption was confirmed to be valid as our Nd isotopic
S8— 0o =E 3 .. . .
< §°n=¥ ?:; 58 2 compositions from two sites that were previously analyzed
. =2 ?g;%f? g% 55 g % by Roy et al. [2007] (samples that were leached prior to
Elos 272|%E 5E 5 S £2 8 analyses) agree within error.
-‘25 = %%E S £ m%g 2"“3 z £ [20] Approximately 0.1 g + 0.5% of sample and 0.4 g +
m 25 S8ASE 8 0.5% of lithium metaborate flux were weighed and mixed
T A BN g . g . 5
= é i n z 58 g K and samples were fused at 1050°C for 30 min. The molten
2B~ lgges = —55 S i sample was then dropped into 50 mL of 7% HNO; in a
@ fz sEZ g R, Teflon beaker and placed on a stir plate for 15 min to ensure
hii o . . . .
3 g 92 S5 2 g‘ 2 dissolution. The pH of the samples was adjusted to 8 (using
& 8 - - é g*u" 3 gmg= = ammonium hydroxide) to precipitate iron, and co-precipitate
S 8| < S|28uE &9 % 5 the rare earth elements (REE). This approach leaves soluble
3 28 S S S 2 288 2233 g 2 elements such as boron and lithium from the flux and
A z O < TE; 2 ! 9‘%%4 E § g &w sodium, potassium and calcium from the sample in solution
Q . .
S5 8 %j £ § § i and thus reduces the ion load on the cation exchange col-
o g;;’fcg 25T - - = umn. Precipitates were rinsed with de-ionized water, and
2199 = ;.j'g 7E é ?g £E e3 re-dissolved in 2N HCI. Neodymium was subsequently
gl g R|EgdC=zee oz separated from the matrix by a two-step ion chromatogra-
- £2dsegzs VE hy. S L columns filled with AG50W-8X cati i
SoH2=E28 VS phy. Seven mL columns filled wi cation resin
[Z="] .= . N .
2| o= - g § EE g Eg _"é :5 were used to separate the REE from the matrix. The columns
Q © =3 . g .
2l S| 8g5c2898c ot were cleaned with 10 mL of 4N HNOj3, equilibrated with
gITYT EE w8 £ § g 5 5 mL of 2N HCI, and the REEs were eluted with 10 mL of
gg% 2 E; £ =273 § 4N HNOj;. The REE aliquot was dried down, taken up in
2528 2 2o B
- wod ~ | 8% L < g 2E 25 0.22N HNOj;, and then passed through 800 pL columns
g 2|STE T|es 2882828 filled with Eichrom Ln-Spec resin to isolate the Nd from
& Eladg SleB8sE252E e g the other REEs. The columns were first cleaned with 6 mL
g ?1828 H|85555Z2252% of 3 N HCL, conditioned twice with 1 mL 0.22N HNO;, and
~ . 5] @ .
= SEggo-o B2 P23 the Nd was eluted with 5.5 mL of 0.22N HNO;. Neodym-
L = o S 2 . . . . .
= o, g 2 g _cg % &z ;.;D E ; - & fum isotope measurements were carried out in a g'éatlc 1r}}fde
= g2 |2 |88 sErE<2 R4S on the VG Axiom MC-ICP-MS at L-DEO. A "“"°Nd/"*"Nd
< Q)—D (S} L - ! 7% . . .
= & 5 ad S ratio of 0.7219 was applied to correct for instrumental mass
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Figure 3. Map of thermochronologic data from marine sediment cores and on-land ages along the
margin of East Antarctica (90°E to 180°) (a) “’Ar/*’Ar hornblende ages from marine sediment cores
and (b) **Ar/*° Ar biotite ages from marine sediment cores. Each pie chart represents the population of ages
at that site with each equal-area wedge representing one analysis. The onshore *’Ar/*’Ar hornblende ther-
mochronology [Di Vincenzo et al., 2007; Duclaux et al., 2007; Goodge, 2007; Phillips et al., 2007; Wilson
et al., 2007] is supplemented with **Ar/*’Ar biotite and muscovite data [Adams, 2006]. In areas lacking
Ar data, zircon U-Pb data are plotted [Black et al., 1992; Sheraton et al., 1992; Boger et al., 2000;
Carson et al., 2000; Post, 2000; Moller et al., 2002; Liu et al., 2006; Liu et al., 2007]. Diamond symbols
mark DSDP and IODP sites. Ice-drainage divides (A-D) [Vaughan et al., 1999] and the 0 m sub-glacial
contour line [Lythe et al., 2001] outlining the Wilkes and Aurora basins are shown in light and dark blue,
respectively. NVL, Northern Victoria Land; OL, Oates Land; GVL, George V Land; AL, Adélie Land;
DD, Dumont D’urville; MG, Mertz Glacier; WL, Wilkes Land; QML, Queen Mary Land; WI, Windmill
Islands; BH, Bunger Hills; DG, Denman Glacier; MSZ, Mertz Shear Zone (extent of MSZ from
Ferraccioli et al. [2009]).
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Figure 4. Epsilon neodymium (&nq) values (T = 0 Ma) from marine cores and from on-land samples.
Outcrop data from BH [Sheraton et al., 1990], WI [Méller et al., 2002], DD [Peucat et al., 1999],
NVL/OL [Borg et al., 1987; Rocchi et al., 1998; Henjes-Kunst and Schiissler, 2003]. NVL, Northern
Victoria Land; OL, Oates Land; GVL, George V Land; AL, Adélie Land; DD, Dumont D’Urville; MG,
Mertz Glacier; WL, Wilkes Land; QML, Queen Mary Land; WI, Windmill Islands; BH, Bunger Hills;
DG, Denman Glacier. Ice-drainage divides [Vaughan et al., 1999] and the 0 m sub-glacial contour line
[Lythe et al., 2001] outlining the Wilkes and Aurora basins are shown in light and dark blue,

respectively.

