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SUMMARY

The marine sediment record on the Pacific margin of West Antarctica spans the Weddell
Sea, Bellingshausen Sea, Amundsen Sea and Ross Sea, and encapsulate at least 90 million years
of Antarctica’s climate, tectonic, ice sheet, ocean-circulation and topographic evolution.
Analyses of the sedimentary sequences and the structural elements within this record reveal
changes in the sediment transport processes that can be tied back to this history. These
changes are imaged in multichannel seismic reflection data as variations in seismic reflectivity

characteristics and altered geometry of sediment deposits.

This work focuses on identifying the seismic sequence and structural geometry changes
that represent the pre-glacial (PG, pre-ice sheet), transitional (T, first arrival of the ice sheets
on the shelf) and full glacial (FG, grounding of the ice sheets on the shelf) processes, in order
to understand the sediment distribution, bottom current development and ice sheet growth on
this margin since the Cretaceous. The results are especially relevant for reconstructing more
robust palacotopography surfaces of the Eocene—Oligocene boundary (34 Ma) and mid-
Miocene (15.5 Ma), which is associated with abrupt changes in climate proxies (pCO., 0'80,,
sea surface temperature and sea level). These palacotopography surfaces are essential for

modelling past and near-future climate and ice sheet scenarios.

This research is rooted in the seismic horizon stratigraphy analyses of two deep-sea basins:
(i) the Weddell Sea basin and (ii) the previously unexplored central Amundsen Sea basin (120°
W to 175° W). The key findings are subsequently expanded to include the Pacific margin of
West Antarctica. As a result it is possible to present the margin’s first collective total sediment
thickness, pre-glacial, transitional and full-glacial sediment thickness grids, as well as volume

estimates and residual basement depth — all needed for the palacotopography reconstructions.

A -3300 km long Weddell Sea to Scotia Sea transect was constructed through the central
part of the Weddell Sea basin using published and unpublished pre-exiting seismic data. ODP
Leg 113 and SHALDRIL borehole data constrain the upper ages, and seafloor spreading
magnetic anomalies compiled from literature, constrain the basement ages in the constructed
age model. A basin-wide seismic horizon stratigraphy was defined as follows: The Cretaceous—
Palacocene pre-glacial sequence (>27 Ma) comprises units WS-S1 to WS-83; The Eocene—
Oligocene transitional sequence (27 to 11 Ma) is WS-S4; and the Miocene-Pleistocene full
glacial climate regime (11 to 0 Ma) consists of units WS-S5 to WS-S7. A Cretaceous proto-
Weddell Gyre bottom current is proposed based on a mound and eroded flank geometry

observed in the pre-glacial sequence.

The seismic data and interpretation suggest evidence for Eocene East Antarctic Ice Sheet
expansion, Oligocene grounding of the West Antarctic Ice Sheet and Early Miocene
grounding of the Antarctic Peninsula Ice Sheet, which are all earlier than other studies suggest.
The total sediment thickness range between 1756 to 3136 m, and the total sediment volume
of the deep-sea part of the Weddell Sea basin is estimated at 3.3 to 3.9 x 10° km?.






In the central Amundsen Sea basin, seismic data acquired during the 2010 ANT-26/3 and
the 2006 TANO0G602 expeditions enabled the construction of a ~2000 km long Amundsen Sea
— Ross Sea transect across a large underexplored sector. Borehole information from IODP Leg
318 site U1356, and DSDP Leg 28 Sites 270-272 constrain the constructed age model, and
recently published magnetic seafloor spreading anomaly data provide basement age control. A
first basin-wide seismic horizon stratigraphy is proposed: The Cretaceous to Eocene pre-glacial
sequence (70-38 Ma) comprises units AS-1 to AS-3; the Eocene to mid-Miocene transitional
sequence (38-15.5 Ma) consists of units AS-4 to AS-6; and the mid-Miocene to Pleistocene
full glacial climate sequence (15.5-1 Ma) includes units AS-7 to AS-11. The 71 Ma old basin
accumulated up to ~3.9 km of sediment (3 s TWT; interval velocities from new sonobuoy and
refraction data). Seismic facies geometry analysis suggests an eastward flowing Paleogene—
Eocene bottom current and an Eocene grounding of the West Antarctic ice sheet, which is

consistent with the latest climate ice sheet model.

This seismic interpretation was expanded via (i) a shelf-slope link between the Ross Sea
shelf seismic data and the central Amundsen Sea basin seismic data, and (ii) correlation with
previous work in the eastern Amundsen Sea, Bellingshausen Sea and Antarctic Peninsula.
Horizons were used as published except in the Bellingshausen Sea where the transitional
boundary was interpreted. The collective margin-wide interpretation was correlated to the
IODP Leg 318 site U1356 in Wilkes Land, using a visual correlation of seismic reflectivity

characteristics and facies changes.

The derived total sediment thickness grid for the Pacific margin of West Antarctica
extends the NGDC grid further south and indicates total sediment thickness up to 4 km. The
PG, T and FG sediment grids depict an even distribution of sediment along the margin in the
pre-glacial regime. The depocentres shift to the East during the Eocene-Oligocene transition,
as the ice sheets arrive on the shelf. The eastward shift is continued into mid-Miocene. A new
depocentre formed North of the Amundsen Sea Embayment, possibly related to ice sheet
advancement that changed previous drainage patterns and a ~4.6 km (-10.2 x 10° km?)
reduction in West Antarctic margin topography. Hypothetical estimates indicate that a
sediment pile of ~2.7 km thick (-6 x 10° km?) should be placed back onto land in the 34 Ma
Eocene-Oligocene palacotopography reconstruction, and a pile of ~3.6 km thick (-8 x 10°
km?) for the 15.5 Ma mid-Miocene palacotopography reconstruction. The revised residual
basement topography of the South Pacific shows an asymmetric trend over the Pacific-
Antarctic Ridge. Values are anomalously high in the Ross Sea area, possibly due to persistent
mantle processes. The elevated basement topography offshore Marie Byrd Land is therefore
rather attributed to crustal thickening due to intra-plate volcanism. This revised basement
topography of the South Pacific contradicts present-day dynamic topography models, and

subsequent palacotopography reconstructions would remain fairly uncertain.

Collectively this work presents initial impressions of the basin geometry and sediment
distribution and transport processes, which were previously unknown for the central
Amundsen Sea basin and the entire Pacific Margin of West Antarctica. These findings set the
framework for planning future drilling and seismic date acquisition surveys, and for refining

ice sheet models, palaco-ocean current and palacotopography studies.
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Chapter 1
INTRODUCTION

Key aspects:
- Project motivation
- Working hypotheses

- Structure of the thesis

1.1 Motivation

The deep-sea sedimentary record represents an archive of the pre-glacial to glacial
development of Antarctica and can be used to reconstruct past dynamic ice sheet
behaviour and palaco bottom current development. Since initial glaciation in the
greenhouse to icehouse climate transition, multiple episodes of ice sheet advance and
retreat intertwined with past changes in world climate (Fig. 1-1; Zachos et al., 2001; Haq
and Schutter, 2008; Tripati et al., 2009, 2011), topographic uplift/subsidence (Fig. 1-2),
plate tectonic reorganisation and ocean circulation (Ch. 3). These events change

sediment erosion, transport and deposition.

Continental scale ice sheets increase erosion and rapidly transport massive amounts of
sediments from inland to the coast, and as ice sheet growth continues, also onto the shelf
edge, slope and deep-sea. Such events of ice sheet related increased sediment supply and
deposition can be observed in seismic reflection images around Antarctica and are
distinguished from other sequences through evaluating the varying internal structure,
reflectivity characteristics and geometry of sedimentary bodies (e.g. Nitsche et al., 1997,
2000; De Santis et al., 2003; Rogenhagen et al., 2004; Maldonado et al., 2006; Scheuer
et al., 2006a, b; Leitchenkov et al., 2007; Escutia et al., 2005, 2011; Uenzelmann-Neben
and Gohl, 2012).

The interplay of ice sheet expansion, sediment erosion, transport and deposition
processes that operated in the past are still poorly understood. Open questions such as
the exhumation history and the mass balancing of offshore sediment deposits back onto
land, for palacotopography and palacobathymetry reconstructions, are unresolved. To

address parts of these aspects, quantification of the volume, thickness and distribution of
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the pre-glacial to glacial components in the offshore sedimentary record on a circum-
Antarctic scale are necessary. Past topography and bathymetry surface reconstructions
provide boundary conditions for palacoclimate models, which help to predict future ice
sheet behaviour and the impact on sea level in case of partial or total ice sheet collapse
(e.g. Pollard and DeConto, 2009; Fig. 1-3).

Current coupled ice-sheet climate models typically use the present day BEDMAP
topography (Lythe et al., 2001; Fig. 1-2c) or ALBMAP (Le Brocq et al., 2010). However,
the topography changed due to tectonics, palacoclimate subsidence/uplift and erosion.
For example, compared to the BEDMAP reconstruction (Fig. 1-2c¢), half of Antarctica
was above sea level in the Cretaceous (Fig. 1-2a) and in the Eocene—Oligocene (Wilson et

al., 2011; Fig. 1-2b), the latter time period marking the onset of glaciation in Antarctica
(Barker et al., 2007).

millions
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Fig. 1-1. Diagram of the changes in atmospheric CO:, sea level and sea surface temperatures (SST), from the
Cretaceous (70 million years ago, Ma) to present. Atmospheric CO: for 0-20 Ma compiled from Tripati et al.
(2009; 2011, shaded grey area with blocks) agree with the Antarctic ice core data up to 800k (Petit et al., 1999;
Siegenthahaler et al., 2005), but contradicts Pagani (2005, black line up to 44.5 Ma). The remainder of the CO»
curve was taken from Berner and Kothavala (2001). Sea level curve was compiled from Hagq et al. (1987) and Haq
and Schutter (2008). Sea surface temperature (SST) 3'®O curve taken from Zachos et al. (2001) for 0-67 Ma and
from Veizer et al. (2000) after 67 Ma.
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Modelling will therefore produce a very different scenario of past and future ice sheet
behaviour and volume, depending on which palacosurface was used in the model
calculation. We thus need input parameters from the past geological record with similar
or higher CO; levels than today such as the Mid-Miocene, Miocene—Oligocene and
Eocene-Oligocene (Fig. 1-1) to test likely scenarios adequately. To derive more accurate
data-constrained palacosurface reconstructions, we first need to quantify the pre-glacial to
glacial sediment thickness and volumes, which are some of the parameters for forcing the

reconstructions that indirectly constrain the palacoclimate models (Fig. 1-3).

A. 70 Ma maximum surface  B. 34 Ma maximum surface = C. BEDMAP today

" \

a0

Fig. 1-2. Examples of palacotopography models for Antarctica. A. The Cretaceous residual sediment grid model
from the ANTScape group (pers. comm). B. The Eocene-Oligocene transition palacosurface with sediment load
corrected for the Ross Sea (Wilson et al., 2011). C. The present day BEDMAP topography (Lythe et al., 2001), and
used in current palacoclimate models, not isostatically corrected. Note the variation in heights between the models,
light blue = 250 m below sea level and olive brown = 3000 m above sea level. Ma = million years.

Fig. 1-3. Flow diagram illustrating the relationships between measured geophysical data and first order derived
parameters such as sediment thickness and volume that feed into the mass balance palacotopography and
palacobathymetry surface reconstructions. The latter subsequently provide boundary constraints for palacoclimate
models. Items in bold pertain to datasets and results in this thesis. Borehole and magnetic data were used for age
control, see references in Chabters 5 to 9.
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The continuously increasing seismic reflection data network around Antarctica
(SDLD in Wardell et al., 2007; Ch. 2) now make it possible to image and identify the
pre-glacial to glacial components in the sedimentary record over large regions e.g. the
Weddell Sea and Bellingshausen to Amundsen Sea (Fig. 1-4), and enable initial cross-

regional comparisons.

The research presented in this dissertation centres on identifying the pre-glacial,
transitional and glacial components in the deep-sea sedimentary record of Antarctica in
two large cross-regional scale case studies in the Weddell Sea and Amundsen Sea (Fig. 1-
4). The goals are to gain insight into past ice sheet and bottom current development, and
to provide measured constraints for mass balance reconstructions in palacotopography
and palacobathymetry reconstructions (Fig. 1-2). Existing and recently acquired seismic
reflection data form the basis for identifying these components and for developing a new

cross-basin seismic horizon stratigraphy.

Preliminary age models are constructed from the horizon stratigraphy, seafloor
spreading magnetic anomalies and borehole data, and used to estimate previously
unknown sediment thickness, -volume and sedimentation rates. Periods associated with
marked changes in sea level, atmospheric carbon dioxide budget and sea surface
temperature proxies (Fig. 1-1) such as the Eocene-Oligocene (33 million years ago, Ma),
Mid-Miocene (14 Ma), Miocene-Pliocene (5 Ma), are of particular interest for

understanding the past ice sheet dynamics.

1.2 Open questions

Some of the unresolved aspects to consider for understanding initial Antarctic ice
sheet development and past ocean bottom water circulation are encapsulated in the

following questions, illustrated in Fig. 1-4:

Q1 Does sediment thickness, volume and geometry of the pre-glacial to

glacial sequences vary within a regional basin and between regions?

* How do these parameters vary between the southeastern and northwestern
Weddell Sea basin, and across the eastern Ross Sea to the eastern Amundsen

Sea (Fig. 1-4)?

*  Would the larger drainage areas (yellow dashed lines in Fig. 1-4) supply more
sediment to the deep-sea basin and result in thicker units offshore (blue clouds
in Fig. 1-4)?

*  What do these variations imply for past bottom current activity?

* Do the basement geometry and topography reveal clues of the tectonic

development?
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Q2 Was ice sheet advancement and initial grounding on the outer
continental shelf relatively synchronous on a regional and cross-

regional scale?

* Higher sediment supply and mass sediment transport changes are captured as
facies and internal geometry changes in the seismic images. The latter can be
used to deduct the onset of the full glacial regime. In separating the pre-
glacial, transitional and glacial components, can the initial advance of the ice

sheet to the outer shelf be identified?

* Isit possible to determine when the ice sheets in each region initially advanced

to the outer shelf from the hypothesized age models?

*  Were glaciation onset in the Weddell Sea, Amundsen Sea, Ross Sea, Prydz
Bay, and Wilkes Land synchronous and were similar amounts of sediment

transported into the deep-sea (Fig. 1- 4, blue clouds), or are there differences?

Q3 Quantification of offshore sediments helps to constrain
palaecotopography and palacobathymetry surface reconstructions
(Figs. 1-2 and 1-3).

* What proportion of the deep-sea sediments can be assigned to pre-glacial
(PG), transitional (T) and fully glacial (FG) conditions for mass balancing?

What are the implications for mass balancing (white clouds in Fig. 1-4b)
and the palacosurface reconstructions, e.g. the 70 Ma palacotopography

surface model (Fig. 1-2a)?

'. . 3 4 ' by
i i W l % : y > & 3
250 m/yy . s ‘ ¥ 250 m/yr,
Land

Antarctic ice flow Antarctic ice flow
balance velocities balance velocities

= Wilkes
Land

Fig. 1-4. Ice flow map of Antarctica, modified from Bamber et al. (2009). Yellow dashed lines demarcate major
drainage areas for the Antarctic Peninsula Ice Sheet (APIS), the West Antarctic Ice Sheet (WAIS) and the East
Antarctic Ice Sheet (EAIS). Black = regions with very low velocity drainage, blues to yellows = regions with high ice
stream flow velocities (100-250 metres per year). Blue clouds in the Weddell Sea, Amundsen Sea and Ross Sea =
hypothesized relative sediment thicknesses and volumes expected in the deep-sea sediments. Large cloud = high
volume/thickness, small cloud = lower volume/thickness. Arrows and question marks represent the hypotheses of
balancing eroded sediments for pre-glacial, transitional and glacial periods, back on to land in palacotopography
reconstructions.



1. Introduction

1.3 Structure of the thesis

Chapter 2 describes the down-slope sediment erosion and transport processes from
inland to the coast, shelf and slope, and along-slope processes from the lower slope to the
abyssal plane. These processes form distinct sedimentary bodies that can be identified in
the seismic reflection data images, which could provide clues in separating the pre-glacial,
transitional and full glacial components so as to understand the initial grounding of the

ice sheets and palaco bottom current development.

Chapter 3 summarizes the tectonic and palacoceancirculation development of
Antarctica from the Cretaceous to present, and provides a timeframe for this research.
Selected deep-sea seismic stratigraphy studies that identified pre-glacial, transitional and
full glacial components in the deep-sea basins around Antarctica are presented, and set
the platform for two large case studies in the Weddell Sea and Amundsen Sea — Ross Sea

basins, with a margin wide comparison.

Chapter 4 explains the acquisition and processing of the recently acquired

multichannel seismic reflection data in the Amundsen Sea and eastern Ross Sea during

the ANT-26/3 expedition.

Chapter 5 outlines the borehole data and magnetic seafloor spreading anomalies
used for age control and estimation of the basement age range, and, the refraction and
sonobuoy velocity datasets used for the sediment thickness estimates and the calculation

of sedimentation rates.
Chapter 6 lists the breakdown of contributions made to four scientific publications.

Chapter 7 is the first published paper regarding the ~-3300 km long cross-basin
Weddell Sea — Scotia Sea (WS-SS) transect case study. The WS-SS transect consists of
continuous multichannel seismic reflection (MCS) data, and a new compilation of the
magnetic seafloor spreading anomalies across the Weddell Sea basin. Most of the pre-
existing lines used were unpublished and uninterpreted. Consequently, a new seismic
stratigraphy age model presented, with key horizons linked to those of localised studies in
the Scotia Sea, northwestern Weddell Sea and southeastern Weddell Sea.

Chapter 8 presents the second paper, which centres on the ~-2000 km long
Amundsen Sea — Ross Sea (AS—RS) seismic reflection transect. The AS—RS transect
consists entirely of newly acquired seismic reflection data from the AWI Ant-26/3 survey
and the GNS New Zealand Tan0602 survey. Both datasets have not been published
before and is located across a large historically unsurveyed sector. A first seismic horizon
stratigraphy model and age framework is presented, which may contribute to planning
future survey and drilling operations.



1. Introduction

Chapter 9 is the third paper and presents the first total sediment thickness grid for
the Pacific margin of West Antarctica, which extends the NGDC grid. The residual
basement topography was derived from the total sediment thickness grid and explores
whether palacobathymetry reconstructions would be feasible.

Chapter 10 encapsulates the fourth paper, where a correlation of key seismic
horizons across the Pacific margin of West Antarctica is done. The two main horizons
followed, represent processes related to the first ice sheet advance to the shelf, and the
subsequent grounding on the shelf with advance/retreat cycles to the shelf edge.
Sediment thickness, volumes and hypothetical mass-balancing values are derived for
input into palacotopography reconstructions, and the first margin wide pre-glacial,
transitional and full glacial grids are presented. The Cretaceous development and trends
of the depocentres expands our knowledge of the palacoceancirculation, and timing of

the initial grounding of the Antarctic ice sheets on the outer shelf.

Chapter 11 summarizes all the major conclusions of this research with respect to the
questions presented in Chapter 1 and gives a short outlook for on-going and future work.






Chapter 2
SEDIMENT TRANSPORT
PROCESSES

Key aspects:

* Sediment transport from inland, to the outer shelf and abyssal plain
* Down-slope processes: slumps, slides, turbidites, channel-levee systems
* Along-slope processes: bottom currents, sediment drifts/contourites

* Recognising some of these deposits in seismic reflection data

2.1 Ice sheet advance and mass sediment transport processes

The long tectonic time scale climate change periods of the pre-glacial to glacial
transition of Antarctica over the last 70 million years is the time frame for this project.
The past climates spanning the Cretaceous to present are broadly defined as the Pre-
Glacial (PG), Transitional (T) and Full-Glacial (FG) regimes (Figs. 1-2 and 2-1). The
PG-regime is outlined as a relatively warm, tundra/alpine-like climate that was
predominantly ice sheet free, with river systems, smaller glaciers on high altitudes and
open ocean conditions (Fig. 2-1a), but no continental scale ice sheets with wide ice

streams as we see in Antarctica today.

The T-regime depicts a colder climate during the Eocene—Oligocene climate
transition (Warny and Askin, 2011; Fig. 1-1). Sea-ice developed and larger ice sheets
began to transport sediments to the outer shelf through ice-streams, and multiple retreat
and re-advance cycles (Fig. 2-1b). The FG-regime designates a cold polar climate in
which continental scale ice sheets expanded to the coast and permanently grounded on
the outer shelf; similar than Antarctica today (Fig. 2-1c). The shorter time-scale
interglacial cycles are considered as being part of the FG sequence. Details of the full-
glacial period such as the last glacial maxima, or consideration of the reverse pre-

Cretaceous snowball earth events (Hoffmann 1999) are beyond the project scale.

Within the T to FG time, repeated growth/demise cycles of continental scale ice
sheets increased the onshore erosion and acted as an effective mass transport mechanism,
which supplied higher volumes of sediment to the continental shelf over a relatively short

period of time.



2. Sedimentary processes

The slope to deep-sea transport, and deposition into various sediment bodies, were
mostly controlled by a combination of down-slope gravitational- and along-slope bottom
current driven processes. Collectively, these processes resulted in complex structures in
the sedimentary record that can today be used to enhance our understanding of past ice

sheet and bottom ocean current development.

Before describing and interpreting the features observed in the seismic data of the
Weddell Sea and Amundsen Sea case studies (Ch. 7 and 8), it is necessary to clarify the
terminology used, and to understand three aspects around mass sediment transport
processes: (i) which past climate regimes were involved and what may the landscapes have
looked like during each regime, (ii) which transport processes produce particular
sedimentary features and (iii), what would these features look like when imaged in

seismic reflection data.

Sediments deposited in the PG, T and FG regimes are typically distinguished from
another in seismic reflection imaging through variation in reflectivity characteristics,
seismic facies and the geometry of the sediment body. A few seismic stratigraphy models
around Antarctica already associated certain components of the sedimentary record with
the PG, T and FG regimes respectively, and some of these have been verified by drilling
(e.g. Escutia et al., 2011; Ch. 3). To understand which sediment transport processes
produce particular sedimentary deposits we compare the depositional domains. The
comparison starts inland and moved towards the deep-sea, across the continental shelf,

slope and abyssal plane.

Fig. 2-1. Modern day climate analogues illustrate the possible pre-glacial to glacial landscape development of
Antarctica. A. Pre-glacial (PG) tundra/alpine-like landscape with glaciers, broad U-shaped valleys and river systems.

B. Transitional (T) climate regime with ephemeral ice sheets and ice-streams or glaciers expanding down to the coast.
C. Full-glacial (FG) landscape with sea-ice conditions, ice shelves and continental scale ice sheets to the coastline,
grounded on the outer continental shelf. Source: www.garycook.co.uk

2.2 Inland to the outer shelf

During the PG-climate, inland to coast sediment erosion and transport predominantly
occurred through river systems and smaller glaciers (Fig. 2-1a). Poorly sorted riverbank
and moraine deposits would have been carried to the sea by the fast flowing rivers and
eventually be deposited on the floodplain or in the delta fan. Such river and glacier

driven erosion could have increased due to higher relief and mountain building from
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2. Sedimentary processes

tectonic uplift. Consequently, these processes would have led to high PG-regime

sedimentation rates on the shelf and abyssal plane.

In the T-climate, ice streams and sub-glacial rivers would presumably have been the
dominating sediment erosion and transport mechanisms as ephemeral ice sheets reached
the coastline (Fig. 2-1b). Typical glacial morphologic bed forms would include large
cross-shelf troughs, mega-scale glacial lineations (MSGL), drumlins, iceberg scours, and
melt water channel systems (Fig. 2-2; Dowdeswell and Siegert, 1999; Graham et al.,
2009, 2010; Livingstone et al., 2012).

The highest inland-to-outer shelf sediment transport rates would have probably
occurred in the FG-climate regime as initial grounding cycles of the advancing ice sheet
pushed sediments in front of it with a bulldozing effect, combining high erosion and
high sediment transport via the ice streams (@) Cofaigh et al., 2005; Domack et al., 2006;
Evans et al., 2006; Wellner et al., 2006; Bell et. al., 2007). Typical FG-geomorphic
submarine landforms would include grooved and gouged bedrock, grounding zone
wedges, cross-cutting MSGL if the ice streams changed direction, larger channels and
drumlins (Fig. 2-2; Graham et al., 2009, 2010; Livingstone et al., 2012), and inter ice-
stream ridges (Klages et al., 2012). These processes are illustrated in Fig. 2-2.

2.3 Down-slope processes

Once the sediments reach the outer edge of the continental shelf through glacial
and/or fluvial transport, gravity driven mass sediment transport down-slope processes
such as slides, slumps, debris flows and turbidity flows displace the accumulated sediment
load from the shelf edge to the upper slope, lower slope and finally onto the abyssal plane
(Fig. 2-2). The basic down-slope transport motion is a combination of sliding and

suspension and continues until movement ends due to friction (Niedorada et al., 2003).

Slumps and slides move the lowest amount of sediment over the shortest distance,
whereas debris flows and turbidite flows travel faster and farther, and have the highest
erosion capacity (Shanmugam, 2008). Turbidites typically move in V-shape channels or
submarine canyons and subsequent bed forms such as asymmetrical channel-levee
systems and turbidite fans form through suspension settling (Fig. 2-2; Wynn and Stow,
2003; Dowdeswell et al., 2004a, b; Shanmugam, 2000, 2008).

Channel-levee systems deposits and channel fill deposits often show preferential
asymmetrical deposition on the left flank due to the Coriolis force effect (Uenzelmann-
Neben and Gohl, 2012). These gravitational down-slope mass sediment transport
processes and the melt water erosion of ice streams typically leave a network of gullies on
the upper slope that lies perpendicular to the margin (Fig. 2-2; Evans et al., 2006;
Wellner et al., 2006; Dowdeswell et al., 2004a, b; Noormets et al., 2009).

10



2. Sedimentary processes

In the T- and FG-climates, ice sheet advances would bulldoze most of the sediment
deposits off the shelf and thereby rapidly increase sediment supply to the outer shelf and
upper-slope, and amplify the gravitational down-slope sediment movements. This results
in thicker progradational sequences and more complex depositional patterns at the foot
of the slope, which have been observed in reflection seismic images around Antarctica
and used to separate decipher multiple ice sheet advance and retreat cycles (e.g. De Santis
etal., 1999, 2003; Rogenhagen et al., 2004; Escutia et al., 2005; Maldonado et al., 2006;
Scheuer et. al., 2006a, b; Leitchenkov et al., 2007; Graham et al., 2009; Smith and
Anderson, 2011). Some of these studies are discussed in more detail in the next chapter.
In contrast, the PG sequences would show fewer of these mass sediment transport
deposits in the seismic reflection images, which could indicate a comparatively lower

sediment supply.

2.4 Along-slope processes

Along-slope processes occur typically parallel to the continental margin, concentrated
at the foot of the slope and on the abyssal plane. Bottom currents predominantly control
the distribution of the down-slope sediment supply and reworking of existing deposits
through traction, saltation, sliding, rolling and suspension (Allen 1984; Shanmugam
2008). In along-slope processes, sediment composition can be fine to coarse grained and

have mixed origins (glacial, pelagic, terrigenous and volcanoclastic).

The term “bottom current” is used in a general sense and refers to long period, semi-
permanent thermohaline-induced geostrophic (contour) currents and wind-driven
currents as defined in Rahmstorf (2000). It is recognised that sub-processes such as deep-
water tidal bottom currents, canyon currents, up/down-welling, internal waves, benthic
storms, large eddies and vortices also contribute sediment to nepheloid layer (i.e. the
bottom 200-1000 m of the seawater column that is also in direct contact with the
seafloor at its base). However, little is still known about the dynamics and contributions
of these periodic sub-processes. Therefore, within the context of the cross-regional scale
and scope of this study, the more permanent thermohaline and wind-driven bottom

current generating components are being referred to.

Bottom currents are thought to primarily form when heat loss at the sea surface,
accelerated by cold winds, leads to an increase of the surface layer density. Sea ice forms
and increases the surface layer salinity further. Consequently, the layer becomes unstable
and convex mixing is initiated as the layer sinks to form bottom water (Van Aken, 2007).
This typically occurs on the continental shelf where the water mass pools until it finally
spills down the slope and onto the abyssal plane where it forms an along-slope bottom

current and joins the global thermohaline deep-water circulation (Rahmstorf, 2006).

11



2. Sedimentary processes

Bottom currents may flow parallel, perpendicular or up/down the slope at
intermediate speeds of 10-30 cm/s and higher, which is considered fast enough to entrain

and transport coarse grains from the down-slope turbiditic fans (Stow et al., 2008).

The mixed down-slope and along-slope sediment load are re-deposited parallel to the
margin in bed forms called contourite drifts, also referred to as drifts or sediment drifts
(Fig. 2-2; Shanmugam, 2008; Stow et al., 2008). The accumulation rates and geometry
of the drifts are controlled by the flow direction, velocity and entrainment capacity of the
bottom current, sediment supply, winnowing and deposition (e.g. Koenitz et al., 2008;
Rebesco and Camerlenghi, 2008). In addition, the Coriolis force also influences the
geometry of these features, causing an asymmetrical and preferred deposition to the left

of the current flow direction in the southern hemisphere.

Based on the shape and position with respect to the slope, these contourites are
subdivided into five principal types: sheeted drifts, asymmetrical elongated mounded
drifts, channel-related drifts, confined/plastered/patched drifts and a mixed
drift/turbidite system (Fig. 2-2; Faugeres et al., 1999; Rebesco and Stow, 2001; Stow et
al., 2002; Rebesco 2005; Faugeres and Stow, 2008; Shanmugam, 2000, 2008; Nielsen et
al., 2008).

Sheeted drifts, separated mounded drifts, patched drifts and mixed systems are most
relevant to this work and are most common on the abyssal plane around Antarctica (e.g.
Maldonado et al., 2006; Uenzelmann-Neben and Gohl, 2012; Fig. 2-2). Sheeted drifts
accumulate over a broad area on the abyssal plain (1 x 10° km?), are laterally extensive,
have a fairly uniform thickness and show low relief (Fig. 2-2). Typical sedimentation
rates for sheeted drifts are 3—10 cm/ka and 5-30 cm/ka for mounded drifts (Stow et al.,
2008).

Mounded drifts mostly occur near the foot of the slope and are more elongate over a
narrow region (> 0.1 x 10° km?). They can be up to 1000 km long, 10-100 km or more
wide and display a relief or thickness of up to 2 km (Faugeres and Stow, 2008). A steep

and less inclined flank and discontinuities at their bases are often diagnostic.

Patched drifts occur at the foot of the slope and have a mostly symmetrical convex
shape. Mixed systems often show along-slope and down-slope depositional geometry, e.g.
stacked channel-levee and drift deposits that are often difficult to identify separately
(Faugeres and Stow, 2008).
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Fig. 2-2. Schematic 3D-diagram showing the main large scale simplified sedimentary transport environments and
depositional features on the slope, shelf and abyssal plane. Tides, waves, moving ice streams, ice shelves and glaciers
dominate the shelf. The slope is characterised by mass volume movements under gravity (slides, slumps, turbidity
flows) and tidal bottom currents in the canyons. Typically thermohaline-induced slope parallel bottom currents,
contourite deposits and sediment drifts mark the abyssal plane. However, these can be cross cut perpendicularly by
down-slope gravity-induced turbidity flow bottom currents.
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Though sediment drifts bed forms indicate bottom current activity, their absence does
not unequivocally imply that no bottom current existed. Non-deposition can occur if the
sediment supply is lower than the erosion rate, or if the contourite has been completely
eroded and reworked (Stow et al., 2008). Hence, the regional and cross regional tectonic
and palacoceancirculation context should also be considered during interpretation of
seismic reflection and borehole log data.

Bottom currents have an enormous influence on the along-slope geometry and
thickness of the sedimentary sequences. The development of bottom currents around
Antarctica within plate tectonic changes should also be considered when looking at the
sedimentary record in the seismic images. The tectonic history of the study area will be
discussed in Ch. 3 and is only briefly introduced here to tie the sedimentary processes,
PG, F and T climate regime changes, and tectonic and bottom current development into

a reference framework.

The pre-glacial (PG) climate regime falls in the Cretaceous time (Fig. 1-1) when the
Tasmanian gateway (Stickley et al., 2004) and Drake Passage (Barker and Thomas,
2004) were still closed to deep water circulation and the Antarctic Circumpolar Current
(ACC) system undeveloped (Livermore, 2005; Barker et al., 2007; Ch. 3). During the
PG-regime, even if ice sheets were absent or short lived, mountain building due to plate
tectonics and strong river systems of a warm climate may have caused high erosion and

increased sediment supply to the outer shelf.

Precursor gyres and localised bottom currents (e.g. Stickley et al., 2004) could have
eroded, transported and re-deposited sediments. Hence, one could still expect contourites
as along-slope bed forms, but smaller and sparsely distributed compared to the

transitional to full glacial regimes.

In the Transitional (T) to full-glacial (FG) climate regimes (Eocene to Pliocene, Fig.
1-1) it is generally assumed that alpine-style glaciers, polar ice streams and grounding ice-
sheets increased sediment input to the outer shelf exponentially and triggered significant

down-slope sediment movement.

Similarly, the opening of gateways and formation/intensification of the ACC would
increase bottom current volume and velocity. In response to ice-sheet induced increased
sediment supply and stronger bottom currents, the occurrence, size and lateral extent of
the contourite bed forms would increase (O Cofaigh et al., 2003, 2004, 2005).

In seismic images, these dynamic ice sheet and tectonically induced bottom
current/sediment supply changes correspond to a marked difference in the reflection
pattern in the seismic image. Proceeding “up-sequence” (from acoustic basement to
seafloor, Fig. 2-3) modifications or burial of older drift morphologies, a marked increase
in “new” drifts and channel-levee systems, and high amplitude discontinuities can usually

be observed.
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Analyses of these sediment drift modifications have been used to extract information
towards constraining past ice sheet dynamics, bottom current pathways and
palacoceancirculation reconstructions (e.g. Maldonado et al., 2003, 2005; Rebesco et al.,

2002, 2007; Uenzelmann-Neben and Gohl, 2012), which I elaborate on in the next
section and chapter.

2.5 Depositional features in the seismic reflection data images

We now look at an overview of the main seismic reflection characteristics useful for (i)
identifying principle, large-scale, down-/along-slope deposit geometries on the abyssal
plain, and (ii) for mapping the pre-glacial to glacial (PG, T and FG) units observed in
seismic reflection images. The examples were taken from the same region as the case

studies for more relevant comparison when interpreting the seismic images in the

Weddell Sea and Amundsen Sea study areas (Ch. 7 to 10).

Sedimentary processes are often complexly intertwined. Down-slope mass transport
deposits (e.g. turbidites or debris-flows) may be indistinguishable from along-slope
deposits (e.g. contourite drifts) if solely based on geometry, elongation trend or reflection
patterns (Faugeres and Stow, 2008). The bed form geometry seen in the seismic images
also depends on the profile orientation. The features should ideally be crossed
perpendicular and parallel to the margin, but this is often not the case due to sea-ice and
survey constraints. The following examples are therefore, only a guideline for interpreting
the system end-members and by no means extensive. For additional examples of

contourites in seismic images around Antarctica, the reader is referred to Herndndes-

Molina (2008a,b).

2.5.1 Seismic characteristics of bed forms from down-/along-slope
processes

Mass sediment transport deposits appear transparent to opaque, with chaotic or
discontinuous internal reflection pattern (Fig. 2-3a). The lenses contain coarser material
and are relatively homogeneous or poorly sorted — resulting in a scattered seismic signal

without noticeable internal structure.

Contourite drifts are usually elongated with a lens-shaped convex upwards
geometry (Fig. 2-3a,¢,d), except in the case of large regional sheeted drifts (Fig. 2-3b).
The internal seismic reflections are distinct and continuous, forming a parallel lamination
that follows the overall drift geomorphology. Some sheeted drifts can have low-amplitude
and discontinuous reflectors up to transparent reflectors and contain large sediment wave
fields (Figs. 2-2 and 2-3a; Faugeres and Stow, 2008). Elongated-mounded or separated
drifts can show low angle-downlap or termination of internal reflections onto the basal

unconformity. Variations include the patched drift (Fig. 2-3a), sheeted drift (Fig. 2-3b),
15



2. Sedimentary processes

an asymmetrical separated drift with moat (Fig. 2-3c) and an elongated mounded drift

(Fig. 2-3d).

Channel levee systems have a diagnostic current-scoured channel and associated
asymmetrical levee (Fig. 2-3b). Similar to drifts, the internal reflections are continuous
and follow the overall geometry. If buried, the upper boundary is characterised by a
continuous high amplitude reflection and draped post-drift sediments fill the
palacochannel (Fig. 2-3¢).
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Fig. 2-3. Selected multichannel seismic reflection profiles and line drawing interpretations in the Amundsen-,
Weddell- and Scotia Seas to illustrate the basic characteristics of large-scale contourite bed forms on the abyssal plain,
formed by down-slope and along-slope processes (Fig. 2-2 and section 2.4). Diagrams a and b are modified after
Uenzelmann-Neben and Gohl (2012) and ¢ and d after Maldonado et al. (2006a,b)

A. Profile AWI-94054 with an interpreted down-slope mass transport deposit (debris flow in unit I), patched drift
(unit IIL, IV) and sediment waveforms (unit V).

B. Profile TH-86003 parts D and C in the eastern Amundsen Sea depict a channel-levee system with preferential
coriolis-forced deposition on the left, and sheeted drifts in unit ITI. Grey shaded area — filled channel, vertical black
lines — small faults.

C. Profile SCAN97-SMO06 near the Jane Bank in the northwestern Weddell Sea shows an along-slope process
separated drift and moat. WSBW — Weddell Sea Bottom Water, circle with cross — bottom current flow direction
away from the viewpoint, circle with dot — bottom current flow towards the viewpoint.

D. Profile SCAN2001-SmO05 in the central Scotia Sea illustrates an elongated-mounded drift formed by the bottom
component of the Antarctic Circumpolar Current (ACC).
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2. Sedimentary processes

2.5.2 Seismic characteristics of Pre-glacial, Transitional and Full-glacial
units

The sediment depositional style changes from a non-current to current dominated
regime, or from a pre-glacial to glacial climate change regime. These changes result in
regional extent unconformities or strong high-amplitude boundary reflectors (Nielsen et
al., 2008). A type section after the descriptions of Escutia et al. (1997, 2000, 2011) and
De Santis et al. (2003) represents typical characteristics of the pre-glacial to glacial
seismic units (Fig. 2-4a,b). This section was chosen because it was recently drilled in
IODP leg 318 (Fig. 2-4c) and is near the Amundsen Sea study area.

Pre-Glacial units show low amplitudes, an almost transparent image, and a few
discontinuous internal reflections that are predominantly parallel to each other and the
basement topography. The Transitional units have higher amplitude, lateral continuous
reflectors, and show internal structure or discontinuities. Buried drifts and cut-and-fill
geometries can occur infrequently. The Full-Glacial units have the highest amplitude
reflections with strong lateral continuity. Contourite drifts, channel-levees systems and
high relief are widespread within this sequence. The bed forms geometries are mostly well

developed, which indicates high sediment supply and stronger bottom current activity.

These interpretations are geometric information on the bed forms as seen in the
profiles. When available, borehole information provides a time-scale to the seismic unit

and in combination; this is the only method to determine which units can be assigned to

the PG, T and FG climates.
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Fig. 2-4. Deep sea multichannel seismic reflection line WEGA30 in Wilkes Land (insert map),
interpreted by Escutia et al. (2005; 2011) and De Santis et al. (2003), and modified to highlight the
relevant sequences that they interpreted to represent the pre-glacial, transitional and full glacial periods,
based on borehole data from IODP leg 318, sites U1355-1362 (Escutia et al., 2011). WEGA30 is one
of the most relevant lines for this work, because it lies between two boreholes (U1359, U1361 with
coincident seismic tie lines), runs coast parallel and is located on the continental rise. The stratigraphy
is thus well defined, dated and least influenced by shelf processes.
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Chapter 3
BACKGROUND

Key aspects:

- Selected pre-glacial to glacial studies

- Study areas: Weddell Sea, Amundsen Sea, Pacific margin of West Antarctica

Several studies around the Antarctic margin identified pre-glacial to glacial
components in the offshore sedimentary record using drilling and seismic reflection
imaging data (e.g. De Santis et al., 1999, 2003; Rogenhagen et al., 2004; Escutia et al.,
2005; Maldonado et al., 2006; Scheuer et. al., 2006a,b; Leitchenkov et al., 2007). These
findings have been related back to changes in sediment distribution, associated with ice

sheet advances or ocean bottom current development.

3.1 Selected deep sea seismic stratigraphy studies

Sediment thickness and volumes are among the key parameters for forcing
palacotopography and palaecobathymetry models (Fig. 1-3 in Ch. 1) but these are often
excluded (e.g. Brown et al., 20006) or, if considered, based on out-of-date information
from the 1970’s (Hayes and LaBrecque, 1991; Hayes et al., 2009) and few data points
(Laske and Masters, 1997), which distort the grids in sparsely surveyed regions.

One of the main reasons why palaco-models omit offshore sediment thickness lies
therein that current seismic stratigraphy studies around Antarctica are local scaled,
stratigraphically disconnected from each other, and often limited by sparse borehole age
control or data availability (e.g. Larter and Barker, 1989; Nitsche et al., 1997, 2000; De
Santis et al., 1999, 2003; Cunningham et al., 2002; Rogenhagen and Jokat, 2000;
Rogenhagen et al., 2004, Escutia et al., 2005; Scheuer et al., 2006a,b; Maldonado et al.,
2006, 2007; Leitchenkov, et al., 2007; Uenzelmann-Neben, 2007; Weigelt et al., 2009).

These studies established detailed horizon stratigraphy mostly for shelf processes or
palaco-bottom current circulation. The broad cross-region perspective of sediment
distribution on the shelf and deep sea and what it reveals about the greenhouse to

icehouse ice sheet development remain largely unresolved.

The seismic data network around Antarctica expanded during the last two decades
and most of it is now publically available (Wardell et al., 2007; Fig. 3-1). Several local

scale studies around Antarctica, referenced below, investigated the shelf and deep sea
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3. Background

seismic reflection sedimentary record to answer questions related to past ocean current

development and ice sheet dynamics.

However, large-scale cross-basin and cross-regional studies that bind these smaller
studies together are still lacking. For example: until recently it was not possible to
connect the seismic horizon stratigraphy in the southwestern Weddell Sea with that of
the northwestern Weddell Sea and Scotia Sea (red oval, Fig. 3-1), but with the data
acquired from Spain under Institute collaboration, these links can now be made. More
recent multichannel seismic (MCS) data acquisition by AWTI during the 2010 expedition
on the Pacific margin of West Antarctica (ANT-XXVI/3; Gohl, 2010), provided profiles
that now link the Ross Sea seismic network with that of the Amundsen Sea (red oval, Fig.
3-1).

Fig. 3-1. Tracks of existing
marine multichannel seismic
(MCS) profiles around
Antarctica available in the
SCAR  Seismic Data Library
System (SDLS in Wardell et al.,
2007; black lines).

Localised studies are broadly
demarcated by the  blue
rectangles. Linking transects for
the Weddell Sea and Amundsen
> Sea constructed in this research,
are marked by the red ovals and
question marks.

Various  boreholes  around
Antarctica are shown as yellow
dots: ANDRIL, SHALDRIL,
Deep Sea Dirilling Program
(DSDP) numbers 265-274 and
324, Ocean Dirilling Program
(ODP) numbers 689-697 and
1095-1103, and International
Ocean Drilling Program
(IODP) numbers U1355-60. Ice
surface taken from ETOPOL.
Map modified after M. Breitzke
and K. Gohl, AWI.
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M.00%
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From this new and archive information, we can now begin to make cross-basin and
cross-regional stratigraphic correlations of the deep sea and shelf sediments. However,
four aspects make it difficult to do margin-wide seismic horizon correlations over 1000s

of kilometres without assumptions:

i.  Persistent perennial sea ice, especially in the Weddell and Ross Sea, limit

seismic reflection data acquisition and often dictate the distribution of lines.
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3. Background

ii.  Seafloor multiples on the shelf and sparse data, especially in the Ross Sea and
Amundsen Sea region, make the correlation of shelf-slope-deep sea transitions

problematic.

iii.  Limited age control on seismic horizons due to sparsely distributed deep-sea
borehole information, or the complete absence thereof (e.g. in the Amundsen

Sea).

iv.  Mass sediment transport processes on the shelf like turbidites or debris flows
disturb the sedimentary layers and produce discontinuous, disturbed
reflections in the seismic record that are challenging to trace over long

distances.

The current deep sea pre-glacial to glacial work in each of the primary offshore
Antarctic regions is briefly described to provide the context for this research and its
contributions. The main studies on the Pacific margin of West Antarctica are considered

and much supporting information drawn from the nearest and deepest distal basin
borehole ODP Leg 318 Site U1356 (Escutia et al., 2011).

3.1.1 Weddell Sea

In the Scotia Sea and northwestern Weddell Sea (Fig. 3-1), two Oligocene—ecarly
Miocene pre-glacial seismic units were identified (e.g. Sh5, Sh4; WD5, WD4 in
Maldonado et al., 2005, 2006). A prominent horizon called “reflector ¢” was traced
continuously between the Scotia Sea and northwestern Weddell Sea, and correlated with
some of the ODP Leg 113 boreholes (Maldonado et al., 1998, 2003, 2005, 2006;
Bohoyo, 2004; Bohoyo et al., 2002).

This major regional discontinuity were given a tentative age of 12.1-12.6 Ma and
was interpreted to be coeval with the major Miocene glaciation (Mi4), a lowering of sea
level (Ser3) and the initiation of the permanent east/west Antarctic ice-sheets in full-
glacial conditions (Maldonado et al., 20006). Reflector “c” was also inferred to suggest a
major event in the dynamics of bottom water circulation, representing the connection
between the Scotia Sea and the Weddell Sea across the South Scotia Ridge (Maldonado

et al., 2006). Transitional units were not interpreted.

MCS profiles across the Pacific margin of the Antarctic Peninsula showed a highly
dynamic late Miocene Antarctic Peninsula ice sheet that repeatedly grounded to the shelf
edge (Bart et al., 2005). This was followed by a series of oblique Pliocene-Pleistocene
progradational sequences produced by ice sheet retreat and advance cycles during the

glacial maximum or full glacial regime (Larter and Barker, 1989).
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3. Background

Later work compared MCS data across ODP/DSDP boreholes in the Antarctic
Peninsula, Prydz Bay, Wilkes Land, Weddell Sea, Eastern and Western Ross Sea (Fig. 3-
1; Rebesco and Camerlenghi, 2008). Margin-wide erosion, subsequent progradation on
the continental shelf, stratal downlap on the continental slope and major mass wasting
deposits on the continental rise were identified in the MCS data. Dated at about 3 Ma in
the Antarctic Peninsula and Prydz Bay margins, these sequences were related to late
Pliocene climatic change that induced the transition of the Antarctic ice sheet regime

from polythermal to present polar cold, dry-based conditions (Rebesco and Camerlenghi,
2008).

A seismic stratigraphy model and sediment thickness grid for the southeastern
Weddell Sea, between the Crary Fan and Explora Escarpment (Fig. 7-2), was the initial
attempt to separate pre-glacial and glacial sequences in the Weddell Sea (Rogenhagen and
Jokat, 2000; Rogenhagen et al; 2004). Seismic horizons W1.5, W2 and W3 were
interpreted as 114-136 million years old and deemed representative of pre-glacial
sediments deposited during the separation of Antarctica, Africa and South America
(Konig and Jokat, 2006), whereas seismic horizons W4 and W5 were interpreted as the

Miocene-Pliocene-Pleistocene full glacial sequences.

Other seismic reflection studies looked at the shelf sequences (Miller et al., 1990),
full glacial sequences across the Crary Fan (Bart et al, 1999) and reported drifts in the
northwestern Weddell Sea that indicate early Miocene ocean bottom current activity
(Michels et al., 2001; 2002).

