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Abstract

Approximately five million years ago, during the early Pliocene, global temperatures were 2 —

4 °C warmer-than-present and the cryosphere was reduced. During the subsequent Plio-
Pleistocene, global temperatures gradually cooled and atmospheric carbon dioxide (CO.)
concentrations decreased, accompanied by an expansion in the cryosphere, culminating in
modern bipolar glaciation. Variations in the extent of the East Antarctic Ice Sheet (EAIS)
played a fundamental role in these climate transitions with implications for global sea level,
interhemispheric teleconnections and oceanic circulation patterns. Recent geological
evidence and ice sheet modelling results, especially from marine-based areas of the EAIS,
call for a dynamic East Antarctic ice margin during the early Pliocene warmth, but proximal,

geological records for the Plio-Pleistocene are scarce.

This thesis aims to improve our understanding of East Antarctic ice dynamics during the Plio-
Pleistocene by providing two new records from proximal marine sediment cores. Geochemical
variability in these cores is used to determine variations in the provenance of detrital sediments
and hence to infer continental erosion patterns and ice margin extent. Primarily the work
focuses on radiogenic strontium and neodymium isotopic results complemented by elemental

concentrations, detrital K-Ar ages, and Sm-Nd model ages.

The two cores, located in the western Ross Sea and offshore the Wilkes Subglacial Basin,
show evidence of an early Pliocene dynamic ice margin responding to atmospheric warmth,
with deglaciations occurring on millennial timescales. Loss of continental ice and changes in
sea ice conditions during the cooling of the mid to late Pliocene, as inferred from the
composition of the sediments, was diachronous, highlighting the spatial variability of ice sheet
behaviour around the continent. The marine-based Wilkes Subglacial Basin continued to show
a waxing and waning ice margin during the Pleistocene emphasising this region’s vulnerability
to environmental change, and the potential for ice margin retreat under near future

temperatures.
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Chapter 7.

Summary

226





Rachel A. Bertram, Ph.D. Thesis, 2018

7.1. Thesis summary and conclusions

The primary aim of this thesis was to constrain past variations in the East Antarctic Ice Sheet
over the last five million years of the Plio-Pleistocene. To do so, two proximal marine sediment
cores were utilised, CIROS-2 (within the Ross Sea Embayment) and U1361A (offshore
George V Land and the Wilkes Subglacial Basin). In the preceding five chapters, geochemical
variations within these marine sediments have been detailed and used to make provenance
interpretations. In turn these interpretations of erosional source have been used to infer past
ice extent. As such this thesis provides insights into past ice sheet variations over the last five
million years in the vicinity of these two regions, providing novel understanding into the

behaviour of parts of the East Antarctic Ice Sheet.

Firstly, the work at the CIROS-2 core and in the vicinity of the Ferrar Glacier has led to
increased knowledge of the behaviour of East Antarctic outlet glaciers over the Plio-
Pleistocene (Chapter 2). We present evidence for a dynamic ice margin during the early
Pliocene characterised by erosion of the upper catchment during peak warmth, super-
interglacials. The erosional regime within this valley is marked by a substantial change at ~ 3
Ma, when the lower catchment, close to the present day ice margin, becomes the dominant
source of material. This change in provenance source is suggestive of cooling conditions with
less erosion and is coincident with other cooling events recorded in the vicinity of the Ross
Sea. A second shift at ~ 1.5 Ma occurred which is linked to changes in sea-ice conditions

within the Ross Sea Embayment.

The analysis of bedrock samples collected from the vicinity of the Ferrar Glacier (Chapter 2,
also discussed in Chapter 5), in particular those from the Beacon Supergroup, have improved
our understanding of the geochemical compositions of the source rocks in this region. For the
first time we have provided whole rock coupled strontium and neodymium radiogenic isotope
analysis on samples from the Beacon Supergroup. While these five analyses do not fully
characterise the isotopic composition of this lithology, they provide a first constraint on values

that had previously only been estimated or inferred.

In Chapter 3, the focus shifts to the Wilkes Subglacial Basin, an area known to have had a
dynamic ice margin during the Miocene and Pliocene. By focusing on orbitally-resolved, high
resolution studies of three transitions from glacial to interglacial conditions, and the
subsequent return to glacial conditions, insights into deglacial events occurring within the
Wilkes Subglacial Basin during the Pliocene are presented. The timescales involved in these
retreat events is on the order of a few millennia, corroborating previous modelling results.
Comparison of sediment provenance analysis, marine productivity and iceberg calving rates

shows that the first deglacial response in the area was an intensification in iceberg calving
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events. This triggered a retreat of the ice margin inland resulting in a provenance shift as newly
exposed lithologies of the Beacon Supergroup and Ferrar Group material were eroded. The
change in sea-ice cover associated with ice margin retreat and/or the increased glacial
meltwater production is suggested to have played a role in iron fertilisation of the Southern

Ocean during Pliocene deglaciations.

With the ice margin at the Wilkes Subglacial Basin shown to be sensitive to warming events
on millennia timescales in the Pliocene, we turned our attention to the Pleistocene (Chapter
4). The top ~ 7 m of the U1361A core provide excellent recovery of the recent warm
interglacials (MIS 5, 9 and 11 over the past ~ 0.5 Myr). We sampled this section at high
resolution and found evidence of continued ice margin retreat with a similar provenance signal
to Pliocene retreat events. During interglacial periods a scaling relationship is seen between
estimated sea levels and Nd isotopic provenance records suggesting that the provenance
record can be used to determine the magnitude of retreat within the basin; more radiogenic
Nd isotope values are indicative of full scale retreat while less radiogenic Nd isotope
fingerprints suggest retreat to a topographic high within the basin. Evidence of recent
interglacial change within the Wilkes Subglacial Basin suggests that a temperature increase
of ~ 2 °C compared to pre-industrial levels had to be sustained over a period of a few millennia
to cause ice retreat in the late Pleistocene. Therefore, the Wilkes Subglacial Basin is more
vulnerable to melting than previously thought, and modelling studies of future long-term
projections may be underestimating the sea level contribution from the East Antarctic Ice
Sheet.

A fundamental precondition for successful provenance analysis is a detailed understanding of
local and regional bedrock sources. Chapter 5 presents a detailed study on the geochemical
end-member options within the vicinity of the Wilkes Subglacial Basin utilising a multi-proxy
approach, including radiogenic isotopic compositions, major and trace element analysis, and
K-Ar dates of detrital marine sediment. The strong correlation in Sr and Nd isotopic space
suggests two predominant end-members, one for the modern day/glacial times and one for a
more retreated ice margin (interglacial times) although elemental concentrations suggest a
third end-member. Based on geochemical and geographic constraints, the most likely
geological end-member for the advanced ice scenarios is the Lower Palaeozoic bedrock from
the hinterland of the present day ice margin. In comparison, retreated ice scenarios are best
characterised by a mixed composition of Ferrar Group and Beacon Supergroup material,
which composes the sedimentary infill in the Wilkes Subglacial Basin. Overall a three-
component mixing model between the Ferrar Group, Beacon Supergroup and Lower

Paleozoic lithologies is suggested.
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Finally, in Chapter 6 a continuous record of detrital sediment provenance over the last 5
million years at Wilkes Subglacial Basin is presented. This record is the result of new analyses,
results from previous chapters, and previously published work. The record shows evidence
for a dynamic ice margin throughout the Plio-Pleistocene with step changes at ~ 2.7 Ma, 1.7
Ma and 0.7 Ma. The first change is attributed to cooling climate over the Late Pliocene and
the onset of Northern Hemisphere glaciation, changing sea-ice conditions, and ocean
circulation patterns. It is significant that this change occurs later in the Wilkes Subglacial Basin
than in other areas around East Antarctica, where the M2 glaciation at 3.3 Ma marks the onset
of significant cooling and ice expansion. A period of muted variability in provenance variations,
and hence ice advance and retreat, between ~ 2.7 Ma to 1.7 Ma is attributed to reduced
upwelling of Circumpolar Deep Water as a result of a weakened AMOC leading to less ocean-
driven ice melting. A return to more variable ice dynamics in the Pleistocene at ~ 1.7 Ma is
suggested to be due to increased oceanic warming as a driving force for ice retreat as opposed
to atmospheric warming, which was key during the Pliocene. There is furthermore tentative
evidence for interhemispheric connections of large interglacial ice retreat events in the
U1361A record and Northern Hemisphere super interglacials. Finally, following the Mid-
Pleistocene Transition, glacial periods seem to become less pronounced towards the present

day, potentially linked to the effects of the bipolar sea saw.

7.2. Future Work

A critical area of future analysis is the understudied Beacon Supergroup, a key geological
lithology within Antarctica. Isotopic analysis of this lithology is severely lacking while major and
trace element analysis is limited. To support our conclusion of an end-member source of the
Victoria Group within the Wilkes Subglacial Basin, field work and further geochemical analysis

of existing samples would be required.

Integration of the provenance results presented in this thesis with modelling studies is another
area where improvements could be made. For example, our new CIROS-2 record provides
valuable information to update the current erosional model of the Ferrar Valley catchment
during the early Pliocene. This in turn would help to constrain changes in ice dynamics in the
area and help decipher whether the ice margin retreated up valley and/or the glacier had an
increased erosional capacity at its base. Furthermore, continental-scale ice sheet models
should be scrutinised using the newly presented late Pleistocene ice loss in the Wilkes
Subglacial Basin. Accurate reconstruction of recent interglacials with existing climate-ice sheet
model outputs are vital to grow confidence in future projections of short and long-term sea

level commitment from East Antarctica.
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The Ross Sea Embayment and Wilkes Subglacial Basin which have formed the focus of this
thesis, continue to be areas of active research. The Ross Sea was the location of a very recent
International Ocean Discovery Program (IODP) Expedition (374; January — March 2018),
which successfully recovered five new sediment cores spanning in age from the Pleistocene
to the early Miocene. These new cores will provide further insight into West and East Antarctic
ice sheet dynamics in the Ross Sea over this critical time period and may offer further insights
into sea level contributions. An expedition to the Adélie Coast (Expedition 373) is also currently
active within the IODP system (although not scheduled as yet). This expedition aims to recover
Oligocene to Pliocene sediment to investigate the response of this ice margin during periods
considerably warmer than present under higher CO, conditions. Furthermore, two expeditions
are scheduled for 2019 in the Amundsen Sea (West Antarctica; IODP Expedition 379) and
Iceberg Alley (Scotia Sea; IODP Expedition 382) which will provide further records from
around Antarctica increasing our spatial understanding. Finally, two pre-proposals are also in
review in the IODP system in proximal locations to the CIROS-2 and U1361A study sites. One
concerns drilling the southwest Ross Sea (Proposal 812-Pre) while the other (Proposal 931-
Pre) aims to drill offshore another large subglacial basin in East Antarctica, the Aurora
Subglacial Basin. While these new and planned drilling sites provide the opportunity for
exciting discoveries and improved temporal and spatial cover of Antarctic ice sheet histories,
historical drill cores should not be forgotten about. The results presented in Chapter 2, working
on the CIROS-2 drill core collected in 1984, highlight the great potential for re-examining and
analysing historic drill cores. In this respect, old DSDP drill sites in the Ross Sea (DSDP Leg
28) will provide valuable complementary records to the new drill cores from IODP Expedition
374.

7.3. Closing Remarks

The results presented in this thesis provide new insights into East Antarctic ice sheet history
over the last five million year. They show that that the East Antarctic Ice Sheet did not respond
isochronously to global cooling through the Plio-Pleistocene, highlighting the heterogeneity in
the response of this vast ice sheet to changing environmental conditions. In particular, the
response in the Wilkes Subglacial Basin seems to contrast with that of the Ferrar Glacier in

the Transantarctic Mountains.

Both regions studied here show evidence for a dynamic margin/ice extent in the early Pliocene
interglacial periods when global temperatures were persistently 2 — 4 °C warmer than present.
However, their behaviours diverge during the Late Pliocene when the Ferrar outlet glacier

shows a change in the ice dynamics to a more stable ice margin with reduced upper catchment
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erosion around ~ 3 Ma. In contrast, the ice margin at the Wilkes Subglacial Basin continues
to show dynamic behaviour throughout the Late Pliocene until the onset of Northern
Hemisphere glaciation when accompanying global changes caused reduced variability. A
second climate transition occurred at ~ 1.7 — 1.5 Ma around Antarctica. The change is seen
earliest in the Wilkes Subglacial Basin with increased provenance variability inferred to
represent more extreme ice margin retreat scenarios. A change in sedimentology in the

CIROS-2 core, on the other hand, suggests a change in sea-ice conditions at this point.

Our new data also allow us to infer significant variability in the ice margin of the Wilkes
Subglacial Basin during the recent interglacial periods of the Late Pleistocene. This finding
suggests that the Wilkes Subglacial Basin is a very sensitive area and temperatures only
moderately warmer than present (i.e., within the 2 °C target for the end of the century set by
recent international agreements, Paris 2015) sustained for a few millennia are sufficient to

cause a provenance change indicative of ice margin retreat inland of its present day position.

In detail the results presented here highlight the vulnerability of marine based areas of East
Antarctic to temperatures warmer than present. We show that while some features are
common across different areas of Antarctica, the response of the ice sheet is not always
isochronous across regions. These results have implications for modelling of the Antarctic ice
sheet and highlight the importance of understanding regional variations within Antarctica.
Future studies are required to reveal how other critical East Antarctic areas, including the low-
lying Aurora Subglacial Basin and the Recovery Basin, have reacted to environmental forcing

in the past.
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Appendix A1.

Photographs and sample
images of CIROS-2

Rachel A. Bertram (R.A.B.) compiled these images. Image credit to R.A.B. and Tina van de

Flierdt (T.v.d.F.).
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Included below are images of the CIROS-2 samples collected for this study. Detailed

descriptions of all samples and individual diamictite clasts are given in Chapter 2 (Table 2.2

and Table 2.3, respectively).

A1.1. CIROS-2 analysed down-core samples

i) Muddy Diamictites ii) Sandy Diamictites

Figure A1.1: Samples taken from diamictite units (muddy and sandy) within CIROS-2. Pictures
are oriented as in the core with the top of the core at the top of the image, depths for the top and
bottom of the image are given and the red box represents the exact sample location: (i) Muddy
diamictites - (a) P85788 (unit 12, 161.14 — 161.18 mbsf); (b) P85792 (unit 10, 149.80 — 149.84 mbsf);
(c) P85793 (unit 10, 143.10 — 143.12 mbsf); (d) P85801 (unit 8, 129.14 — 129.20); (e) P85802 (unit 8,
123.86 — 123.91); (f) P85806 (unit 8, 100.20 — 100.24); (ii) Sandy diamictites — (g) P85808 (unit 6,
70.67 — 70.69 mbsf); (h) P85810 (unit 2, 8.00 — 8.03 mbsf).
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Figure A1.2: Mudstone samples from CIROS-2. Images span the full width of the core and are oriented with the top of the core at the top of the image,
depths for the top and bottom of the image are given and the red box represents the exact sample location: (a) P85786 (unit 13; 165.59 — 165.62 mbsf); (b)
P85790 (unit 11, 152.15 — 152.17 mbsf); (c) P85794 (unit 10, 140.79 — 140.82 mbsf); (d) P85795 (unit 9, 139.19 — 139.21 mbsf); (e) P85796 (unit 9, 138.70 —
138.72 mbsf); (f) P85797 (unit 9, 139.38 — 138.41 mbsf); (g) P85798 (unit 9, 137.82 — 137.84 mbsf); (h) P85800 (unit 9, 135.40 — 135.42 mbsf, minor lithology
is siltstone within a mudstone unit); (i) P85809 (unit 3, 32.01 — 32.04 mbsf); (j) P85811 (unit 1, -0.63 - -0.65 mbsf).
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Figure A1.3: Sandstone samples from CIROS-2. Images span the full width of the core and are
oriented with the top of the core at the top of the image, depths for the top and bottom of the image
are given and the red box represents the exact sample location: (a) P85804 (unit 8, 109.88 — 109.90
mbsf); (b) P85807 (unit 7, 93.85 — 93.87 mbsf).

A1.2. Diamictite clast analysis

Figure A1.4: Bulk material and individual clasts analysed from the muddy diamictite sample
P85788 (161.14 — 161.18 mbsf). (a) unprocessed whole sample; (b) clast 1; (c) clast 2.
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Figure A1.5: Bulk material and individual clasts analysed from the muddy diamictite sample
P85792 (149.80 — 149.84 mbsf). (a) unprocessed whole sample; (b) clast 1; (c) clast 2; (d) clast 3.

Figure A1.6: Bulk material and the individual clast analysed the muddy diamictite sample
P85793 (143.10 — 143.12 mbsf). (a) unprocessed whole sample; (b) clast 1.
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Figure A1.7: Bulk material and the individual clast analysed from the muddy diamictite sample
P85801 (129.14 — 129.20 mbsf). (a) unprocessed whole sample; (b) clast 1.

Figure A1.8: Bulk material and individual clasts analysed from the muddy diamictite sample

P85802 (123.86 — 123.91 mbsf). (a) remaining whole sample once the two large individual clasts

were removed; (b) clast 1; (c) clast 2.
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Figure A1.9: Bulk material and individual clasts analysed from the muddy diamictite sample
P85803 (100.20 — 100.24 mbsf). (a) unprocessed whole sample; (b) clast 1; (c) clast 2; (d) clast 3;
(e) clast 4; (f) clast 5.

Figure A1.10: Bulk material and individual clasts analysed from the sandy diamictite sample
P85808 (70.67 — 70.69 mbsf). (a) remaining whole sample once the two large individual clasts were

removed; (b) clast 1; (c) clast 2.
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Figure A1.11: Bulk material and individual clasts analysed from the sandy diamictite sample
P85810 (8.00 — 8.03 mbsf). (a) remaining whole sample once the large individual clast was removed;
(b) clast 1.
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A1.3. Large individual clast analysis

Figure A1.12: Large clasts and basement gneiss analysed from the CIROS-2 core. Pictures are
oriented as in the core with the top of the core at the top of the image, depths for the top and bottom
of the image are given. Samples span the full width of the CIROS-2 core (~ 45 mm). All of these
samples were crushed at GNS Science into powder for provenance analysis: a) P85785 basement
gneiss (166.50 — 166.57 mbsf); b) P85812 siltstone/granitic clast (unit 12; 162.40 — 162.44 mbsf); (c)
P85909 volcanic clast (unit 8; 116.44 — 116.48 mbsf).
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A1.4. Core images

Figure A1.13: Example of carbonate rims around diamictite clasts within the CIROS-2 core in
unit 12 at ~ 154 mbstf.
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A1.5. Unanalysed CIROS-2 down-core
samples

i) Mudstones

ii) Diamictites

Figure A1.14: Unanalysed CIROS-2 samples. CIROS-2 samples that were collected at GNS
Science, but were not analysed as part of this study. Sample descriptions and reasons for not
analysing these samples (usually because they were a duplicate sample) are given in Chapter 2,
Table 2.2: (i) Mudstone samples — (a) P85787 (unit 13, 165.49 — 165.44); (b) P85791 (unit 11, 151.36
— 151.38 mbsf); (ii) Diamictite samples — (c) P85789 (muddy diamictite, unit 12, 158.37 — 158.40); (d)
P85799 (muddy diamictite, unit 9, 136.79 — 136.82 mbsf); (e) P85803 (muddy diamictite, unit 8,
120.72 — 120.74); (f) P85805 (muddy diamictite, unit 8, 103.80 — 103.83).
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A1.6. Bedrock samples from the vicinity of
the Ferrar Valley

Figure A1.15: Bedrock samples from the Skelton Group within the vicinity of the Ferrar Valley.
(a) P83952, analysed sample of Skelton — garnetiferous amphibolite, other available samples of this
type were very similar in characteristics; (b) P62345, analysed sample of schist from the Skelton
Group. Schist samples available from the Petlab store were similar in appearance; (c¢) P21710,
analysed sample of Skelton hornfels; (d) other available hornfels samples from the Skelton Group at
the Petlab repository showing the variability seen within the lithology; (e) P62342 analysed sample of
marl from the Skelton Group; (f) other available marl sample from the Skelton Group showing the

variation seen within the lithology.
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Figure A1.16: Samples of Dry Valley Suite, Granite Harbour Intrusives, from the vicinity of the
Ferrar Valley. (a) P78695 Bonney Pluton (DV 1a suite) — analysed sample; (b) other examples of
Bonney Pluton rocks from the Petlab store; (c) P852048 Hedley (DV 1b suite) — analysed sample; (d)
P50185 Pearse (DV 2 suite) powdered rock from the Petlab store used for sample analysis (image is
taken through a clear plastic bag); (€) Remaining rock sample of P50185 that had not been crushed

(f) other examples of Pearse rocks from the Petlab store.
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Figure A1.17: Bedrock samples from the Beacon Supergroup within the vicinity of the Ferrar Valley. (a) P61740 - Terra Cotta Siltstone (Taylor Group)
— analysed sample; (b) examples of other Terra Cotta Siltstone samples available within the Petlab store; (c) P62001 New Mountain Sandstone (Taylor
Group) — analysed sample, note the exposed surface is wet as the sample has just been cut; (d) P61986 Beacon Heights Orthoquartzite (Taylor Group)

analysed sample; (e) examples of other Beacon Heights Orthoquartzite samples available within the Petlab store; (f) P62009 Aztec Siltstone (Taylor Group)
analysed sample; (g) examples of other Aztec Siltstone samples available within the Petlab store; (h) P61975 Lashly Formation (Victoria Group) analysed

sample.
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Figure A1.18: Samples of Ferrar Group from the vicinity of the Ferrar Valley. (a) P61750 —
analysed sample, note the surface showing is wet as it has just been cut; (b) other examples of Ferrar

Group rocks from the Petlab store.

Figure A1.19: Samples of McMurdo Volcanic Group from the vicinity of the Ferrar Valley. (a)
P51070 — analysed sample, note the surface showing is wet as it has just been cut; (b) other
examples of McMurdo Volcanic Group rocks from the Petlab store, note the vesicular texture of the

middle sample.
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Appendix A2.

Influence of leaching
methodology on the
neodymium isotopic
composition of U1361A
detrital sediment

Rachel A. Bertram (R.A.B.) led this project under the supervision of Tina van de Flierdt (T.v.d.F).
The following people are acknowledged for their help: Claire Huck for her help identifying the

potential issue and advising on leaching protocols; Patric Simoes Pereira and David Wilson for
their help processing the samples under method 2.

288





Rachel A. Bertram, Ph.D. Thesis, 2018

A2.1. Rationale for Leaching Method Tests

Detrital marine sediments are a useful tool for provenance analysis (Licht and Hemming, 2017)

and have been utilised throughout this thesis to aid understanding of East Antarctic ice
dynamics. Prior to analysis of marine sediment, in situ authigenic components must first be
removed using sequential leaching techniques. Traditional leaching techniques utilised at
Imperial College London (Bertram et al., 2018 (Chapter 3), Wilson et al., in press (Chapter
4), Cook et al., 2017, Cook et al., 2013) have followed the methods of Biscaye (1965) and

Chester and Hughes (1967). This method involves a buffered acetic acid leach to remove

biogenic carbonate followed by a reductive solution of hydroxylamine hydrochloride (HH) to

attack and remove ferromanganese oxide and oxyhydroxides coatings.

Analysis by Claire Huck on Oligocene samples from Ocean Drilling Program Sites 689/690
(Maud Rise, Southern Ocean) have however, demonstrated that the leaching method can
have significant influence on the neodymium (Nd) isotopic composition of marine sediment

(Huck et al., 2016). Huck analysed the same samples using both the leaching method

described above and one consisting of a buffered acetic acid leach, followed by a very short
MgCl. leach and finally a reductive solution of HH and diaminoethanetetra-acetic acid
disodium salt (EDTA). Samples leached using this later method were found to be less
radiogenic by approximately eight eng units than the counterpart samples leached using the
previous method.

The difference in Nd isotopic composition between these two leaching methods is thought to
be due to reabsorptions of authigenic elements (especially the rare earth elements and
thorium) during the leaching phase. The addition of an MgCl. leach and inclusion of EDTA in
the leaching procedure prevents re-absorption of these elements into the detrital sediment.
Hence, the leached supernatant contains all the authigenic phases and can be thoroughly

removed, leaving only the true detrital signature in the leached material.

Here we test whether the leaching method used has a significant impact on Pliocene
sediments for IODP Site U1361A, collected from offshore the Wilkes Subglacial Basin. It
should be noted that sediment from Maud Rise, where a significant shift was seen due to
leaching method, have a high-carbonate content and therefore a large authigenic phase. On
the other hand, the carbonate content is thought to be low in U1361A samples and hence the

impact of leaching may be muted.
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A2.2. Sample Selection and Methods

Seven samples from the Pliocene section of U1361A have been selected for analysis. These
samples cover the full range of Nd isotopic compositions, temporally span the three Pliocene

intervals studies in Bertram et al. (2018) (Chapter 3) from the early Pliocene to the Plio-

Pleistocene boundary, and capture varying inferred carbonate content. High Ba/Al (from XRF

scanning records: (Patterson et al., 2014, Cook et al., 2013)), high opal content (Patterson

2014) and high biogenic silica (Bertram et al., 2018 (Chapter 3), Taylor-Silva and Riesselman,

2018) are interpreted as indicators of high productivity intervals and therefore represent times
of deposition with likely maxima in carbonate content. In contrast, low vales of these proxies
are interpreted as low productivity intervals and likely minima in carbonate content.
Regardless, it is worth noting that the carbonate content is expected to be low in all U1361A

samples and hence the authigenic phase is likely to be limited.

Two aliquots of each sample were processed using the two leaching methods described

below:

1) 2 M sodium acetate buffered acetic acid for ~ 6 hours
0.02 M HH solution for ~ 2 hours
0.02 M HH solution for ~ 12-18 hours

2) 2 M sodium acetate buffered acetic acid for ~ 6 hours
1 M MgCl; leach for ~ 5 minutes
0.02 M HH + 0.038 M EDTA solution for ~ 2 hours
0.02 M HH + 0.038 M EDTA solution for ~ 12-18 hours

The concentration for buffered acetic acid follows Biscaye (1965) while method 1 HH leach
follows the work by Chester and Hughes (1967) who found that use of 0.02 M HH and 25%
acetic acid will remove the majority of Fe-Mn coatings. The addition of ~ 0.03 M EDTA (and
buffering with NaOH) is included based on the work of Gutjahr et al. (2007) to avoid re-
absorption of authigenic elements during leaching.

Detailed methodology for the seven samples analysed under leaching method 1 can be found

in Chapter 3 (Bertram et al., 2018). Samples analysed under leaching method 2 were

processed on the same grain size (the < 63 uym (isolated by wet sieving) or < 150 ym fine

fraction). For completeness, a summary is included below.

Following leaching, samples were homogenised and a representative ~ 50 mg was digested
by hotplate digestion (27 M HF / 15 M HNO3 / 20 M HCIO4). The Nd content was extracted
from the sample matrix by ion chromatography using either Tru-Spec resin (100 — 120 ym

bead size) or Biorad cation exchange resin (200 — 400 um mesh) followed by Ln-spec resin
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(50 — 100 um bead size, with a reservoir size of either 500 pl or 800 pl). Nd was then analysed
on a Nu Instruments multi collector inductively coupled plasma mass spectrometer (MC-ICP-
MS) in the MAGIC laboratories at Imperial College London. Instrumental mass bias was
corrected using the exponential law and a '*Nd/'**Nd ratio of 0.7219. A correction for direct
44Sm interference was applied, but all samples were significantly below the threshold
determined for accurate correction (<0.1 % of the "4Nd signal). Average JNdi-1 values for the
analytical sessions where leaching Method 1 samples were analysed are provided in Table
A3.1. For the analytical session measuring leaching method 2 samples, average JNdi-1 was
0.512160 + 0.000013 (2 S.D., n = 37). All reported sample '**Nd/'**Nd ratios are corrected

using bracketing standards and the recommended JNdi-1 value of 0.512115 (Tanaka et al.

2000). Full details on standard reference material BCR-2 and procedural blanks can be found
in Chapter 3. To summarise, all BCR-2 values are within error identical to the recommended
value of 0.512638 £ 0.000015 (2 S.D.; (Weis et al., 2006) and complete procedural blanks

were negligible.

A2.3. Results, Discussion and Conclusion

Within the measurement uncertainty, there is no difference between the eng values of samples
that underwent leaching method 1 (buffered acetic acid and HH leach) and those that were
processed using leaching method 2 (buffered acetic acid, MgCl, and HH + EDTA leach
(Figure A2.1; Table A2.1). This result suggests that in the tested U1361A Pliocene samples,
the leaching method used does not appear to significantly alter the Nd isotopic composition of
samples. This contrasts to the results seen at the Maud Rise site where the leaching method
had a profound impact on the isotopic composition. It is suggested that the reason for this
disparity is the difference in carbonate content at the two sites. In Maud Rise, carbonate
content is high while in U1361A the carbonate content is thought to be low to negligible
(supported by the lack of reaction seen during the first buffered acetic acid leach to remove
carbonate). The U1361A sediments therefore have low concentrations of authigenic material
that is removed during the leaching process, the potential for reabsorption of authigenic

elements is therefore limited.

Nevertheless, the method 2 leachates (with MgCl, and EDTA) are consistently less radiogenic
than method 1 samples, with eng values 0.2 — 0.6 units lower. While this difference is not
significant given the errors associated with these measurements it does hint at the potential
for reabsorption of authigenic phases even in these low carbonate settings. While further,
more precise, analysis would be needed to confirm this hypothesis, it is advised to use the

second leaching method for future analysis to limit the potential for authigenic reabsorption

291





Rachel A. Bertram, Ph.D. Thesis, 2018

during leaching. Therefore, the leaching method adopted for future detrital marine sediments
at Imperial College London and in Chapter 2 of this thesis involves a short MgCl, leach and
the addition of EDTA to the HH reductive solution.
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Figure A2.1: ena values of U1361A Pliocene material that has undergone two different
techniques for sequential leaching. Method 1 is the traditional method used at Imperial College
London involving a buffered acetic acid leach followed by a HH leach while Method 2 also involves a
buffered acetic acid leach then incorporates a short MgCl, leach and uses a HH and EDTA reductive
solution. Error bars show external reproducibility as measured on standard reproducibility of analytical
sessions. The grey dashed bar shows a 1:1 line for the two leaching methods. Coloured boxes
represent warm climatic conditions and colder climatic conditions as described in Bertram et al.
(2018) (Chapter 3).
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T : o
IODP 318 de:Ft,h %‘ia'“ Leaching Method 1° Leaching Method 2t Ba/Al Biogeni - peis
csF-A °'*° ¢ Opal
U1361A ...  (mbsf) (um) '©Nd'™Nd £2SE &t &2, "Nd™Nd £2SE et &2, (XRF) (wt%) M
S.D.* ¢ s.D* ° %)
6H 1W 135-137 4835 <150 0511978  0.000009 -12.9 04 0511957 0000011 -133 03 018 4125 1888
Repeat 0511988  0.000009 -12.7 0.4
2nd Repeat 0511994 0000008 -12.6 0.2
6H2W 15-17 4865 <150 0512141 0000009 -97 04 0512112 0000009 -103 03 023 1667 20.08
Repeat 0512145 0000009 96 0.2
6H2W 9597 4945 <150 0512161 0000010 -93 04 0512140 0000010 -97 03 028 3550  20.99
Repeat 0512178  0.000008 9.0 0.2
TH6W 2527 6425 <150 0511953 0000007 -134 04 0511932 0000009 -138 03 011 1589 593
Repeat 0511948  0.000007 -135 0.4
2nd Repeat 0511951  0.000010 -13.4 0.3
7H6W 65-67 6465 <150 0512156 0000006 -94 04 0512113 0000008 -102 03 027 4091 2243
Repeat 0512132 0000010 -9.9 0.3
10H3W 15-17 8815 <63 0512168 0000019 92 02 0512160 0000010 -93 03 037 4140 20.77
10H3W 75-77 8875 <63 0511897  0.000009 -145 0.2 0511877 0.000008 -148 03 013 1850 14.53

*Consisting of buffered acetic acid leach followed by 0.02 M HH reductive solution.

fConsisting of buffered acetic acid leach, 1 M MgCl2 short leach, followed by 0.02 M HH + 0.038 M EDTA reductive solution.
feng is calculated based on a present-day CHUR '43Nd/'#4Nd value of 0.512638 (Jacobsen and Wasserburg, 1980) expressed in parts per 10,000.

#External reproducibility (2 sigma standard deviation) is based on the JNdi-1 standard reproducibility of individual analytical sessions in the MAGIC

laboratories, Imperial College London.

°Ba/Al data from Patterson et al. (2014) and Cook et al. (2013).
ABiogenic Opal data from Patterson (2014)
SBiogenic silica (BSi) based on linear interpolation from closest data points in Bertram et al. (2018) (Chapter 3) and Taylor-Silva and Riesselman (2018).

Table A2.1: Nd isotopic compositions of U1361A Pliocene samples under different leaching condition.
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Appendix A3.

Supplementary information
and data tables for
Chapter 2

This appendix is modified from the supplementary material of Bertram, R. A., Wilson, D. J., Van De
Flierdt, T., McKay, R. M., Patterson, M. O., Jimenez-Espejo, F. J., Escutia, C., Duke, G. C., Taylor-
Silva, B. I. and Riesselman, C. R. (2018), “Pliocene deglacial event timelines and the

biogeochemical response offshore Wilkes Subglacial Basin, East Antarctica”, Earth and Planetary
Science Letters, 494, 109-116. A printed version of the manuscript can be found in Appendix A4.
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A3.1. Supplementary methodology

A3.1.1. Influence of grain size on provenance records

Provenance analysis for this study was performed on the fine fraction of detrital sediment, with
the majority of our results being reported for the <150 um fraction (see Table A3.1 for specific
details on each sample). Previous low resolution Nd and Sr isotope work at U1361A was

however conducted on the < 63 um fraction of detrital sediment (Cook et al., 2017; Cook et

al., 2013). Partitioning of Sm and Nd is very similar for major rock forming minerals, rendering

it unlikely that **Nd/'**Nd ratios differ in the two rather similar size fractions analysed (e.g.

Goldstein and Hemming, 2011; Eisenhauer et al., 1999). Strontium isotope systematics can

however show significant grain-size dependence. For example, Rb-rich minerals, including
potassium-feldspars and micas, are more prone to break down into clay minerals than Sr-rich

minerals such as plagioclase and pyroxenes (e.g. Blum and Erel, 2011).

Grain size analysis of 547 Pliocene samples from Site U1361A has shown that the fine sand
fraction (63 — 150 uym) comprises on average 1.4% of the fine-grained component (i.e. < 150

pum) (Patterson, 2014). Since this fraction constitutes such a small proportion of the analysed

material, it is unlikely to substantially affect the measured Sr and Nd isotopic compositions. To
test this hypothesis, six samples were selected for radiogenic isotope analysis on both the <
63 uym and < 150 pym grain size fractions. Within the measurement uncertainty, there is no
difference between the eng values of samples with a grain-size of < 63 um compared to those
with a grain-size of < 150 ym (Table A3.1). Three of these samples have additionally been
analysed for their Sr isotopic composition. The 8’Sr/%Sr ratio measured in the < 63 ym fraction
is lower than that for the corresponding < 150um material, with variations up to the third
decimal place (i.e. 0.0002 to 0.0012). Although this observation would be consistent with a
minor grain size effect, it has been shown in previous studies that sample heterogeneity can
easily cause a comparable level of variability even when analysing the same size fraction (e.g.

Cook et al., 2013; Colville et al., 2011). We therefore conclude that Nd and Sr isotope analyses

on the < 63 ym and < 150 uym fractions of detrital sediments at Site U1361A are directly

comparable.

A3.2. Supplementary Results

Data tables for provenance variations and biogenic silica data from U1361A are presented in
Table A3.1 and Table A3.2, respectively.
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Table A3.1: Provenance results at U1361A and additional indicators of environmental change. Strontium and Nd isotopic compositions for leached
detrital sediment (this study); physical properties (NGR and GRA Bulk Density; Escutia et al. (2011)); XRF scan records (Ba/Al (Patterson et al., 2014; Cook
et al., 2013) and K/Ti, this study),; and iceberg rafted debris mass accumulation rates (IBRD MAR; Patterson et al. (2014)).

Top Bulk IBRD

Sample ID * o # . o i s Litho-
il Co oel Tsresr £2SE. NN £2SE. ad  gopr omm) ORE (oo ?Ge;iiX (alomec facies”
(mbsf) (g/lcm?®) .y.)
Plio-Pleistocene Boundary't
6H 1W 55-57 47.55 2.488 0.734224 0.000006 0.511968 0.000010 -13.1 0.4 0.170 3.25 41.292 1.622 0.036 D
Repeat 0.511960 0.000009 -13.2 0.2
6H 1W 85-87 47.85 2.501 0.511939 0.000016 -13.6 0.3 0.099 3.57 42.901 1.686 0.037 D
Repeat 0.511932 0.000020 -13.8 0.3
6H 1W 95-97 47.95 2.505 0.511971 0.000010 -13.0 0.4 0.149 3.27 40.531 1.589 0.023 D
Repeat 0.511967 0.000008 -13.1 0.2
2" Repeat 0.511982 0.000010 -12.8 0.2
6H 1W 105-107+ 48.05 2.509 0.731262 0.000005 0.511944 0.000017 -13.5 0.4 0.125 3.40 40.895 1.602 0.007 D
Repeat 0.511949 0.000008 -13.4 0.4
2" Repeat 0.511952 0.000007 -13.4 0.2
6H 1W 105-107 48.05 2.509 0.732527 0.000005 0.511962 0.000018 -13.2 0.3 0.125 3.40 40.895 1.602 0.007 D
6H 1W 115-117 48.15 2.514 0.735443 0.000005 0.511959 0.000008 -13.2 0.4 0.099 3.57 43.679 1.637 0.000 D
Repeat 0.511985 0.000008 -12.7 0.2
6H 1W 125-127 48.25 2.518 0.738715 0.000005 0.511965 0.000035 -13.1 0.6 0.103 4.20 41.422 1.606 0.000 D
Repeat 0.511934 0.000008 -13.7 0.4
2" Repeat 0.511935 0.000010 -13.7 0.3
6H 1W 135-137 48.35 2.522 0.730185 0.000006 0.511978 0.000009 -12.9 0.4 0.184 3.01 34.451 1.514 0.007 D
Repeat 0.730183 0.000006 0.511988 0.000009 -12.7 0.4
2™ Repeat 0.511994 0.000008 -12.6 0.2
6H 1W 145-147 48.45 2.526 0.728359 0.000005 0.512022 0.000023 -12.0 0.4 0.193 2.95 28.976 1.488 0.006 D
Repeat 0.512018 0.000009 -12.1 0.4
2" Repeat 0.512014 0.000009 -12.2 0.3
6H 2W 5-7 48.55 2.531 0.723821 0.000005 0.512065 0.000011 -11.2 0.4 0.209 2.59 33.899 1.570 0.010 D
Repeat 0.512067 0.000009 -11.1 0.2
6H 2W 15-17 48.65 2.535 0.719343 0.000005 0.512141 0.000009 -9.7 0.4 0.227 2.21 31.197 1.530 0.023 D
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Sample ID Top , . ‘ : . Bulk IBRD  Litho-
(L:??; 13;18) gg';t_';\ ?33) TSHeeSr  £2S.E. MNd/™Nd +2S.E. end' s_.th '(3)‘(’@') ()’&TI;) ?c?o':) ?é;ﬂ;{ (g",’"ﬁn'ilk facies*
(mbsf) (g/lcm?®) .y.)

Repeat 0.512145 0.000009  -96 02

6H 2W 25-27 4875 2539 0721768  0.000005 0512070 0.000010  -111 04 0243 251  30.339 1616 n.d. D
Repeat 0.512103 0.000015  -104 03
2% Repeat 0.512077 0.000009  -109 0.2

6H 2W 35-371 48.85 2544 0.512116 0.000015  -102 03  0.259 231 28643 1,509 0.011 D

6H 2W 35-37 48.85 2544 0.512146 0.000029  -96 05 0259 231 28643 1,509 0.011 D
Repeat 0.512141 0.000008 97 04
2 Repeat 0.512130 0.000007  -99 02

6H 2W 45-47 4895 2548 0.512096 0.000007  -106 04 0280 240  27.504 1.504 0.007 D
0.512100 0.000009  -105 02

6H 2W 55-57 49.05 2552 0722168  0.000005 0512078 0.000012  -109 03 029 247 27484 1537 0.000 D

6H 2W 65-67 49.15 2556 0.512090 0.000007  -107 04 0266 239 28.991 1,507 0.011 D
Repeat 0.512104 0.000009  -104 0.4
2 Repeat 0.512100 0.000010  -105 0.2

6H 2W 85-87 4935 2565 0720913  0.000005 0512117 0.000028  -102 05 0244 254 30135 1,554 0.024 D
Repeat 0.512090 0.000008  -10.7 0.4
2 Repeat 0.512089 0.000009  -10.7 0.2

6H 2W 95-97 4945 2569 0720698  0.000006 0512161 0.000010  -93 04 0276 238 29483 1526 0.024 D
Repeat 0.512178 0.000008  -90 02

6H2W 105107 4955 2574 0721733 0000005  0.512178 0.000016  -90 04 0297 240  31.009 1,502 0.034 D
Repeat 0.512172 0.000007  -91 04
2 Repeat 0.512159 0.000007  -93 04
39 Repeat 0.512170 0.000010  -91 02

6H2W 115117  49.65 2578 0724979 0000005  0.512090 0.000009  -107 02 0270 276  34.7% 1576 0.038 D
Repeat 0.512088 0.000009  -107 02

6H2W 135-137 4985 2585 0731555 0000006  0.512006 0000032  -123 06 0157 337 37.446 1,604 0.031 D
Repeat 0.511967 0.000008  -131 0.4
2 Repeat 0.511972 0.000010  -130 0.2

6H 2W 145-147 4995 2588 0733837 0000005  0.511905 0.000011  -143 04  0.160 333 36.073 1,651 0.037 D
Repeat 0.511912 0.000007  -142 02
2% Repeat 0.511905 0.000009  -143 02
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Sample ID (S8 . . Y . , s IBRD  Litho-
(L:??; 218) gg';t_';\ ?33) TSHeeSr  £2S.E. MNd/™Nd +2S.E. end' S_.Dz. . '(3)‘(’@') ()’&TI;) ?c?o':) ?é;ﬂ;{ (g",’"ﬁn'ilk facies*
(mbsf) (g/cm?®) .y.)
6H 3W 5-7 50.05 2591  0.732144  0.000006 0.511974 0.000018 -12.9 0.3 0.148 3.38 40.902 1.608 0.052 LC
6H 3W 25-27 50.25  2.597 0.511898 0.000014 144 0.3 0.149 3.61 39.173 1.603 0.073 LC
Repeat 0.511880 0.000007 -14.8 0.4
2" Repeat 0.511917 0.000010 -14.1 0.2
6H 3W 25-27 50.25  2.597 0.511944 0.000033 135 0.5 0.149 3.61 39.173 1.603 0.073 LC
Repeat 0.511915 0.000009 -14.1 0.4
6H 3W 35-37 50.35 2600 0.739525  0.000006 0.511922 0.000007 -14.0 0.4 0.154 3.54 36.878 1.586 0.000 LC
Repeat 0.511914 0.000009 -14.1 0.3
Late Pliocene't
7H 6W 5-7 64.05 3.016  0.732318  0.000005 0.511962 0.000010 -13.2 0.2 0.131 3.56 39.050 1.612 0.000 LC
7H 6W 25-27 6425 3.022 0.735062  0.000005 0.511953 0.000007 -13.4 0.4 0.109 4.05 43.219 1.638 0.003 LC
Repeat 0.511948 0.000007 -13.5 0.4
2" Repeat 0.511951 0.000010 134 0.3
7H 6W 35-37 64.35 3.025 0.733358  0.000005 0.511960 0.000013 132 0.3 0.145 3.78 46.598 1.684 0.014 D
Repeat 0.511958 0.000007 -13.3 0.4
7H 6W 45-47 64.45 3.028  0.729300  0.000009 0.512013 0.000008 -12.2 0.4 0.187 3.15 43.354 1.633 0.011 D
Repeat 0.729275  0.000007 0.512007 0.000007 -12.3 0.4
2" Repeat 0.512008 0.000009 -12.3 0.3
7H 6W 55-57 6455 3.031  0.722086  0.000006 0.512101 0.000011 105 0.3 0.290 2.32 34.817 1.531 0.006 D
Repeat 0.722085  0.000008 0.512088 0.000007 -10.7 0.4
7H 6W 65-67 6465 3.035 0.718577  0.000006 0.512156 0.000006 9.4 0.4 0.267 2.11 29.866 1.531 0.037 D
Repeat 0.718574  0.000005 0.512132 0.000010 9.9 0.3
7H 6W 75-77 64.75 3.039  0.721593  0.000004 0.512155 0.000013 9.4 0.3 0.299 2.23 28.690 1.517 0.032 D
Repeat 0.721596  0.000005 0.512121 0.000010 -10.1 0.4
2" Repeat 0.512139 0.000009 97 0.4
7H 6W 77-79% 64.77  3.040 0.512118 0.000006 -10.2 0.4 0.243 2.25 28.630 1.524 n.d. D
Repeat 0.512110 0.000010 -10.3 0.2
7H 6W 95-97 64.95 3.047 0.722982  0.000006 0.512072 0.000008 -11.0 0.2 0.273 2.41 29.348 1.555 0.012 D
Repeat 0.512077 0.000008 -10.9 0.4
7H 6W 115-117 65.15  3.055 0.512135 0.000008 9.8 0.4 0.262 2.26 28.513 1.534 0.021 D
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Sample ID (S8 . . Y . , s IBRD  Litho-
(L:??; 13;18) gg';t_';\ ?33) TSHeeSr  £2S.E. MNd/™Nd +2S.E. end' S_.Dz. . '(3)‘(’@') ()’&TI;) ?c?o':) ?é;ﬂ;{ (g",’"ﬁn'ilk facies*
(mbsf) (g/lcm?®) .y.)
Repeat 0.512125 0.000009 -10.0 0.2
7H 6W 145-147 65.45 3.067 0.721737  0.000005 0.512122 0.000017 -10.1 0.4 0.226 2.53 28.984 1.579 0.055 D
Repeat 0.512100 0.000015 -10.5 0.4
Duplicate 0.721336  0.000005 0.512119 0.000010 -10.1 0.3
7H 7TW 17-19% 65.67 3.075 0.512128 0.000008 -10.0 0.4 0.190 2.90 31.715 1.594 n.d. LC
Repeat 0.512103 0.000010 -10.4 0.2
7H 7W 35-37 65.85 3.082  0.722652  0.000005 0.512138 0.000020 9.7 0.4 0.176 2.69 30.297 1.543 0.068 LC
Repeat 0.512110 0.000009 -10.3 0.4
2" Repeat 0.512111 0.000010 -10.3 0.2
7H 7W 55-57 66.05 3.090 0.725618  0.000005 0.512073 0.000007 -11.0 0.4 0.168 3.03 31.471 1.606 0.067 LC
Repeat 0.512077 0.000012 -11.0 0.3
7H CCW 0-2 66.15  3.094  0.724718  0.000006 0.512083 0.000010 -10.8 0.3 0.166 3.12 26.987 1.544 0.033 LC
7H CCW 10-17 66.25 3.098  0.730446  0.000007 0.511987 0.000009 -12.7 0.2 0.138 3.70 27.154 1.358 0.065 LC
Repeat 0.730433  0.000010 0.511992 0.000010 -12.6 0.2
2" Repeat 0.730430  0.000005
7H CCW 20-22 66.35 3.102  0.730594  0.000005 0.511979 0.000007 12,9 0.4 0.241 2.82 30.497 1.618 0.032 LC
Repeat 0.512004 0.000008 -12.4 0.4
2" Repeat 0.512001 0.000009 -12.4 0.2
8H 1W 45-47 66.45 3.106  0.729947  0.000005 0.512035 0.000017 -11.8 0.3 0.171 3.20 33.487 1.715 0.064 LC
Repeat 0.512018 0.000007 -12.1 0.4
Duplicate 0.729809  0.000005 0.512004 0.000007 124 0.4
8H 1W 55-57 66.55  3.110 0.512008 0.000007 123 0.4 0.103 3.30 34.204 1.671 n.d. LC
Repeat 0.512000 0.000008 -12.4 0.2
8H 1W 75-77 66.75 3.117  0.730531  0.000005 0.512004 0.000010 -12.4 0.2 0.131 3.37 33.578 1.666 0.010 LC
8H 1W 85-87 66.85  3.119 0.512020 0.000007 -12.1 0.4 0.122 3.52 34.815 1.648 0.004 LC
Repeat 0.511994 0.000011 -12.6 0.3
8H 1W 105-107 67.05  3.122 0.512100 0.000103 -10.5 0.2 0.216 412 38.967 1.761 0.000 LC
8H 1W 115-117% 67.15  3.124 0.511980 0.000008 -12.8 0.4 0.160 2.89 39.600 1.773 n.d. LC
Repeat 0.511952 0.000010 -13.4 0.3
Duplicate 0.511977 0.000008 -12.9 0.3
Duplicate Repeat 0.511957 0.000004 -13.3 0.2
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Sample ID Top , . ‘ : . Bulk IBRD  Litho-
(L:??; 218) gg';t_';\ ?33) TSHeeSr  £2S.E. MNd/™Nd +2S.E. end' S_.Dz. . '(3)‘(’@') ()’&TI;) ?c?o':) ?é;ﬂ;{ (g",’"ﬁn'ilk facies*
(mbsf) (g/lcm?®) .y.)
8H 1W 125-127 67.25 3.126  0.730696  0.000006 0.511994 0.000008 -12.6 0.2 0.109 3.19 42.035 1.754 0.009 LC
Repeat 0.511989 0.000008 12.7 0.2
8H 1W 137-139 67.37  3.128 0.511855 0.000009 -15.3 0.3 0.136 3.32 42.686 1.771 n.d. LC
8H 2W 5-7 67.55  3.131 0.511881 0.000010 -14.8 0.4 0.151 3.29 44.298 1.785 0.000 LC
Repeat 0.511898 0.000010 144 0.3
8H 2W 17-19 67.67  3.134 0.511985 0.000008 -12.7 0.3 0.118 3.17 42.995 1.715 n.d. LC
8H 2W 27-29 67.77 3.135 0.511845 0.000007 -15.5 0.3 0.150 3.40 43.929 1.823 n.d. LC
8H 2W 37-39 67.87  3.137 0.511936 0.000009 -13.7 0.3 0.130 3.06 42.872 1.760 n.d. LC
Middle Pliocene't
10H 2W 25-27+ 86.75 3.839  0.729132  0.000005 0.511973 0.000014 -13.0 0.2 0.130 3.12 42.799 1.688 0.007 LC
Repeat 0.511977 0.000017 -12.9 0.3
2" Repeat 0.511974 0.000011 -13.0 0.2
10H 2W 115-117# 8765 3.863  0.738905  0.000007 0.511944 0.000013 135 0.2 0.102 4.07 50.585 1.721 n.d. LC
10H 2W 125-127#  87.75 3.866  0.738961  0.000007 0.511923 0.000008 -13.9 0.2 0.106 413 49.913 1.722 0.000 LC
Repeat 0.738969  0.000005
10H 2W 125-127 87.75 3.866  0.739157  0.000006 0.511917 0.000013 -14.1 0.2 0.106 413 49.913 1.722 0.000 LC
10H 2W 135-137#* 87.85 3.868 0.735686  0.000005 0.511891 0.000011 -14.6 0.2 0.127 4.09 47.932 1.747 0.014 LC
10H 2W 145-147#%  87.95 3.871  0.729716  0.000004 0.511956 0.000007 -13.3 0.2 0.133 3.35 43.983 1.642 0.000 LC
10H 3W 5-7% 88.05 3.874 0.721940  0.000005 0.512042 0.000011 -11.6 0.2 0.235 2.48 32.935 1.623 0.017 D
10H 3W 15-17+ 8815 3876  0.715421  0.000005 0.512168 0.000019 9.2 0.2 0.373 1.84 28.867 1.521 0.028 D
10H 3W 17-19% 88.17 3.877 0.715315  0.000005 0.512150 0.000010 9.5 0.2 0.373 1.83 28.763 1.530 n.d. D
Duplicate 0.715193  0.000005 0.512150 0.000015 9.5 0.3
10H 3W 25-27+ 8825 3879 0.716866  0.000004 0.512168 0.000013 9.2 0.2 0.346 2.03 30.246 1.548 0.045 D
10H 3W 35-37+ 88.35 3.881  0.720197  0.000004 0.512035 0.000010 -11.8 0.2 0.357 2.24 34.299 1.612 0.078 LC
10H 3W 35-37 88.35  3.881 0.512020 0.000008 -12.1 0.2 0.357 2.24 34.299 1.612 0.078 LC
Duplicate 0.512045 0.000009 -11.6 0.4
10H 3W 45-47+ 88.45 3.884  0.730137  0.000006 0.511909 0.000015 -14.2 0.2 0.203 3.17 37.588 1.715 0.024 LC
10H 3W 55-57+ 88.55 3.887  0.732245  0.000008 0.511965 0.000007 -13.1 0.2 0.132 3.65 39.665 1.674 0.013 LC
Repeat 0.732240  0.000005





Rachel A. Bertram, Ph.D. Thesis, 2018

Sample ID dopth  Age’ 2 BaAP KT NGR  densiy MRS  Litho-
UT361a0) CSF-A (Ma) ~S7"Sr  *2SE. “Nd'Nd  £2SE. ew' gp:  (xRF)  (XRF)  (cps)  (GRA)' (glemik [2cies’
(mbsf) (g/lcm?®) .y.)
10H3W 65674 8865 3.889 0732775 0000006 0511923 0000012  -139 02 0140 345 40406 1739 0044  LC
Repeat 0511922 0000009  -140 04
10H3W 75-77% 8875 3.892 0738276 0000005  0.511897 0000009  -145 02 0131 352 39536 1668 0000  LC
10H3W 85-87% 8885 3.895 0739611 0000005 0511925 0000012  -139 02 0140 385 39655 1714 0020  LC
10H3W 95974 8895 3.897 0729426  0.000006 0511926 0000012  -139 02 0179 308 39616 1684 0031  LC
10H 3W 95-97 88.95 3.897 0730651 0000006 0511944 0000013  -185 02 0179 308 39616 1684 0031  LC
10H 4W 5-7% 89.55 3913 0731509 0000009 0511928 0000012  -139 02 0159 324 41682 1676 0000  LC
Repeat 0731506  0.000006
Duplicate 0.731486 0000005 0511936 0000008  -13.7 0.4

Note: where multiple isotopic analyses are available average values are shown on graphics with the exception of Sr duplicates (where the first analyses have been used) and Sr results for different
grain sizes (<150um has been used).

n.d. = not determined.
* Based on CSF-A depths and using the top depth as the age constraint for linear interpolation.

T gnq is calculated based on a present-day CHUR "*3Nd/'*Nd value of 0.512638 (Jacobsen and Wasserburg, 1980) expressed in parts per 10,000.

* External reproducibility (2 sigma standard deviation) is based on the JNDi-1 standard reproducibility of individual analytical sessions in the MAGIC laboratories, Imperial College London.
Average JNdi-1 values for the analytical sessions were 0.512275 + 0.000011 (2.S.D., n=28); 0.512258 + 0.000017 (2.S.D., n=6); 0.512176 + 0.000009 (2.S.D., n=5); 0.512223 + 0.000020 (2.S.D.,
n=11); 0.512202 + 0.000019 (2.S.D., n=11); 0.512127 + 0.000017 (2.S.D., n=32); 0.512173 + 0.000012 (2.S.D., n=31); 0.512058 + 0.000019 (2.S.D., n=21); 0.512013 £ 0.000022 (2.S.D., n=20);
0.512100 + 0.000014 (2.S.D., n=13); 0.512089 + 0.000019 (2.S.D., n=13); 0.512111 + 0.00012 (2.S.D., n=14); 0.512113 £ 0.00015 (2.S.D., n=10); 0.512098 + 0.000009 (2.S.D., n=8); 0.512065 +
10 (2.8.D., n=31); 0.512101 £ 12 (2 S.D., n=30); 0.512127 + 13 (2 S.D., n=3); 0.512116 + 16 (2 S.D., n=30); 0.512099 + 11 (2 S.D., n=32).

#From Patterson et al. (2014) and Cook et al. (2013).

® All NGR values have been interpolated from the nearest available measurements using linear extrapolation. Data from Escutia et al. (2011).
*Data from Escutia et al. (2011).

§ Data from Patterson et al. (2014).

** Lithofacies analyses by Patterson (2014) where D represents diatom-rich/bearing mudstone and LC represents massive to laminated mudstone.
T Interval names (i.e. Plio-Pleistocene Boundary, Late Pliocene and Middle Pliocene) are informal designations based on the age of sediments assuming a linear sedimentation age model for
U1361A.

# <63um fraction analysed for isotopic composition. All other samples measured at <150um grain size.
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Table A3.2: Biogenic silica data from U1361A. Data from this study and Taylor-Silva and
Riesselman (2018).

Sample ID Top depth CSF-A Bottom depth CSF-A BSi"
IODP 318 U1361A (mbsf) (mbsf) (wt.%)
Plio-Pleistocene Boundary?
6H 1W 52-54 47.52 47.54 13.06
6H 1W 62-64 47.62 47.64 11.47
6H 1W 72-74 47.72 47.74 12.01
6H 1W 82-84 47.82 47.84 9.63
6H 1W 92-94 47.92 47.94 7.16
6H 1W 102-104 48.02 48.04 7.62
6H 1W 112-114 48.12 48.14 8.03
6H 1W 122-124 48.22 48.24 5.15
6H 1W 132-134 48.32 48.34 17.88
6H 1W 142-144 48.42 48.44 22.86
6H 2W 2-4 48.52 48.54 17.69
6H 2W 12-14 48.62 48.64 20.54
6H 2W 21-23 48.71 48.73 18.48
6H 2W 32-34 48.82 48.84 20.96
6H 2W 42-44 48.92 48.94 21.72
6H 2W 52-54 49.02 49.04 18.33
6H 2W 62-64 49.12 49.14 20.27
6H 2W 72-74 49.22 49.24 14.60
6H 2W 82-84 49.32 49.34 18.42
6H 2W 92-94 49.42 49.44 21.14
6H 2W 102-104 49.52 49.54 20.41
6H 2W 112-114 49.62 49.64 16.36
6H 2W 122-124 49.72 49.74 10.50
6H 2W 132-134 49.82 49.84 8.31
6H 2W 142-144 49.92 49.94 8.84
6H 3W 24 50.02 50.04 8.27
6H 3W 12-14 50.12 50.14 5.41
6H 3W 21-23 50.21 50.23 6.84
6H 3W 32-34 50.32 50.34 14.06
6H 3W 42-44 50.42 50.44 10.51

Late Pliocenet

7H 6W 2-4 64.02 64.04 9.00
7H 6W 22-24 64.22 64.24 5.95
7H 6W 32-34 64.32 64.34 5.84
7H 6W 42-44 64.42 64.44 6.60
7H 6W 52-54 64.52 64.54 25.40
7H 6W 62-64 64.62 64.64 22.45
7TH 6W 72-74 64.72 64.74 22.34
7H 6W 82-84 64.82 64.84 22.80
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Sample ID Top depth CSF-A Bottom depth CSF-A BSi"
IODP 318 U1361A (mbsf) (mbsf) (wt.%)
7H 6W 92-94 64.92 64.94 21.16
7H 6W 102-104 65.02 65.04 20.00
7H 6W 112-114 65.12 65.14 24.27
7H 6W 122-124 65.22 65.24 22.28
7H 6W 132-134 65.32 65.34 21.28
7H 6W 142-144 65.42 65.44 20.00
TH7W 2-4 65.52 65.54 17.77
7TH 7W 22-24 65.72 65.74 17.60
7H 7W 32-34 65.82 65.84 20.30
7TH 7W 42-44 65.92 65.94 17.94
7H 7W 52-54 66.02 66.04 15.69
7H 7W 62-64 66.12 66.14 14.00
7THCC 7-9 66.22 66.24 11.46
8H 1W 22-24 66.22 66.24 10.69
7H CC 17-19 66.32 66.34 9.00
8H 1W 32-34 66.32 66.34 8.00
7H CC 27-29 66.42 66.44 8.53
8H 1W 42-44 66.42 66.44 7.46
8H 1W 52-54 66.52 66.54 7.79
8H 1W 62-64 66.62 66.64 7.20
8H 1W 72-74 66.72 66.74 6.59
8H 1W 82-84 66.82 66.84 7.00
8H 1W 92-94 66.92 66.94 0.90
8H 1W 102-104 67.02 67.04 0.73
8H 1W 112-114 67.12 67.14 6.15
8H 1W 122-124 67.22 67.24 11.60
8H 1W 132-134 67.32 67.34 10.03
8H 1W 142-144 67.42 67.44 10.40
8H 2W 2-4 67.52 67.54 8.80
8H 2W 22-24 67.72 67.74 11.77
8H 2W 32-34 67.82 67.84 7.24
8H 2W 42-44 67.92 67.94 11.64
Middle Pliocenet
10H 2W 32-34 86.82 86.84 10.42
10H 2W 42-44 86.92 86.94 11.44
10H 2W 52-54 87.02 87.04 11.49
10H 2W 62-64 87.12 87.14 14.48
10H 2W 72.5-74.5 87.225 87.245 14.48
10H 2W 82-84 87.32 87.34 10.38
10H 2W 92-94 87.42 87.44 10.17
10H 2W 102-104 87.52 87.54 10.56
10H 2W 112-114 87.62 87.64 6.71
10H 2W 122.5-124.5 87.725 87.745 6.91
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Sample ID Top depth CSF-A Bottom depth CSF-A BSi"
IODP 318 U1361A (mbsf) (mbsf) (wt.%)
10H 2W 132-134 87.82 87.84 8.88
10H 2W 142-144 87.92 87.94 9.90

10H 3W 2-4 88.02 88.04 15.39
10H 3W 12-14 88.12 88.14 19.88
10H 3W 21.5-22.5 88.215 88.225 23.89
10H 3W 32-34 88.32 88.34 16.97
10H 3W 42-44 88.42 88.44 10.92
10H 3W 52-54 88.52 88.54 10.96
10H 3W 62-64 88.62 88.64 8.05
10H 3W 73-74.5 88.73 88.745 15.15
10H 3W 82-84 88.82 88.84 10.57
10H 3W 92-94 88.92 88.94 14.58
10H 3W 102-104 89.02 89.04 8.68
10H 3W 112-114 89.12 89.14 13.13
10H 3W 122-124 89.22 89.24 10.32
10H 3W 132-134 89.32 89.34 9.41
10H 3W 142-144 89.42 89.44 12.32
10H 4W 2-4 89.52 89.54 14.05
10H 4W 12-14 89.62 89.64 11.86
10H 4W 22-23 89.72 89.73 14.67
10H 4W 32-34 89.82 89.84 12.94

*BSi (wt.%) data from this study and Taylor-Silva and Riesselman (2018)
TInterval names (i.e. Plio-Pleistocene Boundary, Late Pliocene and Middle Pliocene) are informal
designations based on the age of sediments assuming a linear sedimentation age model for U1361A.

304





Rachel A. Bertram, Ph.D. Thesis, 2018

BLANK

305






Rachel A. Bertram, Ph.D. Thesis, 2018

Appendix A4.

Published manuscript from
Chapter 2

This appendix is a copy of the published manuscript of Bertram, R. A., Wilson, D. J., Van De Flierdt,
T., McKay, R. M., Patterson, M. O., Jimenez-Espejo, F. J., Escutia, C., Duke, G. C., Taylor-Silva, B.
I. and Riesselman, C. R. (2018), “Pliocene deglacial event timelines and the biogeochemical
response offshore Wilkes Subglacial Basin, East Antarctica”, Earth and Planetary Science Letters,

494, 109-116. Chapter 2 is a modified version of this manuscript.
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ARTICLE I NFO ABSTRACT

Arn'c!_e history: Significantly reduced ice coverage in Greenland and West Antarctica during the warmer-than-present
Received 14 February 2018 ) Pliocene could account for ~10 m of global mean sea level rise. Any sea level increase beyond this would
Received in revised form 25 April 2018 require contributions from the East Antarctic Ice Sheet (EAIS). Previous studies have presented low-
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resolution geochemical evidence from the geological record, suggesting repeated ice advance and retreat
in low-lying areas of the EAIS such as the Wilkes Subglacial Basin. However, the rates and mechanisms
of retreat events are less well constrained. Here we present orbitally-resolved marine detrital sediment

Keywords: provenance data, paired with ice-rafted debris and productivity proxies, during three time intervals from

East Antarctic Ice Sheet the middle to late Pliocene at I0DP Site U1361A, offshore of the Wilkes Subglacial Basin. Our new data

Wilkes Subglacial Basin reveal that Pliocene shifts in sediment provenance were paralleled by increases in marine productivity,

provenance while the onset of such changes was marked by peaks in ice-rafted debris mass accumulation rates. The

;ﬂlfini(’f;:if isotopes coincidence of sediment provenance and marine productivity change argues against a switch in sediment
10C

delivery between ice streams, and instead suggests that deglacial warming triggered increased rates of
iceberg calving, followed by inland retreat of the ice margin. Timescales from the onset of deglaciation to
an inland retreated ice margin within the Wilkes Subglacial Basin are on the order of several thousand
years. This geological evidence corroborates retreat rates determined from ice sheet modeling, and a
contribution of ~3 to 4 m of equivalent sea level rise from one of the most vulnerable areas of the East

Antarctic Ice Sheet during interglacial intervals throughout the middle to late Pliocene.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.orgflicenses/by/4.0/).

deglacial timescales

1. Introduction ery Basin may be particularly vulnerable to melting under future
environmental conditions (Golledge et al., 2017a). Furthermore, in-

Ice grounded below sea level in the East Antarctic Ice Sheet creased mass discharge by glaciers around the coastline of the
(EAIS) has a potential sea level equivalent of ~19 m (Fretwell et Wilkes Subglacial Basin in recent years has been inferred from
al,, 2013). Such ice is predominantly contained within the Aurora high-resolution ice velocity maps (Shen et al., 2018). The Wilkes
Subglacial Basin, the Recovery Basin, and the Wilkes Subglacial Subglacial Basin is the largest of the three basins, containing a po-
Basin (Fig. 1a). Modern observations in the vicinity of the Au-
rora Subglacial Basin document significant glacier retreat (Miles et
al,, 2016) and basal melting driven by ocean warming (Rintoul et
al,, 2016), while recent modeling work suggests that the Recov-

tential sea level contribution of ~3 to 4 m (Pollard et al, 2015).

Collapse of marine-based ice in this basin may have important im-

plications for Southern Ocean stratification and temperature, with

the potential to amplify melting in other vulnerable regions of the

EAIS (Phipps et al., 2016). It is therefore critical to constrain the

* Corresponding author. sensitivity of the Wilkes Subglacial Basin to future, warmer envi-
E-mail address: r.bertram14@imperial.ac.uk (R.A. Bertram). ronmental conditions.

https:/[/doi,org/10,1016/j.epsl.2018,04.054
0012-821X%/© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. (A) Topography and bathymetry (meters above sea level, m asl) of the Antarctic continent (modified from Fretwell et al,, 2013), highlighting areas below sea level,
including the three largest subglacial basins in East Antarctica: the Aurora Subglacial Basin, the Recovery Subglacial Basin and the Wilkes Subglacial Basin. The location of IODP
Expedition 318 drill site U1361A (64°24.57'S, 143°53.20'E; 3454 m water depth) offshore of the Wilkes Subglacial Basin is marked. (B) Geological map of the area around
the Wilkes Subglacial Basin (after Cook et al., 2013). Topographic map of the Wilkes Subglacial Basin (from Bedmap2; Fretwell et al., 2013) with simplified lithologies and

their isotopic characteristics. Areas of inferred Jurassic Ferrar Large Igneous Province

(FLIP) from airborne geophysics are shown in hatched marking (Ferraccioli et al., 2009;

Frederick et al., 2016; Studinger et al., 2004). CB denotes the Central Basin. (For interpretation of the colors in the figure, the reader is referred to the web version of this

article.)

Previous studies within the vicinity of the Wilkes Subglacial
Basin have utilized detrital sediment provenance, grain size, ice-
rafted debris accumulation, grounding line advances and re-
treats, and sea ice and temperature reconstructions to reveal
a dynamic picture of the early to middle Pliocene and middle
Miocene ice margin, with substantial ice retreat into the basin
during warmer times, and ice advance onto the outer shelf at
colder times (Armbrecht et al, 2018; Cook et al., 2013, 2017;
Orejola et al, 2014; Patterson et al., 2014; Pierce et al., 2017;
Reinardy et al., 2015; Sangiorgi et al., 2018). Substantial ice re-
treat into the Wilkes Subglacial Basin during the Pliocene and
Miocene is also indicated by models that incorporate complex flow
regimes of ice streams, capture marine ice sheet instability, and
include parameterizations for cliff failure and hydrofracturing of
buttressing ice shelves (de Boer et al.,, 2015; Pollard et al., 2015;
Gasson et al., 2016). However, such models require ground-
truthing from the geological record.

The Pliocene (5.3 to 2.6 Ma) is a particularly relevant time
period to study in light of future environmental change. Previ-
ous studies have suggested substantial changes in the Pliocene
cryosphere, with largely ice-free conditions in the Northern Hemi-
sphere (Haywood et al., 2016 and reference therein) and col-
lapse of the West Antarctic Ice Sheet (WAIS) (Naish et al., 2009;
Pollard and DeConto, 2009). Estimates of global mean sea level
(GMSL) of ~22 £ 10 m higher than present during the warm
Pliocene (Miller et al., 2012) may require not only collapse of the
vulnerable polar ice in Greenland and West Antarctica, but also
significant contributions from East Antarctica (see also Dutton et
al.,, 2015 for discussion).

In the following, we present the first orbitally-resolved sedi-
ment provenance records from offshore of the Wilkes Subglacial
Basin during the middle and late Pliocene. Our new data yield in-
triguing insights into the timescales and mechanisms of the equi-

librium response of the EAIS to warmer than present environmen-
tal conditions in the geological past, and thereby provide important
constraints for ice sheet modeling of future ice sheet behavior.

2. Materials and methods

Here we study three distinct periods of past warmth from the
middle Pliocene (86.75-89.56 mbsf; ~3.9 Ma), the late Pliocene
(64.05-67.87 mbsf; ~3.1 Ma), and the Plio-Pleistocene bound-
ary (47.55-50.35 mbsf; ~2.5 Ma). The material utilized is from
IODP Site U1361A (64°24'S, 143°53’E; 3454 m water depth),
which recovered a near-continuous Pliocene record (Escutia et
al., 2011), comprised of alternating diatom-poor laminated muds
and diatom-rich/bearing silty-mud units (Fig. 2), representing re-
peated glacial and interglacial cycles. Interglacial periods are as-
sociated with peak diatom abundance counts (Armbrecht et al.,
2018; Taylor-Silva and Riesselman, 2018) and higher productivity
(Patterson et al., 2014).

2.1. Age model at U1361A

Linear interpolation between paleomagnetic tie points is used
to date U1361A Pliocene material following Tauxe et al. (2012)
and Patterson et al. (2014) (Supplementary Table 1). The section
studied is mostly continuous with one core gap between ~3.6 to
~3.33 Ma, which is thought to be related to the “super-glacial”
M2 (Tauxe et al., 2012). We sampled for sediment provenance
and biogenic silica concentrations (wt% BSi) at sub-orbital reso-
lution (~10 cm sampling corresponding to ~2-4 kyr resolution).
Areas of high core disturbance from either drilling or bioturba-
tion were avoided. Two of the high-resolution intervals studied, the
Plio-Pleistocene boundary (47.55-50.35 mbsf, ~2.50 Ma), and the
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Fig. 2. U1361A records of provenance (detrital Sr isotopes, Nd isotopes and K/Ti), productivity (Ba/Al and biogenic silica content) and ice rafting. From bottom to top:
(A) paleomagnetic timescale (Ogg, 2012); (B) global benthic §'80 stack (Lisiecki and Raymo, 2005), with paleomagnetic tie points in U1361A (Tauxe et al., 2012) marked
by grey dotted lines; (C) lithostratigraphy at U1361A (Escutia et al., 2011) with boxes marked around the intervals studied; (D, E) Nd and Sr isotopic compositions of the
fine fraction of detrital sediment; representative error associated with Nd analyses is shown in black, while error associated with Sr measurements is smaller than the data
symbols; (F) biogenic silica content (this study, Taylor-Silva and Riesselman, 2018); (G) Ba/Al XRF scan data (Cook et al., 2013; Patterson et al., 2014); (H) K/Ti XRF scan
data; (1) iceberg rafted debris mass accumulation rates (IBRD MAR; Patterson et al., 2014). (For interpretation of the colors in the figure(s), the reader is referred to the web

version of this article.)

late Pliocene (from 64.05-67.85 mbsf, ~3.08 Ma), are constrained
by at least one direct paleomagnetic datum within the depth in-
terval analyzed for provenance, and hence are well constrained
in their ages. Age uncertainty increases away from these age tie
points due to the assumption of linear sedimentation rates, which
does not capture changes over glacial-interglacial transitions. Bio-
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turbation within the core ranges from millimeters to centimeters
(Escutia et al., 2011), which is less than our sampling resolution.
Furthermore, all data presented were collected from the same core
material, making our interpretations on timing and sequences of
deglacial events in the Wilkes Subglacial Basin independent of the
age model applied.
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2.2, Sample categorization

Samples have been categorized into three groups based on
previously published data: warmer conditions (i.e. interglacial in-
tervals), colder conditions (i.e. glacial intervals), and transitional
samples. Firstly, lithofacies analysis was used to classify the sam-
ples into two groups of diatom-rich/bearing mudstones or massive
and laminated mudstones (Patterson, 2014). Samples from anoma-
lous lithologies (e.g., rare sand laminae associated with mass flow
deposition) were excluded from this classification. Secondly, aver-
age ratios of X-ray fluorescence (XRF) scan records (Ba/Al; Cook
et al., 2013; Patterson et al, 2014) and results from shipboard
physical property measurements (Gamma Ray Attenuation (GRA)
Bulk Density, and Natural Gamma Radiation (NGR); Escutia et al.,
2011) were used to define criteria for warmer and colder con-
ditions. Sample categorization was determined based on the av-
erage division of these three variables (warmer conditions: Ba/Al
> 0.231, GRA Bulk Density < 1.575, NGR < 32.3; colder condi-
tions: Ba/Al < 0.171, GRA Bulk Density > 1.597, NGR > 34.9).
Where these conditions were not met, samples were classified
as transitional. All chosen values are within the parameters con-
strained by previous studies at the Wilkes Subglacial Basin margin
including high Ba/Al during warmer periods (Cook et al., 2013;
Patterson et al, 2014) and higher NGR during colder periods
(NGR > ~34; Tauxe et al,, 2015).

2.3. Strontium and neodymium isotope analyses

For high resolution provenance analyses of the detrital frac-
tion, residual sample splits from iceberg rafted debris mass ac-
cumulation rates (IBRD MAR) studies (=150 um; Patterson et al.,
2014) were utilized and combined with new samples wet sieved at
<63 pm or <150 pm. In total 52 samples were selected for stron-
tium (Sr) isotope analyses and 72 samples for neodymium (Nd)
isotope analysis. A representative ~0.5 g of sediment was taken
from the homogenized fine-grained material and subjected to a
sequential leaching procedure to remove biogenic carbonate us-
ing buffered acetic acid (see Biscaye (1965) for more details) and
ferromanganese oxides and oxyhydroxides using a reductive solu-
tion of 0.02 M hydroxylamine hydrochloride (NH,OH) (Chester and
Hughes, 1967; Cook et al,, 2013, 2017). As in previous studies, no
removal of biogenic opal was conducted (e.g. Cook et al., 2013).
Approximately 50 mg of leached detrital sediment was digested
on a hotplate using 2 ml of 27 M HF, 1 ml of 15 M HNO3 and
0.8 ml of 20 M HClO4, followed by a secondary digestion step us-
ing 3 ml 15 M HNO3, before fluorides were removed with 3 ml
6 M HCL

lon chromatography was used to extract the target analytes
(Sr and Nd) from the sample matrix. Samples were initially pro-
cessed through a series of columns consisting of Tru-Spec resin
(100-120 pm bead size), Ln-spec resin (50-100 pm bead size,
800 nl reservoir size) and Eichrom Sr-Spec resin (100-120 pm bead
size). Later processing of samples used Biorad cation exchange
resin (200-400 pm mesh), Ln-spec resin (50-100 pm bead size,
500 pl reservoir size) and Eichrom Sr-Spec resin (100-120 pm bead
size). The change in procedure for separating REEs from the sam-
ple matrix in the first column resulted in improved Nd yields by
preventing leakage of organics from Tru-Spec resin, subsequently
affecting yields on Ln-Spec columns (see Struve et al, 2017 and
Lambelet et al., 2016 for details).

Neodymium isotope analyses were performed on a Nu Instru-
ments multi collector inductively coupled plasma mass spectrom-
eter (MC-ICP-MS) in the MAGIC laboratories at Imperial College
London. Instrumental mass bias was corrected using the expo-
nential law and a '¥Nd/'*Nd ratio of 0.7219. A correction for

direct '*4Sm interference was applied, but all samples were sig-
nificantly below the threshold determined for accurate correction
(<0.1% of the "¥Nd signal). All reported sample '“3Nd/"*Nd ra-
tios are corrected using bracketing standards and normalization to
the recommended JNdi-1 value of 0.512115 (Tanaka et al., 2000).
Measured average |Ndi-1 values for individual analytical sessions
are provided in Supplementary Table 2. Sixteen replicates of stan-
dard reference material BCR-2 were processed alongside unknown
samples, and yielded an average 3Nd/'*Nd ratio of 0.512639
+ 0.000022 (2 S.D., n = 46), identical to the recommended value
of 0.512638 + 0.000015 (2 S.D.; Weis et al.,, 2006). Procedural
blanks were typically less than 85 pg, and always below 215 pg,
which is negligible compared to the sample size processed (rang-
ing between ~200 and ~1000 ng). Duplicate sample analysis
(i.e., full procedural repeats from digestion through ion exchange
chromatography to mass spectrometry) and re-analyzed samples
(i.e. the same aliquot from ion exchange chromatography) always
yielded results that agreed within error (see Supplementary Ta-
ble 2).

Strontium isotopes were analyzed on a Thermo Scientific Tri-
ton thermal ionization mass spectrometer (TIMS) at the MAGIC
laboratories at Imperial College London. Samples were loaded in
1 pl 6 M HCI onto degassed single tungsten filaments, followed
by 1 pl of tantalum chloride activator, Instrumental mass bias
was corrected using the exponential law and an 88Sr/86Sr ra-
tio of 8375, while interferences of 87Rb were corrected using
an 87Rb/®5Rb ratio of 0.3860. Measurements were made in static
mode using amplifier rotation. Repeated analysis of NBS987 stan-
dards over the duration of sample analysis yielded an average
875r/865r value of 0.710265 + 0.000016 (20 S.D.; n = 29). All re-
ported 875r/365Sr ratios were corrected relative to the published
value for NBS987 of 0.710252 + 0.000013 (Weis et al.,, 2006)
(Supplementary Table 2). Nine separate digests of standard ref-
erence material BCR-2 yielded an 375r/%%Sr ratio of 0.705012 +
0.000012 (26 S.D.; n = 16), which is in good agreement with the
published value (0.705013 =+ 0.000010; Weis et al., 2006). Fol-
lowing replacement of the graphite inserts of all TIMS collector
cups in February 2017, new baselines were established and am-
plifier rotation was no longer used for the measurements. Under
these new conditions, NBS987 standards yielded 87Sr/86Sr values
of 0.710245 + 0.000016 (20 S.D.; n = 66), while eight digests of
standard reference material BCR-2 yielded an average 57Sr/%6Sr ra-
tio of 0.705012 + 0.000014 (20 S.D.; n = 34). Re-analyzed samples
always yielded results that agreed within error (see Supplementary
Table 2), whereas total procedural duplicates of sediment showed
a larger uncertainty (i.e. in the fourth decimal place). This vari-
ability is likely due to sample heterogeneity, and is comparable
to what has been reported in other studies (Cook et al, 2013;
Tiitken et al., 2002). Procedural blanks were typically less than
70 pg, representing considerably less than a 0.5% contribution to
sample measurements.

In addition, tests were conducted on selected samples to en-
sure that using two different grain size fractions (i.e., <63 pm and
<150 pm) of detritus yielded comparable results (see Supplemen-
tary Material).

2.4. Biogenic silica

Biogenic silica concentrations (wt% BSi) were measured on dis-
crete samples using a molybdate blue spectrophotometric method
modified from Strickland and Parsons (1972) and DeMaster (1981).
For each analysis ~7 mg of dry, homogenized sediment was
leached in 0.1 M NaOH at 85°C, and sequential aliquots were
collected after 2, 3, and 4 hours, After the final sampling hour,
molybdate reagent and reducing solution were added to all sam-
ples, blanks, and standards to produce a colorimetric reaction,
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and absorbance of the 812 nm wavelength was measured using a 104 @ Warmer climatic conditions
Shimadzu UV-1800 spectrophotometer. Dissolved silica concentra- W Colder climatic conditions
tion of unknowns were calculated using a 10-point standard curve 5 = & Transitional samples
with known concentrations ranging from 0 uM to 1200 uM, and )
data from the three sampling hours were regressed following the . Frblisten M5 s dila
method of DeMaster (1981) to calculate wt% BSi. Reproducibility 0 -
was assessed by replication within each run and across runs. The
average standard deviation of replicate measurements was 0.47%.

o -5 I
3. Results and discussion wz
-10 <
3.1. Provenance of Pliocene detrital sediments at [ODP Site U1361A
Provenance tracing of detrital sediment is an effective tool for -15
deciphering ice sheet histories (Licht and Hemming, 2017). The
Wilkes Subglacial Basin is an ideal location for such studies due 20 -
to the distinct geochemical signature of the lithological terranes in
the hinterland (Cook et al., 2017, 2013; Fig. 1b). Our new detrital Archean to Proterozoic
sediment radiogenic isotope measurements provide evidence for 25 I | | basemer;t I |
gradual provenance changes across three distinct Pliocene glacial-
interglacial cycles (Fig. 2), with consistent co-variation of Sr and 0.7 0.71 0.72 0.73 0.74 0.75 0.76
Nd isotope fingerprints. In line with previous interpretations from 878”‘“8!’

low resolution records at the same site (Cook et al., 2017, 2013),
transitions from cooler to warmer periods are characterized by
shifts to less radiogenic (lower) 87Sr/%6Sr ratios and more radio-
genic (higher) eygq values (Fig. 2). As such, two distinct isotopic
clusters are identified for the Pliocene detrital material at IODP
Site U1361A: (1) eng ranging from —12.6 to —15.5 and 375r/36Sr
from 0.729 to 0.740, and (2) eng = —9.0 to —11.0 and ®7sr/%6sr
= 0.715-0.723. These denote (1) erosion of Paleozoic granites
(87Sr/85Sr = 0.712 to 0.753, eng = —9.7 to —19.8), exposed around
the proximal Ninnis Glaciers (i.e. coastal outcrops), and (2) in-
fluence of an additional erosion source of inland material within
the Wilkes Subglacial Basin (i.e. Ferrar Large Igneous Province and
associated Beacon Supergroup (FLIP: 37Sr/%6Sr = 0.709 to 0.719,
Eng = —3.5 to —6.9)) (Fig. 3). The FLIP and Beacon Supergroup
lithologies are located mostly inland and constitute the major-
ity of the sedimentary infill in the Central Basin of the Wilkes
Subglacial Basin (Ferraccioli et al., 2009; Frederick et al., 2016;
Studinger et al, 2004) (Fig. 1b). Since such lithologies are cur-
rently covered by ice, significant erosion from this source is not
detected in modern core top samples (Cook et al, 2013). There-
fore, the appearance of this provenance signature in diatom-rich
Pliocene sediments is interpreted to represent significant retreat of
the ice margin into the Central Wilkes Subglacial Basin (Cook et
al,, 2013).