bias following the exponential law. Tests with doped stan-
dards showed that interferences from '**Sm are adequately
corrected, if the "**Sm contribution is less than 0.1% of the
*4Nd signal. Samarium contributions of all our samples were
significantly below that level. Repeated analyses of the INdi
standard during the two measurement sessions yielded
13Nd/'**Nd ratios of 0.512116 + 0.000020 (20 S.D.,n=11)
and 0.512097 + 0.000013 (2 S.D., n = 13). Since standards
showed a drift over both analytical sessions, we bracketed
sample runs by two standards on each side. Correction fac-
tors for samples were determined from averaged value of
each set of four standards relative to the accepted JNdi value
of 0.512115 (equivalent to a La Jolla value of 0.511858
[Tanaka et al., 2000]).

4. Results

4.1. Marine Sediment Core Survey Around the East
Antarctic Perimeter

[21] We have measured an average of 78 (minimum of 29,
maximum of 119) *°Ar/*’Ar ages on individual hornblende
and biotite grains from 8 marine sediment cores, in addition to
measuring the eng of the bulk fine fraction from each samgle.
These measurements quadruple the number of detrital **Ar/*’ Ar
analyses from glacial-marine sediments along this margin of
East Antarctica.

[22] *°Ar/*°Ar hornblende and biotite ages and neodym-
ium isotopic compositions from the marine sediment cores
are summarized in Table 1, along with data on *“’Ar/*°Ar

hornblende ages and neodymium isotopic compositions of
the fine fraction from Roy et al. [2007] and van de Flierdt
et al. [2008]. “°’Ar/*’Ar hornblende and biotite results are
shown in Figure 3; neodymium isotope measurements are
shown in Figure 4, and “°Ar/*® Ar hornblende and biotite ages
by core location are shown in Figure 5. Full results for all
measurements are summarized in Figure 6 and can be found
in Appendices B and C.

[23] Three dominant *°Ar/*°Ar age populations appear
in our data: 400—550 Ma (Northern Victoria Land, George V
Land and Prydz Bay), 1100-1200 Ma (Wilkes Land) and
1500-1800 Ma (Adélie Land), with 3 grains ~2500 Ma
present in cores proximal to Adélie Land. Additional age
populations include a < 50 Ma hornblende population, in
which the majority are < 15 Ma, and a 300400 Ma biotite
population in cores off the coast of Northern Victoria Land
(Table 1 and Figure 3). Neodymium isotope measurements
span a range of ~20 epsilon units from radiogenic values off
Oates Land (eng = —3.3) to very unradiogenic values off
Adélie Land (eng = —23.6) (Figure 4).

4.2. **Ar/*’Ar Biotite Ages From ODP Site 1165
(>150 pm Size Fraction)

[24] Biotites were picked from the >150 pum size fraction
of each of the four downcore samples, in order to compare
the “°Ar/*’Ar age distribution of the biotites with those of
the hornblendes previously analyzed. Each sample contains
a population of 450550 Ma “’Ar/*’Ar biotites ages, and an
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Figure 5. “OAr/*°Ar hornblende (green) and biotite (blue) ages from piston cores samples showing the
general agreement in ages between hornblende (>150 pum) and biotites (63—150 pym and >150 pum) (see

text).

additional population 1100-1200 Ma of “°Ar/°Ar biotite
ages (Figure 7).

5. Discussion

5.1.

5.1.1. Geochemical Characterization of Ice
Drainage Divides

[25] Our new measurements of detrital “’Ar/*°Ar horn-
blende and biotite grains and eng values allow us to identify
4 geologic provinces between 94°E and 165°E. As two of
these geologic sectors coincide with ice sheet drainages, and
given our interest in applying these data to past studies of

Characterization of IRD Source Areas

EAIS dynamics, we discuss our data in the context of the
4 ice drainage divides, described by Vaughan et al. [1999],
that terminate at the East Antarctic margin between the Ross
Sea and Prydz Bay (see Table 1 and Figure 6).

[26] Vaughan et al. [1999] improved upon the ice-flow
and drainage basin divides of Giovinetto and Bentley [1985]
and Drewry [1983], providing more accurate though not
drastically different boundaries for the 26 drainage basins in
Antarctica. We have labeled the four basins that drain to our
study area (the D'D”, DD’, C'D, CC' basins of Vaughan et al.
[1999]) as 4 (~158°E to ~172°E), B (~133°E to ~ 158°E),
C (~103°E to ~ 133°E), and D (~73°E to ~103°E), respec-
tively (Figure 6). These four drainage basins combined cover
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Figure 6. Geochemistry of ice-flow drainages and the Wilkes (WSB) and Aurora (ASB) basins based
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ified from Williams et al. [2010]. NVL, Northern Victoria Land; GVL, George V Land; AL, Adélie Land;
MSZ, Mertz Shear Zone [Ferraccioli et al., 2009]; Hb (green), hornblende ages; Bio (blue), biotite ages.

a total area of 2619 x 10° km? (4 = 710 x 10°> km?, B =
684 x 10° km?, C=1169 x 10°> km?, and D = 156 x 10> km?)
out of which ~ 1,110 x 10° km? are below sea level.