3.1.2 Bellingshausen Sea

Glacial sedimentation and shelf to deep-sea transport processes in the Bellingshausen
Sea have been investigated by several researchers (Nitsche, 2000; Cunningham et al,,
2002; Scheuer, 2006a,b Uenzelmann-Neben 2007; Weigelt et al., 2009).

Scheuer et al. (2006) compiled more than 10,000 km of single-channel and
multichannel seismic reflection data and correlated the stratigraphic interpretation with
borehole data (Bellingshausen Sea lines and DSDP leg 35 Site 324 and ODP Leg 178
Sites 1095 to 7, Figs. 3-1 and 3-2). They successfully mapped the glacial and pre-glacial
sequences but it was not possible to expand the grids farther into the Amundsen Sea due

to lack of data.

They identified two main sequences ascribed to frequent grounded ice advances to
the shelf edge, which occurred about 10 million years ago (Horizons Bel and Be2; Figure
2-3b) and resulted in a high sedimentation rate of 140-170 metres per million years
(m/my). Their identified age of 10 Ma corresponds to the last time pCO, was at similar
levels than today (arrow in Fig. 1-1, Ch. 1).
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BELLINGSHAUSEN
SEA

Seismic stratigraphy and glacial
sediment thickness grid (Scheuer
et al., 2006a,b)
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Fig. 3-2. Deep-sea glacial sediment thickness grid (top right) and multichannel seismic reflection line AWI-
2001001 in Bellingshausen Sea (Scheuer et al., 2006a,b). Sequence Be3 was interpreted to represent the pre-glacial
sediments, Be2 the transitional and Bel the fully developed glacial sediment deposits with influences of bottom
current sediment transport in the form of drifts and channels. The grid contains large distortion at the edges.
Glacial sediment thickness range from 0-2500 m.

3.1.3 Amundsen Sea

Some of the main studies in the eastern Amundsen Sea (Cunningham et al., 2002;
Nitsche, 2000; Uenzelmann-Neben et al., 1997, Uenzelmann-Neben and Gohl, 2012)
interpreted a full glacial regime sequence, for example Fig. 2-3 in Ch. 2. Often a
transitional boundary was picked as well, but not consistently. Examples of late
Oligocene drifts have been observed in the Antarctic Peninsula (Rebesco et al., 2002,
2007), Weddell Sea (Maldonado et al., 2006) and Amundsen Sea (Uenzelmann-Neben
and Gohl, 2012).

Since borehole data is sparse, the age-frame for the horizons remains speculative. Age
data in the Amundsen Sea are obtained from linked analogues over vast distances e.g.
form the Ross Sea as that is the next nearest data, albeit on the shelf (Fig. 3-1). Hence,
we need to look farther along the Antarctic margin to find suitable deep sea borehole age

data analogies, for example in Wilkes Land.

3.1.4 Wilkes Land

Recent drilling on the Wilkes Land margin and continental rise provide a long-term
record of Cenozoic Antarctic glaciation, and much needed constraint on the age, nature
and palaco-deposition environment of glacial sequences in the seismic record, which was
previously only inferred (Escutia et al., 2011). The seismic unconformity WL-U3
separates pre-glacial strata below, from the glacial strata above (Fig. 3-3; Fig. 2-4 in Ch.
2). This horizon was dated as being early Oligocene (33.5-30 million years old).
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3. Background

Seismic unconformity WL-U5 marks the transition from a dynamic, to a persistent
ice sheet (i.e. transitional to full glacial in Figs. 3-3 to 3-5) and was dated as mid-late
Miocene (10-14 million years old; De Santis et al., 2003; Escutia et al; 2005, 2011). We
draw extensively from this Wilkes Land basin age-model and horizon stratigraphy to test
the Amundsen Sea basin interpretation. The Wilkes Land borehole data and age-model
was chosen as most relevant, because it is the nearest deep sea basin borehole and more
likely to include similar sediment deposition and transport processes, as opposed to the
Ross Sea Shelf data. The main results for the relevant drill site in the Wilkes Land basin

is therefore included here - for easier reference in the following chapters.

Shotpoint
8500.0 84000 8300.0 82000 8100.0 80000 79000 78000 77000 7600.0 7500.0 7400.0 73000 72000 71000 7000.0 €800.0 6800.0 67000 6600.0 6500.0 64000 €300.0

6.0

Two-way traveltime (s)

Fig. 3-3. Multichannel seismic reflection profile across Site U1356 showing regional unconformities WL-U3,
WL-U4, and WL-U5. Red rectangle = approximate penetration achieved at Site U1356. Taken as published
form Escutia et al., 2011; http://publications.iodp.org/proceedings/318/101/101_.htm

Regional
unconformities/ Timing of glacial Wilkes Land
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Fig. 3-4 East Antarctic Ice Sheet evolution in the Wilkes Land margin and timing of events (modified from
Escutia et al., 2005) inferred from continental shelf and rise stratigraphy (i.e., seismic regional unconformities and
units). Taken as published from Escutia et al., 2011; http://publications.iodp.org/proceedings/318/101/101_.htm
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Fig. 3-5. Conceptual illustration of tectonic, geological, sedimentological, and climatic evolution of the Wilkes
Land margin since the middle early Eocene (-54 Ma). U3, U4, and U5 refer to seismic unconformities WL-U3,
WL-U4, and WL-U5. Oi-1 = Oligocene isotope Event 1, CPDW = Circumpolar Deep Water, ACSC = Antarctic
Circumpolar Surface Water, UCPDW = Upper Circumpolar Deep Water, LCPDW = Lower Circumpolar Deep
Water, AABW = Antarctic Bottom Water. MTD = mass transport debris flows. Taken as published from Escutia
etal., 2011; http://publications.iodp.org/proceedings/318/101/101_.htm

3.2 Study area

This work focuses on studying sediment accumulation and deposition geometry by

control. Sedime

pre-glacial, trans

interpreting seismic profiles and incorporating magnetic anomaly data for basement age

ntation in the deep sea is relatively free from the influence of shelf

processes like turbidites, debris flows and high pelagic fall-out. It is therefore an ideal,

almost undisturbed record for distinguishing sequences associated with the changes from

itional and full glacial climate regimes.
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3. Background

In the first study area, a ~-3300 km transect, starting in the eastern Weddell Sea,
across the Peninsula and into the Scotia Sea (Fig. 3-6) was constructed to investigate if
major glaciation events are expressed in offshore sediments, and to assess whether they are
traceable on a cross-regional or margin-wide scale. Pre-glacial, transitional and full glacial
dominated sequences were identified and tracked across the entire Weddell Sea and into
the Scotia Sea. The WS-SS transect was also used to construct a new Weddell Sea basin-
wide horizon stratigraphy model by tracing continuous reflector horizons between
profiles without gaps. The results were published and can be found in Chapter 7.

In the second study area, the ~2000 km long Amundsen Sea — Ross Sea (AS-RS)
transect (Fig. 3-6) was constructed from newly acquired data (Gohl, 2010; Fig. 3-1).
Analogous to the WS-SS transect, the pre-glacial, transitional and full glacial sequences
were identified based on the lateral and vertical variation in internal structure, geometry
and acoustic properties, The sequence boundary horizons were traced continuously along
each of the two transects and connected to analogue units in localized studies (Fig. 3-1).
The AS-RS transect represents the first data link between the Amundsen Sea and Ross
Sea seismic network. Work is on-going to produce the first margin-wide regional
sedimentation grids, and so far, initial calculations suggest the glacial sequence thickness
could be relatively constant along the margin (results to be published, see Ch. 6 and 9).
Regional borehole age control in the Amundsen Sea is absent and therefore this first
regional stratigraphy model is to be viewed as working hypothesis, until tested by deep-
sea drilling. Borehole data from the Ross Sea and Wilkes Land provide the nearest age
control model, and as it continues to link the AS-SS transect into an age frame, the
collective results can become pivotal to further unravel the ice sheet development history.

% g 8

PhD study area

Seismic Profile network
and important links
) TANOG2 BN AWI2010
Bellingshausen

== other international cruises

Q,D.'SOOD 0

Amundsen o E : +
Sea . ) JTES Weddell

© % & & & % s

E 8
Fig. 3-6. Map of present study area showing the Weddell Sea — Scotia Sea transect and the Amundsen Sea — Ross Sea
transect (thick red lines and annotated). Background image: global seafloor topography grid, version 13.1, Smith and
Sandwell (1997) and for land, the ETOPO1 Global Relief Model (Amante and Eakins, 2009).
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4 SEISMIC DATABASE
AND METHODS

Key aspects:
- Sources of seismic data for the Weddell Sea — Scotia Sea transect
- Acquisition of seismic data for the Amundsen Sea — Ross Sea transect

- Processing of the acquired Amundsen Sea seismic data

4.1 Acquisition

Seismic profiles comprising the Weddell Sea — Scotia Sea transect (Ch. 3 and 7), were
used as is and taken from the SDLS or received from collaborating Institutes. Profiles are
stacked or post-stack time migrated data and no additional processing was done.

This chapter thus focuses on the acquisition and processing of selected seismic
reflection profiles acquired during the ANT-XXVI/3 campaign (Gohl, 2010), which
were used to construct the Amundsen Sea — Ross Sea transect described in Ch. 8.
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Fig. 4-1. Map of the Amundsen Sea research area. Red lines - multichannel seismic reflection profiles acquired
during the ANT-XXVI/3 cruise with line numbers marking the start of each profile. Black and red dashed lines -
profiles processed and interpreted in this thesis, labelled in bold. Map modified after Gohl (2010).
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4. Seismic reflection data

5032 km of multichannel seismic reflection profiles were recorded in the northeastern
Ross Sea, Amundsen Sea and northernmost Bellingshausen Sea (Fig. 4-1; Gohl, 2010).
Profiles AWI1-20100107 — 110 and AWI-20100117 are relevant to this dissertation and
collectively cover 2003 km (black dotted line in Fig. 4-1 and listed in Table 4-1).

4.1.1 Method

Marine seismic reflection profiling involves deploying a source (airgun) and receiver
(streamer with hydrophones) behind the ship in a particular configuration to create an
acoustic image of the layers below the seafloor (Fig. 4-2a,d). The controlled source,
comprising an airgun array (Fig. 4-2b), generates acoustic waves that travel through the
water column, to the seafloor and into the layers below (Fig. 4-2a). At the interface
between two materials with different acoustic impedances, some of the wave energy will
reflect off the interface back to the receiver and some will refract through the interface
(Fig. 4-2a). Measuring the travel time and amplitude of the waves between source and
receiver, an image of the layers below the seafloor can be constructed (red box in Fig. 4-
2a). The speed of these waves are governed by the acoustic impedance (Z) of the medium
through which they are travelling, defined by the equation:

Z=Vp

where V is the seismic wave velocity and p (Greek rho) is the density of the layer
(Yilmaz, 2001).

| offset Receiver: streamer L
b. 7 e iy a. |e;d—in (" Hydrophone
RPN —;Il interval
. Do "‘ (Source distance
‘ 3 7 from ship

SOUCEN [ paeny, T T TR
airguns
ocean-bottom
reflected waves seismograph

young sediments

Fig. 4-2. Principles of the applied marine seismic reflection data acquisition method and equipment
configuration. a. Schematic illustration of the airgun source (red square) and streamer receiver (horizontal red
line) towed behind the RV Polarstern, and the simplified travel paths of the reflected seismic waves (red arrow
and black lines) as well as refracted waves (gray line). Reconstruction of the travel paths of these rays creates an
acoustic image with distinct reflections that can be related to the sediments and basement below (red dashed box
and coloured layers). b. Deployment of the GI-gun cluster source hanging from a steel frame with two buoys
mounted for balance, and the 3000 m streamer with a red depth-control bird (bottom centre of photo). c.
Receivers used: 600 m PRAKLA streamer in the foreground and 3000 m Sentinel SERCEL streamer in the
background. d. Data acquisition with equipment-in-tow behind the ship through relatively good sea-ice
conditions. e. On-board quality control for the 3000 m streamer through real time display of shots and single
channel data. All photos taken by A. Lindeque.
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4. Seismic reflection data

Such seismic images as are presented in Chapters 7 and 8, reveal the structure of the
layers below the seafloor and can help us to understand the tectonic, sedimentation and
ocean bottom current processes that played a role in their formation and deformation.

Table 4-1 . Seismic reflection data acquisition parameters for selected profiles from cruise ANT-XXVI/3.

Profile: 20100107 20100108 20100109 20100110 20100117
Source:
No. of GI-Guns 3x2.7Itr 3x2.7Itr 3x2.7Itr 2x2.7Itr 2x2.7Itr
Volume (L) 8.1 8.1 8.1 5.4 5.4
Shot mode delay (ms) 33 33 33 33 33
Shot interval (s) 12 12 12 12 12
Receiver:
Streamer, Length (m) SERCEL, 3000 PRAKLA, 600 PRAKLA, 600 SERCEL, 3000 SERCEL, 3000
No. of channels 240 96 96 240 240
Hydrophone interval (m) 12.5 6.25 6.25 12.5 12.5
Lead-in (m) 60 35 35 70 70
Stretch sections (m) 50+50+20 50+50+50 50+50+50 50 + 50 + 20 50 + 50 + 20
Distance, winch-to-airguns (m) 20 12 12 20 20
Offset, source-to-receiver (m) 160 173 173 170 170
Recording:
Record length (s) 10 10 10 10 10
Sample rate (ms) 1 2 2 1 1
Shot no. 1-11920 1-1002 1-2695 1-27181 1-14286
Profile length (km): 390.4 33.9 89.4 917.6 571.5

4.1.2 Source

The 3 GI-Gun cluster source was towed at approximately 10 m behind the ship at a
water depth of ~5 m and fired at 195 bar (Fig. 4-2b; Table 4-1). One GI-Gun contains
two independent airguns, referred to as a “Generator” with a volume of 0.74 L or 45
inch® and an “Injector” with a volume of 1.72 L or 105 inch®. The “Injector” was fired
33 ms after the “Generator” to create an almost bubble-free signal and in doing so,
enhanced the signal-to-noise ratio in the seismic data. With an average cruising speed of
5.4 knots and 12 s shot interval, the average shot spacing is about 33 m.

The airguns frequently showed air leaks and one or more had to be shut off for the
remainder of the acquisition time (e.g. on profiles AWI-20100110 and AWI-20100117,
Table 4-1). This somewhat decreased the signal penetration depth into the seafloor, but
the overall data quality was still exceptionally good and basement clearly imaged in most
cases. Complete shut downs were often necessary due to whale and seal occurrences close
to the ship resulting in relatively small but significant data gaps on most of the profiles.
After the whale or seal sighting status was cleared, soft-start procedures were applied for
15 minutes.

4.1.3 Receiver

The receiver system for profiles 20100107, -110 and -117 consisted of a 3000 m long
digital Sentinel SERCEL solid streamer with 240 channels (Fig. 4-2a, c¢; Table 4-1). 12
DigiCourse depth-control birds were mounted at regular intervals of ~200 m to keep the
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4. Seismic reflection data

streamer at a constant water depth of ~10 m (Fig. 3-2b). The eSQC-Pro was used for on-
board quality control and displayed every shot record as well as single-channel 16 of the
entire profile in real time (Fig. 4-2¢). The single-channel, real time data, already showed
clear reflectors and a high signal-to-noise ratio due to a calm sea and favourable sea-
ice/polynia conditions. The SERCEL SEAL recording system stored the data in SEG-Y
format on parallel LTO-2 tapes with an additional NAS backup system.

Demultiplexing
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Geometry set-up

1%

Common-Depth-Point sorting

U

Filtering
U

Editing
U

(Static correction)

2%
(Multiple / Ghost removal)

O

(Deconvolution)

2
Velocity analysis

O

Spherical divergence correction

3

Normal move-out correction

O
Stacking

1%

Time migration

O

Interpretation

The receiver system for profiles AWI-20100108
and -109 comprised a 600 m long analogue
PRAKLA streamer with 96 channels (Fig. 4-2¢;
Table 4-1). Varying depths

considered during processing as no depth control

streamer were
system was deployed due to worsening sea-ice and
weather conditions. The Geometrics EG/G 2400
recorder stored the data in SEG-D format on 3480
cartridge tapes. A thermo plotter printed the single
channel 16 data of each profile in real time for on-
board quality control and documentation.

4.2 Processing

The standard workflow chart on the left
summarizes the processing steps applied to the
selected profiles listed in Table 4-1. Steps in
brackets were only applied to profiles AWI-
20100108 and -109 due to the short streamer. The
processing workflow steps are discussed in the
following subsections and based on data examples.

4.2.1 Demultiplexing, geometry and

sorting

During data acquisition the seismic reflection
data for each shot were stored as a time sequential
sequence and sampled across all channels for that
time interval. Demultiplexing is the first step of
seismic data processing, which resorts the data into
sequential channel, or trace order for each shot.
The SERCEL SEAL recording system performed
demultiplexing internally, but demultiplexing for
the 600 m PRAKLA streamer data were done
separately in Paradigm’s FOCUS™ processing
software.

Next, the geometry for each profile was set-up
by linking geographical data such as longitude,
latitude, water depth, speed and course of the ship
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to each shot, using time as the common denominator. All the rays from various shots
that reflected off the same depth point on a layer surface, are grouped into a common
depth point (CDP) gather, which is referred to as CDP sorting (Fig. 4-3). Profiles AWI-
20100107, -110 and -117 have a CDP fold of 180, meaning each CDP trace represents
the sum of 180 rays from 46 shots whereas profiles 20100108 and -109 have a CDP fold
of 72 from 9 shots. The CDP spacing for all profiles is 25 m.
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Fig. 4-3. Schematic diagram illustrating the principles of sorting shot data into common depth points (CDP)
gathers. a. Reflected ray paths of shots 1 and 2 from several CDP’s on one reflector layer below the seafloor. b.
Reflected rays from shots 1 — 4 at a single CDP point. ¢. Rays from (b) are re-arranged into a 4-fold CDP gather
and show the characteristic vertical offset called move-out, due to rays from later shots arriving at the streamer
receivers with a time delay. Diagram modified after http://www.oilandgasuk.co.uk/publications/britainsoffshore
oilandgas/Exploration/Discovering_the Underground Structure.cfm

4.2.2 Filtering

A tapered high pass 5-10 Hz frequency filter was applied, allowing all frequencies
above 10 Hz to pass through for further processing. This filter was chosen because it
eliminates lower frequency noise from the ship and waves, but still allows the higher
>200 Hz frequencies to pass, which are needed to resolve small-scale sedimentary
structures.

4.2.3 Editing

Noisy and bad or dead channels were removed from each CDP gather (Fig. 4-4). No
wrongly polarised traces were observed. Channels 2, 7, 8-10, 43, 70, 105-106 and

156159 were particularly noisy and therefore muted throughout further processing (Fig.
4-4).

4.2.4 Static correction

Lines AWI-20100108 and -109 were acquired during difficult sea ice conditions
with the short streamer and as a precaution; depth control instruments were not fitted.

Subsequently, the streamer was not always towed at the same depth, which caused a
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vertical shift in the traces. This was corrected with a vertical shift equal to the distance to

the ghost (Fig. 4-5).
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Fig. 4-4. Data example of the editing step during processing. Left — noise channels show a large and variable
amplitude that is consistent for the length of the trace. Right — channels removed and replaced with zero
amplitude traces.
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Fig. 4-5. Data example of the static correction calculation applied to AWI-20100108 and AWI-20100109. Note
that the hyperbola trend does not decrease steadily to the right but shows an increase in the middle. Since the ghost is
a multiple reflection between the seafloor surface and the streamer, its position was taken as guide to estimate how
much static correction would need to be applied.
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4. Seismic reflection data

4.2.5 Multiple removal

The ghost in lines AWI-20100108 and -109 was effectively removed with an F-K
filter. A 5-10 Hz high pass filter was applied and the remaining reflections overcorrected
(Fig. 4-6). The F-K filter was applied and the normal move-out (NMO) over correction
removed (Fig. 4.6). This effectively removed the ghost on both lines.

The profiles of the AS-RS transect lines AWI-20100107, -110 and -117, were towed
in the deep sea (>4000 m water depth) using the 3000 m streamer. With the 3000 m
streamer the ghost was indistinguishable from the primaries and the F-K filter
unsuccessful in separating them. Hence, deconvolution was tested as an alternative
method.
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Fig. 4-6. Data example of the ghost removal during processing, from left to right: High-pass filter applied to
remove noise; Ghost and primaries over corrected; F-K filter applied too remove under-corrected reflections;
NMO over-correction removed.

4.2.6 Deconvolution

The impact of deconvolution on the seismic resolution is shown in Fig. 4-7. Both
spiking and predictive deconvolution were tested. Spiking deconvolution effectively
removed the ghost when using a 30 ms window, 100 ms operator length and 0.1% white
noise. However, the seemingly finer, crispy and clearer reflection pattern in the
deconvoluted data (Fig. 4-7 far right) is a result of boosting the higher frequencies while
removing the streamer ghost in the upper reflections, but it is unclear if these finer
reflections father below are true or ringing artifacts. Deconvolution was therefore used in
selected cases to more clearly image unconformities, drift feature geometry and seismic
unit or sequence boundaries.

4.2.7 Migration

Velocity analyses were applied by picking sequence boundary horizons at every 50®
CDP. After NMO correction and spherical divergence adjustment, a Kirchoff time
migration was performed on the stacked section. A dip migration of 65 degrees and
90% of the NMO velocities were used, resulting in a post-stack-time-migrated
(PSTM) image used for interpretation.
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4. Seismic reflection data

Fig. 4-7. Data example of the deconvolution applied to line AWI-20100117 for ghost removal during
processing. Left — only the 5-10 Hz high pass filter applied; right — see the finer division of the reflections,
but it can also be interpreted as a ringing artefact.
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5 OTHER DATASETS
AND METHODS

Key aspects:
- Borehole data from ODP and DSDP sources used for age control
- Magnetic seafloor spreading anomalies used for additional age control

- Refraction- and sonobuoy data used to expand and verify velocity model

5.1 Borehole data

The ODP Leg 113 boreholes and selected SHALDRIL boreholes on the shelf were
used for the age control of the stratigraphic horizons in the Weddell Sea — Scotia Sea
transect. That analysis forms part of the paper 1 publication and to avoid repetition, the
reader is referred to Fig. 7-3 and section 7.4.2 of Chapter 7 (paper 1).

For the Amundsen Sea — Ross Sea transect interpretation, DSDP Leg 28 sites 270—
272 were used as guide to correlate the horizons from this study with the Ross Sea shelf
stratigraphy, and to test the constructed age model. DSDP Leg 35 Sites 324, 323 and
ODP Leg 178 Site 1095 were incorporated for supporting information on the horizon

stratigraphy, sediment thickness and glacial deposits of the central basin.

The derived age model and type section interpretation was compared to IODP Leg
318 site U1356 and the coincident seismic line (Ch. 3), which serves as an analogue age
model. Exactly how these boreholes were incorporated is explained in Chapter 8, section

8.4.3, which is part of the second paper manuscript and thus not repeated here.

5.2 Magnetic seafloor spreading anomaly data

Seismic profiles in the Weddell Sea — Scotia Sea transect were used for basement age
control, but the public global magnetic seafloor spreading anomaly map had no data in
this area. Consequently, it was necessary to compile the magnetic data for the Weddell
Sea — Scotia Sea from several papers, scanned maps and point based georeferenced data
sets. This compilation forms part of the first paper and the methodology is explained in
Chapter 7, section 7.4.1 and Table 7-2. The digital data of this new magnetic seafloor
spreading anomaly compilation for the Weddell Sea and Scotia Sea is available in the
PANGAEA database, as an online supplement to the first paper (Ch. 7) and can be
found at doi:10.1594/PANGAEA.777453.
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5. Other datasets and methods

Basement age control for the Amundsen Sea basin was taken from Wobbe et al.,
(2012) and comprises airborne and ship borne magnetic data acquired during the same
expedition as the seismic reflection data presented in this work (Fig. 4-1; ANT-XXV1/3;
Gohl, 2010). The incorporation of this data is further discussed in section 8.4.4 of
Chapter 8 (paper two).

5.3 Refraction data analysis

Past refraction data modelling in the eastern Amundsen Sea basin has been optimised
for studies of the crust and treated the sediments as a single layer (Kalberg and Gohl,
2013). Since velocity information from borehole data is lacking, and available velocities
had to be derived from stacking velocities, it was necessary to rework the model to

deduce velocities for the various sediment layers (Figs. 5-1 to 5.4).

Layers were picked according to the main identified seismic sedimentary units and a
simple 1D velocity model created using stations ST205 and ST206 (Figs. 5-1 to 5.4).
These results were included as an online supplement to paper two and confirmed the

range of velocities used for sediment thickness calculations presented in Chapter 8.

Station 205 on profile AWI-20060200, relocated seg-Y data and picked layers
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Fig. 5-1. Example of refraction data recorded at ocean-bottom seismograph (OBS) station ST205 on MCS
profile AWI-20060200 (Fig. 8-1), located in the eastern Amundsen Sea. Travel time is reduced with a reduction
velocity of 6.8 km/s for an optimised picking display. Coloured squares indicate the relevant boundary layers

picked for ray-tracing (Fig. 5-2). Offset is distance from the OBS position.
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TWO-WAY-TIME [s]

ST-205
92.85 km

ST-206
111.34 km

Depth (km)

T-D/6.8 (s)

1-2 = layer 1, reflection rays
2-2=layer 2, reflection rays etc.

5-1=layer 5, refraction rays

8-1 = layer 8, refraction rays ST-205

Distance along profile (km)

Fig.5-2. Ray tracing model, showing the ray path of the arrival picks at OBS stations ST205 and ST206. The
picks have uncertainties (green and pink vertical bars), but from all the OBS stations along the profile, these two

stations gave the more reasonable result for the sedimentary layers, which was the main focus of this analysis.
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Fig. 5-3. Stacked multichannel seismic profile AWI-20060200, located in the eastern Amundsen Sea and on
the eastern link of the Ant2010 and Ant94 MCS profiles (Fig. 8-1 in paper two). The interpreted, simplified
sediment units are drawn in on the seismic image and the derived interval velocities, per unit, summarised in the
table (inset). The line coincident OBS station ST205 is overlain. The interpreted seismic horizons are in

agreement with the layers defined by the ray-tracing model.
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Fig. 5-4. Simple one dimensional P-wave velocity model, derived from picks ac OBS stations 205 and 206.These
interval velocities are the only control for the region and were used to estimate the sediment thickness (Fig. 4, Tables

3 and 4 in the paper). The derived interval velocities, per unit, are summarised in the table (inset).

5.4 Sonobuoy velocity data

During the GNS science New Zealand TAN0602 RV Tangaroa expedition in 2006,
fourteen sonobuoys were deployed in the Ross Sea and western Amundsen Sea (Fig. 5-5).
The measured velocities were made available to this project (Table 5-1) and are included
in the online supplementary material to paper 2, together with the Tan0602
multichannel seismic data. The processing was done by GNS. The velocities are shown
here for comparison to the NMO velocity model in Chapter 8, supplement 1.4 (paper
two and online data).

All sonobuoy hydrophones were deployed to 300 m water depth and transmitted for 8
hrs. Originally the trace length for sonobuoys was set at 14 s (TWT) but was later
extended to 16 s (Table 5-1).

All sonobuoys showed clearly reflected arrivals to offsets greater than 10 km but only
sonobuoys 12 and 15 show refracted arrivals. All shot navigation and trace-offset
information were incorporated into TANO0G02 sonobuoy data during onboard

processing, taking care to preserve the waveforms for analysis.
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RoSs'Sea
Abyssal Plain

Fig. 5-5 Line geometry (annotated black line) and sonobuoy locations (numbered red circles) for
TANO0602 seismic data. The ANT-XXVI/3 RV Polarstern lines are shown in brown.

Table 5-1 Summary of interval velocities for each sonobuoy in Fig 5-5

Sono2 Sono3 Sono5 Sono6 Sono7 Sono8
TWT Intervel Intervel Intervel Intervel Intervel Intervel
(ms) vel. (m/s) TWT (ms) vel (m/s) TWT (ms) vel. (m/fs)  TWT (ms) vel. (m/s) TWT (ms) vel. (m/s) TWT (ms) vel. (m/s)
0 1450 0 1450 0 1450 0 1450 0 1450 0 1450
4000 1450 4000 1450 4000 1450 4000 1450 4000 1450 4000 1450
5053 1797 4722 1886 5136 1890 5562 1725 5763 1609 5704 1700
6024 1818 5468 1775 5704 2322 6142 1974 6296 1976 6296 1998
6320 2531 5917 2394 6047 2951 6769 2505 7018 2735 6533 3128
6769 2976 6225 3251 6923 3813 7041 3285 12000 6684 6959 3686
7266 3679 7314 3767 12000 6458 7621 3454 12000 6594
12000 6745 12000 6669 12000 6989
Sono9 Sono10 Sono11 Sono12 Sono13 Sono14
TWT Intervel Intervel Intervel Intervel Intervel Intervel
(ms) vel. (m/s)  TWT (ms) vel (m/s) TWT (ms) vel. (m/s)  TWT (ms) vel. (m/s) TWT (ms) vel. (m/s) TWT (ms) vel. (m/s)
0 1450 0 1450 0 1450 0 1450 0 1450 0 1450
4000 1450 4000 1450 4000 1450 4000 1450 4000 1450 4000 1450
5704 1700 5586 1700 5408 1696 5562 1689 5787 1670 5752 1696
6036 1979 6260 2169 6308 2216 6308 1903 6166 1939 6095 1867
6663 2744 6651 2280 6663 2314 7148 2288 6864 2207 6663 2247
7018 3935 7207 2816 7491 3020 8059 3703 7207 3501 6899 2728
12000 6617 7550 3162 12000 6932 12000 7309 12000 6784 7053 3246
12000 6983 12000 6701
Sono15 Sono16
TWT Intervel Intervel
(ms) vel. (m/fs) TWT (ms) vel (m/s)
0 1450 0 1450
4000 1450 4000 1450
5763 1683 5633 1750
6189 1856 6166 1880
7290 2474 6544 1862
7917 3846 7278 2850
12000 7208 12000 6832
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6 CONTRIBUTIONS TO SCIENTIFIC
PUBLICATIONS

This chapter summarizes contributions to journal publications, either as published in

the journal, or in the format it is to be submitted in. They appear in chronological order.

6.1 Deep-sea pre-glacial to glacial sedimentation in the
Weddell Sea and southern Scotia Sea from a cross-basin

seismic transect.

Lindeque, A., Martin, Y.M., Gohl, K., Maldonado, M., 2013.
Marine Geology 336, 61-83, doi:10.1016/j.margeo.2012.11.004.

The Weddell Sea — Scotia Sea seismic transect stratigraphy is constrained by boreholes
from ODP Leg 113, and basement ages are constrained by a compilation of all published
magnetic seafloor spreading anomaly data in the Weddell and Scotia Seas. The
combination of these datasets allows the construction of an initial age model from which
sediment thicknesses, volumes and rates are derived. The findings increase our
understanding of the Weddell Sea palacocirculation and Antarctic ice sheet development.
The paper contains a new compilation of all published magnetic seafloor spreading
anomalies in the Weddell Sea Scotia region, available online in Pangaca.de and

contributes to the world seafloor magnetic anomaly map.

I compiled the magnetic anomaly data, interpreted the ~3300 km multichannel
seismic transect, created all the figures and wrote the manuscript. Y.M. Martin assisted
with the seismic interpretation and improved the manuscript. K. Gohl supervised the
project and commented on the manuscript. M. Maldonado supervised the project part of

Y.M Martin and commented on the manuscript. The completed paper is Chapter 7.

6.2 Pre-glacial to glacial stratigraphy in the unexplored
Amundsen Sea seep-sea basin: A first cross-regional
correlation of deep-sea seismic reflection data.

Lindeque, A., Gohl, K., Henrys, S., Wobbe, F., Davy, B.
Manuscript intended for submission to the Palacogeography, Palacoclimatology,

Palacoecology journal. At the time of submitting the dissertation, the manuscript
was with the co-authors for comment.
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A revised and shortened version has subsequently been published as:

Lindeque, A., Gohl, K., Henrys, S., Wobbe, F., Davy, B., 2016. Seismic stratigraphy
along the Amundsen Sea to Ross Sea continental rise: A cross-regional record of pre-
glacial to glacial processes of the West Antarctic margin. Palacogeography,

Palacoclimatology, Palacoecology, 443, 183-202, doi:10.1016/j.palae0.2015.11.017

The Amundsen Sea — Ross Sea transect is the first data across the previously
unexplored central Amundsen Sea basin. Seismic units, interpreted to represent the pre-
glacial to full glacial transition sequences, are compared to existing studies in the eastern
Amundsen Sea and linked to deep-sea profiles in the Ross Sea, and pre-exiting data in the
eastern Ross Sea. A new age model is presented and in combination with the seismic
interpretation, give insights into the basin geometry, first arrival of the ice sheets on the
shelf and suggests the earlier onset of bottom current activity, already in pre-glacial times.

This work forms the foundation for the subsequent two papers.

I processed all the data that comprise the AS—RS transect and was responsible for
onboard quality control (QC) during data acquisition on the ANT-XXVI/3 expedition
to the Amundsen Sea, Antarctica. I interpreted the multichannel seismic data, proposed
the new Amundsen Sea basin stratigraphic nomenclature, created all the figures and
wrote the manuscript. K. Gohl supervised the project, was Chief scientist on-board the
ANT-26/3 expedition, and improved the manuscript. S. Henry provided the TAN0602
seismic data and sonobuoy data that link the seismic lines on the Ross Sea shelf with that
in the Amundsen Sea basin He also provided a preliminary interpretation of the shelf-
slope link. F. Wobbe assisted with preparing the data for import into DUG Insight
software for interpretation and commented on the manuscript. B. Davy participated in
the ANT-XXVI/3 expedition, assisted with onboard QC during seismic data acquisition

and commented on the manuscript. This papers’ manuscript is Chapter 8.

6.3 Anomalous South Pacific lithosphere dynamics derived
from new sediment thickness estimates off the West

Antarctic margin.

Wobbe, F., Lindeque, A., Gohl, K., 2014.
At the time of submitting the dissertation, the manuscript was submitted to Global
Planetary Change and out for review.

It has subsequently been published as:

Wobbe, F., Lindeque, A. and Gohl, K., 2014. Anomalous South Pacific

lithosphere dynamics derived from new total sediment thickness estimates off the
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West Antarctic margin. Global and Planetary Change, 123 (A), 139-149, doi:
10.1016/j.gloplacha.2014.09.006.

The presented total sediment thickness grid is the first for the West Antarctic margin
and extends the NGDC’s 5 min arc grid of total ocean sediment thickness. The derived
residual basement topography is used to understand the basement roughness. The
palacotopography reconstructions remain uncertain because the revised basement

topography contradicts present-day dynamic topography models.

F.Wobbe analysed and gridded the data, derived the basement topography, and wrote
the manuscript. I picked the acoustic basement and seafloor in the multichannel seismic
data that were used to determine the sediment thickness, calculated the sediment
thickness estimates, and assisted with the data processing and co-authoring of the
manuscript. K. Gohl supervised the project and commented on the manuscript. This

paper constitutes Chapter 9.

6.4 Pre-glacial to glacial sediment thickness grids for the
Pacific margin of West Antarctica.

Lindeque, A., Wobbe, F., Gohl, K.

Manuscript for submission to Geochemistry, Geophysics, Geosystems (G-Cubed)
as a Technical brief.

At the time of submitting the dissertation, the manuscript was with the co-authors
for comment. It has subsequently been submitted and is out for review.

The presented grids identified the main depocentres on the West Antarctic margin
and give an indication of how they shifted since the Cretaceous. The grids provide an
initial quantification of volumes and sediment thicknesses for the Ross Sea, Amundsen
Sea and Bellingshausen Sea — Antarctic Peninsula basin. The values are necessary for
palacotopography reconstructions, especially at the Eocene/Oligocene boundary and the

mid-Miocene periods that are associated with large fluctuations in climate proxies.

I identified and picked the x, y, two-way-time (T'WT) coordinates for the basement,
and the boundary horizons to the pre-glacial, transitional and full glacial sequences.
These interpretation points were used for the sediment thickness grids and the
isostatically corrected palacotopography maps. I wrote the main manuscript whilst F.
Wobbe merged the data, completed the gridding and volume estimate calculations, and
commented on the manuscript. K. Gohl supervised the project and improved the

manuscript. This paper is Chapter 10.
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Chapter 7
FIRST PAPER
WEDDELL SEA - SCOTIA SEA TRANSECT

Lindeque, A., Martin, Y.M., Gohl, K., Maldonado, M., 2013. Deep-sea pre-glacial to glacial
sedimentation in the Weddell Sea and southern Scotia Sea from a cross-basin seismic transect.
Marine Geology 336, 61-83, http://dx.doi.org/10.1016/j.margeo.2012.11.004.

Highlights:
- New seismostratigraphy and age model for the Weddell Sea and southern Scotia Sea
- Cross-basin correlation of Pre-glacial, transitional and full glacial sequences
— New sedimentation rate and sediment thickness estimates for the Weddell Sea basin
- Indications for a Cretaceous proto Weddell Gyre and Oligocene Antarctic ice sheet

- Indications for an Early Miocene expansion of the Antarctic Peninsula Ice Sheet

7.1 Abstract

Seismic identification of the pre-glacial, transitional and full glacial components in the
deep-sea sedimentary record is necessary to understand the ice sheet development of
Antarctica and to build circum-Antarctic sediment thickness grids for palacotopography/-

bathymetry reconstructions, which constrain palaeoclimate models.

A -3300 km long Weddell Sea to Scotia Sea multichannel seismic reflection data
transect was constructed to define the first basin-wide seismostratigraphy and to identify
the pre-glacial to glacial components. Seven main seismic units were mapped: Of these,
WS-§1, WS-S2 and WS-S3 comprise the inferred Cretaceous—Palacocene pre-glacial
regime (>27 Ma in our age model), WS-§4 the Eocene—Oligocene transitional regime
(27-11 Ma) and WS-S5, WS-S6, WS-S7 the Miocene—Pleistocene full glacial climate
regime (11-1 Ma). Sparse borehole data from ODP Leg 113 and SHALDRIL constrain
the ages of the upper three seismic units and seafloor spreading magnetic anomalies

compiled from literature constrain the basement ages in the presented age model.

The new horizons and stratigraphy often contradict local studies and show an increase
in age from southeast to the northwest. The up to 1130 m thick pre-glacial seismic units
form a mound in the central Weddell Sea basin and in conjunction with the eroded flank

geometry, allow the interpretation of a Cretaceous proto-Weddell Gyre bottom current.
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7. Weddell Sea basin

The base reflector of the transitional seismic unit has a model age of 26.6-15.5 Ma from
southeast to northwest, suggesting similar southeast to northwest initial ice sheet

propagation to the outer shelf.

We interpret an Eocene East Antarctic Ice Sheet expansion, Oligocene grounding of
the West Antarctic Ice Sheet and Early Miocene grounding of the Antarctic Peninsula Ice
Sheet. The transitional regime sedimentation rates in the central and northwestern
Weddell Sea (6-10 cm/ky) are higher than in the pre-glacial (1-3 cm/ky) and full glacial
regimes (4—8 cm/ky). The pre-glacial to glacial rates are highest in the Jane- and Powell
Basins (10-12 cm/ky). Total sediment volume in the Weddell Sea deep-sea basin is
estimated at 3.3-3.9x10° km®.

Keywords: Antarctica, Weddell Gyre, Ice sheet expansion, seismic reflection data,
seismic stratigraphy

7.2 Introduction

Seismic deep-sea sediment thicknesses, distribution patterns and deposition
characteristics reveal the erosional, transport and deposition processes that were active
during Antarctica's transition from a warm, pre-glacial to a cold, glacial climate. The
geometry, distribution and thickness of sediment sequences produced by these processes
can provide insight into the ice sheet development and palaeocirculation of the Weddell
Sea. Additionally, sediment thickness grids are needed for palacotopography (Lythe et al.,
2001; Le Brocq et al., 2010; Wilson et al., 2011) and palacobathymetry (Brown et al.,
2006; Hayes et al., 2009) reconstructions at epochs with similar or higher atmospheric
(Pagani et al., 2005; Tripati et al., 2009; 2011). These palacosurface reconstructions
provide boundary conditions for palacoclimate models (e.g. Pollard and DeConto,
2009), which focus on predicting ice sheet behaviour under continued increase of pCO;

levels.

Identification of these pre-glacial to glacial components in the deep-sea seismic
sedimentary records is largely unresolved for the Weddell Sea basin and cross-regional
stratigraphic grids for the West Antarctic margin are still absent. As a result, sediment
thickness is largely omitted in palaecobathymetry reconstructions (e.g. Brown et al.,
2006), or if considered, contain data from the 1970's (Hayes and La Brecque, 1991;
Hayes et al., 2009) and few data points (Laske and Masters, 1997), which distort the
grids. Tracing continuous horizons over large (>500 km) distances in seamless seismic
data are thus needed to develop a basin-wide stratigraphy, identify the pre-glacial to
glacial components in the deep-sea sedimentary record and estimate sediment thickness
and volume. Previous seismic reflection studies presented seismostratigraphy models for
the southern Scotia Sea (e.g. Maldonado et al.,, 1998, 2003, 2005; Fig. 7-1), the
Antarctic Peninsula (e.g. Larter and Barker, 1989; Rebesco and Camerlenghi, 2008;
Smith and Anderson, 2010), the Jane and Powell Basins in the northwestern Weddell Sea
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7. Weddell Sea basin

(e.g. Coren et al, 1997; Bohoyo et al., 2002; Bohoyo, 2004; Fig. 7-1), and the
southeastern Weddell Sea basin (Hinz and Kristoffersen, 1987; Miller et al., 1990;
Rogenhagen and Jokat, 2000; Rogenhagen et al., 2004; Fig. 7-1).

These identified three pre-glacial seismic stratigraphic units in the Weddell Sea and
one in the Scotia Sea (Pw5, SH5, Sh5, SOM-C, fourth column in Table 7-1 and
references in footnote) span the Jurassic to the end of the Oligocene. Three glacial regime
units in the Weddell Sea and four in the Scotia Sea, Jane and Powell Basins were also
identified. In contrast to the pre-glacial units, the glacial units were deposited over a
comparatively short period of time (-21 Ma) during the Miocene to late Pleistocene.
These studies are however local scaled, stratigraphically disconnected and use different
nomenclatures, making it difficult to construct regional and cross-regional sediment

thickness grids.

Rooted in a ~3300 km long transect, hereafter referred to as the Weddell Sea—Scotia
Sea (WS-SS) seismic transect, this study aims to: (i) define a basin-wide seismic
stratigraphic model for the Weddell Sea that is correlated to the southern Scotia Sea
stratigraphy and tested against local studies and sparse boreholes; (ii) identify the pre-
glacial (PG), transitional (T) and full glacial (FG) components in the deep-sea sediment
record; (iii) quantify the sediment thicknesses, lateral age variation and tentative
sedimentation rates of these components; (iv) consider the implications the findings
might have for understanding the pre-glacial to glacial development of Antarctica amidst

changes in climate, tectonics, and ocean circulation.

We define the pre-glacial regime as warm, predominantly ice sheet free conditions and
open-ocean. The transitional regime describes a colder alpine-type climate and periods of
ephemeral continental scale ice sheets that initially grounded on the outer shelf after
multiple cycles of advance and retreat. The full glacial regime denotes a cold polar
climate and the expansion of the ice sheets to the coast that permanently grounded on
the outer shelf. Smaller advance and retreat cycles occurred, but the ice sheets remain

grounded.

The WS-SS seismic transect focuses on the deep-sea sedimentary record because there
the reflections are less disturbed or influenced by changes in sea level and glacial
processes, making it easier to trace horizons over long distances. The thickness and
geometry of the seismic sequences can give an indication of high sediment influx to the
deep-sea, triggered for example by expanding ice sheets pushing sediments off the outer

shelf, onto the slope and rise.

The proposed age model provides a working hypothesis for further unravelling of the
past ice-sheet dynamics and ocean circulation in the Weddell Sea that can be tested by

future deep-sea drilling.
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7. Weddell Sea basin

7.3 Tectonic, palaecoceanographic and palaeoclimate
setting

The Weddell Sea basin experienced approximately 150 Ma of tectonic,
palacoceanographic and palacoclimate history that spans the Mesozoic Gondwana break-

up to the present (Table 7-1).
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Fig. 7-1 Overview map of the Weddell Sea basin (WSB, red dotted outline) study area with all seismic profiles
from the Seismic Data Library (black lines) and the WS-SS seismic transect (thick red line, marked B). Yellow
ovals demarcate seismic data gaps in two alternative cross-basin transects A and C. Background image: global
seafloor topography grid, version 13.1, Smith and Sandwell (1997) and for land the ETOPO1 Global Relief
Model (Amante and Eakins, 2009). Red arrows indicate general ice flow drainage directions of the Antarctic
Peninsula Ice Sheet (APIS), West Antarctic Ice Sheet (WAIS) and East Antarctic Ice Sheet (EAIS) after Bentley et
al., 2010; Jamieson et al., 2010; Pritchard et al., 2009; Rignot et al., 2008. L — Larsen ice shelf, BI — Berkner
Island, CL — Coats Land. Globe insert: plate boundaries and study area (red square)
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7. Weddell Sea basin

Table 7-1 Deposition of seismic stratigraphic units in the Weddell and Scotia Seas during changes in tectonics, glaciation, climate
and oceancirculation.