3.2. Sequence of Pliocene deglaciation events around the Wilkes
Subglacial Basin

Our high resolution provenance study allows us, for the first
time, to place variations in the source of the detrital material in
direct context with other environmental changes documented in
the same core, making the relative timing of events robust and
independent of age model uncertainty. Firstly, we compare our
new data to marine productivity proxies; continuous Ba/Al ra-
tios (Cook et al., 2013; Patterson et al., 2014) from XRF scans,
and biogenic silica data (this study, see also Taylor-Silva and
Riesselman, 2018) (Fig. 2). The shift in the geochemical prove-
nance signal coincides closely with changes in both productiv-
ity records. Periods of climatic warmth (i.e. interglacial intervals)
are characterized by biogenic-rich facies, with higher Ba/Al ra-
tios (>0.21) and elevated biogenic silica content (8.5-25.4 wt%)
(Fig. 4). Colder periods (i.e. glacial intervals) are characterized by
biogenic-poor facies, lower Ba/Al ratios (<0.17) and lower biogenic
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Fig. 3. Provenance results from U1361A. Characteristic geochemical signatures of the
different lithological terranes in the Wilkes Subglacial Basin vicinity are marked as
fields on the Sr vs. Nd isotope diagram (adapted from Cook et al., 2013). Analyses
from samples categorized within this study as warmer conditions (i.e. interglacial
intervals), colder conditions (i.e. glacial intervals), and transitional times are indi-
cated by the color and symbol selection. Grey triangles denote previously published
Pliocene data (Cock et al, 2017, 2013), which also represent warmer conditions,
colder conditions and transitional climate states. (For interpretation of the colors in
the figure, the reader is referred to the web version of this article.)

silica content (5.2-15.4 wt%). The new biogenic silica data sup-
ports the interpretation made that diatom-rich/bearing mudstones
with high Ba/Al ratios are indicative of times with higher pro-
ductivity and hence warmer climatic periods (Cook et al, 2013;
Patterson et al., 2014).

When compared to iceberg rafted debris mass accumulation
rates (IBRD MAR; Patterson et al., 2014), the timing of rapid
shifts in sediment provenance and increase in productivity coin-
cides with peak IBRD accumulation (Fig. 2). Maxima in IBRD have
been interpreted to reflect accelerated calving of marine termi-
nating glaciers (Patterson et al, 2014), which would lead to a
dynamic retreat of the ice sheet and subsequent re-stabilization
of the ice margin inland, resulting in the observed provenance
shifts. Large-scale ice retreat is therefore more likely to cause
the observed provenance shifts than a switch in sediment deliv-
ery between ice streams. Marine productivity in the local South-
ern Ocean would subsequently increase as a result of the ac-
companying decrease in sea ice extent (Armbrecht et al., 2018;
Taylor-Silva and Riesselman, 2018) and associated changes in nu-
trient delivery, allowing marine productivity to increase, as docu-
mented in the Ba/Al and biogenic silica records (Fig. 2).

3.3. Ice retreat and Southern Ocean biogeochemistry

We observe a significant negative correlation between XRF
Ba/Al and K/Ti ratios in Pliocene marine sediments (Fig. 5; RZ =
0.85). K/Ti ratios indicate the provenance of terrigenous material
(Monien et al., 2012), providing a continuous and independent
provenance tracer to Nd and Sr isotopes. The inferred provenance
shifts at IODP Site U1361A during interglacial intervals introduce
a basaltic component to the source material, which carries lower
K/Ti ratios, has substantially elevated Fe concentrations and has a
higher susceptibility to weathering. Since Fe is a limiting nutri-
ent in the modern Southern Ocean, the supply of highly soluble
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Fig. 5. K/Ti versus Ba/Al count ratios from XRF scan records over the intervals stud-
ied at high resolution for provenance work: 47.35-50.55 mbsf, 63.80-68.05 mbsf,
and 86.55-89.75 mbsf. An exponential regression line (R? = 0.85) is shown in black.
Higher BaJAl is interpreted as increased marine productivity, while lower K(Ti is in-
dicative of an increased basaltic influence in the source sediment, interpreted to be
caused by a retreated ice margin within the Wilkes Subglacial Basin.

reactive Fe in the form of labile (oxyhydr)oxides from glaciated
terrains (Raiswell et al., 2006) could have played a major role in
providing biocavailable trace metals and nutrients, driving Pliocene
glacial-interglacial productivity changes.

However, marine productivity did not increase immediately at
the time of increased IBRD accumulation (Fig. 2), suggesting that
ocean fertilization around icebergs (Duprat et al,, 2016) was not
the dominant process driving enhanced interglacial productivity.
Instead, our data supports the idea that bioavailable Fe trapped
within multi-year sea ice (Geibert et al., 2010) could have been re-
leased during interglacials. Alternatively, or in addition, increased
meltwater fluxes from the recently deglaciated terrains and/or en-
hanced subglacial erosion may have been important for nutrient
delivery to the ocean. Statham et al. (2008) pointed out the large
potential for glacially-derived dissolved and colloidal Fe to impact
Southern Ocean primary productivity, and Hodson et al. (2017)
showed that glacial meltwaters in the Antarctic Peninsula, where
the source rock predominantly comprises young basaltic litholo-
gies, contain significant amounts of bioavailable Fe. Additionally, in
the Labrador Sea, offshore of the Greenland Ice Sheet, Arrigo et
al. (2017) showed that the nutrients supplied in such meltwaters
travel vast distances (>500 km) offshore of the coast. Sedimen-
tary facies analysis from the Ross Sea furthermore indicates that
the EAIS margin had a similar glacial regime to that of the modern
Antarctic Peninsula and East Greenland during the Late Pliocene
and Early Pliocene, respectively (McKay et al., 2009), which is con-
sistent with enhanced glacial meltwater delivery at these times
and hence enhanced localized nutrient delivery.

3.4. Timescales of ice retreat and the Pliocene history at the Wilkes
Subglacial Basin ice margin

Constraining the history of the Antarctic ice sheet is important
for improving our ability to project future rates of ice retreat in
a warming world. However, obtaining rate information from paleo-
records is inherently challenging because of bioturbation, relatively
low sedimentation rates, and variable sediment deposition along
glaciated margins. Nevertheless, the well-defined chronology and
near continuous sediment deposition at U1361A over the Pliocene
(Tauxe et al., 2012) allows linear sedimentation rates (0.85 to
5.49 cm/kyr) between direct datums to be utilized to extract in-
formation on timescales (Supplementary Table 1). As such, a first
data-based estimate for natural timescales of ice retreat under el-
evated Pliocene temperatures is determined to be in the order of
~3 to 7 kyrs. Timescales of deglaciation were estimated based on
the distance between samples with isotopic compositions of colder
conditions and the first sample representative of warmer condi-
tions. This was found to be 20 cm, 10 cm and 20 cm (~7, 3 and
5 kyr respectively) for the Plio-Pleistocene Boundary, Late Pliocene
and Middle Pliocene intervals, respectively. The high fidelity orbital
signature of the IBRD signal identified by Patterson et al. (2014)
gives us confidence that we are assessing single eccentricity-paced
(100 kyr) cycles in the time slices centered on 3.1 and 2.5 Ma,
and a single obliquity cycle at 3.9 Ma (Fig. 2). Hence, our geo-
logical data provides support that ice margin retreat occurred on
timescales similar to recent glacial terminations and modeling re-
sults from the Wilkes Subglacial Basin (i.e. <10 kyr; Pollard et al.,
2015; Golledge et al., 2017b).

Our new record furthermore reveals similar provenance changes
during all Pliocene intervals, providing evidence for continued ice
retreat as global climate transitioned from Antarctic-dominated
eccentricity control to a bipolar obliquity-paced state in the late
Pliocene. While previous studies have suggested changes in ice
dynamics around East Antarctica associated with late Pliocene
global cooling and Antarctic sea ice expansion (Cook et al., 2014;
Escutia et al, 2009; McKay et al, 2012; Orejola et al, 2014;
Taylor-Silva and Riesselman, 2018), our new data demonstrates
that the Wilkes Subglacial Basin was a highly sensitive ice-ocean-
atmosphere system in all climate states, despite significant Antarc-
tic cooling at 3.3 Ma (McKay et al,, 2012; Riesselman and Dunbar,
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2013; Taylor-Silva and Riesselman, 2018), and the onset of North-
ern Hemisphere Glaciation at 2.7 Ma (Lisiecki and Raymo, 2005;
Raymo et al., 2006). Throughout the late Pliocene, this region re-
mained susceptible to ice retreat, warranting future investigations
on its sensitivity in the Late Pleistocene under temperatures simi-
lar to those expected for the end of the 21st century.

4. Conclusions

Our results constitute the first orbitally-resolved provenance
studies on one of the most vulnerable areas of the East Antarc-
tic Ice Sheet under warmer environmental conditions and elevated
atmospheric carbon dioxide concentrations. We demonstrate dy-
namic behavior of the ice margin at the mouth of the Wilkes
Subglacial Basin throughout the Pliocene epoch, with ice retreat
on timescales of a few thousand years, substantiating findings of
recent modeling studies. Comparison of sediment provenance, ma-
rine productivity, and iceberg calving rates from the same samples
indicates that the first deglacial response to orbitally-forced atmo-
spheric and/or oceanic warming was an intensification in iceberg
calving events (i.e. response of individual ice streams). This change
triggered a retreat of the ice margin inland, resulting in a shift
in the provenance signature and an increase in ocean productiv-
ity. Elevated productivity coincident with ice sheet retreat indicates
that both reduced sea ice cover and glacial meltwater production
could have played a role in local fertilization of the Southern Ocean
during past warm periods. The Wilkes Subglacial Basin did not per-
manently stabilize within the Pliocene epoch, suggesting it may be
more sensitive to melting than previously thought.
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Appendix AS.

Supplementary information
for Chapter 4

This appendix is modified from the supplementary material of Wilson, D.J., Bertram, R.A., Needham,
E.F., Flierdt, T.v.d., Welsh, K.J., McKay, R.M., Mazumder, A., Riesselman, C.R., Jimenez-Espejo,

F.J. & Escutia, C., in press. “Ice loss from the East Antarctic Ice Sheet during late Pleistocene
interglacials”. Nature.
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A5.1. Supplementary methods on isotopic
measurements

A5.1.1. Detrital sediment Nd isotope measurements

75 samples from core U1361A were analysed for detrital sediment Nd isotopes (Table A5.1),
after leaching to remove any authigenic ferromanganese oxide phases (Cook et al., 2013;
Wilson et al., 2013; Bayon et al., 2002; Chester and Hughes, 1967). Bulk samples of ~ 0.5 —

1 g were leached twice in an acid-reductive solution of hydroxylamine hydrochloride/acetic

acid, including a second leach of at least 12 hours in 0.02 M hydroxylamine hydrochloride / 25
% buffered acetic acid. After crushing and homogenisation, digestion of the detrital residue
was carried out on a ~ 50 mg subsample by hotplate digestion (Cook et al., 2013) using a
mixture of 2 ml 23 M HF, 1 ml 16 M HNOs3, and 0.6 ml 20 M HCIO4 (repeated twice), and then

a mixture of 2 ml 23 M HF and 1 ml 16 M HNOs. The rare earth element fraction was separated

using either Eichrom TRU spec resin (100-120 um mesh) or cation exchange resin (200-400
pMm mesh), and the Nd fraction was isolated using Eichrom LN spec resin (50-100 um mesh)

on volumetrically calibrated Teflon columns. The approach followed Cook et al. (2013), with

the replacement of TRU spec resin by cation exchange resin found to improve column yields.

Neodymium isotopic compositions were analysed on the Nu Plasma multi-collector inductively
coupled plasma mass spectrometer (MC-ICP-MS) in the MAGIC laboratories at Imperial
College London. Mass bias was corrected using the exponential law (to "6Nd/'*Nd = 0.7219).
A correction for direct **Sm interference was also applied, with all samples significantly below
the threshold determined for accurate correction (< 0.1 % of the '*Nd signal). Sample
measurements were bracketed by concentration-matched JNdi-1 Nd isotope standards and
data from each analytical session were adjusted to give agreement with the literature value

(Tanaka et al., 2000). The external reproducibility was estimated from the within-session

standard deviation (2 S.D.) on those standards. Over the course of analyses, measurements
of rock standard BCR-2 gave 3Nd/'*Nd = 0.512640 + 0.000016 (n = 31), in excellent

agreement with literature values (Weis et al., 2006), and indicating a long term reproducibility

of 0.31 epsilon units. Procedural and column blanks were typically 4 to 18 pg, and hence

negligible.

317





Rachel A. Bertram, Ph.D. Thesis, 2018

Top depth
(mbsf) 14Nd/'*“Nd 2S.E. ENd 2 S.D.
0.05 0.512062 0.000008 -11.23 0.23
0.15 0.512068 0.000008 -11.13 0.19
0.25 0.512084  0.000009 -10.81 0.30
0.35 0.512057  0.000011 -11.33 0.30
0.45 0.512015  0.000011 -12.14 0.30
0.55 0.512005 0.000009 -12.34 0.30
0.65 0.512012 0.000014  -12.22 0.30
0.75 0.512000 0.000011 -12.45 0.30
0.95 0.512018  0.000011 -12.10 0.30
1.05 0.512036  0.000011 -11.74 0.30
1.15 0.512054  0.000012 -11.40 0.30
1.25 0.512066  0.000008 -11.16 0.23
1.35 0.512056  0.000009 -11.35 0.19
1.45 0.512028  0.000011 -11.89 0.30
1.55 0.512118  0.000010  -10.15 0.30
1.65 0.512120  0.000007 -10.11 0.19
1.75 0.512094  0.000011 -10.60 0.30
1.85 0.512105 0.000012  -10.39 0.30
1.95 0.512183  0.000008 -8.87 0.23
2.00 0.512127  0.000009 -9.97 0.25
2.05 0.512096  0.000012  -10.56 0.30
2.15 0.511996  0.000011 -12.52 0.30
2.25 0.511997  0.000012  -12.51 0.30
2.35 0.511996  0.000008 -12.53 0.23
2.45 0.511954  0.000007 -13.34 0.30
2.55 0.511988  0.000011 -12.68 0.30
2.65 0.512009 0.000006 -12.26 0.19
2.75 0.512003 0.000009 -12.39 0.26
2.85 0.511998  0.000009 -12.49 0.26
2.95 0.511990 0.000008 -12.63 0.26
3.05 0.511990 0.000009 -12.64 0.26
3.15 0.512037  0.000012  -11.72 0.30
3.25 0.512039  0.000010 -11.69 0.30
3.35 0.512058  0.000007  -11.31 0.23
3.45 0.512051 0.000013  -11.45 0.30
3.55 0.512076  0.000008 -10.96 0.24
3.65 0.512106  0.000009 -10.39 0.24
3.75 0.512074  0.000009 -11.01 0.24
3.85 0.512031 0.000007 -11.83 0.19
3.95 0.512011 0.000008 -12.23 0.26
4.05 0.511998 0.000010 -12.48 0.29
4.15 0.511991 0.000011 -12.62 0.29
4.25 0.511999  0.000008 -12.47 0.23
4.35 0.511940 0.000009 -13.61 0.26
4.45 0.511934  0.000008 -13.74 0.19
4.55 0.511969 0.000010 -13.06 0.26
4.65 0.512009 0.000008 -12.28 0.24
4.75 0.512041 0.000009 -11.65 0.24
4.85 0.512057  0.000009 -11.34 0.24
4.90 0.512087  0.000010 -10.75 0.30
4.95 0.512127  0.000008 -9.98 0.19
5.05 0.512135  0.000006 -9.81 0.23
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Top depth
(mbsf) 14Nd/'*“Nd 2S.E. ENd 2 S.D.
5.15 0.512044  0.000009 -11.58 0.24
5.28 0.511989  0.000007 -12.67 0.25
5.35 0.511955  0.000007 -13.32 0.24
5.45 0.511940 0.000007 -13.62 0.23
5.55 0.511930 0.000009 -13.82 0.29
5.65 0.511935 0.000008 -13.72 0.19
5.75 0.511903  0.000009 -14.33 0.29
5.85 0.511954  0.000010 -13.35 0.29
5.95 0.511968  0.000008 -13.08 0.26
6.05 0.512022 0.000009 -12.02 0.26
6.15 0.512045 0.000009 -11.57 0.23
6.25 0.512096  0.000008 -10.58 0.24
6.35 0.512088  0.000009 -10.74 0.24
6.45 0.512206  0.000009 -8.43 0.19
6.50 0.512108  0.000009 -10.34 0.25
6.55 0.512099  0.000007 -10.51 0.24
6.65 0.512017  0.000009 -12.12 0.24
6.75 0.511952  0.000010 -13.39 0.24
6.85 0.511916  0.000010  -14.08 0.29
6.95 0.511962  0.000008 -13.19 0.25
7.05 0.511925 0.000007 -13.91 0.24
7.25 0.511941 0.000008 -13.60 0.25
7.45 0.511854  0.000008 -15.29 0.26

All analyses made of detrital bulk material.
2 S.E. = internal precision (2¢ level) on sample measurement.

2 S.D. = external reproducibility estimated from the within-
session standard deviation (2 S.D.) on JNdi-1 standards.

Over the course of the analyses, measurements of rock standard
BCR-2 gave 3Nd/'*Nd = 0.512640 + 0.000016 (n=31).

Table A5.1: Detrital bulk sediment Nd isotope measurements on core U1361A.

A5.1.2. Robustness of detrital sediment Nd isotope record

Unlike some other radiogenic isotope systems (e.g. Sr, Hf), Nd isotopes are relatively

insensitive to grain size fractionation (Eisenhauer et al., 1999), making them a robust indicator

of sediment provenance. However, if changes in sediment transport processes led to the
supply of sediment from different sources, a link between grain size and Nd isotopes could
emerge, which would complicate provenance interpretations. In order to test for any potential
bias in our detrital Nd isotope record measured on the bulk sediment fraction, we additionally
measured Nd isotopes on the fine-grained fraction (< 63 ym) for a subset of 10 samples,
including both peak glacial and interglacial conditions (Table A5.2). The fine fraction was
separated by wet sieving and then subject to leaching, digestion, Nd separation and isotope
measurement identically to the bulk sediment. Procedural blanks were 1.3 ng, representing
less than 0.02 % of sample Nd and hence negligible, while all five full procedural replicates

yielded Nd isotope results that agreed within error (Table A5.2).
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Top depth

(mbsf) 14Nd/'"*Nd 2 S.E. ENd 2 S.D. 87Sr/%6Sr 2S.E.
0.15 0.512054 0.000008 -11.40 0.32 0.722704 0.000006
1.35 0.512038 0.000008 -11.70 0.32 0.723019 0.000013
1.35* 0.512052 0.000008 -11.43 0.44 n.d. n.d.
1.65 0.512146  0.000008 -9.61 0.32 0.719658 0.000005
1.65* 0.512137  0.000010 -9.78 0.30 n.d. n.d.
1.95 0.512150 0.000008 -9.51 0.32 0.720630 0.000005
1.95* 0.512129 0.000012 -9.93 0.30 n.d. n.d.
3.35 0.512059 0.000008 -11.30 0.32 0.723118 0.000005
4.45 0.511935 0.000009 -13.71 0.32 0.725371 0.000005
4.95 0.512145 0.000008 -9.61 0.32 0.717644 0.000005
5.05 0.512115 0.000008 -10.21 0.32 0.722661 0.000012
5.05* 0.512109 0.000012 -10.32 0.30 n.d. n.d.
5.65 0.511946  0.000009 -13.50 0.32 0.732607 0.000005
5.65* 0.511933 0.000009 -13.76 0.44 n.d. n.d.
6.45 0.512140 0.000009 -9.71 0.32 0.719800 0.000006

All analyses made of detrital < 63 ym material.
2 S.E. = internal precision (20 level) on sample measurement.

2 S.D. = external reproducibility estimated from the within-session standard deviation (2
S.D.) on JNdi-1 standards.

n.d. = not determined.

* = full procedural replicate (including sieving, leaching, digestion, column chemistry and
measurement).

Over the course of the analyses, Nd isotope measurements of rock standard BCR-2
gave 3Nd/"“4Nd = 0.512640 + 0.000016 (n=31).

The long-term rock standard BCR-2 Sr isotope value in the MAGIC laboratories is
87Sr/%Sr = 0.705010 + 0.000014 (n=42).

Table A5.2: Detrital sediment (< 63 um fraction) Nd and Sr isotope measurements on core
U1361A.

Since comparable glacial-interglacial Nd isotope changes are recorded in the < 63 um fraction
and the bulk fraction (Figure A5.1), it is clear that grain size (potentially linked to sediment
transport) has an insignificant influence on the detrital Nd isotope record. In detail, two out of
ten samples (from interglacials MIS 5 and MIS 11) show a small but resolvable offset of around
1 Eng Unit towards more radiogenic values in the bulk sediment than the fine fraction (Figure
A5.1). This observation further constrains that the radiogenic Nd isotope signal from
FLIP/Beacon lithologies is not restricted to a fine-grained silt or clay fraction but is also

contained within sand-sized material that could be derived from turbidity currents or ice-rafting.

Given the potential of ocean currents to transport material only within the silt fraction (Maqgai,
2013), this evidence is consistent with a local source rather than a strengthened along slope

current in driving the radiogenic Nd isotope excursions.
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Figure A5.1: Neodymium isotope data for bulk detrital sediment, < 63 um fraction, and
reductive sediment leachates in U1361A, in comparison to regional bedrock endmembers. (a)
Down core measurements on the different fractions, with boxes and arrows on the right indicating

bedrock endmember compositions in the region (Cook et al., 2017; Cook et al., 2013 and references

therein). Horizontal lines indicate Holocene core top values for bulk detrital samples (red dashed line)
and 1 hour leachate samples (black dashed line). Error bars are 2 S.D. external reproducibility, and
are smaller than the symbol sizes where not shown. (b) Regional bedrock map, with those same

bedrock endmembers located by coloured shading (map redrawn from Cook et al. (2013), with

topography from Fretwell et al. (2013), and the subglacial extent of the FLIP shown by a green dotted

outline inferred from Ferraccioli et al. (2009). In addition to the three endmembers shown in (a), purple

shading on the map indicates Archaean to Proterozoic basement rocks of the Adélie Craton, with
highly unradiogenic Nd isotopic compositions (eng = -20 to -29). CB = Central Basin, HB = Horn Bluff.

For interpretation of the leachate and detrital Nd isotope data, see Section A5.1.
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A final indication that grain size and/or sediment transport are not major controls on the detrital
Nd isotope record is given by the lack of a direct correlation between the IBRD record (% 250
um — 2 mm fraction) and detrital Nd isotopes (Chapter 4: Figure 4.2). While there were
generally IBRD peaks during deglaciation, the Nd isotope changes were often sustained
throughout interglacials while IBRD was generally minimal or absent. Hence, the mechanism
of sediment delivery appears to have been decoupled from the provenance information, which
supports the complementary interpretation of IBRD as an indicator of dynamic processes (see
below) and Nd isotopes as an indicator of the zone of glacial erosion. As previously shown in

this region (Cook et al., 2017), provenance information from the bulk or fine sediment fraction

is more useful as an indicator of glacial erosion than evidence from the IBRD fraction, hence

our focus here on the former approach.

A5.1.3. Supporting evidence on provenance changes from
reductive sediment leachates

Acid-reductive sediment leaching is used to extract authigenic ferromanganese oxides or

other reactive phases that are dispersed within a sediment core (Wilson et al., 2013; Chen et

al., 2012; Bayon et al., 2002; Chester and Hughes, 1967). In many settings, this approach is

useful for reconstructing past deep seawater compositions, but in certain cases it has been
shown to yield compositions that reflect local sedimentary inputs, either through their partial

dissolution during extraction (Wilson et al., 2013) or through in-situ exchange with pore water

(Du et al., 2016). Such a local influence is most likely at ocean margin sites where terrigenous-

rich sediments may contain preformed ferromanganese oxides (Bayon et al., 2004), or in

locations where reactive volcanics are present in the sediment (Blaser et al., 2016; Du et al.,
2016; Wilson et al., 2013; Elmore et al., 2011).

In this study, we analysed acid-reductive sediment leachates, based on the methods of both

Wilson et al. (2013) and Chen et al. (2012), including 1 hour leaches (n = 18) and subsequent

overnight leaches (n = 6) (Table A5.3). During glacial periods, the leachate Nd isotopic
compositions (end = -5.6 to -10.5; Figure A5.1) are consistent with the range of possible

compositions of Circumpolar Deep Water or Antarctic Bottom Water (van de Flierdt et al.,

2016; Skinner et al., 2013), although an influence of a mixed detrital component (Lower

Paleozoic and FLIP/Beacon) on the recorded signature cannot be ruled out. However, during
interglacial periods (particularly MIS 5, 9, and 11), the leachate compositions (eng = -3.2 to -
6.1) are too radiogenic to reflect the composition of any likely local bottom water, but are
instead consistent with a major influence from a reactive basaltic FLIP source (Figure A5.1).
Therefore, the leachate data provide strong independent support for our provenance

interpretations based on the detrital sediment Nd isotope record.
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Top depth Leachate
(mbsf) Type method Nd/'*“Nd 2 S.E. €wa  28S.D.
0.05 leachate 1 hour a 0.512323  0.000008 -6.14  0.23
0.15 leachate 1 hour b 0.512356  0.000007 -5.49 0.19
1.25 leachate 1 hour a 0.512351  0.000008 -5.60 0.23
1.35 leachate 1 hour b 0.512335 0.000008 -5.90 0.19
1.65 leachate 1 hour b 0.512428 0.000008 -4.09 0.19
1.95 leachate 1 hour a 0.512451  0.000007 -3.64 0.23
2.35 leachate 1 hour a 0.512202 0.000008 -8.50 0.23
2.65 leachate 1 hour b 0.512236  0.000008 -7.85 0.19
3.35 leachate 1 hour a 0.512323 0.000008 -6.14  0.23
3.85 leachate 1 hour b 0.512342 0.000008 -5.78 0.19
4.25 leachate 1 hour a 0.512232  0.000008 -7.91 0.23
4.45 leachate 1 hour b 0.512247  0.000008 -7.64 0.19
4.95 leachate 1 hour b 0.512462  0.000007 -3.43 0.19
5.05 leachate 1 hour a 0.512434  0.000007 -3.98 0.23
5.45 leachate 1 hour a 0.512175 0.000009 -9.03 0.23
5.65 leachate 1 hour b 0.512122  0.000010 -10.07 0.19
6.15 leachate 1 hour a 0.512376  0.000006 -5.12  0.23
6.45 leachate 1 hour b 0.512453  0.000008 -3.60 0.19
0.05 leachate overnight a 0.512425 0.000011 -4.15 0.33
1.35 leachate overnight a 0.512438 0.000012 -3.90 0.33
1.95 leachate overnight a 0.512472  0.000014 -3.23 0.33
2.35 leachate overnight a 0.512233 0.000010 -7.90 0.33
5.05 leachate overnight a 0.512434  0.000012 -3.98 0.33

5.65 leachate overnight a 0.512101 0.000012 -10.48 0.33

2 S.E. = internal precision (20 level) on sample measurement

2 S.D. = external reproducibility estimated from the within-session standard deviation (2 S.D.) on
JNdi-1 standards

Over the course of the analyses, measurements of rock standard BCR-2 gave #3Nd/'#4Nd =
0.512640 + 0.000016 (n=31)

Leachate methods refer to (a) Wilson et al. (2013) and (b) Chen et al. (2012).

Table A5.3: Acid-reductive leachate Nd isotope measurements on core U1361A.

A5.1.4. Detrital sediment Sr isotope measurements

Measurements of Sr isotopes were made on the same subset of 10 fine-grained sediment
fractions (< 63 um) that were analysed for Nd isotopes, spanning both peak glacial and
interglacial conditions (Table A5.2). Following rare earth element separation, samples were
processed through Eichrom Sr-Spec resin (100 — 120 ym mesh) to isolate the Sr fraction.
Strontium isotopes were analysed on the Thermo Scientific Triton thermal ionisation mass
spectrometer (TIMS) in the MAGIC laboratories at Imperial College London. Samples were
loaded onto degassed single tungsten filaments in 1 yl 6M HCI, followed by 1 pl of tantalum
chloride activator. Measurements were made in static mode, with instrumental mass bias
corrected using the exponential law (to 8Sr/®Sr = 8.375), and interferences of 8’Rb corrected
using an 8 Rb/%*Rb ratio of 0.3860. Long-term repeated analysis of the NBS 987 Sr standard
in the MAGIC laboratories yielded &Sr/%Sr = 0.710247 + 0.000019 (2 S.D., n = 84) and
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reported 8 Sr/%¢Sr ratios were corrected to the published value (0.710252 + 0.000013; Weis et
al. (2006)). Ten separate digests of rock standard BCR-2 gave &Sr/%Sr = 0.705010 +
0.000014 (2 S.D., n =42), in good agreement with the published value (0.705013 £ 0.000010;

Weis et al. (2006)). The procedural blank associated with this sample set was ~ 6 ng,

representing less than a 0.5 % contribution to sample measurements.

A5.1.5. Stability of provenance endmembers from
combined Nd-Sr isotopes

The combined Nd and Sr isotope dataset for the late Pleistocene is fully consistent with mixing
between Lower Paleozoic and FLIP/Beacon lithologies, and also records an identical trend to
Pliocene data from U1361 (Figure A5.2). We therefore infer similar provenance variations for
both intervals, which additionally appears to indicate that any long term erosional changes

(e.g. Frederick et al., 2016) have not impacted on the regional bedrock sources available for

erosion over this period of time.

A5.2. IBRD measurements

97 samples from core U1361A were processed for grain size analysis at Victoria University of
Wellington to provide evidence on iceberg-rafted debris (IBRD) content (Table A5.4). Dried
samples were weighed and then wet-sieved to recover the coarse sand fraction (250 um to 2
mm), which has previously been used to indicate IBRD in Arctic and Antarctic studies

(Patterson et al., 2014; Krissek, 1995). The > 250 um fraction was dissolved of biogenic silica

using 2M NaOH, and then dried and weighed to obtain a weight percent of IBRD fraction (250
pum to 2 mm) relative to the bulk sediment. Each sample was visually examined again under
binocular microscope for volcanic ash layers, as well as for any authigenic minerals or biogenic
components that could bias the IBRD weights, and such components were manually removed
if present. For this study, we did not calculate IBRD mass accumulation rates, but they would
scale almost directly with the weight percent IBRD (since our age model assumes constant

sedimentation rates and there are no large shifts or trends in dry bulk density in this interval).

A5.2.1. Interpretation of IBRD record

Antarctica currently loses approximately half of its ice mass via iceberg calving (Depoorter et

al., 2013), while distinct pulses of IBRD observed in the Scotia Sea region during the last

deglaciation have been interpreted as representing collapse of the marine-based sector of the
WAIS (Weber et al., 2014). Site U1361 is located in the pathway of the Antarctic Coastal

Current which transports icebergs into the region in a predictable manner, as opposed to

regions further north or east (Stuart and Long, 2011). Furthermore, it is located south of the
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Figure A5.2: Neodymium isotope versus Sr isotope crossplot for late Pleistocene fine fraction

(< 63 um) sediments in U1361A, in comparison to Pliocene detrital sediments from Site U1361

and regional bedrock endmembers. The Pliocene data are based on either the < 63 um or < 150
um size fractions (Bertram et al., 2018; Cook et al., 2017; Cook et al., 2013), while bedrock

endmember compositions are based on (Cook et al., 2017; Cook et al., 2013 and references therein).

These data indicate identical trends between the Pliocene and Pleistocene, from which we infer

similar provenance variations during both these intervals.

present southern boundary of the Antarctic Circumpolar Current (ACC), in a region dominated
by geostrophic and bathymetrically controlled currents. Since the southern boundary front of
the ACC is bathymetrically controlled by the continental rise on which Site U1361 is located,
changes in ocean currents or sea surface temperature are unlikely to have contributed
significantly to changes recorded in our IBRD record. Site U1361 is also a suitable site for this
proxy because it is proximal to outlet glaciers of the Antarctic margin, such that smaller

icebergs with basal debris could survive moderate levels of sea surface warming (even to the
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Top depth wt.% >2 IBRD (wt.%  sortable
(mbsf) mm 250 mm-2 silt
mm) (mm)
0.05 0 0.313 14.00
0.15 0 0.255 13.00
0.25 0 0.605 14.20
0.35 0 0.248 13.66
0.45 0 0.251 13.47
0.55 0 0.295 13.14
0.65 0 0.166 13.10
0.75 0 0.265 12.20
0.85 0.012 0.307 13.35
0.95 0 0.188 13.00
1.05 0 0.272 13.23
1.15 0.011 0.394 13.23
1.25 0 0.352 13.45
1.35 0 0.861 13.64
1.45 0.029 0.954 12.45
1.55 0 0.331 13.89
1.65 0 0.451 n.d.
1.75 0.031 0.363 13.65
1.85 0 1.025 13.23
1.90 0 1.392 n.d.
1.95 0.099 1.957 13.89
2.00 0 2.078 n.d.
2.05 0 0.610 13.22
2.15 0 0.494 13.03
2.25 0 0.269 13.22
2.35 0 0.333 13.50
2.45 0 0.240 13.83
2.55 0 0.200 13.62
2.65 0 0.156 13.39
2.75 0 0.177 14.09
2.85 0 0.295 13.67
2.95 0 0.127 14.09
3.05 0.08 0.235 13.59
3.15 0 0.301 13.30
3.25 0 0.442 13.79
3.35 0 0.780 14.07
3.45 0 0.716 12.97
3.55 0 0.487 14.34
3.65 0 0.663 14.14
3.75 0 0.876 14.06
3.85 0.08 1.394 13.80
3.95 0 0.340 13.60
4.05 0.009 0.978 13.44
4.15 0 0.052 13.62
4.25 0 0.112 13.65
4.35 0 0.216 14.32
4.45 0 0.008 14.13
4.55 0 0.645 14.27
4.65 0 0.240 14.04
4.75 0 0.392 14.24
4.85 0.03 1.344 13.93
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Top depth wt.% >2 IBRD (wt.%  sortable
(mbsf) mm 250 mm-2 silt
mm) (mm)
4.90 0 1.070 n.d.
4.95 0 1.206 13.60
5.00 0.021 2.527 n.d.
5.05 0.725 7.529 13.76
5.10 0.032 0.728 n.d.
5.15 1.1 0.736 13.70
5.25 0 0.337 0.00
5.28 0 0.604 n.d.
5.35 0 0.694 13.60
5.45 0 0.555 13.57
5.55 0.075 1.579 13.49
5.65 0 0.269 12.78
5.75 0.035 2.425 13.69
5.85 0 0.407 13.55
5.95 0.135 0.927 13.62
6.05 0.03 1.017 14.29
6.15 0.048 2.090 14.51
6.25 0 1.264 13.95
6.35 0 1.431 13.59
6.40 0 0.949 n.d.
6.45 0.019 1.070 13.63
6.50 0 0.989 n.d.
6.55 0 0.571 13.87
6.65 0 0.976 13.24
6.75 0 1.364 13.90
6.85 0.052 0.850 13.68
6.95 0 0.591 13.05
7.05 0.007 0.272 12.99
7.15 0 0.163 12.80
7.25 0 0.467 12.56
7.35 0.081 1.453 13.26
7.45 0 0.903 12.93
7.55 0 0.015 n.d.
7.65 0.05 1.876 n.d.
7.75 0 0.446 n.d.
7.85 0 0.387 n.d.
7.95 0.012 1.294 n.d.
8.05 0.041 1.124 n.d.
8.15 0 0.456 n.d.
8.25 0 0.205 n.d.
8.35 0 0.212 n.d.
8.45 0.023 0.307 n.d.
8.55 0 0.371 n.d.
8.65 0.025 0.246 n.d.
8.75 0 0.346 n.d.
8.85 0 0.203 n.d.

IBRD was measured by weighing after wet-sieving (see Section A5.2).

Sortable silt mean grain size was measured by coulter counter (see
Section A5.3).

n.d. = not determined.

Table A5.4: Grain size measurements on core U1361A.
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elevated temperatures inferred for the Pliocene (Patterson et al., 2014; Cook et al., 2013), but

also not so close to the continent as to be influenced by a single outlet glacier or a single

iceberg dumping (Stuart and Long, 2011).

Studies from the Pliocene interval of U1361 indicate that the IBRD record contains a
statistically-significant, high fidelity orbital signal, confirming that iceberg calving is not a

random process at this site (Patterson et al., 2014). As in that study, we interpret the new

IBRD record (Chapter 4: Figure 4.2) as primarily representing changes in the dynamic
discharge of outlet glaciers and ice streams, likely occurring during periods of enhanced glacial
retreat. One potential complicating factor in the interpretation of this record is that the
development of large ice shelves during glacial maxima and minima could theoretically result
in tabular icebergs that lack basal debris, such as for the modern Mertz Glacier tongue or the
Ross Ice Shelf. In this scenario, our IBRD record (Chapter 4: Figure 4.2) may only document
the calving of smaller icebergs from outlet glaciers, such that the absence of IBRD during the
glacials could indicate the presence of stabilising ice shelf systems prior to retreat in the Wilkes
Subglacial Basin, and the relative lack of IBRD during interglacials could reflect the formation
of large ice shelves within a deglaciated embayment. However, this scenario would still imply
a shift in glacial dynamics and ice sheet extent through a glacial cycle, which is supported by
the Nd isotope evidence that pulses in IBRD were associated with major switches in erosional
sources (Chapter 4: Figure 4.2). Further considerations regarding the IBRD proxy at this site
are discussed in detail by Patterson et al. (2014) and (Bertram et al., 2018 (Chapter 3)).

A5.3. Sortable silt measurements

Sortable silt analysis was carried out on 75 samples using the method outlined in McCave
(1995) and reported as the mean grain size of the 10-63 um detrital fraction (Table A5.4).
Carbonate and biogenic silica were removed from sediment samples by reacting with 1 M
acetic acid for 24 hours, followed by heating to 85 °C in 2 M sodium carbonate for 5 hours,
with samples being agitated several times during each step. Samples were then suspended
in 0.2 % sodium hexametaphosphate solution and placed on a rotating wheel before analysis
using a Beckman Multisizer 3 Coulter Counter at the University of Queensland. Repeated
analysis was performed on a subset of samples in an arbitrary order over several days and

average standard deviation of replicate analysis was + 0.1 ym.
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A5.3.1. Sedimentological constraints on sediment
transport

Our sortable silt record indicates a very fine grain size (13.5 ym), at the low end of the proxy
range, and a lack of variation through time (1 S.D. = 0.5 ym) (Table A5.4). While this result is
suggestive of a low current speed, we caution that there are caveats in applying the sortable
silt method in a setting influenced by turbidity currents and IBRD, and that this proxy cannot

provide a quantitative estimate of current speed (McCave and Hall, 2006). Nevertheless, the

lack of correlation between sortable silt grain size and detrital Nd isotopes provides no
evidence to suggest a control on our provenance record by current transport. In this context,
it is important to emphasise that Site U1361 was cored on a turbidite levee deposit (Escutia et

al., 2011). From both its geometry (Escutia et al., 2011) and seafloor bedforms (Donda et al.,

2003), it is unambiguous that the majority of sediment supplied to the site is derived from the
adjacent Jussieau Canyon system, which itself is fed by sediment from the adjacent
continental shelf. The lack of variation in the sortable silt grain size record is consistent with
such a setting. Given the proximity to such local sediment inputs, and with regional dust inputs

at the East Antarctic margin being among the lowest in the world (Mahowald et al., 2011), we

also rule out any possible control of dust supply on sediment provenance at Site U1361.

A5.4. Measurement of Ba/Al ratios

Bulk major element compositions were measured using an Avaatech X-ray fluorescence
(XRF) core scanner at the IODP Gulf Coast Repository at Texas A & M University (USA)
during March 2011. Non-destructive XRF core scanning was performed at 10 kV in order to
measure the relative content of elements including aluminium (Al), iron (Fe), and barium (Ba).
Measurements were made continuously at every 5 cm down core from sections U1361A-1H-
1 to U1361A-1H-5, over a 1.2 cm? area, with a slit size of 10 mm, a current of 0.8 mA, and a
sampling time of 45 s. The Ba and Al counts, and the Ba/Al count ratio, are reported here
(Table A5.5).

A5.4.1. Interpretation and principal component analysis of
Ba/Al ratios

Barium-based proxies (e.g. Ba/Al ratios) in pelagic sediments have variously been interpreted

as a marine productivity proxy (Jimenez-Espejo et al., 2008; Bonn et al., 1998), as a meltwater

tracer (Plewa et al., 2006), or as an indicator of intense bottom currents (Bahr et al., 2014),

among other processes (Van den Berg et al., 2015). In order to interpret the Ba/Al ratio at Site

U1361, we applied principal component analysis (PCA) (Bahr et al., 2014) to the data from
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the upper 7 mbsf of the core. The PCA analysis yielded two significant components (Table
A5.6). The first principal component (PC1) describes 31.4 % of the total variance, with main
negative loadings for Ca and Mn, and positive loadings for all other elements (except K). This
variable could represent a link between Mn and Ca enrichment peaks during glacial to
interglacial transitions, which is the focus of ongoing research. The second principal
component (PC2) describes 26.2 % of the variance, with positive loadings for Ca, Ba, S, and
Si (in descending order), and negative loadings for Fe, Al, K, Mn, and Ti. Such a relationship
between the loadings for PC2 is characteristic of biogenic components in the positive axis and

aluminosilicates in the negative axis (Van den Berg et al., 2015).

Visual inspections suggest that Si and Ca enrichment are related to sediments rich in diatoms
(Si) and coccoliths (Ca). Because Bais related positively to Ca, Si, and S for PC2, we conclude
that Ba is related to marine productivity and is probably present in the form of biogenic barite
(BaS0s4), while normalisation to a detrital immobile element (e.g. Al) corrects for dilution effects

(Van der Weijden, 2002). Through time, loadings of PC2 are virtually parallel to the Ba/Al ratio

(Table A5.6), with both showing regular alternations coincident with glacial-interglacial cycles.

Based on these correlations, and previous studies at this site (Bertram et al., 2018 (Chapter

3); Cook et al., 2013), we conclude that the Ba/Al ratio is a robust productivity proxy at U1361.
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Top depth Al Al Ba Ba f:é ':“l
(mbsf) (Area) (ChiSqr) (Area) (ChiSqr) ratio
0.05 12814 1.9 3294 1.2 0.257
0.10 13125 1.6 3317 1.4 0.253
0.15 12662 0.8 3528 1.3 0.279
0.20 13008 1.9 4225 1.1 0.325
0.25 12646 1.3 3563 1.4 0.282
0.30 12344 2.8 3410 0.5 0.276
0.35 12638 1.3 3528 0.8 0.279
0.40 13575 2.0 3738 0.9 0.275
0.45 14600 1.9 3507 0.8 0.240
0.50 13118 1.0 2859 0.8 0.218
0.55 13509 1.1 3029 0.5 0.224
0.60 12750 2.3 2675 0.9 0.210
0.65 17332 1.7 3251 0.7 0.188
0.70 17972 1.0 3341 0.9 0.186
0.75 16818 1.7 3616 0.7 0.215
0.80 12490 2.6 2977 0.6 0.238
0.85 16831 2.2 3306 1.3 0.196
0.90 13595 2.4 2535 1.1 0.186
0.95 13444 1.6 2994 0.7 0.223
1.00 15167 1.3 3103 1.2 0.205
1.05 17025 0.8 3934 0.7 0.231
1.10 16270 2.7 3758 0.6 0.231
1.15 14735 2.2 3537 0.6 0.240
1.20 14094 1.2 3099 1.0 0.220
1.25 15089 1.7 2950 1.1 0.196
1.30 14701 2.2 3264 0.7 0.222
1.35 14680 2.0 2723 0.9 0.185
1.40 14283 2.1 2839 0.8 0.199
1.45 15221 0.7 3985 0.6 0.262
1.55 15299 1.2 4172 0.6 0.273
1.60 15192 2.2 4780 0.5 0.315
1.65 15452 2.2 4934 0.6 0.319
1.70 16096 2.7 4342 0.6 0.270
1.75 15886 1.2 3767 1.4 0.237
1.80 13450 2.1 4034 0.8 0.300
1.85 13122 1.1 4234 0.9 0.323
1.90 14186 2.4 4063 1.1 0.286
1.95 15109 1.3 4861 0.9 0.322
2.00 12984 1.9 3825 0.5 0.295
2.05 14634 1.1 3564 0.3 0.244
2.10 12659 0.9 3210 0.8 0.254
2.15 15049 1.2 2874 0.6 0.191
2.20 16693 1.0 2972 0.7 0.178
2.25 17885 0.7 3490 0.5 0.195
2.30 18773 1.9 2866 0.8 0.153
2.35 14564 1.1 2577 0.9 0.177
2.40 14453 2.1 2409 0.7 0.167
2.45 17686 1.8 3229 0.9 0.183
2.50 21895 1.6 3353 1.1 0.153
2.55 23711 1.0 3853 0.9 0.162
2.60 18858 2.8 3253 1.1 0.172
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Top depth Al Al Ba Ba f:é ':“l
(mbsf) (Area) (ChiSqr) (Area) (ChiSqr) ratio
2.65 19114 2.6 3535 0.6 0.185
2.70 16139 2.4 3643 0.6 0.226
2.75 18375 2.1 4103 1.3 0.223
2.80 22231 1.9 3815 0.6 0.172
2.85 21935 1.7 3435 0.8 0.157
2.90 17337 2.7 2885 0.6 0.166
2.95 17529 2.8 2800 0.8 0.160
3.05 16160 1.7 3127 0.4 0.194
3.10 14548 1.7 2956 1.0 0.203
3.15 15546 1.4 3581 0.4 0.230
3.20 14294 14 4067 1.0 0.285
3.25 14171 1.3 2883 0.7 0.203
3.30 13516 1.0 3373 1.4 0.250
3.35 13925 3.2 3298 0.8 0.237
3.40 14981 24 3230 0.7 0.216
3.45 14973 1.8 3848 1.2 0.257
3.50 13949 1.6 3887 0.6 0.279
3.55 13215 2.3 3427 0.5 0.259
3.60 12826 1.3 3979 1.4 0.310
3.65 13073 0.7 4774 1.6 0.365
3.70 15939 1.2 4400 1.3 0.276
3.75 13517 2.0 4262 1.8 0.315
3.80 12617 1.8 3640 1.1 0.288
3.85 12453 1.8 3488 1.2 0.280
3.90 13841 1.6 3357 11 0.243
3.95 18349 1.5 4164 0.8 0.227
4.00 17407 1.1 4102 04 0.236
4.05 16869 2.1 3759 1.8 0.223
410 18711 1.8 3965 0.8 0.212
415 15017 1.2 3879 0.4 0.258
4.20 17058 1.6 3578 1.3 0.210
4.25 17488 1.9 3557 1.2 0.203
4.30 17107 1.7 3861 0.9 0.226
4.35 15638 1.3 3828 0.5 0.245
4.40 14143 1.7 3097 1.0 0.219
4.45 14400 1.2 3187 0.7 0.221
4.55 15722 1.8 2993 0.9 0.190
4.60 14679 2.1 3748 1.0 0.255
4.65 14363 2.1 3294 0.8 0.229
470 14355 1.7 3495 1.0 0.243
4.75 14225 1.3 3854 0.8 0.271
4.80 14416 1.6 4853 1.1 0.337
4.85 14753 1.7 4374 1.1 0.296
4.90 14418 1.7 5463 0.5 0.379
4.95 15210 1.7 4203 0.9 0.276
5.00 14238 2.6 4632 1.3 0.325
5.05 14111 2.1 3702 1.1 0.262
510 13242 1.1 3945 1.0 0.298
515 13818 2.7 4131 1.2 0.299
5.20 12839 1.1 3556 0.9 0.277
525 15102 2.0 2983 1.1 0.198
5.30 14295 1.5 3063 1.2 0.214
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Top depth Al Al Ba Ba f:é ':“l
(mbsf) (Area) (ChiSqr) (Area) (ChiSqr) ratio
5.35 17437 2.7 3295 1.0 0.189
5.40 16049 2.2 3542 0.5 0.221
5.45 21351 1.9 3138 11 0.147
5.50 17742 1.9 3048 1.0 0.172
5.55 18601 2.6 2931 0.8 0.158
5.60 19010 2.2 2979 0.5 0.157
5.65 17845 1.3 2883 1.8 0.162
5.70 19178 0.9 2985 0.5 0.156
575 17741 2.0 3124 0.7 0.176
5.80 20925 1.9 3830 0.4 0.183
5.85 21592 2.0 2925 1.5 0.135
5.90 18301 2.3 3739 1.1 0.204
5.95 16161 1.6 3110 0.7 0.192
6.04 14883 2.8 3095 0.6 0.208
6.06 14082 2.3 3519 1.3 0.250
6.08 14136 1.4 3687 1.0 0.261
6.10 14031 1.0 3937 0.5 0.281
6.12 13768 1.9 3306 0.5 0.240
6.14 14015 2.0 3484 0.7 0.249
6.16 13427 1.2 4070 1.3 0.303
6.18 13869 1.3 4278 04 0.308
6.20 13284 1.4 4592 1.1 0.346
6.22 14446 1.4 3753 0.9 0.260
6.24 12660 2.2 4216 0.7 0.333
6.26 14295 1.7 4278 1.3 0.299
6.28 13443 1.9 4638 1.0 0.345
6.30 11925 1.6 2813 0.9 0.236
6.32 13903 1.9 4716 1.1 0.339
6.34 14325 1.8 4469 1.4 0.312
6.36 14241 1.9 4611 1.2 0.324
6.38 14378 2.1 4592 1.4 0.319
6.40 13768 1.7 4396 0.6 0.319
6.42 13895 1.2 4360 14 0.314
6.44 14034 2.9 4353 1.1 0.310
6.46 13425 1.3 4292 0.8 0.320
6.48 13128 1.2 3935 1.1 0.300
6.50 11700 0.7 3683 1.3 0.315
6.52 11504 2.2 3663 1.4 0.318
6.54 11000 1.8 3007 0.7 0.273
6.56 11446 1.3 3385 1.2 0.296
6.58 10730 0.9 2892 1.1 0.270
6.60 12076 0.8 3331 1.4 0.276
6.62 12618 0.9 3285 1.3 0.260
6.64 12202 1.3 3220 04 0.264
6.66 13811 1.1 3661 1.3 0.265
6.68 14318 1.8 3310 0.8 0.231
6.70 15183 1.5 3222 1.5 0.212
6.72 15754 1.1 3126 0.8 0.198
6.74 16729 1.1 3032 1.0 0.181
6.76 16322 1.9 2557 0.6 0.157
6.78 15810 0.6 2658 0.8 0.168
6.80 14756 1.2 3045 0.3 0.206
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Top depth Al Al Ba Ba f:é ':“l
(mbsf) (Area) (ChiSqr) (Area) (ChiSqr) ratio
6.82 13147 2.0 2156 1.0 0.164
6.84 15398 2.3 2931 0.8 0.190
6.86 14659 1.4 2665 0.5 0.182
6.88 16766 1.9 2067 0.7 0.123
6.90 17030 1.2 2884 1.0 0.169
6.92 17954 1.5 3083 0.9 0.172
6.94 16462 1.5 2687 0.7 0.163
6.96 18720 0.9 3365 1.5 0.180
6.98 19358 2.0 3015 1.1 0.156
7.00 17890 1.9 2833 0.9 0.158
7.02 20426 1.7 3023 1.2 0.148
7.04 19889 2.5 2425 1.0 0.122
7.06 19614 1.7 2822 0.4 0.144
7.08 20860 1.6 2724 0.8 0.131
7.10 21079 1.7 2340 1.2 0.111
712 18306 1.0 2595 0.4 0.142
714 19932 1.7 2657 0.6 0.133
7.16 19932 1.3 2727 1.1 0.137
718 18792 1.5 3079 0.4 0.164
7.20 19096 2.2 2795 0.5 0.146
7.22 22821 2.3 3404 0.6 0.149
7.24 22673 1.6 3521 1.0 0.155
7.26 21867 2.3 2990 04 0.137
7.28 22202 3.1 2938 1.0 0.132
7.30 21424 2.0 2725 0.8 0.127
7.32 19566 1.6 3336 0.8 0.170
7.34 17171 2.1 2948 0.5 0.172
7.36 15965 1.3 2837 0.6 0.178
7.38 15399 1.0 2526 0.8 0.164
7.40 16894 1.4 2935 0.6 0.174
7.42 16694 2.7 2757 0.7 0.165
7.44 17682 1.7 2815 0.5 0.159

Table A5.5: Ba/Al count ratios by XRF scanning on core U1361A.
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PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8
T‘?;ggf)th Ba/Al countratio  2.536 2113  1.441 1.059 0637 0154  0.128 0.011
3139 2616  17.84  13.11 7.88 1.9 1.59 0.13

0.05 0.257 21592 14605 041042 066726 -019228 0.13872 -062015  0.06543
0.10 0.253 30289 18779 079647 14108  -13387 048187 0070082  0.16817
0.15 0.279 32689 20421 1127 082888 -16879 035115  0.4719 0.10108
0.20 0.325 33715 23556 1459 10923 -12355 -0.57624 051182  -0.053031
0.25 0.282 30828 22913 168 20044 17105 -0.18345 -0.00346  -0.10693
0.30 0.276 31766 2249 18562 20114 23178 -0.0235 0.60877  -0.0090354
0.35 0.279 2872 21336 16445 15573  -1.9935 -0.12302  0.2028 -0.16847
0.40 0.275 092184 064499 15978  -0.3978 -0.87408 -0.42649 020512  -0.10587
0.45 0.240 019525 -0.12129 14156  -0.69816 -0.42248 -0.37082 -0.04785  -0.14242
0.50 0.218 091209 -0.28439 24669  -13559  -14129 0.19412 030329  0.027986
0.55 0.224 099219 -0.54098 21866  -1.7941  -0.9364  0.15677 046732  0.12824
0.60 0.210 041742 -0.26536 1116  -0.72069 -0.40649 0.17706 0.068957  -0.10948
0.65 0.188 .0.88705 -0.94876 035636 -0.75548 015354 -0.04585 -0.09511  0.024678
0.70 0.186 073758 -1.0659 -0.12839 -0.55111 0011768 -027539 0.054825  0.096946
0.75 0.215 089755 -0.75435 072842 -0.80329 -0.05577 -0.50952 014553  -0.047364
0.80 0.238 10804 -052585 29285 20311  -1.0402 022016 076992  0.24564
0.85 0.196 053313 -0.63853 0089856 -0.48332 017513 -0.16145 -0.19133  0.030307
0.90 0.186 068762 -0.47565 20353  -0.4823 -0.9082 062522 030053  0.15465
0.95 0.223 082319 -0.45896 1.8845  -1.8265  -0.247 043906 019551  0.0038315
1.00 0.205 08143 -062741 10812 -15888 014067 043598 -0.07385  -0.042773
1.05 0.231 001816 -0.30101 0054993 -0.52884 039726 -0.52351 -0.16638  -0.063351
1.10 0.231 011907 -0.44546 033429 -1.1615 049735 -0.10888 0090413  -0.011454
115 0.240 02286 -0.21158  1.0447  -15447 024202 0.12248 0.016663  -0.069749
120 0.220 030638 -0.29654 087408 -15149 020376 038215 -0.20395  -0.036059
125 0.196 003466 -0.35657 034757 -0.92589 046429  0.6618 -0.44358  0.045779
130 0.222 019169 -0.09528 077163 -0.64473 055694 0.36941 -0.15989  0.081462
135 0.185 0.076144 -0.14476 067231 -0.44896 024392 095809 -044064  0.007679
1.40 0.199 043015 -0.43227 055927 -1.0695 02667 039444 -04159  -0.019954
145 0.262 04306 0037167 11155 -0.26203 046635 -0.41624 05047  0.026979
155 0.273 1875 11615 -0.34183 -0.11875 093272 -0.06339 -0.47591  0.084974
1.60 0.315 16755 11761 -0.01405 -1.0072  1.7088 -0.28153 -0.30745  0.033724
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PC 1 PC 2 PC 3 PC 4 PC5 PC 6 PC7 PC 8 - Principal component
T‘?;ggf)th Ba/Al count ratio  2.536 2.113 1.441 1.059 0.637 0.154 0.128 0.011 - Eigenvalue
31.39 26.16 17.84 13.11 7.88 1.9 1.59 0.13 - Variance (%)
1.65 0.319 2.006 14038 -023745 -066722 14271 -05388 -047542  -0.070669
1.70 0.270 1.9661 12755 -0.7641 0.020728 0.93328 -0.11446 -0.50676  0.012425
1.75 0.237 17297 11262 -0.66799 0.42393 0.95002 0.30731 -0.97706  0.035311
1.80 0.300 23107  1.8091  0.87344 020347 -0.00741 -0.10779 -0.17229  -0.043443
1.85 0.323 25136  1.8598  0.72811 -0.56517 0.019327 -0.14876 0.16261  -0.016411
1.90 0.286 1.9862  1.3799 010472 -0.11227 027257 -0.32576 -0.46723  0.095023
1.95 0.322 23192 14541 029462 023245 0.63455 -1.0018 -0.2161  -0.025713
2.00 0.295 29388 21138  0.88021 15612 -0.74017 -0.55445 -0.22136  -0.0036623
2.05 0.244 040815 0.19869  1.235 -0.13463 -0.18088 -0.26656 -0.15683  -0.046555
2.10 0.254 3697 22686 06015 27727  -2.1811 0.032915 0.40498  -0.017994
2.15 0.191 -0.03968 -0.31298 0.51246 -0.0232 -0.51408 0.064412 -0.4429 0.023892
2.20 0.178 -0.60835 -1.0356 0.65644 -0.15705 -0.00754 0.076646 -0.12494 0.10582
2.25 0.195 -0.21657 -0.97504 0.17548 -0.03538 -0.02773 -0.25955  0.29505 0.15018
2.30 0.153 1.0828  -1.7219 019315 -0.07497 -0.38748 -0.18925 0.049886  0.30666
2.35 0.177 -0.23996 -0.53862 0.96231 -0.20196 -1.2536 0.50438 0.38975  0.093319
2.40 0.167 11129  -0.95373 0.96757 -0.64393 -0.80838 0.23272 -0.03317  0.083138
2.45 0.183 -0.89964 -0.95781 0.24968 -0.29155 -0.3843 -0.40548 -0.18713  -0.06626
2.50 0.153 044518  -1.2224  -0.6338  2.3353 -0.17653 0.006859 0.61797 0.23338
2.55 0.162 0.32036 -1.2626 -1.1629  1.497  -0.34847 -0.32112 0.51536 0.16244
2.60 0.172 -0.34297 -0.9365 -0.45743 0.025826 -0.38518 -0.12209 -0.07104  -0.10507
2.65 0.185 -0.14178  -1.0608 -0.49724 0.084469 -0.08608 -0.26748 0.28677  -0.016576
2.70 0.226 -0.49802 -0.72258 0.75511 -1.0668 -0.12689 -0.38163 0.32118  -0.082147
2.75 0.223 0127  -0.69265 -0.01523 -0.72499 -0.01065 -0.56318  0.20439 -0.13925
2.80 0.172 0.21544 -1.1798 -1.0725 0.74787 -0.36903 -0.34814 0.31545 0.10735
2.85 0.157 0.17505 -1.4955 -1.0136  0.47379 -0.25211 -0.17537  0.14492 0.16685
2.90 0.166 13772 -1.8088 021179 -1.2172 -0.21892 -0.17073  0.14763 0.14682
2.95 0.160 11836  -1.76  0.070883 -0.94237 -0.15399 -0.01968 0.058335  0.15236
3.05 0.194 04825 -0.8678 0.30556 -0.87668 -0.51247 -0.00586 0.28417  0.039378
3.10 0.203 -0.86533 -0.6163  1.0328  -1.7142 -0.33386 0.31218 -0.04959  -0.0021422
3.15 0.230 01816  -0.2844 0.28655 -0.86825 -0.09548 -0.21889 0.15709  0.039042
3.20 0.285 0.23034 0.12354 1148  -1.5791 -0.30487 -0.59072 0.59787  -0.091232
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PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8
T‘?;ggf)th Ba/Al countratio  2.536 2113  1.441 1.059 0637 0154  0.128 0.011
3139 2616  17.84  13.11 7.88 1.9 1.59 0.13

3.05 0.203 0.11428 -0.18086 0.82551 -0.99032 -078302 059175 018433  0.084687
3.30 0.250 036597 020458 12699  -1.118  -01223 022965 023231  -0.015326
3.35 0.237 018731 0095069 12717 -0.99352 -025834 026201 012655  -0.03238
3.40 0.216 0.96576 022426 033295 0.11207 -014379 043497 005305  0.018353
3.45 0.257 058544 036757 0.8246 -0.46626 055954 -0.10508 -0.02741  -0.011814
3.50 0.279 12115  0.83057 0091045 -053312 0221  -009229 022929  0.076262
3.55 0.259 0.83425 067618 11249 -0.73621 -0.20536 0.17033 0081769  -0.034395
3.60 0.310 25205 17744 12776 -0.01563 -0.15802 0.018895 021138  -0.038063
3.65 0.365 23282 17599 13687 -0.65114 02522 -0.90841 051894  -0.12692
3.70 0.276 13505 050717 -0.01546 -0.33691 0656 -054082 011167  0.064692
3.75 0.315 16803 12036 1007 -085163 031554 -0.33508 0.16992  -0.082126
3.80 0.288 065732 078987 20686  -1.1508 -0.08843 0.18079 050444  -0.025143
3.85 0.280 28312 1975 18725 12545 14667 026533 050369  -0.055829
3.90 0.243 12378  0.66437 13776 023252 -0.74984 022031 0.13366  0.023191
3.95 0.227 0.3244 -047698 -01687 -0.27341 066355 -0.46218 -0.15331  0.01129
4.00 0.236 019396 -05052 14624  0.1156 10961 -0.23894 020106  -0.080537
4.05 0.223 000131 -0.35451 041794 -0.41073 039803 -0.25899 -0.23451  -0.021659
410 0.212 016492 -0.59849 -0.11554 -0.6065 030243 -0.37335 -0.29818 -0.000027164
415 0.258 047443 -0.45965 14076  -1.3748 0091636 -0.54808 038616  -0.024709
4.20 0.210 072497 -0.89518 055766 -1.3073 020474 -0.10207 -0.02807  -0.0059265
4.25 0.203 062399 -0.94953 019882 -1.3456 035174 -0.06604 -0.1755  0.042919
4.30 0.226 039595 -0.11288 -0.16782 -0.48716 -0.05364 -0.36966 -0.29253  0.014765
435 0.245 02142  -0.19729 0.1456  -1.0131 036112 -0.3852 -0.02549  -0.095476
4.40 0.219 029901 -0.29312 076865 -1.6014 012927 041153 -0.15176  -0.080837
4.45 0.221 060013 032888 043593 -0.71415 0.096912 067576 -0.08714  -0.15421
4.55 0.190 0.038553 -0.12975 0.098274 -0.29679 -025273 0.33645 -0.38507  0.048583
4.60 0.255 098049 062711 087298 -0.09612 070857 020972 0056461  0.037763
4.65 0.229 049825 02971 0.88529 -0.44592 0.83527 057759 -031047  0.14079
470 0.243 0.86389 044683 0.88025 -0.39386 04385 044214  0.2277 0.21558
475 0.271 10816 1.0398 027328 -010374 13021 041383 -0.30385  0.11549
4.80 0.337 18037 12279 066969 -1.1234 14637 -044406 -0.15276  0.044983
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PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8
T‘?;ggf)th Ba/Al countratio  2.536 2113  1.441 1.059 0637 0154  0.128 0.011
3139 2616  17.84  13.11 7.88 1.9 1.59 0.13

4.85 0.296 13505  0.85049 061921 -0.82803 067001 032397 -0.00504 0011943
4.90 0.379 23235 14758 086179 -0.96675 11535  -1.2031 04239  0.042541
4.95 0.276 16458  0.83032 017383 -040901 068923 -0.19241 -0.3868 0.1267
5.00 0.325 16439 11047 1219  -078869 08149 -052476 -0.2237  0.032175
5.05 0.262 094584 044735 1456 0046508 090255 -0.0032 -034913  0.11331
5.10 0.298 14502 12284 35552 2601 17631 -031686 -0.2686  -0.048809
515 0.299 25395  1.8321 24974 29276 076674 -0.49257 -02211  -0.063586
5.20 0.277 17571 1287  3.7946  3.1097 13153 018714 0126  -0.0087249
5.25 0.198 001738 -0.02754 3.0838  2.6987 14831 04462 -0.59283  -0.024065
5.30 0.214 030323 -0.16164 2265  0.30089 -0.00798 0.26534 0078269  -0.023903
5.35 0.189 073916  -0.797 090369 003871 0.17727 -0.09651 -0.22577  -0.11718
5.40 0.221 0.018751 -0.17361 095631 024527 0.36642 -0.18064 -0.19606  -0.07479
5.45 0.147 000502 -1.1155 -0.96363 1.6479 -0.27113 -0.08063 -0.00939  0.046149
5.50 0.172 094764  -1.065 036515 -041178 -0.62477 -0.17628 -0.15768  -0.021385
5.55 0.158 17592  -1.8409 10294 -029754 -0.65291 -0.35075 0.30775  -0.10183
5.60 0.157 071897 -1.2668 -0.14139 -0.28844 -0.29795 0.14901 -0.20152  -0.019625
5.65 0.162 21827  -1.764 14426 -0.70605 -0.77981 -0.4536 0.12166  -0.18666
5.70 0.156 01342  -1.0269 -0.63628 0.30341 -021721 037216 00222  -0.025318
5.75 0.176 074273 -1.0227 012906 -0.41158 -0.45513 -0.17187 -0.15019  -0.024776
5.80 0.183 032008 -1.1132 -047842 0.30593 -0.19797 -0.51996 019668  -0.032602
5.85 0.135 066979 -15142 -0.78389 052195 -0.45392 0.093944 -0.08184  0.037437
5.90 0.204 046473 -0.89526 0049119 -0.91248 -0.20382 -0.30204 024192  0.019955
5.95 0.192 034711  -0.6204  -0.0467 -0.85387 -0.24012 0013382 -0.29037  -0.026306
6.04 0.208 0227 011184 0089959 -0.78287 010958 048079 -0.38975  -0.025245
6.06 0.250 018045 017554 064704 -1.9559 023131 035035 -0.11012  -0.11289
6.08 0.261 054395 03317 050799 -1.7137 021766 0.19731 0094777  -0.03295
6.10 0.281 0.88626 062958 03656 -1.8388 064545 021396 010378  -0.0038588
6.12 0.240 0.89064 06353 05277 -1.2848 04187 092612 -0.10826  0.028379
6.14 0.249 14052  0.89352 017808 -0.60843 045471 058471 -0.24147  0.065749
6.16 0.303 30641 19809 02121 030169 050503 0.026236 -0.44838  0.10596
6.18 0.308 16774 13159 053856 -12354 061158 -0.04915 -0.28716  -0.068822
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PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8
T‘?;ggf)th Ba/Al countratio  2.536 2113  1.441 1.059 0637 0154  0.128 0.011

3139 2616  17.84  13.11 7.88 1.9 1.59 0.13
6.20 0.346 23714 18103 10141 015104 1.1122 -0.65582 -041254  0.024604
6.22 0.260 057845 060837 042264 -1.3683 020771 -0.00715 -0.63555  -0.076875
6.24 0.333 27679 1897 065844 -053389 030586 -0.30472 -0.08564  0.098816
6.26 0.299 10954  1.0103 021082 -072008 11257 -0.18985 -0.35105  0.27291
6.28 0.345 22818 16066 075736 -0.70699 1.0413  -0.67244 -0.59682  0.081756
6.30 0.236 507 30441 031391 38384 20632 009236 -025713  0.20629
6.32 0.339 32452 20822 023229 -0.08897 019382 -0.73471 -051355  0.045967
6.34 0.312 10272 12319 025609 -0.88462 0.030158 -0.68448 -0.31073  -0.0016414
6.36 0.324 26853 16467 0062383 -0.39349 016551 -0.74523 -0.37574 0.0963
6.38 0.319 23835 15181 056375 -0.06591 046313 -0.67707 -041613  0.024373
6.40 0.319 25007 15004 057795 -0.11474 043119 -052961 -0.13823  0.11603
6.42 0.314 2326 13613 060903 -0.24648 035322 -055202 -0.25484  0.099252
6.44 0.310 209027 18316 030746 029401 -010426 -0.58171 -0.65677  0.0076486
6.46 0.320 20676 13141 073393 -0.83251 048777 -0.40036 -0.3907  -0.023408
6.48 0.300 10096 11973 087441 -054822 040251 -017617 -0.44678  0.020755
6.50 0.315 17794 13821 18562 -0.77159 -0.37707 -0.07256 029225  -0.021184
6.52 0.318 15687 13815 19504  -1.0562 -0.08269 0044414 0.10773  -0.080707
6.54 0.273 12138 1.0996 25493 -0.56757 -0.20914 079746 0.12318  -0.0065877
6.56 0.296 28282 20626 18511 093776 -11246 0.13059 034277  -0.090679
6.58 0.270 20755 15871 25024  0.1814  -1.8802 075046 092155  0.06739
6.60 0.276 18464 13208 15982 -0.00639 -0.91729 017167 0.092256  -0.060968
6.62 0.260 066501 060228 14306 -0.79267 -026136 002157 -042879  -0.13331
6.64 0.264 16494 12705 17513 043865 -1.1715 0059975 -0.14386  -0.2084
6.66 0.265 10091 053976 11989  0.19673 -0.15692 -0.50988 -0.18054  -0.12933
6.68 0.231 053738 012403 11201 026145 0026985 -0.06856 -0.17908  -0.10022
6.70 0.212 0.006879 -0.24914 0.99406 -0.15879 0.024585 0.024406 -041732  -0.12032
6.72 0.198 072125 -0.68115 1.0159 -046102 0.18373 -0.00641 -0.29171  -0.15491
6.74 0.181 0075812 -0.84516 -0.07619 0.75583 0.069405 -0.11162 0.037855  0.11055
6.76 0.157 094354 -11706 074161 0076001 027657 041969 -0.24744  -0.033413
6.78 0.168 10564 11043 11563 -0.13377 056951 044244  -0.201 -0.062509
6.80 0.206 .0.80856 -0.75029 0.96903 -1.1293 -0.01849 0011513 -0.01012  -0.10434
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PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8
T‘?;ggg‘“ Ba/Al countratio  2.536 2113  1.441 1.059 0637 0154  0.128 0.011
3139 2616  17.84  13.11 7.88 1.9 1.59 0.13
6.62 0.164 12787 087954 13507 14831 -049157 079323 -0.34964  -0.070355
6.84 0.190 064536 -0.75257 042873 -1.1776 -0.30755 0.16068 -0.24852  -0.11305
6.86 0.182 -0.50543 -0.75203 061875 -1.0413 -0.75899 047783 020553  -0.022614
6.88 0.123 11358 14716 034148 -0.30903 -04925 0.80759 -0.31514  0.032785
6.90 0.169 10419 12388 10678 -0.10542 034102 023874 -0.12902  -0.11543
6.92 0.172 12846 17521 11664 05995 036466 -0.37783 040833  -0.012554
6.94 0.163 18428 18461 22793 11145 10507 -024514 0082268  0.066482
6.96 0.180 15168  -1.786 16271 030717 077527 -0.36824 026585  0.0087445
6.98 0.156 14309 20078 062861 007765 019998 -022026 028147  0.019855

= Principal component

= Eigenvalue
=1 Variance (%)

Table A5.6: Results of principal component analysis (PCA) on top 7 m of core U1361A. Ba/Al ratios from Table A5.5 are also shown in second column.
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A5.5. Diatom counts

Quantitative diatom slides were prepared following a method modified from Rathburn et al.

(1997) for 70 samples between 0.05 and 7.45 mbsf at ~10 cm intervals. For each sample, a
uniform mass of 0.50 mg raw sediment was digested in 15 ml 30 % hydrogen peroxide with 5
ml sodium hexametaphosphate for one hour in a 60° C water bath, to remove organic material
and aid disaggregation. Samples were then ftriple-rinsed by centrifuging at 1600 rpm for 7
minutes, decanting, and topping up with distilled water. After the final rinse, samples were re-
suspended, poured into a beaker that was topped up to 100 ml with distilled water, and stirred
to homogenise. 300 ul of homogenised solution was pipetted onto a 22 x 38 mm cover slip
placed at the bottom of a glass petri dish, and again topped up with distilled water. Each dish
was fitted with a cotton string for wicking and allowed to settle and dry for 48 hours, after which
the dry cover slips were mounted to glass slides using Norland Optical Adhesive #61

(refractive index of 1.56) and cured under UV light for 30 mins.

Three slides were prepared for each sample and examined microscopically. Where possible,
250-300 valves were counted for each slide to yield statistically robust assemblage data.
Where total valve counts were lower, at least 35 fields of view were evaluated for each slide
to determine absolute diatom abundance (ADA). For each sample, triplicate counts were
combined to produce a single data set (Table A5.7). ADA was calculated from a measured
field of view of 3.14 mm? and a total settling area of 6361.72 mm?2. Diatoms were identified to
the species level, following the same taxonomic concepts used during IODP Exp. 318 (Escutia
et al., 2011).

A5.6. Age control

A Holocene age for the upper portion of U1361A is confirmed by a single radiocarbon date
from 0.25-0.27 mbsf (Table A5.8). The radiocarbon analysis was performed on the bulk
organic fraction at Beta Analytic. The sample was sieved at 180 um and pretreated with acid
washes to remove carbonate. Conventional '*C ages were calculated according to Stuiver and
Polach (1977) using a 8'C correction for isotopic fractionation. A marine reservoir correction

of 1300 years was applied (Ingolfsson et al., 1998) and the '*C age was calibrated using the

Marine 13 calibration curve (Reimer et al., 2013).

Additional age control for the late Pleistocene interval is provided by the well-established last
common occurrence of the diatom Hemidiscus karstenii at 190 ka BP (kyr before present;
Presti et al. (2011), Gersonde and Barcena (1998)), which is identified at 3.45 mbsf (Table

A5.7 and Table A5.8; Figure A5.3). Immediately below our interval of focus, we identify two
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paleomagnetic reversals and two additional diatom last occurrences that further constrain the
age of our sequence (Table A5.8; Figure A5.3). The upper depth constraint for chron C1n
(11.19 mbsf) has been revised from Tauxe et al. (2012) based on magnetostratigraphy of the
U1361 composite splice (U1361A and U1361B; (Escutia et al., 2011)). To more precisely

constrain the core depths of last occurrences of Actinocyclus ingens and Thalassiosira

fasciculata (Cody et al., 2012), additional samples from U1361A core 2H were examined

following the Expedition 318 shipboard methodology for diatom biostratigraphy (Escutia et al.,
2011). These secondary constraints confirm that the base of our record is younger than 500
ka and support our assignment of peaks in multiple proxies to interglacial marine isotope
stages 1-11 (Figure A5.3).
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= © < o

U1361A Depth , ADA S K S g 3 g g S Total ¢ unt
Sample ID (mbsf) (VoS 2 S 5 5 3 £ S § 5 Jabves s

° <88 <& w§ o« w8 =z§ <F o5 & Y m
1H 1W, 5-7 cm 0.05 35516841 4 8 30 918 179 11 7 1157 138.16
1H 1W, 15-17 cm 0.15 12627322 5 22 620 145 5 7 804  270.04
1H 1W, 25-27 cm 0.25 8207011 3 1 14 26 457 113 12 12 638  329.70
1H 1W, 35-37 cm 0.35 51530628 1 15 31 5 966 226 5 10 1259  103.62
1H 1W, 45-47 cm 045 8769656 1 2 2 331 101 2 9 448  216.66
1H 1W, 55-57 cm 0.55 31846588 2 5 24 4 1116 327 12 19 1509  200.96
1H 1W, 65-67 cm 0.65 7821102 1 27 399 164 3 14 608  329.70
1H 1W, 75-77 cm 0.75 7229373 9 2 45 360 137 1 8 562 329.70
1H 1W, 85-87 cm 0.85 18026432 1 2 44 750 216 6 22 1041 244.92
1H 1W, 95-97 cm 0.95 1415002 5 66 26 13 110  329.70
1H 1W, 105-107cm  1.05 4720961 6 2 41 234 80 4 367  329.70
1H 1W, 115-117cm  1.15 694637 1 7 32 12 2 54 329.70
1H 1W, 125-127cm 125 1196320 118 37 155  549.50
1H 1W, 135-137cm  1.35 1756554 229 34 1 264  637.42
1H 1W, 145-147 cm  1.45 566001 80 8 88 659.40
1H 2W, 5-7 cm 155 86143602 2 7 4 966 146 7 16 1148 56.52
1H 2W, 15-17 cm 1.65 18167646 3 3 200 468 228 26 27 955  222.94
1H 2W, 25-27 cm 1.75 90765941 1 7 8 771 200 3 18 1008  47.10
1H 2W, 35-37 cm 1.85 71451165 1 4 30 700 300 6 17 10358 62.80
1H 2W, 45-47 cm 1.95 63876081 2 8 15 858 231 8 13 1135 75.36
1H 2W, 55-57 cm 2.05 4677735 18 32 342 74 4 1 471 427.04
1H 2W, 65-67 cm 215 5624887 10 7 190 243 152 21 10 633  477.28
1H 2W, 75-77 cm 2.25 3496390 8 1 70 225 101 2 2 409  496.12
1H 2W, 85-87 cm 2.35 5014303 2 42 380 138 2 4 568  480.42
1H 2W, 95-97 cm 245 5203595 10 3 83 331 162 9 3 601 489.84
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= © < o

U1361A Depth , ADA S K S g 3 g g S Total ¢ unt
Sample ID (mbsf) (valves / ,E S % g g, ‘3 2 3 o valves area

9) Bw _& 0 8§92 .5 5 .S £ counted

< ® S < Q W e w wx o I x ~ 9 ~ o (o]

1H 2W, 105-107cm  2.55 7151821 9 2 76 437 198 6 8 736 436.46
1H 2W, 115-117cm  2.65 8635518 11 4 85 425 244 6 5 780 383.08
1H2W, 125-127cm 275 11551369 2 4 40 390 120 4 13 573 210.38
1H 2W, 135-137 cm  2.85 10443091 1 72 373 178 9 1 634 257.48
1H 2W, 145-147cm 295 9255253 2 5 47 356 181 9 3 603 276.32
1H 3W, 15-17 cm 3.15 5068052 4 1 16 325 77 1 424 354.82
1H 3W, 35-37 cm 3.35 7720574 1 30 234 193 5 463 254.34
1H 3W, 45-47 cm 3.45 6361720 2 44 187 11 216 7 4 471 314.00
1H 3W, 55-57 cm 3.55 10871679 2 14 385 15 384 16 5 821 320.28
1H 3W, 65-67 cm 3.65 29315975 1 4 464 20 450 10 6 955 138.16
1H 3W, 75-77 cm 3.75 14839979 1 21 478 21 312 11 2 846 241.78
1H 3W, 85-87 cm 3.85 20154021 3 1 20 718 39 515 11 21 1328  279.46
1H 3W, 95-97 cm 3.95 3127259 2 3 18 81 5 131 13 4 257 348.54
1H 3W, 105-107cm  4.05 2531011 3 11 134 2 56 2 208 348.54
1H3W, 115-117cm  4.15 1903236 1 3 123 25 2 155 345.40
1H 3W, 125-127cm  4.25 644363 6 35 9 2 52 342.26
1H3W, 135-137cm  4.35 2168529 1 9 101 2 57 4 1 175 342.26
1H 3W, 145-147cm 445 4100724 31 224 1 71 6 4 337 348.54
1H 4W, 5-7 cm 455 2218980 117 1 58 6 2 184 351.68
1H 4W, 25-27 cm 475 9591093 2 14 423 314 17 4 774 342.26
1H 4W, 35-37 cm 485 14611941 1 2 633 190 4 3 833 241.78
1H 4W, 45-47 cm 495 14102299 2 2 4 843 112 4 4 971 292.02
1H 4W, 55-57 cm 505 3605639 3 4 212 2 88 5 1 315 370.52
1H 4W, 65-67 cm 5.15 10777330 5 2 1 477 266 2 13 766 301.44
1H 4W, 85-87 cm 5.35 862937 2 55 8 4 69 339.12
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= © = o

U1361A Depth , ADA S K S g 3 g g S Total ¢ unt
Sample ID (mbsf) (VoS 2 S 5 5 3 £ S § 5 Jabves s

? <83 <38 bWe W w8® z8 ks =5 & Y (mm
1H 4W, 95-97 cm 545 2145203 1 155 31 1 1 189 373.66
1H 4W, 105-107cm 555 1749246 4 133 20 1 158 383.08
1H 4W, 115-117cm  5.65 951351 4 42 32 2 1 81 361.10
1H 4W, 125-127cm  5.75 484861 3 28 11 42 367.38
1H 4W, 135-137cm  5.85 229361 3 9 4 2 18 332.84
1H 4W, 145-147cm  5.95 2092951 1 6 116 42 5 2 172 348.54
1H 5W, 5-7 cm 6.05 4989260 20 183 147 11 1 362 307.72
1H 5W, 15-17 cm 6.15 7319834 1 10 328 152 8 5 504 292.02
1H 5W, 25-27 cm 6.25 19110737 1 5 432 218 6 3 665 147.58
1H 5W, 35-37 cm 6.35 30784332 893 191 1 9 1094  150.72
1H 5W, 45-47 cm 6.45 15607900 1 18 479 419 10 9 936 254.34
1H 5W, 55-57 cm 6.55 10874735 1 137 172 3 1 314 122.46
1H 5W, 65-67 cm 6.65 8909773 2 3 223 481 15 28 752 357.96
1H 5W, 75-77 cm 6.75 3524056 1 6 219 60 1 287 345.40
1H 5W, 85-87 cm 6.85 4653616 1 17 162 216 5 9 410 373.66
1H 5W, 95-97 cm 6.95 1745131 1 2 113 29 1 146 354.82
1H 5W, 105-107 cm  7.05 581544 1 19 11 31 226.08
1H 5W, 125-127cm  7.25 34931 3 3 364.24
1H 5W, 135-137cm  7.35 462396 27 9 2 38 348.54
1H 5W, 145-147 cm  7.45 305372 2 10 14 26 361.10

Table A5.7: Absolute diatom abundance (ADA) and species distribution in core U1361A.
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Type Constraint Qg‘; L) Depth (mbsf) Source*
R corrected, calibrated bulk sediment AIOM '4C date 6.678 + 0.25-0 27 a
(conventional AMS '#C age = 9440 + 50 years) 0.171 : |
D LCO Hemidiscus karstenii 190 3.45 a, b, c
D * LO Actinocyclus ingens 500 >7.45 and < 8.95 a,d, e
. >11.19" and <
P base C1n chron 781 14.34 e f
D * LO Thalassiosira fasciculata 880 g 151'1371ind < a, d
* >17.68 and <
P top C1r.1n chron 988 1795 e

*Sources: (a) this study, (b)Presti et al. (2011), (c) Gersonde and Barcena (1998), (d) Cody et al. (2012) hybrid

range model, (e) Escutia et al. (2011); (f) Tauxe et al. (2012)

* Age-depth constraints below the interval of focus for this paper, which provide an oldest-age limit for the base of

our studied section.

"Upper constraint for the base of chron C1n has been refined following the shipboard splice of Escutia et al.
(2011), based on the observation that the entirety of core U1361B 2H is of normal polarity.
R = radiocarbon date; D = diatom datum; P = paleomagnetic reversal.

AIOM = acid insoluble organic matter; AMS = accelerator mass spectrometer.

LCO = last common occurrence; LO = last occurrence.

Table A5.8: Chronostratigraphic constraints in core U1361A.
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Figure A5.3: Age model for the upper 20 m of U1361A. (a) LR04 benthic oxygen isotope (5'€0)
stack (Lisiecki and Raymo, 2005), labelled with interglacial MIS numbers. (b) Age/depth constraints

for U1361A cores 1H and 2H, plotted alongside lithology. Vertical bars for each datum indicate upper
and lower depth constraints in U1361A (Table A5.8). Black dashed line is a linear model fit through
the Holocene radiocarbon age, H. karsteni last common occurrence (LCO), A. ingens last occurrence
(LO) (upper and lower depths), and the base of chron C1n (*upper depth only, based on the splice to
U1361B) (Table A5.8). Forced to an intercept of 0 ka at 0 mbsf, this trendline produces the age/depth
equation y = 64.314x, where y = age (ka) and x = depth (mbsf). This equation was used to calculate
ages for Chapter 4: Figure 4.2d-e. Grey dotted lines tie lithological transitions to MIS boundaries,
based on our age/depth constraints. Note that the Pleistocene section of the core below MIS 12 is
affected by sediment disturbance, with extreme disturbance from 9.0-11.67 mbsf (soupy) and 11.67-
14.26 mbsf (flow) represented schematically with a zigzag line. We have therefore restricted our

provenance study to the upper ~ 7.5 mbsf.
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Table A6.1: Major and trace elemental concentrations of U1361A Pliocene detrital sediments.