[27] Previously 9published onshore data are summarized in
Figures 3 (*°Ar/*°Ar and U-Pb) and 4 (Nd). Based on the
onshore thermochronology data, four age sectors can be
identified: (1) The Western Ross Sea, Northern Victoria
Land, and Oates Land, which are characterized by OArAr
and U-Pb ages of ~400-600 Ma, with a smaller population
of younger “°’Ar/*°Ar ages from the McMurdo Volcanic

Group in the western Ross Sea; (2) The Mertz Shear Zone
and Adélie Land, which are characterized by *°Ar/*’Ar and
U-Pb zircons ages of >1500 Ma; (3) Wilkes Land, which is
characterized by U-Pb zircon ages of 1100-1300 Ma (based
on outcrop data from two ice free areas only); and (4) Queen
Mary Coast, which contains the boundary between rocks
with 1100-1300 Ma ages and rocks showing Pan-African
overprinting of ~500 Ma (Figure 3, references are listed in
the caption; see Williams et al. [2010] for a summary with
references).
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5.1.1.1. Ice Drainage A/Northern Victoria Land
(~158°E to ~172°E)

[28] Ice drainage A4 is characterized by *°Ar/*’Ar horn-
blende age populations of 0-50 Ma and 450-500 Ma,
4OAr/*°Ar biotite age populations of 350-400 Ma and 450—
550 Ma, and eng values ranging from —2.7 to —10.3
(Figures 3, 4, and 7 and Table 1).

[29] A likely source for the young hornblende grains
(<15 Ma) grains is the McMurdo Volcanic Group found off
the coast of Victoria Land in the western Ross Sea
(Figure 3a). This sector of the East Antarctic margin com-
prises the West Antarctic Rift System, and contains numer-
ous volcanic rocks dated from Late Miocene through to the
present [e.g., LeMasurier and Thomson, 1990; Harpel et al.,
2004; Paulsen and Wilson, 2007]. The population of 300-
400 Ma biotites (Figure 3b) most likely reflects sourcing
from the northern Bowers Terrane (~162°E, ~70.5°S), which
has K-Ar dates of this age [Adams, 2006]. The 450-550 Ma
biotite population reflects regional metamorphism associated
with the Ross Orogeny [Goodge, 2007].

[30] Sediment cores offshore of ice drainage A have the
most radiogenic eng values (eng = —2.7 to —10.1) (this study
[Roy et al., 2007]) (Figure 4). On-land values from 525 and
600 Ma granites on Surgeon’s Island, Northern Victoria
Land yield eng = —15.6 and —16.6 [Borg and DePaolo,
1991]. In fact, the vast majority of the published onshore
Nd isotopic compositions (eng Values of approximately —13
to —17) are much less radiogenic (Figure 4; see Table S2 for
compilation of eyngq values), than the values measured in the
marine sediment cores. This mismatch indicates published
onland Nd isotopic compositions from Sector A are not

°Ar ages that fall in the 450—550 Ma and 1100-1200 Ma ranges, respectively.

representative and that the area must be geologically more
diverse. From our marine data it seems likely that mafic
volcanic sources with more depleted Nd isotopic signatures
(high eng) must exist next to the rather evolved granites
(lower eng [Borg and DePaolo, 1991]) and metasediments
reported from Northern Victoria Land [Henjes-Kunst and
Schiissler, 2003]. Indeed, substantial parts of Northern
Victoria Land are reported to be comprised of mafic rocks,
e.g., the Jurassic Volcanic belt of the Ferrar Group and the
Precambrian meta-volcanics contained in the Nimrod and
Wilson Groups [Craddock, 1972]. Studies on the Nd com-
position of the Ferrar Group show values ranging from —5 to
—10 eng [Fleming et al., 1995; Elliot et al., 1999].

[31] This area is an excellent example of why looking at
glacially derived sediments, which integrate the overall sig-
nal of a source area, can provide a better indication of the
true isotopic signal of a source area than sparse outcrop data.
5.1.1.2. Ice Drainage B/Adélie and George V Land
(Including the Wilkes Subglacial Basin)

(~158°E to ~133°E)

[32] Ice Drainage B flows over two distinct geologic sec-
tors, as seen in both our data and the on-land data. However,
since we are presenting our new data in the context of ice
drainage (and below in the context of the Wilkes sub-glacial
basin), we will discuss both provenance signatures together.
Ice Drainage B is characterized by a dominant *°Ar/*’Ar
hornblende age population of 1500—1800 Ma with a smaller
population of 450-500 Ma, “°Ar/*°Ar biotite age popula-
tions of 450-550 Ma and 1500-1800 Ma, and eng values
ranging from —12.4 to —23.6, with most values more nega-
tive than —20 (Figures 3, 4, and 6 and Table 1).
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£33] The Mertz Shear zone (Figure 6) has been dated
(**Ar/*°Ar hornblende) at 1550—1500 Ma, and represents the
boundary between the Terre Adélie Craton to the west and
rocks associated with the Ross Orogeny to the east [Di
Vincenzo et al., 2007]. “°Ar/*° Ar hornblende ages from the
investigated cores nicely reflect this boundary and the local
on-land geology. The Terre Adélie Craton contains evidence
of large-scale thermal events at ~2450 Ma and 1700 Ma
[Peucat et al., 1999; Di Vincenzo et al., 2007; Duclaux et al.,
2007; Ménot et al., 2007]. The least radiogenic offshore eng
values (eng = —23.6 to —12.4) are found in the Adélie Land
sector ~137°E to 145°E (this study [Grousset et al., 1992;
Roy et al., 2007]), and agrees with known on-land eng
values (—24.9 [Grousset et al., 1992])(Figure 4).