Age . Seismic stratigraphic units, Changes in tectonics, glaciation, sea level, climate and oceancirculation
Epoch (Ma) Chron prefix indicates basin from literature
Pleist.| 0.0 C1y SH1 (2.4-1.6 Ma)'? Multiple grounding and retreat cycles of the APIS, WAIS and EAIS'?4%¢
SOM-A (ODP695,6,7)° Spreading in eastern Scotia Sea ends (C20, 1.96 Ma)'® »

o L| 26 c2ay S1,Pr1,Sh1,Pw1,J1,WD1* Intensified deep—water production, sheeted facies and contourite deposits®*"' ‘,E’
§ reflector a (3.8-3.5 Ma)* Spreading in central Scotia Sea ends (C2A, 3.3 Ma)'®"? .3
2 E| 36 C2Ary S1-S3 progradation®® Major sea level decrease (Za2)*" o
& SH2 (5.5-2.4 Ma)'? Grounding cycles of APIS on the continental shelf more frequent®®”"*

L| 53 C3ry SOM-B (ODP695,6,7, Hz2)*"  pCO, fluctuates (200-400ppm, 12-0.01 Ma)'**® I

Peninsula Pacific margin ridge-trench collisions®® sea level increase (6.3 Ma, Tor3/Me1)™ E |
S4-S6 (6 Ma)® Spreading in eastern Scotia sea starts (C4n.10, 7.6 Ma)™ = |
Uplift at South Scotia Fracture Zone and Antarctic Peninsula ~8 Ma ago® §.|
S2,Pr2,Sh2,Pw2,J2,WD2* High WSBW activity, expanding WAIS*"" APIS grounding cycles (7.94-5.12 Ma)'" : E:
SH3 (8.2-5.5 Ma)'? Northward expansion of APIS (S4, S3), relatively thin sheet or small ice caps'? %I
reflector b (6.8-6.4 Ma)*”  Grounding cycles of EAIS and WAIS on the continental shelf > | 0|
Spreading in western Scotia Sea ends (C5n.2m, 10.5 Ma)'® %I
° Spreading in central Scotia Sea ends (C5n.20, 10.95 Ma)® :
§ Initial incursions of Weddell Sea Bottom Water (WSBW) into Scotia Sea* |
é M| 116 C5r3ry W5 (12 Ma, ODP692,3)*° Permanent WAIS, bringing terrigenous sediments to margin'? = |
S3,Pr3,Sh3,Pw3,J3,WD3* Miocene glaciation (Mi4), a lowering of sea level (Ser3) and permanent EAIS*">'® 'g |
reflector c (12.6-12.1)™* Mid—Miocene climate optimum (16—15 Ma) and global temperature decrease ~8°C'*"® g |
SH4 (13.8-8.2 Ma)'? Spreading in Jane Basin ends (C5ADm, 14.4 Ma)*"% 0| ]
Pr4,J4 (14.1-12.1 Ma)* Early expansions of APIS onto the continental shelf in the south? !’;
S4 (17.6-12.6 Ma)* Bottom water circulation between Scotia Sea and Weddell Sea, WD4 drifts* 8
E| 16.0 c5Cn.iny Pr5J5(17.6-14.0 Ma)’ Spreading in Scan Basin ends (C5Cn.3m, 16.6 Ma)*' S
Pw4,WD4 (18.5-12.6 Ma)*  Spreading in Jane Basin and Scan basin starts (C5Dm, 17.6 Ma)*"# §
Sh4 (19.8-12.6 Ma)* pCO, fluctuates (300 to 400ppm, 20—12 Ma)'® s
S5 (20.7-17.6 Ma)* Spreading in Weddell Sea (C6m, 19.2 Ma)*' and Powell Basin ends (C6AAo, 21.1 Ma)® ‘5’
L| 23.0 céCn.2ry WD5 (20.5-18.5 Ma)* EAIS fully developed to shelf edge®*?® Mi-1 Glaciation, warming 5-6°C"® :;
Sh5 (28.0-19.0 Ma)* pCO, increase (~400-930ppm, 28-25 Ma) rapid decrease (~930-400ppm, 25-23 Ma)"® £
SOM-C (ODP695,6,7, Hz1)>" Central Scotia Sea spreading starts (C8n.20, 26.1 Ma)® :% B
E| 284 C10n.1ry pCO, decrease (1800-400ppm, 33-28 Ma)'® sealevel decrease by ~100m' | g g
% Earliest observed glacial event on the Antarctic Peninsula (29.8 Ma)?® I §
é Opening of the Powell Basin starts (C11n.10, 29.7 Ma)?2?*% | ;
5 Pw5 (32.0-18.0 Ma)* Opening of the Protector Basin (33.7-30.2 Ma)**?"? or (17.4-13.8 Ma)®' I =
Seafloor spreading in western Scotia Sea starts (C12m, 30.9 Ma)'®%% E
EAIS & WAIS formation (33-31 Ma)®**%"32 0
Onset of the Antarctic Circumpolar Current (ACC)*#%3233 ﬁ
Abrupt Eocene—Oligocene (ca. 33 Ma) cooling®*** clockwise gyre in Scotia Sea® o !
L| 338 cC13ry W4 (35 Ma, ODP692,3)*° pCO, decline (1750-700ppm, 38-33 Ma), temp ~4°C lower, orbital cycle changes®****°
Spreading in Dove Basin ends (C15y, 34.7 Ma)*° '% :
pCO, increase (750-1800 ppm, 35-33 Ma)'® &
SH5 (37-32 Ma)'? Initial continental/alpine glaciation on the Peninsula (49-32 Ma)? 8l e
e 0i-1 glaciation'® small ephemiral ice sheets in west Antarctica, EAIS expansion”**' o) E_ %
§ Drake Passage fully open, SAM - Antarctic Peninsula separation complete®*%“? 'E | o
W m| 372 C17n.ry Penetration of Pacific water through Drake Passage® 5 |:§
Opening of Dove Basin starts (C18n.20, 39.4 Ma)*° &l =

pCO, increase (800 to 1800 ppm, 55-42 Ma)* §

E| 48.6 C22ny Complete change in deep ocean circulation, Antarctic Bottom Water forms (AABW)* & :
Ridge-trench collisions on pacific margin of Peninsula starts (50 Ma)® % ;

S L| 558 c24rm Drake Passage and Weddell Sea continues to open®>***° a
€ E| 617 C27ny Shallow gateways, watermass exchange between Weddell and Scotia Seas®***

L| 655 C29rm Falkland Plateau clearing the tip of Africa, opening of Drake Passage starts®
Herringbone pattern anomalies form?**464
Spreading in Weddell Sea changes to WNW-ESE**#047

2 84.0 C34ny pCO, decrease (>1800 to 800 ppm, 145-56 Ma)* |
§ E| 99.6 C34nm Opening of South Atlantic Ocean complete, (AFR-ANT seperated)*® |
g W3 (114 Ma, ODP692,3)° Andenes Plateau®® Weddell Sea rift® Polarstern Bank® Orion magnetic anomaly*"*"2%3 :
S W2 (118 Ma, ODP692,3)° Spreading in Weddell Sea now NNE-SSW and Anomaly-T forms®** |
124.6 MOry W1.5 (136 Ma, ODP692,3)°  Indian and South Atlantic oceans broaden, but gateways still closed® | |
W3 (138-125 Ma)® Shear margin becomes transpressional® |
First oceanic crust in Weddell Sea (M17, 142 Ma)*® |
2 L| 1459 M19ry Explora Escarpment, Explora wedge and Explora Anomaly form?>0:5556:57 :
g W1 (160-145 Ma)>® N-S extention and stretching in front Dronning Maud Land, no seafloor yet*>4®
3 154.9 M25Ary South America (SAM) - southern Africa (AFR) separates from Antarctica (ANT)?4%4°

Abbreviations: Epoch: Pleist. = Pleistocene, Paleo. = Paleocene, L = late, M = middle, E = early; *Chrons: Gradstein et al., 2004 appended with m (middle), y (young),

see Table 3 for chrons along the WS-SS transect; APIS = Antarctic Peninsula Ice Sheet, WAIS = West Antarctic Ice Sheet, EAIS = East Antarctic Ice Sheet, WSBW = Weddell Sea
Bottom Water. Sediment unit prefixes: S = Scotia Sea, Pr = Protector Basin, Sh = near Shackleton Ridge, Pw = Powell Basin, SOM = South Orkney Microcontinent, J = Jane Basin,
SH = SHALDRIL Il James Ross Basin, WD = northwestern Weddell Sea, W = southeastern Weddell Sea; pCO, ppm = partial pressure atmospheric CO, in parts per million.

References: 'Anderson et al., 2006 “Smith & Anderson, 2010 *Busetti et al., 2000 “Maldonado et al., 2006 *Larter & Barker, 1989 °Larter & Cunningham, 1993 "Barker & Kenneth,
1988 °Rogenhagen et al., 2004 °Miller et al., 1990 °BAS, 1985 '"Maldonado et al., 2000 "“Livermore et al., 2000 "*Haq & Schutter, 1987 “Bart & Anderson, 1995 "Tripati et al.,
2009, 2011 "®Pagani et al., 2005 '"Bart et al., 2005 "®Zachos et al., 2001 "*Maldonado et al., 2007 *Eagles et al., 2005 *'Bohoyo et al., 2002 *?Bohoyo, 2004 *Eagles & Livermore,
2002 *Anderson, 1999 *Konig and Jokat, 2006 *Zachos & Kump, 2005 #’Lear et al., 2008 **Dingle & Lavelle, 1998 *Barker et al., 1991 *Oszko, 1997 *'Kennet et al., 1975
*Lawver & Gahagan, 1998,2003 **Pollard & DeConto, 2009 **Barker, 2001 *Maldonado et al., 2003 *DeConto & Pollard, 2003 *Coxall, 2005 **Barker & Thomas, 2004 *Livermore
et al., 2005 “Eagles et al., 2006 “'LaBrecque et al., 1986 **Bohoyo et al., 2007 **Scher & Martin, 2006 “Berner & Kothavala, 2001 “Livermore & Hunter, 1996 *Rogenhagen

& Jokat, 2000 “’Ghidella et al., 2002 “*Jokat et al., 2003 “Jokat et al., 1996 *°Hinz & Kristoffersen, 1987 *'Kristoffersen & Haugland, 1986 *’LaBrecque & Ghidella, 1997 **Ferris

et al., 2000 *Rogenhagen & Jokat, 2002 **Hunter et al., 1996 *Hinz & Krause,1982 “Hinz,1981 **Ghidella & LaBrecque, 1997 “Livermore et al., 2004 “°Surifiach et al., 1996
“'Galindo-Zaldivar et al., 2006
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Fig. 7-2 Magnetic anomaly map compilation for the Weddell Sea and Scotia Sea region and the WS-SS seismic

transect (purple line), simplified tectonic features, boreholes and velocity stations, in a polar stereographic
projection. Red arrows and background image for land are the same as for Fig. 7-1. Datasets: red lines = Isochrons
of magnetic spreading anomalies compiled from literature, labelled with our standardized chron nomenclature
(Table 7-2); green circles = ODP leg 113 boreholes, bold numbers = boreholes in Fig. 7-3 used for the
stratigraphic correlation; purple circles = SHALDRIL boreholes; stars and blue line = seismic recording stations
and seismic reflection profiles from Rogenhagen and Jokat (2000); yellow squares = archive sonobuoy data (Hinz
and Krause, 1982) and Ocean Bottom Hydrophone (OBH) stations after Ritzmann (1998). Tectonic features:
thick dotted black lines = plate boundaries; grey dashed lines = transform faults and flow lines; double dotted lines
= spreading ridges. Geographic features: COB = Continent Ocean Boundary, DML = Dronning Maud Land, DvB
= Dove Basin, JB = Jane Basin, PB = Powell Basin, PrB = Protector Basin, SOM = South Orkney Micro continent.



7. Weddell Sea basin

Tectonic seafloor spreading in the Weddell Sea started at ~147 Ma and continued
into the Eocene. Sedimentation initially started in the Weddell Sea from ~-138 Ma
onwards (Miller et al., 1990; Rogenhagen et al., 2004), as Africa and Antarctica separated
(e.g. Rogenhagen and Jokat, 2002; Konig and Jokat, 2006; Table 7-1). During the Early
Eocene, Antarctica had a warm climate with high pCO, concentrations (>1800 ppm)
and sea level was about 150 m higher than today (e.g. Zachos et al., 2001; Miller et al.,
2008). Sediment deposits formed in the Antarctic Peninsula indicate shallow water
gateways (seismic lithology unit SH5 at ~37 Ma onwards in Table 7-1; Anderson, 2006;
Smith and Anderson, 2010; Anderson et al., 2011). This was followed by Oligocene
sedimentation in the Powell Basin and western Scotia Sea (e.g. seismic stratigraphic units
Pw5, Sh5, Maldonado et al., 2006) during the completion of the seismic Weddell Sea
opening (e.g. Bohoyo et al., 2002; Kénig and Jokat, 2006; Table 7-1; Fig. 7-1).

The Eocene—Oligocene transition at ~-33 Ma signifies a period of several major
changes: Antarctica's climate changed from warm and relatively ice-sheet free to cold and
ice-covered, as temperatures decreased by about 4 °C; pCO; declined rapidly from 1750
to 700 ppm and orbital cycles changed (Barker, 2001; Zachos et al., 2001; DeConto and
Pollard, 2003; Barker and Thomas, 2004; Coxall et al., 2005; Livermore et al., 2005;
Pollard and DeConto, 2009); the Antarctic Circumpolar Current (ACC) developed
(Lawver and Gahagan, 1998, 2003; Miller et al., 2008) as the Weddell Sea and Drake
Passage opened and western Scotia Sea started to open (Bohoyo et al., 2002; Ghidella et
al., 2002; Konig and Jokat, 2006; Maldonado et al., 2006); ephemeral ice sheets formed
the initial East Antarctic Ice Sheet (EAIS) and West Antarctic Ice Sheet (WAIS) on
higher elevations (LaBrecque et al., 1986; Barker et al., 1988; Miller et al., 1990; Oszko,
1997; Barker, 2001) as well as small ice-caps on the northern Antarctic Peninsula (Dingle
and Lavelle, 1998; Smith and Anderson, 2010; Anderson et al., 2011).

In the Miocene (23.0-5.3 Ma), the EAIS, WAIS and Antarctic Peninsula Ice Sheet
(APIS) growth accelerated and these ice sheets expanded to the outer shelf (dark grey bar
on the right in Table 7-1, after e.g. Barker et al., 1988; Larter and Barker, 1989; Dingle
and Lavelle, 1998; Barker, 2001; Zachos et al., 2001; Maldonado et al., 2006; Miller et
al., 2008; Smith and Anderson, 2010; Davies et al., 2012). Atmospheric pCO, levels
decreased further and more rapidly from ~930 to 400 ppm during 25-23 Ma (Zachos et
al., 2001; Pagani et al., 2005; Zachos and Kump, 2005; Tripati et al., 2009, 2011). Sea
level decreased by ~100 m (e.g. Haq and Schutter, 2008) and ocean bottom water
circulation intensified between the Weddell and Scotia Seas as the ACC system
developed fully (e.g. Maldonado et al., 2000).

From the Pliocene—Pleistocene, after ~5.3 Ma, smaller glacial and interglacial, climate
and sea-level cycles occurred in the Quaternary but the EAIS, WAIS and APIS repeatedly
extended to the outer shelf in a tectonic and ocean circulation setting similar than today

(Table 7-1).
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7. Weddell Sea basin

7.4 Datasets and Methods

The WS-SS seismic transect is a first approach to identify the pre-glacial (PG),
transitional (T) and full glacial (FG) components of the deep-sea sediment record in the
Weddell Sea and southern Scotia Sea (Fig. 7-1). All three Antarctic ice sheets, the WAIS,
EAIS and APIS, drain into the Weddell Sea (red arrows, Fig. 7-1) making this basin a
unique area to study deep-sea sediment transport and depositional processes related to ice
sheet growth and demise. Magnetic seafloor spreading anomalies, seismic reflection data
and ODP boreholes (Fig. 7-2) were used to construct an age model and estimate

sedimentation rates in the following manner:

7.4.1 Magnetic anomaly isochron compilation

To constrain basement ages, obtain a spreading age range for each basin that the WS-
SS seismic transect crosses and to deduct the ages of the oldest sediments that lie on the
basement, we compiled a cross-basin and cross regional seafloor spreading magnetic
anomaly isochron map (Fig. 7-2; Table 7-2; Ch. 5) for the Weddell Sea and Scotia Sea
from published literature (BAS, 1985; LaBrecque and Ghidella, 1997; Nankivell, 1997;
Surinach et al., 1997; Lodolo et al., 1998, 2010; Bohoyo et al., 2002, 2007; Eagles and
Livermore, 2002; Ghidella et al., 2002; Kovacs et al., 2002; Eagles et al., 2005, 2006;
Galindo-Zaldivar et al., 2006; Konig and Jokat, 2006; Maldonado et al., 2007; Eagles,
2010). This map compilation has not been published before and is available in the
PANGAEA.de database (Lindeque et al., 2012).

Where available, magnetic anomaly picks were sourced from authors and imported
into GIS ArcMap 10 (e.g. Konig and Jokat, 2006). In regions where actual magnetic data
picks were unavailable, published anomaly and isochron maps (e.g. Bohoyo et al., 2002;
Maldonado et al., 2007) were georeferenced and the isochrons precisely digitized.
Conlflicting opinions do exist between studies in the same basin e.g. in the Powell Basin
between Eagles and Livermore (2002) and Surinach et al. (1997) due to ambiguous data
and allow for alternative age interpretations. In such cases, the most recent publication or
best fit with the regional trend was favoured. The digitized isochrons were combined
with the isochrons from the data picks and exported as an ESRI shapefile that was
geospatially superimposed on the transect (thin red lines in Fig. 7-2; Ch. 5). All data

picks and maps were used as published.

Chron nomenclature and ages in literature (Chron-L, Age-L in Table 7-2) often
varied between authors who applied different time scales (e.g. Cande and Kent, 1995
versus Gradstein et al., 1994). We thus standardized the nomenclature of the final
selected isochrons to the Gradstein et al. (2004) timescale. Chrons were appended with
o=old, m=middle, y=young, to indicate which part of the modelled magnetic anomaly
was picked in the original literature before assigning the updated chron nomenclature

(respectively named Chron and Age in Table 7-2).
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7. Weddell Sea basin

Table 7-2 Isochrons of magnetic spreading anomalies crossing the Weddell Sea - Scotia Sea (WS-SS) seismic
transect, see Figure 2.

This study Literature Profile This study Literature Profile
Chron  Age Chron-L Age-L number Chron  Age Chron-L  Age-L number

Scotia Sea Northeastern Weddell Sea
C5n.2m 105  Cbn 9.8 SCAN04-17" Cém 19.2 cén 19.5 SM04?
C5An2m 123  C5An 12.3 SCAN04-17" C6An.1m  20.1 C6An.1n  20.0 SM04?
c5Bn2m 151  C5Bn.2n 15.1 SCAN04-17" C6An2m 20.5 CB6An.2n  20.4 SM04?
csCn2m 164  C5Cn 16.4 SCAN04-17" C6Bn.1m 226 C6Bn 22.0 SM04?
C5Dm 174  C5Dn 17.3 SCAN04-17" C6Cn.3m 23.3 C6Cn 24.0 SM04?
C5Em 183  C5En 18.2 SCAN04-17" C7n.2m 244 C7n 25.0 SM04?
Cém 192  Cén 19.2 SCAN04-17" Central Weddell Sea
C6An2m 205  C6An2n 20.0 SCAN04-17" C13y 33.3 c13 33.1 BAS845-15°
c6Bn2m 221  C6Bn 219 SCAN04-17" c18n.ly  38.0 c18 38.4 BAS845-15°
c6Cn.2m 230 C6Cn 230 SCAN04-17" C20y 416 C20 425 BAS845-15°
Cc7n2m 244 Cin 241 SCAN04-17" c21y 453 c21 46.2, 47.9 BAS845-15%°
C7Am 254 C7An 250 SCAN04-17" C300 67.7 C30 67.6 BAS845-15°
cén2m 258  C8n 254 SCANO04-17" c32n.10 712 c32n1 713 BAS845-15
C9m 273 C9n,C9 27.2,27.7 SCAN04-17"* C33y 73.6 C33 73.6 BAS845-15"
cion1y 281 C10 28.0 Mo5* C330 79.5 C33r 79.0 BAS845-15"
cion2y 285 Cl10n 28.5 SCAN04-17" C34y 84.0 C34 83.0 BAS845-15°
Ctinim 296 Clln 295 SCAN04-17" E 930 E 930  BAS845-15°
C12m 309 Ci2n 30.9 SCAN04-17" Southwestern Weddell Sea

Powell Basin MOy 124.6 MO 118,121 97006°, 10°, 30°
C6AA0 211 CBAA 218 IT89AW41* M1o 127.2 M1n 122.0 97006°, 10°, 30°
CéCn30 234  C6C 24.1 IT91AW90° M3y 127.6 M3 123.0 97006°, 10°, 28°, 30°
C7n.20 245 C7 24.7 IT91AW92° M5y 129.8 M4 125.4 97006°, 10°, 29°
C8n.20 261 C8 26.5 IT91AW93® M6y 131.2 M5 127.0 97006°
C9 278 C9 27.9 IT91AW93® M10y 133.5 M10 130.2 97006°, 10°
cionio 284 C10 28.5 IT91AW93® M11y 135.7 M1ONr 1315 97006°, 10°
C1in1o 297 CM 29.7 IT91AW93® M120 137.8 M11, M12 133,134 97006%°, 10%°

Jane Basin M12r1y 1386 M12AN 1356 97006°
C5ADm 144  C5ADn 144 SM04? M130 139.3 M13 136.6 97006°
c5Bn2m 151  C5Bn.2n 15.1 SM04? M15y 140.4 M15n 138.3 97006°
cs5Cn3m 166  C5Cn 16.6 SM04? M170 142.8 M17 142.3 96110°
C5Dm 174 CSDn  17.6 SM04?

Timescale: Chron and Age (this study) taken from Gradstein et al., 2004. Ages appended with old (o), middle (m) and young (y);

Chron-L and Age-L (literature) from: C5n to C33r, Cande and Kent, 1995; C34 to E, Gradstein et al., 1984; M0 to M17, Kent and Gradstein 1986;
Gradstein et al., 1998.

References: 'Maldonado et al., 2007; ?Bohoyo et al., 2002; *Eagles and Livermore, 2002; “Lodolo et al., 1998; *Kovacs et al., 2002;

Ghidella et al., 2002; "Nankivell et al., 1997; ®LaBrecque and Ghidella, 1997; °Kénig and Jokat, 2006. All ages are in Ma.

The ages of the C-chron series slightly changed between the Gradstein et al. (2004)
scale (used in this study) and the Cande and Kent (1995) scale. More significant age
changes occurred in the M-series (Table 7-2) for example: chron MOy is now 124.6 Ma
according to the Gradstein et al. (2004) scale, but was previously 118-121 Ma in the
Cande and Kent (1995) scale used in Rogenhagen et al. (2004).

7.4.2 Borehole stratigraphy

We projected Ocean Dirilling Program (ODP) Leg 113 borehole sites 693, 694 and
697 (Barker et al., 1988) into the WS-SS seismic transect (Figs. 7-2 and 7-3). The

projection path was chosen parallel to the contour or bathymetric feature (e.g. shelf edge,
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7. Weddell Sea basin

basin or ridge) in order to ensure the most accurate correlation. Site 693 lies ~65 km to
the west of the transect, site 694 is line coincident and site 967 lies ~200 km to the east
of the transect (Fig. 7-2). To compensate for these large offsets, the borehole horizons
were matched to horizons in coincident seismic lines and traced along a series of crossing
seismic tie lines until the horizon could be matched to equivalent reflectors in the WS-SS

seismic transect data in order to obtain a stratigraphic age constrain for the upper 300 m

(Fig. 7-3).

The following seismic tie lines were used: for site 697, lines IT91AW93, SM04 and
SMO5; none for site 694 as it lies directly on the transect; and for site 693, lines
BGR78018, BGR78019, BGR86006 and BGR87097.
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Fig. 7-3. Integration of nearby relevant borehole data. A, B, C: Left and middle images - Stratigraphy of ODP
Leg 113 drill sites 697, 694 and 693 (Barker et al., 1988; for location see Fig. 7-2) with time scale and depth of
main horizons as well as horizons interpreted in literature. Images on the right: extracts of WS-SS transect seismic
data at the projected borehole position with our proposed Weddell Sea stratigraphy annotated. Units interpreted to
represent glacial processes, are labeled in white. Plio. = Pliocence, Pleist. = Pleistocene, Mio. = Miocene, Olig. =
Oligocene.
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7. Weddell Sea basin

Most of the seismic lines used are available in the Seismic Data Library System (SDLS;
Wardell et al., 2007). Recent SHALDRIL boreholes on the Antarctic Peninsula (Smith
and Anderson, 2011) were also incorporated and connected to the transect via tie lines
IT91AW90, M08, BAS84-154 to cruise NBPOG02A.

7.4.3 Seismic characterization

A transect of continuous seismic data through the central Weddell Sea basin and
parallel to the margin was required to ensure the most representative deep-sea data for
interpretation. Multichannel seismic (MCS) reflection profiles collected on several
expeditions of various organisations in the SDLS databank (Wardell et al., 2007),
collectively form three transects across Transects A and C provide seismic reflection data
from the southeastern to northwestern Weddell Sea, but do not connect to or cross any
seismic profiles at the Antarctic Peninsula, and hence were considered unsuitable for the

objectives of this work (yellow ovals in Fig. 7-1 mark data gaps).

The middle transect (B) was chosen for tracing the horizons because there are no data
gaps between profiles and the transect is most representative of the deep-sea sedimentary
archive, because it runs more or less through the middle of the Weddell Sea basin (red
dashed outline in Fig. 7-1).

Typical seismic characteristics defined in other studies through drilling and seismic
reflection data (e.g. Bellingshausen Sea:  Scheuer et al,, 2006; Cosmonaut Sea:
Leitchenkov et al., 2007, 2008; Wilkes Land: DeSantis et al., 2003; Escutia et al., 2011)
were used as a guide to identify the pre-glacial to glacial units; briefly summarised as

follows:

The pre-glacial seismic facies are usually the first layers the central Weddell Sea (A, B,
C in Fig. 7-1) above basement. They show diagnostic low amplitude to transparent
reflectivity and stronger discontinuous reflectors therein, appearing light grey to almost
white in the seismic image. The transitional regime depicts a change in the deposition
processes since reflectors are now closer spaced, horizontal and mostly continuous with
medium amplitude. These characteristics often result in a medium grey appearance in
seismic sections without gain adjustment on display. The continuous, high amplitude
reflectors represent the full glacial sequence. Deposits from sporadic down-slope sediment
transport generally result in complex internal structures and form turbidite channel-levee
systems, or chaotic bodies in the case of debris-flow processes. Persistent bottom-currents
that flow along-slope or oblique to the contours develop various types of contourites of
which the sheeted and mounded drifts are the most prominent in this case. This
sequence typically appears dark grey to black in seismic images and is the first layers
below the seafloor. Using these characteristic seismic facies changes, borehole correlation
(Figs. 7-2 and 7-3) and other seismic stratigraphy models in the southeastern (Miller et
al., 1990) and the northwestern Weddell Sea (Maldonado et al., 2006) as guidelines, we
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Fig. 7-4. Reference section, with the proposed Weddell Sea and circum-Antarctic stratigraphy superimposed on a
typical seismic reflection image from the WS-SS transect. For location see Fig. 7-2. Vertical exaggeration is ~6x. The
seismic characteristics of each unit are listed on the left. Sediment units for the Weddell Sea stratigraphy are
numbered WS-S1 to WS-S7 from bottom to top and separated by base reflectors or unconformities (WS-ul to WS-
u7). The simplified circum-Antarctic stratigraphy defines sequences interpreted to represent acoustic basement (B),
pre-glacial (PG), transitional (T) and full glacial (FG) processes, separated by the associated base reflector
discontinuities or unconformities (uB-PG, uPG-T and uT-FG).

compiled a type section for the WS-SS seismic transect data (Fig. 7-4). A part of profile
AWI-97030 was chosen from several other good example sections because: (1) it lies in
the deeper part of the basin, (2) is close enough for correlations to the slope, (3) is a good
representation of the changes in seismic facies, and (4) all the seismic units are present.
See location of the type section in Fig. 7-2. We assigned a new bottom-to-top
stratigraphy nomenclature for the Weddell Sea and proposed circum-Antarctic units (Fig.
7-4). The resulting model seismic stratigraphy was used as a template to interpret, or re-
interpret the rest of the WS-SS seismic transect data. Twenty-three MCS profiles were
used to construct the ~3300 km long WS-SS seismic transect (Fig. 7-1; Table 7-3).
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7. Weddell Sea basin

Table 7-3 Seismic reflection profiles used to construct the Weddell Sea - Scotia Sea (WS-SS) seismic transect.

cDP Source Streamer  Profile Processing .
Profile Cruise spacing (# airgunsx (channels/ length sta.ge ,Of Area Institute,
seismic data References
[m] volume [L]) length[m]) [km]
used
SCANO04-17  SCAN-2004 25 7 x 16.40 96/2400 390 migrated Scotia Sea a1
M31 HESANT-92/93 6.25 6x15.26 96/1200 197 migrated Scotia Sea 3,23
MO05 HESANT-92/93 6.25 6x15.26 96/1200 304 migrated Powell Basin 3,23
ITB9AW41  IT90AP 12.5 18 x 2.51 120/2975 206 stack Powell Basin b, 4
IT91AW90  IT91AP 25 18 x 2.68 120/2975 208 stack Powell Basin b, 4
IT91AW91  IT91AP 25 18 x 2.68 120/2975 147 stack Powell Basin b, 4
IT91AW92  IT91AP 25 18 x 2.68 120/2975 56 stack Jane Basin b, 4
IT91AW93  IT91AP 25 18 x 2.68 120/2975 374 stack Jane Basin b,5
SMo04 SCAN-97 12.5 5x22.4 96/2400 362 migrated Jane Basin a,2,6,7,8
SMO05 SCAN-97 12.5 5x22.4 96/2400 231 migrated Jane Basin a,2,6,7
BAS845-15 BAS-84 25 4x8.5 48/2400 832 stack central Weddell Sea ¢, 9
AWI-97032 ANT-XIV/3 25 6x18 96/2400 27 stack eastern Weddell Sea d, 10, 11, 12
AWI-97031  ANT-XIV/3 25 6x18 96/2400 138 stack eastern Weddell Sea  d, 10, 11, 12
AWI-97030  ANT-XIV/3 25 7x3/6x3  96/2400 109 stack eastern Weddell Sea  d, 10, 11, 12
AWI-97029  ANT-XIV/3 25 7x21 96/2400 14 stack eastern Weddell Sea  d, 10, 11, 12
AWI-97028  ANT-XIV/3 25 7x21 96/2400 16 stack eastern Weddell Sea  d, 10, 11, 12
AWI-97027  ANT-XIV/3 25 7x21 96/2400 43 stack eastern Weddell Sea  d, 10, 11, 12
AWI-97010 ANT-XIV/3 25 6x18 96/2400 335 stack eastern Weddell Sea  d, 10, 11, 12
AWI-97009 ANT-XIV/3 25 6x18 96/2400 194 stack eastern Weddell Sea d, 10, 11, 12
AWI-97008 ANT-XIV/3 25 6x18 96/2400 49 stack eastern Weddell Sea d, 10, 11, 12
AWI-97007  ANT-XIV/3 25 6x18 96/2400 99 stack eastern Weddell Sea  d, 10, 11, 12
AWI-97006  ANT-XIV/3 25 7x3/6x3 96/2400 312 stack eastern Weddell Sea d, 10, 11, 12
AWI-96110 ANT-XIII/3 50 1x32.6&60 96/2400 224 stack eastern Weddell Sea d, 13
Total km 4867
Institutes: References:
®Instituto Andaluz de Ciencias de la Tierra (IACT) and Consejo in order of appearance along the transect: ‘Maldonado et al., 2007;
Superior de Investigaciones Cientificas (CSIC), Spain; ®|stituto *Maldonado et al., 2006; 3Maldonado et al., 1993; “Coren et al.,
Nazionale di Oceanografia e di Geofisica Sperimentale (OGS), 1997; *Busetti et al., 2000; BBohoyo, 2004; "Maldonado et al., 2003;
Spain; “British Antarctic Survey (BAS), United Kingdom; dAlfred 8Maldonado et al., 2005; *Larter and Cunningham, 1993;
Wegener Insitute for Polar and Marine Research (AWI), Germany. ®Rogenhagen, 2000; "'Rogenhagen and Jokat, 2000; **Rogenhagen
Profile names as in SDLS database (Wardell et al., 2007). etal., 2004; 13Ritzmar\n, 1998.

All navigation data and some of the seismic reflection data (IT91 and BAS845 cruises)
are public domain legacy data in the SDLS. Seismic data of profiles AWI-970x were in-
house at AWI, and SEGY data of the Spanish lines (cruises SCAN-2004, HESANT-
92/93, and SCAN-97) were provided for this study from the cooperating Institute (Table
7-3). The MCS data are unmigrated or migrated stacked time sections and used as
received without additional processing or conversion into a depth section. The 23 profiles
were joined at the exact line intersections from northwest to southeast, resulting in a
basin-wide seamless seismic reflection profile (Fig. 7-5a and 7-6a; online supplementary
data to paper; Appendix A-1). No time and phase shifts were necessary to match the
profiles. The magnetic spreading anomaly isochrons (Fig. 7-2) and nearby ODP leg 113
boreholes (Fig. 7-3) were projected into the transect seismic image (red dashed lines and
black arrows in Fig. 7-5a and 7-6a) to constrain the interpretation and basement age. The
interpretation of the upper units was tested against borehole stratigraphic correlations

(Fig. 7-3) and type section (Fig. 7-4).

Thereafter we traced the strongest, undisturbed and most prominent seismic
reflections and discontinuities, which define the basal boundaries of the sequences in the
reference section, for the full transect length and present a basin-wide stratigraphy (Fig.

7-5b and 7-6b; online supplementary data to paper; Appendix A-1).
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Fig. 7-7. Sediment thickness calculations for selected points on the WS-SS seismic transect. (A) Overview
map showing the projection of each interval velocity station (yellow starts and squares) into the transect and
matched to the 13 representative points (marked with red squares and numbered). (B) Overview of the seamless
seismic reflection image of the WS-SS transect and the 13 selected points (red drop-down arrows). (C) Diagram
of the sediment thickness (m) calculated at each point and the velocity data used, see text. Sediment units are
listed below and identical to those identified in Figs. 7-5 and 7-6. The regional location of each point and the
nearest magnetic chrons (Fig. 7-2 and Table 7-2) are annotated below.

7.4.4 Sediment thickness estimates

Sediment thickness-depth sections were constructed from 13 points along the WS-SS
seismic profile (Fig. 7-5 to 7-7). These particular points were chosen so as to represent
the major changes in the seismic facies and basin geometry, and are therefore not
equidistant. Interval velocities from wide-angle seismic refraction data provide the nearest

velocity information (Rogenhagen and Jokat, 2000, yellow stars Fig. 7-1) and were
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7. Weddell Sea basin

supplemented by velocity data deducted from sonobuoy (station 1, Hinz and Krause,
1982) and ocean bottom hydrophones (OBH3, 4, 5, Ritzmann, 1998) experiment
observations. The velocity model from station 1 divided the sediments into two units and
the velocity model at OBH 3, 4 and 5, divided deep-sea sediments into three or four
units. This was problematic because an average velocity for each seismic unit was needed.
To resolve it, the data from these four stations were combined into one velocity function
and applied to points 11, 12 and 13 (Fig. 7-7¢). The sediment layer division of
Rogenhagen et al. (2004) often varied from our interpreted WS—SS stratigraphy and an
interpolated velocity was calculated for each sedimentary unit in proportion to the

thickness. The full velocity model is available as an online supplementary data to paper.

Uncertainties in the sediment thickness of up to 70 m occur since the two-way-time
picks can differ by one or two reflections (-30 ms) depending on visual interpretation.
The uncertainty in interval velocities from refraction data is qualitatively estimated at
~0.1 km/s. Interval velocity in the same seismic unit change over distance due to
increased compaction from more overburden and therefore using velocity data ~500 km
from the transect introduce further uncertainties. Even so, the interval velocity model
used was compiled from all available data nearest to the transect and in the Weddell Sea

basin.

We minimize these uncertainties by assigning similar velocities to units with the same
seismic facies characteristics. Velocity information from station 51 was used to calculate
sediment thickness at points 1 to 5; station 63 for points 6 and 7; station 71 for point 8;
and station 73 for points 9 and 10 (Fig. 7-7b and 7-7¢). The resulting depth-sediment

Table 7-4 Sediment thickness and sedimentation rate estimates at selected points on the WS-SS
seismic transect, derived from the data in Figs. 1, 2 and 6 to 10.

Sediment thickness (m) Sedimentation rate (cm/ky)

Point Region Total Pre-glacial Transitional Glacial  Pre-glacial Transitional Glacial
1 1221 498 295 428 8.7 12.8 4.4
2 Scotia Sea 1827 626 378 824 7.4 6.9 7.0
3 3582 1172 726 1684 10.7 11.2 16.0
4 Powell Basin 2227 918 625 683 10.4 10.8 7.0
5 Jane Basin 1580 441 389 749 10.5 11.5 9.9
6 northwestern 1756 803 269 685 10.7 5.7 6.3
7 Weddell Sea 2455 1205 666 583 2.4 9.5 4.2
8 2386 1058 571 757 1.5 9.8 4.4
9 central 2872 1130 656 1085 1.4 8.2 7.8

Weddell Sea ’ ’ ’
10 2531 923 780 827 1.1 6.1 6.1
11 2524 894 383 1248 1.5 1.2 4.7

southeastern
12 3136 1481 522 1132 1.4 6.4 6.4

Weddell Sea
13 2405 1298 392 715 1.2 4.4 4.1

m = meters, m/my = meters per one million years, ms = milliseconds, red = minimum values, blue = maximum values
Pre-glacial: Seismic stratigraphic units WS-S1, WS-S2 and WS-S3 shown in Figures 6 and 7

Transitional: unit WS-S4 and Glacial: units WS-S5, WS-S6 and WS-S7

Uncertainty in sediment thickness ~30 ms, equating to 50 m for the upper and 70 m for the lower sediments

Uncertainty in interval velocity estimates from refraction data ~0.1 km/s and ~0.3 cm/ky for sedimentation rates
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7. Weddell Sea basin

thickness diagram is shown in Fig. 7-7c and the sediment thickness for the pre-glacial to
glacial units at each point are summarised in Table 7-4 and an online supplementary data

to paper.

7.4.5 Age model and sedimentation rates

Our study is of basin-wide scale and since boreholes are few and far between, we
constructed a hypothetical working age model as follows: a simplified Gradstein et al.
(2004) geological time scale was re-drawn to a measurable vertical scale (Fig. 7-8, far left).
The spreading age-range for each basin on the WS-SS seismic transect was taken from
the magnetic anomaly compilation (Fig. 7-2 and Table 7-2) and drawn against the time
scale (Fig. 7-8, black bars labelled SW, SS, JB, PB and WS). The nearest isochron was
taken at each of the 13 points used for the sediment thickness calculation, or linearly

interpolated between the two closest anomalies, and matched to the time scale.

The interpreted seismic stratigraphy (Fig. 7-5b and 7-6b) at these points were drawn
on the time-diagram and vertically stretched so that the basement age, as well as the ages
of the upper two units obtained from the boreholes (Fig. 7-3), matched the time-scale.
The relative time span for the deposition of each unit was estimated by projecting the

first and last occurrence of each unit back into the time scale (colour bars, Fig. 7-8).
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Fig. 7-8. Age model and associated sediment deposition along the WS-SS seismic transect. From left to right:
Time scale of Epochs and boundary ages modified after Gradstein et al. (2004); Black bars = age-range obtained
from the magnetic spreading anomaly isochron compilation (Fig. 7-2) for each basin. Colour bars = age-range of
the deposition for each unit identified in the seismic data (Figs. 7-5 and 7-6), deducted from the first and last
occurrence of each unit in the 13 scaled sections to the right, stratigraphy annotated. Thick black lines in the
sections indicate the lower (uPG-T) and upper (uT-FG) boundaries of the pre-glacial to full glacial transitional
unit. The vertical scale of the type sections represents time and not sediment thickness. The tentative age for each
horizon is annotated in red and read off from the time scale on the left. Basement Age model and associated
sediment deposition along the WS-SS seismic transect. From left to right: Time scale of Epochs and boundary ages
modified after Gradstein et al. (2004); Black bars = age-range obtained from the magnetic spreading anomaly
isochron compilation (Fig. 7-2) for each basin.
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Each colour matches the corresponding seismic stratigraphic unit in the representative
sections. The age range for each unit was used in combination with the sediment
thickness estimates (Fig. 7-7) to deduce the sedimentation rates (Fig. 7-9).

7.5 Observations, results and interpretation

7.5.1 Basement ages

The compiled magnetic spreading anomaly isochron map (Fig. 7-2; Table 7-2; Ch. 5)
constrained the basement ages as follows: Weddell Sea basin, 142.8-19.2 Ma (M170-
C6m); southwest Scotia Sea basin, 30.9-10.5 Ma (C12m-C5n.2 m); Powell Basin, 29.7—
21.1 Ma (Cl1n.10-C6AAo0) and Jane basin, 17.4-14.4 Ma (C5Dn—-C5ADn). The
oldest magnetic anomalies occur in the southeast (Explora Escarpment), becoming
younger towards the northwest part of the basin, near the Antarctic Peninsula. The lateral
spreading age range for the Weddell Sea basement implies that sediments in contact with
the basement should be younger than 124 Ma in the southwest or 14 Ma in the
northwestern Weddell Sea. The magnetic isochrons crossing the WS-SS transect
constrained the basement ages for the 13 selected points used to construct the age model
(thin red lines in Fig. 7-2; red drop down lines in Fig. 7-5 and 7-6; listed ages below the
13 points in Fig. 7-8).

7.5.2 Borehole correlation

The WS-SS seismic transect seismic data matched the key stratigraphic boundaries in
ODP Leg 113 sites 693, 694 and 697 well (Fig. 7-2). The upper part of WS-S3 was
constrained to an Eocene age (site 693), WS-S4 Oligocene to Miocene (site 693), WS-S5
late to middle Miocene (all sites), and WS-S6 and WS-S7 constrained to Pliocene and
Pleistocene respectively for all sites (Fig. 7-2). Through the seismic tie lines, our
interpreted units WS-S2 to WS-S7 correlated well to units identified in the SHALDRIL
boreholes as well (Fig. 7-10).

7.5.3 Seismic characterization and horizon stratigraphy

Through the borehole stratigraphy (Fig. 7-3) and the reference type-section (Fig. 7-4),
we traced continuous horizons across adjacent profiles along the ~3300 km transect to
produce a seamless correlation and a new stratigraphy (Fig. 7-5b and 7-6b). Two
stratigraphic nomenclature models are proposed: The first is the nomenclature for the
Weddell Sea, using the prefix WS and appended with “S” for seismic stratigraphic unit
(units WS-S1 to WS-S7) and “u” to indicate the base reflection or horizon also referred
to as an unconformity or discontinuity (WS-ul to WS-u7 in Fig. 7-5b and 7-6b).
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The second nomenclature is suggested for circum-Antarctic correlation of the pre-
glacial to glacial components (PG, T and FG, numbered from bottom to top in Fig. 7-4).
The second system allows the interpretation of additional units that can still be grouped
under the appropriate PG, T or FG component for the construction of cross-regional
isopach grids, irrespective of the regional stratigraphy. The acoustic basement topography
near the Antarctic Peninsula is mostly rugged, ridges occur and some seamounts break
through to the seafloor (e.g. profiles SCAN04-17, M31 and MO5 in Fig. 7-5a;
northwestern most part of profile BAS845-15, Fig. 7-6a). The Weddell Sea basement
topography is less rugged with smaller valleys, but lies more or less on the same average
level. In the absence of deep boreholes, the interpretation of basement is based on the
seismic reflection data. For clarity, faults were not interpreted. Our resulting acoustic
basement horizon (WS-ul) compares well with the refraction data and derived crustal
model of Rogenhagen and Jokat (2002).

The seismic reflectivity of units WS-S1 till WS-S7 (Fig. 7-5a and 7-6a) match those of
each unit described in the type section (Fig. 7-4) very well and show negligible lateral
variation between the northwestern and southeastern Weddell Sea, or the smaller Jane
and Powell Basins. All units are laterally continuous and well stratified with reflectors
that are mostly coherent, horizontal and undisturbed, and easy to trace over long
distances. Layering is parallel to the seafloor except in the middle of the Weddell Sea
basin where the older, lower amplitude units appear to form a mound. The mound is

especially recognisable to the Southeast of borehole 694 in the seismic image (Fig. 7-6a).

The PG sequence WS-S1, WS-S2 and WS-S3, is bounded by the acoustic basement
reflection WS-ul below and reflector WS-u4 above (Fig. 7-6a; Appendix A-1). WS-u4 or
uPG-T marks a prominent change in seismic facies from low amplitude, more
transparent, laterally discontinuous reflectors in the sequence below, to more continuous,
higher amplitude, parallel reflections in the sequence above (Fig. 7-5a and 7-6a; online

supplementary data to paper; Appendix A-1).

The T sequence consists of one seismic unit, WS-S4 and is bounded by reflector WS-
u4 below and WS-u5 above, alternately referred to as horizons uPG-T and uT-FG (Fig.
7-5 and 7-6). Although thinner seismic units can be distinguished within WS-S4, the
seismic facies characteristics are similar and grouped as one unit here. WS-u5 was picked
as the top boundary horizon for this sequence because in the seismic data we see the
lower reflective T-unit package below this reflection, rapidly transitioning into a sequence
of high amplitude, closely spaced, horizontal reflections above (Fig. 7-6a). It is a thick
strong high amplitude reflection that could easily be traced across the basin and merge
with several unconformities above, especially near the flanks of the basin (Fig. 7-6a and
7-11; Appendix A-1). We interpreted these seismic characteristics to represent the first
sedimentary sequences transported down-slope and onto the abyssal plain via the first ice

sheet advancements to the outer shelf.
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The FG sequence consists of three seismic units, WS-S5, -S6 and -S7 and is bounded
by horizon WS-u5, the T to FG period unconformity (uT-FG) below, and the seafloor
reflection above (Fig. 7-6). We assume the change in seismic facies and more complex
internal structures (e.g. drifts) represent change in depositional processes. Hence we
interpret the sharp transition to represent the onset of the full glacial regime processes
and transition to a modern polar ice sheet, consistent with observations around the
Antarctic Peninsula (e.g. Diviacco et al., 2006; Rebesco et al., 2006; Rebesco and
Camerlenghi, 2008).

The initial FG unit (WS-S5 or FG-1), drapes over this pre-glacial and transitional
sequences mound and fills the basin low in the southeastern Weddell Sea (observed from
point 10 to 13, Fig. 7-6). Thinner units WS-S6 and WS-S§7 were deposited on the
smoothed bathymetry as two horizontal bands of high amplitude finely laminated

reflectors.

7.5.4 Sediment thickness

The lateral variations in sediment thickness are described for each unit in the Weddell
Sea basin, from bottom to top and old to young, referring to Figs. 7-5 to 7-7 and an

online supplementary data to paper:

WS-S1 is absent in the Scotia Sea, Jane and Powell Basins, but continuous throughout
the Weddell Sea basin (WSB). It increases in thickness from 282 m in the northwest
(point 6, Fig. 7-7) to 545 m in the southeast at point 13.

WS-S§2 ranges from 273 to 640 m in the Scotia Sea (points 1-3), 395 m in the Powell
Basin (point 4) and 247 m in the Jane basin (point 5). An interesting trend is seen in the
Weddell Sea basin, where WS-S2 is thickest in the centre (474 m at point 9 to 302 m at
point 7) and thinner on both flanks (266 m at point 6 and 285-293 m at points 12 and
13, Fig. 7-7). Notably WS-S2 is absent at point 11.

WS-S3 is continuous along the entire transect and becomes thicker from the
northwest to the southeast: 224 m thick at point 1 and thickening to 532 m at point 3 in
the Scotia Sea, 524 m in the Powel basin, thinnest in the Jane basin (139 m) and ranges
from 255 to 778 m (points 6 to 12, Fig. 7-7) in the Weddell Sea basin.

Collectively, WS-S1, WS-S2 and WS-S3 comprise the pre-glacial (PG) sequence,
which ranges in total thickness from 441 to 1481 m (Table 7-4). A westward thickening
of PG sediments was expected in the Weddell Sea basin, but instead we found a higher
mound in the middle (between points 7 and 10 in Fig. 7-6b) flanked by a deeper basin in
the southeast (points 10 to 13 in Fig. 7-6b) and a thicker part near the continental slope
at the Explora Escarpment.

WS-584 or the transitional unit (T-1) varies in thickness throughout the Scotia Sea and
Weddell Sea (red band in Fig. 7-6 and 7-7). The thinnest part is observed at point 6 (267
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m) and the thickest part at point 10 (780 m) in the northwestern Weddell Sea (Table 7-
4). WS-§84 seems to have partly filled in the palaco basin low in the southeast (points 7 to

13) and thins over the mound.

WS-S5 is the most prominent and the first full glacial sequence (dark blue unit in Fig.
7-5b and 7-6b). It is laterally massive, thick and continuous. Similar to WS-S1 to WS-
S4, WS-S5 thickens towards the Antarctic Peninsula shelf in the Scotia Sea (185-851 m
from points 1 to 3). The thickness of WS-S5 is relatively constant in the northwestern
Weddell Sea (280-398 m), but thickens to 974 m in the southeastern Weddell Sea
(point 11) and filled the remaining palaco basin low (points 9 to 13 in Fig. 7-7; online
supplementary data to paper). WS-S5 seemed to mostly smooth out the Weddell Sea pre-

glacial to transitional mound-and-flanking basin palacotopography.

WS-86 is 122-208 m thick across the Weddell Sea and 140—560 m thick in the Scotia
Sea, following the same trend as units WS-5§2 to WS-S5. The thickest parts occur in the
centre of the Weddell Sea where it drapes over the mound (point 9, 209 m) and at either
flank near the shelf (186 m at point 13 and 170 m at point 5; Fig. 7-7; online
supplementary data to paper). WS-S7 is the thinnest unit in the entire sedimentary
sequence and shows little lateral variation in sediment thickness between the Scotia Sea
(103-273 m) and Weddell Sea basin (126-215 m). Units WS-S5, WS-S6 and WS-S7
comprise the fully developed glacial (FG) sequence, which ranges in total thickness from
428 t0 1684 m in the Scotia Sea and 583-1248 m in the Weddell Sea (Table 7-4; Fig. 7-
7).