38“53';1";’ 6HIW  6HIW  6HIW  GHIW  6HIW  GH1W
e 55.57 55-57 95-97  105-107*  105-107  115-117
Depth (mbsf)! 4756 47.86 47.96 48.06 48.06 4816
B7gr/ssS 0.734224 - - 0731262 0732527  0.735443
+2 S.E. 0.000006 - - 0.000005 0.000005  0.000005
end® 131 137 -13.0 134 1322 13.0
+28S.D. 0.3 0.3 0.2 0.3 0.3 0.3
Al (wt %) 6.06 7.63 8.75 8.16 8.16 8.08
Ca (wt %) 0.54 0.63 0.58 0.59 0.58 0.50
Fe (wt %) 3.47 412 474 4.99 5.36 421
K (wt %) 2.20 2.91 252 3.01 3.06 263
Mg (wt %) 117 145 1.39 152 1.59 1.34
Mn (wt %) 0.037 0.045 0.044 0.048 0.051 0.043
Na (wt %) 0.69 0.92 0.67 0.82 0.80 0.64
P (wt %) 0.01 0.01 0.01 0.01 0.01 0.01
Ti (wt %) 0.32 0.42 0.37 0.45 0.45 0.35
Ba 387.60 52082 41255 44869 47062  424.88
Ce 4274 58.78 51.86 46.95 57.36 54.31
Co 10.13 1147 12.77 11.89 13.94 11.93
Cr 63.12 72.34 68.42 70.06 80.65 7458
Cs 6.627 8.766 7.481 7.842 8.843 8.485
Cu 13.64 18.35 14.60 13.83 16.52 22.97
Dy 2.22 274 2.92 2.40 3.02 2.81
Er 1.8 1.54 1.70 1.40 173 1.59
Eu 0.62 0.80 0.79 0.70 0.83 0.78
Ga 14.77 18.43 16.29 16.91 19.41 17.45
Gd 252 3.29 3.25 273 3.43 3.24
HF 2,51 3.10 2.98 2.90 3.24 279
Ho 0.45 0.54 0.59 0.48 0.61 0.58
La 20425  27.661 25020 23123 28018 25836
Li 34.35 4570 40.01 40.48 46.74 40.86
I 0.19 0.22 0.25 0.22 0.26 0.24
Mn 34557 40524 42140 39188 44803  413.76
Nb 9.97 9.46 12.37 11.22 12.03 13.08
Nd 16.44 22.16 20.55 18.30 22.43 20.96
Ni 20.47 23.46 23.01 22.08 2535 22.89
Pb 10.60 12.88 10.97 13.84 14.75 11.60
Pr 464 6.18 5.80 511 6.23 5.92
Rb 111385 143227 129833  130.304 146266 135318
sb 0.32 0.32 0.34 0.32 0.39 0.52
Sc 13.63 15.56 20.43 15.96 18.41 18.01
Sm 3.07 4.09 3.90 3.36 418 3.98
Sr 7959  109.20 102.42 104.80 108.28 88.88
b 0.38 0.48 0.49 0.42 053 0.49
Th 8.98 11.99 12.35 9.92 12.24 12.43
u 1.30 1.64 135 152 1.74 1.44
v 8727  102.84 100.30 109.32 124.64 113.81
Y 13.064 15572 17.456 13.730 17073 16.537
Yb 128 154 1.69 1.40 1.69 1.61
Zn 72.05 83.92 75.98 74.74 83.72 78.33
Zr 97.47  112.65 108.05 100.93 11129  102.75
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38’33'31"3 6H1W  6H1W  6H1W  6H2W5- 6H2W  6H2W
i 125127 1354137  145-147 7 1517 25-27
Depth (mbsf)! 48.26 48.36 48.46 4856 48.66 4876
s7gr/sS 0738715 0730184 0728359 0723821 0719343  0.721768
+2 S.E. 0.000005  0.000006  0.000005 0.000005 0.000005  0.000005
end® 135 127 121 112 97 108
+28.D. 0.5 0.3 0.4 0.3 0.3 0.3
Al (Wt %) 9.31 7.82 5.94 5.46 4.95 4.93
Ca (wt %) 0.59 0.64 0.59 0.66 0.84 0.79
Fe (wt %) 5.48 3.29 3.45 3.20 317 2.88
K (wt %) 3.80 2.09 213 1.95 1.81 1.76
Mg (wt %) 178 1.25 1.20 1.09 1.06 0.93
Mn (wt %) 0.061 0.039 0.040 0.037 0.038 0.034
Na (wt %) 0.86 0.78 0.79 0.82 0.92 0.91
P (wt %) 0.01 0.01 0.01 0.01 0.01 0.01
Ti (wt %) 0.49 0.34 0.37 0.39 0.29 0.35
Ba 519.65  609.84 67146 74305  709.01 554.16
Ce 62.21 54,52 4744 50.76 48.56 46.92
Co 13.69 10.61 11.98 11.00 10.04 9.54
Cr 77.38 67.62 66.36 57.18 53.33 49.26
Cs 10.574 7.046 6.764 6.192 5.438 5.109
Cu 12.57 26.32 21.22 29.65 36.60 24.49
Dy 3.03 2.69 2.36 2.46 2.49 234
Er 172 155 135 138 1.41 133
Eu 0.83 0.76 0.67 0.71 0.71 0.66
Ga 20.00 15.77 16.25 15.29 14.79 13.83
Gd 3.55 3.14 274 2.88 2.81 272
Hf 3.02 2.74 2.83 3.04 3.14 2.91
Ho 0.61 0.54 0.48 0.48 0.50 0.47
T 30200  25.002 21546 22490 21494 21308
Li 51.43 36.03 37.13 32.92 2933 27.07
Lu 0.26 0.24 0.20 0.20 0.20 0.19
Mn 48410 36561 372.88 35216 35262  327.81
Nb 10.97 14.88 9.35 13.22 3.14 13.93
Nd 23.82 20.51 17.65 18.30 17.70 17.45
Ni 25.40 24.41 2517 21.70 19.56 18.55
Pb 14.82 10.52 10.63 12.07 13.25 12.34
Pr 6.66 5.77 4.97 519 4.98 4.90
Rb 169.638  113.006  109.915  102.032  91.629  88.587
Sb 0.39 0.71 0.43 0.48 0.10 0.35
Sc 17.16 16.74 14.13 12.66 11.25 10.05
Sm 433 3.87 3.34 3.56 3.43 3.32
Sr 98.82 96.75 91.26 10478 11502 11334
T 0.53 0.46 0.41 0.43 0.43 0.41
Th 13.61 11.77 9.63 9.49 8.40 8.46
u 168 1,60 1.39 139 1.30 1.4
v 112.90 86.85 84,50 83.30 61.03 71.61
Y 17298 15535 13728 14249 14286 13525
Yb 168 153 133 133 1.38 1.29
Zn 93.24 74.09 80.07 82.36 79.99 69.03
Zr 104.60 97.61 10958  120.34 12516 115.07
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38’33'31"3 6H2W  6H2W  GH2W  6H2W  GH2W  6H2W
U1361A..) 35-37 35-37 45.47 55-57 65-67 85-87
Depth (mbsf)! 48.86 48.86 48.96 49.06 49.16 49.36
87 y/B6Sr* 0.721576 - - 0.722168 - 0.720913
+2S.E. 0.000008 - - 0.000005 - 0.000005
end” -10.2 -9.7 -10.5 -10.9 -10.5 -10.5
+28S.D. 0.3 0.4 0.3 0.3 0.3 0.4
Al (wt %) 5.78 4.98 4.57 5.68 4.97 6.10
Ca (wt %) 0.83 0.68 0.64 0.77 0.72 0.90
Fe (wt %) 3.44 3.16 3.00 3.42 2.99 3.53
K (wt %) 1.96 1.71 1.64 1.87 1.75 2.15
Mg (wt %) 1.13 1.02 0.97 1.15 0.98 1.14
Mn (wt %) 0.038 0.034 0.031 0.037 0.033 0.041
Na (wt %) 0.98 0.80 0.73 0.90 0.84 1.12
P (wt %) 0.01 0.01 0.01 0.01 0.01 0.01
Ti (wt %) 0.43 0.38 0.35 0.41 0.37 0.47
Ba 474.30 629.46 686.88 610.01 673.16 635.10
Ce 49.33 44.71 42.20 49.98 46.42 53.62
Co 10.36 9.25 9.34 10.58 9.19 8.90
Cr 58.44 49.39 51.22 59.85 52.36 50.36
Cs 6.089 5.410 5.159 5.879 5.349 5.540
Cu 2556 23.65 25.94 25.08 28.89 23.76
Dy 2.60 2.20 2.10 2.47 2.31 2.71
Er 1.48 1.23 1.17 1.41 1.31 1.53
Eu 0.70 0.62 0.60 0.69 0.66 0.74
Ga 16.14 14.14 14.04 15.85 14.44 14.97
Gd 2.94 2.56 2.49 2.82 2.66 3.10
Hf 3.47 2.89 2.86 3.36 3.13 3.29
Ho 0.52 0.44 0.42 0.50 0.46 0.54
La 22144 20.170 18.641 22.189 20.552 24.413
Li 33.21 28.41 28.07 31.28 28.53 29.38
Lu 0.21 0.18 0.17 0.20 0.19 0.22
Mn 355.98 306.78 301.54 344.80 318.49 334.25
Nb 11.35 9.55 10.75 14.44 13.08 11.43
Nd 18.21 16.46 15.37 17.99 17.01 19.98
Ni 20.60 18.62 19.47 22.99 19.65 17.74
Pb 13.04 11.96 11.12 11.83 11.80 12.87
Pr 517 4.51 4.33 5.11 4.75 5.46
Rb 100.195 86.995 85.363 97.137 88.625 95.696
Sb 0.39 0.41 0.39 0.53 0.52 0.40
Sc 12.76 11.14 11.17 12.44 11.18 11.12
Sm 3.54 3.08 2.98 3.45 3.25 3.73
Sr 111.18 93.76 89.86 104.36 100.89 121.24
Tb 0.45 0.38 0.37 0.42 0.40 0.47
Th 8.77 7.97 8.05 8.82 8.24 9.34
u 1.38 1.20 1.10 1.25 1.21 1.38
Y 78.68 70.24 73.17 80.22 72.99 72.55
Y 15.157 12.049 11.956 14.299 13.241 15.333
Yb 1.45 1.20 1.16 1.37 1.29 1.51
Zn 85.76 74.78 77.85 84.53 77.26 75.35
Zr 138.16 106.55 110.01 131.90 120.85 123.32
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38’33'31"3 6H2W  6H2W  6H2W  6H2W  6H2W  6H 3W 5-
i 9507 105107 115117 135137  145-147 7
Depth (mbsf)! 49.46 49.56 49.66 49.86 49.96 50.06
87gp/36grt 0720698 0721733 0724979 0731555 0.733837  0.732144
+2 S.E. 0.000006  0.000005 0.000005 0.000006 0.000005  0.000006
end® 9.1 -9.1 107 12.8 143 12,9
+28S.D. 0.3 0.4 0.2 0.4 0.3 0.3
Al (Wt %) 5.85 6.15 5.39 7.00 5.97 7.00
Ca (wt %) 0.70 0.76 0.62 0.59 0.56 0.63
Fe (wt %) 3.35 3.93 3.33 4.62 3.85 5.05
K (wt %) 1.84 2.20 2.09 2.71 2.29 278
Mg (wt %) 1.04 1.23 1.04 142 115 143
Mn (wt %) 0.036 0.042 0.036 0.047 0.043 0.056
Na (wt %) 0.83 1.00 0.88 0.86 0.84 0.82
P (wt %) 0.01 0.01 0.01 0.01 0.01 0.01
Ti (wt %) 0.40 0.43 0.35 0.40 0.34 0.39
Ba 71710  849.98  665.34 57909 43409  509.82
Ce 49.64 56.42 52.95 58.64 50.51 52,51
Co 9.96 10.36 9.18 12.68 10.08 13.28
cr 52.14 59.14 53.19 71.74 53.07 67.93
Cs 6.164 6.659 6.425 8.664 6.607 7.793
Cu 28.49 30.48 26.76 29.62 15.53 21.16
Dy 233 276 254 2.87 2.44 272
Er 131 152 143 185 1.36 1.54
Eu 0.65 0.75 0.71 0.80 0.69 0.76
Ga 14.71 16.88 15.38 18.55 14.29 17.34
Gd 2.70 3.21 2.96 3.35 2.86 3.14
Hf 2.98 3.53 3.16 3.14 277 3.40
Ho 0.47 0.54 0.51 0.57 0.49 0.54
T 21.741 25200  23.651 27464 23773 25473
Li 31.41 34.35 33.54 44.30 33.17 40.84
Lu 0.18 0.23 0.20 0.24 0.20 0.23
Mn 338.44 37446 34533 44368  396.41 520.14
Nb 24.83 12.64 10.92 12.01 10.39 10.22
Nd 17.33 20.59 19.28 22.01 19.02 20.45
Ni 20.03 21,57 19.39 25.07 19.14 2353
Pb 12.04 15.48 11.97 12.89 11.25 13.77
Pr 4.92 5.64 5.47 6.15 5.36 5.66
Rb 97.191  109.193 105486 143380 116738 135318
Sb 0.69 0.34 0.28 0.33 0.27 0.28
Sc 11.80 12.67 1171 15.82 12.29 15.78
Sm 3.29 3.87 3.66 4.08 352 3.76
Sr 11270 11540 10588  107.69 92.20 98.89
T 0.41 0.48 0.44 0.50 0.43 0.47
Th 8.95 9.87 9.69 11.75 10.14 10.70
u 114 144 1.26 141 119 1.39
v 83.37 84.15 76.30 100.05 82.52 97.76
Y 13447 15472 14374  16.162 14133 15.467
Yb 126 1.49 1.41 157 1.32 1.51
Zn 82.83 90.19 82.49 94.38 70.12 84.76
Zr 11735 13167 12289  115.86 10348  112.36
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28’33'21"3 6HIW  6HIW  6HIW  7THEWS  7HGW  7H6W
e 25-27 2527 3537 7 35-37 55-57
Depth (mbsf)t 50.26 50.26 50.36 64.06 64.36 64.56
s7gr/sS 0.736064 - 0739525 0732318 0733358  0.722086
+2S.E. 0.000009 - 0.000006  0.000005 0.000005 0.000007
end® 144 138 14.0 132 132 106
+28S.D. 0.3 0.5 0.3 0.2 0.4 0.3
Al (wt %) 6.52 6.40 463 733 7.45 516
Ca (wt %) 0.56 0.52 0.49 0.68 0.73 0.67
Fe (wt %) 439 4.42 3.43 4.89 4.01 2.66
K (wt %) 258 2.54 1.8 278 2.84 1.76
Mg (wt %) 131 1.31 0.95 143 126 0.95
Mn (wt %) 0.043 0.044 0.038 0.044 0.043 0.032
Na (wt %) 0.80 0.77 0.63 0.81 0.83 0.86
P (wt %) 0.01 0.01 0.01 0.01 0.01 0.01
Ti (wt %) 0.35 0.34 0.26 0.39 0.41 0.37
Ba 49317 48069 31549  457.58 48133  687.01
Ce 46.80 53.69 35.13 52.11 54.30 49.19
Co 10.85 10.67 8.59 15.26 13.83 9.68
Cr 63.19 62.32 49.28 77.43 73.11 51.49
Cs 7.700 7.494 5.299 8.256 8.318 5.630
Cu 18.89 17.33 9.93 16.25 76.73 28.02
Dy 2.23 254 187 275 2.86 2.41
Er 126 142 1.08 159 164 1.36
Eu 0.65 0.70 0.51 0.76 0.80 0.68
Ga 16.27 15.49 11.56 17.67 17.63 14.03
Gd 2.60 2.99 2.10 3.12 3.23 2.78
Hf 2.87 2.79 2.10 3.00 3.14 3.12
Ho 0.44 0.50 0.38 0.55 0.58 0.48
T 23036 25477  17.368 25275 26565  21.617
Li 37.64 37.18 26.76 42.46 4037 29.00
Lu 0.20 0.20 0.16 0.23 0.24 0.20
Mn 40123 40098 34506 42147 40563 30333
Nb 9.98 10.38 7.59 11.19 11.55 8.84
Nd 17.83 20.34 13.63 20.19 21.18 17.73
Ni 21.89 21.59 16.10 26.34 24.23 18.59
Pb 11,64 1153 8.25 15.04 19.30 14.50
Pr 5.02 5.68 3.91 5.62 5.90 4.84
Rb 132,600  127.840  97.425 141410 144679 91555
Sb 0.25 0.24 0.14 0.27 0.69 0.56
Sc 1412 13.29 9.98 17.00 16.55 11.29
Sm 3.25 3.73 255 3.74 3.93 3.36
Sr 93.54 87.92 61.37 10310 10143  101.77
Tb 0.38 0.45 0.32 0.47 0.49 0.42
Th 9.69 11.27 7.05 10.60 11.11 8.93
u 128 1.28 0.93 1.40 151 167
v 85.79 83.09 72.78 11326 138.85 76.86
Y 12,646 14409 10952 15717 16725  13.710
Yb 127 1.39 1.06 161 164 133
Zn 78.96 75.43 56.85 92.11 80.06 76.75
Zr 102.87 97.37 78.81 10425 11224  112.36
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38’33'31"3 7H6W  7H6W  7H6W  7H7W  7HCCW  8HA1W
U1361A..) 75-77 95-97 145-147 35-37 10-17 45-47
Depth (mbsf)t 64.76 64.96 65.46 65.86 66.26 66.46
87gr[86Srt 0.721595 0.722982 0.721536 0.722652 0.730436  0.729878
+2S.E. 0.000005 0.000006 0.000005 0.000005 0.000007 0.000005
end” 9.7 -11.0 -10.2 -10.1 -12.7 -12.1
+28.D. 0.4 0.3 0.4 0.3 0.2 0.4
Al (wt %) 5.48 5.59 5.33 5.46 7.01 7.19
Ca (wt %) 0.75 0.73 0.74 0.69 0.62 0.66
Fe (wt %) 3.22 3.19 3.30 3.41 4.54 4.93
K (wt %) 1.88 1.93 1.89 2.00 2.74 2.71
Mg (wt %) 1.07 1.06 1.07 1.16 1.41 1.47
Mn (wt %) 0.036 0.035 0.035 0.035 0.043 0.043
Na (wt %) 0.88 0.91 0.85 0.87 0.87 0.84
P (wt %) 0.01 0.01 0.01 0.01 0.01 0.01
Ti (wt %) 0.37 0.38 0.37 0.32 0.40 0.40
Ba 712.55 678.13 532.71 519.89 594.53 591.00
Ce 51.17 48.66 47.80 44.98 59.28 52.73
Co 10.97 10.40 10.31 10.85 13.37 13.46
Cr 58.27 54.19 55.91 61.35 67.11 69.63
Cs 5.989 5.983 6.049 6.343 8.949 8.253
Cu 48.39 41.71 24.65 27.35 23.60 22.91
Dy 2.54 243 2.32 2.30 2.84 2.67
Er 1.45 1.38 1.31 1.28 1.58 1.51
Eu 0.72 0.69 0.66 0.65 0.80 0.75
Ga 14.18 14.25 13.54 14.43 17.77 17.06
Gd 2.93 2.81 2.71 2.65 3.35 3.08
Hf 3.10 3.15 2.98 2.50 3.18 3.18
Ho 0.51 0.48 0.46 0.45 0.56 0.54
La 22.819 21.984 21.723 20.605 27.475 24.914
Li 31.55 30.92 30.43 31.64 42.83 41.94
Lu 0.21 0.20 0.19 0.18 0.23 0.22
Mn 336.88 325.61 329.99 327.32 408.69 392.81
Nb 4.04 4.30 12.25 5.58 12.37 10.03
Nd 18.77 17.91 17.50 16.86 22.16 20.01
Ni 21.33 19.97 21.70 23.85 25.99 25.18
Pb 14.98 13.90 12.78 12.20 13.02 13.71
Pr 5.15 4.93 4.85 4.65 6.11 5.56
Rb 99.119 98.397 98.071 105.105 142.210 133.447
Sb 0.37 0.34 0.33 0.24 0.32 0.29
Sc 11.87 11.68 11.04 11.24 15.17 15.78
Sm 3.55 3.31 3.31 3.15 4.11 3.73
Sr 109.09 103.00 104.70 98.47 106.94 102.82
Tb 0.44 0.42 0.41 0.40 0.49 0.47
Th 9.05 8.63 9.12 8.58 12.36 11.00
U 1.50 1.33 1.24 1.10 1.44 1.34
\ 82.08 82.36 76.52 74.82 99.22 96.77
Y 14.424 13.607 13.194 12.961 16.014 15.005
Yb 1.41 1.35 1.28 1.26 1.56 1.48
Zn 84.62 80.77 78.27 78.84 92.67 90.00
Zr 116.08 116.19 109.52 91.84 114.93 111.78
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38’33'31"3 BHIW  8HIW  BHIW  10H2W  10H2W  10H2W
i 7577 1054107 125127 25277  A15-117* 125127
Depth (mbsf)! 66.76 67.06 67.26 86.76 87.66 87.76
87gp/36grt 0.730531 - 0730696  0.729132 0.738905 0.738965
+2 S.E. 0.000005 - 0.000006  0.000005 0.000007  0.000006
end® 124 105 1256 12.9 135 13.9
+28.D. 0.2 0.2 0.2 0.3 0.2 0.2
Al (Wt %) 7.09 430 6.86 6.87 7.78 7.66
Ca (wt %) 0.58 0.94 0.65 0.89 0.52 0.51
Fe (wt %) 5.67 1.32 419 454 512 5.03
K (wt %) 264 157 2.47 2.62 313 3.07
Mg (wt %) 1.49 0.34 119 1.30 158 153
Mn (wt %) 0.046 0.022 0.037 0.056 0.050 0.045
Na (wt %) 0.65 1.27 0.76 0.84 0.74 0.75
P (wt %) 0.01 0.01 0.01 0.03 0.01 0.01
Ti (wt %) 0.37 0.19 0.40 0.40 0.42 0.40
Ba 42155 38455 42130  512.21 52697  541.49
Ce 4387 31.13 50.41 56.28 58.95 48.22
Co 13.23 3.47 10.88 14.41 19.56 13.53
cr 71.00 19.28 72.72 83.79 79.98 81.11
Cs 7.691 1.970 6.982 6.765 9.869 9.628
Cu 15.22 6.22 53.51 27.07 2527 20.43
Dy 2.48 1.77 275 3.38 3.11 255
Er 142 1.04 157 1.97 1.77 1.49
Eu 0.68 0.59 0.75 0.87 0.84 0.72
Ga 16.66 7.72 15.92 17.34 19.35 19.30
Gd 274 1.08 3.09 3.73 3.55 2.86
HF 2.04 3.32 3.21 3.20 3.03 3.03
Ho 0.51 0.36 0.56 0.70 0.63 0.51
La 21.341 15303 24576 27416 28430  23.963
Li 4233 9.75 3551 36.41 4520 44.83
Lu 0.21 0.16 0.23 0.27 0.25 0.22
Mn 42854 20320  356.84 55396 46507  427.60
Nb 8.45 5.62 11.81 9.67 11.26 13.34
Nd 17.40 12.51 19.79 22.52 22.89 18.81
Ni 23.21 6.11 21.03 26.52 32.95 24.88
Pb 14.61 11.67 14.43 15.39 14.33 14.83
Pr 4.80 3.44 5.47 6.23 6.46 5.36
Rb 127.349 59118  122.354  133.400 165848  164.514
Sb 0.29 0.18 0.43 0.30 0.41 0.47
Sc 18.06 427 15.98 19.47 17.75 17.72
Sm 3.27 2.34 3.72 4.29 427 3.52
Sr 92.06 140.74 96.06 117.99 92.34 93.32
T 0.43 0.30 0.48 0.58 0.54 0.44
Th 9.08 4.93 9.85 11.55 12.98 11.82
u 123 0.93 148 156 1.51 1.44
v 105.90 31.84 137.68 123.51 119.50 120.51
Y 14.087 10.387 15812  20.332 17.920 14.919
Yb 141 1.05 157 1.90 173 1.51
>h 85.30 27.08 77.98 88.49 94.35 92.82
Zr 97.80 122.42 112.35 121.67 119.03 117.52
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38’33'31"3 10H2W  10H2W  10H2W  10H3W  10H3W  10H3W
i 125127 135137  145-147 Ly 1517 17-19
Depth (mbsf)! 87.76 87.86 87.96 88.06 88.16 88.18
87gp/36grt 0739157 0735686 0729716 0721940 0.715421  0.715254
+2 S.E. 0.000006  0.000005 0.000004 0.000005 0.000005 0.000005
end® 141 146 133 116 9.2 95
+28.D. 0.2 0.2 0.2 0.2 0.2 0.3
Al (Wt %) 7.85 757 6.90 6.10 561 4.46
Ca (wt %) 0.58 0.60 0.60 0.85 111 0.93
Fe (wt %) 463 3.60 454 3.10 2.86 2.43
K (wt %) 3.16 2.93 259 2.09 1.79 148
Mg (wt %) 147 1.32 1.33 1.08 1.01 0.83
Mn (wt %) 0.045 0.040 0.042 0.037 0.038 0.032
Na (wt %) 0.84 0.95 0.73 0.99 1.09 0.88
P (wt %) 0.01 0.01 0.01 0.01 0.01 0.01
Ti (wt %) 0.43 0.41 0.40 0.44 0.47 0.39
Ba 54492  600.89 52433 53326 51537  767.37
Ce 54.96 4723 45.41 4612 46.20 4131
Co 12.45 9.81 12.08 9.07 8.71 7.31
cr 76.71 69.03 72.26 56.41 53.56 46.89
Cs 9.372 8.123 6.913 5.685 4547 3.849
Cu 17.92 22.28 15.61 21.95 24.04 17.47
Dy 2.84 2.42 2.48 2.44 238 2.10
Er 162 143 1.44 1.41 1.35 118
Eu 0.79 0.69 0.70 0.72 0.76 0.68
Ga 19.70 17.80 16.68 15.58 15.31 12.86
Gd 3.22 2.70 278 276 273 2.45
HF 3.00 3.05 3.06 3.30 3.28 2.99
Ho 0.57 0.49 0.50 0.49 0.47 0.42
La 26660 23632 22220  21.841 21.022 19.007
Li 44.74 39.90 3559 30.13 24.70 20.56
Lu 0.24 0.21 0.21 0.21 0.19 0.17
Mn 42649 37039 39048 33697 35450 30535
Nb 1115 13.18 10.05 12.09 15.37 11.27
Nd 21.08 18.23 17.84 17.53 17.05 15.46
Ni 23.82 21.30 20.76 18.15 17.33 15.45
Pb 13.94 13.06 14.57 11.12 13.37 10.93
Pr 5.99 5.22 5.04 4.93 477 433
Rb 163250 144552 126269 102501 85547  73.370
Sb 0.39 0.38 0.33 0.36 0.44 0.36
Sc 16.93 14.90 16.35 12.67 11.06 9.20
Sm 3.94 3.34 3.37 3.32 3.26 2.96
Sr 99.98 106.89 102.92 122.67 151.73 131.70
T 0.49 0.41 0.43 0.42 0.41 0.36
Th 11.77 10.22 9.63 8.17 7.07 6.26
u 151 143 1.34 1.39 1.30 112
v 112.53 98.86 110.30 78.72 69.28 61.73
Y 16.408 14.125 14.109 14.333 13545  11.813
Yb 161 1.41 145 1.38 1.31 117
>h 87.70 75.25 79.15 72.20 69.78 58.03
Zr 116.15 116.22 115.29 126.88 132.62 118.50
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38’33'31"3 10H3W  10H3W  10H3W  10H3W  10H3W  10H3W
i 25-27 3537 35.37 45-47 55.57 65-67
Depth (mbsf)! 88.26 88.36 88.36 88.46 88.56 88.66
87gp/36grt 0.716866  0.720197 - 0730137 0732242  0.732775
+2 S.E. 0.000004  0.000004 - 0.000006  0.000007  0.000006
end® 92 118 118 1422 -13.1 -14.0
+28.D. 0.2 0.2 0.3 0.2 0.2 0.3
Al (Wt %) 5.41 5.24 5.46 6.60 6.84 7.37
Ca (wt %) 0.93 0.93 0.91 0.80 0.58 0.70
Fe (wt %) 3.22 273 2.93 3.64 523 463
K (wt %) 178 175 1.87 2.42 272 2.83
Mg (wt %) 107 0.90 0.97 1.10 1.44 1.36
Mn (wt %) 0.038 0.035 0.037 0.036 0.047 0.040
Na (wt %) 0.95 1.02 1.02 0.97 0.71 0.92
P (wt %) 0.01 0.01 0.01 0.01 0.01 0.01
Ti (wt %) 0.46 0.38 0.39 0.38 0.40 0.42
Ba 72919 46929 50325 55086 53822  611.40
Ce 47.47 4478 46.67 39.68 48.03 40.28
Co 9.12 7.83 8.54 9.32 14,58 11.35
Cr 48.85 4567 48.80 59.42 70.80 69.66
Cs 4.926 4.487 4.906 6.313 7,555 7.673
Cu 34.96 20.58 22.46 31.35 29.48 21.94
Dy 2.26 238 2.36 214 251 217
Er 124 135 135 127 143 127
Eu 0.72 0.71 0.71 0.65 0.69 0.64
Ga 15.00 13.86 15.06 15.77 16.62 17.53
Gd 267 2.67 2.69 238 2.83 2.40
HF 2.97 3.43 3.51 3.02 2.89 3.12
Ho 0.45 0.48 0.48 0.43 0.50 0.43
La 20933 20665  21.738 19520 22662  20.053
Li 26.15 23.80 26.12 31.27 37.09 36.46
Lu 0.18 0.20 0.20 0.20 0.21 0.20
Mn 346.04 33050 35504 34220 43030  369.74
Nb 6.56 6.10 7.60 8.61 10.11 9.55
Nd 17.03 16.82 17.42 15.43 18.09 15.70
Ni 18.39 16.09 17.75 17.25 22.55 20.19
Pb 12.90 12.17 12.90 12.46 13.17 13.53
Pr 477 474 4.89 438 515 4.46
Rb 88187 85933 93978 118860  135.085  140.739
Sb 0.37 0.31 0.34 0.34 0.33 0.29
Sc 10.88 9.82 10.78 13.70 16.61 16.09
Sm 3.25 3.23 3.27 2.93 3.43 2.93
Sr 128.83 132.23 134.09 111.46 94.31 104.45
T 0.40 0.41 0.41 0.36 0.43 0.38
Th 7.85 7.09 7.69 8.24 9.93 8.88
u 119 117 1.22 1.20 119 127
v 63.94 60.54 68.18 91.57 107.50 99.20
Y 12.419 13.645 13.658 12.306 14.280 12.536
Yb 1.20 1.31 1.33 127 1.41 1.30
>h 77.28 64.27 69.35 72.03 86.56 80.62
Zr 119.93 137.72 140.88 117.08 107.43 119.74
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Sample ID 10H 3W 75- 10H 3W 85- 10H 3W 95- 10H 3W 95- 10H 4W 5-
(IODP 318 U1361A...) 77* 87* 97* 97 7
Depth (mbsf)t 88.76 88.86 88.96 88.96 89.56
87gr/86S 0.738276 0.739611 0.729426 0.730651 0.731501
+2S.E. 0.000005 0.000005 0.000006 0.000006 0.000007
end” -14.5 -13.9 -13.9 -13.5 -13.8
+28S.D. 0.2 0.2 0.2 0.2 0.3
Al (Wt %) 6.29 7.19 6.56 6.40 545
Ca (wt %) 0.60 0.51 0.82 0.72 0.64
Fe (wt %) 4.17 4.38 3.59 3.77 3.32
K (wt %) 2.45 2.83 2.41 2.42 2.12
Mg (wt %) 1.13 1.36 1.08 1.12 0.91
Mn (wt %) 0.035 0.041 0.036 0.035 0.028
Na (wt %) 0.76 0.79 1.03 0.93 0.71
P (wt %) 0.01 0.01 0.01 0.01 0.02
Ti (wt %) 0.36 0.39 0.39 0.37 0.32
Ba 449.54 536.73 525.56 472.34 440.40
Ce 39.04 51.15 43.76 41.92 49.28
Co 10.73 10.73 8.76 9.16 10.01
Cr 63.88 68.75 58.22 58.20 67.06
Cs 7.043 8.833 6.188 6.328 5.648
Cu 12.51 22.50 11.14 11.97 25.35
Dy 2.10 2.67 2.48 2.40 2.89
Er 1.24 1.53 1.46 1.40 1.68
Eu 0.61 0.73 0.71 0.67 0.74
Ga 15.17 17.56 14.99 15.19 13.29
Gd 2.32 3.02 2.71 2.62 3.18
Hf 2.83 3.04 3.25 3.13 3.12
Ho 0.43 0.53 0.50 0.49 0.59
La 19.696 24.290 21.587 20.525 23.765
Li 30.86 39.91 31.68 32.42 26.04
Lu 0.19 0.22 0.21 0.21 0.24
Mn 331.94 387.27 326.21 322.91 274.71
Nb 7.18 6.50 10.50 11.28 9.81
Nd 15.26 19.64 17.20 16.43 19.18
Ni 18.12 20.26 17.66 17.92 21.18
Pb 11.85 11.24 11.33 11.15 13.04
Pr 4.35 5.56 4.89 4.64 545
Rb 131.173 148.995 119.173 120.506 108.278
Sb 0.23 0.23 0.24 0.24 0.34
Sc 14.47 15.29 12.26 12.43 13.47
Sm 2.83 3.68 3.27 3.13 3.73
Sr 83.66 85.69 116.71 104.58 94.28
Tb 0.36 0.47 0.42 0.41 0.49
Th 8.02 11.04 7.74 7.83 9.47
] 1.12 1.33 1.21 1.15 1.43
' 93.98 96.04 78.98 79.72 94.11
Y 12.213 15.419 14.716 13.987 17.372
Yb 1.27 1.51 1.43 1.38 1.63
Zn 70.65 84.51 65.99 68.21 64.47
Zr 106.55 116.06 120.49 114.09 117.54
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- indicates no data available
*Analysis conducted on < 63 um while the others are conducted on < 150 ym.
T Median depth calculated on CSF-A depth scale for U1361A sediment core.

+Data previously presented in Bertram et al. (2018) (Chapter 3).

#Data previously presented in Bertram et al. (2018) (Chapter 3). enqis calculated based on a present-
day CHUR '#3Nd/"44Nd value of 0.512638 (Jacobsen and Wasserburg, 1980) expressed in parts per
10,000 and external reproducibility (2 sigma standard deviation) is based on the JNDi-1 standard
reproducibility of individual analytical sessions in the MAGIC laboratories, Imperial College London.
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A7.1. Rationale for grain size tests

Neodymium and strontium isotope analysis has been conducted on U1361A sediments on a
variety of different grain size fractions. Conventionally the fine fraction (< 63 ym) is used for
analysis as it is predominantly terrigenous in nature and left over after sieving out coarser
fractions for mineral analysis (e.g. Cook et al., 2017; Cook et al., 2013). However, the studies
by Bertram et al. (2018) (Chapter 3) (and Chapter 5) utilised the < 150 um fraction as this

was the residual fraction left over from iceberg-rafted debris analysis performed by colleagues
in New Zealand (Patterson et al., 2014). Finally, Wilson et al. (in press) (Chapter 4) utilised

the bulk material for their analyses as previous checks had indicated that the bulk sample is

dominated by fine-grained material, and isotopically indistinguishable (Cook et al., 2013).
Previous grain size analysis (Appendix A3) have already been used to determine that the Nd
and Sr isotope analysis on < 63 um and < 150 ym fractions of detrital sediment at U1361A are
directly comparable. This additional study aims to show the same point for the < 150 ym

fractions and bulk sediment in U1361A marine sediments.

Partitioning of Sm and Nd is very similar for major rock forming minerals, and Sm/Nd ratios
are not fractionated during erosion and transport. It has therefore been concluded that the
43Nd/"*Nd ratio of a sedimentary sample is typically independent of the grain-size it is
analysed at (Goldstein and Hemming, 2011; Eisenhauer et al., 1999).

On the other hand, other radiogenic isotope systems (e.g. Rb-Sr, Lu-Hf, U/Th-Pb), show grain-
size-dependent isotopic compositions. For example, Rb-rich minerals, including potassium-
feldspars and micas, have a higher tendency to break down into clay minerals than Sr-rich

minerals, such as plagioclase and pyroxenes (Cook, 2013; Blum and Erel, 2011). Fine-grained

sediment, composed of clay minerals, is therefore likely to be enriched in Rb relative to Sr and
therefore tend to have a higher #Sr/%Sr ratio. Consequently, a negative correlation is

expected (and has been observed in various settings) between 8’Sr/%¢Sr ratios and grain size.

Six samples were selected for radiogenic Nd isotope analysis on both the < 150 ym fine-
grained fraction and bulk samples. Four of these samples have been further tested for their Sr
isotopic composition. These samples are all from the Late Pliocene spanning a depth range
of 51.31 — 61.61 mbsf corresponding to an age range of 2.63 — 2.94 Ma. The samples were
selected such that glacial and interglacial periods would be covered based on the Ba/Al ratios

obtained for the marine sediment.
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A7.2. Methods

Samples were processed in the same way as previous U1361A materials. Firstly, all samples
were homogenised. For analysis of the fine fraction, ~ 1 g of sediment was wet sieved at <
150 um fraction. A representative ~ 0.5 g of sediment was taken from the homogenized
material (at both < 150 um and bulk fraction) and subjected to a sequential leaching procedure

to remove biogenic carbonate using buffered acetic acid (see Biscaye (1965) for more details)

and ferromanganese oxides and oxyhydroxides using a reductive solution of 0.02 M
hydroxylamine hydrochloride (NH>OH) (Cook et al., 2017; Cook et al., 2013; Chester and
Hughes, 1967). As in previous studies, no removal of biogenic opal was conducted (e.g. Cook

et al., 2013). Approximately 50 mg of leached detrital sediment was digested on a hotplate
using 2 ml of 27 M HF, 1 ml of 15 M HNO3; and 0.8 ml of 20 M HCIO,, followed by a secondary
digestion step using 3 ml 15 M HNO3, before fluorides were removed with 3 ml 6 M HCI. lon
chromatography was used to extract the target analytes (Sr and Nd) from the sample matrix.
Samples were processed through a series of columns consisting of Biorad cation exchange
resin (200 — 400 ym mesh), Ln-spec resin (50 — 100 ym bead size, 500 ul reservoir size) and

Eichrom Sr-Spec resin (100 — 120 ym bead size).

Neodymium isotopic analysis was performed using a Nu Instruments multi collector inductively
coupled plasma mass spectrometer (MC-ICP-MS) in the MAGIC laboratories at Imperial
College London (“SIM”). Instrumental mass bias was corrected using the exponential law and
a "Nd/"**Nd ratio of 0.7219. A correction for direct '4Sm interference was applied, but all
samples were significantly below the threshold determined for accurate correction (< 0.1 % of
the "**Nd signal). Average JNdi-1 values for the analytical sessions were 0.512111 + 0.000012
(2.8.D.,n=24); 0.512119 + 0.000013 (2.S.D., n = 21); 0.512132 + 0.000013 (2.S.D., n = 28);
0.512113 + 0.000015 (2.S.D., n = 10); 0.512101 + 0.000012 (2.S.D., n = 30); 0.512107 +
0.000012 (2.S.D., n = 34). Reported sample "**Nd/'**Nd ratios were corrected using bracketing
standards amended to the recommended JNdi-1 value of 0.512115 (Tanaka et al., 2000).

External errors were determined based on the reproducibility of JNdi-1 standard

measurements for each given analytical session. Eight replicates of standard reference
material BCR-2 were processed along with the unknown samples and measured throughout
the measurement sessions. Inclusive of repeat measurements of the processed BCR-2
standards, the average corrected 3Nd/"Nd was 0.512641 + 0.000016 (2 S.D., n = 18),
identical to the recommended value of 0.512638 + 0.000015 (2 S.D.; Weis et al. (2006)).

Complete procedural blanks were consistently below 230 pg, although normally below 65 pg

and are therefore deemed negligible. Re-analysis of one samples (i.e. the same aliquot from

ion exchange chromatography) yielded results that agreed within error.
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Strontium isotopes were analysed on a Thermo Scientific Triton thermal ionization mass
spectrometer (TIMS) at the MAGIC laboratories at Imperial College London. Samples were
loaded in 1 yl 6M HCI onto degassed single tungsten filaments, followed by 1 ul of tantalum
chloride activator. Instrumental mass bias was corrected using the exponential law and an
883r/8Sr ratio of 8.375, while interferences of 8Rb were corrected using an 8’Rb/®Rb ratio of
0.3860. Measurements were made in static mode. Repeated analysis of NBS987 standards
over the duration of sample analysis yielded an average ®Sr/®Sr value of 0.710247 +
0.000019 (20 S.D.; n = 84). All reported 8’Sr/%6Sr ratios were corrected relative to the published
value for NBS987 of 0.710252 + 0.000013 (Weis et al., 2006). Ten separate digests of
standard reference material BCR-2 yielded an 8 Sr/Sr ratio of 0.705010 + 0.000014 (20 S.D.;
n = 42), which is in good agreement with the published value (0.705013 + 0.000010; Weis et
al. (2006)). Re-analysed samples always yielded results that agreed within the long-term

reproducibility based on the BCR-2 measurements of 20 ppm. Procedural blanks were
typically less than 130 pg, representing considerably less than a 0.5 % contribution to sample

measurements.

A7.3. Results and discussion

A7.3.1. Grain size analyses

Within the measurement uncertainty, there is no difference between the eng values of samples
with a grain-size of < 150 ym compared to those measured at bulk grain-size for the majority
of samples (Table A7.1). The only exception to this is sample 7H 3W 50-52, where resulting
Nd isotopic compositions differ by 0.5 eng units, just outside the measurement uncertainty
(Figure A7.1). This small deviation is likely to be due to sample heterogeneity, but the signal

is too small to base any provenance interpretations on.

In comparison, Sr isotopic measurements of the two grain size fractions are found to deviate
outside of the measurement error, with variations up to the third decimal place of the measured
87Sr/®8Sr ratios (i.e. 0.0002 to 0.0016) (Table A7.1). Although this observation would be
consistent with a minor grain size effect, it has been shown in previous studies that sample
heterogeneity can easily cause a comparable level of variability even when analysing the

same size fraction (Cook et al., 2013; Colville et al., 2011).

We therefore conclude that in U1361A sediment samples from the Late Pliocene, the
variations in isotopic ratios in Nd and Sr caused by grain size effects are negligible. The
different grain size results are therefore directly comparable and will not significantly alter

provenance interpretations in this setting.
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Sample ID L CE TR .
IODP 318 Sample  toN/Nd  £2SE. e’ gps  VSH®Sr  :2SE.
U1361A ... pEtl SHe
(mbsf)
6H 3W 130-132* 5131 0511912  0.000006 -142 0.2 ] ]
Repeatt  51.31 0511927  0.000006 -13.9 0.2 i i
6H 3W 130-132 5131 0511899  0.000010 -144 0.2 : i
6H 4W 27-20% 5178 0512101 0000008 -105 03 0723077  0.000002
6H 4W 27-29 5178 0512112 0000008 -10.3 02 0722673  0.000003
6H 4W 120-122* 5271 0512021 0.000008 -12.0 0.3 0727784  0.000003
6H4W 120-122 5271 0512017 0.000006 -121 0.2 0728116  0.000003
6H 6V 40-42* 54.91 0511920 0.000004 -140 0.2 0733798  0.000003
6H 6V 40-42 54.91 0511924 0.000007 -13.9 0.2 0735350  0.000006
Repeat  54.91 i - i 0735346  0.000004
7H 3W 50-52* 60.01 0511955 0.000003 -13.3 0.2
7H 3W 50-52 60.01 0511983 0.000008 -12.8 0.2 0730243  0.000003
7H 4W 60-62* 61.61 0512090 0.000004 -10.7 0.2 0719987  0.000003
7H 4W 60-62 61.61 0512093 0.000007 -10.6 02 0719716  0.000012
Repeat 6161 ! - ! . 0719869 0.000004

*Isotopic analysis on < 150 um fraction. All other analyses on bulk fraction

Teng is calculated based on a present-day CHUR '43Nd/'44Nd value of 0.512638 (Jacobsen and
Wasserburg, 1980) expressed in parts per 10,000.

*External reproducibility (2 sigma standard deviation) is based on the JNDi-1 standard reproducibility of
individual analytical sessions in the MAGIC laboratories, Imperial College London.

Table A7.1: Isotopic analyses of detrital U1361A sediments measured on the < 150 um fraction

and bulk samples.

A7.3.2. Comparison to previous records

The results of this study show that the late Pliocene material (at both the < 150 ym and bulk
grain size) are comparable to previous provenance studies in Nd vs Sr isotopic space (Figure
A7.2). The results correspond to the two groups of isotopic compositions found to represent
glacial and interglacial conditions. Overall this interpretations of similar provenance variations
within all grain sizes analysed supports the above conclusion that grain size effects appear

negligible in terms of provenance isotopic analysis at U1361A.
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7TH 4W 60-62 £ 3 r : E.l:: (< 150 um)

7H 3W 50-52 1

6H BW 40-42 B -
B6H 4W 120-122 L 3 N

6H 4W 27-29 e 3 r

6H 3w 130-132 il

1t 1 1 1 1 —* §F * 1§ = 1
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Figure A7.1: Neodymium and Sr isotopic analyses on U1361A late Pliocene detrital sediment
measured on the < 150 um fraction and bulk material. Neodymium isotopic analysis is expressed
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Figure A7.2: Provenance analysis (Nd and Sr isotopic compositions) at U1361A. Published
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Why should we care about the ice in Antarctica?

At up to four kilometres thick, the Antarctic Ice Sheet dominates the landscape of Antarctica,
masking the continent’s high mountainous peaks and filling its deep valleys. The sheer
expanse of the ice sheet and Antarctica’s unspoilt, mysterious demeanour, contradicts its
vulnerability and sensitivity to warming temperatures of the coming centuries to millennia
(Chapter 1).

The human-induced impact of rising carbon dioxide levels in the atmosphere on Earth’s
climate is now unequivocal. As temperatures warm around the globe, Antarctica’s ice will be
increasingly vulnerable to melting, causing global sea level to rise. The influence of both
atmospheric and oceanic warming is significant in Antarctica, with the latter effect being
particularly impactful in the large areas of the continent where the ice sheet sits on land that
is below sea level, such as the Wilkes Subglacial Basin. Predicting the response of the
Antarctic Ice Sheet to future warming is inherently challenging, but one way to understand its
future behaviour is to consider how it reacted to different environmental conditions in the past.

One telling feature is the extent of the ice sheet recorded by the location of the ice margin.

Looking underneath
Antarctica’'s ice cover

Antarctica's Present-Day
Ice Extent

P

The present-day ice
margin is drawn in black

Areas below sea level (blue)
are particularly vulnerable

- : E
to melting from the dual influence R . &3 £
of warming atp?osphenc and Study site 1: 3 . §
oceanic conditions. st 3

Mountains H
Together these areas contain )
enough ice to raise global sea Transantarctic i Study site 2:
levels by ~ 23 m (~ 40 % of Mountains Wilkes X Wilkes Subglacial
¥ . i Basin 2
Antarctic's full potential Subglacial <=2600
contribution). Basin

Figure 1: Looking underneath Antarctica's ice cover. Present day ice extent from images
compiled in Landsat Image Mosaic of Antarctica (LIMA) and NASA's MODIS Mosaic of Antarctica
(MOA) and bedrock (solid rock) elevation from Bedmap 2 survey (Fretwell et al., 2013).
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Unlocking millions of years of ice sheet history

Marine muds that build up offshore of the Antarctic continent provide records that can be used
to understand the history of the Antarctic Ice Sheet over millions of years. These muds are
broken down pieces of rocks, formed during erosion on the Antarctic continent, and
transported offshore over thousands and millions of years. Maximum erosion occurs at the
very edge of the ice sheet (the ice margin), while continental areas that are covered by ice will
experience limited to negligible erosion. Variations in the ice margin extent will therefore shift

the area of maximum erosion and cause different materials to be transported offshore.

To visualise this, it may be helpful to consider an analogy, so let's imagine a department store
filled with different products. Over time shoppers remove products and transport them out of
the shop. If customers were to drop their shopping bags at the shop exit, a huge pile would
slowly build up recording the products taken from the shop. Importantly, customers are only
able to remove products in areas of the shop they can access. If one floor of the shop is closed,
no products from these sections will be taken out of the shop and hence will be missing from
the exit pile. However, once it is re-opened and can once again be accessed by customers,

the products will return.

In a similar way to shop products being identified by a unique bar code, different rock types
have a distinctive chemical signature that can be used to identify them. By analysing the
chemical signature of the offshore muds, the original source rock can be determined and the
location of the ice margin can be inferred. Therefore, variations in the chemical signature of
offshore muds through time provides an indication of ice margin variations in the past,
indicating times of ice expansion and times of ice retreat (ice loss). Given that 98 % of the
Antarctic continent is covered by ice it can be challenging to determine the source rock being
eroded during past periods of ice retreat. One chapter within this thesis discusses this in more
detail at the Wilkes Subglacial Basin and uses a wide variety of chemical tools to understand

the proximal source rocks (Chapter 5).

The past is the key to the future

The most recent geological period with temperatures persistently warmer than present was
some five million years ago during a period known as the Pliocene. Two Antarctic records
presented here improve our understanding of the response of the Antarctic Ice Sheet to
warmer global temperatures. These results suggest extensive retreat of the ice margin inland
relative to its present-day position, contributing substantially to global sea level rise during the
warmest periods of the Pliocene (Chapter 2 and 3). One of the largest uncertainties

concerning the ice sheet response is the timescales of deglaciations (i.e. the disappearance
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of ice). High resolution studies from offshore of the Wilkes Subglacial Basin constrain the
period of deglaciation during the Pliocene to a few millennia (Chapter 3). This highlights the
long-term effects of temperature increases due to the slow response time associated with the
Antarctic Ice Sheet. Global temperatures are already ~ 1 °C warmer than in pre-industrial
times but most measurements from around Antarctica show only limited pockets of melting.
This long response time means that more melting can be expected in hundreds to thousands
of years. The large Antarctic Ice Sheet is slow to respond to warming, but it will react

eventually.

Stabilisation of the ice sheet in cooler periods?

Following the warm temperatures of the Pliocene, Earth’s climate has gradually cooled over
the last five million years with both atmospheric and oceanic temperatures decreasing. The
results presented in this thesis show that different areas of Antarctica responded differently to
this cooling. One study site shows stabilisation of the ice margin (Chapter 2), while the other
demonstrates continued ice loss (although the extent of retreat is reduced) (Chapter 2). The
change in the two sites did not occur simultaneously, highlighting that there is spatial variability
in the ice margins of this vast ice sheet (Chapter 6). It is suggested that this variation is related
to changes in global oceanic circulation, a conveyor belt system that transports water and heat
around the world’s oceans. Changes in the extent of sea ice, floating ice frozen over seawater,
limits upwelling of warm water masses near Antarctica and hence reduces melting driven by

oceanic warmth (Chapter 6).

Recent variability

More recent data from one of these sites, near the Wilkes Subglacial Basin, records continued
variability in the ice margin extent, despite generally cooler temperatures (Chapter 4). These
variations suggest retreat of the ice margin during times when Antarctic temperatures were

warmer than present by ~ 2 °C.

The planet is warming faster around the poles than it is as a whole, an observation called polar
amplification. Recent international climate agreements aim to limit global temperature rise of
the coming century to within 2 °C (United Nations Climate Change Conference, Paris 2015)
which will likely result in even warmer temperatures at Antarctica. The variability of the ice
margin to only slightly increased temperatures in the past highlights the vulnerability of the
Antarctic Ice Sheet to near-future warmer temperatures. It furthermore emphasises that there
is a significant long-term commitment to rising global temperatures and the fragile ice sheet

will likely show signs of melting in the coming hundreds to thousands of years.
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Chapter 1.

Introduction
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1.1. The importance of the cryosphere

The cryosphere, comprising Earth’s snow, floating ice, glaciers, frozen ground and ice sheets,
is a key component of the climate system. Volumetrically most important are Earth’s polar ice
sheets, the Greenland Ice Sheet (GIS), the West Antarctic Ice Sheet (WAIS), and the East
Antarctic Ice Sheet (EAIS). Changes in ice volume have a direct influence on global sea level,
sea ice extent, surface albedo, bottom water formation, and primary productivity. Ice sheet
fluctuations in Antarctic also affect water stratification in the Southern Ocean which in turn
plays a fundamental role in global heat transfer and ocean circulation patterns, being
connected to all other major ocean basins through the thermohaline circulation. As such, the
ice extent on the Greenland and Antarctic continents is a key factors in all parts of the climate

system from the atmosphere to the oceans to the biosphere.

With an increase in carbon dioxide (CO.) levels of ~ 40 % since pre-industrial time (1750 to
present; a rise from ~ 280 to ~ 410 ppm) and a synchronous global temperature rise of ~ 0.85

°C between 1880 and 2012 (IPCC, 2014), anthropogenic warming is unequivocal. While global

political agreements aim to restrict warming to within 1.5 — 2 °C above pre-industrial levels

(UNECCC, 2015), research has suggested that achieving such goals requires immediate and

rapid action with most current policies falling short of the targets (Pye et al., 2017; Rogelj et

al., 2016). Additionally, even predictions that keep global warming under 2 °C suggest

millennial commitments to long-term climate feedbacks, including sea level rise, ocean

acidification and reductions in ice-sheet extent (Mengel et al., 2018; Clark et al., 2016;

Schleussner et al., 2016a; Schleussner et al., 2016b). All representative concentration

pathways (RCP) of the IPCC, ranging from reduced emission scenarios to high CO, business-

as-usual projections, model global surface temperature warming (Collins et al., 2013).

Temperatures are likely to rise by 2 — 4 °C compared to pre-industrial levels by the end of the

century (Collins et al., 2013), a state that has not existed in the Earth’s climate since the Early

Pliocene (approximately five million years ago; ~ 5 Ma) (Haywood and Valdes, 2004). These

projections are associated with considerable social and political uncertainty, but the response,
both globally and at the poles, is very much dependent on what pathway is followed in the

coming decades (Rintoul et al., 2018). It is vitally important that the consequences of such

pathways are understood including the long-term commitments associated with them.

This thesis presents evidence from palaeoclimate studies from the largest of these ice sheets,
the East Antarctic Ice Sheet (EAIS) to understand more about its ice sheet history over the
last 5 million years and assess its vulnerability to environmental change. This chapter provides
an introduction to the key themes of this thesis including an overview of the East Antarctic Ice

Sheet, climatic and ice sheet variations over the last 5 Ma, insights into the Southern Ocean
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and its impact on the global climate systems, and details of the sites studied and methods

used.

1.2. The East Antarctic Ice Sheet

The extensive East Antarctic Ice Sheet is up to ~ 4 km thick in places and holds a sea level

equivalent of ~ 53 m (Fretwell et al., 2013). Past variations in the EAIS are closely linked to

the global climate system (Zachos et al., 2001), and offer insight into prospective future

behaviour under anthropogenic warming.

Continental-scale glaciation on Antarctica was initiated ~ 34 Ma, and further ice expansion

took place ~ 14 Ma (Zachos et al., 2001). The East Antarctic Ice Sheet is bounded on the west

by the Transantarctic Mountains (TAM) characterised by mountain glaciers and ice-free
valleys (the Dry Valleys) (Figure 1.1). A number of outlet glaciers breach the mountains from
the high elevation East Antarctic Polar Plateau flowing down into the Ross Sea embayment
or into the Ross Ice Shelf. With the majority of the continent covered by ice and only ~ 2 % of
the Antarctic continent exposed, the high elevations of the Transantarctic Mountains are a
primary area for outcrops. The geology of the valleys containing outlet glaciers are therefore

relatively well constrained and have been mapped in detail (Cox et al., 2012).

In contrast to these high elevation areas, much of Antarctica’s ice is grounded below sea level
in extensive subglacial basins (in particular the Aurora, Recovery and Wilkes Subglacial
Basins; Figure 1.1). Collectively, ice grounded below sea-level in East Antarctic has a
potential contribution to global sea level rise of ~ 19 m, more than the West Antarctic and
Greenland ice sheets combined. With inland-sloping bedslopes and marine-based ice

margins, such areas are susceptible to marine ice sheet instability (Weertman, 1974) and to

melting caused by warming ocean waters (Greenbaum et al., 2015; Joughin et al., 2014;
Joughin et al., 2012).

Traditionally the EAIS was viewed as stable since the middle Miocene when it became semi-
permanent, responding with minimal to negligible changes during past climate variations
(Denton et al., 1993; Sugden et al., 1995). This “stabilist” view is based on the marine 880

record that shows a general shift towards heavier values throughout the Cenozoic, suggesting

greater ice volumes and/or a colder climate since inception of Antarctic ice (Zachos et al.,

2001; Kennett and Hodell, 1993). Geomorphological studies from the Transantarctic

Mountains (especially in the Dry Valleys) imply that this area, and the EAIS, has remained
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Figure 1.1: Map of Antarctica showing key locations from this thesis. (a) Study sites within this thesis (CIROS-2 and U1361A) are shown by white circles

with key locations marked. Topography of Antarctica is shown from Bedmap 2 (Fretwell et al., 2013) with subglacial areas shown in blue (including the Wilkes

Subglacial Basin (WSB)) and areas above sea level shown in green/brown (including the Transantarctic Mountains (TAM)). The belt of the TAM is shown by a
yellow line. Other abbreviations refer to East Antarctic Ice Sheet (EAIS), West Antarctic Ice Sheet (WAIS), Aurora Subglacial Basin (ASB) and Recovery
Subglacial Basin (RSB). (b) Magnified area including the two study sites used in this thesis. The northern coastline from Cape Adare (CA) (71917°S,
170914°E) to Cape Hordern (CHo) (66 915°S, 100 %31°E) is divided into the following zones from east to west, which are marked by white diamond: Pennell
Coast (to Cape Williams (CW; 70%30’S, 164 V9’E)), Oates Coast (to Cape Hudson (CH; 68%20°S, 153%45°E)), George V Land Coast (to Point Alden (PA;
66 %48’S, 142°02°E)), Adelie Land Coast (to Pourquoi Pas Point (PPP; 66 °12’S, 136 °11°E)) and Wilkes Land (overlapping with Adelie Land Coast from Point
Alden and extending to Cape Hordern (CHo) marked on (a)).
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unchanged climatically (Sugden et al., 1999; Summerfield et al., 1999), glaciologically (Goff et
al., 2002; Stroeven and Prentice, 1997) and tectonically (Ackert and Kurz, 2004; Fitzgerald
and Stump, 1997) since the mid Miocene, suggesting no dramatic changes to the EAIS during
this time (Denton et al., 1993).

This view is increasingly being contradicted by a “dynamicists” view of the EAIS with large
scale variations in the ice sheet extent and volume during the Late Miocene and Pliocene.
Such a view was initially proposed to explain deposition of the Sirus Group marine diatoms

deposited in the Transantarctic Mountains (Stroeven et al., 1996; Webb et al., 1984). It has

been argued that these diatoms were emplaced by glacial transport during a large-scale
deglaciation that allowed Southern Ocean waters into low-lying basins. Recent ice sheet
modelling (Golledge et al., 2017; Pollard et al., 2015; Hill et al., 2007) and geological studies
(Cook et al., 2017; Cook et al., 2013; Naish et al., 2009; Whitehead and McKelvey, 2001;

Hambrey and McKelvey, 2000) agree on the existence of a dynamic Antarctic Ice Sheet

beyond the mid-Miocene and at least into the Pliocene. The behaviour of the ice sheet beyond
the Pliocene, into the Pleistocene, is largely understudied but there is evidence for continued

variability in at least the marine based West Antarctic Ice Sheet (DeConto et al., 2012; McKay

et al., 2012b).

The response of the large ice sheets to future warming remains an area associated with

considerable uncertainty (Vaughan et al., 2013), especially as many of the observational data

sets are too short to distinguish anthropogenic changes (if present) from natural variability. In
particular, records from East Antarctica provide conflicting evidence about the current
response to recent warming. Overall a pattern of retreat around the ice margin (Rignot et al.,
2013; Pritchard et al., 2012; Pritchard et al., 2009) is compensated by thickening in the ice
sheet interior (Shepherd et al., 2018; Zwally et al., 2015; Shepherd et al., 2012). Ice loss is
observed around the Oates to Wilkes Land coast (Miles et al., 2017; Miles et al., 2013) and in

Northern Victoria Land (Lovell et al., 2017), although there is not a strong long-term trend

observed. In particular the influence of ice loss around the ice sheet margins appears complex

and has the potential to significantly affect overall mass balance in the near future.

Overall, East Antarctica appears to be showing limited change or a slight mass gain. However
complexities in the influence of glacial isostatic adjustment and large variations in surface

mass balance measures, mean this is far from certain (Shepherd et al., 2018). In order to

understand possible future scenarios, direct evidence of past variations are required.
Palaeoclimate studies offer great potential since past variations can be placed in the context
of the global climate and the state of the climate system at the time. As such, mechanisms of

change and thresholds in the system can be assessed and understood in more detail.
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1.2.1. Study sites in East Antarctica

One of the study sites for this thesis is located near the terminus of an EAIS outlet glacier, the
Ferrar Glacier which occupies the Ferrar Valley in the Transantarctic Mountains (Figure 1.1).
The Ferrar Glacier was first explored in 1903 by a party including Robert Falcon Scott and
Hartley Travers Ferrar who travelled up the glacier from their base on Ross Island to the Polar
Plateau before attempting to return along the neighbouring valley, the Taylor Valley, the first
of the Dry Valleys to be discovered. Presently the Ferrar Glacier extends approximately 65 km
from Taylor Dome in the Polar Plateau to the lower catchment of the Ferrar Valley where it

extends into a floating ice tongue into the Ross Sea embayment.

The CIROS-2 (77°41'S, 163°32’E) drill core was drilled as part of the Cenozoic Investigation
of the western Ross Sea (CIROS) in 1984 (Pyne et al., 1985). It was located 1.2 km east of

the floating ice tongue of the current Ferrar Glaciers and is hence seawards of the modern

grounding line (Barrett and Hambrey, 1992). Drilling recovered 166m of Plio-Pleistocene

glacial debris that is discontinuous but extends to ~4.7 Ma.

The second site used in this thesis is located offshore the Wilkes Subglacial Basin. The Wilkes
Subglacial Basin is a subglacial depression ~ 1400 km in length and up to 600 km wide buried

under ~ 3 km of ice (Ferraccioli et al., 2009) (Figure 1.1). It is the largest of East Antarctica’s

three subglacial basin (Recovery, Aurora and Wilkes Subglacial Basins) and has a potential

sea level equivalent of ~ 3 — 4 m (Pollard et al., 2015). The grounding line within the Wilkes

Subglacial Basin is some 450 — 500 metres below sea level and the basin has a landward-
sloping bathymetric profile. It is therefore especially vulnerable to melting from direct influence
of the Southern Ocean through marine ice sheet instability processes as well as surface

melting processes from atmospheric warming.

The Wilkes Subglacial Basin ice margin is located to the west of the TAM. At the coastline it
is up to 600 km wide from ~ 144 to 156 °E (Ferraccioli et al., 2009) spanning much of the
George V Land coast (142 to 153 °E) and the western part of Oates Land (153 to 164 °E)

(Figure 1.1). These coastlines are characterised by 20 — 30 m high marine terminating ice

cliffs. George V Land was explored in an Australasian Antarctic Expedition in 1911 — 1914

lead by Douglas Mawson (Mawson, 1915). As part of this expedition, the Far Eastern Shore

Party set off to explore the nearby coastline identifying the Mertz and Ninnis Glaciers (named
after two explorers who died on their journey). Later, during the US Land Traverse (1959 —
1960) of the area inland of George V Land Coast, the Wilkes Subglacial depression was

identified by a large gravity anomaly (Weihaupt et al., 2013) and further exploration of the

Mertz and Ninnis glaciers were conducted (Weihaupt et al., 2014). Due to the remoteness,

additional studies of this area were limited until recent years when a number of airborne
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geophysical surveys have been conducted (Frederick et al., 2016; Ferraccioli et al., 2009;

Studinger et al., 2004), as well as seismic surveys (De Santis et al., 2010; De Santis et al.,

2003), and offshore drilling programs (Escutia et al., 2011; Domack, 1982).

The Wilkes Subglacial Basin was the focus of a recent International Ocean Drilling Program
(IODP) Expedition 318 in 2010. The expedition aimed to provide a long-term record of
Cenozoic Antarctic glaciation and its relationship with global climatic and oceanographic

change (Escutia et al., 2011). In total ~2,000 m of Eocene-Holocene sediments were

recovered from four rise sites and three continental shelf sites (Escutia et al., 2011). One of
these rise sites, Site U1361, Hole U1361A (64°24’S, 143°53’E), is the focus of this study as it

recovered a near-continuous Plio-Pleistocene record (Tauxe et al., 2012), recovering ~130 m

of sediment.

1.3. Antarctica over the last five million years

The last five million years spans a period of great environmental change around the globe
characterised by global temperatures cooling from the initial warmth of the early Pliocene. A
key step in the cooling trend is seen at ~ 2.7 Ma with the initiation of Northern Hemisphere

glaciation (Shackleton et al., 1984) and the onset of modern bipolar glaciation during the

Pleistocene. However geological studies of East Antarctic Ice Sheet variability spanning the

last 5 Myr are sparse.

1.3.1. The early- to mid-Pliocene warmth

The most geologically-recent period with prolonged warmer-than-present temperatures was
the Pliocene Epoch (~2.588 to 5.333 million years ago (Cohen et al., 2013)). Similar

geographical and tectonic configuration, oceanic circulation patterns, and marine and

terrestrial ecosystems in the Pliocene compared to today makes it a suitable time period to
learn about Earth’s response to elevated global temperatures. Of particular interest to studies
under warmer climates are the early Pliocene super-interglacial periods (from ~ 5.3 — 3.2 Ma)
and the mid-Piacenzian warm period (3.264 Ma to 3.025 Ma) (Dowsett et al., 2016).

The Pliocene is characterised by surface temperatures 2 — 4 °C warmer than pre-industrial
(Haywood and Valdes, 2004; Pagani et al., 2010) while CO, concentrations are estimated to
have been 330 — 414 ppm (Martinez-Boti et al., 2015; Pagani et al., 2010; Seki et al., 2010).

Polar amplification resulted in high latitudinal temperatures up to 8 °C warmer than today

(Brigham-Grette et al., 2013; Lunt et al., 2012; Robinson, 2009). Estimates of global meal sea

level (GMSL) suggest Pliocene sea levels were possibly up to 22 + 10 m higher than modern
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(Miller_et al., 2012) although this is associated with considerable uncertainty due to the

complicating effects of dynamic topography and glacial isostasy (Dutton et al., 2015; Raymo

etal., 2011). The Northern Hemisphere is thought to have been largely ice-free (Haywood and
Valdes, 2004) and the WAIS is thought to have collapsed (Naish et al., 2009). Complete

melting of the Greenland and West Antarctic Ice Sheets would imply a global sea level rise of

~ 12 m. Therefore, mid- to upper-estimates of Pliocene GMSL suggests at least partial melting
of the EAIS (~ 23 — 60 % of its current volume). Geological evidence (Cook et al., 2017;
Patterson et al., 2014; McKay et al., 2012a) and modelling studies (DeConto and Pollard,
2016; de Boer et al., 2015; Pollard et al., 2015; Yamane et al., 2015; Hill et al., 2007) from

East Antarctica supports the notion of a significantly reduced EAIS within the Pliocene,

especially from the marine based vulnerable areas. However, the magnitude of variation is not

consistent between modelling studies (de Boer et al., 2015; Pollard et al., 2015; Hill et al.,

2007) and depends on the ice sheet model used (Dolan et al., 2018) highlighting the need for

more geological constraints and improved understanding of the ice-climate system.

1.3.2. Cooling at the Plio-Pleistocene transition

A major transition in global climate occurred towards the end of the Pliocene epoch when the
warm temperatures of the Pliocene gave way to the cooler Pleistocene. This transition
occurred between ~ 3.3 and 2.6 Ma and culminated in the onset of Northern Hemisphere
glaciation. A long-term cooling trend in the Late Pliocene is suggested by the progressive

increase from ~ 3.6 — 2.4 Ma (Mudelsee and Raymo, 2005) in global benthic 'O record,

indicating changes in ice volume and deep water temperature (Zachos et al., 2001).

Atmospheric CO; decreased to pre-industrial levels between 3.2 — 2.5 Ma (Martinez-Boti et

al., 2015; Seki et al., 2010), and sea surface temperatures were reduced (Lawrence et al.,

2010), as were deep water (Rohling et al., 2014) and atmospheric temperatures (Mudelsee
and Raymo, 2005).

The cause of this Late Pliocene cooling has been attributed to various processes including a

decrease in atmospheric CO2 concentration (Martinez-Boti et al., 2015; Willeit et al., 2015;

Seki et al., 2010; Lunt et al., 2008), changes in orbital configuration (Haug and Tiedemann,

1998; Maslin et al., 1998), tectonic influences (Cane and Molnar, 2001; Maier-Reimer et al.,

1990; Raymo et al., 1988; Ruddiman and Raymo, 1988), changes in zonal and meridional sea

surface temperature (SST) gradients (Herbert et al., 2015; Lawrence et al., 2010; Fedorov et
al., 2006; Ravelo et al., 2004; Sigman et al., 2004; Philander and Fedorov, 2003), and changes
in ocean stratification (Woodard et al., 2014; McKay et al., 2012a; Haug et al., 2005; Sigman

et al., 2004; Haug et al., 1999). In particular, the latter suggestion calls for an Antarctic driver

through changes in oceanic circulation patterns, propagating northwards from the Southern
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Ocean. Changes in ocean stratification in the Southern Ocean are increasingly thought to be

fundamental in the Plio-Pleistocene transition (Patterson et al., 2018; Woodard et al., 2014;

McKay et al., 2012a) with links to sea ice expansion in Antarctica, productivity and albedo

changes as well as redistribution of heat transfer.

Evidence of changes in Antarctica ice extent over the late Pliocene are relatively sparse and
further research is required to characterise this change. The ANDRILL sediment core from the
Ross Sea (Figure 1.1) recovered sediment over this critical period and provides the most
compelling evidence for Antarctic Ice Sheet change suggesting major ice sheet expansion

initiated by the large perturbation of the M2 glaciation at ~ 3.3 Ma (McKay et al., 2012a).

Additionally iceberg rafted debris accumulation suggests sea ice expansion beyond a
threshold at ~ 3.5 Ma thereby influencing the dynamics of oceanic forcing on the ice sheets

(Patterson et al., 2014). In the Southern Ocean, productivity is known to have decreased over

this transition, supporting an increase in sea ice extent (Hillenbrand and Futterer, 2001).

1.3.3. Pleistocene variations

Pleistocene glacial-interglacial cycles are characterised by higher frequency, larger amplitude

climatic variations compared to the Pliocene (Lisiecki and Raymo, 2007). Global cooling

continued until 1.2 Ma (Snyder, 2016) and there is evidence for continued variation in global

ice volume (Lisiecki_and Raymo, 2005). While this variation is dominantly attributed to

Northern Hemisphere ice sheets (Lisiecki and Raymo, 2007), there is evidence for variations

in the ice extent in West Antarctica throughout the Pleistocene (McKay et al., 2012b; Naish et
al., 2009).

A major change in the Pleistocene occurred at the Mid-Pleistocene Transition (MPT) when the
dominant periodicity of glacial cycles changed from 41 kyr obliquity cycles, to 100 kyr
eccentricity signals. This change coincided with the intensification in large-scale Northern
Hemisphere ice sheets. The transition occurred in the absence of a significant change in the

strength of orbital variations (Laskar et al., 2004) and hence is suggested to represent

enhanced sensitivity of the climate system to orbital forcing (Ravelo et al., 2004; Imbrie et al.,

1992). While the mechanisms causing such a change are not clear, suggested drivers include
(i) long-term global cooling and associated CO- reductions passing a threshold in the climate
system (Chalk et al., 2017; Berger et al., 1999; Raymo, 1997; Berger and Jansen, 1994), (ii)
feedbacks related to deep ocean cooling, changes in sea-ice distribution and atmospheric

connectivity (Ashkenazy and Tziperman, 2004; Tziperman and Gildor, 2003), (iii) a transition

from terrestrial to marine ice margins in Antarctica (Raymo et al., 2006), (iv) changes in ice

sheet dynamics, possibly related to sedimentation, causing larger, thicker ice sheets to
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develop (Chalk et al., 2017; Elderfield et al., 2012; Clark et al., 2006; Clark and Pollard, 1998);

(v) increases in the insolation threshold causing ice sheet ablation (Berger et al., 1999;

Paillard, 1998; Raymo, 1997); and (vi) reorganisation of the thermohaline circulation

facilitating glacial drawdown of atmospheric CO2 and hence intensifying glacial events (Pena
and Goldstein, 2014; Sexton and Barker, 2012; Schmieder et al., 2000).

Despite long-term cooling in the Pleistocene (Lisiecki and Raymo, 2007) there were also

periods of reduced ice extent in Antarctica over the Pleistocene. An interglacial of particular
interest has been MIS 31 (~ 1.07 Ma), which stands out in the global benthic 6§80 stack

(Lisiecki and Raymo, 2005), possibly caused by an extreme high in southern high latitude

insolation (Scherer et al., 2008). It is thought that during this interval marine sections of the

West Antarctic Ice Sheet experienced reductions (McKay et al., 2012b) with evidence of

increased sea surface temperatures in the Ross Sea and Prydz Bay areas (Scherer et al.,

2008; Villa et al., 2008) (Figure 1.1). This is thought to have consequences for oceanic

circulation with increased influence of subtropical waters and the warm Agulhas Current
(Maiorano et al., 2009).

In general, the Pleistocene was a time of continued cooling following initial cooling in the late
Pliocene. Ice volumes increased with suggested stabilisation of the Antarctic Ice Sheet and
persistence of sea ice through interglacial periods (McKay et al., 2012a; Hillenbrand et al.,
2009).

1.4. The Southern Ocean’s role in global
climate

The thermohaline circulation can be described by sinking of dense water at high latitudes
which is balanced by upwelling of deep waters to the ocean surface (Figure 1.2). This global

“conveyor belt” transfers heat, nutrients and gases around the oceans (Marshall and Speer,

2012; Carter et al., 2008). A key role is played by the Southern Ocean, which connects and

influences all major ocean basins (Rintoul, 2018; Pickard and Emery, 1995). Cold dense

waters sinks to abyssal depths around the margins of Antarctica and migrates northwards into

the Atlantic, Indian and Pacific oceans (Carter et al., 2008). In turn this is compensated by

strong westerly winds driving upwelling to the surface (Marshall and Speer, 2012).

The Antarctic Circumpolar Current (ACC) is driven by the strong westerly winds in the region

and circumnavigates over ~ 25,000 km around the Antarctic Continent (Rintoul and Naveira

Garabato, 2013) (Figure 1.2). It transports all the water masses that reach the Southern
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Figure 1.2: The global thermohaline circulation. Map showing the key water masses and their movement around the global oceans. The deepest water

masses are represented by dark blue solid lines, intermediate depth water masses by light blue dotted and dashed lines and surface flows by thin, dashed,
pale blue lines. Deep and bottom water formation sites in the North Atlantic and Southern Ocean are marked by circled crosses. Abbreviations refer to the

Antarctic Bottom Water (AABW), Antarctic Intermediate Water (AAIW), Circumpolar Deep Water (CDW), Indian Ocean Deep Water (IDW), North Atlantic
Deep Water (NADW), PDW (Pacific Deep Water), Subantarctic Mode Water (SAMW). Modified from Pickard and Emery (1995) and Carter et al. (2008).
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Ocean and is hence vertically homogenous compared to other parts of the ocean (Emerson
and Hedges, 2008).

One of the important inflowing water masses to the Southern Ocean is North Atlantic Deep
Water (NADW), which travels southwards at depth in the Atlantic Basin. Around 80 % of
NADW exported from the South Atlantic becomes modified NADW and forms the high-salinity
component of Lower Circumpolar Deep Water (LCDW). Recirculated deep waters from the
Indian and Pacific Oceans on the other hand feed into Upper Circumpolar Deep Water
(UCDW). Both, UCDW and LCDW upwell in the Southern Ocean south of the Polar Front
(Figure 1.3). Formation of sea ice leads to brine rejection converting surface waters to very
dense Antarctic Bottom Water (AABW). This process mainly occurs in three areas offshore
Antarctica. Specifically the Weddell Sea which contributes ~ 50 % to the formation of AABW,
the Wilkes Land margin including the Adélie Coast which contributes ~ 30 % (Rintoul, 1985)
and the Ross Sea produces ~ 20 % of AABW (Jacobs, 2004).

In the Indian and Pacific Ocean basins, no deep water formation occurs. The water masses
of Pacific Deep Water (PDW) and Indian Deep Water (IDW) form diffusively from inflowing
NADW and AABW (Talley, 2013). These water masses are lighter than the NADW and upwell
in the Southern Ocean north of the upwelled NADW (Figure 1.3). These water masses form
the dominant source of the upper ocean waters that leave the Southern Ocean, Subantarctic
Mode Water (SAMW) (Talley, 2013; Carter et al., 2008). Another intermediate water mass,

AAIW, also forms from wind-forced or density driven sinking of surface waters although this

isn’t fully understood (Carter et al., 2008).

Recent observations suggest that AABW has warmed, freshened and hence decreased in
density in the last 40 years (Schmidtko et al., 2014; van Wijk and Rintoul, 2014; Purkey and
Johnson, 2012; Rintoul, 2007). This warming is thought to be a driver of recent basal melting
around Antarctica (Rintoul et al., 2016; Rignot et al., 2014). The causes of the AABW

freshening have been linked to melting of the WAIS, changes in sea ice formation and/or

precipitation patterns (Jacobs et al., 2002). Changes in CDW have also been suggested by

recent calving events off the Adélie Land coast (Aoki et al., 2017). Given anthropogenic

warming, enhanced basal melting of ice has been identified as a likely driver to create future
freshwater that may enter the Southern Ocean causing further changes to ocean circulation
patterns with reductions in AABW formation (Silvano et al., 2018; Rignot et al., 2011).

To understand these changes, past variations in the Southern Ocean can be considered.
During the Plio-Pleistocene, variations in the sea ice field around Antarctica is thought to have
been very important for the formation of AABW. Expansion of the sea ice field around the late

Pliocene cooling step enhanced AABW formation due to increased stratification of the ocean
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Figure 1.3: Schematic cross-section of the Southern Ocean and its main water masses. Water
masses are: Subantarctic Mode Water (SAMW); Antarctic Intermediate Water (AAIW); Upper
Circumpolar Deep Water (UCDW); North Atlantic Deep Water (NADW),; Lower Circumpolar Deep
Water (LCDW); and Antarctic Bottom Water (AABW). The Antarctic Circumpolar Current (ACC) is also
shown which flows from west to east, i.e., out of the page. The location of the Polar Front (PF) is
shown by a black star. Modified from Carter et al. (2008).

through brine rejection (McKay et al., 2012a). Ultimately this caused increasing upwelling of

colder waters in lower latitudes and reduced heat transport to the Northern Hemisphere

(McKay et al., 2012a; Woodard et al., 2014). Such a change in oceanic circulation would have

acted as a positive feedback reducing atmospheric CO2 conditions and cooling high Northern

Hemisphere latitudes prior to the onset of glaciation.

1.5. Material and methods

1.5.1. Marine sediment cores

Throughout this study, marine sediment cores are utilised to aid understanding of past ice
sheet dynamics in the vicinity of the Ross Sea and Wilkes Subglacial Basin. With ~ 98 % of
the Antarctic continent covered by ice, evidence of past ice sheet variations in the form of
geological outcrops are limited. One method to overcome this issue is to utilise detrital
sediment deposited offshore of the continent as a record of past change. As continental
bedrock is eroded, material is transported offshore and eventually buried as marine sediments,
preserving a record of past change in erosion and transport mechanisms. In glaciated regimes,
maximum erosion occurs at the ice sheet margin (Alley et al., 1997), while the lithologies
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submerged beneath the ice sheet will experience limited or negligible erosion. During
interglacial periods, lubrication at the bed may additionally lead to meltwater plumes
emanating into the ocean. Drill cores collected from the continental shelf and rise around the
Antarctic continent therefore provide a record of the detrital erosional products through time.
Determining the provenance of this detrital sediment, i.e., reconstructing the origin of the
sediment, can be used to infer the location of past ice sheet margins (Licht and Hemming,
2017; Andrews and Principato, 2002).

Provenance studies have been widely used in glaciated areas of the Northern Hemisphere
(Bailey et al., 2012; Colville et al., 2011; Fagel et al., 2004; Hemming, 2004; Farmer et al.,

2003; Weis et al., 1997; Gwiazda et al., 1996). Around Antarctica, Holocene sediment from

core-top samples were found to be isotopically distinct and linked to proximal on-land sources

from the ice sheet margin, constrained by outcrops (Hemming et al., 2007; Roy et al., 2007;

van de Flierdt et al., 2007; Farmer et al., 2006). Provenance analysis of detrital sediment

deposited around Antarctica is now widely utilised and often involves deploying a multi-proxy
approach (Cook et al., 2017; Licht and Hemming, 2017; Farmer and Licht, 2016; Cook et al.,
2013; Pierce et al., 2011).

Detrital marine sediment is often analysed at different grain-size fractions, specifically divided
into the fine fraction (< 63 pm or < 150 um grain-size fraction) and the coarse-grained fraction,
in order to observe different components of the sediment delivery system. Terrigenous
material from local continental sources will be contained in the fine-grained fraction as it is

associated with clay transport in bottom water currents (Patterson, 2014; Huon et al., 2002).

Additionally the dominant volume of sediment produced by glacial erosion is < 63 pm

(Andrews and Principato, 2002). In comparison, the coarse-grained fraction is largely

transported by iceberg rafting (e.g., Williams et al., 2010).

1.5.2. Provenance tracing toolbox

A large array of potential techniques exists that can be utilised to study the provenance of

glaciomarine sediments (see review by Licht and Hemming, 2017). Tools used for provenance

analysis of marine sediment cores include 1) radiogenic isotope geochemistry (see review by
Goldstein and Hemming, 2011; e.g., Cook et al., 2017; Farmer and Licht, 2016; Cook et al.,
2013; Farmer et al., 2006); 2) major and trace element analysis and XRF scanning (e.g.,

Monien et al., 2012; Jimenez-Espejo et al., 2007); 3) clay mineralogy (e.g., Cook et al., 2017;

Talarico et al., 2012; Hillenbrand and Ehrmann, 2003). 4) heavy mineral assemblage analyses

(e.g., Ehrmann and Polozek, 1999; Domack, 1982); and 5) thermochronology and

geochronology (e.g., Simoes Pereira et al., 2018; Cook et al., 2014; Licht and Palmer, 2013;
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Tochilin et al., 2012; Pierce et al., 2011; Veevers and Saeed, 2011; Williams et al., 2010; Roy

et _al., 2007). Signals in these proxies can indicate changes in erosion, weathering,

transportation or depositional processes and/or bedrock lithologies (Andrews and Principato,

2002) while different proxies can reveal information about different parts of the system (Licht
and Hemming, 2017).

The research presented here primarily focuses on the provenance tool of radiogenic isotope
geochemistry (strontium (Sr) and neodymium (Nd)) to determine ice sheet variations through
the Plio-Pleistocene around the coastline of East Antarctica. This data is supplemented by
major and trace element analysis to provide further geochemical constraints on the

provenance of detrital sediments.

1.5.2.1. Radiogenic isotope systems

Long-lived radiogenic isotope systems are useful tracers in continental rocks as their isotopic

ratios vary as a function of the bedrock age and lithology (Goldstein and Hemming, 2011). In

this study the samarium (Sm) - neodymium (Nd) and rubidium (Rb) - strontium (Sr) decay
systems will be utilised although other radiogenic isotope systems, including hafnium (Hf),

osmium (Os) and lead (Pb), have also been used for ice sheet studies (Goldstein and

Hemming, 2011). The mantle and continental crust are characterised by distinct Sm/Nd and

Rb/Sr ratios due to different compatibility of the parent and daughter elements during partial
melting. Consequently, on a regional scale, the continental crust can be very heterogeneous

in respect to its isotopic signature.

1.5.2.1.1. The samarium (Sm) — neodymium (Nd) isotope decay system

Neodymium has seven isotopes, one of which is radiogenic, *3*Nd, formed by the a-decay of

the radioactive isotope of samarium, '#’Sm (DePaolo, 1988). This radioactive decay process

results in variations in the abundance of 3Nd compared to the other stable Nd isotopes.
Despite these variations being very small, they can be measured and quantified using mass

spectrometric techniques.

Samarium-Nd is a long-lived radioactive decay system (the half-life of '’Sm is ~106 billion
years). Therefore, the parent isotope is still present in nature and hence the abundance of the
daughter isotope increases through time in Earth’s rocks. Despite this, over short-timescales
this can be considered negligible as the rates of ingrowth of **Nd are so slow (Goldstein and

Hemming, 2011). On longer, geologic timescales, initial isotopic ratios are considered which

can be used to calculate the original composition of a sample at the time of its separation from

the mantle.
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Both samarium and neodymium are refractory lithophile elements, so the relative abundance
of these elements in chondritic meteorites is considered uniform. From this it is assumed that
during condensation of the Earth negligible fractionation of the parent and daughter elements
took place and therefore the Earth’s relative abundances are assumed to be chondritic. The
variation in Sm/Nd ratios in Earth’s rock are hence only the result of Earth’s internal
differentiation caused by partial melting and formation of the continental crust. Both elements
are relatively immobile and are therefore considered insensitive to weathering and

metamorphism, aiding their use as tracers of rock evolution (\White, 2013).