5.1.1.3. Ice Drainage C/Wilkes Land (Including

the Aurora Subglacial Basin) (~133°E to ~103°E

[34] Ice Drainage C is characterized by an “Ar/’°Ar
hornblende age population of 1100-1200 Ma, an *°Ar/*°Ar
biotite population of 1100-1150, and engq values ranging
from —12.3 to —16.1 (Figures 3, 4, and 7 and Table 1).
ELT37-13 (Core 14) has a dominant Grenville signature and
is located close to the boundary between B and C. More data
would be required to evaluate whether the geological bound-
ary extends a little to the east of the B/C drainage divide.

[35] The *°Ar/*°Ar hornblende ages are in good agreement
with the results of Roy et al. [2007] and, though the Wilkes
Land sector has few outcrops, those that do exist are con-
sistent with the data from the marine sediment cores [Post
et al., 1996; Fitzsimons, 2000; Post, 2000] (Figure 3).
5.1.1.4. Ice Drainage D/Queen Mary Land
(~103°E to ~73°E)

[36] Ice Drainage D is characterized by only two marine
sediment cores, which have “°Ar/*’Ar hornblende age popu-
lations of 1100-1250 Ma and 450-600 Ma, “’Ar/*°Arbiotite
ages of 1050-1250 and 400-500 Ma, and eyng4 values ranging
from —12.3 and —21.3 (Figures 3, 4, and 7 and Table 1). The
age populations reflect the boundary between Grenville and
Pan-African overprinting that occurs in Sector D [Black et al.,
1992; Sheraton et al., 1992] (Figure 3). Marine sediment
samples from Queen Mary Land are characterized by eng
values of —11.9 (this study) and —21.4 [Basile et al., 1997].
On-land measurements from moraines in the Bunger Hills
span a range of 14 epsilon units and are hence very poorly
constrained (eng = —9.0 and —23.0 [Basile et al., 1997]).

5.2. Geochemical Characterization of the Wilkes
and Aurora Basins

[37] Both the Wilkes and Aurora basins can be uniquely
characterized based upon the combination of *“°Ar/*°Ar
hornblende and biotite ages and neodymium isotope mea-
surements from marine sediments cores located off the coast
proximal to each of these basins. Terrigenous material shed
from the margin of East Antarctica that coincides with the
Aurora sub-glacial basin (~133°E to ~105°E, also Ice
Drainage C) is characterized by *°Ar/*’Ar hornblende and
biotite ages of 1050-1200 Ma (Figure 6). These ages agree
well with limited outcrops along the margin [Post et al.,
1996; Fitzsimons, 2000; Post, 2000].

[38] Terrigenous material shed from the margin of East
Antarctica that coincides with the Wilkes sub-glacial basin
(~155°E to ~135°E, also Ice Drainage B) also has a distinct
but mixed geochemical character. The detrital “°Ar/°Ar
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hornblende and biotite ages have a dominant population of
1500-1800 Ma (Figure 6), which is consistent with on-land
ages [Peucat et al., 1999; Di Vincenzo et al., 2007; Ménot
et al, 2007]. In addition to this age population, there is
also a significant 400-500 Ma population, mainly in the
biotites. Thus, the signature for the Wilkes Basin consists of
two “°Ar/*°Ar age populations: 1500-1800 Ma for both
biotites and hornblendes, and 450-500 Ma, dominated
mainly by biotite ages but including some hornblende ages.

[39] Given the physical characteristics of both of these
basins, i.e., that the majority of the elevation lies more than
500 m below sea level and that they contain reverse bed
slopes (where the bed deepens inland), these areas might
serve as zones of weakness to the East Antarctic ice sheet.
Schoof [2007] showed that the flux of ice at the grounding
line increases as the depth of the grounding line below sea
level increases. Where the grounding line rests on a reverse
slope bed, retreat of the grounding line can set off a cycle of
increased ice-discharge and further retreat, which will con-
tinue until a new equilibrium can be reached. It is plausible
that such grounding line retreat and ice-discharge occurred
on the Wilkes and Aurora subglacial basins in the past. An
important outcome of this work is recognition that sediments
being shed from the outlets of either of the basins are geo-
chemically distinguishable from the other. This lays the
foundations for future studies investigating the role of these
basins in the evolution of the EAIS.

5.3. Comparison of IRD Tracers

5.3.1. Individual Detrital Minerals
5.3.1.1. “°’Ar/*’Ar Hornblende and Biotite Ages

[40] “°Ar/°Ar biotite ages from the >150 pm and 63—

150 pm size fractions agree well with one another and can
be treated as one population (Table 1 and Figure 5). Because
the “°Ar/*’Ar biotite ages from these size fractions are in
good agreement with each other, we restrict this part of the
discussion to a comparison of the “°Ar/*° Ar hornblende ages
to the biotite ages. “’Ar/*?Ar biotite ages are mostly con-
sistent with, although slightly younger than, the *’Ar/*’Ar
hornblende ages (Figure 6 and Table 1). Given their
respective closure temperatures of ~300°C and ~500°C, this
observation indicates moderately fast cooling immediately
following the most recent tectonothermal event.
[411 We have calculated robust median ages for each of
the *°Ar/°Ar age populations from all marine sediment
cores in this study using ISOPLOT/Ex Program v. 3.00 (an
Excel-powered program that allows for manipulation of
radiogenic isotope data [Ludwig, 2003]), in order to more
closely compare the ages of these two thermochronometers
(Table 2). As can be seen from Table 2, the age difference
between the **Ar/*° Ar hornblende and *°Ar/*° Ar biotite ages
is quite small at most sites (1 to 108 Myr), with almost all
age differences less than 80 Myr.