The total sediment thickness in the Scotia Sea ranges from 1218 to 3762 m, and in
the Weddell Sea from 1745 to 3123 m (Table 7-4). We estimate the deep-sea Weddell
basin to have a minimum area of ~1.3x10° km? and a maximum area of ~1.5x10°¢ km?
(red outline in Fig. 7-1, inset). The shelf areas were not incorporated due to lack of data
in front of the Filchner—Ronne Ice shelf. Taking an average sediment thickness of ~2.5
km (Table 7-4) a first order minimum estimate of the total sediment volume for Weddell
deep-sea basin would be 3.3x10° km® and a conservative maximum volume estimate
3.9x10° km®. Under the assumption that the pre-glacial to fully glacial units occur
throughout the Weddell Sea basin, we use the average thickness of each component
(PG=923 m, T=478 m, FG=769 m; Table 7-4) and the minimum and maximum basin
area to estimate sediment volumes. Minimum volumes are: PG=1.2x10° km?, T=0.6x10°
km? and FG=1.0x10° km?®and the conservative maximum volumes: PG=1.4x10° km?,
T=0.7x10° km? and FG= 1.2x10° km?.

7.5.5 Age model

In our age model Weddell Sea basement age is estimated at 137 Ma in the
southeastern part of the transect and becomes progressively younger (-23 Ma) towards
the northwest (Fig. 7-8). WS-S1 has the largest age range of all the units. In the southeast
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near the Explora Escarpment it is 137-62 Ma at point 13 and ~23 Ma in the northwest
(point 6 in Fig. 7-8). Units WS-52 and WS-S3 both follow a similar trend as WS-S1 and
become younger to the northwest as well (84.0-17.7 Ma and 58.0-15.5 Ma at points 13
to 6, Fig. 7-8). A hiatus of ~-36 Ma occurs at point 11 where unit WS-S2 is absent,
probably due to erosion. The lower boundary of the transitional unit (horizon WS-u4 or
uPG-T) decreases in age from 26.8 Ma in the southeastern Weddell Sea (point 13 in Fig.
7-8) and to 15.5 Ma in the northwestern Weddell Sea (point 6), being slightly younger
in the Jane basin (11 Ma). The uPG-T horizon shows lateral age variation in the Scotia
Sea of 17.3-12.0 Ma, the oldest part near the Antarctic Peninsula and becoming younger
to the northwest (points 1-3, Fig. 7-8).

The upper boundary of the transitional unit (horizon WS-u5 or uT-FG), interpreted
to represent the advancing ice sheets grounding on the outer shelf for long periods in a
full glacial regime, also youngs from southeast to northwest (17.7-10.8 Ma at points 13
to 6, Fig. 7-8). We observe an older outlier age of ~26.8 Ma at point 11 in the Weddell
Sea basin and a younger age of ~7.6 Ma at point 5 in the Jane Basin. Horizon WS-u6 has
a tentative age of ~10.6 Ma in the southeastern Weddell Sea basin (point 13) and
becomes increasingly younger up to 6.0 Ma in the northwest (point 7, Fig. 7-8). The
model age of ~7.6 Ma at point 11 for WS-u6 fits with the regional trend. Horizon WS-
u7 shows a modelled lateral age variation of 3.8—1.2 Ma (points 1 to 4, Fig. 7-8).

b B Full glacial (FG)
[ Transitional (T)
[ Pre-glacial (PG)

T

Region: western Scotia Sea

1 2 3 4 5 6 7 8 9 10 1 12 13

Selected points along WS-SS seismic transect

Sedimentation rate [cm/ky]
2

Powell Basin| Jane Basin| western Weddell Sea central Weddell Sea southeastern Weddell Sea

Fig. 7-9. Sedimentation rates for the pre-glacial (PG), transitional (T) and full glacial (FG) regimes at the 13
selected points along the WS-SS seismic transect (for location see Fig. 7-7a). Calculations are based on the
sediment thickness in Fig. 7-7 and online supplement 4, the interpreted seismic reflection data (Figs. 7-5 and 7-6)
and the hypothetical age model in Fig. 7-8. Rates are given in cm/ky and listed in Table 7-4 and online
supplement 5.

7.5.6 Sedimentation rates

The age model was used in combination with the derived sediment thickness estimates
(Fig. 7-7; Table 7-4) to deduce sedimentation rates for the pre-glacial, transitional and
full glacial components of the deep-sea sediment archive in the Weddell Sea basin (Table
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7-4; Fig. 7-9). Since there are uncertainties in our age model due to the absence of
borehole age-control, we only comment the sedimentation rate trends. The pre-glacial
sedimentation rates at points 4—6 in the Powell Basin, Jane Basin and northwestern
Weddell Sea are the highest (10-11 cm/ky, Table 7-4; yellow bars in Fig. 7-9) and
almost an order of magnitude higher than the rates in the central Weddell Sea (1.1-1.6
cm/ky). Although the Weddell Sea pre-glacial units are the thickest (894-1481 m), the

sedimentation rates are the lowest.

The transitional sedimentation rates range from 1 to 10 cm/ky in the Weddell Sea and
7-13 cm/ky in the Scotia Sea (Table 7-4; middle bars in Fig. 7-9) and are almost an
order of magnitude higher than the pre-glacial rates. An anomalous transitional
sedimentation rate of 1.2 cm/ky occurs at point 11, the same place where the hiatus and
eroded WS-S2 unit are observed (Fig. 7-8). In the central and northwestern Weddell Sea
the transitional sedimentation rates are amongst the highest (8—10 cm/ky). Higher
transitional sedimentation rates occur on the flanks of the Weddell Sea basin as expected
(points 7-9 and 12; Fig. 7-9; Table 7-4) since it is closer to sediment supply from land.

The full glacial sedimentation rates are the highest at points 3 and 5 in the Scotia Sea
and Jane Basin (16 cm/ky and 10 cm/ky) and at points 9 and 11 in the Weddell Sea
(-7-8 cm/ky, Fig. 7-9; Table 7-4).

7.6 Discussion

The new basin-wide seismic stratigraphy and assignment of seismic units to PG, T or
FG components rest on the basic premise that glacial sediment input and transport is
recorded in the seismic strata. Based on our age model, the seven identified horizons
increase in age from the southeastern to the northwestern Weddell Sea. This result is
different from local scale studies where a uniform age for each horizon is often assumed

(Miller et al., 1990; Rogenhagen et al., 2004; Maldonado et al., 2006).

For the pre-glacial units this lateral increase-in-age trend can be ascribed to sediments
being deposited synchronous to seafloor spreading and formation of the Weddell Sea
basin. However, in the transitional and full glacial units it is presumed to represent the
lateral increase in sediment supply and consequential increase in down-slope and along-
slope sediment transport processes. Such increases are often related to ice sheet advance

and intensification of bottom currents.

We compare our findings to previous work and discuss our observations in the context
of implications for understanding the bottom water ocean circulation changes and ice

sheet development in the pre-glacial to glacial climate transition.
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Fig. 7-10. Seismic stratigraphy correlation chart linking seismic units and horizons from this paper, to previous studies in
the Weddell Sea and Scotia Sea. Thin black lines = mapped horizons in all studies; thick black lines = lower boundary of
the proposed transitional and full glacial units, this paper; Dashed lines = correlated seismic horizons according to
matching reflectors; red numbers = ages of the horizons, showing the lateral variation in age across the basins. Light grey =
pre-glacial units; Medium grey = transitional units; Dark grey = full glacial units. SHALDRIL refers to Anderson (2006),
Smith and Anderson (2010; 2011), Anderson and Wellner (2011), and Bohaty et al. (2011).

7.6.1 Pre-glacial (PG) regime

Previous seismic stratigraphy work in the Scotia Sea, the Powell and Jane Basins, and
in the northwestern Weddell Sea identified two pre-glacial seismic units assigned to
Oligocene—carly Miocene age (e.g. Sh5, Sh4; Pw5, Pw4; J5, J4; WD5, WD4 in Fig. 7-
10). We identified additional prominent horizontal reflections in the central Weddell Sea
(profile BAS645-15, Fig. 7-6) and upon tracing them as well as boundary horizon WS-
u4 into the northwestern Weddell Sea, Powell and Jane Basins and southern Scotia Sea,
found that they mismatched this previous work (Fig. 7-10). We consequently re-divided
the PG seismic sequence into three units instead of the previous two, labelled bottom up
as WS-S1, WS-S2 and WS-S3 (Figs. 7-6 and 7-10). The boundary horizons of these
units (WS-ul, WS-u2, WS-u3) were traced farther into the southeastern Weddell Sea
and matched all horizons in the seismic stratigraphy of Miller et al., 1990 (Fig. 7-10), but
disagree with seismic stratigraphy model of Rogenhagen et al. (2004).

Contrary to Rogenhagen et al. (2004), we re-interpret the basement reflector WS-ul
up to ~0.5 s deeper, below the series of strong horizontal reflectors directly above
basement (Figs. 7-10 and 7-11). This was done because in our opinion these could either
be older consolidated sediments or lava flows, especially considering that the thickest part

lies near the Explora Escarpment.

Horizons WS-u2 and WS-u3 matched the seismic stratigraphy of SHALDRIL and
Maldonado et al. (2006) in the northwestern Weddell Sea (Fig. 7-10). These two
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horizons were farther traced across the central Weddell Sea and into the southeastern part
of the basin, where it mismatched horizons W2 and W3 in Rogenhagen et al. (2004) and
we interpreted at different positions based the cross-basin correlation in continuous data

and on observed unconformities (Figs. 7-10 and 7-11).

The PG horizons all show a lateral variation in age in the southern Scotia Sea, Jane
and Powell Basins, northwestern and southeastern Weddell Sea (Fig. 7-10) and our age
range compares well to previous tentative age estimates (Figs. 7-8 and 7-10; Maldonado
et al., 2006; Miller et al., 1990). The PG ages in the northwestern Weddell Sea (Figs. 7-8
and 7-10) are consistent with late Oligocene pre-glacial strata (28.4-23.3 Ma) drilled in
SHALDRIL Hole 3C (Bohaty et al., 2011; Fig. 7-3).

The southeastern Weddell Sea basement is the oldest (up to ~145 Ma, M17; Fig. 7-1;
Table 7-2) and nearest to the shelf at Dronning Maud Land. We would therefore expect
to find the thickest sediments and highest sedimentation rates on the slope near this
continental margin. Instead, we found a ~1130 m thick mound in the centre of the
Weddell Sea basin on much younger basement (93—-45 Ma, Figs. 7-1 and 7-6; Tables 7-2
and 7-4). The depositional geometry on both the northwestern and southeastern flanks
of the mound have a basin shape (Figs. 7-6 and 7-12a). If the basin-like depressions were
due to differential compaction, the reflectors would be offset or curved in the seismic
image, but this is not observed. It also leaves the thinner units (-790 m) to the east of the

mound and the partial absence of unit WS-S2 at point 11 unaccounted for.

We consider alternative processes that may cause high sediment transport to the deep-
sea. A typical mechanism is ice rafting and ice sheets pushing sediments onto the slope
and rise as they ground on the outer shelf. However, given the warm climate and ice
minimum conditions (Zachos et al., 2001) inferred for the Cretaceous—Eocene pre-
glacial seismic sequence, mass sediment transport due to expanding ice sheets becomes an
unlikely process and we have to consider other explanations. High bio-productivity and
mortality could cause high pelagic fall-out and could account for high sediment supply in
the deep-sea, but fail to explain the mound and basin-like depressions. Tectonic uplift
and an underlying basement high or low are also excluded because, although the Weddell
Sea basement is highly variable and uneven (Fig. 7-6) when averaged, it remains on a

similar level.

Thinner units (790 m) to the east of the mound (Fig. 7-6 and 7-12a), the partial
absence of unit WS-S2 and the anomalously low transitional sedimentation rate of 1.2
cm/ky at point 11 (Fig. 7-6 and 7-8), collectively allow the interpretation that bottom

current erosion may have caused this mound-basin depositional geometry.

Such bottom currents could have been caused by down-slope sediment influx from
the Crary Fan (Kuvaas and Kristoffersen, 1991; Bart et al., 1999; Michels et al., 2001,
2002) or a Cretaceous—Eocene proto-Weddell Gyre that build the mound in the centre

whilst eroding the flanks asymmetrically.

67



7. Weddell Sea basin

a) AWI-97010, after Rogenhagen et al. (2004)

1000 2000 3000 4000 5000 6000 7000 Shot

= =
g7 s
E E
[}
£ £
= =
>
1]
St 2
o o
g 2
b) AWI-97010, this study
6 6
L7 =
= 7 E
g =
£ £
e =
>
o
ge "3
[}
2 =
9 9
it K R Lodicl g W o i
1000 2000 3000 4000 5000 6000 7000 Shot

Fig. 7-11. Interpretation of multichannel seismic line AWI-97006 in time domain comparing the horizon
stratigraphy of Rogenhagen et al. (2004) in (A) with the new Weddell Sea seismic units identified in the WS-SS
transect (B). See Fig. 7-2 for location. Note the difference between W4 and our WS-u5 - both horizons were
interpreted to represent the full glacial onset. W4 was replaced with WS-u5 because of a large-scale unconformity
mapped between shots 4000—-6000. Similarly WS-u4 were newly interpreted based on the unconformity between
shots 2000-4000 and ~7.5 s TWT. The lower units were also subdivided and the basement interpreted below
prominent reflectors just above, e.g. at shots 5000 — 6000 and -8 s TWT.

We consider it unlikely that the Crary Fan downslope current could solely account for
the mound-basin geometry for the following reasons: Michels et al. (2001, 2002)
observed combined contourite-turbidite sedimentation patterns at the western and
southeastern Weddell Sea margin (south of 70°S) for the transitional (W4) and full
glacial sequences (their regional unconformity W5). Pre-glacial sediments were not
considered in their study. Of the three identified main Crary Fan down-slope channels,
each about 2-5 km wide, two could perhaps be interpreted in the WS-SS transect
between points 8 and 9 (black arrows Fig. 7-6).

However, these are at least two orders of magnitude smaller than the basin-wide
features observed in the transect, unpronounced and constrained to uppermost the
Pliocene—present day layers. Additionally the WS-SS transect lies more than 500 km (or

68



7. Weddell Sea basin

5°) north of the slope and Crary Fan extent (Kuvaas and Kristoffersen, 1991; Bart et al,,
1999; Michels et al., 2001, 2002). We thus favour the proposed proto-Weddell Gyre

hypothesis as the most likely dominant process responsible for the depositional geometry.

The fact that the depression is deeper and the units thinner on the southeastern flank
than on the northwestern flank, may be consistent with the up-current side and hence
with a clockwise circulation (Fig. 7-12a). To our knowledge a proto-Weddell Gyre has
not been proposed before, but Eocene—Oligocene proto-Antarctic Bottom Water and
Weddell Sea Deep Water masses has been inferred for pre-glacial regimes at Maud Rise,
from 8180, and mineral and grain analyses in ODP leg 113 site 690 (Diester-Haass. et
al., 1996).

Contourites were used to determine bottom current direction around the Antarctic
Peninsula for transitional and full glacial deposits (e.g. Maldonado et al., 2005;
Uenzelmann-Neben, 2006). Although typical contourite drift structures are not clearly
observed in the WS-SS transect seismic data; the seismic profiles are too sparse to exclude
their existence in the pre-glacial central Weddell deep-sea units. Further analyses of the
two parallel transects (A and C in Fig. 7-1) are ongoing and might shed more light on the
proto-gyre circulation direction. The driving force of the proto-gyre circulation remains
unclear as well. The ACC is not fully developed because South America was still
connected to Antarctica with shallow water gateways (Fig. 7-12a; Livermore et al., 2007),
but Weddell Bottom Water could have formed due to sea ice. Either way, the mound

feature is prominent enough that it warrants future investigation.

7.6.2 Transitional (T) regime

The base reflector of the transitional unit, WS-u5, was traced from the northwestern
Weddell Sea into the Jane Basin, Powell Basin and the Scotia Sea, where it exactly
matched with horizon “c” of Maldonado et al. (2006; Fig. 7-10). Based on seismic facies
changes and downlap terminations, they postulated that horizon “c” represents an
erosional surface signalling the incursion of bottom water exchange between the Scotia
and Weddell Sea and coeval to the Mi4 glaciation. WS-u5 and WS-u4 partially correlates
to S3 (-8 Ma) in the SHALDRIL boreholes identified as the start of the PG to FG
transitional sequence at the Antarctic Peninsula (Fig. 7-3; Smith and Anderson, 2010,
2011; Bohaty et al., 2011).

Our model age of ~17.6 Ma (point 13 in Fig. 7-8) is also consistent with the ODP leg
113 site 693 borehole age of early mid-Miocene— Late Miocene of 16-11 Ma (Figs. 7-3
and 7-10). Tracing WS-u5 into the southeastern Weddell Sea it matched horizon w5 of
Miller et al. (1990) but mismatched the W4 marker horizon (Rogenhagen et al., 2004)
that represents the onset of the FG regime in the deep-sea (Figs. 7-10 and 7-11). We re-
interpret W4 of Rogenhagen et al. (2004) in the southeastern Weddell Sea and place it
~0.75 s deeper (WS-u5, dark blue line in Fig. 7-11).
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Which depositional processes active in the Eocene—Oligocene transitional climate
associated with high sediment transport may have formed this WS-S4 unit? Previous
seismic stratigraphy studies postulated that ephemeral ice caps and small ice sheets
formed on high elevations in the West Antarctica, with the EAIS periodically grounding
on parts the outer shelf and increasing sediment supply to the deep-sea (e.g. Miller et al.,
1990; Oszko, 1997; red polygons and arrows in Fig. 7-12b). Isolated gravel and
terrigenous sand grains in ODP Leg 113 site 689 and 690 at Maud Rise, offshore north
of Dronning Maud Land, provided evidence for a grounded Eocene EAIS since ~-45.5
Ma, probably with a more temperate rather than polar character (e.g. Ehrmann and
Mackensen, 1992).

If it is the case that only the EAIS grounded during the Eocene—Oligocene, the
highest sediment supply would presumably be in front of the Crary Fan and on the slope
and rise of the southeastern Weddell Sea near the Explora Escarpment (Fig. 7-1), with
little or no ice sheet related sediment supply at the Antarctic Peninsula. The effect would
be transitional deposits that are thicker in the southeast than in the northwestern part of
the Weddell Sea basin and the Antarctic Peninsula. On the contrary, we observe that unit
WS-S4 is thickest in the northwestern Weddell Sea (-806 m), 400—600 m thick in the
central and southeastern Weddell Sea and thinnest over the peak of the mound (-383 m;
Fig. 7-7; Table 7-4; online supplementary data to paper). WS-S4 drapes over the mound
and partly fills in the basin depressions to either side, whilst being continuous along the
entire WS—SS transect and probably basin-wide (Fig. 7-6; Appendix A-1).

It is likely that bottom current processes could have redistributed sediments from the
southeastern EAIS source region to the central and northwestern Weddell Sea, thus
maintaining the eroded basin geometry to the east of the mound. The transitional unit
displays no along-slope drift or contourite structures but was interpreted as a sheeted
drift. Bottom current processes alone cannot account for the WS-S4 geometry. The
continuous occurrence and thicker WS-S4 deposits in the northwestern Weddell Sea can
also be explained by along-slope sediment supply from the proto-Weddell Gyre
circulation, down-slope supply by an advancing ephemeral EAIS, and from advancing ice

sheets in the North—West i.e. WAIS and the southern APIS.

SHALDRIL boreholes and seismic records on the southern margin of the Joinville
Plateau show glacial marine sedimentary processes dominated sedimentation since the
late Oligocene and a phased APIS expansion from south to north across the Peninsula in
the late Miocene (e.g. Smith and Anderson, 2010, 2011; Bohaty et al.,, 2011) or
Oligocene (Davies et al., 2012). High transitional sedimentation rates around the
Antarctic Peninsula (11 cm/ky) and northwestern Weddell Sea (6-10 cm/ky; Fig. 7-9;
Table 7-4) and the age variation of the initial ice grounding boundary horizon, uPG-T
(27-16 Ma; WS-u4 in Fig. 7-10) across the Weddell Sea, allow the interpretation that
the southern part of the APIS probably already grounded in the early Miocene or even
Oligocene, and the WAIS in the Oligocene.
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Fig. 7-12. Model showing the role of plate-tectonic motion, pre-glacial sedimentation, ice sheet development and
ocean circulation in the greater Weddell Sea region, since the Cretaceous. Rivers, mountains, ice caps, ice sheet
boundaries and the WS-SS transect are schematic interpretations. Diagrams below represent Weddell Sea Basin part of
the transect. Plate reconstruction adapted from GPlates (Boyden et al., 2011) and associated sediment deposition for
each regime, is illustrated in the diagram below. (A) Pre-glacial regime. COB = continent ocean boundary, SAM =
South American plate, AP = Antarctic Peninsula, WA = West Antarctica, EA = East Antarctica. Orange triangles =
mountain building in the Antarctic Peninsula, subsequent erosion and deep-sea deposition (orange arrows). Blue
dashed line = the proto Weddell Sea Gyre, red line = Weddell Sea part of the WS-SS seismic transect, orange cloud =
higher sediment deposition of PG-units near the centre. (B) Transitional regime. Red polygons = ice caps and smaller
ice sheet development on the highlands of EA, the northern tip of the AP and WA. Red arrows indicate high sediment
supply. (C) Full glacial regime. Transparent blue polygon = EAIS, WAIS and APIS, fully developed and grounded on
the continental shelf; Thick blue arrows = high volume of sediment transport; Weddell Gyre and ACC = fully
developed Antarctic Circum-polar Current (simplified after Livermore et al. (2007). (D) Full glacial regime cont.
Green arrows = smaller ice sheet advance and retreat cycles while ice sheets (transparent green polygon) still remain

grounded on the outer shelf.
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Sampling, drilling and multichannel seismic reflection data analyses of Drift 7 on the
Pacific margin of the Peninsula, suggest down-slope transport as a result of the growth of
the Antarctic Peninsula ice sheet in the Early Miocene (-15 Ma and 9.5 Ma;
Uenzelmann-Neben, 2006). This early Miocene/ Oligocene APIS and Oligocene WAIS
expansion is not adequately reproduced by palacoclimate models that suggested a late
Miocene — early Pliocene APIS grounding (7.94-5.12 Ma, Bart et al., 2005; Pollard and
2011).

7.6.3 Full glacial (FG) regime

In the Scotia Sea, Jane Basin, Powell Basin and northwestern Weddell Sea, seismic
horizons WS-u5, -u6 and -u7 identified in this study match the horizons “c”, “b” and “a”
of Maldonado et al. (2006; Fig. 7-10). Our interpreted horizons show a lateral age
variation contrasting the uniform ages assigned in Maldonado et al. (2006; Fig. 7-10).
Seismic units WS-S85, WS-S6 and WS-S§7, listed from old to young, consistently matched
the upper three units in the southern Scotia Sea (Sh3-Sh1), Powell Basin (Pw3-Pwl),
Jane Basin (J3-J1) and northwestern Weddell Sea (WD3-WD1) mapped in previous
studies (Fig. 7-10). Horizon WS-u6's age of ~5.5 Ma in the Powell Basin (Figs. 7-8 and
7-10) is in broad agreement with the base-age of S2 (-5.5 Ma) dated in the nearby
SHALDRIL cores, even though the latter lies on the shelf (Fig. 7-10; Smith and
Anderson, 2010; Bohaty et al., 2011). WS-u7 is correlated to reflector “a” in Maldonado
et al. (2006) dated in their study at 3.5-3.8 Ma from ODP Leg 113 site 695—697 (sce
Fig. 7-2 for borehole locations). Our age range 3.8-1.2 Ma is also in good agreement to
the base-age of S1 (2.4 Ma) in the SHALDRIL cores (Fig. 7-10; Smith and Anderson,
2010; Bohaty et al., 2011).

In the southeastern Weddell Sea, horizons WS-u6 and WS-u7 matched horizons w6
and w7 of Miller et al. (1990), dated at late Miocene (-7 Ma) and late Pliocene (-3 Ma)
in ODP Leg 113 sites 692 and 693 (Figs. 7-2c and 7-10). Horizon WS-u6 is correlated
with horizon W5 of Rogenhagen et al. (2004) and our tentative model age of 10.8-8.2
Ma for the southeastern Weddell Sea broadly agrees with their older extrapolated age of
~12 Ma (Figs. 7-10 and 7-11). Horizon WS-u7 was absent in the Rogenhagen et al.
(2004) model and is newly interpreted on the AWI-97 profiles (Figs. 7-6 and 7-11; Table
7-3) to match horizons traced from ODP Leg 113 site 694 (Fig. 7-3).

Taking into account the geometry, lateral variation in sediment thickness and
sedimentation rates of the transitional unit along the WS-SS transect, we infer from our
observations which depositional processes in the Miocene — Quaternary may have played
a role in the deposition of these units. WS-S5 filled the basin lows on either side of the
inferred mound and levelled the basin bathymetry (dark blue unit, Figs. 7-6 and 7-12c¢).
If the mound formed in response to an assumed proto-Weddell Gyre that intensified in
the Miocene glacial regime, it poses the question of why the full-glacial units do not

reflect mound geometry as well.
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Reason for this change in geometry could be that the Weddell Gyre erosion capacity
changed due to the development of the ACC (Table 7-1; Fig. 7-12¢) or that the
glacial/ice sheet till particles became too large to be transported by bottom currents over
long distances. Sediments created by glacial process would have larger grain sizes, thus be
heavier and require more energy to transport than pelagic fall-out. We consider it most
likely that sedimentation rates were much higher than the erosion rate due to increased
sediment supply and deposition to the deep-sea. Even after full glacial conditions were
developed on the continent, there were still significant volumes of fine sediments being
produced and deposited around the continent. It is generally observed that sedimentation

rates increased during the early phases of glaciation, which is expected.

ODP site 697 in Jane Basin reported a sedimentation rate of 4.4 cm/ky for the upper
200 m, increasing down core to 10 cm/ky for the interval of 250-300 m (Barker et al.,
1988; Gersonde et al., 1990; Ramsay and Baldauf, 1990). Our estimated rate of 9.9
cm/ky for the full glacial unit (-749 m thick) in the Jane Basin compares extremely well
to the ODP rates and to 10 cm/ky reported in Maldonado et al. (20006).

Sediment transport by expanding ice sheets is the most probable process capable of
rapidly eroding sediments on land and the continental shelf, transporting it to the outer
shelf and as the ice sheets grounded, pushed massive volumes of sediments over the edge
in a bulldoze effect. Such increased supply to the deep-sea would balanced the gyre or
bottom current erosion and result in a smoothed out basin geometry. An alternative
interpretation, although speculative, is that the proto-Weddell Gyre was constrained
during its initial development to the margins of the basin and flowed mostly as a density
nepheloid layer. The particles that escaped from this nepheloid layer were deposited in

the central basin plain.

ODP Leg 113 site 694 lies in the central Weddell Sea and on profile BAS845-15 of
the WS-SS transect (Fig. 7-2). The matched seismic stratigraphy of this borehole and our
transect (Fig. 7-3), constrained unit WS-S5 and reflectors WS-u5, WS-u6 to middle-late
Miocene age in our age model (Fig. 7-8). The borehole log also reported glacial turbidite
units and present evidence of deep-sea glacial sediment transport during this time,
implying that grounded ice sheets were already present in the Miocene that drained into
the Weddell Sea basin (Fig. 7-12c). Miocene continental scale ice sheets in Antarctica
were also documented in other borehole and seismic reflection data (e.g. Barker et al.,
1988; Miller et al., 1990; Zachos et al., 2001; Maldonado et al., 2005, 2006;
Leitchenkov et al., 2008; Anderson et al., 2011; Escutia et al., 2011).

Units WS-S6 and WS-S7 were deposited in the Pliocene — Pleistocene (Fig. 7-3) and
have an estimated average thickness of 158 m and 165 m, respectively across the Weddell
Sea basin (Fig. 7-7; online supplementary data to paper). Even though these units are
ascribed to the same glacial driven depositional processes as the on average 542 m thick
WS-S5 unit below, they appear much thinner (Fig. 7-6b).
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One possibility could be that the initial full glacial ice sheet advancements and retreats

already eroded most of the terrigenous and shelf sediments, which were created by the

river systems and other erosional processes in the pre-glacial and transitional regimes.

Hence resulting in lower sediment supply due to established ice sheets and bedrock

erosion and smaller interglacial cycles (Fig. 7-12d).

7.7 Conclusions

The interpretation of the deep-sea sedimentary record along the ~3300 km WS-SS

seismic transect contribute to our understanding of the Cretaceous to Quaternary

evolution of the Antarctic ice sheets in the Weddell Sea basin. The main contributions

are summarized in the following conclusions:

1.

3.

We developed a new seismic horizon stratigraphy for the Weddell Sea and
southern Scotia Sea using boundary conditions from various datasets. Lower
units (WS-S1, WS-82, WS-S3 and WS-S4) were newly interpreted or re-
interpreted. The upper 3 units (WS-S§5, WS-S6 and WS-S7) are consistent

with local scale studies.

The pre-glacial (WS-ul to WS-u4), transitional (WS-u4 to WS-u5) and full
glacial (WS-u5 to seafloor) boundary horizons were identified in the Weddell
Sea basin and traced into the Jane and Powell Basins and southern Scotia Sea.
The proposed seismic unit divisions are consistent with localized seismic
stratigraphy studies around Antarctica in the Bellingshausen Sea (e.g. Scheuer
et al., 2006), Wilkes Land (e.g. Escutia et al., 2011) East Antarctica
(Leitchenkov et al., 2007), Scotia Sea and Antarctic Peninsula basins
(Maldonado et al., 2006) and Weddell Sea (Miller et al., 1990), but disagrees
with the stratigraphy of Rogenhagen et al. (2004).

Average values for the complete pre-glacial sequence in the Weddell Sea
(excluding Jane and Powell Basins): sediment thickness = 1100 m,
sedimentation rate = 2.7 cm/ky, volume = 1.3x10° km? the transitional
sequence: sediment thickness = 530 m, sedimentation rate = 6.4 cm/ky,
volume = 0.7x10° km® and; the complete full glacial sequence: sediment

thickness = 880 m, sedimentation rate = 5.5 cm/ky, volume = 1.1x10° km®.

In the pre-glacial sequence (WS-S1, WS-S2 and WS-S3), a deposition
mound-and-eroded-flank basin geometry lateral variation in sediment
thickness, and sedimentation rates calculated from published interval velocity
data support a Cretaceous proto-Weddell Gyre hypothesis. A deeper
depression on the east of the mound, ascribed to higher erosion hints at a
probable clockwise circulation, but in the absence of clear drift structures an

anti-clockwise circulation cannot be excluded.
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5. The transitional unit (WS-S84 or T-1) is interpreted to represent high sediment

supply through accelerated down-slope mass sediment transport deposits such
as turbidites, considered indicative of advancing ice sheets grounding on the
outer shelf. The cross-basin occurrence and lateral age variation of this unit
(-27 Ma in the southeastern Weddell Sea to ~11 Ma in the northwest) imply
initial Oligocene grounding of the WAIS and initial early Miocene grounding
of the APIS.

In the full glacial sequence, the up to 975 m thick WS-S5 unit is continuous
and fills the depressions on either side of the mound-and-eroded-flank
topography of the pre-glacial and transitional regimes. WS-S5 represents
increased deep-sea sediment deposition due to amplified downslope sediment
supply in response to advancing ice sheets permanently grounding on the
outer shelf. The lateral continuity and age of this unit (18-6 Ma from

southeast to northwest) implies concurrent advancement and grounding of the
EAIS, WAIS and APIS during the late to early Miocene.

. The even distribution of the full glacial sequence along the transect suggests

that early ice sheet/ice caps/glaciers must have transported sediments not only
from the Ronne-Filchner outflow system but also from the Antarctic
Peninsula. This is consistent with Smith and Anderson (2010) and implies
expansion of the southern APIS to the outer shelf, earlier than the Pleistocene
predicted in palacoclimate models (e.g. Pollard and DeConto, 2009).

. The younger glacial units WS-S6 and WS-S7 reflect decreased sediment

supply to the basin, which is consistent with a reduction in sediment supply

following the establishment of a polar glacial regime.

Our Weddell Sea basin seismic stratigraphy rests on the assumption that changes in

the observed seismic pattern represent pre-glacial, transitional and full glacial sequences.

The presented age model has been derived from all available age information, geophysical

and stratigraphic data. The greatest uncertainties lie in the velocity model and estimated

horizon ages. Even so, we consider these results a best estimate for deriving a working

hypothesis although the lateral horizon ages within the sedimentary column are only

constrained by secondary information. The identification of pre-glacial to glacial

components in the deep-sea sediment archive enabled an initial quantification of

sediment volumes and thicknesses and rates, which are useful to constrain future

palacobathymetry and palacotopography reconstructions.

Supplementary data to this article can be found online at: http://dx.doi.org

/10.1016/j.margeo0.2012.11.004 and doi:10.1594/PANGAEA.777453.
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Chapter 8
SECOND PAPER
AMUNDSEN SEA — ROSS SEA TRANSECT

Lindeque, A., Gohl, K., Henrys, S., Wobbe, F., Davy B., 2014. Pre-glacial to glacial stratigraphy in the
unexplored Amundsen Sea deep-sea basin: A first cross-regional correlation of deep-sea seismic reflection data.

Manuscript prepared for submission to Palacogeography, Palacoclimatology, Palacoecology.

Highlights:

- Two new seismic reflection datasets across the Amundsen Sea and Ross Sea.

- First direct Amundsen Sea — Ross Sea seismic horizon stratigraphy correlation.

- Separation of the pre-glacial, transitional and full glacial sediment components.
- Total sediment volume 2.8 to 3.3 x 10°km? and total sediment thickness ~4 km.

- Drifts in the pre-glacial and transitional units indicate Eocene bottom currents.

8.1 Abstract

Characterization of changes in seismic reflectivity patterns and changes in geometry
provide insight into -slope sediment transport processes that can be connected back to
bottom current development and ice sheet growth/demise across tectonic time scales.
Separating the pre-glacial, transitional and full glacial components in the offshore
sedimentary record can therefore provide clues on when the ice sheets first reached the shelf.
In addition, quantifying the sediment volumes can help constrain palaecobathymetry and

palacotopography reconstructions used in climate-ice sheet modelling.

Amongst the seismic reflection data acquired during the 2010 RV Polarstern ANT-
XXVI/3 and 2006 RV Tangaroa TAN-2006 expeditions, a ~2000 km long Amundsen Sea —
Ross Sea transect across a previously unsurveyed sector, provides the first opportunity to
directly link key pre-glacial to glacial seismic stratigraphy horizons on the continental rise
and -shelf of the Amundsen Sea, with that of the Ross Sea. 10 main seismic units were
mapped: AS-S1, AS-S2, AS-S3 constitutes the inferred Cretaceous to Eocene pre-glacial
sequence (70-38 Ma in our age model), AS-S4 to AS-6 the Eocene to mid-Miocene
transitional sequence (38-15.5 Ma) and AS-S7 to AS-S11 the mid-Miocene to Pleistocene
full glacial climate sequence (15.5-1 Ma).

The first direct seismic horizon stratigraphy link from the Ross Sea slope and continental
rise, to the far eastern Amundsen Sea continental rise and slope has been established. The top
pre-glacial boundary horizon AS-u3/uPG-T, links to RSUG and the base of Unit II
respectively, and is interpreted as the first arrival of the WAIS on the shelf. The top
transitional boundary AS-u6/uT-FG, links to RSU4 and base of Unit III, interpreted as the
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onset of the full-glacial regime. Sparse borehole information from IODP Leg 318 site 1356
and DSDP Leg 28 Sites 270-272 support the constructed age model, and link AS-u3/uPG-
T to WL-u3, RSU6 and AS-u6/uT-FG to WL-U5, RSU4. Magnetic seafloor spreading
anomaly data provide age control for the basement in the constructed age model. The 71 Ma
old basin accumulated up to ~-3.9 km (3 s TWT) sediments in the centre near the Endeavour
fracture zone, without decompaction applied. The total basin area is 1.2 to 1.4 x 10°km?* and
the total sediment volume 2.83 to 3.0 x 10°km? using an average sediment thickness of

2357 m.

Seismic facies geometry analysis suggests: (i) Paleogene—Eocene bottom current activity.
(ii) Eocene grounding of the West Antarctic ice sheet. (iii) An anomalous part of the basin
just West of the Proto-Antipodes fracture zone that could be stretched continental crust. (iv)
Evidence for tectonic uplift at part (iii), and (iv) Total sediment thickness of 3.9 km and
total volume estimate 2.83 to 3.30 x 10° km’. The pre-glacial (up to 34 Ma
Eocene/Oligocene), Transitional (34-15.5 Ma, Eocene to mid-Miocene) and full glacial
(<15.5 Ma) climate regime sediment volumes are estimated at: PG = 1.5 to 1.8 x 10° km?, T
=0.8 to 1.0 x 10° km? and FG = 0.8 to 0.9 x 10° km?.

Keywords:
West Antarctica, seismic horizon stratigraphy, glacial development, bottom-currents,
sediment thickness

8.2 Introduction

At the stages where continental scale ice sheets expanded and grounded on the continental
shelf, erosion and rapid transport moved massive amounts of sediments from inland to the
coast, shelf, slope and deep-sea. Such increased sediment supply and changes in
transport/depositional processes combine to form sedimentary features that can be identified
in seismic reflection images, and based on the geometry and amplitude of the reflections, be

related back to a general depositional environment or process.

The sedimentary sequences and structural elements along continental rises and margins
contain records of the transport and depositional history that allow analyses of the palaco-
environmental and palacoclimate conditions. The polar continental margins in particular,
exhibit sedimentary records of the onset and dynamics of the continental ice sheets. On the
Pacific margin of Antarctica, the sediment record captured the last 90 million years of ice

sheet and bottom current development history.

The sediment transport and depositions processes changed within the context of tectonic
reorganisation and ocean-bottom current evolution, intertwined with changes in

palacotopography (Wilson et al., 2012, 2013; Fig. 1-2 in Ch.1), atmospheric pCO, sea level
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and sea-surface temperature during Antarctica’s greenhouse to ice house climate change (Fig.
1-1 in Ch. 1; Zachos et al., 2001; Pagani et al., 2005; Haq and Schutter, 2008; Tripati et al.,
2009, 2011).

Evidence for ice sheet related increased sediment supply and deposition have been
observed in marine seismic reflection images around Antarctic continental rises (e.g. Nitsche
et al., 1997, 2000; De Santis et al., 2003; Rogenhagen et al., 2004; Maldonado et al., 2006;
Scheuer et al., 2006; Leitchenkov et al., 2007; Escutia et al., 2005, 2011; Uenzelmann-
Neben and Gohl, 2012; Lindeque et al., 2013). These studies are often localised, but circum-
Antarctic palacobathymetric (Hayes et al., 2009) and palacotopography mass-balance
reconstructions are needed to improve ice-sheet modelling (Fig. 8-1; Fig. 1-1 in Ch. I; Le
Brocq et al., 2010; Wilson et al., 2012). This information for the central Amundsen Sea and
eastern Ross Sea continental rises are still lacking due to the absence of information on the

sediment record, seismic data and age control through drilling data.

Open questions that need to be considered in studying the sedimentary record of the as

yet underexplored Amundsen Sea and eastern Ross Sea continental rises include:
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Fig. 8-1 Overview map of the Amundsen Sea basin study area (ASB, white dashed line) with seismic surveys referred
to in this paper demarcated as: AWI-2010 — red; TAN-2006 — green; Ant2006 — yellow; Ant94 — navy; other
international lines are Th86 — light blue, and on the Ross Sea shelf — black. The AS-RS transect is shown in the thick
black/red line through the ASB (Fig. 8-4; Appendix B-1). The locations of the figures are demarcated by the black
squares and annotated. The black dots represent the 12 points used for the sediment thickness estimates (Figs. 8-4 and
8-10; Appendix B-1, B-2; Ch. 5; Tables 8-3 and 8-4). Background image: International Bathymetric Chart of the
Southern Ocean (IBCSO) Version 1.0 digital bathymetric model (DBM), online supplement to Arndt J.E., et al.
(2013). Red arrows indicate the general ice flow drainage directions of the West Antarctic Ice Sheet (WAIS) and East
Antarctic Ice Sheet (EAIS) after Bamber et al. (2009).
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*  Which part of the sediment record indicates the onset of the glacially
dominated environment of West Antarctica and is it possible to estimate

when this might have taken place?

*  Where are the major deposition centres for the pre-glacial to glacial periods
and what processes may have caused their formation? Did the centres move

over time?

* Is there a difference in the deep-sea sediment transport processes or a shift in
deposition between the Amundsen Sea and Ross Sea, and if so why?

*  What evidence is there to reveal the development of past bottom current

formation?

* If there is regional variation in acoustic basement topography and if so, what
can it reveal about the tectonic history of the Amundsen Sea basin

development?

*  How much sediment was eroded off the land and deposited in the deep-sea
basin in total, or at times of key climate change such as the Eocene/Oligocene
boundary? Can the lateral continuation of units, sediment thicknesses and
sediment volumes be quantified for palacotopography and palacobathymetry

reconstructions?

Acquisition of seismic reflection data on the Amundsen Sea — Ross Sea continental rise in
2006 (RV Tangaroa TAN-2006 survey) and in 2010 (RV Polarstern ANT-XXVI/3 survey;
Gohl et al., 2010) provide the first seismic link across the previously unsurveyed central and
western Amundsen Sea sector (115°W to 170°W; Fig. 8-1), and presents an opportunity to
establish a preliminary, direct seismic horizon stratigraphic correlation across two major

WAIS drainage outlet basins that address some of these open questions.

In this work the pre-glacial climate regime is defined as being relatively warm and
predominantly ice sheet free, except for smaller glaciers in high altitudes, and open-ocean
conditions without major sea-ice cover. The transitional regime refers to a colder climate,
analogous to the present day Alpine climates, with regional scale ice sheets with multiple
advance/retreat cycles to/from coastal areas and inner shelves, and only perennial regional
sea-ice cover. The full glacial climate regime describes a climate in West Antarctica, in which
continental scale ice sheets expanded to the coastal regions and grounded on the middle to

outer shelf during glacial maxima.

8.3 Tectonic and palaeoclimate setting

8.3.1 Rifting and basin development

The Amundsen Sea basin formation started in the late Cretaceous (-84 Ma, C34y) during

continental rifting before initial oceanic crust formed as the Campbell Plateau and Chatham
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Table 8-1. Chronological summary of the seismic stratigraphic sequences or units in the Pacific margin of West Antarctica, deposited during
changes in tectonics, glaciation, climate and ocean circulation.

Abbreviations: Pleist. - Pleistocene, Paleo. - Paleocene, L - late, M - middle, E - early; *Chrons: Gradstein et al., 2004 unless otherwise indicated. WAIS = West Antarctic Ice Sheet

Epoch G"if) Chron* 5:::::2?““95 5?:;‘:: sequence Changes in tectonics, glaciation, sea level, climate and oceancirculation from literature
Pleist| 0.0 Cin Multiple grounded ice sheet advance and retreat cycles of the WAIS and EAIS®*S!
RSS-8%1314 Amundsen Sea shelf show megascale lineations and grounding zone wedges®
1‘514 R8U15,13,14
L| 26 C2n ASS-6 (Plio.—Pleist.)*  Multiple grounded ice sheet advance and retreat cycles of the WAIS and EAIS?S'
o Unit IV (4-0 Ma)™? Mass transport deposits and levee-drifts'?
§ RSS-75131 Less consolidated aggradational material deposited on shelf and slopes®*®94?!
é 3.3" RSU25™3™ Sub-glacial erosional phases®>#
E| 36 C2r ASS-u5® Major sea level decrease (Za2)®'
Continued WAIS & EAIS oscillation?®, progradational building of the shelf*'*"
L| 53 cC3r Atmospheric pCO, fluctuates (200-400ppm, 12-0.01 Ma) Temp ~3° higher than today®"*"
ASS-5 (L.Mio.—E.Plio.)* Sediment drifts and mass transport deposits in the deep sea, ice sheet expansion'
RSS-6°1*1 Oscilating WAIS & EAIS advance/retreat cycles on the shelf, older strata truncated®*#%*
10.0" RSU3> 1™
M| 116 C5r ASS-u4® Sub-glacial erosional phases®®*
ASS-4 (M.Mio.)* Progradational sequences interpreted as glacial advance cycle to the outer shelf**8"13.1
Unit Il (15-4 Ma)™? Large elongate sediment drifts and channel-levees formed on seafloor'?
RSS-5%1314 Marked increase in sediment supply™'®
o WL-S9"
E Transition from dynamic, to perisistent continental scale ice sheets''*19%%
é weug™e oo Miocene glaciation (Mi4), a lowering of sea level (Ser3) and permanent EAISS""*%
155" ASS-u3® T/FG boundary™'  Mid-Miocene climate optimum (16-15 Ma) and global temperature decrease ~8°C™"®
RSU45,13,14
E| 160 C5Cn ASS-3 (E-M.Mio.)? Major increase in sediment transport across shelf edge to slope®*'***
Unit Il (21-15Ma)?  Continued ice sheets advance/retreat cycles at the coast, first advances to the shelf*®
RSS-4%1314 Elongate drifts and levee drifts deposits, intensified bottom water circulation
WL-85 to -S8"'° Sub-glacial erosional phases®®%
WL-u4 to -u7""®
18.0" RSU4a>™™ Continental ice sheets expand to the coast and multiple advance/retreat cycles occur®'" 183
ASS-u2®
RSS-3°1%1 Atmospheric pCO, fluctuates (300 to 400ppm, 20-12 Ma)*"*
20.0 RSU5>™31 Mi-1 Glaciation, warming 5-6°C%**"
L| 23.0 céCn Atmospheric pCO, decrease (1800-400ppm, 33-23 Ma)**' sealevel decrease by ~100m®'
° WL-84'"1 Transpressional and translateral motion along former Bellingshausen plate boundary? or
§ E| 284 C10n RSS-251%1 possibly WARS activity®
é’ Onset of the Antarctic Circumpolar Current (ACC)?"**2
o Ice caps on elevated land areas expand, forming dynamic continental ice sheets?®?"2°303!
29.0" RSUB> 1> PG/T boundary™"  Oi-1 glaciation (at ~34 Ma)*"*"* Global climate cooling
L| 338 ci13r WL-u3"™* First formation of the WAIS*®
Unit | (60-21 Ma)'? Bottom currents in the Amundsen Sea, elongate sediment drifts build-up™"”
. ASS-2 (L.Cret-Olig.)*  Atmospheric pCO, declines (1750-700ppm, 38-33 Ma), temp ~4°C lower than today®"?
S WL-S3"" Faulted & folded units suggest convergent, transpressional passive rifting margin®
E M| 420 C20n' Youngest magnetic seafloor spreading anomaly in the Amundsen Sea deep-sea basin'* o
450 cC20r' North-south orientated strike-slip motion®, full spreading rates decreased to 30-40 mm/Myr' 3
Atmospheric pCO, increase (800 to 1800 ppm, 55-42 Ma)*"? 3
E| 48.6 C22n Full spreading rates steadily decreasing from 60~70 mm/Myr' 2
g L| 55.8 C24r Proto-Ross Sea gyre develops™ surface waters cool® bottom water circulation™ é
& E| 617 C27r Independent motion of Bellingshausen plate ends, becomes part of West Antarctic plate'? 5
L| 655 C29r ASS-ut® Emplacement of Marie Byrd Seamounts (65-55 Ma)'® &
69.0 C31r'? Shift in Pacific Plate motion, transform faults bend left' 5
] 740 C32r.2r'? Bellingshausen plate rotation shifts to counter-clockwise'*, spreading rate 60-70 mm/Myr'? §
§ C33n'? Antarctic passive margin west of the Proto Antipodes Fracture Zone formed" g
2 80.0 C33r'"? RSS-1%"*" volcanics  Bellingshausen plate moves independently forming ~670 km wide COT zone' ‘g
5} WL-S1"% volcanics  Seafloor spreading propagates from Amundsen Sea West, Ross Sea opens' §
E| 84.0 C34y'? ASS-1 (E.Cret.)? Initial oceanic crust forms in the Amundsen Sea basin, divergent margin' e
90.0 Continental rifting, beginning of break-up between Zealandia & Marie Byrd Land"?