The internal differentiation in terms of Sm and Nd is due to slight differences in chemical affinity
of the two elements. Neodymium is more incompatible than Sm due to its larger ionic radius
and hence will preferentially remain in the partial melt fraction over the residue. The continental
crust is formed by crystallisation of partial melts from the mantle. Therefore Nd is preferentially
transferred to the crust, resulting in a lower crustal Sm/Nd ratios, relative to the mantle (Figure
1.4). This fractionation means that crustal rocks are characterised by a distinct isotopic
composition (i.e., more unradiogenic, lower “*Nd/'**Nd ratio). The older the continental crust,
the lower the Nd isotopic composition. Therefore the '*Nd/'*“Nd ratio of rocks will vary with

age and lithology.

A common way to express Nd isotopes is the eng notation. This is a measure of the deviation
of "Nd/"Nd in sample material compared to the chondritic ratio in parts per 10,000
(Equation 1.1). The range of eng values in global rocks falls generally between -20 (old

continental crust) and +10 (young, volcanic material).

143Nd 144Nd
g = ( / )sample —1) x10*
(Nd/M*Nd)cyr

Equation 1.1: eng notation. Measures the relative deviation of *3Nd/'#*Nd in a sample compared to
the Chondritic Uniform Reservoir (CHUR). The present-day CHUR value is 0.512638 (Jacobsen and
Wasserburg, 1980).

1.5.2.1.2. The rubidium (Rb) — strontium (Sr) decay system
Like for the Sm-Nd decay system, the Rb-Sr decay system is long-lived. 8’Rb decays through

B-decay to 8Sr with a half-life of 48.8 billion years. It is known that the entire solar system had

a uniform & Sr/%Sr at the time of formation (White, 2013) and therefore the initial ratio can be

measured in chondritic meteorites.

During partial melting Rb is more incompatible than Sr, staying preferentially in the melt phase
(Figure 1.4). Strontium is relatively incompatible in mafic and ultramafic rocks, whereas it is

relatively compatible in silica-rich igneous systems. Rubidium will be enriched in micas, K-
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Figure 1.4: Neodymium and strontium isotope evolution in mantle and crust. Neodymium
isotope evolution of the bulk silicate Earth (BSE) relative to the chondritic uniform reservoir (CHUR)
when expressed in epsilon notation. Also shown are the evolution lines of crust and mantle formed

from bulk silicate Earth (BSE) at 3.5 Ga. Younger or older formation ages would result in different
lines and hence different isotopic values. (b) Strontium isotope evolution of the bulk silicate Earth.
High Rb/Sr crust created at 3.8 Ga is shown in comparison to the low Rb/Sr residual mantle. Also
shown is the evolution of Earth’s mantle being continuously depleted. The initial value of the Solar

System is represented by a star (modified from White, 2013).

feldspars and clay minerals, where it substitutes for other large monovalent cations. In
comparison, plagioclase, carbonates and apatite are typical host minerals for Sr, which has a

similar atomic radius to calcium (Ca) and will hence readily substitute into these minerals.

As a result of this partitioning during partial melt, the mantle is depleted in Rb relative to Sr
whereas the continental crust is enriched in Rb relative to Sr (Figure 1.4). Therefore the
mantle will have a low Rb/Sr ratio, while the continental crust will have a higher Rb/Sr ratio.
The continental crust is hence the place of enhanced production of radiogenic & Sr as there is
a greater availability of the parent isotope. Over time, this will lead to an evolving more
radiogenic 8 Sr/®Sr ratio of the continental crust. Age and lithology of a rock will therefore

determine distinct isotope signatures just like for the Sm-Nd system, but with opposite signs.

An advantage of the Rb-Sr system over the Sm-Nd system is that the measureable variation
in different rocks can be several orders of magnitude larger. A disadvantage (at least from a
perspective of using Srisotopes for provenance tracing) is that both elements, and particularly
Rb, are mobile, and have very different ionic radii, leading to potential fractionation of

parent/daughter ratios during weathering, hydrothermal alterations and metamorphism.

1.5.2.2. Major and trace element geochemistry

The second provenance method utilised throughout this thesis is the study of detrital

sediment’s major and trace element geochemistry. Elemental compositions of rocks will be

40





Rachel A. Bertram, Ph.D. Thesis, 2018

determined by the composition of the melt and other factors such as weathering and erosion.
Certain elements will be more or less resistant to such alteration processes and hence can be

used to understand source compositions in more detail.

Major elements (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P) are present in many rocks at weight
percent levels. Trace elements on the other hand are defined as elements at less than 1 wt.
% level, and variations between different rocks can be an order of magnitude greater than
variations in major element concentrations making them particularly useful for provenance

analysis (White, 2013). Trace elements that remain unchanged during processes of

metamorphism and weathering are particularly useful for provenance studies. This includes
the rare earth elements (REEs), which are highly insoluble and immobile, and high field
strength elements (HFSE) which have a high ionic charge and are hence incompatible

(McLennan and Hemming, 1992). In contrast, elements affected by alteration processes, such

as the alkali earth elements can be useful for understanding weathering, erosion, and

metamorphism (White, 2013). Typically major and trace element analysis is done in

conjunction with other types of provenance analysis to aid interpretation of the chemical

signatures (Licht and Hemming, 2017).

1.6. Thesis aims and objectives

1.6.1. Thesis aims

Constraining past variations in the East Antarctic Ice Sheet has direct implications for studies
aiming to project our future world under anthropogenic warming. Geochemical analysis of two
marine sediment cores presented here aims to improve our understanding of changes in the
East Antarctic Ice Sheet over the past five million years. In detail, the thesis aims are as

follows:

1. Constrain the behaviour of an EAIS outlet glacier, the Ferrar Glacier, over the Plio-
Pleistocene;

2. Determine the nature of Pliocene deglacial events in the Wilkes Subglacial Basin
including timescales of retreat, deglacial event sequences and wider implications for
the local Southern Ocean;

3. Examine recent Pleistocene variations in the vulnerable Wilkes Subglacial Basin to
assess its potential to contribute to future sea level rise;

4. Characterise the provenance end-members in the Wilkes Subglacial Basin using a

geochemical multi-proxy approach;
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5. Investigate ice sheet dynamics within the EAIS during the global cooling of the Plio-

Pleistocene and assess periods of stability and/or vulnerability.

1.6.2. Thesis outline

To address the aims outlined above, this research has focused on two sediment cores located
offshore of the Antarctic continent, CIROS-2 and Hole U1361A (Figure 1.1). Results from the
first core, CIROS-2, located in the Ferrar Valley of the Transantarctic Mountains will be
presented in Chapter 2. The main focus of this study are thin interglacial mudstone units
interpreted to represent material deposited under warmer conditions. These mudstones show
significant shifts in radiogenic isotope compositions and major and trace elemental
concentrations at ~ 3 Ma and ~ 1.5 Ma. The geochemical signature during the early Pliocene
interglacial periods, with the warmest temperatures, is dominated by erosion of material from
the upper catchment, suggesting either a retreated ice margin or a more erosive regime. At ~
3 Ma, provenance shifts suggest that interglacial ice margin retreat was no longer as extreme
in the Ferrar Valley and erosion of the lower valley lithologies dominated, suggesting an ice
margin only somewhat retreated from the modern drill site. Finally, from ~ 1.5 Ma offshore
erosional sources become more important likely as a result of cooling in the area and
expanding sea ice conditions. The CIROS-2 site provides a detailed record of one relatively
small outlet glacier of the East Antarctic Ice Sheet. However, while local in nature, this work is

tied to wider implications about the East Antarctic Ice Sheet in Chapter 6.

Chapter 3 presents the results of a multi-proxy study of Pliocene detrital sediment deposited
offshore of Wilkes Subglacial Basin at IODP Hole U1361A. Combining the results of new data
(radiogenic isotope composition) and previously published records (productivity proxies and
iceberg-rafted debris mass accumulation rates) over three glacial-interglacial cycles, an
understanding of deglacial event sequences is developed. The initial response to warming is
iceberg calving, followed by retreat of the ice margin. The provenance signal indicates that
such retreat reaches deep into the Wilkes Subglacial Basin, introducing a basaltic source
contribution. This provenance change occurs concurrently with an increase in local
productivity and a decrease in sea ice cover. The change in Southern Ocean biogeochemistry
(i.e., increased productivity) is linked to Antarctic ice retreat via potential supply of more
bioavailable iron, reductions in sea ice extent and/or increased meltwater. This chapter is a
modified version of the recently published Earth and Planetary Science Letters manuscript
(DOI: 10.1016/j.epsl.2018.04.054) with supplementary information provided in Appendix A3.

Chapter 4 expands our temporal understanding of provenance variations at IODP Hole

U1361A by inferring ice dynamics within the Wilkes Subglacial Basin in the late Pleistocene.
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A high-resolution study of the upper 7.5 m of the core reveals Nd isotope variability similar in
amplitude to the Pliocene record presented in the preceding chapter and previous
publications. Interglacial late Pleistocene provenance excursions are interpreted to indicate a
retreated ice margin, inland of its present day position, or substantial thinning of the ice sheet
within the vicinity of the Wilkes Subglacial Basin. Both scenarios suggest ice loss and a
substantial contribution of the East Antarctic ice sheet to global sea levels during the late
Pleistocene. The largest provenance signals within the record are associated with times of
extended Antarctic warmth during MIS 5, 9 and 11. Overall, this record highlights the sensitive
nature of the marine-based Wilkes Subglacial Basin and its potential to contribute significantly
to global sea level rise under anthropogenic warming. This chapter is modified from a recently

accepted manuscript to Nature with supplementary information provided in Appendix A6.

Chapter 5 provides a detailed study to assess the end-member conundrum in the Wilkes
Subglacial Basin. While radiogenic isotopic compositions of detrital sediment can be explained
by a two component mixing scenario, this does not characterise the major and trace element
compositions of the same sediments. A full study of the major and trace element compositions
supported by radiogenic isotope analysis and K-Ar ages, calls for a third end-member. The
suggested three component mixing is composed of Ferrar Group, Beacon Supergroup
sources and Lower Paleozoic lithologies. The former two lithologies dominate interglacial
deposits and are found within the Wilkes Subglacial Basin suggesting retreat of the ice margin
during warm phases. The third lithology, Lower Paleozoic rocks, dominates in glacial deposits
and is found proximal to the core site suggesting a similar (or even extended) ice margin
location to present. These finding do not change the implications of previous provenance
studies at Hole U1361A, but provide a deeper level of understanding and resolve the apparent

mismatch between isotopic and major and trace element compositions of detrital sediments.

In Chapter 6 new analyses of detrital sediment from Hole U1361A is presented from the early
and middle Pleistocene. When combined with other records, this study completes a 5 million
year record of provenance variations offshore the Wilkes Subglacial Basin. Significant shifts
at ~2.7, 1.7 and 0.5 Ma are found in the record and discussed in more detail. The Wilkes
Subglacial Basin is suggested to have been forced by atmospheric warming in the Pliocene
with a dynamic ice margin evident throughout the warm early Pliocene and the cooler late
Pliocene. A muted period of glacial-interglacial variability from ~ 2.7 — 1.7 Ma is correlated with
global changes in oceanic circulation, and suggested to be a time of reduced ice margin
variability as a result of reduced upwelling of CDW. From ~ 1.7 Ma the high variability in the
provenance signal returns, potentially due to changes in oceanic circulation and the bipolar
see-saw causing a greater influence of oceanic forcing. From ~ 0.5 Ma, the glacial signal

suggests gradual stabilisation of the ice sheet while interglacial periods show continued
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retreat. These results highlight the wvulnerability of the Wilkes Subglacial Basin to

environmental forcing over the last five million years.

Finally, in Chapter 7 the results from the thesis are summarised. Areas of further study are
suggested and the importance of these two study areas as active areas of research are
highlighted through discussion of future IODP expeditions. Lastly, concluding remarks link the
key findings from this thesis with the ultimate objective of understanding more about ice margin

changes in East Antarctica over the Plio-Pleistocene.
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Chapter 2.

A Transantarctic view of the
Plio-Pleistocene East
Antarctic Ice Sheet
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Abstract

Outlet glaciers draining from the East Antarctic Polar Plateau through the Transantarctic
Mountains (TAM) are sensitive to climatic variations. Glacier terminus positions respond
directly to changes in ice dynamics within the vast East Antarctic Ice Sheet. Additionally, they
are also indirectly influenced by the West Antarctic Ice Sheet through their interplay with the
Ross Ice Shelf at the mouths of the valleys, an area that recent studies have suggested is
thinning and experiencing increased erosion under warming climatic conditions. Studying the
provenance of sediment deposited as a result of glacial erosion provides critical information
on past local ice dynamics within individual valleys, the extent of the Ross Ice Shelf, and the

wider state of the Antarctic Ice Sheets during key climatic periods.

We here study one specific TAM outlet glacier, the Ferrar glacier, located within the Ferrar
Valley. A historical drill core, located at the mouth of the valley (CIROS-2), allows us to apply
a multi-proxy approach to understand the provenance of material deposited during glacial and
interglacial periods over the last 4.7 Ma. In detail, we analysed the radiogenic isotope
composition (Sr and Nd isotopes) and major and trace metal composition of Plio-Pleistocene
interglacial mudstones, diamictites deposited during advanced ice periods, and Pleistocene
sandstones. Additionally, analysis of individual clasts extracted from diamictite deposits is
used to understand the provenance of ice advance periods further. Finally, bedrock samples
from within the vicinity of the Ferrar Valley are taken to constrain the potential source rock

compositions, especially the under-studied Beacon Supergroup.

Our results for interglacial mudstones show two distinct changes in provenance at ~ 3 Ma and
~ 1.5 Ma (~ 140 mbsf and ~ 100 mbsf respectively). The geochemical composition of muds in
the early to middle Pliocene (i.e., 4.7 — 3 Ma) suggests a dynamic and potentially retreated
glacier system with erosion of the upper TAM catchment (Ferrar and Beacon Supergroup
lithologies). Cooling around the M2 glaciation (~ 3.3 Ma) is documented around the East
Antarctic perimeter, and led to the development of subpolar conditions in the Ferrar Glacier.
Significantly reduced erosion up valley is documented by the absence of the geochemical
fingerprint from upper TAM lithologies in sediments younger than 3 Ma. Instead an influence
of McMurdo volcanics becomes dominant in interglacial deposits, with a suggested origin from
scoria cones in the lower Ferrar Valley. A second shift in provenance at the CIROS-2 site
around 1.5 Ma may be caused by extensive building of the Ross Island volcanic centre,
expansion of the Ross Ice Shelf and changes in sea-ice conditions causing increased erosion

of volcanic material and transport to the McMurdo Sounds region.
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In summary, the Ferrar Glacier appeared to occupy a retreated position with significant erosion

of upper TAM lithologies during the early Pliocene before transitioning to a subpolar regime in

two steps in the late Pliocene (~ 3 Ma) and during the mid-Pleistocene (~ 1.5 Ma).

2.1. Introduction

Antarctica has the potential to cause vast global sea level rise in the coming centuries to

millennia as a result of future warming and associated ice melting (Clark et al., 2016; Golledge

et al., 2015; Pollard et al., 2015). With both atmospheric and oceanic temperatures increasing

around the Antarctic continent (Vaughan et al., 2003; Gille, 2002), it is vital to understand

recent spatial and temporal changes in ice volume. Due to the limited length of many
observational records, it is often useful to place such variations in the context of the geological

past, to ultimately aid predictions of future changes.

Recent measurements of Antarctic ice show evidence of retreat and mass loss (Konrad et al.

2018; Harig and Simons, 2015) although spatial differences exist, in particular between the
behaviour of the East and West Antarctic Ice Sheets (EAIS and WAIS respectively). The

interior of the large EAIS has experienced increased precipitation in recent decades causing

a slight mass gain in this region (Shepherd et al., 2012; Davis et al., 2005). However, this

slight gain is outpaced by mass loss in other areas of Antarctica including the retreat of marine

terminating glaciers in the lower reaches of the EAIS, for example along the Wilkes Land

margin (Miles et al., 2017; Miles et al., 2016). Mass loss from the WAIS dominates the overall

Antarctic mass balance (Martin-Espanol et al., 2017; Shepherd et al., 2012) with accelerated

rates of retreat seen in the Amundsen Sea including the Pine Island and Thwaites Glaciers

(Deb et al., 2018; Rignot et al., 2014). West Antarctic ice streams appear to have a heighted

sensitivity to decadal variations in the temperature of the Pacific sector of the Southern Ocean

(Snow et al., 2017; Jenkins et al., 2016). Increased temperatures have caused rapid

submarine ice melting (Khazendar et al., 2016) and have led to the initiation of recent marine

ice sheet collapse (Joughin et al., 2014).

The two vast ice sheets of East and West Antarctica are separated by the Transantarctic
Mountains (TAM), which boarder the Ross Sea and Weddell Sea embayments (Figure 2.1).
Study of these two embayments, and of the occupying ice shelves, therefore offers the
opportunity to constrain the history of both the EAIS and WAIS. Additionally, studies of the ice
shelves within the Ross and Weddell Seas are critical to our understanding of Antarctic change
due to their buttressing capacity containing and protecting the continental ice behind them
(Furst et al., 2016; Dupont and Alley, 2005). As such, loss of the ice shelves could have
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Figure 2.1: Location map of CIROS-2 in the Ferrar Valley and the surrounding McMurdo
Sounds region. Satellite image (from Landsat Image Mosaic of Antarctica (LIMA) Project) of the
McMurdo Sounds region within the Ross Sea embayment showing present day ice conditions. Key
geographic locations referred to in the text are marked: EAIS = East Antarctic Ice Sheet, TAM =
Transantarctic Mountains, MT = Mount Terror, ME = Mount Erebus, MB = Mount Bird, RSR = Royal
Society Range, KH = Kukri Hills and LM = Lashly Mountains. Drillcores CIROS-2 (77 °41’S, 163°32°E)
and AND-1B (75%3’S; 167 5’E) are marked by red circles. The present-day grounding line location of
the Ferrar Glacier is marked in red (Cox et al., 2012). Reconstructed glacier flow lines and transport
pathways are shown: black dotted line represents Pliocene flow over the area of the present day Ross
Island; grey dashed lines represent Plio-Pleistocene from the Minna Bluff Peninsular area; green
dashed lines represent Pleistocene flow around Ross Island and into the McMurdo Sounds region;
and black solid line represents glacial flow lines during times of expanded Royal Society Range
glaciers in the Pleistocene (Anderson et al., 2017; Talarico et al., 2012; Sandroni and Talarico, 2006).
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catastrophic consequences on ice loss and consequently on global sea levels (Shepherd et

al., 2010; Rignot et al., 2004). Constraining the behaviour of these areas is therefore

particularly critical for understanding the response of Antarctic polar ice in a warming world.

Our study focuses on the Ross Sea embayment and the occupying Ross Ice Shelf. The Ross
Ice Shelf experiences both an East Antarctic and a West Antarctic influence. In particular for
our study, East Antarctica is drained by a number of outlet glaciers that flow from the high
elevation Polar Plateau, through the TAM and into the Ross Sea embayment. While modern
observations do not show a significant change in glacial terminus position of the EAIS outlet

glaciers in the Ross Sea region (Lovell et al., 2017; Miles et al., 2013), the Ross Ice Shelf is

thinning (Reese et al., 2018) and experiencing increased basal mass-loss (Depoorter et al.,

2013) due to recent warming.

In light of these changes, and to understand how the system may react to future warmth, we
study changes in one East Antarctic TAM outlet glacier, the Ferrar Glacier (Figure 2.1), over
the past ~ 5 Myrs, a period that covers past times of elevated warmth. In particular, we focus
on the McMurdo Sounds region in the south-western corner of the Ross Sea. This area is
bounded by the TAM in Southern Victoria Land to the east and by the geologically recently
formed volcanic centre of Ross Island (Kyle, 1990), which is where the Ross Ice Shelf is

currently grounded, to the west.

In particular, this area has been the target for a number of drilling expeditions over the last 50
years recovering onshore and offshore drill cores which offer an opportunity to assess
environmental changes within the Ross Sea embayment including the extent of ice coverage
and drainage patterns. Drilling first began in the Ross Sea in the 1970s with onshore drilling
by the Deep Sea Drilling Project (DSDP) Expedition Leg 28 (Hayes et al., 1975) and two
onshore drilling projects: the Dry Valleys Drilling Project (DVDP) (McGinnis, 1981) and the

Eastern Taylor Valley (ETV) Drilling Project (Talalay and Pyne, 2017). In the 1980s, two cores
were drilled as part of the Cenozoic Investigation of the Ross Sea (CIROS-1 and CIROS-2)
(Barrett and Hambrey, 1992) around the Ferrar Valley, the latter of which will be the focus of
this study. Drilling further north in the Ross Sea, the Cape Roberts Project (CRP), collected
three cores in the late 1990s and early millennium (Davey et al., 2001). The successful
ANDRILL (ANtarctic geological DRILLing; 2006 — 2008) project resulted in two of the deepest
drill cores (1285 m and 1138 m for AND-1B and AND-2A respectively) in the south-western

Ross Sea area (Naish et al., 2007). Lastly, the region was the focus of a recent International

Ocean Discovery Program (IODP) Expedition in early 2018, which recovered five sediment

cores from the outer Ross Sea shelf and rise (McKay et al., 2018).
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Over the last ~ 5 Myr, from the Pliocene (~5.3 — 2.6 Ma) through the Pleistocene (~2.6 — 0.01
Ma), to present, global temperatures have generally decreased and ice volumes have

expanded (Lisiecki and Raymo, 2005; Zachos et al., 2001). This period is therefore an ideal

timeframe to study both past variations under climatic conditions warmer than present and
also to constrain the effect of a changing climatic regime on Antarctic ice volumes and
dynamics. Starting in the earliest Pliocene, when temperatures were warmer-than-present,
results particularly from the ANDRILL program, indicate that the WAIS was likely largely
reduced or collapsed (Naish et al., 2009; Pollard and DeConto, 2009). Marine-based ice in the

Ross Embayment was diminished, and ice-free conditions are observed in the AND-1B record
between 5.0 and 4.3 Ma (Naish et al., 2009). A composite record of DVDP-10, DVDP-11,

AND-1B and CIROS-2 shows significantly warmer than present temperatures from the

McMurdo Sound region (Winter et al., 2012a) with reduced or limited sea-ice extent.

Furthermore, from 4.9 — 4.2 Ma, the Dry Valleys coastlines may have been vegetated by land

plants, implying warmer temperatures and retreated ice margins (Fielding et al., 2012).

Additionally, EAIS records indicate a dynamic response of low-lying parts of the EAIS and ice
retreat during the Pliocene warmth periods (Bertram et al., 2018 (Chapter 3); Cook et al., 2017;
Golledge et al., 2017; Cook et al., 2014; Patterson et al., 2014; Cook et al., 2013).

Cooling in the late Pliocene, potentially initialised by the onset of the M2 glaciation at ~ 3.3 Ma

(Naish et al., 2009; Lisiecki and Raymo, 2005), ended the early to middle Pliocene period of

warm conditions in the Ross Embayment. The AND-1B drill core record shows evidence of

increased ice-related diatom taxa (Winter et al., 2012b) with modern sea-ice diatoms being

observed from the mid-Pleistocene (Sjunneskog and Winter, 2012). A transition from a

“subpolar” to a “polar” glaciation style with limited amounts of subglacial meltwater (McKay et
al., 2009) was described from the ANDRILL core in the southwestern Ross Sea in the mid-
Pleistocene with a marine based ice-sheet which re-advanced across the Ross Sea during

the early Pliocene/late Pleistocene (Naish et al., 2009).

Here we revisit an historic drill core, CIROS-2, from the mouth of the Ferrar Valley, to analyse
the provenance of Plio-Pleistocene material. Provenance studies of sediment cores can

provide invaluable information on past ice dynamics (Licht and Hemming, 2017), and are

particularly well-suited to investigate areas such as the Ferrar Valley, where rock exposure is

excellent relative to other polar areas (Cox et al., 2012). By conducting geochemical analysis

on a set of Plio-Pleistocene sediments deposited at CIROS-2, we will constrain variations in

ice dynamics both in this particular EAIS outlet glacier and the wider Ross Sea embayment.
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2.2. Study site and local geology

2.2.1. Ferrar Glacier and CIROS-2
Within the McMurdo Sounds region of the TAM are the largely ice-free McMurdo Dry Valleys,

a series of U-shaped valleys cut by temperate outlet glaciers in the early Cenozoic (ca. ~ 50
Ma) during the uplift phase of the TAM (Gleadow and Fitzgerald, 1987) (Figure 2.1). At the

southern boundary of the McMurdo Dry Valleys is the Ferrar Valley, which hosts the Ferrar

Glacier. Ferrar Glacier is an outlet glacier of the EAIS, draining from Taylor Dome at the
periphery of the East Antarctic plateau down into McMurdo Sounds. It is about 65 km long and
flows along the south side of the Kukri Hills (the neighbouring glacier in Taylor Valley, a site
of a number of Dry Valley studies, flows to the north of these hills). The floating ice tongue is

10 km long and ~ 100 m thick (Barrett and Hambrey, 1992) and the Ferrar fjord extends some

15 km from the glacier snout into McMurdo Sounds in the Ross Sea.

CIROS-2 (77°41'S, 163°32’E) (Figure 2.1) was drilled within the Ferrar Valley as part of the
Cenozoic Investigation of the western Ross Sea (CIROS) in 1984 (Pyne et al., 1985). The drill

site was collected from a sea-ice platform located as close to the terminus of Ferrar Glacier

as permitted given sea-ice conditions needed to be of a sufficient depth to support a drilling

system for an extended period of time (Talalay and Pyne, 2017). Ultimately located 1.2 km

east of the floating ice tongue of the current Ferrar Glacier, the core site is seaward of the

modern grounding line (Barrett and Hambrey, 1992). Ice thickness at CIROS-2 was 2.5 km

and the water depth to sea floor was 211 m, tidal influence was accounted for in depth

measurements.

A 166 m record of Plio-Pleistocene glacial debris material was recovered from the CIROS-2

hole with a 1.5 m section of granite gneiss crystalline basement at the base (Pyne et al., 1985).

The core is discontinuous with a number of stratigraphic gaps (Figure 2.2). According to the

initial core description published by Pyne et al. (1985) and our own visual core inspections at

GNS Science, New Zealand, in September 2016, when sampling was conducted, the core
predominantly consists of alternating lithofacies of diamictites, mudstones and sandstones
and has been divided into 13 stratigraphic units accordingly (Figure 2.2). These alternating

units are thought to represent glacial (diamictite) and interglacial (mudstone) deposits.

Based on the composition and texture of these lithofacies, the core can be divided into two
broad units with the transition at ~ 100 mbsf (~ 1.52 Ma; (Barrett and Hambrey, 1992; Levy et

al., 2012). The older unit (162 — 100 mbsf) consists primarily of diamictite layers
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Figure 2.2: CIROS-2 stratigraphy, sample locations, previous records of clast abundance,
glacial proximity and mineral assemblages and age model. (a) stratigraphic log of the CIROS-2
core and the division of sedimentary units (brown = sandstone, green = diamictite (sandy and muddy),
orange = mudstone, yellow = siltstone and grey = basement gneiss) (modified from Pyne et al.
(1985)). Approximate age constraints are marked on the left showing the Early Pliocene, Late
Pliocene and Pleistocene; (b) sample locations for this provenance study are marked by stars, for
detailed descriptions of individual samples, see Table 2.2; (c) total number of granule- to boulder-

clasts counted in CIROS-2 diamictite samples (Sandroni and Talarico, 2006); (d) glacial proximity

curve indicating the grounding line position relative to CIROS-2 drill site through ice-contact (1), ice-

proximal (P), ice-distal (D) to marine (M) (modified from Barrett and Hambrey (1992)); (e) relative

abundance of heavy minerals in the 63 — 125 um fraction of CIROS-2 samples sourced from:
association 1 (purple; TAM — basement/GHIC), 2 (pink; TAM — Koettlitz Group), 3 (turquoise;
McMurdo Volcanic Group) or 4 (peach; cinder cones) (Ehrmann and Polozek, 1999); (f) 8’80 global

benthic record from the LR04 stack indicating global ice volumes and temperatures (Lisiecki and
Raymo, 2005); (g) lithology of CIROS-2 placed on an age scale (palaeomagnetic timescale Oqqg
(2012)) according to the age model of Levy et al. (2012) based on diatom occurrences in CIROS-2.

Horizontal coloured lines (blue, red, green, purple and black; spanning graphs a - e) show points in

the core (on a depth scale) where discontinuities are present, the corresponding age gap is shaded

on the graphs on an age scale (f and g).
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(87 %) alternating with thin diatomaceous marine mudstone beds (10 %) recording a period
of dynamic ice margin extent with glacial advance and retreat over the site. A tuff layer at 125
mbsf is also found in this lower section. In comparison, the upper unit (top 100 m) consists
largely of black basaltic sandstones (48 %) alternating with diamictite layers (45 %). In
addition, there are minor amounts of rhythmite in the upper section of the core (millimetre-

scale alternations of fine sand and mud in units 1, 3 and 5; (Barrett and Hambrey, 1992)).

Core recovery averaged 72 % but was uneven between the two units. The lower Pliocene
diatomaceous mudstones and diamictites had a high recovery of 50 — 100 % while the upper
Pleistocene basaltic sands in the top ~ 100 m of the core had a lower recovery of 20 — 60 %
(Pyne et al., 1985; Barrett and Hambrey, 1992).

Lithofacies analysis of the CIROS-2 sequence has been used to make inferences about the

proximity of the ice front over time (Figure 2.2d) (Barrett and Hambrey, 1992). Pliocene

diamictites are defined as lodgement tills (Pyne et al., 1985) given evidence that suggests

they were deposited by grounded glaciers (including striated stones, a wide range of grain-
sizes, sub-angular to sub-rounded clast shapes and horizontal shear planes) (Barrett and

Hambrey, 1992). Mudstones on the other hand, are thought to be composed of material

brought to the core site as suspended matter by slow currents and are interpreted to represent
distal glaciomarine settings. The upper 100 m of CIROS-2 is dominated by sandstones,
thought to be of aeolian origin and deposited in glaciolacustrine settings, analogous with the
ice-covered lakes in the Dry Valleys today. The interbedding mudstones in this section are
thought to be from reworking of basal glacial debris that melted out close to the glacier
grounding line and were subsequently distributed by tidal currents (Barrett and Hambrey,
1992).

Given the location proximal to the glacier front, CIROS-2 core is discontinuous with a number
of unconformities (Figure 2.2g). Throughout this study we follow the CIROS-2 age model of
Levy et al. (2012), which is based on diatom occurrences determined by Winter (1995). Diatom

abundances were higher in the lower units of the core meaning this section could be relatively

well dated. However, above 98 mbsf the age model is limited due to rare diatom occurrences

that may have undergone reworking (Winter, 1995). Levy et al. (2012) assigned ages based

on linear interpolation from diatom events based on the CONOP (Constrained Optimization)

hybrid age model (Cody et al., 2012). Diatom occurrences provide a maximum age for the

depth of the core at < 4.74 Ma (Figure 2.2g). One additional age datum comes from the tuff
layer at 125 mbsf, which was dated by K-Ar and “°Ar/*°Ar, at 2.8 + 0.3 Ma (Barrett et al., 1992)
(Table 2.1).
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+
Event Type* Observed Placed Datum Type* Age (Ma)*
(mbsf) (mbsf)

Actinocyclus actinochilus HO -0.55 -0.55 LAD 0
Actinocyclus octonarius HO -0.55 -0.55 LAD 0
Fragilariopsis curta HO -0.55 -0.55 LAD 0
Fragilariopsis obliquecostata HO -0.55 -0.55 LAD 0
Fragilariopsis ritscheri HO -0.55 -0.55 LAD 0
Fragilariopsis separanda HO -0.55 -0.55 LAD 0
Porosira pseudodenticulata HO -0.55 -0.55 LAD 0
Thalassiosira lentiginosa HO -0.55 -0.55 LAD 0
Shionodiscus tetraoestrupii® HO -0.55 -0.55 LAD 0
Thalassiosira oliverana HO -0.55 -0.55 LAD 0
Actinocyclus ingens HO 7.07 7.07 LAD 0.5
Rhizosolenia harwoodii HO 116.69 98.86 LAD 0.5
Thalassiosira elliptipora HO 101.83 98.86 LAD 0.71
Thalassiosira fasciculata® HO 98.86 98.86 LAD 0.88
Fragilariopsis barronii HO 138.07 98.86 LAD 1.12-1.13
Rouxia antarctica® HO 99.4 98.86 LAD 1.22-1.29
Fragilariopsis separanda LO 7.07 98.86 FAD 1.32-1.35
Thalassiosira torokina® HO 98.86 98.86 LAD 1.52-1.57
Actinocyclus karstenii® HO 101.83 101.83 LAD 1.57-1.62
Thalassiosira inura® HO 101.83 101.83 LAD 1.68-1.77
Thalassiosira kolbei HO 105.33 105.33 LAD 1.72-1.96
Thalassiosira webbi HO 134.93 118.19 LAD 1.76-1.99
Actinocyclus fasciculatus HO 118.19 118.19 LAD 1.86-2.02
Thalassiosira vulnifica HO 101.3 118.19 LAD 1.86-2.08
Proboscia barboi® HO 165.52 118.19 LAD 1.96-2.05
Fragilariopsis interfrigidaria HO 138.07 118.19 LAD 2.05-2.14
Actinocyclus maccollumii HO 118.19 118.19 LAD 2.2-2.23
Rouxia diploneides HO 134.93 118.19 LAD 2.29-2.31
Rouxia naviculoides HO 138.07 118.19 LAD 2.29-2.31
Thalassiosira striata HO 116.69 118.19 LAD 2.4
Thalassiosira complicata® HO 98.86 118.19 LAD 2.43
Porosira pseudodenticulata LO 118.31 118.31 FAD 2.46-2.52
Actinocyclus octonarius asteriscus HO 134.93 134.93 LAD 2.65-2.8
Synedropsis creanii® HO 139.73 139.02 LAD 2.71-2.8
Actinocyclus actinochilus LO 139.02 139.02 FAD 2.71-2.8
Actinocyclus fasciculatus LO 134.93 134.93 FAD 2.65-2.8
Actinocyclus maccollumii LO 137.69 139.02 FAD 2.84-2.87
Stephanopyaxis turris HO 151.56 139.02 LAD 2.9-2.94
Fragilariopsis praeinterfrigidaria® HO 138.07 139.02 LAD 2.97-3.03
Thalassiosira vulnifica LO 136.55 139.02 FAD 3-3.03
Thalassiosira webbi LO 151.26 151.26 FAD 3.4-3.42
Fragilariopsis ritscheri LO 152.14 152.14 FAD 3.47
Thalassiosira elliptipora LO 118.31 152.14 FAD 3.49-3.51
Fragilariopsis fossilis HO 165.52 152.14 LAD 3.54-3.56
Fragilariopsis obliquecostata LO 151.56 152.14 FAD 3.49-3.58
Rhizosolenia harwoodii LO 137.96 152.14 FAD 3.56-3.6
Thalassiosira lentiginosa LO 118.19 152.14 FAD 3.78
Fragilariopsis interfrigidaria LO 152.14 152.14 FAD 3.87
Fragilariopsis praecurta HO 134.63 152.14 LAD 3.96-4.05
Denticulopsis delicata® HO 165.52 165.52 LAD 4.42-4.53
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Event Type* Observed ALEZEY Datum Type* Age (Ma)*
(mbsf) (mbsf)

Fragilariopsis barronii LO 159.55 159.55 FAD 4.37-4.42
Thalassiosira kolbei LO 151.56 165.52 FAD 4.63-4.72
Thalassiosira striata LO 165.8 165.8 FAD 4.67-4.78
Thalassiosira fasciculata® LO 165.52 165.8 FAD 4.76—4.83
Denticulopsis simonsenii HO 139.02 165.8 LAD 4.75-4.84
Fragilariopsis curta LO 137.69 165.8 FAD 4.74-4.85
Rouxia diploneides LO 165.8 165.8 FAD 4.84-4.87
Thalassiosira inura® LO 165.8 165.8 FAD 4.91
Actinocyclus octonarius asteriscus LO 151.56 165.8 FAD 4.93
Rouxia antarctica® LO 165.8 165.8 FAD 4.95
Thalassiosira complicata® LO 165.52 165.8 FAD 4.96
Fragilariopsis praeinterfrigidaria® LO 165.8 165.8 FAD 4.98
Shionodiscus tetraoestrupii® LO 165.8 165.8 FAD 5.24-55
Fragilariopsis fossilis LO 165.52 165.8 FAD 8.74-9.02
Thalassiosira torokina® LO 165.8 165.8 FAD 9.31-9.39
Thalassiosira oliverana LO 165.8 165.8 FAD 9.69-9.74
Fragilariopsis praecurta LO 152.14 165.8 FAD 10.55-10.83
Actinocyclus karstenii® LO 165.8 165.8 FAD 10.69-10.97
Denticulopsis simonsenii LO 165.8 165.8 FAD 14.1-14.19
Denticulopsis delicata® LO 165.8 165.8 FAD 8.92-15.81
Synedropsis creanii® LO 165.8 165.8 FAD 6.34-15.81
Actinocyclus ingens LO 165.8 165.8 FAD 16
Rouxia naviculoides LO 165.8 165.8 FAD 17.12
Proboscia barboi® LO 165.8 165.8 FAD 18.43
Stephanopyxis turris LO 165.8 165.8 FAD 19.36-19.55
Actinocyclus octonarius LO 165.8 165.8 FAD 19.55-19.74

Note: from Levy et al. (2012).

*HO = Highest Occurrence, LO = Lowest Occurrence.
"Based on output from the hybrid age model of Cody et al. (2012).

*FAD = First Appearance Datums, LAD = Last Appearance Datums.
#Based on linear interpolation of the composite sequence produced in the CONOP hybrid age model v.

4.14.

°Events common to AND-1B, CIROS-2, DVDP-10 and DVDP-11 drill cores.

Table 2.1: Age model tie points within CIROS-2. Diatom event data for CIROS-2 (Levy et al.,

2012) including observed depths and placed depths based on the output of the CONOP age

model of (Cody et al., 2012)

2.2.2. Geology within the Ferrar Valley

The Ferrar Valley and the surrounding region in Southern Victoria Land is one of the few areas

of Antarctica where extensive rock outcrops exist, and have been mapped in detail (

Cox et al.

2012) (Figure 2.3). Bedrock lithologies and ages can be divided into two broad zones (which

are also applicable to other more northern parts of the TAM valleys): (1) the lower parts of the

56





Rachel A. Bertram, Ph.D. Thesis, 2018

(a) Lower Transantarctic mountain valleys (b) Upper Transantarctic mountain valleys (c) Ross Sea embayment
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Figure 2.3: Geological map showing bedrock distribution in the McMurdo Sounds region. Base geological map (modified from Cox et al. (2012))

showing the key lithologies within the vicinity of the Ferrar Valley divided into three broad regions: (a) the lower TAM valleys dominated by the Skelton Group
and Granite Harbour Intrusive Complex (GHIC), (b) upper TAM valleys dominated by Beacon Supergroup and Ferrar Dolerites and (c) the wider Ross Sea
embayment dominated by McMurdo Volcanic Group (MVG). The location of the Ferrar Valley is shown, drift deposits are coloured yellow in all maps and

other bedrock outcrops are coloured grey. Analysed whole rock bedrock samples from the Petlab stores are shown along with their Petlab collection number.
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valleys, at the Ross Sea ocean interface, consist of the Precambrian Skelton Group and the
Palaeozoic Granite Harbour Intrusive Complex (GHIC), and (2) the upper reaches of the
valleys, where younger Devonian to Triassic rocks of the Beacon Supergroup and Jurassic
Ferrar Group crop out. A third broad zone, specific to the Ross Sea embayment, is dominated
by the McMurdo Volcanic Group lithology, outcrops of which are found in the Ross Island
volcanoes and the Mount Morning — Mount Discovery region (see Figure 2.1 for locations).
The first two groups are clearly seen within the Ferrar Valley cross section (Figure 2.4). Below,
the geology of the units and, where available, their geochemical composition is briefly

described.

2.2.2.1. The Skelton Group (lower reach)

From the late Neoproterozoic to the early Cambrian, the supercontinent Rodinia broke apart
as the East Antarctica-Australian-Kalahari plate drifted away from the Laurentia-Rio de la
Plata-South Chile plate, ultimately resulting in the opening of the palaeo-Pacific Ocean

(Cooper_et_al., 2011). During this rifting and the subsequent closure of the ocean,

sedimentation of Neoproterozoic-Cambrian metasedimentary rocks took place in both
Australia and Antarctica. Within Antarctica, deposits include the Beardmore Group in the
central TAM, the Wilson Terrane in Northern Victoria Land, and the Skelton Group in Southern
Victoria Land (Wysoczanski and Allibone, 2004).

The dominant metasedimentary deposit around the Ferrar Valley, is the Precambrian Skelton
Group which was deformed and metamorphosed by pluton emplacement during the Ross
Orogeny. Originally the Skelton Group was thought to be comprised of two groups
distinguished based on their metamorphic grade: the low grade Skelton Group and the

medium to high grade Koettlitz Group (Grindley, 1981; Grindley and Warren, 1964). However,

further analysis has revealed large variation in metamorphic grade within Skelton Group
deposits making distinctions with the Koettlitz Group harder. As a result, all metasedimentary
rocks in Southern Victoria Land have been referred to as the Skelton Group by some authors

(Cook and Craw, 2002; Findlay et al., 1984). Additionally Koettlitz Group metasedimentary

units mainly crop out near the Koettlitz Glacier further south than the Ferrar Valley (Figure
2.3) although limited outcrops (~ 2% of exposed outcrops) occur in the upper Ferrar Glacier

(Allibone, 1992). The focus in this study is therefore on Skelton Group sediments, although

mentions to the Koettlitz Group are made where noteworthy.

The Skelton Group is a diverse unit, cropping out in kilometre-scale fault-bounded crustal
slices, which are all composed of a large array of rock types with different structures and

metamorphic characters (Cook, 2007). The lithologies are predominantly composed of

metamorphosed limestone, siltstone, sandstone and conglomerate (Cox et al., 2012) with
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Figure 2.4: Detailed geologic map within the near vicinity of the Ferrar Valley and a cross
section through the Kukri Hills. The lower Transantarctic Mountains (TAM) group to the left of the
image is dominated by Skelton and GHIC lithologies while the upper TAM is dominated by Beacon
Supergroup and Ferrar Group lithologies. The cross-section is taken to the north of the Ferrar Valley,
running through the Kukri Hills, Cavendish Rocks (CR) to the Lashly Valley (Cox et al., 2012).
Overlaid on this is the bed elevation within the Ferrar Valley represented by the red dotted line

(Golledge and Levy, 2011). This represents an approximation of the cross section within the Ferrar

Valley but is likely to have inaccuracies e.g. Beacon Supergroup is likely to constitute the bedrock

lithology where Cavendish Rocks are marked on the Kukri Hills cross section.

considerable composition variability. The metamorphic grade varies from the more typically
greenschist facies (generally found in the Skelton Glacier area) through to higher amphibolite
facies (especially found in the Royal Society Range and Dry Valleys area) (Cooper et al.,
2011). Marble, schist and greywacke are the dominant Skelton lithologies found throughout
Southern Victoria Land region. In the vicinity of the Ferrar Valley, particularly to the south along
the Royal Society Range, calc-silicate schist and metavolcanics crop out. Further south,
around the Koettlitz Glacier, argillite-quartzite, calc-silicate schist and metaconglomerates are
more abundant, while upper greenschist facies metaconglomerates and metavolcanics are

found in the Skelton Valley region.

U-Pb ages of zircon grains, which by nature must be older than the age of deposition, are
Mesoproterozoic (1600 — 1000 Ma) to Neoproterozoic (1000 — 541 Ma) in age (Wysoczanski
and Allibone, 2004; Goodge et al., 2004; Cooper et al., 2011). Last high-grade metamorphism
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in the unit is dated to 505 — 480 Ma from recrystallized zircons during partial melting
(Wysoczanski and Allibone, 2004).

Strontium and Nd isotopic compositions of metaconglomerate clasts found in Skelton Group
samples ranged from 87Sr/®Sr ratio of 0.704 — 0.707 (average ratio of 0.706 + 0.003, n = 5)
and eng values of -3.3 to 1.4 (average of -0.1 + 3.8 (2 S.D.), n = 5) (Cooper et al., 2011),

although this is unlikely to represent the full isotopic range of the lithology. More extensive

isotopic compositions are available for the samples originally defined as Koettlitz Group, which
have a narrow range in terms of Nd composition but a very large variation in Sr composition;
ena ranges from -15.8 to -10.8 (average eng = -12.9 + 3.7, n = 10) while 8Sr/%Sr from 0.708 to
0.759 (average ®'Sr/%Sr = 0.731 £ 0.035, n = 10) (Cox et al., 2000).

In chondrite-normalised spider diagrams, Skelton Group sediments have a relatively flat
pattern for incompatible elements and are enriched in Th, Nb, Sr and Zr (Figure 2.5) but are
described as depleted in K, P and Ti (Cooper et al., 2011). Additionally Skelton Group

sediments are depleted in light rare earth elements (LREE; from La to Sm) relative to heavy

rare earth elements with (La/Yb)n= 0.4 — 0.7 (normalised to Post Archean Australian Shale
(PAAS) compositions) (Figure 2.6).

The Koettlitz Glacier Alkaline Suite, which crops out in the Royal Society Range around the
Blue and Koettlitz Glaciers, contains significant amounts of gabbro and diorite and has alkaline

chemistry with high K2O and low Sr and CaO contents (Read et al., 2002). In a normalised

spider diagram of incompatible elements, it has a different pattern to the Skelton Group with
generally higher concentrations and greater depletion in Nb, Sr and Zr (Figure 2.5) (data
sourced from Cook, 2007; Read, 2010; Forsyth et al., 2002; Rowell et al., 1993; Strong et al.,
2016).

2.2.2.2. Granite Harbour Intrusive Complex (GHIC) and the Dry Valleys
Suites (lower reach)

Intruding the Skelton Group are plutons of the Ross Orogeny Granite Harbour Intrusive

Complex. The Ross orogenic belt formed along the eastern side of the Australia — East

Antarctica continent during the long-lived (over 100 Myr; (Goodge et al., 2012)) subduction of

the Palaeo-Pacific oceanic lithosphere beneath the cratonic East Antarctic in the early

Palaeozoic (Cambrian — Early Ordovician) (Estrada et al., 2016; Dallai et al., 2003). It extends

some ~ 4,000 km through the TAM and into south-west Australia and New Zealand (Rocchi

et al., 1998).

60





Sample/Chondrite

Sample/Chondrite

Sample/Chondrite

10000

1000

100

10

0.1

10000

1000

100

10

01

10000

1000

100

10

01

Skelton Group average. this study
Skeiton Group average, published data
Kaelllilz Glacier Suile, published dala
Gamelifercus Amphibolite
Grayschist

Hornfe!

Marl

Rachel A. Bertram, Ph.D. Thesis, 2018

Skelton Group

ad th Nl sl

Rb"" K “Ta  Ce

Beacon Supergroup

|
Sr

SEARIRAr:
PamZ mi 1o ¥ Tm

Nd ~ Sm ~ Hf

Beacon Supergroup average, this study
Beacon Supergroup average, published data
New Mountain Sandstone

- Aziec Sillstone

Terra Catta Siltslone

- Beacon Heights
- Lashly Formation

Sl e ]
Rbe MO R

Nd ~ Sm  Hf

T I I | |_| T I [
P Zr TITbYTmYb

McMurdo Volcanic Group

@ MVG average, published data

= Mchurdo Volcanic

bl th e fal g ]
Ba f,Th | Nb La ! sr i P

YEYEREA
S B et

I
Yb

Sample/Chondrite

Sample/Chondrite

10000

1000

100

=

01

10000

1000

-
e
o

=
o

0.1

Dry Valleys Suites

—e— DV Suites average, this study L]
#— DV Suites average, published data§]
~m - Bonney Pluton (DY 1a)
- - Hedley (DV 1b)
-® - Pearce (DY 2)

I|III|I|I|I|I|I_|I|I
Ba RbTh K NbTaLaCeerd PSer Hf Ti B YT Yb

Ferrar Group

=+~ Ferrar Group average, published data

- - Ferrar Dolerite

T l T I I I T
Ba RbTh K NbTa La

| sl bl 2]

I U Y
AR
ce”'Nd ' smT HF ' Th ' Tm

v

increased compatibility

Figure 2.5: Chondrite-normalised incompatible spider diagram for bedrock lithologies within

the vicinity of the Ferrar Valley. Elemental concentrations in increasing order of compatibility from

left to right are shown for the five lithologies found in the vicinity of the Ferrar Valley: the Skelton

Group, the Dry Valleys Suites of the Granite Harbour Intrusive Complex, the Beacon Supergroup, the

Ferrar Group and McMurdo Volcanic Group. In each graph, fields of published data are shown (see

text for references) with the average published pattern highlighted by a coloured bold line. Note in the

Skelton Group graph the average published value for the Koettlitz Glacier Suite is also shown for

reference. Data collected in this study from whole rock analyses are shown by the dotted coloured

lines. Where multiple samples were analysed from a lithology (i.e. Skelton Group, Dry Valleys Suites

and Beacon Supergroup) an average value is also shown in the solid black line. Data normalised to
chondritic values of (Thompson, 1982; Wood et al., 1979; taken from Rollinson, 1993).
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Figure 2.6: Rare Earth Element (REE) patterns for Ferrar Valley bedrock (published and this study) and CIROS-2 samples. (a) Average values of
published data for each lithology that outcrops within the Ferrar Valley; (b) Whole rock analysis of bedrock lithologies conducted in this study on material from
the vicinity of the Ferrar Valley. Average values have been taken for the Skelton Group, Dry Valleys Suites and Beacon Supergroup. One analysis from the
Dry Valleys Suites, the Bonney Pluton, is shown individually to demonstrate the rage of values in this lithology; (c) Average values for each sample group

from CIROS-2 downcore bulk analyses (diamictites, lower mudstones (> 3 Ma), intermediate mudstones (3 — 1.5 Ma) and upper mudstones (< 1.5 Ma).
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The Granite Harbour Intrusive Complex (GHIC) consists of predominantly granitic rocks and
is divided into three petrogenetic suites in Southern Victoria Land, (1) the Dry Valleys 1a Suite
(DV 1a), (2) the Dry Valleys 1b Suite (DV 1b), and (3) the Dry Valleys 2 Suite (DV 2) (Cox et

al., 2012). Composition changes are seen between the different suites with DV 1a rocks being

calc-alkaline, while DV 1b are adakitic and DV 2 are monzonitic (Cox et al., 2000). DV 1a and

DV 1b suites are elongated in the NW — SE direction and interpreted to have been emplaced
during the tectonic subduction mentioned above. On the other hand, the DV 2 rock suite are
“post-tectonic”, forming in the later stages of the Ross Orogen emplaced after the cessation
of subduction (Hagen-Peter and Cottle, 2016; Wysoczanski et al., 2003).

The most extensively exposure of the Dry Valleys Suites in the vicinity of the Ferrar Valley is

the DV 1a Bonney Pluton (Cox, 1993), mapped over an area of 100 x 15 km? (Cox et al.

2000); this suite is composed of hornblende-biotite granitoids. In comparison, the DV1b Suite

is described as more evolved biotite granodiorite rocks (Wysoczanski et al., 2003). These suits

are coeval with crystallisation ages ranging from 517 to 495 Ma (Allibone et al., 1993). Dating

of zircons from the Bonney Pluton by U-Pb have indicated emplacement of this unit at 505 +
2 Ma while DV 1b from the Valhalla Pluton occurred during a second pulse of adakitic

plutonism inferred to mark the final stages of subduction at 488 + 2 Ma (Cox et al., 2000). This

slightly later age for DV 1b suites is also supported by Rb-Sr age of 490 Ma from the St Johns
Pluton and a K-Ar age of 501 Ma from the Suess Plutons, both found around Southern Victoria

Land (Cox et al., 2000). Both suites are cut by the DV2 Suite, a younger unit dominated by

alkali-calcic monzonite, quartz monzonite and granite plutons (Allibone et al., 1993). Ages for
this suite range from 490 to 477 Ma (Wysoczanski et al., 2003; Cox et al., 2000; Allibone et

al., 1993; Encarnacion and Grunow, 1996).

Strontium and Nd isotope compositions within the GHIC suite vary considerably. Literature
data on GHIC material span from Northern Victoria Land to the Central Transantarctic
Mountains to Southern Victoria Land and range from eng -29.9 to -8.8 (average -13.5+ 8.8, n
= 77) and ®Sr/%Sr 0.708 to 0.795 (average 0.729 + 0.034, n = 122) (Goodge et al., 2012;
Rocchi et al., 2009; Dallai et al., 2003; Cox et al., 2000; Rocchi et al., 1998; Armienti et al.,
1990; Borg et al., 1987). In Southern Victoria Land the outcrops of GHIC comprise the Dry

Valley Suites which has a narrower range with eng varying from -14.2 to -9.5 (average 12.1
3.2,n=10) and &Sr/%Sr ranging from 0.712 t0 0.717 (average 0.715 + 0.003, n = 10) although

there are significantly fewer measurements (Cox et al., 2000). The Dry Valleys shows some

overlap, especially in Nd composition making it challenging to distinguish between the different
lithologies in Nd, Sr space only (DV 1a: eng = -13.8 to -7.9, 8’Sr/%Sr = 0.714 to 0.716; DV 1b:
eng = -14.2 t0 -8.2, 8Sr/%Sr = 0.708 to 0.717; DV 2: eng = -10.7 to -10.5, 8Sr/%¢Sr = 0.715 to
0.730 (Cox et al., 2000)). The DV 1b suite has a less radiogenic Sr composition, while the DV
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2 suite has a narrower range of Nd composition and more radiogenic & Sr/%Sr ratio.
Neodymium model ages for the DV suites range from 1.07 — 1.92 Ga with averages of the
different suites being very similar to one another (DV 1a - 1.44 Ga; DV 1b - 1.34 Ga; DV 2 —

1.45 Ga) (Cox et al., 2000), indicating a Proterozoic mantle extraction age.

The geochemistry of the GHIC has been extensively studied and a wealth of data is available
to constrain the major and trace element composition of the Dry Valleys Suites (i.e. Hagen-
Peter and Cottle, 2016; Strong et al., 2016; Forsyth et al., 2002; Cox et al., 2000).

Incompatibility element spider diagrams (Figure 2.5) show that DV 1a and DV 2 have similar

patterns for elements more incompatible than Sm but DV 2 suites tend to have higher
concentrations. The DV 1b suite is distinguishable from DV 1a due to enriched concentrations
of Sr, Al and Na and depletion of Y, Nb, K and Rb (Forsyth et al., 2002; Cox et al., 2000). In
comparison DV 2 is enriched in K, Rb, Zr and the LREE (Cox et al., 2000). PAAS-normalised
REE patterns show enrichment of LREE relative to HREE elements (Figure 2.6).

2.2.2.3. Beacon Supergroup (upper reach)

The Beacon Supergroup is a relatively thin sedimentary sequence that outcrops around the

edge of the East Antarctic craton (Barrett and Kohn, 1975) and extends over a large area of

the TAM. It outcrops in the upper reaches (i.e., closest to the Polar Plateau) of the EAIS outlet
glaciers in Southern Victoria Land (Figure 2.3). The Beacon Supergroup is a 2.7 — 3.5 km
thick sedimentary sequence of Devonian to Jurassic age composed of non-marine deposits

including fluvial, glacial and shallow marine deposits (Barrett et al., 1986). The unit

unconformably overlies the basement metasediments and granitoids of the TAM (Cox et al.

2012) deposited after the development of the unconformity, the Kukri Erosion Surface, which
extends from Northern Victoria Land to the central TAM (Bradshaw, 2013; Wysoczanski et al.,
2003).

The lithology is divided into two main units: the lower Taylor Group and the upper Victoria
Group. The older Taylor Group is at least Devonian in age and is mainly a quartzose
sandstone sequence. The Permian to Triassic Victoria Group is dominantly a coal-bearing

sandstone-siltstone sequence (Barrett et al., 1971). In Southern Victoria Land the Victoria

Group mostly crops out to the area north of McMurdo Sounds in the Dry Valley region and

along the Mackay Glacier, where it is up to 1400 m thick (Cox et al., 2012). In comparison the

Taylor Group is the dominant group in the Royal Society Range and upper Ferrar Glacier,
although there is an extensive outcrop of the Victoria Group around the Lashly Mountains
(Figure 2.3 and Figure 2.4). The Taylor group includes sandstones, siltstones, orthoquartzite

sandstones and conglomerates.
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Outcrops of the Beacon Supergroup extend throughout the TAM from the Pacific margin at
Northern Victoria Land to Dronning Maud Land. Similar rocks are found at Horn Bluff on
George V Land coast, in the northern Prince Charles Mountains and in Ellsworth Mountains,

West Antarctica (Bradshaw, 2013). Additionally, it is thought that the Beacon Supergroup is

regionally more extensive (Drewry, 1976). Subglacial mesa topography has inferred areas of
Beacon Supergroup and Ferrar sills in the south pole sector of Antarctica (Drewry, 1976) and
gravity data and modelling results suggest the Beacon Supergroup extends away from the
TAM for at least 300 km, thinning into the Wilkes Subglacial Basin (ten Brink et al., 1997).

Deposition of the Beacon Supergroup occurred in a Transantarctic large basin that bordered

the East Antarctic craton as a marginal, passive or cratonic basin (Isbell, 1999; ten Brink et

al., 1997). Deposition occurred within a wide valley between two mountain ranges filled with

alluvium following post-orogenic uplift of the Ross terrain (Isbell, 1999). Within this basin,

material was deposited from west of the East Antarctic craton in the area of the present day

Ross Ice Shelf (Barrett and Kohn, 1975). The Taylor Group sediments were derived from

continental areas of low relief on both sides of the present day TAMs. A major change in
palaeoslope took place towards the end of the Taylor Group deposition resulting in the Victoria
Group sediments being derived from a different source, a less mature cratonic highland to the
east (Barrett and Kohn, 1975).

Age populations of detrital zircons from Northern Victoria Land samples of Beacon Supergroup
yield 1200 — 900 Ma and 700 — 500 Ma suggesting recycling of material from older sources
(Goodge and Fanning, 2010; Elliot and Fanning, 2008). Detrital zircon dated by U-Pb methods

from Devonian Aztec Siltstone of the Taylor Group are dominated by older 1450 Ma age.

These grains are thought to have mainly been derived from recycled granitoid rocks in East

Antarctica or from igneous rocks of the East Antarctic shield (Paulsen et al., 2016).

To our knowledge no Nd isotopic measurements have been made directly on Beacon
Supergroup material and only one study exists for direct Sr isotope measurements on non-
marine carbonate beds from the Beacon Supergroup. These average 8Sr/%Sr 0.725 + 0.002
for Devonian (i.e. Taylor Group) aged samples and 0.716 £ 0.001 for Permian aged samples

(i.e. Victoria Group) (Faure and Barrett, 1973). Regolith samples (thought to be derived from

directly proximal parent material), dunes and glacial drift samples (potentially reworked
mixtures of proximal provenance sources) from the Dry Valleys region and Northern Victoria
Land have been used to infer the isotopic composition of Beacon Supergroup material.
Samples range from eng -0.5 to -11.9 and have a Sr isotopic composition of 8 Sr/%Sr 0.712 —
0.734 (Blakowski et al., 2016; Delmonte et al., 2013; Delmonte et al., 2010). In addition glacial

till samples selected adjacent to Beacon Supergroup outcrops in the central TAMs have
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isotopic compositions ranging from eng -5.8 to -15.0 and 8 Sr/®Sr ratios of 0.713 to 0.723

(Farmer and Licht, 2016). Although these measurements provide overlap in the Sr isotopic

compositions previously measured by Faure and Barrett (1973), there is considerably range

in the Nd isotopic composition. These samples undoubtedly provide useful constraints on
Beacon Supergroup isotopic provenance, but they are limited due to the potential for additional
source provenance areas (including the geographically proximal Ferrar Group) to influence
the isotopic composition. Direct measurements of Beacon Supergroup material is needed to

constrain the isotopic composition.

While there haven’t been many isotopic measurements made on Beacon Supergroup
material, major and trace elemental analysis has been conducted particularly on Victoria
Group material (Strong et al., 2016; Sheldon et al., 2014; Wysoczanski et al., 2003; Krissek
and Kyle, 1998; Horner, 1992; Glasby et al., 1981; McPherson, 1980). Beacon Supergroup

material is found to contain especially high Th concentrations and low Sr, P and Ti (Figure

2.5). The PAAS-normalised REE pattern of the Beacon Supergroup is relatively flat with only
a very slight Eu anomaly ((Eu/Eu*)n ranging from 0.96 — 1.49; average 1.09 £ 0.26 (2 S.D.), n
= 35, normalised to PAAS material) and moderate LREE enrichment (Figure 2.6). Beacon

Supergroup material is found to be high in insoluble elements including Th and the LREE.

2.2.2.4. Ferrar Group (upper reach)

The Ferrar Large Igneous Province (FLIP) intrudes the Beacon Supergroup as dykes and sills.
While the Ferrar Group is predominantly composed of intrusive mafic sills (Ferrar Dolerite), it
also contains extrusive flood basalts and volcaniclastic rocks (Kirkpatrick Basalts, Carapace
Sandstone and Mawson Formation) (Storey et al., 2013; Cox et al., 2012; Woolfe et al., 1995).

The former intrusive rocks account for ~ 99 % of the Ferrar outcrops with an estimated volume

of ~ 1.7 x 10° km3 (Elliot and Fleming, 2018) while the intrusive Kirkpatrick Basalts have a

volume of ~ 7,000 km?® and are mainly found around lava fields (Fleming et al., 1995). Sills in

Southern Victoria Land range from a few metres to over 400 metres thick (Cox et al., 2012)

and are found in close association with Beacon Supergroup. Within the vicinity of the Ferrar
Valley the dominant outcrop is the Ferrar dolerite sills. However there is a very small outcrop

of Mawson Formation at Mistake Peak and the nearby Shapeless Mountain (Figure 2.3).

Formation of the Ferrar Group occurred during the early stages of Gondwana breakup during
the Mesozoic, coeval with other tholeiitic flood basalt provinces in the southern hemisphere
including in South America (Parana Province), Southern Africa (Karoo Province), New
Zealand (Kirwans Dolerite) and Australia (Elliot et al., 1999; Mortimer and Raine, 1994; Brewer
et al., 1992; Kyle et al., 1980). Within Antarctica, the Ferrar Group is exposed along the TAM

from the Theron Mountain in Queen Maud Land to Horn Bluff on the George V Coast (Elliot
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and Fleming, 2008; Hergt et al., 1989). It forms a linear outcrop that is parallel to the proto-

Pacific margin of Gondwana although this is unlikely to represent the full extend to the Ferrar
Group as geophysical studies have suggested an expanded distribution under the present-
day ice sheet (Frederick et al., 2016; Ferraccioli et al., 2009; Studinger et al., 2004). At the

upper reaches of the TAM chain, i.e. in Queen Maud Land, the magmatism forms the Dronning

Maud Land Province, while in the Oates Land and George V Coast, the outcrops are from the
Ferrar Magmatic Province. These two TAM provinces are distinguishable based on their Ti/Y,

ZrlY, eng and &7Sr/88Sr isotopic composition (Brewer et al., 1992).

Different dating techniques have converged on an Early to Middle Jurassic age for the Ferrar
Group in Antarctica. Initial dating from K-Ar dating of whole rock basaltic material ranged from
136 — 180 Myr (Elliot et al., 1999; Di Giulio et al., 1999; Brotzu et al., 1988). Subsequent Ar-

Ar dating of mineral separates (feldspar and biotite) within the Ferrar Dolerite yielded

crystallisation ages of 176.7 £ 1.8 Ma (Fleming et al., 1997; Heimann et al., 1994) while more

recent single grain, high precision, U-Pb ages from zircons suggest emplacement at ca. 182.7

Ma (Elliot and Fleming, 2018; Ivanov et al., 2017). The emplacement of the Ferrar Group was

very rapid with 4°Ar/3*Ar and U-Pb dating suggesting emplacement times of less than one

million years (lvanov et al., 2017; Antonini et al., 1999; Encarnacion and Grunow, 1996;

Heimann et al., 1994). Recent zircon analyses suggests even shorted emplacement times of
< 0.4 Myr (Elliot and Fleming, 2018).

Isotopic measurements on Ferrar Group material are well constrained with a tight range seen,
143Nd/'"**Nd compositions vary from eng -4.3 to -7.4 (average -6.1 + 1.4 (2 S.D.), n = 38), while
87Sr/86Sr ranges from 0.710 to 0.720 (average 0.713 £ 0.04 (2 S.D.), n = 249) in Ferrar Dolerite
samples (Elliot and Fleming, 2018; Strong et al., 2016; Forsyth et al., 2002; Antonini et al.,
1999:; Peucat et al., 1999; Mensing and Faure, 1996; Molzahn et al., 1996; Wilhelm and
Wodrner, 1996; Fleming et al., 1995; Brewer et al., 1992; Fleming et al., 1992; Hergt et al.,
1989: Siders and Elliot, 1985; Mensing et al., 1984; Faure et al., 1974; Compston et al., 1968).

Kirkpatrick Basalts have a very similar isotopic composition to the Ferrar dolerites making

them indistinguishable in Sr and Nd isotope space: enq -6.9 to -5.3 (average eng -5.8 £ 1.1 (2
S.D.), n = 28) while 8Sr/®Sr ranges from 0.711 to 0.715 (average 0.713 £ 0.001 (2 S.D.), n =
45) (Elliot et al., 1999; Fleming et al., 1995). Ferrar Dolerites have high initial 8 Sr/®Sr ratios

(> 0.709), which have been attributed to crustal contamination or origin from a chemically

enriched source region (Brewer et al., 1992; Kyle et al., 1980; Pankhurst, 1977; Compston et

al., 1968). The Dronning Maud Land group of the TAM Ferrar Group show lower initial 8 Sr/%Sr
ratios (< 0.710) but are not focused on in this study.
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Additionally, major and trace element composition are well constrained for Ferrar Group
samples (Elliot and Fleming, 2018; Strong et al., 2016; Forsyth et al., 2002; Antonini et al.,
1999; Peucat et al., 1999; Molzahn et al., 1996; Wilhelm and Worner, 1996; Fleming et al.,
1995; Brewer et al., 1992; Fleming et al., 1992; Hergt et al., 1989; Siders and Elliot, 1985;

Mensing et al., 1984; Faure et al., 1974). Ferrar samples are found to have low overall alkali

contents (Forsyth et al., 2002) and high SiO. content further adding to the conclusion of crustal

contamination. The group is low in high field strength elements (HFSE) including Nb, Zr, Hf,
Tiand Y and low in large ion lithophile elements (LILE) such as Ba, Rb, K and Sr (Figure 2.5)
(Eliot_et al., 1999). On PAAS-normalised REE plots, rocks show depletion of LREE and
relatively flat HREE pattern (Figure 2.6).

Although genetically associated with other tholeittic flood basalts of the Southern Hemisphere,
the Ferrar Group differs subtlety due to variations in its geochemistry and age. Compared to
the Karoo and Parana Provinces, the Ferrar has elevated initial 8Sr/%Sr ratios (> 0.707) and
low "3Nd/"™Nd (< 0.5124) (Hergt et al., 1989; Gunn, 1966). Additionally, compared to the

Karoo, the Ferrar Group has higher SiO, compositions. In other respects, the different

outcrops of the tholeiitic basalts are reasonably comparable. Finally, subtle differences can be
seen in the timing of magmatism and deposition of the different provinces with the Karoo being
~ 3 Ma older than the Ferrar Group (peaks at 183 £ 2 Ma and 180.3 + 2.2 Ma, respectively)
which is older than the Parana Province (~ 130 Ma) (Storey et al., 2013; Antonini et al., 1999).

2.2.2.5. McMurdo Volcanic Group (MVG) (Ross Embayment)

The McMurdo Volcanic Group is part of the Cenozoic volcanic province that extends from
Mount Weaver in the Queen Maud Land to the Balleny Islands off the George V coastline. In
particular, the MVG is used to describe the late Cenozoic alkali volcanics within the Ross
Embayment including volcanics in the Victoria Lands and islands in the western Ross Sea.

(LeMasurier and Thomson, 1990). Volcanic sequences within the MVG are predominantly

basanitoid with alkali basalt magma differentiating to produce volcanic series of basanitoids,

trachybasalts and phonolites (Sun _and Hanson, 1976; Goldich et al., 1975). They form

primarily in either (1) basaltic shield volcanoes (> 3,000 m high), (2) stratovolcanoes
(dominantly trachytic or phonolitic in composition) and (3) small isolated scoria cones and lava
flows. While there is a large range of different ages within the MVG, a study of K-Ar dates for
subaerial volcanic rocks from the TAM (including the Dry Valleys region and Taylor Valley)
and the Ross Sea islands ranged from 0.003 — 18.0 Ma with the majority of samples being <
4 Ma (Armstrong, 1978). The distribution of the MVG in the Ross Embayment is tectonically

controlled by the West Antarctic Rift System (LeMasurier and Thomson, 1990).
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The dominant exposure of MVG is found in the volcanic centres within the Ross Sea
embayment (Figure 2.3). The southern province centre focuses around Mount Morning (2723
m) and Mount Discovery (2682 m). Within this region the 45 km-long Minna Bluff Peninsula
formed first from 11.86 + 0.06 Ma (Fargo et al., 2008). In the Early Pliocene the region further

developed with the formation of Mount Morning (~ 6.1 Ma (Martin_et al., 2010)), Mount

Discovery (5.44 Ma; (Kyle and Muncy, 1989)) and White Island (subaerially exposed from ~ 5
Ma; (Cooper et al., 2007)). Later in the Pliocene Black Island formed (3.9 — 3.4 Ma; (Monien

et al., 2012)) and aeromagnetic surveys have identified extensive MVG sedimentary cover on

the seafloor between these volcanic islands (Wilson et al., 2007).

The more northerly Ross Island province is connected to the Mt Morning — Mt Discovery
volcanic centre by the McMurdo Ice Shelf and constitutes the largest scale MVG outcrop in
the vicinity of the Ferrar Valley. Ross Island covers 2460 km?, but only a small area of this is

currently ice-free (Cox et al., 2012). It is formed by three volcanoes; Mt Bird (4.6 — 3.8 Ma;

(Wright and Kyle, 1990)), Mt Erebus (3794 m; one of two active volcanoes in Victoria Land);
and Mt Terror (3280 m); 1.75 to 0.82 Ma) (Monien et al., 2012). MVG alkaline basaltic rocks

are classified as basanite, phonotephrite, tephriphonolite, phonolite or trachyte-rhyolite based

on the relationship between combined alkali content (Na.O + K>0) and silica content (Cox et

al., 2012). Individual volcanic centres cannot be distinguished compositionally (Cox et al.

2012), but may vary in their geochemistry (i.e. K/Ti and Fe/Ti ratios (Monien et al., 2012).

Outcrops of the MV G are limited within the Transantarctic Mountains although within a number
of TAM outlet glaciers, volumetrically small cones of MVG basanites have been reported
(Barrett and Hambrey, 1992; Kyle, 1990; Wilch et al., 1993; Nardini et al., 2009). Generally

these cones are < 250 m diameter or have small flows < 10 m thick (Ehrmann and Polozek,

1999). Close to the Ferrar Valley, the cones exposed within the Taylor Valley have been dated
as 4.9 — 1.6 Ma (Kyle, 1990) and 3.9 — 1.5 Ma (Wilch et al., 1993).

Isotopically, the McMurdo Volcanic Group shows a range in eng from 1.0 to 8.4 (average eng
5.1+ 3.0 (2 S.D.), n=47) and a range in 8Sr/%Sr of 0.702 to 0.708 (average 8Sr/%¢Sr 0.703
1+ 0.001 (2 S.D.), n = 55) (Aviado et al., 2015; Nardini et al., 2009; Sims et al., 2008; Rocholl

et al., 1995; Armienti et al., 1991; Wdrner et al., 1989). This isotopic signature is considerably

more radiogenic in Nd and less radiogenic in Sr than other lithologies within the vicinity of the
Ferrar Valley. Nd model ages are also considerably younger than other lithologies within the
Ferrar Valley ranging from 0.16 — 0.58 Ga (Aviado et al., 2015; Nardini et al., 2009; Armienti
et al., 2003; Armienti et al., 1991; Worner et al., 1989).

In chondrite-normalised spider diagrams of incompatible elements, the MVG rocks are the

most enriched for elements more compatible than K (Figure 2.5). In particular, enrichment in
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Nb, Ta, P, Zr and Ti, relative to chondritic rocks, are characteristics of MVG rocks. The alkali
basalts are characterised by high contents of Na.O, K-O, TiO, and P»Os (Goldich et al., 1975).
The PAAS-normalised REE pattern displays a large Eu anomaly compared to PAAS
((Eu/Eu*)n ranging from 1.35 to 2.39 (average 1.62 + 0.40 (2 S.D.), n = 36) and broad MREE
enrichment (La/Sm ranging from 2.6 to 15.1; average 6.4 £+ 4.9 (2 S.D.), n = 88) (Figure 2.6).
Major and trace elemental data for the MVG was taken from the following sources: (Perinelli
et al., 2017; Aviado et al., 2015; Nardini et al., 2009; Armienti et al., 2003; Hornig and Worner,
2003; Armienti et al., 1991; Beccaluva et al., 1990; LeMasurier and Thomson, 1990; Worner
et al., 1989; Gamble and Kyle, 1987).

2.3. Methods

2.3.1. CIROS-2 core observations
While sampling CIROS-2 core at GNS science, New Zealand, the opportunity was taken to

inspect the core. In support of previous remarks noted in Section 2.2.1 the following

observations were made:

o Following Pyne et al. (1985), two types of diamictites are found in the core: muddy and

sandy diamictites (Figure 2.1). The muddy diamictites dominate the lower section of
the core while sandy diamictites only appear above ~ 102 mbsf. The matrix material
within these sandy diamictites is visibly coarser and differs in colour to the earlier
diamictites (brown compared to grey, see Appendix A1 — Figure A1.1).

¢ Clast abundances are variable within the diamictite units, although this observation is
based on visual inspection only and was not quantitatively assessed. Clasts within
CIROS-2 are general 2 — 5 mm diameter and fall into two broad groups: (1) light grey
colour clasts with individual crystals of 1 — 2 mm diameter visible, probably granitic in
nature; and (2) dark clasts with very fine grain-size and no individual crystal visible
(Table 2.3).

o The deepest diamictites appear to be dominated by the former clast group (i.e. lighter
clast). However, at unit 10 (151.25 — 139.92 m; 3.42 — 2.97 Ma) (Figure 2.2) a sharp
transition occurs in clast appearance. Between 149.9 — 149.2 m, much larger clasts of
2 — 4 cm diameter were observed. Following this there is a transition back to smaller
clasts which are dominated by the darker clasts of group 2. Additionally this transition
at 149.2 m coincides with a change in the texture of diamictite matrix material which

becomes increasingly sandy.
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¢ Clast abundance is highest in the lower units and dramatically decreased near the top
of unit 8 (134.90 — 98.86 mbsf; > 2.87 — 1.52 Ma with a core gap between 2.46 — 2.02
Ma) (Figure 2.2). Carbonate rims were observed around some clasts, although these
were not sampled (see Appendix A1). Clasts with a vesicular appearance are
especially visible in the lower diamictite units of 12, 10 and 8.

o A few pebble to cobble (2 — 128 mm diameter) clasts were observed as lonestone
deposits in mudstone/sandstone units 9 (139.02 — 134.90 mbsf; 2.87 — >2.46 Ma), 5
(59.60 — 67.55 mbsf; Pleistocene age) and 3 (27.97 — 51.10 mbsf; Pleistocene age)

(Figure 2.2). These were not sampled.

2.3.2. CIROS-2 sample selection

In order to reconstruct environmental conditions within the Ferrar Valley, 20 samples from the
CIROS-2 sedimentary units were selected for geochemical provenance analyses: ten of which
were taken in mudstone deposits (grouped to include minor siltstone deposits), eight samples
were from diamictite units (six from muddy diamictite units and 2 from sandy diamictite
samples) and two samples were from sandstone deposits (Figure 2.2, Table 2.2, images in
Appendix A1). The remaining samples comprise two large clasts with a diameter greater than
the core width (~ 45 mm) and one sample from the basement gneiss at the bottom of the drill
site. The two large clast samples and the basement bedrock sample were crushed at GNS

Science.

In order to capture the inherently heterogeneous nature of diamictites, samples were split into
three fractions for analysis (Figure 2.7): (1) large individual clasts (n = 17), (2) fine fraction of
the matrix (< 63 pm; n = 6); and (3) bulk material (including matrix and small clasts; n = 8).
Firstly large clasts (> 5 mm and weighing 0.2 — 3.4 g) were visually selected from the matrix
and individually crushed using a hand-held pestle and mortar (see Table 2.3 for detailed
descriptions of clasts and Appendix A1 Figure A1.4 — A1.11 for images). Secondly, a sub-
sample of ~ 1 — 3.5 g of the remaining material was selected (~ 3 — 15 % of the total sample)
and, where possible, clasts were removed by hand to try to isolate the matrix material, wet
sieving was then used to extract the fine-grained matrix (< 63 ym). Finally a representative
large sub-sample (~ 4 — 16 g, representing ~ 25 — 75 % of the sample), consisting of both
clasts and matrix material was crushed and homogenised using a hand-held pestle and
mortar. No sequential leaching was conducted, as diamictite units represent glacial deposits
which should not contain in situ marine biogenic or authigenic components. Within each
sample the total number of clasts was not counted nor the proportion for each lithology type

determined; individual clasts were
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- Processed
el Top 5 Median . Unit Sample Sample Processed :
Petlab tom Unit . . . v Fine
. Depth Depth Major Minor Description Weight Bulk sy
elleaite (mbsf) LTS (mbsf) pe Lithology Lithology (9) Sample (g) Fraction
Number* (mbsf) (9)
P85785 166.50 166.57 166.54 Base Basen_’nent Basen_’nent San_”npled as cIosel to the base of the nd. ) )
ment Gneiss Gneiss sediment as possible
P85786  165.59 165.62 165.61 13 Mudstone Mudstone Grey colour, very fine-grained, 151021  11.6327 1.154
specks of black (pin prick size)
P85787 16549 16544 16547 13  Mudstone Mudstone 2:;'}'/‘;?; sample from unit 13 -not 4 - ;
Large Large clast, similar in composition
P85812 162.40 162.44 162.42 12 Diamictite Cla%t to other clasts in this unit, fine n.d. - -
siltstone?
1-2 mm clasts dominate,
o Muddy predominantly dark coloured clasts
P85788 161.14 161.18 161.16 12 Diamictite Diamictite (basaltic?) but light clasts are also 31.3256 15.8661 1.5455
present (K-feldspar rich)
Mudd Dominated by 2-3 mm light
P85789 158.37 158.40 158.39 12 Diamictite Diami Y coloured clasts, duplicate sample n.d. - -
iamictite :
from unit 12
P85790 15215 15217 15216 11 Mudstone Mudstone /9Nt grey matrix, uniform 7.4651 6.4141 -
appearance throughout unit
Light grey matrix, uniform
P85791  151.36 15138 15137 11  Mudstone Mudstone 2PPearance throughout unit, n.d. - -
duplicate sample of unit 11 - not
analysed
P85792  149.80 149.84 14982 10 Diamictite 'iuo% ~ Highclast abundance, dominated 331131 124306 1.0738
iamictite  py 2.4 mm clasts, mixed colour
Mudd 1-2 mm dark black clasts dominate,
P85793 143.10 143.12 143.11 10 Diamictite Diami Y crumbly core, increased sand 13.2732 5.0454 1.4728
iamictite ;
texture of matrix
Minor lithology deposit within unit
P85794 140.79 140.82 140.81 10 Diamictite Mudstone (4%), crumbly core, fine-grained, 5.3749 4.354 1.1469
light grey
P85795 13919 13921 13920 9  Mudstone Mudstone DiSturbedareaof core lightgrey — g5g/59 39076 ;

matrix, fine grain-size
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- Processed
el Top 5 Median . Unit Sample Sample Processed :
Petlab tom Unit . . . v Fine
. Depth Depth Major Minor Description Weight Bulk sy
il (mbsf) LB (mbsf) N Lithology Lithology (9) Sample? (g) Fraction
Number* (mbsf) (9)
P85796  138.70 138.72 138.71 9  Mudstone Mudstone Slightincrease in sandy size grains 51047 2.8277 -
within deposit, dark grey in colour
Uniform appearance throughout
P85797 138.38 138.41 138.40 9 Mudstone Mudstone deposit, light grey in colour, fine- 14.8374 9.4983 1.0245
grained matric
Much lighter in colour than previous
P85798  137.82 137.84 13783 9  Mudstone Mudstone Mmudstone deposits, cream/greyin 14 1498 g 0950 ;
colour, slightly sandy texture of
matrix
2-3 mm clast of mixed light and
Mudd dark colours, large error on depth
P85799 136.79 136.82 136.81 8 Mudstone viady estimate due to condensed interval n.d. - -
Diamictite .
and very broken core material - not
analysed
P85800 13540 13542 13541 9  Mudstone Siltstone -9Ntgreyincolour, verysmall (<1 g 4397 39557 ;
mm) dark clasts visible
Matrix is brown/grey in colour, high
P85801 12014 12920 12917 8  Diamictite _uddy ~ sand contentin matrix material 19.3442 51285 i
Diamictite light clasts of 1-3 mm dominate,
dispersed dark clasts also visible
Mudd Few large clasts of 1-2mm size,
P85802 123.86 123.91 123.89 8 Diamictite Diami y brown/grey matrix colour, coarse- 22.0820 5.2104 1.4687
iamictite . . .
grained texture of matrix material
Brown matrix colour, variable sizes
of clasts form 1-2 mm to 5-7 mm,
P85803 12072 12074 12073 8  Diamictite uddy ~large depth uncertainty due tocore : :
Diamictite gap, feldspars visible in clasts,
duplicate sample for unit 8 - not
analysed
P85909 11644 11648 11646 8  Diamictite  L2/9¢  Basaltic clast, vesicular texture, n.d. . -
Clast very dark colour
P85804  109.88 109.90 109.89 8  Diamictite if‘o”n‘g Brown in colour, coarse grain-size, 0391 4.8899 -

minor lithology within unit 8 (3%)
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- Processed
el Top 5 Median . Unit Sample Sample Processed .
Petlab tom Unit . . . v Fine
. Depth Depth Major Minor Description Weight Bulk sy
il (mbsf) LB (mbsf) N Lithology Lithology (9) Sample? (g) Fraction
Number* (mbsf) (9)
Light grey in colour, very small (<1
e Muddy mm) light grey coloured clasts,
P85805 103.80 103.83 103.82 8 Diamictite o . . . n.d. - -
Diamictite disturbed core, duplicate sample in
unit 8 - not analysed
Mudd Consolidated, grey material, clasts
P85806 100.20 100.24 100.22 8 Diamictite Diamict)ilte of 2-3 mm dominate, pink feldspar, = 34.9995 12.1252 3.4750
granitic clasts
P85807 93.85  93.87 93.86 7 Sand- Sand- g colour, coarse grain-size 7.1503 5.9091 -
stone stone
Sand Grey/brown in colour, relatively
P85808 70.67  70.69 70.68 6 Diamictite Diamict};te consolidated material, 2-3 mm 14.0623 4.4639 2.0462
clasts
Sand- Very loose material, crumbly
P85809 32.01 32.04 32.03 3 stone Mudstone texture, fine-grained, dark grey in 6.1329 4.7908 -
colour
Sand Sandy texture of the matrix
P85810 8.00 8.03 8.02 2 Diamictite >andy material, light and dark clasts 12.8461 4.9277 -
Diamictite ..
visible of ~ 2-3 mm
Sand- Grey/light brown in colour, very
P85811 -0.63 -0.65 -0.64 1 stone Mudstone crumbly, slight sandy texture in the 4.9119 3.8459 -

matrix

*Bold samples represent those analysed in this study

TWeight of full sample taken from CIROS-2 core prior to any analysis or processing

*For mudstone, this is the weight of sample soaked to homogenise prior to a sub-sample being leached/sieved; for diamictites this is the weight of material
crushed for bulk analysis

#Weight of material processed by wet sieving to extract the fine fraction (< 63 pm)

n.d. = not determined
- = not required

Table 2.2: Description of CIROS-2 samples sampled from GNS Science, September 2016.
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(1) Large Individual Clasts (C) """"""""""""" " :

+ The samples were visually By 3 OO0 OOOOOaot
inspected and the largest clasts Oy S
(> 5 mm) were taken for individual |-’
analysis 3

* They were then individually
crushed by hand using a pestle
and mortar prior to analysis

1 (3) Bulk material (including

(2} Fine Fraction Matrix (F)/:;-. matrix and small clasts) (B}

« A sub-sample containing as few |.}.
clasts as possible was selected

* A large sub-sample (~ 4 - 16 g)
1 was selected, containing both
small clasts and matrix material

o

» ~ 1 g of material was wet sieved |/
at<63 ym

'-: + Samples were crushed using
*rl  ahand-held pestle and mortar

---------------

Figure 2.7: Schematic diagram of sampling technique in CIROS-2 diamictite samples.
Diamictites are composed of clasts of variable sizes encased in a fine-grained matrix. Up to three
types of samples were selected from each diamictite: (1) large individual clasts; (2) fine fraction

matrix; and (3) bulk material. These have been labelled C, F and B, respectively, in the sample name.

selected to be representative of the sample based on visual interpretations only and hence
are limited to providing semi-quantitative assessment of representative clasts. Clasts were
only sampled in diamictite layers.