[42] The *°Ar/*’Ar ages of individual minerals present a
straightforward characterization of the East Antarctic margin
between the Ross Sea and Prydz Bay (Figure 3), as dis-
cussed in section 5.1. There is little overlap in age popula-
tions, and the data we have measured in the marine sediment
cores match well with available on-land measurements
(Figure 3). Importantly, this agreement in *’Ar/°Ar ages
indicates that where there is little or no outcrop data, the
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Table 2. Robust Median Ages of Hornblende and Biotite “’Ar/*’Ar Age Populations by Marine Sediment Core®
“9Ar/*’ Ar Homblende and Biotite Ages
Hornblendes Biotites
Robust Median Confidence Robust Median Confidence
Core Site Grains Age (Ma) + Error (%) Interval Grains Age (Ma) + Error (%) Interval
7 DF80-34 9 8.8 +1.9/-5.8 44 96.1 - - - - -
- - - - - 7 370 +25/—67 12 98.4
492 +9.5/-13 2.3 97.9 19 491 +20/-14 3.4 93.6
5 DF80-35 14 7.6 +2.8/-7.5 41 94.3 - - - - -
- - - - - 19 371.1 +4/-9.9 1.9 93.6
6 DF80-20 5 373 13/~10 19 93.8 22 368.2 +2.2/-2.6 0.65 94.8
- - - - - 7 473 +21/-61 8.6 98.4
9 DF79-47 18 508.6 +9.9/~18 2.8 96.9 8 491 +45/-54 10 93
17 1530 +17/-6 7.5 95.1 - - - - -
11 JPC11 2305 13 1651 +79/-40 6.7 97.8 14 1635 +48/-27 23 94.3
11 JPCI11 2370 31 1690 +63/-39 3 97 15 1619 +22/-20 1.5 96.5
12 ELT37-09 - - - - - 35 494 +10/-13 2.5 95
33 1693 +68/-34 3 95 14 1585 +59/-23 2.6 94.3
14 ELT37-13 41 1162 +32/-31 2.7 95 26 1117.3 +4.2/-8.7 0.57 95
15  ELT37-16 35 1165 12 1.1 95 53 1123.1 +15/-17.8 1 95
20 ELT49-30 - - - - - 12 471 +24/-35 6 96.1
27 1164.5 +8.2/-8.7 0.73 95 14 1088 +24/-22 2.1 94.5

Robust median age of hornblende and biotite “°Ar/*’Ar age populations by marine sediment core. Robust median ages were calculated over the
following age intervals, if they exist in the total population: 0-50 Ma, 300-400 Ma, 400-600 Ma, 900-1400 Ma, 1400-2000 Ma.

marine sediment *°Ar/*°Ar provide robust information on
the adjacent coast.

5.3.1.2. Decoupling of “°’Ar/*’ Ar Hornblende

and Biotite Ages

[43] While the “°Ar/°Ar hornblende and biotite age
populations from the marine sediment cores generally agree
with one another, differences may provide information about
the composition and history of the onshore terranes. Two
apparent mechanisms could serve to decouple the *°Ar/*°Ar
hornblende and *°Ar/*®Ar biotite ages, resulting in different
populations of ages between the two minerals. First, there is
a lithological bias, as hornblendes tend to form in interme-
diate to mafic rocks, while biotites tend to form in felsic
rocks. Both minerals are found in a range of metamorphic
rocks. Thus, if a source area has a tendency toward the
lithology favored by one mineral over the other, age popu-
lations would be biased to that source. A second mechanism
for decoupling the *°Ar/*°Ar ages is low-grade, %reenschist
facies metamorphism, which could re-set *°Ar/*” Ar biotite
ages (closure temperature of ~300°C) without re-setting the
hornblende ages (closure temperature of ~500°C).

[44] An apparent decoupling between the *°Ar/*’Ar horn-
blende and biotite ages is found in several cores (Core 12:
ELT37-09 (140-144 cm), Core 9: DF79-47 (563-567 cm),
and Cores 5, 6 and 7 (Figure 4 and Table 1). First, the dis-
tribution of *’Ar/*’Ar biotite ages in Core 12 (ELT37-09,
140-144 cm) reveals an age population of 450-550 Ma that is
represented by only a few hornblendes ages; the dominant
hornblende population for this sample is 1550-1800 Ma. To
explore whether this ~500 Ma biotite age population is evi-
dence of an ice-rafting event delivering ~500 Ma biotite grains
from sources far from the core site (e.g., east of ~146°E), or
alternatively, a compositional bias in the two age provinces,
we analyzed two other terrigenous-rich layers in Core ELT37—
09 (92-93 cm and 137-139 cm). We found that the ~500 Ma
biotite population exists in all three layers (Table 1), indicating
that either this is a relatively local, previously unidentified,
source or that this site is routinely the locus of deposition of

similar far-traveled icebergs. We favor the local source due to
the similar age distributions in the three samples. While no
“OAr/*?Ar biotite ages of ~500 Ma have been reported west of
the Mertz Glacier (~145°E; Figure 6) [Duclaux et al., 2008],
we speculate that the “°Ar/*°Ar biotite ages may reflect the
~500 Ma greenschist metamorphism recorded at Cape Deni-
son and Cape Hunter (Adélie Land), described by Stiiwe and
Oliver [1989]. This type of metamorphism could potentially
reset biotite ages, without resetting amphibole ages. Further-
more the greenschist metamorphism at Cape Denison and
Cape Hunter (~142°E to ~143°E) (Stiiwe and Oliver’s [1989]
M3 event) is expressed as assemblages primarily of epidote,
lawsonite, biotite, chlorite and white mica, with very little
hornblende.