EAIS - East Antarctic Ice Sheet, WARS - West Antarctic Rift System. Prefixes: RSS - Ross Sea Shelf, ASS - Amundsen Sea Shelf, WL - Wilkes Land.
pCO, ppm - partial pressure atmospheric CO, in parts per million

References: "Wobbe et al., 2012 *Eagles et al., 2004 *Gohl et al., 2013 “Miiller et al., 2007 *De Santis et al., 1999 °Nitsche et al., 2000 ‘Dowdeswell et al., 2004, 2006 *Weigelt et al., 2009
“Klages et al., 2013 "Haq & Schutter, 2008 "'Escutia et al., 2005, 2011 "2Uenzelmann-Neben & Gohl, 2012 “Brancolini et al., 1995 “Brancolini & Leitchenkov, 2010 "*De Santis et al., 2003
"*Kipf et al., 2013 ""This paper "®Anderson, 1999 "“Huber et al., 2004 *Miller et al., 2008 *'Pollard & de Conto 2009 *Lowe and Anderson, 2002 *Haywood et al., 2009 *Berner & Kothavala
2001%Zachos et al., 2001 *Barker, 2001 ’LaBrecque et al., 1986 *Livermore et al., 2005 *Miller et al., 1990 *’Lawver & Gahagan, 2003 *'Ozko 1997 *Barker et al., 1991 **Pagani et al.,
2005 *Lear et al., 2008 **Anderson, 2006 *Smith & Anderson, 2010 *Tripati et al., 2009,2011 *Wilson et al., 2013 S'electronic supplement, S1.
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8. Amundsen Sea basin

Rise of New Zealand separated from the Pacific margin of West Antarctica at western
Thurston Island and Marie Byrd Land between 90 and 83 Ma (Fig. 8-2; Table 8-1; e.g.
Eagles et al., 2004; Wobbe et al. 2012). The basin opening propagated from East (older) to
West (younger). In the East, multi-stage wide-mode rifting dominated (Wobbe et al., 2012;
Kalberg and Gohl, 2013) whilst narrow-mode extension took place in the eastern Ross Sea
(Luyendyk et al., 2003; Davey and De Santis, 2006; Jordan et al., 2010).

Between about 80 and 62 Ma, (C34y and c270 in Fig. 8-2) the Bellingshausen plate
(BHP) moved independently from the Antarctic plate along the Proto-Antipodes fracture
zone (Fig. 8-2; Larter et al., 2002; Eagles et al., 2004; Wobbe et al., 2012).

The southern margin of the BHP formed a diffuse, possibly distributed plate boundary
zone crossing the Amundsen Sea Embayment (Fig. 8-2; Fig 9f in Wobbe et al; 2013). By 61
Ma, the BHP was incorporated into the Antarctic plate (Table 8-1; Cande et al., 2000;
Eagles et al., 2004; Wobbe et al., 2012).

Shortly after the BHP demise, the Marie Byrd Seamounts (Figs. 8-1, 8-2; MBS) were
emplaced until the early Cenozoic (65-56 Ma; Kipf et al., 2013; Table 8-1). Recent gravity
and seismic refraction data modelling in the Amundsen Sea Embayment and eastern
Amundsen Sea continental rise (line AWI-20060200, Fig. 8-2) suggest that MBS
emplacement was accompanied by magmatic underplating due to partial melting (Kalberg
and Gohl, 2013). Near the far eastern part of the Amundsen Sea basin, Apatite-He age
trends indicate a major fault system was active during or after the Oligocene, but the extent
thereof is uncertain (Lindow et al., 2011; Wobbe et al., 2012).

The remaining Oligocene, Eocene and Miocene stages of the basin development
comprised on going passive margin rifting, which widened the Amundsen Sea basin to its

present day geometry and extent (Figs. 8-1, 8-2).

8.3.2 Palaeoclimate development

Several palacoclimate events occurred during the rifting and tectonic evolution of the
Amundsen Sea basin, summarised in Table 8-1 and online supplement 1.1. The Cretaceous-
Palacocene climate (> 55.8 Ma) is thought to have been warm and relatively ice-free, with
atmospheric CO; in the region of 900 ppm (Berner and Kothavala, 2001, GEOCarb III),
eustatic sea level ~200 m higher, and sea surface temperature (SST) 2-3° warmer than today
(Hagq et al., 1987; Haq and Schutter, 2008; Fig. 1-1 in Ch. 1).

Most of West Antarctica was elevated above sea level (Wilson et al., 2012; ANTscape G.
Eagles, personal communication, 2011; Fig. 1-2 in Ch. 1) and the ocean gateways between
East Antarctica and Australia (Tasmanian gateway) and between South America and the
Antarctic Peninsula (Drake Passage/Scotia Sea gateway) were still closed (e.g. Bijl et al,,
2013; Eagles and Jokat, 2014). A proto Amundsen Sea / Ross Sea gyre may have developed
towards the late Palacocene (Huber et al., 2004) and surface waters cooled sufficiently to

initiate bottom water circulation (Uenzelmann-Neben and Gohl, 2012).
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Initial stage deposits on the Pacific margin of East Antarctica comprised lava flows (units
RSS-1 in the Ross Sea, WL-S1 on the Wilkes land margin; Table 8-1 and references therein)

recognisable in multichannel seismic images (e.g. De Santis et al., 1999; Escutia et al., 2005).

In the early Eocene (55.8-42 Ma), atmospheric CO; doubled (1800 ppm) and the SST
increased by a further 3° (Table 8-1; Fig. 1-1 in Ch. 1). These higher palacoclimate
indicators coincide with the maximum age extent of the Amundsen Sea basin. After 42 Ma,
the atmospheric pCO; rapidly decreased (to 700 ppm, 38—-33 Ma) and SST fell to only being
1° higher than today (Fig. 1-1 in Ch. 1). Shallow to deep water gateways developed in the
Tasmanian and Drake Passage/Scotia Sea gateways while Antarctic’s climate became
increasingly cooler. By the Late Eocene/Oligocene transition, the first West Antarctic Ice
sheet (WAIS) formed (Wilson et al., 2013; Table 8-1) and bottom currents in the Amundsen
Sea intensified to such an extent that elongate sediment drifts formed in the eastern part
(seismic Unit I in Table 8-1; Uenzelman-Neben and Gohl, 2012).

Compared to 70 Ma, the West Antarctica land topography was now significantly eroded
and more parts in the Ross Sea shelf submerged (Fig. 1-2 in Ch. 1; Wilson et al., 2012;
2013). The Eocene/Oligocene transition is marked by high amplitude regional
unconformities, visible in the Ross Sea and Wilkes Land seismic images (RSU6, WL-u3 in
Table 8-1; De Santis et al., 1999; Escutia et al., 2005). Borehole information from IODP
Leg 318 Site U1356 (Fig. 8-2 inset) confirmed the WL-u3 boundary as marking a transition
from a warm ice-sheet free climate, hereafter referred to as Pre-glacial (PG) climate regime, to
a colder climate with an dynamic ice sheet arrival at the coast (Escutia et al., 2011), hereafter

referred to as a Transitional (T) climate regime (PG/T boundary, Table 8-1).

From the Oligocene to mid-Miocene (34-15.5 Ma) atmospheric pCO, spiked from 700
ppm to 1700 ppm (34-31 Ma) and fell again to ~-500 ppm at 15 Ma (Table 8-1; Fig. 1-1 in
Ch. 1; Tripate et al., 2009; 2011). Sea level decreased consistently to ~100 m higher than
today, whereas SST stayed similar to present day temperatures (Haq and Schutter, 2008; Fig
1-1 in Ch. 1). The Southern Ocean gateways fully opened to deep-water passages, and the
Antarctic Circumpolar Current (ACC) developed.

This period is marked by an increased amount of sediment deposition: seismic units RSS-
3, RSS-4 in the Ross Sea (Table 8-1; Brancolini et al.,, 1995; De Santis et al., 1999;
Brancolini and Leitchenkov, 2010); WL-S5 and WL-S4 in Wilkes Land (De Santis et al.,
2003; Escutia et al., 2005; 2011) and Unit II in the eastern Amundsen Sea (Uenzelmann-
Neben and Gohl, 2012). Elongate drifts and levee drift deposits in the eastern Amundsen
Sea increased in response to intensified bottom water circulation (Uenzelmann-Neben and
Gohl, 2012). In addition, sediment transport across the shelf and slope increased as the
continental scale ice sheets had numerous advance/retreat cycles at the coast and advanced
onto the inner shelf (De Santis et al., 1999; Brancolini et al., 1995; Haywood et al., 2009;
Brancolini and Leitchenkov, 2010; Uenzelmann-Neben and Gohl, 2012; Gohl et al.,
2013b).

By the mid-Miocene climate optimum (15.5 Ma in Table 8-1) the transitional climate

regime developed into the current icehouse polar climate as SST and sea level continued to
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fall, while atmospheric pCO; level stayed between 200-400 ppm (T/FG boundary in Table
8-1; Fig. 1-1 and references therein; Anderson 1999).

The ice-house climate, hereafter referred to as the Full glacial (FG) climate regime, span
the mid-Miocene to the present-day and is dominated by multiple grounded advance and
retreat cycles of the West Antarctic Ice Sheet (WAIS) and East Antarctic Ice Sheet (EAIS)
onto the outer shelf (Miller et al., 2008), and the building of progradational sequences (De
Santis et al., 1999; Brancolini and Leitchenkov, 2010; Gohl et al., 2013b).

The ACC and Antarctic Bottom Water (AABW) circulation developed fully
(Uenzelmann-Neben and Gohl, 2012) and the Antarctic topography changed, especially in
West Antarctic and the Ross Sea, where much of the region were now submerged (see Fig. 1-
2 in Ch. 1, compare the area in the red square in 34 Ma (Wilson et al., 2012; 2013) to the
present-day topography (BEDMAP Lythe et al., 2001; ALBMAP Le Brocq et al., 2010)).

175°'W 165°W 155°W 145°W 135°'W 125°W 115°W
\

60°S

65°S

70°S

Fig. 8-2. Isochron compilation map for the Amundsen Sea and Ross Sea region modified after Wobbe et al. (2012).
Isochrons are labelled in red and appended with o — old or y — young. Dashed lines — Fracture zones that cross the AS-
RS transect (thick red/black line). Selected tie lines used in this work are annotated and summarised in Table 8-2. Main
seismic surveys are AWI-2010 — red; Tan0602 — green; Ant2006 — yellow; Ant94 — navy; selected lines from BGR80 —
labelled. Supporting age information was drawn from boreholes: yellow circles — DSDP Leg 28 drill sites 270, 271, 272;
green circle — DSDP Leg 35 Site 324; and further afield, show on the inset: blue circle - ODP Leg 178 Site 1095;
purple circle — IODP Leg 318 Sites U1356 and U1359. Velocity data for sediment thickness estimates were taken from
selected Tan0602 sonobuoys — orange squares (Ch. 5), interval velocities from the AS-RS transect seismic data (Tables
8-3, 8-4; online supplement 1.2), and ocean-bottom seismograph (OBS) measurements on line AWI-20060200,
annotated (Ch. 5; Kalberg and Gohl, 2013). Red arrows and background image for land are the same as for Fig. 8-1.
MBS — Marie Byrd Seamounts.
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The Full glacial climate seismic sequence comprise: units RSS-5 to RSS-8 in the eastern
Ross Sea (Table 8-1; Brancolini et al., 1995; De Santis et al., 1999; Brancolini and
Leitchenkov, 2010); WL-S9 in Wilkes Land (De Santis et al., 2003; Escutia et al., 2005;
2011) and Units III and IV in the eastern Amundsen Sea (Uenzelmann-Neben and Gohl,
2012). Borehole information from IODP Leg 318 Site U1356 (Fig. 8-2 inset) confirmed the
WL-U5 boundary as marking a transition from dynamic to a persistent ice sheet (Table 8-1;
Escutia et al., 2011).

8.4 Database and Methods

8.4.1 Seismic reflection data

The multichannel seismic profiles AWI-2010xxxx used to construct the AS-RS transect
were acquired during the ANT-XXV1/3 RV Polarstern expedition (Figs. 8-1, 8-2; Table 8-2;
Gohl, 2010). Exceptionally favourable sea-ice conditions allowed the acquisition of a
continuous ~2000 km profile along the -72°S latitude, and a previously unsurveyed sector of
the Pacific margin of West Antarctica. The TAN0206-xx lines in Figs. 8-1, 8-2 and Table 8-
2 were acquired during the 2006 RV Tangaroa expedition and complement the AWI-2010

lines.

This combined dataset now links existing deep sea seismic data in the eastern Amundsen
Sea (Nitsche et al., 1997, 2000; Scheuer et al., 2006; Gohl, 2007; Uenzelmann-Neben and
Gohl, 2012) with some of the eastern Ross Sea shelf data in the eastern Ross Sea (Figs. 8-1,
8-2; Fritsch, 1980; Anderson and Bartek, 1992; ANTOSTRAT, 1995; Brancolini et al.,
1995; De Santis et al., 1995, 1999; Brancolini and Leitchenkov, 2010), via an initial
TAN0602-BGR80 shelf-slope link (Fig. 8-2). The acquisition and processing parameters for
the ANT-XXVI/3 survey, hereafter referred to as the AWI-2010 survey and the TAN0206
survey are described below. Additional lines used in this work are summarised in Table 8-2

and elaborated upon in section 8.4.3 and 8.5.2.

8.4.1.1 The AWI-2010 survey on the RV Polarstern

Most of the AWI-2010xx profiles used to construct the AS-RS transect (Figs. 8-1, 8-2;
Table 8-2) were acquired using a 3000 m long SERCEL Sentinel streamer as receiver, with
240 active channels and towed at a nominal depth of 10 m. Profiles AWI-20100108 and
AWI-20100109 are the exceptions where the long streamer was replaced with an older,
analogue 600 m long Prakla streamer with 96 channels due to changing sea-ice conditions.
These two profiles are short (34 km and 54 km respectively, Table 8-2) and had a minimal
impact on the overall transect data quality or continuity. In all cases, the source consisted of
two to three GI-Guns of 4.8-7.2 litres (300450 in®) total volume, fixed to a steel frame and

towed -7 m behind the vessel in -3 m water-depth. Shots were fired at a 12-second interval
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in true GI-mode and at 195 bar nominal operational pressure. Data were sampled at a 1 ms
and recorded to 10 s trace length using the on-board SEAL recording system (SERCEL).
Restrictions by the German Federal Environmental Agency prevented the use of a larger
airgun source needed to image the basement beneath very thick sedimentary layers.
Consequently, basement was poorly imaged in some cases, especially in profile AWI-
20100117 in the East.

Some data gaps occur due to stopping acquisition when marine mammals were observed
close to the vessel and appear as white strips in the seismic images. A large data gap of ~50
km exist between shot points 14075-15535 and common-mid-point (CMP) 19312-21314
on line AWI1-20100110 (Fig. 8-3), due to a fault in the recording system. However, because
the seismic units and reflectors are continuous, dominantly horizontal and undisturbed over
vast distances, they matched up precisely on either side of the data gap without applying a
static shift and it was possible to omit the data gap. This facilitated an improved visualisation

of the data and continuity of the seismic interpretation across this most central part of the

Amundsen Sea basin.

Table 8-2.

Post-stack time migrated seismic reflection profiles used in this study, totalling 5412 line km. Lines are listed in order of appearance, from west to east, as
shown on the map in Fig. 1. See text for the processing details on the AWI-2010 and the TANO602 data.

Profile Sample . . Receiver

Profile Cruise, year, ship length Length Rate  First SP  Last SP First  Last Source (# airguns, (streamer length
[km] (msec) (msec) CDP  CDP total volume) [m], channels)

BGR80-003 BGR-80, 1980, E 612.6 8000 4 1 12253 - - G-gun array, 23.51 2400 m, 48
BGR80-004 BGR-80, 1980, E 617.8 9000 4 1 12355 - - G-gunarray, 23.5|1 2400 m, 48
BGR80-005 BGR-80, 1980, E 320.5 8000 4 1 6409 - - G-gun array, 23.51 2400 m, 48
ATC82B-203 ATC-82B, 1982, F 287.9 9000 4 1 5758 - - tuned airray, 36| 2000 m, 48
TAN06020-06 TAN-0602, 2006, T 306.1 12000 2 1001 7150 100 12342 4Gl-guns,9.81 200 m, 32
TAN0602-04p4 TAN-0602, 2006, T 245.3 12000 2 8501 13979 100 9910 4Gl-guns,9.81 100 m, 16
TAN0602-06A TAN-0602, 2006, T 150.4 12000 2 1001 4011 100 6116 4 Gl-guns, 9.8 200 m, 32
TAN0602-06B TAN-0602, 2006, T 72.2 12000 2 1001 2459 100 2988  4Gl-guns, 9.8 200 m, 32
TAN0602-06C TAN-0602, 2006, T 160.3 12000 2 1001 4612 100 6512  4Gl-guns, 9.8 200 m, 32
AWI-20100107 ANT-XXVI/3, 2010, PS 390.4 10000 1 1 11920 66 15742 3 Gl-guns, 7.5 3000 m, 256
AWI-20100108 ANT-XXVI/3, 2010, PS 339 10000 2 1 1002 17 1386 3 Gl-guns, 7.51 600 m, 96
AWI-20100109 ANT-XXVI/3, 2010, PS 89.4 10000 2 1 2695 17 3606 3 Gl-guns,7.51 600 m, 96
AWI-20100110 ANT-XXVI/3, 2010, PS 917.6 10000 1 1 27181 66 36829 3Gl-guns, 7.51 3000 m, 256
AWI-20100117 ANT-XXVI/3, 2010, PS 571.5 10000 1 1 17465 66 22987 3Gl-guns, 7.51 3000 m, 256
AWI-94050 ANT-XI/3, 1994, PS 175.7 10000 2 1 4153 18 7046  8Gl-guns, 241 600 m, 96
AWI-94054 ANT-XI/3, 1994, PS 290.2 10000 2 1 6740 18 11623 8 Gl-guns, 24| 600 m, 96
AWI-20060200 ANT-XXIlI/4, 2006, PS 170.3 8000 4 1 1111 8 3448  8G-guns, 68.21 600 m, 96

References: BGR-80xx lines - Fritsch (1980), Hinz and Block (1985) and ANTOSTRAT (1995); ATC-82xx line - Wannesson et al. (1985); AWI-94xx lines - Gohl et
al. (1997), Nitsche et al. (1997, 2000), Uenzelmann-Neben et al. (2007); AWI-2006xx - Gohl (2007), Uenzelmann-Neben and Gohl (2012), Kalberg and Gohl

(2014); online supplement S5. The AWI-2010xx and TAN-06xx lines pertain to this study.

Abbreviations: mig - migration, E - RV Explora, F - RV Francias, T - RV Tangaroa, PS - RV Polarstern.

Seismic processing followed a standard approach using the processing software FOCUS

(by Paradigm). The data was not resampled and kept at 1 ms in all processing steps. After
trace editing a high pass filter tapered at 5-10 Hz was applied, to allow higher frequencies
and maximum resolution of the data. Channels 2, 7, 8-10, 43, 70, 105 and 106 were
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particularly noisy and muted throughout the AWI-20100107, -110 and -107 lines. Both
predictive and spiking deconvolution were tested for removing the ghost and internal
multiples prior to velocity analyses. Spiking deconvolution effectively removed the ghost
when using a 30 ms window, 100 ms operator length and 0.1% white noise, but introduced
ringing artefacts in key parts of the deeper sequences and across major sequence boundaries
after stacking. It was therefore only applied during velocity analyses and in selected cases to

more clearly image unconformities, geometry of drifts, or the seismic unit boundaries.

Static corrections of up to 2 ms were applied to profiles AWI-20100108 and -109,
because the 600 m streamer was not equipped with depth control devices due to sea-ice. The

ghost on these two profiles was effectively removed with the application of an F-K filter.

Velocity analysis was applied at every 50" CDP and intervals were picked to match
sequence boundary horizons closely. After normal-move-corrected (NMO) and spherical
divergence adjustment, a Kirchoff time-migration was applied to the stacked section. A

maximum migration angle of 65 degrees and 90% of the NMO velocities were used.

The interpretation of the seismic images is based on the change in seismic characteristics
such reflectivity and variation of internal reflection geometries. No additional filters or
amplitude scaling were applied to most sections, so that true amplitudes were largely
preserved. In one case, AGC was partially applied on line AWI-20100117), between CDP’s
15000 — 22988 to image the basement more clearly.

8.4.1.2 The TAN0G6O2 survey on the RV Tangaroa

The RV Tangaroa acquired 3409 km of seismic data, and velocity data from 16
sonobuoys, during the 2006 TAN0602 marine geophysical survey in the Ross Sea conducted
by NIWA and GNS Science of New Zealand (Fig. 8-1; Table 8-2; Ch. 5). Eleven seismic
lines were acquired with a 300 m streamer with 48 channels (near offset ~129 m and far-
offset ~422 m) towed at a nominal depth of 10 m. The source consisted of 4 GI-Guns (9.8
L) towed at 5 m depth and fired in true GI-mode, resulting in a shot spacing of 50 m.
Recording was done for 12 s at a sample rate of 1 ms and a 10 Hz low-cut filter applied

during acquisition.

The lines vary in geometry and acquisition parameters due to sea-ice conditions, which
introduced additional noise and necessitated processing in parts. This particularly affected
line TAN0602-04 where noise due to sea-ice conditions, and damage caused by the snagging
and parting of the streamer by an iceberg, reduced sections of the 48 channel streamer to 16
on the whole array (Table 8-2). Channels 1, 7 and 33 were consistently noisy and were

muted throughout.

Preliminary seismic data processing to final migrated stacks were done on-board using the
shot point navigation. Zero traces were inserted for missing shots to account for <10 km
wide gaps and jumps in the line geometry. Line gaps of >10 km were processed as separate

lines (Fig. 8-2 and Ch. 5). A 25 m CMP spacing ensured a good signal-to-noise ratio.
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A standard final processing flow was used in the GNS Science’s in-house developed
GLOBE CLARITAS seismic processing package and included: resampling the data down to
2 ms, applying a 225-250 Hz low pass filter, standard muting of noisy traces and data spikes
before velocity analyses, followed by stacking. After stacking a band-pass filter of 4-24 Hz
was applied and finite difference migration was done, with a dip migration of 45 degrees and
100% of the NMO velocities were used. The finite difference post-stack migration

produced a clearer true-dip image.

Reference section:

AWI-20100110 extract [PSTM] AS-10
High amplitude, parallel reflectors.
drifts ~ 4 km water Thin unit, uniform in thickness.

depth Several drifts trend east.

56 seafloor

AS-9

High amplitude, parallel reflectors.

Clear unconformities. Thicker in the west.
Fewer drifts than AS-10.

58

6.0
AS-8

High amplitude, closely spaced parallel
reflectors. Fewest drifts.

Unit pinches out in the west.

6.2

6.4
AS-7

High amplitude, continuous, parallel
reflectors. Uniform thickness.
Strong internal unconformities.

6.6

6.8
k) AS-6
g o Amplitude highly variable. Reflectors
= discontinuous but parallel. Uniform
,% thickness. Few internal unconformities.
Z 724
2 AS-5

Medium to low amplitude. Parallel
reflectors are more wavy than AS-4.

>l
iN
1

)
o
I

AS-4

Consistent medium amplitude,
784 discontinuous reflections.

’ Unit thins on the basin flanks.

80 AS-3
Medium to low amplitude.
Evenly spaced, wavy reflections.

8.2 Unit thins in the east after large drift.

8.4 AS-2
Low to medium amplitude reflectors on

transparent background. Thin unit that

Endeavour

8.6
fracture follows basement topography.
8.8 zone AS-1
- - Lowest to transparent amplitude.
Shot 13000 dg 17000 18000 18980 Thins markedly to basin flanks. Smooths

out block-faulted basement topography.
| ~150 km |

[ |
West East

Fig. 8-3. Type section of the seismic reflection units observed in the Amundsen Sea basin, see Fig. 8-1 for location. The
proposed Amundsen Sea basin and circum-Antarctic stratigraphy nomenclature are superimposed. Vertical exaggeration is -
50x. The characteristics of each seismic unit or sequence are listed on the right. The units are numbered from the basement
upwards, AS-1 to AS-10 and separated by top of unit discontinuities, labelled AS-ul to AS-ul0. On the far right: The
proposed circum-Antarctic stratigraphy sequences, interpreted to represent acoustic basement (B), pre-glacial (PG),
transitional (T) and full glacial (FG) regime processes. Each sequence is separated by the associated base reflector

discontinuities: uB-PG, uPG-T and uT-FG, respectively. dg — data gap between shot points 14075 — 15535, see text for

explanation.
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The 16 sonobuoys were deployed to a depth of 300 m and the transmission continued for
eight hours. The trace length was initially at 14 s (sonobuoys 2, 3 and 5) then extended to 16
ms for the rest (Ch. 5). All sonobuoys, except 12 and 15, showed clear reflected arrivals to
offsets of >10 km. A low cut frequency filter of 10 Hz and high cut frequency filter of 250
Hz was applied. The detailed acquisition, processing and analyses steps for the sonobuoys are
in Ch. 5. The velocities at sonobuoy stations 8 and 5 are of particular relevance to this work
(see section 8.4.3.3).

8.4.2 Interpretations approach
8.4.2.1 Type section

Prior to interpreting the all relevant AWI-2010 and TANOGO02 lines (Table 8-2) and
linking it with the interpretation of previous surveys, we independently identified the
prominent horizons and unit boundaries observed in the processed seismic images, following
an unbiased approach. To achieve this unbiased approach, we selected a representative type
section in the central part of the Amundsen Sea basin, line AWI-20100110 (Figs. 8-1, 8-2),
with the assumption that the sediments are likely to be the thickest and least disturbed, and
thus would present the best possible opportunity to identify all the potential basin-wide units
(Fig. 8-3; see Fig. 8-1 for location). In mapping the initial prominent first and second order
boundary horizons, we looked for variation in seismic facies characteristics such as
reflectivity, reflection continuity and internal geometry in the vertical axis of the type section

image in Fig. 8-3.

8.4.2.2 Seismic characterization

Subsequently we compared our initial horizons in the type section interpretation to
observations from several studies in other deep sea basins around Antarctica that identified
pre-glacial to glacial sedimentary sequences in seismic reflection data, some of which are tied
to drilling information (e.g. eastern Amundsen Sea: Nitsche et al., 1997, 2000; Uenzelmann-
Neben and Gohl, 2012; Bellingshausen Sea: Scheuer et al., 2006; Weddell Sea: Maldonado
et al., 2006; Lindeque et al., 2013; Riiser Larsen Sea: Leitchenkov et al., 2008; Cosmonaut
Sea: Leitchenkov et al., 2007a; Mawson Sea: Leitchenkov et al., 2007b; Wilkes Land: De
Santis et al., 2003; Escutia et al., 2011; Ross Sea: De Santis et al., 1995; Brancolini and
Leitchenkov, 2010). Shelf studies were not considered under the premise that sediment
processes on the shelf vary from those in the deep-sea basins and the resulting shelf
stratigraphy would therefore be an unsuitable analogue for this objective. We used these
collective interpretations and seismic horizon characteristics of the pre-glacial to glacial units,
as analogues to assess if similar packages can be recognised in the Ross Sea and central
Amundsen Sea deep-sea basins. The assumption being that if these sequences were identified
on an almost circum-Antarctic scale in several of the deep-sea basins, two of these locations

being on either side of the study area, it is very likely that similar sequences could be present.
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8. Amundsen Sea basin

In some parts of the eastern Amundsen Sea and around the Marie Byrd Seamounts, the
FG and T sequences contain distinctive mass sediment transport bodies such as sheeted or
mounded drifts — interpreted to have formed by contour and coast parallel bottom currents,
and channel-levee systems — interpreted to have formed by mass sediment down-slope
gravity-driven transport (e.g. Uenzelmann-Neben and Gohl, 2012). Hence, identifying drifts
or channel-levees in the seismic images of the central Amundsen Sea could similarly give an
indication of the palaco-depositional processes and palaco-bottom current activity in the

central Amundsen Sea basin.

8.4.2.3 Horizon mapping

The type section interpretation was expanded into the regional basin context through an
~2000 km long Amundsen Sea — Ross Sea (AS-RS) transect. The AS-RS transect was
constructed from 8 pre-stack time migrated profiles of continuous seismic data from the
AWI-2010 survey (Figs. 8-1, 8-2; Table 8-2; Gohl, 2010), shown in Figs. 8-4a and
Appendix B-1. It runs approximately through the central axis of the basin length along the
72°S latitude and is the only seismic dataset that crosses full length of the Amundsen Sea
deep-sea basin. Due to these aspects the data presented are currently the most representative

data of this deep-sea basin sediment archive.

To test the initial unit boundary horizons interpretation in the type section (Fig. 8-3)
within the extensive AS-RS transect, not only the marker horizons, but also every internal
reflection were traced up to the farthest western and eastern flanks of the basin and for the
full extent of the transect dataset. In so doing, we were able to identify low-angle onlap or

downlap unconformities and depositional angle changes (Fig. 8-5).

Lastly we mapped the block-faulted basement, the corresponding fracture zones (Fig. 8-2,
8-4, Appendix B-1), and larger internal structures such as drifts and channel-levee systems
(Fig. 8-6). From independent analyses of the central transect, we were in a position to assess
if the unit boundaries and preliminary sequence boundaries correlate with the existing survey

interpretations in the Ross Sea and eastern Amundsen Sea (Fig. 8-1).

Fig. 8-4. The Amundsen Sea — Ross Sea transect. (A) Seamless multichannel seismic acoustic image of the western, central
and eastern Amundsen Sea and eastern Ross Sea, represented in a post-stack time migrated (PSTM) section. White strips in
the seismic image signify data gaps, caused by recording stopped due to the presence of marine wildlife in a <1 km radius to
the ship. Interpreted horizons, also referred to as sequence or unit boundaries, as identified according to the type section
(Fig. 8-3) are overlain in various colours and annotated. Profile numbers, shot number range and kilometre scales are
annotated below. Red dashed lines represent the magnetic anomalies crossing the AS-RS transect, taken from Wobbe et al.
(2012; Fig. 8-2). (B) Interpretative line drawing of the PSTM seismic section in (a) with the seismic units and associated
boundaries. These boundaries are defined by unconformities within the internal reflections (thin back lines in each unit, also
see Fig. 8-5). A high-resolution version of this figure is available in Appendix B-1. Note the presence of drifts in units AS-3
(East), AS-5 (West), AS-8 (East and West), AS-9 (West and central) and AS-10 (West and central) shown in light grey. Red
squared and dashed drop down lines represent points selected for sediment thickness and sedimentation rate calculations
(Fig. 8-10; Tables 8-3 and 8-4; Ch. 5; Appendix B-2). (C) Seismic units in (b) represented as those deposited in the Pre-
glacial (PG) climate regime — yellow polygon, the Transitional (T) climate regime — pale blue polygon, and full glacial (FG)
climate regime — darker blue polygon. Each group is separated by a regional unconformity, labelled uPG-T and uT-FG,

respectively.
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8. Amundsen Sea basin

8.4.3 Integrating pre-existing data
8.4.3.1 Seismic reflection surveys

There are three points where the AS-RS transect ties into the regional seismic survey
network. The first is at the western end of the AS-RS transect, between the ANT2010 and
TANO0G602 surveys, linking the Amundsen Sea deep-sea seismic profile network with that of
the eastern Ross Sea (Fig. 8-2). Lines AWI1-20100107 and AWI-20100108, connect to line
TANO0602-06a, whereas line TAN0602-06¢ crosses line AWI-20100109 (Figs. 8-1, 8-2).
This key seismic stratigraphic link is illustrated in 3D in Fig. 8-7. Since the TAN0602
dataset has no previously published interpretation, the AS-RS transect horizons were

extended onto these lines.

The second key seismic stratigraphic link consists of the Ross Sea shelf-slope connection
between the TANO0602 and AWI-2010 interpretation (this chapter), and the BGR80
interpretations (Fritsch, 1980; Hinz and Block 1985; ANTOSTRAT 1995) in particular,
line BGR80-005 connecting to TAN0602-06 (Figs. 8-2, 8-8; Table 8-2).

Line ATC82B-203 (Fig. 8-2; Table 8-2; Wannesson et al., 1985) provided additional

information on the shelf break where the reflections were obscured by multiples or unclear.

The BGR80-005 interpretation was used as published and the AS-u... unconformities
were traced up the slope, across the shelf along lines BGR80-003 and BGR80-004 (Fig. 8-2;
Table 8-2) and up to line PD-30 (Anderson and Bartek, 1992, interpretation used as is) to
see if they matched. The Ross Sea shelf-slope link is an initial attempt to tie the shelf data

with the greater Amundsen Sea deep-sea horizons. The correlation is shown in Fig. 8-8.

The third key seismic stratigraphic link lies in the eastern Amundsen Sea, on the far
castern end of the AS-RS transect (Figs. 8-1, 8-2). At this intersection, profile AWI-
20100117 of the AS-RS transect crosses lines AWI-94050 and AWI-94054 (Table 8-2; Gohl
et al., 1997; Nitsche et al., 1997, 2000; Uenzelmann-Neben and Gohl, 2012), linked to line
AWI-20060200 (Table 8-2; Ch. 5; Gohl 2007; Uenzelmann-Neben and Gohl, 2012;
Kalberg and Gohl, 2013). The eastern Amundsen Sea link correlation is illustrated in 3D in
Fig. 8-9. The AWI-94050 and AWI-94054 horizons and interpretations were used as
published (Uenzelmann-Neben and Gohl, 2012) and matched to the proposed central
Amundsen Sea basin horizons (Figs. 8-3, 8-4; Appendix B-1). Line AWI-20060200 was

newly interpreted because a detailed seismic horizon interpretation is unpublished (Ch. 5).

8.4.3.2 Borehole information

Boreholes are absent in the central Amundsen Sea basin. We therefore used the borehole
controlled age model from the outer eastern Ross Sea shelf, derived from DSDP Leg 28 Sites
270-272 (Figs. 8-1, 8-2; Hayes and Frakes, 1975) as a guide to estimate ages of interpreted
slope and deep-sea horizons in the AS-RS transect, via a series of seamlessly linked profiles
and extended horizons (Fig. 8-2; Table 8-2 and references therein).
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8. Amundsen Sea basin

To the West of the Ross Sea continental rise, the nearest deep-sea borehole is IODP Leg
318 Site U1356, off the Wilkes Land margin (Fig. 8-2 inset; Escutia et al., 2011)
approximately 1300 km away from the most western point of the AS-RS transect. We used
the seismic reflectivity characteristics of the dated, and biostratigraphically analysed pre-
glacial, transitional and full-glacial sequences, as an analogue to place observations in the AS-

RS Transect in a provisional age- and stratigraphic framework.

To the East of the Amundsen Sea, the nearest borehole DSDP Leg 35 Site 324 (e.g.
Tucholke et al., 1976) is located in the Bellingshausen Sea, about 1000 km from the eastern
most end of the AS-RS transect (Fig. 8-2). This drill site only provides information for the
uppermost 200 m and found Pleistocene and Pliocene aged sediments. DSDP Leg 35 Site
323 lies on the abyssal plain and contain predominantly pelagic deposits. Neither of these
two drill sites was considered useful for the objectives of this work. Farther to the East on the
Antarctic Peninsula margin, ODP Leg 178 Site 1095 is more applicable (Fig. 8-2 inset;
Barker et al., 2002). Sequences of mid-Miocene age in a sediment drift deposit were drilled
and dated (e.g. Iwai et al., 2002; Uenzelman-Neben 2006). Although the drill site lies over
2000 km from the easternmost point of the interpreted AS-RS transect, it was used in
Scheuer et al. (2006) and Uenzelmann-Neben and Gohl (2012) for the horizon correlation
and age model verification in the Bellingshausen Sea (Figs. 8-1, 8-2), and was considered as

supporting information.

8.4.3.3 Velocity measurements for sediment thickness estimates

Sediment thickness-depth sections were constructed from 12 points along the AS-RS
seismic transect (Figs. 8-1, 8-4; Appendices B-1, B-2). The points were chosen to represent
the trends of the changes in sediment thickness and basin geometry and are therefore
irregularly spaced. Due to distant borehole information and absent refraction data in the
central Amundsen Sea basin, it was necessary to use the interval velocities, derived from the
RMS stacking velocities, in order to convert the sediment thickness from two-way-time to
metres. Spiking deconvolution was applied in the velocity analyses in order to consistently
pick the velocity intervals on the sequence boundaries. Supporting velocity information was
extracted from sonobuoys 5 and 8 collected on the TANO0602 expedition (Fig. 8-2;
Appendix B-2) and compared to a reworked refraction model of profile AWI-20060200
(Fig. 8-2; Ch. 5). Since refraction data is usually optimised for studies of the crust, the
sediments in line AWI-20060200 is usually seen as a single layer (Kalberg and Gohl, 2013).
It was thus necessary to recreate a simple 1D velocity model from stations ST205 and
ST206, with layers picked according to the main identified seismic sedimentary units (Ch.
5). The interval velocities, derived from the stacking velocities (see the compiled velocity
model in Appendix B-2), at each one of the 12 points, compare well to the interval velocities
of refraction line AWI1-20060200 (Ch. 5) even though the refraction line is ~1000 km from
the transect and near to the upper slope. The velocities used are also consistent with the

sonobuoy velocities in the Ross Sea (Ch. 5).
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Uncertainties of up to 50 m in sediment thickness occur due to the TWT picks accuracy
that can differ by half or a full phase cycle, depending on the visual interpretation. The

uncertainties of interval velocities are estimated at 0.1 km/s.

8.4.4 Age model and sedimentation rate estimates

Due to the sparse or completely absent borehole information, there is no direct control on
the basement age of the Amundsen Sea basement. Alternatively, oceanic basement age
control was obtained from the magnetic seafloor spreading anomalies of Wobbe et al.
(2012). The magnetic seafloor spreading anomaly isochrones that crosses the AS-RS transect
are delineated as thin black dashed lines in Fig. 8-2 and the isochrones annotated in red, key
fracture zones are labelled. These were used in conjunction with the seismic reflection data

to derive a stratigraphic age model. The age model was constructed as follows:

Each of the 12 points used in the sediment thickness-depth sections (section 8.5.3) were
assigned the age of the closest isochron, or the age was linearly interpolated between the two
closest anomalies (Fig. 8-4; Appendix B-1). This age was then used to place the basement
horizon in each of the 12 sections at the corresponding age position on the geological time
scale, and the sections vertically stretched so that seafloor matched 0 time (Fig. 8-10). To
estimate the relative depositional time span of each unit, the first and last occurrence of that
unit was projected back onto the time scale (thin colour bars on the left in Fig. 8-10). The
deduced age range for each unit was used in conjunction with the 12 point-based sediment
thickness estimates (Table 8-3) to calculate the sedimentation rates (Table 8-4).

The age model and seismostratigraphy presented here are based on all available data in the
region and provide a first provisional framework, which allows an improved analysis of the
pre-glacial to glacial processes of West Antarctica, and, provides a basis for implementing

palacobathymetry grids as well as palaco-ice sheet modelling.

8.5 Results

8.5.1 Seismic interpretation and horizon characteristics
8.5.1.1 Type section and nomenclature definition

The representative central section of the AS-RS transect (see Fig. 8-2 for location) and the
assigned a new bottom-to-top seismic stratigraphy nomenclature are shown in Fig. 8-3, with
the comparison to the type sections from three other Antarctic deep-sea basins summarised
below. Prominent horizons or unconformities were assigned up-sequence as AS-ul, AS-u2
and so on. AS stands for Amundsen Sea and —ux for the discontinuity or unconformity
horizon number. Similarly, the sequence units between two boundary horizons were assigned

AS-1, AS-2 etc. and numbered up-sequence.
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8. Amundsen Sea basin

We started the interpretation with the delineation of the basement horizon and observed
block faulting (bsmnt and black angular lines in Fig. 8-3). Continuing up from the
basement, the first high amplitude, continuous reflector was assigned as AS-ul, followed by
AS-u2. Both reflectors stood out prominently against the low amplitude to transparent
background. The next unit boundaries were identified at reflectors AS-u3, AS-u4, and AS-
u5, as amplitudes increased consistently up-sequence and the internal unit reflections

geometry changed to more closely spaced.

AS-u6 is mapped along a low angle unconformity with onlap up-dip (between 6.2 — 6.4 s
and shot numbers 17000-18000 in Fig. 8-3) and also marks a strong amplitude increase of
all the units above this horizon. AS-u7 and AS-u8 are high-amplitude unconformities as
well, and -u9 was chosen at the base of the drifts, but above what seems to be a truncated
drift (at 5.75 s and shot numbers 15000-16500).

In concluding this step, we initially identified two horizons (AS-u4, AS-u6 in Fig. 8-3) as
the preliminary boundary horizons for the first order sequences. However, it was still
ambiguous at this stage if either AS-u4 or AS-u3 would be the lower 1* order sequence
boundary. A more conservative approach was taken by favouring AS-u4, because the internal
amplitudes of AS-u4 seemed higher (i.e. darker grey in the image) than AS-u3. This
boundary horizon was re-evaluated again more closely in the comparison with other type

sections around Antarctica and the regional transect mapping (section 8.4.2).

To identify the pre-glacial to glacial sequences and characteristics, we compare our type
section to other type sections of deep-sea basins around Antarctica. These studies typically
described the pre-glacial seismic sequence as the initial series of discontinuous reflections,
showing low amplitude to transparent reflectivity and occurring just above the crystalline
basement. Internal reflections are predominantly parallel to each other and the basement
topography. If plotted in true amplitude, this sequence appears light grey to white on a grey
scale seismic image e.g. units below WL-u3 in Escutia et al. (2011), unit WL-S3 in DeSantis
et al. (2003, Figs. 8-3, 8-4) Unit I in Uenzelmann-Neben and Gohl (2012, line AWI-94054
in Fig. 8-2d) and units WS-S1 to WS-S3 in Lindeque et al. (2013, Figs. 8-4, 8-6 and
Appendix B-1).

These studies described the reflectors in the transitional (T) sequence units as closer
spaced, horizontal to wavy, and of medium amplitude with internal structure or
discontinuities. Buried drifts and cut-and-fill geometries can occur infrequently. This
sequence typically has a medium grey appearance if plotted without display filter adjustments
e.g. WL-S4 and WL-S5 in Escutia et al. (2011) and DeSantis et al. (2003; Figs. 8-3, 8-4),
Unit II in Uenzelmann-Neben and Gohl (2012, line AWI-94054 in Fig. 8-2d) and unit
WS-§4 in Lindeque et al. (2013; Figs. 8-4, 8-6 and Appendix B-1).

The full glacial (FG) sequence units were mostly characterised the highest amplitude
reflections and strong lateral continuity. Internal reflections are parallel and closely spaced,
with a collective dark grey to partly black appearance on a greyscale seismic image of true
amplitudes e.g. WL-S6 to WL-S8 in Escutia et al. (2011) and DeSantis et al. (2003; Figs. 8-
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8. Amundsen Sea basin

3, 8-4), Units III and IV in Uenzelmann-Neben and Gohl (2012, line AWI-94054 in Fig. 8-
2d) and units WS-S5 to WS-S7 in Lindeque et al. (2013, Figs. 8-4, 8-6, Appendix B-1).

Using the seismic characteristics identified in these other studies as a guide, we visually

identified the uPG-T and uT-FG boundaries in our type section, interpreted as separating

the 1% order pre-glacial, transitional and full-glacial sequences (annotated in Fig. 8-3). The

ambiguity around AS-u3 / AS-u4 became clearer and AS-u3 was favoured as the lower (uPG-

T) 1 order sequence boundary instead. In the central Amundsen Sea type section (Fig. 8-3)

we describe the pre-glacial, transitional and full glacial sequence as follows:
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Fig. 8-5. Interpretation of an extract from the AS-RS transect (Fig. 8-4; Appendix B-1) to illustrate the low-angle onlap

and downlap unconformities observed in the PSTM image, used to determine the boundaries for the sequences

deposited in the pre-glacial, transitional and full glacial climates regimes. (A) AS-RS transect multichannel seismic data
image from lines AWI-2010110 and -117 (Figs. 8-1, 8-2, 8-4 and Appendix B-1) with the main seismic unit

boundaries overlain and annotated. Red dashed lines represent the magnetic anomalies crossing the AS-RS transect,

taken from Wobbe et al. (2012; Fig. 8-2). (B) Line drawing of the seismic image in (a) with the unconformities

annotated. Note how the reflector angles change: parallel to the basement slope up to AS-u3, then more angular up to

AS-u6, and progressively more horizontal towards the top units. A 2™ order internal unconformity occurs in AS-3,

which terminates against the drift. Smaller scale internal unconformities were mapped in the other units (annotated).
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8. Amundsen Sea basin

* The uniform pre-glacial sequence displays a low to transparent reflectivity and lack
internal structure, which indicates well-sorted sediments, probably associated with

river transport processes active in the greenhouse period of Antarctica.

* The glacial transitional sequence has medium to low amplitude reflectivity and the
reflectors are discontinuous, parallel and evenly spaced. The higher amplitudes are
probably due to poorer sorted material, associated with increased down-slope gravity-

driven and along-slope bottom current driven sediment transport processes.

* The full glacial sequence shows the highest reflectivity and the reflectors are parallel
and closely spaced. Drifts occur in AS-9 and AS-10. The high amplitudes are
interpreted as being indicative of the continued supply of predominantly poorly
sorted material through mass down-slope sediment transport processes as ice sheets

oscillated on the shelf.

Even though these type sections in the Weddell Sea, eastern Amundsen Sea and Wilkes
Land studies are far apart from each other, and from this study’s central Amundsen Sea type
section, the visual resemblances of the PG, T and FG sequences between the type sections,

when placed directly next to each other, are striking.

8.5.1.2 Seismic characterization and horizon stratigraphy

We used the nomenclature and marker horizons from the type-section to map the
remaining full length of the AS-RS transect and present new basin-wide seismic stratigraphy
for the Amundsen Sea deep-sea basin (Figs. 8-4, 8-5 and Appendix B-1).

The acoustic basement topography is irregular and rugged along the western basin flank
(line AWI-20100107 in Figs. 8-1, 8-2) as well as on the eastern Amundsen Sea flank (line
AWI-20100117 in Figs. 8-1, 8-2). The basin geometry deepens towards middle of the
transect, forming a classic ‘saucer shape’ and a valley in the centre (line km 1000 to 1200 in
Fig. 8-4 a, b and Appendix B-1). To the left of the centre point (line km 700 to 1100), block
faulting was mapped. The fracture zones predicted in the magnetic data (Wobbe et al., 2012)
match major basement faults observed in the AS-RS transect seismic reflection data (Kohiko-
, Pahemo- and Endeavour fracture zones, labelled in Fig. 8-2 and Fig. 8-4). Magnetic
seafloor spreading anomalies crossing the transect are annotated in red dashed lines and

labelled (Fig. 8-4a and Appendix B-1).

In the region to the left of the centre point (line km 1100 to ~1650) and up to the first
seamount (near line km 1700 in Figs. 8-2, 8-4, 8-5 and Appendix B-1), the basement
topography is anomalously smoother and without faulting. The slope angle of this

anomalous part is -1 degree (Fig. 8-5, vertical exaggeration ~110x).
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Fig. 8-6. Extracts of seismic images and interpretation from the AS-RS transect, highlighting the drifts or mounds
observed in the pre-glacial, transitional and full glacial groups. (A) FG-drifts: Extract of the full-glacial sequences in line
AWI-20100110, from shot 5209-14075 or CMP 7481-19312 (Fig. 8-4; Appendix B-1). The amount of drifts increases
from one in AS-8, two in AS-9, to several stacked and more widely distributed ones in AS-10. The main base of the
stacked drifts lies on AS-u9. Red dashed line — point 1 used for sediment thickness estimates (Fig. 8-4; Table 8-3). (B)
T-drifts: Composite extract of the transitional sequences in lines AWI-20100107 to -110 (Fig. 8-4; Appendix B-1). The
drifts or mounds, defined by the dashed lines, cut through units AS-5 and AS-6 as well across the transitional to full-
glacial unconformity AS-u6/uT-FG, and even into the full-glacial unit AS-7. The amalgamated base of these drifts or
mounds mostly lies on AS-u4 in the west and directly on the 63-65 Ma basement (Wobbe et al., 2012; Fig. 8-4;
Appendix B-1) to the East. Red dashed line — point 3 used for sediment thickness estimates (Fig. 8-4; Table 8-3). (C)
PG-drifts: Extract of the pre-glacial sequences in line AWI-20100110, from shot 6604-9683 or CMP 9508-13528,
seismic image on the left and line interpretation drawing on the right. The buried drift or mound, defined by the green
dashed lines in the line drawing, lies directly on the basement that is approximately 65-68 Ma old (Wobbe et al., 2012;
Fig. 8-4, Appendix B-1).