Prior to processing of mudstone samples, 50 — 85 % of the sample was soaked in MQ water
then oven dried. The dried powder was then mixed to ensure homogenisation of the sample
prior to further processing. Mudstones were mainly analysed as bulk fractions (n = 7);
however, the < 63 um fraction was isolated by wet-sieving in three of these mudstones to test
whether traces of coarser material are present and bias the geochemical results. As mudstone
(and siltstone) samples were deposited during interglacial periods under marine conditions,
they are likely to contain in situ marine biogenic or authigenic components. Additionally,
sandstones were deposited in lake conditions and hence may also contain a biogenic
component. Therefore, a representative sub-sample (~ 0.5 g) of the homogenised mudstone
and sandstone material was subjected to a sequential leaching procedure. Firstly, the samples
were leached using a 1 M MgCl, solution. Secondly, ferromanganese oxides and
oxyhydroxides were removed using a reductive solution of 0.02 M hydroxylamine
hydrochloride (HH), 25 % glacial acetic acid and 0.038 M diaminoethanetetra-acetic acid
disodium salt (EDTA) (Chester and Hughes, 1967; Cook et al., 2013; Gutjahr et al., 2007). As
in previous studies, no removal of biogenic opal was conducted (e.q., Cook et al., 2013).

Following leaching samples were crushed and homogenised.

75





Rachel A. Bertram, Ph.D. Thesis, 2018

GNS Petlab Clast Clast
Collection N Clast Description Weight
umber
Number (9)
Granitic clast, light grey to dark grey in colour, individual
1 crystals visible, all ~2-3 mm diameter, 3.3577
white/grey/black/pink coloured crystals
P85788 Represents the dominant clast type within this sample,
darker in colour - mostly black crystals with some lighter
2 . ) . . 0.9445
coloured crystals also visible, fine-grained with ~ 1 mm
crystals
Represent the dominant clast type in sample, felsic
igneous rock, dark grey in colour, homogenous large clasts
1 X -7 0.9772
(~2-3 mm diameter) visible, crystals are regular block
shapes, granitic
P85792 Very light in colour, white/grey matrix with some darker
2 crystals (~1 mm in diameter) visible, very light 0.5833
granite/siltstone
3 Dark in colour, fine-grained and homogenous, vesicular 0.3711
texture, no individual crystals seen, basaltic
Grey in colour, individual crystals (~ 2 - 4 mm) seen
P85793 1 varying from dark black to grey to white to pink, felsic, 0.1755
granitic
P85801 1 Grey/white in colour, small crystals visible which are mainly 0.9434
grey/white but there are also some darker crystals, granitic
1 Represents the dominant clast type within the sample, 0.9857
granitic rock, grey colour, individual crystals seen, micas? '
P85802 Small clast, homogenous appearance, fine-grained with no
2 visible grains visible, siltstone/granite, dark black, some 0.1506
vesicles within clast
1 Grey/white in colour, homogenous crystals visible of ~2-3 0.4132
mm diameter, feldspar/quartz visible, possibly a siltstone '
2 Dark grey to dark purple in colour, very hard, basaltic 0.7049
Light brown/white/grey in colour, pink feldspar crystals
3 0.3216
P85806 visible, ~1 mm crystals visible, granite?
4 Light grey matrix colour, small black crystals visible (<1 0.1853
mm in diameter), homogenous matrix material '
5 Dark qoloured clast, no visible crystal, very dark in colour, 0.1489
basaltic
1 I?ark bl_ack in_c_olour, large size_ clast (~2 mm diameter) but 32633
P85808 light, micas V|s.|ble, soft,_basaltlc .
2 Gra.n|t|c, very light grey in colour, crystals of ~2 mm visible, 10227
felsic
P85810 1 Dark black with some light grey material enclosed within 0.1665

the black matrix, homogenous fine grain-size, basaltic

Table 2.3: Description of individual clasts analysed from CIROS-2 diamictite samples.
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This method varies slightly from previous provenance work conducted at Imperial College
London on IODP Site U1361, Hole A marine sediment (Bertram et al., 2018 (Chapter 3); Cook

et al., 2013). Firstly, a buffered acetic acid leach to remove carbonates has been omitted for

CIROS-2 samples due to: 1) negligible authigenic carbonate content and 2) potential
terrigenous carbonate within the core. Marine sediments from polar settings generally have
been found to have very low to negligible carbonate content and previous studies have

therefore deemed a de-carbonating leaching step unnecessary (Haley et al., 2008).

Additionally, during sampling we observed some sections of the CIROS-2 core that were
characterised by carbonate cementing (Appendix A1 — Figure A1.13) i.e., terrigenous input
of carbonate. While such sections of the core were not been directly sampled, avoiding the
buffered acetic acid leach reduces the possibility of any terrigenous sourced carbonates being
removed. Secondly, in comparison to previous techniques, an additional leach using 1M MgCl.
was added to the procedure and EDTA was used in the second leaching solution (with HH).
These additions ensured that no reabsorption of authigenic elements occurred during the

leaching procedure (Gutjahr et al., 2007). To confirm compatibility of this new leaching method

with that conducted for analyses from Hole U1361A, Wilkes Subglacial Basin (published data,
Chapters 3 - 6), leaching experiments were conducted but the introduction of MgCl, and
EDTA to the leaching method of Pliocene Hole U1361A material did not affect the sediments’
isotopic ratios. We hence conclude that the results of both the CIROS 2 and Hole U1361A
studies present in this thesis will be directly comparable despite being derived using very
slightly different leaching techniques (Appendix A2).

2.3.3. Bedrock samples from regional outcrops

In total, 14 bedrock samples have been analysed from the Petlab collection at GNS, New

Zealand (Strong et al., 2016). Where possible, samples were taken directly from within the

Ferrar Valley or in close proximity (ranging from 77.56°S to 77.88°S and from 160.283°E to
163.583°E) (Figure 2.3). The samples include all five major lithologies described above
(Appendix A1 - Figures A.15 — A.19). In detail, samples from the lower reaches include four
samples that represent a subset of the lithologies exposed in the Skelton Group (hornfels,
greyschist, marl and garnetiferous amphibolite) and three samples from the different
petrogenetic suites within the Granite Harbour Intrusive Complex (Bonney Pluton (DV 1a),
Hedley (DV 1b) and Pearce (DV 2)). In the upper reaches five samples were chosen to cover
the Beacon Supergroup (Victoria Group (n=1): Lashly Formation; Taylor Group (n=4): Aztec
Siltstone, Beacon Heights Orthoquartzite, New Mountain Sandstone and Terra Cotta

Siltstone) while one sample was selected for the Ferrar Dolerite. Additionally, one sample was
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selected from the McMurdo Volcanic Group. These later two lithologies (i.e. Ferrar Group and

MVG) are well characterised geochemically.

Where possible a sub-sample of homogenised rock powder was taken from the GNS
collection. Alternatively, a representative amount of the sample was cut using a rock saw and

crushed at GNS Science prior to analysis at Imperial College London.

2.3.4. Elemental and isotopic analysis of downcore and
bedrock samples

All downcore CIROS-2 samples and bedrock powders were homogenised and a
representative ~ 50 mg of material was digested for analysis. Hotplate digestion was
conducted in a mixture of 2 ml of 27 M HF, 1 ml 15 M HNO3; and 0.8 ml 20 M HCIOg4, before

fluorides were removed with ~ 3 ml 6 M HCI.

For the bedrock samples within the vicinity of the Ferrar Valley, two aliquots of ~ 50 mg of
material were digested separately; one was used for major and trace element analysis while
the other was processed for Sr and Nd isotopic compositions. To minimise differences caused
by sample heterogeneities (i.e., crushing inconsistencies caused by use of a hand-held pestle
and mortar), only one digestion was made for the CIROS-2 samples. Once digested, 20 down-
core samples (including: eight mudstone, interglacial deposit; one sandstone sample; four bulk
diamictite samples; four diamictite individual clasts; the two large clasts within the CIROS-2
core; and the basement sample from CIROS-2) were selected for major and trace element
analysis. A ~ 10 % aliquot was removed volumetrically and the precise aliquot volume was
determined through weighing (~ 5 mg). Note larger aliquots were taken for standard reference
material BCR-2 (~ 30 %) to allow for multiple analysis during measurement sessions (~ 15

mg). The remaining aliquot was then processed for Sr and Nd isotopic compositions.

All samples were measured for major and trace elements using an Agilent 8800 triple
quadrupole ICP-MS at the Open University. The instrument consists of an octopole collision
reaction cell, which separates two quadrupole mass filter units. As such, targeted masses can
be allowed into the cell to react or collide before on-mass, or mass shifted analysis (depending
on whether the analyte reacts with the gas in the cell). Samples were diluted 1000 fold from
the original powder weight for trace element, and 10,000 fold of the original powder weight for
major element analysis. Analyses were standardised against five reference materials (BIR-1,
W2, DNC-1, BHVO-2 and AGV-1) that were measured at the beginning of each analytical
session. These reference materials were selected since they have similar concentrations
(within the same order of magnitude) as elemental concentrations in the analysed samples.

Where applicable analysis sessions were drift corrected based on trends in standard reference
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material of JB-2 and BCR-2 which were run systematically throughout each session. An
internal standard (consisting of Be, Rh, In, Tm, Re and Bi) was used to monitor and correct
for instrumental drift. Interferences (oxides, polyatomic species) were reduced by using the
collision / reaction cell within the instrument, in either helium (He) or oxygen (O) mode. Filling
the cell with He means that larger species are more likely to collide and lose energy, and
therefore not reach the second quadrupole mass filter. The instrument was used in He collision
mode for all elements except Li, Sc, Rb, Y, Cs and Tl where no gas was added and for the
rare earth elements (REE) where oxygen was used as the reactive has since the REE were

measured as REE oxides in mass shifted mode.

Precision was accessed based on periodic measurements of standard reference material
BCR-2 made throughout the analysis, and was often better than 3 % but consistently better
than 4.3 %. Average concentration measurements of five replicates of standard reference
material BCR-2 (i.e., full procedural repeats from digestion through to elemental analysis; n =
13) where used to assess accuracy. All elements with previously defined concentrations

(Jochum et al., 2016), are accurate within 15 % of published values while the majority of

elements are accurate within 5 % (Table 2.4). Contributions from procedural blanks to the
measured sample total were generally < 0.6 % for CIROS-2 samples (higher for Zn = 1.4 %,
V=45 %, and Cu = 20.4 %) and < 1.0 % for Ferrar Valley bedrock samples (higher for Ca =
1.1 %, P=22 %, Zn = 4.26 % and Tl = 17.7 %), and hence deemed negligible. No blank
concentration data was obtained for Na. All sample rare earth element (REE) data have been
normalised to Post Archean Australian Shale (PAAS) concentrations (Taylor and McLennan,
1981).

For Sr and Nd isotopic analysis, target analytes were extracted from the sample matrix using
ion chromatography. Samples (or sample aliquots in the case of downcore samples measured
additionally for major and trace concentrations) were processed through Biorad cation
exchange resin (200 — 400 ym mesh), Ln-Spec resin (50 — 100 um bead size, 500 pl reservoir

size) and Eichrom Sr-Spec resin (100 — 120 um bead size).

Neodymium isotope analyses were performed on a Nu Instruments multi collector inductively
coupled plasma mass spectrometer (MC-ICP-MS) in the MAGIC laboratories at Imperial
College London. Instrumental mass bias was corrected using the exponential law and a
146N d/'*4Nd ratio of 0.7219. A correction for direct '4Sm interference was applied, but all
samples were significantly below the threshold determined for accurate correction (< 0.1 % of
the *4Nd signal). All reported sample '**Nd/'**Nd ratios are corrected using average values of
JNdi-1 analysed over the session normalised to the recommended JNdi-1 value of 0.512115

(Tanaka et al., 2000). Measured average JNdi-1 values for individual analytical sessions were
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Measured Published Accuracy

Element* Valuef + 1 RSD Value? + 95 % CL

(pPm) (ppm) (%)
Al (wt. %) 6.81 0.22 7.13 0.06 95
Ca (wt. %) 5.04 0.15 5.08 0.05 99
Fe (wt. %) 9.36 0.19 9.63 0.13 97
K (wt. %) 1.43 0.04 1.47 0.02 97
Mg (wt. %) 2.09 0.06 2.17 0.03 96
Na (wt. %) 2.23 0.08 2.32 0.03 96
P (wt. %) 0.145 0.007 0.157 0.004 92
Ba 670 16 683.9 5 98
Ce 54.2 1.6 53.12 0.3 102
Co 36.0 1.3 37.33 0.4 96
Cs 1.14 0.03 1.16 0.02 99
Cu 16.7 0.5 19.66 0.7 85
Dy 6.27 0.15 6.424 0.06 98
Er 3.65 0.09 3.67 0.04 99
Eu 1.99 0.07 1.989 0.02 100
Gd 6.62 0.16 6.811 0.08 97
Hf 4.83 0.14 4.972 0.03 97
Ho 1.32 0.03 1.313 0.01 101
La 25.9 0.8 25.08 0.2 103
Li 9.74 0.18 9.13 0.22 107
Lu 0.506 0.012 0.5049 0.008 100
Mn 1497 35 1523 23 98
Nd 28.9 0.6 28.26 0.4 102
Pb 10.7 0.4 10.59 0.2 101
Pr 6.58 0.19 6.827 0.04 96
Rb 47.5 1.3 46.02 0.6 103
Sc 32.6 1.7 33.53 0.4 97
Sm 6.68 0.17 6.547 0.05 102
Sr 338 9 337.4 7 100
Tb 1.06 0.03 1.077 0.03 99
Th 6.00 0.15 5.828 0.05 103
Ti 13714 707 13575 144 101
TI 0.289 0.007 0.267 0.018 108
U 1.62 0.05 1.683 0.02 96
V 393 12 417.6 5 94
Y 37.7 0.9 36.07 0.4 105
Yb 3.44 0.17 3.392 0.04 102
Zn 133 3 129.5 2 102
Zr 190 6 186.5 2 102

*Values are in ppm except where stated for major elements as wt. %.

TAverage value of four BCR-2 replicates measured over the analytical session. Quoted to 3
significant figures.

*Published data from Jochum et al. (2016), uncertainty quoted to 95 % confidence level
(CL).

Table 2.4: Accuracy of measured major and trace elements in CIROS-2 Plio-Pleistocene

analysis, assessed from BCR-2 measurements.
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0.512101 £ 12 (2 S.D., n = 30); 0.512107 £ 11 (2 S.D., n = 33); 0.512127 £+ 13 (2 S.D., n =
33); 0.512107 £ 12 (2 S.D., n = 34); 0.512116 + 16, n = 30); 0.512099 + 11 (2 S.D., n = 32);
and 0.512140 £ 11 (2 S.D., n = 24). Ten replicates of standard reference material BCR-2 were
processed alongside unknown samples, and yielded an average '**Nd/'**Nd ratio of 0.512635
+ 0.000020 (2 S.D., n = 22), identical to the recommended value of 0.512638 + 0.000015 (2

S.D.; Weis et al., 2006). Procedural blanks were consistently less than 46 pg, which is

negligible compared to the sample size processed ([Nd] ranged from 5 to 145 ppm — average
36 ppm; ranging from ~200 to 1000 ng). Duplicate sample analysis (i.e., full procedural repeats
from digestion through ion exchange chromatography to mass spectrometry) and re-analysed
samples (i.e., the same aliquot from ion exchange chromatography) always yielded results

that agreed within error.

Strontium isotopes were analysed on a Thermo Scientific Triton thermal ionisation mass
spectrometer (TIMS) at the MAGIC laboratories at Imperial College London. Samples were
loaded in 1 yl 6M HCI onto degassed single tungsten filaments, followed by 1 ul of tantalum
chloride activator. Instrumental mass bias was corrected using the exponential law and an
88Sr/88Sr ratio of 8.375, while interferences of 8Rb were corrected using an 8’Rb/®Rb ratio of
0.3860. Measurements were made in static mode. Repeated analysis of NBS987 standards
over the duration of sample analysis yielded an average ®Sr/®6Sr value of 0.710247 +
0.000019 (20 S.D.; n = 84). All reported 87Sr/3Sr ratios were corrected relative to the published
value for NBS987 of 0.710252 + 0.000013 (Weis et al., 2006). Ten separate digests of
standard reference material BCR-2 yielded an 8 Sr/Sr ratio of 0.705010 + 0.000014 (20 S.D.;
n = 42), which is in good agreement with the published value (0.705013 + 0.000010; Weis et

al., 2006) and indicating a long-term reproducibility of 20 ppm. Re-analysed samples always

yielded results that agreed within this error, whereas a total procedural duplicate showed a
larger uncertainty (i.e., in the fifth decimal place). This variability is likely due to sample

heterogeneity, and is comparable to what has been reported in other studies (Cook et al.

2013; Tutken et al., 2002). Procedural blanks were consistently less than 172 pg, representing

a negligible contribution to sample measurements (< 0.1 %) since [Sr] in samples ranged from

6 to 3600 ppm (average 563 ppm).
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2.4. Results

2.4.1. Ferrar valley bedrock samples

2.4.1.1. Strontium and Nd isotopic compositions
The five lithologies around McMurdo Sounds region and the Ferrar Valley have variable Sr
and Nd isotopic compositions (Figure 2.8, Table 2.5). Strontium and Nd isotopic composition

in bedrock samples from Skelton Group likely span a very large range due to the highly

heterogeneous compositions of the group (Cox et al., 2012). Our four whole rock analysis of

different lithologies within the Skelton Group found around the Ferrar Valley have unradiogenic
Nd compositions and variable Sr compositions. While all the Skelton lithologies have fairly
similar Nd isotopic compositions (eng ranging from -9.7 to -12.8; average -10.7 £ 2.9 (2 S.D.),
n = 4), there is distinct variation in the Sr isotopic signature with the marl and greyschist
lithologies (87Sr/%Sr = 0.707 to 0.712) being less radiogenic than the hornfels and
garnetiferous amphibolite samples (8’Sr/%Sr = 0.731 to 0.736). Neodymium-model ages
calculated for these Skelton Group samples range from 1.65 to 2.30 Ga relative to a depleted

mantle reservoir (Figure 2.9).

The three measurements of GHIC lithologies cluster in Sr and Nd isotopic composition (eng =
-10.7 to -13.3; average value = -11.7 £+ 2.8 (2 S.D.), n = 3; 8Sr/%Sr = 0.714 to 0.718; average
value = 0.716 £ 0.003 (2 S.D.), n = 3). These samples, while all taken from different suites of
the GHIC (i.e., DV 1a, DV 1b and DV 2) are indistinguishable in Sr and Nd space from previous

values reported in the literature. Our new data suggest a greater range in Sr isotopic

compositions for the DV 1b suite, and Nd isotopic compositions for the DV 2 suite, since the
Hedley and Pearse lithologies measured in this study plot slightly outside of the field of
previous measurements respectively. All Dry Valleys suite samples have comparable Nd
model ages to previously published values ranging from 1.34 to 1.52 Ga (published values of
1.28 to 1.55 Ga).

From the upper reaches of the Ferrar Valley, we analysed Beacon Supergroup and Ferrar
Dolerite deposits. While the Ferrar Group is well characterised, previous estimates for the Nd
composition of Beacon Supergroup have only been inferred from glacial deposits samples
proximal to Beacon Supergroup outcrops and Sr composition are only constrained from one
sample set (see Section 2.2.2.3). For the first time we here provide direct constrains for Sr

and Nd composition of bedrock samples from five lithologies within the Beacon Supergroup.

These samples show unradiogenic, but variable, Nd isotopic compositions, ranging from enq-
12.0t0-17.5 (average-14.4 £ 4.4 (2 S.D.), n = 5), and a large range of Sr isotopic composition,
from 0.720 to 0.783 (average 0.748 + 0.056 (2 S.D.), n = 5). Calculated Nd model ages range
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Figure 2.8: Strontium and neodymium isotopic characteristics of bedrock lithologies from around the Ferrar Glacier. Fields of characteristic isotopic
measurements from different lithologies are based on published values (see Section 2.2.2 for references). The field for Beacon Supergroup does not
represent whole rock analysis but is instead inferred from regolith and glacial drift deposits. Whole rock analyses from 14 samples analysed in this study are

shown as filled square symbols in the respective lithology colour.
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GNS Petlab

Collection ';\?’"I‘(a;”“ J Latitude (°S)  Longitude (°E)  7Sr/%Sr +2S.E. Nd/'Nd ~ £2S.E. e +2S.D.t
Number ock Type

Skelton Group

P21710 Hornfels 77.8 163.583 0.730546  0.000005 0.512114 0.000010  -10.2 0.2

P62345 Greyschist 77.56 162.683 0.712175  0.000005 0.512122 0.000009  -10.1 0.2

P62342 Marl 77.62 162.6 0.707210  0.000004 0.511979 0.000009 -12.8 0.2

Garnetiferous

P83952 amphibolite 77.699 161.909 0736366  0.000005 0512143 0000009 -9.7 02

Granite Harbour Intrusive Complex (GHIC)

P52048 Hedley 77.773 162.009 0.717788  0.000005 0.512089 0.000009  -10.7 0.2

P78695 Bonney 77.813 163.451 0.714457  0.000005 0.512072 0.000009  -11.0 0.2

P50186 Pearce 77.783 161.333 0.716767  0.000005 0.511958 0.000007 -13.3 0.2
Repeat 0.716777  0.000005 0.511954 0.000011  -13.3 0.2

Beacon Supergroup

P61975 Lashly Formation 77.85 160.283 0.726078  0.000006 0.512021 0.000008  -12.0 0.2

P61986 Beacon Heights 77.871 161.167 0.720134  0.000008 0.511742 0.000009 -17.5 0.2
Repeat 0.720125  0.000009 n.d. n.d. n.d. n.d.

P61740 Terra Cotta Siltstone 77.867 161.25 0.772168  0.000006 0.511859 0.000010  -15.2 0.2
Repeat n.d. n.d. 0.511857 0.000010  -15.2 0.2

P62009 Aztec Siltstone 77.883 160.733 0.782952  0.000008 0.511881 0.000008  -14.8 0.2

New Mountain

P62001 Sandstone 77.871 161.167 0740301 0.000015 0511990  0.000008 -126 0.2

Ferrar Group

P61750 Ferrar Dolerite 77.867 160.933 0.717702  0.000005 0.512309 0.000010  -6.4 0.2

McMurdo Volcanic Group (MVG)

P51070 McMurdo 77.745 162.195 0.703367  0.000006 0.512915 0.000007 5.4 0.2

*end is calculated based on a present-day CHUR '43Nd/'#4Nd value of 0.512638 (Jacobsen and Wasserburg, 1980) expressed in parts

per 10,000.

TExternal reproducibility (2 sigma standard deviation) is based on the JNDi-1 standard reproducibility of individual analytical sessions in the MAGIC

laboratories, Imperial College London.

Table 2.5: Strontium and Nd isotopic composition of whole rock bedrock samples from the vicinity of the Ferrar Glacier.
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Figure 2.9: Nd model ages for CIROS-2 sample and lithologies within the vicinity of the Ferrar
Valley. All ages have been calculated based on a depleted mantle reservoir. Fields for Dry Valley
Suites, Ferrar Group and McMurdo Volcanic Group include previously published data and
measurements from this study. In comparison, Skelton Group and Beacon Supergroup Nd-model age

fields are based on data collected in this study from whole rock analysis only.

from 1.50 to 2.08 Ga, with no clear difference between the two Beacon Supergroup groups of

Victoria and Taylor (Figure 2.9), although more data is needed to confirm this conclusion.

Previously estimated Nd isotopic compositions of Beacon material span a very large range
from eng-0.5 to -15.0 (Blakowski et al., 2016; Farmer and Licht, 2016; Delmonte et al., 2013;

Delmonte et al., 2010). Our five discrete measurements, fall at the less radiogenic end of this

scale and even extend to more unradiogenic values, ranging from -12.0 to -17.5. Taken

together with the previous estimates, our new data extends the Beacon Supergroup range to
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eng -0.5 to -17.5. Our new data provides direct measurements to confirm this unradiogenic
range, but further direct measurements of Beacon Supergroup material is needed to confirm

the most radiogenic values currently only constrained by estimates.

Our data furthermore suggests a much larger range of 8Sr/%Sr ratios for the Beacon
Supergroup than previously estimated by regolith, dune and glacial drift material and
measured in non-marine carbonate Beacon samples. Previous estimates and measurements
showed 8’Sr/%68r ratios from 0.712 — 0.734. While our samples do not see the least radiogenic
of these measurements, they extend to much more radiogenic values in the two siltstone
samples. In our study we analysed one Triassic aged sample from the Victoria Group (Lashly
Formation) and four lithologies from the Taylor Group (Terra Cotta Siltstone, New Mountain
Sandstone, Beacon Heights Orthoquartzite and the Aztec Siltstone). The Taylor Group
samples spanned the full range of Sr compositions measured within this study while the

Victoria Group shows overlapping Sr compositions.

One interesting feature of the five Beacon Supergroup bedrock samples is the large range in
Sr isotopic composition measured between the different lithologies. In particular, two siltstone
lithologies have considerably more radiogenic compositions (ranging from 0.772 to 0.783;
average 0.778 £ 0.015 (2 S.D.), n = 2) than the sandstone and orthoquartzite lithologies
(ranging from 0.720 to 0.740; average 0.729 + 0.021 (2 S.D), n = 3). This contrasts with the
range in Nd isotopic composition which is limited for the siltstone and sandstone samples (end
-12.0t0-15.2; average -13.7 £ 3.1 (2 S.D.)) with only the Beacon Heights Orthoquartzite being
less radiogenic (eng -17.5 £ 0.2 (2 S.D.)).

Due to the well characterised nature of the Ferrar Group, only one sample of Ferrar Dolerite
was analysed here (eng = -6.4 + 0.2, 8Sr/%Sr = 0.718), which compares well with previously
published data. Neodymium model ages for Ferrar Group materials range from 1.52 to 1.87

Ga (Molzahn et al., 1996; Fleming et al., 1995; Brewer et al., 1992), comparable to our

calculated value of 1.74 Ga (Figure 2.9).

The MVG sample measured from a Kukri Hills isolated outcrop has an isotopic signature of
ena = 5.4 = 0.2 and #Sr/%Sr = 0.703, and a calculated Nd model age of 0.44 Ga, which is fully
compatible with the range found in previously published values (end from 1.0 to 8.4; 8Sr/%6Sr
from 0.702 to 0.708). This lithology is distinct from the other lithologies around the Ferrar
Valley due to its radiogenic Nd composition and young Nd model age (Figure 2.8; Figure 2.9).
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2.4.1.2. Major and trace elemental compositions

2.4.1.2.1. Skelton Group

Analyses made for the four Skelton Group samples (hornfels, greyschist, marl and
garnetiferous amphibolite) are comparable to previously published data. Incompatible element
spider diagrams (Figure 2.5) show subtle differences within the different formations of the
Skelton Group with the marl sample differing considerably from the published average in terms
of enrichment in Sr and P and depletion in Sm, Zr, Hf and Ti (Table 2.6). The hornfels sample
is also distinguishable by depleted Sr and P concentrations relative to the average values of
other formations. Skelton Group samples are found to be characterised by low Th/Sc, La/Yb
and high Co/Th ratios (Figure 2.10). It is worth noting that all lithologies show similar La/Yb
ratios (3.9 — 7.7) except for the garnetiferous amphibolite which is considerably higher (24.3),
and Co/Th values are generally slightly lower (4.5 to 19.5) than the published data (7 to 41;
average 20.5 + 36.1 (2 S.D.), n = 3). The Skelton Group stands out from other Ferrar Valley

lithologies in a number of indicative ratios including low Zr/Sc and low La/Sm (Figure 2.10).

The average PAAS-normalised REE pattern for the four measured samples shows a similar
trend with a relative flat HREE pattern and LREE depletion (Figure 2.6). This pattern with
LREE depletion is seen in three of the four lithologies studies (hornfels, marl and garnetiferous
amphibolite). However, the greyschist sample deviates from the average in having LREE
enrichment relative to the HREE. Most Skelton samples have a positive Eu anomaly
((Eu/Eu*)n = 1.36 to 1.51 except for the hornfels sample which has a negative anomaly
(Eu/Eu*)n = 0.65).

2.4.1.2.2. Dry Valley Suites

Incompatible element patterns of the Dry Valley suites are generally enriched in LIL and Hf
and depleted in Nb and Ta (Figure 2.5; Table 2.6). The two DV 1 suite samples analysed
have similar patterns although the DV 1b (Hedley) sample is enriched in Rb and K and
depleted in P and Ti relative to the DV 1a (Bonney) sample. In comparison, the DV 2 sample
(Pearse) is enriched in all incompatible elements, and especially in the LREE (Figure 2.5).
The Dry Valley Suites are distinguishable as felsic end-members in high Th/Sc (especially DV
1b and DV 2 suites) and high La/Yb ratios. The samples also have relatively low Co/Th values
(especially DV 2 suites), another indicator of felsic material (Figure 2.10). Additionally the Dry
Valley Suites have low Ti/Rb (especially DV 1b). The range seen in the measured Eu
anomalies relative to PAAS is very large (0.68 — 2.00). Pearse material (DV 2) is found to have
a negative Eu anomaly relative to PAAS (0.68) while the other two suites (Bonney (DV 1a)
and Hedley (DV 2)) have positive anomalies (1.51 and 2.00 respectively) (Figure 2.10). While

there is limited published data available to constrain the Eu anomaly within Dry Valley Suite
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Petlab No. | P21710 P62345 P62342 P83952 P52048 P78695 P50186
Lithology | Skelton  Skelton  Skelton Skelton GHIC GHIC GHIC
Formation | Hornfels Greyschist Marl Gaar:::;ti';eor:i);s Hadley Bonney Pearce
Al (Wt%) 3.97 9.06 1.31 9.40 7.88 7.77 9.40
Ca (wt%) 6.75 4.25 46.32 212 0.99 2.04 1.70
Fe (Wt%) 2.64 4.34 0.66 7.22 0.87 1.58 3.18
K (Wt%) 3.06 2.59 1.10 2.53 4.41 217 5.59

Mg (wy%) 11.35 1.50 8.83 2.47 0.17 0.48 0.34
Na (wt%) 0.58 2.39 0.20 2.09 2.55 2.74 2.91
P (wt%) 0.038 0.108 0.171 0.051 0.015 0.030 0.051
Ba 363 921 100 610 1285 1132 1163
Ce 38.5 77.7 21.9 26.3 38.4 51.6 465.8
Co 24.6 44.5 10.0 76.7 59.3 53.8 14.7
Cs 9.03 1.90 1.68 5.89 4.00 2.00 2.23
Cu 1.0 2.7 3.7 134 2.4 1.5 6.4
Dy 3.89 4.03 2.57 4.65 1.56 1.69 7.33
Er 2.25 1.84 1.70 3.02 0.99 0.73 3.28
Eu 0.61 1.81 0.78 1.09 0.88 0.94 217
Gd 4.19 5.64 2.56 3.80 1.84 2.57 12.19
Hf 1.97 1.55 0.37 1.26 2.30 1.87 1.86
Ho 0.80 0.74 0.59 1.04 0.33 0.30 1.33
La 17.3 37.9 10.6 12.2 22.0 26.8 268.3
Li 105.46 53.12 43.98 95.09 15.34 30.32 29.58
Lu 0.307 0.196 0.215 0.450 0.172 0.085 0.349
Mn 628 639 293 2758 169 265 623
Nd 20.8 35.3 12.0 12.5 13.6 19.2 145.4
Pb 8.1 16.8 7.3 31.3 27.6 20.7 35.7
Pr 4.87 8.82 2.71 2.89 3.77 5.20 44 .22
Rb 169.8 96.4 33.7 119.7 174.6 89.5 161.9
Sc 8.8 11.2 3.2 335 1.6 2.6 7.0
Sm 4.66 6.94 2.59 3.04 2.31 3.35 18.76
Sr 153 656 3601 145 423 515 489
Tb 0.67 0.79 0.41 0.72 0.28 0.34 1.51
Th 5.44 4.23 1.80 3.93 7.91 8.63 28.56
Ti 2366 6817 449 4371 945 1957 2989
TI 1.056 0.568 0.380 0.668 1.179 0.527 1.146
U 0.94 0.60 3.81 0.72 1.20 0.53 0.86
\Y 81 48 83 158 5 18 14
Y 23.5 21.0 20.8 29.1 101 8.5 37.6
Yb 2.26 1.56 1.51 3.11 1.30 0.63 2.78
Zn 141 106 19 159 45 56 81
Zr 76 64 15 46 75 65 65
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Petlab No. | P61975 P61986 P61740 P62009 P62001 P61750 | P51070
Lithology | Beacon Beacon Beacon Beacon Beacon Ferrar MVG
Formation F Lashl_y Be_acon zzz:: Az L0 Mo"tljivtvain Ferra_r McMurdo
ormation Heights Siltstone Siltstone Sandstone Dolerite
Al (Wt%) 11.53 0.24 8.89 5.81 3.03 743 6.88
Ca (Wt%) 0.30 0.02 0.73 0.15 0.13 6.79 6.93
Fe (Wt%) 2.41 0.02 4.35 345 0.30 7.12 11.15
K (wt%) 3.23 0.02 4.47 2.10 2.86 0.80 1.45
Mg (wy%) 0.76 0.01 1.58 0.78 0.08 3.13 417
Na (wt%) 0.49 0.04 0.16 0.10 0.17 1.45 2.63
P (wt%) 0.017 0.002 0.051 0.041 0.020 0.045 0.210
Ba 789 10 868 377 555 359 446
Ce 133.8 11.7 119.7 66.6 31.7 32.3 79.3
Co 20.1 162.8 29.9 40.3 151.4 79.0 87.1
Cs 17.72 0.08 11.51 6.86 1.54 2.62 0.22
Cu 25.7 10.4 15.1 21.8 2.3 93.7 26.5
Dy 10.61 0.67 5.59 4.42 2.14 4.38 6.57
Er 6.24 0.38 3.28 2.53 1.31 2.81 3.06
Eu 2.37 0.18 1.41 1.07 0.60 1.04 3.19
Gd 11.21 0.77 6.57 5.17 2.24 4.13 8.66
Hf 5.43 0.63 4.34 3.83 2.00 3.09 5.18
Ho 2.23 0.14 1.16 0.92 0.45 0.98 1.24
La 66.0 7.5 59.7 33.8 21.6 16.0 35.6
Li 41.26 2.36 39.36 27.38 3.54 27.22 7.08
Lu 0.841 0.056 0.498 0.354 0.207 0.422 0.331
Mn 172 2 606 289 53 1344 1645
Nd 60.6 5.4 46.5 28.1 17.7 16.6 43.8
Pb 34.4 1.8 29.2 18.1 14.1 8.1 2.0
Pr 15.49 1.48 12.93 7.17 5.25 3.86 10.19
Rb 168.4 0.9 264.7 130.6 111.9 35.1 225
Sc 25.8 0.4 13.9 10.1 1.0 42.7 235
Sm 12.23 0.96 8.54 5.62 2.81 3.85 9.59
Sr 224 6 80 30 77 152 965
Tb 1.81 0.12 0.99 0.78 0.37 0.70 1.24
Th 28.73 1.17 25.52 14.04 8.21 4.42 3.24
Ti 6918 225 5028 3348 778 4823 29468
TI 1.015 0.000 1.542 0.691 0.593 0.261 0.026
U 5.66 0.47 3.03 1.44 1.01 1.08 0.86
\Y/ 125 3 71 48 5 235 241
Y 69.0 41 34.0 30.0 13.2 28.7 334
Yb 6.04 0.43 3.55 2.59 1.52 2.93 2.47
Zn 108 2 107 85 5 86 104
Zr 193 18 149 135 65 121 214

Table 2.6: Major and trace element concentrations for bedrock samples from the vicinity of the

Ferrar Valley. Major and trace element concentrations for bedrock samples from the vicinity of the
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Ferrar Valley. The formations are from the five lithologies found around the Ferrar Valley: Skelton
Group, Dry Valleys Suites of the Granite Harbour Intrusive Complex, Beacon Supergroup, Ferrar
Dolerites and the McMurdo Volcanic Group. All samples were selected from the Petlab collection.

Unless otherwise stated, all data is in ppm.

GHIC material, published data range from 1.45 — 2.05 and hence a positive Eu anomaly field
is plotted but further analysis would be required to constrain this fully. The Pearse PAAS-
normalised REE pattern is also significantly different from the two DV 1 suite samples as it
has a very steep REE pattern of extreme LREE enrichment (seen in Figure 2.6b). Hedley and
Bonney samples have less extreme LREE enrichment and positive Eu anomalies, which are
more similar (although lower absolute values) to the average of previously published data

(seen in Figure 2.6a).

2.4.1.2.3. Beacon Supergroup

Incompatible element patterns for Beacon Supergroup material have generally similar shapes
to the published value and plot within the field of previously published data (Figure 2.5). The
exception to this is Beacon Heights Orthoquartzite, which is considerably depleted in all
elements compared to the published range. For the majority of elements considered within
these five samples the concentrations are highest in Lashly Formation (Lashly Formation >
Terra Cotta Siltstone > Aztec Siltstone > New Mountain Sandstone > Beacon Heights). Further
analysis would be required to determine whether this is a feature of the two groups (Victoria
and Taylor) or if it is just a result of the individual samples analysed. New Mountain Sandstone
is found to be more depleted in all elements more compatible than Sm relative to the other
formations (excluding Beacon Heights with its anomalously low concentrations previously
mentioned). The Beacon Supergroup is distinguishable for other proximal bedrocks in a
number of indicative major and trace element ratios including high Th/Sc (0.5 to 1.9; average
1.1+£0.5(2S.D.), n =124), low Co/Th (0.2 to 1.4; average 0.9 £ 0.5 (2 S.D.), n = 124), high
Zr/Sc (9.1 to 53.3; average 26.8 £ 22.8 (2 S.D.), n = 44), low K/Rb (126.3 to 250.7; average
182.0 £ 56.0 (2 S.D.), n = 45) and low (Eu/Eu*)n (0.96 to 1.49; average 1.09 + 0.26 (2 S.D.), n
= 35) however a large range is seen in the bedrock samples analysed in this study suggesting
that there may be larger variations within the group than previously appreciated. New
Mountain Sandstone and Beacon Heights samples have considerably higher Th/Sc ratios (8.0
and 3.1 respectively) and variation is seen in Co/Th with higher values than the published
range for Aztec Siltstone (2.9), New Mountain Sandstone (18.4) and Beacon Heights (139.3).
In general, the Beacon Supergroup is characterised by low Ti/Rb ratios, yet the measured
values for Terra Cotta Siltstone and New Mountain Sandstone are lower at 19.0 and 7.0
respectively. In comparison the Ti/Rb for Beacon Heights is considerably higher at 244.9 and

appears to be anomalous. Compared to other lithologies within the Ferrar Valley, Zr/Sc is
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found to extend to high values and whole rock analysis conducted in this study suggest a large
range from 7.5 — 63.5 (average 28.3 = 50.5 (2 S.D.), n = 5). On average, K/Rb values in
Beacon Supergroup are the lowest of all the Ferrar Valley lithologies. An interesting
observation is that the two siltstone values both show lower K/Rb than the other three
formations (K/Rb of 160.4 to 168.8, compared to 191.9 to 255.6). Finally Beacon Supergroup
materials generally show flat PAAS-normalised REE patterns (Figure 2.6) with negligible Eu
anomaly ((Eu/Eu*)n ranging from 0.89 to 1.12; average 0.98 £ 0.18 (2 S.D.), n = 5). While the
average PAAS-normalised REE pattern for Beacon Supergroup material is very flat there are
subtle variations between the different formations. In detail, the Aztec Siltstone and Terra
Cotta Siltstone both have very flat patterns while the New Mountain Sandstone displays a
negative Ce anomaly, the Lashly Formation shows a slight LREE depletion, and the Beacon

Heights sample reveals considerably depleted concentrations in all REEs.

2.4.1.2.4. Ferrar Group

Ferrar Dolerite samples are well constrained in literature values and the measured sample in
this study agrees very well with published data. Similarly to published values, it is found to be
depleted relative to chondritic values especially in HFSE, LILE and LREE with a relatively
smooth incompatible element pattern (with slight depletions in Sr, P and Ti) (Figure 2.5; Table
2.6). The Ferrar Group is distinguishable in a number of elemental ratios including low Th/Sc,
La/Yb, Zr/Sc and La/Sm values and high Co/Th and Ti/Rb ratios (Figure 2.10). The PAAS-
normalised REE pattern is also similar to published with a flat HREE pattern and depleted
concentrations of LREE relative to the HREE (Figure 2.6).

2.4.1.2.5. McMurdo Volcanic Group
Compared to the average pattern of published McMurdo data, the sample of MVG from the

Ferrar Valley has a flatter pattern in the less compatible elements (Ba — P). Additionally
concentrations of Ti are higher than the published average. Nevertheless, all elements studied
fit within the published ranges for MVG samples (Figure 2.5). In major and trace element
concentrations, the MVG is distinguishable from other local lithologies by very low Th/Sc (0.02
to 0.07; average 0.03 £ 0.03 (2 S.D.), n =8), high Ti/Rb (2.9 to 1341.6; average 353.4 + 650.2
(2 S.D.), n = 256), high K/Rb (142.9 to 622.2; average 387.6 + 174.1 (2 S.D.), n = 250) and
high (Eu/Eu*)n (1.35 to 1.98; average 1.60 + 0.31 (2 S.D.), n =35) (Figure 2.10). The MVG
sample analysed is within the published range for Ti/Rb and (Eu/Eu*)n, but slightly higher than
the published values Th/Sc (0.14) and K/Rb (644.6). The PAAS-normalised REE pattern for
the MVG sample analysed here is similar to the published value with an extreme positive Eu
anomaly ((Eu/Eu*)n = 1.65) and MREE enrichment (La/Sm = 3.7), especially realtive to the
HREEs.
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2.4.2. Geochemical composition of bulk CIROS-2 samples

2.4.2.1. Strontium and Nd isotopic composition

Strontium and Nd isotopic compositions in the CIROS-2 core show clear variability between
different lithologies analysed as well as downcore (Figure 2.11). In detail, interglacial
mudstone deposits show a larger isotopic range (end: -5.3 to +3.2; 8Sr/%Sr: 0.705 to 0.711),
compared to the glacial diamictites from units 12, 10, 8, 6, 4 and 2 (eng: -3.0 to +1.2, 8Sr/%Sr:
0.706 — 0.710) (Figure 2.11; Table 2.7). Additionally the mudstone units can be divided into
three groups with two clear shifts at ~ 140 mbsf (~ 3 Ma) and between 135 and 32 mbsf
(Figure 2.12). The first transition, constrained by higher resolution sampling, occurs between
unit 10 (151.25 - 139.92 m; 3.42 — 2.97 Ma) and unit 9 (139.92 — 134.90 m; 2.87 — 2.46 Ma).
The lower, older mudstones (> 3 Ma; units 10, 11 and 13) are defined by average eng values
of -5.2 £ 0.2 (2 S.D,, range -5.3 to -5.1, n = 3) and & Sr/%3r ratios of 0.711 + 0.001 (2 S.D.,
range of 0.710t0 0.712, n = 3) overlapping with the Ferrar Group field (Figure 2.12). Overlying
mudstones (samples deposited between ~ 140 mbsf and ~ 100 mbsf, units 9 and 8) average
ena = -2.5+ 1.3 (2 S.D.) (range from -3.2 to -1.5) and 8Sr/%Sr = 0.709 + 0.001 (2 S.D.) (range
from 0.709 — 0.710) (n = 5). The second transition occurs between the lower broad sequence
and the upper sequence at ~ 100 mbsf (~ 1.5 Ma). Uppermost mudstones samples (< 1.5 Ma)
average eng = 0.4 £ 3.6 (2 S.D.) (range of -0.9 to 1.7) and 8’Sr/%Sr = 0.706 + 0.003 (2 S.D.)
(range of 0.706 — 0.707) (n = 2) and show considerable overlap in isotopic space with the
MVG (Figure 2.12).

Statistical testing was performed to test whether the three groups are truly distinct. Firstly, two
one-way analysis of variance (ANOVA) tests were performed, firstly on the eng data of the
three groups, and then secondly on the corresponding 8 Sr/%Sr ratios. In both tests the 5 %
critical point was smaller than the critical value, hence there is sufficient evidence to reject the
null hypothesis. Hence, we conclude that the means of all three groups are not equal to the
same value at the 5 % level (p < 0.05). Following this, a series of Student T-tests were
performed to test whether the population means for eng and 8’Sr/%Sr of any combination of
two of the three groups were equal. Based on these tests we have sufficient evidence to again
reject the null hypothesis. In summary we can conclude that at the 5 % significance level, the
three groups do not have an equal mean and the means of any two of the groups are not

equal, for both eng and &7 Sr/8éSr.
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Figure 2.11: Down-core CIROS-2 provenance data for bulk analyses of CIROS-2 core material. (a) stratigraphic log of the CIROS-2 core and the

division of sedimentary units (modified from Pyne et al., 1985); (b) neodymium isotopic composition, expressed as eng; (C) strontium isotopic composition;

ratios of elemental concentrations of selected samples for (d) Th/Sc; (e) La/Yb; (f) La/Sm. Horizontal dotted lines represent the provenance transitions seen in

mudstone deposits at ~ 140 mbsf (~ 3 Ma; dark purple) and ~ 100 mbsf (~ 1.5 Ma; blue). Due to the large range of values clasts analyses (both large clasts
and diamictite clasts) are not shown in (b — f), analysis results are: eng =-11.5 to 6.0; 87Sr/%5Sr = 0.703 to 0.728; Th/Sc = 0.2 — 9.5; La/Yb = 16.4— 112.8;

La/Sm=4.3-11.6.
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s(:f;b Top Bottom Median CIROS- ...~ Sample £2
. Depth  Depth Depth 2 Unit ; Minor 87Sr/%Sr 2 S.E. 143Nd/'*“Nd +2S.E. enat  S.D.
Collection 1oy (mbsf) (mbsf)  No.  -tholO9Y ) yhoiogyt :
Number :
P85786 B 165.59 165.62 165.61 13 Mudstone Mudstone 0.711916  0.000006 0.512373 0.000008 -52 0.2
P85786 F 165.59 165.62 165.61 13 Mudstone Mudstone 0.711061  0.000005 0.512375 0.000009 -51 0.2
P85788 B 161.14 161.18 161.16 12 Diamictite M. Diamictite  0.708132 0.000014 0.512648 0.000008 02 0.2
Repeat 0.708132 0.000009 n.d. n.d. nd. n.d.
Duplicate 0.708186 0.000006 0.512665 0.000010 05 03
P85788 F 161.14 161.18 161.16 12 Diamictite M. Diamictite  0.706994 0.000006 0.512650 0.000009 02 0.3
P85790 B 152.15 152.17 152.16 11 Mudstone Mudstone 0.710492 0.000005 0.512373 0.000011 -52 0.2
P85792 B 149.80 149.84 149.82 10 Diamictite M. Diamictite  0.708316  0.000006 0.512613 0.000009 -0.5 0.2
P85792 F 149.80 149.84 149.82 10 Diamictite M. Diamictite  0.706592 0.000005 0.512624 0.000008 -0.3 0.2
P85793 B 143.10 143.12 143.11 10 Diamictite M. Diamictite  0.707975 0.000006 0.512656 0.000010 04 0.2
P85793 F 143.10 143.12 143.11 10 Diamictite M. Diamictite  0.706127 0.000006 0.512686 0.000007 09 0.2
P85794 B 140.79 140.82 140.81 10 Diamictite Mudstone 0.710897 0.000005 0.512364 0.000010 -5.3 0.2
P85794 F 140.79 140.82 140.81 10 Diamictite Mudstone 0.708830 0.000005 0.512385 0.000010 -49 0.2
P85795 B 139.19  139.21 139.20 9 Mudstone Mudstone 0.709490 0.000006 0.512560 0.000009 -15 0.3
P85796 B 138.70 138.72 138.71 9 Mudstone Mudstone 0.708795 0.000005 0.512524 0.000010 -2.2 0.3
Repeat 0.708809 0.000006 n.d. n.d. nd. n.d.
P85797 B 138.38 138.41 138.40 9 Mudstone Mudstone 0.708804 0.000005 0.512509 0.000009 -25 0.2
P85797 F 138.38 138.41 138.40 9 Mudstone Mudstone 0.708805 0.000005 0.512492 0.000007 -2.8 0.2
P85798 B 137.82 137.84 137.83 9 Mudstone Mudstone 0.708830 0.000004 0.512495 0.000009 -28 0.2
Repeat 0.708829 0.000005 n.d. n.d. nd. n.d.
P85800 B 13540 13542 135.41 9 Mudstone Siltstone 0.709713 0.000005 0.512475 0.000010 -3.2 0.3
P85801 B 129.14 129.20 129.17 8 Diamictite M. Diamictite  0.709952 0.000005 0.512482 0.000008 -3.0 0.3
P85802 B 123.86 123.91 123.89 8 Diamictite M. Diamictite  0.707691  0.000006 0.512616 0.000009 -04 0.3
P85802 F 123.86  123.91 123.89 8 Diamictite M. Diamictite  0.706303 0.000006 0.512641 0.000011 0.1 0.3
Repeat n.d. n.d. 0.512647 0.000009 02 0.2
P85804 B 109.88 109.90 109.89 8 Diamictite Sandstone 0.706222 0.000005 0.512725 0.000009 1.7 0.2
P85806 B 100.20 100.24 100.22 8 Diamictite M. Diamictite  0.706789 0.000004 0.512661 0.000008 05 0.2
P85806 F 100.20 100.24 100.22 8 Diamictite M. Diamictite  0.706399  0.000005 0.512699 0.000009 1.2 0.2
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P85807 B 93.85 93.87 93.86 7 Sandstone Sandstone 0.705179  0.000004 0.512801 0.000010

P85808 B 70.67 70.69 70.68 6 Diamictite ~ S. Diamictite ~ 0.709565 0.000005 0.512569 0.000012 -14 0.3

P85808 F 70.67 70.69 70.68 6 Diamictite  S. Diamictite ~ 0.707599  0.000005 0.512589 0.000009 -09 0.3

P85809 B 32.01 32.04 32.03 & Sandstone Mudstone 0.707402  0.000005 0.512592 0.000007 -09 0.2

P85810 B 8.00 8.03 8.02 2 Diamictite ~ S. Diamictite ~ 0.707459  0.000004 0.512661 0.000010 0.5 0.3
Repeat n.d. n.d. 0.512652 0.000008 0.3 0.3

P85811 B -0.63 -0.65 -0.64 1 Sandstone Mudstone 0.705503  0.000005 0.512723 0.000009 1.7 0.2

*Following the collection number B = Bulk analysis, F = Fine fraction (<63 pm) analysis

TDiamictites are either muddy (M.) or sandy (S.)

*eng is calculated based on a present-day CHUR '43Nd/'#4Nd value of 0.512638 (Jacobsen and Wasserburg, 1980) expressed in parts per 10,000.
#External reproducibility (2 sigma standard deviation) is based on the JNDi-1 standard reproducibility of individual analytical sessions in the MAGIC

laboratories, Imperial College London.
Table 2.7: Strontium and Nd isotopic compositions of downcore diamictite and mudstone CIROS-2 samples (bulk and fine fraction < 63 uym).
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Figure 2.12: Strontium and neodymium isotopic composition of bulk material from CIROS-2.
Three groups within the mudstone deposits (orange symbols) have been distinguished based on their
isotopic composition and are highlighted with dotted circles. Clasts are not shown on this graph since
they have a far larger isotopic range varying from enq -11.5 to 6.0 and 87Sr/%6Sr 0.702 to 0.727. Part of

the fields for McMurdo Volcanic Group and Ferrar Groups are shown on this graph.

Diamictites on the other hand show relatively constant isotopic compositions throughout the
Plio-Pleistocene core (eng from -3.0 to 0.5 and 8’Sr/%Sr from 0.707 to 0.710). Additionally there
is very little variation between the muddy diamictites from the lower units (units 12, 10 and 8:
average eng = -0.5, 8’Sr/%Sr = 0.709) and the sandy diamictites of the upper units (units 6 and
2: average eng = -0.5, 8Sr/8Sr = 0.708) (Table 2.7). Two of these samples are responsible for
most of the variation seen within diamictite units with less radiogenic Nd values and more
radiogenic Sr values than the other samples (P85801, 129.17 mbsf, unit 8, muddy diamictite,
ena = -3.0 and 87Sr/8Sr = 0.710) and P85808 (70.68 mbsf, unit 6, sandy diamictite, ena = -1.4
and 8’Sr/%€Sr = 0.710) (Figure 2.11, Figure 2.12, Figure 2.13).

Analysis of samples was conducted at multiple grain-sizes to test whether this affects the
geochemical composition. The fine fraction (< 63 ym) fraction of diamictite samples was found
to be up to 0.7 eng units more radiogenic than the bulk fraction, which is slightly larger than the
associated measurement uncertainty of ~ 0.2 units (Figure 2.14). In comparison, mudstone
Nd compositions were found to be reproducible between different grain-sizes (Table 2.7). The
majority of diamictite and mudstone Sr measurements are not reproducible within the two

grain fractions. Generally there is variation in the third digit after the decimal place consistent
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Figure 2.13: Strontium and neodymium isotopic composition of CIROS-2 diamictite samples,
large clasts and basement material. Individual clasts analysed from diamictite samples are shown
in purple while the fine and bulk fraction are shown by red triangles and blue squares respectively.
Large individual clasts (~ 45 mm diameter) samples are also shown in yellow. Analysis of the
basement material is shown by a black star. Coloured fields represent the isotopic compositions of
different lithologies around the Ferrar Valley based on analysis conducted in this study, supported by
published data where available. A mixing line is drawn on in black between a McMurdo Source ([Nd] =
44 ppm, eng = 5.41, [Sr] = 965 ppm, 87Sr/BSr = 0.703) and a Dry Valley Suite source represented by
the Bonney Pluton [Nd] = 19 ppm, eng =-11.05, [Sr] = 515 ppm, 8 Sr/8Sr = 0.714). Black circles

represent 10 % incremental increases/decreases in either end-member contribution.

with differences caused by sample heterogeneities seen in previous studies (Colville et al.

2011). The bulk fraction is found to be more radiogenic by up to 0.002 in terms of 8 Sr/%6Sr
ratios than the fine fraction. Nevertheless, these subtle differences in isotopic composition are
deemed negligible compared to the total Sr isotope range of lithologies within the Ferrar Valley
(Figure 2.14). Based only on the new whole rock isotopic data presented here, bedrock in the
vicinity of CIROS-2 ranges from 5.4 to -17.5 in eng and from 0.703 to 0.783 in 8Sr’®%Sr. The
bedrock range in the area is therefore ~ 30 times the one observed for eng in the different
grain-size fractions and ~ 40 times that detected for Sr due to sample heterogeneity.
Therefore, while significantly different, and likely due to slight differences in sample
composition between the grain-size fractions, these variations are not sufficient to alter overall

interpretations on source provenance.
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Figure 2.14: Variations in isotopic composition (Sr and Nd) of different grain-size fractions and
individual diamictite clasts within CIROS-2 samples. Grain-size analysis was conducted for
CIROS-2 samples comparing the fine fraction (< 63 um, red triangles) and bulk fraction (blue squares)
for mudstone and diamictite samples. Note the fine fraction was not measured for diamictite samples
P85801 or P85810. Individual clasts analysed from diamictite samples are also shown as purple

diamonds. Error bars are always smaller than the symbols.

2.4.2.2. Samarium-Nd model ages of CIROS-2 samples

The transitions seen in interglacial, mudstone isotopic compositions are accompanied by
transitions in the calculated Nd model ages (Figure 2.9). The oldest mudstones (> 3 Ma) have
Nd-model ages relative to a depleted mantle reservoir of 1.02 to 1.10 Ga whereas intermediate
mudstones (unit 8 and 9) have younger mantle extraction ages of 0.80 to 0.97 Ga. The
youngest, upper mudstones (< 1.5 Ma) have model ages of 0.62 to 0.85 Ga which overlap

with the model ages of all diamictite samples (0.71 to 0.81 Ga).

2.4.2.3. Major and trace elemental compositions

Downcore variability and changes between the different sample groups are also visible in

major and trace elemental compositions particularly in some indicative elemental ratios (Table
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2.8). Incompatible element patterns are relatively similar for the oldest mudstones (> 3 Ma)
and the intermediate mudstones (3 — 1.5 Ma) with the exception of Ba which is more
concentrated in the old mudstones (Figure 2.15). In comparison the young mudstones (< 1.5
Ma) have a more enriched compositions for elements more compatible than Nd including
substantial enrichment in P compared to the other mudstone groups. The oldest mudstones
have the highest Th/Sc, La/Yb, Zr/Sc and La/Sm ratios and also lowest Ti/Rb, Co/Th, K/Rb,
(Eu/Eu®)N ratios (Figure 2.16) showing considerable overlap with felsic sources of the Dry
Valley Suite and Beacon Supergroup. The youngest mudstones have the opposite pattern
suggesting a closer affinity to mafic sources, particularly the MVG. Intermediate mudstones (3
— 1.5 Ma) generally have transitional values in all these ratios except for the sample P85795
(unit 9, 139.19 — 139.21 mbsf) which often groups with the oldest mudstones. Since this is the
first sample after the ~ 140 mbsf transition it may suggest the provenance change occurred
slightly further up the core although this is difficult to determine given the limited sampling and
discontinuities within the core. A change can be seen in the PAAS-normalised REE pattern of
the mudstone (Figure 2.6¢). While all mudstones show a similar general trend with LREE
enrichment relative to the HREE this is more pronounced in the lower (> 3 Ma) and
intermediate (3 — 1.5 Ma) mudstone deposits compared to the upper mudstones which has a
flat LREE pattern. Additionally the Eu anomaly in the mudstones decreases with age in the
core ((Eu/Eu*)n: lowest muds = 1.02 — 1.17; intermediate muds = 1.06 — 1.54; and upper muds
=1.46 — 1.56).

In comparison to the mudstones, the glacial diamictite samples are generally more
concentrated and particularly enriched in P, Sm and the most compatible elements Tb, Y and
Yb. In major and trace element analysis, the diamictite values show some overlap with the
youngest mudstones having low Th/Sc, high Ti/Rb, intermediate La/Yb, low Zr/Sc and high
K/Rb, overlapping with GHIC and MVG lithologies. In particular the diamictites are
distinguishable by their low La/Sm ratios (6.30) and elevated K/Rb ratios (Figure 2.16). The
diamictite samples are more enriched in REE than the mudstone samples, showing MREE

enrichment relative to the HREE (Figure 2.6).

The sandstone sample, representing Pleistocene glacial deposits, has a similar incompatible
element pattern to the diamictite material of elements less compatible than Sr. However, the
sandstone is particularly enriched in HFS elements Zr, Hf and Ti (Figure 2.15). In major and
trace element ratios, the sandstone forms intermediate values which overlap with younger and

intermediate mudstones (< 3 Ma) (Figure 2.16).
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PetlabNo.* | P85786 B  P85790 B  P85794B  P85795B  P85797 B
L 165.61 152.16 140.81 139.20 138.40
(mbsf)

Mudstone
Al (Wt%) 5.34 7.19 5.99 6.38 458
Ca (Wt%) 0.91 1.37 112 1.09 1.09
Fe (wt%) 2,94 3.50 3.68 3.09 2.40
K (wt%) 1.79 225 1.88 2.05 143
Mg (wy%) 0.89 1.02 1.02 1.00 0.73
Na (wt%) 156 1.87 1.66 2.05 1.44
P (Wt%) 0.031 0.056 0.035 0.038 0.053
Ba 691 757 567 1303 2823
Ce 52.2 90.9 75.2 91.7 488
Co 59 13.4 105 10.4 7.9
Cs 5.91 457 4.06 421 2.60
Cu 6.3 10.1 10.9 114 16.3
Dy 1.95 265 272 3.37 1.99
Er 1.11 1.34 145 2.03 113
Eu 0.66 1.11 0.84 0.97 0.80
Gd 2.31 3.58 3.35 378 2.26
Hf 4.43 473 439 773 4.01
Ho 0.39 0.52 0.54 0.71 0.40
La 28.1 48.9 38.5 496 28.8
Li 33.42 34.96 33.68 31.61 18.43
Lu 0.158 0.181 0.195 0.299 0.156
Mn 299 333 324 507 298
Nd 17.7 315 257 29.4 16.5
Pb 9.0 12.7 9.8 10.9 118
Pr 5.09 8.95 7.28 8.61 472
Rb 109.6 129.1 108.8 111.1 715
Sc 52 74 6.9 7.0 59
Sm 3.05 5.09 447 4.90 2.86
Sr 215 376 259 240 247
o 0.35 0.50 0.50 0.58 0.35
Th 7.73 12.31 11.61 13.90 6.36
Ti 4096 8319 6263 5765 5421
TI 0.474 0.603 0.458 0.410 0.288
u 152 1.51 1.31 3.22 1.71
v 57 88 72 69 60
Y 115 14.3 15.2 20.9 118
Yb 1.10 1.29 1.32 2.07 1.10
Zn 95 85 84 97 61
Zr 199 207 189 389 190
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Petlab No.* P85800 B P85809 B P85811 B P85804 B P85788 B
Depth 135.41 32.03 0.64 109.89
(mbsf) 161.16
Mudstone Sandstone D.Mugld).(
iamictite
Al (wt%) 3.33 6.71 6.18 7.65 6.69
Ca (wt%) 0.62 3.10 2.68 2.45 2.45
Fe (wt%) 1.57 4.93 6.04 4.68 4.81
K (wt%) 1.01 2.00 1.65 2.15 2.03
Mg (wy%) 0.41 2.26 2.62 1.33 1.00
Na (wt%) 1.02 1.94 1.89 2.63 1.74
P (wt%) 0.031 0.087 0.238 0.100 0.225
Ba 1656 765 2155 806 391
Ce 30.2 58.4 71.2 92.3 105.1
Co 5.8 19.7 19.9 11.2 12.7
Cs 1.87 2.45 2.71 2.21 2.49
Cu 14.4 12.0 54.2 13.0 13.8
Dy 1.23 3.10 3.31 3.55 6.46
Er 0.64 1.63 1.74 1.96 3.28
Eu 0.58 1.31 1.52 1.50 2.24
Gd 1.55 3.81 4.08 4.41 7.84
Hf 2.39 5.55 4.53 7.58 5.44
Ho 0.24 0.61 0.66 0.71 1.26
La 16.1 29.9 35.7 49.5 51.5
Li 12.34 25.50 30.54 27.28 30.88
Lu 0.083 0.218 0.230 0.280 0.374
Mn 127 731 879 606 800
Nd 11.2 24.8 28.4 33.7 47.2
Pb 8.3 10.0 35.6 10.0 12.5
Pr 3.06 6.43 7.50 9.38 12.46
Rb 52.9 86.9 74.8 86.4 90.8
Sc 3.5 12.6 11.3 10.4 8.7
Sm 2.01 4.66 5.10 5.66 9.35
Sr 165 414 432 411 647
Th 0.23 0.57 0.61 0.65 1.19
Th 3.44 5.93 7.16 9.97 10.19
Ti 3413 10208 9827 11632 8948
TI 0.279 0.308 0.224 0.249 0.370
U 2.32 1.41 2.02 1.76 1.55
\') 52 109 98 91 83
Y 7.1 171 17.9 19.6 35.9
Yb 0.59 1.47 1.57 1.91 2.71
Zn 39 89 136 85 78
Zr 104 258 264 366 237

102





Rachel A. Bertram, Ph.D. Thesis, 2018

Petlab No.* | P85792B  P85806 B  P85810 B | P85788C2 P85792 C3
L 149.82 100.22 8.02 161.16 149.82
(mbsf)

Muddy Diamictite I Muddy Diamictite Clast
iamictite
Al (Wt%) 7.16 6.60 6.44 20.66 8.14
Ca (Wt%) 225 3.71 3.20 7.77 4.66
Fe (wt%) 4.54 5.04 481 3.64 7.51
K (wt%) 223 2.01 2.42 4.65 172
Mg (wy%) 0.95 1.79 278 0.93 1.05
Na (wt%) 103 235 2.70 6.43 2.70
P (Wt%) 0.227 0.168 0.148 0.617 0.114
Ba 1000 529 543 3948 647
Ce 109.2 97.5 103.3 148.6 139.9
Co 147 21.9 22.1 104 68.3
Cs 219 1.8 1.34 338 0.35
Cu 15.2 16.9 22.4 10 16.4
Dy 5.39 5.19 453 7.98 6.73
Er 2.70 2.65 233 3.35 3.27
Eu 2.30 2.08 2.05 4.45 3.60
Gd 7.05 6.59 5.87 12.73 9.25
Hf 5.49 5.38 4.87 10.36 6.45
Ho 1.04 1.02 0.89 143 1.28
La 53.8 49.9 53.8 67.1 68.1
Li 29.36 15.30 14.92 39.14 8.61
Lu 0.330 0.345 0.296 0.299 0.384
Mn 702 900 882 503 2231
Nd 46.9 42.1 4138 84.8 63.3
Pb 155 108 107 33.9 34.6
Pr 12.56 10.81 11.09 18.88 16.56
Rb 98.9 71.2 70.4 132.3 36.0
Sc 8.9 14.4 12,5 5.1 7.2
Sm 8.71 7.95 7.43 15.72 1153
Sr 684 551 483 1829 1360
To 1.01 0.96 0.85 163 1.29
Th 10.27 8.30 8.49 13.07 6.60
Ti 9329 11569 9289 13246 7023
TI 0.428 0.291 0.280 0.832 0.488
u 143 1.44 0.98 3.20 167
v 82 131 105 50 74
Y 295 29.4 257 42.0 35.6
Yb 2.30 227 2.01 2.10 2.64
Zn 74 79 75 85 130
Zr 246 266 237 539 350
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Petlab No.* | P85806 C5 P85808 C2 P85785 P85812 P85909
L 100.22 70.68 166.54 162.42 116.46
(mbsf)

M. Diamictite S. Diamictite Basement Large Clast
Clast Clast Gneiss

Al (Wt%) 6.99 7.61 8.54 7.96 8.57
Ca (Wt%) 7.04 3.12 117 479 541
Fe (Wt%) 9.34 231 0.68 5.21 5.05
K (wt%) 1.14 0.85 3.00 143 2.26
Mg (wy%) 2.90 0.58 0.11 258 153
Na (wt%) 2.00 278 268 2.19 3.22
P (Wt%) 0.229 0.061 0.013 0.115 0.298
Ba 420 115 1268 669 824
Ce 93.9 60.2 103.6 62.8 149.7
Co 36.8 6.0 66.1 56.6 53.6
Cs 0.50 161 143 1.23 0.76
Cu 53.0 3.3 3.7 1.0 195
Dy 5.08 3.47 154 417 6.18
Er 2.83 185 0.63 216 3.06
Eu 2.87 1.10 0.82 1.62 3.23
Gd 8.07 413 314 511 8.31
Hf 5.31 259 1.90 3.80 9.31
Ho 114 0.70 0.26 0.82 118
La 43.4 303 61.7 30.9 79.2

Li 8.23 25.06 43.95 35.04 9.81
Lu 0.316 0.242 0.092 0.269 0.382
Mn 1385 368 114 859 1097
Nd 47 1 253 37.0 30.3 60.9

Pb 3.0 10.8 275 71 58
Pr 11.20 6.56 10.88 7.39 16.65
Rb 294 64.4 785 50.7 68.1
Sc 232 5.6 15 15.6 12.4
Sm 9.40 4.96 5.34 6.00 10.74
Sr 823 399 428 665 1005
T 114 0.62 0.36 076 117
Th 4.66 8.24 14.41 233 11.05
Ti 17392 2635 697 6073 16883
TI 0.071 0.412 0.466 0.379 0.079

u 0.91 1.00 1.08 053 2.88

v 211 28 3 92 163

Y 312 19.8 76 24.0 33.2
Yb 218 163 0.55 1.88 2.64
Zn 94 52 27 104 170
Zr 235 98 87 180 489

*Following the collection number B = Bulk analysis, C = clast analysis (followed by number of
clast taken from individual samples).
Unless otherwise stated, data are in ppm.

Table 2.8: Major and trace element concentrations for CIROS-2 downcore samples.
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Figure 2.15: Chondrite-normalised incompatible element patterns for CIROS-2 sample groups. Average elemental concentrations for the different

groups are shown with the exception of the sandstone group where only one analysis was made.
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Figure 2.16: Indicative major and trace element ratios for bulk analyses of downcore bulk analyses of CIROS-2 material. Fields for bedrock lithologies
are show in the background with the different sample groups, including the three suggested divisions in mudstones, shown as data points. Note all the y-axis

have a break in them.
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2.4.3. Geochemical composition of clast materials from
CIROS-2

While clast petrography in CIROS-2 sediments has previously been investigated (Sandroni

and Talarico, 2006) (Figure 2.2c), we here study the geochemical composition of individual

clasts within diamictite units and large clasts in the CIROS-2 core to gain further provenance
insights (Table 2.9; Figure 2.13). Isotopically the diamictite clasts can be split into two groups
based on their distribution in Nd vs Sr space. The first group (P85788 C1, P85788 C2, P85792
C1, P85792 C2, P85793 C1, P85801 C1, P85802 C1, P85806 C1, P85806 C3, P85808 C2)
have less radiogenic Nd isotopic compositions than the matrix/bulk diamictite samples and
shows a large range in Sr isotopic composition (enq: 4.6 to 10.8; 8Sr/%Sr: 0.710 to 0.728, n =
10) and overlaps with MVG sources (Figure 2.13; Figure 2.14). The second group (P85792
C3, P85806 C2, P85806 C5, and P85810 C1) are more radiogenic in term of Nd and less
radiogenic in terms of Sr compared to CIROS-2 sediments (eng: 4.9 to 5.5; 87Sr/%¢Sr: 0.703 to
0.704, n = 4) suggestive of a TAM lithology source (Figure 2.14).

The two large clasts and basement material analysed within the CIROS-2 core plot in a similar
range to the diamictite clasts (Figure 2.13). One of these large clasts (P85909) plots within
the first group of clasts suggesting a MVG source while the other (P85812) plot within the

second group.

In terms of Nd-model age, the elapsed time since samples had the same '*Nd/'**Nd as the
depleted mantle, also fall into two groups; one has Nd-model ages older than the downcore
material (> 1.4 Ga) while the other has younger model ages (< 0.5 Ga) (Figure 2.9). All clasts
within the younger group are basaltic in nature with fine-grained matrix, dark colour and

vesicular texture, characteristics of the MVG.

The clasts analysed show a large range in all major and trace element ratios than the bulk
CIROS-2 samples (Table 2.8). In the four elemental cross plots the MVG sourced cluster
together. They stand out in terms of high Ti/Rb (195 — 590), Co/Th (4.9 — 10.4), K/Rb (332 —
476) and (Eu/Eu*)n (1.55 - 1.64) (Figure 2.17). In comparison the older, less radiogenic group
of clasts is more varied in elemental ratios. The basement sample, P85795, is distinguishable
in most ratios as an extreme value including Th/Sc (9.5), La/Yb (113), Zr/Sc (57.6) and La/Sm

(11.6) and is therefore thought to indicate basement rather than a large clast.
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Pc:::asb Top Bottom Median Unit Unit Major Sample +2
Collection Depth  Depth Depth No. Ffsea _Minor 87Sr/3¢Sr  +2S.E. '“Nd/"Nd +2S.E. ena’ S_.D.*
Number* (mbsf) (mbsf) (mbsf) Lithology
Diamictite Clasts
pP85788 C1  161.14 161.18 161.16 12 Diamictite D:\;IrL:']C:gtsi/te 0.712320 0.000004 0.512254 0.000009 -7.5 0.2
P85788 C2 161.14 161.18 161.16 12 Diamictite D:\e/llrL:lciicC:it%lte 0.709854 0.000003 0.512177 0.000010 -9.0 0.2
P85792 C1 149.80 149.84 149.82 10 Diamictite D:\grtilc:gt%/te 0.725954 0.000006 0.512242 0.000008 -1.7 0.2
P85792 C2 149.80 149.84 149.82 10 Diamictite D:\;IrL:](:((:jt%/te 0.727806 0.000005 0.512404 0.000011 -4.6 0.3
P85792 C3 149.80 149.84 149.82 10 Diamictite D:\:rl:"ncilgt)i/te 0.704001 0.000006  0.512899 0.000008 5.1 0.2
P85793C1 14310 14312 14311 10 Diamictte  hoo¥ 0715849 0.000005 0512179 0000007 9.0 0.2
P85801 C1  129.14  129.20 129.17 8 Diamictite D:\grli\cilgt)i/te 0.716085 0.000006  0.512123 0.000011  -10.0 0.2
P85802 C1 123.86 123.91 123.89 8 Diamictite D:\e/llrL:l(:gt%/te 0.715730 0.000006 0.512147 0.000012 -9.6 0.2
P85802 C2 123.86 123.91 123.89 8 Diamictite D:\;Irlilciigt)i/te 0.709394 0.000005 0.512550 0.000011 -1.7 0.2
P85806 C1 100.20 100.24 100.22 8 Diamictite D:\e/zlrun(?gt)i/te 0.721828 0.000005 0.512087 0.000011  -10.8 0.2
Repeat 0.721805 0.000005 n.d. n.d. n.d. n.d.
P85806 C2 100.20 100.24 100.22 8 Diamictite D:\;Irlilciigt)i/te 0.703007 0.000005 0.512913 0.000009 54 0.2
Repeat n.d. n.d. 0.512923 0.000012 5.6 0.3
P85806 C3 100.20 100.24 100.22 8 Diamictite D:\e/zlrlilcilgt)i/te 0.712088 0.000005 0.512365 0.000010 -5.3 0.2
P85806 C4 100.20 100.24 100.22 8 Diamictite D:\;I;Jnc:gt)ilte 0.717450 0.000005 0.512703 0.000009 1.3 0.2
P85806 C5 100.20 100.24 100.22 8 Diamictite D:\;I;(?gt)i/te 0.703526 0.000006 0.512887 0.000012 4.9 0.2
P85808 C1 70.67 70.69 70.68 6 Diamictite Diz?nnig%i/te 0.706281 0.000006 0.512765 0.000010 2.5 0.2
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Pc:::asb Top Bottom Median Unit Unit Maior Sample +2
. Depth  Depth Depth . ) Minor 87Sr/3¢Sr  +2S.E. '“Nd/"Nd +2S.E. ena’ i
Collection (mbsf)  (mbsf) (mbsf) No. Lithology Lithology S.D.
Number*
P85808 C2  70.67  70.69 70.68 6 Diamictite Diifn”iggi'te 0.712446 0.000005 0.512130  0.000009 -9.9 0.2
Repeat 0.712369 0.000005 0.512135  0.000008 -9.8 0.2
P85810 C1  8.00 8.03 8.02 2 Diamictite Di“:’\fn”iggi’te 0.703299 0.000005 0.512913  0.000010 5.4 0.2
Repeat n.d. n.d. 0.512924  0.000009 5.6 0.2
Large Clasts
P85785 166.50 16657 166,54 Dase  Basement Basement ;740845 0000005 0512049  0.000008 -115 0.2
ment Gneiss Gneiss
P85812 162.40 162.44 16242 12 Diamictite Large Clast  0.710529 0.000005 0.512117  0.000009 -10.2 0.2
P85909 116.44 116.48  116.46 8 Diamictite Large Clast ~ 0.702967 0.000006  0.512944  0.000010 6.0 0.2
Repeat 0.702972 0.000006 0.512944  0.000011 6.0 0.3

*Diamictite clasts are labelled with a C while large clasts have no suffix after the sample number. All clasts (except the basement) were taken from
diamictite units

Teng is calculated based on a present-day CHUR 43Nd/'#4Nd value of 0.512638 (Jacobsen and Wasserburg, 1980) expressed in parts per 10,000.
*External reproducibility (2 sigma standard deviation) is based on the JNdi-1 standard reproducibility of individual analytical sessions in the MAGIC
laboratories, Imperial College London.

Table 2.9: Strontium and Nd isotopic compositions of individual diamictite clasts, large clasts and basement material analysed from CIRO S-2.
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Figure 2.17: Indicative major and trace element ratios for clast and basement analyses from the CIROS-2 core. A sub-set of samples analysed for
isotopic compositions were also analysed for major and trace element; analyses include diamictite clasts targeted individually from diamictite samples, large
clasts that span the full diameter of the CIROS-2 core (~ 45 mm) and the sample taken from the basement material. Fields for bedrock lithologies found in the

vicinity of the Ferrar Valley are show in the background. Notes the axis break in all y-axis.
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2.5. Discussion

2.5.1. Early Pliocene glacial advances in the Ferrar Valley

2.5.1.1. The McMurdo Volcanics signal in diamictites

Our geochemical provenance data suggest a significant contribution of the McMurdo Volcanic
Group (MVG) to diamictites deposited during colder times throughout the Plio-Pleistocene. In
particular, the Sr and Nd isotopic composition (diamictite bulk ranges eng -3.0 to 0.5 and
87Sr/8Sr 0.707 to 0.710) overlaps with reported values for MVG (Figure 2.12; Figure 2.13)
while other geochemical proxies support MVG as an end-member source. For example, the
diamictite samples plot within the MV G field for La/Yb vs Co/Th and (Eu/Eu*)n vs La/Sm, while
a mafic, high Ti end-member (characteristics of the MVG) is suggested in the Th/Sc vs Ti/Rb
space (Figure 2.16). The PAAS-normalised REE pattern of diamictite samples is similar to
MVG lithologies with a positive Eu anomaly and MREE enrichment (Figure 2.6). Additionally,
a number of the individual diamictite clasts and the large volcanic clast from unit 8 (116.44 —
11.648 mbsf, P85909) have geochemical compositions that cluster around the MVG source
(Figure 2.13; Figure 2.14). These clasts also have major and trace element compositions
suggesting overlap with the MVG field including high Ti/Rb, Co/Th, K/Rb and (Eu/Eu*)xn
(Figure 2.17).

A McMurdo Volcanic Group provenance source has previously been suggested for CIROS-2
material based on clast petrographic and heavy mineral composition studies. However,

agreement on the exact source area has not been reached (Sandroni and Talarico, 2006;

Ehrmann and Polozek, 1999). During the early to mid-Pliocene the most developed volcanic

areas within the region were located to the south of the Ferrar Valley, positioned around the
Skelton and Koettlitz Glaciers (i.e., the Mount Morning — Mount Discovery area). This area has
previously been interpreted as the source of granule- to boulder-sized basaltic clasts found
within unit 12 of the CIROS-2 core (Sandroni and Talarico, 2006).

Our analysis suggests an additional MVG influence to the fine-grained material transported to
the core site during glacial periods (diamictite matrix fine-grained fraction analyses ranges
from eng-1.0to 1.2 and &’Sr/%¢Sr 0.706 to 0.708) (Figure 2.14). While transport of clasts to the
CIROS-2 core could be achieved by deposition at the grounding line or from iceberg transport

(Cornamusini and Talarico, 2016), the fine-grained material is likely to be transported to the

core site by basal melt or ocean currents. Barrett and Hambrey (1992) interpret the lower

massive diamictites in the CIROS-2 core to indicate deposition from basal glacial ice. We

hence consider a local source of fine material within the Ferrar Valley more likely. One possible

111





Rachel A. Bertram, Ph.D. Thesis, 2018

mechanism could be incorporation of basalt debris previously deposited further up the valley

or from volcanic sources within the TAM.

Outcrops of the McMurdo Volcanic Group are relatively sparse in the TAM consisting in the
most part of small, volumetrically insignificant scoria cones within the Dry Valleys (LeMasurier
and Thomson, 1990). Such cones are found in the neighbouring, more northerly, Dry Valleys
of Taylor and Wright Valley and were dated to between 5 and 1.5 Ma (Kyle, 1990; Wilch et al.,

1993). Although such cones have not been identified in the Ferrar Valley, it is possible that

they may be present, but today submerged beneath the glacier (Barrett and Hambrey, 1992;

Levy et al., 2012; Sandroni and Talarico, 2006). Eruption of these cones subglacially beneath

an ancestral Ferrar Glacier during the early Pliocene, and the resulting production of

hyaloclastites, has been suggested by Ehrmann and Polozek (1999) based on the heavy

mineral composition of diamictites in CIROS-2 containing abundant hornblende and
palagonite minerals between 4.5 — 3.1 Ma. Subglacial or sub-aqueous eruptions lead to
mobilisation of REEs during water-basalt interactions and characteristic negative Eu

anomalies (Fowler and Zierenberg, 2015). Diamictite samples analysed in our study for their

REE pattern however lack such a feature (average (Eu/Eu*)n 1.23 to 1.46) (Figure 2.6¢).

Given the alternation between mudstone and diamictite units in the CIROS-2 core, as well as
their geochemical fingerprint (see later discussion), it seems clear that the Ferrar Glacier was
behaving dynamically during the early to middle Pliocene. This opens the possibility for scoria
cones to have erupted sub-aerially within the Ferrar Valley in the early Pliocene. While
subglacially erupted volcanics appear to cause variations in REE data, data from sub-aerial
cones within the TAM (Browning Pass-Campbell: 74°30’S, 165°0’E) have very similar patterns
to the MVG whole-rock (Nardini et al., 2009) and the CIROS-2 diamictite samples. While our

observations make a subaerial cone source feasible, we can’t fully exclude a Mount Morning

— Mount Discovery source.

2.5.1.2. The other end-member in CIROS-2 diamictites

Regardless of the exact source location of the basic geochemical component in Early Pliocene
CIROS-2 diamictites, there must be at least one additional source from lithologies exposed in
the TAMs. Isotopically the bulk diamictite material show influence from a less radiogenic Nd
and more radiogenic Sr source lithology (Figure 2.13). This is particularly clear from the
individual diamictite clast analyses since many are less radiogenic in terms of Nd and more
radiogenic in Sr than the bulk/matrix material of the diamictite units (Figure 2.13; Figure 2.14).
Granite Harbour Intrusive Complex (GHIC) formations, Skelton Group material, Ferrar basalts
and dolerites, and Beacon Supergroup siliciclastics are all potential candidates for source

material to CIROS-2 diamictites. These lithologies show considerable overlap in isotopic
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space (Figure 2.8). Trace element concentrations of analysed bulk diamictites samples
indicate that the additional source is probably not very mafic (i.e., elevated Th/Sc ratios of 0.6
— 1.2 and La/Yb ratios of 19.0 — 26.7), excluding the Ferrar Group and Skelton Group as
potential sources. This is furthermore supported by higher La/Sm ratios for diamictite samples
than the published fields for the Ferrar and Skelton Groups (Figure 2.16). Clasts with a TAM
source (Figure 2.14) are typically described as granitic (Table 2.3), supported by the higher
Th/Sc ratios in the analysed clasts (P85788 C2 = 2.6 and P85808 C2 = 1.5) and do not show
overlap with the Ferrar or Skelton fields (Figure 2.17). Additionally, the Beacon Supergroup
seems unlikely to dominate the signature due to its location up valley, its radiogenic Sr isotopic
composition, its low Sr concentrations (6 — 224 ppm) and flat PAAS-normalised REE patterns
(Figure 2.6), which all contrast with those found in diamictite samples. In comparison, a
number of lines of evidence suggest a GHIC source including high Sr concentrations in bulk
diamictite samples (411 — 684 ppm) suggest a source lithology containing pyroxenes,

plagioclase, carbonate and/or amphibole (Albaréde, 2003), which are present in GHIC ([Sr] =

423 — 515 ppm in analysed Dry Valleys Suite samples).

Previous clast analysis showed that TAM sourced clasts dominates the lower core diamictites

(Sandroni and Talarico, 2006) (Figure 2.2). The heavy mineral assemblage is dominated by

apatite, zircon, titanite, garnet, epidote and green hornblende. These are typical of basement,

GHIC lithologies (Ehrmann _and Polozek, 1999). In particular, the presence of granitoids

(monzogranites and granodiorites) has been assigned to the Bonney Pluton lithology, part of
the Dry Valleys 1b suite of the GHIC which outcrops extensively in the Ferrar Valley close to

the present day grounding line and in the Blue Glacier region, south of the drill site (Cox et al.