[45] The second example of contrast comes from Core 9
(DF79-47, 563—567 cm) where both biotites and hornblendes
show a ~500 Ma age population consistent with on-land
geology, but prominent ages of >1500 Ma consistent with
the age of the Mertz Shear Zone (MSZ) [Di Vincenzo et al.,
2007] are found in the hornblendes, but not in the biotites. As
with the case from ELT37-09, this is likely the result of a
compositional bias, as the lithology of the rocks to the east of
the Mertz Glacier that show Ross Orogen ages are biotite
granites, granitoids and metasediments [Di Vincenzo et al.,
2007; Duclaux et al., 2007], while the rocks to the west of
the Mertz Glacier are a mixture of high-grade metamorphic
rocks, such as amphibole-rich granulites, migmatites and
various gneisses [Duclaux et al., 2007]. It is important to
note that Core 9 is ~100 km to the east of where the MSZ
outcrops (Figure 6), and that the coastal current flows from
east to west, making it unlikely that grains would be deliv-
ered to Core 9 from this location. However, geophysical
interpretations show that the MSZ extends into the continent
to the southeast [Ferraccioli et al., 2009] and so material
may be sourced from the MSZ under the ice sheet, and to the
east of where it outcrops.

[46] In a third example of contrast, the difference between
hornblende and biotite *“°Ar/*®Ar age populations in Cores 5,
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Table 3. Comparison of Robust Median Ross Orogen and Pan-African Orogen Ages®
“9Ar/*’ Ar Homblende and Biotite Ages
“OAr/*° Ar Hornblende Ages YOAr°Ar Biotite Ages
Robust Median Confidence Robust Median Confidence
Orogeny Grains Age (Ma) + Error (%) Interval Grains Age (Ma) + Error (%) Interval

Ross Orogeny 55 492.3 +5/-6.9 1.2 95 85 492.1 +2.7/-7.0 0.98 95
Pan-African 42 517 +12/-6.8 1.9 95 12 471 +24/-33 6 96.1

#Comparison of Ross Orogen (450-550 Ma) and Pan-African (450-600 Ma) robust median ages. Robust median ages calculated from hornblende and
biotite data falling in the 400-600 Ma range. Hornblende ages from cores 1-9 and biotites from cores 1-12 were used to calculate the Ross Orogen ages.
Hornblendes from cores 19-21 and biotites from core 20 were used to calculate the Pan-African ages.

6, and 7, appears to be the result of compositional bias, e.g.,
more mafic rocks contain hornblendes and not biotites,
whereas more felsic rocks tend to contain more biotites than
hornblendes. While hornblendes mostly show ages reflecting
the Ross Orogen and young volcanics from the western Ross
Sea, the biotites show dominant ages in the 300-400 Ma
range, reflecting the Bowers Terrane of Northern Victoria
Land.
5.3.1.3.
Site 1165

[47] The new *°Ar/*°Ar biotite ages from ODP Site 1165
are consistent with the *°Ar/°Ar hornblende ages from
Williams et al. [2010] (Figure 7), bearing in mind the lower
closure temperature for biotite. Each of the four layers from
Site 1165 contains a biotite age population of 450-550 Ma
compared to “°Ar/*°Ar horblende ages of 450-600 Ma
[Williams et al., 2010]. Williams et al. [2010] attributed
these ages to the local Prydz Bay area based upon both
onshore evidence [Tong et al., 1998; Phillips et al., 2007,
Wilson et al., 2007] and evidence from “°Ar/*° Ar measure-
ments on detrital hornblendes from marine sediment core
samples [Roy et al., 2007; van de Flierdt et al., 2008], all of
which show a dominant ~500 Ma age. These ‘’Ar/*°Ar
biotite ages are also consistent with the peak *°Ar/°Ar
biotite age (~502 Ma) measured from glacial-marine sedi-
ments in ODP Site 1166, located in Prydz Bay [van de
Flierdt et al., 2008], as well as onshore evidence [Tong
et al., 2002].

[48] The three layers from ODP Site 1165 containing far-
traveled hornblende grains from Wilkes Land (with a char-
acteristic *°Ar/°Ar age of 1100-1200 Ma) also contain
biotite *’Ar/*’Ar ages in the 1100-1200 Ma range. This
typical Grenvillian age range is absent from rocks exposed
in the Prydz Bay area and also has not been found in modern
sediments [see Williams et al., 2010].

[49] These results indicate that the added use of “°Ar/*°Ar
biotite ages as a complement to “’Ar/*’Ar hornblende ages
for tracing IRD in the Southern Ocean is a useful approach,
for two reasons. First, by analyzing both hornblendes and
biotites, we reduce any lithological bias that might occur by
analyzing only hornblendes, and second, as we can measure
“OAr/*°Ar biotite ages in the 63—150 um fraction, this may
provide the only viable option in samples with very low IRD
concentrations.