The seismic reflectivity characteristics of units AS-1 to AS-10 in the AS-RS transect match
the characteristics for each unit described in the type section (see point 4.1.1) well and lateral
variation is negligible. All the marker horizons, AS-ul to AS-u9, were laterally continuous
and traceable over the ~2000 km transect distance. Every internal reflector was mapped over

the full transect length and low-angle unconformities and onlaps or downlaps identified,
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8. Amundsen Sea basin

which increased confidence in deciding on the PG, T and FG sequence boundary horizons

(Figs. 8-4b, 8-5b and think black lines in Appendix B-1b).

In general, the horizons are mostly parallel to the general basin geometry and basement
trend, expect above the anomalous part of the basin (line km 1100 to ~1650). This part was
mapped in detail; see the line drawing in Fig. 8-5. Up to AS-u3, the reflections are parallel
to the basement slope trend and the internal unit reflections onlap against a drift / channel-
levee structure in AS-3 (delineated in dashed lines in Figs. 8-4, 8-5 and Appendix B-1). A
prominent reflector occurs in the middle of AS-3 (6.4 — 6.8 s, shot 20000 — 25000 in Fig. 8-
5b) and was first thought to be the unit boundary, possibly also the uPG-T boundary
(section 8.4.2), but it pinches out against the large sedimentary drift body up-dip and is

laterally discontinuous. It was therefore interpreted to only indicate a sub-unit within AS-3.

Above AS-u3, the reflections become increasingly angular with respect to the reflections
below AS-u3, for example, the thinner red lines in unit AS-4 and AS-5 (Figs. 8-4b, 8-5b and
thin black lines in Appendix B-1b). The internal unconformities are at their largest internal
angles up to AS-u0, this is especially visible in the internal geometry of unit AS-6. Above As-
u6, the horizons trend changes to progressively more horizontal and parallel towards the top
units, with complex internal geometry in the youngest unit, AS-ul0 (green lines in Fig. 8-5b,
between sflr and AS-u9).

After mapping all the marker horizons and every internal reflection, additional low angle
unconformities were noticed, which confirmed the initial marker horizon decisions taken in
the type section interpretation (section 8.4.2). It also cleared up the earlier ambiguity around

AS-u3 (see annotated unconformities in Fig. 8-5b onlapping against AS-u3).

The resulting PG sequence AS-1 to AS-3, is bounded by the basement reflection (bsmnt)
below and AS-u3 above (Figs. 8-4, 8-5 and Appendix B-1). AS-u3 or uPG-T was picked as
the bottom boundary of this 1 order PG sequence because it: (i) marks a change in seismic
facies from low amplitude and more transparent reflections below to more dense reflectivity
patterns above, (ii) appears as a light grey to white unit on a grey scale seismic image that
changes into medium grey appearance unit if plotted without display filter adjustments. This
gradational change is consistent with the descriptions of the pre-glacial to transitional unit
progression, seen in type sections in the other basins (section 8.5.1). (iii) AS-u3 also marks a
change in the reflection angles (Fig. 8-5) and (iv) is demarcated from the low amplitude and
different internal geometry units below by clear unconformities (Figs. 8-4b, 8-5b and

Appendix B-1b).

The T sequence comprises AS-4, AS-5 and AS-6, bounded by AS-u3 / uPG-T below and
AS-u6 / uT-FG above (Figs. 8-3, 8-4, 8-5 and Appendix B-1). As-u6 was picked as the top
boundary of this 1* order T sequence because marks a sharp change into the highest
amplitude, finely layered reflective package above. The package has a medium grey
appearance in the grey scale seismic image (Fig. 8-4a and Appendix B-1la). Again this is
consistent with the descriptions of the pre-glacial to transitional unit progression, seen in
type sections in the other basins (section 8.5.1). In addition, this horizon is a pronounced

unconformable high amplitude reflector with reflections terminating against it and it
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8. Amundsen Sea basin

delineates a prominent change in the reflection angles on either side (Fig. 8-5), which may
also indicate a tectonic uplift change. We interpret this sequence and associated seismic
characteristics to indicate an rapid increase in the supply of large volumes of poorly sorted
sediments, pushed across the shelf and spilled down the slope and into the abyssal plane, in a

response to the first ice sheet advancements onto the shelf.

The FG sequence include units AS-7, AS-8, AS-9 and AS-10, bounded by AS-u6 / uT-
FG below and the seafloor reflection (sflr) above. These units show more complex internal
second and third order unconformities towards the top and several internal drift structures
(annotated in Figs. 8-3, 8-4, 8-5, 8-6 and Appendix B-1). It is assumed that the increased
occurrence of the complex internal drift structures represents changes in the depositional
processes and bottom water circulation, consistent with the interpretations of Uenzelmann-
Neben and Gohl (2012) in the adjacent farthest part of the eastern Amundsen Sea. This
sequence package appears dark grey to black on the seismic image when plotted as grey scale,
consistent with what was seen in the other type sections (section 8.5.1). The sharp transition
at AS-u0 is thus interpreted to mark the onset of the full glacial polar climate regime and the

establishment of a modern oscillatory polar ice sheet, consistent with the drilling information
from the IODP Leg 318 Site U1356 (Fig. 8-2; Escutia et al., 2011).

8.5.1.3 Drifts

Distinct mass sediment transport bodies are observed in the AS-RS transect seismic
reflection data (grey wedge-shaped structures in Fig. 8-4, 8-5 and Appendix B-1; Fig 8-06)

and are briefly described below in the context of the units within which they occur.

The pre-glacial sequence contains two sediment bodies. The first is large drift or buried
channel-levee-drift system on the eastern flank of the basin. It occurs near the basement and
within the older pre-glacial unit AS-3 with its base on AS-2 (Fig. 8-5, drift delineated in
grey). It is ~3000 m long and almost 400 m high at the highest point (5.9 — 6.3 s TWT at
line km 1475 in Fig. 8-6b). The internal seismic reflections are distinct and continuous,
forming a parallel lamination that follows the overall drift geomorphology. The stoss side

pinches out to the West.

The second sediment body is a smaller, approximately 80 km wide mound or drift, just to
the left of the centre of the basin near the Pahemo fracture zone (line km 750 in Fig. 8-4b
and Appendix B-1b). It lies directly on the 68-65 Ma basement and is constrained to AS-2
(Fig. 8-6¢, line AWI1-20100110, from shot 6604-9683 or CMP 9508-13528, green dashed

lines in the line drawing on the right and seismic image on the left).
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Fig. 8-7. 3D image illustrating the seismic stratigraphic link of the pre-glacial to glacial sequences between the
TANOGO2 data in the eastern Ross Sea and the corresponding horizons interpreted AWI-2010 survey in the western
Amundsen Sea. The correlation of the pre-glacial to transitional unconformity, uPG-T (AS-u3) and the transitional to
full-glacial unconformity uT-FG (AS-u6) are annotated. Note the drifts or mounds, in pale grey, terminating on AS-u4
or the basement and cutting through into the full glacial sequence (dark blue polygon), especially visible in line AWI-
20100107 and TAN0602-6a. Inset: Location of the lines used for the 3D link construction annotated in bold, see Fig.
8-1 for the location in the larger study area. Thick red line with black border - the AS-RS transect (Fig. 8-4; Appendix
B-1) comprising AWI-2010 seismic data, of which lines AWI-20100107, -108, -109 and a part of -110 were used in
the 3D image, annotated. Green lines — the Tan0602 seismic data, of which extracts of lines 6a and 6b were used,

annotated in bold. Background image and black lines are the same as in Fig. 8-1.
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Smaller drifts or mounds occur in the transitional sequence and are concentrated on the
western flank of the basin (outlines in grey in profiles AWI-20100107, -108 and -109 in
Figs. 8-4b, 8-6b; Appendix B-1b). The base seems amalgamated and terminates on AS-u4,
but the eastern part of the base lies directly on the 63—65 Myr old basement (Fig. 8-6b, line
km 520 onwards, in line AWI-20100110). The tops extend into AS-5, AS-6 and AS-7 (line
km 350 — 550 in Fig. 8-4b and Fig. 8-6b). The height is estimated as 400-500 m (Fig. 8-6b,
6.3-5.8sTWT).

Fig. 8-6a illustrates an extract of the elongate sediment bodies observed in the full-glacial
sequence in line AWI-20100110 (shot 5209-14075 or CMP 7481-19312; Fig. 8-4,
Appendix B-1). The amount of drifts increases from one in AS-8, to two in AS-9, and to
several stacked, more widely distributed ones in AS-10 (e.g. at shot 9000 and 5.6 — 5.9s
TWT; Fig. 8-6a). The main base of the stacked drifts lies on AS-u9. The drifts are typically
50-100 km wide and 200-300 m high, and occur in the central and western parts of the
basin. The drifts are usually confined to their respective seismic unit and may fill up part, or
all of the unit thickness. The stoss side of all the drifts trend West. A stacked buried channel-
levee system can be seen in all the units, just to the East of the large PG-drift (line km 1500
to 1600, Fig. 8-4, Appendix B-1).

8.5.2 Seismic stratigraphic links
8.5.2.1 AWI-2010-TAN-2006 Ross Sea

The TAN-2006 and AWI-2010 surveys link seamlessly and no static shift was needed
(Fig. 8-7). The horizons from the AS-RS transect were extended into lines TAN0602-006, -
06a,b,c, -04, 04pl, p2, p4 (Table 8-2; Fig. 8-2; Fig. 8-7 inset). Both lines TAN0602-06a
and -06c also have drifts or mounds in the transitional units that tie with the mounds seen in
lines AW-20100108 and -109. These drifts are outlined in Fig. 8-7. The pre-glacial sequence
represented by the yellow polygon in Fig. 8-7, pinch out against a basement high in the
eastern Ross Sea (see bathymetry image in Fig. 8-1).

8.5.2.2 Ross Sea shelf-slope link

Ross Sea shelf line ATC82B-203 (Wannesson et al., 1985) and line BGR80-005 (Fritsch,
1980) are the nearest to TAN0602-06, and due to limited lines are the only option as this
stage to link the new Amundsen Sea dataset with that of the Ross Sea shelf (Fig. 8-2). The
stratigraphy on the Ross Sea shelf was taken as published from Brancolini and Leitchenkov
(2010). The link to line PD90-30 (Anderson and Bartek, 1992) and DSDP Leg sites 270,
271 and 272 (Fig. 8-1; Hayes and Frakes, 1975) via BGR80-003 and -004, were used as
published as well (see Fig. 8-2 for line locations).

It is expected that the characteristics of the sedimentary units on the shelf and slope in the
eastern Ross Sea would differ vastly in internal geometry from those in the deep-sea basin,

and that the seismic correlation from the shelf across the slope to the rise would have large
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Fig. 8-8. 3D image illustrating the proposed shelf-to-slope seismic stratigraphic link between the TAN0602 data (line
TANO0602-06) and the BGR80 data (line BGR80-005) in the eastern Ross Sea. See Table 8-2 for the key references and
acquisition parameters of these lines. The correlation of the pre-glacial to transitional unconformity, uPG-T (AS-u3 /
RSUG6) and the transitional to full-glacial unconformity uT-FG (AS-u6 / RSU4) are annotated. The BGR80-005
stratigraphy was taken as published (Brancolini et al., 1995; Brancolini and Leitchenkov, 2010). Line PD90-30
(Anderson and Bartek, 1992) and DSDP Leg sites 270, 271 and 272 (Fig. 8-1; Hayes and Frakes, 1975) and correlated
to line BGR80-005 (Fritsch, 1980) via a series of lines (see Fig. 8-2 and section 8.5.2). Inset: Location of the lines used
for the 3D link construction, see Fig. 8-1 for the location in the larger study area. Red line with white parts — Tan0602
lines, the AWI-2010 and BGR80 lines are annotated, see Table 8-2. Background image and black lines same as in Fig.
8-1, but projected in to 3D-space and relief shaded.

uncertainties due to numerous spontaneous mass wasting and chaotic transport/deposition
processes down-slope. As such, the sequence of unit and horizon ages may be the similar, but not
the sedimentation processes.

However, bar a few slumping structures seen in the shelf-slope link seismic image, the AS-
ux horizons in the TAN0602-06 line could be followed up through most of the multiples
and linked to part of the Ross Sea shelf interpretations (Fig. 8-8). Even so, the shelf
sequences are different from the deep-sea sequences in composition and depositional
processing. In taking this conservative approach, we deemed only the age and nomenclature
correlation of the horizons of relevance. Seafloor multiples made some of the correlation
ambiguous, but nearby line ATC82B-203 provided useful information so that the

correlation is fairly certain.

The RSUG horizon correlates to the pre-glacial / transitional boundary AS-u3/uPG-T and
RSU4 links to the full glacial transitional boundary AS-u6/uPG-T (Fig. 8-8). RSU-4a
correlates with to AS-u4 and is considered part of the transitional sequences as opposed to a
first-order sequence boundary. RSU-4a could also be similar to the strong reflector seen in
AS-3 on the eastern basin flank around which some ambiguity exists (section 8.5.1.2; Fig. 8-

5).
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Fig. 8-9. 3D image illustrating the eastern Amundsen Sea seismic stratigraphic link of the pre-glacial to glacial
sequences, as interpreted in the AS-RS transect (line AWI-20100117 part) and correlated to the corresponding horizons
in the legacy Ant94 seismic data (lines AWI-94050 and AWI-94054) and Ant96 seismic data (line AWI-20060200, Ch.
5). Pink polygons — basement, yellow polygons — pre-glacial units, light blue-purple polygon in the middle — glacial
transitional units, darker blue polygon up to seafloor — full glacial units. The correlation of the pre-glacial to transitional
unconformity, uPG-T (AS-u3) and the transitional to full-glacial unconformity uT-FG (AS-u6) presented in this study
is annotated in black and white, respectively. These two sequence boundaries respectively align with the bases of Unit II
and Unit III in lines AWI-94050 and AWI-94054 (Uenzelmann-Neben and Gohl, 2012). Inset: Location of the lines
used for the 3D link construction are annotated, see Fig. 8-1 for the location in the larger study area. Thick red line
with black border — the AS-RS transect and AWI-2010 seismic data, eastern part of line AWI-20100117 shown, navy
blue lines — the Ant94 seismic data of which lines AWI-94050 and AWI-94053 were used, yellow lines — the Ant96
seismic data of which line AWI-20060200 was used. Background image and black lines same as in Fig. 8-1.
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8. Amundsen Sea basin

Subsequently, we have taken the approach that RSU4a rather links to AS-u4 and is
considered to be part of the transitional sequence, as oppose to a 1% order sequence
boundary. RSS-8 pinches out downslope on line TAN0602-06 towards the north, near shot
6500 (Fig. 8-8). The slope-shelf correlation supports the proposed chrono-stratigraphy for
the entire AS-RS transect. The correlations of the remaining RSUx to AS-x horizons are

annotated in Fig. 8-8.

8.5.2.3 Eastern Amundsen Sea Link

Line AWI-20100117 forms the far eastern part of the AS-RS transect and crosses older
seismic lines AWI-94054, AWI-94050 (Table 8-2; Gohl et al., 1997; Nitsche et al., 1997,
2000; Uenzelmann-Neben and Gohl, 2012) as well as AWI-20060200 (Fig. 8-2; Table 8-2;
Ch. 5; Gohl 2007; Uenzelmann-Neben and Gohl, 2012; Kalberg and Gohl, 2013). The
Neben & Gohl, (2012) correlates to the pre-glacial / transitional unconformity uPG-T/AS-
u3 (Fig. 8-9). The base of Unit III corresponds to the transitional / full glacial boundary, uT-

FG/AS-u6 (Fig. 8-9). The units

Table 8-3. .

. . » . occur throughout the lines and a
Summary of the sediment thickness and velocities for each unit, as
estimated at the 12 points along the AS-RS transect shown Fig. 4 correlation without dlscrepanc1es
and online supplement S3. The detailed calculations and velocity or ambiguities was done.

models used are in the online supplements S2, S4 and S5.

min/max area for the Amundsen Sea basin is 1.2-1.4 x 10° km? (Fig. 1).

Thickness (m) Velocity range (m/s)
8.5.3 Sediment thickness
Group Unit min max min max
AS-10 52.5 201.6 1690 1920 L. .
—_— 52.5 2205 1750 2130 The TRIREMUM, maximum ar_ld
AS-8 453 178.9 1876 237 mean thickness of each AS-x unit,
AS-7 65.4 3674 2043 2300 and the velocity range used to
AS-6 475 3932 2131 2357 calculate the thickness is listed in
T ASS 89.8 4195 2257 2432 Table 8-3. The detailed calculation
— 22:: 1;2; ZZi:i ii; 2;: of the sediment thickness at each
PG Aso 675 5190 3118 3245 one of the 12 points (black dots in
AS-1 1335 1256.3 3574 3760 Fig. 8-1) can be found in
Appendix B-2 and the supporting
sonobuoy and refraction velocity
Table 8-4. models in Ch. 5.
Summary of the sediment volumes and sedimentation rates for the Pre-glacial

(PG), Transitional (T) and Full glacial (FG) components, as estimated at the 12 AS-1 is the thickest unit in the
points along the AS-RS transect (Fig. 4 and online supplement S3). Estimated

central part of the basin (~1.3 km
thick; Table 8-3) at the Endeavour

Volume Sedimentation  fracture zone where it fills up the

Thickness (m
(m) (10° km®) rate (cm/ky)

rugged block faulted basement. It

min max  mean min max min max . .
: is therefore interpreted as a syn- or
Total sediment 805.1 3909.3 2357.2 2.83 330 101 297 ) ]
FG sequence 373.6 8889 6313 0.76 0.88 149 356  Ppost rift sequence (brown unit at
T sequence 2740 1069.3 671.7 0.81 0.94 1.01  2.49 line km 1100 in Fig. 8-4). Little
PG sequence 358.4 2202.8 1280.6 1.54 1.79 061 217

internal faulting is present and it
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Fig. 8-10 Age model and associated deposition along the AS-RS transect. From left to right: Time scale of Epochs and
boundary ages after Gradstein et al. (2004), L — Late, M — Middle, E — Early. Narrow colour bars — first and last
occurrence of each unit, projected onto the time scale. Broader colour columns — interpreted horizons, extracted from
the 12 points along the AS-RS transect (Fig. 8-1; Appendix B-2) and represented as a section scaled to time (Fig. 8-4
and higher resolution A0 Appendix B-1). The vertical scale of these type sections represents time and not sediment
thickness. Black bars depict interpreted top and bottom boundaries of the transitional (T) sediment component and the
red italic numbers represent the tentative age estimate (Ma) for each horizon, read off from the time scale on the left.
Black bar and black numbers below each column, summarises the basement ages at each point. AS — Amundsen Sea
basin. The age range of the Amundsen Sea basin basement after Wobbe et al. (2012).

seems to have draped over the basement to even out some of the topography. AS-1 thins
up the basin flanks (-133 m thick) and terminates at the Pahemo fracture zone in the West,
and against the Proto-Antipodes fracture zone in the East. AS-2 follows the trend of AS-1,
but is of a more uniform thickness in the centre of the basin (-500 m; Table 8-3; point 5 in
Fig. 8-4b and Appendix B-2) where it levels on top of the block-faulted basement
topography. It terminates to the East against the Kohiku fracture zone (point 2 in Fig. 8-4b
and Appendix B-2). AS-3 is anomalously thick in the East where the levee-drift is located
(680 m at point 6, Fig. 8-4b and Appendix B-1b, B-2b) and thins to the West to 108 m
thick. Similar to AS-2, AS-3 terminates at the Kohiku fracture zone.

AS-4 varies between 155 and 360 m thick (Table 8-3; Appendix B-2b). It thins noticeably
upslope, (between points 7 and 8, Fig. 8-4b and Appendix B-1b, B-2b). Similar to AS-4,
units AS-5, AS-6 and AS-7 thin above the AS-2 PG-drift location to less than 100 m thick
(Table 8-3; Appendix B-2) and then propagate into the buried channel-levee system where
they thicken again. All three units have a maximum thickness in the order of 350-400 m
(Table 8-3; Appendix B-2) and are parallel to each other as well as to the units above and
below.

AS-8 varies greatly in thickness throughout the basin (45-179 m thick; Table 8-3) and is
absent between line km 1750 and 2000 (Fig. 8-4a, b and Appendix B-2). Following the
trend of units AS-4 to AS-0, it also thins markedly above the AS-2 drift location (between
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8. Amundsen Sea basin

points 7 and 8, Fig. 8-4b and Appendix B-1b, B-2b). AS-9 and AS-10 are similar in
thickness (- 50-200 m thick; Table 8-3, Appendix B-2) and variable geometry. Both contain
drifts, mostly concentrated where the Pahemo fracture zone crosses the transect (point 3 in
Fig. 8-4b and Appendix B-1b). Units AS-4 to AS-10 are continuous along the entire
transect, parallel to each other and in general, uniform in thickness up to the region above

the anomalous basement topography and the AS-2 PG-drift.

The total sediment thickness ranges from 805 to 3909 m (Table 8-4) with the thickest
part in the centre of the basin, as expected (Fig. 8-4, Appendix B-1). Under the assumption
that all units occur throughout the Amundsen Sea basin extent, an area of 1.2 to 1.4 x 10°
km? delineated by the white dashed line in Fig. 8-1, we estimate the total sediment volume at
2.83 to 3.30 x 10° km?® (Table 8-4). Similarly, by taking the mean thickness of each 1% order
sequence (PG — 1281 m, T — 672 m, T — 631 m) and the min/max of the basin area, we
estimate the pre-glacial to glacial sediment volumes as: PG = 1.5 to 1.8 x 10° km®, T = 0.8 to
1.0 x 10° km?® and FG = 0.8 to0 0.9 x 10° km? (Table 8-4).

8.5.4 Sedimentation rates

Sedimentation rates and volume estimates for the pre-glacial, transitional and full-glacial
sequences were determined by using the sequence age range (Fig. 8-10) and sediment
thicknesses (Table 8-4; Appendix B-2). The age model contains large uncertainties because
of the lack of borehole age-control. We therefore only outline the general trend for the 1
order pre-glacial, transitional and full glacial sequences. For the total sediment volume of 2.8
to 3.3 x 10° km?® in the Amundsen Sea basin a min/max sedimentation rate of 1-3 cm/ky is
estimated (Table 8-4). The pre-glacial sequence had the lowest min/max sedimentation rate
estimate at 0.6-2.1 cm/ky. The rate progressively increased to 1.0-2.5 cm/ky for the
transitional sequence and is the highest for the full glacial sequence (1.5-3.6 cm/ky).

8.6 Discussion

Since this is the first seismic horizon stratigraphy model for the central Amundsen Sea
basin and the eastern Ross Sea basin, we need to look somewhat farther afield. We compare
our results to previous work in order to place it into a provisional pre-glacial to glacial age-
and stratigraphic framework with respect to changes in sedimentation processes, bottom
water circulation and ice sheet development. The nearest three suitable boreholes Sites are
1000-2000 km away from either end of our multichannel seismic dataset (section 8.4.3.2;
Figs. 8-1, 8-2). We draw most information from IODP Leg 318 Site U1356, ~1300 km
away on the Wilkes Land margin (Fig. 8-2 inset; Escutia et al., 2011) because: (i) Pliocene to
Eocene sediments were recovered from this 1006 m (b.s.f.) deep borehole; (ii) it is located on
the continental rise as oppose to the shelf like DSDP Leg 28 Sites 270-272 (Figs. 8-1, 8-2;
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8. Amundsen Sea basin

Hayes and Frakes, 1975); (iii) the main objective was to date the regional unconformity WL-
U3 in order to constrain the timing of the first arrival of the ice sheet to the margin in an ice-
distal setting, and; (iv) their seismic type section shows a most remarkable resemblance to the
Amundsen Sea ice-distal seismic facies (sections 8.4.2 and 8.5.1). Although their results
pertain to the past dynamics of the East Antarctic Ice Sheet, it is the nearest available ice-
distal analogue as there is no drilling information available for the continental rise off West
Antarctica. The nearest borehole to the East of the AS-RS transect is ODP Leg 178 Site
1095, on Drift 7 in the Bellingshausen Sea off the western Antarctic Peninsula, which mostly
provides information on the development of the Antarctic Peninsula Ice Sheet (APIS; Fig. 8-
2 inset; Uenzelmann-Neben, 20006).

8.6.1 Pre-glacial (PG) sequence

Seafloor age in the Amundsen Sea basin becomes increasingly younger from 84 Ma
(C34y) in the East to 42 Ma (C20n) in the northwest (Fig. 8-2; Table 8-1; Wobbe et al.,
2012). In our age model, the selected 12 points along the transect range in basement age
from 79.5 Ma at point 12 in the East, to 64.6 Ma at point 1 in the West (Fig. 8-4b; Fig. 8-
10). This means sediments in direct contact with the basement from line km 500 to 2000
should be at least younger than 79.5-64 Myr.

In our constructed age model, AS-1 has an estimated age of 71-66 Ma (Figs. 8-10 and 8-
11), which agrees with the age of the nearest magnetic seafloor spreading anomaly at the
Endeavour fracture zone (71 Ma, C32n.1n; Figs. 8-2, 8-4 and Appendix B-1; Wobbe et al.,
2012). AS-2 is estimated to be 65-42 Myr old and AS-3, 42-21 Myr. The older dates apply
to the unit flanks and the younger age to the centre (Figs. 8-10, 8-11). Units AS-1, AS-2 and
AS-3 collectively match Unit 1 of Uenzelmann-Neben and Gohl (2012) in the 3D seismic

horizon correlation well (Fig. 8-9).

In the Cretaceous to Paleocene part of the pre-glacial climate regime (up to 55.8 Ma, Fig.
8-12a) the major deposition centre is located in the basin centre near the Endeavour fracture
zone (labelled EFZ in Fig. 8-12a). Since sediment deposits occur more on the eastern flank
of the basin and seem thicker on that side (up to 1.3 km for AS-1 and 519 m for AS-2,
Table 8-3; Appendix B-2) it is inferred that the pre-glacial depo-centre was probably
supplied from the southeast (orange arrows in Fig. 8-12a), possibly by complex river systems
that eroded the elevated inland palacotopography region of West Antarctica (Fig. 1-2 in Ch.
1). These systems could have transported the largest volume of the total sediments (1.5 to
1.8 x 10° km?; Table 8-4) into the sea at a deposition rate of 0.6-2.2 cm/ky (Table 8-4). The
routes could have been along palacotopographic lows, which could later define the flow

stream channels of the subsequent ice sheet.

An approximately 80 km wide mound or drift West of the basin centre near the Pahemo
fracture zone (annotated in the simplified section of the AS-RS transect in Fig. 8-12a). The
mound or drift lies directly on the 68-65 Myr old basement and is constrained to AS-2 (Fig.
8-6¢); hence it cannot be older than 67 Myr (Paleocene age). An early regional proto
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8. Amundsen Sea basin

bottom-current circulation possibly caused it, although the gateway Southern Ocean
gateways were still closed. Huber et al. (2004) suggested the development of a proto-Ross sea
gyre at 55.8 Ma (Table 8-1). It was not possible to deduct any current direction information
from the geometry, but considering the likely bathymetry (Fig. 8-1 background image) and
basement high to the West, an eastward flow direction is suggested (blue dashed arrow in
12a).
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Fig. 8-11. Seismic stratigraphy correlation chart linking the boundary horizons and the identified seismic units
presented in this paper, to previous studies in Ross Sea shelf and eastern Amundsen Sea basin. Thin black lines —
discontinuities or boundary horizons mapped in each study; thick black lines — lower boundary of the proposed full
glacial and transitional units, this paper; red numbers — ages of the horizons, showing the lateral variation across the
basin from west to east. Darker grey block — units assigned to the full glacial component of the total sediments, light

grey block — transitional units and lower white block, pre-glacial units.

Close to the Eocene—Oligocene transition (34 Ma), unit AS-3 was deposited with model
ages of 43-21 Ma, 30 Ma and 34 Ma (Figs. 8-10, 8-11, 8-12b). AS-3 is the thickest unit in
the PG sequence (680 m Table 8-3; Appendix B-2) and contains a large ~-3000 m long,
almost 400 m high levee-drift (Figs. 8-4, 8-5; Appendix B-1). The base of the levee-drift
(PG-drift) terminates at the top boundary of AS-2, at unconformity AS-u2. If we project the
last occurrence of AS-2 on the timescale (yellow band at points 6, 7 and 8 in Fig. 8-10) the
base of the drift should be at least younger than 57-40 Myr (points 8 and 7) thereby placing
it in the Eocene (Figs. 8-10, 8-11, 8-12). The stoss side of the drift trends West (Fig. 8-5)
and this geometry suggests a bottom-current flow direction from West to East (blue dashed
arrow in Fig. 8-12b; Stow et al., 2002; Shanmugam, 2006; Shanmugam and Camerlenghi,
2008). The occurrence of a larger and additional PG-drift confirms our earlier mound
observation at >55.8 Ma (Fig. 8-12a) and the inference that bottom current circulation may

have already been active in the Eocene and probably earlier.
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Uenzelmann-Neben and Gohl (2012) observed drifts in Unit I (60-21 Ma, Fig. 8-11)
near the Marie Byrd Seamounts, which also implies Paleogene bottom-current activity in this
part of the basin. They infer that the likely cause and driving force was related to the proto
Antarctic Bottom Water (AABW) being deflected against a basement high, the latter ascribed
to have been caused by thermal uplift related to the emplacement of the Mary Byrd
Seamount province. This may explain why it is the only drift in AS-3 and deposited at this

particular location (see section 8.6.6 for the discussion on the basement geometry).

8.6.2 The uPG-T boundary process: arrival of the WAIS to the margin

Seismic stratigraphy work in the Wilkes Land distal basin identified the first arrival of the
EAIS to the margin at 33.5-30 Ma, marked by regional unconformity WL-U3 (Fig. 8-11;
Escutia et al., 2011). Comparing the type sections for the Amundsen Sea basin and the
seismic line coincident on IODP Leg 318 Site U1356 (Fig. 8-2; Escutia et al., 2005, 2011;
De Santis et al., 1995, 2003) it is visually evident that the lower seismic sequence are similar
in amplitude, geometry and seismic character. We thus correlate our interpreted pre-glacial
sequence unconformity AS-u3/uPG-T to WL-U3. The WL-U3 age is in good agreement
with our estimated AS-u3/uPG-T model horizon age of 34-28 Ma for the basin flanks
(lower black dashed line through points 1 to 3 and 9 to 12 in Fig. 8-10; Fig. 8-11).

From the seismic reflection shelf-slope correlation between the TAN0602-06 line and
DSDP Leg 28 Sites 270-272, via lines BGR80-003, -004 and 005 (Figs. 8-2 and 8-8; Table
8-3), the pre-glacial sequence unconformity AS-u3/uPG-T correlates to RSU6. RSUG has an
age of 30-20 Ma, constrained by the DSDP Leg 28 boreholes, ~-300 km from the AS-RS
transect (Figs. 8-2, 8-10 and 8-11; Brancolini et al., 1995; De Santis et al., 1999; Brancolini
and Leitchenkov, 2010). The RSUG age is also in good agreement with our model age of 34-
20 Ma and accounts for the younger age observed in the centre of the AS-u3/uPG-T horizon
(points 5, 6, 7 in Fig. 8-10). It is speculated that the younger trend in the centre could be
ascribed to a delay in the arrival of the ice sheet on the shelf at this part, perhaps due to
elevated topography, such as a mountain range, that it had to overcome before it could reach
the shelf. The reconstructed 34 Ma palacotopography of West Antarctica does suggest an
elevated land area opposite the centre of the transect (red square in Fig. 1-2; Wilson et al.,
2012). Alternatively, low lying palaco-river drainage systems from the PG climate regime

may have directed the ice streams and drainage towards basin flanks instead.

In the eastern Amundsen Sea 3D seismic reflection correlation (Fig. 8-9), the pre-glacial
sequence unconformity AS-u3/uPG-T in line AWI-20100117 of the AS-RS transect,
matches the base of Unit II in line AWI-95054 (Figs. 8-2, 8-9, 8-11). The base of Unit II
was assigned a hypothetical age of 21 Ma in Uenzelmann-Neben and Gohl (2012) by jump-
correlation to the Ross Sea shelf horizon ages in De Santis et al. (1995). Our age-model
however suggests an older age of at least early Oligocene, 30-28 Ma (Figs. 8-10 and 8-11).
The Eocene/Oligocene transition age of 34 Ma for the uPG-T unconformity is favoured

above the DSDP ages, because of the similar distal setting and thus similar processes. Based
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on the seismic horizon mapping, the constructed age model and borehole information we
infer an Eocene age of 34 Myr for the first arrival of the West Antarctic ice sheet to parts of
the coast. An Eocene/Oligocene WAIS arrival toward the shelf is consistent with the
reconstructed palacotopography (Wilson et al., 2012) and inferred paleo-ice-sheet modelling
(Wilson et al., 2013).

8.6.3 Transitional (T) sequence

By the mid-Miocene, the deep-water Tasmanian and Drake Passage/Scotia Sea gateways
opened completely, enabling the development of the Antarctic Circum-Polar Current (ACC)
(Fig. 8-12¢; Table 8-1; Fig. 1-1). The WAIS reached the continental shelf and pushed
sediments onto the slope and into the abyssal plane (red polygon in Fig. 8-12¢). This is in
agreement with higher amplitudes in units AS-4, -5 and -6 (Fig. 8-4; Appendix B-1) seen
above AS-u3/uPG-T, which can be associated with larger sediment influx of poorly sorted
material such as debris carried by advancing ice streams. The sedimentation rate also
increased to 1-2.5 cm/ky (Table 8-4).

In the Ross Sea shelf-slope-rise seismic horizon correlation (Fig. 8-8), AS-u4 links to RSS-
4a. Our model age of 26-18 Ma is in fair agreement with the 17 Ma age of De Santis et al.
(1999), the 18.5 Ma age of Brancolini et al. (1995) and the 18 Ma age of Brancolini and
Leitchenkov (2010). AS-4 correlates with RSS-3 and WL-S4 (Escutia et al., 2011), whereas
AS-5 and AS-6 correlate to RSS-4 and WL-S5 (Figs. 8-8 and 8-11; section 8.5.2). In the
eastern Amundsen Sea seismic horizon correlation (Fig. 8-9) AS-4 to AS-6 collectively
correlates to unit II (Figs. 8-9 and 8-11; Nitsche et al., 1997, 2000; Uenzelmann-Neben and
Gohl, 2012). However, our age model suggests an older age range of 30-15 Ma for the
eastern Amundsen Sea basin flank (Figs. 8-10 and 8-11). Similar to the pre-glacial sequence,
the ages on the basin flanks are older than in the centre. The sediment deposition is evenly
distributed throughout the basin, but it appears thicker in the centre (up to 1070 m) and
thins over the AS-2 PG drift and the anomalous basement topography.

Drifts occur on a basement high on the western flank of the basin (Fig. 8-4; Appendix B-
1). The amalgamated base of the T-mounds/drifts lies on AS-u4, in AS-5, as well as on the
basement. Hence, their ages should be at least younger than the youngest age of AS-4, which
is 26-24 Myr (points 1 and 2, Fig. 8-4b and Fig. 8-10). ODP Leg 178 Site 1095 (Fig. 8-2
inset) reached sequences of mid-Miocene age in a sediment ice-distal drift deposit near the
Antarctic Peninsula (e.g. Iwai et al., 2002; Uenzelmann-Neben, 2000).

Elongate drifts and levee drifts were mapped in the eastern Amundsen Sea in Unit II and
inferred from the DSDP Leg 28 Sites 270-272 data in De Santis et al. (1999), to be 21-15
Myr old (Uenzelmann-Neben and Gohl, 2012). Again our age model, which is in closer
proximity and more directly linked to the DSDP Leg 28 data, suggests the transitional drift
deposits may be 5 to 10 Myr older. It was not possible to deduct any bottom-current
direction information from the geometry and they could also be interpreted as sediment

waves.
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Fig. 8-12. Model showing the changes in plate-tectonic motion, pre-glacial to glacial sediment deposition, ice sheet development
and ocean circulation in the greater Amundsen Sea region since the end Cretaceous. The corresponding sediment deposition for each
regime, is illustrated in the AS-RS transect diagram below. Plate reconstruction adapted from Wobbe et al. (2012) and GPlates
(Boyden et al., 2011). Thick dashed black lines — mid-oceanic ridge (MOR), thick black lines — fracture zones, EFZ — Endeavour
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RS transect — thick red line, link with Tan0602_06 seismic profile — thick green line. Observed sedimentary drifts and mounds are
indicated by ovals, and the arrows depict the inferred sediment supply and ocean circulation. Red and blue polygons — schematic
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Wilkes Land, MBL — Mary Byrd Land, AP — Antarctic Peninsula.
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8.6.4 The uT-FG boundary process: permanent grounding

Seismic stratigraphy work in the Wilkes Land ice-distal basin identified WL-U5 as the
boundary horizon at which the EAIS grounded on the shelf permanently, and the stage at
which Antarctica developed the polar climate (Fig. 26 in Escutia et al., 2011). Comparing
the type sections for the Amundsen Sea basin and the seismic line across the IODP Leg 318
Site U1356 (Fig. 8-2; Escutia et al., 2005, 2011; De Santis et al., 1995, 2003), the sequences
are virtually identical in amplitude, geometry and seismic character, and as such, correlated
to our interpreted transitional sequence unconformity AS-u6/uT-FG. The age of WL-U5
(early / mid-Miocene transition) is consistent with our estimated horizon age of 15.3 Ma for
the basin flanks (upper black dashed line through points 1 to 3 and 9 to 12 in Fig. 8-10; Fig.
8-11; section 8.4.4).

In the seismic reflection shelf-slope-rise correlation between the TAN0602-06 line and
DSDP Leg 28 Sites 270-272, via lines BGR80-003, -004 and 005 (Figs. 8-2 and 8-8; Table
8-3), the transitional sequence unconformity AS-u6/uT-FG links to RSU4. RSU4 has age of
15-16 Ma constrained by the DSDP boreholes ~300 km away from the AS-RS transect
(Figs. 8-2, 8-10 and 8-11; Brancolini et al., 1995; De Santis et al., 1999; Brancolini and
Leitchenkov, 2010). This age range is the same as our model age of 15.3 Ma on the basin
flanks. The upper boundary of the transitional sequence (horizon AS-u6/uT-FG) follows a
similar age trend than uPG-T. It appears older on the basin flanks at 15.3 Myr (points 1-3
in Fig. 8-10; Fig. 8-11) but younger in the middle (9 Myr, Late Miocene, points 5-7, Fig. 8-
10), probably due to bottom water circulation and reworking of the Ross Sea gyre and/or

AABW.

In the eastern Amundsen Sea 3D seismic reflection correlation, the transitional sequence
AS-u6/uT-FG in line AWI-20100117 of the AS-RS transect, matches the base of Unit III in
crossing line AWI-95054 (Figs. 8-2, 8-9, 8-11). The base of Unit III was assigned a
hypothetical age of 14 Ma (Gohl et al., 1997; Nitsche et al., 1997, 2000; Uenzelmann-
Neben and Gohl, 2012), which is very close to our model age for the same area. Although
these ages are almost identical they should still be tested by drilling.

8.6.5 The full glacial (FG) sequence

During the mid-Miocene and into the Pliocene-Pleistocene, the ACC developed fully,
whilst bottom water formation and circulation intensified, and the elevated topography in
Western Antarctica had evolved close to the present day (Fig. 8-12d; Table 8-1; Fig. 1-1).
The WAIS remained grounded on the continental shelf, but underwent advance/retreat
oscillations (blue polygon and arrows in Fig. 8-12d). This period sees the lowest sediment
influx (0.76 to 0.88 x 10° km? Table 8-4) but the highest sedimentation rate (1.5-3.6
cm/ky), interpreted to probably be due to the frequent advance/retreat cycles in the shelf.
The reflections in this sequence are very closely spaced with complex internal geometry,

which attests to the ice sheet activity and related depositional processes.
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In the seismic horizon Ross Sea shelf-slope-rise correlation, AS-u7 links to RSU3, AS-u8
to RSU2 and AS-u9 to RSU1 (Fig. 8-11). Unit RSS-8 pinches out down slope in line
TANO0602 (Fig. 8-8 and 8-11). Our model ages of 9-12 Myr, 4.8 Myr and 1.2-2 Myr for
AS-u7, -8 and -9, respectively are in very good agreement with the DSDP drilling data and
seismic stratigraphy of the eastern Ross Sea shelf (Fig. 8-10 and 8-11; De Santis et al., 1999;
Brancolini et al., 1995; Brancolini and Leitchenkov, 2010).

In the eastern Amundsen Sea seismic horizon correlation (Fig. 8-9) AS-7 and AS-8
correlate with Unit III, while AS-9 and AS-10 correlate with Unit IV (Figs. 8-9 and 8-11;
Nitsche et al., 1997, 2000; Uenzelmann-Neben and Gohl, 2012). However, our age model
suggests an older age of 8 Ma as oppose to 4 Ma in Uenzelmann-Neben and Gohl (2012).
The units are the thickest on the eastern basin flank (up to 889 m; Fig. 8-4; Appendix B-1),
which might be due to the close proximity to the glacial stream outlet. Similar to the
transitional units, this sequence also thins over the AS-2 PG drift and the anomalous

basement topography. See section 8.6.6 for the discussion on why this might be the case.

A series of stacked drifts lie on AS-u9. They are 50-100 km wide and 200-300 m high,
and occur in the central and western parts of the basin. These FG-drifts are usually confined
to their respective seismic units and may fill up part, or all, of the unit thickness. The stoss
side of all the drifts trend West and this geometry suggests an eastward flowing current (Stow
et al., 2002; Shanmugam, 2006; Shanmugam and Camerlenghi, 2008), which is consistent
with the post mid-Miocene (<15.5 Ma) bottom-current observations of Uenzelmann-Neben
and Gohl (2012; Fig. 8-4d). The FG-drifts in AS-8 are estimated to be 9-7 Myr old (points 3
and 7, Fig. 8-4b and Fig. 8-10), those in AS-9 in the 8-4 Myr age range, and the ones in AS-
10, younger than 4.3 Myr (point 3, Fig. 8-4b and Fig. 8-10). A stacked buried channel-levee
system can be seen in all the units, just to the East of the large PG-drift (line km 1500 to
1600, Fig. 8-4, Appendix B-1).

8.6.6 Basement geometry

The acoustic basement can be divided into four distinct regions, from West to East:

Region 1 — The Eastern Ross Sea up to the Kohiko fracture zone (line km 0-650 in Fig.
8-4; Appendix B-1): This part shows a rugged and irregular topography, ascribed to the
spreading rates decreasing to below 60 mm/Myr after the Paleocene (C22n) at the mid-
oceanic-ridge (AWI-20100107 in Figs. 8-1, 8-2; Fig. 8-4a; Wobbe et al., 2012). It has been
well researched that spreading rates below 60—70 mm/Myr can lead to an abrupt increase in
basement roughness (Malinverno, 1991; Small and Sandwell, 1989).

Region 2 — From the Kohiko fracture zone to the Endeavour fracture zone (line km 650—
1200 in Fig. 8-4; Appendix B-1): The basin geometry deepens towards the basin centre and
exhibits typical block faulting, which could possibly be associated with fracture zones that
have a lateral and vertical displacement (Wobbe et al., 2012; Kalberg and Gohl, 2013;
Luyendyk et al., 2003; Davey and De Santis, 2006; Jordan et al., 2010).
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Region 3 — From the Endeavour fracture zone up to the Proto-Antipodes fracture zone
(line km 1200-1650 in Fig. 8-4; Appendix B-1): The basement topography is much
smoother and regular in this part. No faults were visible in the seismic image and the slope
angle of this part is -1 degree (Fig. 8-5). This smoother basement could be due spreading
rates for this region being more than 60-70 mm Myr" (Wobbe et al., 2012).

Region 4 — From the East of the Proto-Antipodes fracture zone to the eastern Amundsen
Sea flank (line km 1650-2000 in in Fig. 8-4; Appendix B-1): Rugged basement topography
but with an overall horizontal trend. The ruggedness is due to the transect crossing the Marie
Byrd seamounts (MBS, line AWI-20100117 in Figs. 8-1, 8-2) and that we may have a mix
of stretched continental crust with interleaved volcanic segments (Wobbe et al., 2012; Gohl
etal., 2013).

Since regions 1, 2 and 4 are accounted for, both in basement roughness and the seismic
characteristics, we centre our discussion on exploring the probable cause of the changing
reflection angles and the abrupt thinning of most the seismic units in region 3. Fig. 8-5
illustrates an enlarged segment of region 3, showing the all the internal reflections and unit
boundaries. Units AS-2 and AS-3 are mostly parallel to the general basin geometry and
basement slope trend. Above AS-u3, the reflections become increasingly angular and reach
their largest internal angles up to AS-u6. Above As-u6, the reflections change to progressively
more horizontal and parallel (line drawing in Fig. 8-5b). Additionally, unit thicknesses
decrease markedly (section 8.5.3).

We speculate that this change in horizon angles may be attributed to tectonic uplift. For
instance: reflections up to AS-u2 that are all parallel to the basement were either present
before the uplift, or the rate of uplift was similar to rate of deposition. Towards AS-u3, the
angle changes gradually, which could indicate that uplift may have started, or accelerated, up
to AS-u6. Near or after AS-u6 uplift may have stopped and the units above AS-u6 deposited

in a parallel manner.

If we impose the model horizon ages (Fig. 8-11) on this theory, the uplift started before
or near AS-u3/uPG-T, which is ~30 Ma in our age model (point 7 and 8 in Fig. 8-10).
Uplift continued with increasing tempo till AS-u6/uT-FG (-13 Ma) and thereafter ended or

slowed down significantly.

Which tectonic events on the Pacific margin of West Antarctica can account for this
signature? We postulate that this change in horizon dip angles may be related to either the
Marie Byrd Land uplift that was presumably caused by a mantle plume (LeMasurier, 2008),
or by processes related to the emplacement of the Marie Byrd Seamounts (65-56 Ma; Kipf et
al., 2013) associated with a thermally driven uplift of the crust via magmatic underplating as
a product of partial melting (Kipf et al., 2013; Kalberg and Gohl, 2013).
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8.7 Conclusions

Collective interpretation of the AWI-2010 and Tan0602 multichannel seismic reflection

data (2937 line kilometres) and supporting exiting lines (-1784 line kilometres) increased

our understanding of the Cretaceous to present Amundsen Sea basin geometry, bottom

current development and likely ice sheet development. Having placed the first seismic

stratigraphic results for this basin in a conceptualised age model that is in broad agreement
with the Ross Sea shelf DSDP Leg 28 Sites 270-272 and IODP Leg 318 Site U1356 off the

Wilkes Land margin, we summarise the main conclusions and contributions:

1.
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A new seismic horizon stratigraphic nomenclature was developed and assigned to key
marker horizons in a representative Amundsen Sea basin type section. The seismic
units (AS-1 to AS-10) and unconformities (AS-ul to AS-u9) were grouped into three
1** order sequences, related to the pre-glacial, transitional and full glacial climate

regimes of Antarctica.

The pre-glacial sequence comprises AS-1 to AS-3 and associated boundary horizons
(bsmnt to AS-u3/uPG-T) with an age range estimate of 79-34 Myr. All units were
traced throughout the basin and some terminate against the Pahemo fracture zone
(AS-1) and the Kohiko fracture zone (AS-2 and AS-3). AS-1 is the thickest, in a
valley at the Endeavour fracture zone (1256 m), which is also the centre-point and
deepest part of the overall known basin geometry. AS-3 is anomalously thick
compared to all the units and contain a large ~300 km long and up to ~400 m high
elongate levee drift on the eastern basin flank, estimated to be of Eocene age. A
Paleogene to Eocene eastward flowing bottom current is inferred. The sediment

thickness for the PG sequence ranges from 358-2203 m with a sedimentation rate of
0.6-2.1 cm/ky.