2012) (Figure 2.4). Our diamictite samples contain abundant granitic clasts (Table 2.3,
Appendix A1: Figure A1.4 — A1.11). Trace element analysis of one such clast (P85788 C2)
corroborates a DV 1b suite provenance source from the Bonney Pluton. Geochemically the
analysed clast is similar to the Bonney Pluton with a high positive Eu anomaly ((Eu/Eu*):
Bonney Pluton = 1.51, P85788 C2 = 1.48), similar Nd model ages (Nd-model age: Bonney
Pluton = 1.52 Ga, P85788 C2 = 1.46 Ga) and MREE enrichment (Sm/Yb: Bonney Pluton =
5.3, P85788 C2 = 7.5). This MREE enrichment is indicative of the presence of hornblendes
which are found in the Bonney Pluton (Cox, 1993).

Previous detailed analysis of diamictite clasts has found evidence for all TAM sources

suggesting there is some erosion along the whole of the valley (Sandroni and Talarico, 2006)

comparable with modelling results of the Pliocene (Golledge and Levy, 2011). However, from

the geochemical analysis presented here, the dominant source area of diamictite samples
within the TAM can be assigned to the Granite Harbour Intrusive Complex within the lower

TAM region. Erosion of the lower catchments of the Ferrar Valley around the terminus of the
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ancestral glacier (especially Dry Valley Suites of the GHIC lithologies) was significant during
glacial periods over the last 4.7 Ma (Figure 2.18). We calculate isotopic mixing lines between
end-members of McMurdo Volcanics and Bonney Pluton material such that the MVG
contributes 30-50 % to bulk diamictite compositions while the later contributes 50-70 %
(Figure 2.13).

2.5.2. Early Pliocene super-interglacial retreat events in
Ferrar Valley
Glacial retreats, with a more distal ice terminus from the drill site location, is evidenced by

mudstone layers in the early Pliocene. Units 13 and 11 at the base of the CIROS-2 core are

described as early Pliocene “super-interglacials” (Pyne et al., 1985), when summer sea

surface temperatures near the Antarctic coastlines were 4-5 °C with very limited or absent

sea-ice cover (Levy et al., 2012; Whitehead et al., 2001). The mudstone layer within unit 10

(P85794 140.79 — 140.82 mbsf) is isotopically and geochemically very similar to these older
mudstones, suggesting that this too may represent a super-interglacial period. Hence we
suggest that the layer from 140.52 — 140.7 mbsf in the CIROS-2 core is worthy of its own unit
division, separate from the bounding diamictites of unit 10 (139.92 — 151.25 mbsf).

Super-interglacial mudstones have a geochemical composition overlapping with the Ferrar
Supergroup and suggestive of a reduced MVG influence compared to the diamictite samples
discussed above (Figure 2.12). Such isotopic compositions therefore suggest: 1) a shift to a
dominant Ferrar Group source or 2) a mixed source with a less radiogenic Nd signal combined
with MVG input. A mafic, Ferrar Group source is not supported by geochemical analysis with
none of the lower mudstones plotting close to the Ferrar Supergroup range (Figure 2.16). A
contribution from a felsic source is suggested in lower mudstones (> 3 Ma) by high Th/Sc
ratios, high La/Yb and low Co/Th ratios. In particular, the high Th/Sc, low Co/Th, low K/Rb and
flat PAAS-normalised REE patterns are suggestive of the K-poor lithologies of the Beacon

Supergroup (Figure 2.6; Figure 2.16).

The inclusion of Beacon Supergroup signatures is suggestive of an erosional source situated
in the upper catchment of the Ferrar Valley where the Beacon Supergroup outcrops (Figure
2.3), implying either a retreated ice terminus into the upper Ferrar Valley catchment or a more
erosive bed allowing erosion of these upper lithologies. We deem a retreated ice scenario
more likely as a more erosive upper catchment would still reveal a lower catchment signal
which would contain an increased MVG influence from the outcrops in the lower Ferrar Valley
(Figure 2.4) and/or scoria cones on the valley floor, as per our discussion above. In

comparison, a retreated ice margin would result in no active glacial erosion of the lower valleys
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Figure 2.18: Schematic representing ice conditions (ice extent and erosional patterns) in the
Ferrar Valley over the Plio-Pleistocene. Cross sections for the nearby Kukri Hills (Cox et al., 2012)
with the bedrock elevation of the Ferrar Glacier (Golledge and Levy, 2011) shown by a black line.

Different bedrock lithologies are represented by different colours showing the distribution of the
Skelton Group (blue), GHIC (purple), Beacon and Ferrar Groups (green) and MVG (red). The

estimated erosional regimes are shown by red lines (Golledge and Levy, 2011) and the estimated ice

extent is shown by the dotted line and white transparent area, a) Glacial deposits characterised by
diamictites throughout the whole Plio-Pleistocene record suggest increased erosion in the lower TAM
near the drill site and slight ice advance past the drill core site. While there is some erosion in the
upper catchment, this does not dominate the geochemical signature; b) Early Pliocene super-
interglacials are characterised by reduced MVG influence and increased Beacon Supergroup input,
suggestive of a retreated ice margin within the Ferrar Valley; c) Late Pliocene — Early Pleistocene
interglacials have a similar erosional regime to the Plio-Pleistocene diamictite glacial deposits with
erosion of the whole margin dominated by local sources close to the drill site; d) Pleistocene
interglacials where there is substantially less erosion of TAM sources and increased influence of MVG

material likely from the Ross Sea area.
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and hence the only input of MVG would be through fluvial input and hence would be greatly
reduced (Figure 2.18).

A retreated ice scenario is in agreement with previous studies from McMurdo Sounds. In unit
13, CIROS-2 mudstone, in-situ diatom flora were found suggesting open marine conditions at
the mouth of the Ferrar fjord and retreated ice conditions (Levy et al., 2012). Additionally
diatom studies in proximal core sites (DVDP-10, DVDP-11 and AND-1B) have suggested

minimal sea-ice cover within the McMurdo Sounds embayment (Winter et al., 2012a), with

open-marine interglacial periods (Winter et al., 2012b). The AND-1B early to mid-Pliocene

sedimentary sequences are also lacking in iceberg-rafted debris suggesting periods that were
characterised by terrestrially terminating glaciers and ice-free conditions in the Ross Sea from
4.5—-4.4 Ma and 3.6 — 3.4 Ma (De Schepper et al., 2014; Naish et al., 2009).

Erosion of material from the upper reaches of the Ferrar Valley is also in keeping with
modelling results of this catchment, which suggest a more dynamic profile of the outlet glacier

during the early Pliocene compared to present day (Golledge and Levy, 2011). Warm-based

ice conditions resulted in periods of fast glacier flow and high erosion rates within the valleys

cutting the TAM (Levy et al., 2012). EAIS outlet glaciers probably respond dynamically to

environmental forcing along the whole length of the catchment although the most significant

changes take place in their lower reaches (Golledge and Levy, 2011).

Here we suggest that the reduction in ice extent in the lower reaches of the catchment in
response to warmer conditions caused retreat of the ice margin and terminus up-valley
resulting in a different provenance signature in interglacial mudstones compared to the glacial
diamictite deposits from the early Pliocene. While current models do show retreat in the Ferrar

Valley, we suggest more extensive retreat, retreating ~ 1,000 m in elevation (Figure 2.18).

2.5.3. Changes in ice dynamics in the late Pliocene -
Pleistocene
A significant sedimentological change is visible at ~ 100 mbsf in the CIROS-2 core, where

black basaltic sand, similar to modern day McMurdo Sounds deposits starts dominating the

recovered material (Pyne et al., 1985). This change has been interpreted to be due to a change

in ice dynamics within the Ferrar Valley and Ross Sea region (Barrett and Hambrey, 1992),

and is supported by a substantial shifts in heavy mineral composition of diamictites at 110

mbsf (Ehrmann_and Polozek, 1999) and clast compositions at 99.27 mbsf (Sandroni_and

Talarico, 2006).
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In contrast, we observe very little change in the diamictite Sr and Nd isotopic composition
throughout the core. Instead we observe two significant shifts in the isotopic composition and
inferred provenance of interglacial mudstones. The first of these occurs significantly earlier
than suggested by previous studies, between the mudstone layer of unit 10 (151.25 - 139.92
m; 3.42 — 2.97 Ma) and unit 9 (139.92 — 134.90 m; 2.87 — 2.46 Ma) at ~ 3 Ma (Levy et al.,
2012). The second shift occurs between the two broad units of the CIROS-2 core between the
lower 66 m (166 — 100 mbsf) and the upper 100 m at ~ 1.5 Ma (Levy et al., 2012).

2.5.3.1. Major change in source region and glacial regime in the middle to
late Pliocene (~ 3 Ma)

As discussed in Section 2.4.3.1., the mudstones in the CIROS-2 core become increasingly
radiogenic in Nd isotopic composition and less radiogenic in Sr composition through the core.
The first major transition in the isotopic composition of the mudstones occurs within the first
broad sequence of the lowermost ~ 66 m of the CIROS-2 core. The oldest CIROS-2
mudstones (measured in units 13, 11 and 10, n = 3) are on average 2.8 eng units less
radiogenic and more radiogenic in &Sr/%Sr ratios by 0.002 than mudstones from the middle
unit 9 (n = 5) (Figure 2.12). The geochemical composition of these mudstones also changes,
becoming more similar to the characteristics of the diamictite units with young model ages
(Figure 2.9), lower Th/Sc, higher Ti/Rb and higher K/Rb (Figure 2.16). Furthermore there is
a subtle change in the REE pattern of these mudstones with an increased positive Eu anomaly
((Eu/Eu*)n: average lower mudstones (> 3 Ma) = 1.14 compared to intermediate mudstones
(deposited between 3 Ma and 1.5 Ma of 1.42) and a reduction in LREE enrichment ((La/Yb)n:
average lower mudstones = 2.3, average intermediate mudstones = 1.8) (Figure 2.6; Figure
2.16).

These geochemical shifts between the upper and intermediate mudstones, are indicative of
an increased McMurdo contribution to the sediments and a reduced Beacon Supergroup input.
This suggests a provenance shift from the upper catchment of the Ferrar Glacier during
retreated ice events in Early Pliocene warmer periods, to a source more proximal to the

modern grounding line with a significant McMurdo influence in the late Pliocene.

Cooling is well document in the late Pliocene to Pleistocene, both globally (Lisiecki and
Raymo, 2005) and regionally in the Ross Sea (Riesselman and Dunbar, 2013; McKay et al.,
2012). Within this time period, the M2 glaciation at ~ 3.3 Ma (3.312 — 3.264 Ma) has been

suggested as an important transition from a polythermal and dynamic glacial regime to

subpolar glacial conditions in the Ross Sea (De_Schepper et al., 2014; Riesselman and

Dunbar, 2013; Naish et al., 2009). Modelling work suggests that the M2 glaciation caused

increased ice volume and stabilisation of the WAIS (Pollard and DeConto, 2009; Lisiecki and
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Raymo, 2005). In the Ferrar Valley this manifested as a reduction in ice thickness in the upper

reaches of the valley driven by drier conditions (Swanger et al., 2011) and a thickening in the

lower reaches at the mouth of the valley (Golledge and Levy, 2011; Johnson and Staiger,

2007). Following the M2 glaciation ice related diatom species are seen to increase in the AND-
1B core suggesting late Pliocene cooling in the Ross Sea from ~ 3.2 Ma with summer sea-ice

persisting regionally by 3 Ma (Riesselman and Dunbar, 2013). Ice related species numbers

and abundance continues to increase in the Pleistocene (Winter et al., 2012b).

We suggest a shift in provanance occurred primarily as a result of cooling conditions. Cooler
conditions in the Ferrar Valley have been modelled to produce cold-based conditions with

limited basal sliding and a vast reduction in bedrock erosion (Golledge and Levy, 2011). A

change in the thermal regime of the Ferrar Glacier would affect its ice velocity, erosion rates

and the response time of the glacier (Benn and Evans, 2010). In CIROS-2 a reduction in the

number of gravel-sized clasts is seen after unit 10 (~ 2.97 Ma) suggesting reduced basal

erosion (Sandroni and Talarico, 2006) (Figure 2.2) and stabilisation of the grounding line

position proximal to the drill site (Levy et al., 2012), indicating a more stable regime. Expansion

of the EAIS and corresponding growth of the lower reaches of the glacier would result in
increased local erosion close to the grounding line of the glacier, which would likely be located
around the exposures of the Bonney Pluton (GHIC) within the Ferrar Valley. An increased
proportion of granitoid clasts is seen from ~ 3 Ma in the core, which were likely sourced from

this lithology (Sandroni and Talarico, 2006). Additionally, an advanced grounding line relative

to early Plioccene super-interglacials would result in increased glacial erosion of scoria cones
in the lower reaches of the valley. The reduction in palagonite seen at ~ 3.1 Ma (Ehrmann and
Polozek, 1999) supports an advanced ice margin as the cones would no longer be erupting

sub-aqueously, only sub-glacially.

In contrast to previous studies, our new geochemical studies sugges a change in provenance
and hence erosional location / glacial regime in CIROS-2 deposits after ~ 3 Ma. We suggest
the provenance source shifts from TAM material to volcanic provinces located within the Ross
Sea with an increasing MVG contribition. Cooler conditions lead to expansion of the Ross and

McMurdo Ice Shelves (Talarico et al., 2012) and increased sea-ice in the Ross Sea

embayment. These chanes in ice dynamics would cause transport from the mature volcanic
centre of the Mount Discovery-Mt Morning region (including the submarine volcanic centre of
Black Island that formed in the early to mid Pliocene, 3.9 — 3.4 Ma) (Wilson et al., 2007)

following the glacier flow line interpretations of Sandroni and Talarico (2006) into the Ferrar

Valley and the CIROS-2 drill site. Increased GHIC and MVG input would suggest an erosional
source similar to the diamictites which have a very similar isotopic and geochemcial signature
(Figure 2.18).
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Unlike the mudstone layers, diamictites deposited in the last ~ 3 Ma have similar isotopic
compositions to those deposited prior to ~ 3 Ma. As such, erosion of local TAM sources and
deposition of clasts near the grounding line must still be significant. We suggest that during
glacial — interglacial cycles in the late Pliocene- early Pleistocene there may have been limited

retreat and advance of the Ferrar Glacier proximal to the CIROS-2 drill site (Figure 2.18).

Our study is ideally suited to characterise this transition at ~ 3 Ma due to its focus on the
interglacial mudstone deposits. Previous provenance studies at CIROS-2 have largely
focused on the glacial diamictite and Pleistocene sandstone units where this change is more
subtle. The composition of diamictite samples is largely controlled by the clast lithologies which
do not change given our inferred shift. The switch to a subpolar regime mainly effects erosional
patterns during interglacials, characterised by erosion of the upper Ferrar Valley during the
early Pliocene and an absence of erosion in the upper TAM, and increased influence of MVG

material after ~ 3 Ma.

2.5.3.2. Further changes in source region and glacial regime in the
Pleistocene (~ 1.5 Ma)

Further cooling within the Ross Sea region at 2.6 and 1.7 Ma (Ohneiser and Wilson, 2012)

and increased volcanic building in the Ross Island region (from ~ 1.75 Ma; (LeMasurier and

Thomson, 1990)) caused a second shift in the source region of deposited sediment, which is

recognised in both the sedimentology of the CIROS-2 core (Barrett and Hambrey, 1992) and

the isotopic composition. Mudstone deposits within the upper broad sequence of the CIROS-
2 core (i.e. the uppermost 100 m) are found to be more radiogenic in Nd compared to unit 9
mudstones (intermediate mudstones) deposited between the ~ 3 and 1.5 Ma by 2.8 eng units,

and less radiogenic in Sr by 0.003 in 8Sr/%¢Sr ratios.

This transition is characterised by fundamental changes in ice dynamics, sea-ice conditions
and glacier flow lines in the Ross Sea embayment caused by expansion of the Ross Ice Shelf
further north into the Ross Sea and subsequent grounding on Ross Island, near its present
day position (Figure 2.1). We suggest that during the Pleistocene (~ 1.5 Ma) the Ross Island
region became the dominant source of material to the CIROS-2 core, with only a minor
influence from TAM rocks exposed near the glacier terminus (i.e. GHIC, especially the Bonney
Pluton).

Glacial deposits in the Pleistocene also show changes at this transitions with the appearance
of sandstone units. These sandstone deposits were found to have the most radiogenic Nd
compositions (eng 1.7 to 3.2) and least radiogenic Sr compositions (3’Sr/%Sr 0.705 to 0.706)
(Figure 2.12), implying the greatest McMurdo Volcanic Group contribution and confirming

previous lithofacies analysis suggestions of a higher volcanic component (Barrett and
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Hambrey, 1992). Pleistocene glacial sandstones were deposited during peak glacial periods

where the ice thickened at the mouth of the valley (Johnson and Staiger, 2007; Golledge and

Levy, 2011). Accumulation of aeolian transported clay to gravel particles (with a dominant
grain-size of sand) from ice-free areas of Ross Island, are known to be a key source of Ross

embayment sediments today (Atkins and Dunbar, 2009). In the Pleistocene, similar transport

of MVG material is thought to have accumulated in the ice-damned lake within the Ferrar

Valley (Barrett and Hambrey, 1992) or on top of multi-year sea-ice that was able to form given

the cooler interglacial SSTs (Levy et al., 2012) and deposited onto the sea floor during break

out events (Levy et al., 2012).

The isotopic composition of Pleistocene interglacial mudstone is considerably different to the
early Pliocene mudstones. There is no evidence of a TAM, Beacon Supergroup source in the
isotopic compositions or indicative major and trace element ratios (Figure 2.11; Figure 2.16)
suggesting sub-polar conditions persisted in the Ferrar Valley since ~ 3 Ma. Modelling in colder
climates suggests limited erosion restricted to the very lower reaches of the catchment (Figure
2.18). We suggest transportation of material from this proximal volcanic centre could be due
to the cyclonic ocean current flow within the Ross Sea transporting fine-grained material to
the mouth of the Ferrar Valley. Alternatively, the persistence of annual sea-ice during
interglacials may have led to the deposition of MVG material in a similar mechanism as today.
Climatic changes documented within the Ross Sea embayment lead to increased MVG

influence in sediment deposits coupled with decreased TAM sources.

2.6. Conclusion

Analysis of the geochemical composition of interglacial deposits within the CIROS-2 core for
the Plio-Pleistocene revealed two substantial shifts in provenance inferred to relate to changes
in ice dynamics. The early Pliocene was characterised by a dynamic glacier within the Ferrar
Valley with erosion of the upper reaches of the catchment during periods of peak warmth,
super-interglacials. Such erosion implies either a more erosive glacial system within the upper
valley and/or extensive retreat into the upper valley causing increased erosion of the Beacon
lithologies. Based on the reduced MVG signature we suggest a retreated ice margin is more
likely. This dynamic behaviour seemed to have ended around 3 Ma, after the M2 glaciation,
but prior to the onset of Northern Hemisphere glaciation. Cooling in the Ross Sea embayment,
and an increased EAIS ice extent created colder conditions in the Ferrar Valley and hence
less erosion along the Ferrar Glacier especially in the upper reaches of the catchment.
Provenance of interglacial mudstones now reflects more closely the rock composition close to

the modern glacier terminus (i.e., GHIC, especially the Bonney Pluton) and volcanics in the
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eastern Ross Sea. This transition has not been documented by previous studies, which
focused on glacial units rather than the interglacial units also studied here. Glacial diamictites
show a similar provenance throughout the Plio-Pleistocene, pointing to sources in the lower
reaches of the Ferrar Valley, and are hence not sensitive to environmental change across one

of the major transition periods in glacial regime of Antarctica.

A second provenance shift occurred in the mid-Pleistocene at ~ 1.5 Ma due to further cooling
and substantial ice dynamic changes within the Ross Sea. Here CIROS-2 mudstone deposits
show an increased influence of volcanic material in the Ferrar Valley, caused by expansion of
the Ross Ice Shelf, grounding on the Pleistocene volcanic centre of Ross Island and changes
in sea-ice conditions causing increased transport of McMurdo Volcanic Group material into
the McMurdo Sounds region, towards the mouth of East Antarctic outlet glaciers and the
CIROS-2 drill site.

In summary, the Ferrar glacier, one of the major outlet glaciers of the EAIS, experienced a
change from a dynamic glacial regime in the early Pliocene to a cold-based, polar setting in
the late Pliocene and Pleistocene. This happened around the same time as major expansion
of the EAIS documented from other locations adding support to the growing consensus of

large changes in the Antarctic Ice Sheet in the Late Pliocene.
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Chapter 3.

Pliocene deglacial event
timelines and the
biogeochemical response
offshore Wilkes Subglacial
Basin, East Antarctica

This chapter is modified from Bertram, R. A., Wilson, D. J., Van De Flierdt, T., McKay, R. M.,
Patterson, M. O., Jimenez-Espejo, F. J., Escutia, C., Duke, G. C., Taylor-Silva, B. |. and Riesselman,
C. R. (2018), “Pliocene deglacial event timelines and the biogeochemical response offshore Wilkes
Subglacial Basin, East Antarctica’, Earth and Planetary Science Leftters, 494, 109-116.
Supplementary information and a printed version of the manuscript can be found in Appendices A3
and A4, respectively.

Rachel A. Bertram (R.A.B.) led this chapter as part of a collaborative project. Contributions are as

follows: R.A.B. wrote the manuscript with input from all authors; R.A.B., and Tina van de Flierdt
(T.v.d.F.) designed the experiment, conducted sampling and performed isotopic analysis; R.A.B.,
T.v.d.F. and David J. Wilson interpreted the data; Rob M. McKay (R.M.M) conducted sampling and
core description; R.M.M and Molly Patterson made interpretations of the age model and aided
scientific discussions of the IBRD data; Francisco J. Jimenez-Espejo and Carlota Escutia
performed XRF scan analysis and interpreted the data; Grace Duke, Briar Taylor-Silva and
Christina Riesselman conducted biogenic silica analysis.
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Abstract

Significantly reduced ice coverage in Greenland and West Antarctica during the warmer-than-
present Pliocene could account for ~ 10 m of global mean sea level rise. Any sea level
increase beyond this would require contributions from the East Antarctic Ice Sheet (EAIS).
Previous studies have presented low-resolution geochemical evidence from the geological
record, suggesting repeated ice advance and retreat in low-lying areas of the EAIS such as
the Wilkes Subglacial Basin. However, the rates and mechanisms of retreat events are less
well constrained. Here we present orbitally-resolved marine detrital sediment provenance
data, paired with ice-rafted debris and productivity proxies, during three time intervals from the
middle to late Pliocene at International Ocean Drilling Program (IODP) Site U1361, Hole A,
offshore of the Wilkes Subglacial Basin. Our new data reveal that Pliocene shifts in sediment
provenance were paralleled by increases in marine productivity, while the onset of such
changes was marked by peaks in ice-rafted debris mass accumulation rates. The coincidence
of sediment provenance and marine productivity change argues against a switch in sediment
delivery between ice streams, and instead suggests that deglacial warming triggered
increased rates of iceberg calving, followed by inland retreat of the ice margin. Timescales
from the onset of deglaciation to an inland retreated ice margin within the Wilkes Subglacial
Basin are on the order of several thousand years. This geological evidence corroborates
retreat rates determined from ice sheet modelling, and a contribution of ~ 3 to 4 m of equivalent
sea level rise from one of the most vulnerable areas of the East Antarctic Ice Sheet during

interglacial intervals throughout the middle to late Pliocene.

3.1. Introduction

Ice grounded below sea level in the East Antarctic Ice Sheet (EAIS) has a potential sea level

equivalent of ~ 19 m (Fretwell et al., 2013). Such ice is predominantly contained within the

Aurora Subglacial Basin, the Recovery Basin, and the Wilkes Subglacial Basin (Figure 3.1a).
Modern observations in the vicinity of the Aurora Subglacial Basin document significant glacier

retreat (Miles et al., 2016) and basal melting driven by ocean warming (Rintoul et al., 2016),

while recent modelling work suggests that the Recovery Basin may be particularly vulnerable

to melting under future environmental conditions (Golledge et al., 2017a). Furthermore,

increased mass discharge by glaciers around the coastline of the Wilkes Subglacial Basin in

recent years has been inferred from high-resolution ice velocity maps (Shen et al., 2018). The

Wilkes Subglacial Basin is the largest of the three basins, containing a potential sea level

contribution of ~ 3 to 4 m (Pollard et al., 2015). Collapse of marine-based ice in this basin may
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Figure 3.1: Regional map of the Wilkes Subglacial Basin and U1361A, showing proximal
geological outcrops and bed elevation. Topography and bathymetry (meters above sea level, m

asl) of the Antarctic continent (modified from Fretwell et al. (2013)), highlighting areas below sea level,

including the three largest subglacial basins in East Antarctica: the Aurora Subglacial Basin, the
Recovery Subglacial Basin and the Wilkes Subglacial Basin. The location of IODP Expedition 318 drill
site U1361A (64°224.57°S, 143%3.20°E; 3454 m water depth) offshore of the Wilkes Subglacial Basin
is marked. (b) Geological map of the area around the Wilkes Subglacial Basin (after Cook, 2013).

Topographic map of the Wilkes Subglacial Basin (from Bedmap2; Fretwell et al. (2013)) with

simplified lithologies and their isotopic characteristics. Areas of inferred Jurassic Ferrar Large Igneous
Province (FLIP) from airborne geophysics are shown in hatched marking (Frederick et al., 2016;
Ferraccioli et al., 2009; Studinger et al., 2004). CB denotes the Central Basin.

have important implications for Southern Ocean stratification and temperature, with the

potential to amplify melting in other vulnerable regions of the EAIS (Phipps et al., 2016). It is

therefore critical to constrain the sensitivity of the Wilkes Subglacial Basin to future, warmer

environmental conditions.

Previous studies within the vicinity of the Wilkes Subglacial Basin have utilised detrital
sediment provenance, grain-size, ice-rafted debris accumulation, grounding line advances
and retreats, and sea-ice and temperature reconstructions to reveal a dynamic picture of the
early to middle Pliocene and middle Miocene ice margin, with substantial ice retreat into the
basin during warmer times, and ice advance onto the outer shelf at colder times (Armbrecht
et al., 2018; Sangiorqi et al., 2018; Cook et al., 2017; Pierce et al., 2017; Reinardy et al., 2015;
Orejola et al., 2014; Patterson et al., 2014; Cook, 2013). Substantial ice retreat into the Wilkes

Subglacial Basin during the Pliocene and Miocene is also indicated by models that incorporate

complex flow regimes of ice streams, capture marine ice sheet instability, and include
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parameterisations for cliff failure and hydrofracturing of buttressing ice shelves (Gasson et al.

2016; de Boer et al., 2015; Pollard et al., 2015). However, such models require ground-truthing

from the geological record.

The Pliocene (5.3 to 2.6 Ma) is a particularly relevant time period to study in light of future
environmental change. Previous studies have suggested substantial changes in the Pliocene
cryosphere, with largely ice-free conditions in the Northern Hemisphere (Haywood et al., 2016
and reference therein) and collapse of the West Antarctic Ice Sheet (WAIS) (Naish et al., 2009;
Pollard and DeConto, 2009). Estimates of global mean sea level (GMSL) of ~ 22 £ 10m higher

than present during the warm Pliocene (Miller et al., 2012) may require not only collapse of

the vulnerable polar ice in Greenland and West Antarctica, but also significant contributions

from East Antarctica (see also Dutton et al., 2015 for discussion).

In the following, we present the first orbitally-resolved sediment provenance records from
offshore of the Wilkes Subglacial Basin during the middle and late Pliocene. Our new data
yield intriguing insights into the timescales and mechanisms of the equilibrium response of the
EAIS to warmer than present environmental conditions in the geological past, and thereby

provide important constraints for ice sheet modelling of future ice sheet behaviour.

3.2. Materials and methods

Here we study three distinct periods of past warmth from the middle Pliocene (86.75 — 89.56
mbsf; ~ 3.9 Ma), the late Pliocene (64.05 — 67.87 mbsf; ~ 3.1 Ma), and the Plio-Pleistocene
boundary (47.55 — 50.35 mbsf; ~ 2.5 Ma). The material utilised is from IODP Site U1361A
(64°24'S, 143°53’E; 3454 m water depth), which recovered a near-continuous Pliocene record

(Escutia et al., 2011), comprised of alternating diatom-poor laminated muds and diatom-

rich/bearing silty-mud units (Figure 3.2), representing repeated glacial and interglacial cycles.

Interglacial periods are associated with peak diatom abundance counts (Armbrecht et al.,

2018; Taylor-Silva and Riesselman, 2018) and higher productivity (Patterson et al., 2014).

3.2.1. Age model at U1361A

Linear interpolation between palaeomagnetic tie points is used to date U1361A Pliocene

material following Tauxe et al. (2012) and Patterson et al. (2014) (Table 3.1). The section

studied is mostly continuous with one core gap between ~ 3.6 to ~ 3.33 Ma, which is thought

to be related to the “super-glacial” M2 (Tauxe et al., 2012). We sampled for sediment

provenance and biogenic silica concentrations (wt.% BSi) at sub-orbital resolution (~ 10 cm

sampling corresponding to ~ 2 — 4 kyr resolution). Areas of high core disturbance from either
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Figure 3.2: U1361A records of provenance (detrital Sr isotopes, Nd isotopes and K/Ti),
productivity (Ba/Al and biogenic silica content) and ice rafting. From bottom to top: (a)
palaeomagnetic timescale (Ogq, 2012); (b) global benthic 5780 stack (Lisiecki and Raymo, 2005), with
palaeomagnetic tie points in U1361A (Tauxe et al., 2012) marked by grey dotted lines; (c)

lithostratigraphy at U1361A (Escutia et al., 2011) with boxes marked around the intervals studied; (d,

e) Nd and Sr isotopic compositions of the fine fraction of detrital sediment; representative error
associated with Nd analyses is shown in black, while error associated with Sr measurements is
smaller than the data symbols; (f) biogenic silica content (this study, Taylor-Silva and Riesselman,
2018); (g) Ba/Al XRF scan data (Patterson et al., 2014, Cook et al., 2013); (h) K/Ti XRF scan data; (i)
iceberg rafted debris mass accumulation rates (IBRD MAR) (Patterson et al., 2014).
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. . Median Age Top Depth CSF-A Bottom Depth CSF-A
Tie Point Event

(Ma) (mbsf) (mbsf)
C2n (o) 1.945 34.85 34.85
C2An.1n (y) 2.581 49.70 49.75
C2An.1n (o) 3.032 64.55 65.60
C2An.2n (y) 3.116 66.70 66.70
C2An.2n (o) 3.207 71.67 71.72
C2An.3n (y) 3.330 74.52 75.90
C2An.3n (0) 3.596 77.52 77.50
C3n.1n (y) 4.187 99.99 99.99
C3n.2n (o) 4.631 109.68 109.68
C3n.4n (y) 4,997 120.30 120.35

Note: modified from Tauxe et al. (2012) and Patterson et al. (2014).

Table 3.1: Palaeomagnetic age tie points in the Pliocene section of U1361A. The median age
and median depth was used to calculate the age of samples studied (modified from Patterson et al.
(2014) and Tauxe et al. (2012)).

drilling or bioturbation were avoided. Two of the high-resolution intervals studied, the Plio-
Pleistocene boundary (47.55 — 50.35 mbsf, ~ 2.50 Ma), and the late Pliocene (from 64.05 —
67.85 mbsf, ~ 3.08 Ma), are constrained by at least one direct palaeomagnetic datum within
the depth interval analysed for provenance, and hence are well constrained in their ages. Age
uncertainty increases away from these age tie points due to the assumption of linear
sedimentation rates, which does not capture changes over glacial — interglacial transitions.

Bioturbation within the core ranges from millimetres to centimetres (Escutia et al., 2011), which

is less than our sampling resolution. Furthermore, all data presented were collected from the
same core material, making our interpretations on timing and sequences of deglacial events

in the Wilkes Subglacial Basin independent of the age model applied.

3.2.2. Sample categorisation

Samples have been categorised into three groups based on previously published data:
warmer conditions (i.e. interglacial intervals), colder conditions (i.e., glacial intervals), and
transitional samples. Firstly, lithofacies analysis was used to classify the samples into two

groups of diatom-rich/bearing mudstones or massive and laminated mudstones (Patterson

2014). Samples from anomalous lithologies (e.g., rare sand laminae associated with mass
flow deposition) were excluded from this classification. Secondly, average ratios of X-ray

fluorescence (XRF) scan records (Ba/Al; (Patterson et al., 2014; Cook et al., 2013)) and results

from shipboard physical property measurements (Gamma Ray Attenuation (GRA) Bulk
Density, and Natural Gamma Radiation (NGR); (Escutia et al., 2011)) were used to define

criteria for warmer and colder conditions. Sample categorisation was determined based on

the average division of these three variables (warmer conditions: Ba/Al > 0.231, GRA Bulk
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Density < 1.575, NGR < 32.3; colder conditions: Ba/Al < 0.171, GRA Bulk Density > 1.597,
NGR > 34.9). Where these conditions were not met, samples were classified as transitional.
All chosen values are within the parameters constrained by previous studies at the Wilkes
Subglacial Basin margin including high Ba/Al during warmer periods (Patterson et al., 2014;
Cook et al., 2013) and higher NGR during colder periods (NGR > ~ 34; (Tauxe et al., 2015)).

3.2.3. Strontium and neodymium isotope analyses

For high resolution provenance analyses of the detrital fraction, residual sample splits from
iceberg rafted debris mass accumulation rates (IBRD MAR) studies (> 150 ym; (Patterson et
al., 2014)) were utilised and combined with new samples wet sieved at < 63 um or < 150 pm.
In total 52 samples were selected for strontium (Sr) isotope analyses and 72 samples for
neodymium (Nd) isotope analysis. A representative ~ 0.5 g of sediment was taken from the
homogenised fine-grained material and subjected to a sequential leaching procedure to

remove biogenic carbonate using buffered acetic acid (see Biscaye (1965) for more details)

and ferromanganese oxides and oxyhydroxides using a reductive solution of 0.02 M
hydroxylamine hydrochloride (NH>OH) (Cook et al., 2017; Cook et al., 2013; Chester and
Hughes, 1967). As in previous studies, no removal of biogenic opal was conducted (e.g., Cook

et al., 2013). Approximately 50 mg of leached detrital sediment was digested on a hotplate
using 2 ml of 27 M HF, 1 ml of 15 M HNO3; and 0.8 ml of 20 M HCIO,, followed by a secondary
digestion step using 3 ml 15 M HNO3, before fluorides were removed with 3 ml 6 M HCI.

lon chromatography was used to extract the target analytes (Sr and Nd) from the sample
matrix. Samples were initially processed through a series of columns consisting of Tru-Spec
resin (100 — 120 um bead size), Ln-spec resin (50 — 100 ym bead size, 800 ul reservoir size)
and Eichrom Sr-Spec resin (100 — 120 ym bead size). Later processing of samples used
Biorad cation exchange resin (200 — 400 ym mesh), Ln-spec resin (50 — 100 ym bead size,
500 pl reservoir size) and Eichrom Sr-Spec resin (100 — 120 ym bead size). The change in
procedure for separating REEs from the sample matrix in the first column resulted in improved
Nd yields by preventing leakage of organics from Tru-Spec resin, subsequently affecting yields

on Ln-Spec columns (see Struve et al. (2017) and Lambelet et al. (2016) for details).

Neodymium isotope analyses were performed on a Nu Instruments multi collector inductively
coupled plasma mass spectrometer (MC-ICP-MS) in the MAGIC laboratories at Imperial
College London. Instrumental mass bias was corrected using the exponential law and a
146N d/'*4Nd ratio of 0.7219. A correction for direct '4Sm interference was applied, but all
samples were significantly below the threshold determined for accurate correction (< 0.1 % of
the '4Nd signal). All reported sample '“*Nd/'**Nd ratios are corrected using bracketing

standards and normalisation to the recommended JNdi-1 value of 0.512115 (Tanaka et al.,
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2000). Measured average JNdi-1 values for individual analytical sessions are provided in
Appendix A3. Sixteen replicates of standard reference material BCR-2 were processed
alongside unknown samples, and yielded an average *3*Nd/'**Nd ratio of 0.512639 + 0.000022
(2 S.D., n = 46), identical to the recommended value of 0.512638 + 0.000015 (2 S.D.; (Weis
et al., 2006)). Procedural blanks were typically less than 85 pg., and always below 215 pg.,

which is negligible compared to the sample size processed (ranging between ~ 200 and ~
1000 ng). Duplicate sample analysis (i.e., full procedural repeats from digestion through ion
exchange chromatography to mass spectrometry) and re-analysed samples (i.e., the same
aliquot from ion exchange chromatography) always yielded results that agreed within error

(see Appendix A3).

Strontium isotopes were analysed on a Thermo Scientific Triton thermal ionisation mass
spectrometer (TIMS) at the MAGIC laboratories at Imperial College London. Samples were
loaded in 1 yl 6M HCI onto degassed single tungsten filaments, followed by 1 ul of tantalum
chloride activator. Instrumental mass bias was corrected using the exponential law and an
883r/88Sr ratio of 8.375, while interferences of 8Rb were corrected using an 8’Rb/®Rb ratio of
0.3860. Measurements were made in static mode using amplifier rotation. Repeated analysis
of NBS987 standards over the duration of sample analysis yielded an average 8 Sr/%Sr value
of 0.710265 + 0.000016 (20 S.D.; n = 29). All reported 8 Sr/%¢Sr ratios were corrected relative
to the published value for NBS987 of 0.710252 + 0.000013 (Weis et al., 2006) (Appendix A3).
Nine separate digests of standard reference material BCR-2 yielded an 8Sr/%¢Sr ratio of
0.705012 £ 0.000012 (20 S.D.; n = 16), which is in good agreement with the published value
(0.705013 £ 0.000010; (Weis et al., 2006)). Following replacement of the graphite inserts of

all TIMS collector cups in February 2017, new baselines were established and amplifier

rotation was no longer used for the measurements. Under these new conditions, NBS987
standards yielded ®Sr/%Sr values of 0.710245 + 0.000016 (20 S.D.; n = 66), while eight
digests of standard reference material BCR-2 yielded an average 8’Sr/¢Sr ratio of 0.705012
1 0.000014 (20 S.D.; n = 34). Re-analysed samples always yielded results that agreed within
error (Appendix A3), whereas total procedural duplicates of sediment showed a larger
uncertainty (i.e., in the fourth decimal place). This variability is likely due to sample

heterogeneity, and is comparable to what has been reported in other studies (Cook et al.

2013; Tutken et al., 2002). Procedural blanks were typically less than 70 pg, representing

considerably less than a 0.5 % contribution to sample measurements.

In addition, tests were conducted on selected samples to ensure that using two different grain-
size fractions (i.e., < 63 ym and < 150 ym) of detritus yielded comparable results (Appendix
A3).
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3.2.4. Biogenic Silica

Biogenic silica concentrations (wt.% BSi) were measured on discrete samples using a

molybdate blue spectrophotometric method modified from Strickland and Parsons (1972) and

DeMaster (1981). For each analysis ~ 7 mg of dry, homogenised sediment was leached in 0.1

M NaOH at 85 °C, and sequential aliquots were collected after 2, 3, and 4 hours. After the final
sampling hour, molybdate reagent and reducing solution were added to all samples, blanks,
and standards to produce a colorimetric reaction, and absorbance of the 812 nm wavelength
was measured using a Shimadzu UV-1800 spectrophotometer. Dissolved silica concentration
of unknowns were calculated using a 10-point standard curve with known concentrations
ranging from 0 pyM to 1200 uM, and data from the three sampling hours were regressed

following the method of DeMaster (1981) to calculate wt.% BSi. Reproducibility was assessed

by replication within each run and across runs. The average standard deviation of replicate

measurements was 0.47 %.

3.3. Results and Discussion

3.3.1. Provenance of Pliocene Detrital Sediments at IODP
Site U1361A

Provenance tracing of detrital sediment is an effective tool for deciphering ice sheet histories

(Licht and Hemming, 2017). The Wilkes Subglacial Basin is an ideal location for such studies

due to the distinct geochemical signature of the lithological terranes in the hinterland (Cook et

al., 2017; Cook et al., 2013) (Figure 3.1b). Our new detrital sediment radiogenic isotope

measurements provide evidence for gradual provenance changes across three distinct
Pliocene glacial-interglacial cycles (Figure 3.2), with consistent co-variation of Sr and Nd
isotope fingerprints. In line with previous interpretations from low-resolution records at the

same site (Cook et al., 2017; Cook et al., 2013), transitions from cooler to warmer periods are

characterised by shifts to less radiogenic (lower) 8 Sr/%Sr ratios and more radiogenic (higher)
eng Values (Figure 3.2). As such, two distinct isotopic clusters are identified for the Pliocene
detrital material at IODP Site U1361A: (1) eng ranging from -12.6 to -15.5 and 8’Sr/®%Sr from
0.729 to 0.740, and (2) end = -9.0 to -11.0 and #Sr/%Sr = 0.715 — 0.723. These denote (1)
erosion of Paleozoic granites (87Sr/%Sr = 0.712 to 0.753, eng = -9.7 to -19.8), exposed around
the proximal Ninnis Glaciers (i.e., coastal outcrops), and (2) influence of an additional erosion
source of inland material within the Wilkes Subglacial Basin (i.e. Ferrar Large Igneous
Province and associated Beacon Supergroup (FLIP: 87Sr/%Sr = 0.709 to 0.719, eng = -3.5 t0 -
6.9)) (Figure 3.3). The FLIP and Beacon Supergroup lithologies are located mostly inland and
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Figure 3.3: Provenance results from detrital sediment of U1361A. Characteristic geochemical
signatures of the different lithological terranes in the Wilkes Subglacial Basin vicinity are marked as

fields on the Sr vs. Nd isotope diagram (adapted from Cook et al., 2013). Analyses from samples

categorised within this study as warmer conditions (i.e., interglacial intervals), colder conditions (i.e.,
glacial intervals), and transitional times are indicated by the colour and symbol selection. Grey

triangles denote previously published Pliocene data (Cook et al., 2017; Cook et al., 2013), which also

represent warmer conditions, colder conditions and transitional climate states.

constitute the majority of the sedimentary infill in the Central Basin of the Wilkes Subglacial
Basin (Frederick et al., 2016; Ferraccioli et al., 2009; Studinger et al., 2004) (Figure 3.1b).

Since such lithologies are currently covered by ice, significant erosion from this source is not
detected in modern core top samples (Cook et al., 2013). Therefore, the appearance of this

provenance signature in diatom-rich Pliocene sediments is interpreted to represent significant

retreat of the ice margin into the Central Wilkes Subglacial Basin (Cook et al., 2013).
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3.3.2. Sequence of Pliocene Deglaciation Events around
the Wilkes Subglacial Basin

Our high resolution provenance study allows us, for the first time, to place variations in the
source of the detrital material in direct context with other environmental changes documented
in the same core, making the relative timing of events robust and independent of age model
uncertainty. Firstly, we compare our new data to marine productivity proxies; continuous Ba/Al

ratios (Patterson et al., 2014; Cook et al., 2013) from XRF scans, and biogenic silica data (this

study, see also Taylor-Silva and Riesselman (2018)) (Figure 3.2). The shift in the geochemical

provenance signal coincides closely with changes in both productivity records. Periods of
climatic warmth (i.e., interglacial intervals) are characterised by biogenic-rich facies, with
higher Ba/Al ratios (> 0.21) and elevated biogenic silica content (8.5 — 25.4 wt.%) (Figure 3.4).
Colder periods (i.e., glacial intervals) are characterised by biogenic-poor facies, lower Ba/Al
ratios (< 0.17) and lower biogenic silica content (5.2 — 15.4 wt. %). The new biogenic silica
data supports the interpretation made that diatom-rich/bearing mudstones with high Ba/Al
ratios are indicative of times with higher productivity and hence warmer climatic periods
(Patterson et al., 2014; Cook et al., 2013).

When compared to iceberg rafted debris mass accumulation rates (IBRD MAR) (Patterson et

al., 2014), the timing of rapid shifts in sediment provenance and increase in productivity

coincides with peak IBRD accumulation (Figure 3.2). Maxima in IBRD have been interpreted

to reflect accelerated calving of marine terminating glaciers (Patterson et al., 2014), which

would lead to a dynamic retreat of the ice sheet and subsequent re-stabilisation of the ice
margin inland, resulting in the observed provenance shifts. Large-scale ice retreat is therefore
more likely to cause the observed provenance shifts than a switch in sediment delivery
between ice streams. Marine productivity in the local Southern Ocean would subsequently

increase as a result of the accompanying decrease in sea-ice extent (Armbrecht et al., 2018;

Taylor-Silva and Riesselman, 2018) and associated changes in nutrient delivery, allowing
marine productivity to increase, as documented in the Ba/Al and biogenic silica records
(Figure 3.2).

3.3.3. Ice Retreat and Southern Ocean Biogeochemistry

We observe a significant negative correlation between XRF Ba/Al and K/Ti ratios in Pliocene
marine sediments (Figure 3.5; R = 0.85). K/Ti ratios indicate the provenance of terrigenous

material (Monien et al., 2012), providing a continuous and independent provenance tracer to

Nd and Sr isotopes. The inferred provenance shifts at IODP Site U1361A during interglacial
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Figure 3.4: Relationship between productivity proxies biogenic silica and Ba/Al in U1361A
Pliocene material. Biogenic silica data (wt. % BSi; this study and Taylor-Silva and Riesselman
(2018)) vs Ba/Al from XRF-scan records (Patterson et al., 2014; Cook et al., 2013). The samples have

been categorised utilising Ba/Al scan records, NGR, and GRA Bulk Density records as either warmer

conditions, colder conditions, or transitional conditions (see main text for further details). A linear

regression line (R? = 0.66, solid black line) is shown between the two variables.

intervals introduce a basaltic component to the source material, which carries lower K/Ti ratios,
has substantially elevated Fe concentrations and has a higher susceptibility to weathering.
Since Fe is a limiting nutrient in the modern Southern Ocean, the supply of highly soluble
reactive Fe in the form of labile (oxyhydr)oxides from glaciated terranes (Raiswell et al., 2006)

could have played a major role in providing bioavailable trace metals and nutrients, driving

Pliocene glacial-interglacial productivity changes.
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Figure 3.5: XRF scan record of K/Ti (provenance) and Ba/Al (productivity) in U1361A Pliocene
material. K/Ti versus Ba/Al count ratios from XRF-scan records over the intervals studied at high
resolution for provenance work: 47.35 — 50.55 mbsf, 63.80 — 68.05 mbsf, and 86.55 — 89.75 mbsf. An
exponential regression line (R? = 0.85) is shown in black. Higher Ba/Al is interpreted as increased
marine productivity, while lower K/Ti is indicative of an increased basaltic influence in the source

sediment, interpreted to be caused by a retreated ice margin within the Wilkes Subglacial Basin.

However, marine productivity did not increase immediately at the time of increased IBRD
accumulation (Figure 3.2), suggesting that ocean fertilisation around icebergs (Duprat et al.,
2016) was not the dominant process driving enhanced interglacial productivity. Instead, our
data supports the idea that bioavailable Fe trapped within multi-year sea-ice (Geibert et al.

2010) could have been released during interglacials. Alternatively, or in addition, increased
meltwater fluxes from the recently deglaciated terranes and/or enhanced subglacial erosion

may have been important for nutrient delivery to the ocean. Statham et al. (2008) pointed out
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the large potential for glacially-derived dissolved and colloidal Fe to impact Southern Ocean

primary productivity, and Hodson et al. (2017) showed that glacial meltwaters in the Antarctic

Peninsula, where the source rock predominantly comprises young basaltic lithologies, contain
significant amounts of bioavailable Fe. Additionally, in the Labrador Sea, offshore of the

Greenland Ice Sheet, Arrigo et al. (2017) showed that the nutrients supplied in such

meltwaters travel vast distances (> 500 km) offshore of the coast. Sedimentary facies analysis
from the Ross Sea furthermore indicates that the EAIS margin had a similar glacial regime to
that of the modern Antarctic Peninsula and East Greenland during the Late Pliocene and Early

Pliocene, respectively (McKay et al., 2009), which is consistent with enhanced glacial

meltwater delivery at these times and hence enhanced localised nutrient delivery.

3.3.4. Timescales of Ice Retreat and the Pliocene History
at the Wilkes Subglacial Basin Ice Margin

Constraining the history of the Antarctic Ice Sheet is important for improving our ability to
project future rates of ice retreat in a warming world. However, obtaining rate information from
palaeo-records is inherently challenging because of bioturbation, relatively low sedimentation
rates, and variable sediment deposition along glaciated margins. Nevertheless, the well-
defined chronology and near continuous sediment deposition at U1361A over the Pliocene

(Tauxe et al., 2012) allows linear sedimentation rates (0.85 to 5.49 cm/kyr) between direct

datums to be utilised to extract information on timescales (Table 3.1). As such, a first data-
based estimate for natural timescales of ice retreat under elevated Pliocene temperatures is
determined to be in the order of ~ 3 to 7 kyrs. Timescales of deglaciation were estimated
based on the distance between samples with isotopic compositions of colder conditions and
the first sample representative of warmer conditions. This was found to be 20 cm, 10 cm and
20 cm (~ 7, 3 and 5 kyr respectively) for the Plio-Pleistocene Boundary, Late Pliocene and
Middle Pliocene intervals, respectively. The high fidelity orbital signature of the IBRD signal

identified by (Patterson et al., 2014) gives us confidence that we are assessing single

eccentricity-paced (100 kyr) cycles in the time slices centred on 3.1 and 2.5 Ma, and a single
obliquity cycle at 3.9 Ma (Figure 3.2). Hence, our geological data provides support that ice
margin retreat occurred on timescales similar to recent glacial terminations and modelling
results from the Wilkes Subglacial Basin (i.e. < 10 kyr) (Pollard et al., 2015; Golledge et al.,
2017b).

Our new record furthermore reveals similar provenance changes during all Pliocene intervals,
providing evidence for continued ice retreat as global climate transitioned from Antarctic-
dominated eccentricity control to a bipolar obliquity-paced state in the late Pliocene. While

previous studies have suggested changes in ice dynamics around East Antarctica associated
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with late Pliocene global cooling and Antarctic sea-ice expansion (Taylor-Silva and
Riesselman, 2018; Orejola et al., 2014; Cook et al., 2014; McKay et al., 2012; Escutia et al.,

2009), our new data demonstrate that the Wilkes Subglacial Basin was a highly sensitive ice-

ocean-atmosphere system in all climate states, despite significant Antarctic cooling at 3.3 Ma

(Taylor-Silva and Riesselman, 2018; Riesselman and Dunbar, 2013; McKay et al., 2012), and

the onset of Northern Hemisphere Glaciation at 2.7 Ma (Raymo et al., 2006; Lisiecki and

Raymo, 2005). Throughout the late Pliocene, this region remained susceptible to ice retreat,
warranting future investigations on its sensitivity in the Late Pleistocene under temperatures

similar to those expected for the end of the 215t century.

3.4. Conclusions

Our results constitute the first orbitally-resolved provenance studies on one of the most
vulnerable areas of the East Antarctic Ice Sheet under warmer environmental conditions and
elevated atmospheric carbon dioxide concentrations. We demonstrate dynamic behaviour of
the ice margin at the mouth of the Wilkes Subglacial Basin throughout the Pliocene epoch,
with ice retreat on timescales of a few thousand years, substantiating findings of recent
modelling studies. Comparison of sediment provenance, marine productivity, and iceberg
calving rates from the same samples indicates that the first deglacial response to orbitally-
forced atmospheric and/or oceanic warming was an intensification in iceberg calving events
(i.e., response of individual ice streams). This change triggered a retreat of the ice margin
inland, resulting in a shift in the provenance signature and an increase in ocean productivity.
Elevated productivity coincident with ice sheet retreat indicates that both reduced sea-ice
cover and glacial meltwater production could have played a role in local fertilisation of the
Southern Ocean during past warm periods. The Wilkes Subglacial Basin did not permanently
stabilise within the Pliocene Epoch, suggesting it may be more sensitive to melting than

previously thought.
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Abstract

Understanding ice sheet behaviour in the geological past is essential for evaluating the role
of the cryosphere in the climate system and for projecting rates and magnitudes of sea level
rise in future warming scenarios (DeConto and Pollard, 2016; Mengel and Levermann, 2014;
Golledge et al., 2015; IPCC, 2013). While both geological data (Reinardy et al., 2015;
Patterson et al., 2014; Cook et al., 2013) and ice sheet models (DeConto and Pollard, 2016;

Austermann et al., 2015) indicate instability of marine-based sectors of the East Antarctic Ice

Sheet during Pliocene warm intervals, the ice sheet dynamics during late Pleistocene

interglacials are highly uncertain (Golledge et al., 2017a; DeConto and Pollard, 2016; Pollard

and DeConto, 2009). Here we provide evidence from marine sedimentological and

geochemical records for ice margin retreat or thinning in the vicinity of the Wilkes Subglacial
Basin of East Antarctica during warm late Pleistocene interglacials. The most extreme
changes in sediment provenance, recording changes in the locus of glacial erosion, occurred

during marine isotope stages 5, 9, and 11, when Antarctic air temperatures (Jouzel et al.

2007) were at least 2 °C warmer than pre-industrial for 2500 years or more. Hence, our
study indicates a close link between extended Antarctic warmth and ice loss from the Wilkes
Subglacial Basin, providing the first ice-proximal data supporting a sea level contribution
from a reduced East Antarctic Ice Sheet during warm interglacials. While the behaviour of
other regions of the East Antarctic Ice Sheet remains to be assessed, it appears that modest

future warming may be sufficient to cause ice loss from the Wilkes Subglacial Basin.

4.1. Introduction

Ice sheet growth and decay act as major controls on regional and global climate by
influencing albedo, sea ice extent, atmospheric and ocean circulation, nutrient supply, and
sea level. In particular, the behaviour of the polar ice sheets is a key uncertainty in predicting

sea level rise beyond the end of this century (Mengel and Levermann, 2014; |IPCC, 2013).

Complete melting of the marine-based West Antarctic Ice Sheet (WAIS) would contribute ~ 3
— 5 m to global mean sea level, while the East Antarctic Ice Sheet (EAIS) contains a sea

level equivalent of ~ 53 m, of which ~ 19 m is also marine-based ice (Fretwell et al., 2013).

Although such ice is susceptible to loss through marine ice sheet instability processes where

the bed deepens inland (Schoof, 2007), modelling studies differ in their predictions for both
past and future ice sheet stability (Golledge et al., 2017a; DeConto and Pollard, 2016;

Austermann et al., 2015; Golledge et al., 2015; Ritz et al., 2015; Mengel and Levermann,

2014; Pollard and DeConto, 2009). It is therefore crucial to use geological evidence from

proximal to ice sheet margins (Reinardy et al., 2015; Patterson et al., 2014; Cook et al.,
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2013; Naish et al., 2009; Scherer et al., 1998) in order to constrain ice sheet responses to

climate forcing.

The late Pleistocene interval represents a critical target for exploring ice sheet behaviour

because of similar ice sheet boundary conditions to the present day (c.f. Austermann et al.,

2015) and well-constrained evidence on global mean sea levels (Dutton et al., 2015) and

regional climatic forcing (Elderfield et al., 2012; Martinez-Garcia et al., 2009; Jouzel et al.,

2007). Global mean sea levels were 6 — 9 m higher than present during interglacial marine
isotope stage (MIS) 5e, and 6 — 13 m higher than present during interglacial MIS 11,

probably requiring a significant ice reduction in Antarctica (Dutton et al., 2015).

Sedimentological evidence suggests that the Pleistocene ice sheets draining into the Ross

Sea Embayment fluctuated on glacial-interglacial timescales (Naish et al., 2009), while

collapse of the WAIS was proposed for at least one Pleistocene interglacial (Scherer et al.

1998). Although proximal marine sedimentary records indicate a dynamic margin for both the

WAIS and the EAIS during warm Pliocene intervals (Reinardy et al., 2015; Patterson et al.,

2014; Cook et al., 2013; Naish et al., 2009), there are currently no data directly constraining

EAIS behaviour during the late Pleistocene.

4.2. Methods

Here we provide the first observations constraining the behaviour of a marine-based sector
of the EAIS during the late Pleistocene, based on sedimentological and geochemical records
in marine sediment core U1361A (64.41°S, 143.89°E, 3454 m water depth), recovered from
the continental rise offshore of the Wilkes Subglacial Basin (Figure 4.1) during IODP

Expedition 318 (Escutia et al., 2011). Because of its landward-sloping bed and ~ 3 —4 m sea

level equivalent contained in marine-based ice (Mengel and Levermann, 2014; Fretwell et

al., 2013), the Wilkes Subglacial Basin represents both a sensitive test for EAIS vulnerability

(Golledge et al., 2017a) and a significant potential contributor to global sea level. Glacial-

interglacial cycles are well resolved in the upper 7.5 metres of U1361A, with glacial intervals
indicated by diatom-poor silty clays with occasional laminations and low barium/aluminium
(Ba/Al) ratios, and interglacial intervals marked by bioturbated diatom-rich clays with high

Ba/Al ratios, high sediment reflectance and occasional dropstones (Escutia et al., 2011)

(Figure 4.2a-e). These lithological cycles record changes in local productivity, likely due to

reduced presence of sea-ice during interglacials (Escutia et al., 2011). Assignment of the

diatom-rich intervals to the past five interglacials (pink bars in Figure 4.2) is well supported

by all available chronostratigraphic datums (Appendix A5: Figure A5.3; Table A5.8).
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Figure 4.1: Setting of sediment core U1361A offshore of the Wilkes Subglacial Basin. (a) Map
of Antarctica showing the subglacial bedrock elevation above sea level (Fretwell et al., 2013) and core
U1361A location. EAIS, East Antarctic Ice Sheet; WAIS, West Antarctic Ice Sheet. (b) Detailed map of

the Wilkes Subglacial Basin, with lines illustrating positions of the ice sheet margin in different ice

sheet models and scenarios: fully retreated state of Mengel and Levermann (2014) under 1.8 °C

ocean warming (red dashed line); maximum simulated MIS 5e retreat of DeConto and Pollard (2016),

equivalent to approximately 2 °C ocean and atmospheric warming (black dashed line); and modelled

retreat of Golledge et al. (2017a) for both 2 °C ocean and atmospheric warming (ochre dotted line

approximately following modern coastline) and 4 °C ocean and atmospheric warming (white dotted

line). Labels C, N, and M indicate positions of Cook, Ninnis, and Mertz ice shelves, respectively.

Since sediment supply to the continental rise at Site U1361A is dominated by downslope

transport from the proximal shelf (Escutia et al., 2011) (Appendix A5), sediment provenance

in this location is sensitive to processes at the regional ice sheet margin. To constrain
provenance changes through time, we analysed neodymium (Nd) isotopic compositions on
the bulk sediment fraction (Appendix A5) at approximately 10 cm intervals (~ 6 kyr
resolution). These data are expressed as eng, the deviation of '**Nd/'*4Nd ratios from the
Chondritic Uniform Reservoir value in parts per 10,000. Since Nd isotopes vary as a function
of the age and lithology of the eroded source rocks, they are an appropriate tracer for
changes in the distribution of glacial erosion in the vicinity of the Wilkes Subglacial Basin

(Cook et al., 2013). Sediment grain-size (% 250 um — 2 mm) was also measured to provide

complementary evidence on the supply of iceberg-rafted debris (IBRD) from calving ice
margins (Appendix A5).
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Figure 4.2: Late Pleistocene records from core U1361A spanning MIS 1 to MIS 12. (a) core
images, (b) lithological log (green layers with vV’ symbol = diatom ooze; brown layers with long dashes
= silty clay; brown layers with short dashes = bioturbated clay), (c) sediment reflectance (a*), (d)
diatom abundance (logarithmic scale), (e) Ba/Al ratios (XRF-scanner counts), (f) detrital sediment Nd
isotopes (arrows indicate coastal erosion of Lower Paleozoic granitoids versus inland erosion of
FLIP/Beacon lithologies; error bars are 2 standard deviation external reproducibility), (g) iceberg-
rafted debris (IBRD, % 250 um — 2 mm; open square represents one data point that plots off the scale
with 7.5 % IBRD at 5.05 m depth). Pink bars highlight interglacial periods, based on the dominance of
diatom-rich clay. Marine isotope stage (MIS) numbers are labelled at the top, together with
chronostratigraphic constraints (LCO = Last Common Occurrence, LO = Last Occurrence; Methods).
Data in panels (a-c) from Escutia et al. (2011); all other data from this study (Appendix A5: Tables
A5.1, A5.4, A5.5, A5.7 and A5.8).
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4.3. Results

Our detrital Nd isotope record reveals variability between eng = -15.5 to -12 during glacials
and eng = -12 to -8.5 during interglacials (Figure 4.2f), corresponding closely with sea-ice
retreat and productivity changes inferred from Ba/Al ratios (Figure 4.2e; Appendix A5).
Provenance shifts towards more radiogenic Nd isotopic compositions at the onset of
interglacials MIS 5 and MIS 9 coincide closely with peaks in the supply of IBRD, whereas
IBRD peaks slightly precede the provenance changes for MIS 7 and MIS 11 (Figure 4.2f,g).
While IBRD peaks are transient events recording dynamic ice discharge typically during

deglaciation (Patterson et al., 2014) (Appendix AS5), the provenance changes are sustained

for longer and suggest a prolonged switch in the locus of regional glacial erosion. Additional
minor IBRD peaks occur near the ends of diatom-rich intervals, potentially recording an

advancing ice margin at the onset of glaciation.

4.4. Discussion

4.4.1. Late Pleistocene provenance variations
The sediment provenance changes at U1361A during the late Pleistocene are strikingly
similar in pattern and magnitude to changes reported previously for the Pliocene, which

ranged from eng = -15 to -6 (Cook et al., 2013). Hence, we infer that similar lithologies were

eroded during both periods, which is further supported by detrital strontium (Sr) isotope data
(Appendix A5: Figure A5.2). In detail, unradiogenic Nd isotopic compositions during late
Pleistocene glacials (eng = -15.5 to -12) record a dominant Lower Paleozoic provenance (end
= -20 to -10), which is explained by bedrock erosion of Lower Paleozoic granitoids near the

modern ice margin, particularly around the Ninnis Glacier (Cook et al., 2013) (Appendix A5:

Figure A5.1). In contrast, the more radiogenic compositions during interglacials (up to end
values of -8.5) require additional contributions from a more radiogenic source that is inferred
to be the Permian-Cretaceous rocks of the Ferrar Large Igneous Province (FLIP) (eng = -7 to
-3.5; Cook et al. (2013)). Such FLIP basalts and dolerites, and associated Beacon

Supergroup sediments, are not exposed in significant areas at the present ice margin, with

only a small coastal outcrop at Horn Bluff (Appendix A5: Figure A5.1), but are extensively

present within the ice-covered Wilkes Subglacial Basin (Cook et al., 2013; Ferraccioli et al.,

2009). The admixture of a FLIP component within the interglacial sediments at U1361A is
independently supported by acid-reductive leaching experiments, which extract a reactive
component with a Nd isotopic composition consistent with the FLIP (Appendix A5: Figure
A5.1).
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An enhanced contribution of FLIP lithologies to Site U1361A during warmer than present
interglacials (Figure 4.2f) must indicate a shift in the erosional regime of the ice sheet and/or
a change in sediment transport to the site. Although the flow speed of the wind-driven

westward-flowing Antarctic Coastal Current (Spence et al., 2014) could have changed

through time, we argue against sediment transport changes as the dominant control on our
provenance record. First, warming is proposed to weaken the polar easterlies and reduce
the strength of the Antarctic Coastal Current (Spence et al., 2014; DeConto et al., 2007),

whereas an enhanced supply of FLIP-derived sediments from upstream coastal sources
(e.g., Horn Bluff) during warm interglacials would instead require a strengthened current.
Second, we observe similar Nd isotope values and temporal variability in the bulk and fine (<
63 um) sediment fractions for 10 co-analysed samples in U1361A (Appendix A5: Figure
A5.1), which rules out mineralogical or grain-size sorting as a major control on the record.
Third, a record of sortable silt mean grain-size in U1361A (Appendix A5: Table A5.4)
provides no evidence for significant deep flow speed changes, and shows no co-variation
with detrital Nd isotopes, which is consistent with a turbidite-dominated transport
environment but inconsistent with deep current transport driving the radiogenic Nd isotope

signal (Appendix A5).

Because ice sheets predominantly erode bedrock near their margins (Golledge et al.,

2017b), we consider past interglacial retreat of the ice margin into the Wilkes Subglacial
Basin (Golledge et al., 2017a; DeConto and Pollard, 2016; Mengel and Levermann, 2014)

(Figure 4.1b), coupled to enhanced erosion of FLIP bedrock and/or FLIP-derived sediment

infill of the Central Basin (Ferraccioli et al., 2009), as the most likely explanation for the

provenance changes at Site U1361A. Additionally, enhanced erosion of FLIP and associated
Beacon lithologies close to the mouth of the Wilkes Subglacial Basin could possibly have
contributed to the provenance shift. Without necessitating full-scale retreat, this latter
scenario would require a significant change in the erosion distribution, implicating flow

acceleration linked to ice sheet thinning (Golledge et al., 2017b). While we cannot

quantitatively determine the relative importance of margin retreat versus thinning, we
emphasise that either scenario would imply a close link between detrital provenance and ice
volume reduction in the Wilkes Subglacial Basin, and hence a late Pleistocene sea level
contribution from the EAIS.

4.4.2. Assessing the vulnerability of the Wilkes Subglacial
Basin to late Pleistocene interglacial warmth

The key finding from our new dataset is that the Wilkes Subglacial Basin has been

susceptible to ice loss not only during warm Pliocene intervals with CO- levels of ~400 ppm
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(Cook et al., 2013), but also during the late Pleistocene despite CO- levels remaining below

300 ppm (Siegenthaler et al., 2005). Hence, we provide the first data-based evidence in

support of recent ice sheet models which simulate margin retreat and ice loss during late

Pleistocene interglacials (Golledge et al., 2017a; DeConto and Pollard, 2016; Mengel and

Levermann, 2014) (Figure 4.1b). While global climate forcing during recent interglacials was

generally similar to the Holocene, evidence from both Antarctica (Jouzel et al., 2007) and the

Southern Ocean (Elderfield et al., 2012; Martinez-Garcia et al., 2009) reveals that a number

of these interglacials were at times characterised by warmer temperatures than the
Holocene (Figure 4.3a-c), consistent with a link between regional warming and ice sheet

retreat (DeConto and Pollard, 2016; Mengel and Levermann, 2014). Possible causes of

transient warmth include a bipolar seesaw tied to variability of the Atlantic meridional

overturning circulation (Jouzel et al., 2007), wind shifts that enhanced Circumpolar Deep

Water upwelling onto the shelves (Fogwill et al., 2014) , or feedbacks linked to the size of the
WAIS (Holden et al., 2010).

In detail, it is striking that differences in Nd isotopic compositions between individual

interglacials correlate well with Southern Ocean temperatures (Elderfield et al., 2012;

Martinez-Garcia_et al., 2009; Jouzel et al., 2007) (Figure 4.3a-c) and global sea level
(Dutton et al., 2015; Waelbroeck et al., 2002) (Figure 4.3f). In particular, MIS 5, 9 and 11,

with the most distinct radiogenic Nd isotope excursions (Figure 4.3e), experienced the most

extended warmth in Antarctica (Jouzel et al., 2007) (Figure 4.3a), with temperatures more

than 2 °C warmer than the pre-industrial late Holocene for ~ 4 kyr, ~ 2.5 kyr and ~ 6 kyr
respectively. In contrast, MIS 7 had a more muted Nd isotope response, comparable to the
transition from the Last Glacial Maximum into the Holocene (Figure 4.3e), and experienced
temperatures more than 2 °C warmer than the pre-industrial late Holocene for only ~ 1 kyr
(Figure 4.3a). Such a scaling between the magnitude and duration of regional climate
warming, the Nd isotope-based provenance variations, and global sea level (Figure 4.3) is
consistent with an ice volume change in the Wilkes Subglacial Basin. We therefore suggest
that an Antarctic warming of ~ 2 °C above pre-industrial temperatures for ~ 1 — 2.5 kyr has
been sufficient to cause ice loss beyond that of the modern day or pre-industrial Holocene,
leading to a contribution to global sea levels from the EAIS during MIS 5, 9 and 11, in

agreement with recent modelling results for MIS 5e (DeConto and Pollard, 2016).
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Figure 4.3: Comparison of core U1361A records to regional palaeoclimate and global sea level
records. (a) Antarctic ice core temperature difference (AT, difference from mean values of the last
millennium) derived from deuterium isotopes (6D) at EPICA Dome C (Jouzel et al., 2007) plotted on

EDCS3 age scale, (b) Southern Ocean bottom water temperature (BWT) from Mg/Ca at ODP Site 1123
(Elderfield et al., 2012), (c) Southern Ocean sea surface temperature (SST) from alkenones at ODP
Site 1090 (Martinez-Garcia et al., 2009), (d) Ba/Al ratios (XRF-scanner counts; 3-point smoothed) in

U1361A, (e) bulk detrital sediment Nd isotopes in U1361A (error bars are 2 S.D. external
reproducibility), (f) sea level proxy from benthic oxygen isotopes (Waelbroeck et al., 2002), labelled
with MIS numbers and sea level estimates from MIS 5e and MIS 11 (Dutton et al., 2015). Shading in

panels (a-c, f) represents intervals with values above modern (or late Holocene core top), and the red
dashed line in panel (e) indicates the core top enq value of U1361A. For chronostratigraphic
constraints on U1361A, see Appendix A5: Table A5.8.
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Differences in provenance between individual interglacials (Figure 4.3e) also hint at the
underlying mechanisms of ice retreat in the Wilkes Subglacial Basin, by supporting variable
ice margin retreat during climate warming, rather than a simple switch between advanced

and retreated states (Mengel and Levermann, 2014) (Figure 4.1b). Variable retreat could

reflect the presence of multiple pinning points on basement highs (Golledge et al., 2017a;

Golledge et al., 2017b) (Figure 4.1b), which represent temporary or final limits for the ice

margin. In this view, the more extreme radiogenic Nd isotope excursions observed during

some (but not all) warm Pliocene intervals (Cook et al., 2013) may indicate more substantial

ice sheet retreat at these times.

4.4.3. Long-term trends in ice sheet behaviour

Although we have focused on ice sheet behaviour during individual interglacials, our data
also provide an indication of longer timescale changes in ice sheet dynamics. Over the last
~480 kyr, there is a long term trend towards declining IBRD (Figure 4.2g), suggesting an
increasingly stable ice margin, while glacial eng values have become less extreme (i.e., more
radiogenic) (Figure 4.2f), potentially indicating reduced glacial advance over the shelf.
Together, these observations appear consistent with a gradual stabilisation of the ice margin
as a consequence of grounding zone sediment accumulation through multiple glacial cycles
(Alley et al., 2007; Pollard and Deconto, 2007), but this hypothesis awaits further testing.

4.5. Conclusions

By providing the first geological evidence for ice loss from a dynamic margin of the EAIS
during recent warm interglacials (MIS 5, 9 and 11), our data place new constraints on the
role of Antarctica in past sea level change, and represent a useful target for ice sheet
models. Based on the ice sheet response during past interglacial periods, we estimate that
significant ice loss within the Wilkes Subglacial Basin would likely occur with ~ 2 °C warming
(above pre-industrial) if sustained for a few millennia. This scenario is broadly consistent with
the magnitudes and timescales of forcing that generate ice margin retreat in models
(DeConto and Pollard, 2016; Golledge et al., 2015; Mengel and Levermann, 2014). While

evidence from sediment provenance cannot precisely quantify the magnitude of any sea

level contribution, our data appear to suggest that some models (e.g. Golledge et al., 2017a;

Ritz et al., 2015) may have underestimated the long-term potential of the Wilkes Subglacial

Basin, and perhaps the EAIS more generally, to contribute to future sea level rise.
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Chapter 5.

Deciphering the end-
member conundrum in the
Wilkes Subglacial Basin,
East Antarctica

Rachel Bertram (R.A.B.) led this chapter as part of a collaborative project. Contributions for new
data and insights are as follows: R.A.B and Samantha J. Hammond conducted elemental
concentration data collection at The Open University. Sidney R. Hemming conducted argon
analysis at Lamont-Doherty Earth Observatory. R.A.B., Tina van de Flierdt and David Wilson

interpreted both new and old data presented in this chapter. R.A.B. wrote the chapter manuscript
with input from all collaborators. The Georoc and Petlab databases have been used for
compiling bedrock data.
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Abstract

The provenance of detrital marine sediments around glaciated continental margins can offer
vital insights into past ice sheet histories and useful constraints on future projections of the
vulnerable cryosphere. Provenance studies rely on accurate assessment and characterisation
of end-member lithologies in order to determine the source of erosion correctly. Offshore the
Wilkes Subglacial Basin, East Antarctica, previous geochemical analyses of detrital sediments
have inferred provenance shifts between a source in the hinterland composed of Lower
Paleozoic granitoids and an inland area of inferred Ferrar Group basaltic material, suggestive
of large scale ice retreat within the basin. There is however evidence for the influence of a
third domain, the Beacon Supergroup, which is found in association with the Ferrar basalts
and inferred to dominate the sedimentary infill of the Wilkes Subglacial Basin. Here we use
radiogenic isotopic compositions (strontium and neodymium) in combination with major and
trace element analysis and K-Ar dates of Plio-Pleistocene detrital sediments from IODP Site
U1361A offshore the Wilkes Subglacial Basin to elucidate further the end-member question.
We find that the geochemical composition of sediments deposited during times with a similar-
to-present or even advanced ice margin are dominated by erosion of Lower Paleozoic
granites. In contrast, warmer-than-present environmental conditions, implicit of periods with a
retreated ice margin, are likely composed of a mix of eroded source areas containing
contributions from Ferrar Group, Beacon Supergroup and Lower Paleozoic granites. In detail,
we suggest that Victoria Group formations of the Beacon Supergroup are likely to be the
dominate source during retreated ice margin scenarios, although more isotopic and elemental

analyses of the Beacon Supergroup are needed to constrain this fully.

5.1. Introduction

With 98 % of the Antarctic continent covered by ice, detrital sediment collected offshore can
provide valuable information on continental geology. Determining the on-land provenance of
detrital marine sediments (i.e., the continental source rocks that were eroded prior to
transportation and marine deposition) can be used to infer past erosional patterns, which in

turn can be linked to ice sheet fluctuations (Licht and Hemming, 2017; Goldstein and

Hemming, 2011). Limited Antarctic outcrops, mostly exposed around the coastlines, make

such a task challenging. In many cases, sub-ice geology has to be inferred from these
restricted exposures, in conjunction with airborne geophysics and seismic surveys (Studinger
et al., 2004).

A large array of potential techniques exists that can be utilised to study the provenance of

glaciomarine sediments (see review by Licht and Hemming, 2017). Tools used for provenance
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analysis include clast analysis (e.g., Talarico et al., 2012; Licht et al., 2005); major and trace

element analysis and XRF scanning (e.g., Beriram et al., 2018 (Chapter 3); Monien et al.,

2012; Jimenez-Espejo et al., 2007); clay mineralogy (e.g., Cook et al., 2017; Hillenbrand and

Ehrmann, 2003); heavy mineral assemblages (e.g.,Ehrmann and Polozek, 1999; Domack,

1982); thermochronology and geochronology (e.g., Simdes Pereira et al., 2018; Cook et al.,
2014; Licht and Palmer, 2013; Tochilin et al., 2012; Pierce et al., 2011; Veevers and Saeed,
2011; Williams et al., 2010; Roy et al., 2007); and radiogenic isotope analysis (e.g., Bertram
et al., 2018 (Chapter 3); Wilson et al., in press (Chapter 4); Cook et al., 2017; Farmer and
Licht, 2016; Goldstein and Hemming, 2011; Farmer et al., 2006; Cook et al., 2013).

The Wilkes Subglacial Basin, East Antarctica has very limited rock exposure. Geophysical
surveys and the composition of marine sediment has therefore been used to infer the inland
geology. The Wilkes Subglacial Basin is Antarctica’s largest subglacial basin covering an area
of 980,000 km? (Frederick, 2015) and containing a sea level equivalent of ~ 3 to 4 m (Pollard
et al., 2015). Following the 2010 International Ocean Drilling Program (IODP) Expedition 318

offshore the Wilkes Subglacial Basin (Escutia et al., 2011), an understanding of a dynamic ice

sheet margin in this area has developed. Previous studies indicate dynamic behaviour over
the Miocene (Pandey et al., 2017; Pierce et al., 2017; Verma et al., 2014), Pliocene (Bertram
et al., 2018 (Chapter 3); Reinardy et al., 2015; Orejola et al., 2014; Patterson et al., 2014;
Cook et al., 2013) and the Pleistocene (Wilson et al., in press (Chapter 4)). Radiogenic isotope

analysis of the provenance of detrital sediments (utilising strontium (Sr) and neodymium (Nd)
isotope systems) at one particular site, IOPD Site U1361, Hole A, have been interpreted to
reflect erosion of two distinct sources during glacial and interglacial periods respectively: (1)
Lower Paleozoic granitoid rocks that outcrop along the continental margin, and (2) inferred
inland sources of Ferrar Large Igneous Province rocks within the Wilkes Subglacial Basin
(Frederick et al., 2016; Ferraccioli et al., 2009; Studinger et al., 2004) (Cook et al., 2013).

While these provenance interpretations remain viable based on the isotopic composition of

the material (Cook et al., 2013), subsequent work has suggested an additional influence of

Beacon Supergroup material at Site U1361A (Cook et al., 2017; Tauxe et al., 2015). Here we

revisit the end-member conundrum of the Wilkes Subglacial Basin, assess the end-member
provenance options within the vicinity of the Wilkes Subglacial Basin, and ultimately suggest
the most likely end-members for glacial and interglacial erosion in this region. We use a multi-
proxy approach including Sr and Nd isotopes, Sm-Nd model ages, major and trace elements,
and K-Ar dating.
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5.2. The Wilkes Subglacial Basin and
surrounding bedrocks

The Wilkes Subglacial Basin lies west of the Transantarctic Mountains, stretching ~ 1400 km
inland from the George V Coast where it is up to 600 km wide from ~ 144° to 156° E (Ferraccioli
et al., 2009). To the east of the Wilkes Subglacial Basin is Northern Victoria Land and to the
west is the East Antarctic Craton spanning the Adélie Coast and Wilkes Land Coast further to

the west (Figure 5.1).

During the Neoproterozoic, the Rodina supercontinent joined East Antarctica to southern
Australia and formed the extensive Mawson Craton, which is exposed in the conjugate
margins of the Adélie Craton and Gawler Craton in the two continents respectively (Peucat

et al., 2002; Peucat et al., 1999). Break-up of Rodinia produced East and West Gondwana,

and resulted in the formation of a rifted margin and the opening of the palaeo-Pacific Ocean

(Cooper et al., 2011). During this time period there was accretion of Lower Paleozoic

terranes in both Antarctica (Ross Orogeny) and Australia. The Ross Orogeny was regionally
extensive and is documented along the Transantarctic Mountains in Southern Victoria Land
(Skelton Group; as discussed in Chapter 2) and Northern Victoria Land (Wilson, Bowers and

Robertson Bay Terranes) (Wysoczanski and Allibone, 2004) with Ross-aged plutones also

found along the Oates Coast and George V Land Coast (Henjes-Kunst and Schussler, 2003).
During the Devonian to Jurassic siliciclastic Beacon Supergroup sediments were deposited
in a Transantarctic basin that extended along the edge of the East Antarctic Craton (Isbell,
1999). Continental break-up of Gondwanaland ultimately formed the Wilkes Land to Oates

Land continental margin as it separated from Australia at ~ 85 Ma (Muller et al., 2000). It

caused intrusion of basaltic Ferrar Group sills into the Beacon Supergroup (Elliot et al., 1999;

Brewer et al., 1992). While there are extensive outcrops of both Beacon Supergroup and

Ferrar Group within the Transantarctic Mountains (Cox et al., 2012), outcrops are more limited

and their extent is less well constrained in the ice covered George V Land. Nevertheless,
outcrops of the Ferrar Group have been described in a limited number of areas (including Horn
Bluff, Scar Bluff and Anxiety Nunataks) (Lisker and Olesch, 2003), and the sedimentary infill

deep within the Wilkes Subglacial Basin is inferred to be constituted by these lithologies

(Frederick et al., 2016; Ferraccioli et al., 2009; Studinger et al., 2004). Finally, the region was

subject to volcanism in the Cenozoic resulting in a series of extrusives, spanning from the
Ross Sea Embayment to offshore the George V coastline, collectively referred to as the
McMurdo Volcanic Group (Kyle, 1990b).
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Figure 5.1: Simplified geological map of the vicinity of the Wilkes Subglacial Basin and IODP
Site U1361A. Outcrops of local lithologies including the Adélie Craton, Lower Paleozoic Groups
(including the Skelton Group, Wilson Group, Bowers Group, Robertson Group, Lower Palaeozoic

granitoids and Granite Harbour Intrusive Complex (GHIC)), the Beacon Supergroup and Ferrar Group

(grouped together in this map) and McMurdo Volcanic Group are shown (modified from Cook et al.,

2017). Areas of inferred Ferrar Group and Beacon Supergroup material from airborne geophysics are

shown in hatched marking within the Wilkes Subglacial Basin (Frederick et al., 2016; Ferraccioli et al.,

2009; Studinger et al., 2004). Subglacial topography and bathymetry (meters above sea level, m asl)

highlights areas below sea level (modified from Fretwell et al., 2013). The location of IODP Expedition
318 drill site U1361A (64°24.57’S, 143°53.20°E; 3454 m water depth) offshore of the Wilkes

Subglacial Basin is marked.

5.2.1. Adélie Craton

The Adélie Craton forms the most westerly terrane in the vicinity of the Wilkes Subglacial
Basin. It is exposed over a ~ 400 km coastal section, stretching from 135°E to 145°E along
the Adélie and George V Land Coasts (Figure 5.1), and likely extends inland as indicated by
some small nunataks (Peucat et al., 2002). The eastern boarder of the craton is thought to be

the Mertz Shear Zone although it may stretch slightly beyond this (Pierce et al., 2017). Two

major formations are exposed in the Adélie Craton: (1) an eastern meta-igneous basement
unit of Archean and Early Paleoproterozoic ages, and (2) a western, Paleoproterozoic

metasedimentary unit (Peucat et al., 2002; Peucat et al., 1999). The former unit extends from
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the Zelee Shear Zone (141°E) to the Mertz Shear Zone (146°E) and is predominantly

composed of orthogneisses of 2.55 — 2.44 Ga (Ménot et al., 2007). The western domain,

consists of migmatite gneisses, metavolcanic rocks and mafic intrusions, formed during a later

orogenic event at ~ 1.7 Ga (Ménot et al., 2007). Additionally there is a minor unit formed ca.

1.55 — 1.50 Ga that is only recorded within a restricted, ~20 km wide area in the vicinity of the
Mertz Shear Zone, and the significance of this event has not been established (Duclaux et al.
2008).

The rocks of the Adélie Craton hence recorded three tectono-metamorphic events at ~2.5 Ga,

~1.7 Gaand ~1.5 Ga (Duclaux et al., 2008). Zircons from the western Paleoproterozoic basins

have ages of 1.72 — 1.76 Ga defined by U-Pb analysis (Gapais et al., 2008), while amphibole
40Ar/3°Ar ages cluster around ~ 1.7 Ga (Di_Vincenzo et al., 2007; Ménot et al., 2007).
Samarium-Nd model ages within the western unit range between 2.14 and 2.42 Ga (Peucat
et al., 1999) (Table 5.1).

Geochemically the Adélie Craton is characterised by unradiogenic Nd isotopic compositions
ranging from eng = -18.1 to -23.5 (weighted average -20.6 + 2.0 (S.D.), n = 12) and a wide
range of Sr isotopic compositions from 8Sr/%Sr= 0.714 to 0.780 (weighted average: 0.755 +
0.024 (S.D.), n = 10) (Peucat et al., 2002; Peucat et al., 1999; Borg and DePaolo, 1994).
Distinctive major and trace element ratios for the Adélie craton include low Ti/Rb ratios (12 —
18; weighted average 15 + 2 (S.D.), n = 8) and high K/Ti ratios (14 — 18; weighted average 16
+ 1 (S.D.), n = 8) (Peucat et al., 2002) (Table 5.1).