5.3.2. The eng Values as a Tracer of an Integrated
Erosional Signal

[50] The eng values also provide characterization of the

4 drainage sectors. However, based on all of the eyy values

4Ar°Ar Biotites as an IRD Tracer at ODP

from this margin of East Antarctica (our new data, previous
marine sediment core studies and the on-land eng values,
summarized in Figure 4) it is apparent that while each of the
4 sectors has a distinct range of values, there is some overlap
between sectors. For example, eng values from marine sed-
iment samples that characterize both ice-drainage B and C
have enq values that fall in the —12 to —15 range. In addition,
some on-land outcrop values do not agree with the values
measured in marine sediment cores; a discrepancy that is the
result of (1) the control that lithology has on a measured eng
value (for example, mafic lithologies are expected to have
more radiogenic (less negative) values than felsic litholo-
gies) and (2) the fact that the eng value measured in the
marine sediment cores represents an average of the proximal
geology that is not necessarily evenly sampled.

[s1] It is interesting that the eng values measured in the
marine sediment cores allow for a better division of this
margin of East Antarctica than the on-land values. For
example, in ice drainage 4 the majority of on-land eng
values fall mostly in the —13 to —17 range, comparable to
values obtained in the glacial-marine sediments in sectors B
and C, while the marine sediment core eyq values fall in the
—3 to —10 range. This highlights an advantage of character-
izing source areas by looking at proximal marine sediments,
as these reveal a true average of the erosion products being
shed from under the ice sheet, and overcome the sampling
bias from on-land studies.

5.4. Pan-African and Ross Orogen Ages
and Cooling History

[52] The *°Ar°Ar ages of the Pan-African orogeny
(Prydz Bay, 600-500 Ma) and Ross Orogeny (Northern Vic-
toria Land, 550-450 Ma) are known from relatively few
onshore exposures, and the larger amount of offshore data
present the opportunity to date the cooling phases of these
orogenies more precisely. Additionally, information about the
cooling rate can be determined from the difference in
“OAr/*” Ar ages between hornblende (set at ~500°C) and biotite
(set at ~300°C). In order to see if our data show distin-
guishable age peaks between sediments affected by either the
Pan-African (650-500 Ma) or Ross (550—450 Ma) orogenies,
we have calculated the robust median age of hornblende and
biotite “°Ar/*°Ar ages using the “°Ar/*’Ar ages of grains from
cores proximal to those areas of East Antarctica affected by
Ross and Pan-African overprinting (Table 3). Ages reflect-
ing the Ross Orogeny have robust median ages of 492.3 Ma
(+5/-6.9 Ma) (hornblendes) and 492.1 Ma (+2.7/-7.0 Ma)
(biotites), while ages reflecting the Pan-African orogeny have
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robust median ages of 517 Ma (+12/-6.8 Ma) (hornblendes)
and 471 Ma (+23/-33 Ma) (biotites). Thus, while the horn-
blende *°Ar/*’Ar ages reflecting the Pan-African orogeny
are older than those reflecting the Ross orogeny, the
opposite is true for the “°Ar/>?Ar biotite ages. There is very
little age difference between *Ar/*’Ar hornblende and
biotite ages for the Ross orogeny, while there is nearly a
50 million year difference for the Pan-African Orogeny,
indicating rapid cooling following the Ross Orogeny, and
much slower cooling following the Pan-African. Using our
peak age calculations, and assuming closure temperatures
for “°Ar/*’Ar hornblende (~500°C) and *°Ar/*°Ar biotite
(~300°C) ages, the implied cooling rates for the Ross and
Pan-African orogenies would be incredibly fast (due nearly
identical *°Ar/*°Ar hornblende and biotite ages), with ~ 4—
5°C Myr ', respectively.

[53] Our data are consistent with previous studies, in that the
Pan-African orogeny is slightly older than the Ross Orogeny.
The onset of the Pan-African orogeny in the western Prydz
Bay/Queen Mary Land area predated the onset of the Ross
Orogeny, starting around 600 Ma [Veevers, 2003, 2004],
nearing completion around 500 Ma, and with peak ages of
550-500 Ma [Meert, 2003], based mostly on zircon U-Pb data.
Subduction associated with the Ross Orogeny commenced
~ 550 Ma forming a convergent margin that lasted until
450 Ma [Goodge, 1997]. Ross Orogen ages found on-land
in Oates Land and Northern Victoria land are younger than
530 Ma [Adams, 2006; Di Vincenzo et al., 2007; Goodge,
2007], with peak Ross Orogen ages of 500 Ma [Goodge,
1997, 2007].

[54] Our interpreted rapid cooling rate following the Ross
Orogeny is compatible with some previous studies. While
cooling rates from across Northern Victoria Land (NVL)
range from 18° to 30°Myr ' [Goodge and Dallmeyer, 1996;
Schiissler et al., 1999], both Di Vincenzo et al. [1997] and
Palmeri et al. [2003] argue for very fast cooling in the NVL
area based on overlapping ages in high-temperature thermo-
chronometers (consistent with our near-identical *°Ar/*°Ar
hornblende and biotite age peaks).