The transitional sequence (AS-4 to AS-6 and boundary horizons AS-u3/uPG-T to
AS-u6/uT-FG) has a collective age range estimate of 34—15.5 Myr, and are present
throughout the basin along the AS-RS transect and the Tan0602 survey. The units
thin markedly to 274 m thick above the region of the AS-2 PG-drift on the eastern
flank of the basin. The T-drifts, mounds or sediment waves are confined to the far
western basin flank and perched on a basement high, but the geometry does not
allow for a current direction interpretation. The amalgamated base terminates either
on AS-u4, within AS-4, or directly on the basement. The tops penetrate up to four of
the seismic units above (AS-5 to AS-8). The sediment thickness for the T sequence
ranges from 274 to 1070 m and thins from West to East. The sedimentation rate is
estimated at 1.0-2.5 cm/ky.

The full glacial sequence (AS-7 to AS-10 and boundary horizons AS-u6/uT-FG to
sflr) of age range 15.5 to 0 Myr, are also present throughout all the seismic lines and
assumed, throughout the basin. AS-8 and AS-9 thins to 45 m and 52 m thick above
the AS-2 PG-drift location, but the thickness of AS-10 remains consistent (~150 m
thick). The FG-drifts are typically 50-100 km wide and 200-300 m high. They are
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10.

11.

mainly concentrated on the western flank of the basin and stacked (up to 3 levels)
above the Pahemo fracture zone. The stoss side of the FG-drifts pinch out to the
West and thus an eastward flowing, mid-Miocene to Pliocene current is inferred. AS-
8 is the only FG unit that has a drift body on the eastern basin flank. The sediment
thickness for the FG sequence ranges from 374-889 m and thins towards the basin
flanks. It has the highest sedimentation rate of 1.5-3.6 cm/ky.

The regional stratigraphic correlation with the Wilkes Land deep-sea horizons, the
Ross Sea shelf data and the far eastern Amundsen Sea supports the age model. The
estimated 34 Myr AS-u3/uPG-T unconformity correlates with WL-U3 (33.5 Ma) in
Wilkes Land, RSS-5 on the Ross Sea shelf, and with the base of Unit II in the eastern
Amundsen Sea. The sequence boundary AS-u6/uT-FG correlates with WL-U5 in
Wilkes Land, RSS-4 on the Ross Sea shelf, and with the base of Unit III in the far

eastern Amundsen Sea.

The major deposition centres for the pre-glacial to glacial periods are located in the
basin centre and in front of Ross Sea outlet. They seem to have remained consistent

in location during the basin evolution.

The transitional sequence indicates the Eocene onset of the glacially dominated
environment of West Antarctica.

From only looking at the seismic data, there is no apparent difference in the deep-sea
sediment transport processes or a shift in deposition between the Amundsen Sea and
Ross Sea. The seismic sections in the deep-sea basins show continuous sequences
with consistent internal geometry. However, the data used is of limited extent and

this conclusion may change if more drilling or seismic data become available.

Regional variation in acoustic basement topography revealed rugged basin flanks. On
the western flank it is attributed to spreading rate decreasing below 60-70 mm and
on the eastern flank, ascribed to the intrusion of the Marie Byrd Seamounts and a
zone of a mix of stretched continental crust. The parts to the West of the basin centre
show fracture zones with vertical displacement. The smooth part in the eastern part
of the transect, is attributed to a faster seafloor spreading rate (>60 mm Myr') and

the absence of fracture zones.

The change in the layering of the internal reflections and thickness of the seismic
units in the region of the large AS-2 PG-drift may be attributed to tectonic uplift, for
example during the Marie Byrd Land uplift or during the emplacement of the Mary
Byrd Land Seamounts.

It is estimated that at least 4 km sediment was eroded off land and deposited in the
deep-sea basin, this may be larger because sediment in the seismic sections were not
decompacted during thickness calculations. The total sediment volume estimate for
the deep sea Amundsen Sea — eastern Ross Sea basin is 2.8 to 3.3 x 10° km?. The pre-
glacial (up to 34 Ma Eocene/Oligocene), Transitional (34-15.5 Ma, Eocene to mid-

Miocene) and full glacial (<15,5 Ma) climate regime sediment volumes are estimated
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at: PG =15t 1.8 x 10 km?, T = 0.8 to 1.0 x 10° km?® and FG = 0.8 to 0.9 x 10°

km?.

Our interpretations and conclusions rest on the assumption that the variation in
amplitude and internal geometry observed in the seismic images, represent changes in the
depositional processes that can be related back to the tectonic and ocean-circulation changes
in the pre-glacial, transitional and full glacial climates. The sediment velocities are fairly well
restrained with sonobuoy and refraction data, although this could be improved upon. The
largest uncertainties lie in the age model due to the absence of deep-sea drilling information
as age-control. Despite this, we believe the framework to be the best estimate based on all
available data, and places our results in a useful context for future drilling, further seismic
acquisition, or palacotopography and palacobathymetry reconstruction of this margin.
Supplementary data to this article can be found online at http://dx.doi.org/10.1016/
j-palaco.2015.11.017.
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1.1 Supplement S1
Compilation of palacoproxy curves (see Fig. 1-1 in Ch. 1).

1.2 Supplement S2
Tan0602 Sonobuoy data acquisition, processing and velocity model (see section 5.4 in
Ch. 5, Fig. 5-5 and Table 5-1).

1.3 Supplement S3
Amundsen Sea — Ross Sea (AS-RS) transect (A0 plot and fold-out of Fig. 8-4 in this
chapter, see Appendix B-1 and back pocket).

1.4 Supplement S4

Velocity model: interval velocities derived from stacking velocities (see Appendix B-2).

1.5 Supplement S5
Velocity model: refraction data, 1D model from AWI-20060200 (see section 5.3 in Ch.
5 and Figs. 5-1 to 5-4).
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Chapter 9

THIRD PAPER

ANOMALOUS SOUTH PACIFIC LITHOSPHERE
AND TOTAL SEDIMENT THICKNESS

Wobbe, F., Lindeque, A., Gohl, K., 2014. Anomalous South Pacific lithosphere
dynamics derived from new sediment thickness estimates off the West Antarctic margin.

Global and Planetary Change, 123 (A), 139-149, doi: 10.1016/j.gloplacha.2014.09.006

Highlights:

- First total sediment thickness grid for the Pacific margin of West Antarctica.
- Residual basement topography show asymmetric trend over Pacific-Antarctic ridge.
— Maximum sediment thickness ~4 km.

- Initial sediment volumes for the Bellingshausen, Amundsen and Ross Sea basins.

9.1 Abstract

Paleotopographic models of the West Antarctic margin, which are essential for robust
simulations of paleoclimate scenarios, lack information on sediment thickness and
geodynamic conditions, resulting in large uncertainties. A first total sediment thickness grid
spanning the Ross Sea — Amundsen Sea — Bellingshausen Sea basins is presented and is based
on all the available seismic reflection, borehole, and gravity modeling data offshore West
Antarctica. This new grid was combined with NGDC's global 5 arc minute grid of ocean
sediment thickness (Whittaker et al. 2013) and extends the NGDC grid further to the south.
Sediment thickness along the West Antarctic margin tends to be 3—4 km, thicker than
previously assumed. The sediment volume in the Bellingshausen, Amundsen, and Ross Sea
basins amount to 4.15, 3.66, and 2.26 million cubic kilometers respectively. The residual
basement topography of the South Pacific has been revised and the new data show an
asymmetric trend over the Pacific-Antarctic Ridge. Values are anomalously high south of the
spreading ridge and in the Ross Sea area, where the topography seems to be affected by
persistent mantle processes. In contrast, the basement topography offshore Marie Byrd Land
cannot be attributed to dynamic topography, but rather to crustal thickening due to
intraplate volcanism. Present-day dynamic topography models disagree with the presented
revised basement topography of the South Pacific, rendering paleotopographic
reconstructions with such a limited dataset still fairly uncertain.

Keywords: sediment isopach map; sediment thickness grid; sediment volume; residual

basement depth; dynamic topography; paleotopography.
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9.2 Introduction

The accurate reconstruction of paleotopography is a main prerequisite for robust
simulations of paleoclimate scenarios. Current paleotopographic models contain large
uncertainties due to absent or sparse sediment thickness data and constraints on geodynamic
conditions. Since the Southern Ocean plays an important role in global climate processes, we
assess the sedimentary and geodynamic conditions of the Southern Pacific to ascertain these

essential factors for modern paleotopographic reconstructions.

We present an improved sediment thickness grid for the West Antarctic margin, which is
now based on all the available seismic reflection, borehole, and gravity modeling data. This
new grid spans the Antarctic Peninsula, Bellingshausen Sea, Amundsen Sea and Ross Sea,
and links to Whittaker et al.'s (2013) data off Victoria Land. In the first part of this
publication, we compare our results to previous work and discuss possible implications for

paleotopography and paleoclimate reconstructions of Antarctica.
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Fig. 9-1. Data sources used for compiling total sediment thickness and estimating sediment volumes. Areas based on
gridded external data sources filled with solid colors (Divins 2003; Wilson and Luyendyk 2009). Data collected on
transects are mostly multichannel seismic-reflection data available from the Antarctic Seismic Data Library System
(SDLS, Wardell et al. 2007) and recent publications (ANT-23/4 and ANT-26/3: Scheuer et al. 2006a; Lindeque and
Gohl 2010; Uenzelmann-Neben and Gohl 2012; Wobbe et al. 2012; Gohl et al. 2013; Kalberg and Gohl 2013). Some
sediment thickness estimates in the Amundsen Sea sector are based on gravity models (Wobbe et al. 2012). Dotted line
outlines limit of sedimentary cover on inner Amundsen Sea Embayment (ASE) shelf (Gohl et al. 2013). Polar
stereographic projection with central meridian of 138° W and latitude of true scale at 71° S referenced to WGS84.
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In a second part, we analyze and re-evaluate the Late Cretaceous to present lithosphere
dynamics of the South Pacific after the final breakup of Gondwana. The rifted continental
margins of New Zealand and West Antarctica experienced different tectonic histories: As
New Zealand drifted away from Antarctica it was subjected to excess tectonic subsidence of
500-900 m, with a maximum during the interval 70-40 Myr (Spasojevic et al. 2010;
Sutherland et al. 2010). The conjugate Marie Byrd Land margin, by contrast, was deformed
by movement of the Bellingshausen plate relative to Antarctica (Wobbe et al. 2012), affected
by intraplate volcanism (Kipf et al. 2014), and covered by large amounts of glacial sediments
(e.g., Rebesco et al. 1997; Scheuer et al. 20006a).

The West Antarctic margin and its adjacent seafloor is currently more than 1000 m
shallower than the conjugate New Zealand margin. It has been suggested that mantle
upwelling following the Gondwana subduction cessation could have caused this anomalously
high topography (e.g., Storey et al. 1999; Sieminski et al. 2003; Winberry and
Anandakrishnan 2004; Finn et al. 2005; Spasojevic et al. 2010; Sutherland et al. 2010).

In order to test this hypothesis with new data, we determined the sediment corrected
basement topography for the South Pacific and compared it to: (i) an empirical sediment
corrected depth model from the North Pacific (Crosby et al. 2006), (ii) various dynamic
topography models (e.g., Ricard et al. 1993; Steinberger 2007; Conrad and Husson 2009;
Spasojevic and Gurnis 2012; Flament et al. 2013), and (iii) a current mantle shear wave
velocity model (Schaeffer and Lebedev 2013). The differences between the dynamic
topography models are discussed and the implications for reconstructing the South Pacific

paleobathymetry and -topography are highlighted.

9.3 Sediment thickness grids of the West Antarctic margin

We derived new 5 km and 5 arc minute resolution sediment thickness grids from seismic
reflection and refraction data, from gravity models, and from data of selected drill sites on
the West Antarctic margin of the Pacific (Ross Sea — Amundsen Sea — Bellingshausen Sea —

Antarctic Peninsula).

9.3.1 Sediment thickness calculation

Total sediment thickness estimates of the continental margin and the deep ocean floor are
largely based on multichannel seismic reflection surveys (Fig. 9-1). We used the two-way
travel times (T'WT) between the seafloor and the acoustic basement reflections along seismic
reflection transects available from the Antarctic Seismic Data Library System (SDLS, Wardell
et al. 2007; Table in Appendix C-1), and along recently acquired and processed seismic
profiles (e.g., ANT-18/5a, ANT-23/4, and ANT-26/3: Scheuer et al. 2006a, b; Lindeque
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and Gohl 2010; Uenzelmann-Neben and Gohl 2012; Wobbe et al. 2012; Gohl et al. 2013;
Kalberg and Gohl 2013).

The TWT values, 2T in s, were converted to depth, Z in km, using Carlson et al.'s (1986)
empirical relation Z = 3.03 In(1 x 0.52T). This method has been applied to seismic data
acquired along the Antarctic Peninsula in past work (Rebesco et al. 1997; Scheuer et al.
2006a, b). Carlson et al.'s (1986) TWT-depth relationship is calibrated for sediments up to
1.4 km thick (-1.4 s TWT) only and the sediment thickness is considerably overestimated
for TWTs larger than 2.8 s. This affects <5 % of the data points, mainly located on the
continental rise-slope transition. Due to the lack of area-wide seismic velocity models or

downhole velocity measurements at drilling sites, we have to assume the acoustic velocity of
sediments thicker than 2.8 s TWT.

P-wave velocities of 5-6 km thick sediments on the continental rise in polar regions
typically range from 1800 to 4000 m/s (e.g., West Greenland, Chian et al. 1995; Suckro et
al. 2012) or even 4200 m/s (e.g., East Greenland, Voss and Jokat 2007). On the Amundsen
Sea continental rise, sediment layer interval velocities from a P-wave refraction model
(Lindeque and Gohl 2010; Kalberg and Gohl 2013) and from stacking velocities (Gohl et al.
2007; Uenzelmann-Neben and Gohl 2012; Gohl et al. 2013) range from 1600 to 4200 m/s.
We determined the best fitting average acoustic velocity of sediments thicker than 2.8 s
TWT to be 2818 m/s and converted all TWT values greater than 2.8 s to depth using this

velocity.

The seismic data coverage of the Amundsen Sea Embayment shelf (Gohl et al. 2013) is
better than the profiles used for this publication imply (Fig. 9-1). However, only few seismic
lines reveal the top of basement. We used gravity modeling to constrain basement depth.

The limit of the sedimentary cover approaching the inner shelf is well documented (e.g.,

Gohl et al. 2013).

9.3.2 Data merging and gridding

In order to extend the data coverage of the mapped basement horizons from multichannel
seismic data (Fig. 9-1) to the Ross Sea region, we incorporated sediment thickness above the
RSUG unconformity (e.g., Cooper et al. 1991). Sediments below the RSU6 unconformity
were excluded, because they predate crustal extension in the Ross Sea (Cooper et al. 1991;
De Santis et al. 1995; Wilson and Luyendyk 2009). Wilson and Luyendyk (2009), whose
data we included as well, estimated sediment thickness under the Ross Ice Shelf by

extrapolating thickness trends in the Ross Sea from gravity anomalies.

Four Deep Sea Drilling Project (DSDP) boreholes in the area of interest reach the
basement and their borehole depth measurements complement the sediment thickness data
from the Ross Sea (sites 270 and 274, Hayes et al. 1975) and fill in the gaps of the most
distal areas along the Antarctic Peninsula (sites 322 and 323, Hollister et al. 1976).
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Fig. 9-2. The new total sediment thickness map of the Pacific margin of West Antarctica. Isopachs are color coded,
contour lines indicate water depth in meter. White dashed lines delineate sediment catchment areas for the Ross Sea
(RS), Amundsen Sea (AS) and Bellingshausen Sea (BS) basins. Compacted sediment volume estimates for these regions
are illustrated in the top left corner. Black diamonds indicate locations of DSDP sites taken into account. Darker gray
shading inland shows topography above 500 m. Rock outcrops from SCAR Antarctic Digital Database. DGS - De
Gerlache Seamounts, MBS - Marie Byrd Seamounts. Polar stereographic projection with central meridian of 138° W
and latitude of true scale at 71° S referenced to WGS84.

Data from other DSDP, Ocean Drilling Project (ODP), and Antarctic Drilling
(ANDRILL) drill sites along the West Antarctic margin were discarded because these
boreholes do not yield the acoustic basement. Some sediment thickness estimates in the
Amundsen Sea sector are based on a P-wave refraction model (Lindeque and Gohl 2010;
Kalberg and Gohl 2013) and gravity models (Wobbe et al. 2012). We allocated values from
the original ocean sediment thickness grid of the National Geophysical Data Center
(NGDC, Divins 2003) to areas further north and distant from the constrained data sources.
These areas are roughly defined by the 100 m sediment isopach in the NGDC sediment
thickness grid.

The compiled sediment thickness point-based data were pruned by calculating 10 by 10
km block medians to remove short wavelengths and to avoid spatial aliasing during gridding.
The dataset was gridded using Smith and Wessel's (1990) continuous curvature splines
algorithm, with a tension factor of 0.2 to suppress local maxima and minima. Although data
along the coastline were tapered to zero, we had to introduce about 150 further estimates of
total sediment thickness to maintain a sensible appearance of the grid in areas remote from

constrained sediment thickness. This is mostly the case, where the acoustic basement could
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not be identified on seismic profiles crossing the continental shelf. Our estimates are either
plausible assumptions based on local geomorphology or inferred from the nearest constrained

value.

A second-order Butterworth low-pass filter with a cut off wavelength of 100 km removed
short-range variations from the grid. We chose the Butterworth filter because it has no ripple
in the pass band at the expense of a relatively wide roll-off (Oppenheim and Schafer 2009).

The final grid was further resampled by bicubic interpolation to 5 km resolution.

This new total sediment thickness grid result is available in Antarctic Polar Stereographic
Projection with a latitude of true scale at 71°S, referenced to WGS84 (Fig. 9-2). The new
regional southern Pacific total sediment thickness grid was combined with the recently
updated global sediment thickness grid of NGDC (Divins 2003; Whittaker et al. 2013) to
create an updated 5 by 5 minute global grid of ocean sediment thickness. The blending of
the datasets was done by interpolating a 40 km buffer between the global, and our smaller

regional grid, using continuous curvature splines with a tension factor of 0.2.

9.3.3 Comparison to previous work and uncertainties

The presented total sediment thickness grid (Fig. 9-2) covers an area of more than 8
million square kilometers and reveals major differences when compared to the sediment
thickness compilation of Divins (2003). Divins' original (2003) NGDC global sediment
thickness grid has recently been updated for the Australian — Antarctic region (Whittaker et
al. 2013), as it became apparent that sediment thickness along the continental margins has
been underestimated by more than 2000 m. The current NGDC grid, which excludes areas
south of 70°S, largely underestimates sediment thickness off the Antarctic Peninsula and off
Marie Byrd Land whilst slightly overestimating total sediment thickness around the De

Gerlache Seamounts and the Marie Byrd Seamounts.

Sediments in West Antarctic waters are approximately 4—4.8 km thick around the
continental slope (approximately 1000 m contour in Fig. 9-2), which is about 3 km thicker
than Divins' (2003) NGDC compilation indicates. Sediments reach a maximum thickness of
6-8 km in glacial troughs on the Ross Sea shelf but taper off to less than 2 km further north.
Total sediment thickness is estimated as larger than 4 km off the Antarctic Peninsula but less
than 2-2.5 km off the coast of Marie Byrd Land and Victoria Land (west of DSDP site 274),
and is maintained farther west (cf. Whittaker et al. 2013). Data from several proprietary
seismic profiles (R/V Tangaroa, TAN0207 survey for the New Zealand UNCLOS program)
off Chatham Rise indicate that Divins' (2003) sediment thickness estimates of West
Antarctica's conjugate margin are accurate and do not compromise our residual basement

depth calculation south of New Zealand in Section 1.3.

The mean West Antarctic sediment thickness varies slightly. It is largest in the Ross Sea
and Bellingshausen Sea sectors (1.5 and 1.4 km), consistent with the very large flux

associated with glacial sediment transport, and decreases to about 1.1 km in the Amundsen

136



9. West Antarctic margin

Sea sector. The Ross Sea and Bellingshausen Sea basins also have the highest volume per
deposition area ratio of about 1.4 km, which is 30% larger than that of the Amundsen Sea
sector. The total sediment volume amounts to 10.1 million cubic kilometers of which
approximately 80% is equally distributed between the Amundsen and Bellingshausen Sea

sectors, and the remaining 20% is spread across the Ross Sea sector.

Neglecting any margin parallel sediment transport, our calculations indicate that most of
the terrigenous sediment influx from the West Antarctic originates from the smallest source
area of the Antarctic Peninsula (15% of all area draining into the South Pacific). To illustrate
this, we determined the hypothetical minimum height of a sediment pile that would cover
West Antarctica if all sediments were returned to their source areas by applying Wilson et
al.'s (2012) estimates for in situ sediment density (1.95-2.1 g/cm?) and source rock density

(2.6 g/lcm?).
DSDP and ODP boreholes around Antarctica yield a maximum pelagic fraction of 15%,

which is not restored to the continent in this calculation. The terrigenous sediment source
areas, draining into our three West Antarctic sectors, were determined from Zwally et al.'s
(2012) present-day drainage system divides within the grounding line and west of the
Transantarctic Mountains. Assuming these drainage system divides and their areas did not
change with time, our calculations predict that sediments from the Ross Sea sector would
pile up to a thickness of 2.5 km (or 561 m if source areas of East Antarctica are considered as
well). Sediments from the Amundsen Sea sector would accumulate to a thickness of 3.9 km,

and those from the Bellingshausen Sea sector would reach a height of 13 km.

The Ross Sea deposition area is about one third larger than that considered by Wilson and
Luyendyk (2009). Even though, the volume estimate for the Ross Sea as previously proposed
by Wilson and Luyendyk (2009) only is 10% smaller than the one we calculated, because the
distal deposition areas contain much less sediment than the ones in the central and western

Ross Sea.

Although Scheuer et al.'s (2006a) sediment thickness grid of the Bellingshausen Sea and
eastern Amundsen Sea shows east—west directed low frequency oscillation artefacts and
occasionally large local minima and maxima, it compares reasonably well to our results in
that the total sediment volume deviates by about 3%. This similarity can be attributed to the
common database constraining the sediment thickness along seismic profiles, whereas the

deviation is likely caused by a varied degree of data pruning and low-pass filtering.

The accuracy of the presented total sediment thickness grid varies proportionally to the
distribution and abundance of seismic data offshore West Antarctica (Fig. 9-1). To a lesser
degree, the sediment thickness data is affected by the TWT to depth conversion uncertainties
rooted in the lack of seismic velocity models and drilling sites with key constraining down-
hole velocity data. The Ross Sea area is exceptionally well surveyed with a densely distributed

seismic profile network and two basement yielding DSDP sites provide good calibration.
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Fig. 9-3. Age of the oceanic lithosphere (Wobbe et al. 2012) overlain with locations of seamounts (black dots, Global

Seamount Database, Kim and Wessel 2011), fracture zones (black lines), and seismic and gravity profiles (dotted lines).
DGS - De Gerlache Seamounts, PI - Peter Island. Lambert conformal conic projection with central meridian 160° W

and standard parallels 75° S and 69° S referenced to WGS84.
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Fig. 9-4. Sediment unloaded basement depth determined by applying the correction from Sykes (1996) using the
sediment thickness from Fig. 9-2. Overlain with locations of seamounts (black dots, Global Seamount Database, Kim
and Wessel 2011). Abbreviations same as Fig. 9-3 and BSM - Bollons Seamount. Lambert conformal conic projection
with central meridian 160° W and standard parallels 75° S and 69° S.
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The continental rise and slope within all sectors except the westernmost and deeper
Amundsen Sea are well mapped. In other places, where total sediment thickness is less
constrained due to the absence of seismic reflection and borehole data, the thickness was

interpolated over several hundred to thousand kilometers.

Fortunately, most of these less constrained areas fall into the abyssal plains north of 70°S
in the western Amundsen Sea sector, and north of 65°S in the eastern Amundsen Sea and
Bellingshausen Sea sectors, where DSDP sites 322 and 323 hardly reported any sediment
cover. Sediment thickness on the shelves of the western Amundsen Sea could not be
constrained by data but were based on observations from the central and eastern Amundsen

Sea shelves.

9.4 Age of the oceanic lithosphere and basement depth

In Figs. 9-3 to 9-5 we present the derived set of digital grids that represent the South
Pacific ocean floor ages, sediment-corrected basement depth, and oceanic residual basement
depth. Collectively these provide an opportunity to study lithosphere dynamics of the West
Antarctic margin. The residual basement depth (Fig. 9-5) is the difference between the
sediment unloaded basement depth (Fig. 9-4) and the predicted basement depth. The latter
was derived from converting the crustal age (Fig. 9-3, Wobbe et al. 2012) to basement depth
by using Crosby et al.'s (2006) North Pacific depth—age relationship, d = -2821 - 315Vk.

We decided to apply Crosby et al.'s (2006) model for converting age to depth because it is
based on sediment-corrected basement depths from the Pacific, and because it is unbiased by
igneous crustal thickening. Therefore, it is considered suitable for detecting anomalies in the
basement depth caused by, e.g., hotspot swells, plateaus, and seamounts. It should be noted
however, that the difference between this chosen model and models proposed by other
authors such as Stein and Stein's (1992) GDH1 depth—age relationship are marginal, and in
the context of the scale of this study considered negligible for studying large-scale basement
depth anomalies (see Miiller et al. 2008).

In brief, the differences between GDHI1 and Crosby et al.'s (2006) depth—age relationship
range from ~32 to 360 m for ages less than or equal to 90 Myr. The mean difference is 87 m
and the median difference equals 55 m during this time interval. Both models are remarkably
similar for ages younger than 80 Myr, which encompasses more than 96% of the area of
interest (Fig. 9-3). Subsequently, GDHI follows a shallower trend than Crosby et al.'s
(20006) depth—age relationship.

Sediment loading was estimated from our total sediment thickness grid (Fig. 9-2), using
the relationship between sediment thickness and isostatic correction from Sykes (1996). We
calculated the sediment unloaded basement depth by subtracting the isostatic effect using the
water depths of the International Bathymetric Chart of the Southern Ocean (IBCSO, Arndt
etal. 2013).
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Fig. 9-5. Residual basement depth of the oceanic crust determined by calculating the difference between sediment
unloaded basement depth (Fig. 9-4) and predicted basement depth from applying Crosby et al.'s (2006) North Pacific
depth-age relationship to the age distribution from Fig. 9-3. Profiles 1-6 along flow lines shown in Figs. 9-6, 9-7, and
9-10. Small circles along profiles placed 500 km apart. Dashed circle delineates Endeavour Anomaly. Abbreviations
same as in previous figures and BI - Balleny Islands hotspot/Charcot Ridge. Lambert conformal conic projection with

central meridian 160° W and standard parallels 75° S and 69° S.

9.4.1 Residual basement depth anomalies

The residual basement depth of the South Pacific (Fig. 9-5) is largely positive, with a few
exceptions along the Udintsev, Hazen and Tharp fracture zones (labelled in Fig. 9-3)
southeast of the Campbell Plateau, and northwest of the Antarctic Peninsula. The magnitude
of the residual basement depth and its irregular surface tend to correlate with hotspot tracks,
and with the size and abundance of seamounts. The residual basement depth is generally
higher in proximity to Antarctica. This is reflected in the values of the mean residual
basement depth of the Antarctic and Pacific plate, being 486 and 203 m respectively. The

depth variation is best expressed by the root mean square, 706 and 389 m respectively.

Fig. 9-6 illustrates the unloaded basement depth and the predicted basement depth on
selected profiles that are parallel to flow lines crossing the Pacific-Antarctic Ridge. The
profiles, which were selected carefully to avoid undulations near fracture zones, confirm that
the unloaded basement depth of the Antarctic plate is considerably higher than that of the
Pacific plate. Due to the excessive sediment cover offshore West Antarctica, seafloor
topography is more than 1000 m shallower compared to the conjugate New Zealand margin
(Fig. 9-6). This is reflected by the isostatic correction for sediment thickness, which varies
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from 100 to 500 m south of the Campbell Plateau and Chatham Rise but then reaches 800—

1500 m and, occasionally, more than 2000 m in the Ross Sea and Amundsen Sea.

Despite the large difference in seafloor topography between the two conjugate margins,
the unloaded basement depth, and hence the residual basement depth, usually differ by less
than 250 m (Fig. 9-7). Exceptions are the Ross Sea and Marie Byrd Seamount area, where
the residual basement depth exceeds 2000 m, and the Balleny Islands hotspot area south of
the Pacific-Antarctic Ridge. Fig. 9-7 demonstrates that the residual basement depth usually
oscillates between 0 and 500 m, and that a maximum depth is located 2000-2700 km
southeast from the Pacific-Antarctic Ridge in an area with a significantly higher seamount
density (Global Seamount Database, Kim and Wessel 2011, Fig. 9-5). Another distinctive
feature within a circular area north of Marie Byrd Land is defined by an anomalously low
residual basement depth, with values 500 m below the surrounding region. We name this the

Endeavour Anomaly.
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9.4.2 Residual basement depth vs. seafloor roughness

The residual Models explaining the morphology of mid-ocean ridge systems suggest that
basement roughness depends on seafloor spreading rate and that abrupt roughness
intensification develops below a full spreading rate threshold of 60-70 mm Myr" (Small and
Sandwell 1989; Malinverno 1991). This effect is readily, visible in the roughness map in Fig.
9-8, where morphologically flat basement close to New Zealand and its conjugate margin of
West Antarctica, formed along an initially fast spreading Pacific-Antarctic Ridge (>60 mm
Myr!, Wobbe et al. 2012). Other parts of the ocean floor with large slope variability were
formed less than 55 Myr ago when full-spreading velocities dropped below 60 mm Myr!
(Wobbe et al. 2012).

In the South Pacific, increased roughness is additionally caused by confined geological
features including oceanic troughs, ridges, fracture zones, and seamounts. Cenozoic

magmatism has been attributed to increased heat flow from the mantle (e.g., LeMasurier
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Fig. 9-7. Residual basement depth vs. distance from Pacific-Antarctic Ridge along

profiles from Fig. 9-5. Abbreviations same as in previous figures.
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Fig. 9-8. Seafloor roughness computed by calculating the slope variability, Sv
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1990; Rocchi et al. 2002; Finn et al. 2005; Kipf et al. 2014). While seamounts such as the
Balleny Islands, Marie Byrd Seamounts, De Gerlache Seamounts, and Peter I Island are
limited morphological surface expressions of these magmatic centers, oceanic crust may
respond to the underlying heat source with thermal uplift. Consequently, residual basement
depth and seafloor roughness of the Antarctic plate often correlate (Figs. 9-5 and 9-8).
However, the area between Campbell Plateau and Pacific-Antarctic Ridge, for example,
shows an opposing trend. Hence, seafloor roughness alone cannot be used to explain the

residual basement depth distribution.

9.4.3 Residual basement depth vs. Shear wave velocity

Schaeffer and Lebedev (2013) recently published a global tomographic shear wave velocity
model of the upper mantle, which extends to a depth of 660 km, thereby improving the
resolution of previous Southern Hemisphere models. Fig. 9-9 displays the shear wave velocity

anomaly of the uppermost mantle in four slices at different depths.

As expected, low shear wave velocities, which indicate increased heat flow in the mantle,
coincide well with magmatic centers of Marie Byrd Land, Balleny Islands, and the Ross Sea
area. In contrast, the Marie Byrd Seamounts, the De Gerlache Seamounts, and Peter I Island
are underlain by mantle with anomalously high shear wave velocities that by implication may

mean lower heat flow in the mantle.

In these magmatic provinces off West Antarctica, the heat does not stem from the mantle
directly below, as is the case in underplating, but may be provided by an upper mantle
convective flow from warm mantle beneath the continental lithosphere of Marie Byrd Land

(continental-insulation flow, Kipf et al. 2014, and references therein).

The distribution of seamounts that did not evolve from continental-insulation flow (e.g.,
Balleny Islands) matches the low shear wave velocity anomaly remarkably well. Similarly, the
residual basement depth (Fig. 9-5) matches the shear wave velocity anomaly too. Noticeably,
the shear wave velocity anomaly minimum below the mid-ocean ridges shifts asymmetrically
in all depth slices. Particularly south of 60°S, the shear wave velocity anomaly is located 500
km south of the Pacific-Antarctic Ridge, where it also coincides with the maximum of the

residual basement depth (Figs. 9-7 and 9-10).

The amplitude of the shear wave velocity anomaly in the study area decreases with depth
and deviates less than 1% from zero at depths greater than 400 km. Distinct trends over the
region or local extreme are absent. Well resolved shear wave velocity anomalies in this depth
with an amplitude of less than 1% would require seismic velocity uncertainties better than 50

m/s.
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Fig. 9-9. Shear wave velocity anomalies (SL2013sv model, Schaeffer and Lebedev 2013) of the upper mante at
80, 110, 150, and 200 km depth with reference velocities of 4.38, 4.38, 4.39, and 4.45 km/s.
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from Pacific-Antarctic Ridge along profiles 1, 3, 4, and 5 from Fig. 9-5.

144

40°S

60°S

40°S

60°S



9. West Antarctic margin

9.5 Discussion

Improved paleoclimate and paleo-ice sheet models are subject to known limitations of
current sediment volume approximations. With more robust sediment estimates, future
reconstructions of paleotopography will improve our understanding of Antarctica's glaciation
history. For instance, Wilson et al. (2013) estimated, based on the denudation history, that
the total Antarctic ice volume since the Eocene—Oligocene transition was more than 1.4
times greater than previously assumed. This study and a recent work from Whittaker et al.
(2013) both indicate that sediment thickness along the Antarctic margin has largely been
underestimated. The landmass reduction of Antarctica due to erosion, therefore, has
probably been larger than predicted (Wilson et al. 2012), and even larger ice sheet volumes
may have covered Antarctica in the early times of glaciation. Of course, additional
identifications of the volume and distribution of the pre-glacial to glacial components in the
offshore sedimentary records are required in order to reconstruct the past topography for
periods associated with large changes in climate proxies, such as the Eocene—Oligocene
transition. However, the construction of pre-glacial to glacial sediment thickness grids is

beyond the scope of this publication.

The previous section shows that there is a connection between residual basement depth
and shear wave velocity on the one hand and magmatic processes on the other. Residual
basement depth should also resemble the present-day dynamic topography predicted from
mantle flow models. Present global studies of dynamic topography (e.g., Ricard et al. 1993;
Steinberger 2007; Conrad and Husson 2009; Spasojevic and Gurnis 2012; Flament et al.
2013) are limited to a lateral resolution of about 3000-5000 km. There are regional
mismatches at scales below 10 000 km and even inverse correlations, especially in the Pacific
realm (Flament et al. 2013). None of the five above mentioned dynamic topography models
(Fig. C-1 in Appendix C) resolve local residual basement anomalies in the South Pacific.
Although absolute amplitudes vary as much as 1500 m, all models propose a topographic
high beneath the Pacific Plate, north of 60°S/150°W, which is in contrast with the residual
basement depth (Fig. 9-5) and the shear wave anomaly (Fig. 9-9). Depending on the chosen
model, dynamic topography beneath the Antarctic Plate and West Antarctica varies between
500 m and 1000 m, and the magnitude beneath New Zealand is usually consistent with that
beneath Marie Byrd Land.

Mantle upwelling following the Gondwana subduction cessation has been suggested, but
it’s extent beneath the West Antarctic margin remains unclear (e.g., Storey et al. 1999;
Sieminski et al. 2003; Winberry and Anandakrishnan 2004; Finn et al. 2005). We believe
that present-day residual basement depth, mantle shear wave velocity anomaly (Schaeffer and
Lebedev 2013), and Kipf et al.'s (2013) continental-insulation flow model confine upper
mantle convective flow solely to an area located beneath Marie Byrd Land and the Ross Sea.
Spasojevic et al. (2010) and Sutherland et al. (2010) constructed models of Late Cretaceous

to Cenozoic mantle flow, attributed to low density material above the Gondwana slab
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graveyard beneath Antarctica, to predict dynamic topography. Their models, which are based
on present-day bathymetry, explain the high topography of the Ross Sea and Marie Byrd
Land region as well as anomalous post-rift Campbell Plateau subsidence. Our findings
complement Sutherland et al.'s (2010) dynamic topography model, and our total sediment
thickness estimates confine areas of anomalous basement elevation more precisely. For
example, Sutherland et al. (2010) attributed excess topography (0.5-2.0 km) offshore Marie
Byrd Land and in the Ross Sea region to dynamic topography. Our results confirm this for

the Ross Sea as well as the Balleny Islands hotspot area.

However, the residual basement depth of Marie Byrd Land does not exceed that south of
Campbell Plateau by more than 250 m (Fig. 9-7). East of the Ross Sea area, anomalously
high basement topography is associated with magmatic processes driven by continental-
insulation flow only (Marie Byrd Seamounts, De Gerlache Seamounts, Peter I Island, e.g.,
Kipf et al. 2014). Oceanic crust elsewhere in that region seems unaffected by mantle
processes (e.g., Endeavour Anomaly). Sutherland et al.'s (2010) present day dynamic
topography model coincides with our residual basement depth maximum in the Ross Sea,
but their proposed topography high beneath the Pacific Plate north of the Pacific-Antarctic

Ridge lacks an equal counterpart anomaly in the residual basement depth.

A peculiar feature of the residual basement anomaly is its asymmetry over the Pacific-
Antarctic Ridge, with a maximum south of the spreading center, exactly where Campbell
Plateau passed through and, according to Wobbe et al.'s (2012) revised South Pacific plate
motion model mouldering 70—40 Myr. This time interval also marks the peak subsidence of
the Campbell Plateau as it moved away from Antarctica to its present-day position
(Sutherland et al. 2010). Although residual basement depth represents only a snapshot of
dynamic topography, which occurs over tens of millions of years (Flament et al. 2013), the
anomalous basement elevation south of the Pacific-Antarctic Ridge seems to be caused by
processes persisting since the Cretaceous separation of New Zealand from Antarctica. It
should be kept in mind, though, that until more robust dynamic topography models become
available, predictions of the South Pacific paleotopography remain highly speculative.

9.6 Conclusions

Seismic data, recently acquired along the West Antarctic margin, suggests that Divins'
(2003) minimum sediment thickness estimates along the West Antarctic margin are much
too low. We present a first total sediment thickness grid spanning the Ross Sea — Amundsen
Sea — Bellingshausen Sea basins based on available seismic reflection, borehole, and gravity
modeling data in West Antarctica (Fig. 9-2). Our sediment thickness and volume estimates
are consistent with previous analyses that indicate larger sediment amounts on Antarctica's
margin than previously assumed (e.g., Rebesco et al. 1997; Scheuer et al. 2006a; Whittaker
et al. 2013). We therefore extended Divins' (2003) original NGDC grid further south by
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merging our new data with data from Scheuer et al. (2006a), Wilson and Luyendyk (2009),
and Whittaker et al. (2013) into an updated 5 by 5 minute global grid of total ocean
sediment thickness. The sediment thickness estimation involved interpolation over areas
without data constraints, but fortunately most of the less constrained areas fall into the
abyssal plains where sediment cover is usually sparse. Due to a wider, better constrained
dataset, the presented sediment volume estimates of West Antarctica are considered to be
fairly accurate. The sediment volume is the largest in the Bellingshausen Sea basin, with 4.15
million cubic kilometers, although its sediment source area is the smallest (15% of all area
draining into the South Pacific). Contrary, the Ross Sea basin, into which sediments are
supplied from a much larger area (43%), contains just 2.26 million cubic kilometers of
sediment. The Amundsen Sea basin, into which 42% of the present-day West Antarctic
landmass on the Pacific side drain, is estimated to contain 3.66 million cubic kilometers of

sediment.

We determined the sediment corrected basement topography for the South Pacific from
our total sediment thickness model (Fig. 9-4). In addition, we obtained the residual
basement depth of the oceanic crust (Fig. 9-5) by subtracting the sediment corrected
basement depth from the theoretical basement depth, using a current South Pacific crustal
age model (Wobbe et al. 2012) and Crosby et al.'s (2006) North Pacific depth—age
relationship. The mean residual basement depths of the Antarctic and Pacific plate differ by
about 300 m. The Antarctic Plate has a residual basement depth of nearly 500 m, but the
excessive sediment cover offshore West Antarctica leads to seafloor depths in excess of 1000
m shallower than those of the conjugate New Zealand margin. No direct relationship
between seafloor roughness (Fig. 9-8) and residual basement depth or overlying sediment
accumulation has been observed. Ocean floor with large slope variability rather formed from

55 Myr ago until present, when full-spreading velocities dropped below 60 mm Myr.

Dynamic topography models (e.g., Ricard et al. 1993; Steinberger 2007; Conrad and
Husson 2009; Spasojevic and Gurnis 2012; Flament et al. 2013) of the South Pacific are
inconsistent with our local residual basement anomalies or even reversely correlate, and it
remains unclear why. The pattern of residual basement depth, however, matches the
distribution of seamounts and the shear wave velocity anomaly of the upper mantle (Fig. 9-
9). Collectively these observations suggest that mantle dynamics play a role and that the
resolution of dynamic topography models still lack the precision to pinpoint present-day
small-scale residual basement anomalies. Our findings support Sutherland et al.'s (2010)
model of Late Cretaceous to Cenozoic persistent mantle not beneath West Antarctica
following the Gondwana subduction cessation, but show that basement elevation, estimated
from seafloor topography only, has been overestimated off Marie Byrd Land. We believe the
Marie Byrd Land margin is only affected by magmatic processes in the context of
continental-insulation flow (Kipf et al. 2014, e.g., Marie Byrd Seamounts, De Gerlache
Seamounts, Peter I Island). This seems to be supported by the observation that oceanic crust
farther away from these magmatic centers is elevated less than 250 m higher than oceanic

crust from the conjugate New Zealand margin. The Ross Sea as well as the Balleny Islands
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hotspot area, and a region south of the Pacific-Antarctic Ridge, however, have been subject
to mantle processes that lead to anomalously high basement elevations of more than 1500 m.
A persistent basement high south of the ridge would explain the rapid subsidence of the
Campbell Plateau during 740 Myr en-route to its present day position. Until more accurate
dynamic topography models, that can explain the present-day anomalous basement depth
both at the Pacific-Antarctic Ridge and along the continental margins, become available,

predictions of the South Pacfic paleotopography remain speculative.
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ONLINE SUPPLEMENTS

Appendix C-1

Fig. C-1. Present-day dynamic topography models of the South Pacific (Ricard et al. 1993;
Steinberger 2007; Conrad and Husson 2009; Spasojevic and Gurnis 2012; Flament et al.
2013).

Appendix C-2

Table C-1. Source-ID (values of source identification grid) vs. data origin of data used for
compiling sediment thickness, including DSDP boreholes (1—4), data from the Antarctic
Seismic Data Library System (SDLS, Wardell et al. 2007, 5-93, 161-207), recently acquired
and processed seismic data (99—140), and data from previous work (e.g., Scheuer et al. 20064,

b; Wilson and Luyendyk 2009; Uenzelmann-Neben and Gohl 2012; Wobbe et al. 2012; Gohl
et al. 2013; Kalberg and Gohl 2013; Whittaker et al. 2013).
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Chapter 10

FOURTH PAPER

PRE-GLACIAL TO GLACIAL SEDIMENT THICKNESS
GRIDS FOR THE PACIFIC MARGIN OF WEST
ANTARCTICA

Lindeque, A., Wobbe, F., Gohl, K., 2014.

Pre-glacial to glacial sediment thickness grids for the Pacific margin of West Antarctica.
Manuscript prepared for G-cubed as a Technical brief.

Currently with co-authors for comment.

Highlights:
*  First total, pre-glacial and glacial sediment thickness grids for the Amundsen Sea.

*  First pre-glacial to glacial grids for the Pacific margin off West Antarctica.

* Total sediment thickness up to 4 km, 1.5 km thereof comprising the full glacial sequence.

10.1 Abstract

Circum-Antarctic sediment thickness grids are needed to understand the first arrivals of
the ice sheets on the shelf and to reconstruct the past topography for periods such as the
Eocene/Oligocene and mid-Miocene. We identified seismic sequences representing the pre-
glacial [pre-ice sheet], transitional [first arrival of the ice sheets on the shelf] and full glacial
[permanent grounding of the ice sheets on the shelf] processes in newly acquired and pre-
exiting multichannel seismic reflection data on the Pacific margin of West Antarctica.
Supporting age and velocity information was drawn from all available borehole, refraction
and sonobuoy velocity data. Horizons in the Ross Sea, eastern Amundsen Sea,
Bellingshausen Sea and Antarctic Peninsula were used as published, and interpreted horizons
in the central Amundsen Sea basin and eastern Ross Sea basin expanded, to correlate the
seismic stratigraphy. We present a revised total sediment thickness grid that improves the
NGDC grid, and derive the first pre-glacial, transitional and full glacial sequence grids. The
pre-glacial sediment processes grid depicts 1.3—4 km thick depocenters, relatively evenly
distributed along the margin. The depocenters change markedly after Eocene/Oligocene
transitions when the ice sheets arrive on the shelf, and shift towards the eastern Ross Sea
basin, the central Amundsen Sea and the Antarctic Peninsula. The full glacial sequence
indicates new depocenters formation in front of the Amundsen Sea Embayment and a
localized eastward shift in the Bellingshausen Sea / Antarctic Peninsula basins. Using present-

day drainage and source area divides, hypothetical estimates indicate that a sediment pile of
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10. Sediment thickness grids

~2.7 km thick (volume of -6 x 10° km®) should be placed back onto land if sediment
thickness is to be considered in the E/O 34 Ma paleotopography reconstruction. Whereas a
sediment pile of approximately ~3.6 km thick and ~8 x 10° km? in volume would need to be
considered for the 15.5 Ma mid-Miocene paleotopography reconstruction. From the
Cretaceous to the present day topography, an estimated ~4.6 km of sediment (-10.2 x 10°

km?) was eroded off the Pacific margin of West Antarctica.

Keywords: isopach grid; sediment thickness; Ross Sea; Amundsen Sea; Bellingshausen Sea;

ice sheet.

AGU Index terms:

Paleoceanography: glacial; Tectonophysics: sedimentary basin processes; Marine geology and
geophysics: Marine sediments: processes and transport; Marine geology and geophysics:
Marine seismics; Marine geology and geophysics: Seafloor morphology, geology, and
geophysics

10.2 Introduction

The pre-glacial to glacial sequences in the sedimentary record provide an impression of
the first arrival of the ice sheets on the shelf at the Eocene/Oligocene [E/O, e.g. Escutia et al.,
2011; Wilson et al., 2013; Lindeque et al., 2014], here referred to as the transitional
sequence, and the subsequent permanent grounding of the Antarctic ice sheets on the
continental shelf in the mid-Miocene [ANTOSTRAT, 1995; Brancolini et al., 1995; De
Santis et al., 1999; Rebesco et al., 1997; De Santis et al., 2003; Wilson and Luyendyk 2009;
Brancolini and Leitchenkov, 2010; Escutia et al., 2011; Uenzelmann-Neben and Gohl,
2012], here referred to as the full glacial sequence.

By mapping the seismic boundary horizons of these sequences, regions of high sediment
deposition, referred to as depocenters, can be identified. They point to alluvial and glacial
drainage outlets from the continent. Shifts for particular time periods can reveal changes in
sediment transport and bottom current development that could be associated with changes
in climate, erosion or tectonic reorganization. These insights, in combination with
quantifying the sediment distribution, thickness and volume for each sequence, are necessary

to constrain paleotopography reconstructions in ice-sheet models [Wilson et al., 2013].