5.2.2. Lower Paleozoic Terranes

Lower Paleozoic terranes in the vicinity of the Wilkes Subglacial Basin outcrop around
Northern Victoria Land, Oates Land and between the Ninnis and Mertz glaciers (George V
Land) (Figure 5.1). In Northern Victoria Land, three fault-bounded, north-northwest orientated,
tectonostratigraphic terranes were formed during Rodina break-up and are named as follows:
Wilson Terrane, Bowers Terrane and Robertson Bay Terrane. The Wilson Terrane is the

oldest unit and forms the margin of the Precambrian craton (Borg et al., 1987). It consists of

amphibole-grade, continental-derived, metasediments of late Precambrian to Early Paleozoic
age (Armienti et al., 1990; Di Giulio et al., 1999; Borg et al., 1987). Whole rock Sm-Nd model
ages vary from 1.8 — 2.2. Ga (Henjes-Kunst and Schussler, 2003; Talarico et al., 1995). In

comparison to Ross Orogeny rocks in Southern Victoria Land, the Wilson Terrane rocks have
more evolved Sr and Nd isotopic compositions suggesting a lesser mantle contribution in the

source of these rocks. The Wilson Terrane is characterised by Nd isotopic compositions of eng
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Sm-Nd

Eﬁﬁ;‘l’ggy Ena TS /gy Mot(dgla ;\ge (g;‘r"!) [St] (ppm) [Kl/S"t' (g':']l) TilRb KITi ZriSc La/Sc SmiYb
Adelie 20.6+2.0  0.755%0.024 2.26+015 47+6  268+92  4.4%+05 181 15+ 2 16.1+1.5 - - 2.3%0.1
Craton 1811t0-235 0714100780 2.02t0242 29to51 12610399 3.8t051 161020 12t018  13.61t0 18.0 - - 211025
[1-3] n=12 n=10 n=11 n=16 n=15 n=8 n=8 n=8 n=8 - - n=8
Wilson 14.4+23  0.733+0.008 2.04+021 26+11 201+51 25+08 25%+8  195%50 6.2+2.1 15+ 10 24+13 3.3+09
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Group 11.810-19.9 0728100731 1.80t0223 5t0137 3410236 1.1t025 111032 2210109  3.3t07.9 - - 251027
[4-5] n=13 n=3 n=12 n=29 n =29 n=28 n =29 n=24 n=27 - - n=3
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Eﬁgg‘l’ggy Ena TS /gy Mgt(%?)l:’ge (;[:m) s eem K /S'vt (i[):"“]‘) TilRb KITi ZriSc La/Sc SmiYb
McMurdo 56£1.0  0704:0001 0.41%009 87+20 639£386 31%15 21+11 383£296 55:47  102:102 152%144  3.2%1.0
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- indicates no data available
For each criteria, a weighted average (+ S.D.) is provided in bold, followed by the range of literature values and the number of analyses.

*All data is constrained by literature data except in the case of the Beacon Supergroup. The Nd isotopic data for the Beacon Supergroup is the result of the five analyses from Chapter 2 and the

Sr analysis is from Chapter 2 and Faure and Barrett (1973). Sm-Nd model ages are based on the five analyses from Chapter 2 only. The average values for Beacon Supergroup isotopic
measurements are standard averages (+ 2 S.D.).

Data for both the Taylor and Victoria Groups of the Beacon Supergroup. Data that are just defined by analyses from one group are left blank.
Table 5.1: Isotopic compositions and elemental concentrations as well as indicative elemental ratios of bedrock lithologies within the Wilkes

Subglacial Basin. All data presented refer to present day measurements on whole rock samples. The references referred to in this table cover all major and
trace element data shown in Figure 5.3 to Figure 5.6). All data is constrained by literature data except for the isotopic compositions of Beacon Supergroup.
The isotopic data for the Beacon Supergroup is the result of the five sample results presented in Chapter 2 supplemented by Sr isotope analyses from (Faure

and Barrett, 1973). Literature values for elemental concentrations for Sr and Nd are only available for Victoria Group samples, while major elemental data is

available for the Taylor Group and Victoria Group. References are: 1. Peucat et al. (2002); 2. Peucat et al. (1999); 3. Borg et al. (1987); 4. Estrada et al.
(2016); 5. Henjes-Kunst and Schussler (2003); 6. Talarico et al. (1995); 7. Hagen-Peter and Cottle (2016); 8. Strong et al. (2016); 9. Goodge et al. (2012); 10.
Rocchi et al. (2009); 11. Dallai et al. (2003); 12. Forsyth et al. (2002); 13. Cox et al. (2000); 14. Armienti et al. (1990), 15. Rocchi et al. (1998) 16. Sheldon et
al. (2014); 17. Horner (1992); 18. Krissek and Kyle (1998); 19. Glasby et al. (1981); 20. McPherson (1980); 21. McPherson (1975); 22. Elliot and Fleming
(2018); 23. Antonini et al. (1999); 24. Mensing and Faure (1996); 25. Molzahn et al. (1996); 26. Wilhelm and Wérner (1996); 27. Fleming et al. (1995); 28.
Brewer et al. (1992); 29. Fleming et al. (1992); 30. Palmer (1990); 31. Hergt et al. (1989); 32. Siders and Elliot (1985); 33. Mensing et al. (1984); 34. Faure et
al. (1974); 35. Compston et al. (1968); 36. Gunn (1965); 37. Nathan and Schulte (1968); 38. Goldich et al. (1975); 39. Sun and Hanson (1975); 40. Sun and
Hanson (1976); 41. Armstrong (1978); 42. Kyle (1981); 43. Gamble and Kyle (1987); 44. Hart (1988); 45. Wérner et al. (1989); 46. Beccaluva et al. (1990);
47. LeMasurier and Thomson (1990); 48. Armienti et al. (1991); 49. Green (1992); 50. Kyle et al. (1992); 51. Caldwell and Kyle (1994); 52. Rocholl et al.
(1995); 53. Miiller et al. (1997); 54. Rocchi et al. (2002); 55. Armienti et al. (2003); 56. Hornig and Wérner (2003); 57. Esser et al. (2004); 58. Ryan and Kyle
(2004); 59. Sims and Hart (2006); 60. Cooper et al. (2007); 61. Kelly et al. (2008); 62. Sims et al. (2008); 63. Nardini et al. (2009); 64. Martin et al. (2010); 65.
Oppenheimer et al. (2011); 66. Perinelli et al. (2011); 67. Zavala et al. (2011); 68. Martin et al. (2013); 69. Iverson et al. (2014); 70. Martin et al. (2014); 71.
Aviado et al. (2015); 72. Martin et al. (2015); 73. Martin et al. (2017); 74. Rasmussen et al. (2017).
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=-11.1 to -20.0 (weighted average -14.4 + 2.3 (S.D.), n = 57) and 8 Sr/®Sr ratios = 0.714 to
0.749 (weighted average 0.733 = 0.008 (S.D.), n = 49) (Estrada et al., 2016; Henjes-Kunst
and Schussler, 2003; Talarico et al., 1995) (Table 5.1).

The Bowers Terrane in central Northern Victoria Land is a Cambrian volcanic arc consisting
of three stratigraphic groups: a lower volcanic unit, a middle marine sediment unit, and an

upper unit of clastic fluvial sediment (Borg et al., 1987). The terrane was affected by very low

grade metamorphism (Di_Giulio et al., 1999) and is bounded by two major faults: the

Lantermann Fault, and the Leap Year Fault (Elliot et al., 1995). The Bowers Group shows Nd

isotopic compositions of eng =-11.8 to -19.9 (weighted average -15.4 + 3.0 (S.D.), n=13) and
87Sr/88Sr ratios of 0.728 — 0.731 (weighted average 0.729 + 0.002 (S.D.), n = 3) (Henjes-Kunst
and Schussler, 2003) (Table 5.1).

The Robertson Bay Terrane is found in the eastern section of Northern Victoria Land and
consists of a folded sequence of greywacke and mudstones deposited during the latest

Cambrian or earliest Ordovician (Armienti et al., 1990). Assembly of the Robertson Bay

Terrane occurred in association with the Bowers Terrane and both units were affected by low-

grade metamorphism (Borg et al., 1987). Sedimentation of the Robertson Bay Terrane

occurred in an accretionary wedge in front of the Ross Orogen (Estrada et al., 2016). The

Robertson Bay Terrane shows overlap with the other Northern Victoria Land terranes in its
isotopic composition: eng = -12.3 to -15.6 (weighted average -13.8 + 1.0 (S.D.), n = 35) and
87Sr/%6Sr = 0.728 to 0.791 (weighted average 0.755 + 0.002 (S.D.), n = 11) (Henjes-Kunst and
Schussler, 2003) (Table 5.1).

Finally, there are two types of intrusions found within the Lower Paleozoic terranes of Northern
Victoria Land — the Granite Harbour Intrusive Complex which intrudes the Wilson Terrane, and
the Admiralty Intrusives, which intrude the Bowers and Robertson Bay Terranes. Intrusion of

the Granite Harbour Intrusive Complex occurred from 530 to 470 Ma (Tonarini and Rocchi,

1994). This suite is characterised by unradiogenic Nd isotopic compositions, ranging from &g
-8.8 to -16.3 (average -11.9 + 1.8 (S.D.), n = 68), and a wide range of 8 Sr/%Sr isotopic
compositions (0.708 to 0.762; weighted average of 0.728 £ 0.012 (S.D), n = 106) (Goodge et
al., 2012; Rocchi et al., 2009; Dallai et al., 2003; Cox et al., 2000; Rocchi et al., 1998; Armienti

et al., 1990) (Table 5.1). The Admiralty Intrusives formed in Devonian to Carboniferous times

and are undeformed plutons mainly composed of granodiorite and minor tonalite and granite
(Pour et al., 2018). Emplacement and cooling of the Admiralty Intrusives is thought to have
occurred between 390 — 360 Ma (Borg et al., 1987).

Outcrops of Ross-aged (~500 Ma) granitoids around the Mertz and Ninnis glaciers (Talarico

and Kleinschmidt, 2003) are overprinted by low-grade metamorphism (Di Vincenzo et al.,
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2007). They are genetically not categorised (i.e., denoted as Palaeozoic granitoids in Figure
5.1), but contrast markedly with outcrops on the Terre Adélie Craton to the west of the Mertz

Shear Zone.

In addition to the similar isotopic compositions described above, whole rock major and trace
elemental analysis of all Lower Paleozoic units within Northern Victoria Land revealed that
despite differences in deposition, the whole-rock compositions are relatively similar between
the different units. In general they show similar major and trace elemental compositions to
upper continental crust and in chondrite-normalised rare earth element (REE) patterns Lower
Paleozoic units are enriched in light REE (LREE) over heavy REE (HREE), have flat HREE

patterns and steep LREE patterns, and a negative Eu anomaly (Estrada et al., 2016). Relative

to Post Archean Australian Shale (PAAS) the three Northern Victoria Land terranes are all

strongly enriched (by an order of magnitude) in praseodymium (Pr).

5.2.3. Beacon Supergroup and Ferrar Group

The Beacon Supergroup and Ferrar Group have been described in detail in Chapter 2. To
summarise, the Beacon Supergroup is a non-marine sedimentary sequence (mainly
composed of sandstones, siltstones, orthoquartzite sandstones and conglomerates) of
Devonian to Jurassic age. It was deposited in fluvial, glacial and shallow marine environments

(Barrett et al., 1986). The Supergroup is split into two distinct units based on age: the lower

Taylor Group (Devonian) and the upper Victoria Group (Permian to Triassic). While both units

outcrop in Southern Victoria Land (Cox et al., 2012), the Taylor Group is unknown in Northern

Victoria Land (Bradshaw, 2013). Outcrops of Beacon Supergroup have been found throughout

the Transantarctic Mountains and similar rocks are found at Horn Bluff, George V Land (150°E,

68°S) (Mawson, 1940), in the northern Prince Charles Mountains, and in the Ellsworth

Mountains (Bradshaw, 2013). Importantly, Beacon Supergroup Rocks at Horn Bluff are

described as Permian to Triassic sandstone (Veevers and Saeed, 2011). It has been

suggested that the full extent of the epicontinental basin containing the Beacon Supergroup

cannot be deduced from the limited exposures available (Bradshaw, 2013). Isotopic analyses

of whole rock samples are limited to just two studies. Strontium isotopic analysis was

conducted by Faure and Barrett (1973) and results for Nd and Sr isotopic analysis on four

Taylor Group formations and one Victoria Group formation were presented in Chapter 2. The
isotopic range measured varies from eng = -17.5 t0 -12.0 (average -14.4 £ 4.4 (2 S.D.), n = 5)
and 8Sr/%Sr 0.715 to 0.783 (average 0.727 + 0.037 (2 S.D.), n = 20). The sediments show
typical upper continental crust compositions and flat REE patterns when normalised to PAAS.
Characteristic trace element patterns are high La/Sc ratios (2.1 to 5.7; weighted average 3.9
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+ 0.9 (S.D.), n = 118) and high Zr/Sc ratios (9 to 47; average 27 + 9 (S.D.), n = 38) (Table
5.1).

Intrusion and extrusion of the Ferrar Group occurred during the early stages of Gondwana
break-up in the Mesozoic, associated with rifting and extension in the Wilkes Basin, sea floor

spreading, and eventual separation of Antarctica and Australia (Goodge and Fanning, 2010)

as well as regional denudation of 2 — 3 km during late Mesozoic times (Lisker, 2002). The

Ferrar Group is mainly composed of dykes and dolerite sills which intrude the Beacon
Supergroup, but also contains extrusive basaltic flows (e.g., Kirkpatrick basalt; (Hergt et al.,
1989)). It is worth noting that in Northern Victoria Land, Kirkpatrick basalts only occur in the
Wilson Terrane, whereas Ferrar dolerite sills intrude Victoria Group sediments in both the

Wilson and Bowers terrane (Elliot et al., 1995). Genetically similar rocks are found in other

Southern Hemisphere continents including South America (Parana Province), Southern Africa

(Karoo Province), New Zealand (Kirwans Dolerite) and Australia (Elliot et al., 1999; Mortimer

and Raine, 1994; Brewer et al., 1992; Kyle et al., 1980). The Ferrar Group was emplaced

rapidly over a period of < 0.4 Myr (Elliot and Fleming, 2018). High precision U-Pb dating of

zircons and “°Ar/*°Ar dating of mineral separates suggests emplacement at 176 — 182 Ma
(Elliot and Fleming, 2018; lvanov et al., 2017; Fleming et al., 1997; Heimann et al., 1994).
Isotopic compositions are well constrained with eng values from -7.4 to -4.3 (weighted average
-5.8 + 0.6 (S.D.), n = 65) and &"Sr/®Sr varies from 0.710 to 0.716 (weighted average 0.713
0.01 (S.D.), n = 284) (Antonini et al., 1999; Mensing and Faure, 1996; Molzahn et al., 1996;
Fleming et al., 1995; Brewer et al., 1992; Fleming et al., 1992; Mensing et al., 1984; Faure et
al., 1974; Compston et al., 1968) (Table 5.1).

In the exposed Transantarctic Mountains, there are extensive outcrops of the Ferrar Group

spanning the upper ranges of the entire mountain chain (Elliot and Fleming, 2008; Hergt et al.,
1989). In the ice covered Oates and George V Land coastal regions, rock outcrops are limited
to a few coastal exposures namely, Horn Bluff, Scar Bluff (153°E, 68°S) and the Anxiety
Nunataks (153°E, 68°S) (Lisker and Olesch, 2003) (Figure 5.1). Magnetic anomalies in

airborne geophysical surveys have however suggested far more extensive Ferrar rocks
beneath the ice of the Wilkes Subglacial Basin, which is thought to intrude Beacon Supergroup
sediments based on mesa topography identified in ice penetrating radar profiles (Frederick et
al., 2016; Ferraccioli et al., 2009; Studinger et al., 2004; Damaske et al., 2003). In particular
the Central Basin of the Wilkes Subglacial Basin is thought to be composed of Beacon

Supergroup and Ferrar intrusions (Frederick et al., 2016). While these surveys have

constrained the Central and Western Basins of the Wilkes Subglacial Basin, there remains a

data gap at the mouth of the basin at its most northerly point, along the Oates Land Coast.
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5.2.4. The McMurdo Volcanic Group

The Cenozoic McMurdo Volcanic Group encompasses the alkaline volcanics found as strato-
volcanoes and isolated cones in the Ross Sea Embayment, isolated volcanic cones in
Northern Victoria Land, and the offshore islands of Scott Island and the Balleny Islands (Kyle
and Cole, 1974). They have been divided into four volcanic provinces: Balleny (< 10 Ma),
Hallett (< 10 Ma), Melbourne (< 25 Ma) and Erebus (< 19 Ma) (Kyle, 1990a). The Balleny and

Hallett provinces ae distributed along the Balleny Fracture zone and Hallett Fracture Zone

respectively (Kyle and Cole, 1974).

The Balleny Islands are situated on oceanic crust and have no geographic or tectonic
relationship to the other outcrops of McMurdo Volcanic Group and hence are sometimes
excluded from the grouping of the McMurdo Volcanic Group (Kyle, 1990b). However, the
Balleny Islands are the most proximal volcanic centre to the Wilkes Subglacial Basin given
their location ~ 270 km from the George V Land coast (Johnson et al., 1982) and ~ 1,000 km

east of site U1361A (Figure 5.1). Geochemically the rocks exposed have been described as

being very similar to the Hallett Province (Johnson et al., 1982). The Balleny Islands consist

of five large volcanic islands and several smaller volcanoes and seamounts, which lie along a
northwest-southeast chain spanning ~ 200 km. They are composed of predominantly
interbedded tuff and lava flows of alkali basalt. The chain is the sub-areal expression of the
Balleny Fracture Zone, which is probably a transform fault offsetting the Indian-Antarctic mid-
ocean ridge and may extend into the Hallett Province. The maximum age of volcanism
initiation in the islands is constrained to ~ 10 Ma although the more probably age of the earliest
eruption is thought to be ~ 5 Ma based on estimated plate velocity rates over the hot spot

(Green, 1992). The entire McMurdo Volcanic Group has a very radiogenic Nd isotopic

composition with eng varying from 1.0 to 8.4 (weighted average 5.6 £ 1.0 (S.D.), n = 180) and
87Sr/88Sr varies from 0.702 to 0.706 (weighted average 0.704 + 0.001 (S.D.), n = 209) (Aviado
et al., 2015; Nardini et al., 2009; Sims et al., 2008; Rocholl et al., 1995; Armienti et al., 1991;

Wérner et al., 1989). In a spider diagram of incompatible elements normalised to chondritic

values, the McMurdo Volcanics are particularly enriched in Nb, Ta, Zr and Ti relative to
continental crust. They additionally have considerably younger Nd model ages compared to
other lithologies, 0.16 — 0.58 Ga (weighted average 0.41 £ 0.09 Ga (S.D.), n = 70) (Aviado et
al., 2015; Nardini et al., 2009; Armienti et al., 2003; Armienti et al., 1991; Worner et al., 1989)
(Table 5.1).
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5.3. Materials and Methods

Site U1361A (64°24’S, 143°53’'E; 3454m water depth) was drilled during IODP Expedition 318

approximately 270 km north of the George V Land, (Escutia et al., 2011). Here a combination

of previously reported isotopic data and new major and trace element analysis, Sm-Nd model
ages and K-Ar ages are used to constrain the end-member lithologies for glacial and

interglacial periods during the Plio-Pleistocene and their potential mixtures.

5.3.1. Strontium and Neodymium Isotopic Composition

In total 176 Plio-Pleistocene U1361A samples have been analysed for their radiogenic Nd
isotopic compositions with 82 of these samples additionally analysed for Sr isotopes, spanning
a depth range of 0.03 to 120.55 mbsf and an age range from 0.002 to 5.014 Ma. The sampling
gap between 7.45 — 47.25 mbsf (0.456 to 2.476 Ma) is covered by Nd isotope analysis
presented in Chapter 6. Isotopic results are expressed as 8 Sr/®Sr ratios and eng values, with
the latter describing the deviation of a measured sample **Nd/'**Nd ratio from the Chondritic
Uniform Reservoir (CHUR) in parts per 10,000, a present-day CHUR '3Nd/'*4Nd value of

0.512638 (Jacobsen and Wasserburg, 1980) is assumed. The results of prior analyses have

been published in the following four papers: (Beriram et al., 2018 (Chapter 3); Wilson et al.,

in press (Chapter 4); Cook et al., 2017; Cook et al., 2013). As such the methodologies are not

described in detail again. In brief, < 63 um, < 150 ym or bulk sediment fractions of marine
sediments underwent sequential leaching to remove biogenic carbonate and ferromanganese
oxides and oxyhydroxides. The samples were then digested in a HF, HCIO4 and HNO3 mix,
and ion chromatography was used to extract target analytes. All samples were measured at
the MAGIC laboratories at Imperial College London using a Nu Instruments multi collector
inductively coupled plasma mass spectrometer (MC-ICP-MS) for Nd isotope analysis and a

Thermo Scientific Triton thermal ionization mass spectrometer (TIMS) for Sr isotope analysis.

5.3.2. Elemental Concentration Analysis

To compliment previous provenance analysis from IODP Site U1361A, 55 Pliocene samples

previously presented in Bertram et al. (2018) (Chapter 3) have been studied further for major

and trace element composition. These samples span a depth range of 47.55 — 89.55 mbsf (~
2.5 — 3.9 Ma) and an isotopic range of eng = -9.1 to -14.6 and &’Sr/%Sr = 0.715 to 0.740.
Analysis was conducted on 10 — 30 % aliquots of digested sample material (~ 50 mg digested;
~ 5 — 15 mg aliquots) taken prior to ion chromatography. Four samples were measured at both
the < 63 um and < 150 um fraction for comparison to test for grain-size effects. Samples were
diluted 1000-fold from the original powder weight for trace elements, and 10,000 fold of the

original powder weight for major element analysis.
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All samples were analysed for major and trace elements using an Agilent 7500a quadrupole
ICP-MS at the Open University. Analyses were standardised against five reference materials
of similar concentrations (BIR-1, W2, DNC-1, BHVO-2 and AGV-1) that were measured at the
beginning of each analytical session. Where applicable, analysis sessions were drift corrected
based on trends in standard reference material of JB-2 and BCR-2 which were run
systematically throughout each session. The standard reference material BCR-2, was
digested at the same time as the unknowns and the aliquots taken was approximately the
same size (5 — 15 mg) as the unknown samples. These samples were run as a monitor
standard during the trace element runs. For the major element analyses a second monitor
standard of BIR was used. Both JB-2 and BIR were prepared separately to the unknown
samples, at the Open University. An internal standard (consisting of Be, Rh, In, Tm, Re and

Bi) was used to monitor and correct for instrumental drift.

Precision for trace element analysis was accessed based on periodic measurements of BCR-
2 made throughout the analyses sessions, and was found to routinely be better than 2% for
all elements with the exception of antimony (Sb) where precision was consistently better than
4.8 %. For major element analysis, monitor standard JB-2 was used to assess precision which
was found to be < 2.8 % for all elements. Average concentration measurements of four
replicates of standard reference material BCR-2 (i.e., full procedural repeats from digestion
through to elemental analysis; n = 15) where used to assess accuracy. All elements with

previously defined concentrations (Jochum et al., 2016) are accurate within 20 % of published

values while the majority of major and trace element concentrations are accurate within 10 %
(Table 5.2). Procedural blank contributions were found to be negligible at consistently < 0.002

wt. % for major elements.

5.3.3. K-Ar Ages

Fourteen fine-grained (< 63 uym) samples from the Late Pleistocene (0.15 — 6.45 mbsf, n = 8)
and Pliocene (48.05 — 88.95 mbsf, n = 6), as well as five samples of Beacon Supergroup
lithologies were analysed for potassium-argon (K-Ar) ages. Sediment samples were wet
sieved to < 63 ym and then a representative fraction of material underwent a sequential
leaching process. This firstly removed the biogenic carbonate using buffered acetic acid (see

Biscaye (1965) for more details), while the successive leach removed ferromanganese oxides

and oxyhydroxides using a reductive solution of 0.02 M hydroxylamine hydrochloride (NH2OH)
(Cook et al., 2017; Cook et al., 2013; Chester and Hughes, 1967). In the Pleistocene-aged
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g Published Value* Accuracy
Element* Value + 1RSD +95 % CL

(ppm) (ppm) (%)

Al (wt. %) 6.82 0.30 7.13 0.06 96
Ca (wt. %) 4.94 0.18 5.08 0.05 97
Fe (wt. %) 9.50 0.49 9.63 0.13 99
K (wt. %) 1.44 0.06 1.47 0.02 98
Mg (wt. %) 2.11 0.08 2.17 0.03 97
Mn (wt. %) 0.151 0.008 0.152 0.002 99
Na (wt. %) 2.26 0.12 2.32 0.03 97
P (wt. %) 0.142 0.013 0.157 0.004 90
Ti (wt. %) 1.29 0.09 1.36 0.01 95
Ba 610 18 683.9 4.7 89

Ce 48.4 1.6 53.12 0.33 91

Co 34.0 0.8 37.33 0.37 91

Cr 14.1 0.4 15.85 0.38 89

Cs 1.05 0.03 1.16 0.023 90

Cu 16.4 0.4 19.66 0.72 83

Dy 5.92 0.15 6.424 0.055 92

Er 3.42 0.08 3.67 0.038 93

Eu 1.76 0.04 1.989 0.024 89

Ga 19.9 0.6 22.07 0.19 90

Gd 6.14 0.17 6.811 0.078 90

Hf 4.39 0.13 4.972 0.034 88

Ho 1.22 0.03 1.313 0.011 93

La 22.7 0.7 25.08 0.16 91
Li 9.36 0.39 9.13 0.22 103

Lu 0.466 0.013 0.5049 0.0078 92

Mn 1405 34 1523 23 92

Nb 10.4 0.7 12.44 0.2 84

Nd 25.8 0.8 28.26 0.37 91

Ni 10.2 0.2 12.57 0.3 82

Pb 9.35 0.37 10.59 0.17 88

Pr 6.17 0.17 6.827 0.044 90

Rb 42.7 1.2 46.02 0.56 93

Sb 0.246 0.039 0.302 - 81

Sc 30.8 0.6 33.53 0.4 92
Sm 6.08 0.18 6.547 0.047 93

Sr 307 8 337.4 6.7 91

Tb 0.985 0.026 1.077 0.026 91

Th 5.49 0.16 5.828 0.05 94

u 1.51 0.06 1.683 0.017 90

Vv 369 11 417.6 4.5 88

Y 34.6 0.8 36.07 0.37 96

Yb 3.11 0.07 3.392 0.036 92
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Measured

5 . Value' Published Value* . Accuracy
ement * 1RSD +95 % CL
(ppm) (ppm) (%)
Zn 127 3 129.5 1.8 98
Zr 173 8 186.5 1.5 93

*Values are in ppm except where stated for major elements as wt. %.
TAverage value of four BCR-2 replicates measured over the analytical session. Quoted to 3
significant figures.

*Published data from Jochum et al. (2016), uncertainty quoted to 95 % confidence level (CL).

Table 5.2: Accuracy of major and trace elements in U1361A Pliocene analysis, assessed from

BCR-2 measurements.

samples analysed, the second leach used a 0.02 M HH + 0.038 M EDTA solution (Appendix
A2; Table A6.1) to prevent reabsorption of authigenic elements. No sieving or leaching was

performed on the bedrock samples.

Samples were digested using the same method as described above (i.e., HF / HNOs / HCIO,
hot plate digestion). Potassium concentrations were measured at The Open University as
part of the analysis described in Section 5.3.2 for the Pliocene samples, and Beacon
Supergroup K concentrations are described in Chapter 2. Pleistocene samples were analysed
in a separate session run under the same conditions as described in Section 5.3.2. Precision,
based on periodic measurements of BCR-2 material made throughout the analysis was found
to be better than 1 % for K measurements. Average concentration measurements of three
BCR-2 replicates were used to assess accuracy which was found to be better than 12 %.
Additional replicates of Pliocene samples were accurate within 5 % of the previous values.

The procedural blank associated with this batch was found to be negligible at < 0.1 wt%.

Argon measurements for all U1361A detrital sediments and Beacon Supergroup bedrock
samples were made in two batches at Lamont-Doherty Earth Observatory, Columbia
University. Samples were suspended in deionised water and homogenised via manual
agitation. Small aliquots of the suspension were then dried at ~ 60 °C to create small (< 1.5
mg) sediment aggregates, which were loaded into a pit of a 21-spot disk for fusion and
analysis. Argon concentration measurements were made on a VG5400 noble gas mass
spectrometer in the AGES (Argon Geochronology for Earth Sciences) laboratory at Lamont-
Doherty Earth Observatory. Argon was released from the samples via fusion with a CO- laser.
Volatile impurities were removed with Zr-Fe-V and Zr-Al metal alloy getters prior to the
entrance of the gas into the mass spectrometer. Frequent analyses of procedural blanks and
air aliquots were used for to correct for background concentrations and variable instrumental
sensitivity. Two aggregates of each sample were analysed which were calibrated against the
signal intensity of Ar standard GL-O (Odin, 1982). The 10 external reproducibility of the GL-
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O calibration was 3.7 % and 4.4 %. Extreme outliers were omitted, these may be due to a
nugget effect because of the very small sample sizes, or alternatively to imperfect transfer of
the clods during the weighing process. Error (10 external reproducibility) on sample

measurements ranges from 0.2 to 22.3 % standard deviation (corresponding to 0.3 — 103 Ma).

5.3.4. Beacon Supergroup whole-rock analysis

Finally, as discussed in Chapter 2, there is a lack of isotopic data on whole rock samples from
the Beacon Supergroup. Since this is a key lithology inferred to be found in the Wilkes
Subglacial Basin (Section 5.1 and Section 5.2.3), the whole rock samples from this lithology
measured in the Transantarctic Mountains have been used for reference. These samples and
the analysis methods have been reported in detail in Chapter 2. To summarise, the samples

were obtained from the Petlab collection (Strong et al., 2016) and were crushed at GNS

Science, New Zealand. Isotopic analysis and major and trace element analysis was conducted
on aliquots of these samples at Imperial College London and The Open University respectively

using similar methods to those outlined above (Chapter 2).

5.4. Results

5.4.1. Strontium and neodymium isotopic compositions of
fine-grained detrital U1361A sediments

Previous analyses of U1361A Plio-Pleistocene detrital sediments, show a range in strontium
and neodymium isotopic compositions from eng values of -6.9 to -15.5 and 8"Sr/%Sr ratios from
0.713 to 0.740 (Figure 5.2; (Bertram et al., 2018 (Chapter 3; Table A3.1); Wilson et al., in
press (Chapter 4; Table A5.1); Cook et al., 2017; Cook et al., 2013). The two isotope systems

show strong co-variation (R? = 0.77, n = 92); samples with more radiogenic Nd isotopic

composition correspond to less radiogenic Sr isotopic composition and vice versa.

Radiogenic isotope ratios in turn correlate strongly with continuous Ba/Al XRF scan ratios
(Patterson et al., 2014; Cook et al., 2013), reflecting productivity at the core site (87Sr/%Sr vs
Ba/Al: R? = 0.71, n = 92 and &ng vs Ba/Al: R?2 = 0.56, n = 186 (Figure 5.2)). Correlation of

radiogenic isotope compositions of detrital sediments with productivity, lithofacies and physical

properties at U1361A has led to the identification of glacial — interglacial cycles, further
corroborated by spectral analysis of orbital frequencies of ice-rafted mass accumulation rates

(Patterson et al., 2014). The inferred provenance compositions suggest the warmer-than-

present deposits are characterised by retreat within the Wilkes Subglacial Basin relative to the
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Figure 5.2: Isotopic composition (Nd and Sr) of all U1361A Plio-Pleistocene detrital sediments.
Isotopic data collected over four studies from the same core site. Different shapes of symbols
represent the corresponding publication. All symbols are coloured based on the Ba/Al XRF scan value
ranging from low values (0.08-0.13, blue), which represent less productive, colder periods to high

values (0.30-0.49, red), which represent more productive, warm periods.

present day ice margin (Cook et al., 2013). On the other hand, the less radiogenic engd samples

are representative of cooler periods with ice sheet advance on the continental shelf (Reinardy

et al., 2015).

In detail, samples have been classified based on lithofacies analysis, physical properties and

XRF scan records (Bertram et al., 2018; Chapter 3). Warm, retreated ice margin conditions

are reflected in high Ba/Al (> 0.23), low bulk density (< 1.58) and low Natural Gamma Radiation
(NGR < 32.3) values in marine sediments. Such sediments have eng values ranging from -6.9
to-12.1 (average -10.0 £ 2.6 (2 S.D.), n = 59) and 8 Sr/®Sr ratios from 0.713 to 0.729 (average
0.720 £ 0.007 (2 S.D.), n = 29) (excluding one outliers at 7H 1W 120-122, 57.7 mbsf). In
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comparison, cold, advanced ice margin conditions are represented by low Ba/Al (< 0.17), high
bulk density (> 1.60) and high NGR (> 34.9) values. eng values for detrital sediments from
samples that meet these criteria range from -11.5 to -15.5 (average -13.5+ 1.8 (2 S.D.), n =
37) and Sr/®¢Sr ratios from 0.722 to 0.740 (average 0.733 + 0.008 (2 S.D.), n = 28) (Table
5.3).

Samarium-Nd model ages provide a measure of the average crustal residence ages for the
source rocks of the detrital sediments. These are generally slightly older than crystallisation

ages (Borg and DePaolo, 1994). Here, Sm-Nd model ages (Tpm) were calculated relative to

the present day depleted mantle, assuming a one-stage/linear evolution and '*’Sm/"Nd =
0.2136 and Nd/'**Nd = 0.51315 (Goldstein et al., 1984). U1361A detrital sediments are
characterised by model ages between 1.49 and 1.93 Ga (average 1.73+0.24 Ga (2 S.D.), n

= 59) (Figure 5.3; Table 5.4). Using the same criteria as above, warm, retreated ice scenarios
correspond to samples with younger model ages (1.49 — 1.67 Ga; average 1.57 £ 0.12 Ga (2
S.D.), n = 13). Older model ages (1.74 — 1.93 Ga; average 1.82 £ 0.09 Ga (2 S.D.), n = 25)
are observed in detrital sediment samples interpreted to be deposited during colder, advanced

ice margin conditions (Table 5.3).
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U1361A

Provenance Sources*
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S @ | oSresy 0.713t00.729 07200007 29 |} B
829 | Model Age
0O EZ g
® g5 | (Ga) 149t01.67  157+0.12 13
g2
E?gg [Nd] (ppm) 15 to 21 18+3 13 I
©
£ ‘—é’,ﬁ [Sr] (ppm) 90 to 152 113 + 34 13 IR
82 Y | Kl (wt. %) 151022 18+0.4 13 | -
:?_, ;i [Th] (ppm) 6to 10 8+2 13
858 | Tmn 38 to 55 44+ 12 13 I r
87 A | K 3.8 10 5.1 45409 13

~ rloc (0] + - - -

< | zns 10to0 13 1142 13

@ La/sc 1.7102.2 1.9+0.3 13 - . -

Sm/Yb 241027 2.5+ 0.1 13 [N BN
U1361A
Criteria detrital Average Count A G W B R BS F M

. . (t 2 SD)

S sediments

<t
o e 115t0-155  -135+1.8 37 N
S o | e7sysesy 0722100740 0733+ 0.008 28 | B
38 (29 Model Age
s 2o | (Ga) 1.74 to 1.93 1.82 + 0.09 25
23 S | Nd] (ppm) 15 to 24 205 25 N
£ 8 © | [Sr] (ppm) 80 to 118 98 + 18 25 e
8324 | K1 (wt. %) 211038 2807 25 N
832 | [Th] (ppm) 8 to 14 1143 25 e
e O g TilRb 24 to 34 295 25 e
>
3 v |k 6.2t07.7 70+08 25 B

< | zrisc 6109 7 £2 25 - - -

@ I Laisc 1210 1.9 1.6 + 0.4 25 - - -

Sm/Yb 221027 24+03 7 |

- indicates no data available

Table 5.3: End-member compositions of detrital marine sediment at U1361A characterising

periods of retreated and advanced ice margin conditions in the Wilkes Subglacial Basin.

Geochemical criteria (including radiogenic compositions, elemental concentrations and indicative

elemental ratios) utilised in the main text are listed. Coloured fields to the right indicate whether the

data range in sediments deposited during warmer/colder conditions would overlap with each of the
major lithologies within the vicinity of the Wilkes Subglacial Basin i.e., Adélie Craton (A), GHIC (G),
Wilson Group (W), Bowers Group (B), Robertson Bay Group (R), Beacon Supergroup (BS), Ferrar

Group (F) and McMurdo Volcanic Group (M)). Literature data for all units are presented in Table 5.1.
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Figure 5.3: Sm-Nd Crustal Residence ages of detrital sediments from Site U1361A and regional
hinterland lithologies within the vicinity of the Wilkes Subglacial Basin. Sm-Nd model ages were
calculated relative to the present day depleted mantle, assuming a one-stage/linear evolution and
47Sm/'*4Nd = 0.2136 and "Nd/"**Nd = 0.51315 (Goldstein et al., 1984). Fields for the geological

terranes in the vicinity of the Wilkes Subglacial Basin are based on published data except for the

Beacon Supergroup (BS), where the first isotopic measurements of whole-rock samples were
presented in Chapter 2. The McMurdo Volcanic Group is not shown as it is characterised by more
radiogenic Nd isotopic compositions, lower Sm/Nd ratios and resulting younger model ages
("*3Nd/"**Nd 0.5128 — 0.5131, 47Sm/'**Nd 0.08 — 0.13, Model age 0.16 — 0.58 Ga). Isochron lines
show model ages of 1.0 — 2.5 Ga. Labels refer to Granite Harbour Intrusive Complex (GHIC),

Robertson Bay Group (RB), Beacon Supergroup (BS), Bowers Group (B) and Adélie Craton (AC).
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Median
ke o A(\'_(_)_)D P '(Drﬁﬁts'}; (p’;‘:'n) (psp“r‘n) UING/'Nd! £ 2.E. end’ £2S.DF  MSm/Nde '(‘"T‘[’):;’;éag)f
6H 1W 55-57 47.56 164 307 0511964  0.000009 131 0.3 0.1129 1.79
6H 1W 85-87 47.86 222 409 0511935  0.000018 13.7 0.3 0.1115 1.76
6H 1W 95-97 47.96 206 390 0511973  0.000009 13.0 0.2 0.1148 1.81
6H 1W 105-107° 48.06 183 336 0511949  0.000011 134 0.3 0.1109 1.78
6H 1W 105-107 48.06 224 418 0511962  0.000018 13.2 0.3 0.1125 1.79
6H 1W 115-117 48.16 210 398 0511972  0.000008 13.0 0.3 0.1148 1.81
6H 1W 125-127 48.26 238 433 0511945  0.000018 135 0.5 0.1098 1.77
6H 1W 135-137 48.36 205 387 0511987  0.000009 127 0.3 0.1140 1.78
6H 1W 145-147 48.46 177 334 0512018  0.000014 121 0.4 0.1143 1.73
6H 2W 5-7 48.56 183 356 0512066  0.000010 1.2 0.3 0.1176 1.72
6H 2W 15-17 48.66 177 343 0512143  0.000009 9.7 0.3 0.1171 1.59
6H 2W 25-27 48.76 174 332 0512084  0.000011 0.8 0.3 0.1149 1.64
6H 2W 35-375 48.86 182 354 0512116  0.000015 10.2 0.3 0.1176 1.64
6H 2W 35-37 48.86 165 308 0512139  0.000015 9.7 0.4 0.1129 1.53
6H 2W 45.47 48.96 154 298 0512098  0.000008 0.5 0.3 0.1170 1.66
6H 2W 55-57 49.06 180 345 0512078  0.000012 -10.9 0.3 0.1160 1.67
6H 2W 65-67 49.16 170 325 0512098  0.000009 0.5 0.3 0.1154 1.63
6H 2W 85-87 49.36 200 373 0512008  0.000015 105 0.4 0.1129 1.5
6H 2W 95-97 49.46 173 329 0512169  0.000009 9.1 0.3 0.1148 1.51
6H 2W 105-107 49.56 206 387 0512170  0.000010 9.1 0.4 0.1135 1.49
6H 2W 115-117 49.66 193 366 0512089  0.000009 0.7 0.2 0.1147 1.63
6H 2W 135-137 49.86 220 408 0511981  0.000017 12.8 0.4 0.1121 1.75
6H 2W 145-147 49.96 19.0 352 0511907  0.000009 14.3 0.3 0.1120 1.86
6H 3W 5-7 50.06 205 376 0511974  0.000018 12,9 0.3 0.1110 1.74
6H 3W 25-279 50.26 178 325 0511898  0.000010 144 0.3 0.1103 1.84
6H 3W 25-27 50.26 203 373 0511929  0.000021 13.8 0.5 0.1108 1.80
6H 3W 35-37 50.36 136 255 0511918  0.000008 14.0 0.3 0.1131 1.86
7H 6W 5.7 64.06 202 374 0511962  0.000010 13.2 0.2 0.1120 1.78
7H 6W 35-37 64.36 212 393 0511959  0.000010 13.2 0.4 0.1122 1.79
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Median
Sample ID (IODP A Nd Sm . . Model Age
318 U1361A..) ?rﬁgts';) (ppm)  (ppm) 3Nd/"“Nd* +2S.E. End +2S.D. 147§ m/144Nd° (Tow) (Ga)?
7H 6W 55-57 64.56 177 336  0.512095 0.000009 -10.6 0.3 0.1146 1.62
7H 6W 75-77 64.76 188 355  0.512138 0.000010 9.7 0.4 0.1143 1.55
7H 6W 95-97 64.96 17.9  3.31 0.512075 0.000008 -11.0 0.3 0.1117 1.61
7H 6W 145-147 65.46 175  3.31 0.512113 0.000014 -10.2 0.4 0.1143 1.59
7H 7W 35-37 65.86 16.9 315  0.512120 0.000013 -10.1 0.3 0.1130 1.56
7H CCW 10-17 66.26 222 411 0.511989 0.000009 12.7 0.2 0.1121 1.74
8H 1W 45-47 66.46 200 373 0512019 0.000011 -12.1 0.4 0.1128 1.71
8H 1W 75-77 66.76 174 327  0.512004 0.000010 -12.4 0.2 0.1135 1.74
8H 1W 105-107 67.06 125 234  0.512100 0.000103 -10.5 0.2 0.1129 1.59
8H 1W 125-127 67.26 19.8 372  0.511991 0.000008 -12.6 0.2 0.1136 1.76
10H 2W 25-27° 86.76 225 429 0511974 0.000014 -12.9 0.3 0.1151 1.81
10H 2W 115-117 87.66 229 427 0511944 0.000013 135 0.2 0.1127 1.82
10H 2W 125-127 87.76 188 352  0.511923 0.000008 -13.9 0.2 0.1133 1.86
10H 2W 125-127 87.76 21.1 3.94 0511917 0.000013 -14.1 0.2 0.1130 1.86
10H 2W 135-137 87.86 182 334  0.511891 0.000011 -14.6 0.2 0.1109 1.86
10H 2W 145-147 87.96 17.8 337  0.511956 0.000007 -13.3 0.2 0.1142 1.83
10H 3W 5-7 88.06 175 332  0.512042 0.000011 -11.6 0.2 0.1145 1.70
10H 3W 15-17 88.16 17.1 326 0512168 0.000019 9.2 0.2 0.1156 1.53
10H 3W 17-198 88.18 155 296  0.512150 0.000013 9.5 0.3 0.1159 1.56
10H 3W 25-27 88.26 170 325  0.512168 0.000013 9.2 0.2 0.1155 1.52
10H 3W 35-37 88.36 16.8 323  0.512035 0.000010 -11.8 0.2 0.1162 1.74
10H 3W 35-37 88.36 174 327  0.512033 0.000008 -11.8 0.3 0.1134 1.70
10H 3W 45-47 88.46 154 293  0.511909 0.000015 -14.2 0.2 0.1147 1.91
10H 3W 55-57 88.56 18.1 343  0.511965 0.000007 -13.1 0.2 0.1146 1.82
10H 3W 65-67 88.66 157 293 0511923 0.000010 -14.0 0.3 0.1128 1.85
10H 3W 75-77 88.76 153 283  0.511897 0.000009 -14.5 0.2 0.1123 1.88
10H 3W 85-87 88.86 19.6 368  0.511925 0.000012 -13.9 0.2 0.1133 1.86
10H 3W 95-97 88.96 172 327 0511926 0.000012 -13.9 0.2 0.1148 1.88
10H 3W 95-97 88.96 164 313  0.511944 0.000013 135 0.2 0.1150 1.86
10H 4W 5-7° 89.56 19.2 373 0511932 0.000010 -13.8 0.3 0.1175 1.93

*Samples analysed over a 2 cm interval with the median depth taken based on the CSF-A depth scale.
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Median
Sample ID (IODP * Nd Sm 143N A /144N T + m e 1aan o  Model Age
318 U1361A...) I(Drﬁgts';) (opm)  (ppm) Nd/'*“Nd +2S.E. €nd +2S.D. Sm/**Nd (Tow) (Ga)*

TMeasured on Nu Plasma ICP-MS at Imperial College, full details available in Bertram et al. (2018); Chapter 3.
*eng is calculated based on a present-day CHUR 43Nd/'#4Nd value of 0.512638 (Jacobsen and Wasserburg, 1980) expressed in parts per 10,000.

#External reproducibility (2 sigma standard deviation) is based on the JNDi standard reproducibility of individual analytical sessions in the MAGIC
laboratories, Imperial College London. Average JNdi-1 values for the analytical sessions are detailed in Bertram et al. (2018); Chapter 3.

°Calculated based on Nd and Sm concentrations and Nd isotopic analysis.

ACalculated relative to the present day depleted mantle, assuming a one-stage/linear evolution and 47Sm/'#*Nd = 0.2136 and '“3Nd/'**Nd = 0.51315
(Goldstein et al., 1984).

SAnalysed on the < 63 um fraction. All other analyses made on the < 150 um fraction.

Table 5.4: Samarium-Nd concentration and isotope data and corresponding model ages of U1361A detrital sediments.
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5.4.2. Trace element composition of fine-grained detrital
U1361A sediments

Trace element compositions of fine-grained detrital U1361A sediments are reported in
Appendix A6 and illustrated in a chondrite-normalised spider diagram of increasing
compatibility (Figure 5.4). Overall the U1361A samples show similar patterns to upper

continental crust (Taylor and McLennan, 1981) with some notable depletion in Hf, Nb, P, Sr

Ta, Tb and Zr. While the variations between samples representative of extreme ice margin
scenarios based on their Nd isotopic composition are relatively small compared to the variation
in local lithologies, some distinctions between the two groups are noted below (Table 5.3).
Samples with more radiogenic Nd isotope compositions, representative of retreated ice margin
scenarios (i.e., red symbols in Figure 5.4b) are enriched in Ba and Sr and depleted in large
ion lithophile elements (LILE — Rb and K), rare earth elements (REE) and insoluble elements

(Th) relative to those with less radiogenic Nd values (i.e., blue symbols, colder periods).

Ratios of high-field strength element (HFSE) Ti over more incompatible LILEs show systematic
variations between samples from the different ice margin scenarios. In particular, Ti/Rb is
higher in samples deposited under retreated ice-margin conditions (38 to 55; average 44 + 12
(2 S.D.), n = 13) compared to advanced ice scenarios (24 to 34; average 29 +5(2 S.D.),n =
25), while K/Ti shows the opposite trend (retreated: 3.8 to 5.1; average 4.5+ 0.9 (2S.D.), n=
13, advanced: 6.2 to 7.7; average 7.0 £ 0.8 (2 S.D.), n = 25) (Figure 5.5). Similarly, ratios
involving the HFSE Zr (e.g., Zr/Sc) show higher values in retreated ice margin scenarios (9.6
to 12.9; average 10.7 £ 1.9 (2 S.D.), n = 13) than advanced ice margin scenarios (5.7 to 8.7,
average 7.0 £ 1.5 (2 S.D.), n = 25) (Figure 5.5; Table 5.3). As a result, a strong negative

correlation (R? = 0.71) can be observed between K/Ti and Zr/Sc ratios.

REE patterns for detrital sediment samples from Site U1361A have been normalised to Post

Archean Australian Shale (PAAS) concentrations (Taylor and McLennan, 1981) and are

shown in Figure 5.6. Samples from both retreated and advanced ice margin end-member
scenario show very similar REE patterns. Patterns are depleted relative to upper continental
crust and PAAS, which is more pronounced for the HREE than for the LREE. The ratio of
relatively incompatible LREE La over the more compatible element Sc is useful for describing
chemical differentiation processes, with lower ratios indicative of mafic sources and higher

values pointing towards felsic sources (McLennan et al., 1984). U1361A samples deposited

under retreated ice-margin conditions (1.7 to 2.2; average 1.9 + 0.3 (2 S.D.), n = 13) are
characterised by overall higher values than the colder samples (1.2 to 1.9; average 1.6 + 0.4
(2 S.D.), n = 25), although there is some overlap in values (Figure 5.5; Table 5.3).
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Figure 5.4: Incompatible multi-element diagram for regional hinterland lithologies and U1361A detrital sediments. (a) Average elemental
concentrations of incompatible elements for the different lithologies within the vicinity of the Wilkes Subglacial Basin. (b) Individual analyses of U1361A
detrital sediment coloured by their Nd isotopic composition (red: most radiogenic; blue: least radiogenic). The average geochemical compositions of the two
extreme groups, representing retreated and advanced ice margin scenarios (determined by their Nd isotopic composition, see text for details of division) are
shown as solid red and blue lines, respectively. The composition of the upper continental crust is shown in both diagrams as a black stippled line (Taylor and
McLennan, 1981). All data is normalised to chondritic values of Thompson (1982); Wood et al. (1979) (taken from Rollinson, 1993).
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Figure 5.5: Elemental cross plots of U1361A detrital sediment samples and regional hinterland lithologies. (a) Zr/Sc vs K/Ti; (b) La/Sc vs Ti/Rb. Data
is coloured based on Engvalues as in Figure 5.2. Coloured lines below the x-axis represent the compositional ranges of source lithologies in K/Ti and Ti/Rb,
where no Zr/Sc or La/Sc data are available. GHIC and McMurdo Volcanic Group fields are not shown as their variability spans most of the displayed fields.
End-member compositions of Beacon Supergroup (green), Ferrar Group (brown) and Lower Paleozoic lithologies (blue) are shown by coloured stars. End-
member values were selected based on literature ranges: Ferrar: [K] = 1.0 wt%, [La] = 26 ppm, [Rb] = 43 ppm, [Sc] = 24 ppm, [Ti] = 7500 ppm, [Zr] = 160
ppm; Beacon: [K] = 1.6 wt%, [La] = 20 ppm, [Rb] = 75 ppm, [Sc] = 8 ppm, [Ti] = 3000 ppm, [Zr] = 150 ppm; Lower Paleozoic: [K] = 3.8 wt%, [La] = 30 ppm,
[Rb] = 250 ppm, [Sc] = 25 ppm, [Ti] = 4000 ppm, [Zr] = 90 ppm. Three component mixing lines at 25 % increments are shown by the grey lines.
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a) Published bedrock averages b) U1361A Sediment Analyses
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Figure 5.6: Rare earth element patterns for regional hinterland lithologies and U1361A detrital sediments. (a) Average REE pattern for the different
lithologies within the vicinity of the Wilkes Subglacial Basin normalised to Post Archean Australian Shale (PAAS). (b) Individual analyses of U1361A Pliocene
detrital sediments coloured by their Nd isotopic composition (where blue are the most radiogenic and red are the least radiogenic samples). Upper continental

crust composition is shown in black (Taylor and McLennan, 1981). The average geochemical compositions of the two extreme groups, representing retreated

and advanced ice margin scenarios (determined by their Nd isotopic composition, see text for details of division) are shown as solid red and blue lines,

respectively. Note different scales on y-axis by three orders of magnitude.
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5.4.3. K-Ar Ages

Results for K-Ar ages of fine-grained detrital sediments are plotted in Figure 5.7 and reported
in Table 5.5. The K-Ar ages for all samples, irrespective of age and association with warm or
cold climatic times, range from 291 to 465 Ma. No clear correlation is found between K-Ar
ages and Nd isotopic compositions of samples. As discussed above, K concentrations are
lower in detrital samples with more radiogenic eng values (R? = 0.63), corresponding to periods

of ice margin advance. This relationship is however not reflected in the K-Ar ages.
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Figure 5.7: K-Ar ages for detrital sediment from U1361A and regional hinterland lithologies.
Analysis for U1361A Pliocene (circles) and Pleistocene (squares) sediment samples are shown with
error bars (if larger than the symbol) for K-Ar. Uncertainties in Nd isotopic compositions are always
less than the symbol size. Symbols have been coloured based on their Nd isotopic composition as in
previous diagrams. Fields for McMurdo Volcanic, Ferrar Group and Lower Paleozoic bedrock
lithologies are constrained by literature data. The field for Beacon Supergroup is based on five
analyses from Chapter 2. Only “°Ar/P%Ar dates are available for the Adélie Craton, suggesting that K-

Ar ages would plot off the y-axis scale.
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U1361A Detrital Sediment

1H 1W 135-

s 1.35 23 117 03 244 249 405 1
1H 2W 15-17 1.65 1.9 96 03 134 129 365 14
1H 2W 45-47 1.95 1.9 95 03 388 132 455 15
1H 3W 35-37 335 23 113 03 393 246 383 29
]Efw 145- 445 23 137 03 118 202 396 2
1H AW 45-47 4.95 1.9 96 03 27 1 107 414 51
]'1"74W 115- 5.65 31 136 03 M6 472 338 3
1H 5W 45-47 6.45 16 97 03 18.3 9.1 468 104
?371w 105- 48.05 28 134 03 194 440 312 4
6H 2W 35-37 48.85 19 102 03 93 83 352 17
6H 3W 25-27 50.25 25 144 03 156 215 457 5
10H 3W 15-17 8815 18 92 02 3.9 56 291 30
10H 3W 2527  88.25 17 92 02 11.6 8.9 423 17
10H 3W 95-97  88.95 21 139 02 173 275 443 38

Beacon Supergroup

Lashly
Formation

P61986 Beacon 0.0 175 0.2 0.21 16.51 713 60
Heights
Terra

P61740 Cotta 45 152 02 954 7247 166 17
Siltstone
Aztec

P62009 X 2.1 -14.8 0.2 23.63 95.01 369 33
Siltstone

New
P62001 Mountain 2.9 -12.6 0.2 6.78 41.56 162 0.3
Sandstone

P61975 3.2 -12.0 0.2 20.78 87.30 222 16

Table 5.5: K-Ar ages of Plio-Pleistocene U1361A detrital sediments and Beacon Supergroup
bedrock.
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5.5. Discussion

Plio-Pleistocene marine sediments deposited at IODP Site U1361A, offshore the Wilkes
Subglacial Basin, show systematic fluctuations in lithological, physical and chemical
properties. Previous studies have focused on the climatological interpretation of these
fluctuations, and suggested that warmer, interglacial periods are characterised by ice margin
retreat into the Wilkes Subglacial Basin (e.g. Bertram et al., 2018 (Chapter 3); Wilson et al., in
press (Chapter 4); Pollard et al., 2015; Patterson et al., 2014; Cook et al., 2013). On the other

hand, during cold, glacial periods the ice extended past the present day margin onto the

continental shelf (Reinardy et al., 2015; Orejola et al., 2014). Sediment provenance in these

studies has largely been reconstructed based on the Nd and Sr isotopic composition of detrital
sediment, pointing to a two end-member mixing model between a Ferrar Group source from
within the Wilkes Subglacial Basin during warmer times, and erosion of predominantly coastal

Lower Paleozoic granitoids during colder times (Cook et al., 2013). Just considering Nd and

Sr isotope space (Figure 5.2), such an interpretation is feasible, but more recent work on
magnetic mineralogy, clay mineralogy, and IBRD provenance already hinted at additional
contributors to the detrital sediments deposited at Site U1361A (Cook et al., 2017; Tauxe et

al., 2015). This observation is further corroborated by the new major and trace element data,

as well as K-Ar ages and will be used in the following to unravel the geochemical end-members

of eroded bedrock in more detail.

5.5.1. End-member during advanced ice margin scenarios

Unradiogenic Nd isotopic compositions and radiogenic Sr isotopic compositions in detrital
sediments at Site U1361A have been interpreted as being eroded from Lower Paleozoic rocks
in coastal areas during cold, glacial periods, where the ice margin was near its present day

location or advanced onto the continental shelf (Reinardy et al., 2015; Orejola et al., 2014;

Cook et al., 2013). Here we expand the geochemical characterisation of these samples by

adding Sm-Nd model ages, REE patterns, and major and trace element compositions, with a
particular focus on Ti/Rb, K/Ti, Zr/Sc, and La/Sc ratios (Table 5.3). Table 5.3 shows that most
regional lithologies on the continent show an overlap in their geochemical composition, with
that reported for U1361A detrital sediments, with the prominent exception of Ferrar and

McMurdo volcanics.

Sediment erosion during colder periods of the Plio-Pleistocene probably happened under a
similar or even more expanded East Antarctic Ice Sheet than today, so lithologies local to Site
U1361A are the only feasible end-members for glacial detrital sediments. Insights into the

geographical distribution of sediments eroded from the modern ice margin can be gained by
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studying modern sediments deposited on the continental shelf along the Pennell Coast, Oates
Land, George V Land and Adélie Coast. Their Holocene composition suggests an absence of
significant along slope transport, and rather supports the notion of downslope transport (see
discussion in Wilson et al. (in press) (Chapter 4)). Neodymium isotopic compositions of eng -
11.0to -14.5 (Cook et al., 2013; Pierce et al., 2011; Goodge and Fanning, 2010) in front of the

Mertz and Ninnis glaciers are indicative of local erosion of Lower Paleozoic granitoids (Table

5.1) under modern environmental conditions (Figure 5.1). Further to the west of U1361A, shelf
sediments show significantly more unradiogenic compositions with eng~ -20 to -26 suggestive

of erosion of the old Adélie Craton (Cook et al., 2013) (Table 5.1). The assumption can be

made that during glacial maxima and periods of advanced ice extent, the erosional source will
remain rather local and/or become even more restricted. This view is supported by visual core
descriptions, particle size distributions, and major and trace element ratios from the nearby
shelf site U1358 (66°05.42'S, 143°18.77’E) (Orejola et al., 2014). There are no known

outcrops of Beacon Supergroup material proximal to Site U1361A, and the discussion on
potential end-members can hence be focused on Lower Paleozoic units and the Adélie Craton
(Figure 5.1).

5.5.1.1. Excluding the Adélie Craton as a provenance source

While the Adélie Craton has similar Sr isotopic compositions to the detrital sediment deposited
during glacial periods at U1361A, its Nd isotopic composition is considerably more
unradiogenic (minimum detrital sediment eng = -15.5, whereas the range for Adélie Craton is
from eng -18.1 to -23.5; Figure 5.2; Table 5.1). An Adélie source would hence need to be
mixed with a very radiogenic Nd isotope source. The only viable candidates are the McMurdo
Volcanic Group (MVG) or the Ferrar Group. However, taking that Sr isotopic composition of
detrital sediments seems to plateau around an eng value of ~-15 (Figure 5.8), it is hard to
create an Adélie end-member that encapsulated all measured sediment compositions (Figure
5.8).

Even if the most radiogenic sediment Sr isotope values are omitted, and an Adélie end-
member of eng = -18.1, [Nd] = 50 ppm and &Sr/8Sr = 0.774, [Sr] = 125 ppm and a McMurdo
end-member of eng = 4.0, [Nd] = 50 ppm and & Sr/8Sr = 0.704, [Sr] = 650 ppm is assumed,

the calculated 15 — 30 % contribution of McMurdo Volcanic Group material to glacial sediments
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Figure 5.8: Isotopic composition of detrital U1361A sediments and the proximal bedrock lithology around the Wilkes Subglacial Basin. Fields
representing the bedrocks within the vicinity of the Wilkes Subglacial Basin are constrained by previously published data except Beacon Supergroup which is
constrained in Nd isotope space by the data collected in Chapter 2 and in Sr space by (Faure and Barrett, 1973) and Chapter 2 data. U1361A detrital

samples are represented by circle, square, diamond and triangle symbols depending on the data source (Bertram et al., 2018 (Chapter 3); Wilson et al., in
press (Chapter 4); Cook et al., 2017; Cook et al., 2013, respectively). Mixing line calculations between Ferrar and Adélie Craton (red dashed), McMurdo and
Adélie Craton (yellow dotted) and McMurdo and the Lower Paleozoic (black solid) are shown. The end-member compositions used to constrain these mixing

lines are shown by corresponding coloured stars. Symbols represent 10% incremental increases/decreases in the end-member lithologies.
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seems unfeasible (Cook et al., 2017; Cook et al., 2013) (see Section 5.5.2.1). Given an
assumed Ferrar Group composition of eng = -5.5, [Nd] = 25 ppm and 8Sr/%Sr = 0.712, [Sr] =
95 ppm, to capture the U1361A detrital sediments by a Ferrar — Adélie mixing model, a less
radiogenic Nd value must be taken for the Adélie end-member (eng = -23.0). In such a scenario
the mafic contribution to glacial sediments increases to > 65 %, which seems equally
unfeasible taken the limited geographic spread of Ferrar outcrops in the region and previous
work (Cook et al., 2013; Pierce et al., 2011). Both mixing models (Adélie — McMurdo and

Adélie — Ferrar) can however be tested using the new trace element data.

Samarium-Nd model ages (Tom) in detrital sediments deposited in advanced ice conditions
are consistently younger (1.74 to 1.93 Ga; 1.82 £ 0.09 Ga, n = 25) than those of the Adélie
Craton (2.02 to 2.42 Ga; average 2.26 £ 0.15 Ga, n = 11) (Figure 5.3; Table 5.1; Table 5.3).
A mixture of > 65% Ferrar Group material and < 35% Adélie material would predict Sm-Nd
model ages of 1.76 and 2.06 Ga, which captures the majority of sediment model ages but
misses the youngest model ages. On the other hand, an Adélie Craton — McMurdo mixing
relationship for glacial samples can be ruled out as Sm-Nd model ages calculated from
mixtures with 70 — 85 % Adélie Craton and 15 - 30 % McMurdo material would yield too young
ages of 1.46 to 2.14 Ga which are not compatible with the measured detrital sediment values

(see Figure 5.3).

Considering K/Ti and Ti/Rb ratios obtained for detrital sediment and applying the hypothetical
mixing relationships that satisfy the radiogenic isotope data certainly rules out a significant
contribution to U1361A sediments from the Adélie craton during glacial times. In detail, detrital
sediments deposited under advanced ice conditions are lower in K/Ti and higher in Ti/Rb than
those reported for the Adélie craton (Figure 5.5). Mixing lines between an Adélie Craton end-
member and a second end-member of either Ferrar or MVG fail to reproduce the results
obtained for detrital sediments altogether (Adélie Craton — Ferrar mixture: expected K/Ti of
3.0 — 8.1 and expected Ti/Rb of 33 — 200; Adélie Craton — MVG expected K/Ti = 9.5 — 18.2
and Ti/Rb 9 — 399).

Having demonstrated that the local Adélie Craton is unlikely to have contributed significantly
to the detrital sediment composition at Site U1361A during glacial times, we instead turn to

the Lower Paleozoic Group as a potential end-member.

5.5.1.2. Evidence for a Lower Paleozoic provenance

Lower Paleozoic rocks are geographically extensive to the east of the drill site with outcrops
near the Ninnis and Mertz Glaciers, along the Pennell and Oates Land coasts, in Northern

Victoria Land, and in the rest of the Transantarctic Mountains (Di Vincenzo et al., 2007;

Armienti et al., 1990; Borg et al., 1987) (Figure 5.1). While the Lower Paleozoic granitoids
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around the Ninnis and Mertz glaciers, most proximal to the core site, are not constrained to a
specific group, they have been suggested as a provenance source of material to IODP Site
U1359 (64°54.24’S, 143°57°E) due to the heavy mineral assemblage in Miocene samples
(Pandey et al., 2017). Additionally, biotite grain analysis from the Wilkes Land to Oates Land

(94°E to 165°E) coastal margins has shown the influence of Lower Paleozoic terranes
reaching the continental shelf in the vicinity of U1361A under advanced ice margin scenarios.

A “OAr/*°Ar age population of 300 — 400 Ma (Pierce et al., 2011) in late glacial to Holocene

marine sediment core layers from this region is furthermore suggestive of a source in the
northern Bowers Terrane (~ 162°E, ~ 70.5°S) along Oates Land (Adams, 2006).

Geochemically, the different units of the Lower Paleozoic groups show considerable overlap
with the U1361A detrital sediment samples (Table 5.3). All of the lithologies (Granite Harbour,
Wilson Group, Bowers Group and Robertson Bay Group) show overlap with the samples in
isotopic space and hence provide a viable source as the isotopic end-member. Additionally all
indicative geochemical ratios and concentrations studied here for provenance show overlap
with multiple members of this Lower Paleozoic group providing support of this being the end-
member (Figure 5.5; Table 5.3). In particular, Ti/Rb ratios of ~ 30 seen in detrital sediment
deposited under ice advanced scenario suggest Lower Paleozoic lithologies characterised by
lower Ti/Rb ratios such as the Bowers Group (22 to 109; weighted average 69 + 29 (S.D.), n
= 24) or the GHIC (2 to 390, weighted average 65 £ 74 (S.D.), n = 498).

Our geochemical results therefore identify Lower Paleozoic lithologies as the most likely end-
member lithology during glacial ice-margin advance. This in turn means that we can use our
data to provide insights into the geochemical composition of the Lower Paleozoic granitoids
found on the George V Land coast between the Ninnis and Mertz glacier. The composition of
these granitoids must be compatible with the most unradiogenic Nd signature (i.e., eng = -15.5)
and the most radiogenic Sr isotope compositions (i.e., 8’Sr/%Sr = 0.740) defined by this study
(Figure 5.8). As such a local end-member with a Nd isotopic composition of eng = -15.0, [Nd]
= 27 ppm, and Sr isotopic composition of 8Sr/%Sr = 0.745, [Sr] = 75 ppm is suggested (Figure
5.8). Elemental concentrations are also constrained for this end-member as [K] = 3.8 wt. %,
[La] = 30 ppm, [Rb] = 250 ppm, [Sc] = 25 ppm, [Ti] = 4000 ppm and [Zr] = 90 ppm (Figure
5.5).

5.5.2. End-member during retreated ice margin scenarios

Detrital sediment samples with more radiogenic Nd isotopic compositions and less radiogenic
Sr isotopic compositions at Site U1361A are thought to have been deposited during warm,
interglacial periods when the ice margin was retreated (Bertram et al., 2018 (Chapter 3);
Wilson et al., in press (Chapter 4); Cook et al., 2017; Cook et al., 2013) (Figure 5.2). As for
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the first end-member, discussed above, previous suggestions for end-members were solely
based on radiogenic isotope compositions. In the following we expand the geochemical
characterisation of detrital sediments deposited under warmer climatic conditions (Sm-Nd
model ages, REE compositions, and major and trace element compositions, with a focus on
Ti/Rb, K/Ti, Zr/Sc, and La/Sc ratios) (Table 5.3), and hence improve our ability to determine

the provenance of the sediment accurately.

Isotopically the detritus deposited under ice-retreated scenarios shows a great affinity to the
Ferrar Group (Table 5.1; Table 5.3) with the most radiogenic samples overlapping the

published data range (Figure 5.8). While Cook et al. (2013) initially suggested this basaltic

source, Cook et al. (2017) acknowledged the caveat that the sediment samples are too quartz-

rich for a predominantly mafic source, and speculated on a mix of Ferrar and Beacon
Supergroup material. Our new results very clearly show that the major and trace element
geochemistry of detrital sediments deposited during warmer times can’'t be explained by
erosion of Ferrar Group material alone, nor by a mafic component from the Ferrar Group and
a felsic component from Paleozoic sediments/granites. The most notable features of these
samples are typical upper continental crust REE pattern (Figure 5.6), elevated La/Sc values
suggestive of a felsic source, Sm/Yb ratios suggestive of MREE enrichment over HREE, and
higher Zr/Sc and lower Ti/Rb ratios than typical for Ferrar Group rocks (Figure 5.5; Table 5.1;
Table 5.3). Nevertheless, the radiogenic Nd isotope composition of these detrital samples,
deposited at times of regional ice retreat, suggests erosion of a lithology with elevated Nd
isotopic compositions. The only viable candidates are the Ferrar Group or the McMurdo

Volcanic Group.

5.5.2.1. Excluding the McMurdo Volcanic Group as a major source

In Section 5.5.1.1 a mixture of McMurdo volcanics and erosion products from the Adélie
Craton have been excluded as mixed source areas for detrital sediment samples deposited
during modern and even expanded ice scenarios. Here we briefly consider whether a mixture
of the McMurdo Volcanic Group with a Lower Paleozoic contribution could yield a mixing line
that fits the composition of detrital sediments deposited during retreated ice margin times
(Figure 5.8). Figure 5.8 shows the resulting mixing line between both end-members, using
assumed values presented above, which suggests that the McMurdo Volcanic Group would
contribute 10 to 30 % of material to detrital sediment deposited during retreated ice margin
scenarios. Such a contribution is similar to previously modelled McMurdo contributions of 15
— 35 % by Cook et al. (2013), with < 85 % Lower Paleozoic-aged material. Qualitative

microscopic studies of coarse-grained (> 150 pm) U1361A sediments showed that a

significant proportion of the material is composed of volcanic glass, which carries a McMurdo
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signature, and was suggested to be from the proximal Balleny Islands. However this was not
found to vary with the sediment’s isotopic composition and hence does not provide an

additional source during warmer climatic periods (Cook et al., 2017; Cook et al., 2013). The

smectite composition of Pliocene detrital sediments also argues against a McMurdo source

(Cook et al., 2017) and so does the extensive new geochemical data set presented here.

Samarium-Nd model ages of the McMurdo Volcanics in general are substantially younger
(0.16 to 0.58 Ga; average 0.41 + 0.09 Ga (S.D.), n = 70) than those observed in the U1361A
samples (1.49 — 1.93 Ga) (Table 5.1; Table 5.3). Isotopic results for detrital sediments
deposited under warm conditions can be modelled by a mixture of 10 - 30 % McMurdo
contribution with 70 - 90 % Lower Paleozoic material. Applying these percentages would
predict detrital sediment Sm-Nd model ages of 0.79 to 2.59 Ga. Since the detrital sediment do
not extend to such young ages any potential McMurdo Group contribution must be rather
small. An additional factor to consider is the age of the regional volcanism. The earliest
suggested age of volcanism in the Balleny Islands is ~ 5 Ma (Green, 1992). Yet detrital
sediments from IODP Site U1356 (63°18.61'S, 135°59.94°E), located proximal to the Site
U1361A, but of Miocene age show similar Nd model ages of 1.6 to 2.2 Ga (Pierce et al., 2017)

to our Plio-Pleistocene results from U1361A. This observation corroborates that the McMurdo

Volcanic Group is a highly unlikely end-member for fine detrital sediments around the margin

throughout the Neogene.

Further supporting evidence comes from K-Ar ages for U1361A samples (291 — 468 Ma),
which are too old to carry a significant proportion of McMurdo (K-Ar ages < 7 Ma; average 2
t 3.4 Ma, n = 86) (Figure 5.7). Remaining consistent with the mixing proportions suggested
above, a McMurdo Volcanic Group mixture with Lower Paleozoic lithologies would predict
ages between 224 and 501 Ma, arguing again against the higher end of McMurdo proportions,

but allowing for a small contribution to the detrital sediment.

The most convincing evidence against a mixture of McMurdo volcanics and Lower Paleozoic
rocks is however the elemental concentrations of Nd and Th. The above mixing compositions
do not allow for the low concentrations of Nd seen in U1361A detrital sediment ([Nd] minimum
of 15 ppm). Thorium concentrations are depleted in detrital sediments deposited during
warmer environmental conditions ([Th] 6 — 10 ppm; average 8 + 2 (2 S.D.)), relative to the
ones from colder periods (8 — 14 ppm; average 11 £ 3 (2 S.D.)) (Table 5.3). To shift samples
to more radiogenic isotope compositions a higher percentage of McMurdo volcanics is
required, and the Th concentrations would indicate just the opposite. What is required is a
radiogenic end-member, which still carries REE patterns akin to upper continental crust and

low Th and Nd concentrations.
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5.5.2.2. Evidence for a mixed Ferrar and Beacon Supergroup source

Since the end-member constraining the most radiogenic Nd isotopic compositions in detrital
sediment cannot be the McMurdo Volcanics, we instead focus on the Ferrar Group, the only
other lithology within the vicinity of the Wilkes Subglacial Basin with Nd isotopic compositions
that span to the radiogenic values observed in U1361A detrital sediment (i.e., eng > -8.5).
Elemental concentrations, on chondrite-normalised incompatible trace elements spider
diagrams, show that the Ferrar Group material is depleted relative to upper continental crust,
however in the more compatible elements (Hf, Ti, Tb, Y, Tm and Yb) Ferrar Group material is
enriched relative to upper continental crust (Figure 5.4). Similar depletions are observed in
detrital sediments deposited during periods of ice margin retreat at Site U1361A, suggesting
a Ferrar contribution to these samples is indeed likely. Such a basaltic component would
however have to be balanced by a lithology characterised by a pattern more typical of upper

continental crust, such as the Beacon Supergroup (Figure 5.4).

Support for a mixed Ferrar and Beacon Supergroup end-member comes from the elemental
ratios which trend towards Beacon Supergroup values in the most radiogenic Nd samples,
those representing retreated ice margin conditions. Relative to U1361A sediments deposited
under ice advanced scenarios, these samples have higher Ti/Rb, and lower K/Ti (both
indicative of Ferrar Group), higher La/Sc ratios and higher Zr/Sc (both indicative of Beacon
Supergroup) (Figure 5.5; Table 5.3). The low K/Ti ratios are suggestive of basaltic influence

(Bertram et al., 2018 (Chapter 3)), and high Ti content has previously been used to infer Ferrar

or McMurdo Volcanic Group provenance (Monien et al., 2012) (Table 5.1). In contrast La/Sc

and Zr/Sc tend towards expected values of the Beacon Supergroup (Table 5.1). The high ratio
of La/Sc is indicative of felsic sources since La is typically from felsic sources, while Sc is more

compatible in mafic rocks (McLennan et al., 1980). Zirconium/Sc ratios on the other hand are

an indicator of zircon enrichment (McLennan et al., 1993), and are shown to be high in marine

sediments as a result of Beacon Supergroup input (Ehrmann and Polozek, 1999).

It is clear from these results that the Ferrar group does not pose a viable end-member unless
mixed with Beacon Supergroup material. We hence propose a three-component mixing model
for provenance variations at U1361A consisting of Lower Paleozoic lithologies, Ferrar Group

rocks, and Beacon Supergroup material.

5.5.2.2.1. Geographical constraints on the exact Beacon Supergroup
material

Only one known outcrop of the Beacon Supergroup exists within the vicinity of the Wilkes

Subglacial Basin at Horn Bluff (Mawson, 1940). However, airborne geophysical surveys

suggest it is likely to have a much greater geographic extent with evidence of Beacon
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Supergroup in the Central Basin along with Ferrar Group sill intrusions (Frederick et al., 2016;

Ferraccioli et al., 2009). Geophysical traverses collecting magnetic data from the

Transantarctic Mountains have suggested thinning of the Beacon Supergroup and Ferrar

Group westwards under the ice to a distance of at least 250 — 300 km (ten Brink et al., 1997).

Ice-penetrating radar profiles provide evidence of meso topography, interpreted as Ferrar
dolerite sills emplaced on Beacon Supergroup, extending 400 — 500 km from the
Transantarctic Mountains to a topographic low within the Wilkes Subglacial Basin (Studinger

et al., 2004). More recent geophysical studies have detailed Beacon Supergroup and Ferrar

Group material within the Central Basin of the Wilkes Subglacial Basin (Frederick et al., 2016;

Ferraccioli et al., 2009).

In Northern Victoria Land, the upper Victoria Group (Permian — Triassic) formations of the

Beacon Supergroup overlie the Wilson and Bowers Terranes (Elliot et al., 1995). Outcrops of

the lower Taylor Group (Devonian) are not seen in Northern Victoria Land since it was a

highland at the time of deposition (Bradshaw, 2013). In comparison, Southern Victoria Land

was a floodplain (Barrett and Kohn, 1975). The Wilkes Land and George V Land regions only

became lowland areas as a result of regional denudation of 2 — 3 km (Lisker, 2002) caused

by separation of Australia and Antarctica during late Mesozoic times (~ 99 Ma) (Veevers

2000; Veevers, 1982). During the mid-Miocene maxima in ice extent, this area was further

deepened by incision of troughs (Jamieson and Sugden, 2008). Given the lack of deposits of

the Taylor Group in Northern Victoria Land, it is conceivable that this group may also be
missing underneath the ice in George V Land and the Wilkes Subglacial Basin. In support of
this hypothesis, the Beacon Supergroup at Horn Bluff is described to consists of Permian to

Triassic (i.e., Victoria Group-aged) red sandstones (Veevers and Saeed, 2011). While further

identification and analysis of Beacon outcrops would be needed to confirm this conclusion, we
suggest that of the two stratigraphic groups of the Beacon Supergroup, the Victoria Group is
more likely to be found within the Wilkes Subglacial Basin. We hence adopt the composition
of the Victoria Group as the most likely Beacon Supergroup end-member, with a mixed
contribution from Ferrar and Beacon dominating the detrital sediment composition during

warm times (i.e., retreated ice margin) at Site U1361A.

5.5.3. The three end-member mixing scenario for the
Wilkes Subglacial Basin

5.5.3.1. Isotopic constraints

The Ferrar Group is well constrained in terms of isotopic and elemental compositions in the
literature (Figure 5.8; Table 5.1). However, isotopic measurements for the Beacon

Supergroup are very limited, with just five direct measurements of Nd (Chapter 2) and twenty
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Sr isotopic measurements (Chapter 2, n =5 and Faure and Barrett (1973), n = 15) (Table 5.1;
Figure 5.9). These samples span a wide range of compositions and the Victoria Group is
particularly under-sampled. Based on the geographical constraints (Section 5.5.2.2), the
Victoria Group seems however the most likely end-member for sediments deposited at
U1361A. We hence adopt the sole Nd isotopic measurement of eng = -12.0 from the Lashly
Formation (Chapter 2). The Sr isotopic measurements range from 0.715 to 0.726 (average
0.7190.006 (2 S.D.), n=13 (Chapter 2; Faure and Barrett, 1973)). Elemental concentrations
for the Victoria Group are constrained in the literature with [Nd] ranging from 5 to 81 ppm and
[Sr] from 72 to 334 ppm (Strong et al., 2016; Sheldon et al., 2014; Horner, 1992) (Table 5.1).

The Lashly Formation measured in Chapter 2 is compatible with the published range of Nd

and Sr isotopic compositions ([Nd] = 61 ppm; [Sr] = 225 ppm). Here a Beacon Supergroup
end-member of eng = -12.0, [Nd] = 12 ppm &Sr/%Sr = 0.715, [Sr] = 160 ppm is assumed.
Further analysis and a detailed investigation to characterise the Beacon Supergroup, and

especially the Victoria Group, is required to constrain this further.

Nevertheless, utilising these constraints we can model U1361A detrital sediment as a mixture
of three end-members: the Ferrar Group (eng = -5.5, [Nd] = 25 ppm and 8 Sr/®Sr = 0.712, [Sr]
= 95 ppm), the Victoria Group of the Beacon Supergroup (ena = -12.0, [Nd] = 12 ppm and
87Sr/8Sr = 0.716, [Sr] = 160 ppm) and Lower Paleozoic rocks (eng = -15.0, [Nd] = 27 ppm and
87Sr/88Sr = 0.745, [Sr] = 75 ppm) (Figure 5.9). Detrital marine sediment from U1361A
deposited under ice advanced scenarios (i.e., cold, glacial periods) are found to be composed
in the majority of Lower Paleozoic material which accounts for > 50 % of their composition.
The contribution from both the Ferrar Group and Beacon Supergroup sediment is found to be
consistently < 25 % for both lithologies. In contrast the marine sediment deposited during
periods characterised by ice retreat into the Wilkes Subglacial Basin (i.e., warm, interglacials)
are found to have a substantial input from Ferrar Group (25 — 75 %) and Beacon Supergroup
(25 — 75 %) material. The contribution from Lower Paleozoic material is decreased in these

sediments with < 50 % of material derived from this group (Figure 5.9).

Therefore, this mixing calculation provides further evidence for a dynamic ice margin within
the Wilkes Subglacial Basin. The samples interpreted as interglacial, warm deposits have a
composition characterised by substantial input from Ferrar Group and Beacon Supergroup
material. Given that such lithologies do not show a prevalence in modern day shelf sediments

(Cook et al., 2013; Pierce et al., 2011) it suggested that there must have been a substantial

change in the ice margin relative to its current position.
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Figure 5.9: Three component mixing model for provenance variations in U1361A detrital sediments. Mixing between the Ferrar Group (enq = -5.5,
87Sr/%5Sr = 0.712, [Nd] = 25 ppm and [Sr] = 95 ppm), the Victoria Group of the Beacon Supergroup (enq =-12.0, 87Sr/8Sr = 0.716, [Nd] = 12 ppm and [Sr] =

160 ppm) and the Lower Paleozoic granites (eng = -15.0, 8 Sr/8Sr = 0.745, [Nd] = 27 ppm and [Sr] = 75 ppm), each shown as a brown, green or blue star
respectively. Grey lines show 25% incremental changes in the mixing calculations. U1361A detrital sediment data and fields of the isotopic compositions of

proximal lithologies are the same as in Figure 5.8.
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This mixing calculation also provides geochemical support, in addition to the geographical
support discussed above (Section 5.5.2.2) for a Victoria Group end-member rather than the
Taylor Group contribution. Two siltstones analysed from the Taylor Group show a much more
radiogenic Sr isotopic composition (Chapter 2; 8Sr/%Sr = 0.772 to 0.783) than the other
analysed samples (Chapter 2; 8Sr/%Sr = 0.720 to 0.740). These two siltstone samples are
also enriched in other elements, including the REEs and HFS elements, compared to the other
Beacon formation sediments. Given the radiogenic Sr ratio, high concentrations of Nd ([Nd] =
37 ppm) and low concentrations of Sr ([Sr] = 55 ppm) in Beacon siltstones, relative to upper

continental crust ([Nd] = 26 ppm, [Sr] = 350 ppm (Taylor and McLennan, 1981)), mixing lines

involving Ferrar Group, Beacon siltstones and Lower Paleozoic Group rocks suggest a higher
contribution from Beacon siltstones material to deposits formed during ice advanced scenarios
than deposits from ice retreated scenarios which is not compatible with geographical evidence
(Section 5.5.1). Given the restricted number of analyses, these radiogenic Sr compositions
cannot yet be attributed to (i) all Beacon Supergroup siltstones; or (ii) only Taylor Group
siltstones. If the former is found to be correct then the Sr isotopic compositions would discredit
any siltstones as being a contributor to the detrital sediment provenance at U1361A. Further

work is needed to constrain the composition of the Beacon Supergroup in more detail.

5.5.3.2. Other geochemical constraints

Our new three-component model can reproduce the isotopic compositions of Plio-Pleistocene
Site U1361A detrital sediments. Extensive major and trace element results, however, allow
further testing for the robustness of the chosen end-members. Mixing models for Zr/Sc vs K/Ti
and La/Sc vs Ti/Rb (Section 5.5.2.2) are displayed in Figure 5.5. Literature data constrains
the major element compositions for both the Victoria and Taylor Groups, however trace
element compositions are only available for the Victoria Group (Strong et al., 2016; Sheldon
et al., 2014; Wysoczanski et al., 2003; Horner, 1992; Glasby et al., 1981; McPherson, 1980;

McPherson, 1975). As this is however our chose end-member (see Section 5.5.2.2) only

Victoria Group data was utilised (Table 5.1). A Victoria Group end-member of [K] = 1.6 wt. %,
[La] = 20 ppm, [Rb] = 75 ppm, [Sc] = 8 ppm, [Ti] = 3000 ppm and [Zr] = 150 ppm is assumed
(Figure 5.5). A Ferrar Group end-member of [K] = 1.0 wt. %, [La] = 26 ppm, [Rb] = 43 ppm,
[Sc] = 24 ppm, [Ti] = 7500 ppm and [Zr] = 160 ppm is assumed (Figure 5.5).

Similar to the isotopic mixing end-members, trace element data suggest that the material
deposited under ice advanced scenarios is characterised by > 25 % Lower Paleozoic material,
< 25 % Ferrar Group material, and < 75 % Beacon Supergroup (and generally < 50 %)

influence. On the other hand, the sediments deposited during retreated ice conditions has a
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reduced Lower Paleozoic input (< 25 %) and an increased Beacon Supergroup (> 50 %) with

variable Ferrar Group influence up to 25 % (Figure 5.5; Figure 5.9).