[s5] Cooling rates for the Prydz Bay area also show a
range. Fitzsimons et al. [1997] present data that supports a
multistage cooling history from the eastern Prydz Bay area
with initial cooling rates of 20°myr ' followed by cooling
rates of 5°myr '. However, they also show that an average
cooling rate of ~10°myr " fits their data equally well. Zhao
et al. [1997] inferred cooling rates of nearly 40°Cmyr '
from the same area. Slower cooling rates (3°myr ') are
reported from the northern Prince Charles mountains
(western Prydz Bay), but these appear to be restricted to this
particular area [Zhao et al., 2003]. Thus, it would appear that
our ~4°-5°myr ' cooling rate is anomalously low compared
to measurements from outcrops. More data, and particularly
more biotite data, from cores along this margin would pro-
vide more information. Using pairs of hornblende and biotite
ages from pebbles and cobbles found in marine sediment
cores along the margin would also offer more information as
different sources of the two grain types can be excluded
when derived from the same pebble.

[56] While our data cannot definitively elucidate cooling
rates for either of the orogenies at this point, it shows that the
presented approach is a plausible method for estimating
average cooling rates and exhumation histories for parts of
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Antarctica that are ice-covered, and thus inaccessible to
direct study. Further studies should aim for a larger number
of detrital thermochronometers in order to better constrain
these rates.

6. Conclusions

[57] We have performed an extensive survey of the
“OAr/*°Ar ages of detrital hornblende and biotite grains in
ice-rafted debris and Nd isotopes on the bulk < 63 pm size
fraction from marine sediment cores along the margin of East
Antarctica from 94°E to 165°E. We measured an average of
78 (minimum of 29, maximum of 119) *°Ar/*°Ar ages from
8 marine sediment cores for a total of 626 analyses. This large
number of analyses provides robust statistics to support
the following conclusions:

[ss] 1. The *°Ar/*°Ar ages and neodymium isotope results
obtained from marine sediment cores agree well with sparse
outcrops and other marine sediment core data, both serving to
better constrain our knowledge of provenance areas around
Antarctica that could have been the loci of iceberg calving
and/or fine sediment discharge in the past. Our data improves
the geological characterization for East Antarctic IRD source
areas by quadrupling the number of *°Ar/*’Ar analyses from
detrital minerals and adding eight new Nd measurements of
the bulk < 63 um fraction from marine sediment cores along
this margin, including areas that are ice-covered. With the Nd
data, we have shown the importance of characterizing source
areas around East Antarctica by looking at proximal glacial-
marine sediments, as these measurements provide the inte-
§rated isotopic composition of the source areas. With the

OAr/*° Ar hornblende and biotite data, we have shown the
advantage of measuring ages on the individual minerals, as
such measurements allow for representation of all end-
members (in contrast, bulk geochemical analyses are a mix-
ture of the end-members).

[59] 2. Sediments shed from along the continental margin
where the Wilkes and Aurora sub-glacial basins terminate
can be distinguished by a combination of their *°Ar/*°Ar
hornblende and biotite ages, in addition to the Nd isotopic
composition of the bulk < 63 um fraction. The Wilkes Basin
is characterized by “’Ar/*’ Ar hornblende and biotite ages of
1500-1800 Ma, with a significant biotite population of 450—
550 Ma, and unradiogenic eng values (mostly less than
—16.1). The Aurora Basin is characterized by *°Ar/°Ar
hornblende and biotite ages of 1100-1200 Ma, and more
radiogenic eng values of —11.7 to —14.9. The eng values for
both basins show some overlap, with the exception of the
very unradiogenic values off the coast of Adélie Land that
characterize part of the Wilkes Basin. The Aurora Basin is
characterized by distinct Grenvillian *°Ar/*?Ar ages of 1100
to 1200 Ma. The Wilkes basin drains an area affected by
multiple tectonothermal events as reflected in multiple age
populations (Ross Orogeny ages of ~500 Ma and Adélie
Land ages of 1500 to 1700 Ma). Our new data lend further
support to the suggested instability of East Antarctic sub-
glacial basins during times of past warmth [Williams et al.,
2010] and should prove important to future provenance
studies, aiming to improve our understanding of EAIS evo-
lution and the role of the Wilkes and Aurora sub-glacial
basins in ice instabilities in the past.
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[60] 3. We have characterized each of the four ice drainage
divides (4 — D) [Vaughan et al., 1999] that terminate along this
margin of East Antarctica using a combination of “’Ar/*’Ar
hornblende and biotite ages of individual grains and bulk eng
of the < 63 um fraction. Drainages 4 and C show a unique
geochemical signature based upon these provenance tools.
Drainages B and D have a mixed signal as they drain parts of
the EAIS that cross major geologic boundaries; Drainage B
drains over the divide between rocks affected by Ross orogen
overprinting and much older thermal events, while Drainage D
drains over the boundary between Pan-African (450-600 Ma)
and Grenville (1000-1300 Ma) overprinting.

[61] 4. The use of **Ar/*’Ar dating of detrital hornblendes
and biotites in marine sediments is a robust way to determine
the provenance of ice-rafted debris around the East Antarctic
perimeter. Given that both minerals are major rock-forming
minerals it is reasonable to expect that they will be con-
stituents in IRD; however this is dependent upon the source
lithologies contributing to the sediment sample. *°Ar/*°Ar
ages of hornblendes can effectively be treated as crystalli-
zation ages (amphibolite-grade metamorphism), as the clo-
sure temperature for this system is ~500°, thus allowing for
inferences about the geology underlying the ice sheet to be
made, while *°Ar/*°Ar ages in biotites record cooling below
~300°C, and thus are more susceg)tible to re-setting. Based
on our data it is clear that the “’Ar/**Ar biotite ages can serve
as a provenance tracer for IRD around East Antarctica.
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