Of current interest is the Eocene/Oligocene topography reconstruction that provides a
boundary condition for estimating the controversial ice volume used for modeling the past
and near future growth/demise of the Antarctic ice sheets [DeConto and Pollard, 2003;
Wilson and Luyendyk, 2009; Wilson et al., 2012, 2013].
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Fig. 10-1. Total sediment thickness map of the Pacific margin of West Antarctica, modified after Wobbe et al.,
[2014]. Catchment areas for the Ross Sea, central Amundsen Sea, Bellingshausen Sea and Antarctic Peninsula basins are
demarcated in white dashed lines. Gray lines — published multichannel seismic reflection data used for the seismic
horizon stratigraphy correlation and construction of subsequent grids [Figs. 10-3 to 10-5; TH86, Yamaguchi et al.,
1988; IT-92, IT-95, Rebesco et al., 1997; ANT-11/3, Nitsche et al., 1997, 2000; De Santis et al., 1999, 2003; BAS-92,
Petrov98, Scheuer et al., 2006; Uenzelmann-Neben, 2006; ANT-11/3, ANT-23/4, Uenzelmann-Neben and Gohl,
2012; ANT-26/3, Gohl et al., 2013; ANT-26/3, TAN0602, Lindeque et al., 2013, 2014]. Dotted lines — data analysis
pending. Black diamonds — DSDP and ODP boreholes used for sediment thickness and age control. The location of
the IODP Leg 318 Site U1356 is shown in the inset. White hashed polygon — Data coverage of ANTOSTRAT 1995,
Brancolini and Leitchenkov, 2010. Dark grey polygons — present-day topography above 500 m. WS — Weddell Sea.
Polar stereographic projection referenced to WGS84 with true scale latitude at 71°S and central meridian at 138°W.

To constrain these models better, circum-Antarctic sediment grids are required for the
E/O topography reconstruction. However, current grids do not link up due to multichannel
seismic data not being publically available, or the data does not exist, or the E/O horizon was
not mapped. Whittaker et al., [2013] published an improved total sediment thickness grid of

the southeastern Indian Ocean between Australia and East Antarctica.

The E/O transition sequence was identified in the Weddell Sea [Fig. 10-1 inset] along a
deep sea transect [Lindeque et al., 2013] and work is ongoing to create the Weddell Sea
grids. The Ross Sea shelf [Fig. 10-1] has a high coverage of seismic data, and Wilson and
Luyendyk [2009] incorporated the sediment thickness of units above the E/O unconformity,
RSUG6 [ANTOSTRAT, 1995] to publish an initial 34 Ma E/O topography of West

Antarctica.

However, the Ross Sea sediment grids stood in isolation from early isopach grids of the
Bellingshausen Sea [Scheuer et al., 2006] due to a lack of seismic and borehole data needed
to correlate the E/O unconformity across the Amundsen Sea [Fig. 10-1]. In addition, the
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Bellingshausen Sea grids identified only the sediments in the full glacial period from mid-
Miocene (-10 Ma), but the E/O sequence boundary remained unidentified. New seismic
data acquired in the previously unexplored western and central Amundsen Sea [Gohl, 2010;
Lindeque et al., 2014] allow us to correlate a basin-wide identification of the E/O sequence
boundary [uPG-T in Lindeque et al., 2014] and seismic stratigraphy and to generate pre-
glacial, transitional and full glacial isopach grids along the entire Pacific margin of West

Antarctica.

10.3 Database and Methods

We largely improve on the total sediment thickness grid for the Pacific margin of West
Antarctica [Fig. 10-1; Wobbe et al., 2014] by identifying top of basement in recently
acquired multichannel seismic data in the eastern Ross Sea (TANO0G02 survey) and western
to central Amundsen Sea [Lindeque et al., 2014]. From this base dataset, we construct new
basin-wide pre-glacial, transitional and full glacial sediment thickness grids of 5 km cell size,
using the identified E/O and mid-Miocene unconformities for the new seismic data in the
Amundsen Sea basin [Lindeque et al., 2014], as starting points to correlate the other seismic
reflection stratigraphy studies Ross Sea, Amundsen Sea and Bellingshausen Sea basins to
[seismic lines in Fig. 10-1; Yamaguchi et al., 1988; ANTOSTRAT, 1995; Brancolini et al.,
1995; Nitsche et al., 1997, 2000; Rebesco et al., 1997; De Santis et al., 1999; De Santis et
al., 2003; Scheuer et al., 2006; Uenzelmann-Neben, 2006; Wilson and Luyendyk 2009;
Brancolini and Leitchenkov, 2010; Escutia et al., 2011; Uenzelmann-Neben and Gohl, 2012

and references to the seismic surveys on this margins therein].

10.3.1 Stratigraphic correlation

The margin-wide seismic horizon correlation is summarized in Fig. 10-2. Supporting age
control from boreholes [Fig. 10-1] is drawn from: IODP Leg 318 Site U1356 [Escutia et al.,
2011] in Wilkes Land; selected Ross Sea boreholes [Fig. 10-1; DSDP Leg 28 Sites 270-274,
Hayes and Frakes, 1975]; DSDP Leg 35 Sites 322-324 in the Bellingshausen Sea [Hollister
et al., 1976; Tucholke et al., 1976], and ODP Leg 178 Sites 1095 and 1096 off the central
Antarctic Peninsula [Rebesco et al., 1997; Barker et al., 2002; Uenzelmann-Neben, 2006].

The Ross Sea shelf and slope seismic stratigraphy are used as published [column 2 in Fig.
10-2]. Lindeque et al. [2014] correlated the Wilkes Land seismic interpretations [column 1
in Fig. 10-2] to the acquired data in the central Amundsen Sea basin [column 3 in Fig. 10-
2]. The Amundsen sea basin correlation was extended up slope, to link in the Ross Sea
seismic stratigraphy, and also extended to the east to incorporate the eastern Amundsen Sea

basin seismic stratigraphy [columns 4 and 5 in Fig. 10-2].
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Fig. 10-2. Seismic stratigraphy correlation chart of several seismic interpretations on the Pacific margin of West
Antarctica. Thick black lines — the Eocene/Oligocene uPG-T and the mid-Miocene uT-FG boundary horizons traced
along the margin extent. Thin black lines — discontinuities or boundary horizons mapped in each study, see references at
in the top row; red numbers — ages of the horizons taken as published, notice the lateral variation. Dark grey block —
units assigned to the full glacial sequence, light grey block — the transitional sequence and lower white block, pre-glacial

sequence

We expand on these correlations and map two key regional boundary seismic horizons,
E/O uPG-T and mid-Miocene uT-FG, linking them to the horizon interpretations in the far
eastern Amundsen Sea basin [Yamaguchi et al., 1988], Bellingshausen Sea [Scheuer et al.,
2006] and Antarctic Peninsula [Rebesco et al., 1997] - listed in columns 5, 7 and 8 in Fig.
10-2. The Scheuer et al., [2006] and Rebesco et al., [1997] horizon picks were used as is.
The only change is that the seismic lines in the isopach grids of Scheuer et al. [2006] did not
identify the lower E/O transition and this was newly interpreted along the margin-parallel

survey lines referred to in their paper.

The resulting correlated point data for the 34 Ma E/O transition horizon, uPG-T, which
marks the start of the transitional sequence, is from west to east: WL-U3 — RSU6 — AS-
u3 — base unit II and B — m5/m6. The resulting correlation for the mid-Miocene

boundary horizon uT-FG, which marks the end of the transitional sequence, is from west to
east: WL-U5 — RSU4 — AS-u6 — base unit III, B and I — m3/m4 [Fig. 10-2 and

references therein].
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10.3.2 Sediment thickness calculation

In addition to the total sediment thickness, sediment thickness grids are derived for three

complementary parts:

[i] The pre-glacial [PG] sequence, representing the sediments deposited before the built-
up of major ice sheets that extended to the coastal zone and the shelf. The sequence is
estimated to be of Oligocene-Eocene age or older [Lindeque et al., 2013, 2014], and
bounded by the acoustic basement below and the uPG-T horizon above [Fig. 10-2; section
2.1; Lindeque et al., 2013, 2014].

[ii] The transitional [T] sequence, which consists of Oligocene to middle Miocene
sediments associated with the first arrival of the major ice sheets on the coasts and shelves.
The sequence is bounded by the mid-Miocene uT-FG horizon above and uPG-T below [Fig.
10-2; section 2.1; Lindeque et al., 2013, 2014].

[iii] The full glacial sequence [FG], are sediments associated with pronounced advances of
grounded ice across the shelves. This sequence is bounded by the mid-Miocene [uT-FG]
unconformity below and seafloor above [Fig. 10-2; section 2.1; Lindeque et al., 2013, 2014].

For consistent comparison with the Scheuer et al., [2006] glacial grid and the previous
total sediment thickness grid [Wobbe et al., 2014], we followed a similar approach as Wobbe
et al. [2014] to derive the pre-glacial to glacial sediment thickness grids. We converted the
two-way-travel times [TWT, T in s] for each boundary horizon to depth [km] using the
empirical time-depth relation of Carlson et al., [1986] Z = 3.03 In(1 — 0.52T) for the
sediments with a thickness of < 1.4 s TWT (- 1.4 km thick). For thicker sediments the
sparse interval velocity measurements on the Pacific margin of West Antarctic were

considered.

Sonobuoy data of the eastern Ross Sea rise recorded interval velocities from 1600 to 3900
m/s [TANOGO2 survey and online supplement S2 in Lindeque et al., 2014]. These compare
well with the interval velocities from the P-wave refraction model in the eastern Amundsen
Sea, which ranges from 1600 to 4200 m/s [Gohl 2007; Lindeque and Gohl, 2010; Kalberg
and Gohl, 2013; online supplement S5 in Lindeque et al., 2014]. Interval velocities derived
from stacking velocities in the central Amundsen Sea basin, range from 1690 to 3760 m/s,
over a maximum sediment thickness of 3.9 km [Table 3, online supplement S4 in Lindeque
et al., 2014] and are consistent with the refraction and sonobuoy data. Sediments greater
than 2.8 s TWT were converted to depth using the best fitting an average interval velocity of
2818 m/s.

10.3.3 Data merging and gridding

The sediment thickness grids are largely constrained by seismic data. In the eastern

Amundsen Sea and Bellingshausen Sea, distal control points for the mid-Miocene/full glacial
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unconformity uT-FG were filled in with borehole depth measurements from DSDP Leg 35
Sites 322, 323 [Hollister et al., 1976] and 324 [Tucholke et al., 1976], and ODP Leg 178
Sites 1095 and 1096 [Barker et al., 2002; Rebesco et al., 1997; Uenzelmann-Neben, 2006].

We use the same approach as in Wobbe et al., [2014] in order to maintain consistency for
comparison, and for submission of the sediment thickness grids into the National
Geophysical Data Center (NGDC). 10 x 10 km block medians were calculated to avoid
spatial aliasing and the short-wavelength artifacts in the gridding process. Local minima and
maxima were suppressed by applying a 0.2 tension factor to the continuous curvature splines

gridding algorithm of Smith and Wessel [1990].

To avoid distortions and still maintain reasonable appearance of the PG, T, and FG grids,
an additional 150 locations were selected and used for thickness estimates in areas devoid of
seismic data. This was especially the case on the shelf, where these units have not been
mapped or where seismic data is absent. A second-order Butterworth low-pass filter with a
cut-off wavelength of 100 km was applied to remove short-range variations. The final grids
were re-sampled by bicubic interpolation to 5 km resolution. The total sediment thickness
grid [Fig. 10-1], pre-glacial sequence grid [Fig. 10-3], transitional sequence grid [Fig. 10-4]
and full glacial sequence grid [Fig. 10-5] are presented in Antarctic Polar Stereographic
Projection, true scale latitude at 71°S and referenced to WGS84.

These isopach grids should be seen as approximate time intervals in which certain
sedimentation processes were dominant. The stratigraphic age model is however prone to
large uncertainties due to lack of borehole age-control, which is demonstrated by lateral age
variation in the sequence boundary horizons. For example: we assigned an age of around 34-
30 Ma for the dominant uPG-T horizon in the Ross Sea and western Amundsen Sea rise, but
younger ages (25-21 Ma) for the same horizon in the eastern Amundsen Sea and
Bellingshausen Sea basins [Lindeque et al., 2014]. Thus the more generally accepted date for
the onset of that process was selected as the main paleoclimate timeframe to place the grid

result into.

An even larger uncertainty stems from the sparse data point distribution, which is
directly limited by the availability of multichannel seismic reflection data. In places like the
shelf and slope, where the pre-glacial to glacial units could not be identified, sediments are
likely to be thicker than estimated. The T and FG sequences on the continental rise of the
Ross Sea are currently underestimated, because these boundary horizons have not been
picked in all the lines yet (dotted lines in Figs. 10-1 and 10-3 to 10-5) and this work is
ongoing by others.

It can be assumed that the three sedimentary units consist mostly of terrigenous sediments
with minor proportions of pelagic and hemi-pelagic components. The large seismic and
borehole data distribution uncertainties overwrite the necessity to consider the estimated
15% pelagic component [DSDP and ODP boreholes; see section 2] and possible velocity

time-depth conversion errors.
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10.4 Results and discussion

We divided the West Antarctic margin into three main deposition sectors (Fig. 1)
according to the terrigenous sediment source areas determined from the present-day ice
drainage system divides (Zwally et al., 2012). These areas are shown in Fig. 10-1 and add
up to about 8 million square kilometers. The Ross Sea Sector covers an area of 1.59 x 10°
km?, the Amundsen Sea Sector 3.44 x 10° km?* and the Bellingshausen Sea Sector 3.01 x 10°
km?. Table 10-1 summarizes the sediment volumes of the PG, T, and FG sequences in the

three sectors.

Table 10-2 shows the hypothetical minimum height of a sediment pile that would cover
West Antarctica if all sediments were returned to their source areas by applying Wilson et
al.'s (2012) estimates for in-situ sediment density (1.95-2.1 g/cm?) and source rock density
(2.6 g/em?), and a maximum pelagic fraction of 15%, which was not subtracted from

sediments restored to the continent in this calculation.

10.4.1 The pre-glacial Table 10-1. Sediment volumes of PG, T, and FG sequences in Ross

Sea (RS), Amundsen Sea (AS), and Bellingshausen Sea Sector

sediment thickness R o
(BS) in 10" km” and volume fraction in %.

grid
RS AS BS All

The pre-glacial sequence depicts FG 0.13 (5%) 1.00 (28%) 1.16 (28%) 2.29 (22%)
depocenters that are relatively evenly T 0.13 (5%) 0.83(23%) 0.93(22%) 1.90 (19%)
distributed along the West Antarctic PG 2.24 (90%) 176 (49%) 2.06(50%) 6.05 (59%)

. . . . Total 2.49 3.6 4.15 10.24
margin, ranging in maximum
thickness from 1.3 km in the central
Amundsen Sea basin, to >4 km in

Table 10-2.

the Ross Sea and castern Hypothetical sediment pile [km] reconstructed on

Bellingshausen Sea basins [Fig. 10-

source drainage areas [10° km’] in West Antarctica

3]. (drainage areas defined by Zwally et al., 2012).
The thickest depocenters are in RS AS BS All
the eastern Ross Sea and eastern G 013 e 355 03
Amundsen Sea [Fig. 10-3]. From
o ' ) T 014 089 285 085
the  margin-wide  stratigraphic
) ) PG 2.33 1.88 6.3 2.72
correlation [Fig. 10-2], the oldest
. . Total 2.6 3.84 12.7 4.61
sediments of this sequence were
Drain. area  0.61 0.6 0.21 1.42

deposited on the oldest oceanic

crust, which ranges from 84 Ma in

the Amundsen Sea [C34 magnetic seafloor spreading anomaly, Wobbe et al., 2012] to less
than 40 Ma west of the Antarctic Peninsula. The youngest limit of this sequence ranges
between ~34 Ma in the western Amundsen Sea, the period when the ice sheets first arrived at
the shelf [Escutia et al., 2011; Wilson et al., 2013], to 21 Ma in the eastern Amundsen Sea.
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The fairly even distribution of deposition is interpreted as sediment supply coming from
most of the continental regions. This period has the highest sediment volume across all areas,
6.05 x 10° km® [59% of the total sediment volume; Table 10-1] and we estimated
hypothetical sediment pile of 2.7 km was eroded [Table 10-2]. The reconstructed West
Antarctic paleotopography at 34 Ma by Wilson and Luyendyk [2009] and Wilson et al.,
[2012] show a landmass of West Antarctica with a higher elevation than today and it is
reasonable to assume that fast flowing, narrow river systems contributed to and a high

erosion rate.

The even distribution could also partly be attributed to the gateway between Antarctica
and Australia still being closed [Eagles et al., 2004; Wobbe et al., 2012], and ocean
circulation being restricted to weaker localized currents such as a proto Ross Sea gyre [Huber
et al., 2004], or, that eastward bottom water circulation that was only developed enough to
form Paleocene to Eocene drift deposits within the depocenters through local reworking
[Uenzelmann-Neben; 2006; Uenzelmann-Neben and Gohl, 2012; Lindeque et al., 2014].
Perhaps the sediment distribution remained relatively along the margin because these
processes were not developed enough to transport large masses, or, the rate of sediment
replenishment though along-slope and down-slope processes was similar to the erosion and

transport rates.
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Fig. 10-2. The pre-glacial sediment thickness grid (> 34 Ma) including all units up to the Eocene—Oligocene, uPG-T

boundary horizon [Fig. 10-2]. Annotations and map projection same as in Fig. 10-1.

161



10. Sediment thickness grids

10.4.2 The transitional sediment thickness grid

The up to 1.8 km thick transitional sequence shows a clear concentration of depocenters
in the eastern Ross Sea basin, the central Amundsen Sea as well as the Bellingshausen Sea and
the Antarctic Peninsula basins [Fig. 10-4]. Our stratigraphic correlation [Fig. 10-2] and
consideration of available data on the margin, places an estimated maximum age range from
34 Ma to 15.5 Ma on this sequence. We relate this time interval to sedimentation processes
affected by increasing continental ice sheets that expanded to the coasts and inner shelves
[e.g., Anderson and Bartek, 1992; Lear et al., 2008; Miller et al., 2008; Escutia et al., 2011;
Wilson et al., 2013] as Antarctica’s climate became colder and more polar [Zachos et al.,
2001; Berner and Kothavalla, 2001; Pagani et al., 2005; Haq and Schutter, 2008; Tripati et
al., 2009, 2011]. The gateways fully opened [Eagles et al., 2004; Livermore et al., 2005;
Wobbe et al., 2012] and the Antarctic Circumpolar current, with associated bottom water
formation started to develop [Barker et al., 1991; Lawver and Gahagan, 2003; Pollard and
DeConto, 2009].

What may account for the marked shift in depocenters? We speculate that increased
bottom ocean current circulation and higher current velocities may have enlarged the
capacity to entrain and transport bigger volumes of sediment to the east [Uenzelmann-
Neben and Gohl, 2012]. In addition to higher along-slope transport, there may have been
changes inland and on the shelf. For instance, ice sheets that now cover the landmass may
have altered the pre-glacial river drainage patterns as it advanced onto the shelf, and in so
doing cut-off previous sediment supply paths to parts of the margin. Drainage could have
been redirected to follow new pathways along lowered topography [Wilson et al., 2012,
2013], tectonic displacement zones such as faults, lineaments [Gohl et al., 2013] or rift zones
such as the West Antarctic Rift System in the Ross Sea [Davey and De Santis, 2006; Miiller
et al., 2007; Wilson and Luyendyk, 2009].

Such processes would account for the concentration of glacial deposits in the eastern Ross
Sea basin, central Amundsen Sea basin and Bellingshausen Sea [Fig. 10-3], as well as the
decrease in sediment volume from 6.1 x 10° km? in the pre-glacial, to 1.9 x 10° km? the
transitional climate regime [Table 10-1]. The elevated topography of the pre-glacial West
Antarctic margin was reduced by a further 0.85 km [Table 10-2], which would have
decreased the flow velocity and subsequent erosion and transport capacity of the drainage
systems. This would have lead to a decrease in sediment supply to the shelf, slope and abyssal

plains.

The sediment supply to the Bellingshausen Sea and Antarctic Peninsula basins remained
high in comparison to the Ross Sea and Amundsen Sea areas [Table 10-1]. This is perhaps
due to pre-glacial type river systems and down-slope sediment supply processes still
dominating [Rebesco et al., 1997; Uenzelmann-Neben, 2006], because the Antarctic
Peninsula ice sheet grounded later, early to late Miocene [Smith and Anderson 2010, 2011;
Bohati et al., 2011; Lindeque et al., 2013].
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Fig. 10-4. The transitional sediment thickness grid (34-15.5 Ma) including all seismic units between the E/O uPG-T
and the mid-Mio uT-FG boundary horizons [Fig. 10-2]. Annotations and map projection same as in Fig. 10-1.
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Fig. 10-5. The full glacial sediment thickness grid including all seismic units above the mid-Miocene (<15.5 Ma)
uT-FG boundary horizons [Fig. 10-2]. Annotations and map projection same as in Fig. 10-1.
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10.4.3 The full glacial sediment thickness grid

This sequence represents the mid-Miocene [15.5 Ma; Fig. 10-2] to present, where
dominant sedimentary deposits are associated with ice sheets advancing across the shelves
more frequently in glacial periods [e.g. Yamaguchi et al., 1988; Rebesco et al., 1997; Nitsche
et al., 1997, 2000; De Santis et al., 1999, 2003; Scheuer et al., 2006; Uenzelmann-Neben,
2006; Brancolini and Leitchenkov, 2010; Smith and Anderson 2010, 2011; Uenzelmann-
Neben and Gohl, 2012; Gohl et al., 2013; Lindeque et al., 2013, 2014].

Sediment supply increased from 1.90 to 2.29 x 10° km® [Table 10-1] compared to the
transitional period. This could be explained by the grounded ice sheets advancing to the shelf
edge more frequently, and in so doing, bulldozed sediment that the transitional stage ice
sheets may have brought to the coast or inner shelf, down the slope and into the abyssal

plain. The full glacial sequence indicates a second depocenter shift to the east [Fig. 10-4].

The central Amundsen Sea received less sediment input [-900 m maximum thickness,
Table 10-1] and sediments were probably widely distributed by strong bottom water
currents. A new depocenter of up to 2 km thickness formed north of the Amundsen Sea
Embayment [Fig. 10-4]. Increased deposition in front of the Amundsen Sea Embayment
may be ascribed to the development of ice streams that drain into the glacier systems
[Bamber et al., 2009; Gohl et al., 2013]. Deposition in the Bellingshausen Sea and Antarctic
Peninsula margin seem to have increased since the transitional period [maximum thickness
~2.5 km], probably in response to the growing Antarctic Peninsula Ice Sheet reaching the
shelf and pushing the accumulated sediment from the pre-glacial to transitions periods down

the slope [Uenzelmann-Neben, 2006] more frequently.

During this full glacial period, the landmass of Antarctica was reduced by a further 1 km
[Table 10-2] to reach present-day topography [Le Brocq et al., 2010] and much of West
Antarctica became inundated [Wilson et al., 2012, 2013]. This change would have
terminated previous land based drainage systems and formed new glacial drainage systems
that likely directed sediment supply towards the Amundsen Sea Embayment and eastern
Ross Sea. Much of the Bellingshausen Sea and Antarctic Peninsula margin remained at high
elevation and as such, sediment supply and erosional rates there would be higher, which

could account for the increased deposition [Table 10-1].

10.5 Conclusions

Recently acquired multichannel seismic data in the central Amundsen Sea and eastern
Ross Sea basin now allow the first cross-basin and margin-wide seismic horizon stratigraphy
correlation for the Pacific margin of West Antarctica. From this correlation and additional
borehole and velocity data, we present a revised total sediment thickness grid and the first
sediment thickness grids for the pre-glacial (>34 Ma), transitional (34-15.5 Ma) and full
glacial (< 15 Ma) sequences.
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Our grids link the Ross Sea shelf grids with the localized grids in the Bellingshausen Sea
and western margin of the Antarctic Peninsula along the estimated Eocene/Oligocene
unconformity, here called uPG-T, and the mid-Miocene unconformity, uT-FG.
Interpolation was needed in areas with no multichannel seismic data, mostly on the distal
plains where sediments are scarce and in the underexplored regions. The total sediment
thickness grid updates the global NGDC grid [Whitaker et al., 2013], whereas the other
grids reveal the previously unknown Paleocene to present depocenters development for this

margin.

The pre-glacial period shows a fairly equal distribution of deposits along the entire
margin, but this changes after the first ice sheets arrived on the shelf (uPG-T unconformity).
Many of the depocenters no longer received as much sediment, and sediment transport
shifted towards congregating in the eastern Ross Sea, central Amundsen Sea basin and the
eastern Bellingshausen Sea depocenters. After ice sheets advances became more frequent with
grounding on the shelves beginning in the mid-Miocene (<15.5 Ma), as marked key horizon
uT-FG, the central Amundsen Sea basin was no longer a main depocenter. A new depocenter
developed north of the Amundsen Sea Embayment, from the ice streams and glacial drainage

patterns along tectonic lineaments.

Based on present-day drainage and source area divides, hypothetical estimates indicate a
pre-glacial (> 34 Ma) reduction of Pacific margin of West Antarctica’s paleotopography of
2.7 km, translating to ~6 x 10° km? of sediments being deposited offshore during this period.
This indicates the amount of sediment that should be piled back onto land, if sediment
thickness is to be considered in the Eocene—Oligocene paleotopography reconstruction. For
the mid-Miocene paleotopography surface, the pre-glacial and transitional estimates are
combined. Indications are that a sediment pile of approximately 3.6 km thick and -8 x 10°
km® in volume, would need to be placed back onto. In total, from the Cretaceous to the
present day topography, ~4.6 km of sediment was eroded off land and deposited as a total
volume of 10.24 x 10° km® on the Pacific margin of West Antarctica. These values are initial

estimates and also the first values for this margin. Work is ongoing to improve them.
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Chapter 11
CONCLUSIONS AND OUTLOOK

This work set out to explore some of the open questions on the evolution of the
Pacific margin of West Antarctica, particularly regarding sediment processes indicating the
first arrival of the ice sheets on the shelf — when a glacial environment started to dominate
Antarctica. The ice sheet evolution, sediment transport processes and bottom current
development in this margin is still poorly understood. This is mainly because the central
Amundsen Sea basin is historically devoid of drilling and other geophysical, oceanographic
and geological data. Whereas work to date in the Weddell Sea basin, was mainly focused on
the slope or shelf and access to the deep-sea basin limited by sea ice. Through the analyses
of unpublished and pre-existing multichannel seismic data in the Weddell Sea; pre-existing
data in the Bellingshausen Sea, Antarctic Peninsula region, eastern Amundsen and Ross
Seas; and newly acquired data in the central Amundsen Sea and eastern Ross Sea basins, we
can begin to explore some of the initial answers to these questions. The key findings of this
work is summarised in Figs. 11-1 and 11-2, and places some of the questions stated in
Chapter 1, in context.

11.1 How does the seismic characteristics vary between the basins
and what can it reveal about the past history of the margin
development?

Type sections in the Weddell Sea and Amundsen Sea basins display similar seismic
characteristics in seismic reflection characteristics and internal facies geometry for the
identified pre-glacial, transitional and full glacial sequences (compare the regional type
sections in Fig. 11-1). These characteristics are also similar to those seen in deep-sea seismic
profiles in the Bellingshausen Sea, Ross Sea and Wilkes Land basins, as well in type sections
from other studies on the east Antarctic margin e.g. in the Riiser Larsen Sea, Cosmonaut

Sea, Mawson Sea.

The striking similarities between these type sections implies that the Pacific margin of
West Antarctica, and circum-Antarctic margin, had similar sediment transport processes
dominating in more or less the same age range. By implication it is possible to trace the
seismic reflection deemed most representative of this sediment process or sequence
boundary around Antarctica. To this extent, new cross-basin seismic stratigraphic models
have been mapped and proposed for both the Weddell Sea basin and the central Amundsen
Sea basin. Selected horizons from the Amundsen Sea basin were successfully mapped
further along the Pacific margin of West Antarctica, and enabled the identification of the

pre-glacial, transitional and full glacial components of the historic margin development.
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11.2 What variation is there in sediment thickness, volume and
geometry within each basin, between basins, and between the
pre-glacial to glacial units?

The sediment thickness in the Weddell Sea basin ranges from 1756-3136 m, which
is slightly less than in the central Amundsen Sea basin 805-3090 m. The minimum
sediment thickness in the Amundsen Sea basin occurs above a ~-300 km long Eocene Pre-
glacial drift (up to 680 m high) where most of the sediment units thin to 45-89 m thick.
The progressively decreasing angles in the unconformities above this drift suggest syn- and

post-depositional uplift for the eastern Amundsen Sea basin flank.

Total sediment volume in the central Amundsen Sea basin is estimated at 3.6 x 10°
km?, which is similar to the sediment volume in the Weddell Sea (3.3-3.9 x 10° km?), but
less than in the Bellingshausen — Antarctic Peninsula basins (4.15 x 10° km?). The sediment
volume in the Ross Sea is lower than expected (2.49 x 10° km®) but this is because not all

the new seismic data has been incorporated yet. This work is on going.

In general, the sediment volume does not correlate to drainage area size. For example
the Bellingshausen Sea drainage area is ~0.21 x 10° km?, which is a third of the Amundsen

Sea’s drainage area, but the sediment volume influx is larger (4.15 x 10° km?).

The Amundsen Sea basin geometry forms a classic ‘saucer’ shape whereas the
Weddell Sea basin is more even. The magnetic seafloor spreading anomaly compilation
done for the Weddell Sea basin indicates that the basement crust is much older (143-19
Ma) than the Amundsen Sea (80-63 Ma). It is also more rugged, which suggests the
spreading rate in the Weddell basin was probably slower (compare grey basement polygons
in Fig. 11-1).

In the Weddell Sea basin, the pre-glacial sequence is slightly thicker (-1130 m) than
the full glacial sequence (1085 m) and the transitional unit is the thinnest (780 m). The
pre-glacial sequence is also thickest in the Amundsen Sea basin (up to 2203 m), but the
transitional sequence is thicker than the full glacial sequence (up to 1069 m and 889 m,

respectively (see diagrams in Fig. 11-1 for comparison).

11.3 Do the variations in sediment deposition geometry provide
any clues about bottom current development?

Yes, a ~300 km long drift occurs on the eastern flank of the central Amundsen Sea
basin, in the 55-34 Ma old pre-glacial AS-3 unit. This indicates an eastward bottom
current activity in the Eocene or earlier. This new information and much earlier than the
late Oligocene bottom current activity in the eastern Amundsen Sea basin, suggested in

previous studies.

The pre-glacial sequence in the Weddell Sea forms a mound in the centre of the
basin and together with the asymmetrical eroded flank geometry, allows the interpretation

of a Cretaceous proto Weddell Gyre, which was not suggested in literature before.
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Fig. 11-1. Comparison of the central Amundsen Sea basin (Ch. 8) and the Weddell Sea basin (Ch. 7) in terms
of seismic reflection characteristics identified in the type sections (top). The basin and margin wide seismic
interpretation on each of the AS-RS transect and the WS-SS transect assigned each sequence to a probably time
frame (see sequential deposition diagrams below the type sections). The horizons representing the pre-glacial,
transitional and full glacial sequences are shown, from old to young. uPG-T represents the 34 Ma Eocene /
Oligocene unconformity, in this study associated with the first arrival of the ice sheets on the shelf. uT-FG
represents the 15.5 Ma mid-Miocene unconformity, associated here with the permanent grounding of the ice
sheets on the shelf and several advance/retreat cycles to the outer shelf. The Amundsen Sea and Weddell Sea basin
horizons are not directly linked yet, but the similarities are striking in the type section and unit divisions. ETF —
Endeavour transform fault/fracture zone. Circle with black dot — ocean bottom current with flow direction out of
the paper. Circle with cross — ocean bottom current with flow direction into the paper. Collectively these indicate
a clockwise gyre current direction. Diagrams are based on the seismic data interpretation but vertically exaggerated.
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11.4 Where are the major deposition centres for the pre-glacial to
glacial periods? What processes may have caused their
formation and did the centres move over time?

The pre-glacial depocenters are distributed along the Pacific margin of West
Antarctica and are up to 4 km thick. A shift to the east occurs when the ice sheets expand
and initially arrive on the shelf during the estimated Eocene/Oligocene period. We
postulate that ice sheet advances may have changed drainage channel locations as it pushed
sediment from inland onto the shelf. In addition, the ocean gateways opened and the
Antarctic bottom water formation intensified, which could have contributed to increasing

sediment transport to the east.

As the ice sheets grounded on the shelf for extended periods, and frequently advanced
to the shelf edge from the mid-Miocene onwards, the eastward shift continued and a new
depocentre formed north of the Amundsen Sea Embayment. This change is ascribed to
glacial drainage following previous tectonic lineaments in the now exposed basement.
Approximately ~4.6 km (-10.2 x 10° km?®) of sediment was eroded off West Antarctica’s

topography since the Cretaceous.

11.5 Which part of the sediment record indicates the initial ice
sheet advances onto the shelf at the beginning of the glacially
dominated climate of West Antarctica? Can it be quantified?

In comparing the seismic type sections around Antarctica to each other and
combining it with borehole data, a visual correlation can be made based on the changes in
seismic reflectivity and internal unit geometry. The boundary horizons of these key
sequences were successfully mapped in the seismic data over long distances in the

Amundsen Sea, Weddell Sea, and wider Pacific margin of West Antarctica.

The boundary horizon of the pre-glacial to transitional sequences, uPG-T, marks the
first arrivals of the ice sheets on the shelf. The margin wide correlation incorporated seismic
interpretation from all other studies on the Pacific margin of West Antarctica. This
correlation is summarized from west to east as follows: Eocene/Oligocene boundary
horizon uPG-T = WL-U3 — RSUG6 — AS-u3 — base unit II and B — m5/m6. This
unit was quantified as the pre-glacial sequence (see 11.2). The mid-Miocene boundary
horizon uT-FG marks the end of the transitional sequence and correlates as: WL-U5 —
RSU4 — AS-u6 — base unit III, B and I — m3/m4.

The constructed age model for the Weddell Sea suggests an Oligocene/Eocene West
Antarctic ice sheet advance and an early Miocene APIS advance, which is earlier than what
current models in literature suggest. The age model for the central Amundsen Sea basin
indicates a West Antarctic Ice Sheet advance at the Eocene/Oligocene transition (34 Ma,
uPG-T horizon in Fig. 11-1) on the basin flanks, and somewhat later on the margin south

of the basin centre (assuming a direct drainage pattern).
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Fig. 11-2. Summary of information on the marine sediment record, off the Pacific margin of West Antarctica, before
and after this work. (a) Sediment thickness grids on the Pacific margin off West Antarctica prior to the seismic data
acquisition in 2010, Ant 26/3 and the TANO0G602 seismic survey. Note the Amundsen Sea region being devoid of any
seismic lines, other than the AS-RS transect acquired in 2010 (Ch. 4, 8 and 9). The sediment volumes, thicknesses and
basin geometry for the Amundsen Sea were unknown (question mark in the red polygon). Due to this data gap it was
not possible to complete the margin wide grid and estimate the amount of sediment to place back onto land for the
palacotopography reconstruction (question marks and clouds — size of the clouds representing the estimated sediment
volume schematically, annotated on the inset from Wilson et al., 2012). (b) First total sediment thickness grid for the
margin and initial quantification of sediment deposits. Sediment volume estimates for each basin is annotated together
with the estimated hypothetical pile of sediment that would need to be placed back onto land for the 34 Ma
palacotopography reconstruction. Note how the new information from the Amundsen Sea basin closed the gap and
although data is still sparse and work ongoing, it is an initial starting point.

Black diamonds — Boreholes used, black lines — present-day bathymetry, Grey lines — multichannel seismic data used in

this study. White hashed polygon — extent of the ANTOSTRAT (1995) interpretation.
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11.6 If there is regional variation in acoustic basement topography,
what does it reveal about the tectonic development of the
Amundsen Sea basin?

The western flank of the Amundsen Sea basin exhibits a rugged topography
attributed to a spreading rate below 60-70 mm/Myr. The region between the Kohiko and
Endeavour fracture zones show a block-faulted basement, indicating vertical as well as
lateral displacement. A smooth basement topography from the Endeavour fracture zones to
the Proto-Antipodes fracture zones is ascribed to a faster seafloor spreading rate, whereas
the rugged basement topography on the eastern flank of the basin is accounted for by the

AS-RS transect crossing a region of mixed oceanic and deformed continental crust.

11.7 How much sediment was eroded off land and deposited in the
deep-sea basin in total, or at times of key climate change such
as the Eocene/Oligocene boundary? Can it be quantified for
palacotopography and palacobathymetry reconstructions?

These results are illustrated in the context of the 34 Ma palacotopography surface
reconstruction and previous studies on the margin (see Fig. 11-2). Using the present day
drainage divides, the hypothetical estimates indicate that 2.7 km (-6 x 10° km?) of
sediment should be piled back onto land if sediment thickness is to be considered in the

Eocene/Oligocene palacotopography reconstruction.

For the mid-Miocene palacotopography reconstruction, a sediment pile of
approximately 3.6 km thick (-8 x 10° km®) would needed to be placed back onto land. In
total, from the Cretaceous to the present day topography, ~4.6 km of sediment was eroded
on land and deposited offshore on the Pacific margin of West Antarctica as a total volume
of 10.3 x 10° km?.

11.8 Outlook

Further work is in progress to expand the pre-glacial, transitional and full-glacial
horizon correlations into the remaining seismic data of the Ross Sea (dashed lines in Fig.
11-2 b). This will increase the sparse data points for the sediment thickness grids and
correct the anomalously low total sediment volume in front of the Ross Sea shelf. The
sediment volume and hypothetical sediment pile estimates can be improved upon by

incorporating the 34 Ma surface drainage areas, instead of present day drainage patterns.

In the Weddell Sea, work to create the pre-glacial to glacial grids is on going.
Eventually we would be in a position to link the sediment thickness grids in the Riiser
Larsen Sea, Cosmonaut Sea, Mawson Sea and Wilkes Land in as well, in order to construct

the first circum-Antarctic sediment thickness grids — albeit with large uncertainties.
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Appendix A
Weddell Sea and Scotia Sea

A-1. Fold out plot of the WS—SS transect
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Appendix B

Amundsen Sea and Ross Sea

B-1. AO fold-out plot of the AS—RS transect

B-2. Velocity model from seismic reflection data
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Lindeque et al. - Online supplement to Fig. S2 - Velocity model and point based sediment thickness estimates, read in conjunction with Tables S3 and S4.
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SUMMARY sediment thickness (m) Velocity range (m/s)
Group  UNITS min max min max
AS-10 52.5 201.6 1690 1920
Full glacial AS-9 52.5 220.5 1750 2130
AS-8 45.3 178.9 1876 2237
AS-7 65.4 367.4 2043 2300
Transitional AS-6 47.5 393.2 2131 2357
ranstional - ass gos 4195 2257 2432
AS-4 173.1 359.8 2351 2674
Pre-glacial ~ As-3 108.7 679.9 2550 2917
AS-2 67.5 519.0 3118 3245
AS-1 1335 1256.3 3574 3760
point, cdp, shot  unit time vel depth  thickness
7,34002, 25000 sflr 5534 1475 4081.3 4081.3 water column
AS-u9 5608 1758 4146.4 65.0 AS-10
AS-u8 5768 1909 4299.1 152.7 AS-9
AS-u7 5793 1938 4323.3 24.2 AS-8
AS-ué 6020 2085 4560.0 236.6 AS-7
AS-u5 6064 2160 4607.5 47.5 AsS-6
AS-u4 6139 2395 4697.3 89.8 AS-5
AS-u3 6275 2546 4870.4 173.1 AS-4
AS-u2 6665 2824 5421.1 550.7 AS-3
AS-ul 6761 3138 5571.7 150.6 AS-2
bsmnt 6832 3760 5705.2 1335 AS-1
9000.0 3294.8 mbsl
point, cdp, shot  unit time vel depth  thickness
8, 3160, 2250 sflr 5200 1475 3835.0 3835.0 water column
AS-u9 5287 1758 3911.5 76.5 As-10
AS-u8 5394 1909 4013.6 102.1 AS-9
AS-u7 5519 1938 4134.7 121.1 AS-8
AS-ub 5621 2085 4241.1 106.3 AS-7
AS-u5 5690 2179 4316.2 75.2 AS-6
AS-u4 5842 2395 4498.3 182.0 AS-5
AS-u3 6034 2546 4742.7 244.4 AS-4
AS-u2 6301 2824 5119.7 377.0 AS-3
AS-ul 6344 3138 5187.1 67.5 AS-2
bsmnt 6429 3680 5343.5 156.4 As-1
9000.0 3656.5 mbsl
point, cdp, shot  unit time vel depth  thickness
9, 6658, 4950 sflr 5090 1483 3774.2 3774.2 water column
AS-u9 5235 1695 3897.1 1229 AS-10
AS-u8 5367 1770 4013.9 116.8 AS-9
AS-u7 5555 1903 4192.8 178.9 AS-8
AS-ub 5619 2043 4258.2 65.4 AS-7
AS-u5 5811 2186 4468.1 209.9 AS-6
AS-u4 5943 2331 4621.9 153.8 AS-5
AS-u3 6041 2351 4737.1 115.2 As-4
AS-u2 6201 2550 4941.1 204.0 AS-3
AS-ul 6483 3118 5380.7 439.6 AS-2
bsmnt 6673 3750 5737.0 356.3 AS-1
9000.0 3263.0 mbsl
point, cdp, shot  unit time vel depth  thickness
10, 13508, 10230 sflr 4552 1450 3300.2 3300.2 water column
AS-u9 4689 1690 3416.0 115.8 As-10
AS-u8 4885 1764 3588.8 172.9 AS-9
AS-u7 5060 1876 3753.0 164.2 AS-8
AS-ub 5229 2064 3927.4 174.4 AS-7
AS-uS 5344 2177 4052.6 125.2 AS-6
AS-u4 5472 2330 4201.7 149.1 AS-5
AS-u3 5581 2379 43313 129.7 AS-4
AS-u2 5666 2558 4440.1 108.7 AS-3
AS-ul 5751 3245 4578.0 137.9 AS-2
bsmnt 5907 3750 4870.5 292.5 AS-1
9000.0 4129.5 mbsl
point, cdp, shot  unit time vel depth  thickness
11, 17189, 13025 sflr 4512 1450 3271.2 3271.2 water column
AS-u9 4574 1695 3323.7 52.5 AS-10
AS-u8 4800 1884 3536.6 212.9 AS-9
AS-u7 4800 1991 3536.6 0.0 AS-8
AS-ub 4904 2163 3649.1 1125 As-7
AS-u5 5261 2203 4042.3 393.2 AsS-6
AS-ud 5399 2335 4203.5 161.1 AS-5
AS-u3 5697 2416 4563.4 360.0 AS-4
AS-u2 5873 2626 4794.5 2311 As-3
AS-ul 6095 3126 5141.5 347.0 AS-2
bsmnt 6725 3455 6229.8 1088.3 AS-1
9000.0 2770.2 mbsl|
point, cdp, shot  unit time vel depth  thickness
12,20669, 15700 sflr 4086 1450 2962.4 2962.4 water column
AS-u9 4172 1700 3035.5 73.1 AS-10
AS-u8 4424 1750 3256.0 220.5 AS-9
AS-u7 4560 1850 3381.8 125.8 AS-8
AS-ub 4699 1989 3520.0 138.2 AS-7
AS-u5 4924 2130 3759.6 239.6 AS-6
AS-u4 5131 2260 3993.5 2339 AS-5
AS-u3 5300 2357 4192.7 199.2 AS-4
AS-u2 5506 2578 4458.2 265.5 AS-3
AS-ul 5506 3130 4458.2 0.0 AS-2
bsmnt 5637 3650 4697.3 239.1 AS-1
9000.0 4302.7 mbsl
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Appendix C
South Pacific Lithosphere dynamics

C-1. Present-day dynamic topography models

C-2. List of seismic reflection profiles used for grids
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Figure A.1. Present-day dynamic topography models of the South Pacific (Ricard
et al. 1993; Steinberger 2007; Conrad and Husson 2009; Spasojevic and Gurnis
2012; Flament et al. 2013).






Table C-1. Source-ID (values of source identification grid) vs. data origin of data used for
compiling sediment thickness, including DSDP boreholes (1-4), data from the Antarctic Seismic
Data Library System (SDLS, Wardell et al. 2007, 5-93, 161-207), recently acquired and processed
seismic data (99-140), and data from previous work (e.g., Scheuer et al. 2006a, b; Wilson and
Luyendyk 2009; Uenzelmann-Neben and Gohl 2012; Wobbe et al. 2012; Gohl et al. 2013;
Kalberg and Gohl 2013; Whittaker et al. 2013).

SID Source SID Source SID Source

0 interpolated 32 AWI-94052 64 IT92A113

1 DSDP-28-270 33  AWI-94053 65 IT92Al114

2 DSDP-28-274 34  AWI-94054-A 66 IT92A114A

3 DSDP-35-322 35 AWI-94054-B 67 IT92A115

4  DSDP-35-323 36 AWI-94054-C 68 IT92A124

5 AWI-010001 37  AWI-95200 69 IT97235

6  AWI-20060022 38 AWI-95201 70 1T97236

7  AWI-20060023 39  AWI-95210 71 PET-98401c

8  AWI-94002-A 40 BAS-92322 72 PET-98402a

9  AWI-94002-B 41  BAS-92323 73  PET-98403a
10 AWI-94002-C 42  BAS-92324 74  PET-98404

11 AWI-94002-D 43  BAS-92325 75  PET-98405b
12 AWI-94003-A 44  BAS-92327 76  PET-98405c
13 AWI-94003-B 45  BAS-92328 77  PET-98407

14  AWI-94003-C 46  BAS-92329 78  PET-98408

15 AWI-94030-A 47  BAS-92330 79  PET-98409

16 AWI-94030-B 48 195130 80 TH86002A

17  AWI-94030-C 49  195130A 81 TH86002B

18 AWI-94030-D 50 195130B 82 TH86003A

19 AWI-94030-E 51 195135 83 TH86003B

20 AWI-94040-A 52 195135A 84  TH86003C

21  AWI-94040-B 53 195136 85 TH86003D

22 AWI-94041-A 54 195137 86 TH86003E

23 AWI-94041-B 55 195138A 87 TH86003F

24 AWI-94041-C 56 IT89A45B 88 TH86004A

25 AWI-94042-A 57 IT89A48 89 TH86004B

26  AWI-94042-B 58 IT89A49 90 TH86004C

27  AWI-94042-C 59  IT92A106 91 TH86006

28 AWI-94043-A 60 IT92A107 92 TH86008

29 AWI-94043-B 61 IT92A108 93 TH86009

30 AWI-94050 62  IT92A109 95, 96 Scheuer et al. (2006a)
31 AWI-94051 63  IT92A110 97  assigned (this work)
99 AWI-20060200 164 IT89AR36B 186 NBP9602-07H
107 AWI-20100107 165 NBP9601LO10A 187 NBP9602-07I
108 AWI-20100108 166 NBP9601L010B 188 NBP9602-08A
109 AWI-20100109 167 NBP9601L010C 189 NBP9602-08B
110 AWI-20100110 168 NBP9601L082A 190 NBP9702-01A
111 AWI-20100111 169 NBP9601L082B 191 NBP9702-01C
112 AWI-20100112 170 NBP9601L08B 192 NBP9702-01D
113 AWI-20100113 171 NBP9602-01A 193 NBP9702-01E
117 AWI-20100117 172 NBP9602-01B 194 NBP9702-02C
118 AWI-20100118 173 NBP9602-04 195 NBP9702-05A
119 AWI-20100119 174 NBP9602-05A 196 NBP9702-05B
126 AWI-20100126 175 NBP9602-05B 197 NBP9702-05C
129 AWI-20100129 176  NBP9602-06A 198 NBP9702-06A
130 AWI-20100130 177 NBP9602-06C 199 NBP9702-06B
131 AWI-20100131 178 NBP9602-06D 200 SEV87-02B
132 AWI-20100132 179 NBP9602-07A 201 SEV87-07
139 AWI-20100139 180 NBP9602-07B 202 SEV87-11
140 AWI-20100140 181 NBP9602-07C 203 TH82-12
151 Wobbe et al. (2012) 182 NBP9602-07D 204 TH82-13
161 ATC82B-208 183 NBP9602-07E 205 TH82-14
162 BGR80-100 184 NBP9602-07F 206 TH82-16
163 IT89A37 185 NBP9602-07G 207 TH82-17

251 Ross Sea, Wilson and Luyendyk (2009)
252 Ross Sea, Cooper et al. (1991)
253 Divins (2003)/Whittaker et al. (2013)