It is worth noting that the detrital samples characterised by the most radiogenic Nd
compositions, and therefore likely representing the most extreme retreated ice-margin

scenario (i.e., early Pliocene; Cook et al. (2013)), have not yet been analysed for major and

trace elements (i.e., the maximum eng composition of samples analysed for major and trace
elements was eng = -9.1, represented by the black circles in Figure 5.8 and Figure 5.9 from

(Bertram et al., 2018 (Chapter 3)), while the most radiogenic value measured in all U1361A

samples has eng = -6.9 from the early Pliocene). These samples likely have an increased
Ferrar influence and therefore the end-member (even with a Beacon Supergroup component)
will have a more radiogenic Nd composition. Further analysis of the major and trace element
composition of radiogenic Nd U1361A samples, in addition to further analysis of the Victoria

Group would improve the accuracy of the Beacon Supergroup end-member composition.

In summary, we constrain a three-component mixing model to characterise the end-member
lithologies seen within the Wilkes Subglacial Basin. In detail these lithologies comprise the
Lower Paleozoic rocks found along the proximal coastline around the Mertz and Ninnis
Glaciers, the Beacon Supergroup and the Ferrar Group (Figure 5.9). The latter two lithologies
are only found in very restricted coastal outcrops but are inferred to constitute a major portion
of the sedimentary infill within the basin. Samples characterised by less radiogenic Nd isotopic
compositions show affinity to the Lower Paleozoic rocks supporting the interpretation of the
ice margin being located close to its present-day position or advanced onto the continental
shelf. In contrast the more radiogenic Nd isotopic signature is characterised by a higher input
from the Beacon Supergroup and Ferrar Group material and is hence likely associated with
ice margin retreat within the basin. Given the exposures of Beacon Supergroup found in the
nearby Northern Victoria Land and the Oates Coast, we suggest the Permian — Triassic
Victoria Group is likely to be the most influential component of the Beacon Supergroup in the

Wilkes Subglacial Basin.

5.5.4. K-Ar Ages of Detrital Sediment

The isotopic and major and trace element data for detrital sediments at Site U1361A are
compatible with a Beacon Supergroup and Ferrar Group warm/retreated end-member and
Lower Paleozoic cold/advanced end-member. At a first glance a mixture of these three
sources could also explain the K-Ar ages of the detrital sediments at U1361A (Figure 5.7).
The Lower Paleozoic rocks are characterised by K-Ar ages ranging from 320 Ma to 556 Ma
(average 451 + 130 Ma)), which are older than those of the Ferrar Group (ranging from 98 to
223 Ma (average 155 + 64 Ma)) (Adams, 2006; Molzahn et al., 1996; Faure and Mensing,
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1993; Ford and Kistler, 1980; Fleck et al., 1977). The Beacon Supergroup has not been
constrained in the literature, and we here present the first whole rock K-Ar ages for five
samples from the Transantarctic Mountains. Consistent with the detrital nature of the Beacon

Supergroup, spanning a range of source lithologies and ages (Cook et al., 2017), we observe

a large range in K-Ar ages from 162 to 713 Ma. It should be noted that four of the five samples
analysed are younger than 369 Ma. The one sample from the Victoria Group (Lashly
Formation) has a K-Ar age of 222 + 16 Ma (Table 5.5). While these ages are unlikely to
characterise the full spectrum of the Beacon Supergroup formations, one observation is that
K-Ar ages tend to be younger than those for the Lower Paleozoic rocks, and slightly older than
those for the Ferrar Group. Given the younger ages of the Beacon Supergroup (particularly if
the Lashly sample is considered our best estimate for a Beacon Supergroup end-member at
U1361A) and Ferrar Group, we would expect U1361A samples deposited during periods of
ice retreat and characterised by more radiogenic Nd compositions, to have very young K-Ar
ages (i.e., between 98 Ma and 222 Ma).

However, the U1361A data range from 291 to 465 Ma, significantly older than expected. While
the ages overlap with those for Lower Paleozoic terranes, and therefore can explain some of
the cold samples, they do not appear to be compatible with a retreated ice margin scenario
with dominant input from the Beacon Supergroup and Ferrar Group. Furthermore, no
systematic variation is seen between the two groups in detrital sediments (i.e., advanced and

retreated).

Interestingly, K concentrations show a significant correlation with Nd isotopic compositions (R?
= 0.57). Samples deposited under warmer periods, characterised by retreated ice margin,
have lower concentrations than colder, ice-advanced samples (warm/retreated: 1.6 — 1.9 wt.
%, average 1.8 + 03 wt. % (2 S.D.), n = 7; cold/advanced: 2.5 — 2.8 wt. %, n = 2). The lower
concentrations of K in retreated ice margin samples is compatible with the inferred basaltic
influence (Wedepohl, 1969) from the Ferrar Group and supports a low-K Ferrar contribution
(K:0.14 — 1.82 wt. %; average 0.83 + 0.77 wt. % (2 S.D.), n = 250) (Table 5.1). In comparison,
Beacon Supergroup and Lower Paleozoic lithologies show similar but higher K concentrations
(Beacon: 0.9 — 4.4 wt. %; weighted average 2.7 + 0.7 wt. % (S.D.), n = 154; Lower Paleozoic:
0.1 - 6.5 wt. %) (Table 5.1).

Previous analysis of K-Ar ages in Ferrar material in particular has suggested that large losses
of radiogenic “°Ar can occur as a result of alteration of the flows during low-grade thermal

events, resulting in very variable ages with poor reproducibility (Faure and Mensing, 1993;

Fleck et al., 1977). Additionally, excess “°Ar may cause difficulties in achieving accurate ages

from this method (Kelley, 2002).
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At this point in time, we are not sure how to include these new K-Ar data in our conceptual
interpretation of end-members contributing to Site U1361A sediments. An interesting
observation is that a strong relationship between eng and K-Ar ages was observed in detrital
sediment of Miocene age at a neighbouring site offshore the Wilkes Subglacial Basin
(Johnson et al., 2012). Site U1356 is located further west towards Adélie Land. A stronger

influence from the Adélie Craton at this site is suggested by core top material within the vicinity

of U1356 (Johnson et al., 2012), more unradiogenic eng values, and older “°Ar/**Ar ages of ice-

rafted debris indicative of a provenance from the Mertz Shear Zone (Pierce et al., 2017).

Additionally it is worth noting that K concentrations in U1356 Miocene deposits are generally
higher and have a narrower range than those seen at U1361A (U1356: 2.0 — 2.7 wt. %;
U1361A: 1.6 — 3.1 wt. %).

Analysis of K-Ar in detrital sediment is a rather new provenance proxy that is not yet fully
understood. The data presented here highlight the complex nature of this proxy in this area

and further work is required to understand its results.

5.6. Conclusions

Isotopic compositions (neodymium and strontium) and major and trace element
concentrations obtained for U1361A detrital marine sediments deposited over the last ~5 Ma
can be explained by a three-component mixing model. The sediments with the least radiogenic
Nd isotopic compositions are dominated by input from the Lower Paleozoic bedrock source (>
40 %) which are found along the proximal coastline of the ice margin. In contrast samples with
the most radiogenic Nd isotopic composition samples have a much higher contribution of
Ferrar Group and Beacon Supergroup lithologies (> 25 % and 25 — 75 % respectively). Since
there are only restricted outcrops of these lithologies along the present-day George V Land
coastline, and given the large contribution to detrital marine sediments required, the expected
source of these lithologies is thought to be extensive areas of sedimentary infill within the
Wilkes Subglacial Basin, inferred from airborne geophysical surveys. Based on geographical
constraints the Beacon Supergroup end-member is further constrained to the Victoria Group

although further geochemical analysis of this lithology is required to confirm this hypothesis.

This detailed end-member study provides further support to previous interpretations of
provenance variations at U1361A varying over glacial-interglacial timescales. Based on the
provenance interpretations presented here, the former group indicates periods when the ice
margin was located proximal to its present-day position or advanced onto the continental shelf.
Productivity proxies within the sediment (Ba/Al XRF scan records and diatom counts) suggest

that these were cooler periods. In contrast the more radiogenic samples have an end-member
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source from inland of the Wilkes Subglacial Basin and is hence suggestive of ice margin
retreat. Productivity proxies corroborate this suggesting deposition during times of warmer-

than-present conditions.

Overall this study provides a detailed assessment of the provenance end-members within the
Wilkes Subglacial Basin. We find evidence for a substantial Beacon Supergroup influence
particularly during warmer-than-present conditions. This adds to previous interpretations of a
Ferrar Group and Lower Paleozoic source and solves the conundrum that Nd and Sr isotopic
compositions can be explained by a two-component mixture, but trace element data can’t. The

richness of data generated will allow future consideration of principle component analyses.
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Chapter 6.

A five million year record of
East Antarctic lce Sheet
variability

All work presented in this chapter was conducted by Rachel A. Bertram under the supervision of
Tina van de Flierdt.

Additionally, the following people are acknowledged: David J. Wilson for helpful discussions;

Francisco J. Jimenez-Espejo and Carlota Escutia for providing the XRF scan analysis and Rob
McKay for help with sedimentological analysis when deciding a sampling plan and sampling.
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Abstract

Global temperatures were warmer than present but similar to those projected for the end of
the century during the early Pliocene warmth, some five million years ago. Since this time,
global climate has cooled, at times gradually but at other times in abrupt steps. One period of
particular interest is the extreme M2 glaciation ~ 3.3. Ma, which has been suggested to have
initiated the cooling conditions ultimately marked by onset of Northern Hemisphere glaciation
at ~ 2.7 Ma and the Plio-Pleistocene transition at ~2.6 Ma. The Mid-Pleistocene Transition
(MPT; ~ 1.4 to 0.7 Ma) is another frequently studied interval, which saw a change in orbital
forcing from obliquity-dominated to eccentricity-paced. The behaviour of the Antarctic Ice
Sheet during these climate transitions is not fully constrained, yet is vitally important given its

role in the global climate system.

Here we combine new and existing geochemical provenance data on marine detrital sediment
at IODP Expedition 318 Site U1361A to provide a continuous ~ 5 Myr record of East Antarctic
Ice Sheet variation within the low-lying Wilkes Subglacial Basin. We focus on neodymium
isotope analysis, previously shown to be a sensitive tracer of ice margin variations around the
Antarctic continent proximal to this site, supported by continuous XRF scan records of K/Ti
(basaltic provenance indicator). Additionally, we present a continuous record of Ba/Al, a proxy
for productivity at U1361A.

Our results indicate that the Wilkes Subglacial Basin has hosted a dynamic ice-margin
throughout the Plio-Pleistocene, with glacial-interglacial cycles of ice advance and retreat
occurring throughout the record. Notable features are significant steps in the record at ~ 2.7
Ma, 1.7 Ma and ~ 0.7 Ma. In contrast to a number of Antarctic records from other locations,
which indicate cooling and ice expansion following the large M2 glaciation, no significant
change in ice behaviour is observed in the Wilkes Subglacial Basin ice margin at this time.
The Pleistocene record shows parallels with Northern Hemisphere records in interglacial
periods suggesting interhemispheric links that may be related to oceanic circulation patterns.
A muted period of variability exists in the early Pleistocene. Overall, we suggest that the
dominant forcing mechanism on ice extent during the Pliocene was from atmospheric
warming, whereas in the Pleistocene, oceanic forcing became more significant. This highlights

the vulnerability of the Wilkes Subglacial Basin to different environmental forcings.

6.1. Introduction

Spanning the last five million years, the Pliocene and Pleistocene epochs have been times of

considerable change within the climate system. Throughout this time, carbon dioxide (CO)
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concentrations have generally decreased, global temperatures (atmospheric and oceanic)
have decreased, bipolar glaciation occurred, and the primary orbital forcing mechanism
manifested in climatic records also switched from obliquity to eccentricity (e.g., McClymont et
al., 2016; Stap et al., 2016; Martinez-Boti et al., 2015; Rohling et al., 2014; Lisiecki and Raymo,
2007; Raymo et al., 2006; Lisiecki and Raymo, 2005; Zachos et al., 2001). Arguably one of

the largest changes over this time period has been the change in state of the cryosphere. In

warm periods during the early Pliocene, the Northern Hemisphere was ice-free (Haywood and
Valdes, 2004), the West Antarctic Ice Sheet (WAIS) didn’t exist (Naish et al., 2009; Pollard
and DeConto, 2009) and marine-based sectors of the East Antarctic Ice Sheet (EAIS) had

undergone major retreat (Cook et al., 2017; Cook et al., 2013). In comparison, during the most

recent glacial periods of the Pleistocene, extensive ice sheets existed in the Northern

Hemisphere (Marcott and Shakun, 2017), the WAIS advanced to the outer shelf in most areas

(Wright et al., 2008), and some of the EAIS extended to a mid-shelf position (Anderson et al.,

2002). The transition between this warmer-than-present world with a reduced cryosphere
during the early Pliocene, to the more glaciated, bipolar state of the cryosphere in the

Pleistocene has been the subject of many studies.

In particular, the focus has been on two major climatic transitions over the past 5 million years,
(i) the transition from the warm mid-Piacenzian period to the onset of Northern Hemisphere
glaciation (~3.3. — 2.7 Ma) and (ii) the Mid Pleistocene Transition (~1.4 to 0.7 Ma).
Atmospheric CO. estimates for the mid-Piacenzian ‘warm’ period from ~ 3.26 — 3.03 Ma
(Dowsett et al., 2016; Haywood et al., 2016) (Figure 6.1) range from 233 to 450 ppm
(Martinez-Boti et al., 2015; Badger et al., 2013; Zhang et al., 2013; Bartoli et al., 2011; Pagani
et al., 2010; Seki et al., 2010) and global average surface temperature is modelled between
2.7 — 4.0 °C warmer than present (Haywood et al., 2013; Haywood and Valdes, 2004).

However, cooling around Antarctica dates back to Marine Isotope Stage (MIS) M2, a
pronounced glaciation at ~ 3.3 Ma. Evidence for increased ice extent in the Ross Sea was
found in the AND-1B record and is assumed to represent the state of the whole WAIS (McKay

et al., 2016; McKay et al., 2012a). Furthermore, decreased productivity, suggestive of

extended sea-ice conditions, was reported from around the Antarctic Peninsula (Hillenbrand

and Cortese, 2006; Hillenbrand and Futterer, 2001), and ice-rafted debris accumulation

offshore the Wilkes Subglacial Basin was interpreted to suggest intensification of sea-ice and
a changing sensitivity to orbital parameters (Patterson et al., 2014). The M2 glaciation

represents the largest positive excursion in the Pliocene benthic 3'0 record and marks the
beginning of a long term trend towards more positive deep-sea oxygen isotopic compositions,
culminating in MIS 100 at ~ 2.5 Ma (Lisiecki and Raymo, 2005). MIS M2 has been described

as a failed attempt of the climate to reach a full glacial state (which was only later achieved in
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Figure 6.1: Plio-Pleistocene detrital sediment Nd isotope record from U1361A in the context of global climate. (a) Neodymium isotope analysis
(shown as Eng) from U1361A sediments spanning the last ~ 5 million years. New data collected in this study is shown in red, while black data points represent

data collected in previous studies (Berfram et al., 2018 (Chapter 3); Wilson et al., in press (Chapter 4); Cook et al., 2017; Cook et al., 2013). Horizontal

shading marks classification of the data in cold (glacial; blue coloured bar) and warm (interglacial; yellow coloured bar) groups. Soupy or highly disturbed

areas of U1361A are marked by the zigzag line at the bottom of the diagram (from Escutia et al. (2011) and personal observation during sampling in May

2016). (b) Global climate record of benthic 580 (Lisiecki and Raymo, 2005) where lower values indicate reduced ice volume and/or warmer temperatures.

Key glacial and interglacial marine isotope stages (MIS) are marked and “super-interglacials” are marked in red (Wennrich et al., 2014).
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MIS 100; Bailey et al. (2013)) and is associated with significant sea level fall suggesting build-

up of continental ice in both hemispheres (Dolan et al., 2015).

Despite the ample evidence for change triggered by the M2 glaciation around Antarctica, many
global and Northern Hemisphere records do not indicate a substantial climatic shift/cooling
until the initiation and onset of Northern Hemisphere glaciation. The first evidence for Northern
Hemisphere glaciation occurs at 2.72 Ma (during MIS G6) with the onset of abundant Northern
Hemisphere ice rafted debris (Maslin et al., 1996; Maslin et al., 1995; Shackleton et al., 1984;
Zimmerman et al., 1984; Backman, 1979). Later glaciations of MIS G4 and 100 (~ 2.64 Ma

and ~ 2.52 Ma, respectively) saw the intensification of Northern Hemisphere glaciation (Bailey

et al., 2010). Therefore, while the onset of Northern Hemisphere glaciation occurred at ~ 2.7

Ma, this glaciation occurred within a broader period of global cooling characterising the Plio-
Pleistocene transition from ~ 3.3 — 2.5 Ma. While the cause of this cooling in the late Pliocene
is debated, suggested drivers include a decrease in atmospheric CO- concentration (Martinez-
Boti et al., 2015; Willeit et al., 2015; Seki et al., 2010; Lunt et al., 2008), changes in orbital
configuration (Haug and Tiedemann, 1998; Maslin et al., 1998), tectonic influences (Cane and
Molnar, 2001; Maier-Reimer et al., 1990; Raymo et al., 1988; Ruddiman and Raymo, 1988),
changes in zonal and meridional sea surface temperature (SST) gradients (Lawrence et al.,
2010; Fedorov et al., 2006; Ravelo et al., 2004; Sigman et al., 2004; Philander and Fedorov,
2003), and changes in ocean stratification (WWoodard et al., 2014; McKay et al., 2012a; Haug

et al., 2005; Sigman et al., 2004; Haug et al., 1999). In particular, the latter suggestion calls

for an Antarctic driver through changes in oceanic circulation patterns, propagating northwards

from the Southern Ocean.

Further evidence of cooling occurred in the Mid-Pleistocene culminating in the Mid-
Pleistocene Transition (MPT). Once again, this transition happened over a broad time window
from ~ 1.4 — 0.7 Ma, centred on 0.9 Ma. Two chronographic markers are thought to be
important in the MPT zone: the Jaramillo Subchron (C1r.1n; 0.988 — 1.072 Ma) and the
Brunhes Chron (C1n; ~0.781 ma). The MPT marks the transition from a dominant periodicity
in glacial cycles of 41 kyr (obliquity) to 100 kyr (eccentricity), although there is no

corresponding change in orbital forcing observed (Lisiecki and Raymo, 2007). Associated with

this change was an overall increase in global ice volumes and increased in the variability in
the amplitude of glacial-interglacial cycles, determined from global benthic §'®0 records

(Lisiecki and Raymo, 2005). Numerous records document that the MPT was associated with

cooling of temperatures (atmospheric and oceanic) (Snyder, 2016; Lawrence et al., 2010),

changes in ocean productivity (Diester-Haass et al., 2018), changing oceanic circulation

patterns (Ford et al., 2016; Elderfield et al., 2012), and increased ice extent in the Ross Sea,
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Antarctica (McKay et al., 2012b). Elderfield et al. (2012) furthermore suggested the MPT as

the time of rapid expansion of Antarctic ice volume.

However, our own work (Wilson et al., in press) showed that the EAIS in the vicinity of the

Wilkes Subglacial Basin was still dynamic over the past 0.5 Ma. In order to investigate
Antarctic ice behaviour over global climate transitions, and ultimately constrain the role of
Antarctica in global climate shifts, we here present a 5 Ma record of Plio-Pleistocene detrital
sediment provenance offshore the Wilkes Subglacial Basin. This record is used to infer ice-
margin extent and provide constraints over the key transitions of the Plio-Pleistocene,
specifically ~ 3.3 — 2.7 Ma (late Pliocene cooling and onset of Northern Hemisphere

glaciation), the understudied early Pleistocene, and spanning the Mid-Pleistocene Transition.

6.2. Site selection and regional setting

Sediment from Hole U1361A (64°24’S, 143°53’E; 3454 m water depth) was recovered during
the International Ocean Discovery Program (IODP) Expedition 318 from the continental rise
offshore the Wilkes Subglacial Basin, East Antarctica. The upper ~ 135 m of the core provide

a near continuous record of Plio-Pleistocene climate variability (Escutia et al., 2011) with good

age constraints (Tauxe et al., 2012). Linear interpolation between palaeomagnetic tie points

is used to date U1361A Pliocene material following Tauxe et al. (2012), Patterson et al. (2014)

and Wilson et al. (in press) (Chapter 4) (Table 6.1). The section studied is mostly continuous

with one core gap between ~3.6 to ~3.33 Ma, which is thought to be related to the “super-

glacial” MIS M2 (Tauxe et al., 2012). Age uncertainty increases away from these age tie points

due to the assumption of linear sedimentation rates. Sedimentation rates typically increase
during the transition into glacial conditions and hence linear assumptions will not capture

changes over glacial-interglacial transitions (Presti et al., 2011; Raymo et al., 1998). However,

previous work has successfully identified such glacial-interglacial cycles in sedimentology,
physical properties and geochemistry (Bertram et al., 2018 (Chapter 3); Wilson et al., in press
(Chapter 4); Cook et al., 2017; Patterson et al., 2014; Cook et al., 2013). Deposits of diatom-

rich clays in the Pleistocene and Pliocene represent interglacial periods, while silty-clays

represent glacial deposits (Escutia et al., 2011). Some parts of the core show drilling

disturbances, which have been largely avoided during sampling (see Figure 6.1).

Site U1361A is presently located north of the Adélie depression, one of three major locations
around Antarctica where Antarctic Bottom Water forms (i.e., Ross Sea, Weddell Seas, and
Adélie Coast). Winter cooling and sea-ice growth at this location results in high-salinity shelf
waters which ultimately form Adélie Coast Bottom Waters (e.g., Rintoul, 1985). Additionally,
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. . LOETETT Top Depth e Median Depth  Sedimentation Rate*
Tie Point Age (mbsf) Depth (mbsf) (cmikyr)
(Ma) (mbsf)
C1n (o) 0.781 11.19 14.34 12.77 1.63
Cir.1n (y) 0.988 17.68 17.95 17.82 2.44
C1r.1n (0) 1.072 18.34 20.12 19.23 1.68
C1r.2n (y) 1.173 20.32 20.58 20.45 1.21
C1r.2n (0) 1.185 20.58 20.80 20.69 2.00
C2n (y) 1.778 32.30 32.35 32.33 1.96
C2n (o) 1.945 34.85 34.85 34.85 1.51
C2An.1n (y) 2.581 49.70 49.75 49.73 2.34
C2An.1n (o) 3.032 64.55 64.60 64.58 3.29
C2An.2n (y) 3.116 66.70 66.70 66.70 2.53
C2An.2n (o) 3.207 71.67 71.72 71.70 5.49
C2An.3n (y) 3.330 74.52 75.90 75.21 2.86
C2An.3n (o) 3.596 77.45 77.50 77.48 0.85
C3n.1n (y) 4.187 99.99 99.99 99.99 3.81
C3n.2n (o) 4.631 109.68 109.68 109.68 2.18
C3n.4n (y) 4.997 120.30 120.35 120.33 2.91
C3n.4n (o) 5.235 123.65 123.70 123.68 1.41
C3An.1n (y) 6.033 143.80 143.85 143.83 2.53

*Sedimentation rate is calculated for the interval of the core deposited after the corresponding age
constraint, i.e., higher up the core, lower depths.
Data is taken from Wilson et al. (in press) (Chapter 4); Patterson et al. (2014) and Tauxe et al.

(2012).

Table 6.1: Palaeomagnetic tie points for the Plio-Pleistocene section of U1361A.

U1361A is located ~ 2 ° south of the southern boundary of the Antarctic Circumpolar Current
(ACC), where Circumpolar Deep Water (CDW) upwells to the surface (Bindoff et al., 2000).

6.3. Samples and Methodology

6.3.1. Radiogenic isotope analysis

We present new radiogenic neodymium (Nd) isotope results for 64 detrital sediment samples
from Site U1361A. When combined with results from Bertram et al. (2018) (Chapter 3), Wilson
et al. (in press) (Chapter 4), Cook et al. (2013) and Cook et al. (2017), these data provide a

complete record of detrital sediment provenance from this core site for the last 5 Myr (Figure

6.1). The new results presented here cover a short early Pliocene interval (104.06 — 106.53
mbsf, ~ 4.4 Ma, n = 12), but mainly focus on a low-resolution continuous record from the late
Pliocene extending through to the Pleistocene (7.11 — 61.61 mbsf, ~ 2.9 — 0.4 Ma, n = 52). As
described above, soupy sections along the record have generally been avoided during
sampling (Figure 6.1). One exception is the Early Pliocene interval analysed here, which
shows anomalously high Ba/Al ratios (0.45 — 0.93) (Cook et al., 2013). This interval is
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characterised by soupy material representing core flow or disturbance suggested to cause the
anomalous Ba/Al ratio. We here test this assumption by providing geochemical

characterisation of the samples.

All data presented in this chapter were analysed at the bulk fraction. Five of the late Pliocene
samples were additionally analysed at varying grain-size fractions (< 150 ym and bulk fraction)
and for strontium isotopes (Appendix A7). These analyses show that there are no Nd isotope
signals associated with varying grain-size fractions, and that the range of strontium isotope
values seen in the late Pliocene is comparable with previously published Pliocene datasets.

As such, variations in the isotopic composition represents provenance variations.

Samples were homogenised before a representative ~ 0.5 g of detrital sediment underwent a
sequential leaching process. In a first stage, biogenic carbonate was removed using buffered

acetic acid (see Biscaye (1965) for more details), followed by ferromanganese oxides and

oxyhydroxides removal using a reductive solution of 0.02 M hydroxylamine hydrochloride
(NH20OH) (Cook et al., 2017; Cook et al., 2013; Chester and Hughes, 1967). This method is

consistent with previous provenance work by Cook et al. (2017); Cook et al. (2013) and, as

such, no removal of biogenic opal was conducted. A sub-sample of ~ 50 mg of leached detrital
sediment was digested by hotplate digestion using 2 ml of 27 M HF, 1 ml of 15 M HNO3 and
0.8 ml of 20 M HCIO4, followed by a secondary digestion step of 3 ml 15 M HNO3, before

fluorides were removed in a third step using 3 ml 6M HCI.

lon chromatography was used to extract the Nd fraction from the sample matrix. Samples from
the early Pliocene interval (104.06 — 106.53 mbsf) were processed through Tru-Spec resin
(100 — 120 ym bead size) and Ln-spec resin (50 — 100 um bead size, 800 pl reservoir size).
For Plio-Pleistocene samples, the first Tru-Spec column was substituted by Biorad cation
exchange resin (200 — 400 ym mesh). This change in column procedure improved the yields
of Nd by preventing leakage of organics from the Tru-Spec resin, subsequently affecting

separation and hence yields on Ln-Spec columns (Struve et al., 2017; Lambelet et al., 2016).

As a result the reservoir size of the Ln-spec columns was also reduced in this latter procedure
(from 800 ul to 500 pl).

Neodymium isotopic analysis was performed on a Nu Instruments multi collector inductively
coupled plasma mass spectrometer (MC-ICP-MS) in the MAGIC laboratories at Imperial
College London (“SIM”). Instrumental mass bias was corrected using the exponential law and
a "Nd/'**Nd ratio of 0.7219. A correction for direct **Sm interference was applied, but all
samples were significantly below the threshold determined for accurate correction (< 0.1 % of
the "**Nd signal). Average JNdi-1 values for the analytical sessions were 0.512111 + 0.000012
(2.8.D.,,n=24); 0.512119 + 0.000013 (2.S.D., n = 21); 0.512132 + 0.000013 (2.S.D., n = 28);
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0.512113 + 0.000015 (2.S.D., n = 10); 0.512101 £ 0.000012 (2.S.D., n = 30); 0.512107 %
0.000012 (2.S.D.,n=34); 0.512099 £ 0.000011 (2.S.D., n=32); 0.512116 £ 0.000016 (2.S.D.,
n =30); 0.512140 £ 0.000011 (2.S.D., n=24); 0.512100 £ 0.000014 (2.S.D., n=13); 0.512089
+0.000019 (2.S.D., n = 13). Reported sample “*Nd/'**Nd ratios are corrected using the offset
from batch or bracketing standards to the recommended JNdi-1 "3Nd/'*4Nd ratio of 0.512115

(Tanaka et al., 2000), with external errors determined from the reproducibility of JNdi-1

standard measurements for each given analytical session. Eleven replicates of standard
reference material BCR-2 were processed along with the unknown samples and measured
throughout the measurement sessions. Inclusive of repeat measurements of the processed
BCR-2 standards, the average corrected **Nd/'**Nd was 0.512639 + 0.000017 (2 S.D., n =
28), in full agreement with the recommended value of 0.512638 + 0.000015 (2 S.D.; Weis et
al. (2006)). Complete procedural blanks were consistently below 230 pg, and normally below
65 pg. Re-analysed samples (i.e., the same aliquot after ion exchange chromatography)

always yielded results that agreed within error.

6.3.2. XRF scan records
XRF scan records of Ba/Al and K/Ti are presented for the last 5 Myr at U1361A. The

continuous records are compiled from previously published results and new data presented
here. In detail, Ba/Al has been published for the Pliocene section of the core (i.e., ~ 47 — 124

mbsf; Patterson et al. (2014) and Cook et al. (2013)) and a small section of the Pleistocene

(upper 7.5 m; Wilson et al. (in press) (Chapter 4)). The new data presented here spans this

Pleistocene gap between 7.5 — 47 m. Pliocene K/Ti data from ~ 47 to 90 mbsf was published
in Bertram et al. (2018) (Chapter 3) and is supplemented by new data from 0.05 to 47.5 mbsf
and 89.94 to 121.76 mbsf.

Bulk major element compositions were measured using an Avaatech X-ray fluorescence
(XRF) core scanner at the IODP Gulf Coast Repository at Texas A & M University (USA) in
March 2011. Non-destructive XRF core scanning was performed at 10 kV in order to measure
the relative content of elements including aluminium (Al), barium (Ba), potassium (K) and
titanium (Ti). Measurements were made continuously at every 5 cm down core, over a 1.2 cm?
area, with a slit size of 10 mm, a current of 0.8 mA, and a sampling time of 45 s. Material was
not sampled in the following disturbed areas: 9.85 — 10.55 mbsf (~ 0.60 — 0.65 Ma); 18.8 —
19.4 mbsf (~ 1.05 — 1.09 Ma); 27.51 — 28.05 (~ 1.53 — 1.56 Ma); 36.1 — 38.4 (~ 2.00 — 2.10
Ma) and 111.2 — 113.5 (~ 4.68 — 4.76 Ma).
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6.4. Results

Analyses of the new 64 detrital sediments from U1361A show systematic variations in Nd
isotopic composition with eng values ranging from -8.0 to -15.5 (Figure 6.1; Table 6.2). When
presented in the context of previous results from the same site (Bertram et al. (2018) (Chapter
3); Wilson et al. (in press) (Chapter 4) Cook et al. (2013) and Cook et al. (2017) (Figure 6.1),

the entire 5 Ma record shows eng values variations from -6.9 to -15.5. This range encompasses

the new data but extends to slightly more radiogenic values. Note that some parts of the overall
record represent high-resolution ~ 500 year sampling, while others are spaced by ~ 0.24 Ma

(i.e., near soupy sections of the core). The median resolution is ~ 6,000 years.

High Ba/Al ratios at Site U1361A throughout the Plio-Pleistocene have previously been

interpreted as an indicator of periods of high productivity and increased warmth (Cook et al.

2013; Patterson et al., 2014). Potassium/Ti ratios have been interpreted by Bertram et al.

(2018) (Chapter 3) to indicate sediment provenance, with lower values implicit of basaltic input

sourced from within the Wilkes Subglacial Basin (i.e., retreated ice margin). Throughout the
Plio-Pleistocene record, the most radiogenic eng values coincide with peaks in Ba/Al and
minima in K/Ti. The least radiogenic results on the other hand correspond to low Ba/Al and
high K/Ti ratios interpreted to reflect a more coastal provenance of detrital sediments.
Neodymium isotopic compositions of detrital sediments co-vary with XRF scan records of
Ba/Al and K/Ti (R? = 0.56 and 0.56, respectively) (Figure 6.2). Overall, geochemical
fluctuations are indicative of changing environmental conditions and sediment provenance,
reflecting reoccurring switches between interglacial and glacial periods. Cold glacial periods
throughout the Plio-Pleistocene are characterised by low Ba/Al (< 0.16), high K/Ti (> 3.36) and
€ng ranging from -10.7 to -15.1 (average -13.5 £ 1.7 (2 S.D.), n = 43). In contrast, interglacial
periods are defined by high Ba/Al (> 0.25), low K/Ti (< 2.71) and enqgranging from -6.9 to -12.1
(average-9.9+ 2.6 (2 S.D.), n=90) (Figure 6.3; omitting one data point 13H 2W 44-46 (115.46
mbsf; 4.83 Ma), with anomalously high Ba/Al and K/Ti for the reported eng value).

In detail, however, there are a number of subtle differences to be observed between the
different parts of the 5 Ma record, which we describe and discuss in four different time periods:
the Pliocene (> 2.7 Ma), the early Pleistocene (2.7 — 1.7 Ma), the middle Pleistocene (1.7 —
0.7 Ma, including the MPT), and the latest Pleistocene (post-MPT; < 0.7 Ma) (Figure 6.4).
Note that core preservation for the period between 0.7 — 0.5 Ma was particularly bad (i.e.,
soupy and disturbed) and limited sampling for eng has been conducted in this interval (Figure
6.1), in comparison XRF scan records continue over this period except for a gap between 0.65
—0.60 Ma (9.85 — 10.55 mbsf). We take the Brunhes Chron (C1n; ~0.781 ma; 11.19 — 14.34
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Iggcli:la: Age  Nd/"N 32 :
Sample ID Depth (Ma)* d +2S.E. ena’ S.tD. Ba/Al¥  K/Ti*
(mbsf)
1H 5W 110-112 7.11 0435 0.511946 0.000010 -135 0.3 0.11 3.36
1H 6W 60-62 8.11 0.496 0.511912 0.000008 -14.2 0.2 0.23 2.95
2H 3W 10-12 12.11 0.741 0.511839 0.000007 -156 0.2 0.20 3.13
Repeat - - 0.511850 0.000009 -154 0.2 - -
2H 4W 118-120 14.69 0.860 0.512064 0.000009 -11.2 0.3 0.27 2.45
Repeat - - 0.512071 0.000011 -111 0.2 - -
2H 5W 35-37 15.36 0.887 0.511908 0.000011 -14.2 0.3 0.14 3.18
2H 5W 60-62 15.61 0.898 0.512055 0.000008 -114 0.2 0.23 2.69
2H 6W 15-17 16.66 0.941 0.511914 0.000011 -141 0.2 0.12 3.59
Repeat - - 0.511915 0.000006 -141 0.2 - -
2H 6W 55-57 17.06 0.957 0.512163 0.000012 -9.3 0.3 0.29 2.30
Repeat - - 0.512149 0.000011 -9.5 0.3 - -
2H 6W 85-87 17.36 0.969 0.511933 0.000010 -13.8 0.2 0.16 3.25
2H 6W 119-121 17.7 0.983 0.512127 0.000009 -10.0 0.2 0.27 2.45
2H 7W 55-57 18.56 1.032 0.511875 0.000009 -149 0.2 0.12 2.89
3H 1W 95-97 19.46 1.091 0.512064 0.000009 -11.2 0.2 0.25 2.41
3H 1W 130-132 19.81 1.120 0.512067 0.000010 -11.1 0.2 0.15 2.65
3H 2W 25-27 20.26 1.157 0.512162 0.000008 -9.3 0.2 0.33 2.28
3H 2W 50-52 20.51 1.176 0.511981 0.000008 -12.8 0.3 0.16 2.86
3H 2W 125-127 21.26 1.214 0.511948 0.000010 -13.5 0.3 0.14 3.18
3H 3W 3-5 21.54 1.228 0.512108 0.000006 -10.3 0.2 0.29 2.38
3H 3W 130-132 22.81 1.293 0.511933 0.000008 -13.8 0.2 0.15 3.52
3H 4W 115-117 24.16 1.362 0.511978 0.000009 -129 0.2 0.15 2.99
3H 6W 10-12 26.11 1.461 0.512113 0.000007 -10.2 0.2 0.22 2.82
3H 6W 110-112 27.11 1.512 0.512201 0.000009 -8.5 0.3 0.32 244
4H 2W 40-42 29.91 1.655 0.511886 0.000010 -14.7 0.3 0.14 3.40
4H 2W 100-102 30.51 1.685 0.511878 0.000009 -14.8 0.2 0.11 3.45
4H 2W 145-147 30.96 1.708 0.512064 0.000010 -11.2 0.2 0.27 2.63
4H 3W 30-32 31.31 1.726 0.511941 0.000008 -13.6 0.3 0.13 3.50
4H 3W 60-62 31.61 1.742 0.512072 0.000009 -11.0 0.2 0.29 2.61
Repeat - - 0.512071 0.000009 -111 0.2 - -
4H 3W 135-137 32.36 1.780 0.511973 0.000010 -13.0 0.2 0.18 3.18
4H 4W 25-27 32.76 1.807 0.512103 0.000010 -10.4 0.3 0.34 2.48
4H 4W 72-74 33.23 1.838 0.512073 0.000009 -11.0 0.2 0.22 2.81
4H 5W 35-37 34.36 1.913 0.512052 0.000009 -114 0.2 0.28 2.87
4H 5W 85-87 34.86 1.945 0.512044 0.000011 -11.6 0.3 0.24 2.91
5H 2W 45-47 39.46 2142 0.512082 0.000010 -10.9 0.2 0.27 2.71
5H 2W 95-97 39.96 2.163 0.511987 0.000008 -12.7 0.2 0.16 3.27
5H 2W 145-147 40.46 2.185 0.512033 0.000008 -11.8 0.3 0.23 2.62
5H 3W 95-97 41.46 2228 0.511976 0.000007 -129 0.2 0.17 3.20
5H 4W 120-122 43.21 2.302 0.511993 0.000009 -126 0.2 0.15 3.31
5H 5W 45-47 43.96 2.335 0.512104 0.000009 -104 0.2 0.26 2.63
5H 5W 145-147 44.96 2.377 0.511984 0.000010 -12.7 0.2 0.18 3.24
5H 7W 15-17 46.66 2450 0.512104 0.000011 -104 0.3 0.26 247
5H 7W 40-42 46.91 2.461 0.511923 0.000008 -14.0 0.3 0.15 3.27
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Median 143 144 = 2
Sample ID gzl';;‘:‘ (‘:ng‘;* N%’ N 42SE e SD. BalAF KTV

(mbsf)
6H 3W 80-82 5081 2614 0511895 0000008 -145 02 023 338
6H 3W 130-132 51.31 2629 0511899 0000010 -144 02 009 439
6H 4W 27-29 5178 2643 0512112 0000008 -103 02 025 258
6H 4W 97-99 5248 2665 0511983 0000007 -128 03 010  3.62
6H 4W 120-122 5271 2672 0512017 0000006 -121 02 030 257
6H 5W 80-82 5381 2705 0511960 0000008 -132 02 0412 343
6H 5W 130-132 5431 2720 0512086 0000008 -10.8 03 026 278
6H 6W 40-42 5491 2738 0511924 0000007 -139 02 012  4.41
6H 7W 110-112 5647 2786 0511934 0.000009 -137 02 009 3.4
7H AW 12-14 56.63 2791 0512176 0000008 -90 02 033 227
7H 3W 50-52 60.01 2893 0511983 0000008 -128 02 009  3.97
7H 4W 60-62 6161 2942 0512093 0000007 -106 02 038 215
12H 1W 5/7° 104.06 4373 0512166 0000010 -9.2 03 048 245
12H 1W 45/47° 10446 4392 0512197 0000009 -86 03 056  2.11
12H 1W 75/77° 10476 4406 0512221 0000008 -84 03 071 222
12H 1W 97/99° 10498 4416 0512149 0000010 -95 03 052 233

12H 1W 115/117° 105.16 4424 0.512220 0.000008 -8.1 0.3 0.58 2.24
12H 1W 125/127° 105.26 4428 0.512228 0.000006 -8.0 0.4 0.45 2.53
12H 1W 135/137° 105.36 4433 0.512202 0.000009 -85 04 0.93 2.50
12H 1W 145/147° 105.46 4438 0.512162 0.000008 -9.3 04 0.66 2.16

12H 2W 5/7¢ 105.56 4442 0.512228 0.000006 -8.0 0.4 0.49 2.10
12H 2W 25/27° 105.76 4.451 0.512217 0.000008 -82 04 0.70 2.31
12H 4W 8/10° 106.36 4479 0.512089 0.000008 -10.7 0.4 0.11 3.38
12H 4W 25/27° 106.53 4.487 0.511929 0.000009 -13.8 0.4 0.11 3.43

*Based on CSF-A median depths for samples and age tie points to constrain linear interpolation.
Teng is calculated based on a present-day CHUR '43Nd/'#4Nd value of 0.512638 (Jacobsen and
Wasserburg, 1980) expressed in parts per 10,000.

*External reproducibility (2 sigma standard deviation) is based on the JNDi standard reproducibility
of individual analytical sessions in the MAGIC laboratories, Imperial College London.

#All XRF scan values have been interpolated from the nearest available measurements using linear
extrapolation.

°Measured on the < 150 um grain-size fraction. All other analyses made on the bulk fraction.

Table 6.2: Neodymium isotope analyses from Plio-Pleistocene U1361A detrital sediments.

mbsf in U1361A Table 6.1) as a minimum boundary for the MPT and split our late Pleistocene
data at 0.7 Ma.

6.4.1. The Pliocene (> 2.7 Ma)

The Pliocene K/Ti, Ba/Al and eng data from U1361A show the highest amplitude of variations
within the 5 Ma record (Figure 6.3 and Figure 6.4). While it could be argued based on the
Ba/Al ratios that large amplitude peaks are only seen in the record prior to 3.4 Ma, the
minimum values remain unchanged until ~ 2.7 Ma. Additionally, end values and K/Ti still vary

between maximum and minimum levels between 3.3 and 2.7 Ma (Figure 6.4). In comparison
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Figure 6.2: Relationship between XRF scan ratios of Ba/Al and K/Ti and detrital sediment End
over the last five million years. (a) XRF scan record of Ba/Al (productivity) vs Eng (Sediment
provenance), and (b) K/Ti (provenance) vs Eng (Sediment provenance). Data is divided in time periods
denoted in the text: Pliocene (> 2.7 Ma), early Pleistocene (2.7 — 1.7 Ma), middle Pleistocene (1.7 —

0.7 Ma), and late Pleistocene (< 0.7 Ma). Linear regression lines are shown in the respective colours.
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Figure 6.3: Box plots of variation in tracers for sediment provenance (Ens and K/Ti) and
productivity (Ba/Al). The four time periods identified in the text are illustrated separately. The box
represents the lower quartile, median and upper quartile values. The whiskers represent extreme
values defined as 1.5 times the interquartile range. The range seen in each property during glacial

and interglacial periods are marked in blue and yellow boxes respectively.
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Figure 6.4: U1361A record of sediment provenance and productivity over the past five million years. (a) Variations in Enqg coloured based on the

corresponding Ba/Al ratio, where red symbols represent interglacial conditions (retreated ice margin), and blue symbols represent glacial conditions

(advanced ice margin). Vertical grey lines show proposed key transitions in the record at 2.7 Ma, 1.7 Ma and 0.7 Ma. Purple horizontal lines represent the

maximum glacial and interglacial signal of each period, except in the late Pleistocene where a decreasing trend in the glacial intervals is highlighted. (b) Ba/Al

XRF scan record (this study, Patterson et al. (2014); Cook et al. (2013)) where high values are interpreted to represent high productivity. A 25-point running

average is shown in the bold blue line. (c) K/Ti XRF scan record (this study, Bertram et al. (2018) (Chapter 3)) where low values are interpreted to represent

periods where the geochemical signature of the sediments indicates an increased basaltic influence. A 25-point running average is shown in the bold red line.
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to the remainder of the record, Pliocene interglacial periods show the most radiogenic Nd
isotopic compositions. Peak values of eng < -8.2 are not observed anymore after 2.8 Ma (57.70
mbsf). In comparison, the glacial extremes (ena < -14) seen in the Pliocene are similar in
magnitude to those in the Pleistocene section. The most radiogenic Nd isotopic composition
(eng = -15.5) is observed at both 3.14 Ma (67.77 mbsf) and 0.74 Ma (12.10 mbsf) (Figure 6.4).

6.4.2. The early Pleistocene (1.7 - 2.7 Ma)

In the latest Pliocene and early Pleistocene between ~ 2.7 Ma and ~ 1.7 Ma, and particularly
from ~ 2.4 Ma to 1.7 Ma, variations in all environmental proxies are considerably muted.
Neodymium isotopic compositions of detrital sediments only span from eng -9.1 to -14.5, which
is approximately 60 % of the variation seen in the rest of the record (Figure 6.4). Both, glacial
and interglacial periods, but particularly the interglacial eng values are less extreme.
Productivity records (Ba/Al) and K/Ti-based provenance indicators are also less variable
(Figure 6.3). A positive correlation remains between detrital eng values and XRF scan-derived
Ba/Al and K/Ti records (R? = 0.62 and 0.76 respectively), but interestingly the correlations
shows a slightly different slope compared to the other time intervals of the full data set in the
two provenance indicators (Figure 6.2b). Statistical testing utilising t-tests on regression
analysis, shows that the regression coefficient for the early Pleistocene (1.7 — 2.7 Ma) is
significantly different from the other data periods for K/Ti vs eng (p = 0.05). This muted-
amplitude phase appears to end with a trend of decreasing values in Ba/Al ratios which is

mirrored in an increase in the K/Ti scan record from ~ 1.8 — 1.7 Ma (Figure 6.4).

6.4.3. The middle Pleistocene (1.7 - 0.7 Ma)

Following the period of muted variability in productivity and chemical composition of U1361A
sediments during the early Pleistocene, the amplitude of glacial-interglacial change becomes
more pronounced again from ~ 1.7 Ma (Figure 6.4). In comparison, the XRF scan records of
Ba/Al and K/Ti show similar variability to the early Pleistocene record (Figure 6.3). Neither the
fluctuations in eng values, nor Ba/Al and K/Ti ratios, display the full range observed in the
Pliocene. In the Nd isotope record, this reduced variability relative to the Pliocene record is
mainly accounted for by a reduction in pronounced interglacial maxima which are limited to
enag = -8.9, while the glacial signal is similar to the Pliocene. On the other hand, the XRF scan
records show reduced variability relative to the Pliocene in both glacial and interglacial values
(Figure 6.3). Relative to the Pliocene, the pronounced events in the Pleistocene section are
shorter, often represented by a single spike in the data rather than a pattern of more

persistently shifted values (Figure 6.4).
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6.4.4. The latest Pleistocene (< 0.7 Ma)
Although the start of the latest Pleistocene phase from ~ 0.7 — 0.5 Ma is disturbed (Figure

6.1) it is marked by an overall decrease in Ba/Al and concurrent increase in K/Ti ratios (Figure
6.4). After the Mid-Pleistocene Transition (MPT), and definitely from 0.5 Ma towards the
present day, Ba/Al ratios indicate an increased amplitude in productivity variations (Figure
6.3). Provenance indicators K/Ti and eng sSeem, however, to vary with approximately the same
amplitude as observed during the middle Pleistocene (1.7 — 0.7 Ma) (Figure 6.3). While
maximum interglacial values for eng and K/Ti ratios in the late Pleistocene are comparable to
those reported for the middle Pleistocene, glacial values seem to record a trend towards less
extreme values as the Pleistocene progresses (Figure 6.4). Over the last 100 kyr, provenance
variations of both Nd isotopic compositions and the K/Ti scan record seems to be less variable
again, with eng values of -10.2 to -12.5. This is however not matched in the Ba/Al record which

continues to vary in a similar fashion to the preceding 0.5 Ma.

6.5. Discussion

Neodymium isotopic compositions of detrital sediments presented in this study document a
similar range to previous Plio-Pleistocene studies at U1361A, and similar co-variations with
XRF scan ratios such as Ba/Al and K/Ti as well as physical properties (Figure 6.1; Table 6.3).

We hence adapt the provenance interpretations of Cook et al. (2013), which were refined and

discussed in detail in Chapter 5. As such, the least radiogenic Nd isotopic compositions are
inferred to be sourced from near the present-day ice margin, where Lower Paleozoic granitoids
outcrop between the Mertz and Ninnis glaciers. The most radiogenic enqg vValues, corresponding
to the highest Ba/Al and lowest K/Ti ratios (Figure 6.4), are interpreted to be eroded from, and
composed of, Ferrar Group and Beacon Supergroup material, which is inferred to constitute

the majority of the sedimentary infill contained within the subglacial basin (Frederick et al.,

2016; Ferraccioli et al., 2009; Studinger et al., 2004), mixed with a smaller amount of Paleozoic

granitoids (< 25 %). These two extremes in sediment composition are interpreted as colder
and warmer periods respectively based on the close correlation with Ba/Al XRF scan records,

a proxy for productivity and hence inferred warmth (Patterson et al., 2014; Cook et al., 2013).

While the Nd isotopic composition of detrital sediments is merely a proxy for sediment

provenance and not a proxy for sea level, Wilson et al. (in press) (Chapter 4) documented a

close correlation of eng values at U1361A with global sea level during the late Pleistocene
(Dutton et al., 2015; Waelbroeck et al., 2002). Wilson et al. (in press) (Chapter 4) therefore

suggested that the most radiogenic values represent full retreat into the basin and hence the

largest sea level contribution. In comparison less radiogenic eng values during interglacial
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Age Warmer climatic conditions Cooler Climatic Conditions
Reference

(Ma) End 87Sr/8¢Sr End 87Sr/8¢Sr
3.29 - 501 -6.9t0-9.5 0.712t00.719 | -11.0t0o-14.7 0.719t00.738 [11*
248 -3.28 -6.9t0-9.2 0.717t00.728 | -11.2t0-13.2 0.723t00.731 [2]*
2.49 - 3.91 -9.0to-11.0 0.715t00.728 | -12.6t0-15.5 0.729t0 0.740 31
0- 0.46 -8.5t0-12 0.718t00.723 | -12.0t0o-15.5 0.725t00.733 [47
0-5.01 -6.9 to -12.1 - -10.7 to -15.1 - this study*

References: (1) Cook et al. (2013); (2) Cook et al. (2017); (3) Bertram et al. (2018) (Chapter 3); (4)
Wilson et al. (in press) (Chapter 4)

* Groupings based on facies descriptions

" Groupings based on lithofacies description, Ba/Al, NGR and bulk density measurements

¥ Groupings based on categorisation as glacial / interglacial periods

# Groupings based on Ba/Al and K/Ti

Table 6.3: Isotopic compositions of detrital sediments during peak glacial and interglacial
conditions at U1361A over the past 5 Ma.

periods may be indicative of reduced retreat to topographic highs and pinning points within

the basin (Golledge et al., 2017a; Mengel and Levermann, 2014). The Wilkes Subglacial Basin

has a number of topographic high points towards the seaward margin of the basin (Golledge

et al.,, 2017a). These provide a buttressing capacity to the ice sheet and modify the ice

rheology thus increasing the relative stability of the ice sheet when it is grounded on these

locations (Mengel and Levermann, 2014).

6.5.1. Most pronounced glacial-interglacial variability and

ice retreat in the Pliocene

The provenance records from U1361A show the greatest amplitude of change in the Pliocene
(i.e., largest range between glacial minima and interglacial maxima) (Figure 6.4). Given the
relationship between sediment provenance and sea level observed in the late Pleistocene, the
most radiogenic eng values are taken to be representative of the deepest retreat within the
Wilkes Subglacial Basin, suggested to be hundreds of kilometres inland of the present day ice

margin (Cook et al., 2013). Such large-scale retreat coincides with periods of greatest climatic

warmth during the Plio-Pleistocene since early Pliocene surface temperatures were 2 — 4 °C

warmer than pre-industrial (Haywood and Valdes, 2004) and enhanced in the polar regions

by substantial amplification (Lunt et al., 2012). The Pliocene was also a time of high

productivity in the Southern Ocean (Hillenbrand and Cortese, 2006) and warm water

temperatures (McClymont et al., 2016) (Figure 6.5g). Since the Wilkes Subglacial Basin has

been described to be very sensitive to atmospheric warming causing ice-surface lowering and

surface melting, which eventually leads to retreat passed pinning points (Golledge et al.,

2017b), these most pronounced provenance events likely represent the largest excursions in
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Figure 6.5: Plio-Pleistocene record of change from IODP Site U1361A in comparison to
Southern Ocean and global records. Neodymium isotopic composition of detrital sediments from
U1361A, coloured according to Ba/Al ratios at the same depth in the core, where red marks high

values (high productivity = warm times) and blue represents low values (low productivity = colder
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times) (this study, Bertram et al. (2018) (Chapter 3); Wilson et al. (in press) (Chapter 4); Cook et al.
(2017); Cook et al. (2013)). (b) Ba/Al XRF scan record from U1361A with a 25-point running average
shown (this study, Wilson et al., in press (Chapter 4); Patterson et al., 2014; Cook et al., 2013). (c)

K/Ti XRF scan record from U1361A with a 25-point running average shown (this study, Bertram et al.,
2018, Chapter 3). (d) Iceberg-rafted debris mass accumulation rate (IBRD MAR) at U1361A

(Patterson et al., 2014). (e) Ross Sea sea surface temperature record derived from the AND-1B

sediment core (McKay et al., 2012a). (f) Biogenic opal content from ODP Site 1096, Antarctic

Peninsula (Hillenbrand and Cortese, 2006). (g) % northern component waters (NCW) estimated from
benthic 6'3C at U1313, North Atlantic (Lang et al., 2016). (h) Antarctic Intermediate Water (AIWA)
temperature from DSDP Site 593 (southwest Pacific) with 400 kyr running mean shown in the bold

green line (McClymont et al., 2016). (i) Lake El'gygytgyn record of Si/Ti (productivity proxy) (Wennrich
et al., 2014) where higher values indicate more productive, and warmer times. (j) Atmospheric CO;

estimates for the Plio-Pleistocene based on a range of proxy reconstructions (Martinez-Boti et al.,
2015; Badger et al., 2013; Zhang et al., 2013; Bartoli et al., 2011; Pagani et al., 2010; Seki et al.,

2010). (k) Global sea level estimates relative to present day from carbonate microfossil 580 from the

Mediterranean (Rohling et al., 2014; Wangq et al., 2010), Mg/Ca based temperature corrected 6§80
from the Pacific (Elderfield et al., 2012), model based deep sea 680 (de Boer et al., 2010), Mg/Ca

based temperature corrected 5780 from the North Atlantic (Sosdian and Rosenthal, 2009) and scaled
from the LRO4 global benthic 680 stack (Miller et al., 2005). (I) Global benthic §'80 stack (Lisiecki and

Raymo, 2005). Vertical grey lines show proposed key transitions in the record at 2.7 Ma, 1.7 Ma and
0.7 Ma

atmospheric temperature recorded in the record. In comparison the slightly less pronounced
€ng Values seen during some Pliocene interglacials may represent times when pinning to
bedrock highs within the basin prevented deep retreat. Such retreat from within the Wilkes
Subglacial Basin is in line with modelling studies, which predict an East Antarctica contribution

to global sea level rise during the Pliocene (Gasson et al., 2016; Pollard et al., 2015).

Additionally, a dynamic ice margin through the Pliocene is supported by studies of early
Pliocene glacial periods which suggest advance of ice beyond the modern position and onto
the continental shelf (Reinardy et al., 2015).

6.5.2. Late Pliocene cooling from ~ 3.3 Ma

The variation seen within the late Pliocene (~ 3.3 to 2.6 Ma) Nd isotope record at U1361A is
comparable to the earlier Pliocene record with large fluctuations between glacial and
interglacial states. In fact, some of the most extreme values from the Pliocene are found within
this part of the ~ 5 Myr record with particularly low eng values during a glacial at ~ 3.1 Ma (eng
= -15.5, 67.77 mbsf), and particularly high eng values during an interglacial at ~ 2.8 Ma (eng =
-6.9, 57.70 mbsf) (Figure 6.4). Additionally, the K/Ti XRF scan record continues to show the

same variability in the late Pliocene as in earlier parts of the record.
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Our new data therefore provides strong indication that the amplitude of ice retreat events did
not significantly change in the Wilkes Subglacial Basin during the late Pliocene. While
continued variation is still seen in provenance indicators, high amplitude variations in Ba/Al
ratios disappear from the record from ~ 3.4 Ma (Figure 6.4). This change in oceanic
productivity coincides with other changes around the George V Land margin including an

increase in sea-ice influenced diatom species between 3.6 — 3.2 Ma (Taylor-Silva and

Riesselman, 2018) and inferred increase in sea-ice from ~ 3.5 Ma (Patterson et al., 2014).

Therefore, during the late Pliocene a change in oceanic conditions around the George V Land
margin occurred but with no significant effect on the ice dynamics within the basin. While
productivity still varied on glacial-interglacial cycles, the generally increased sea-ice extent
prevented large productivity events, such as those observed in the early Pliocene from
occurring. A change in oceanic temperature and sea-ice conditions is in agreement with
studies from the Ross Sea, which exhibit ~ 2.5 °C cooling over this period (McKay et al.,
2012a). Sea-ice in the Ross Sea is thought to have increased in spatial extent over the late
Pliocene and evidence suggests that by ~ 3 Ma the sea-ice field persisted over summer

seasons (Riesselman and Dunbar, 2013). Furthermore, reductions in biogenic silica

deposition, an indicator of productivity, in the Bellingshausen Sea, linked to increased sea-ice

extent, occurred gradually between 3.3 Ma and 2.3 Ma (Hillenbrand and Cortese, 2006;

Hillenbrand and Ehrmann, 2005) (Figure 6.5). We suggest that the period of mid-Piacenzian

global warmth was characterised by Ross Sea - and more general Southern Ocean - cooling
including at the George V Land margin. Nevertheless, this period was still characterised by a

dynamic ice margin in the Wilkes Subglacial Basin.

This result of unchanged ice sheet dynamics within the vicinity of the Wilkes Subglacial Basin
is in contrast to other Antarctic studies, which have documented changes in ice dynamics over
this period. In particular, the AND-1B record from the Ross Sea suggests ice sheet expansion
from ~ 3.3 to 2.5 Ma likely driven by an increased WAIS (McKay et al., 2012a). Within the

McMurdo Sounds region of the Ross Sea, the CIROS-2 core records a change in the response

of ice dynamics within an outlet glacier responding to East Antarctic influences at ~ 3 Ma
(Chapter 2). Additionally, sea level fall over this period (Figure 6.5), inferred from the global

580 stack, has been attributed to increased ice volume in Antarctica (Woodard et al., 2014).

One reason for spatial variability in ice sheet response around Antarctica could be due to the
mechanism of the forcing which we infer to be mainly oceanic driven. Records of increased
sea-ice imply oceanic cooling during the mid-Piacenzian and modelled sea surface
temperatures suggest limited to modest warmth in the Southern Ocean (up to ~ 2 °C)
(Haywood et al., 2016; McKay et al., 2012a; Riesselman and Dunbar, 2013). On the other

hand, modelling of atmospheric temperatures around the Antarctic margins suggests surface
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air temperatures > 10 °C (Haywood et al., 2016; Haywood and Valdes, 2004). The Ross Ice

Shelf (and therefore material recorded in the AND-1B core) is mainly fed by catchments from
the marine-based WAIS. Under conditions similar to those estimated for the mid-Piacenzian,
these catchments have been modelled to be more sensitive to ice loss as a result of oceanic

forcing compared to atmospheric warming (Golledge et al., 2017a). In contrast, the Wilkes

catchments, including the coastline of the Wilkes Subglacial Basin, show increased sensitivity

to atmospheric warming during the mid-Piacenzian (Golledge et al., 2017a). As such, the peak

warmth of the mid-Piacenzian period could have led to a greater atmospheric forcing, driving
ice retreat events in the Wilkes Subglacial Basin despite the modest oceanic cooling. This
provides evidence for a diachronous response of the ice sheets to cooling around Antarctica

in the late Pliocene.

A viable way of testing this hypothesis and the sensitivity of the Wilkes Subglacial Basin to
oceanic change would be to study the period of the interglacial MIS KM3 (3.15 — 3.17 Ma).
Diatom analysis has identified the KM3 interglacial as a temporary interruption of long-term

cooling from 3.6 — 2.7 Ma in the George V Land coast (Taylor-Silva and Riesselman, 2018).

Evidence for sub-Antarctic diatoms are found during MIS KM3 suggesting a transient
southward migration of the polar fronts, the only time that this occurred in the record. Such a
change would be expected to increase oceanic temperatures of this region amplifying the
oceanic forcing applied to the Wilkes Subglacial Basin. Hence a study of the provenance
change within this region, in comparison to other late Pliocene intervals when such a migration
is not seen, would verify whether warmer oceanic temperatures caused increased ice sheet
retreat in the Wilkes Subglacial Basin. While this interval does not test the sensitivity during a
period of cooler oceanic forcing (as discussed above), it would improve our understanding of
the forcing mechanisms in operation and the Wilkes Subglacial Basin’s sensitivity to oceanic
temperatures under differing states. If the provenance response is similar during the KM3
interval compared to the cooler Pliocene interglacials this would suggest a lack of sensitivity

of the Wilkes Subglacial Basin to a warming Southern Ocean.

6.5.3. Muted early Pleistocene glacial-interglacial
variability (~ 2.7 - 1.7 Ma)

Despite evidence for a dynamic ice margin in the Wilkes Subglacial Basin during the late
Pliocene (i.e., post ~ 3.3 Ma), there is a significant step in the U1361A provenance record and
XRF scan records coinciding with the onset of significant Northern Hemisphere glaciation and
the transition to the Pleistocene at ~ 2.7 Ma. At this point, the most radiogenic interglacial
signatures seen throughout the Pliocene disappear from the record and the overall amplitude

in eng change decreases (Figure 6.4). Although variability is still evident, the muted signal
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suggests that cycles of retreat and advance were greatly reduced and likely mark maximum
retreat to topographic highs within the Wilkes Subglacial Basin, rather than deep inland, as
seen in the Pliocene. This change is particularly evident in all three records from 2.3 Ma
onwards with a further reductions in variability. Interglacial (Ba/Al > 0.25, K/Ti < 2.71) &ng
values recorded in this later period (i.e., 2.3 — 1.7 Ma) (end = -10.4 to -11.2) are similar to those

seen in the last 100 kyrs (eng = -10.2 to -11.9; Wilson et al. (in press) (Chapter 4)) suggesting

the ice margin may have had a similar extent during both time periods.

The resolution of our Nd isotope data in this part of the record is not very high and may hence
bias our interpretation. Similar observations of muted variability, particularly from 2.3 to 1.7
Ma can be derived from the continuous XRF scan records (Figure 6.3; Figure 6.4). Ba/Al
ratios in this period vary from 0.09 to 0.34, and samples for Nd isotope analyses were selected
to coincide with Ba/Al minima and maxima (i.e., capture glacials and interglacials). We are
hence confident that the most pronounced interglacials have been captured by our limited Nd
isotope analyses, and conclude that the muted signal is a real feature as opposed to a result

of sampling bias.

The disappearance of large amplitude glacial-interglacial ice margin movements in Wilkes
Subglacial Basin is broadly aligned with the onset of Northern Hemisphere glaciation and a
drop in atmospheric CO2 concentrations with glacial intervals persistently falling below a 275

ppm threshold (Martinez-Boti et al., 2015). Additionally, reduced variability in the EAIS margin

is suggested from ~ 2.5 Ma from a reduction in iceberg-rafted debris accumulation at site
U1361A (Patterson et al., 2014) (Figure 6.5).

The early Pleistocene from ~ 2.6 — 1.5 Ma has been noted in a number of records as a period
of change within the climatic system. Regional Antarctic cooling from ~ 3.3 Ma (MIS M2)
appears to have culminated in a major global change at ~ 2.7 — 2.6 Ma. At ~ 2.6 Ma ocean
circulation changes are suggested with major incursions of Southern Ocean waters into the

Atlantic Ocean causing a change in the §C records (Patterson et al., 2018). Additionally

Antarctic Intermediate Waters (AAIW) warmed over this period, possibly related to varying
poleward heat transport and southern high-latitude cooling (McClymont et al., 2016) (Figure

6.5). Changes are documented in the Northern Hemisphere, for example with establishment
of glacial-interglacial variability occurring at Lake El'gygytgyn, Russia, starting in the early
Pleistocene (Wennrich et al., 2016; Wennrich et al., 2014; Brigham-Grette et al., 2013).

A shift in the slope of the Ba/Al vs eng relationship (Figure 6.2) suggests that in the early
Pleistocene, the East Antarctic Ice Sheet in the Wilkes Subglacial Basin response to warmth
and increased productivity in the adjacent Southern Ocean was altered compared to the

Pliocene. Productivity in the Southern Ocean is strongly depended on the extent of sea-ice
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due to its influence on light availability (Jakob et al., 2016; Bonn et al., 1998). One factor

governing the extent of sea-ice is the heat budget of upwelling Circumpolar Deep Water
(CDW) on the continental shelf (Jakob et al., 2016; Hillenbrand and Futterer, 2001). Ultimately
the relative warmth of this water mass is derived from the inflow of nutrient-rich North Atlantic
Deep Water (NADW) onto the continental shelf (Hillenbrand and Cortese, 2006; Hillenbrand

and Futterer, 2001). It is feasible that the increased extent of sea-ice in the latest Pliocene

caused restricted upwelling and ventilation of the warm, CO.-rich CDW onto the continental

shelf around U1361A and hence caused further cooling (Patterson et al., 2014). Patterson et

al. (2014) also observed a switch in the dominance of the eccentricity cycle in Pliocene
iceberg-rafted debris deposition switching to a precession control in the Pleistocene as the
melt season was restricted to periods of austral summer insolation maxima. We here
hypothesise that such a change may have been sufficient to reduce the retreat of ice into the

Wilkes Subglacial Basin during early Pleistocene interglacials.

In addition to there being reduced CDW upwelling as a consequence of greater sea-ice extent,
there could have been a reduction in the warmth of the CDW due to a decreased influence of
NADW. Previous studies have suggested that increased sea-ice formation lead to enhanced
Antarctic Bottom Water (AABW) formation in the late Pliocene driving a northward migration
in frontal systems, lessening the influence of NADW due to a reduced Atlantic Meridional
Overturning Circulation (AMOC) (Woodard et al., 2014; McKay et al., 2012a; Hodell and Venz-

Curtis, 2006). Ultimately atmospheric temperature decrease, a drop in atmospheric CO>

concentrations and increased sea-ice cover in the Southern Ocean could all have affected
how ice in the low-lying Wilkes Subglacial Basin responded to glacial-interglacial cycles. It is
however intriguing that the shift in the geochemical composition of detrital sediments at
U1361A, and the inferred reduced ice retreat into the basin, occurred at the Plio-Pleistocene
Transition rather than in the late Pliocene as observed for other Antarctic records. Further
work will have to search for the exact mechanisms and drivers for the threshold behaviour of

ice dynamics within the Wilkes Subglacial Basin system.

6.5.4. Increased glacial-interglacial variability in the Mid-
Pleistocene (from ~ 1.7 Ma)

The muted period of productivity variations at U1361A and ice sheet dynamics within the
Wilkes Subglacial Basin appears to have ended at ~ 1.7 Ma. The eng record suggests that this
return to a high-variability system may have been triggered by an extreme glacial period. The
first sample measured indicating a return to increased variability, is one of the most
unradiogenic samples measured, and has correspondingly low Ba/Al and high K/Ti ratios
(30.50 mbsf, ~ 1.68 Ma: eng = -14.8, Ba/Al = 0.11 and K/Ti = 3.45) suggesting an extreme ice
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margin advance during this glacial (Figure 6.4). According to our age model, this glacial dates
to ~1.66 — 1.69 Ma and could correspond to MIS 58 (Lisiecki and Raymo, 2005). Previous

studies have discussed the importance of large changes in glacial conditions (either in terms

of magnitude and/or duration) for pushing the climate system into a new equilibrium state (e.g.,

Head and Gibbard, 2015). Although MIS 58 is not associated with a particularly large

perturbation in the §'®0 record (Lisiecki and Raymo, 2005), we suggest it may have triggered

increased variability in Wilkes Subglacial Basin. While the provenance variations during glacial
periods during the middle Pleistocene period, including the MPT, are similar in magnitude to
Pliocene glacial provenance variation, the interglacial periods show reduced levels of
productivity and ice retreat compared to the Pliocene interglacial periods. This is attributed to

overall cooling temperatures (e.g., McClymont et al., 2016; Snyder, 2016; McClymont et al.,

2013; Lawrence et al., 2010; Zachos et al., 2001), limiting the maximum ice retreat within the
basin (Section 6.5.1).

Throughout the Pleistocene, “super-interglacial”’ periods have been identified in global records
as times of additional warmth (e.g., MIS 9, 11, 31, 49, 55, 77, 87 and 91). Arguably those best
characterised are MIS 11 and 31, when Northern Hemisphere polar temperatures were ~ 4 —

5 °C warmer than more recent interglacials (MIS 1 and 5e) (Melles et al., 2012), and Southern

Ocean temperatures were 3 — 5 °C warmer (Scherer et al., 2008). Atmospheric CO;

reconstructions over these periods suggest levels of around ~ 330 ppm during MIS 31 (Chalk
et al.,, 2017; Zhang et al., 2013; Pagani et al., 2010; Seki et al., 2010). Many of these

Pleistocene interglacials are thought to be associated with times of West Antarctic Ice Sheet

collapse and ice-free conditions in the Ross Sea, although improved dating constraints are
needed to confirm this (McKay et al., 2009; Naish et al., 2009; DeConto et al., 2012). These

super-interglacial events are also seen in the Northern Hemisphere, marked by periods of high

summer temperatures, increased annual precipitation and increased productivity (due to

shorter seasonal lake-ice cover) in the Russian record from Lake EI'gygytgyn (Wennrich et al.,

2016; Wennrich et al., 2014) (Figure 6.5). The most radiogenic eng signal (eng = -8.5) from the

Pleistocene section of U1361A occurs at ~ 1.51 Ma and as such may coincide with one of
these super-interglacials (MIS 49: ~ 1.46 — 1.50 Ma). Limitations in our age model, under the
assumption of linear sedimentation rates and large distance (~ 5 — 6 m) from the closest

palaeomagnetic tie points (Table 6.1), prevent unambiguous correlation.

Inter-hemispheric teleconnections have driven periods of pronounced Pleistocene warmth

(Brigham-Grette et al., 2017). They were suggested to have been caused by periods of low

eccentricity (low precession) and high obliquity orbital forcing, resulting in Southern
Hemisphere ice sheets to respond to boreal summer insolation forcing that brought the

responses of the two hemispheres in-phase with one another (Roychowdhury and Deconto,

218





Rachel A. Bertram, Ph.D. Thesis, 2018

2015). NADW formation is hypothesised to be strong over the Pleistocene (Bell et al., 2015)

and AABW formation was reduced. As such we suggest that this contributed to increased
upwelling of warm CDW onto the continental shelf, which in turn is known to cause sub-ice

oceanic melting (Holland et al., 2008; Pollard and DeConto, 2009). We here propose that such

a mechanism promoted ice margin retreat into the Wilkes Subglacial Basin during Pleistocene

interglacial periods.

Other global changes in the climate system are observed over this period with shoaling of the

thermocline in the subtropical North Pacific at ~ 1.7 Ma (Ravelo et al., 2004) and initiation of

a cooling trend in North Atlantic sea surface temperatures form 1.5 Ma (Lawrence et al., 2010).

Overall, these global changes suggest a shift in oceanic circulation patterns occurring at ~1.7
— 1.5 Ma which we suggest had implications for ice sheet stability in the Wilkes Subglacial

Basin.

The relationship between Ba/Al (Southern Ocean productivity) and eng (sediment provenance
and inferred ice extent) for the mid Pleistocene data interval at U1361A returns to the same
slope observed during the Pliocene, showing however a different intercept (Figure 6.2). Based
on a scaling relationship between provenance change and extent of ice retreat, such a change
in slope implies that for a given change in productivity, and hence assumed warmth, inferred
ice sheet retreat is less in the Pleistocene compared to the Pliocene. This could be due to the
overall reduced atmospheric temperatures and lower atmospheric CO» concentrations during

Pleistocene interglacials (Zhang et al., 2013; Pagani et al., 2010; Seki et al., 2010). In other

words, oceanic rather than atmospheric forcing (Golledge et al., 2017a) must be the main

driver for Pleistocene ice retreat in the Wilkes Subglacial Basin.

Additionally (or alternatively), the duration of interglacials could play a critical role. Lisiecki and
Raymo (2007) described a decrease in the skewness of overall glacial cycles measured in the
global benthic §'®0 record over the past 1.6 Myrs, with the length of interglacials decreasing
relative to glacial periods. The importance of the duration of interglacial periods for the
response of marine-based areas of the East Antarctic Ice Sheet has also been stressed by

Golledge et al. (2017b) and Wilson et al. (in press) (Chapter 4). Hence, while shorter

Pleistocene interglacials continued to cause retreat into the basin, the duration and/or extent
of the forcing may not have been sufficient for the ice margin to pass topographic highs within
the basin and hence realise the full extent of ice sheet retreat observed in the Pliocene and

documented at U1361A by the most radiogenic eng values.

Finally, it is worth noting that while detrital Nd isotopes at U1361A show a notable increase in
variability during the mid-Pleistocene, starting at ~ 1.7 Ma, Ba/Al and K/Ti ratios do not show

a significantly different amplitude of change compared to the early Pleistocene interval.
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Unfortunately, this area of the core is heavily disturbed and soupy in places (Figure 6.1). In
the soupy section studied in the early Pliocene (104.06 — 106.53 mbsf; ~ 4.4 — 4.5 Ma) with
anomalously high Ba/Al (0.45 — 0.93), radiogenic isotope geochemistry of the detrital fraction
is found to obtain results in line with other interglacials of this period (Figure 6.4). We therefore
suggest that also for the Pleistocene interval where XRF scan records are affected by

soupiness, radiogenic isotope results may be reliable.

6.5.5. Persistent glacial-interglacial variability and inland
ice retreat during the latest Pleistocene (< 0.7 Ma)

A sustained pattern of glacial-interglacial ice dynamics within the vicinity of the Wilkes
Subglacial Basin is recorded in the most recent ~ 0.7 Myrs of the U1361A sediment core. The
provenance of a large part of these sediments has been described by Wilson et al. (in press)
(Chapter 4) and is here supplemented by some new data points (Figure 6.1; Table 6.2).

Radiogenic Nd isotopic compositions (eng = -8.4 to -11.9) during interglacial periods call for an

inland source within the Wilkes Subglacial Basin and hence suggest substantial ice retreat

after the MPT, a time generally associated with increased ice volume (Lisiecki and Raymo,

2005). XRF scan records from U1361A, and in particular Ba/Al ratios, show a larger amplitude
of change over glacial-interglacial cycles of the past 0.5 Ma than for most of the Pleistocene
(Figure 6.3). Larger glacial-interglacial amplitudes are also observed in global benthic §'80
records following the MPT but have previously been attributed to variations in Northern

Hemisphere ice extent (Lisiecki and Raymo, 2005) (Figure 6.1). Here we discuss the role of

the East Antarctic Ice Sheet in the Wilkes Subglacial Basin during recent glacial-interglacial

cycles.

Just prior to the increased variability (~ 0.6 — 0.5 Ma), the continuous XRF scan records show
a decreasing trend in Ba/Al and a concurrent increase in K/Ti (Figure 6.4) suggesting a cooling
trend at the site. While no Nd provenance analyses are available between 0.6 — 0.5 Ma, the
very unradiogenic isotopic result just after at 0.46 Ma (end = -15.3) suggests a large glacial
event culminated this cooling trend. Given the magnitude of this provenance excursion in
relation to previous Pliocene glacial periods of glacial maxima (Figure 6.4), when the ice sheet

advanced onto the continental shelf (Reinardy et al., 2015), we suggest a similarly large glacial

event took place at this time characterised by ice advance. A similar cooling trend has been
observed in the XRF scan records at ~ 1.7 Ma (Section 6.5.4) and as such lends support to

the importance of large magnitude glacial events triggering shifts in the climate state.

We suggest that in the late Pleistocene, oceanic forcing was the driver of variations in the ice
margin of the Wilkes Subglacial Basin. Expansion of Northern and Southern Hemisphere ice

following the MPT could have played a fundamental role in driving increased late Pleistocene
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variability in the Wilkes Subglacial Basin ice margin through influences on oceanic forcing
through Atlantic Meridional Overturning Circulation (AMOC). Increased ice extent during
Pleistocene glacial periods is known to have increased export of AABW into the North Atlantic
(Hall et al., 2001), while NADW export both weakened (Dausmann et al., 2017; Galaasen et
al., 2014) and cooled (Adkins, 2013). This weakening of AMOC resulted in reduced northward

heat transport, leading to cooling of the North Atlantic and warming of the South Atlantic

through the bipolar seesaw (Holden et al., 2010; Stocker and Johnsen, 2003).

A trend that differs from the rest of the 5 Ma record is the evolution of the Nd isotopic
composition of detrital sediments during glacial periods. The most unradiogenic values of the
last ~ 0.5 Ma occur during MIS 12 (eng = -15.3) and each subsequent glacial shows a slightly
more radiogenic Nd isotope fingerprint, culminating in the most radiogenic values during MIS
2 (ena = -12.5). A similar trend is also seen in K/Ti XRF scan records, which become
progressively lower (3.83 to 2.96), and Ba/Al ratios becoming gradually higher (0.11 to 0.19).
In combination with the declining iceberg-rafted debris accumulation over this period (Wilson

et al., in press (Chapter 4)), we tentatively interpret these environmental records to represent

stabilisation of the ice margin with reduced glacial advance over the shelf.

One mechanism for causing such a change could be related to the sedimentation processes
associated with glacial advances. Models that incorporate sediment production and transport,
simulate deposition of sediment wedges on the continental shelf by advancing glaciers

(Pollard and Deconto, 2007). These sediment wedges must either be reworked by subsequent

ice advance or act as barriers to re-advances. Grounding-zone stability is therefore enhanced
by these sediments through increased basal and lateral drag (Batchelor and Dowdeswell,
2015; Christianson et al., 2013; Alley et al., 2007). In the case of the Wilkes Subglacial Basin,

the latter option would explain the observed pattern in Pleistocene glacials post-MPT with

progressively less extensive advances over the continental shelf. However, this mechanism
does not offer an explanation for the cause of this change and is not seen in other glacial

intervals of the last 5 Myrs.

Alternatively, the progressive change in Ba/Al may hint that the cause of this increased
stabilisation is linked to oceanic circulation. Increasing Ba/Al ratios during glacial periods
towards the present day suggest that the Southern Ocean in the vicinity of George V Land
became progressively more productive during glacial periods. Such a change could be caused

by enhanced upwelling of CDW onto the continental shelves (Fogwill et al., 2014; Anderson

et al., 2009). Increased upwelling in turn would cause warmer oceanic temperatures restricting

ice advances onto the continental shelf as reflected in the muted provenance variations.
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Prior to the MPT, the extent of Southern Hemisphere ice during glacial cycles was forced by

austral summer insolation (Raymo et al., 2006). However, following the MPT the associated

increase in global-ice extent has been suggested to have led to a different driver of Southern
Hemisphere ice sheet variability. From this period, Southern Hemisphere ice extent variations
are suggested to have responded to boreal insolation with growth and shrinkage of Northern
Hemisphere ice sheets influencing the grounding-line position of Antarctica through sea-level

forcing (Raymo et al., 2006). In detail, Northern Hemisphere glacial expansion lowered sea

level and hence caused expansion of the Antarctic Ice Sheet onto the continental shelf. In
contrast during interglacial periods, reduced ice extent in the Northern Hemisphere would
cause overall higher sea levels exerting a greater oceanic forcing on the Antarctic ice sheet

and hence causing marine melting particularly of low lying areas (Raymo et al., 2006).

However, our post-MPT dataset suggests that Northern Hemisphere-driven sea level
fluctuations are unlikely to be the main driver of Antarctic glacial variability. Our Nd isotopic
record (supported by changes in K/Ti) suggests an increasingly stable ice margin at the Wilkes
Subglacial Basin over recent glacial periods. The recent glacial periods of MIS 2 and 6 saw

large drops in sea level of ~ 120 m (Rohling et al., 2014; Sosdian and Rosenthal, 2009;

Waelbroeck et al., 2002), yet they are only accompanied by small variations in provenance

(eng -11.2 to -13.3). As such, Northern Hemisphere ice extent does not appear to be the
dominant forcing mechanism to drive ice retreat at the Wilkes Subglacial Basin margin during

late Pleistocene glacial periods.

While the provenance of sediments during interglacial periods and their implications for late
Pleistocene ice loss from East Antarctica have been discussed before (Wilson et al., in press
(Chapter 4)), it is worth adding that the most radiogenic enqg values during late Pleistocene
interglacials MIS 11 (~0.4 Ma; eng = -8.4) and MIS 5 (~0.1 Ma; eng = -8.9) correspond to super-
interglacials described in Northern Hemisphere records, including Lake El'gygytgyn (Brigham-

Grette et al., 2017; Vogel et al., 2013), within the limitations of our age model. Additionally,

modelling studies and tentative cyclostratographic correlations in the AND-1B core suggest
these super-interglacials may also be linked to West Antarctic Ice Sheet collapse (DeConto
and Pollard, 2016; DeConto et al., 2012; McKay et al., 2012b; McKay et al., 2009; Naish et
al., 2009; Pollard and DeConto, 2009) (Figure 6.5). Retreat and/or ice loss of the East

Antarctic Ice Sheet during these super-interglacial periods provides further support for the

interhemispheric connectivity during times of favourable orbital forcing (Brigham-Grette et al.,

2017; Roychowdhury and Deconto, 2015) driven, at least in part, by changes in oceanic heat

transport (Coletti et al., 2015). The greatest oceanic temperature change during super-

interglacials have been suggested in the Ross Sea area and propagating further west to the
George V Land shelf (Fogwill et al., 2014). Surface lowering of catchments draining the EAIS
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into the Ross Sea are also suggested which would cause extensive draw-down in the Wilkes

Subglacial Basin (Fogwill et al., 2014). It is clear that modelling studies that just consider

collapse of the marine-based West Antarctic Ice Sheet (3.4 m of sea level equivalent; Fretwell
et al. (2013)) and no retreat and/or ice loss within the Wilkes Subglacial Basin (3 —4 m sea
level equivalent), may underestimate Antarctic contribution to these and future super-

interglacial sea level high-stands (DeConto and Pollard, 2016; Dutton et al., 2015).

6.6. Conclusions

Our 5 Myr record of detrital sediment provenance and productivity at U1361A suggests that
the margin of the East Antarctic Ice Sheet in the Wilkes Subglacial Basin has been dynamic
throughout most of the Plio-Pleistocene. Provenance of interglacial detrital sediments, based
on their eng fingerprint and K/Ti ratio, indicates the most extreme ice retreat took place during
the warmth of the early Pliocene, under elevated CO, concentrations and high atmospheric
temperatures causing increased surface melting. Pronounced ice retreat events persisted
through the period of late Pliocene cooling documented around Antarctica following the MIS
M2 glaciation (~ 3.3 Ma). Our Ba/Al productivity record however shows environmental change
from ~ 3.4 Ma onwards, suggesting that cooling was mainly oceanic and resulted in changes
in sea-ice conditions and hence productivity. At ~ 2.7 Ma, coinciding with the onset of Northern
Hemisphere glaciation, a reduction in the amplitude of both glacial and interglacial provenance
and productivity signals is seen. We suggest that decreases in the upwelling of circumpolar
deep water as a result of weakened AMOC circulation could have played an important role in
driving these changes. Following a period of general cooling expressed in the Ba/Al record,
culminating in the distinct MIS 58 glacial around ~1.7 Ma, provenance variability increases
once again. Interglacial periods result in increased ice retreat inland relative to the early
Pleistocene record. A number of warm super-interglacial periods characterised by extensive
retreat into the basin are found to correspond to changes in Northern Hemisphere ice extent
(from the Lake El'gygytgyn record) and also inferred to parallel periods of West Antarctic
collapse, although well-dated, high-resolution Pleistocene records from around Antarctica are

needed to confirm this.

The persistence of interglacial ice retreat events throughout the Plio-Pleistocene and into the
late Pleistocene is a major finding. It highlights that the ice margin location within the Wilkes
Subglacial Basin is highly sensitive to both atmospheric forcing (suggested to have been
dominant during the Pliocene) and oceanic forcing (dominant during the Pleistocene) and is
hence particularly vulnerable to environmental change. Another interesting feature is that

towards the present day, glacial times have seen progressively less ice expansion onto the
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continental shelf (MIS 12 to MIS 2). We attribute this change to variations in oceanic circulation
patterns influenced by both Northern and Southern Hemisphere glaciation and the effects of
the bipolar sea saw. Overall, our 5 Myr records of productivity and geochemistry of marine
sediments at Site U1361A reveal the vulnerability of ice in the Wilkes Subglacial Basin to

environmental change.
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